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ABSTRACT: We present the first detailed phenomenological analysis of a radiative Majorana
neutrino mass model constructed from opening up a AL = 2 mass-dimension-11 effective
operator constructed out of standard model fields. While three such operators are gen-
erated, only one dominates neutrino mass generation, namely Os; = LCLQCQQQCHH,
where L denotes lepton doublet, () quark doublet and H Higgs doublet. The under-
lying renormalisable theory contains the scalars S; ~ (3,1,1/3) coupling as a diquark,
S5 ~ (3,3,1/3) coupling as a leptoquark, and ®3 ~ (3,3,2/3), which has no Yukawa
couplings but does couple to S; and Ss in addition to the gauge fields. Neutrino masses
and mixings are generated at two-loop order. A feature of this model that is different
from many other radiative models is the lack of proportionality to any quark and charged-
lepton masses of the neutrino mass matrix. One consequence is that the scale of new
physics can be as high as 107 TeV, despite the operator having a high mass dimension.
This raises the prospect that AL = 2 effective operators at even higher mass dimensions
may, when opened up, produce phenomenologically-viable radiative neutrino mass models.
The parameter space of the model is explored through benchmark slices that are subject
to experimental constraints from charged lepton flavour-violating decays, rare meson de-
cays and neutral-meson mixing. The acceptable parameter space can accommodate the
anomalies in Ry () and the anomalous magnetic moment of the muon.
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1 Introduction

The minimal Standard Model (SM) features massless neutrinos. However, the experimen-
tal observation of neutrino oscillations has established that at least two of the three known
neutrinos are massive [1-12]. These experiments have measured the squared-mass differ-
ences Am3; = m3 — m? and |Am3,| = |m3 — m3|, but are unable to probe the absolute
neutrino mass scale. However, cosmological constraints derived from large-scale structure
and cosmic microwave background measurements provide a strong upper bound on the
sum of the neutrino masses of about 0.2eV [13]. Independently of cosmology, S-decay end-
point measurements constrain the absolute mass scale to be at most about 1eV [14-16].
With or without the cosmological constraint, it is clear that the neutrino mass eigenvalues
are at least six orders of magnitude smaller than that of the lightest charged fermion, the
electron. The neutrino mass problem is the determination of the dynamical mechanism by
which neutrino masses are generated and why those masses are so small. All mechanisms
require the introduction of as-yet undiscovered fields, and thus constitute physics beyond
the Standard Model (BSM). (We will use BSM and “new physics” (NP) interchangeably.)
A pivotal question for neutrino mass models is whether or not neutrinos are their own
antiparticles. Being electrically neutral, neutrinos are the only Majorana fermion candi-
dates in the SM. Thus, neutrino mass models fall into two categories: Dirac and Majorana.
Dirac mass can be generated by introducing right-handed neutrino fields into the low-energy
spectrum of the SM. Neutrino mass would then be generated through the same mechanism
responsible for all SM fermion masses; however, the smallness of the neutrino masses would
simply be due to unusually small Yukawa couplings — an unsatisfying resolution.
Majorana neutrino mass models can provide a more natural explanation.! The ar-
gument is as follows. All Majorana neutrino mass terms must take the form Emny +
vrm;,(vr,)¢, where vy, is a SM left-handed neutrino field and v§ is the CP conjugate which
is equivalent to a right-handed antineutrino field. Since both vz and v¢ carry a lepton
number of 41, these mass terms violate total lepton number by two units (AL = 2), as
necessary when neutrinos and antineutrinos are identical. As we review below, this fea-
ture helps us explore neutrino mass models in a systematic way. Now, recall that the
quantum numbers for the left-handed lepton doublet, L ~ (1,2,—1/2), which contains
the left-handed neutrinos, are such that a Majorana mass term breaks SU(2)z x U(1)y
symmetry. This issue can be resolved by introducing exotic fields that exist at an energy
scale above the electroweak scale. These heavy exotic fields couple to SM particles in a
gauge invariant and renormalisable way, and generate self-energy Feynman diagrams for
the left-handed neutrinos at tree-level or loop-level. At energy scales below the electroweak
scale, neutrino mass manifests (can be understood) through AL = 2 effective operators,
obtained by integrating out the exotic heavy fields. The mass terms are then suppressed
by the scale of new physics leading to a natural explanation for the smallness of neutrino
masses. The three seesaw models [17-25], for example, are all UV-completions of the same
mass-dimension 5 effective operator, called the Weinberg operator. The seesaw models are
wonderfully minimal, however the high BSM scale typically invoked makes them challeng-

L As can more complicated Dirac mass models.



ing to experimentally test [26-28]. We should, therefore, consider other possibilities, for
this reason, as well as for the sake of completeness.

Classifying Majorana neutrino mass models using AL = 2 effective operators, each of
which can be “opened up” (UV-completed at tree level) to produce neutrino self-energy di-
agrams, is a systematic way to approach the neutrino mass problem. Babu and Leung [29]
have published a near-complete list of AL = 2 effective operators which may be opened
up using exotic fields such as massive scalars, vector-like fermions and massive Majorana
fermions [30]. The resulting models generate Majorana neutrino mass either at tree-level or
loop-level with most of the operators leading to models that produce the latter. An alterna-
tive and complementary approach to neutrino-mass model classification can be structured
around loop-level completions of the AL = 2 Weinberg-like operators LCLH H (HTH)" [31-
34]. The mass-dimension of an operator is necessarily odd when (AB — AL)/2 is odd [35],
where AB is the change in baryon number. All effective operators classified by Babu and
Leung conserve baryon number and break lepton number by two, thus they all have odd
mass-dimension.

Radiative neutrino mass models, which have mass generated at loop level, introduce
additional suppression factors alongside the suppression that comes from the masses of
the heavy exotic particles. Radiative neutrino mass models are attractive because they
naturally produce small neutrino masses for three reasons:

i a suppression of ﬁ, where [ is the number of loops in the neutrino self-energy
diagram, from the numerical factor which automatically comes with each loop inte-

gration,

ii a product of couplings which are potentially all smaller than 1 representing the in-
teraction strengths of the exotic particles, and

iii a suppression by (%)p , where v is the vacuum expectation value (vev) of the Higgs
field, A is the mass scale of the exotica coming from the exotic propagators introduced
during the UV-completion, and the exponent p > 0 is model-dependent.

The trend is for the higher dimensional effective operators listed in [29] to include more
suppression in the form of i. and ii., thus accordingly decreasing the scale of new physics
(NP) needed to produce small neutrino masses. A combination of points i. and iii. is the
reason Babu and Leung do not include effective operators of dimension 13 and greater in
their list. It was believed that any exotic particles used to complete these models would
have to be detectable at an energy scale that has already been probed [29] and therefore,
dimension-11 operators that produce neutrino masses in agreement with current data at
two-loop level or more would lie in a sweet spot — bringing the scale of BSM physics to
a few TeV, an energy scale that is being directly probed at the Large Hadron Collider
(LHC) and indirectly at precision- or luminosity-frontier experiments, and would be fully
accessible at a future 100 TeV collider. However, in this paper, we present a radiative
Majorana neutrino mass model derived from a mass-dimension 11 effective operator with a
scale of NP A that can be as high as about 107 TeV. Our findings suggest that dimension-
13, and possibly even dimension-15 effective operators should not be overlooked in the



search for viable Majorana neutrino mass models. For a comprehensive review of radiative
neutrino mass models and the effective operator method see [36].

In this paper, we present the first detailed radiative Majorana neutrino mass model
derived from a mass-dimension 11 effective operator. In section 2, we define our Model
and explain how neutrino masses are generated. Then, in section 3, we investigate the con-
straints imposed by experimental results from rare processes involving charged leptons and
flavour physics and discuss the results in section 4. In section 5, we offer our conclusions.

2 The Model

We introduce three exotic colour-triplet scalar fields to the particle content of the SM: an
SU(2) singlet, S1, and two SU(2) triplets, S35 and ¢3, with quantum numbers given by

54/3 5/3
3 3
S1~(3,1,1/3), S3=| 8" | ~(3,81/3), é3=| ¢ | ~(332/3)
—2/3 -1/3
SS ¢3

where the subscripts indicate the transformation property of the scalars under SU(2)
and the superscripts indicate the electric charge of each component of the exotic scalars.
The first entry in the triples specifies the colour multiplet, the second the weak-isospin
allocation, and the third the hypercharge, Y, normalised such that electric charge @@ =
I3 + Y. The three exotic scalars listed above generate three separate AL = 2, dimension-
11 effective operators at tree level, and give rise to radiative Majorana neutrino masses
at two-loops. It is important to note that these three scalars do not give rise to any
lower dimension AL = 2 effective operators at tree-level. Thus, the neutrino self-energy
diagrams generated in the UV-completion of these dimension-11 operators with our three
exotic scalars will be the leading order contribution to the neutrino mass [37]. In the
notation used by Babu and Leung in [29], the operators, depicted in figure 1, are

Og5 = LCLQCdSQCuS HH,
O47 = L°LQ°QQQ°HH,
Os5 = LCQRQeGur HH.

The scalars S; and S3 can Yukawa-couple as leptoquarks, diquarks, as one of each, or as
both. As leptoquarks, they appear together in models which tackle the flavour anomalies
in the Ry (.) and Rp. observables [38-42]. S; coupling as a leptoquark is able to explain
Ry (see, for example [43, 44]) while S3 coupling as a leptoquark is able explain Ry . [45—
51]. However, in order to generate neutrino mass in this model, the fermion content of the
chosen effective operators forces us to have one of either S; or S3 coupling as a leptoquark,
and the other as a diquark. As we discuss later, the choice that leads to neutrino mass
generation at an acceptable loop order has S3 coupling as a leptoquark, and S; coupling
as a diquark, both with flavour dependent couplings. Consequently, our model can only
adequately explain the anomalies resolved by the leptoquark S3 — specifically those in
Ry (+). The scalar ¢3 only couples to other scalars and gauge bosons.



Figure 1. Diagrammatic representation of the effective operators Oas, O47, Os5 (from left to right).
The arrows on the fermions indicate the chirality with the convention being that the arrow points
in for left-handed fermions.

2.1 The Lagrangian

The general, gauge invariant, renormalisable Lagrangian produced when introducing the
three scalars mentioned above can be found in appendix A. The full Lagrangian has both
leptoquark and diquark couplings for S; and Ss, thus explicitly violating baryon number
conservation. This is, of course, phenomenologically unacceptable unless the couplings that
lead to proton decay are extremely small. In our analysis, we simply impose exact U(1)p
symmetry so that baryon number conservation is exact. T'wo neutrino mass models emerge
once baryon number conservation is imposed on the general, gauge invariant, renormalisable
Lagrangian, written in full in appendix A. Two models are produced by the SM particles
together with the three exotic scalar fields with baryon number assignments

Model 1: B(S3) =-1/3, B(S1)=2/3, and B(¢3)=1/3, or
Model 2: B(S3) =2/3, B(S1)=-1/3, and B(¢s) =1/3.

Model 2, in which S3 is a diquark and 57 is a leptoquark, leads to unacceptably small
neutrino masses, as will be detailed in section 2.6. Model 1, in which S5 is a leptoquark and
S1 is a diquark produces non-vanishing neutrino mass associated with the UV-completion
of the dimension-11 operators Oss, O47, and Os5. Although our model generates all three
operators, we now show that, once dressed to become self-energy diagrams, the graph
associated with operator O47 dominates by several orders of magnitude compared to those
associated with Oy5 and Oss.

Scale of new physics from effective operators. The generic type of neutrino mass
diagrams generated from the UV-completion of each operator can be found in figure 2. Let
us start by analysing Os5, whose neutrino mass diagram is depicted in figure 2a.2 Due to the
chirality structure of Ogs, its UV-completions include two mass insertions. Consequently,
contributions to the neutrino mass originating from this operator will depend on the mass
of the up and down-type quarks in the loop. The neutrino mass will be

uyd, 2 2
Oss fghh Y'Y % 1 C 91
v 16n2)2 A 1672 T Az ) 1)

2When the scale of new physics is less than or equal to 2 TeV, neutrino masses generated through the
UV-completion of operator Ozs will also include an extra contribution from a three-loop diagram obtained
by closing the neutral Higgs bosons into a loop.



Figure 2. Generic neutrino mass diagrams from the completions of operators (a) Oas, (b) O47 and

(C) 055.

where f, g, h, and \ are coupling constants, v is the Higgs vev, Y* and Y% are the Higgs
Yukawa couplings for the up-type and down-type quarks, and A is the scale of new physics.
The cubic scalar coupling, u, we assume to be of the scale of new physics and thus it
cancels with a factor of A in the denominator. Operator O47 is an interesting operator in
that it produces neutrino mass contributions that are not constrained by the masses of SM
particles. The neutrino mass generated from tree level completions of operator O47 will
look like

0 fghA o2
my 47 (16722 A (2.2)

Finally, operator Oss produces neutrino mass

Oss faghA Y“Yeg%,vv2

m, % x (1672)3 A , (2.3)

where gy is the weak coupling, and Y¢ is the SM charged lepton Yukawa coupling. As Oss
only contains one lepton field, a W boson is required to obtain a second neutrino, generating
the self-energy diagram in figure 2c. It is worth noting here that the diquark coupling, g
in the expansion of operators O47 and Ojs refers to the left-handed coupling, z&*, whereas
the coupling ¢ in the expansion of operator Oo5 is the right-handed diquark coupling, zf%R.
There is no a priori reason for zf*# to be larger than z{*  thus we assume them to be
the same in this order-of-magnitude analysis. In fact if we set Z{RR to zero, operator Oas
generates vanishing neutrino mass. Comparing the orders of magnitude of neutrino masses



generated through the completions of the three operators, given in equations. (2.1), (2.2),
and (2.3), we find that Og5 and Oss are very suppressed compared to Oyz:

O25 b 1 v’ Our Os5 YTQIZ/V Our
my?» <Y 16772+P m, and m; Smmy : (2.4)

That is, the contribution to neutrino masses coming from the insertions of Os5 is suppressed
by at least 1073, and those from Oss by at least® 107° compared to Ou7. With this
knowledge, we can sensibly approximate the contribution to neutrino mass generated by
the UV-completions of O47 to be dominant, ignoring the contributions associated with
the other two operators. From equation (2.2) we expect that for indicative couplings
f=g=h=\=1, the scale of NP is A ~ 107 TeV, for couplings f =g =h = X = 0.1,
the scale of NP is A ~ 102 TeV, and for couplings f = g = h = A = 0.01, the scale of
NP is A ~ 107! TeV. Thus, to an order of magnitude precision, we can expect that our
neutrino mass model is viable with reasonably-valued exotic couplings. This analysis leads
us to conclude that, to a good approximation we can, and do, choose to consider only the
neutrino mass diagrams associated with the direct closure of operator O47 into neutrino
self-energies. These are two-loop diagrams, with only exotic scalars and left-handed SM
fermions running through the loops, as depicted in figure 2b. Even after imposing B-
conservation with the Model 1 assignments, the Lagrangian retains a large number of
parameters. In order to make exploring that parameter space tractable, we also make the
simplifying assumption that all couplings that play no role in neutrino mass generation are
zero. The general Lagrangian of equation (A.1) then simplifies to the following:

L = Lsm + Lnp

(2.5)
= Lsm + Lgauge-s + L5y F + Ls, F + Lasp + L3sB + LasB,

where the coupling between the gauge bosons and exotic scalars, Lgauge-s, is defined in
equation (A.3), S-F represents couplings between the exotic scalar and SM fermions and
4SB, 3SB and 2SB represent scalar only interactions between four, three and two scalar
bosons, respectively. In the fermion sector, we define

— 1,a :
Ls, r=+ykEQC e (r*SELLIC + hc.

_ WM igs g rigo a3,
= /3 UL S Ysijadp, O3 €y, (2.6a)

. —i—as o (Vam¥E™)i—a i 1/3
+(VCKM3/§L)M“€ S3 /V]—gcm\%?) ”“g 53/ e]L

+ h.c.
ESrF = zﬁ?@ Laneaij’b + h.c.
L (2.6b)
= — (2P )idS  Siud + hee.,

3In equation (2.4), Y* and Y7 denote the Yukawa couplings for the bottom quark and the tau lepton
respectively. In using the largest Yukawa coupling constants when comparing m&47 to m925 and m2%, we
ensure that we have a lower bound on the suppression.



and in the scalar sector, we have

L4sB = Mgy, 10533 HH]3 + h.c.,
L3sg = MS5S: b3 [S§¢3]1SI 4+ h.c., and (2-7)
Losp = — i3, 5585 — ud, SIS — Méﬂgﬁbs-

There are no Yukawa interactions allowed by the SM gauge symmetries between the scalar
¢3 and SM fermions. The 7%, k = 1,2, 3, are the Pauli matrices; i, 7 = 1,2, 3 are generation
b 2yab. and S’zﬁf are components of

indices; a,b = 1,2 are SU(2) flavour indices; € = (it

S3 in SU(2) space. Colour indices are not explicitly shown. The diquark coupling to Si,
sz is symmetric due to a combination of the antisymmetry of SU(2) structure and the
colour structure of the fermion bilinear. We take the leptoquark coupling, yé}L , to be real.
In the expansion of the SU(2) structure of the Lagrangian, we have also rotated into the
mass eigenbasis of the quarks, using the convention that u% — (VCTKM)”uz: and df — d&.
Ultimately, this simply amounts to a definition of the relevant coupling matrices: y?fL and
2L In the scalar sector, the notation |[...]J; indicates that the scalars enclosed couple to

form an SU(2) singlet for i = 1 or triplet for ¢ = 3.

2.2 Scalar Boson mixing

After electroweak symmetry breaking, equation (2.7) produces mass mixing between like-
charge components of Ss and ¢3, generating the mass matrices

2 Y v 1/3
SL/3 =173 s SR S and
3 3 oy 22 2 —1/3%
¢3S3H \/2 Fs P3

2
By Aesing | [S5Y°

* ’U2

—2/3¢ ,2/3
<S3 3 2
¢3S3H \ /2 Hs

¢§/3*

We define the mass eigenstate fields r1 234 through
S§/3 COS (912 sin 012 T1 d Sg_Q/g COS 934 sin 934 T3
= an = .
¢;1/3* —sin 019 cos 612 r9 3/3* —sin 034 cos 034 T4

The mixing angles 612 and 634 are related to the squared mass parameters u%3, 1@3 and
off-diagonal parameters in the mass matrix through

V245,10

tan 2012 = 3 2
Hisy = Hgy

= —tan 2934, (2‘10)

so that 019 = —034.



There are seven BSM physical scalar states in our theory (one diquark, five leptoquarks
and one coloured, electrically-charged scalar that does not couple to SM fermions) with
squared masses given by

2 2 2 2 2 2
mg, = Mgy m5§/3 = Mgy m¢§/3 = HKgpq»

2
2 2 1 2 2 2 2 /\¢3S:3HU2 (2.11)
mT1,7‘2 = m'r’3,'r’4 = ﬁ M(bd + IU’S3 + (lu’Sg - M¢3) 1 + 2 u%3 _ Még .

The squared masses of all physical particles are required to be positive, placing a bound
on Ag,s,m such that

2
Mpusart] < \[L;“vﬁs (2.12)
v
Thus, the parameters jig,, ji4, and Ag 4,7 determine the masses of the five leptoquarks
and one charged scalar, and the mixing angles. We can also derive the relationship between
the mixing angle and the squared mass difference of the leptoquarks involved in mixing

from equations. (2.10) and (2.11),

2 v?
sin 20 = ‘C Lk (2.13)
Mg = Mgy

where 0 = 015 = —034.

2.3 Neutrino mass generation

As discussed in section 2.1, the dominant contributions to the neutrino mass for Model 1 are
two-loop neutrino self-energy graphs, with exotic scalars and left-handed SM fermions run-
ning through the loops, generated by the completion of operator O47.* The UV-completion
of O47 by the diquark Sy, the leptoquark Ss3, and the scalar ¢s, is depicted in the tree-level
diagram of figure 3a. Joining the quark @ to Q lines, and the second @ to QF, gives
two-loop self-energy diagrams, which generate the neutrino mass matrix. There is no mass
insertion necessary in the quark lines for a chirality flip, thus the neutrino mass matrix
generated by this model is not proportional to the mass of any SM fermion; this interesting
feature characterises this model. In terms of the physical mass eigenstates, S, r1, 12, 73,
and r4, there are eight diagrams; half of them are obtained by reversing the flow of charge
arrows in both loops of figure 3c. Individually, each diagram is divergent. However, due to
the absence of a bare neutrino mass in the Lagrangian, the divergences are guaranteed to
cancel.

The neutrino mass matrix is obtained from the flavour sum of the self-energy diagrams
with the freedom to choose the external momentum to be zero:

i%i; = OV2ms, 5,05 |(VaxmyE )R @V Dbk | + G+ ). (2.14)

4For Model 1 the SU(2) structure of Oy is Oi7 = LfCiLj?kQl@quchH"eimejneklepq.
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(a) The UV-completion of operator O47 with (b) Closing the loops by joining the quarks
the introduction of three exotic scalars; S, leads to a neutrino mass diagram.

S3, ¢3.

(¢) The neutrino self-energy, after electroweak symmetry breaking and rotating into the mass basis
of the exotic scalars.

Figure 3. The UV-completion of operator O47 by the exotic scalars S5 (leptoquark), S; (diquark)
and ¢3 and its closure forming the neutrino self-energy Feynman diagrams for our model.

The PMNS matrix can then be used to obtain the physical masses of the neutrinos, the
factor of 9 is a QCD colour factor, and the loop integral, Zy;, is

/ d*ky / d*ko 2if1 Ky cos 6 sin 0
T = —

2m)t ) (2m)* (k — m2,) (k3 —m3) (k1 — k)2 — m3,
cos? 0 cos?
((k% —m2)(k§ —m,2) (K2 —m2)(k} —m,2) (2.15)
N sin? ¢ B sin? ¢ )
(kf —m2,)(k3 —m,2)  (kf —m2,)(k3 —m,z2)

The tensor structure of the numerator arises from the chiral projection operators at the
vertices, and the lack of proportionality to the SM fermion masses is a good sanity check
when cross-referenced with the lack of the relevant mass insertions in the self-energy dia-
gram in figure 3. Although m,, = m,, and m,, = m,, at our level of approximation, we
denote these individually so that the correspondence between terms in the loop integral
and diagrams is manifest.

When evaluating the integral it is convenient to work in terms of the dimensionless

parameters
2 2 2
ms my m
k / l T
Sp=—5", 8§ =-—5, and t,=—5>. (2.16)
“L.S'l L lS1 ”Sl

~10 -



The numerator of equation (2.15) can be rewritten as: ¥ Ko =k, ko y"v" =kuky (3{v", 7"} +
%[’y“,’y” ]) = kyk,nt1y = ki - ko Iy, where the antisymmetric commutator term vanishes
due to the fact the integral is p, v symmetric, and I is the 4 x 4 identity matrix in Lorentz-
spinor space. Factoring out m%l and rescaling the momenta to dimensionless quantities
allows us to write the integral as

24 k1 - ko cosf sinfd
Ty = — —— [ d*ky [ d*k
& <%w/ 1/ 2k — i) (k3 — s]) (k1 — k2)2 — 1

cos26 B cos26
(W2 —t3) (K3 —t1)  (KF — t3)(k3 — t2) (2.17)
N sin?6 B sinZ6
(kf —ta)(k3 —t1)  (kf —ta)(k3 —t2) )

This is a sum of four integrals, each of which is evaluated in appendix B, both in full
generality and in the sensible limit that the quark masses are much smaller than the scale
of new physics, mg,, i.e. in the limit s;,s; — 0. In this limit, the integral is independent
of k,l, and we thus obtain Zy; = Z Vk, [, which we calculate to be

24 i
7= w <cos291nt3(lnt1 “Ints) +sin20lnts(Inty — Ints)
s

n cos? 0 (§(ts, t1)(1 +t3 +t1) — §(t3,0)(1 + t3))
t3t1

cos® 0 (g(tz, t2) (1 4tz +t2) — §(t3,0)(1 + t3)) (2.18)
ts to ’

N sin? 0 (G(ta, t1)(1 +tg +t1) — §(ta,0)(1 + ty))
laty

_sin® 0 (§(ta, ta) (1 + ta + t2) — §(t1,0)(1 + t4))>
tyto ’

where §(ta,ts) and §(tq,0) are defined in appendix B, specifically in equations. (B.5)
and (B.9) respectively. The behaviour of this integral for leptoquark mass parameter pg,
ranging from 1.1-100 TeV is shown in figure 4. A combination of the loop suppression fac-
tor and suppression coming from the mass of the heavy exotic scalars allow the integral to
give neutrino mass a substantial suppression. For this plot, the other exotic mass param-
eters and the quartic and cubic scalar coupling values have been fixed: pg, = 7500 GeV,
peoy, = 1500GeV, Ag,p.p = 1 and mg, 5,4, = 1500 GeV. Figure 5 shows an example of
the calculated sum of neutrino masses for leptoquark mass parameter jg, ranging from
1.1-100 TeV. The other parameters are set as for figure 4, with leptoquark and diquark
Yukawa couplings set to y:)ﬁ? = 0.001 and zﬁ? = 0.01 respectively. Note that neutrino mass
goes to zero as g, — 00, as expected. It should be understood that figure 5 shows only
the typical scale of the neutrino mass, and our model has enough freedom to allow for more
precise fitting to the experimental results, including the correct mass differences between
the neutrino mass states — which can be achieved by enforcing a relationship between the
leptoquark and diquark coupling matrices, as described below in section 2.4.
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Figure 4. Plot showing the behaviour of the integral, Z, (see equation (2.18)), for leptoquark
mass parameter pg, ranging from 1.1 — 100 TeV. This corresponds to a physical mass range of
my, = my, = 1.3 —118.9 TeV, while m,, = m,, remains constant for this range. The other exotic
mass parameters and the quartic and cubic scalar coupling values have been fixed: pg, = 7.5TeV,
tes = 1.5TeV, Ag.g.g = 1 and mg, 5,4, = 1.5TeV. The dashed orange line corresponds to a
singularity which exists when ps, = pg, .

2.4 Casas-Ibarra parametrisation

After these simplifications the neutrino mass, in the flavour basis, is

m, = mo(ygL)Tz%LygLv (219)

where we have absorbed all constants into mg = 18mg, 5,4,7 and, for convenience, we

define the dimensionless matrix & = %

matrices, ygL and sz, must be related. Their relationship can be obtained using the

For a given k, we thus see that the two coupling

parametrisation method originally described by Casas and Ibarra [52]. Recalling that

the diquark couplings 2% must be symmetric, we can use Takagi’s factorisation method to

diagonalise zf* = ST D, S, where S is a unitary matrix, and D, has positive diagonal values.

Using xk = UE‘,MNSDHUE,MNS, where D,; is diagonal with positive entries, it follows that
Dy = Upins(y5™) " ST D.Sy5 " Upnins
= (V' D:Sys"Upnns)" (VD= Sy5 Upnixs).

Multiplying both sides of the equality by v/ Dx! on the left and the right, we get

13x3 = (VD Sys Upnins\/ D YT (VD2 Sy5  Upnins \/ DY, (2.21)

(2.20)
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Figure 5. Plot of the sum of neutrino masses, m,,, in eV, for leptoquark mass parameter ug, ranging
from 1-100 TeV. The other exotic mass parameters and the quartic and cubic scalar coupling values
have been fixed: pg, = 7.5TeV, pg, = 1.5TeV, Ag o,z = 1 and mg, s,4, = 1.5 TeV. All entries

in the leptoquark and diquark coupling matrices have been set to yé? = 0.001 and zﬁ? = 0.01

respectively. The solid horizontal orange line indicates the experimental lower bound of 0.06eV,
while the green line shows the approximate cosmological upper limit of 0.2eV.

where 1343 is the identity matrix. This implies that

@SygLUPMNS@ =R, (2.22)

where R is an orthogonal matrix (in general with complex entries). Thus, to produce
the measured light neutrino masses contained in D,;, with mixing parameters contained in
Upnmns, the most general leptoquark coupling is given by

ybt = ST\ DR/ DUy ns. (2.23)

Based on this equation, we see that y?fL depends on the known low-energy parameters
contained in D, and Upyins, as well as the following free parameters: six real parameters
from the symmetric diquark coupling, z#*, and three, generally complex, parameters in R.
Alternatively, since we initially place constraints on ygLL, we can rearrange equation (2.23)
to find 2% as a function of yi, such that

AL = (VD Upnins (w™) ™) T (v DiUpnins (y55) 7). (2.24)

Notice that, due to its symmetric nature, zlLL is independent of the orthogonal matrix R.

This makes sense since we still have nine free parameters, now all contained in yé}L .
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Asssim =1, ps, =7.5TeV, pg, =1.5TeV, mg 6,0, = 1.5TeV
Texture A Texture B Texture C

2
Y11 Y12 €A Y11 Y12 €B Y11 Y12 €¢

Y= | Y21 Y22 Sea Y= |9y21 Y22 S€B Y= |y y22 €c

€ea 1 10e4 eg 1 10ep e% 1 1

Table 1. The parameters As,s, 1, #s,, té; and Mg, 5,4, have been fixed to the values indicated.
Three different leptoquark coupling matrix textures were used to scan the parameter space, each
matrix texture having five of the nine leptoquark couplings fixed, as above, while the other four
leptoquark couplings, specifically y11, y12, y21 and yo2, are scanned over. In texture A, e4 = 1075,
in texture B, ez = 1073, and in texture C, ec = 10~1.

2.5 Parameters and notation for analysis

Our model, given the simplifying assumptions, has 14 free parameters: four coming from
the mass-dimension 1 couplings ps,, ps,, fes, and mg, g,4,, and another 10 coming from

Lo yfE and Ag,s,m, with z&* and y% being re-

the dimensionless coupling constants z/"
lated by equation (2.24). In section 3, we discuss several phenomenological constraints on
the leptoquark couplings. From here on in, we will simplify our notation such that lepto-
quark couplings read (yélL )ij = ¥ij, with the index i (j) representing the generation of the
contributing quark (lepton). We will similarly denote diquark couplings by (2££);; = 2.

Given that 14 parameters is too large a space to sample properly, and the results
would be difficult to visually present, we are forced to fix the majority of the parameters
at benchmark values. We choose to scan over four leptoquark coupling constants, w11,
Y12, Y21 and Y22, and one mass parameter, pgs,. The benchmark values allocated to g,
Kes> MS; S36s and Agys, g can be found in table 1. In order to give a representative idea
of our model’s robustness as well as investigate a variety of possible conclusions drawn
from future particle experiments, table 1 also includes three benchmark textures for the

leptoquark coupling matrix.

2.6 Model 2 and vanishing neutrino self-energies

Before investigating the phenomenology of Model 1, we will use this section to tie up the
loose end of the discarded alternative completion of O47. Recall that in Model 2 S5 couples
as a diquark and S couples as a leptoquark. When integrated out, these exotic fields
give rise to an operator with SU(2)-structure O%, = Fle@le@ngHmH"qkeﬂ.g‘
Working in two-component Weyl spinor notation, the specific Lorentz structure generated
is (LL)(QQ)(QTQ')H H, where parentheses indicate contracted spinors. In appendix C we
present the calculation of the two-loop contribution to the neutrino mass in this model.
Curiously, we find that the neutrino masses vanish due to the symmetry properties of
the integral and the antisymmetry of a set of couplings. (This antisymmetry is enforced
by Fermi-Dirac statistics.) This suggests that the neutrino mass for this model arises at

®The index k here is used to extend the list of ref. [53].
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some higher-loop order. Below we show that the leading-order contribution to the neutrino
masses arising from this particle content vanishes. This leading-order argument contains
essentially the same ingredients as those required to see the behaviour in the UV theory,
and we point readers to the calculation in the appendix for more detail.

Writing all indices (SU(2), SU(3), Lorentz, and flavour) explicitly, Model 1 generates

at tree level, where Greek letters (a, 3, ...) represent spinor indices, Latin letters from the
middle of the alphabet (4, j,...) represent SU(2) indices, Latin letters from the end of the
alphabet (r,s...) represent flavour indices and capital letters represent SU(3) indices. The
neutrino masses arising from a single insertion of operators of this type will vanish since
they depend on integrals with an odd number of loop momenta in the numerator [53]. We
thus consider neutrino masses arising from insertions of the dimension-13 operator with a
derivative acting on each Qf. This operator will also be generated by the particle content
of the UV-completion of operator 027. However, we now show that this contribution also
vanishes.

We first show that the operator must be anti-symmetric under exchange of the v and
w flavour indices:

- 0Q"  aQt  HMHM™eCLPE L.
UV emC W (nD

=...0Q" aQ"T H"H™EPOE .. relabel e & (, m < nand C <~ D
v (nD W emC

=...0Q" 9Q"T H"H™CPE ... reorder indices
v (nD W emC

=—...9Q" 9Qt H"H™e<CLPE ... reorder fields

w emC vV (nD

which confirms that the diquark coupling of S3 is anti-symmetric in flavour as stated in [54].
The neutrino mass generated by this operator is then represented by

my = Crstu[vw} (5tv5uvaIw + 5tw5uvIvIw) + Csrtu[vw} (5tv6uvaIw + 5tw6uv-[v]w)
— (Orstu[tu] + Csrtu[ut])IuIt + (Csrtu[tu} + Csrtu[ut])lult
=0

where C™stlvv] is a Wilson coefficient obtained from the evaluated self-energy diagrams.
The square brackets indicate the anti-symmetry under interchange of v and w discussed
above. It should be noted that Of, is missing from the list of AL = 2 effective operators
listed in [53]. This may be due to an implicit assumption that the number of SM fermion
generations is not more than one. In this case O}, itself vanishes since Q,,Q, H™H" = 0.
One might worry about the validity of this claim in light of the “extended black box”
theorem [55], which states that any non-vanishing AL = 2 effective operator leads to
non-vanishing Majorana neutrino mass. This is remedied by the fact that we are only
closing off the effective operator in the simplest way to generate neutrino masses. The
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theorem tells us that there must be non-zero contributions to neutrino mass coming from
O%. since the operator itself does not vanish when flavour is considered. We therefore
surmise that neutrino masses arise at higher loop order, and are probably too small to
meet the lower bound of +/ \Am§2| ~ 0.05eV with phenomenologically acceptable exotic
particle masses. There are several other AL = 2 effective operators which exhibit the same
property, including, but not limited to Oq1p, O124 and O4g. The two-loop contributions
coming from completions of all these operators vanish, implying that there must be nonzero
higher-loop contributions. Similar remarks about the 0.05¢eV lower bound pertain. This
observation could potentially be used to eliminate a sizable number of effective operators
from the pool of neutrino-mass-model candidates.

3 Constraints from rare processes and flavour physics

In this section, we investigate the phenomenology of our Model 1, and place constraints
on the values of the coupling constants responsible for generating neutrino mass. This
investigation is conducted in three parts. First, the leptoquark couplings y;; are constrained
via the model’s BSM contribution to rare processes of charged leptons, including u to e
conversion in nuclei, the decays u — ey and 4 — eee, and the anomalous magnetic moment
of the muon. Second, the leptoquark couplings are constrained via BSM contributions to
rare meson decays. Finally, the diquark couplings, z;;, are constrained via experimental
results from neutral meson anti-meson mixing.

3.1 Rare processes of charged leptons

In the absence of neutrino flavour oscillations, lepton number is conserved in the SM. While
lepton flavour has been shown to be violated by neutrino oscillations, it has as-yet not been
observed in the charged lepton sector. The lepton flavour violating (LFV) terms in our
Lagrangian are thus constrained by charged LFV processes. The most stringent upper
bounds on LFV processes in leptoquark models come from p — eee and p — ey decays
and p — e conversion in nuclei.

3.1.1 p — e conversion in nuclei

The strongest bounds on the branching ratio Br(yx — e) come from g — e conversion
off titanium and gold nuclei. The current constraints, which were set by the SINDRUM
collaboration [56, 57], are of order 107! (table 2), with future experimental sensitivi-
ties predicted to improve by several orders of magnitude. The most promising are the
COMET [58] and Mu2e/COMET [59] experiments, aiming for sensitivities of order 1016,
and the PRISM/PRIME proposal [60], boasting a possible sensitivity of 10718, The most
general interaction Lagrangian for this process, in the notation of [61], is
eff 4GF — _uv 1
Le =— —=(m, Agpic"” PreF,,, + m,Arfic"” PreF,, + h.c)

V2

G - —_— —
- 7; Z [(QLS(q)BPRM + 9rs(qePLit)qq

q:u7d75
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v 142 Br(u —e€) | weapt(108s71)
2B7Au | 0.0610 0.0859 | < 7.0 x 10713 13.07
BTi | 0.0462 0.0399 | < 4.3 x 10712 2.59

Table 2. The relevant overlap integrals in units of mz/ 2, the branching ratio at 90% confidence

level and the total capture rates for different nuclei.

+ (90.P()€PRIL + 9RP(g)E€PLI)T V59
+ (9rv(g) @Y PLit + grv (g€ PrIL)TV1Y
+ (9rag)eV" PLit + graq)ey" PRG54

1
+ i(gLT(q)EO'MVPR:U' + gRT(q)EO'MVPLN)gO'qu +h.c.|,
(3.1)

where G is the Fermi constant, m, is the muon mass, and the Ar r and g¢’s are all
dimensionless coupling constants corresponding to the relevant operators. The branching
ratio is defined to be

wCOHV

Br(u —e) = (3.2)

Weapt ’
where weony is the p1 to e conversion rate, and weapt is the total muon capture rate. The
conversion rate, weony is calculated from the effective Lagrangian in equation (3.1) to be

Weomy = QG%‘A*RD + Z G(q,p)gLS(q)S(p) + Z G(q’")ng(q)S(")
q q

) (3.3)

+ (R« L),

+ (29Lv () + gLV(d))V(p) + (9rvw) + QQLV(d))V(n)

where S, D and V are overlap integrals, and n and p superscripts refer to processes interact-
ing with a neutron or proton respectively. The coefficients G¢P and G%", associated with
S(Pm) " are calculated in [62], but do not play a role in our model. This is due to the fact that
p — € conversion does not generate scalar operators in our model, thus grg(,) = 0. Simi-
larly, the coefficient associated with tensor operators, namely Apg, vanishes. Accordingly,
we only provide values relevant to our model: the V overlap integral values for titanium
and gold can be found in table 2, while other values can be found in [61].

In our model, the dominant contributions to g — e conversion in nuclei come from
diagrams with the leptoquark S3 mediating interactions between the charged leptons and
the three lightest quarks, as can be seen in figure 6. The effective Lagrangian, calculated
using Feynman rules for fermion number violating interactions found in [63], is

3 N cosf)  sinf
ﬁzfef == §(VCKM?J)12(V 9)11( m2

T1

= )lePruc][ Py
(3.4)

SIS F——
3 U [ePrd][d¢ Ppp].

S3/3
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Figure 6. Tree level processes contributing to u to e conversion in nuclei. Note the notation in
the left diagram represents two diagrams, one mediated by r; and another by r,. The arrows here,
as in all other diagrams in this paper. represent the chirality of the field. Arrows pointing towards
the vertex represent left-handed fields.

After performing a Fierz transformation and separating out the axial vector components
(which vanish) from the vector components, we find

e 3 . . cosf sinf\ . B
Ll = — 5 (Vekmy)2(V V) <m2 +— ) [ey Ppp] [y, u]

v (3.5)
3y12911 = '
eV Pryldy,d].
g4/3
3
Comparison with equation (3.1) shows that the nonzero Wilson coefficients are
3v2 + cosf sind
9LV (u) = @(VSKM?J)H(V*?J)H (mgl + m%) : (3.6)
and
g ~3V2y10yn .
Wd) = T~ 2 .
@ 4GFm§4/3 ( )
3

The matrix element involving strange quarks vanishes as coherent conversion processes

dominate and the vector coupling to sea quarks is zero. This leads to

2
Weonv 2G%

2
(29Lv @) + gLV(d))V(p) + (9Lv(w) + 29LV(d))V(n) - (3.8)
Weapt Weapt

For fixed leptoquark masses, this process places the most stringent constraints on the
product y11y12 through %;‘;‘t’ < 7.0 x 10713 for gold and < 4.3 x 10~12 for titanium.

3.1.2 pu— ey

The most stringent constraints on this process are obtained from the non-observation of
LFV muonic decays by the MEG experiment [64], with a measured branching ratio of
Br(p — ey) = 4.2 x 10713 at 90% CL. Future prospects are looking to improve on this
by an order of magnitude. Specifically, the MEG-II experiment [65, 66] is predicted to
start searching for © — ey decays this year, with a target sensitivity of 4 x 10714,

The effective Lagrangian for u — ev is

cif, = gma“”FW(aLPL +orPR)L, (3.9)
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where [ = pand I’ = e, ot = % v, 4"], Fy. and or(r) are Wilson coefficients. The partial
decay width for yu — ey is

(mj, + me)*(orl® + lorl*)

167rmf;

(g —ey) = (3.10)
Our model will have contributions from the leptoquark mass states r1 and ro with up-type
quarks running in the loop and leptoquark Sg/ ® with down-type quarks running in the
loop, for each of the four diagrams in figure 7. In total there are 36 contributing diagrams
leading to Wilson coefficients

4
g, = 167T 4/3 :Z yquq2me |:3f,5’(.7]q) — fF({L‘q):|
29 29 (3.11a)
3ie cos sin 1
+ 1672 ( m%l > qz; yquque |:3f5($q) — fp(ajq):| ,
9R = Zyly 2m %fs(x)—fF(x)
1671'2 4/3 et qlIg=" | g q q
3et [ cos sm 1
* 1672 < ) Z Yq1Yq2Mp [3f5(xq) - fF(*'Uq)} .

The Wilson coefficients are summed over the virtual up-type (u;) or down-type (d;) quark
flavours, the factor of 3 comes from the colour contribution and the factors of 4/3 and 1/3

come from the electric charges of the relevant leptoquarks. Equations (3.11a) and (3.11b)

include contributions from both r1 and 7y, proportional to Coms# and Si:# respectively.
1 2

The relevant loop functions are

x4+ z Inx
Is@) =gz T o=
S | (3.12)
fF([L'):aj X rnnx

2@ —1P 2@

with z, = mg/m%Q.
We thus obtain the following constraint on the leptoquark coupling constants for first
and second generation leptons:

L(p— ev)

Tt < 42 10713, (3.13)
17

Br(p — ey) =

where Ffft =299 x 10719 GeV.

3.1.3 Anomalous magnetic moment of the muon

The SM predicts the anomalous magnetic moment of the muon to be a5™ = 1.16591803(70) x
1073 [67, 68], while the most precise experimental measurement, which comes from the E821
experiment, is a;,* = 1.16592080(63) x 1073. The difference between the SM prediction
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Figure 7. There are four types of contributing diagrams to the u — e~y process. For our model, each
of the four diagrams represents diagrams with either the Sg/ 3 leptoquark and down-type quarks,
or r1 and 79 (electric charge 1/3) and up-type quarks running through the loop.

and the experimental measurement, Aa, = aj, ~ — iM = (2.8 £ 0.9) x 1079, suggests the

possible presence of BSM contributions. In our model, the leptoquark couplings with the
muon provide such a contribution, given by

3mu

a; =
8m2m

Z |yq2’ my Efs(l‘q) - fF(qu)}
4/5 q=d;
(3.14)

3m# (cos 0 sin 9) Z a2 2 st(xq) — fF(xq):| .

2
87r mi,

The contribution lies inside the bounds of Aa,,, ameliorating the anomaly, without placing
a strong constraint on the leptoquark couplings involved. This is consistent with previous
results found in literature [69-71]. However, when combined with other leptoquark solu-
tions, the leptoquark Ss has been shown to explain the discrepancy between theory and

experiment in the anomalous magnetic moment of the muon [72].

3.1.4 upu — eee

To date, the strongest constraint on Br(u — eee) remains the 1.0 x 107! achieved by
the SINDRUM collaboration in 1988 [73]. Looking ahead, the Mu3e collaboration [74] is
promising to improve the current constraint by four orders of magnitude.

The interaction Lagrangian for this process involves interactions between the S3 lepto-
quark and both the gauge sector and the quark sector. At one-loop level, u — eee decays
receive contributions from three types of Feynman diagrams: - penguins, Z-penguins and
box diagrams, as depicted in figure 8. Thus, the 1 — eee probability amplitude consists of
three parts

./4(,& — 666) = .A’y-penguin + AZ—penguin + -Abox- (315)
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Photon-penguins. The y — eee photon penguin diagrams closely resemble the p — ey
decay diagrams, however this time the photon is internal, and thus not on-shell. The
amplitude for the y — eee photon penguin diagrams is [75-77]

As-penguin = e (p2)[q* 1 (AT Pr + AT Pr) + imy0,u,q” (AY Pr + AFP™)u, (p1)
p (3.16)
X qﬁﬁe(m)[w]ve(ps) — (p2 <> pa),

with the Wilson coeflicients as follows:

YirYi2 (Vékm¥)i (Vékmy)iz cos®d
1 16 2 Z (36m 43 ($2) + 72m21 2( 11)

4 (Véxkm¥)ia (Vikmy)i2 SiHQQFQ(tQi)),
72mz, (3.17)
At =,
A% =oy,
AR = op.

The uy and vy are the usual free-particle spinors. The variables in the loop functions
are ratios of the squared masses of the quarks and the leptoquarks: x; = m?li/ miﬁ /3 and

tj = miz/m% and the loop functions Fi(z) and Fy(x) are

8 — 27z + 3622 — 1723 + (4 — 6z + 823) Inx

Fi(z) = @1 :
(3.18)
—10+ 272 — 1822 + 23 + (-8 + 122 + 23) Inx
Fy(z) = @-1)i .

These loop functions are not necessarily negligible for the smaller values of = generated by
the first and second generations quarks. Thus, since we do not impose a priori restrictions
on the leptoquark couplings, y3, we cannot neglect the first and second generation contri-
butions here. This also applies to the Z-penguin diagrams and the box diagrams where we
must also consider all possible combinations of leptoquark mass states and quarks running
through the loop.

Z-penguins. The amplitude of the Z-penguin diagrams is

1 _
AZ—penguin = ﬁue(pQ)['Yy(FLPL + FRPR)]uu(pl) X
mz (3.19)

Ue(pa)[Vu(ZLPL 4 ZRPR)]Ve(p3) — (p2 < pa),
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with the Wilson coefficients:

3
3 YiYio
Fr = — il Falx:
L= 16n2 ; (2 sin Oy cosOy, 3(®i)

(VSKMy)E(VékKM?J)w
Fu(ty;, to;
+ 32 sin Oy cos Oy (t1; — 1)2(t1i 1) (ta — 1)2 4(t1i, o) |
Fr=0,
e 1
Iy =—— | —= . 29
L sin Oy cos Oy < 2 T sin W) !

Zr = —e tanOy.

Here 6y is the weak angle, and x; and t;; are as above. We also note that the gauge coupling

between the Z-boson and leptoquark mass states includes flavour changing contributions.

Consequently, the mass states which involve mixing, specifically r1 and 79, must be treated

together when considering the coupling between the Z-boson and the leptoquark S5 in the

mass basis. The loop functions in (3.20) are:

r—224+znx

Fy(z) = @17

Fy(z1,22) = xi{’ [4 cos? 9<cos 20 — 2sin% 0 Inzy — 3)

+ 29 <4 c0s 20 — cos 40 + 8sin? 0 Inzy — 8z + 13)

2
+$1

4cos2«9<60529<2 Inz; — 2 Inxy — 3) + 2 Inxg +5>

+ o <3<Cos49 — 5) + cos 20(4 —16cos? 6 ln:nl)

+ 4x4 00529(00s29(1nx1 —lnxg) +Inz; +Inzy — 2)

— 4sin? 9<cos 20 + 5) Inzy + 83;%)

+ 21 | 2sin? 20(1}03)1 —Inzy — 2> +x%(4cos29+cos49

—8cos?f Inzy — 13> +J:§<— cos40<ln:c1 —4 Inxs +3)

+00529<81nx1 — 8 Inxy +4) +9Inzy +41Inzy + 15)

+2x2<<cos49 — 3) (lna:l — lnxg) — 2cos2¢9<1nx1 + Inxo +2>>
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+ 4z sin 6 [2 cos? 0(1nx1 —Inxy + 2) + (a:g(cos 20

+2cos? 6 Inay +3) +cos2c9<—2 Inzy +2Inxo —3) —2Inx —5)].
(3.21Db)

In the limit of vanishing mixing angle and x; — x2 we have the following simplification

im Fy(z1,2)
0—0,x1—x2 (1’1 — 1)2(1’1 — 1‘2)(1‘2 — 1)2

= Fy(x). (3.22)

Box diagrams. For our model, the non-vanishing amplitude from the contribution of
box diagrams to the y — eee decay is

Apox =€*B{Uc(p2) (7" Prluy(p1)0e (pa) [yu Pr]ve (p3), (3.23)
with
3
Bf = W{ Zl 2y;1yi2y51951Doo(m 54/3,m;§/3,m?zi7m?zj)
7]

+ (Vexkmy)in (Vexmy)iz(Vermy) 71 (Vekmy) [0054 0 Dog(m,%l,mfl,mQ ,mij) (3.24)

+ 2 cos? f sin? HDOO(mTl,Tn%Q,m2 m2. )

T2 T2

+ sin®  Dog(m?2,, m? m2 ,m2. )]}

The loop function for the box diagrams is defined as

2 2
2 2 9 9 9 zy Inzg 73 In 2o
miDoo(m7, m5, ms, mj3) = — +
eDonlmt, 7,75, ma) (1 = D(z1 —22)(21 —23) (21 — z2) (22 — 1)(22 — 23)
3:% In x3

T = me)ws — D(ws —22)’

(3.25)

2
m; .
where z; = pon fori=1,2,3.
4

pu — eee amplitude. Using the form factors defined above, we calculate the u — eee
decay rate to be

!
51273

16 . m 22
AFP AR ) In— - =
+ (145 + g ) (5 m e - 2)

I — eee) =

m, ||AL]® 4+ 2(AFAS* + hee.)
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1 1 2

- 6|BlL|2 - g(AfBlL* +he)— g(Ag%Bf* +h.c.)
1 *

+ 3{2FLL|2 + |FLg> + (B{ Ff, +h.c)

+2(AFF}, +he) + (AFFip 4+ hee) — 4(ARFF, 4+ hee)

)

— 2(ARF; L + h.c.)}

(3.26)

with

FrZp, Fr, ZR
Fro=————- Fip= 55—~ 3.27
LE g2 sin?(Oy )m?% = g2 sin?(Oy )m?% (3.27)
Thus, we obtain a strong constraint on the leptoquark coupling constants to first and
second generation leptons, given by

I'(n — ece)

Br(p — eee) = Tiot
n

(3.28)

where Ffft =299 x 10719 GeV.

3.2 Rare meson decays

In the SM, rare meson decays in the form of flavour-changing neutral currents (FCNCs)
arise at loop level and are thus heavily suppressed, leading them to be highly sensitive to
BSM contributions. A plethora of precision experiments have placed stringent bounds on
these rare decays. These processes occur at tree-level in our model, thus the couplings
involved are severely constrained.

Carpentier and Davidson [78] published a comprehensive list of (order of magnitude)
constraints on two-lepton-two-quark (2/2¢q) operators. They work with the effective La-
grangian

3 ijkn

1 C:i. O J

i 2 : ijknYa

ﬁ?qu D) 5 T + h.C., (329)
ij,k,n=1 NP

where Cjjrn/2mnp are the Wilson coefficients. The coefficient relevant to our model is that

accompanying a dimension six, left-handed chiral vector effective operator

O = (A" Puly) @ Pran)

. (3.30)
= (Uiy" Prvj + @i Pre;) (Uiyu Prun + diyu Prdy).

The bounds are set on dimensionless coefficients, 678/7/ )n

g related to the respective Wilson

coefficients by

Cidkn 3
(1)lg _ _4GF 6z]kn' (331)
m12\IP \/5 (1lg
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Figure 8. There are three types of contributing diagrams to the p — eee process: two types of
v- and Z-penguin diagrams, and box Feynman diagrams. For our model, each penguin diagram
could have either the Sg/ 3 leptoquark and down-type quarks, or r; and ry (electric charge 1/3) and
up-type quarks running through the loop. The situation is similar for the box diagrams, except
there will also be contributions where r; and ro are simultaneously present in the loop.

Bounds are placed on 7" by analysing the contribution of a relevant effective operator
to the branching ratios of rare meson decays, one effective operator at a time. In doing
so, there is a risk of overlooking possible destructive interference effects. Therefore, the
constraints in this section are only order of magnitude estimates. The analysis discussed
in this section allows us to place constraints on all nine leptoquark couplings, ¥;;, through
simply calculating the contribution of leptonic rare meson decays and semi-leptonic neutral
current decays to 2[2q effective operators. The results are summarised in table 3.

3.2.1 Leptonic meson decays

Starting with the leptonic meson decays K 2 — epand K 2 — p we place bounds on prod-

ucts of the first two generations of leptoquark couplings. The Wilson coefficient associated

with the operator 0(112)112 = (ey*Prp)(sy* Prd) is

01221
(;)lq = yléym <7.0x 1072 GeV 2 (3.32)
mio ms§/3

The relevant Feynman diagram, which contributes to the process K% — eu, is depicted
in figure 9. This process places constraints on the first and second generation diagonal
ijkn

leptoquark couplings. Since the constraints on € are equivalent under the exchange

of quark or lepton indices, the same constraints also apply to the product yioy21. Similar
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(Liv*PLl;)(@y" Prgy,) | Constraint on e7kn Observable Experimental value
epds 3.0x 1077 Br(KY — ep) < 4.7 x 10712
s 7.8 x 1076 Br(KY — i) 6.84 x 107
o -6 Br(Kt—ntov) 1.5x1010
vivjds 9.4 x 10 Br(K T —nleve) 508X 1=
. _3 Br(Bt—=Ktwv) 1.4x10~°
vivjbs 1.0 < 10 Br(BT—DVer,) 32x10-2
4 Br(Bt —Ktee) 4.9x10°7
eesb 1.8 x 10 m < m

Table 3. Constraints on the dimensionless coefficient %" arising from effective operator
2V2G (1" Pl;) (@ey" Prgn) [78, table 2 and table 12]. The left most column specifies the genera-
tion indices ijkn, the second column gives the best constraint on €% obtained from the observable
indicated in the third column and the experimental bounds given in the last column. The bounds
also apply under permutation of lepton and/or quark indices.

dr, \\/ er(pr)

S§/3*

N

Figure 9. Dominant contributions to K9 — eu (K9 — fip).

bounds can be placed on y12192 from the process K 2 — fp, with Feynman diagram depicted
in figure 9.

3.2.2 Semi-leptonic meson decays

The semi-leptonic meson decays, the most tightly constrained being KT — 77ov and
BT — K*wv, place bounds on third generation leptoquark couplings, as well as addi-
tional bounds on the couplings already discussed. The process K™ — 77y, depicted in

figure 10a, induces the following Wilson coefficient, associated with the operator Ozﬁfq =

(ZiyH Pry;)(dy* Prs):

iz 3 ; L
Mig _ Y1iy2; [ COS sin

m2 > 2 (mz T > (3.33)
LQ ij=1 1 9

where we sum over the neutrino flavour. The bounds on €7%", found in table 3, are
calculated one flavour at a time, with all other contributions set to zero. After this analysis,
the only unconstrained leptoquark parameters are those involving third generation quarks.

The leptoquark couplings to third generation quarks can be constrained via the process
Bt — K'1vv, which induces the effective operator Og?l?’q = (" Prvj)(sy*Prb). The
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Figure 10. Dominant contributions to (a) K+ — ntov and (b) Bt — Ktow.
Process Parameters Constrained | Constraints (GeV) ™2
K} —eu o and P 7.1x10712
0 _, = YioYa -10
SS

2 m?_l m%z >’

K+ — ntoy Yzl (Cnf;%@ + jg%?), 2.3 x 10710
e (5 )

Bt K+py | (c:;e n »;329) 2.4 x 1078
e (5

BT — Ktee Yol 4.2 x107°

Table 4. Constraints applied to expression involving leptoquark couplings and masses, derived
from leptonic and semi-leptonic rare meson decays.

Feynman diagram associated with this operator is pictured in figure 10b, and the Wilson
coefficients (5;23, are identical to equation (3.33) apart from the quark indices.
Lo
The constraints applied to each set of parameters are summarised in table 4. Note that

we do not include constraints from the anomalous decay Bs — fu, which will be discussed
in section 3.4.

3.3 Neutral meson anti-meson mixing

Mixing of neutral mesons occurs in the SM through box diagrams with W-bosons and top
quarks as the propagators. Since neither S3 nor S; have any restrictions with respect to
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the generation of the SM fermions they couple to, meson mixing gets contributions from
diagrams with leptoquark couplings as well as diquark couplings. Another consequence of
unrestrained flavour couplings is that there are contributions to the mixing of all neutral-
meson species. We focus on neutral kaon mixing, By — By and By — By mixing. The most
general effective Hamiltonian for neutral meson mixing is

5
=Y CIOu+ Z Cii0u (3.34)

m=1 m=1

with the effective operator relevant to meson mixing both in the SM and in our model
being

OV = (@1 Prad) @~ Prdl). (3.35)

(The other operators in the above equation are listed in [79].) The operators OF, are
identical to Oy}, except for the exchange L <+ R. Latin letters indicate fermion flavour
indices, while the Greek letters a and ( indicate colour indices.
The SM Wilson coefficient for meson mixing is
Cilsn =~ 153 Vi Vi "5 : (3.36)
miy

where m; is the mass of the top quark, myy is the mass of the W boson and Sy(x) is the
Inami-Lim function [80],

de)z:n(i—l—iliI)—;(lfw)S. (3.37)

As can be seen in figure 11, which depicts the NP Feynman diagrams for kaon mixing,

our model contributes to meson mixing through box diagrams with both diquark and lep-
toquark propagators. When considering the contributions from the diquark, S7, we only
include contributions which include the top quark as a propagator, just as in the SM cal-
culation. This is because the CKM matrix elements involving the top quark dominate over
the others. Leptoquark contributions occur through box diagrams with either neutrinos
and 7y 2 or charged leptons and Sg/ 3, Summing over all contributions, we have the following
BSM Wilson coefficient for meson mixing

. 2
oo (ZVCTKM)gi(VCKMZ)gj B YikYjk
LNP 9672m?% 9672 Mga/aT
1
) (3.38)
1 Z <0039>2+ (sin9>2+ 2sin 6 cos@1 m2,
- . n
38472 A YikYjk My My m12"1 - m72"2 m12“2

The effective operators and Wilson coefficients depend on the renormalisation scheme
and scale. However, since we are only interested in an order of magnitude estimate, we
neglect the running from the scale of new physics to the top quark mass and take the ratio
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Figure 11. Dominant contributions to KX — K mixing.

SL

SL

SL

of the new physics contribution to the SM contribution. This ratio is independent of QCD

running and is simply a ratio of the respective Wilson coefficients,

(M|HNF M) _ Cixp
(M| HSM M) —

i
Cl,SM

(3.39)

The UTfit collaboration has published model-independent constraints on AF =

operators [79], with the results from the latest fit published in [81]:

) B full B B B
Cp, 2951 — (Bal Heif' [Bg) _ | (Bal 1ot |Bo)
(Bl Heh' [By)  (Byl M 1By)
Cn Pne[<K| Help' |K)] Re[(K]| Hejp [K)]
© Re[(K|H' |K)] Re[(K|Hgg'! [K)]
Im([(K| H ' [K)] Im((K| Hey [K)]
CAcpe = =1+ .
Im[(K| Hg' [K)] Im[(K| Hg' [K)]
The current best fit values for these parameters are given by [81]
Cp, =1.03 £0.11, ¢p, = —1.8°£1.7°,
Cp, = 1.070 £0.088, ¢B, = 0.054° £0.951°,
Camy = 0.978 £ 0.331, Cee =1.04£0.11.
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As can be seen in equation (3.41), ¢, and ¢p, are not measured precisely, thus in placing
constraints on B-meson mixing we simply require that the magnitude of the right-handed
side of equation (3.40a) be within the one standard deviation range of Cp, and Cp,, as
per the values quoted in equation (3.41). Specifically

13

1+ CYl,NP
13

Cl,SM

0.92 <

<1.14 (3.42)

for By mixing, and

023
14w

0.982 <
CI,SM

< 1.158 (3.43)

for B; mixing. Concerning the bounds placed on couplings involved in kaon mixing, only
the imaginary part of the ratio of NP to SM Wilson coefficients, seen in equation (3.40c),
was constrained:%

ij
1,NP

#— <0.15, (3.44)
1,SM

3.4 Solving the Ry (., anomaly

While not the focus of this paper, another key feature of our model is its ability to explain
the R () flavour anomalies due to the presence of the S3 scalar leptoquark. The Ry
flavour anomalies are a set of deviations from SM predictions in the decays of B-mesons.
The anomalous quantities are the ratios of branching fractions

_ Br(B — F(*)M,u)

— (3.45)
Br(B — K" ee)

Ry

The SM prediction of Ry ) = 1.0003 & 0.0001 [82] is close to unity due to lepton flavour
universality, with the only difference in the measured branching fractions coming from their
dependence on the masses of the final state leptons. Most recently, the LHCb collaboration
has updated the measurement of Rx by combining Run-1 data with 2 fb~! of Run-2
data [83]. They found

R = 084670080 10018, ¢° = [1.1,6] GeV?, (3.46)

where ¢? is the dilepton invariant mass squared, the first uncertainty is statistical and the
second is systematic. This result continues to be in tension with theory at 2.50. The R~
results have also been updated, with preliminary measurements by Belle [84] of

1187032 4+ 0.10 ¢* = [15,19] GeV?,

0.907927 £ 0.10 ¢®> = (0.1, 8] GeV?
K- _{ 0.21 ¢ =018 (3.47)

5The SM contribution for Amy cannot be measured reliably, thus this parameter was not used to
constrain the NP contributions to kaon mixing.
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in agreement with the existing measurements by LHCb [85] of

0.66079-110 +0.024 ¢% = [0.045,1.1] GeV?
e — { —0.070 q [ ] (3.48)

0.68570 565 +0.047 ¢ = [1.1,6] GeV*.

Interestingly, the large uncertainties in the Belle measurement allow it to be in agreement
with both the SM and the LHCb measurement, which deviates from the SM prediction
by ~ 2.50.

Our model contributes to Ry via semi-leptonic B-meson decays mediated by S3.
The b — sll transition can be described by the effective Hamiltonian

_4Gr
Het = % (V4 Ci(p
of = =5 (Voxm)ss(Verm) 324 Z (3.49)

where . is the fine structure constant. The relevant effective operator for our model,
presented here in the chiral basis, is

O = (v Pr) (57, PLb). (3.50)

Reference [86] argues that contributions to the effective operator O%/ with Wilson coeffi-
cient

ot = ™ Y22Y32 V2
ae (Vorm)zs(Vorm)is 2m§4/3GF
3

~ —0.53 + 0.08(0.16), (3.51)

ameliorates the Ry (.) anomalies, with the uncertainties giving the 1(2)o bounds. In our
model, this corresponds to a central value of

Gi/3 2
~ . 3.52
Y22Y32 <35 TeV) ( )

4 Results

We will now present the results of our random parameter scans, and discuss the predic-
tions and limitations of the model. The discussion is broken up into three sections, each
discussing one of the three leptoquark coupling matrix textures introduced in table 1. The
strongest constraint on the model comes from pu — e conversion in gold nuclei, which is
mediated by leptoquark S3 at tree level. Consequently, we will also explore the potential
consequences for the model if future p — e experiments fail to measure a signal at the
promised prospective sensitivities.

The scans were performed over leptoquark couplings y11, y12, ¥y21 and yoo, and the lep-
toquark mass parameter pg,, with all other couplings fixed. In 2018 the CMS experiment at
the LHC set an exclusion on diquark masses below 7.2 TeV at 95% confidence interval [87].
While the exclusion was calculated for a particular diquark which features in superstring
inspired Fg models [88], similar bounds are expected to apply to other diquarks. The CMS
experiment has also set limits on leptoquarks masses, with masses below 1.1 TeV being
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excluded at 95% confidence interval for third generation leptoquarks decaying to bv [89].
We are not aware of current limits on exotic scalars that only couple to other scalars and
gauge bosons, such as ¢3. With these considerations in mind, we stick to conservative lower
bounds that have the potential to be directly probed at the LHC and indirectly probed at
precision- or luminosity-frontier experiments. We fix the diquark mass parameter in our
model to a benchmark value of pg, = 7.5TeV, the mass parameter for the scalar ¢s3 to
to, = 1.5TeV, and scan over the leptoquark mass parameter such that 1.1 < pg, < 10TeV.
The limits on leptoquark masses are set assuming sufficiently large leptoquark couplings
of y > 1077 to guarantee prompt decay of leptoquarks in the detector. We also found
that due to the relationship between y?%L and zlLL displayed in equation (2.24), leptoquark
couplings below 107 had a high likelihood of requiring large, non-perturbative diquark
couplings in order to guarantee the desired neutrino masses. Thus, the free leptoquark
couplings: y11, Y12, y21 and 4o are allowed to vary between 107° and 1. The other five
leptoquark couplings are set to benchmark values. We investigate three leptoquark matrix
textures, as indicated in table 1 and detailed below.

4.1 Texture A

The leptoquark matrix texture investigated first is Texture A

Y11 Y12 €A
y= | y21 y22 5ea |, (4.1)
ea 1 10e4

with €4 = 107°. If leptoquark couplings to third generation quarks and leptons are very
weak, as they are for Texture A, ample parameter space is available when accounting for
current constraints, including regions which allow the model to explain the Ry (., flavour
anomalies, as summarised in figures 12, 13 and 14. In fact, with leptoquark couplings of
the order of ~ 1075, this neutrino mass model is able to explain R at a 1o level even if
NP is not discovered by future experiments, such as Mu2e/COMET and PRISM. This is
evident in figure 12, where viable parameter space is plotted in teal, points that solve the
R+ anomalies to 1(2)o are black (pink) and the dotted orange (yellow) lines represent
prospective constraints for Br(u — e)ay from the Mu2e/COMET (PRISM) experiments.
Figures 12 and 13 both contain a curious feature: a region of parameter space (in the
form of a band in pg,) which is excluded due to perturbativity constraints placed on the
diquark coupling constants. This feature can be understood as follows. Small leptoquark
couplings lead to a higher probability of non-perturbative diquark couplings. This is a
consequence of equation (2.24), which parametrises the diquark couplings in terms of the
leptoquark couplings to ensure the desired neutrino masses are computed. The value of
zlLL is also inversely proportional to the value of the integral. The curious feature of the
band of excluded parameter space in the pg, ~ 2 —4TeV, displayed in figures 12 and 13,
corresponds to the sign change in the integral. This can be verified in figure 4. Simply put,
there exits a region of ug, for which the value of the leptoquark coupling and the integral

LL

are sufficiently small, making the diquark couplings z7;7 too large to be perturbative.

J
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Br(u—e)a, with LQ coupling Texture A

['] Excluded by perturbativity of z;1-
[ ] Excluded by Br(g = e)a,

M Passes all constraints

[ Ry 20

W Ry 1o

— Current Limit

[N S BN T T Mu2e/COMET prospective limit
""""""" PRISM prospective limit

C ! it il A
2x10° 4x10° 6x10°8x10° 10?
Hs, (Gev)

Figure 12. Indicative plot of the allowed parameter space scans showing ug, vs. Br(u — €)aq,
for leptoquark coupling matrix Texture A. The purple line indicates the current Br(u — €)a, cut-
off of 7.0 x 10713, and the dotted orange (yellow) line indicates the prospective cut-off from the
Mu2e/COMET (PRISM) experiment which is of order 10716 (10718). The orange region of the
parameter space is constrained by Br(p — e)ay, the teal region is allowed; specifically it passes
all constraints discussed in section 3 as well as perturbativity constraints on the diquark coupling
constants zﬁ? . The light blue region is excluded by the perturbativity constraints on diquark

couplings. The black (pink) region solves the Ry (., anomalies to 1(2)o.

Y22 VS. Mg, LQ coupling Texture A

[ Excluded by Br(y — €)au
[7] Excluded by perturbativity of z,L-
B Passes all constraints

—— Ry central value
<o Rgw 1o range
Ry 20 range

 4x10°  6x10% 8 x10° 10*
Ms; (GeV)

Figure 13. Indicative plot of the allowed parameter space in the y22 vs. pg, plane, for leptoquark
coupling matrix Texture A. The red line indicates the central value needed to explain the Ry (.
anomalies with the dotted orange (yellow) lines indicating the 1(2) o bounds. The orange region of
the parameter space is constrained by Br(u — €)ay, the teal region is allowed; specifically it passes
all constraints discussed in section 3 as well as perturbativity constraints on the diquark coupling
constants zle? The light blue region is excluded by perturbativity constraints on diquark couplings.

— 33 —



y11 VS. 22 with LQ coupling Texture A

1
10—1 L
5 | Constraint from Br(K— pue)
107 Excluded by perturbativity of z -
§ s Constraint from Br(K— ue)
107 [71 Passes all Constraints
W Ry 20
1074 MRy 1o
105
10-3 104 1073 102 101 1

Ju

Figure 14. Indicative plot of the allowed parameter space in the yoo vs. y11 plane, for leptoquark
coupling matrix Texture A. The yellow section is ruled out by Br(K — pe), the orange section is
ruled out by Br(u — €)au, while the teal region is allowed parameter space; specifically it passes
all constraints discussed in section 3 as well as perturbativity constraints on the diquark coupling
constants zﬁ’; The light blue region is excluded by perturbativity constraints on diquark couplings.

The Ry (.) anomalies can be solved for a sub-region of the allowed parameter space,
for y11 < 1072 and 1073 < g9 < 1071, There is a band around ygs ~ 10~2 for which
the model cannot explain the Ry (.) anomalies, which corresponds to the non-perturbative
band in figure 13.

Figure 14 also shows that while 4 — e conversion is found to be the most constraining
process for this model in general as it appears at tree level, there are other important
signals. Since the neutrino mass of this model does not depend on quark masses, there is
no reason to set couplings to first generation quarks to zero, meaning our model is also
sensitive to probes involving first generation quarks, such as K% — ey and KT — 7w,
The process Kg — ép is the most constraining for our model, with figure 14 showing that
the leptoquark couplings 311 and y22 cannot be simultaneously close to unity. There exists
a trade off due largely to constraints coming from Br(K — pe). It should be noted that
1 — e conversion, shown in orange in figures 14 and 13, is also strongly constraining in the
regions excluded by perturbativity and Br(u — €)a, constraints.

4.2 Texture B

The leptoquark matrix texture considered next is Texture B

Y11 Y12 €B
y=|v2 Y2 S |, (4.2)
eg 1 10ep

where eg = 1073, For this leptoquark matrix coupling texture, constraints due to the
perturbativity of the diquark couplings are no longer a major concern. Texture B gives
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Br(y—€)ay with LQ coupling Texture B

Excluded by Br(u — ey)
Excluded by peturbativity of z; 1L
Excluded by Br(g = e)a,

M Passes all constraints

[ Ry 207

Br(p-e)ay
3

—

o
L
w

W Ryn lo
— Current Limit
Mu2e/COMET prospective limit
PRISM prospective limit

107"
10—18; o

2 x 10° 4x10°  6x10°8 x10° 10%
s, (GeV)

1.1 x10°

Figure 15. Indicative plot of the allowed parameter space scans showing pg, vs. Br(p — €)au, for
leptoquark coupling matrix Texture B. The purple line indicates the current Br(p — e)ay cut-off,
the dotted orange (yellow) line indicates the prospective cut-off from the Mu2e/COMET (PRISM)
experiment. The light green region shows parameter space that is excluded by Br(y — ev). The
orange region of the parameter space is constrained by Br(u — €)ay, the teal region is allowed;
specifically it passes all constraints discussed in section 3 as well as perturbativity constraints on
the diquark coupling constants zﬁf . The black (pink) region solves the Ry (., anomalies to 1(2)o.

similar results to Texture A in that it is strongly constrained by Br(y — €)ay and Br(K —
pe), yet still able to solve the Ry (.) anomalies. In fact, with leptoquark couplings to third
generation quarks of order 1073, there exists parameter space which is able to solve the
R+ anomalies to 1o(20) even if NP is not discovered by future experiments such as
Mu2e/COMET and PRISM, as can be seen in figure 15 in black (pink). Figure 15 also
shows, in light green, that we now have a constraint from Br(u — ev) on the leptoquark
mass parameter pg,.

As for Texture A, leptoquark couplings of y1; < 1072 and 1072 < 990 < 107! can
currently solve the R, anomalies, as depicted in figure 17. In can also be seen that ya9
must be less than unity, or the model is not viable at all due to constraints from p — e
conversion. Constraints from Br(K — pe) enforces a trade off between large y11 and yo2
couplings for Texture B. additionally, figure 16 shows that gy < 107! is necessary for
ps, >~ 1.2 TeV.

4.3 Texture C

Finally, we consider leptoquark matrices of Texture C

Y11 Y12 62@
Y= |Y21 Y22 €c |, (4.3)
2
e 11
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V22 vs. Us, LQ coupling Texture B

107

[ Excluded by Br(u = €)ay
1 0_2 | Excluded by Br(u — ey)

§ [ Passes all constraints
1 0_3 —— Ry central value
Ry 1o range
- Ry 20 range
107
1|0—5
1x10° 2 x10° 4x10°  6x10° 8 x10% 10*

s, (GeV)

Figure 16. Indicative plot of the allowed parameter space in the y22 vs. pg, plane, for leptoquark
coupling matrix Texture B. The red line indicates the central value needed to explain the Ry ()
anomalies with the dotted orange (yellow) lines indicating the 1(2)o bounds. The orange region
of the parameter space is constrained by Br(u — e€)ay, the teal region is allowed; specifically it
passes all constraints discussed in section 3 as well as perturbativity constraints on the diquark
coupling constants z{;7. The light green region, which in this plot has been superimposed on the

orange, shows parameter space that is excluded by Br(u — ev).

Y11 V8. y22 with LQ coupling Texture B

lﬂ_l L
1072 [ 1 Excluded by Br(u - €)a,
o Excluded by Br(K- pue)
£ 10-3 [ Passes all Constraints
. RK") 20
. RK"’ lo
]0—4.
10—5,
10-5 10~ 10-3 1072 107! 1

yu

Figure 17. Indicative plot of the allowed parameter space in the yso vs. y11 plane, for leptoquark
coupling matrix Texture B. The yellow section is ruled out by Br(K — pue), the orange section is
ruled out by Br(u — €)au, while the teal region is allowed parameter space; specifically it passes

all constraints discussed in section 3 as well as perturbativity constraints on the diquark coupling

LL

constants 2155
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Br(u—e)a, with LQ coupling Texture C

Excluded by peturbativity of z, -
Excluded by Br(u — ey)

’% | Excluded by Br{u = €)ay
uT" 10-10 [l Passes all constraints
3 o Ry 200
|
m 413 Ry lo
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1 0—1 B TS P TR, $ 0 Mu2e/COMET prospective limit
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1.1x10° 2x10° 4x10°  6x10°8x10° 10*
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Figure 18. Indicative plot of the allowed parameter space scans showing ps, vs. Br(p — €)ay, for
leptoquark coupling matrix Texture C. The purple line indicates the current Br(u — €)ay cut-off,
the dotted orange (yellow) line indicates the prospective cut-off from the Mu2e/COMET (PRISM)
experiment. The light green region shows parameter space that is excluded by Br(ux — ey). The
orange region of the parameter space is constrained by Br(u — €)ay, the teal region is allowed;
specifically it passes all constraints discussed in section 3 as well as perturbativity constraints on
the diquark coupling constants zﬁ? . The black (pink) region solves the Ry (- anomalies to 1(2)o.

where e = 10~!. When couplings between electrons or muons and third generation quarks
are > 1072 there is a strong constraint on the leptoquark mass parameter coming from
Br(u — e7v), which excludes parameter space less than pug, ~ 4TeV, as seen in figure 18. A
similar bound in the y22 versus ug, slice of parameter space comes from the Br(u — €) 4,
constraint. This can be seen in figures 19 and 20. Constraints from Br(K — pue) still enforce
that y11 and y22 cannot be simultaneously large, but it is the Br(u — e)a, constraint that
places a bound on the leptoquark couplings such that yao < 0.5.

The model can solve the Ry (. anomalies to 1(2)o for pg, < 4TeV, y1; < 1072 and
1072 < y11 £ 1071, as can be seen in black (pink) in figures 20, 18 and 21. Unsurprisingly,
regardless of the leptoquark coupling matrix texture, constraints from processes involving
first generation quarks and leptons, expecially Br(u — e) provide the strongest bounds on
the parameter space of our model and would also be the most promising signals.

5 Conclusion

There are a large number of candidate radiative Majorana neutrino mass models. The
AL = 2 interactions responsible may be classified according to the dominant low-energy
effective operators generated at tree-level from integrating out the massive exotic fields.
The baryon-number conserving AL = 2 operators occur at odd mass dimension, and an
extensive list has been compiled up to mass dimension 11 [37]. An interesting question
is: beyond what mass dimension are phenomenologically viable models no longer possible?
One generally expects that the higher the mass dimension, the higher also will be the

— 37 —
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Figure 19. Indicative plot of the allowed parameter space (in teal) in the y22 vs. pg, plane, for
leptoquark coupling matrix Texture C. The red line indicates the central value needed to explain
the Ry anomalies with the purple (yellow) lines indicating the 1(2)o bounds. Parameter space
exluded by Br(u — e) is indicated in orange.

i1 V8. yn2 with LQ coupling Texture C
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Figure 20. Indicative plot of the allowed parameter space in the 20 vs. y11 plane, for leptoquark
coupling matrix Texture C. The yellow section is ruled out by Br(K — pue), the orange section is
ruled out by Br(u — e)au, while the teal region is allowed parameter space; specifically it passes

all constraints discussed in section 3 as well as perturbativity constraints on the diquark coupling

LL

constants z7;;.
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Y11 VS. gs, LQ coupling Texture C
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Figure 21. Indicative plot of the allowed parameter space in the y;11 vs. mg, plane, for leptoquark
coupling matrix Texture C. The teal region shows allowed parameter space, while the orange re-
gion indicates parameter space excluded by constraints on Br(u — €)ay,, while the yellow region
show parameter space excluded by Br(K — pe). The black (pink) points indicate bounds on the
parameters y1; and pg, needed to explain the Ry anomalies to within 1(2)o.

number of vertices and loops in the neutrino self-energy graphs. Each additional vertex
and loop contributes to additional suppression of the scale of neutrino mass, provided that
the coupling constants at the vertices are small enough. There is also the prospect of
suppression from powers of the ratio of electroweak scale to the new physics scale. At
some point, the net suppression should become so strong that the 0.06 eV lower bound
on the neutrino mass scale cannot be generated for phenomenologically-acceptable exotic
particle masses. Indeed, it has been argued that models constructed from opening up mass
dimension 13 and higher operators are unlikely to be viable. Our findings in this paper,
arrived at by a detailed examination of a specific model constructed from a dimension-11
operator, cast doubt on this tentative conclusion.

The basic reason is evident from equation (2.2): while there is a product of a few
coupling constants in the numerator, and there is the (1/1672)? two-loop suppression fac-
tor, the mass suppression is only v?/A, so identical with that of the usual seesaw models.
Formally, this is due to the neutrino mass diagram generating the same dimension-5 Wein-
berg operator as underpins the seesaw models, with the main difference being that it is
generated at loop- rather than tree-level. Additional insertions of v are often produced in
radiative models from the need to use quark or charged-lepton mass insertions, but there
is no such necessity in this model: the dominantly induced Weinberg-type operator is the
standard one at dimension-5, rather than a higher-dimension generalisation obtained by
multiplying by powers of HTH. At the level of the underlying renormalisable theory, one
also observes that one of the contributing vertices in the numerator is a trilinear scalar cou-
pling, thus having the dimension of mass, and most naturally set at the scale of the new
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physics. One possible source of suppression is thus absent. With order one dimensionless
couplings, and the scalar trilinear coupling set at the new physics scale, the masses of the
exotic scalars can be pushed as high as 107 TeV. With the dimensionless couplings at 0.01,
so of fine-structure constant magnitude, the scale of new physics drops to the hundreds of
GeV level. Hence, while the existence of new particles at the 1-100 TeV scale explorable
at current and proposed colliders is consistent with this model, it is not inevitable. From
this perspective, models which require some of the couplings in the neutrino mass diagram
to be standard-model Yukawa couplings (other than that of the top quark) are more ex-
perimentally relevant. From the model-building perspective, however, our analysis raises
the prospect that some models based on tree-level UV completions of mass dimension 13
(and possibly even higher) operators might be viable.

The specific model analysed in this paper, consisting of an isotriplet scalar leptoquark,
an isosinglet diquark and a third exotic scalar multiplet that has no Yukawa interactions,
successfully generates neutrino masses and mixings at two-loop level consistent with exper-
imental bounds from a variety of processes, of which u — e conversion on nuclei proved to
be the most stringent. It can also ameliorate the discrepancies between measurements and
standard-model predictions for Ry (.) and the anomalous magnetic moment of the muon.
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A The full Lagrangian

The most general SU(3), ® SU(2)r, ® U(1)y gauge-invariant, renormalisable Lagrangian
will consist of the SM Lagrangian, together with additional NP terms,

£NP = Egauge—S + LS*H + ['SfF + [fsfs(/)a (Al)

that involve interactions between the following: the exotic scalars, denoted S (/), and the SM
fermions, F'; the exotic scalars and the Higgs boson, H; and the exotic scalars themselves.
It also includes the gauge interactions of the exotic scalars. The accidental lepton and
baryon number symmetries which are conserved by the SM Lagrangian have not been
imposed here.

A.1 The gauge sector

The gauge covariant derivative acting on the scalar fields is

. . A
Dy = 0 +ig1Y By, +igaL,WE + zg:),?AGﬁ, (A.2)
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where Y is the hypercharge of the scalar, I, are the SU(2) representation matrices (I, = 0
for SU(2) singlets and —iej, for SU(2) triplets), Aq for A =1,...,8 are the Gell-Mann ma-
trices, g1, go and g3 are the respective coupling constants and after electroweak symmetry
breaking we have e = gosin fyw > 0 and g1/g2 = tan Ow [54].

The gauge interactions of S = S, S3 and ¢3 are then

Loauge-s O (DuS)'(DMS), (A.3)
with the appropriate selections of hypercharge and SU(2) representation matrices.

A.2 The fermion sector

The part of the Lagrangian involving couplings between the fermions and the scalar
bosons is

LS*F D ESg*F + ESl—F + £¢3—F7 (A4)

where

; — 1,a .
Ls, F =+ yquC €ap(TFSH) LY + 2842QC 7 ey (TR SH)T Q7 + hic,

(y3 )wdc 51/3 i Smdc 54/3 ]

V2
Vi LLy T i5—2/3 i (Vxmyser)ii—e 51/3
+ (Vekmys)ijur, S3 ™ v —4\@ uf 83" er;

( LV )’L 1/3% 4 2/3% 41
<3 VokMm Jdc S/ dec 53/ dJL

\/5 3uL

N . V* LLy\. . Y
+ (Vs Viaiu? S§/3 up, — (mw\/;g)”ug 'Sy e,

(A.5)

‘CSI* =+ ylz] QC SleabLj b + yh] ’UJ% SleR + 212] QC S* Qj’b
+ AG 'St + hec.
— Yii; Ldg Sl” + (Vemyt )iu§  Siel, + yfiful, Siel,

(V)T STl + ARG 'Stdl, + hec.

There are no Yukawa interactions allowed by the SM gauge symmetries between the scalar
¢ and SM fermions. The 7%, k = 1,2, 3, are the Pauli matrices; i,j = 1,2, 3 are generation
indices; a,b = 1,2 are SU(2) flavour indices; ¢ = (i72)%; and S% are components of S3
in SU(2) space. The Levi-Civita tensor is needed in order to conserve charge for SU(2)
triplets and doublets. Superscript C' stands for the charge conjugation operation. For a
fermion field v: ¢py = Prri, ¥ = iy, and wc = C@T, where Pgp = (1 £4°)/2
and C = iv?4Y. The diquark coupling to Si, z{" is symmetric due to a combination of
the antisymmetry of SU(2) structure and of the colour structure of the fermion bilinear,
while the diquark coupling to Ss, z3LL , must be antisymmetric for similar reasons. In the
expansion of the SU(2) structure of the Lagrangian, we have also rotated into the mass
eigenbasis of the quarks, using the convention that u} — (VCTKM),]UJL and d — di.
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A.3 The scalar sector

The scalar part of the interaction Lagrangian will contain quartic interactions with dimen-
sionless couplings, and cubic and quadratic interactions with dimensionful couplings. The
full scalar Lagrangian, without baryon number conservation imposed, is

Ls s+ Ls-ny = Lasp + Lssp + Lasp, (A.6)
with
Lasp = \syu[SSSal1 [HTH)y + No, 1 [S1S5]s[H' H1s + As, 1 S| 81 [HTH],
+ Agg @l sl [HTH]y + )\;53H[¢£¢3]3[HTH]3 + Xsy05 5151 [phbs]s
Ny ST 5511 [ 856811 + N, [T 551300 855 + N, [5S55 101055
+ As; [S§53]1[S§S;3]1 + X, [S§53]3[S§53}3 + As, 55 [5553]151[51
+ Ny, 5,[553115151 + As, a5 [0h3]3.535]
+ 28, (S191)? + Mgy [8h sl [0 5] + Ny [@fslslohes]:
+ A5y 55 SUSSH Hlg + Ay (04583 [H H3
+ Asy 0 ST HH]3 + hc.,
L3885 = Misys,65[Shds]15] + h.c.,
Losy = —pi%, S§S5 — puk, S151 — 1l &l s,

The square brackets [...]; indicate that the scalars enclosed couple to form an SU(2) singlet
for ¢ = 1 or triplet for ¢ = 3 etc.

B Calculation of Zy;

The two-loop integral in equation (2.17) is actually a sum of integrals

8icos Osin 6

T = —

(I]]jlléleCOSQ 0 — 1'15113;12“20032 0+ I,f;:f sin? 0 — 15;452 sin? §),  (B.1)

with
| ki - ko
Thike _ /d4k: /d4k: '
klaB ! 27— si) (k3 — ) (k3 — ta) (k3 — tg)([ky — ko2 — 1)

Using appendix C of [32] we find that integral Zj;,3 evaluates to

(B.2)

4
Zhils =~ [ B0, 50,10 B0, 10+
—§(tastp)(I+tatts)+g(ta, sp)(L+tats)+G(sk, ts) (1+sk+ts) —g(sk, ) (1+sk+s))
(ta—sk)(ts—s])

(B.3)
The finite parts of §(s,t) and B}(0,s,t) are defined as
- Ins—tlnt
B0, 5,t) = (‘Sn‘:_tn> (B.4)
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and

s(1—s5)+3st+2(1 —t)zs
2w

- t—1 t—1
() - () e () - (G20
+ = + + + =

Lis(z) = — /090 ln(ly—y)d% (B.6)

@(s,t)zglnslnt—l—%:j:

where

and

1
7 =g(-l+s+tEw) w=\/1+ 522 —2(s + 1+ st). (B.7)

We need not worry about the non-finite parts of the integrals as we are guaranteed that
they will cancel.

Finally, we give the evaluation of Z; in the limiting case where the ratios of SM fermion
squared masses on m?gl go to zero, specifically si, s; — 0. In this limit

4 G(ta,ts)(1+to +1t5) — §(ta,0)(1 + ¢
lim (Iklaﬁ) — I(]Oozﬁ — T <1n t, In tﬂ + g( a ﬁ)( +to + B) g( as )( + a)) 7
Sk—>0752—>0 2 tatﬁ
(B.8)
t—0 .

where taking the limit g(s,t) — §(s, 0) given the definitions in equations. (B.5) and (B.7)
gives

2

§(s,0) = —s% —(1-s)n s In(l —s) — (1 — s)Lis(s). (B.9)

C Explicit calculation of vanishing neutrino mass in Model 2

Here, we briefly present an explicit calculation of the vanishing neutrino mass model we
refer to as Model 2. This neutrino mass model arises from the UV-completion of operator
Oy47, with S3, coupling as a diquark, S; coupling as a leptoquark and ¢3 only coupling
to other scalars and gauge bosons. The part of the Lagrangian coupling fermions to the
exotic scalars can be derived from equation (A.5) by imposing baryon number conservation
and fixing the baryon numbers to be B(S3) = 2/3, B(S1) = —1/3 and B(¢3) = 1/3. We
can see from figure 22 involves mixing between ST and ¢4 /3 In a similar fashion to that
detailed for Model 1 in section 2.3 neutrino mass is then obtained from the flavour sum of
the self-energy diagrams with the freedom to set external momentum to zero:

. LL LL LL . -
%45 OC MG, 536 <(y1 )ﬁ%mlklaﬁRaﬁyw) + (i ¢ j), (C.1)

where y{JL is the leptoquark coupling matrix, zé}L is the diquark coupling matrix and

m/S1S3¢3 represents the cubic exotic scalar coupling. The integral Ixjqp is defined as in
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(a) The UV-completion of operator O47 with (b) Closing the loops by joining the quarks leads
the introduction of three exotic scalars; S, to a neutrino mass diagram.
S3, @3-

1Z3 Ta L] Vj

(c) The neutrino self-energy, after electroweak symmetry breaking and rotating into the mass basis
of the exotic scalars.

Figure 22. The UV-completion of operator O47 by the exotic scalars S (diquark), S (leptoquark)
and ¢3 and its closure forming the neutrino self-energy Feynman diagrams for our model. The
leptoquark mass states obtained after mixing are r,, for a =1, 2..

equation (B.2), with the kj - k3 being suppressed to reduce clutter. The indices k, [ run
over the three possible quark flavours and are summed over, while «, [ run over the two
possible leptoquark mass states obtained from the mixing of ST and ¢§1/ % We also define

2 g1 200 _ a2
—cos” 0 cos” 6 —sin“ 0
R.p = ) - - , (C.2)
cos” §' — sin” ¢’ sin” 6’
where ¢’ is the mixing angle between S} and gbgl/ 5,
The argument showing that equation (C.1) leads to vanishing neutrino mass goes as
follows:

LL _ LL

1. The diquark coupling to Ss3, z;fL is antisymmetric in flavour space, i.e. 23 = =235

2. The integral Zy;,g is symmetric under simultaneous relabelling of k <+ [ and a <+ 3,
and the matrix R,z is symmetric under o <+ 3.

3. The neutrino mass then evaluates to

. LINT _LL LL LINT _LL LL
X5 m/slsw3 ((% )ikZSklIklaﬁRaﬁyllj+(y1 )ijSklIklaBRaﬁym')

=5, 5,66 ((yf L)g;cZ:?)Lk%zklaﬁRaﬁylLle'+(y1LL)g;Z§kLlIklaﬁRaﬁy1Lg%c> reorder couplings
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—— ((ny>?kz§kezwﬂawﬁ§+<w>zkz§lgzmwa5yﬁ§> relabel k 1

= mi%Ssdm (ylLL);";C [zikalIklagRag—i—(sz)LlIlkagRag} ylLlJL collect like terms
= mg153¢3 (y{‘L)Zj,; {Z:‘kalIklaﬁRaB—Z:%kLlIlkBaRﬁa} yﬁ? reorder indices
= O7
(C.3)
where in the last line we used points 1. and 2., specifically that z:,kal = _Z:% and

Ziiap = Likpa- The neutrino mass arising from the UV-completion of O47 with S3
coupling as a diquark, S; coupling as a leptoquark and ¢s not coupling to any SM
fermions vanishes.

Open Access. This article is distributed under the terms of the Creative Commons

Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in

any medium, provided the original author(s) and source are credited.

References

1]
2]

3]

B. Pontecorvo, Mesonium and Antimesonium, Sov. J. Exp. Theor. Phys. 6 (1958) 429.

B. Pontecorvo, Inverse beta processes and nonconservation of lepton charge, Sov. Phys.
JETP 7 (1958) 172 [INSPIRE].

B.T. Cleveland et al., Measurement of the solar electron neutrino flux with the Homestake
chlorine detector, Astrophys. J. 496 (1998) 505 [INSPIRE].

SNO collaboration, Neutrino observations from the Sudbury Neutrino Observatory, AIP
Conf. Proc. 610 (2002) 218 [nucl-ex/0110005] [INSPIRE].

SUPER-KAMIOKANDE collaboration, Fvidence for oscillation of atmospheric neutrinos, Phys.
Rev. Lett. 81 (1998) 1562 [hep-ex/9807003] [INSPIRE].

MINOS collaboration, Observation of muon neutrino disappearance with the MINOS
detectors and the NuMI neutrino beam, Phys. Rev. Lett. 97 (2006) 191801 [hep-ex/0607088]
[INSPIRE].

KAMLAND collaboration, Precision Measurement of Neutrino Oscillation Parameters with
KamLAND, Phys. Rev. Lett. 100 (2008) 221803 [arXiv:0801.4589] [INSPIRE].

T2K collaboration, Indication of Electron Neutrino Appearance from an
Accelerator-produced Off-axis Muon Neutrino Beam, Phys. Rev. Lett. 107 (2011) 041801
[arXiv:1106.2822] [INSPIRE].

DouBLE CHOOZ collaboration, Indication of Reactor v, Disappearance in the Double
CHOOZ Experiment, Phys. Rev. Lett. 108 (2012) 131801 [arXiv:1112.6353] [INSPIRE].

DayA BAy collaboration, Observation of electron-antineutrino disappearance at Daya Bay,
Phys. Rev. Lett. 108 (2012) 171803 [arXiv:1203.1669] [INSPIRE].

RENO collaboration, Observation of Reactor Electron Antineutrino Disappearance in the
RENO Ezxperiment, Phys. Rev. Lett. 108 (2012) 191802 [arXiv:1204.0626] [INSPIRE].

45 —


https://creativecommons.org/licenses/by/4.0/
https://inspirehep.net/search?p=find+J+%22Sov.Phys.JETP,7,172%22
https://doi.org/10.1086/305343
https://inspirehep.net/search?p=find+J+%22Astrophys.J.,496,505%22
https://doi.org/10.1063/1.1469931
https://doi.org/10.1063/1.1469931
https://arxiv.org/abs/nucl-ex/0110005
https://inspirehep.net/search?p=find+EPRINT+nucl-ex/0110005
https://doi.org/10.1103/PhysRevLett.81.1562
https://doi.org/10.1103/PhysRevLett.81.1562
https://arxiv.org/abs/hep-ex/9807003
https://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,81,1562%22
https://doi.org/10.1103/PhysRevLett.97.191801
https://arxiv.org/abs/hep-ex/0607088
https://inspirehep.net/search?p=find+EPRINT+hep-ex/0607088
https://doi.org/10.1103/PhysRevLett.100.221803
https://arxiv.org/abs/0801.4589
https://inspirehep.net/search?p=find+EPRINT+arXiv:0801.4589
https://doi.org/10.1103/PhysRevLett.107.041801
https://arxiv.org/abs/1106.2822
https://inspirehep.net/search?p=find+EPRINT+arXiv:1106.2822
https://doi.org/10.1103/PhysRevLett.108.131801
https://arxiv.org/abs/1112.6353
https://inspirehep.net/search?p=find+EPRINT+arXiv:1112.6353
https://doi.org/10.1103/PhysRevLett.108.171803
https://arxiv.org/abs/1203.1669
https://inspirehep.net/search?p=find+EPRINT+arXiv:1203.1669
https://doi.org/10.1103/PhysRevLett.108.191802
https://arxiv.org/abs/1204.0626
https://inspirehep.net/search?p=find+EPRINT+arXiv:1204.0626

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]
[22]

T2K collaboration, Precise Measurement of the Neutrino Mizing Parameter 023 from Muon
Neutrino Disappearance in an Off-Azis Beam, Phys. Rev. Lett. 112 (2014) 181801
[arXiv:1403.1532] [INSPIRE].

PLANCK collaboration, Planck 2015 results. XIII. Cosmological parameters, Astron.
Astrophys. 594 (2016) A13 [arXiv:1502.01589] [INSPIRE].

KATRIN collaboration, Improved Upper Limit on the Neutrino Mass from a Direct
Kinematic Method by KATRIN, Phys. Rev. Lett. 123 (2019) 221802 [arXiv:1909.06048]
[INSPIRE].

C. Kraus et al., Final results from phase II of the Mainz neutrino mass search in tritium beta
decay, Eur. Phys. J. C 40 (2005) 447 [hep-ex/0412056] [INSPIRE].

TROITSK collaboration, An upper limit on electron antineutrino mass from Troitsk
experiment, Phys. Rev. D 84 (2011) 112003 [arXiv:1108.5034] [INSPIRE].

P. Minkowski, y — ey at a Rate of One Out of 10° Muon Decays?, Phys. Lett. B 67 (1977)
421 [INSPIRE].

W. Konetschny and W. Kummer, Nonconservation of Total Lepton Number with Scalar
Bosons, Phys. Lett. B 70 (1977) 433 [INSPIRE].

M. Gell-Mann, P. Ramond and R. Slansky, Complex Spinors and Unified Theories, Conf.
Proc. C 790927 (1979) 315 [arXiv:1306.4669] [INSPIRE].

R.N. Mohapatra and G. Senjanovié¢, Neutrino Mass and Spontaneous Parity
Nonconservation, Phys. Rev. Lett. 44 (1980) 912 [inSPIRE].

S.L. Glashow, The Future of Elementary Particle Physics, NATO Sci. Ser. B 61 (1980) 687.

R.E. Shrock, General Theory of Weak Leptonic and Semileptonic Decays. 1. Leptonic
Pseudoscalar Meson Decays, with Associated Tests For and Bounds on, Neutrino Masses and
Lepton Mizing, Phys. Rev. D 24 (1981) 1232 [InSPIRE].

J. Schechter and J.W.F. Valle, Neutrino Masses in SU(2) x U(1) Theories, Phys. Rev. D 22
(1980) 2227 [iNSPIRE].

T.P. Cheng and L.-F. Li, Neutrino Masses, Mizings and Oscillations in SU(2) x U(1) Models
of Electroweak Interactions, Phys. Rev. D 22 (1980) 2860 [iNSPIRE].

R. Foot, H. Lew, X.G. He and G.C. Joshi, Seesaw Neutrino Masses Induced by a Triplet of
Leptons, Z. Phys. C 44 (1989) 441 [nSPIRE].

M. Fabbrichesi and S.T. Petcov, Low-scale neutrino seesaw mechanism and scalar dark
matter, Bur. Phys. J. C 74 (2014) 2774 [arXiv:1304.4001] INSPIRE].

P.S. Bhupal Dev, D.K. Ghosh, N. Okada and 1. Saha, 125 GeV Higgs Boson and the Type-I1I
Seesaw Model, JHEP 03 (2013) 150 [Erratum JHEP 05 (2013) 049] [arXiv:1301.3453]
[INSPIRE].

S.-Y. Guo, Z.-L. Han and Y. Liao, Testing the type-II radiative seesaw model: From dark
matter detection to LHC' signatures, Phys. Rev. D 94 (2016) 115014 [arXiv:1609.01018]
[INSPIRE].

K.S. Babu and C.N. Leung, Classification of effective neutrino mass operators, Nucl. Phys.
B 619 (2001) 667 [hep-ph/0106054] [iNSPIRE].

— 46 —


https://doi.org/10.1103/PhysRevLett.112.181801
https://arxiv.org/abs/1403.1532
https://inspirehep.net/search?p=find+EPRINT+arXiv:1403.1532
https://doi.org/10.1051/0004-6361/201525830
https://doi.org/10.1051/0004-6361/201525830
https://arxiv.org/abs/1502.01589
https://inspirehep.net/search?p=find+EPRINT+arXiv:1502.01589
https://doi.org/10.1103/PhysRevLett.123.221802
https://arxiv.org/abs/1909.06048
https://inspirehep.net/search?p=find+EPRINT+arXiv:1909.06048
https://doi.org/10.1140/epjc/s2005-02139-7
https://arxiv.org/abs/hep-ex/0412056
https://inspirehep.net/search?p=find+EPRINT+hep-ex/0412056
https://doi.org/10.1103/PhysRevD.84.112003
https://arxiv.org/abs/1108.5034
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D84,112003%22
https://doi.org/10.1016/0370-2693(77)90435-X
https://doi.org/10.1016/0370-2693(77)90435-X
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B67,421%22
https://doi.org/10.1016/0370-2693(77)90407-5
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B70,433%22
https://arxiv.org/abs/1306.4669
https://inspirehep.net/search?p=find+EPRINT+arXiv:1306.4669
https://doi.org/10.1103/PhysRevLett.44.912
https://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,44,912%22
https://doi.org/10.1007/978-1-4684-7197-7_15
https://doi.org/10.1103/PhysRevD.24.1232
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D24,1232%22
https://doi.org/10.1103/PhysRevD.22.2227
https://doi.org/10.1103/PhysRevD.22.2227
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D22,2227%22
https://doi.org/10.1103/PhysRevD.22.2860
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D22,2860%22
https://doi.org/10.1007/BF01415558
https://inspirehep.net/search?p=find+J+%22Z.Physik,C44,441%22
https://doi.org/10.1140/epjc/s10052-014-2774-x
https://arxiv.org/abs/1304.4001
https://inspirehep.net/search?p=find+EPRINT+arXiv:1304.4001
https://doi.org/10.1007/JHEP03(2013)150
https://doi.org/10.1007/JHEP05(2013)049
https://arxiv.org/abs/1301.3453
https://inspirehep.net/search?p=find+EPRINT+arXiv:1301.3453
https://doi.org/10.1103/PhysRevD.94.115014
https://arxiv.org/abs/1609.01018
https://inspirehep.net/search?p=find+EPRINT+arXiv:1609.01018
https://doi.org/10.1016/S0550-3213(01)00504-1
https://doi.org/10.1016/S0550-3213(01)00504-1
https://arxiv.org/abs/hep-ph/0106054
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0106054

[30] P.W. Angel, N.L. Rodd and R.R. Volkas, Origin of neutrino masses at the LHC: AL = 2
effective operators and their ultraviolet completions, Phys. Rev. D 87 (2013) 073007
[arXiv:1212.6111] [NSPIRE].

[31] F. Bonnet, M. Hirsch, T. Ota and W. Winter, Systematic study of the d =5 Weinberg
operator at one-loop order, JHEP 07 (2012) 153 [arXiv:1204.5862] INSPIRE].

[32] D. Aristizabal Sierra, A. Degee, L. Dorame and M. Hirsch, Systematic classification of
two-loop realizations of the Weinberg operator, JHEP 03 (2015) 040 [arXiv:1411.7038]
[INSPIRE].

[33] R. Cepedello, R.M. Fonseca and M. Hirsch, Systematic classification of three-loop realizations
of the Weinberg operator, JHEP 10 (2018) 197 [arXiv:1807.00629] [INSPIRE].

[34] R. Cepedello, M. Hirsch and J.C. Helo, Loop neutrino masses from d =7 operator, JHEP 07
(2017) 079 [arXiv:1705.01489] [InSPIRE].

[35] A. Kobach, Baryon Number, Lepton Number and Operator Dimension in the Standard
Model, Phys. Lett. B 758 (2016) 455 [arXiv:1604.05726] [INSPIRE].

[36] Y. Cai, J. Herrero-Garcia, M.A. Schmidt, A. Vicente and R.R. Volkas, From the trees to the
forest: a review of radiative neutrino mass models, Front. Phys. 5 (2017) 63
[arXiv:1706.08524] [INSPIRE].

[37] J. Gargalionis and R.R. Volkas, in preparation.

[38] A. Crivellin, D. Miiller and T. Ota, Simultaneous explanation of R(D™)) and b — sptp~:
the last scalar leptoquarks standing, JHEP 09 (2017) 040 [arXiv:1703.09226] [INSPIRE].

[39] D. Buttazzo, A. Greljo, G. Isidori and D. Marzocca, B-physics anomalies: a guide to
combined explanations, JHEP 11 (2017) 044 [arXiv:1706.07808] [NSPIRE].

[40] D. Marzocca, Addressing the B-physics anomalies in a fundamental Composite Higgs Model,
JHEP 07 (2018) 121 [arXiv:1803.10972] [ixSPIRE].

[41] 1. Bigaran, J. Gargalionis and R.R. Volkas, A near-minimal leptoquark model for reconciling
flavour anomalies and generating radiative neutrino masses, JHEP 10 (2019) 106
[arXiv:1906.01870] INSPIRE].

[42] A. Crivellin, D. Miiller and F. Saturnino, Flavor Phenomenology of the Leptoquark
Singlet-Triplet Model, arXiv:1912.04224 [NSPIRE].

[43] Y. Sakaki, M. Tanaka, A. Tayduganov and R. Watanabe, Testing leptoquark models in
B — D1, Phys. Rev. D 88 (2013) 094012 [arXiv:1309.0301] [INSPIRE].

[44] T.J. Kim, P. Ko, J. Li, J. Park and P. Wu, Correlation between Ry and top quark FCNC
decays in leptoquark models, JHEP 07 (2019) 025 [arXiv:1812.08484] [INSPIRE].

[45] G. Hiller and I. Nisandzic, Rx and Rg+ beyond the standard model, Phys. Rev. D 96 (2017)
035003 [arXiv:1704.05444] [nSPIRE].

[46] G. Hiller and M. Schmaltz, Rx and future b — stf physics beyond the standard model
opportunities, Phys. Rev. D 90 (2014) 054014 [arXiv:1408.1627] [INSPIRE].

[47] D. Becirevié, I. Dorsner, S. Fajfer, D.A. Faroughy, N. Kosnik, and O. Sumensari, Scalar
leptoquarks from grand unified theories to accommodate the B-physics anomalies, Phys. Rev.
D 98 (2018) 055003 [arXiv:1806.05689] [INSPIRE].

47 —


https://doi.org/10.1103/PhysRevD.87.073007
https://arxiv.org/abs/1212.6111
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D87,073007%22
https://doi.org/10.1007/JHEP07(2012)153
https://arxiv.org/abs/1204.5862
https://inspirehep.net/search?p=find+EPRINT+arXiv:1204.5862
https://doi.org/10.1007/JHEP03(2015)040
https://arxiv.org/abs/1411.7038
https://inspirehep.net/search?p=find+EPRINT+arXiv:1411.7038
https://doi.org/10.1007/JHEP10(2018)197
https://arxiv.org/abs/1807.00629
https://inspirehep.net/search?p=find+EPRINT+arXiv:1807.00629
https://doi.org/10.1007/JHEP07(2017)079
https://doi.org/10.1007/JHEP07(2017)079
https://arxiv.org/abs/1705.01489
https://inspirehep.net/search?p=find+EPRINT+arXiv:1705.01489
https://doi.org/10.1016/j.physletb.2016.05.050
https://arxiv.org/abs/1604.05726
https://inspirehep.net/search?p=find+EPRINT+arXiv:1604.05726
https://doi.org/10.3389/fphy.2017.00063
https://arxiv.org/abs/1706.08524
https://inspirehep.net/search?p=find+EPRINT+arXiv:1706.08524
https://doi.org/10.1007/JHEP09(2017)040
https://arxiv.org/abs/1703.09226
https://inspirehep.net/search?p=find+EPRINT+arXiv:1703.09226
https://doi.org/10.1007/JHEP11(2017)044
https://arxiv.org/abs/1706.07808
https://inspirehep.net/search?p=find+EPRINT+arXiv:1706.07808
https://doi.org/10.1007/JHEP07(2018)121
https://arxiv.org/abs/1803.10972
https://inspirehep.net/search?p=find+EPRINT+arXiv:1803.10972
https://doi.org/10.1007/JHEP10(2019)106
https://arxiv.org/abs/1906.01870
https://inspirehep.net/search?p=find+EPRINT+arXiv:1906.01870
https://arxiv.org/abs/1912.04224
https://inspirehep.net/search?p=find+EPRINT+arXiv:1912.04224
https://doi.org/10.1103/PhysRevD.88.094012
https://arxiv.org/abs/1309.0301
https://inspirehep.net/search?p=find+EPRINT+arXiv:1309.0301
https://doi.org/10.1007/JHEP07(2019)025
https://arxiv.org/abs/1812.08484
https://inspirehep.net/search?p=find+EPRINT+arXiv:1812.08484
https://doi.org/10.1103/PhysRevD.96.035003
https://doi.org/10.1103/PhysRevD.96.035003
https://arxiv.org/abs/1704.05444
https://inspirehep.net/search?p=find+EPRINT+arXiv:1704.05444
https://doi.org/10.1103/PhysRevD.90.054014
https://arxiv.org/abs/1408.1627
https://inspirehep.net/search?p=find+EPRINT+arXiv:1408.1627
https://doi.org/10.1103/PhysRevD.98.055003
https://doi.org/10.1103/PhysRevD.98.055003
https://arxiv.org/abs/1806.05689
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D98,055003%22

[48]

[49]

[50]

[51]

[55]

[56]

[57]

[58]

G. Kumar, C. Hati, J. Orloff and A.M. Teixeira, Reconciling B-meson Anomalies, Neutrino
Masses and Dark Matter, Springer Proc. Phys. 234 (2019) 417 [arXiv:1811.10927]
[INSPIRE].

I. Dorsner, S. Fajfer, D.A. Faroughy and N. Kosnik, The role of the S3 GUT leptoquark in
flavor universality and collider searches, arXiv:1706.07779 [INSPIRE].

A. Angelescu, D. Becirevié, D.A. Faroughy and O. Sumensari, Closing the window on single
leptoquark solutions to the B-physics anomalies, JHEP 10 (2018) 183 [arXiv:1808.08179]
[INSPIRE].

B. Gripaios, M. Nardecchia and S.A. Renner, Composite leptoquarks and anomalies in
B-meson decays, JHEP 05 (2015) 006 [arXiv:1412.1791] [INnSPIRE].

J.A. Casas and A. Ibarra, Oscillating neutrinos and p — e,~, Nucl. Phys. B 618 (2001) 171
[hep-ph/0103065] [INSPIRE].

A. de Gouvéa and J. Jenkins, Survey of lepton number violation via effective operators, Phys.
Rev. D 77 (2008) 013008 [arXiv:0708.1344] InSPIRE].

I. Dorsner, S. Fajfer, A. Greljo, J.F. Kamenik and N. Kosnik, Physics of leptoquarks in
precision experiments and at particle colliders, Phys. Rept. 641 (2016) 1 [arXiv:1603.04993]
[INSPIRE].

M. Hirsch, S. Kovalenko and I. Schmidt, Fztended black box theorem for lepton number and
flavor violating processes, Phys. Lett. B 642 (2006) 106 [hep-ph/0608207] [INSPIRE].

SINDRUM II collaboration, Test of lepton flavor conservation in u — e conversion on
titanium, Phys. Lett. B 317 (1993) 631 [nSPIRE].

SINDRUM II collaboration, A Search for muon to electron conversion in muonic gold, Fur.
Phys. J. C 47 (2006) 337 [INSPIRE].

Y. Kuno, A search for muon-to-electron conversion at J-PARC: the COMET experiment,
Prog. Theor. Exp. Phys. 2013 (2013) 022C01.

MU2E collaboration, Proposal to search for u= N — e~ N with a single event sensitivity below
1071, FERMILAB-PROPOSAL-0973 (2008) [https://doi.org/10.2172/952028] [NSPIRE].

Y. Kuno, Muon to Electron Conversion Ezperiment, Nucl. Phys. B 217 (2011) 337.

R. Kitano, M. Koike and Y. Okada, Detailed calculation of lepton flavor violating muon
electron conversion rate for various nuclei, Phys. Rev. D 66 (2002) 096002 [Erratum ibid. D
76 (2007) 059902] [hep-ph/0203110] [iNSPIRE].

T.S. Kosmas, S. Kovalenko and I. Schmidt, Nuclear u~—e~ conversion in strange quark sea,
Phys. Lett. B 511 (2001) 203 [hep-ph/0102101] [INSPIRE].

A. Denner, H. Eck, O. Hahn and J. Kublbeck, Feynman rules for fermion number violating
interactions, Nucl. Phys. B 387 (1992) 467 [INSPIRE].

MEG collaboration, Search for the lepton flavour violating decay p* — et~ with the full
dataset of the MEG experiment, Eur. Phys. J. C 76 (2016) 434 [arXiv:1605.05081]
[INSPIRE].

MEG II collaboration, The design of the MEG II experiment, Fur. Phys. J. C 78 (2018)
380 [arXiv:1801.04688] [INSPIRE].

MEG II collaboration, The MEGII detector, 2017 JINST 12 C06022 [arXiv:1705.10224]
[INSPIRE].

48 —


https://doi.org/10.1007/978-3-030-29622-3_57
https://arxiv.org/abs/1811.10927
https://inspirehep.net/search?p=find+EPRINT+arXiv:1811.10927
https://arxiv.org/abs/1706.07779
https://inspirehep.net/search?p=find+EPRINT+arXiv:1706.07779
https://doi.org/10.1007/JHEP10(2018)183
https://arxiv.org/abs/1808.08179
https://inspirehep.net/search?p=find+EPRINT+arXiv:1808.08179
https://doi.org/10.1007/JHEP05(2015)006
https://arxiv.org/abs/1412.1791
https://inspirehep.net/search?p=find+EPRINT+arXiv:1412.1791
https://doi.org/10.1016/S0550-3213(01)00475-8
https://arxiv.org/abs/hep-ph/0103065
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0103065
https://doi.org/10.1103/physrevd.77.013008
https://doi.org/10.1103/physrevd.77.013008
https://arxiv.org/abs/0708.1344
https://inspirehep.net/search?p=find+EPRINT+arXiv:0708.1344
https://doi.org/10.1016/j.physrep.2016.06.001
https://arxiv.org/abs/1603.04993
https://inspirehep.net/search?p=find+EPRINT+arXiv:1603.04993
https://doi.org/10.1016/j.physletb.2006.09.012
https://arxiv.org/abs/hep-ph/0608207
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B642,106%22
https://doi.org/10.1016/0370-2693(93)91383-X
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B317,631%22
https://doi.org/10.1140/epjc/s2006-02582-x
https://doi.org/10.1140/epjc/s2006-02582-x
https://inspirehep.net/search?p=find+J+%22Eur.Phys.J.,C47,337%22
https://doi.org/10.1093/ptep/pts089
https://doi.org/10.2172/952028
https://inspirehep.net/search?p=find+R+%22FERMILAB-PROPOSAL-0973%22
https://doi.org/10.1016/j.nuclphysbps.2011.04.132
https://doi.org/10.1103/PhysRevD.76.059902
https://arxiv.org/abs/hep-ph/0203110
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0203110
https://doi.org/10.1016/S0370-2693(01)00657-8
https://arxiv.org/abs/hep-ph/0102101
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0102101
https://doi.org/10.1016/0550-3213(92)90169-C
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B387,467%22
https://doi.org/10.1140/epjc/s10052-016-4271-x
https://arxiv.org/abs/1605.05081
https://inspirehep.net/search?p=find+EPRINT+arXiv:1605.05081
https://doi.org/10.1140/epjc/s10052-018-5845-6
https://doi.org/10.1140/epjc/s10052-018-5845-6
https://arxiv.org/abs/1801.04688
https://inspirehep.net/search?p=find+EPRINT+arXiv:1801.04688
https://doi.org/10.1088/1748-0221/12/06/C06022
https://arxiv.org/abs/1705.10224
https://inspirehep.net/search?p=find+EPRINT+arXiv:1705.10224

[67]
[68]

[77]

(78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

K.A. Olive, Review of Particle Physics, Chin. Phys. C 38 (2014) 90001.

M. Davier, A. Hoecker, B. Malaescu and Z. Zhang, Reevaluation of the Hadronic
Contributions to the Muon g — 2 and to a(M%), Eur. Phys. J. C 71 (2011) 1515 [Erratum
ibid. C 72 (2012) 1874] [arXiv:1010.4180] [INSPIRE].

K. Cheung, Muon anomalous magnetic moment and leptoquark solutions, Phys. Rev. D 64
(2001) 033001 [hep-ph/0102238| [INSPIRE].

F.S. Queiroz and W. Shepherd, New physics contributions to the muon anomalous magnetic
moment: A numerical code, Phys. Rev. D 89 (2014) 095024 [arXiv:1403.2309] [INSPIRE].

D. Chakraverty, D. Choudhury and A. Datta, A Nonsupersymmetric resolution of the
anomalous muon magnetic moment, Phys. Lett. B 506 (2001) 103 [hep-ph/0102180]
[INSPIRE].

I. Dorsner, S. Fajfer and O. Sumensari, Muon g — 2 and scalar leptoquark mizing,
arXiv:1910.03877 [INnSPIRE].

SINDRUM collaboration, Search for the Decay u™ — eTeTe™, Nucl. Phys. B 299 (1988) 1
[INSPIRE].

A. Baldini et al., A submission to the 2020 update of the European Strategy for Particle
Physics on behalf of the COMET, MEG, MuZ2e and MuS3e collaborations, arXiv:1812.06540
[INSPIRE].

J. Hisano, T. Moroi, K. Tobe and M. Yamaguchi, Lepton flavor violation via right-handed
neutrino Yukawa couplings in supersymmetric standard model, Phys. Rev. D 53 (1996) 2442
[hep-ph/9510309] [INSPIRE].

J. Hisano and D. Nomura, Solar and atmospheric neutrino oscillations and lepton flavor
violation in supersymmetric models with the right-handed neutrinos, Phys. Rev. D 59 (1999)
116005 [hep-ph/9810479] [INSPIRE].

E. Arganda and M.J. Herrero, Testing supersymmetry with lepton flavor violating tau and
mu decays, Phys. Rev. D 73 (2006) 055003 [hep-ph/0510405] [INSPIRE].

M. Carpentier and S. Davidson, Constraints on two-lepton, two quark operators, FEur. Phys.
J. C 70 (2010) 1071 [arXiv:1008.0280] [iNSPIRE].

UTFIT collaboration, Model-independent constraints on AF = 2 operators and the scale of
new physics, JHEP 03 (2008) 049 [arXiv:0707.0636] INSPIRE].

T. Inami and C.S. Lim, Effects of Superheavy Quafrks and Leptons in Low-Energy Weak
Processes K, — ptu=—, Kt — ntvv and K° <+ KO, Prog. Theor. Phys. 65 (1981) 297
[Erratum ibid. 65 (1981) 1772] INSPIRE].

Unitarity Triangle Fit, (2020) http://www.utfit.org/UTfit/WebHome.

C. Bobeth, G. Hiller and G. Piranishvili, Angular distributions of B — K¢+~ decays, JHEP
12 (2007) 040 [arXiv:0709.4174] [INSPIRE].

LHCb collaboration, Search for lepton-universality violation in Bt — KT4t0~ decays, Phys.
Rev. Lett. 122 (2019) 191801 [arXiv:1903.09252] [INSPIRE].

BELLE collaboration, Test of lepton flavor universality in B — K*{+t{~ decays at Belle,
arXiv:1904.02440 [InSPIRE].

LHCbD collaboration, Test of lepton universality with BY — K*°¢* ¢~ decays, JHEP 08
(2017) 055 [arXiv:1705.05802] [INSPIRE].

— 49 —


https://doi.org/10.1088/1674-1137/38/9/090001
https://doi.org/10.1140/epjc/s10052-012-1874-8
https://arxiv.org/abs/1010.4180
https://inspirehep.net/search?p=find+EPRINT+arXiv:1010.4180
https://doi.org/10.1103/physrevd.64.033001
https://doi.org/10.1103/physrevd.64.033001
https://arxiv.org/abs/hep-ph/0102238
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0102238
https://doi.org/10.1103/physrevd.89.095024
https://arxiv.org/abs/1403.2309
https://inspirehep.net/search?p=find+EPRINT+arXiv:1403.2309
https://doi.org/10.1016/S0370-2693(01)00419-1
https://arxiv.org/abs/hep-ph/0102180
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B506,103%22
https://arxiv.org/abs/1910.03877
https://inspirehep.net/search?p=find+EPRINT+arXiv:1910.03877
https://doi.org/10.1016/0550-3213(88)90462-2
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B299,1%22
https://arxiv.org/abs/1812.06540
https://inspirehep.net/search?p=find+EPRINT+arXiv:1812.06540
https://doi.org/10.1103/PhysRevD.53.2442
https://arxiv.org/abs/hep-ph/9510309
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9510309
https://doi.org/10.1103/PhysRevD.59.116005
https://doi.org/10.1103/PhysRevD.59.116005
https://arxiv.org/abs/hep-ph/9810479
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9810479
https://doi.org/10.1103/PhysRevD.73.055003
https://arxiv.org/abs/hep-ph/0510405
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0510405
https://doi.org/10.1140/epjc/s10052-010-1482-4
https://doi.org/10.1140/epjc/s10052-010-1482-4
https://arxiv.org/abs/1008.0280
https://inspirehep.net/search?p=find+EPRINT+arXiv:1008.0280
https://doi.org/10.1088/1126-6708/2008/03/049
https://arxiv.org/abs/0707.0636
https://inspirehep.net/search?p=find+EPRINT+arXiv:0707.0636
https://doi.org/10.1143/PTP.65.297
https://inspirehep.net/search?p=find+J+%22Prog.Theor.Phys.,65,297%22
http://www.utfit.org/UTfit/WebHome
https://doi.org/10.1088/1126-6708/2007/12/040
https://doi.org/10.1088/1126-6708/2007/12/040
https://arxiv.org/abs/0709.4174
https://inspirehep.net/search?p=find+EPRINT+arXiv:0709.4174
https://doi.org/10.1103/PhysRevLett.122.191801
https://doi.org/10.1103/PhysRevLett.122.191801
https://arxiv.org/abs/1903.09252
https://inspirehep.net/search?p=find+EPRINT+arXiv:1903.09252
https://arxiv.org/abs/1904.02440
https://inspirehep.net/search?p=find+EPRINT+arXiv:1904.02440
https://doi.org/10.1007/JHEP08(2017)055
https://doi.org/10.1007/JHEP08(2017)055
https://arxiv.org/abs/1705.05802
https://inspirehep.net/search?p=find+EPRINT+arXiv:1705.05802

[86] J. Aebischer, W. Altmannshofer, D. Guadagnoli, M. Reboud, P. Stangl and D.M. Straub,
B-decay discrepancies after Moriond 2019, arXiv:1903.10434 [INSPIRE].

[87] CMS collaboration, Search for narrow and broad dijet resonances in proton-proton collisions
at /s =13 TeV and constraints on dark matter mediators and other new particles, JHEP 08
(2018) 130 [arXiv:1806.00843] [INSPIRE].

[88] J.L. Hewett and T.G. Rizzo, Low-Energy Phenomenology of Superstring Inspired Eg Models,
Phys. Rept. 183 (1989) 193 [nSPIRE].

[89] CMS collaboration, Constraints on models of scalar and vector leptoquarks decaying to a
quark and a neutrino at /s = 13 TeV, Phys. Rev. D 98 (2018) 032005 [arXiv:1805.10228]
[INSPIRE].

[90] H.H. Patel, Package-X: A Mathematica package for the analytic calculation of one-loop
integrals, Comput. Phys. Commun. 197 (2015) 276 [arXiv:1503.01469] [INSPIRE].

[91] J. Ellis, TikZ-Feynman: Feynman diagrams with TikZ, Comput. Phys. Commun. 210 (2017)
103 [arXiv:1601.05437] [INSPIRE].

— 50 —


https://arxiv.org/abs/1903.10434
https://inspirehep.net/search?p=find+EPRINT+arXiv:1903.10434
https://doi.org/10.1007/JHEP08(2018)130
https://doi.org/10.1007/JHEP08(2018)130
https://arxiv.org/abs/1806.00843
https://inspirehep.net/search?p=find+EPRINT+arXiv:1806.00843
https://doi.org/10.1016/0370-1573(89)90071-9
https://inspirehep.net/search?p=find+J+%22Phys.Rep.,183,193%22
https://doi.org/10.1103/PhysRevD.98.032005
https://arxiv.org/abs/1805.10228
https://inspirehep.net/search?p=find+EPRINT+arXiv:1805.10228
https://doi.org/10.1016/j.cpc.2015.08.017
https://arxiv.org/abs/1503.01469
https://inspirehep.net/search?p=find+J+%22Comput.Phys.Commun.,197,276%22
https://doi.org/10.1016/j.cpc.2016.08.019
https://doi.org/10.1016/j.cpc.2016.08.019
https://arxiv.org/abs/1601.05437
https://inspirehep.net/search?p=find+EPRINT+arXiv:1601.05437

	Introduction
	The Model
	The Lagrangian
	Scalar Boson mixing
	Neutrino mass generation
	Casas-Ibarra parametrisation
	Parameters and notation for analysis
	Model 2 and vanishing neutrino self-energies

	Constraints from rare processes and flavour physics
	Rare processes of charged leptons
	mu -> e conversion in nuclei
	mu -> e gamma
	Anomalous magnetic moment of the muon
	mu -> eee

	Rare meson decays
	Leptonic meson decays
	Semi-leptonic meson decays

	Neutral meson anti-meson mixing
	Solving the R(K**((*))) anomaly

	Results
	Texture A
	Texture B
	Texture C

	Conclusion
	The full Lagrangian
	The gauge sector
	The fermion sector
	The scalar sector

	Calculation of I(kl)
	Explicit calculation of vanishing neutrino mass in Model 2

