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ABSTRACT: We introduce two scalar leptoquarks, the SU(2); isosinglet denoted ¢ ~
(3,1,—1/3) and the isotriplet ¢ ~ (3,3,—1/3), to explain observed deviations from the
standard model in semi-leptonic B-meson decays. We explore the regions of parameter
space in which this model accommodates the persistent tensions in the decay observables
Ry, Ry, and angular observables in b — suu transitions. Additionally, we exploit
the role of these exotics in existing models for one-loop neutrino mass generation derived
from AL = 2 effective operators. Introducing the vector-like quark x ~ (3,2, —5/6) neces-
sary for lepton-number violation, we consider the contribution of both leptoquarks to the
generation of radiative neutrino mass. We find that constraints permit simultaneously ac-
commodating the flavour anomalies while also explaining the relative smallness of neutrino
mass without the need for cancellation between leptoquark contributions. A characteristic
prediction of our model is a rate of muon-electron conversion in nuclei fixed by the anoma-
lies in b — spp and neutrino mass; the COMET and Mu2e experiments will thus test and
potentially falsify our scenario. The model also predicts signatures that will be tested at
the LHC and Belle II.
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1 Introduction

The detection of neutrino oscillations establishes that neutrinos have small, but nonzero,
masses and that the flavour and mass eigenstates do not coincide. However, the dynamical
origin of the tiny scale of neutrino masses remains a mystery, as does any potential impact
on the flavour structure of the Standard Model (SM). A plausible explanation for the
lightness of neutrinos is to not explicitly introduce a tree-level mass term, but rather to
engineer the generation of mass at loop-level: radiative models. We restrict our attention
to models that induce a Majorana mass term and violate lepton-number by two units
(AL = 2). The magnitudes of these masses are naturally loop-suppressed.! As such, this
mechanism gives a neat explanation for the disparity between the sizes of neutrino masses
relative to those of other SM fermions.

Extending the SM to permit neutrino-flavour violation invites a more thorough inves-
tigation of the flavour sector. The connection between neutrino physics and flavour physics
is of interest given the capacity of precision measurements to explore parameter space for
such beyond-the-SM (BSM) models. Indeed, a variety of measurements have hinted at
violation of Lepton Flavour Universality (LFU) in precision observables: of particular in-
terest are angular parameters [2, 3] and branching ratios in the b — s transition, and in
the ratios R [4-10] and Ry(») [11-13]. Such observables are often very sensitive to the
virtual effects of exotics, such as those that are typically introduced in radiative neutrino
mass models.

In this paper we address both of these problems by developing a radiative neutrino mass
model that features BSM contributions to flavour observables. We begin by outlining the
anomalies we aim to address, before detailing a motivation for this model and a summary
of related previous work.

1.1 Neutrino masses and mixing

Neutrino oscillations in vacuo depend on non-degenerate neutrino masses and lepton flavour
mixing. The Pontecorvo-Maki-Nakagawa-Sakata (PMNS) leptonic mixing matrix U relates
the neutrinos in their flavour and mass eigenstates. In the Majorana case, U can be written
as the product of three rotations, the second of which depends on a phase, and a diagonal
matrix of phases P:

1 0 0 C13 0 Slge_idcp ci2 Ss12 0
U= 0 C23 S23 0 1 0 —S12 C12 0 P, (1.1)
0 —8923 €23 —81361601) 0 C13 0 01

'For a full review of radiative neutrino mass models see ref. [1].



ANGULAR PARAMETERS | SQUARED-MASS PARAMETERS (eV?)

[

sin®(012) = 0.31070-013 Am3, = 7.397035 x 107°
sin®(613) = 0.022417050093 |Am3,| = 2.52570 035 x 1073
sin?(fa3) = 0.58070 517

Scp = 215730 °

Table 1. Summary of the average neutrino oscillation parameters from the NuFIT collabora-
tion [14], with the assumption of normal ordering. The angles, 6;;, can be taken without loss of
generality to be within the first quadrant. We implement these central values throughout this work.
Majorana phases a2 are entirely unconstrained.

where ¢;; = cosb;; and s;; = sin0;;. For the matrix P we adopt the convention

elr 0 0
P=| 0 e*@20]. (1.2)
0 0 1

An overview of the most recent global fit to these oscillation parameters is given in table 1,
from the NuFIT collaboration [14]. These fits show a preference for the so-called normal
hierarchy of neutrino mass. This mass-ordering mimics the generational indices: that is to
say, m1 < mg < mgs, where m; represent mass-eigenvalues of the associated combinations
of flavour states. An inverted ordering is less preferred by fits to data, but still represents
a viable alternative regime. We note that the Dirac phase dcp is poorly constrained by
current data, and the Majorana phases o2 are entirely unconstrained. We exploit this
freedom later in our analysis.

1.2 Anomalies in flavour

A number of flavour observables appear to indicate flavour-dependent coupling of BSM
physics to SM particles. A strong hint of LFU violation exists in experimental measure-
ments [15, 16] of semileptonic B-meson decays. A summary of the most recent experimental
and theoretical averages for these observables may be found in table 2.

1.2.1 Neutral current processes

The anomalies include those in the rare b — s flavour-changing neutral current (FCNC)
transition. Recent measurements [11-13, 17] have reinforced deviations from the SM in the
ratios R+ and Ry

(B = KWptpu~)
['(B— K®ete)’

The errors on SM predictions for these ratios are at below the percent-level [18], strength-

Ry = (1.3)

ening the argument for serious consideration of the anomalies. Other branching ratios of
exclusive decays in b — spp have also been measured to be in tension with the SM pre-
diction [19, 20]. Discrepancies are also present in measurements of angular observables in



SM PREDICTION EXPERIMENTAL VALUE DEVIATION
Rp 0.299 & 0.011 [34] 0.346 + 0.031 [35]
3.10 [36]
Rp- 0.252 £ 0.003 [34, 37] 0.301 £ 0.013 [35)
0.66070110 + 0.024, 0.045 GeV? < ¢% < 1.1 GeV?
Ry (LHCD) o0 ' vt | 240
1.00 [34] 0.68510 565 £0.047, 1.1 GeV? < ¢ < 6 GeV?
0.901927 £ 0.10, 0.1 GeV? < ¢2 < 8 GeV?
Ry~ (Belle) ol ’ oot s <2
1187952 £0.10, 15 GeV? < ¢? < 19 GeV?
Ry 1.00 [34] 0.846 159500000 1.1 GeV? < ¢ < 6.0 GeV? [17] 2.50

Table 2. Summary of SM predictions and global averages with statistical and systematic uncer-
tainties. Global averages for Rp, Rp- and R are sourced from the Heavy flavour Averaging Group
(HFLAV) [35], and the LHCb measurement of Rg~ [11]. Calculation of the averages and combined
deviation from Rp and Rp- will be discussed later in section 3.2.

B — K*p ™, and the most significant of these is seen in the quantity P [2, 21, 22]. The
CMS measurements of these angular observables are consistent with the SM values [23].
Recent fits to the anomalous b — s data present large preferences for new physics in
operators contributing to b — suu [24-33].

1.2.2 Charged current processes

Persistent tension in the semi-leptonic transition b — ¢7v has been observed independently
by many experimental collaborations: through the decay B — D7v by Belle and Babar [6—
10]; and B — D*7v by Belle, Babar and LHCb [4-10]. Each experiment has measured
deviations from the SM in the following quantities:

I'(B — DWry,)
(B — D&y’

Rpey = e {e,u}. (1.4)
Together these measurements amount to a deviation = 3o [36, 39] from SM predictions,
which can be significantly reduced in the presence of new physics [37, 39-42].

Although the ratios Rj.) are our primary concern in this work, we also introduce a
number of other observables relevant to the charged current process that form the basis of
predictions of our model. Specifically, in section 5 we present the predicted values for the
observables Ry, fLD ", and various tau polarisation asymmetries. The first of these is the
ratio of the tauonic mode to the muonic mode for B — J/ylv,

R . 1“(BC — J/wru)
=B~ T )’

(1.5)

measured recently by LHCb to be Ry, = 0.71 &£ 0.17 4 0.18 [43]. Although the ratio is
also measured to be enhanced with respect to the SM prediction R?,% ~ 0.25-0.29 [44—
56], the central value of the measurement shows a very large effect that cannot be well-
accommodated with BSM contributions [39], although the error bars are very large. The
observable f]? " the longitudinal polarisation of the D* in B — D*rv, also differs from the



SM expectation by ~ 1.60:
D" — .60 4+ 0.08 + 0.04, (1.6)

as measured by the Belle collaboration [57], and has been shown to have good discriminating
power for BSM explanations of Rp.). The third class of observables we consider are tau
polarisation asymmetries (see ref. [58] for a detailed discussion in the context of explaining
Rpy+)). The polarisation asymmetry in the longitudinal direction of the 7 in the D* mode
has also recently been measured by Belle [10]:

Pr=—-0.3840.51102L. (1.7)

Although the errors are large, the projected Belle II sensitivity at 50 ab™! for the same
observable in the D mode is estimated at about 3% [59], and we expect the P} to be
measured even more precisely at Belle II.

1.3 Anomalous leptonic magnetic moments

Precise measurements of the deviation in the semi-classical value of the muon gyromagnetic
ratio, g, = 2, have demonstrated an inconsistency. This is parameterised by the quantity
9u — 2

@ = "5 (1.8)

There is a persistent deviation between the SM prediction and the experimentally measured
value [60, 61],

Aay = aS® — a;M = (286 £ 63 £43) x 107", (1.9)

corresponding to a 3.6 anomaly. The error values refer to the experimental and theoretical
prediction errors, respectively. Similarly, recent experimental results have indicated a devi-
ation from the SM for the electron anomalous magnetic moment, of 2.50 significance [62].
The leading candidates to explain these anomalies involve flavour-dependent, loop-level,
BSM effects [61].

1.4 Neutrino mass and the one-leptoquark solution

Effective AL = 2 interactions involving SM fields were systematically studied by Babu
and Leung [63] up to mass-dimension (D) eleven. By opening-up such operators at tree-
level, and looping-off external fields, neutrino mass is generated at loop-level: radiative
neutrino mass generation. Ref. [64] investigated the D = 7 operators in further detail,
assessing the viability of minimal UV-completions for yielding neutrino masses consistent
with the observed values. They identified the particle content of such completions, and
explored the explicit phenomenology of one particular model: a completion of Oz, =
(L'Q7)(L*de)H leijekl, involving the introduction of a scalar leptoquark (LQ) field, ¢, and
an exotic vector-like quark, y (‘MODEL 2’ in table 3).

It is important to note that generating neutrino mass in ‘MODEL 2’ relies explicitly
on mixing of the vector-like exotic with the SM b-quark. A direct consequence of this is
that the mixing parameters are heavily constrained by measurements of b couplings and
associated observables [65, 66]. A similar radiative neutrino mass model (‘MODEL 1’ in



MODEL 1 MODEL 2
v~ (3,3,-1/3) | ¢ ~(3,1,-1/3)
X~ (3,2,-5/6) | x ~(3,2,-5/6)

Table 3. Particle content of two key radiative models identified by ref. [64]. The tuple entries refer
to transformation properties under SU(3)¢c ® SU(2)r, ® U(1)y, and here we adopt the hypercharge
convention ) = I3+ Y.

table 3) containing the isotriplet, instead of the isosinglet, was also identified by ref. [64],
although the implications of this model were not thoroughly explored.

The isosinglet leptoquark, ¢, also features in a study by Bauer and Neubert [67] as a
simple explanation for the flavour anomalies Rp, Rp~, and the anomalous b — s data. This
model was further studied in refs. [68-71], where its viability as a combined explanation for
the flavour anomalies was evaluated in more detail. An idiosyncrasy of the model is that the
charged current R anomalies are mediated at tree-level, while the b — s anomalies are
explained by box diagrams with the leptoquark in the loop. We have noted the role of this
LQ in models of radiative neutrino mass (see, e.g. [64, 72-74]), and the connection between
radiative neutrino mass and the flavour anomalies has also been explored more broadly in
the literature [69, 75-83]. The authors of ref. [69] studied the overlap between the flavour
anomalies and a two-loop radiative neutrino mass model containing the leptoquark ¢. In
that model mild tensions exist in explaining both R ) and Ry («; at best, it was found
that this model could reconcile these anomalies together to within a 20 region, if the model
was restricted to the minimal particle content — however the central values cannot both
be met. If, however, the isosinglet leptoquark did not contribute to the b — s anomalies, it
was found that a combined explanation of neutrino mass, (g — 2), and Rp) was possible
in the minimal model.

1.5 A motivation for near-minimality

Leptoquarks as BSM candidates have experienced a resurgence of interest in recent years.
While use of scalar and vector LQs in constructing models of LFU-violation has a long
history, the new measurements, particularly of anomalies, have provided additional moti-
vation for these exotics. Additionally, they can play a pivotal role in models for explaining
other SM problems, as detailed in ref. [84]. It is also interesting that many LQ models
are motivated by unification, as they offer a direct portal between the quark and lepton
sectors, and this is one way of motivating non-minimal phenomenological models of the
anomalies (see, e.g. ref. [85]).

The restricted success of the one-leptoquark solution of Bauer and Neubert motivates
us to explore next-to-minimal models to explain these anomalies together. Noting the
relevance for flavour observables of introducing b-quark mixing to the models presented in
table 3, vector-like fermion extensions to the SM are particularly intriguing. Further, it is
known that the interactions of the isotriplet? ¢ [86, 87] contribute to b — suu transitions at

2The triplet ¢ and singlet ¢ are also referred to in the literature as Sz and S1, respectively — particularly



tree-level, whereas the isosinglet scalar leptoquark only generates loop level contributions,
making it much easier to generate a significant BSM correction. We therefore propose a
merger of ‘MODEL 1’ and ‘MODEL 2’, to capture the beneficial features of both.

Neutrino oscillations imply a violation of family lepton number, whereas the flavour
measurements imply a violation of LFU. This work will aim to explore the connection
between these two phenomena, and extend upon earlier work in the field to construct a non-
minimal model with a broader scope for explaining deviations from the SM of experimental
observations.

The remainder of this work will be structured as follows. Section 2 will outline the
mathematical structure of the model as a completion of a dimension-7 effective operator for
radiative neutrino mass generation. Section 3 will develop the calculation and framework of
contributions to the aforementioned flavour anomalies. Section 4 will proceed to investigate
additional relevant flavour constraints and observables, establishing the phenomenology
of this model. Section 5 contains the results from an investigation of parameter space,
implementing aforementioned constraints. Section 6 contains a discussion of implications

and prospects of this work.

2 The model

Combining ‘MODEL 1’ and ‘MODEL 2’ we arrive at the BSM field content:
XL~ (3,2,-5/6) ~ (x1,x2)], and Xr ~ (3,2,-5/6) ~ (x1, x2) > (2.1)
(;5 ~ (37 17 _1/3)7 and Y~ (3) 37 _1/3) ~ (@17 P2, ¢3)T‘ (22)

In the SM gauge basis, the complete set of Yukawa interactions between SM and BSM
fields are described by the following Lagrangian:

Lpsm = Ling — V, (2.3)
with the BSM portion of the scalar potential, V), given by:
1
V= mg|ol® +milol® + Aol H |6 + Sholl! + Mg Lol
+ Mg 021812 + Mo |91 HI? + Mo [oHl2[9H)2 + Am HoH o + h.c),

where the notation ‘[ ];” means that bracketed fields are combined through a tensor product
to produce the i-dimensional representation of SU(2)y. Additionally, the set of SM-BSM
Yukawa interactions is given by the interaction lagrangian, Liy:

Lin =maXx + YadrHxi, + (Aord' = Norg! ) TTQ1

+ AreGurd’ + (Ao® — M) XRLL + hec.

We may introduce indices {i,j} on Yukawa couplings, to reference the relevant fermion

(2.4)

(2.5)

flavour,? for example: L
Ar P LEQr = N2 oL Q. (2.6)

in the review in ref. [84].
3Note that these generational indices will occasionally be replaced with their associated particle symbols

(e.g. Y23 > Yub)-



For clarity we often omit flavour indices, however when present we adopt the convention
that for terms with two flavour indices, the first* refers to the lepton and the second to
the quark.

Note that we have imposed global U(1) g baryon-number conservation by switching off
possible di-quark couplings for both leptoquarks. This circumvents bounds from proton
stability [84, 88].

2.1 Vector-like bottom partner and associated mixing

An appealing feature of this model, particularly for resolving anomalies in B-physics, is
mixing of the vector-like fermion y with the SM down-type quark. To avoid obvious
constraints that would arise from mixing with the lighter flavours, we restrict it to the
third generation b-quark. This mixing is a result of the term:

Ling O Yydi (HTXo — H'%1) (2.7)

where we have introduced the notation ‘ ~’ to represent the gauge-basis fermion eigenstates.
For the remainder of this work we will refer to the only non-zero element of Y; in this model
as Y, =Yy 3.

A feature of the one-loop neutrino mass models derived from dimension-7 operators is
that the neutrino mass matrix is proportional to the mass matrix of the SM fermion in the
loop [64]. In this case, the coupling of the vector-like quark to the b quark dominates, and
for this reason we restrict the consideration of the x; mixing with the down-type quarks
to the b quark. This mixing is chiral and in general quantified by two mixing angles, 6,
and 6, for the left- and right-chiral sectors, respectively:

brr ) VLT/R ?L/R , where Vi /g = CO_S Or/p sinfpp . (2.8)
X1L/R X1L/R — S 9L/R CoS 9L/R
The associated mass matrix is defined through
=~ — Z;R m; 0
L DO (br v M| where M = b , 2.9
< L XlL) <X1R> <mbX mx> (2.9)
with  (Hp) = % — 174 GeV,  myy = —(Ho)Ys, my = (Ho)ys, (2.10)

where 1, is the b-quark Higgs Yukawa coupling. Through singular-value decomposition,
the unitary rotation matrices, V7, and Vg, rotate the fields into the mass basis:

= Z;R T bR
£ 5 (b ¥ip) VeViMVeV} (xHR> — (bo x11) ViMVi (X1R> . (2.11)

4Although this is not often the convention in the literature, we choose this so that Lepto-Quark can act
as a mnemonic, maintaining convention with ref. [64].



We bring the matrices to diagonal form by alternately left- and right-multiplying VLTMVR
with its hermitian conjugate:

(VIMVR)(ViMVRp)! = VMMV, = diag(m, m2)), (2.12)
(ViMVR) (VIMVR) = VIMIMVE = diag(mi, m?). (2.13)

The diagonalisation produces the following expressions for the mass and mixing parameters,
in the limit that m, > myp:

2,2 2,2
msm msm
b b
mi =m? — —2-2 m2 =m2 § X2 (2.14)
b m2 —m?’ X1 X m2 —m?’
X b X b
. Mpy My . My, M
sinfy, = %, sinfp = 2x7x2 (2.15)
mg —ms: mg —my;

2.2 Structure of eigenbasis mapping

To calculate flavour observables, we first transform into the charged-fermion mass eigen-
basis. Beginning with the SM fields, where {4, j,1} represent flavour indices, and defining
£, Ry as unitary rotations® between the gauge and mass bases, we have that

CzR,i = [%d]ild}%,h ur; — [Rulaury, eri— Reluer,,

dri = [Saadry,  epiv [Laers,  viiw [Llavii, (2.16)

ur; = [Luliur,-
Above, the ‘ © 7 on the down-type quarks and exotics indicate that they are yet to be fully
rotated into the mass basis — i.e. the mixing is yet to be incorporated. Here U represents
the neutrino weak-eigenstate, which is related to the neutrino mass-eigenstate basis via
the usual PMNS matrix. We parameterise the PMNS matrix by the central values quoted
in the NuFit collaboration 2018 global fit (table 1) [14], and in our numerical analysis we
scan over values for the Majorana phases.

Redefining the coupling constants to absorb this transformation, the interaction La-
grangian becomes:

Ling = (yx‘pxz,RﬁL + wL@%JQ ol + (yX‘Pfa,ReL - yL*"?UL) o
1 — 1 — —
+ ﬁyw (X1,rVL — Xz,REL) P2 + 7 (yL“De(LJUL + mL*”uEdL) o) (2.17)
+ (mL(b’jgdL —y"efur + yR¢€%UR) o'+ y*? (X1.rVL + XzReL) ¢ + h.c.

The correspondences between the couplings are given by the following redefinitions:

yX¢ = )‘)@26;
yX80 = )‘XL,OSC)
y"? =2 el e, (2.18)

y? = Nl e,
y = ApRIR,.

®The SM quark-sector Cabibbo-Kobayashi-Maskawa (CKM) matrix is defined in terms of these rotations
as 'V = £L£d under this convention.



vi b/x1 Ve vi b/xt v¢

Figure 1. Dominant one-loop contributions to radiative neutrino mass generation, completions of
operator O3. Arrow direction indicates the flow of fermion-number.

in terms of unphysical mixing matrices. The matrices y% and y*® are related by the
physical CKM matrix to 2% and 2?, respectively, so they are not independent:

2 =49V, and zL? = yov. (2.19)

The following holds for the mass-mixing of SM with BSM fields:

A~

d’i,R/L:di7R/L; 1= ].727 CZ3,R/L:CGR/LbR/L—’_SgR/LXlR/L’ (2 20)

X2R/L = X2R/L X1R/L = —505,,0R/L + Cor/ X1R)L-

Note that we have denoted the mass-eigenstate by x1 rather than the oft-used ‘B’ to avoid
later confusion when discussing B-meson decays.

At this point, it is important to explicitly note that some quartic field couplings in the
scalar potential, V (eq. (2.4)), will be set to zero, for simplicity, in subsequent calculations
— in particular, those which generate ¢-¢ mixing and mass-splitting between triplet com-
ponents,® \,, and AHyp, in 2.4. For the remainder of this work we will take that each of
the isotriplet components is degenerate in mass, m,.

2.3 Massive neutrinos: a tale of two regimes

The leading-order contributions to neutrino masses are from the one-loop diagrams in
figure 1. After EWSB, we calculate the radiatively generated neutrino mass matrix, in the
limit that m, < m,, to be:

3my, My
(ml/)l] = 16'71T2 mbX
(G (52)
Lo xé éx L my L * Lipx m
x |2z yr " + oy e )mi e + (TP + gty )mi _vm?o ’
1 1

(2.21)
where the relative factor of two arises from the Clebsch-Gordan coefficients in eq. (2.17).
Upon inspection of eq. (2.21), we note that there are two copies of similarly structured
contributions: one from ¢, and one from ¢. In our analysis we consider, for simplicity, two
distinct phenomenological regimes:

Regime 1: The contribution to the neutrino masses comes solely from the isotriplet lep-
toquark ¢ (corresponding to MODEL 1).

SA discussion of the structure of this scalar mixing may be found in appendix A.

~10 -



Regime 2: The contribution to the neutrino masses comes solely from the isosinglet LQ
¢ (corresponding to MODEL 2).

In each regime, the alternate LQ is still important for the flavour anomalies, but con-
tributions to neutrino mass generation are subdominant. We leave a full exploration of
the overlap of these phenomenological regimes, and the implications of LQ mixing, to
future work.

2.3.1 Implementing a Casas-Ibarra-like parameterisation

Deriving the physical neutrino masses {mi, ms, m3} requires that we diagonalise eq. (2.21),
via the standard PMNS matrix U = (uj, ug, ug):

diag(my1,ma, ms) = Ujj (my)ixUsj, (2.22)

Expanding this relationship, we can express the neutrino mass matrix as a rank-2 matrix
in terms of the low-energy parameters U;; and m;:

m, = UTdiag(ml, ma, mg)U* = mguguz + mkuLuik(. (2.23)

The value of k depends on the hierarchy assumption for SM neutrinos. In each case, the

lightest neutrino is taken to be massless in order to obtain the rank-two flavour structure of

each term in eq. (2.21). For definiteness, we adopt normal ordering and set k = 3 in what

follows. We use the notation 1 € {¢, ¢} to denote the LQ that contributes to neutrino
mass generation:

- + i B 3y MMy My,
m, = mg (XLﬂyxn + yXﬂXLn) ) mo = (1 + 5) 167r2(m§<1 — m%) In m, ’ (224)

where 0 = 0 for n = ¢, and ¢ = 1 for = ¢. The matrices xr,,, and y,, are column matrices
of Yukawa couplings. Under the specified assumptions, couplings of the form

XLy ~ a:fg and yy, ~ yX', i,j€{e,pu, 1} (2.25)

are mutually constrained by neutrino oscillation measurements.
We adopt a Casas-Ibarra-like procedure [89] and parameterise our ignorance of the
coupling constants by introducing a parameter ¢ € C through re-expressing eq. (2.24) as

T T

where, upon expansion, ¢ cancels out. This means that the neutrino oscillation parameters
can be fitted for any value of (. Matching eq. (2.26) to eq. (2.23), we obtain expressions
for the coupling matrices in terms of {, m; and u;:

XLy = \/;WO(‘/mQUQ* + iy/m3ug™), (2.27a)
1
.|.

Yon = C%(W@uz* — iy/mzuz®). (2.27b)



Parameterising the Yukawa couplings in terms of { enables us to efficiently scan over the
parameter space that agrees with the oscillation measurements. The coupling values are
inputted at the high-energy scale — consistent with the energy-scale of the L mediator.

Upon assuming normal ordering as detailed above, the measurements of physical mass-
squared values can be translated into measurements of m? (table 1):

|Am3,| = m3 = 7.39702 x 1077 eV?,  |Am3,| ~ mk = 2.525T5033 x 1073 eVZ. (2.28)

To demonstrate that our model fits neutrino mass, we simply need to show that we can
assign reasonable values of { and mg, within appropriate limits defined by flavour-violating
processes and perturbativity of the generated couplings. Imposing a perturbativity bound
p on the couplings constrains ¢ and mg such that Vj:

e <p = 1¢[(VmaUs, + ivimsUs)| < V2mo p,

1 ' (2.29)
gl <p = & |(VmaUly —i/msUss)| < v/2mg p.

We impose these constraints with p = /47 in our analysis. The remaining couplings in
this model remain free parameters to be assigned values in accordance with constraints in
subsequent sections.

3 Ameliorating anomalies

In section 2.3 we identified the couplings in each mass regime which are fixed by the
Casas-Ibarra parameterisation. To address the remaining goals of this model, it remains
to calculate the corrections to the anomalous processes outlined in section 1: Ry, )
and (g — 2),. To parameterise the BSM contributions to these processes we frame our
constraints in terms of effective operators, O;, weighted by the Wilson coefficients C;, such
that the effective lagrangian at a particular energy scale is given by:

Leffective = Z(CzBSM + CZSM)OZ (3'1)

i

The set {O; } represents an operator basis that encompasses the interactions of this model at
low energy, usually corresponding to below the mass scale of the BSM mediator. There are a
number of commonly used EFT bases, so we will be careful to specify the basis of interest
and coefficient normalisation as we proceed with our discussion of constraints. Where
these are relevant for application in computational procedures, they will be referenced in
accordance with the Wilson Coefficient exchange format (WCxf) [90].

3.1 b— suu: Rg and Rk~

The leading-order contribution from our model to the b — suu transition is given by the
isotriplet, ¢, via the tree-level diagram shown in figure 2. The isosinglet ¢ also contributes
a one-loop box contribution to this process, as detailed in refs. [67, 69].
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Figure 2. Dominant model contribution to the neutral current b — spuu process

Using identities summarised in appendix B, the diagram in figure 2 corresponds to a
BSM contribution to the effective operator 0%

O = (3y*Prb) (myu Pri). (3.2)

Typically, fits to the available experimental data on the b — s decays [91] involve the
chiral-basis containing O%* 11, and the related operator (’)’Z’f%

Op'g = (57" Prb)(fryu Pru).
These find a good fit to the data so long as the following expressions are satisfied [30]:

Gr
7

where the multiplier corresponds to normalisation for this particular EFT, quoted in this

CHE ~ —1.06 x < ViV > Cht (3.3)

way to ensure consistency with eq. (3.1). This choice of coefficients eliminates the tensions
in Ry« and significantly improves the SM fit to all of the b — s data, with a total pull
from the SM of 6.50 [30].

As proposed in ref. [67], the isosinglet-only model provides a one-loop contribution
to these operators, and in general generates non-zero values for both C7# and C"L"I‘%. In
this case, fitting C’Z‘I‘% ~ 0 requires positing a suppression of the appropriate right-handed
Yukawas y©®. In contrast, the leading-order contribution generated by the SU(2)-triplet
¢ is at tree-level, and has C}%; ~ 0 at the high scale.

For consistency with the hterature, we translate the quoted operators to the so-called
‘flavio’ basis for the Weak Effective Theory (WET), as outlined in ref. [90]. Implementing
the Fierz transforms as quoted in appendix B, the operator mapping for O} is:

1
on = 2 (04" — o). (3.4)

with the operators Of" and O/ defined as:

4Gp
Oyt = NG YV 1 GV PLY) () (3.5)
pp 4GF
o =y & 1 G ELY) (Fysh) - (3.6)

10 — f
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We label the corresponding BSM contributions’ to these operators C§* and C}§'. They
are generated at tree-level by the ¢ LQ with coefficients

co, T 1 akealer
Cht = -t = ——2L 222 (3.7)
2V2Gpa VVis  m2

Analogous to the fits quoted above, we take the central value for C§* = —C/J as
CH' = -1l = —0.53, (3.8)

with a one-sigma region of [—0.62, —0.45] [30]. In this model, this corresponds to a central
value of:

2
Lo L m
Co,|Tog Tog | A~ (24 'IS;V) . (3.9)

Note that the couplings above are derived from purely real values for the Wilson coefficients,
and most fits assume real values for the Wilson coefficients. To ensure a C§* = —Ci{
consistent with these, we fix the value of C4* such that Im C§* ~ 0. In Regime 2, this
. Lp*
corresponds to scanning over real-only values for the two free-parameters x,5 and x23 ,
whereas in Regime 1 this corresponds to constraints on the Casas-Ibarra parameterisation.

These will be discussed in section 4.4.

3.2 b— crv: Rp and Rp~

The contribution from this model to the b — c7v transition is described by three dia-
grams, as illustrated in figure 3. The dominant BSM effects manifest in contributions to
the following® effective operators, expressed in the flavio basis for the Weak Effective
Theory (WET):

4G

Os,, = — \/g Ve (ePLb) (FPLY), (3.10)
4G

Ovyj =~ \/; (e PLb) (T, PLir), (3.11)
4G F

OTJ = *W‘/cb(EU“VPLb)(?O'MVPLVj) (3.12)

The neutrino index, here denoted j, can run over all three flavours — the leptoquark
interactions need not conserve lepton flavour, and final-state neutrino flavour is rarely a
direct observable, particularly in collider studies. Consequentially, the BSM contributions

"From here onwards, reference to the Wilson coefficients will be in the context of BSM contributions.
To avoid overcrowding of sub- and super-scripts, they will not explicitly include a superscript ‘BSM’.

8The Fierz transformations used to derive these operators from the diagram in figure 3 are given in
appendix B.
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Figure 3. Dominant model contributions to the charged-current b — c7v process, not assuming a
global conservation of lepton flavour, where j € {e, u, 7}.

to the operator coefficients, calculated at the LQ mass scale, are as follows:

Lé R
o =200, L (T8 (3.13)
S1d T 4GV 2 my ) ‘

Lé Lo Lo Lox
Cu o — \/ngL 1 $j3?y32¢ B $j:§py32(p (3.14)
Vi,j 4GFV—Cb 2 mi 2ma ) .
1
CT,]' = — ZCSLJ. (3.15)

We will often drop the neutrino-flavour index j to avoid unnecessary clutter when j = 3,
the case that leads to constructive interference with the SM contribution.

In the limit of small mixing between x and the SM b-quark, these Wilson coefficients
are generated solely from the leftmost diagram in figure 3. The other diagrams are subject
to suppression? by sinfr ~ 0. (See section 4.3 for a discussion of the constraints on mixing
parameters).

Whilst the QCD Ward identity implies that the vector coupling Cy, ; does not run
with energy scale, the relationship (multiplier) between the tensor and scalar couplings will
change dramatically with energy-scale running. This will be accounted for in subsequent
calculations.

The values required for these Wilson coefficients to give a good fit to Rp and Rp+ have
been studied in the literature, typically under the assumption of lepton-flavour conserva-
tion. Existing fits [64] suggest a good match to data can be attained with contributions to
the vector operator Cy, . Contributions in the direction Cs, = —4C7 [69, 71, 92] can also
provide a good fit to data, and this approach is subject to fewer constraints (See section 4).

We incorporate the new Belle combined measurement [36] into a fit of all measurements
of Rp and Rp+ using the fitting software flavio [93].!° The fit contours are shown in
figure 4, with the fit excluding the new Belle measurement shown with dashed contours to
indicate its effect. We find the best-fit point

(Cv,,Cs,) ~ (—0.18,0.36), (3.16)

In both cases the topmost vertex originates from a nonzero coupling yX¥, therefore the effective coupling
to the b-quark after SM-BSM mixing is proportional to sin 0.

0We note that our fit does not include the measurements of fP “and R J/v, since errors here are still
large. Instead, we take the central values from our fits and discuss predictions for these observables in
section 5.
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Figure 4. The results of our fit to Rp and Rp~ including the new Belle measurement [36]. Contours
show the 1, 2 and 3¢ regions of the fit, dashed lines show the fit results without the recent Belle
measurement. The scalar and tensor coefficients are run to the b-quark mass scale from 2 TeV. See
table 4 for central values and the text for more details.

Fit Best fit lo region 20 region

Cvy, 0.069 [0.044,0.094] | [0.026,0.11]

Cs, 0.14 [0.077,0.15] | [0.047,0.18]
(Cv,,Cs,) | (—0.18,0.36) — —

Table 4. The results of our fit to Rp and Rp+ including the new Belle combined measurement [36].
The first row shows the best fit point and o-regions fitting to C'y, with all other operator coeflicients
vanishing. The second row shows the same for Cg, (A) = —4C7r(A) for A = 2 TeV and all other
coefficients set to zero. The third row shows the best fit point for a 2D fit to Re Cy, and Re Cg, (A) =
—4Re Cr(A), again for A = 2 TeV.

for the 2D fit to ReCy, and ReCg, (A) = —4C7p(A) at A =2 TeV. We also fit to Cy, with
Cs, (A) = 0 and vice versa. These results are summarised in table 4. We comment here that
in this model, for the isosinglet LQ ¢ contributing to the direction Cg, (A) = —4C7(A), the
vector operator will also always be non-zero. This follows from the relation in eq. (2.19).

The leading contribution where only ng

is non-zero is suppressed by |Vis| &~ 0.04, but this
contribution can still be sizeable if a:gf is chosen to be large. A short discussion of this

scenario is included in our phenomenological analysis (see section 5.2).
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Figure 5. Dominant contributions to the lepton magnetic moment from BSM content in this model.
Fermion lines are omitted as there are multiple valid assignments possible for these topologies, each
of which will be considered in calculations.

3.3 Leptonic magnetic moments: (g — 2)

There are two viable leading-order diagrams for this correction (figure 5). Since contribu-
tions from these diagrams are well-established in the literature [67, 84] we simply quote
and interpret the results. For the muon magnetic moment, in the limit that m m¢ > m?,
the contributions are given by:

2
¢ _ N MM (T T Ro, Lo Ro\2
af = Z 4”2’”3 (4 In - | Re(a, vi") = 355 — Z s | + Z a2 (3.17)
v _ Le2
A m2 Z [72d (3.18)

As m, < my, the like-chirality, terms are small — leading to the requirement of non-
vanishing right-chiral couplings to obtain an adequate fit to the anomaly. We are left with
the contribution generated by ¢ in this limit:

2
o e (7 In—% | Re(yliyLe 3.19
gt 47727”35 <4 nmt e(Yo3 Yo3 )- (3.19)

By a similar argument, we arrive at the contribution to the electron anomalous magnetic
moment:

2
memy [ 7 g, Ro L¢
af ~ 47r2m35 <4 lnmt> Re(yi3 13 )- (3.20)

Through the nature of generating these contributions from both right- and left-handed
couplings, it is a key characteristic of this model that opposite sign contributions can be
generated for the electron and muon.'!' In both neutrino mass regimes at least one of the
two necessary Yukawa couplings is a free parameter unconstrained by contributions to the
other anomalies outlined in this section. For the remainder of this work we will focus on
the parameter space required to correct the muon anomalous magnetic moment, as it is
the more persistent and significant discrepancy. We leave further discussion of corrections
to the electron magnetic moment in this model to future work.

11 A5 can be seen in equation (3.17), the like-chiral corrections allow no freedom with assigning a direction
to the corrections, as they are proportional to the modulus-squared of a Yukawa coupling.
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4 Constraints

Below we discuss the constraints relevant to our model and the limits we require in our
subsequent analysis. We restrict our main discussion to what we consider to be the minimal
scenario to explain the B anomalies and (g — 2),. Here, the isotriplet LQ ¢ explains the
neutral current anomalies, while the SU(2) singlet ¢ explains the charged current anomalies
with contributions to the scalar, tensor and vector operators. Minimally, this implies non-

zero values for xéf) and y32¢ The top-mass enhancement evident in eq. (3.18) means

that only small values for the product of yg and y23 = x%’ are required to explain the
anomalous magnetic moment of the muon.

The leptoquark that participates in the neutrino mass generation must have a non-zero
Yukawa coupling to the electron, and this is the most import phenomenological consequence
for the constraints we consider. This, together with the relation in eq. (2.19), means
that constraints from processes involving the first generation of SM fermions cannot be
avoided completely. In fact, the hierarchy present in the leptoquark couplings to charged
leptons is fixed by measured PMNS matrix elements, while the couplings to light quarks
are suppressed by CKM matrix elements. Explicitly

Ln _  Ln
y’Lj T3 ]3

]3 \/7 (Fu 12 + ZFUJS) (41)

Of course, the Lagrangian in eq. (2.17) contains many more parameters than these. For
simplicity, we turn off any couplings not immediately related to the anomalies or neutrino
mass. In reality these need only be small enough to respect any limits placed on them by
experiment.

The choice of the minimal set of Yukawa couplings depends on the choice of neutrino-
mass regime. In this section, expressions are given in generality assuming :lflLéZS # 0 and
:clL:f # 0. If one chooses a particular regime, then the Yukawa coupling to the electron of
the leptoquark that does not participate in the neutrino mass can be switched off, and we
make this choice according to the principle of minimality discussed above. Thus only one
leptoquark will have a Yukawa coupling to the electron at a time. Of course an additional
phenomenological consequence of choosing a neutrino-mass regime is the absence of AL = 2
interactions for one of the leptoquarks, 7. This can be achieved by turning off the associated
couplings y;m. In the absence of LQ mixing, the term is not generated at any order since
the interactions of 1 now conserve lepton number.

Below we summarise these comments with concrete Yukawa-coupling textures. The
constraints presented in this section assume the following set of non-zero Yukawa couplings:

00z 00 0 00 aif
xt =100z |, y™=10 0 42 and  x?= |0 227 |. (4.2)
00 akf 0ys 0 0 0 af

12Note that constraints from neutrinoless double beta decay are not explicitly considered in this analysis.
The contributions are CKM suppressed and the couplings involved are exactly those involved in neutrino
mass generation. As such, BSM contributions from this model to this process are negligible.
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However, if the restriction is made to regime 1, it is understood that le;f ,wg?‘f = 0 and

yzm = 0, while regime 2 implies xff , xéf =0 and yX¥ = 0. We do discuss other Yukawa-
coupling textures throughout this section where appropriate. Notably, we comment briefly
on explaining R+ with contributions only to the vector operator Cy, , and the constraints
associated with this scenario are presented in this section as well.

This parameter space is explored in the context of the constraints implied by fits to
the flavour anomalies and neutrino mass. We use a suite of computational machinery for
most of the calculations, and this setup is discussed in section 4.1. Where appropriate we
explicitly write out the dominant contributions to observables where we consider that this
provides useful insight. Some observables are also calculated separate to these methods,
and these are also discussed in detail below.

4.1 Calculation pipeline

Using SARAH [94, 95] we construct the model from the Lagrangian upward, using inbuilt
machinery to encode the algebraic structure of the fields, associated global symmetries
and mixing. SARAH generates an output module for use with SPheno [95], which can cal-
culate the Wilson coefficients, decay rates and a subset of flavour observables, defined by
FlavorKit [94], for a particular assignment of model parameters. A full discussion of the
underlying machinery and symbioses of these programs can be found in ref. [96].

In addition to the above, Flavio [93] was utilised to process manually calculated Wilson
coefficient dictionaries where appropriate, or to take as input the Wilson coefficient . json
files outputted by SPheno. This enabled us access to a broader class of flavour observable
calculations than would have been otherwise possible. The running of Wilson coefficients
in Flavio is implemented using the Wilson package [97].

By implementing this combination of computational machinery, it was possible to
construct an efficient parameter scan over a large number of dimensions. In doing so, it
was possible to determine the regions of parameter space that establish this model as viable
for its desired purpose: reconciling the anomalies, generating radiative neutrino mass, and
satisfying the most compelling experimental constraints, as we discuss in this section.

4.1.1 Validation and benchmark regions

To begin, we consider this model solely as a radiative neutrino mass model, only switching
on the couplings generated by the Casas-Ibarra parameter. Truncating parameter space so
as to only include those important for radiative neutrino mass generation, we may validate
our calculations against the scans performed in ref. [64] for the ¢-x model (MODEL 2 in
table 3). In figures 6 and 7, we depict the two parameter regimes fixed by the Casas-
Ibarra procedure: neutrino mass generated by ¢ (Regime 1), or by ¢ (Regime 2). This is
proof-of-principle to validate this computational setup, and more generally to determine
benchmark regions of parameter space for subsequent scans. Throughout this section we
have implemented the perturbativity bound that the magnitude of each physical Yukawa
coupling is less than /4.

Ref. [73] identify the most important flavour-changing processes as the LFV decays:
@ — ey, b — eee, as well as y — e conversion in nuclei, all of which depend on the LQ
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Figure 6. Regime 1. Constraints on ¢ for varied isotriplet ¢ LQ mass (a), and vector-like quark
mass (b); in each case the alternate mass is fixed at 2 TeV and the isosinglet LQ couplings are
switched off. Allowed points for each constraint lie between the two same-coloured lines. The ‘dip’
in both graphs is due to an accidental cancellation by virtue of parameter choice.
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Figure 7. Regime 2. Constraints on ¢ for varied singlet ¢ LQ mass (a), and vector-like quark mass
(b); in each case the alternate mass is fixed at 2 TeV and the isotriplet LQ couplings are switched
off. Allowed points for each constraint lie between the two same-coloured lines.

couplings fixed by (. We have scanned over the magnitude of the Casas-Ibarra parameter,
|C|. The observables in question are proportional to the product of two LQ couplings gen-
erated by the Casas-Ibarra parameterisation, and therefore, oc [¢|?. Any phase information

is irrelevant for these calculations.

For Regime 2, where ¢ generates neutrino mass, these plots represent replication of
those in ref. [64], with updated measurements and using the framework outlined above. The
minimal contrast between these two results acts as initial validation of the calculations
in SPheno/SARAH for these LFV processes. Although we have not imposed any further
constraints in these scans, nevertheless from figure 6 and figure 7 we can begin refining
parameter space by noting that |¢| € (1072, 10%) roughly defines the region which is capable
of accommodating these LF'V constraints with perturbative couplings. This is consistent
with the bounds prescribed earlier in eq. (2.29).
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Figure 8. Projected ATLAS limit [98] on vector-like quark mass from y; — Zb demonstrates a
lower limit on m,, , with fixed mixing Yukawa Y, = 1.

4.2 Collider bounds

Many collider searches already exist for third-generation quark ‘partners’, as they are
referred to in many SUSY models. Here, we focus on those presented in the context of
each vector-like quark component as a part of the x isodoublet. Contributions to the decay
branching fraction limit were found to be sensitive only to the BSM-SM quark mixing and
the mass of the exotic, and the following analysis considers a mixing Yukawa Y; = 1.
The branching fraction of the exotic bottom-partner x; can be expanded as per
the following:
Br(x1 — Zb) + Br(x1 — Hb) ~ 1. (4.3)

The third possible decay channel, xy; — Wt, is highly suppressed by the small mixing
between the exotic and SM quark sectors assumed for this channel. Taking the constraints
from the ATLAS collaboration, and calculating the the corresponding branching fraction
using SPheno, the resultant limit on the vector-like quark mass can be read off the graph
in figure 8:

My, 2 700 GeV.

This represents a very low bound from decays of x1, and decays of ys impose a slightly
stronger constraint. The ATLAS collaboration imply a lower bound on the mass of xa (or
‘Y’ as it is referred to) of:

My, 2 1350 GeV. (4.4)

The masses of each component of the isodoublet y are of comparable orders of magnitude,
as we will see in section 4.3. Therefore, we adopt the more conservative bound for m, =
My, ~ My, from xo decay in subsequent discussion.

Similarly to the vector-like quarks, approximate bounds on the leptoquark masses
can be inferred from collider searches. The most recent analyses from ATLAS [99] and
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Figure 9. The figure shows the current (solid) and projected (dashed) upper limits on the couplings
of the ¢ LQ to down-type quarks and charged leptons aciLf. The limits are from LHC searches in
pp — L€ high-pr tails at 13 TeV from ATLAS [108], derived from ref. [107]. The Yukawa coupling
being constrained depends on the process. For example, ss — puu will constrain szf .

CMS [100, 101] place model-independent lower bounds on third-generation leptoquarks at
my 2, 800 GeV. (4.5)

In the limiting cases where the branching ratio of the LQ is mostly to charged leptons or
neutrinos, the bounds are generally ~ 1 TeV, with the most stringent bound m,, 2 1.2 TeV
coming from bb + MET searches.

In our model couplings of third-generation quarks to the muon are unavoidable. Here,
limits from ttup searches can exclude leptoquark masses below 1.3 TeV, assuming Br(n —
tp) ~ 100% [102]. Additionally, since ¢ must couple the strange quark to the muon,
dimuon-dijet searches are also potentially relevant. In this case, the limits can be as large
as my 2 1.5 TeV [103, 104].

High-pr dilepton production through the ¢ leptoquark has also been shown to provide
interesting constraints and signatures for the leptoquarks in our model [71]. The leptoquark
contributes to the processes pp — £¢ through tree-level t-channel graphs whose effects can
alter the tail of the differential cross-sections for pp — ¢¢. We take the limits from ref. [71]
for the muon and tau modes derived from 36 fb~! of ATLAS data at 13 TeV [105, 106].
We derive bounds on bb — ee and extract the 3000 fb~* ATLAS sensitivity for the electron
and muon modes from ref. [107]. These bounds are shown in figure 9. We find that the
limits on cc — ee and uu — ee give less stringent bounds on [(], and thus we do not include
them in our numerical scans.

4.3 Limits on the b-quark/vector-like quark mixing

Of central importance in this model is the mixing generated by the terms Y;bgH x 1, + h.c.
between the b quark and the vector-like quark x. This mixing is a necessary ingredient for
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PROCESS LimiTs

Br(p —ey) | <42x10713

Br(p—3e) | <1.0x 1072

o(pAu—eAu) —13
o(pAu—capture) <7.0x10

Br(r — ev) <33x1078
Br(r — ) <44x1078
Br <21x1078
Br <2.7x1078

(1 — 3u)
( )

T — 3e

Table 5. Values given without citation are taken from ref. [112].

the violation of lepton number by ¢, and plays a governing role in the overall scale of the
neutrino mass mg according to eq. (2.24). Its size also dictates the extent to which AL = 2
neutrino final states are important to consider, for example in B — K®yw.

The mixing of the b with y leads to new contributions to the oblique electroweak
parameters S and T'. These have been measured to high precision by LEP [109]. The mixing
also leads to an alteration of the Zbb coupling at tree-level, for which global electroweak fits
have suggested a small deviation from the SM value, e.g. [110]. The dominant contributions
to these effects are encapsulated in the effective dimension-6 Lagrangian generated by the
heavy x at the scales probed by experiment:

£ > @(HHB H)(bry"br) + i (HTH)(QsbrH) (4.6)
X m2 1% R’Y R mi yb 3R . .
X

The first operator modifies the electroweak precision observables discussed above and the
second affects Higgs measurements and is currently poorly constrained. We take the 2o
bounds on the operator coefficient C3, from the electroweak fit performed in ref. [110]
C3, € [-0.38,0.03] to derive

1Y3| € [0.25,0.87] <1T«Z>\</> (4.7)

This implies the bounds 0z € [0.06,0.21] at 95% confidence, with central value 0 =~ 0.16.
This agrees with ref. [65] which studied the effects of the doublet x and other vector-like
quarks. The relation 6 ~ %’ZGR from eq. (2.15) implies the cos @, factors appearing in
eq. (3.7) and eq. (3.13)—(3.15) do not suppress the contributions to the anomalous ob-
servables.!? Restricting this mixing to be small consequentially reduces the mass-splitting
between the components of the exotic doublet x, such that m, ~ m,, ~ m,, remains a
valid approximation.

4.4 Leptonic decays

The leptoquarks contribute to the LFV decays ¢; — {;v and ¢; — Ejékzk at loop level
through diagrams like those depicted in figure 11, as well as H penguins and box diagrams

13This result is a stronger, and more general, constraint than that quoted from direct searches in ref. [111],
which suggests a 95% confidence interval of sin g € [0.17,0.55] for m, ~ 800 GeV.
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Figure 10. Demonstrative topology of the leading-order LQ contribution to muon-electron con-
version in nuclei, where f € {u,d}.

‘P_?‘_/? §’Y/Z @3‘/(? §’Y/Z

\
\

Figure 11. Contributions to ¢; — ¢;y processes, where additional splitting of the boson line gives
contributions to ¢; — Ejﬁka. The photon/Z can be attached to any of the four lines.

for the latter. The strongest of these constraints on the couplings are from first- and
second-generation LFV processes. The experimental bounds on these processes can be
found in table 5.

The related process of muon-electron conversion in nuclei is mediated at tree-level by
the leptoquark participating in the neutrino mass generation (figure 10), although there are
also loop-level topologies similar to those for ¢; — ¢;¢;¢), with quarks in place of the same-
flavour lepton-antilepton pair. We presume that a coherent conversion process dominates,
i.e the final state nucleon is the same as the initial state, therefore the coupling to the
sea-quarks!® is negligible [113]. The tree-level contributions to muon-electron conversion
depicted by figure 10 will lead to vector, scalar and tensor effective operator contributions,
via Fiertz transformation (appendix B). These will be discussed for the two neutrino mass
regimes below.

4.4.1 Ruling-out Regime 2

For neutrino mass as generated in Regime 2 (¢ couplings fixed by Casas-Ibarra), con-
tributions to muon-electron conversion are dominated by tree-level processes via the LQ

14This includes possible contribution from the vector-like quark x, which will be ignored for the remainder
of this discussion.
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mediator ¢. Assuming the right-handed couplings to first- and second- generation quarks
and leptons are switched-off, the dominant contribution is from the effective interaction:
- L Lo Lo _
Lot ™ om? ! vy (@ Prp) (@y" Pru) . (4.8)
LQ couplings between charged leptons and up-type quarks are unavoidably generated by
CKM mixing:

L Létrs | Lbirs | Lbirs
yij¢ = 3313¢Vj3 + 3312¢Vj2 + 33¢1¢ 1+ (4.9)

Ref. [114] contains a study of the effective Lagrangian approach to constraining these
contributions, and provides model-independent limits which we will interpret here. The
strongest constraints from muon-electron conversion in nuclei presently come from mea-
surements involving gold (Au) nuclei. In the absence of accidental cancellation, the exper-
imental constraint in table 5, results in the following bound on the dominant contribution
to this measurement:

Léx L
|951??*332§5|

2
Mg

< 2.76 x 1078 GeV 2. (4.10)

Since both Yukawa couplings involved are fixed by the Casas-Ibarra procedure, the bound
can be interpreted in terms of |¢|. We find'®

2
2 <159 10 mo_ ). 411
Fs 59<TeV> (0.05 eV (4.11)

To contrast with other constraints, we begin by parameterising the Casas-Ibarra pa-
rameter via ¢ = (1 + ik)Re(, giving |(| = |Re(|V1 + k2, where k € R. The only viable
scenario for this leptoquark to explain the charged current anomalies alone is for it to con-

tribute to the scalar and tensor operators [69, 71, 115]. As discussed in section 3.2, there
are always unavoidable contributions to the vector operator C'y, present as well once x33
is non-zero. Our fit results suggest

ReCyg, =~ 0.14, ImCs, =0, (4.12)

which implies, assuming ¢y, ~ 1 and y?f € R, and inputting numerical values for Uj;:

V2 1 [y <0.05 eV)1/2
- 0.22 — 0.45x)Re( ~ 0.14. 4.13

Combining this with the above bound on Re(¢)? (eq. (4.11)), and saturating the per-
turbativity bound with ‘ygp*‘ = V47, we obtain

2
me (0.49 — k)2
<TV> S A (4.14)

B Throughout this discussion we have assumed myg is positive-definite.
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Figure 12. Constraints on neutrino mass Regime 2 (¢ generating neutrino mass). Coloured
lines represent upper bounds on the L@ mass-squared, and the shaded region represents the al-
lowed points when also considering suppression of imaginary component of respective Wilson coef-
ficient C's, . The red-dashed line in each indicates the approximate lower mass-bound from collider
constraints.

Re-expressing the upper perturbativity constraint given in eq. (2.29) in terms of numerical
inputs gives

44 mo
Re¢? < 4.15
e s (1+/€2)<0.05 ev>’ (4.15)
which, when combined with eq. (4.13), reduces to:
me )2 < 010-49 — K|
— 27— 4.16
(TeV ~ V14 k2 ( )

These two upper bounds are shown in figure 12 as a function of k. In order to ensure that
Im Cg, ~ 0, we can rephrase this requirement as needing a suppression of Im C, relative
to Re g, , that is to say a minimal requirement of:
ReCg, 1—2k
ImCg, 1+2k

To satisfy all three of these constraints already reduces the available parameter space

>1 (4.17)

~ °

significantly (the grey-shaded region is allowed). These are necessary, but not sufficient,
conditions for these parameters to satisfy in order to ensure that these constraints are met.
We may note from figure 12 that these constraints alone indicate a very small allowed mass
region of 1 TeV S m, S 2 TeV.

4.4.2 Constraints on Regime 1

Following the calculation procedure above, we find for Regime 2 that the effective interac-

tion contributing to muon-electron conversion is given by:

Liecive ~ ozl ver” @0 Prp) (0" Pru), (4.18)
©
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Implementing the bound determined in ref. [114], as above, constraints from muon-electron
conversion in Gold nuclei give the following:

Lpx Lgo‘

1213 255 | < 551 % 10 Gev—2, (4.19)
ma ~

which implies, via the Casas-Ibarra parameterisation, and using the notation consistent
with the previous section:

035 /myN\2 [ |mol
2 < ©
ReC" S A1) (TeV> <0.05 eV>' (420)

Requiring agreement with earlier discussed value for ReCy = —ReC) fit eq. (3.8) leads
to the following central value:

? (L7 x 107) my \* ([ |mo|
et (0.46 + 1)2(x55)? (TeV) <0.05 eV> (4.21)

Combining eq. (4.21) and eq. (4.20), and assuming cg, 1 whilst saturating the perturbativity
bound for xéf , gives the constraint:

(0.46 + )2

) (4.22)

ﬂ)2<26 10°
(TeV ~ 20X

Also, re-expressing the perturbativity constraint, combining eq. (4.15) and eq. (4.21), gives:

ﬂ)2<57 103w 4.93
(TeV < 5.7 x — (4.23)

These provide a necessary, but not sufficient, bound on these parameters to satisfy
the specified constraints. Simply from contrasting the size of the pre-factors between
equations. (4.22) and (4.23), (4.14) and (4.16), the unconstrained parameter space for
mass-squared in Regime 1 is significantly greater than for Regime 2. This is justification
for concentrating solely on Regime 1 for the remainder of this work.

4.5 Z decays

The leptoquarks ¢ and ¢ will modify the Z coupling to leptons through one-loop diagrams
involving SM quarks and the vector-like quark y. For the contributions involving lepto-
quarks and SM fermions we use the results of ref. [116], which include corrections due to
the external momenta of the Z. The additional diagrams with the vector-like quark in the
loop are shown in figure 13. We find the contributions to the leptonic Z couplings from
these to be

S = — T k) + () (4.24)
L 768m2x(x — 1)
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Figure 13. The leading contributions to Z — ¢¢ and Z — vv in our model. Fermion arrows
omitted for brevity, such that each diagram can be associated with multiple flow assignments.

where x = mi/m?&, Ty = m%/mi and the functions f(x) and g(x) are

f(z) = 3z(z — 1) [(42® — 302 + 20) — (z — 1)(192” — 53z + 28) log ]

+ 62 cos® Oy (z — 1) [(z — 1)(2* — 17z + 10) + 2(2® + 62 — 4) log z
g9(z) = 5(z — 1)(2® — 52 + 13z + 3) + 60z logx

+ cos® Oy [4(z — 1)(z® — 5a® + 13z + 3) — 48z log z] .

(4.25)
(4.26)

The couplings y*¥ are inversely proportional to ¢, and thus we expect these contributions
to be suppressed when ¢ and the y-b mixing parameter Y}, are sizeable.

4.6 Charm meson decays

Since couplings to up-type quarks and charged leptons cannot be avoided for the leptoquark
that couples to x, the physics of operators of the form Ojjx ~ (u;I'uj)(€,I'¢;) is important
to study. Here, we consider the leptonic decays of the D? meson, since a sizeable coupling
to the charm quark can assist in the explanation of the large effects seen in the charged
current anomalies [117]. The isosinglet LQ ¢ generates the entire spectrum of operators
which can in principle contribute to the leptonic decays of the DO, since it interacts with
both left- and right-chiral SM fermions. Concretely, the dimension-6 Lagrangian

4G

o ) o )
Losujtnt, = NG Cp v @iy Prug) (G Prly) + Cp Y, (@i Prug) (Cey" Prer)

+ Cngl(aichPRuj)(Zka“”PREl) + CgféL (ﬂiPLuj)(ZkPLfl) (4.27)

+ CgfglR(ﬂiPRuj)(ZkPRgl) + h.c.|,
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Figure 14. Dominant BSM contribution to b — svv process in this model arises at tree-level.

is generated with tree-level contributions from both leptoquarks:

Lo Lox Ly Lpx
gkl _ 1 Yrj Yii n Yij Yii (4.28)
DVe — 9./2G 2m§5 ma ’
Ré+ Ré
ikl _ L Yk Y (4.29)
DVr 4\/§GF m?i) ’
Lé Ro
. 1 Yii Yp,
Okl — eIl 4.30
Ro* Lo
Ciikl _ 1 Y% Y (4.31)
D,Sp 4\/§GF mé ) .
. 1 ..
Chr=—7CDs, (4.32)

As highlighted in ref. [117], the strongest experimental constraints on these coefficients
come from measurements of the process DY — /(;4;, i € {1,2}. For these decays, we
use [84]

f3m3 Gy (mp? i i |2
F(Doﬁﬁi&)zw — 6& ‘C%I,SL_ %{SR} B!gz

321 Me (4.33)
+|CBY, + CBS, - MR, + o) |
D

where B, = (1 — 4m}/m})V? ~ 099, fp = 212(2) MeV [118] and np =
C%%L (e)/ C%{Zg;L(A). We impose the experimental upper limit Br(D® — puu) < 7.6 -
1079 [119]. Contributions to the electronic mode from the vector operators are helicity
suppressed and we ensure |yﬁ-¢\ < 1 in all numerical scans to avoid contributions to the

electronic scalar and tensor operators.

4.7 Bottom meson decays

The b — svv transition provides one of the theoretically cleanest FCNC processes. Pre-
dictions for this transition are devoid of hadronic uncertainty, beyond the form-factors,
unlike the b — sf¢ transition. This makes measurements of B — Kwvv highly useful for
constraining BSM in the flavour sector.
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In this model, there are two types of contribution to this process, depicted in figure 14:
one with two neutrinos in the final state, and one with a neutrino and its charge-conjugate.
Assuming the y-quark mixing angle is small, then the dominant contribution is to:

127 \/5 An

parameterised by the BSM coefficients:

Lo Léx Lo Lo
ij o, 4m (%3 Z o ;3 Tjo )

w,s, ~ —
Y2VAGEV Y o \ omy 2m3

Vo VisZivu Pry;][sy" PLbl, (4.34)

We do not presume that the final-state leptons are of the same flavour — all combi-
nations of ¢ and j can be incorporated into a fit using the Flavio software. However, as
was noted earlier, of particular importance are the contributions from the lepton-number
conserving processes which can interfere with the SM contributions. Additionally, the re-
covery of lepton-number as a global symmetry in the large-mass limit for exotics motivates
this parameter choice.

Contrasting the contributions to w,, with the structure of the BSM contributions
to other anomalies, we observe significant overlap in the relevant observables for fitting
measurements of B — Kvv and in explaining the Rp and Rp~ anomalies. Consequentially,
we expect b — svv measurements to provide some of the most stringent constraints on free
parameters relevant for BSM in the b — c¢rv transition.

Experimental upper bounds exists for the branching fractions of B — K®) v from the
Belle collaboration [120]:

Br(B — Kvp) < 1.6 x 107° (90% confidence limit), (4.35)
Br(B — K*vp) < 2.7 x 107 (90% confidence limit), (4.36)

which correspond to the following ratios, again within a 90% confidence interval

[BI'(B — KVv)]BSM—i—SM
[BT(B — KV?)]SM
vy [BI'(B — K*Vv)]BSM—I—SM

= 2.7. 4.
TS BB = K)o (4.38)

< 3.9, (4.37)

T =

4.8 Meson mixing

The process of By—B, mixing provides a complementary constraint on the same couplings
involved in the b — svv processes discussed in section 4.7. It was found in refs. [67, 69]
that the process leads to a weaker constraint than B — Kvv and B — K*vv for low
¢ masses, but becomes relevant for masses larger than a few TeV. In our model, we
have contributions from both the isosinglet and isotriplet LQs through box diagrams with
neutrinos and charged leptons in the loop. These contribute to the operator C{’s,

Lap=2 D O (by,Prs)(by* Prs), (4.39)
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where colour indices are contracted within parentheses. The combination Cp, exp 2i¢p, =
Amg®P /AmSM is calculated using SPheno [95, 96, 121], and we impose the UTfit collabo-
ration’s result [122]

Cp, = 1.110 £ 0.090 (4.40)

in our numerical scans. We will work with small imaginary parts for the couplings fixed by
the neutrino mass and we maintain ¢p, ~ 0 for the phase, consistent with UTfit’s result.

4.9 Summary of constraints

In tables 5 and 6 we present summaries of the constraints of this section. The tables
contain the observables we consider in our later phenomenological analysis as well as the
limits we require.

5 Results and discussion

Below we explore the extent to which this model can accommodate the charged- and
neutral-current anomalies, the anomalous magnetic moment of the muon and neutrino
mass in light of the constraints presented in the previous section.

First, we review the minimal setup introduced in section 4 and present the results of
our Monte Carlo analysis. We comment briefly on non-minimal scenarios in section 5.2.

5.1 Monte Carlo analysis

In the minimal scenario the deviations in R+ are explained by the isosinglet leptoquark
¢ with contributions in the direction Cg, (mgy) = —4Cr(me), implying O(1) values for the
couplings xéﬁf and yff [69, 71, 127]. Contributions to the vector operator are more heavily
constrained since they necessarily imply large effects in B — K® vy and B,—B, mixing,
in the absence of any kind of cancellation (see section 5.2). The ¢ particle also explains
the anomalous magnetic moment of the muon with the values of y%‘b and yQLif) = ng fixed
according to eq. (3.18). The limits derived in section 4.4.1 suggest the extent to which ¢
can contribute to the generation of neutrino masses is small. Since we consider suppressed
LQ mixing, this means there is no connection between the neutrino mass mechanism and
the anomalies in Rp.) and (g — 2), in this model. For this reason, we fix mg and the
couplings involved in eq. (3.18) and eq. (3.13) to meet the respective central values to

explain these deviations. Explicitly, the conditions

L¢ Ro

0.0047n2
Re(ahyyay) ~ °and iyl ~ 2.7Cs, 1, (5-1)

Y23 Y23 ) ™ 1 +log g

with my = my/TeV, are met with my = 2 TeV, Cg, = 0.14, :néf) = 0.7, yézf = 2.15,
y%‘ﬁ = 0.5 and xé?? = 0.02 in all results presented in this section. Many of the implications
of explaining R with Cg, (A) = —4C7(A) have been discussed in the literature [58, 127,
128]. Here we expand briefly on some of these.

The fit we present in section 3.2 does not include the less-precisely measured observ-

ables Ry, ff) " and P, introduced in section. 1.2.2. We instead use the preferred values
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Process Quantity Requirement
88 — Wi E3 < 0.41my,/ TeV [71]
bb — pup |z2f < 0.58m,,/ TeV [71]
S8 =TT Ers < 0.54m,/ TeV [71]
bb — 7T Exed < 0.80m,,/ TeV [71]
bb — ee |zkf < 0.44m,/ TeV [107]
Z — bb o3, € [-0.38,0.03] [110]
T —ne Br <92-1078
T — Te Br <8.0-10°%
T = du Br <84-1078
Z —etpuT Br <75-1077
Z — etr¥ Br <9.8-107¢
Z — prr¥ Br <1.2-107°
Z — Ll gL €[-8.5,12]-107*
Z — L gr €[-5.4,6.7]-107*
7 — vy N, within 2.9840 + 0.0164
DY = pp Br <7.6-107° [119]
Bt - Kte*u® Br <9.1-1078
B — K%ty T Br <1.8-1077
By — pFeT Br <54-107°
B — Dty R = BRE=Di | within 0.995 = 0.090 [123)
B— D'y | Rpl'= P20l | within 1.04 % 0.10 [124]
B, B, mixing Cp. € [0.942,1.288] [122]
B — Kvv T = g < 3.9 [120]
B — K*vv ri = g < 2.7 [120]
b— sy Br € [-0.17,0.24] [125]
B, — TV Br < 30% [126]
K — v P/ = pHE=es | within (2,488 +0.018) - 107

Table 6. The table is a summary of the constraints considered in this section, not also mentioned in
table 5. In cases where opposite-sign lepton pairs can have differing flavour, we choose the observable
with both combinations of signs averaged. For the rare tau decays not elsewhere referenced, we
have included only those which we found gave most competitive constraints. Where citations are
omitted the requirements are taken from ref. [112].

from our fit to make predictions for these observables, concentrating on the scalar-tensor
solution, since this is the easiest to accommodate with the ¢ LQ. We note that this solution
gives negligible efficiency variation from the SM for the measurement in the D* mode [9],
predicts Br(B. — 7v) < 30% [40, 69, 71] and displays a ¢® spectrum that agrees well with
experiment [129].

In figure 15 we project the 20 preferred region for Cg, (see table 4) onto combinations
of b — c¢ related observables to illustrate the ability of combined measurements to close
in on this scenario. Were possible, we have also shown Belle IT 50 ab™! sensitivity [59] in
grey centred around the SM prediction in black. Current measurements are shown in red

~32 -



—0.35 1

—0.40 1

—0.45 A

1.00 1

S —~—

. —0.4 —0.8 —0.6 —0.6 —0.5 =04 —0.3 0.5 1.0
P, P Py Pt Ry

Figure 15. A grid plot of the various b — ¢ related observables in addition to Rp and Rp-
considered in our analysis. Solid black lines represent the SM predictions around which the grey
shaded regions are the Belle II 50 ab™! sensitivities [59], bordered by the black dashed lines. Red
lines are current measurements and orange regions are their 1o errors. Where the Belle 11 sensitivity
is unavailable we present only the SM prediction without a shaded region. The blue points explain
R D) to 20.

with their 1o errors in orange. With contributions in the scalar-tensor direction, the ¢
leptoquark’s contributions to f}? " are in the opposite direction to current measurements,
although still within the 20 region. If the central value of ff " stays close to where it is,
or moves down slightly, the model would then predict P, ~ 0.4, which compromises the
potential mild improvement in R/, the model can offer. This scenario leads to a SM-like
P¥, but potentially large deviations in the P(E) observables.

The isotriplet scalar ¢ explains the neutral-current anomalies and participates in the
neutrino-mass generation. Thus, the couplings entering the expression for C§* = —C{{'
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Parameters IC] zhy me My Qs
Interval [1,600] | [0,v/4x] | [1,30] TeV | [1,10] TeV | [0, 2n]

Table 7. The table shows the intervals from which the corresponding free parameters are randomly
drawn for our Monte Carlo analysis. All other parameters are fixed, see the text for details.

[eq. (3.7)] are fixed by the Casas-Ibarra parametrisation, itself following from the structure
of the neutrino-mass matrix. A consequence of this is that the :):Z]-_jf take complex values and
in general Im(C§") # 0. Indeed, for ¢ € R the imaginary part of C§" is much larger than the
real part, since Re(z) = \/my/msIm(z5) from eq. (2.27a). Although ImCA* > ReCh*
may lead to an acceptable explanation of the b — s anomalies (see, for example, appendix
C of ref. [130]), most fits in the literature assume ImC§" = 0 and we aim to reproduce
this in our model as well. The simplest way to do this is to assume arg ( ~ 7/2, so that
¢ is mostly imaginary. This now implies Re(z5f) = v/ms/maIm(z5¢), and so the muonic
couplings of ¢ are mostly real.

One may worry that the central value of dcp (used in our numerical analysis) or a
non-zero value for the Majorana phase a will spoil the desired ImC/" < ReC¥§". Using
ImC{" /ReCH" = tanarg Ci" as a measure of the relative size of imaginary part of C§",

we find

tanarg C4" ~ — cotarg ¢ + 4/ @[0.085 cos(ag + dcp) — 0.72 cos as] csc? arg ¢
mg

Lo <m) , (5.2)

ms3

for our model, derived from eq. (2.27a) and eq. (3.7). This clarifies that the effects of the
phases are subleading in \/ma/ms. In figure 16 we plot Im(xiL:f)/Re(:ngp) fori=1,2,3
as contours with varying arg ¢ and ag. This illustrates the behaviour discussed above but
also investigates the effect on the other leptonic couplings. It is evident that the choice
arg ¢ ~ m/2 also leaves the tau coupling mostly real, although this cannot be said for the
electron coupling where the dependence on «s is significant. We nevertheless proceed with
the choice arg ¢ = 7/2 in our numerical analysis and account for the possibility of a large
imaginary part in the coupling mngp .

To explore the extent to which this scenario can explain the flavour anomalies and
neutrino mass, we perform a random scan over the 5 free parameters of the setup: ||,
xéf , My, My, az. Random values are drawn uniformly over the intervals defined for these
parameters in table 7. Notably, the Yukawa coupling Y}, is fixed to 0.25m, /TeV, the lower
edge of the 20 region from eq. (4.7) needed to explain the small discrepancy in Z — bb.
We generate 2 - 10 points which are filtered through all of the constraints presented in
section 4.

As discussed at length in section 4.4, the leptoquark ¢ mediates highly-constraining
processes of muon-electron conversion in nuclei at tree-level, and the couplings involved
are directly related to those that explain the neutrino masses and the b — s anomalies.
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Figure 16. Contours of | tan arg /5| = [Tm(zL5”)/Re(z )| with varying arg ¢ and Majorana phase

as. The index i enumerates over charged-lepton flavours. It is clear that the choice arg ( =~ /2
ensures Imxﬁf < Rexff for the muon and tau couplings (¢ = 2,3). The ratio of the imaginary
and real parts of the electron coupling (i = 1) varies significantly with as. The Dirac phase and all
other neutrino parameters have been set to their central values.
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Figure 17. The results of the random scan projected onto Br(gyAu — eAu) and C§*. All con-
straints except muon-electron conversion in Gold have been applied. The solid black line represents
the central value of the fit of ref. [30] to the anomalous b — s data, and the heavier and lighter
shaded regions are the 1 and 20 regions. The dashed red line corresponds to the current most
stringent limit on Br(gpAu — eAu) from SINDRUM II [131] and the black dot-dashed line is a
representation of the projected sensitivity of future experimental reach [132-138]. The plot on the
right is an enlarged look at the interesting region of the plot on the left. The colour axis represents
the value of the Majorana phase as.
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Figure 18. The other interesting results of our Monte Carlo analysis. (a) The relation between
CH" and the Majorana phase as. The points shown pass all of the constraints considered in our
analysis. The colour axis represents the imaginary part of C§*. The plot shows the preference
away from a vanishing s, driven by the constraint Br(uAu — eAu), and the consistency of the
available parameter space with a small imaginary part of C§*. (b) The results of the random scan
projected onto Br(D® — pu) and C4*. Points shown pass all constraints. Our model predicts
Br(D® — pu) 2 10712, about an order of magnitude larger than the SM estimate from ref. [139].
We note that our calculation is not valid below the dashed orange line since it only represents the
new-physics contribution. (c) The plot shows the influence of the ATLAS ss — uu limits on the
parameter space of our model. Coloured points lie in the 20 region of the b — s fit we use. Dark
blue points cannot explain the b — s data. The dashed orange line corresponds to the current
ATLAS limit, while the solid red line is the 3000 fb~! projection. The abrupt absence of points in
the bottom left of the plot is due to the constraint D — ppu.

We find that only about 12% of the points in our numerical scan are rejected on the
basis of a constraint, but from among these almost all are disallowed because they violate
the muon-electron conversion bound given in table 5. In figure 17 we present the results
of our random scan with slices through the parameter space and various projections. We
find that our model requires muon-electron conversion in Gold nuclei at a rate no less
than 2 - 10713 to accommodate the preferred value of C§*. The COMET [132-135] and
Mu2e [136-138] experiments have projected sensitivities of Br(uAl — eAl) < 10716 at
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90% confidence.'® These will provide an improvement on the current limit by four orders
of magnitude, and will test and potentially falsify this scenario. Interestingly, our model
cannot simultaneously avoid the muon-electron conversion bound and explain the b — s
anomalies with a vanishing Majorana phase ag, a result made clear in figure 18(a). There,
it is also apparent that the constraint can be avoided for 100° < ae < 300°, a region that
overlaps with that shown in figure 16, needed for a small imaginary part for the electron
couplings ﬂvﬁf . We find that an additional two constraints cut into the parameter space
significantly: bounds from D° — pu and the ATLAS measurement of ss — puu. Our
model predicts the DY — pj rate to be an order of magnitude larger than estimates of the
SM contribution Br(D® — pu)sm ~ 3 - 10713 [139] (see figure 18(b)), while the ATLAS
3000 fb~! projected limit from ss — uu indicates that a non-observation would almost
entirely rule out the model for low LQ masses (see figure 18(c)).

5.2 Comments on explaining R ) with the vector operator

In our analysis above we consider only contributions in the scalar-tensor direction to explain
the charged-current anomalies in Rp and Rp~, necessitating the inclusion of ¢ in this model
to generate these contributions. This choice is made to avoid the dangerous contributions
to B — K®yw, which necessarily exist in the presence of a large Cy,. We explored two
ways these constraints could be avoided in the context of our model:

1. As discussed previously in the literature [69, 140, 141], one way to avoid the con-
straints from B — K™ vy and B, B, mixing is to explain the R p(+ anomalies with
a large xéf while ensuring x§2¢ ~ 0. The coupling yéf required to explain R is
generated through eq. (2.19), while keeping the strange-quark coupling to the neu-
trinos zero. Combining eq. (2.19) and eq. (3.14) with xé? > ng gives

L
Cu cos 0, |x3§)|2Vt3
\4%

- ) 5.3
4N2G FVy, mi (5:3)

which implies 1.7 < \x§f|/(m¢ TeV) < 7.2 for cosfr, ~ 1 to explain Rp.) according
to our fit to Cy, (see table 4). We note here that even saturating the lower 20 bound
on CYy, leads to contributions to Z — 77 that disagree with experiment, despite the
reduction of the global average driven by the latest Belle result.

2. ref. [142] proposed that the R anomalies could be explained through the vector
operator by considering a cancellation between the ¢ and ¢ particles in this model
to the processes B — K" vy, This was further studied in ref. [70] and ref. [143]. We
have investigated this suggestion in considerable detail for this model, and could not
find any parameter space that could simultaneously resolve the R, anomalies and
be consistent with constraints from By—Bs mixing. Our findings are in agreement
with ref. [143]. We note that ref. [143] proposed some lines of investigation, such
as the use of complex-valued couplings constants, that could potentially alter this
conclusion, but an investigation of such a scenario is beyond the scope of this paper.

16 Although COMET and Mu2e will measure muon-electron conversion in Aluminium, we nevertheless
display the result on the same plot since we find that the calculations in Gold and Aluminium differ by less
than an order of magnitude.
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6 Conclusions

In this work, we have established a near-minimal scalar leptoquark model capable of pro-
ducing significant flavour-specific BSM effects, and radiatively generating Majorana neu-
trino masses. Combining two existing completions of D7 AL = 2 effective operators, this
model consists of two scalar LQs, ¢ ~ (3,3,—1/3) and ¢ ~ (3,1, —1/3), and the vector-like
quark doublet x ~ (3,2,—5/6). We developed the structure of this model, including mix-
ing between the vector-like exotic x and the SM b-quark, and explored the significance of
this effect for one-loop generation of radiative neutrino masses in two distinct phenomeno-
logical regimes: Regime 1 (¢ contribution) and Regime 2 (¢ contribution). The tree-level
contributions of each of these scalar LQs to the anomalous processes b — crv and b — suu
were established, within the context of an EFT framework.

We then discussed the experimental constraints on this model for each mass-generation
regime. Regime 2 was found to be significantly constrained by a combination of u — e
conversion in nuclei and the required contribution to ameliorate anomalies in b — cTv
processes. Meanwhile, it was found that Regime 1 is capable of explaining neutrino masses,
charged- and neutral-current anomalies, (g —2), and the minor deviation in Z — bb, whilst
also avoiding other notable constraints. Therefore, we chose to concentrate our analysis on
Regime 1, where ¢ was primarily involved in neutrino mass generation and the couplings
of ¢ were free to accommodate anomalies in b — cTv processes.

In order to avoid strong constraints from lepton-flavor violating processes, whilst also
accommodating the neutral-current anomalies via tree-level contributions from the triplet
, we needed to float the Majorana phase as. To avoid the constraint from p— e conversion
in nuclei, this model showed an interesting preference for the region in which the generated
Yukawa couplings were mostly real-valued, with 100° < g < 300°.

The established scenario was found to be highly predictive and extremely testable. For
u — e conversion in nuclei, we predict a rate of no less than 2 x 107!, a regime testable
by the projected sensitivity of the COMET and MuZ2e experiments. We also predict rates
of DY — pu an order-of-magnitude larger than current estimates of the SM contribution.
This model is also testable at the LHC, where dimuon searches at high pr provide strong
limits. Additionally, future measurements of the asymmetry observable P- by Belle II can
test this model, which prefers P, = 0.4, assuming the central values of ff) " and Ry
remain constant.
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A Structure of the scalar potential: ¢-¢ mixing

The scalar potential contains the following terms:
VO el + p|6® + Amix ¢ (HH)s. (A.1)

Of particular importance is the final term which induces ¢-¢ mixing. We analyse this in
the following section. Furthermore, whilst the tree-level masses for each component of ¢
are equal, higher-order corrections will break the degeneracy with a pattern driven by the
relevant couplings strengths. For example, the po component couples less strongly to the
photon than the ¢3 component, so the associated radiative correction to these masses will
push mg, > m,,. However, since these higher-order effects are loop-suppressed, we assume
a degenerate mass spectrum for ¢: my, = my, = my, = my,.

Parameterising leptoquark mixing. To analyse the structure of the ¢-¢ LQ mixing
driven by (A.1), we construct the isotriplet combination (HH)s from

Ht _ HO0*
H ~ H ~ . A2
(i) (i) 2
and insert it into the third term in (A.1) to obtain

Lo Amix¢<gp;H+H°* + %(HOHO* ~HTH™) - ¢§H°H—>. (A.3)

After EWSB, the term proportional to |Hp|? in eq. (A.3) generates mass-mixing between
¢ and 9. We may parameterise this through:

O\ _g(m) 2 (costm —sinbu) (m , (A4)
2 2 siné,, cos6,, 7o

where 0,, is the scalar mixing angle, R is the rotation matrix, and 71, 72 are the mass eigen-

states. In order to derive their masses, we begin by re-expressing the relevant Lagrangian

1ok ) n
() (12 5) (2) - Gy mazar (1) cam
)\mix<H0>2
V2

Requiring RM2R' to be diagonal gives the following mixing parameters (here we have

terms in matrix form:

Lo ((b%) M: (i)

K

(A.6)

assumed, for simplicity, that the parameter « is real-valued):

2
2K 1 2K

tan20,, = —— 2 =2 2 2 AN — . A7

an 2, ,u2 PR m771/2 92 ,U'¢ + ,UQP + |H¢ M4p| + /4635 _ M% ( )

Nevertheless, although this mixing can produce additional contribution to observable ef-
fects, the mass-insertion is likely to render this sub-dominant to contributions that are
independent of ¢-¢ mixing.
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B Fierz transforms and the C-operator

The following field rearrangements will be useful in calculations throughout this work. The
general Fierz transform for anti-commuting fields [145] is:

(TH[r?P) = —iTr[FAFCFBPD](FD][FC ), (B.1)
where here each bracket represents the respective fields that sandwich the operators:
(P} = {Pr. P Pos Pro ok AT} = (P Po Pry P o) (B2)
Useful chiral Fierz transforms for this work include:
~ 5 (PeyllPrr) (B.3)

(PR)PL] = 5 (Propl[Pie®) (B.4)

(PL)[Pr] =

(PR)PR] = —5 (PllPr) — (0l 0") ~ Leuwas(0®][o™)

= 3 (PrllPr) + § (Proyu[Pro™) (B.5)
(PL)[PL) = ~5(PLIPL) = 1 olloe™) + £ s (o™ fo™)
— 3 (PUIPL) — 5(PLoliPLo™) (5.6
We will also employ the actions of charge conjugation on certain operators, as outlined
below:
(VS Puyul§) = —[GsPruvs), W Pot§) = [GsPrvs),  [v§ Projut§] = —[lsProguvs).

(B.7)
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