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ABSTRACT: Models of radiative Majorana neutrino masses require new scalars and/or
fermions to induce lepton-number-violating interactions. We show that these new parti-
cles also generate observable neutrino non-standard interactions (NSI) with matter. We
classify radiative models as type-I or II, with type-I models containing at least one Stan-
dard Model (SM) particle inside the loop diagram generating neutrino mass, and type-
II models having no SM particle inside the loop. While type-II radiative models do
not generate NSI at tree-level, popular models which fall under the type-I category are
shown, somewhat surprisingly, to generate observable NSI at tree-level, while being con-
sistent with direct and indirect constraints from colliders, electroweak precision data and
charged-lepton flavor violation (cLFV). We survey such models where neutrino masses
arise at one, two and three loops. In the prototypical Zee model which generates neutrino
masses via one-loop diagrams involving charged scalars, we find that diagonal NSI can
be as large as (8%, 3.8%,9.3%) for (ece,€puu,err), while off-diagonal NSI can be at most
(1073%,0.56%, 0.34%) for (eu,€er,epr). In one-loop neutrino mass models using lepto-
quarks (LQs), (euu, €rr) can be as large as (21.6%, 51.7%), while ece and (€cpu, €er, Epur)
can at most be 0.6%. Other two- and three-loop LQ models are found to give NSI of
similar strength. The most stringent constraints on the diagonal NSI are found to come
from neutrino oscillation and scattering experiments, while the off-diagonal NSI are mostly
constrained by low-energy processes, such as atomic parity violation and cLFV. We also
comment on the future sensitivity of these radiative models in long-baseline neutrino ex-
periments, such as DUNE. While our analysis is focused on radiative neutrino mass models,

it essentially covers all NSI possibilities with heavy mediators.
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1 Introduction

The origin of tiny neutrino masses needed to explain the observed neutrino oscillation data
is of fundamental importance in particle physics. Most attempts that explain the smallness
of these masses assume the neutrinos to be Majorana particles, in which case their masses
could arise from effective higher dimensional operators, suppressed by a high energy scale
that characterizes lepton number violation. This is the case with the seesaw mechanism,
where the dimension-five operator [1]

O) = L'IH"H'eypey (1.1)

suppressed by an inverse mass scale A is induced by integrating out Standard Model (SM)
singlet fermions [2-6], SU(2), triplet scalars [7-10], or SU(2), triplet fermions [11] with
mass of order A.! Ineq. (1.1), L stands for the lepton doublet, and H for the Higgs doublet,
with 4, 7, k, 1 denoting SU(2), indices, and € is the SU(2);, antisymmetric tensor. Once
the vacuum expectation value (VEV) of the Higgs field, (H") ~ 246 GeV is inserted in
eq. (1.1), Majorana masses for the neutrinos given by m, = v2/A will be induced. For
light neutrino masses in the observed range, m, ~ (1073 — 10~!)eV, the scale A should
be around 10 GeV. The mass of the new particle that is integrated out need not be A,
since it is parametrically different, involving a combination of Yukawa couplings and A.
For example, in the type-I seesaw model the heavy right-handed neutrino mass goes as
Mp ~ y,%A, which can be near the TeV scale, if the Dirac Yukawa coupling yp ~ 1076,
However, it is also possible that yp ~ O(1), in which case the new physics involved in
neutrino mass generation could not be probed directly in experiments.?

An alternative explanation for small neutrino masses is that they arise only as quantum
corrections [14-16] (for a review, see ref. [17]). In these radiative neutrino mass models,
the tree-level Lagrangian does not generate O; of eq. (1.1), owing to the particle content or
symmetries present in the model. If such a model has lepton number violation, then small
Majorana masses for neutrinos will be induced at the loop level. The leading diagram may
arise at one, two, or three loop level, depending on the model details, which will have an
appropriate loop suppression factor, and typically a chiral suppression factor involving a

'For a clear discussion of the classification of seesaw types see ref. [12].
2This is strictly true for one generation case. For more than one generation, the scale could be lower [13].



light fermion mass as well.> For example, in the two-loop neutrino mass model of refs. [15,
16], small and calculable m,, arises from the diagram shown in figure 43, which is estimated

to be of order
_fhomy
(1672)2 M’

assuming normal ordering of neutrino masses and requiring large p — 7 mixing. Here f, h

m, ~ (1.2)

are Yukawa couplings involving new charged scalars with mass of order M. Even with
f ~ h ~ 1, to obtain m, ~ 0.1eV, one would require the scalar mass M ~ TeV. This
type of new physics can be directly probed at colliders, enabling direct tests of the origin
of neutrino mass.

When the mediators of neutrino mass generation have masses around or below the
TeV scale, they can also induce other non-standard processes. The focus of this paper
is neutrino non-standard interactions (NSI) [18] induced by these mediators. These NSI
are of great phenomenological interest, as their presence would modify the standard three-
neutrino oscillation picture. The NSI will modify scattering experiments, as the production
and detection vertices are corrected; they would also modify neutrino oscillations, primarily
through new contributions to matter effects. There have been a variety of phenomenological
studies of NSI in the context of oscillations, but relatively lesser effort has gone into the
ultraviolet (UV) completion of models that yield such NSI (for a recent update, see ref. [19]).
A major challenge in generating observable NSI in any UV-complete model is that there are
severe constraints arising from charged-lepton flavor violation (cLFV) [20]. One possible
way to avoid such constraints is to have light mediators for NSI [21-23]. In contrast to
these attempts, in this paper we focus on heavy mediators, and study the range of NSI
allowed in a class of radiative neutrino mass models.* Apart from being consistent with
cLFV constraints, these models should also be consistent with direct collider searches for
new particles and precision electroweak constraints. We find, somewhat surprisingly, that
the strengths of the diagonal NSI can be (20-50)% of the weak interaction strength for the
flavor diagonal components in a class of popular models that we term as type-I radiative
neutrino mass models, while they are absent at tree-level in another class, termed type-I1
radiative models.

1.1 Type-I and type-II radiative neutrino mass models

We propose a nomenclature that greatly helps the classification of various radiative models
of neutrino mass generation. One class of models can be described by lepton number vio-
lating effective higher dimensional operators, similar to eq. (1.1). A prototypical example is
the Zee model [14] which introduces a second Higgs doublet and a charged SU(2) .-singlet
scalar to the SM. Interactions of these fields violate lepton number, and would lead to the
effective lepton number violating (AL = 2) dimension 7 operator

Oy = L'LILFeH'ejjepy (1.3)

3The magnitude of m, would be too small if it is induced at four or higher loops, assuming that the
diagrams have chiral suppression factors proportional to the SM charged fermion masses; see section 7.4.

4 Analysis of ref. [24, 25] of neutrino NSI in a model with charged singlet and /or doublet scalars, although
not in the context of a neutrino mass model, is analogous to one model we analyze.



with indices ¢, 7, . . . referring to SU(2),, and e standing for the SU(2), singlet let-handed
positron state. Neutrino masses arise via the one-loop diagram shown in figure 4. The
induced neutrino mass has an explicit chiral suppression factor, proportional to the charged
lepton mass inside the loop. Operator Oy can be obtained by cutting the diagram of
figure 4. We call radiative neutrino mass models of this type, having a loop suppression
and a chirality suppression proportional to a light charged fermion mass, and expressible
in terms of an effective higher dimensional operator as in eq. (1.3) as type-I radiative
models. A classification of low dimensional operators that violate lepton number by two
units has been worked out in ref. [26]. Each of these operators can generate a finite set of
type-I radiative neutrino mass models in a well-defined manner. Lepton number violating
phenomenology of these operators has been studied in ref. [27].

Another well known example in this category is the two-loop neutrino mass model of
refs. [15, 16], which induces an effective d = 9 operator

Og = L'LILFeCLleCejer . (1.4)

Neutrino masses arise in this model via the two-loop diagrams shown in figure 43, which
has a chiral suppression factor proportional to m?, with ¢ standing for the charged leptons
of the SM.

This category of type-I radiative neutrino mass models is populated by one-loop, two-
loop, and three-loop models. Popular one-loop type-I models include the Zee model [14]
(cf. section 4), and its variant with LQs replacing the charged scalars (cf. section 5). This
variant is realized in supersymmetric models with R-parity violation [28]. Other one-loop
models include SU(2)-triplet LQ models (cf. section 7.1.6) wherein the neutrino mass is
proportional to the up-type quark masses [29, 30]. Ref. [31] has classified simple realizations
of all models leading to d = 7 lepton number violating operators, which is summarized in
section 2. Popular type-I two-loop models include the Zee-Babu model [15, 16] (cf. sec-
tion 7.2.1), a variant of it using LQs and a diquark (DQ) [32] (cf. section 7.2.2), a pure LQ
extension [33] (cf. section 7.2.3), a model with LQs and vector-like fermions [34] (cf. sec-
tion 7.2.4), and the Angelic model [35] (cf. section 7.2.5). We also present here a new
two-loop model (cf. section 7.2.9) with LQs wherein the neutrino masses are proportional
to the up-type quark masses. Type-I three-loop models include the KNT model [36] (cf. sec-
tion 7.3.1), an LQ variant of the KNT model [37] (cf. section 7.3.4), the AKS model [38]
(cf. section 7.3.2), and the cocktail model [39] (cf. section 7.3.3). For a review of this class
of models, see ref. [17].

A systematic approach to identify type-I radiative models is to start from a given
AL = 2 effective operators of the type Os of eq. (1.3), open the operator in all possible
ways, and identify the mediators that would be needed to generate the operator. Such a
study was initiated in ref. [26], and further developed in refs. [31, 40]. We shall rely on these
techniques. In particular, the many models suggested in ref. [31] have been elaborated on
in section 7, and their implications for NSI have been identified. This method has been
applied to uncover new models in ref. [41].

In all these models there are new scalar bosons, which are almost always necessary
for neutrino mass generation in type-I radiative models using effective higher dimensional



Particle Content Lagrangian term
nt(1,1,1) or AT(1,1,1) fapLaLgn™ or fogLoLgh™
®(1,2,1) = (¢F,¢°) YopLal®
Q(3,2,3) = (w?/3,w1/3) AapLad§Q
x(3,1,-3) X, 5 LaQpx*
p(3,8,3) = (05,03, 5=2/%) N gLaQpp
§(3,2,1) = (6°/3,6%3) Ay Lou§o
A(1,3,1) = (ATH, AT, AD) flaLalpgA

Table 1. Summary of new particles, their SU(3), x SU(2); x U(l)y quantum numbers (with
the non-Abelian charges in boldface), field components and electric charges (in superscript), and
corresponding Lagrangian terms responsible for NSI in various type-I radiative neutrino mass models
discussed in sections 4, 5 and 7. Here P = 119 ®*, with 75 being the second Pauli matrix. For a
singly charged scalar, n and h™ are used interchangeably, to be consistent with literature.

operators. For future reference, we list in table 1 all possible new scalar mediators in type-1
radiative models that can couple to neutrinos, along with their SU(3). x SU(2)r, x U(1)y
quantum numbers, field components and electric charges (in superscript), and correspond-
ing Lagrangian terms responsible for NSI. We will discuss them in detail in 4, 5 and 7.
The models discussed in section 7 contain other particles as well, which are however not
relevant for the NSI discussion, so are not shown in table 1. Note that the scalar triplet
A(1,3,1) could induce neutrino mass at tree-level via type-II seesaw mechanism [7-10],
which makes radiative models involving A field somewhat unattractive, and therefore, is
not included in our subsequent discussion.

There is one exception to the need for having new scalars for type-I radiative models
(see section 7.1.1). The Higgs boson and the W, Z bosons of the SM can be the mediators
for radiative neutrino mass generation, with the new particles being fermions. In this case,
however, there would be tree-level neutrino mass 4 la type-I seesaw mechanism [2-6], which
should be suppressed by some mechanism or symmetry. Such a model has been analyzed
in refs. [42, 43], which leads to interesting phenomenology, see section 7.1.

From the perspective of neutrino NSI, these type-I radiative models are the most
interesting, as the neutrino couples to a SM fermion and a new scalar directly, with the
scalar mass near the TeV scale. We have analyzed the ranges of NSI possible in all these
type-1I radiative models. Our results are summarized in figure 59 and table 20.

A second class of radiative neutrino mass models has entirely new (i.e., non-SM) par-
ticles inside the loop diagrams generating the mass. These models cannot be derived from
effective AL = 2 higher-dimensional operators, as there is no way to cut the loop diagram
and generate such operators. We term this class of models type-1I radiative neutrino mass
models (cf. section 8). The induced neutrino mass may have a chiral suppression, but this
is not proportional to any light fermion mass. Effectively, these models generate operator
O of eq. (1.1), but with some loop suppression. From a purely neutrino mass perspective,



the scale of new physics could be of order 10'° GeV in these models. However, there are
often other considerations which make the scale near a TeV, a prime example being the
identification of a WIMP dark matter with a particle that circulates in the loop diagram
generating neutrino mass.

A well-known example of the type-II radiative neutrino mass model is the scotogenic
model [44] which assumes a second Higgs doublet and right-handed neutrinos N beyond
the SM. A discrete Z3 symmetry is assumed under which N and the second Higgs doublet
are odd. If this Zs remains unbroken, the lightest of the Z-odd particles can serve as a
dark matter candidate. Neutrino mass arises through the diagram of figure 57. Note that
this diagram cannot be cut in any way to generate an effective higher dimensional operator
of the SM. While the neutrino mass is chirally suppressed by My, this need not be small,
except for the desire for it (or the neutral component of the scalar) to be TeV-scale dark
matter. There are a variety of other models that fall into the type-II category [45-50].

The type-II radiative neutrino mass models will have negligible neutrino NSI, as the
neutrino always couples to non-SM fermions and scalars. Any NSI would be induced at
the loop level, which would be too small to be observable in experiments. As a result, in
our comprehensive analysis of radiative neutrino mass models for NSI, we can safely ignore
type-II models.

One remark is warranted here. Consider an effective operator of the type
O = L'LIH"H'ejpeji(uu) (uu)*. (1.5)

Such an operator would lead to neutrino masses at the two-loop level, as can be seen in
an explicit model shown in figure 58. Although this model can be described as arising
from an effective AL = 2 operator, the neutrino mass has no chiral suppression here. The
mass scale of the new scalars could be as large as 10'° GeV. Such models do belong to
type-I radiative models; however, they are more like type-II models due to the lack of
a chiral suppression. In any case, the NSI induced by the LQs that go inside the loop
diagram for neutrino masses is already covered in other type-I radiative models that we
have analyzed. Another example of this type of operator is L‘LJ H*H leikeﬂ(H TH), which
is realized for instance in the minimal radiative inverse seesaw model (MRISM) of ref. [43]
(see section 7.1.1). Such effective operators, which appear as products of lower operators,
were treated as trivial in the classification of ref. [26].

1.2 Summary of results

We have mapped out in this paper the allowed ranges for the neutrino NSI parameters e,
(cf. section 3) in radiative neutrino mass models. We present a detailed analysis of the
Zee model [14] with light charged scalar bosons (cf. section 4). To map out the allowed
values of €,3, we have analyzed constraints arising from the following experimental and
theoretical considerations: i) Contact interaction limits from LEP (cf. section 4.6); ii)
Monophoton constraints from LEP (cf. section 4.11); iii) Direct searches for charged scalar
pair and single production at LEP (cf. section 4.7.1); iv) Pair production of charged scalars
at LHC (cf. section 4.7.2); v) Higgs physics constraints from LHC (cf. section 4.10); vi)



Lepton universality in W decays (cf. section 4.8); vii) Lepton universality in 7 decays
(cf. section 4.9); viii) Electroweak precision data (cf. section 4.4); ix) charged-lepton flavor
violation (cf. section 4.5); x) Perturbative unitarity of Yukawa and quartic couplings; and
xi) charge-breaking minima of the Higgs potential (cf. section 4.3).

Imposing these constraints, we find that light charged scalars, arising either from the
SU(2)-singlet or doublet field or an admixture, can have a mass near 100 GeV. Neu-
trino NSI obtained from the pure SU(2)-singlet component turns out to be unobservably
small. However, the SU(2)-doublet component in the light scalar can have significant
Yukawa couplings to the electron and the neutrinos, thus inducing potentially large NSI.
The maximum allowed NSI in this model is summarized below (cf. table 9):

Zee emax = 8% e = 38% , e = 93%
model: eg ™ = 0.0015% , &&= = 0.56% Epr = 0.34%

These values are significantly larger than the ones obtained in ref. [51], where the contri-
butions from the doublet Yukawa couplings of the light charged Higgs were ignored.

We have also analyzed in detail L.Q models of radiative neutrino mass generation. As
the base model we analyze the LQ version of the Zee model (cf. section 5), the results of
which can also be applied to other LQ models with minimal modifications. This analysis
took into account the following experimental constraints: i) Direct searches for LQ pair and
single production at LHC (cf. section 5.3); ii) APV (cf. section 5.1.1); iii) charged-lepton
flavor violation (cf. sections 5.1.4 and 5.1.5); and iv) rare meson decays (cf. section 5.1.6).
Including all these constraints we found the maximum possible NSI induced by the singlet
and doublet L) components, as given below (cf. table 17):

SU(2)r-singlet 22 = 0.69%, emax — 0.17%, em = 34.3%,
LQ model: el = 1.5x107°%, en™ = 0.36%, e = 0.43%.
SU(2)r-doublet el** = 0.4%, enp’ = 21.6%, eff* = 34.3%,
LQ model: el = 1.5 x107°%, ep™ = 0.36%, e = 0.43%.

Our results yield somewhat larger NSI compared to the results of ref. [52] which analyzed,
in part, effective interactions obtained by integrating out the LQ fields.

We also analyzed a variant of the LQ model with SU(2)z-triplet LQs, which have
couplings to both up and down quarks simultaneously. The maximum NSI in this case are
found to be as follows (cf. eq. (6.15)):

SU(2)-triplet &2 = 0.59%, e’ = 249%, en® = 51.7%,
LQ model: emax — 1.9 1079%, em™ = 0.50%, em = 0.38%.

For completeness, we also list here the maximum possible tree-level NSI in the two-loop
Zee-Babu model (cf. eq. (7.10)):

Zee-Babu 2% = 0%, ™ = 0.9%, 2 = 0.3%,

ee o T

model: et = 0%, eg™ = 0%, e = 0.3%.



The NSI predictions in all other models analyzed here will fall into one of the above
categories (except for the MRISM discussed in section 7.1.1). Our results for the base
models mentioned above are summarized in figure 59, and the results for all the models
analyzed in this paper are tabulated in table 20. We emphasize that while our analysis is
focused on radiative neutrino mass models, it essentially covers all NSI possibilities with
heavy mediators, and thus is more general.

The rest of the paper is structured as follows. In section 2, we discuss the classification
of low-dimensional lepton-number violating operators and their UV completions. In sec-
tion 3, we briefly review neutrino NSI and establish our notation. section 4 discusses the
Zee model of neutrino masses and derives the various experimental and theoretical con-
straints on the model. Applying these constraints, we derive the allowed range for the NSI
parameters. Here we also show how neutrino oscillation data may be consistently explained
with large NSI. In section 5 we turn to the one-loop radiative model for neutrino mass with
LQs. Here we delineate the collider and low energy constraints on the model and derive
the ranges for neutrino NSI. In section 6, we discuss a variant of the one-loop LQ model
with triplet LQ. In section 7 we discuss other type-I models of radiative neutrino mass and
obtain the allowed values of ,3. We briefly discuss NSI in type-II models in section 8. In
section 9 we conclude. Our results are tabulated in table 20 and summarized in figure 59.
In appendix A, we present the analytic expressions for the charged-scalar production cross
sections in electron-positron collisions.

2 Classification of AL = 2 operators and their UV completions

It is instructive to write down low-dimensional effective operators that carry lepton number
of two units (AL = 2), since all type-I radiative models can be constructed systematically
from these operators. Here we present a summary of such operators through d = 7 [26].
We use two component Weyl notation for SM fermions and denote them as

1 1 — 1 - 2
L(1,2,—= “1,1,1 3,2, — d°(3,1,= ‘13,1,—=) . 2.1
<a) 2)76(77)7Q<576>) <a)3>)u()v 3> ( )

The Higgs field of the SM is denoted as H (1, 2, %) The AL = 2 operators in the SM are
all odd-dimensional. The full list of operators through d = 7 is given by [26]:

O = L'LVH Hejejy (2.2a)
Oy = L'LIL*e“Hle ey (2.2b)
Oy = {LiLJdeCqujekl, LiLijdCHleikeﬂ} = {034, O3}, (2.2¢)
O = {LiLﬂ'QﬁH’f% LZ’LJ’@@H’%U} = (O, O}, (2.2d)
O = Liecucd“He;; . (2.2¢)

Not listed here are products of lower-dimensional operators, such as O; x HH, with the
SU(2), contraction of HH being a singlet. Here O is the Weinberg operator [1], while the



Figure 1. Diagrams that generate operators of dimension 7 via (a) scalar and vectorlike fermion
exchange, and (b) by pure scalar exchange.

remaining operators are all d = 7.5 In this paper, we shall analyze all models of neutrino
mass arising from these d = 7 operators for their NSI, as well as the two-loop Zee-Babu
model arising from Oy of eq. (1.4). A few other models that have been proposed in the
literature with higher dimensional operators will also be studied. The full list of d = 9
models is expected to contain a large number, which has not been done to date.

Each of these d = 7 operators can lead to finite number of UV complete neutrino
mass models. The generic diagrams that induce all of the d = 7 operators are shown in
figure 1. Take for example the operator Oy in eq. (2.2b). There are two classes of models
that can generate this operator with the respective mediators obtained from the following
contractions (see table 2):

O = L(LL)(e°H), 02 = H(LL)(Le®) . (2.3)

Here the pairing of fields suggests the mediator necessary. The (LL) contraction would
require a scalar that can be either an SU(2), singlet, or a triplet. The (e“H) contraction
would require a new fermion, which is typically a vectorlike fermion.® Thus, O} has two
UV completions, with the addition of a vectorlike lepton v (1, 2, —%) to the SM, along
with a scalar which is either a singlet n7(1,1,1), or a triplet A(1,3,1). The choice of
A(1,3,1) can lead to the generation of the lower d = 5 operator at tree level via type-II
seesaw, and therefore, is usually not employed in radiative models. The model realizing
O3 with (1, 2, —%) vectorlike lepton and 7™ (1,1,1) scalar is discussed in section 7.1.2.
Similarly operator O3 has a unique UV completion, with two scalars added to the SM —
one n*(1,1,1) and one ® (1, 2, %) This is the Zee model of neutrino mass, discussed at
length in section 4.

Operators O3, and O3, in eq. (2.2¢) can be realized by the UV complete models given
in table. 3 [31]. Here all possible contraction among the fields are shown, along with the
required mediators to achieve these contractions. Fields denoted as ¢ and 7 are scalars,

°In the naming convention of ref. [26], operators were organized based on how many fermion fields are
in them. Operators Os — O7, which are d = 9 operators, appeared ahead of the d = 7 operator Os.

5There is a third contraction allowed in principle, e(LL)(LH). However, the mediator needed to realize
this would generate d = 5 operator LLLH either via type-I or type-II seesaw at tree-level, and hence this
contraction is not used in radiative neutrino mass models.



o} 02
L(LL)(e°H) H(LL)(Le®)

¢ (1L,1,1) ¢ (1,1,1)

'(/J (1727_%) n (1727%)

Table 2. Minimal UV completions of operator O, [31]. Here ¢ and 7 generically denote scalars and
¥ is a generic vectorlike fermion. The SM quantum numbers of these new fields are as indicated.

0} 03 03 03 03 0
Q(LL)(d°H) d°(LL)(QH) L(Ld°)(QH) L(LQ)(d°H) L(LQ)(d°H) L(Ld°)(QH)
o (1,1,1) (1,1,1) (3,2, %) (3,1,—3) (3,3,—-3) (3,2, %)
v (3,2,-3) (3,1,3) (3,1,3) (3,2,-3)  (82-%) (3.3,3)
O34 O34 O3z, Osy O34, O3y O34, O3y
03 (@) 03
H(LL)(Qd?) H(LQ)(Ld®) H(LQ)(Ld")
¢ (1,1,1) (3.1,-3)  (383,-3)
n o (1,2,3) (3.2,5) (3.2,5)
Os, Oz O34, O3y

Table 3. Minimal UV completions of operators Oz, and Os, [31]. Here the models in the top

segment require a new scalar ¢ and a vectorlike fermion 1, while those in the lower segment require
two scalar fields ¢ and 7.

O} O3 O3
Q(LL)(u*H) w®(LL)(QH) H(LL)(Qu®)
) (1,1,1) (1,1,1) 1) (1,1,1)
v (325 (31,3 n (1,23
O O Oup

Table 4. Minimal UV completions of the operators Oy, and Oy. Note that only the operator Oy,
is generated. Fields ¢ and n are scalars, while the v fields are vectorlike fermions.

O} O3 0% O¢
L@ w)(d°H) w(Ld°)(eFH) e&(Ld°)(acH) (Ld°)(wee?) H
¢ (3.1,—3) (3.2.5) (3.2,5) ¢ (3.1,-3)
v (3,2,-3) (1,2,-3) (3.2, %) (3,2.5)

Table 5. Minimal UV completions of operator Og. Fields ¢ and 7 are scalars, while the v fields

are vectorlike fermions.
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Figure 2. Topologies of one-loop radiative neutrino mass diagrams.

while 1 is a vectorlike fermion. The SM quantum numbers for each field are also indicated
in the table. We shall analyze neutrino NSI arising from each of these models in section 7.

The UV completions of operators 04 and Og are shown in tables 4 and 5 respec-
tively [31]. These models will all be analyzed in section 7 for neutrino NSI. Note that in
both O4 and Og, pairing of un-barred and barred fermion fields is not included, as the
mediators for such an UV completion will have to be vector bosons which would make
such models difficult to realize. As a result, only O4 can be realized with scalar and
fermionic exchange.

Classification based on topology of diagrams Rather than classifying radiative neu-
trino mass models in terms of effective AL = 2 operators, one could also organize them in
terms of the topology of the loop diagrams [12, 53, 54]. Possible one-loop topologies are
shown in figure 2 [12, 53], and the two-loop topologies are shown in figure 3 [54]. Note
that in the two-loop diagrams, two Higgs particles that are connected to two internal lines
in possible ways are not shown. Recently the three-loop topologies that generate operator
O has been classified in ref. [55].

For the purpose of NSI, we find the classification based on type-I and type-1I suggested
here more convenient. The classification based on the diagram topology does not specify
whether the internal particles are SM fermions or not, and the NSI effects arise only when
neutrino couples to the SM fermions. Let us also note that the first diagram of figure 2 and
the first two diagrams of figure 3 are the ones that appear most frequently in the explicit
type-I radiative models that we discuss in subsequent sections.

3 Neutrino non-standard interactions

Neutrino NSI can be of two types: Neutral Current (NC) and Charged Current (CC). The
CC NSI of neutrinos with the matter fields in general affects the production and detection
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Figure 3. Topologies of two-loop neutrino mass diagrams. Two Higgs bosons should be attached
to internal lines in all possible ways.

of neutrinos, while the NC NSI affects the neutrino propagation in matter. In the low-
energy regime, neutrino NSI with matter fields can be formulated in terms of an effective
four-fermion Lagrangian as follows [18]:

LNS = —2V2Gr Y el (v Prvg) (FruPxf) (3.1)
fXap

£55 = -2v2Gr > el (Bany"Prls) (FyPxf) | (3:2)
£ X 0B

where G is the Fermi coupling constant, and Px (with X = L, R) denotes the chirality pro-
jection operators P, p = (1F+°)/2. These projection operators can also be reparametrized
into vector and axial components of the interaction. The dimensionless coefficients €,4 are
the NSI parameters that quantify the strength of the NSI between neutrinos of flavors «
and # and the matter fields f, f’ € {e,u,d}. If e4p # 0 for a # 3, the NSI violates lepton
flavor, while for 4o # €43, it violates lepton flavor universality.

The vector component of NSI, afi}; = €£§ + Ef;g”, affects neutrino oscillations by provid-
ing a new flavor-dependent matter effect.” The effective Hamiltonian for the matter effect

is given by
1 0 0 0 14 cee Eep Eer
H= EUPMNS 0Am3;, 0 UIIMNS +V2GpN,(z) Eeu  Eup Epr | (33)
0 0 Am3 €5 €l Err

where Upyns is the standard 3 x 3 lepton mixing matrix, E is the neutrino energy, N(x)
is the electron number density as a function of the distance x traveled by the neutrino in
matter, and the 1 in the 1 4+ &, term is due to the standard CC matter potential. The
Hamiltonian level NSI in eq. (3.3) is related to the Lagrangian level NSI in eq. (3.1) as

"The axial-vector part of the weak interaction gives a nuclear spin-dependent contribution that averages
to zero in the non-relativistic limit for the nucleus.
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follows:

w= 3 (W)

feleu,d}
— eV p 2 uV av uV 92 av 4
6a6+<Ne($)>( gaﬁ+€a6)+<Ne(x) (Eaﬁ_'_ Eaﬁ)a (3 )

where Ny (z) is the number density of fermion f at position =, and (N,,)/Ne) is the average
ratio of the density of protons (neutrons) to the density of electrons along the neutrino
propagation path. Note that the coherent forward scattering of neutrinos with nucleons
can be thought of as the incoherent sum of the neutrino scattering with the constituent
quarks, because the nucleon form factors are equal to one in the limit of zero momentum
transfer. Assuming electric charge neutrality of the medium, we can set (Np(z)/Ne(z)) =1
and define the ratio Y;,(x) = (N, (z)/Ne(x)) to rewrite eq. (3.4) as

Eap = oy + [2+ Yo(2)] el + [1 + 2Yn(2)] €2 . (3.5)

In the Earth, the ratio Y,, which characterizes the matter chemical composition can be
taken to be constant to very good approximation. According to the Preliminary Reference
Earth Model (PREM) [56], Y;, = 1.012 in the mantle and 1.137 in the core, with an average
value Y,, = 1.051 all over the Earth. On the other hand, for solar neutrinos, Y;,(z) depends
on the distance to the center of the Sun and drops from about 1/2 in the center to about
1/6 at the border of the solar core [57, 58].

In the following sections, we will derive the predictions for the NSI parameters e,
in various radiative neutrino mass models, which should then be compared with the ex-
perimental and/or global-fit constraints [59-62] on €,4 using eq. (3.5). We would like to
emphasize two points in this connection:

(i) Depending on the model, we might have NSI induced only in the neutrino-electron or
neutrino-nucleon interactions, or involving only left- or right-chirality of the matter
fields. In such cases, only the relevant terms in eq. (3.5) should be considered, while
comparing with the experimental or global-fit constraints.

(ii) Most of the experimental constraints [60] are derived assuming only one NSI parame-
ter at a time, whereas within the framework of a given model, there might exist some
non-trivial correlation between NSI involving different neutrino flavors, as we will see
below. On the other hand, the global-fits [61, 62] usually perform a scan over all NSI
parameters switched on at the same time in their analyses, whereas for a given model,
the cLF'V constraints usually force the NSI involving some flavor combinations to be
small, in order to allow for those involving some other flavor combination to be siz-
able. To make a conservative comparison with our model predictions, we will quote
the most stringent values from the set of experimental and global-fit constraints both,
as well as the future DUNE sensitivities [63-66] (cf. tables 9 and 17).

- 12 —



4 Observable NSI in the Zee model

One of the simplest extensions of the SM that can generate neutrino mass radiatively is
the Zee Model [14], wherein small Majorana masses arise through one-loop diagrams. This
is a type-I radiative model, as it can be realized by opening up the AL = 2 effective
d = 7 operator Oy = L'LILFe¢H leijekl, and since the induced neutrino mass has a chiral
suppression factor proportional to the charged lepton mass. Due to the loop and the chiral
suppression factors, the new physics scale responsible for neutrino mass can be at the TeV
scale. The model belongs to the classification O3 of table 2.

The model assumes the SM gauge symmetry SU(3),xSU(2), xU(1)y, with an extended
scalar sector. Two Higgs doublets ®12(1,2,1/2), and a charged scalar singlet n7(1,1,1)
are introduced to facilitate lepton number violating interactions and thus nonzero neutrino
mass. The leptonic Yukawa Lagrangian of the model is given by:

—Ly D faﬂLéLJﬁeijn+ + (yl)oﬁ&)iLny%EZj + (yg)ag‘I)éLgféeij + H.c., (4,1)
where {a, 3} are generation indices, {i,j} are SU(2). indices, ®, = ins®? (a = 1,2) and
£¢ denotes the left-handed antilepton fields. Here and in what follows, a transposition and
charge conjugation between two fermion fields is to be understood. Note that due to Fermi
statistics, fog = —fga- Expanding the first term of the Lagrangian eq. (4.1) leads to the
following couplings of n™:

— Ly D 2" [feu(Vepr —vpe) + fer(veT — vre) + fur(vum — vep)] + Hee. (4.2)

The presence of two Higgs doublets ®12 allows for a cubic coupling in the Higgs
potential,
VD udl ®ein +He., (4.3)

which, along with the Yukawa couplings of eq. (4.1), would lead to lepton number violation.
The magnitude of the parameter p in eq. (4.3) will determine the range of NSI allowed in
the model. Interestingly, p cannot be arbitrarily large, as it would lead to charge-breaking
minima of the Higgs potential which are deeper than the charge conserving minimum [67,
68] (see section 4.3).

4.1 Scalar sector

We can start with a general basis, where both ®; and ®, acquire vacuum expectation

values (VEVs):
1 0 1 0
"= () = (a) ' a4

However, without loss of generality, we can choose to work in the Higgs basis [69] where
only one of the doublet fields gets a VEV v given by v = /v +v5 ~ 246 GeV. The
transformation to the new basis { Hy, Ha} is given by:

H, _ Cﬁ e_ZESB P, (4 5)
H, —e’fslg cg by |’ '
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where sg = sin § and cg = cos 8, with tan § = vy /v1. In this new basis, we can parametrize
the two doublets as

H = ¢ Hy = i (4.6)
P\ B HY G0 ) T\ HHD+iA) ) '

where (GT,G) are the Goldstone bosons, (HY, HY), A, and H, are the neutral CP-even
and odd, and charged scalar fields, respectively. We shall work in the CP conserving limit,
since phases such as { in eq. (4.4) will not have a significant impact on NSI phenomenology
which is our main focus here.

The most general renormalizable scalar potential involving the doublet fields Hy, Ho
and the singlet field n™ can be written as

V(Hi, Hayn) = — 3 H] Hy + pdHYHy — (p3HYHy + Hec.)
o HTHD? 4+ S0 (HLH)? 1 \(HTH) (HLHy) + \(H Ho)(HIH
+21(1 1)"'22(22)‘1‘3(1 1)(HyHz) + My (H{ H2)(HyHy)
1
+ [2A5(HIH2)2 + {AG(HIHl) + A7(H§HZ)} H{H; + H.c}
+ 2l + Mgl + As|n| H Hy + No|n|* H Hy
+ (Mol H] Hy + Hec.) + (neij HiHin~ + H.c.) (4.7)

Differentiating V' with respect to Hy and Ha, we obtain the following minimization condi-
tions:

1
M% = 5/\11127 M% = S A6V ) (48)

where, for simplicity, we have chosen u% to be real. The mass matrix for the charged scalars
in the basis {H,", 7"} becomes

charged _,U/U/\@ M32 ) .
where
1 1
M = 3+ 5/\3112, M3 =2 + 5)\81)2. (4.10)

The physical masses of the charged scalars {h™, H"} are given by:

1
Moy gy = 5 {M22+M32:F\/(M22M§)2+2v2,u2} , (4.11)
where

ht = cosg0n++sing0H2+,
HT = —sinpn™ +cosp Hy (4.12)
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with the mixing angle ¢ given by

—V2 vu
2 2
My — My

sin2¢p = (4.13)
As we shall see later, this mixing parameter ¢, which is proportional to p will play a crucial
role in the NSI phenomenology of the model.

Similarly, the matrix for the CP-even and odd neutral scalars in the basis {HY, HY, A}
can written as [70]:

Apv? Re(Ag)v? —Im(\g)v?
M2, o = Aev?  MZ + 103 (Re(Xs) + \g) —1Im(\5)v? . (4.14)
—Im(\g)v? —1Im(\5)0? M2 + 3v?(=Re(Xs) + A1)

In the CP-conserving limit where Im(A56) = 0, the CP-odd state will decouple from the
CP-even states. One can then rotate the CP-even states into a physical basis {h, H} which
would have masses given by [70]:

1
i = 5 [mA+ (O + At g+ s — M)e22 + 4330t | (415)

whereas the CP-odd scalar mass is given by

1
m% = M3 — 5 (s — ). (4.16)

The mixing angle between the CP-even eigenstates { HY, HY}, defined as

h = cos(a — B) HY + sin(a — B) HY

H = —sin(a — B) HY + cos(a — B) HY, (4.17)
is given by
2602
n2(a—p0)=——-=. 4.18
sin2(a — ) m, —m2 (4.18)

We will identify the lightest CP-even eigenstate h as the observed 125 GeV SM-like Higgs
and use the LHC Higgs data to obtain constraints on the heavy Higgs sector (see sec-
tion 4.10). We will work in the alignment/decoupling limit, where 5 — a — 0 [71-74], as
suggested by the LHC Higgs data [75, 76].

4.2 Neutrino mass

In the Higgs basis where only the neutral component of H; gets a VEV, the Yukawa
interaction terms in eq. (4.1) of fermions with the scalar doublets H; and Hy become

— Ly D YopH{LLlGei; + YagHS L (e + Hee, (4.19)
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Figure 4. Neutrino mass generation at one-loop level in the Zee model [14]. The dot (e) on the
SM fermion line indicates mass insertion due to the SM Higgs VEV.

where Y and Y are the redefined couplings in terms of the original Yukawa couplings ¥
and y2 given in eq. (4.1) and where H, = i H} (a = 1,2) with 75 being the second Pauli
matrix. After electroweak symmetry breaking, the charged lepton mass matrix reads as

~ 0 ~ v

My, =Y (Hy) = YE. (4.20)
Without loss of generality, one can work in a basis where M, is diagonal, i.e., M, =
diag (me, my, m;). The Yukawa coupling matrix f involving the nt field in eq. (4.1) is
taken to be defined in this basis.

The Yukawa couplings in eq. (4.1), together with the trilinear term in the scalar poten-
tial eq. (4.3), generate neutrino mass at the one-loop level, as shown in figure 4. Here the
dot (e) on the SM fermion line indicates mass insertion due to the SM Higgs VEV. There
is a second diagram obtained by reversing the arrows on the internal particles. Thus, we
have a symmetric neutrino mass matrix given by

M, =& (fMY + YT M, fT), (4.21)

where k is the one-loop factor given by

1 m2,
= —sin20pl h 4.22
K 1672 sin 2¢ log <m12q+> ) ( )

with ¢ given in eq. (4.13). From eq. (4.21) it is clear that only the product of the Yukawa
couplings f and Y is constrained by the neutrino oscillation data. Therefore, by taking
some of the Y couplings to be of ~ O(1) and all f couplings very small in the neutrino
mass matrix of eq. (4.21), we can correctly reproduce the neutrino oscillation parameters
(see section 4.13). This choice maximizes the neutrino NSI in the model. We shall adopt
this choice. With the other possibility, namely, ¥ < 1, the stringent cLFV constraints
on f couplings (cf. table 19) restrict the maximum NSI to < 1078 [51], well below any
foreseeable future experimental sensitivity.

The matrix f that couples the left-handed lepton doublets to the charged scalar n™

can be made real by a phase redefinition p ff?, where P is a diagonal phase matrix, while
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the Yukawa coupling Y in eq. (4.19) is in general a complex asymmetric matrix:

0 feu feT Y;ae nu }/ET
J=1~feu O fur ], Y= Y Y Yur (4.23)
_feT _fuT 0 Y‘re YT,u YTT

Here the matrix Y is multiplied by (7,7, ) from the left and (er, pr, )T from the
right, in the interaction with the charged scalar H*. Thus the neutrino NSI will be
governed by the matrix elements (Yee, Yye, Yre), which parametrize the couplings of v
with electrons in matter.

Since the model has two Higgs doublets, in general both doublets will couple to up
and down quarks. If some of the leptonic Yukawa couplings Y. of eq. (4.23) are of order
unity, so that significant neutrino NSI can be generated, then the quark Yukawa couplings
of the second Higgs doublet Hy will have to be small. Otherwise chirality enhanced meson
decays, such as 77 — eTv will occur with unacceptably large rates. Therefore, we assume
that the second Higgs doublet Hs is leptophilic in our analysis.

Note that in the limit Y oc M;, as was suggested by Wolfenstein [77] by imposing
a discrete Zy symmetry to forbid the tree-level flavor changing neutral currents (FCNC)
mediated by the neutral Higgs bosons, the diagonal elements of M, would vanish, yielding
neutrino mixing angles that are not compatible with observations [78, 79]. For a variant of
the Zee-Wolfenstein model with a family-dependent Z4 symmetry which is consistent with
neutrino oscillation data, see ref. [80].

4.3 Charge-breaking minima

To have sizable NSI, we need a large mixing ¢ between the singlet and doublet charged
scalar fields ™ and H; . From eq. (4.13), this means that we need a large trilinear p-term.
But p cannot be arbitrarily large, as it leads to charge-breaking minima (CBM) of the
potential [67, 68]. We numerically analyze the scalar potential given by eq. (4.7) to ensure
that it does not develop any CBM deeper than the charge-conserving minimum (CCM).

We take 2, u% > (. The field H; is identified approximately as the SM Higgs doublet,
and therefore, the value of \; is fixed by the Higgs mass (cf. eq. (4.8)), and the corresponding
mass-squared term is chosen to be negative to facilitate electroweak symmetry breaking
(4?2 > 0 in eq. (4.7)). Note that the cubic scalar coupling u can be made real as any phase
in it can be absorbed in 7~ by a field redefinition.

In order to calculate the most general minima of the potential, we assign the following
VEVs to the scalar fields:

sin v e
(Hy) = <0), <H2>=U2< 7 >7 (n™) =y, (4.24)

Svi
V1 cosy '

where v, and v; can be made real and positive by SU(2);, x U(1)y rotations. A non-
vanishing VEV v, would break electric charge conservation, as does a nonzero value of
sin~y. Thus, we must ensure that the CBM of the potential lie above the CCM. The Higgs
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potential, after inserting eq. (4.24) in eq. (4.7), reads as

AQU%
-+

+0102{2 cos Y[ — 2 cos &’ +Agv? cos (A + 8') +A7v3 cos (03 + &) +)\10v% cos (04 + 0')]

A104
V = —pdv? + ?1 + (U3 + A3)vs + (2 4 Asvi + Agv3)vp + Apuyy

+v1vg cos Y*[Ag + A5 cos (01 + 287)] — 2wy, cos & sin 7y} (4.25)

Here 601,02, 03, and 64 are respectively the phases of the quartic couplings As, Ag, A7, and
A19. For simplicity, we choose these quartic couplings, as well as Ag to be small. This
choice does not lead to any run-away behavior of the potential. We keep all diagonal
quartic couplings to be nonzero, so that the potential remains bounded. (All boundedness
conditions are satisfied if we choose, as we do for the most part, all the quartic couplings to
be positive.) We also keep the off-diagonal couplings A3 and Ag nonzero, as these couplings
help in satisfying constraints from the SM Higgs boson properties from the LHC.

Eq. (4.25) yields five minimization conditions from which {v;, v2, vy, d,~v} can be solved
numerically for any given set of masses and quartic couplings. The mass parameters are
derived from the physical masses of h*, H™ and h in the CCM. We vary my,+ from 50 to
500 GeV and choose three benchmark points for mg+: {0.7, 1.6, 2.0} TeV. To get an upper
limit on the mixing angle ¢ (cf. eq. (4.13)] for our subsequent analysis, we keep \3 = Ag fixed
at two benchmark values (3.0 and 2.0) and vary the remaining nonzero quartic couplings
A2 and A, in the range [0.0,3.0]. Our results on the maximum sin ¢ are shown in figure 5.
We do not consider values of the quartic couplings exceeding 3.0 to be consistent with
perturbativity considerations [81]. Each choice of mixing angle ¢, and the parameters Ao,
Aps M+, and my+ yields different minimization conditions deploying different solutions to
the VEVs. We compare the values of the potential for all cases of CBM and CCM. If any
one of the CBM is deeper than CCM, we reject the solution and rerun the algorithm with
different initial conditions until we meet the requirement of electroweak minimum being
deeper than all CBM.

For values of the mixing angle sin ¢ above the curves shown in figure 5 for a given
mp+, the potential develops CBM that are deeper than the electroweak minimum, which
is unacceptable. This is mainly due to the fact that for these values of ¢, the trilinear
coupling p becomes too large, which drives the potential to a deeper CBM [67], even
for positive ,u727. From figure 5 it is found that sinp < 0.23 for my+ = 2 TeV, while
sin = 0.707 is allowed when mpy+ = 0.7TeV. In all cases the maximum value of |u| is
found to be about 4.1 times the heavier mass mg+. Note that we have taken the maximum
value of the mixing ¢max = 7/4 here, because for ¢ > /4, the roles of h™ and H™ will be
simply reversed, i.e., H™ (h™) will become the lighter (heavier) charged Higgs field. The
CBM limits from figure 5 will be applied when computing neutrino NSI in the model.

4.4 Electroweak precision constraints

The oblique parameters S, 1" and U can describe a variety of new physics in the electroweak
sector parametrized arising through shifts in the gauge boson self-energies [82, 83] and
impose important constraints from precision data. These parameters have been calculated
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Figure 5. Maximum allowed value of the mixing parameter sin ¢ from charge-breaking minima
constraints as a function of the light charged Higgs mass my+, for different values of the heavy
charged Higgs mass mpy+ = 2TeV, 1.6 TeV and 0.7 TeV, shown by red, green and blue curves,
respectively. We set the quartic couplings A3 = Ag = 3.0 (left) and A3 = A\g = 2.0 (right), and vary
A2, Ay in the range [0.0, 3.0]. For a given my+, the region above the corresponding curve leads to
charge-breaking minima.

in the context of the Zee model in ref. [84]. We find that the T' parameter imposes the
most stringent constraint, compared to the other oblique parameters. The T parameter in
the Zee model can be expressed as [84]:

1

T = Tr=r— {COS2<,0 [sinQ(ﬁ—a)]:(miﬂ m%)—i—cosZ(ﬁ—a)]:(m,Qﬁ, m%{)—i—}"(miﬂmi)}

+ sinp [sin®(8 — &) F(mips,mj,) + cos?(8 — @) F(mips, miy) + F(mip,,m?%)]
— 2sin?pcos®p F(mi,,mi,) —sin?(B — a)F(mj, m%) — cos®(B — a)F(m¥, m?%)
+ 3Sin2(6 - a) [f(mzz,m%{) - f(m%/l/ﬁm%{) - f(m2Z¢m%) + f(m%/lhmlzl)]} ) (426)

where the symmetric function F is given by
1 m3m3 m?
}"(m%,mg) = ]-"(m%,m%) = —(m% + m%) — 721 2 5 In (5) . (4.27)
2 mi —msj may

In order to generate large NSI effects in the Zee model, the mixing between the singlet
and the doublet charged scalar, parametrized by the angle ¢, should be significant. This
mixing contributes to the gauge boson self-energies and will therefore be bounded from the
experimental value of the T parameter: 7' = 0.01 + 0.12 [85]. For simplicity, we assume
no mixing between the neutral CP-even scalars h and H. Furthermore, we take the heavy
neutral CP-even (H) and odd (A) scalars to be degenerate in mass. In figure 6, we have
shown our results from the T parameter constraint, allowing for two standard deviation
error bar, in the heavy neutral and charged Higgs mass plane. Here we have fixed the light
charged scalar mass my,+ = 100 GeV. As shown in the figure, when the masses my and
mp+ are nearly equal (along the diagonal), the T' parameter constraint is easily satisfied.
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Figure 6. T-parameter constraint at the 20 confidence level in the heavy charged and neutral
Higgs mass plane in the Zee model. Here we have set the light charged scalar mass mj+ = 100 GeV.
Different colored regions correspond to different values of the mixing angle sin ¢ between the charged
Higgs bosons.

0.7

0.6}

sing
[=]
F-S

my = my= 0.7 TeV

0.5 0.6 0.7 0.8 0.9 1.0 1.1

myg+ (TeV)

Figure 7. T-parameter constraint in the mixing and heavy charged scalar mass plane in the Zee
model for heavy neutral scalar masses myg = ma = 0.7 TeV. The colored regions (both green and
red) are allowed by the T-parameter constraint, while in the red-shaded region, |A4|,|As| > 3.0,
which we discard from perturbativity requirements.

From figure 6, we also find that for specific values of my and mg+, there is an upper
limit on the mixing sin ¢. This is further illustrated in figure 7. Here, the colored regions
(both green and red) depict the allowed parameter space in m;} — sin ¢ plane resulting
from the T parameter constraint. For example, if we set mpy = 0.7 TeV, the maximum
mixing that is allowed by T parameter is (sin¢)max = 0.63. The mass splitting between

the heavy neutral and the charged Higgs bosons is governed by the relation (cf. egs. (4.11)
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Figure 8. One-loop Feynman diagrams contributing to ¢, — ¢g + -y process mediated by charged
scalar (left) and neutral scalar (right) in the Zee model.

and (4.15)):
1
mi. —miy = 5()\5 — M), (4.28)

We choose A5 = —\4, which would maximize the mass splitting, as long as the quar-
tic couplings remain perturbative. The red region in figure 7 depicts the scenario where
|A4l, |As5] > 3.0, which we discard from perturbativity requirements in a conservative ap-
proach. Satisfying this additional requirement that these couplings be less than 3.0, we
get an upper limit on sin ¢ < 0.59. For the degenerate case my+ = my with Ay = A5, the
upper limit is stronger: sin ¢ < 0.49.

4.5 Charged-lepton flavor violation constraints

Charged-lepton flavor violation is an integral feature of the Lagrangian eq. (4.1) of the
model. We can safely ignore cLE'V processes involving the f,3 couplings which are assumed
to be of the order of 107 or so to satisfy the neutrino mass constraint, with Y, couplings
being order one. Thus, we focus on cLFV proportional to Y,3. Furthermore, as noted
before, NSI arise proportional to (Yee, Y, Yre), where the first index refers to the neutrino
flavor and the second to the charged-lepton flavor in the coupling of charged scalars A+ and
HT. After briefly discussing the cLFV constraints arising from other Y, 3, we shall focus
on the set (Yee, Yje, Yre) relevant for NSI. The neutral scalar bosons H and A will mediate
cLFV of the type p — 3e and 7 — pee at tree-level, while these neutral scalars and the
charged scalars (b, H') mediate processes of the type p — ey via one-loop diagrams.
Both of these processes will be analyzed below. We derive limits on the couplings Y, as
functions of the scalar masses. These limits need to be satisfied in the neutrino oscillation
fit, see section 4.13 for details. The constraints derived here will also be used to set upper
limits of possible off-diagonal NSI. The various processes considered and the limits derived
are summarized in tables 6 and 7. We now turn to the derivation of these bounds.

4.5.1 £, — €3+ v decays

The decay ¢, — {g + v arises from one-loop diagrams shown in figure 8. The general
expression for this decay rate can be found in ref. [86]. Let us focus on the special case where
the FCNC coupling matrix Y of eq. (4.23) has nonzero entries either in a single row, or in a
single column only. In this case, the chirality flip necessary for the radiative decay will occur

- 21 —



on the external fermion leg. Suppose that only the right-handed component of fermion f,
has nonzero Yukawa couplings with a scalar boson B and fermion F', parametrized as

—Ly D B Z Yagfngfa-l-H.C. (4.29)
a=1,2
The electric charges of fermions F' and f are Qr and () respectively, while that of the
boson B is g, which obey the relation Q; = Qr — Qp. The decay rate for f, — fg+
is then given by

o |Yo‘7yﬁ*v|2 mj

L(fa — fo+7) = 1 Wmi% Qrfr(t) + Qpf(t)” . (4.30)

Here a = e2/4r is the fine-structure constant, ¢ = m2/m%, and the function fr(t) and
fB(t) are given by

2 —5t—2 t logt

t) =

Jr(t) 2017 Tag_ni
Fa(t) = 202+ 5t —1 % logt
BT @ —1)3 20— D)F

(4.31)

These expressions are obtained in the approximation mg < mq.

Let us apply these results to £, — £g + v mediated by the charged scalars (h*, HT)
in the Zee model where the couplings have the form YQBDQPR&;W sin ¢, etc. Here Qp = 0,
while Qp = +1. Eq. (4.30) then reduces to (with ¢ < 1)

Y. Y* 2 5 ) 2 2
TR (0, — 05 +7) = a Maysl” mg <Sm LA SO) : (4.32)

4 (1672)2 144 m2, m2,.

If we set mp+ = 100 GeV, my+ = 700 GeV and sinp = 0.7, then the experimental limit
BR (1 — ey) < 4.2 x 10713 [87] implies |YaYs,| < 6 x 107°. Similarly, the limit BR(r —
ey) < 3.3 x 1078 [88] implies |Ya Y| < 4 x 1072, and the limit BR(7 — py) < 4.4 x
1078 [88] implies Yor Yy, | < 4.6 x 1072. These are rather stringent constraints, which
suggest that no more than one entry in a given row of Y can be large. Such a choice
does not however affect the maximum NSI, as the elements of Y that generate them are
in the first column of Y. Keeping only the entries (Yee, Yye, Yre) nonzero does not lead to
Lo — {3 + 7y decay mediated by the charged scalars (b, HT).

However, nonzero values of (Yee, Yje, Yre), needed for NSI, would lead to €, — {5+~
mediated by the heavy neutral scalars. Taking H and A to be degenerate, the Yukawa
couplings are of the form EQPREHH. Thus, Qr = —1 and @p = 0 in this case, leading to

the decay width
Yor Vi I m
THA (1, — g +7) = ——— 0L Ta 4.33
(e =85 +9) = 141 (om0 mod, (4.33)
We show the constraints on these product of Yukawa couplings for a fixed mass of the
neutral Higgs myr in table 6. The severe constraint coming from ;. — ey process prevents
the off-diagonal NSI parameter ., from being in the observable range. However, ., and

€47 can be in the observable range, consistent with these constraints.
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Process Ezp. bound Constraint

p—ey | BR< 4.2 x10718 [89] | |V Yee| < 1.05 x 1073 (sgitiy )

700 G2eV
7 —ey | BR < 3.3 x1078 [8§] Y2 Yee| < 0.69 (s50%=)
7 — uy | BR < 4.4 x1078 [88] Y2 Ye| < 0.79 (s508=7)

Table 6. Constraints on Yukawa couplings as a function of heavy neutral scalar mass from ¢, —
£ + -y processes.

ls

E”/
HO /A d——
'

7
ls

Figure 9. Feynman diagram contributing to tree-level cLF'V trilepton decay mediated by CP-even
and odd neutral scalars in the Zee model. At least two of the final state leptons must be of electron
flavor to be relevant for NSI.

4.5.2 Electron anomalous magnetic moment

Another potential constraint comes from anomalous magnetic moment of leptons (g — 2)a,
which could get contributions from both charged and neutral scalars in the Zee model.
The heavy neutral scalar contribution can be ignored here. For the Yukawa couplings
relevant for NSI, the charged scalar contribution to muon g — 2 is also absent. The only
non-negligible contribution is to the electron g — 2, which can be written at one-loop level
as [90]

2 c 02 2
Ade = — e (yiy), (2 + S22 (4.34)
967 my mi .

Comparing this with Aa, = ag™® —aP™M = (—87436) x 1071* (where a. = (g—2)./2), based
on the difference between the experimental measurements [91] and SM calculations [92]
with the updated value of the fine-structure constant [93], we find that the charged scalar
contribution (4.34) goes in the right direction. However, for the allowed parameter space
in mp+ — Yeesing plane (see figure 18), it turns out to be too small to explain the 2.40
discrepancy in Aa.. For example, with |Y;.|sinp = 0.75 and m;,+ = 150 GeV, which is a
consistent choice (cf. figure 18), we would get Aa, = —2.2 x 1074, an order of magnitude
too small to be relevant for experiments.

4.5.3 Lo — Zg&,&; decays

The Yukawa coupling matrix Y of the second Higgs doublet (cf. eq. (4.23)) would lead to
trilepton decay of charged leptons mediated by the neutral scalars of the theory. The tree-
level Feynman diagrams for such decays are shown in figure 9. Partial rates for the trilepton
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Process Ezp. bound Constraint

p~ = eteme | BR < 1.0 x10712 [94] | |V Y| < 3.28 x 107 (gt )

7~ = etee | BR < 14 x1078 [95] | |V Vee| < 9.05 x 1073 (s5iti )
7 = etepm | BR< 11 x1078 [95] | [V, < 5.68 x 1073 (it )

Table 7. Constraints on Yukawa couplings as a function of heavy neutral scalar mass from ¢, —
{5005 decay (with at least two of the final state leptons of electron flavor to be relevant for NSI).

decays are obtained in the limit when the masses of the decay products are neglected. The
partial decay width for u — éee is given as follows:

1 md
NI teTe )= — VA Yo |P—2. 4.35

The partial decay width for 7 — ZQZ/;Q is given by

~ 1 N md
T (T — eaﬁgﬁv) = m S ‘YTOlYﬁ'YszlH . (436)

Here S =1 (2) for § =7 (8 # ) is a symmetry factor. Using the total muon and tau decay
widths, I'i?" = 3.00 x 10719 GeV and T'°* = 2.27 x 1072 GeV respectively, we calculate the
cLFV branching ratios for the processes u=~ — ete e™, 77 — ete e and 77 — eTe ™
using eqgs. (4.35) and (4.36). We summarize in table 7 the current experimental bounds
on these branching ratios and the constraints on the Yukawa couplings Y,z as a function
of mass of neutral Higgs boson myg = my. It is clear from table 7 that these trilepton
decays put more stringent bounds on product of Yukawa couplings compared to the bounds
arising from loop-level £, — ¢gy decays. This also implies that off-diagonal NSI are severely
constrained.

As already noted, the light charged Higgs h™ would mediate ¢, — {3 + v decay if
more than one entry in a given row of Y is large. The heavy neutral Higgs bosons mediate
trilepton decays of the leptons when there are more than one nonzero entry in the same
column (or same row) of Y. This last statement is however not valid for the third column
of Y. For example, nonzero Y, and Y, will not lead to tree-level trilepton decay of .
Apart from the first column of Y, we shall allow nonzero entries in the third column as
well. In particular, for diagonal NSI €,4, we need one Yy, entry for some a to be nonzero,
and to avoid the trilepton constraints, the only other entry that can be allowed to be large
is Y3, with # # «. On the other hand, for off-diagonal NSI e,5 (with o # ), we must
allow for both Y, and Yz, to be non-zero. In this case, however, the trilepton decay
lg — Lyee is unavoidable and severely restricts the NSI as we will see in section 4.12. Also,
the other entry that can be populated is Y, with v # «, 3. This will lead to 7 — £+~
decays, which, however, do not set stringent limits on the couplings (cf. table 6). Some
benchmark Yukawa textures satisfying all cLF'V constraints are considered in section 4.13
to show consistency with neutrino oscillation data.
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4.6 Collider constraints on neutral scalar mass

In this section, we discuss the collider constraints on the neutral scalars H and A in the
Zee model from various LEP and LHC searches.

4.6.1 LEP contact interaction

Electron-positron collisions at center-of-mass energies above the Z-boson mass performed
at LEP impose stringent constraints on contact interactions involving eTe™ and a pair of
fermions [96]. Integrating out new particles in a theory one can express their effect via
higher-dimensional (generally dimension-6) operators. An effective Lagrangian, Leg, can
parametrize the contact interaction for the process ete™ — ff with the form [97]

2

g f - 7
Lof = 0 f (et e (Fivufi) 4.37
ff A2(1 +(Sef) iJ:ZL’RT]z](e ye )(f]vﬂf]) ( )

where d.¢ is the Kronecker delta function, f refers to the final sate fermions, g is the
coupling strength, A is the new physics scale and nlfj = +1 or 0, depending on the chirality
structure. LEP has put 95% confidence level (CL) lower limits on the scale of the contact
interaction A assuming the coupling g = v/4m [96]. In the Zee model, the exchange of
new neutral scalars (H and A) emerging from the second Higgs doublet will affect the
process ete™ — Egﬁ/g (with £, g = €, 1, 7), and therefore, the LEP constraints on A can
be interpreted as a lower limit on the mass of the heavy neutral scalar, for a given set
of Yukawa couplings. Here we assume that H and A are degenerate, and derive limits
obtained by integrating out both fields.

In general, for Egﬂg — Ejﬁé_ via heavy neutral scalar exchange, the effective Lagrangian
in the Zee model can be written as

YosY5

i = 2'87 (Carlsr)(CsrlyL) - (4.38)
My

By Fierz transformation, we can rewrite it in a form similar to eq. (4.37):

1 YasY,
2 m%[

ﬁgf?e = (EaL’YW"/L)(gﬂR7u£vR)- (4.39)
Thus, the only relevant chirality structures in eq. (4.37) are LR and RL, and the relevant
process for deriving the LEP constraints is eTe™ — (1 :

g2

nLr(@"er) Carvular) +ag Ry er) (laryular) |, (4:40)
with néR = n%L = -1
Now for ete™ — ete™, eq. (4.39) becomes

Yel?
Qm%{

Eg§6(6+6_ —efe”) = (ery*er)(erVueR) - (4.41)
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Process LEP bound [96] Constraint
ete™ —eTe” AZR/RL > 10TeV % > 1.99 TeV

ete™ = utu~ AZR/RL > 7.9TeV ﬁr}ﬁ > 1.58 TeV

L >22TeV | 5 > 0,44 TeV

Tel

+ - +.— -
ete” =TT ALRR

Table 8. Constraints on the ratio of heavy neutral scalar mass and the Yukawa couplings from
LEP contact interaction bounds.

Comparing this with eq. (4.40), we obtain

A
mp LR/RL
= , 4.42
Vel ~ V2 (442
where A~ corresponds to A with 1% R= n% ; = —1. The LEP constraints on A were derived

in ref. [96] for ¢ = v/4m, which can be translated into a lower limit on mpy/|Yee| using
eq. (4.42), as shown in table 8. Similarly, for ete™ — putu™, eq. (4.39) is

_ _ 1 _ _ _ _
LI (et e 5 i) = = oy (VP (ennen) (amvurn) + WieP(er¥en) (izaumn)].

2 H
(4.43)

Since for NSI, only Y),. (neutrino interaction with electron) is relevant, we can set Y, — 0,
and compare eq. (4.43) with eq. (4.40) to get a constraint on mg/|Y).|, as shown in table 8.
Similarly, for ete™ — 7777, we can set Y,; — 0 and translate the LEP limit on A~ into
a bound on mp/|Yz|, as shown in table 8.

The LEP constraints from the processes involving ¢g final states, such as ete™ — cé
and eTe™ — bb, are not relevant in our case, since the neutral scalars are leptophilic. We
will use the limits quoted in table 8 while deriving the maximum NSI predictions in the
Zee model.

4.6.2 LEP constraints on light neutral scalar

The LEP contact interaction constraints discussed in section 4.6 are not applicable if the
neutral scalars H and A are light. In this case, however, the cross section of ete™ — £1 ¢,
can still be modified, due to the ¢-channel contribution of H/A, which interferes with the
SM processes. We implement our model file in FeynRules package [98] and compute the
ete™ — (1L, cross-sections in the Zee model at the parton-level using MadGraph5 event
generator [99]. These numbers are then compared with the measured cross sections [96, 100]
to derive limits on mp/4 as a function of the Yukawa couplings Y. (for « = e, pu, 7). For a
benchmark value of myg = my = 130 GeV, we find the following constraints on the Yukawa
couplings Y. relevant for NSI:

Yoe < 080, Y, < 074, Y. < 0.73. (4.44)

This implies that the second charged scalar H' can also be light, as long as it is allowed by
other constraints (see figure 11). We will use this finding to maximize the NSI prediction
for the Zee model (see section 4.12.2).
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Figure 10. Feynman diagrams for pair- and single-production of singly-charged scalars h* at ete~
collider.

4.6.3 LHC constraints

Most of the LHC searches for heavy neutral scalars are done in the context of either
MSSM or 2HDM, which are not directly applicable in our case because H and A do not
couple to quarks, and therefore, cannot be produced via gluon fusion. The dominant
channel to produce the neutral scalars in our case at the LHC is via an off-shell Z boson:
pp — Z* — HA — (10=¢+¢~8 Most of the LHC multilepton searches assume a heavy
ZZ™ resonance [102, 103], which is not applicable in this case. The cross section limits
from inclusive multilepton searches, mostly performed in the SUSY context with large
missing transverse energy [104, 105], turn out to be weaker than the LEP constraints
derived above.

4.7 Collider constraints on light charged scalar

In this section, we discuss the collider constraints on the light charged scalar A* in the Zee
model from various LEP and LHC searches.

4.7.1 Constraints from LEP searches

At LEP, h* can be pair-produced through the s-channel Drell-Yan process mediated by
either v or Z boson (see figure 10(a)). It can also be pair-produced through the ¢-channel
processes mediated by a light neutrino (see figure 10(b)). In addition, it can be singly-
produced either in association with a W boson (see figure 10(c)) or via the Drell-Yan
channel in association with leptons (see figure 10(d)). The analytic expressions for the

> d >
80nly the (Hd,A)Z" coupling is nonzero, while the (H 9 ,H)Z" and (Ad,A)Z" couplings vanish due
to parity [101].
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relevant cross sections can be found in appendix A. For our numerical study, we imple-
ment our model file in FeynRules package [98] and compute all the cross-sections at the
parton-level using MadGraphb event generator [99]. We find good agreement between the
numerically computed values and the analytic results presented in appendix A.

Once produced on-shell, the charged scalar will decay into the leptonic final states v/
through the Yukawa coupling Y,3. Since we are interested in potentially large NSI effects,
the charged scalar must couple to the electron. Due to stringent constraints from cLFV
processes, especially the trilepton cLF'V decays (see table 7), which is equally applicable for
the product of two Yukawa entries either along a row or column, both Y. and Yy, (or Y.
and Yj3.) cannot be large simultaneously. So we consider the case where BRe, + BR;, =
100% and BR, is negligible, in order to avoid more stringent limits from muon decay.”

Electron channel: for a given charged scalar decay branching ratio to electrons, BRe,,
we can reinterpret the LEP selectron searches [106] to put a constraint on the charged
scalar mass as a function of BR.,. In particular, the right-handed selectron pair-production
ete™ — €grep, followed by the decay of each selectron to electron and neutralino, eg —
er + X°, will mimic the eTe~ v final state of our case in the massless neutralino limit. So
we use the 95% CL observed upper limits on the eérepr production cross section [106] for
mg = 0 as an experimental upper limit on the quantity

Gee = o(eTe™ = hTh7)BR2, + o(ete™ = hEWT)BRo,BRw e (4.45)

and derive the LEP exclusion region in the plane of charged scalar mass and BR.,, as
shown in figure 11(a) by the orange-shaded region. Here we have chosen Y. sinp = 0.1
and varied Y;, (with o = p or 7) to get the desired branching ratios. We find that for
BR.y = 1, charged scalar masses less than 100 GeV are excluded. For BR., < 1, these
limits are weaker, as expected, and the charged scalar could be as light as 97 GeV (for
BRe, = 0.33), if we just consider the LEP selectron (as well as stau, see below) searches.

Figure 11(b) shows the same constraints as in figure 11(a), but for the case of Y. sin p =
0.2. The LEP selectron constraints become stronger as we increase Y. and extend to
smaller BR,,,. However, the mass limit of 100 GeV for BR,, = 1 from figure 11(a) still
holds here. This is because the charged scalar pair-production cross section drops rapidly
for my+ > 100 GeV due to the kinematic threshold of LEP II with /s = 209 GeV and is
already below the experimental cross section limit even for Y. sin¢ = 0.2. In this regime,
the single-production channel in figure 10(d) starts becoming important, despite having a
three-body phase space suppression.

Figures 11(c) and 11(d) show the same constraints as in figure 11(a) and 11(b) respec-
tively, but for the Y., = 0 case. Here we have fixed Y;.sin ¢ and varied Y, (with o = e
or p) to get the desired branching ratios. In this case, the single-production channel in
association with the W boson (cf. figure 10(c)) goes away, and therefore, the limits from
selectron and stau searches become slightly weaker. Note that for the NSI purpose, we
must have a non-zero Yy, (for a = e, pu or 7). Therefore, the ¢-channel contribution to the

9This choice is consistent with the observed neutrino oscillation data (see section 4.13).
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pair-production (cf. figure 10(b)), as well as the Drell-Yan single-production channel are
always present.'?

Tau channel: in the same way, we can also use the LEP stau searches [106] to derive an
upper limit on

Grr =0(efe” = hth7)BR2, + o(ete™ — hWT)BR,,BRw 7 (4.46)

and the corresponding LEP exclusion region in the plane of charged scalar mass and BR.;,,
as shown in figure 11 by the blue-shaded region. We find that for BR,,, = 1, charged scalar
masses less than 104 (105) GeV are excluded for Ye.sin¢ = 0.1 (0.2).

For BR;, # 0, a slightly stronger limit can be obtained from the LEP searches for the
charged Higgs boson pairs in the 2HDM [108]. Their analysis focused on three kinds of final
states, namely, TvTv, ¢sTv (or ésTr) and csés, under the assumption that BR,, +BR.s = 1,
which is valid in the 2HDM as the couplings of the charged Higgs boson to the SM fermions
are proportional to the fermion masses. In our case, the observed LEP upper limit on
o(ete™ — hth™)BR2, for BR,, = 1 can be recast into an upper limit on

ol =o(ete” = hthT)BR2, + o(ete™ — hEWT)BR,,BRw 70 (4.47)

TT

and the corresponding exclusion region is shown in figure 11 by the green-shaded region.
We can also use the LEP cross section limit on c¢stv for BR;, # 1 as an upper limit
on o(ete™ — h*WT)BR,,BRyy_cs and the corresponding exclusion region is shown in
figure 11 by the cyan-shaded region, which is found to be weaker than the Tv7v mode.

4.7.2 Constraints from LHC searches

As for the LHC constraints, there is no t-channel contribution to the singlet charged-
scalar production. The only possible channel for pair-production is the s-channel Drell-
Yan process pp — v*/Z* — hth™ (see figure 12(a)), followed by the leptonic decay of
h* — fv. There are also single-production processes as shown in figure 12(b)~(d), which
are less important. The relevant LHC searches are those for right-handed selectrons/staus:
pp — ZEZI_% — (X% 5X", which will mimic the ¢Tv¢~v final states from hTh™ decay in
the massless neutralino limit. The /s = 13TeV LHC stau searches focus on the stau
mass range above 100 GeV and it turns out that the current limits [109] on the stau pair-
production cross section are still a factor of five larger than the A™h™ pair-production cross
section in our case; therefore, there are no LHC limits from the tau sector. A /s = 8 TeV
ATLAS analysis considered the mass range down to 80 GeV [110]; however, the observed
cross section is still found to be larger than the theoretical prediction in our case even
for BR,, = 1.

As for the selectron case, we take the /s = 13 TeV CMS search [111], which focuses
on the selectron masses above 120 GeV, and use the observed cross section limit on o(pp —

2., which can be translated into

eES{Oe;ﬂZO) to derive an upper limit on o(pp — h*h™)BR2

10This might be the reason why the LEP limits derived here are somewhat more stringent than those
reported in ref. [107], which presumably only considered the s-channel contribution.
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Figure 11. Collider constraints on light charged scalar h* in the Zee model for (a) Y. sinp = 0.1,
(b) Yeesing = 0.2, (¢) Yeesing =0, Yresing = 0.1, and (d) Yeesinp = 0, Y. sinp = 0.2. We plot
the h* branching ratios to 7 and ev (with the sum being equal to one) as a function of its mass.
All shaded regions are excluded: blue and orange regions from stau and selectron searches at LEP
(see section 4.7.1); purple region from selectron searches at LHC (see section 4.7.2); yellow, brown,
and pink regions from W universality tests in LEP data for u/e, 7/e, and 7/u sectors respectively
(see section 4.8); light green and gray regions from tau decay universality and lifetime constraints
respectively (see section 4.9). The W universality constraints do not apply in panels (b) and (c),
because the h* T production channel in figure 10(c) vanishes in the Y., — 0 limit.
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(c) (d)

Figure 12. Feynman diagrams for pair- and single-production of singly-charged scalars h* at LHC.

a bound on the charged scalar mass, as shown in figure 11 by the purple-shaded regions.
It is evident that the LHC limits can be evaded by going to larger BR,, 2 0.4, which can
always be done for any given Yukawa coupling Y,. by choosing an appropriate Yz,. This
however may not be the optimal choice for NSI, especially for Y., # 0, where the lepton
universality constraints restrict us from having a larger BR;,. Thus, the LHC constraints
will be most relevant for .., as we will see in figure 18(a).

4.8 Constraints from lepton universality in W* decays

The presence of a light charged Higgs can also be constrained from precision measurements
of W boson decay rates. The topology of the charged Higgs pair production h*h~ (fig-
ure 10(a) and 10(b)) and the associated production h*WT¥ (figure 10(c)) is very similar to
the W W™ pair production at colliders, if the charged Higgs mass is within about 20 GeV
of the W boson mass. Thus, the leptonic decays of the charged Higgs which are not nec-
essarily flavor-universal can be significantly constrained from the measurements of lepton
universality in W decays. From the combined LEP results [112], the constraints on the
ratio of W branching ratios to leptons of different flavors are as follows:

LW — uv)
R/’«/e - ﬁ - 0986 Zt 0013, (4.48)
(W = 1v)
Reje = 7 o o) — 1013 £ 0.024, (4.49)
W — Tu)
=1. +0.026 . 4.
Refn = 7 5 ) — 070+ 0.026 (4.50)

Note that while the measured value of R, . agrees with the lepton universality prediction
of the SM, RS/ = 1, within 1.10 CL, the W branching ratio to tau with respect to electron

~ 31—



is about 1.8¢ and to muon is about 2.70 away from the SM prediction: RE% = 0.9993 (with
¢ = e, p1), using the one-loop calculation of ref. [113].

The best LEP limits on lepton universality in W decays come from the WTW~—
pair-production channel, where one W decays leptonically, and the other W hadronically,
ie., ete” = WHTW™ — lvgq [112]. However, due to the leptophilic nature of the charged
Higgs h* in our model, neither the ete™ — h*h~ channel (figures 10(a) and 10(b)) nor
the Drell-Yan single-production channel (figure 10(d)) will lead to fvqq final state. So
the only relevant contribution to the W universality violation could come from the h*W ¥
production channel (figure 10(c)), with the W decaying hadronically and h* decaying lep-
tonically. The pure leptonic channels (evev and pvuv) have ~ 40% uncertainties in the
measurement and are therefore not considered here.

Including the ATWT contribution, the modified ratios Ry can be calculated as
follows:

o(WTW™)BRI.BR}) + o(h*WF)BR}, BRy,
o(W+W=)BR}".BRy/, + o(h*WT)BR,/,BRy,

Ryo = (4.51)

where o(W*W~) and o(h*WT) are the production cross sections for ete™ — WHW~
and ete™ — hTWT respectively, BRZ/ denotes the branching ratio of W — /v (with
¢ = e, u,T), whereas BRy, denotes the branching ratio of h* — /v as before (with £ = e, 7).
At LEP experiment, the W W™ pair production cross section oy +y— is computed to be
17.17 pb at /s = 209 GeV [112]. Within the SM, W decays equally to each generation
of leptons with branching ratio of 10.83% and decays hadronically with branching ratio of
67.41% [85]. We numerically compute using MadGraph5 [99] the h*WT cross section at
Vs =209 GeV as a function of my+ and BRy,, and compare eq. (4.51) with the measured
values given in eqs. (4.48)—(4.50) to derive the 20 exclusion limits in the my+-BRy, plane.
This is shown in figures 11(a) and 11(b) by yellow, brown, and pink-shaded regions for
w/e, T/e, and T/p universality tests, respectively. Note that these constraints are absent
in figures 11(c) and 11(d), because when Y. = 0, there is no W*hT production at LEP
(cf. figure 10(c) in the Zee model. But when Y. is relatively large, these constraints turn
out to be some of the most stringent ones in the my+-BRy, plane shown in figures 11(a)
and 11(b), and rule out charged scalars below 110 GeV (129 GeV) for Ye.sinp = 0.1 (0.2).
These constraints are not applicable for my+ > 129 GeV, because h*WT can no longer be
produced on-shell at LEP II with maximum /s = 209 GeV.

As mentioned before, the measured W branching ratio to tau with respect to muon is
2.70 above the SM prediction. Since in our case, h* decays to either ev or 7v, but not v,
this contributes to R;, only in the numerator, but not in the denominator. Therefore, the
2.70 discrepancy can be explained in this model, as shown by the allowed region between
the upper and lower pink-dashed curves in figure 11(a) with Y. sin¢ = 0.1.'' The upper
pink-shaded region with larger BR,, gives R;, > 1.122, which is above the allowed 20
range given in eq. (4.50). On the other hand, the lower pink-shaded region with smaller
BR,, gives R;, < 1.018, which is below the allowed 20 range given in eq. (4.50). For

HTight charged scalar has been used to address the lepton universality issue in W decays in ref. [114].
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Figure 13. Feynman diagram for the new decay mode of the 7 lepton mediated by light charged
scalar in the Zee model.

larger Yukawa coupling Ye., as illustrated in figure 11(b) with Y. siny = 0.2, the whole

allowed range of parameter space from R/, shifts to lower values of BR.,,. This is because

/1
the h*WT production cross section o(h*WT) in eq. (4.51) is directly proportional to
]Yee\z, and therefore, for a large Y., a smaller BR,, would still be compatible with the

R, ),-preferred range.

4.9 Constraints from tau decay lifetime and universality

In order to realize a light charged scalar A~ consistent with LEP searches, we have assumed
that the decay h™ — T3 proceeds with a significant branching ratio. h~ also has coupling
with e, so that non-negligible NSI is generated. When these two channels are combined,
we would get new decay modes for the 7 lepton, as shown in figure 13. This will lead to
deviation in 7-lifetime compared to the SM expectation. The new decay modes will also
lead to universality violation in 7 decays, as the new modes preferentially lead to electron
final states. Here we analyze these constraints and evaluate the limitations these pose for
NSI.

The effective four-fermion Lagrangian relevant for the new 7 decay mode is given by

.2
sin
Lot = (P1aer) (FrrLs) Yae Vi —5 b . (4.52)
my
This can be recast, after a Fierz transformation, as
1 . , sin?
Log = —Q(yLafyul/Lg)(TR’y er)YoeYir—5— (4.53)
my .
This can be directly compared with the SM 7 decay Lagrangian, given by
LM = 202G (Ve yuvrr) (T er) - (4.54)

It is clear from here that the new decay mode will not interfere with the SM model (in
the limit of ignoring the lepton mass), since the final state leptons have opposite helicity
in the two decay channels. The width of the 7 lepton is now increased from its SM value
by a factor 1 + A, with A given by [115]

1
A= okl (4.55)
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where )
YaeYB*r sin“ ¢
Jrp= ——F7—"— . (4.56)
RE 2\/§Gpm}21+
The global-fit result on 7 lifetime is 7, = (290.7540.36) x 10~1® s, while the SM prediction
is 7SM = (290.39 4 2.17) x 1071 s [85]. Allowing for 20 error, we find A < 1.5%. If the
only decay modes of h™ are h~ — Upe” and h™ — g7, then we can express |Ys,|? in

terms of |Yo.|? as

BR(h™ — Tv)
Yisr? = |Yae| mo———~ . 4.57
Using this relation, we obtain
BR(h™ — 7v)
A= leqa mo—— 1, 4.
[€aal BR(h™ — ev) (4.58)

where €,, is the diagonal NSI parameter for which the expression is derived later in
eq. (4.74). Therefore, a constraint on A from the tau lifetime can be directly translated
into a constraint on £,4:

BR(h™ — ev)

aa] < 122 _— .
[€aal % BR(h™ — 7v)

(4.59)
An even stronger limit is obtained from e—p universality in 7 decays. The experimental

central value prefers a slightly larger width for 7 — uvv compared to 7 — evv. In our

scenario, h~ mediation enhances 7 — evv relative to 7 — urvr. We have in this scenario

L(r — pvv)

D(r —evv) = A (4.60)

which constrains A < 0.002, obtained by using the measured ratio % = 0.9762 +
0.0028 [85], and allowing 20 error. This leads to a limit

BR(h™ — ev)

aa] < 4. 2
[Eaal 5% BR(h™ — 7v)

(4.61)
In deriving the limits on a light charged Higgs mass from LHC constraints, we have imposed
the 7 decay constraint as well as the universality constraint on A, see figure 11. Avoiding
the universality constraint by opening up the 7 — pvv channel will not work, since that
will be in conflict with y — evv constraints, which are more stringent.

The Michel parameters in 7 decay will now be modified [116]. While the p and §
parameters are unchanged compared to their SM value of 3/4, £ is modified from its SM
value of 1 to

1 S
§=1- 5\93R|2 . (4.62)

However, the experimental value is £ = 0.98540.030 [85], which allows for significant room
for the new decay. Again, our choice of Yukawa couplings does not modify the u — evv
decay, and is therefore, safe from the Michel parameter constraints in the muon sector,
which are much more stringent.
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Figure 14. (a) New contribution to h — v decay mediated by charged scalar loop. (b) New
contribution to h — 202v via the exotic decay mode h — hThF*.

4.10 Constraints from Higgs precision data

In this subsection, we analyze the constraints on light charged scalar from LHC Higgs
precision data. Both ATLAS and CMS collaborations have performed several measure-
ments of the 125 GeV Higgs boson production cross sections and branching fractions at
the LHC, both in Run I [117] and Run IT [118, 119]. Since all the measurements are in
good agreement with the SM expectations, any exotic contributions to either production
or decay of the SM-like Higgs boson will be strongly constrained. In the Zee model, since
the light charged scalar is leptophilic, it will not affect the production rate of the SM-like
Higgs h (which is dominated by gluon fusion via top-quark loop). However, it gives new
contributions to the loop-induced h — v decay (see figure 14(a)) and mimics the tree-level
h — WW* — 202v channel via the exotic decay mode h — h*h™ — h¥lv — 202v (see
figure 14(b)). Both these contributions are governed by the effective hh™h™ coupling given
by

AMhth- = —V2usin g cos ¢ 4+ Azvsin? ¢ + Agv cos® ¢ (4.63)

Therefore, the Higgs precision data from the LHC can be used to set independent con-
straints on these Higgs potential parameters, as we show below.

The Higgs boson yield at the LHC is characterized by the signal strength, defined as
the ratio of the measured Higgs boson rate to its SM prediction. For a specific production
channel 7 and decay into specific final states f, the signal strength of the Higgs boson h
can be expressed as

, o BRy -
L= — =u'pur, 4.64
M= s (BRpsu M (64
where p! (with i = ggF, VBF, Vh, and tth) and us (with f = ZZ*, WW* v, 7777, bb) are
the production and branching rates relative to the SM predictions in the relevant channels.

As mentioned above, the production rate does not get modified in our case, so we will set
u' = 1 in the following. As for the decay rates, the addition of the two new channels shown
in figure 14 will increase the total Higgs decay width, and therefore, modify the partial
widths in all the channels.

To derive the Higgs signal strength constraints on the model parameter space, we
have followed the procedure outlined in ref. [70, 120], using the updated constraints on
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signal strengths reported by ATLAS and CMS collaboration for all individual production
and decay modes at 95% CL, based on the /s = 13TeV LHC data. The individual
analysis by each experiment examines a specific Higgs boson decay mode corresponding
to various production processes. We use the measured signal strengths in the following
dominant decay modes for our numerical analysis: h — vy [121-124], h — ZZ* [125, 126],
h — WW* [127-129], h — 77 [130, 131] and h — bb [132-134].

We formulate the modified h — 7 decay rate as

L'(h— ) = K?YI’(h — )M, (4.65)
where the scaling factor &, is given by

)\hh+h—’0

S NLQ2 A, o (ry) + Ar(rw) + 5 Ao(Th+)
my .

>f chchAl/Q(Tf) + A1 (mw)

, (4.66)

Ry =

where N/ =3 (1) is the color factor for quark (lepton), 3, is the sum over the SM fermions
[ with charge @, and the loop functions are given by [135]

Ag(r) = =T+ 72 f(7), (4.67)

Ayjo(r) = 271+ (1 = 7)f(7)], (4.68)

Ai(1) = =2=37[14+ (2 —7)f(1)], (4.69)
arcsin? (\%) : ifr>1

with f(7) = 1 |:10 1+VI=7 _iﬂ-:|2 (4.70)
4 )

ifr<l1.
gl—\/l—T

The parameters 7; = 4mz2 / m,% are defined by the corresponding masses of the heavy parti-
cles in the loop. For the fermion loop, only the top quark contribution is significant, with
the next leading contribution coming from the bottom quark which is an 8% effect. Note
that the new contribution in eq. (4.66) due to the charged scalar can interfere with the SM
part either constructively or destructively, depending on the sign of the effective coupling
Aph+h— ineq. (4.63).

As for the new three-body decay mode h — hThT " — h*/lv, the partial decay rate is
given by

3 (1+7) 1-9 2 _

2 T+r)vet —r

S ol e
VT (1—2z)2+

ht
2

by 12
T(h— h 0 p) = ’62’;;’;% ]‘l Tr

, (4.71)
where Y is the Yukawa coupling defined in eq. (4.19), T+ = Tr(Y Y )my,+ /87 is the total
decay width of h*, and r = mi+ / m,% With this new decay mode, the signal strength in
the h — 202v channel will be modified to include I'(h — h*¢v — 2¢2v) along with the SM
contribution from I'(h - WW™* — 2£2v), and to some extent, from I'(h — ZZ* — 202v).
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Figure 15. Constraints from the Higgs boson properties in Ag — sin¢ plane in the Zee model
(with A3 = Ag). The red, cyan, green, yellow, and purple-shaded regions are excluded by the signal
strength limits for various decay modes (yv, 77, bb, ZZ*, WW™*) respectively. The white unshaded
region simultaneously satisfies all the experimental constraints. Grey-shaded region (only visible in
the upper right panel) is excluded by total decay width constraint.

The partial decay widths of A in other channels will be the same as in the SM, but
their partial widths will now be smaller, due to the enhancement of the total decay width.
A comparison with the measured signal strengths therefore imposes an upper bound on
the effective coupling A+, which is a function of the cubic coupling s, quartic couplings
A3 and Ag, and the mixing angle sin ¢ (cf. eq. (4.64)). For suppressed effective coupling
Anntps to be consistent with the Higgs observables, we need some cancellation between the
cubic and quartic terms. In order to have large NSI effect, we need sufficiently large mixing
sin ¢, which implies large value of p (cf. eq. (4.13)). In order to find the maximum allowed

— 37 -



h™ A ~
NN\
h™A
e Vg

Figure 16. Feynman diagrams for charged scalar contributions to monophoton signal at LEP.

value of sin ¢, we take A3 = Ag in eq. (4.64) and show in figure 15 the Higgs signal strength
constraints in the Ag—sin ¢ plane. The red, blue, yellow, cyan, and green-shaded regions are
excluded by the signal strength limits vy, WW*, ZZ*, 77, and bb decay modes, respectively.
We have fixed the light charged Higgs mass at 100 GeV, and the different panels are for
different benchmark values of the heavy charged Higgs mass: mpg+ = 700 GeV (upper
left), 2 TeV (upper right), 1.6 TeV (lower left) and 450 GeV (lower right). The first choice
is the benchmark value we will later use for NSI studies, while the other three values
correspond to the minimum allowed values for the heavy neutral Higgs mass (assuming it
to be degenerate with the heavy charged Higgs to easily satisfy the T-parameter constraint
(cf. section 4.4)) consistent with the LEP contact interaction bounds for O(1) Yukawa
couplings (cf. section 4.6). From figure 15, we see that the h — 7 signal strength gives
the most stringent constraint. If we allow Ag to be as large as 3, then we can get maximum
value of sin ¢ up to 0.67 (0.2) for mg+ = 0.7 (2) TeV.

In addition to the modified signal strengths, the total Higgs width is enhanced due to
the new decay modes. Both ATLAS [103] and CMS [136] collaborations have put 95% CL
upper limits on the Higgs boson total width I'j, from measurement of off-shell production
in the ZZ — 4¢ channel. Given the SM expectation F,SLM ~ 4.1 MeV, we use the CMS
upper limit on I', < 9.16 MeV [136] to demand that the new contribution (mostly from
h — h*h¥*, because the h — v branching fraction is much smaller) must be less than
5.1MeV. This is shown in figure 15 by the grey-shaded region (only visible in the upper
right panel), which turns out to be much weaker than the signal strength constraints in
the individual channels.

4.11 Monophoton constraint from LEP

Large neutrino NSI with electrons inevitably leads to a new contribution to the monophoton
process eTe~ — viry that can be constrained using LEP data [137]. In the SM, this process
occurs via s-channel Z-boson exchange and ¢- channel W-boson exchange, with the photon
being emitted from either the initial state electron or positron or the intermediate state
W boson. In the Zee model, we get additional contributions from t-channel charged scalar
exchange (see figure 16). Both light and heavy charged scalars will contribute, but given the
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mass bound on the heavy states from LEP contact interaction, the dominant contribution
will come from the light charged scalar.

The total cross section for the process eTe™ — 1437y can be expressed as o = oSM
oS, where oM is the SM cross section (for o = ) and o™ represents the sum of the
pure non-standard contribution due to the charged scalar and its interference with the SM
contribution. Note that since the charged scalar only couples to right-handed fermions,
there is no interference with the W-mediated process (for o« = 8 = e). Moreover, for either
«a or 8 not equal to e, the W contribution is absent. For « # (3, the Z contribution is
also absent.

The monophoton process has been investigated carefully by all four LEP experi-
ments [85], but the most stringent limits on the cross section come from the L3 experiment,
both on [138] and off [139] Z-pole. We use these results to derive constraints on the charged
scalar mass and Yukawa coupling. The constraint |0 — o®*P| < §0**P| where P £ §o*P
is the experimental result, can be expressed in the following form:

oeXP §oe<P
We evaluate the ratio 0P /oM by combining the L3 results [138, 139] with an accurate
computation of the SM cross section, both at Z-pole and off Z-pole. Similarly, we compute

- O‘NS oeXP
oSM oSM

the ratio o™° / oM numerically as a function of the charged scalar mass mj,+ and the Yukawa
coupling Y,gsin¢. For comparison of cross sections at Z-pole, we adopt the same event
acceptance criteria as in ref. [138], i.e., we allow photon energy within the range 1GeV
< E, < 10GeV and the angular acceptance 45° < ¢, < 135°. Similarly, for the off Z-pole
analysis, we adopt the same event topology as described in ref. [139]: i.e., 14° < 6, < 166°,
1GeV < E,, and pJ. > 0.02y/s. We find that the off Z-pole measurement imposes more
stringent bound than the Z-pole measurement bound. As we will see in the next section
(see figure 18), the monophoton constraints are important especially for the NSI involving
tau-neutrinos. We also note that our monophoton constraints are somewhat weaker than
those derived in ref. [140] using an effective four-fermion approximation.

4.12 NSI predictions

The new singly-charged scalars n* and H;r in the Zee Model induce NSI at tree level as
shown in figure 17. Diagrams (a) and (d) are induced by the pure singlet and doublet
components of the charged scalar fields and depend on the Yukawa couplings f and Y
respectively (cf. egs. (4.1) and (4.19)). On the other hand, diagrams (b) and (c) are induced
by the mixing between the singlet and doublet fields, and depend on the combination of
Yukawa couplings and the mixing angle ¢ (cf. eq. (4.13)). As mentioned in section 4.2,
satisfying the neutrino mass requires the product f-Y to be small. For Y ~ O(1), we must
have f ~ 1078 to get m, ~ 0.1eV (cf. eq. (4.21)). In this case, the NSI from figures 17(a)
and (c) are heavily suppressed. So we will only consider diagrams (b) and (d) for the
following discussion and work in the mass basis for the charged scalars, where n™ and H2+
are replaced by ht and H™ respectively (cf. eq. (4.12)).
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Figure 17. Tree-level NSI induced by the exchange of charged scalars in the Zee model. Diagrams
(a) and (d) are due to the pure singlet and doublet charged scalar components, while (b) and (c)
are due to the mixing between them.

The effective NSI Lagrangian for the contribution from figure 17(b) is given by

Y, ,YX _
sin” ¢ ap2 bo (Zar lor)lsrVAL)
ms.

1, YoV, )

= _§Sin o ——(VaV" Prvg) (Lo PrL,) , (4.73)
my.

Eeff

where in the second step, we have used the Fierz transformation. Comparing eq. (4.73)
with eq. (3.1), we obtain the hT-induced matter NSI parameters (setting p = o = ¢)

(h*) _ 1 Yae Yﬁ*e

.2
€ = sin” . 4.74
af 4\/§GF m}zﬁ ® ( )

Thus, the diagonal NSI parameters €., depend on the Yukawa couplings |Ye|?, and are
always positive in this model, whereas the off-diagonal ones .5 (With a # () involve the
product Y%Yﬁ*e and can be of either sign, or even complex. Also, we have a correlation
between the diagonal and off-diagonal NSI:

|€a5| = ,/Eomﬁﬁg, (4.75)

which is a distinguishing feature of the model.
Similarly, figure 17(d) gives the H-induced matter NSI contribution:

Y..Y*

(H*) . 1 ae Be )

€ = cos” . 4.76
of 442G E m?, (4.76)

Hence, the total matter NSI induced by the charged scalars in the Zee model can be
expressed as

2 2
_ oty | mh 1 sin®¢  cosp
faf = fap Ffap = 4\@GFY°‘€YE“’ ( mp i m?{+> ' (o
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To get an idea of the size of NSI induced by eq. (4.77), let us take the diagonal NSI
parameters from the light charged scalar contribution in eq. (4.74):

(%) _ 1 |Yael?
T 26 Ml

sin? . (4.78)

Thus, for a given value of my+, the NSI are maximized for maximum allowed values of |Yq.|
and sin . Following eq. (4.63), we set the trilinear coupling Aj,+,- — 0, thus minimizing
the constraints from Higgs signal strength. We also assume A3 = Ag to get

\/5)\81)
= . 4.79
a sin 2¢p ( )
Now substituting this into eq. (4.13), we obtain
A 2
sin? p ~ 8Y (4.80)

2(m%{+ - m%ﬁ) .
Furthermore, assuming the heavy charged and neutral scalars to be mass-degenerate, the

LEP contact interaction constraints (cf. section 4.6) require

2 2
Mp+ Aa
— 4.81

’Yae’2 ~ 87'[' ? ( 8 )

where A, = 10TeV, 7.9 TeV and 2.2TeV for a = e, u, 7, respectively [96]. Combining
egs. (4.78), (4.80) and (4.81), we obtain

)\8112 s
EoaX ~ S 4.82
ax m%ﬁ \/ﬁGFA?X ( )
Using benchmark values of my,+ = 100 GeV and Ag = 3, we obtain:
Eeen ~ 35%, et = 5.6%, et ~=TL6%. (4.83)

Although a rough estimate, this tells us that observable NSI can be obtained in the Zee
model, especially in the 7 sector. To get a more accurate prediction of the NSI in the Zee
model and to reconcile large NSI with all relevant theoretical and experimental constraints,
we use eq. (4.77) to numerically calculate the NSI predictions, as discussed below.

4.12.1 Heavy neutral scalar case

First, we consider the case with heavy neutral and charged scalars, so that the LEP contact
interaction constraints (cf. section 4.6) are valid. To be concrete, we have fixed the heavy
charged scalar mass my+ = 700GeV and the quartic couplings A3 = Ag = 3. In this
case, the heavy charged scalar contribution to NSI in eq. (4.77) can be ignored. The NSI
predictions in the light charged scalar mass versus Yukawa coupling plane are shown by
black dotted contours in figure 18 for diagonal NSI and figure 19 for off-diagonal NSI.
The theoretical constraints on sin¢ from charge-breaking minima (cf. section 4.3) and
T-parameter (cf. section 4.4) constraints are shown by the light and dark green-shaded
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regions, respectively. Similarly, the Higgs precision data constraint (cf. section 4.10) on
sin @ is shown by the brown-shaded region. To cast these constraints into limits on Y. sin ¢,
we have used the LEP contact interaction limits on Y. (cf. section 4.6) for diagonal NSI,
and similarly, the cLFV constraints (cf. section 4.5) for off-diagonal NSI, and combined
these with the CBM, T-parameter and Higgs constraints, which are all independent of
the light charged scalar mass. Also shown in figures 18 and 19 are the LEP and/or LHC
constraints on light charged scalar (cf. section 4.7) combined with the lepton universality
constraints from W and 7 decays (cf. sections 4.8 and 4.9), which exclude the blue-shaded
region below mp+ ~ 100GeV. In addition, the LEP monophoton constraints from off
Z-pole search (cf. section 4.11) are shown in figure 18 by the light purple-shaded region.
The corresponding limit from LEP on Z-pole search (shown by the purple dashed line in
figure 18(c) turns out to be weaker.

The model predictions for NSI are then compared with the current direct experimental
constraints from neutrino-electron scattering experiments (red/yellow-shaded), and the
global-fit constraints (orange-shaded) [61] which include the neutrino oscillation data [85],
as well as the recent results from COHERENT experiment [141];!? see table 9 for more
details. For neutrino-electron scattering constraints, we only considered the constraints
on 53’; [146-149], since the dominant NSI in the Zee model always involves right-handed
electrons (cf. eq. (4.73)). For €,,,,, we have rederived the CHARM II limit following ref. [146],
but using the latest PDG value for s2 = 0.22343 (on-shell) [85]. Specifically, we used the
CHARM II measurement of the Z-coupling to right-handed electrons g% = 0.234 £ 0.017
obtained from their v,e — ve data [150] and compared with the SM value of (¢%)sm = s2,
to obtain a 90% CL limit on €, < 0.038, which is slightly weaker than the limit of 0.03
quoted in ref. [147]. Nevertheless, the CHARM limit turns out to be the strongest in
realizing maximum €, in the Zee model, as shown in figure 18(b).

There is a stronger constraint on |e;r — €] < 9.3% from the IceCube atmospheric
neutrino oscillation data [151-153]. In general, this bound can be evaded even for large
NSI, if e.g. both €,,, and e, are large and there is a cancellation between them. However,
in the Zee model, such cancellation cannot be realized, because we can only allow for
one large diagonal NSI at a time, otherwise there will be stringent constraints from cLFV
(cf. section 4.5). For instance, making both €,,, and e, large necessarily implies a large ¢,
(due to the relation given by eq. (4.75)), which is severely constrained by 7= — p~ e e™
(cf. table 7 and figure 19(a)) and also by IceCube itself [152, 154, 155]. Therefore, the
bound on £, — €, is equally applicable to both ¢,, and ;. This is shown by the brown-
shaded regions in figure 18(b) and (c), respectively. This turns out to be the most stringent
constraint for e, although the model allows for much larger NSI, as shown by the black
dotted contours in figure 18(c).

For completeness, we also include in figure 18 global-fit constraints from neutrino
oscillation plus scattering experiments [61].!3 The global-fit analysis assumes the simulta-
neous presence of all e,3’s, and therefore, the corresponding limits on each £,3 are much

12For related NSI studies using the COHERENT data, sce e.g. refs. [59, 142-145].
13We use the constraints on eb s from ref. [61], assuming that these will be similar for &7, 5 due to charge-
neutrality in matter.
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weaker than the ones derived from oscillation or scattering data alone, due to parameter
degeneracies. For instance, the global-fit constraint on e, € [—35%, 140%)] (cf. table 9) is
significantly affected by the presence of nonzero e.. and €., [156], which were set to zero
in the IceCube analysis of ref. [152].

Also shown in figure 18 (blue solid lines) are the future sensitivity at long-baseline
neutrino oscillation experiments, such as DUNE with 300 kt. MW.yr and 850 kt. MW.yr
of exposure, derived at 90% CL using GLoBES3.0 [157] with the DUNE CDR simulation
configurations [158]. Here we have used ¢ (true) = —m/2 for the true value of the Dirac
CP phase and marginalized over all other oscillation parameters [66]. We find that even
the most futuristic DUNE sensitivity will not be able to surpass the current constraints
on the Zee model. On the other hand, the current neutrino scattering experiments like
COHERENT and atmospheric neutrino experiments such as IceCube should be able to
probe a portion of the allowed parameter space for ¢, and e, respectively.

4.12.2 Light neutral scalar case

Now we consider the case where the neutral scalars H and A are light, so that the LEP
contact interaction constraints (cf. 4.6) are not applicable. In this case, both At and H™
contributions to the NSI in eq. (4.77) should be kept. For concreteness, we fix my+ =
130 GeV to allow for the maximum H™ contribution to NSI while avoiding the lepton
universality constraints on HT (cf. section 4.8). We also choose the neutral scalars H and
A to be nearly mass-degenerate with the charged scalar H', so that the T-parameter and
CBM constraints are easily satisfied. The Higgs decay constraints can also be significantly
relaxed in this case by making A\,;+,- — 0 in eq. (4.63). The NSI predictions for this
special choice of parameters are shown in figure 20. Note that for higher mj+, the NSI
numbers are almost constant, because of the my+ contribution which starts dominating.
We do not show the off-diagonal NSI plots for this scenario, because the cLFV constraints
still cannot be overcome (cf. figure 19).

Taking into account all existing constraints and this possibility of light AT and H™,
the maximum possible allowed values of the NSI parameters in the Zee model are shown
in the second column of table 9, along with the combination of the relevant constraints
limiting each NSI parameter (shown in parentheses). Thus, we find that for the diagonal
NSI, one can get maximum e.. of 8%, €, of 3.8%, and e,;r of 9.3%, only limited by
direct experimental searches (TEXONO, CHARM and IceCube, respectively). Thus, the
future neutrino experiments could probe diagonal NSI in the Zee model. As for the off-
diagonal NSI, they require the presence of at least two non-zero Yukawa couplings Y., and
their products are all heavily constrained from cLFV; therefore, one cannot get sizable off-
diagonal NSI in the Zee model that can be probed by any neutrino scattering or oscillation
experiment in the foreseeable future.

4.13 Consistency with neutrino oscillation data

In this section, we show that the choice of the Yukawa coupling matrix used to maximize
our NSI parameter values is consistent with the neutrino oscillation data. The neutrino
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Figure 18. Zee model predictions for diagonal NSI (ecc, €uu, €-7) are shown by the black dot-
ted contours. Color-shaded regions are excluded by various theoretical and experimental con-
straints: blue-shaded region excluded by direct searches from LEP and LHC (section 4.7) and/or
lepton universality (LU) tests in W decays (section 4.8); purple-shaded region by off Z-pole LEP
monophoton search (cf. section 4.11), with the purple dashed line in (¢) indicating a weaker limit
from on Z-pole LEP search; light green, brown and deep green-shaded regions respectively by
T parameter (section 4.4), precision Higgs data (section 4.10), and charge-breaking minima (sec-
tion 4.3), each combined with LEP contact interaction constraint (section 4.6). In addition, we show
the direct constraints on NSI from neutrino-electron scattering experiments (red/yellow-shaded),
like CHARM [147], TEXONO [148] and BOREXINO [149], from IceCube atmospheric neutrino
data [152] (light brown), as well as the global-fit constraints from neutrino oscillation+ COHERENT
data [61] (orange-shaded). We also show the future DUNE sensitivity (blue solid lines), for both
300 kt.MW.yr and 850 kt. MW.yr exposure [66].
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Figure 19. Zee model predictions for off-diagonal NSI (e¢,, €,r, €e-) are shown by black dotted
contours. Color-shaded regions are excluded by various theoretical and experimental constraints.
Blue-shaded region is excluded by direct searches from LEP and LHC (section 4.7) and/or lepton
universality (LU) tests in W decays (section 4.8). Light green, brown and deep green-shaded
regions are excluded respectively by T-parameter (section 4.4), precision Higgs data (section 4.10),
and charge-breaking minima (section 4.3), each combined with cLFV constraints (section 4.5). The
current NSI constraints from neutrino oscillation and scattering experiments are weaker than the
cLFV constraints, and do not appear in the shown parameter space. The future DUNE sensitivity
is shown by blue solid lines, for both 300 kt.MW.yr and 850 kt. MW.yr exposure [66].
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Figure 20. Zee model predictions for diagonal NSI for light neutral scalar case. Here we have
chosen my+ = 130GeV. Labeling of the color-shaded regions is the same as in figure 18, except

for the LEP dilepton constraint (green-shaded region) which replaces the T-parameter, CBM and
LHC Higgs constraints.
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NSI Zee Model Individual Global-fit DUNE

Prediction (Maz.) constraints constraints [61] | sensitivity [66]

Cee 0.08 [-0.07,0.08] [148] | [-0.010,2.039] | [-0.185,0.380]
(TEXONO) ([~0.130, 0.185))

s 0.038 [~0.03,0.03] [147] | [-0.364,1.387] | [-0.290,0.390]
(CHARM) [~0.017,0.038] (ours) ([~0.192, 0.240])

err 0.093 [~0.093,0.003] [152] | [-0.350,1.400] | [-0.360,0.145]
(IceCube) ([~0.120, 0.095))

Een 1.5 % 1075 [—0.13,0.13] [147] | [~0.179,0.146] | [~0.025,0.052]
(LEP + LU + cLFV + T-param.) ( [~0.017,0.040])

Cor 0.0056 [~0.19,0.19] [148] | [-0.860,0.350] | [-0.055,0.023]
(LEP + LU + cLFV + T-param.) ([-0.042,0.012])

Eur 0.0034 [~0.10,0.10] [147] | [~0.035,0.028] | [~0.0.015,0.013]
(LEP + LU + cLFV + T-param) ([~0.010, 0.010])

Table 9. Maximum allowed NSI (with electrons) in the Zee model, after imposing constraints
from CBM (section 4.3), T-parameter (section 4.4), cLFV searches (section 4.5), LEP contact in-
teraction (section 4.6), direct collider searches (section 4.7), lepton universality (LU) in W decays
(section 4.8), LHC Higgs data (section 4.10), and LEP monophoton searches (section 4.11). We also
impose the individual constraints, taking one NSI parameter at a time, from either neutrino-electron
scattering or neutrino oscillation experiments (as shown in the third column), like CHARM-II [147],
TEXONO [148] and BOREXINO [149] (only ezg are considered, cf. eq. (4.73)) or IceCube [152] as
well as the global-fit constraints (as shown in the fourth column), taking all NSI parameters simul-
taneously, from neutrino oscillation+COHERENT data [61] (only £? 5 are considered), whichever
is stronger. The maximum allowed value for each NSI parameter is obtained after scanning over
the light charged Higgs mass (see figures 18 and 19) and the combination of all relevant constraints
limiting the NSI are shown in parentheses in the second column. In the last column, we also show
the future DUNE sensitivity for 300 kt. MW.yr exposure (and 850 kt. MW.yr in parentheses) [66].

mass matrix in the Zee model is given by eq. (4.21) which is diagonalized by the unitary
transformation

Unins My Upnins = M, (4.84)

where M, = diag(m1, ma, m3) is the diagonal mass matrix with the eigenvalues my 23 and
Upnmns is the 3 x 3 lepton mixing matrix. In the standard parametrization [85],
—id
C12€13 C13512 e 513
UpMns = | —ca3s12 — c12813823€™  c1aca3 — s12513503¢”°  cizsas | (4.85)

1)

; i
512523 — €12€23513€"°  —C12823 — €23512513€" C13C23

where ¢;; = cost;;, s;j = sinb;;, 0;; being the mixing angle between different flavor eigen-
states ¢ and j, and ¢ is the Dirac CP phase. We diagonalize the neutrino mass matrix (4.21)
numerically, assuming certain forms of the Yukawa coupling matrices given below. The uni-
tary matrix thus obtained is converted to the mixing angles 8;; using the following relations
from eq. (4.85):

2 ’Ue2’2

2
2 2 2 U
= = U
512 = 7 U.s2 s13 = |Ues|",

Shy = ——— . 4.86
23 1— |U€3|2 ( )
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Since the NSI expressions in eq. (4.77) depend on Y. (the first column of the Yukawa
matrix), we choose the following three sets of benchmark points (BPs) for Yukawa textures
to satisfy all the cLF'V constraints, see tables 6 and 7. For simplicity, we also take all the
elements of Yukawa matrix to be real.

Yee 0 Yer

BPL: Y =| 0 Y, Y |, (4.87)
0 YT;J, YTT
0 Y., Yer

BPII: V=Y, 0 Y, |, (4.88)
0 YT,u, YTT
Yee 0 Yer

BPIIL: Y = 0 Y, Y., (4.89)
Y‘re 0 YTT

For BP I, substituting Y from eq. (4.87) in eq. (4.21), we get a symmetric neutrino mass
matrix as follows:

mi1 mMi2 Mi3
M, = ap | miz2 ma2 ma3 | , (4.90)
mi3 Mma3 M33

where ap = K furYee fixes the overall scale, and the entries in M, are given by

mip = 2m:T2 Y13,
mi2 = —MeX1Y11 + MrY13 + My T1 Y22 + My T2 Y23,
mi3 = —MeX2Y11 + MuT1Ys2 + M T2 Y33,

Mmoo = 2MmrYa3,

M3 = —My Y22 + MrY33,
m33 = —2my, Y32,
; _ fen _ fer _ Y, _ Y _ Yur
and we have defined the ratios x; = Fr 0 T2 = 7 Y13 T Y, Y22 = oy, Y23 = oy

Y3z = };,::, and ys3 = 3%2 Similarly, for BPs II and III, one can absorb Y, and Y,

respectively in the overall factor ag to get the mass matrix parameters in terms of the
ratios x; and y;;.

For each set of Yukawa structure, we show in table 10 the best-fit values of the param-
eters x;, y;; and ag. For BP I and II, we obtain inverted hierarchy (IH) and for BP III,
we get normal hierarchy (NH) of neutrino masses. The model predictions for the neutrino
oscillation parameters in each case are shown in table 11, along with the 30 allowed range
from a recent NuFit4 global analysis [159]. It is clear that the fits for all the three sets
are in very good agreement with the observed experimental values. We note here that
the NuFit4 analysis does not include any NSI effects, which might affect the fit results;
however, it is sufficient for the consistency check of our benchmark points. A full global
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BpP 1 T Y11 Y12 Y13 Yo1 | Y22 Y23 Y31 Y32 Y33 ap(107°)
BP I (IH) —7950 | 34 —-1.0 0 —0.01 0 | 0.001 0.08 0 0.05 0.70 0.017
BP II (IH) 14 4.7 0 0.05 | 0.01 1.0 0 0.02 0 0.06 0.03 0.19
BP III (NH) —-9.9 | 0.27 | 0.01 0 0.07 0 0.13 | —0.007 | —1.0 0 —0.036 0.6

Table 10. Values of parameters chosen for different sets of Yukawa structure given in eqs. (4.87)—
(4.89) to fit the neutrino oscillation data.

Oscillation 30 allowed range Model prediction
parameters from NuFit4 [159] | BP I (IH) | BP II (IH) | BP III (NH)
Am3,(107° eV?) 6.79-8.01 7.388 7.392 7.390
Am3,(1072 eV?)(IH) 2.412-2.611 2.541 2.488 —
AmZ, (1072 eV?)(NH) 2.427-2.625 — — 2.505
sin? 015 0.275-0.350 0.295 0.334 0.316
sin A3 (TH) 0.423-0.629 0.614 0.467 —
sin® 63 (NH) 0.418-0.627 — 0.577
sin® 015 (IH) 0.02068-0.02463 0.0219 0.0232 —
sin® 615(NH) 0.02045-0.02439 — 0.0229

Table 11. 30 allowed ranges of the neutrino oscillation parameters from a recent global-fit [159]
(without NSI), along with the model predictions for each BP.

analysis of the oscillation data in presence of NSI to compare with our benchmark points
is beyond the scope of this work.

In addition to the best fit results in the tabulated format, we also display them in
figure 21 in the two-dimensional projections of 1o, 20 and 30 confidence regions of the
global-fit results [159] (without inclusion of the Super-K atmospheric Ax?2-data). Colored
regions (grey, magenta, cyan) are for normal hierarchy, whereas regions enclosed by solid,
dashed, dotted lines are for inverted hierarchy. The global-fit best-fit points, along with
the model predictions for each benchmark point, are shown for comparison. It is clear that
the theoretical predictions are within the observed 30 range in each case.

5 NSI in one-loop leptoquark model

There are only four kinds of scalar LQs that can interact with the neutrinos at the renor-
malizable level in the SM (see table 1): Ld°€), LQx*, LQp and Lus.'* In this section and
next, we discuss neutrino mass models with various combinations of these LQs. Our focus
is again the range of neutrino NSI that is possible in these models. We note in passing
that all these scalar LQQ scenarios have gained recent interest in the context of semileptonic
B-decay anomalies, viz., Rp) and Ry (see e.g., [161]). But it turns out that none of
these scalar LQ models can simultaneously explain both R and Ry [162].

We start with a LQ variant of the Zee model that generates small neutrino masses at
one-loop level, via the operator is Og;, (cf. eq. (2.2¢)). It turns out that Oz, will induce

The LQ fields Q, x*, p, 6 are often denoted as S1, S3, Ra, R respectively [160].
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Figure 21. Global oscillation analysis obtained from NuFit4[159] for both Normal hierarchy (NH)
and Inverted hierarchy (IH) compared with our model benchmark points (BP1, BP2, BP3). Gray,
Magenta, and Cyan colored contours represent 1o, 20, and 30 CL contours for NH, whereas solid,
dashed, and dotted lines respectively correspond to 1o, 20, and 30 CL contours for IH. Red, purple,
and (blue, black, brown) markers are respectively best-fit from NuF'it for IH and NH, and benchmark
points I, IT and III for Yukawa structures given in eqgs. (4.87)—(4.89).

neutrino masses at one-loop, while Os,, owing to the SU(2)y index structure, will induce
m,, at the two-loop level. A UV complete model of O3, will be presented in section 7.2.3.
More precisely, the model of this section corresponds to Of of table 3, which involves
two LQ fields and no new fermions. All other realizations of O3 will be analyzed in
subsequent sections.

The phenomenology of the basic LQ model generating Og will be analyzed in detail in
this section, and the resulting maximum neutrino NSI will be obtained. The constraints
that we derive here on the model parameters can also be applied, with some modifications,
to the other O3 models, as well as other one-loop, two-loop and three-loop LQ models
discussed in subsequent sections.

To realize operator Os, the SU(2);, doublet and singlet scalars of the Zee model [14]
are replaced by SU(2) doublet and singlet LQ fields. This model has been widely studied
in the context of R-parity breaking supersymmetry, where the LQ fields are identified as
the @ and de fields of the MSSM [28, 163, 164]. For a non-supersymmetric description and
analysis of the model, see ref. [30].

The gauge symmetry of the model denoted as (’)g is the same as the SM: SU(3). x
SU(2)., x U(1)y. In addition to the SM Higgs doublet H (1,2,3), two SU(3). triplet
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Figure 22. One-loop diagram inducing neutrino mass in the LQ model. This is the model Of of
table 3. In SUSY models with R-parity violation, w™'/3 is identified as d and x*!/3 as d°.

LQ fields (3,2, %) = (w2/3,w*1/3) and y /3 (3,1,—%) are introduced. The Yukawa
Lagrangian relevant for neutrino mass generation in the model is given by

Ly D )\QBL"ad%Qjeij + )\/aﬁfoQ%X*eij + H.c.
= \og (ua %w_l/?’ - Ead%oﬁ/?’) + X (Vadg — Laug) x* + H.c. (5.1)

Here {«, 8} are family indices and {4, j} are SU(2), indices as before. As in the Zee model,
a cubic scalar coupling is permitted, given by

V O pH'Q* +He =p (w2/3H_ + w_l/?’ﬁo) X"+ H.c. (5.2)

which ensures lepton number violation.
Once the neutral component of the SM Higgs doublet acquires a VEV, the cubic term
in the scalar potential (5.2) will generate mixing between the w='/3 and x~1/3 fields, with

m2 v
Mg = (M*v/“’\/i “4?) , (5.3)

include the bare mass terms plus a piece of the type Av? arising from

the mass matrix given by:

2
X

the SM Higgs VEV. The physical states are denoted as {X; 1 3, X, 1 3}, defined as

where m?2 and m

X1 =cosaw+sinay,

X9 = —sinaw + cosa )y, (5.4)

with the mixing angle given by

tan2a = 2 mZ (5.5)
The squared mass eigenvalues of these states are:
2 Lr o 2 2 232 24,2
mip =g Mo+ my F \/(mw —m3)? +4pPe?| . (5.6)
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Figure 23. Doublet and singlet L.Q contribution to APV at tree-level.

Neutrino masses are induced via the one-loop diagram shown in figure 22. The mass
matrix is given by:

_ 3 sin 2«
Yo 3972

2
log (m;> AMNT + N MAT). (5.7)
my

Here My is the diagonal down-type quark mass matrix. Acceptable neutrino masses and
mixing can arise in the model for a variety of parameters. Note that the induced M, is
proportional to the down-quark masses, the largest being my. In the spirit of maximizing

—1/3 or the x~1/3 field, without relying

neutrino NSI, which are induced by either the w
on their mixing, we shall adopt a scenario where the couplings A\,3 are of order one,
while X\, 5 < 1. Such a choice would realize small neutrino masses. One could also consider
N ~ O(1), with A < 1 as well. However, in the former case, there is a GIM-like suppression
in the decay rate for £, — ¢g + ~ [33], which makes the model with A ~ O(1),\ <« 1
somewhat less constrained from cLFV, and therefore we focus on this scenario. The reason

for this suppression will be elaborated in section 5.1.4.

5.1 Low-energy constraints

One interesting feature of the LQ model presented in this section is that the radiative
decay £, — {3+ y is suppressed in the model due to a GIM-like cancellation. On the other
hand, p — e conversion in nuclei gives a stringent constraint on the Yukawa couplings of the
model, as do the trilepton decays of the lepton to some extent. Since the product |[AN| < 1
in order to generate the correct magnitude of the neutrino masses (cf. eq. (5.7)), we shall
primarily consider the case where |\| < 1 with |A| being of order one. This is the case
where the constraints from radiative decays are nonexistent. If on the other hand, |A\| < 1
and || is of order unity, then these radiative decays do provide significant constraints.
This situation will be realized in other LQ models as well; so we present constraints on
the model of this section in this limit as well. The processes that are considered are:
lo — L3 + 7y, i — e conversion in nuclei, £, — 256765 (with at least two of the final state
leptons being of same flavor), T — ¢n, 7 — ¢n, 7 — ¢n' (where £ = e or u), and APV.

5.1.1 Atomic parity violation

The strongest constraints on the A.q and A, couplings come from atomic parity violation
(APV) [165], analogous to the R-parity violating supersymmetric case [166]. The diagrams
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shown in figure 23 lead to the following effective couplings between up/down quarks and
electrons:
|>‘ed|2 ‘ . ‘2

_ N2
Lo = (érdr) (drer) + o (eSur) (uref)

(erv"er) (Uryuur) , (5.8)

m2

UJ

1 [ Aeq|? - 1IX,[2
— eryer) (dryudr) + *eid
2 m2 (ezy*er) (dryudr) 2 m2
where we have used the Fierz transformation in the second step. The parity-violating parts
of these interactions are given by

2
Lo = é P};’ [(ev"~7¢e) (dvud) — (ev"e) (dyuy°d)]
2
; ‘),\ng‘ [(ev~°e) (ayuu) + (eyue) (T °u)] - (5.9)

X

On the other hand, the parity-violating SM interactions at tree-level are given by

L = "5 3 [Crq (e7"5°€) (@10) + Caq (e7") (73:7°0)] (5.10)
f q=u,d
with
4 1
Clu—_ +§SZ] Cgu——§—|—25
1 2 1
Cra = 5—587?”, Coq = 5—2530. (5.11)

Correspondingly, the weak charge of an atomic nucleus with Z protons and N neutrons is
given by

Qu(Z,N) = =2[C1u(2Z + N) 4+ C1a(Z + 2N)] = (1 — 4s3,)Z — N , (5.12)

where (2Z 4+ N) and (Z 4 2N) are respectively the number of up and down quarks in the
nucleus. The presence of the new PV couplings in eq. (5.9) will shift the weak charge to

6Qw(Za N) =

[(QZJrN) cal” (Z+2N)M€d| ] (5.13)

1
2\/§GF mX mw

There are precise experiments measuring APV in cesium, thallium, lead and bis-
muth [167]. The most precise measurement comes from cesium (at the 0.4% level [168]),

so we will use this to derive constraints on LQ. For 133Cs, eq. (5.13) becomes

5Qu (19Cs) = —= 1gs el _ gpq el (5.14)
2V2G m2 m2

Taking into account the recent atomic structure calculation [165], the experimental value
of the weak charge of 133Cs is given by [85]

QU® (333Cs) = —72.62£0.43, (5.15)
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Figure 24. Feynman diagrams leading to p — e conversion at tree-level in the doublet-singlet LQ
model.

whereas the SM prediction is [85, 165]
QM (33Cs) = —73.23 £0.02, (5.16)

based on a global-fit to all electroweak observables with radiative corrections. Assum-
ing new radiative corrections from LQ are small and saturating the difference between
egs. (5.15) and (5.16), we obtain a 20 allowed range of §Q.,:

—0.29 < 6Q, < 1.51. (5.17)

Comparing this with eq. (5.14), we obtain the corresponding 20 bounds on Aeq and X, as
a function of the LQ mass as follows:

Med| < 0.21(%/), N < 0.51(%). (5.18)

The APV constraint on down-quark coupling of the LQ is stronger than the up-quark
coupling constraint due to the fact that the experimental value of @, (cf. eq. (5.15)) is
1.50 larger than the SM prediction (cf. eq. (5.16)), while the doublet LQ contribution to
Q@ goes in the opposite direction (cf. eq. (5.14)).

5.1.2 u — e conversion

Another constraint on the LQ model being discussed comes from the cLFV process of
coherent p — e conversion in nuclei (uN — eN). We will only consider the tree-level
contribution as shown in figure 24, since the loop-level contributions are sub-dominant.
Following the general procedure described in ref. [115], we can write down the branching
ratio for this process as [33]

2
|| Eem3 o Z4 F? NS Aal AN
BR(uN N) ~ o el P oA — 7)2 | Led”l Ll 5.19
(pN = eN) 647221 N ( ) m2 + mi ’ ( )

where p, and F, are the momentum and energy of the outgoing electron respectively, Z and
A are the atomic number and mass number of the nucleus respectively, Z.g is the effective
atomic number, F), is the nuclear matrix element, and I'y is the muon capture rate of the
nucleus. Here we take |p,| ~ E. ~ m,, and use the values of Z.g and F}, from ref. [169], and
the value of I'y from ref. [170]. Comparing the model predictions from eq. (5.19) with the
experimental limits for different nuclei [171-173], we obtain the constraints on the Yukawa
couplings (either A or \') and LQ mass as shown in table 12.
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Nucleus Experimental Zogt F, 'y [170] Constraint
Limit [169] | [169] | (10¢ s~1) on [N A udl
#¥Ti | BR< 6.1x 10713 [171] | 17.6 | 0.54 2.59 <4.30 x 1076 (2= )2
P7Au | BR < 7.0x 10713 [172] | 33.5 | 0.16 13.07 < 4.29 x 1076 (;"V)
205Ph | BR < 4.6 x 101 [173] | 34.0 | 0.15 | 1345 | <3.56 x 1075 (2%

H

Table 12. Constraints on Yukawa couplings and L(Q masses from g — e conversion in different
nuclei. For \Xe*d/\ild|, the same constraints apply, with m,, replaced by m,.

5.1.3 £, — EBE,YE,S decay

LQs do not induce trilepton decays of the type u — 3e at the tree-level. However, they
do induce such processes at the loop level. There are LQ mediated Z and photon penguin
diagrams, as well as box diagrams. These contributions have been evaluated for the LQ
model of this section in ref. [33]. With the Yukawa couplings A being of order one, but
with |\'| < 1, the branching ratio for = — ete~e™ decay is given by [33]

3\/§ ) L |)‘ d)‘*d|2

— —_— 2

BR(p — 3e) = ( -

where
2

L m,u
Cda =776 [726 <1°gm2

w

2 m2
) — 108(3¢* + 2¢%|Acql®) log | —5
mw
2\ 4 2 2 4
+ (449 + 6871%)e? + 486€% | Neg|?* + 243| Ay ] : (5.21)

Here we have kept only those couplings that are relevant for neutrino NSI, and we have
assumed that there are no accidental cancellations among various contributions. Using
BR(u — 3e) < 1.0 x 10712 [94], we obtain

my
TeV
Analogous constraints from 7 — 3e and 7 — 3u are less stringent. For example, from
BR(7 — 3e) < 1.4 x 1078 [95], and using eq. (5.20) with a multiplicative factor of BR(7 —
vplvy) = 0.174, we obtain

-1/2

2
Nea\ial < 4.4 x 10—3< ) (14 1.45|Aeq|? + 0.81|Acal*) (5.22)

2
Aeaiyl < 1. 2(%”\/) (14 1.96|YVeq|® + 1.50]YeqH) 712 . (5.23)
Similarly, from BR(7 — 3p) < 1.2 x 1078 [95] we obtain
2
[ ApdNigl < 1. 1<;”V> (1 4+ 1.96]Y,,4]* 4 1.50|YV,,q*)"1/2 . (5.24)

The constraint on |[AcgAr,| from the trilepton decay (cf. eq. (5.22)) turns out to be
weaker than those from p — e conversion (cf. table 12). Similarly, the constraints on
| AeaAry| and |A,qA%,| from the trilepton decay (cf. egs. (5.23) and (5.24)) turn out to be
weaker than those from semileptonic tau decays (cf. table 14).
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Figure 25. One-loop Feynman diagrams for ¢, — £3y processes mediated by LQ.

Process Ezp. limit Constraint

_1: « 3 my\2
p—ey | BR<4.2x 107" [89] | [N A5| < 24 x 1077 (va)
T— ey | BR<33x1078 [85] IALAZ| < 1.6 (£55)
T py | BR < 4.4 x 1078 [88] N < 1.9 (1)?

Table 13. Constraints on the Yukawa couplings A as a function of the singlet LQ mass from
Lo — Lgy processes.

5.1.4 £, — £g7 constraint

The lepton flavor violating radiative decay ¢, — {3 + 7 arises via one-loop diagrams with
the exchange of LQ fields (see figure 25). These diagrams are analogous to figure 8, but
with the charged and neutral scalars replaced by LQ scalars. Note that the photon can
be emitted from either the LQ line, or the internal fermion line. It turns out that the LQ
Yukawa coupling matrix A leads to suppressed decay rates for ¢, — {3 + 7, owing to a
GIM-like cancellation. The coupling of the w?/3 LQ has the form ¢, L%wQ/ 3. which implies
that Qp = 2/3 and Qr = —1/3 in eq. (4.30). Consequently, the rate becomes proportional
to a factor which is at most of order (m?/m?2)?. Thus, the off-diagonal couplings of A are
unconstrained by these decays.

On the other hand, the x~1/% LQ field does mediate £, — lg + v decays, proportional
to the Yukawa coupling matrix \'. The relevant couplings have the form ¢z x*, which
implies that Qr = —2/3 and Qp = 1/3 in eq. (4.30). We find the decay rate to be

Yo |)‘,/Bd)‘gd’2 mg

T(le — lg+7) = 576 (om0 md (5.25)

where 9 = 32 is a color factor. Here we have assumed t = m%/m% — 0, since the LQ
is expected to be much heavier than the SM charged leptons to satisfy the experimental
constraints. The limits on the products of Yukawa couplings from these decays are listed
in table 13.

5.1.5 Semileptonic tau decays

The decays 7~ — £~ 70, ¢=n, £71/, with £ = e or p will occur at tree level mediated by the
doublet LQ w?/3 or the singlet LQ x~1/3. The relevant Feynman diagrams are shown in
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Figure 26. Feynman diagram for 7 — un® (un, un’) and 7 — er® (en, en’) decays.

figure 26. The decay rate for 7= — ¢~ 7% mediated by w LQ is given by

_ ’)‘Zd/\:dF fgmg

Prsend = Fogan i 2 (M Mx), (5.26)
w
where
2\ 2 2 2 27 1/2
m
Fr(mg, my) = [( — 5) — (1+ g) mg] [1— (W +m7r) ]
m2 m2 ) m2 my My

2
y [1 (e me) ] | 527
mr;  mg
If this decay is mediated by the x LQ, the same relation will hold, up to a factor of
|Vaua)?, with the replacement (X, my,) — (X, my). The rates for 7= — ¢~ and 7= — £~/

can be obtained from eq. (5.26) by the replacement (fr, mx) — (my, fii) and (m,y, fg/)
respectively. Here we have defined the matrix elements to be

(70 () [y Pul0) = —(n0(p)|dyyd]0) = —z'jgpﬂ, (5.28)
() |ar"y2ul0) = (n(p)|dy"1d[0) = —z‘%pﬂ, (5.29)
(0 (5) a9 Pul0) = (o ()l d]0) = —iﬁgp“ . (5.30)

The sign difference in eq. (5.28) is due to the fact that the state |7°) = (ua — dd)/v/2.
As for |n) and |n) states, these are obtained from the mixing of the flavor states |n,) =
(tu + dd)/+/2 and |ns) = 5s:

[n) = cos ¢ |ng) —sing|ns),
') = sing|ng) +cos ¢ ns) - (5.31)

The matrix elements entering semileptonic 7 decays are then related as

fl = cosofy, fg/ =singf, (5.32)
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Process Ezp. limit [85] Constraint

7= pm® | BR < L1x 1077 | [Auah5yl < 9.3 x 1072 (2%)°
roer® | BR<8x 1075 | [Ahtyl < 7.9 x 1072 (2%)?
o | BR<6.5x 1078 | [Auai| <95 x 1072 (e )’
Toen | BR<92x1078 | [Aadn,| < 11 x 1071 (2%)°
T —un’ | BR<1.3x1077 |AuaAryl < 2.3 x 10" (ﬁf/)Q
e | BR<L6x 1077 | [Aeaiy| < 2.5 x 1071 (&%)

Table 14. Constraints on couplings and the L(Q mass from semileptonic tau decays. Exactly the
same constraints apply to A" couplings, with m,, replaced by m,,.

where f; is defined through

(ng(p)|ar*~"q|0) = —ij‘%p“ : (5.33)

The mixing angle ¢ and the decay parameter f, have been determined to be [174]
¢=(39.3+£1)", fq=(1.07£0.02) fr . (5.34)

Using these relations, and with fr ~ 130MeV, we have fi ~ 108 MeV and fg, ~
89 MeV [175]. Using these values and the experimental limits on the semileptonic branch-
ing ratios [85], we obtain limits on products of Yukawa couplings as functions of the LQ
mass, which are listed in table 14. It turns out that these limits are the most constraining
for off-diagonal NSI mediated by LQs.

We should mention here that similar diagrams as in figure 26 will also induce alternative
pion and n-meson decays: 70 — ete” and n — ¢*¢~ (with £ = e or u). In the SM,
BR(7? — ete™) = 6.46 x 1078 [85], compared to BR(7? — ~v) =~ 0.99. Specifically, the
absorptive part of ¥ — ete™ decay rate!® is given by [176, 177]

Fabsp(wo—>e+e_)_ 1 o [ me 2 1+8)\2
Fem o () 5 (os155) o

where 3 = /1 —4m2/m2. For LQ mediation, the suppression factor (me/m;)? ~
1.4 x 107 is replaced by the factor (m,/my)* ~ 3.3 x 10716 for a TeV-scale LQ. Simi-
lar suppression occurs for the 1 decay processes n — £t~ (with ¢ = e or p) [176, 178].

Therefore, both pion and 7 decay constraints turn out to be much weaker than those from
7 decay given in table 14.

5.1.6 Rare D-meson decays

The coupling matrix X of eq. (5.1) contains, even with only diagonal entries, flavor violating
couplings in the quark sector. To see this, we write the interaction terms in a basis where
the down quark mass matrix is diagonal. Such a choice of basis is always available and

15The dispersive part of 7° — ete™ decay rate is found to be 32% smaller than the absorptive part in
the vector meson dominance [176].
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Figure 27. Feynman diagram for rare leptonic and semileptonic D-meson decays mediate by the
x LQ.

conveniently takes care of the stringent constraints in the down-quark sector, such as from
rare kaon decays. The x LQ interactions with the physical quarks, in this basis, read as

— Ly D A, (Wadx* — Lo Viiuix®) + H.c. (5.36)

Here V is the CKM mixing matrix. In particular, the Lagrangian contains the following
terms:

— Ly D =X,y (Viloux™ + Vilaex™) + Hee. (5.37)

The presence of these terms will result in the rare decays DY — ¢4~ as well as D — wfT¢~
where ¢ = e, p. The partial width for the decay D — ¢T¢~ is given by

1/2
b NP Vad Vel mi fpmp () mi)Y (5.38)
DO—tata 1287 my m?, ’ ’

Here we have used the effective Lagrangian arising from integrating out the x field to be

)\/ d)\/*d B
Lef = g 25 (wpy*er)(lsry"lar) (5.39)
my
and the hadronic matrix element
(D°luryel0) = ~ifppy - (5.40)

Using fp = 200 MeV, we list the constraint arising from this decay in table 15. It will turn
out that the NSI parameter ¢, will be most constrained by the limit DY — ptpu~, in cases
where y LQ is the mediator. Note that this limit only applies to SU(2), singlet and triplet
LQ fields, and not to the doublet LQ field 2. The doublet LQ field always has couplings
to a SU(2)r, singlet quark field, which does not involve the CKM matrix, and thus has not
quark flavor violation arising from V.

The semileptonic decay DT — 70T/~ is mediated by the same effective Lagrangian
as in eq. (5.39). The hadronic matrix element is now given by

(mF (p2)[@yue| DT (p1)) = Fie(¢*) (1 + p2)u + F-(a*) (1 = p2) (5.41)
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Process Ezp. limit [85] Constraint
DY Setem | BR<79x107° | [N [<16.7 (%)
D’ = ptp~ | BR<62x1077 | |N,| <0.614 (75)
Dt »rfefe” | BR<1.1x107% | |AL,] <0.834 (1)
Dt - atputu~ | BR<7.3x1078 [Nal < 0.426 (7)
Dt = atetpm | BR <3.6x107° | [N, \5] < 1.28 (Tev)2

Table 15. Constraints on the xy LQ Yukawa couplings from D° — ¢*/~ and D+ — 7T/~ decays.

(p1 — p2)?. Since the F_(¢?
it can be ignored. For the form factor F (¢?

/o 9p*Dx

fﬂ' ]- - qz/m%)*

For the D* — Dm decay constant we use gp+pr = 0.59 [179].
hypothesis gives very similar results [180]. With these matrix elements, the decay rate is

with ¢ = ) term is proportional to the final state lepton mass,

) we use
() = (5.42)

Vector meson dominance

given by
2
[ Nad 5al fo 1
FD+_>71—+€3;[E - [ Am2 f gD*Dﬂ'|Vud tl| 647{'3mD (543)
X s
The function F is defined as
2 2 2
M. Mhe — M
= 2 | —2mS, + Immi. — 6mEmp. — 6(mbH. —m%)?mA. log %
12m7, M

Note that in the limit of infinite D* mass, this function F reduces to m$,/24. The numerical
value of the function is F ~ 2.98 GeV®. Using fp = 200 MeV, fr = 130 MeV, gp+pr = 0.59
and the experimental upper limits on the corresponding branching ratios [85], we obtain
bounds on the X couplings as shown in table 15. These semileptonic D decays have a mild
effect on the maximal allowed NSI. Note that the experimental limits on D° — 7%¢*¢~ are
somewhat weaker than the DT decay limits and are automatically satisfied when the DT
semileptonic rates are satisfied.

5.2 Contact interaction constraints

High-precision measurements of inclusive e*p — e®p scattering cross sections at HERA
with maximum /s = 320 GeV [181] and eTe™ — ¢q scattering cross sections at LEP 11
with maximum +/s = 209 GeV [96] can be used in an effective four-fermion interaction
theory to set limits on the new physics scale A > /s that can be translated into a bound
in the LQ mass-coupling plane. This is analogous to the LEP contact interaction bounds
derived in the Zee model 4.6. Comparing the effective LQ Lagrangian (5.8) with eq. (4.37)
(for f = u,d), we see that for the doublet LQ, the only relevant chirality structure is
LR, whereas for the singlet LQ, it is LL, with ngR =ny; = —1L
experimental bounds on A~ and the resulting constraints on LQ mass and Yukawa coupling

The corresponding

are given in table 16.
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LQ LEP HERA

type | Ezp. bound [96] Constraint Ezp. bound [181] Constraint

WP App > 51TeV | e > 1.017TeV | Azgp >4.7TeV | ({2 > 0.937 TeV

XL AL >30TV | 52 > 0.738TeV | Ap, > 128TeV | 5% > 2.553 TeV

Table 16. Counstraints on the ratio of LQ mass and the Yukawa coupling from LEP [96] and
HERA [181] contact interaction bounds.

Figure 28. Feynman diagrams for pair- and single-production of LQ at the LHC.

In principle, one could also derive an indirect bound on LQs from the inclusive dilepton
measurements at the LHC, because the LQ will give an additional ¢-channel contribution
to the process pp — ¢T¢~. However, for a TeV-scale LQ as in our case, the LHC contact
interaction bounds [182, 183] with /s = 13TeV are not applicable. Recasting the LHC
dilepton searches in the fully inclusive category following ref. [184] yields constraints weaker
than those coming from direct LQ searches shown in figure 29.

5.3 LHC constraints

In this section, we derive the LHC constraints on the LQ mass and Yukawa couplings which
will be used in the next section for NSI studies.

5.3.1 Pair production

At hadron colliders, LQs can be pair-produced through either gg or ¢¢ fusion, as shown
in figure 28(a), (b) and (c). Since LQs are charged under SU(3)., LQ pair production
at LHC is a QCD-driven process, solely determined by the LQ mass and strong coupling
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2000

Figure 29. LHC constraints on scalar L.Q in the LQ mass and branching ratio plane. For a given
channel, the branching ratio is varied from 0 to 1, without specifying the other decay modes which
compensate for the missing branching ratios to add up to one. Black, red, green, blue, brown
and purple solid lines represent present bounds from the pair production process at the LHC,
i.e., looking for ete™jj, utpu=jj, 777 bb, 7T tt, 7777 jj and vjj signatures respectively. These
limits are independent of the LQ Yukawa coupling. On the other hand, black (red) dashed, dotted
and dot-dashed lines indicate the bounds on L mass from the single production in association
with one charged lepton for LQ couplings Acg (uay = 2,1.5 and 1 respectively for first (second)
generation LQ.

constant, irrespective of their Yukawa couplings. Although there is a t-channel diagram
[cf. figure (28)(c)] via charged lepton exchange through which LQ can be pair-produced
via quark fusion process, this cross-section is highly suppressed compared to the s-channel
pair production cross-section.

There are dedicated searches for pair production of first [185, 186], second [186—188]
and third generation [188-190] LQs at the LHC. Given the model Lagrangian 5.1, we are
interested in the final states containing either two charged leptons and two jets (££5j), or
two neutrinos and two jets (vvjj). Note that for the doublet LQ Q = (w?/3,w=1/3), the jets

—1/3_the jets will be of up-type

will consist of down-type quarks, while for the singlet LQ
quarks. For the light quarks u, d, ¢, s, there is no distinction made in the LHC LQ searches;
therefore, the same limits on the corresponding L) masses will apply to both doublet and
singlet LQs. The only difference is for the third-generation LQs, where the limit from

7T77bb final state is somewhat stronger than that from 7+7#f final state [188, 190].

In figure 29, we have shown the LHC limits on LQ mass as a function of the corre-
sponding branching ratios for each channel. For a given channel, the branching ratio is
varied from 0 to 1, without specifying the other decay modes which compensate for the
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missing branching ratios to add up to one. For matter NSI, the relevant LQ couplings
must involve either up or down quark. Thus, for first and second generation LQs giving
rise to NSI, we can use eTe™jj and pu*p~jj final states from LQ pair-production at LHC
to impose stringent bounds on the A\,q and A, couplings (with o = e, u1) which are rel-
evant for NSI involving electron and muon flavors. There is no dedicated search for LQs
in the 7777 jj channel to impose similar constraints on A.4 and X/, relevant for tau-flavor
NSI. There are searches for third generation LQ [189, 190] looking at 777~ bb and 7H 7t
signatures which are not relevant for NSI, since we do not require ., (for X~ 3) or Ay
(for w?/3) couplings. For constraints on A4, we recast the 77~ bb search limits [188-190]
taking into account the b-jet misidentification as light jets, with an average rate of 1.5%
(for a b-tagging efficiency of 70%) [191]. As expected, this bound is much weaker, as shown
in figure 29.

However, a stronger bound on NSI involving the tau-sector comes from vvjj final
state. From the Lagrangian (5.1), we see that the same \,4 coupling that leads to 77~ dd

2/3 also leads to v,i,dd final state from the pair-

final state from the pair-production of w
production of the SU(2); partner LQ w13, whose mass cannot be very different from
that of w?/3 due to electroweak precision data constraints (similar to the Zee model case,
cf. section 4.4). Since the final state neutrino flavors are indistinguishable at the LHC, the
vvjj constraint will equally apply to all A\yq (with o = e, i, 7) couplings which ultimately
restrict the strength of tau-sector NSI, as we will see in the next subsection. The same

~1/3

applies to the X/, couplings of the singlet LQ x , which are also restricted by the vvjj

constraint.

5.3.2 Single production

LQs can also be singly produced at the collider in association with charged leptons via s-
and ¢- channel quark-gluon fusion processes, as shown in figure 28(d) and (e). The single
production limits, like the indirect low-energy constraints, are necessarily in the mass-
coupling plane. This signature is applicable to LQs of all generations. In figure 29, we
have shown the collider constraints in the single-production channel for some benchmark
values of the first and second generation LQ couplings A.q and A4 (since d jets cannot be
distinguished from s jets) equal to 1, 1.5 and 2 by dot-dashed, dotted and dashed curves
respectively. The single-production limits are more stringent than the pair-production
limits only for large A.q, but not for A,4. There is no constraint in the 7;j channel, and the
derived constraint from 7b channel is too weak to appear in this plot.

5.3.3 How light can the leptoquark be?

There is a way to relax the vvjj constraint and allow for smaller LQ masses for the doublet
components. This is due to a new decay channel w™/3 — w234+ W~ which, if kinematically

~1/3

allowed, can be used to suppress the branching ratio of w — vd decay for relatively

smaller values of \,4 couplings, thereby reducing the impact of the vvjj constraint. The
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Figure 30. Tree-level NSI diagrams with the exchange of heavy LQs: (a) for doublet LQ with
Yukawa A ~ O(1), and (b) for singlet LQ with Yukawa X ~ O(1).

partial decay widths for w™/3 — w?3 + W~ and w™ /3 — vadg are respectively given by

3 2 2

_ _ 1 ™M 43 m o3
T(w /3 5 2B )= w 1] W 5.44
(w w ) L "2, (5.44)

2 2 1/2
o [{1_ (mw2/3+mw) } {1_ (mwg/s—mw) }] 7
m,,—1/3 mg,,—1/3
1/3 |>‘aﬂ|2

N — vodg) = my,-1/3 - (5.45)

In deriving eq. (5.44), we have used the Goldstone boson equivalence theorem, and in
eq. (5.45), the factor in the denominator is not 87 (unlike the SM h — bb case, for instance),
because only one helicity state contributes.

The lighter LQ w?/3 in this case can only decay to lodg with 100% branching ratio.

+77jj channel are weaker, one can allow for w?/3

Using the fact that constraints from 7
as low as 522 GeV, as shown in figure 29 by the solid brown curve, when considering the
Arq coupling alone. This is, however, not applicable to the scenario when either Aeq or A,q

coupling is present, because of the severe constraints from eTe™jj and pu*p~jj final states.

5.4 NSI prediction

The LQs w3 and x~'/3 in the model have couplings with neutrinos and down-quark
(cf. eq. (5.1)), and therefore, induce NSI at tree level as shown in figure 30 via either A or
A\ couplings. From figure 30, we can write down the effective four-fermion Lagrangian as

Naasd (7 > NoaXsa (7 v
L= =5 (drvsr)(Wardr) + — 5= (drvpr)(Pards)

w X

1 )\Zd)\ﬁd T A — )\gd)\lﬁd T _
=5 T(dzw dRr)(VarYuvsL) + 3 (dey"dr) Waryuvpr)| ,  (5.46)
w X
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where we have used Fierz transformation in the second step. Comparing eq. (5.46) with
eq. (3.1), we obtain the NSI parameters

a _ 1 Mrasd | AadNsd £ 47
gaﬂ - 2 + 2 : ( : )
4\/§ GF mg, mX
For Y, (x) = %’;Ei)) = 1, one can obtain the effective NSI parameters from eq. (3.5) as
3 MoAsa AadNsd
Eap = 3ed, = ad”fd | "o . 5.48
af af 4\/5 Gr ( mz} mi ( )

To satisfy the neutrino mass constraint [cf. eq. (5.7)], we can have either A} ;Aga or A\ Ny
of O(1), but not both simultaneously, for a given flavor combination («, ). But we can
allow for A} jAgq and A7) A, simultaneously to be of O(1) for either a # o' or 8 # f,
which will be used below to avoid some experimental constraints for the maximum NSI
predictions.

5.4.1 Doublet leptoquark

First, let us consider the doublet LQ contribution by focusing on the A-couplings only.
We show in figures 31 and 32 the predictions for diagonal (ce, €.y, €7-) and off-diagonal
(€eps Eurs €er) NSI parameters respectively from eq. (5.48) by black dotted contours. Color-
shaded regions in each plot are excluded by various theoretical and experimental con-
straints. In figures 31(b) and (c), the yellow colored regions are excluded by perturbativity
constraint, which requires the LQ coupling A,q < \/% [192]. Red-shaded region in fig-
ure 31(a) is excluded by the APV bound (cf. section 5.1.1), while the brown and cyan
regions are excluded by HERA and LEP contact interaction bounds, respectively (cf. ta-
ble 16). Red-shaded region in figure 31(c) is excluded by the global-fit constraint from
neutrino oscillation+ COHERENT data [61]. Blue-shaded regions in figures 31(a) and (b)
are excluded by LHC LQ searches (cf. figure 29) in the pair-production mode for small A4
(which is independent of \,4) and single-production mode for large A\,q) with o = e, .
Here we have assumed 50% branching ratio to ej or uj, and the other 50% to 7d in order
to relax the LHC constraints and allow for larger NSI. Blue-shaded region in figure 31(c)
is excluded by the LHC constraint from the vrjj channel, where the vertical dashed line
indicates the limit assuming BR(w™/3 — vd) = 100%, and the unshaded region to the left
of this line for small A4 is allowed by opening up the w3 — w2/3W~ channel (cf. sec-

—1/3 _ vd channel, because

tion 5.3.3). Note that we cannot completely switch off the w
that would require A4 — 0 and in this limit, the NSI will also vanish.

The red line in figure 31(b) is the suggestive limit on eflug from NuTeV data [146] (cf. ta-
ble 17). This is not shaded because there is a 2.7¢ discrepancy of their s2, measurement
with the PDG average [85] and a possible resolution of this might affect the NSI constraint
obtained from the same data. Here we have rederived the NuTeV limit following ref. [146],
but using the latest value of s2, (on-shell) [85] (without including NuTeV). Specifically, we

have used the NuTeV measurement of the effective coupling (§§)2 = 0.0310 £ 0.0011 from
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vuq — vq scatterings [193] which is consistent with the SM prediction of (g%)gM = 0.0297.
Here (ggf is defined as

Iy R\2 d dr\?
(Gk)" = (9k+ )" + (gR+€W) , (5.49)
where g = —%S%U and g‘}% = %S%U are the Z couplings to right-handed up and down

quarks respectively. Only the right-handed couplings are relevant here, since the effective
NSI Lagrangian (5.46) involves right-handed down-quarks for the doublet LQ component
w23, In eq. (5.49), setting 5%22 = 0 for this LQ model and comparing (gg)z with the
measured value, we obtain a 90% CL on Eﬁﬁ < 0.029, which should be multiplied by 3
(since eq3 = 35%}) to get the desired constraint on €,3 shown in figure 31(b).

Also note that unlike in the Zee model case discussed earlier, the IceCube limit on
lerr — €uul [152] is not shown in figures 31(b) and (c). This is because the NSI parameters
in the LQ model under consideration receive two contributions as shown in eq. (5.48).
Although we cannot have both X and ' contributions large for the same €43, it is possible
to have a large A contribution to €43 and a large X’ contribution to €4/ (with either o #
or B # ('), thus evading the cLFV constraints (which are only applicable to either A or \
sectors), as well as the IceCube constraint on |e;; — €,,|, which is strictly applicable only
in the limit of all €., — 0. This argument can be applied to all the LQ models discussed
in subsequent sections, with a few exceptions, when the NSI arises from only one type of
couplings; see e.g. eq. (7.14) and (7.19)). So we will not consider the IceCube limit on ¢,
and e,.| for our LQ NSI analysis, unless otherwise specified.

For €., the most stringent constraint comes from APV (section 5.1.1), as shown by
the red-shaded region in figure 31(a) which, when combined with the LHC constraints on
the mass of LQ, rules out the possibility of any observable NSI in this sector. Similarly, for
€up, the most stringent limit of 8.6% comes from NuTeV. However, if this constraint is not
considered, €, can be as large as 21.6%. Similarly, e;, can be as large as 34.3%), constrained
only by the LHC constraint on the LQ mass and perturbative unitarity constraint on the
Yukawa coupling (cf. figure 31(c)). This is within the future DUNE sensitivity reach, at
least for the 850 kt. MW.yr (if not 300 kt.MW.yr) exposure [66], as shown in figure 31(c).

As for the off-diagonal NSI in figure 19, the LHC constraints (cf. section 5.3) are
again shown by blue-shaded regions. The yellow-shaded region in figure 19(b) is from the
combination of APV and perturbative unitarity constraints. However, the most stringent
limits for all the off-diagonal NSI come from cLFV processes. In particular, 7 — ¢7°
and 7 — ¢n (with ¢ = e, u) impose strong constraints (cf. section 5.1.5) on €, and e,
as shown in figures 32(a) and (b). For e.,, the most stringent limit comes from p —
e conversion (cf. section 5.1.2), as shown in figure 32(c). The maximum allowed NSI
in each case is tabulated in table 17, along with the current constraints from neutrino-
nucleon scattering experiments, like CHARM [146], COHERENT [142] and IceCube [154],
as well as the global-fit constraints from neutrino oscillation+COHERENT data [61] and
future DUNE sensitivity [66]. It turns out that the cLFV constraints have essentially
ruled out the prospects of observing any off-diagonal NSI in this LQ model in future
neutrino experiments. This is consistent with general arguments based on SU(2); gauge-
invariance [20].
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LQ model prediction (Maz.) Individual Global-fit DUNE
NSI Doublet Singlet constraints constraints [61] | sensitivity [66]
Cee 0.004 0.0069 [~1.8,1.5] [146] [—0.036,1.605] | [—0.185,0.380]
(LHC + APV) | (LHC+HERA) ([~0.130,0.185])
s 0.216 0.0086 [—0.024,0.045] [146] | [~0.309,1.083] | [~0.290,0.390]
(LHC+PU) (D = mpp) | [0.0277,0.0857) (ours) ([~0.192, 0.240])
rr 0.343 [—0.225,0.99] [142] | [~0.306,1.083] | [~0.360,0.145]
(LHC + Unitarity) ([-0.120, 0.095))
Een 1.5 % 1077 [~0.21,0.12] [142] | [~0.174,0.147] | [—0.025,0.052]
(LHC + p — e conv.) ([-0.017,0.040])
Eer 0.0036 [—0.39,0.36] [142] [—0.618,0.330] | [—0.055,0.023]
(LHC + 7 — en?) ([-0.042,0.012])
Epr 0.0043 [—0.018,0.0162] [154] | [~0.033,0.027] | [~0.015,0.013]
(LHC + 7 — pr°) ([~0.010,0.010])

Table 17. Maximum allowed NSI (with d-quarks) in the one-loop LQ model, after imposing the
constraints from APV (section 5.1.1), cLF'V (sections 5.1.2, 5.1.5, 5.1.6), LEP and HERA contact in-
teraction (section 5.2), perturbative unitarity and collider (section 5.3) constraints. We also impose
the constraints from neutrino-nucleon scattering experiments, like CHARM II [146], NuTeV [146],
COHERENT [142] and IceCube [154], as well as the global-fit constraints from neutrino oscilla-
tion+COHERENT data [61], whichever is stronger. The scattering and global-fit constraints are
on 5‘i 3> 80 it has been scaled by a factor of 3 for the constraint on €, in the table. The maximum
allowed value for each NSI parameter is obtained after scanning over the LQ mass (see figures 31
and 32) and the combination of the relevant constraints limiting the NSI are shown in parentheses
in the second column. The same numbers are applicable for the doublet and singlet L.Q exchange,
except for e.. where the APV constraint is weaker than HERA (figure 33(a))) and for €,,, which
has an additional constraint from Dt — 77 putpu~ decay (see figure 33(b)). In the last column,
we also show the future DUNE sensitivity [66] for 300 kt.MW.yr exposure (and 850 kt. MW.yr in
parentheses).

5.4.2 Singlet leptoquark

Now if we take the A\’ couplings instead of X in eq. (5.48), the NSI predictions, as well
as the constraints, can be analyzed in a similar way as in figures 31 and 32. Here the
APV (cf. eq. (5.18)), as well as the LEP and HERA contact interaction constraints on
€ee (cf. table 16) are somewhat modified. In addition, there are new constraints from
Dt — 70t~ and D° — £1¢~ (cf. section 5.1.6) for e.. and €, as shown in figure 33(a)
and (b). For &¢, the DT — wFete™ constraint turns out to be much weaker than the APV
constraint. The D® — e*e™ constraint is even weaker and does not appear in figure 33(a).
However, for £,,,,, the D¥ — 77~ constraint turns out to be the strongest, limiting the
maximum allowed value of ¢,,, to a mere 0.8%, as shown in figure 33(b) and in table 17.

The NuTeV constraint also becomes more stringent here due to the fact that the singlet
LQ x couples to left-handed quarks (cf. eq. (5.46)). So it will affect the effective coupling
(gﬁ). For €,,,, we use the NuTeV measurement of (95)2 = 0.3005 4 0.0014 from v,q — vq
scatterings [193] which is 2.70 smaller than the SM prediction of (gg);M = 0.3043. Here
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Figure 31. Predictions for diagonal NSI (ecc, €y, €+7) induced by doublet LQ in the one-loop LQ
model are shown by black dotted contours. Color-shaded regions are excluded by various theoretical
and experimental constraints. Yellow colored region is excluded by perturbativity constraint on LQ
coupling A,g [192]. Blue-shaded region is excluded by LHC LQ searches (figure 29) in subfigure (a)
by e+jets channel (pair production for small A.q and single-production for large \.4), in subfigure
(b) by p+jets channel, and in subfigure (c) by v+jet channel. In (a), the red, brown and cyan-shaded
regions are excluded by the APV bound (cf. eq. 5.18), HERA and LEP contact interaction bounds
(cf. table 16) respectively. In (b), the red line is the suggestive limit from NuTeV [146]. In (c), the
red-shaded region is excluded by the global-fit constraint from neutrino oscillation+COHERENT
data [61]. We also show the future DUNE sensitivity in blue solid lines for both 300 kt. MW.yr and
850 kt.MW.yr [66].
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Figure 32. Predictions for off-diagonal NSI (ecu, €,r, €c-) induced by the doublet LQ in the
one-loop LQ model are shown by black dotted contours. Color-shaded regions are excluded by
various theoretical and experimental constraints. Blue-shaded area is excluded by LHC LQ searches
(cf. figure 29). In (a) and (b), the brown and green-shaded regions are excluded by 7 — (7% and
T — {n (with £ = e, u) constraints (cf. table 14). In (a), the red-shaded region is excluded by
the global-fit constraint on NSI from neutrino oscillation+COHERENT data [61], and the light
brown-shaded region is excluded by IceCube constraint [154]. In (b), the yellow-shaded region is
excluded by perturbativity constraint on LQ coupling A,gq [192] combined with APV constraint
(cf. eq. (5.18)). In (c), the red-shaded region is excluded by p — e conversion constraint. Also
shown in (b) are the future DUNE sensitivity in blue solid lines for both 300 kt. MW.yr and 850
kt. MW.yr [66].
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Figure 33. Additional low-energy constraints on NSI induced by singlet LQ. Subfigure (a) has
the same APV and LHC constraints as in figure 18(a), the modified HERA and LEP contact
interaction bounds (cf. table 16), plus the DT — wtete™ constraint, shown by green-shaded region
(cf. section 5.1.6). Subfigure (b) has the same constraints as in figure 18(b), plus the D™ — 7+ pu*p~
constraint, shown by light-green-shaded region, and D° — u+p~ constraint shown by brown-shaded
region (cf. section 5.1.6). Subfigure (c) has the same constraints as in figure 19(a), plus the 7 — uy
constraint, shown by purple-shaded region. Subfigure (d) has the same constraints as in figure 19(b),
plus the 7 — ey constraint, shown by purple-shaded region.
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Figure 34. Neutrino mass generation in the one-loop model with both doublet and triplet LQs.
This is the OF model of table 3 [31].

(gﬁ)z is defined as

~ 1\ 2 2 2
(97)" = (91 +ejp)” + (g% + €ﬁﬁ) , (5.50)
where g} = % — %s?u and g¢ = —% + %S%U For the SM prediction, we have used the

latest PDG value for on-shell s2, = 0.22343 from a global-fit to electroweak data (without
NuTeV) [85] and comparing (gg)Q with the measured value, derive a 90% CL constraint on
0.0018 < €4, < 0.8493. Note that this prefers a non-zero €., at 90% CL (1.640) because
the SM with €,, = 0 is 2.70 away and also because there is a cancellation between g%
(which is negative) and ¢, (which is positive) in eq. (5.50) to lower the value of (95)2 to
within 1.640 of the measured value.

For the off-diagonal sector, there are new constraints from 7 — ¢~ relevant for ¢, and
€er, as shown in figures 33(c) and (d). However, these are less stringent than the 7 — £7°
and 7 — {n constraints discussed before. There are no new constraints for e, and ., that
are stronger than those shown in figures 31(c) and 32(c) respectively, so we do not repeat
these plots again in figure 33.

6 NSI in a triplet leptoquark model

This is the OF model of table 3 [31]. In this model, two new fields are introduced —
an SU(2)-triplet scalar LQ p (3,3, %) = (54/3, pL/3, /T2/3) and an SU(2)z-doublet LQ
Q (3, 2, %) = (wz/ 3 w1/ 3). The relevant Lagrangian for the neutrino mass generation can
be written as

—Ly D )\QBLade + )\;BLanﬁ + H.c.
= Aap <Va %w*1/3 — Eadf;uﬂ/:)’)
1
+A,5 {Eadg,oyg ~ 7 (Vadg + Laug) p1/° + Vau[;pQ/‘ﬂ +H.c. (6.1)

These interactions, along with the potential term

~ 1
V o uQpH +He —p [w*1/3p_4/3H+ n 7 (w*1/3H0 _ w*_2/3H+) pL/3

- w*2/3p2/3H0] +He., (6.2)

71—



where p is related to p by charge conjugation as p (3,3,—%) = (,02/3, —p1/3, p*4/3),
induce neutrino mass at one-loop level via the (’)g operator in the notation of ref. [31], as
shown in figure 34. The neutrino mass matrix can be estimated as

L

M, ~ —— AMNT + N M\T )
167r2M2( dANT A+ NMAT) (6.3)

where M, is the diagonal down-type quark mass matrix and M = max(my,, m,). The NSI
parameters read as

cos — 3 Nadsd | AauNsy n AoaNsa . (6.4)
4\/§GF mc% mi—z/s 2Tnzl/s

Note that both X\ and )\ cannot be large at the same time due to neutrino mass constraints

(cf. eq. (6.3)). For X > ), this expression is exactly the same as the doublet LQ con-

tribution derived in eq. (5.48) and the corresponding maximum NSI can be read off from

table 17 for the doublet component.

On the other hand, for X' > A, the third term in eq. (6.4) is analogous to the down-
quark induced singlet LQ NSI given in eq. (5.48) (except for the Clebsch-Gordan factor of
(1/4/2)?), whereas the second term is a new contribution from the up-quark sector. Note
that both terms depend on the same Yukawa coupling A, = AL, in the Lagrangian (6.1).
This is unique to the triplet LQ model, where neutrinos can have sizable couplings to
both up and down quarks simultaneously, without being in conflict with the neutrino mass
constraint. As a result, some of the experimental constraints quoted in section 5 which
assumed the presence of only down-quark couplings of LQ will be modified in the triplet
case, as discussed below:

6.1 Atomic parity violation

The shift in the weak charge given by eq. (5.13) is modified to

50wz N) = — |z 4+ My Lal _ (74 on Xad” (6.5)
AT 2\/§GF 2mi1/3 mi4/3 . '

Assuming m 13 = m u/s = m, and noting that A, = A, in eq. (6.1), we obtain

17 N2

6Qw (é?CS) = _2\/§GF m2
P

(6.6)
Comparing this with the 20 allowed range (5.17), we obtain the modified constraint

A< 0.29( e 6.7
il <029 %) (6.7

which is weaker (stronger) than that given by eq. (5.18) for the SU(2)-doublet (singlet)
LQ alone.
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6.2 u — e conversion

From eq. (5.19), we see that for the triplet case, the rate of y—e conversion will be given by

|Pe| Eem? a3 24, F2 INEN L AN
BR(uN — eN 2A — 7)? e« cupu 6.8
(/’[’ e ) 647'('2 ZFN ( ) mz4/3 + 2mp1/3 ’ ( )

For degenerate p-mass and \j; = )}, we obtain the rate to be (3/2)? times larger than
that given in eq. (5.19). Therefore, the constraints on [Afg\] 4| given in table 12 will be a
factor of 3/2 stronger.

6.3 Semileptonic tau decays

The semileptonic tau decays such as 7= — £~x%, ¢~n, ¢~n' will have two contributions

1/3

from p'/3 and p*/3. The relevant terms in the Lagrangian (7.22) are

—Ly D /\aﬁ <—\f€augp 340, dﬁp4/3> + H.c.

1
DNy (—\[TV* up'/3 + po4/3> + Aed (—\[ZV* /3 + Ed_4/3> +H.c., (6.9)
where we have assumed a basis with diagonal down-type quark sector. Using the matrix
element (5.28), we find the modified decay rate for 7= — £~ 7" from eq. (5.26):

’)\ZdATd

2
1 1
T — 2m3 F, - — ) 6.10
7470 10241 f (’I?’Lg, m ) <m§4/3 2m{2)71/3 ) ( )

Thus, for m,-1/3 = My, the 77 — (=79 decay rate is suppressed by a factor of 1/4,
compared to the doublet or singlet LQ case (cf. eq. (5.26)). So the constraints on \j,\*,
from 7 — ¢ shown in table 14 will be a factor of 2 weaker in the triplet LQ case.

On the other hand, using the matrix element (5.29), we find that the modified decay
rate for 7= — €77 becomes

2
|>‘£d d| 2,3 1 1
L foymis Fr(mg, my) + ; (6.11)
T T T 024r K m2ys  2m2

which is enhanced by a factor of 9/4 for m ,-1/3 = M /3, compared to the doublet or singlet
LQ case. So the constraints on AggAr, from 7 — ¢n shown in table 14 will be a factor of 3/2
stronger in the triplet LQ case. The same scaling behavior applies to 7 — #n/ constraints.
These modified constraints are summarized in table 18.

6.4 Lo — L+

The cLFV decay ¢, — {3+ arises via one-loop diagrams with the exchange of p LQ fields,
analogous to figure 25. The relevant couplings in eq. (6.1) have the form lup/3 = uePrept/3
for which Qr = —2/3 and @ g = 1/3 in the general formula (4.30), whereas for the couplings
tdp*/? = d°Ppep*3, we have Qp = 1/3 and Qp = 4/3. Substituting these charges in
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Process Exp. limit [85] Constraint
7= pr | BR <L1x 1077 | [N A2 < 1.9 x 107!

my \2

(TeV)
T er® | BR<8x 1078 | [N, \%] < 1.6x 1071 (22
T—pn | BR <6.5x107% | [N A% <6.3x 1072 (’FZQ/)Q
Toen | BR<9.2x 1078 | [N\ < 7.3 x 1072 (12e)®
7 | BR < 13x 1077 | [N N5l < 1.5 x 107" (%)
Toen | BR<1.6x10°7 | [N N5 < 1.7 x 1071 (22)°

Table 18. Constraints on couplings and the LQ mass from semileptonic tau decays in the triplet
LQ case. Here we have assumed all the triplet fields (ﬁ4/3, N_Lol/g, ﬁ*2/3) to have the same mass
M.

eq. (4.30) and taking the limit ¢ = m2%/m% — 0 (since the LQs are expected to be much
heavier than the SM charged leptons), we obtain
90 Naa Xl

NG 14 = - 6.12
(fa = t5+) = e e (6.12)
where 9 = 32 is a color factor and we have assumed m,-1/s =m /3. The rate in eq. (6.12)
is 9/4 times larger than that given in eq. (5.25) for the singlet LQ case. Therefore, the
constraints on [A\j,A\%| derived in table 13 will be weakened by a factor of 3/2.

6.5 D-meson decays

The lyug p'/3 and lodg 7*/3 terms in eq. (7.22) induce flavor violating quark decays. Follow-
ing the discussion in section 5.1.6, we work in a basis where the down quark mass matrix is
diagonal, so there are no constraints from rare kaon decays. However, the Kaumil/ 3 term in
eq. (7.22) now becomes Ea‘/;:luiﬁl/S which induces D — ¢*¢~ and DT — 77¢T¢~ decays.
The analysis will be the same as in section 5.1.6, except that the X/ , couplings will now
be replaced by X, ;/v/2. Correspondingly, the constraints on |\, ;| given in table 15 will be
V/2 times weaker. For instance,

;%

(6.13)

3

0.868 ( 72@) from D° — ptp~
0.602 (7%)  from D — wtutp~
6.6 Contact interaction constraints

The LEP and HERA contact interaction bounds discussed in section 5.2 will also be mod-
ified in the triplet LQ case. Here, the interactions are only of LL type, but the effective
Yukawa coupling is 1/3/2 times that of the singlet case in table 16. The modified constraint

is given by
3 0.904 TeV  from LEP
T =[S ALL > . (6.14)
Aedl 16w 3.127 TeV  from HERA
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6.7 LHC constraints

The LHC constraints on the p fields will be similar to the discussion in section 5.3. Com-

paring the Lagrangians (5.1) and (7.22), we see that p'/3

will have the same decay modes
to vj and ¢4, and therefore, the same constraints as the singlet /3 discussed in sec-
tion 5.4.2. In our analysis, we have assumed degenerate mass spectrum for all the triplet
LQ fields. But we note here that the 5_2/ 3 component can in principle be lighter, since
it can only decay to vj for which the constraints are weaker (cf. figure 29). However, the
mass splitting between =2/ and 5'/3 cannot be more than ~ 100 GeV from T-parameter
constraints, analogous to the charged scalar case discussed in section 4.4 (cf. figure 7). In
that case, the limit on m /s for 50% branching ratio to vj and ¢j channels (since they are

governed by the same X/ , coupling), one can allow for m ,-2/3 as low as 800 GeV or so.

6.8 NSI prediction

Taking into account all the constraints listed above, we show in figures 35 and 36 the
predictions for diagonal (ece, €., €77) and off-diagonal (ecy, €ur, €er) NSI parameters re-
spectively from eq. (6.4) by black dotted contours. Color-shaded regions in each plot are
excluded by various theoretical and experimental constraints, as in figures 31 and 32. The
main difference is in the NuTeV constraint shown in figure 35(b), which is more stringent
than those shown in figures 31(b) and 33(b). The reason is that in presence of both eﬁﬁ and
azﬁ as in this LQ model (cf. (6.1)), the total contribution to (95)2 in eq. (5.50) is always
positive, and therefore, any nonzero ,,, will make the discrepancy worse than the SM case
of 2.70. Therefore, we cannot impose a 90% CL (1.640) constraint from NuTeV in this
scenario. The line shown in figure 35(b) corresponds to the 30 constraint on €,,, < 0.0007,
which is subject to the same criticism as the discrepancy with the SM, and therefore, we
have not shaded the NuTeV exclusion region and do not consider it while quoting the
maximum allowed NSI.

From figures 35 and 36, we find the maximum allowed values of the NSI parameters
in the triplet LQ model to be

M — (0.0059 , e = 0.0007, eMAX — 0,517,
emax = 1.9 x 1078, el — 0.0050, X = 0.0038 . (6.15)

This is also summarized in figure 59 and in table 20.

7 Other type-I radiative models

In this section, we briefly discuss the NSI predictions in other type-I radiative models
at one-, two- and three-loops. In each case, we present the new particle content, model
Lagrangian, Feynman diagrams for neutrino mass generation and expressions for neutrino
mass, followed by the expression for NSI parameters. The maximum NSI allowed in each
model is summarized in table 20.
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Figure 35. Predictions for diagonal NSI (ecc, €, €77) induced by the triplet LQ are shown by

black dotted contours. Color-shaded regions are excluded by various theoretical and experimental
constraints. The labels are same as in figure 31.
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Figure 36. Predictions for off-diagonal NSI (e, €.+, €e-) induced by the triplet LQ are shown by
black dotted contours. Color-shaded regions are excluded by various theoretical and experimental
constraints. The labels are same as in figure 32.
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Figure 37. One-loop neutrino mass in the minimal radiative inverse seesaw model [43]. This model
induces the operator O of eq. (7.1).

7.1 One-loop models
7.1.1 Minimal radiative inverse seesaw model

This is an exception to the general class of type-I radiative models, where the new particles
running in the loop will always involve a scalar boson. In this model, the SM Higgs and
Z bosons are the mediators, with the new particles being SM-singlet fermions.'® The
low-energy effective operator that leads to neutrino mass in this model is the dimension-7
operator

Oy = L'LVH"Hlejpe;(HTH) . (7.1)
However, this mechanism is only relevant when the dimension-5 operator given by eq. (1.1)
that leads to the tree-level neutrino mass through the seesaw mechanism is forbidden due
to some symmetry. This happens in the minimal radiative inverse seesaw model [43]. In
the usual inverse seesaw model [194], one adds two sets of SM-singlet fermions, N and S,
with opposite lepton numbers. The presence of a Majorana mass term for the S-field, i.e.,
psSS leads to a tree-level neutrino mass via the standard inverse seesaw mechanism [194].
However, if one imposes a global U(1) symmetry under which the S-field is charged, then the
1tsSS term can be explicitly forbidden at tree-level.!” In this case, the only lepton number
breaking term that is allowed is the Majorana mass term for the N-field, i.e., ug NN. It
can be shown that this term by itself does not give rise to neutrino mass at tree-level, but
a non-zero neutrino mass is inevitably induced at one-loop through the diagram shown
in figure 37 involving the SM Higgs doublet (which gives rise to two diagrams involving
the SM Higgs and Z-boson after electroweak symmetry breaking [43]). One can see that
the low-energy effective operator that leads to neutrino mass in this model is the d = 7
operator O] of eq. (1.5) by cutting figure 37 at one of the H-legs in the loop.

8 There is yet another possibility where the mediators could be new vector bosons; however, this necessar-
ily requires some new gauge symmetry and other associated Goldstone bosons to cancel the UV divergences.

'"This can be done, for instance, by adding a singlet scalar field o with a global U(1) charge of +2, and
by making N and S oppositely charged under this U(1), viz., N(—1) and S(+1), so that the SoS term is
forbidden, but NoN and SoN are allowed. Furthermore, this global U(1) symmetry can be gauged, e.g.,
in an Fs GUT embedding, where the fundamental representation 27 breaks into 161 + 10_2 + 14 under
SO(10) x U(1). The v and N belong to the 161 subgroup, while the S belongs to 14. Adding two scalars
0,0’ with U(1) charges —2 and —5 respectively allows the Dirac mass term NoS and Majorana mass term
No'N in eq. (7.2), but not the Majorana mass terms So)s.
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The relevant part of the Yukawa Lagrangian of this model is given by
_ —_ 1
~ Ly D YagLoHNg + Spa(My)paNa + §N§C(MR)Q6NB +H.c. (7.2)

After electroweak symmetry breaking, evaluating the self-energy diagrams that involve
the Z-boson and Higgs boson (cf. figure 37), the neutrino mass reads as (in the limit
pr < Mpy) [43, 195]:

3
M, ~ %(MB#BME) Llog IN +L10g IN : (7.3)
167my;, TN —TH T TN — Tz Ty

where Mp = Yv/V2, oy, = ¢*/dm, any = m3/m¥,, g = m3/m¥, and x7 = m%/m;,
and we have assumed My = my1 for simplicity.

The NSI in this model arise due to the fact that the light SU(2)-doublet neutrinos v
mix with the singlet fermions N and S, due to which the 3 x 3 lepton mixing matrix is no
longer unitary. The neutrino-nucleon and neutrino-electron interactions proceed as in the
SM via t-channel exchange of W and Z bosons, but now with modified strength because
of the non-unitarity effect, that leads to NSI [196]. If only one extra Dirac state with mass
larger than ~ GeV (such that it cannot be produced in accelerator neutrino oscillation
experiments, such as DUNE) mixes with the three light states with mixing parameters Uyy
(with a = e, i, 7), we can write the NSI parameters as

Y, Y, Y,
Eee = <2n - 1> ‘Ue4|27 Eup = 7n|U,u4’2> Err = ?n|UT4‘27
_ 1 Y * _ 1 Y * _ Yn *
Eep = 5 ( n 1) Ue4Uy4a Eer = 5 ( n 1) U64U‘r47 Epr = 7UN4 T4 (74)

Here Y,, = N,,/N, is the ratio of the average number density of neutrons and electrons in
matter. Note that for Y;, — 1 which is approximately true for neutrino propagation in earth
matter, we get vanishing ., and €., up to second order in Ugg '8 Taking into account all
the experimental constraints on Ua4U§4 from neutrino oscillation data in the averaged-out
regimes, beta decay, rare meson decay, beam dump experiments, cLF'V searches, collider
constraints from LEP and LHC, as well as electroweak precision constraints [196-201], the

maximum NSI parameters allowed in this model are summarized in table 20. We find
that [65]

|elax| = 1.3 x 1072, emax =22 x 107", emAX — 985 1073,
- 4 L
En =35%x 1077, e =14x107%, e —12% 1073, (7.5)

For e, and e.,, we have used Y;, = 1.051 (for average value all over the earth) in eq. (7.4),
in addition to the cLFV constraints on Ue4U;4 and UeqUZ,. The maximum NSI values
listed above (and also summarized in table 20) are obtained for a relatively heavy sterile
neutrino (with mass larger than the electroweak-scale), so that the stringent low-energy

'®This result is in disagreement with ref. [196], where they have eas = 2UasaU}, for all the off-diagonal
NSI parameters, which cannot be the case, because for o = e, both CC and NC contributions are present,
whereas for a # e, only the NC contribution matters.
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Figure 38. Neutrino mass generation in the one-loop model with vectorlike leptons. This is the
O3 model of table 2 [31].

constraints from beam dump and meson decays can be avoided, and the only relevant
constraint comes from the electroweak precision data [201].

The NSI expressions (7.4) also apply to two-loop radiative models with two W-boson
exchange [202-204]. However, the maximum NSI obtainable in these models will be much
smaller than the estimate in eq. (7.5) because the sterile neutrino in this case is required
to be heavier for successful neutrino mass generation at two-loop.

7.1.2 One-loop model with vectorlike leptons

This model [31] utilizes the same d = 7 operator Oy = L'LIL*e¢H'e;jep (cf. eq. (2.2b)), as
in the Zee model to generate a one-loop neutrino mass. The new particles added are a scalar
singlet 7 (1,1,1) and a vectorlike lepton 1 (1, 2, —%) = (E, F~7), which give rise to the
Od operator L(LL)(e“H) (cf. table 2). Neutrino mass is generated via the one-loop diagram
shown in figure 38. The relevant Lagrangian for the neutrino mass generation reads:

— LD fapLaLsn™ + yhsLla¥in™ + YaplobsH + myip© + Hee. (7.6)

where ¢ = (F*+, —E°) and H (1,2, }) is the SM Higgs doublet. Expanding the first two
terms, we get

-LD faﬁ(l/agﬁn-i_ - Ea”ﬁn-i_) - y&,@(VaE;{U_ + EaEéH_n_) + H.c. (77)
The neutrino mass matrix can be estimated as
1 v
M, ~ ——— (f MyyMgy" + Mgy M, f* .
16:2 012 (f My Mgy"™ +y Mgy Mef") , (7.8)

where My is the diagonal mass matrix for the SM charged leptons, Mg is the diagonal mass
matrix for the vector-like leptons with eigenvalues mg,, and M = max(m,, mg,). Note that
just one flavor of v is not sufficient, because in this case, the neutrino mass matrix (7.8)
would have a flavor structure given by (fMy; — M, f), which has all the diagonal entries
zero, similar to the Zee-Wolfenstein model [77]. Such a structure is ruled out by observed
neutrino oscillation data. Thus, we require at least two flavors of v, in which case the
diagonal entries of M, are nonzero, and the model is consistent with experiments.
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Observable Ezxp. limit Constraint
[ — ey BR < 4.2 x 10713 [89] |f2 fur| < 1.09 x 1073 ()
T ey BR < 3.3 x 10~% [88] | f2 fur| < 0.71 (% ;)2
T =y BR < 4.4 x 1078 [88] |f2 . fer] < 0.82 (% +)
lep./had. univ. | Y [VoP|? = 0.9992 + 0.0011 [85] | fou|? < 0.015 (2
q=d,s,b
11/ univ. 9o /g = 1.0001 + 0.0020 [85] | ||furl? — |fer|?| < 0.05 ()
7/ univ. g [goP = 1.0004 % 0.0022 [85] | ||fer|? — | feul?| < 0.06 (2)”
/e univ. g /g8 = 1.0004 + 0.0023 [85] | [|fur|? — |fon|?] < 0.06 ()

Table 19. Constraints on the singly-charged scalar Yukawa couplings [205]. Here g&*P stands for
the effective gauge coupling extracted from muon and tau decays in the different leptonic channels.

NSI in this model are induced by the f-type couplings in eq. (7.7), similar to the
f-couplings in the Zee model Lagrangian (4.2). The NSI parameters read as

1 f;afeﬂ
V2GF m37+ .

Eaf = Eqp = (7.9)

Due to the antisymmetric nature of the f couplings, the only relevant NSI parameters
in this case are €,r, €,,, and €-,. These are severely constrained by cLFV searches and
universality of charged currents [205], as shown in table 19. This is similar to the case of
Zee-Babu model discussed later in section 7.2.1. Since the singly-charged scalar mass has
to be above ~ 100 GeV to satisfy the LEP constraints (cf. section 4.7), we obtain from
eq. (7.9) and table 19 the following maximum values:

em* =0, emax =9.1x107", EM =3.0x107%,
emx =0, emx =, Emx = 3.0 x 107 (7.10)

This is also summarized in table 20.

7.1.3 SU(2)r-singlet leptoquark model with vectorlike quark

This model [31] is the Of realization of the dimension-7 operator O3 (cf. table 3). The new
particles introduced are a scalar LQ singlet x (3, 1, —%) and a vectorlike quark doublet
Q (3, 2, —%) = (D*1/3, X*4/3). Neutrino mass is generated at one-loop level as shown
in figure 39. The QQ@Qx* and d°u®y interaction terms, allowed by gauge invariance, are
forbidden by demanding baryon-number conservation in order to avoid rapid proton decay.
The relevant Lagrangian for the neutrino mass generation reads as

— Ly D XapLaQpX™ + Mo La QX + fade, QH + foploufx + Hee. (7.11)
Expanding the first two terms, we get

— Ly D Aap(VadpX™ — LaugX™) — Ao (va DX + €0 XCX) . (7.12)
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Figure 39. Neutrino mass generation in the one-loop singlet LQ model with vectorlike quarks.
This is the OF model of table 3 [31].

The neutrino mass matrix can be estimated as

1 v

M, ~ 620 (AMgfMpX™" + XN Mp T MaA") | (7.13)

where My is the diagonal down-type quark mass matrix, Mp is the mass matrix for the

down-type VQ with eigenvalues mp,, and M = max(m,,mp,). With a single copy of VQ

quarks, the rank of M, is two, implying that the lightest neutrino has zero mass at the

one-loop order. This model can lead to consistent neutrino oscillation phenomenology.
NSI in this model are induced by the A-type interactions in eq. (7.12):

S B .
“ 4\/§GF mi

(7.14)

This is similar to the singlet LQ contribution in eq. (5.48), with the important exception
that the NSI get contribution only from the A-couplings, and therefore, the IceCube limits
on |eu, —err| < 9.3% cannot be avoided, just like in the Zee model case. The corresponding
maximum NSI can be read off from table 17, except for €,,:

g™ = 0.0069, e = 0.0086, Mm% — (.093,
e =15x107", M = 0,036, X — 0.0043 . (7.15)

This is also summarized in table 20.

7.1.4 SU(2)r-doublet leptoquark model with vectorlike quark

This is referred to as Of in table 3. The model has an SU(2)-doublet LQ (3, 2, %) =
(w2/3, w*1/3) and an SU(2)p-triplet vectorlike quark % (3,3, %) = (Y5/3, U2/3, D*1/3).
Neutrino mass is generated at one-loop level via the Feynman diagram shown in figure 40.
The relevant Lagrangian for the neutrino mass generation can be written as

Ly D MsE¥C 4+ (AaﬁLade N QoS H + N/ LoxQ + H.c.) , (7.16)
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Figure 40. Neutrino mass generation in the one-loop doublet LQ model with vectorlike quarks.
This is the model Of of table 3 [31].

where = inQ* is the isospin conjugate field. Expanding the terms in eq. (7.16), we
obtain

—Ly DMx (YY°+ DD+ UU®) + [/\aﬁ (Vaw_1/3 - eaw2/3> d5

1
+AL {uaYcH+ 5 (uaH +doa HT) UC + daDCHO}

1
+)\/0/¢ {VaDw*l/S - E (_Vaw*72/3 + gaw*1/3) U - EQYW*2/3} + HC:| : (717)

The neutrino mass can be estimated as

1 v

My~ 16W2W(

AMN MpX'™ + X' MpNTMAT) | (7.18)

where My and Mp are the diagonal down quark mass matrix and vectorlike quark mass
matrix respectively, and M = max(my,, mp,), with mp, being the eigenvalues of Mp. As
in previous models with one copy of vectorlike fermion, the rank of M, is two in this model,
implying that the lightest neutrino is massless at the one-loop level.

NSI in this model are induced by the doublet LQ component w~1/3. The NSI param-

eters read as .
3 )\ad)\ﬁd )

£ =
b 4\/§GF m‘%

This expression is similar to the doublet LQ contribution in eq. (5.48), with the exception

(7.19)

that the IceCube limits on |e,, — er7] < 9.3% cannot be avoided. The corresponding
maximum NSI can be read off from table 17, except for €, and £.,:

M — 0.004, et =0.093, eMAX — (0.093,
e =15x107", M = 0.0036, X — 0.0043. (7.20)

This is also summarized in table 20.

7.1.5 Model with SU(2)-triplet leptoquark and vectorlike quark

This is based on the operator O3 (see table 3) which is realized by adding an SU(2)-
triplet 5 (3,3,3) = (54/3, pl/3, 5_2/3) and a vectorlike quark doublet Q(3,2,-2) =

— 83 —



.- - > ~ o~ ~
e ~
7’ ~
/ N
4 \
4 \

) ) ) c 1 € j €
Vo dq d~, A D D¢ Vg
1

(H")

Figure 41. Neutrino mass generation in the one-loop triplet LQ model with vectorlike quarks.
This model corresponds to Of of table 3 [31].

(D‘l/ 3. x4/ 3). Neutrino mass is generated at one-loop level, as shown as figure 41.

2/3 which is not considered here, as that

There is also a two-loop diagram involving p
would be sub-dominant to the one-loop diagram. The interaction term QQp is forbidden
by demanding baryon-number conservation to avoid proton decay. The relevant Lagrangian

for the neutrino mass generation can be written as

—Ly D MoQQ° + (AapLaQpp+ NoLaQ p + yadl,QH + H.c.), (7.21)
where p is related to p by charge conjugation as p (3,3,—%) = (,02/3, —p~1/3, ,0*4/3).
Expanding the terms in eq. (7.21), we get

1
—Ly D Mg (DD + XX°) + [Aaﬁ {Uau5ﬁ_2/3 -5 (vads + Laug) p° + gadﬁﬁzl/s}

1
s (EaXc o I/aDc) p—1/3 _ EaDch/B}

V2
+ Yo (DH® — HTX) d& + H.c.] . (7.22)

+AL {ancp_4/3 +

The neutrino mass can be estimated as
1 v
1672 M2

where My and Mp are the diagonal mass matrices for down-type quark and vectorlike quark

M, (AMgyMp X" + XN Mpy" My AT | (7.23)

fields, and M = max(mp,, m,), with mp, being the eigenvalues of Mp. With a single copy
of the vectorlike quark, the matrices y and X are 3 x 1 dimensional. Consequently the
rank of M, is two, which would imply that the lightest neutrino mass m; = 0 at the one-
loop level. Realistic neutrino mixing can however be generated, analogous to the model of
ref. [15, 16].

NSI in this model are induced by both 5=%/3 and p'/? fields, which couple to up and
down quarks respectively (cf. eq. (7.22)). The NSI parameters read as

3 Mo Age AL
Eap = 5 e ) (7.24)
4\&GF mp72/3 mp1/3

This is same as the triplet contribution in eq. (6.4) and the maximum allowed values are

given in eq. (6.15).
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Figure 42. Feynman diagram for neutrino mass generation in the extended one-loop LQ model
with up-type quark chiral suppression in the loop. The AL = 2 effective operator is O of eq. (7.25).

7.1.6 A new extended one-loop leptoquark model

Here we present a variation of the one-loop LQ model of section 5 wherein the neutrino
mass is generated with up-quark chiral suppression (see figure 42), rather than down-quark
mass suppression (as in figure 22). The effective operator of the model is of dimension nine,
given by

O = (LQ)(Lu)(HH)H (7.25)

which may appear to be a product of O; of eq. (1.1) and the SM operator (Qu®H); but the
SU(2)1, contractions mix the two sub-operators. To realize this operator at the one-loop
level, three SU(3).-triplet LQ fields are introduced: ¢ (3, 2, %) = (55/3, 52/3) . P (3, 3, %) =
(54/3,[)1/3,/3*2/3) ,€ (3, 1, %) Since three new fields are introduced, this model may be
viewed as non-minimal, and does not fit into the classification of The corresponding La-
grangian for the neutrino mass generation reads as

—Ly D )\aﬁLachd + )‘ixﬁLaQﬁﬁ + H.c.
= Aas (l/au%52/3 — Eau%55/3>
1
+Xog [eadﬂﬁ*/?’ -7 (Vadg + Loug) pt/° + Vau5p2/3] +H.c. (7.26)

Neutrino mass is generated by the diagram shown in figure 42 using the Lagrangian (7.26),
together with the potential terms

V O MpHHE + pHb6¢* + H.c.
_ )\152/3 <p4/3H_H_ i \/§ﬁ1/3HOH_ I ,5_2/3H0H0>

+Mé—**2/3 (H062/3 + H755/3> _|_ H.C. (727)

where H = (H°, —H ™) represents the SM Higgs doublet. The neutrino mass matrix can

be estimated as
1 phod

~ 2. 2.2
16m= mims3

where m; and mso are the masses of the heaviest two LQs among the §, p and £ fields,

M, AMNT + N M AT, (7.28)

and M, is the diagonal mass matrix in the up-quark sector. To get small neutrino masses,
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we need the product AN < 1. We may take A ~ O(1) and X < X which is preferable to
the other case of A < X, since the X couplings are constrained by D-meson decays (see
section 5.1.6).

After integrating out the heavy LQ fields, eq. (7.26) leads to an effective NSI La-
grangian with up-quarks in the neutrino propagation through matter. The NSI parameters

3(%m+mm+wW>

read as

(7.29)

€af = 2 2 2
412G R ms me_as 2mp1/3

For A > ), this expression is exactly the same as the doublet LQ contribution derived
in eq. (5.48) and the corresponding maximum NSI can be read off from table 17 for the
doublet component. For A > A, eq. (7.29) is the same as eq. (7.24). This latter choice
maximizes NSI in this model and is summarized in table 20.

There are other variations of one-loop LQ models with more exotic particles [29, 30],
where the neutrino mass is proportional to up-type quark mass. The NSI predictions in
these models are the same as in eq. (7.29).

7.2 Two-loop models

7.2.1 Zee-Babu model

This model realizes the operator Oy of eq. (1.4). In this model [15, 16], two SU(2)-singlet
Higgs fields, h*(1,1,1) and k1% (1,1,2), are introduced. The corresponding Lagrangian
for the generation of neutrino mass reads:

—Ly D fapLhCLLh T € + hapt" o Clgk™ + Hee.
= fap(va Clg — vy CL)NT + hagllClgk™ + H.c. (7.30)

Majorana neutrino masses are induced at two-loop as shown in figure 43 by the La-
grangian (7.30), together with the potential term

VD —puh h kTt + He.. (7.31)
The neutrino mass matrix reads:
1 8u
PR p———ty A0V L 8 7.32
(1672)2 M2 ! I ( )

where M = max(my++, mp+) and Z is a dimensionless function that depends on the ratio
of the masses of the two new scalars [90, 205-207]. The singly charged scalar A" induces
NSI at tree-level through the f-type Yukawa coupling in eq. (7.30). After integrating out
the heavy scalars, NSI induced in neutrino propagation through normal matter can be
written as in eq. (7.9), with the replacement My+ — My+, and the maximum NSI are given
by eq. (7.10). These are severely constrained by cLFV searches and universality of charged
currents [205] (cf. table 19), restricting the maximum NSI to O(1073) level [208]. These
numbers are summarized in table 20.
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Figure 43. Neutrino mass generation at two-loop in the Zee-Babu model [15, 16]. This model
generates operator Qg of eq. (1.4).

7.2.2 Leptoquark/diquark variant of the Zee-Babu model
One can also generate neutrino mass at two-loop by replacing leptons with quarks in the
Zee-Babu model as shown in figure 44. Here the effective operator is of dimension nine,
given by

Oy = L'LIQFdQ'd;pe - (7.33)
In addition to the SM fields, this model [32] employs a scalar LQ x (3, 1, —%) and a scalar
DQ A (6, 1, —%) The x (A) field plays the role of singly (doubly)-charged scalar in the

Zee-Babu model. The relevant Yukawa Lagrangian for the neutrino mass generation is
written as

—Ly D AagLiQx*eij + hapdsd5 A3 + Hee.
=Xag (Vads — laug) X* + hagdSd5A723 + Hee. (7.34)

Neutrino mass is generated at two-loop via the Lagrangian (7.34) in combination with the
potential term

VO —ux*x*A7%3 + He. (7.35)
The neutrino mass matrix can be calculated as
24
M, ~ ——C _ _ AMh MATT 7.36

where M = max(m,, ma), My is the diagonal down-type quark mass matrix, and 7 is a
dimensionless two-loop integral defined in terms of the ratio of m% and mi [90]. After
integrating out the heavy scalars, the NSI parameters in this model are given by This is
also summarized in table 20.

There are a few variants of this LQ/DQ version of the Zee-Babu model. First, one
could replace the color sextet field A (6, 1, —%) by a color triplet scalar A (3, 1, —%) in
figure 44. The cubic term x*x*A will not be allowed by Bose symmetry in this case. By
assuming two copies of the y field, namely, y; and x2, one could restore this coupling from
Xix34, in which case the diagram of figure 44 can be connected [41]. The NSI in such a
model is identical to the model described in this section. Second, one could replace the
internal down quarks of figure 44 by up-type quarks, with a simultaneous replacement of
X (3, 1, —%) by p (3, 3, —%) and A (6, 1, —%) by A (6, 1, %) Neutrino NSI will then follow
the p NSI predictions as in section 7.1.5. In this up-quark variant, one could replace the
DQ A (6, 1, %) by a color triplet field A (3, 1, %) as well [41].
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Figure 44. Neutrino mass generation at two-loop in the LQ/DQ variant of the Zee-Babu model
which generates operator O11 [32], cf. eq. (1.4).

X{:l/S
—"'u ”(~\

Figure 45. Two-loop diagrams contributing to neutrino mass generation in the model of ref. [33].
The model realizes operator Og of table 5.

7.2.3 Model with SU(2)-doublet and singlet leptoquarks

Operator Of of table 5 does not induce neutrino mass via one-loop diagrams owing to
the SU(2), index structure. This operator will, however, lead to generation of neutrino
masses at the two-loop level. A simple realization of Of is given in ref. [33]. This model
uses the same gauge symmetry and particle content as in the LQ variant of the Zee model
(cf. section 5), i.e., (3, 2, %) = (w2/3,w_1/3) and y (3, 1, —%), with x coupling modified
as follows:

—Ly D AapLidiWVeij + fapliufx + Hee.,
=Xag (uadgw—l/:a - fadgw2/3) + faplougx + H.c. (7.37)

Note that these Yukawa couplings conserve both baryon and lepton number as can be seen
by assigning (B, L) charges of (%,—1) to © and (%,1) to x. The couplings Xaﬁugdgx*,
allowed by the gauge symmetry are forbidden by B, and the couplings A, BLaQBX* (as in
eq. (5.1)), allowed by gauge symmetry as well as B are forbidden by L. The L symmetry
is softly broken by the cubic term in the scalar potential (5.2).

The simultaneous presence of egs. (7.37) and (5.2) would lead to neutrino mass genera-
tion at two-loop level as shown in figure 45. Here X, (with a = 1, 2) are the mass eigenstates
obtained from the mixture of the w='/3 and x~/? states (cf. eq. (5.4)). Evaluation of the

19The simultaneous presence of the f and X' couplings will drastically alter the successful V — A structure
of the SM [209], and therefore, the A\’ terms must be forbidden in this model by L symmetry.
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Figure 46. Two-loop neutrino mass generation in the model of ref. [34] with a LQ and a vector-like
quark. This model corresponds to O3 of table 3.

LQ-W exchange diagrams in figure 45(a) give the neutrino mass matrix as

392 sin 2a

M, ~ 2
v (1672)2 M2

MV M, fIM + My f* MV M| T, (7.38)
where 3 is a color factor, a is the w — x mixing angle (cf. eq. (5.5)), M, 40 are diagonal
mass matrices for the up- and down-type quarks, and charged leptons, respectively, V is
the CKM mixing matrix, M = min(m;, mo) (with m; 2 given by eq. (5.6)), and Z is a
dimensionless two-loop integral that depends on my 2, mw and M, q, [33].

NSI induced in this LQ model has the same features as the LQ variant of the Zee model
discussed in section 5.4. Note that the f,g-couplings in eq. (7.37) do not lead to neutrino
NSI. The expression for the NSI parameters is given by eq. (7.19), with the maximum
allowed values given in eq. (7.20) and also summarized in table 20.

7.2.4 Leptoquark model with SU(2)-singlet vectorlike quark
This model utilizes the dimension-7 operator L*L’ eiijH lerid® to generate two-loop neu-
trino mass [34]. This specific realization corresponds to the model OF of table 3 [31]. In ad-
dition to the SM fields, an SU(2) p-singlet vector-like quarks U (3, 1, %) and U° (3*, 1, —%),
and a scalar doublet LQ 2 (3, 2, %) = (w2/3,w*1/3) are added to the SM spectrum. Addi-
tion of these fields leads to the following new Yukawa Lagrangian:
~Ly D XapLaQds + NoLoQU + foQuHU® + Hee.,
* *
=Aap(Va Cﬁw_l/‘g — Eadcﬁww?’) + AL [(w_1/3> LU + v, (w2/3) U} (7.39)
+ fa(ua H°UC — d HTUC) + Hoc.

where Q = imQ*. The presence of all three Yukawa terms implies that lepton number is
not conserved. Together with the quartic coupling term in the potential

V O A H )% D “Aow V3w 2BHYHY + Hee., (7.40)
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Figure 47. Two-loop neutrino mass generation in the Angelic model [35]. This model induces
operator Oq1 of ref. [26].

the Lagrangian (7.40) leads to neutrino mass generation at two-loop as shown in figure 46.
This can be estimated as

Aw v
(1672)2 M2

where My and M;; are the diagonal down quark and vectorlike quark mass matrices re-

~
v —

(AMgf My NT + N MEfTMINTY (7.41)

spectively, and M =max(m,,, my,), with my, being the eigenvalues of M.

NSI in this model are induced by the w3 LQ and are given by eq. (7.19). The
maximum NSI that can be obtained in this model are given in eq. (7.20) and are also
summarized in table 20.

7.2.5 Angelic model
This model induces operator 011 of ref. [26]:
O = L'LIQRd°Q' d e ey - (7.42)

In this model [35], one adds two scalar LQs x4 (3, 1, —%) (with @ = 1,2) and a color-octet
Majorana fermion F'(8,1,0). The relevant Yukawa Lagrangian is written as

— Ly D XapalaQpXa + Mpada FXa + MopaatiaXa + Hoc. (7.43)
Expanding the first term, we get
— Ly D )\a,Bl (I/adﬁ — fau/j) X’f + )\aﬁg (Vad/j — ﬁa’IL5) X§ + H.c. (7.44)

Within this framework, neutrino mass is induced at two-loop level as shown in figure 47
which can be estimated as

4mF
(1672)2 M2
where V is the CKM-matrix, My is the diagonal down-quark mass matrix, M =

M, ~ ANV (MGZMg)(ANV)T (7.45)

max(mpg,my, ), and 7 is a loop function containing m,,, mp and My [35].
NSI in this model are induced by the singlet LQ x and are given by
cog = — NadaAsda
a2 m,
This is similar to the singlet LQ contribution in eq. (7.14). The maximum NSI in this
model are the same as in eq. (7.15). This is tabulated in table 20.

(7.46)
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Figure 48. Two-loop neutrino mass generation with singlet scalar and vector-like quark, corre-
sponding to O3 or table 3 [31].

7.2.6 Model with singlet scalar and vectorlike quark

This model realizes the O3 operator (cf. table 3) by adding a singlet scalar n*(1,1,1) and
vectorlike quark Q (3, 2, —%) = (D‘l/ 3 x4 3). Neutrino mass is generated at two-loop
level as shown in the figure 48. The relevant Lagrangian for the neutrino mass generation
can be read as:

—Ly D fapLaLgnt + fLO°Qan~ + Yo QdSH + Hec.
= faﬂ(ya€5n+ - anﬁn—i_) - f(lx(XcdaT]_ + Dcuan_)
+Y,(DdS,H — Xd°H") + H.c. (7.47)

The neutrino mass can be estimated as

92 sin

(1672)%m

M, ~ 5
n

(MZf+ fTM7) (7.48)

where sin ¢ represents the mixing between W and 1. The role of the vectorlike quarks
in this model is to achieve such a mixing, which requires lepton number violation. Note
that only the longitudinal component of W mixes with ™, which brings in two powers of
lepton mass suppression in the neutrino mass estimate — one from the Yukawa coupling of
the longitudinal W and the other from a required chirality-flip inside the loop. It is to be
noted that eq. (7.48) does not fit the neutrino oscillation data as it has all diagonal entries
zero, owing to the anti-symmetric nature of the f-couplings.

Other operators which lead to similar inconsistency with the neutrino oscillation data
are O%, Oi and (f)i (cf. tables 3 and 4). Therefore, we do not discuss the NSI prospects in
these models.

7.2.7 Leptoquark model with vectorlike lepton

This model is a realization of O? in table 5. This is achieved by adding an SU(2)-doublet
LQ Q (3, 2, %) and a vectorlike lepton 1 (1, 2, —%) = (N, E). The Lagrangian responsible
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Figure 49. Two-loop neutrino mass generation with SU(2)-doublet LQ and vector-like lepton,
corresponding to O3 of table 5 [31].

for neutrino mass generation can be written as
~Ly D mypy + (AapLaQdh + Noyp ulQ + NowplS, H + H.c.)
= my(NN®+ EE) + [Aag(vadiw™/? — €adfw®®) + N (Ew™/® + Nw?®)ug
FN(NH™ + EH)E + He)] . (7.49)

Neutrino masses are generated at two-loop level via diagrams shown in figure 49 and can

be estimated as:
M, ~ g v ()\MdMuX*ME)\”T My + MoN"™ Mp\'t MuMd/\T> , (7.50)
(1672)2 mZm?,
where My, M,, M, and Mg are the diagonal mass matrices for down quark, up quark,
charged leptons and vectorlike leptons, respectively, and mpg is the largest eigenvalue of
Mp. The NSI parameters can be written as in eq. (7.19), with the maximum values given

in eq. (7.20) and also summarized in table 20.

7.2.8 Leptoquark model with SU(2)—doublet vectorlike quark

This model realizes the OF operator (cf. table 5) by adding an SU(2)-doublet LQ
Q (3,2, %) and an SU(2)-doublet vectorlike quark & (3,2, %) = (V5/3,U2/3). The cor-
responding Lagrangian for the neutrino mass generation is given by
~Ly D meb€ + (NapLaQds + Ny€ul H + NEEQ + Hee.)
= me(VVE+UU) + [Aap(vaw™ /3 — €aw®?)d — Ny (VH™ + UH)uf,

N (Uw™ B 4 Vw3 e + Hel] . (7.51)
Neutrino mass is generated at two-loop level as shown in figure 50 and can be estimated as
2
g v I% " I rt T)
Mwii()\MM/\M)\M MyN™ My M, My, Mg\* ) . 7.52
v 16722 mIm?, aMy U ¢+ My uM, My Mg (7.52)

where My, M,, M, and My are the diagonal mass matrices for down quark, up quark,
charged leptons and vectorlike quarks, respectively, and my is the largest eigenvalue of
M. The NSI parameters can be written as in eq. (7.19), with the maximum values given
in eq. (7.20).
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Figure 50. Two-loop neutrino mass generation with SU(2)z-doublet LQ and SU(2)z-doublet
vectorlike quark corresponding to O3 or table 5 [31].
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Figure 51. New two-loop scalar LQ model with up-quark loops. The operator induced in the
model is Og=13 in eq. (7.53).

7.2.9 A new two-loop leptoquark model

Here we propose a new two-loop LQ model for neutrino mass, where one can get NSI with
up-quark. The effective AL = 2 operator is d = 13, and is given by

Op13=QLuQLuHHHH . (7.53)

This model utilizes two scalar LQs — 5(3,2,%) = (65/3,52/3) and 9(3,2,%) =
(w2/3,w_1/3), and a scalar DQ A(G*,3,—%) = (A_4/3,A_1/3,A2/3). The relevant
Yukawa Lagrangian for the neutrino mass generation reads as

—Ly D fapLadu§ + hapQaAQp + yasQaHuf + Hec.
= fas (Vau%(52/3 — Eaul‘é55/3) + hag (uau5A*4/3 + \/iuoédgﬁfl/3 + dad5A2/3>
+ Yas (uaHou% — doH"uf) + Hec. (7.54)

The relevant terms in the potential that leads to neutrino mass generation read as

V O uQ*A + NTQHH + Hec. (7.55)
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The neutrino mass is induced at two-loop level as shown in figure 51 and can be estimated as

1 pviA? T
MhM, T, .
({62 mAmZm?, f / (7.56)

M, ~

where M, is the diagonal up-type quark mass matrix. Note that M, is a symmetric matrix,
as it should be, since h = hT.

After integrating out the heavy scalars, NSI induced in this model can be written as

— 7.57
WGy m2 (7.57)

€ap

This is same as the extended one-loop LQ model prediction in eq. (7.29) for A > X with
the exception that ¢, and e, are now constrained by IceCube. The maximum allowed
values are given in eq. (7.20). This is also summarized in table 20.

7.3 Three-loop models

7.3.1 KNT model

The Krauss-Nasri-Trodden (KNT) model [36] generates the d = 9 operator Og of eq. (1.4).
SM-singlet fermions N,(1,1,0) and two SM-singlet scalars 1 and n; with SM charges
(1,1,1) are introduced. The relevant Yukawa Lagrangian is written as

_ 1
—Ly D focﬁ LaLﬁnf + f&ﬂ EZN5772 + i(MN)aﬂNaNB : (7'58)

Tree level mass is prevented by imposing a Z symmetry under which the fields 77;' and
N are odd, while the other fields are even. The Majorana mass term for N as shown in
eq. (7.58) explicitly breaks lepton number. Neutrino masses are generated at three-loop as
shown in figure 52 by the Lagrangian (7.58), together with the quartic term in the potential

VO X(nfny )2 (7.59)

The estimated neutrino mass matrix reads as

As 1
M, ~ *WWfMéf/TMNf/*MZszv (7-60)

where M, is the diagonal charged lepton mass matrix, My = diag(my,) is the diagonal
Majorana mass matrix for N, fermions, M = max(my,,, My, , My, ), and Z is a three-loop
function obtained in general by numerical integration [210].

NSI in the KNT model arise from singly-charged scalar nf that has the same structure

as in the Zee-Babu model (cf. section 7.2.1) and are given by eq. (7.9). The maximum NSI
one can get in this model are same as in eq. (7.10) and also summarized in table 20.
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Figure 52. Three-loop neutrino mass generation in the KNT model [36]. The model induces
operator Oy of eq. (1.4).
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Figure 53. Three-loop neutrino mass generation in the AKS model [38]. The model induces
operator O of eq. (7.61).

7.3.2 AKS model

In the Aoki-Kanemura-Seto (AKS) model [38] an effective AL = 2 operator of dimension

11 is induced:

Of = LLHHe e e . (7.61)
Note that there is a chiral suppression in this model unlike generic operators of type O
given in eq. (1.5). In addition to the SM fields, the following particles are added: an isospin
doublet scalar ®9 (1, 2, %), a singly-charged scalar singlet n™ (1,1, 1), a real scalar singlet
n°(1,1,0), and two isospin-singlet right-handed neutrinos N,(1,1,0) (with a = 1,2). The
relevant Yukawa Lagrangian for the neutrino mass generation reads as

~ 1
— Ly D ya6a®aLa€% + haploNgn~ + i(MN)aBNaNﬁ + H.c., (7.62)

where ®; (1, 2, %) is the SM Higgs doublet. Tree-level neutrino mass is forbidden by im-
posing a Zs symmetry under which n%, n° and N,g are odd, while the remaining fields are
even. Neutrino masses are generated at three-loop, as shown in figure 53, by combining
eq. (7.62) with the quartic term in the potential

V D ke (P5) dyn 1 + Hee. (7.63)

In figure 53 H* are the physical charged scalars from a linear combination of ®; and ®s.
The neutrino mass matrix reads as follows:

1 (—m N’UQ)
(1672)3 m%, — m%o

M, ~ 42 tan? B(yh)(yh)' T, (7.64)
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Figure 54. Three-loop neutrino mass generation in the cocktail model [39]. The effective operator
induced is Og4=15 of eq. (1.4).

where tan 8 = (®9)/(®9) and Z is a dimensionless three-loop integral function that depends
on the masses present inside the loop.

NSI in this model are induced by the charged scalar H~. After integrating out the
heavy scalars, the NSI expression can be written as

c _ 1 ygaayeﬁa
ob 4\/§GF m%,

(7.65)

This is similar to the heavy charged scalar contribution in eq. (4.76). However, since the
same Yukawa couplings yeqq contribute to the electron mass in eq. (7.62), we expect

ap X yotan® B ~ O (10719) | (7.66)

where y, is the electron Yukawa coupling in the SM. Thus, the maximum NSI in this model
are of order of O (10_10), as summarized in table 20.

7.3.3 Cocktail model

This model [39] induces operator O4—15 at the three-loop level:
Og—15 = LLHH(UU)(OW)(HTH)? (7.67)

with W = L or ¢. The model includes two SU(2)p-singlet scalars n*(1,1,1) and
kT7(1,1,2), and a second scalar doublet ® (1, 2, %), in addition to the SM Higgs doublet
®;(1,2,1). The fields n* and @, are odd under a Z, symmetry, while k™" and all SM
fields are even. With this particle content, the relevant term in the Lagrangian reads as

~Ly D Yas®1Lalh + Yoglslsk™ + He., (7.68)
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Figure 55. Three-loop neutrino mass generation in the LQ variant of the KNT model, which
induces operator 011 [37].

which breaks lepton number when combined with the following cubic and quartic terms in
the potential:

A
V> §(<I>J{<I)2)2 + /-11<I>2Ti72<1>177_ + rokT Ty + §<I>2Ti7'2<1>17]+k:__ + H.c. (7.69)

The @, field is inert and does not get a VEV. After electroweak symmetry breaking, it can
be written as

N
Py = (sz.A> : (7.70)

For ry # 0, the singly-charged state ¢§ mixes with nT (with mixing angle 8), giving rise
to two singly-charged scalar mass eigenstates:

H = cgod +spnt,
HY = —s3¢3 +cpnt, (7.71)

where sg = sin 8 and cg = cos 3.
The neutrino mass matrix is obtained from the three-loop diagram as shown in figure 54
and reads as [39] ,
M, ~ u(igT)gMg(Y +YT)M,, (7.72)
where M, stands for the diagonal charged lepton mass matrix.
As for the NSI, since both ®; and 7™ are odd under Z and the SM fields are even,
there is no tree-level NSI in this model. Note that neutrino mass generation utilizes the W

boson couplings, thus the neutrino matter effects in this model are the same as in the SM.

7.3.4 Leptoquark variant of the KINT model

One can replace the charged leptons in the KNT model (cf. section 7.3.1) by quarks, and
the charged scalars by LQs. The effective operator induced in this model remains as
O11 or eq. (7.33). To achieve this, two isospin-singlet scalar LQs X;1/3 (3,1, —%) (with
a = 1,2) and at least two SM-singlet right-handed neutrinos N, (1,1,0) (with a = 1,2) are
supplemented to the SM fields. A Z; symmetry is invoked under which x, /3 and N are

odd, while the rest of the fields are even. The relevant Yukawa Lagrangian is as follows:

o 1
— Ly D AagLi @i ey + MoygdSNaxs ™ + 5 (Mx)asNaNs + He. (7.73)
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Figure 56. Three-loop neutrino mass generation with SU(2) .-singlet scalar and fermion fields [55],
which induces operator Oyg.

1/

Here the first term expands to give A\og (Vadg — Laug) XT % These interactions, along with

the quartic term in the potential
2
Vo o (Xf/ Syg 3) : (7.74)

generate neutrino masses at three-loop level, as shown in figure 55. The neutrino mass

matrix reads as
15)g

My ~ 0
(1672)3m2,

AMGA* My NTM AT T, (7.75)
where the factor 15 comes from total color-degrees of freedom, My and My are the diag-
onal down-type quark and right-handed neutrino mass matrices, respectively, and Z is a
dimensionless three-loop integral that depends on the ratio of the masses of particles inside
the loop [37].

NSI in this model arise from the X1—1/3

interactions with neutrinos and down-quarks.
The expression for NSI parameters is given as in eq. (7.14), with the replacement m, —
My, . The maximum NSI for this model are the same as those given in eq. (7.15) and are
summarized in table 20.

7.3.5 SU(2)r—singlet three-loop model

This model [55] introduces two SU(2)p-singlet scalars n;(1,1,1) and 72(1,1,3), and a
singlet fermion F'(1,1,2), in addition to the SM fields. The effective operator induced
in this model is Og in eq. (1.4). The relevant Lagrangian term for the neutrino mass
generation can be read as:

— Ly O MpFF®+ (fagmLaLp + foloFns + faloFm +Hee.) (7.76)
With the potential term
V O dpymmn; + Hee. (7.77)

the Lagrangian (7.76) generates the neutrino mass at three-loop level, as shown in figure 56.
The neutrino mass matrix can be written as

M.~ SMf Mg f"* My f7
T (1672)3 M2 ’

(7.78)
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where M, is the diagonal charged lepton mass matrix and M = max(mp, my,,, my,). NSI
in this model arise from singly-charged 7n; that has the same structure as in the Zee-Babu
(cf. section 7.2.1) and KNT (cf. section 7.3.1) models and and are given by eq. (7.9). The
maximum NSI one can get in this model are same as in eq. (7.10) and also summarized in
table 20. Other three-loop models of this type discussed in ref. [55] will have similar NSI
predictions.

7.4 Four- and higher-loop models

As noted in the introduction, it is very unlikely that neutrino masses and mixing of the right
order can be induced in type-1 radiative models at four or higher loops. The magnitude
of m, in such models would be much smaller than needed to explain neutrino oscillation
data, provided that the loop diagrams have chiral suppression proportional to a SM fermion
mass. We illustrate below the difficulties with higher loop models with a four loop model
presented in ref. [211].

In ref. [211] an effective d = 9 operator involving only SU(2)-singlet fermions of the
SM was studied. The operator has the form

Os = (0°uCude d° | (7.79)

Various UV completions are possible to induce this operator, with differing fermion con-
tractions. All these models will induce light neutrino mass only at the four-loop level,
since each fermion in Og has to be annihilated. A rough (and optimistic) estimate of the
four-loop induced neutrino mass is [211]

(yrypv)?

v~ m (7.80)

where A is the UV cut-off scale. If the other Yukawa couplings involved are all of order
one, A = (100 MeV — 1 GeV) is needed to generate m, ~ 0.05eV. However, such a low
value of A will be inconsistent with experimental data on search for new particles, since
the mediators needed to induce Oy are either colored or electrically charged, with lower
limits of order TeV on their masses from collider searches.

Models with such higher dimensional operators are nevertheless very interesting, as
they can lead to lepton flavor and lepton number violating processes, without being con-
strained by neutrino masses, as emphasized in ref. [211]. For example, neutrinoless double
beta decay may occur at an observable level purely from O, which would be unrelated to
the neutrino mass.

8 Type II radiative models

As discussed in the introduction (cf. section 1.1), type-II radiative neutrino mass models in
our nomenclature contain no SM particle inside the loop diagrams generating m,,, and
therefore, do not generally contribute to tree-level NSI, although small loop-level NSI
effects are possible [212]. To illustrate this point, let us take the scotogenic model [44]
as a prototypical example. The new particles introduced in this model are SM-singlet
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Figure 57. Neutrino mass generation at one-loop in the scotogenic model [44].

fermions No(1,1,0) (with o = 1,2,3) and an SU(2)1, doublet scalar n (1,2, 3) : (n,7°).
A Z5 symmetry is imposed under which the new fields N, and 7 are odd, while all the SM
fields are even. The new Yukawa interactions in this model are given by

1
—Ly D hapWan® — Llan™)Ng + 5 (Mn)apNeNg + Hee. (8.1)

Together with the scalar quartic term

A
V> ?5@*77)2 +He., (8.2)

where ® is the SM Higgs doublet, the Lagrangian (8.1) gives rise to neutrino mass at
one-loop, as shown in figure 57. Since this diagram does not contain any SM fields inside
the loop, it cannot be cut to generate an effective higher-dimensional operator of the SM.
Therefore, we label it as a type-II radiative model. The neutrino mass in this model is
given by

Asv2 hMyhT M? ma
M, =g L= log 4o )| (8.3)
T mg — My, mg — My, My

where we have assumed My to be diagonal, and m3 is the average squared mass of the real
and imaginary parts of n°. It is clear from eq. (8.3) that the neutrino mass is not chirally
suppressed by any SM particle mass.

A new example of type-Il-like radiative model is shown in figure 58, where the new
particles added are as follows: one color-sextet DQ A (6, 1, %), one SU(2)z, doublet scalar
LQ § (3,2, %) = (65/3,52/3), and an SU(2);, singlet scalar LQ 5(3,1,%). The relevant
Yukawa Lagrangian is given by

Ly O fapvad®? — 087G + Magu,Auf + Hee. (8.4)
Together with the scalar potential terms

V O pst®s + p/' %A + Hee. (8.5)
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Figure 58. A new example of type-II radiative neutrino mass model.

where ® is the SM Higgs doublet, the Lagrangian (8.4) gives rise to neutrino mass at
two-loop level, as shown in figure 58. The neutrino mass can be approximated as follows:

1 MZM/UZ T
M, ~ Wm(f)\f )5 (8.6)

where my and mo are the masses of the heaviest two LQs among the d, £ and A fields that
run in the loop. Thus, although this model can be described as arising from an effective
AL = 2 operator O] of eq. (1.5), the neutrino mass has no chiral suppression here. In this
sense, this can be put in the type-II radiative model category, although it leads to tree-level
NSI induced by the § LQs, as in the one-loop type-I model discussed in section 7.1.6. A
similar two-loop radiative model without the chiral suppression can be found in ref. [213].

9 Conclusion

We have made a comprehensive analysis of neutrino non-standard interactions generated
by new scalars in radiative neutrino mass models. For this purpose, we have proposed a
new nomenclature to classify radiative neutrino mass models, viz., the class of models with
at least one SM particle in the loop are dubbed as type-I radiative models, whereas those
models with no SM particles in the loop are called type-II radiative models. From NSI
perspective, the type-I radiative models are most interesting, as the neutrino couples to a
SM fermion (matter field) and a new scalar directly, thus generating NSI at tree-level, unlike
type-1II radiative models. After taking into account various theoretical and experimental
constraints, we have derived the maximum possible NSI in all the type-I radiative models.
Our results are summarized in figure 59 and table 20.

We have specifically analyzed two popular type-I radiative models, namely, the Zee
model and its variant with LQs replacing the charged scalars, in great detail. In the
Zee model with SU(2)y, singlet and doublet scalar fields, we find that large NSI can be
obtained via the exchange of a light charged scalar, arising primarily from the SU(2)r-
singlet field but with some admixture of the doublet field. A light charged scalar with
mass as low as ~100 GeV is found to be consistent with various experimental constraints,
including charged-lepton flavor violation (cf. section 4.5), monophoton constraints from
LEP (cf. section 4.11), direct searches for charged scalar pair and single production at
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LEP (cf. section 4.7.1) and LHC (cf. section 4.7.2), Higgs physics constraints from LHC
(cf. section 4.10), and lepton universality in W=+ (cf. section 4.8) and 7 (cf. section 4.9)
decays. In addition, for the Yukawa couplings and the mixing between singlet and doublet
scalars, we have considered the contact interaction limits from LEP (cf. section 4.6), elec-
troweak precision constraints from T-parameter (cf. section 4.4), charge-breaking minima
of the Higgs potential (cf. section 4.3), as well as perturbative unitarity of Yukawa and
quartic couplings. After imposing all these constraints, we find diagonal values of the NSI
parameters (Ece, €y, E77) can be as large as (8%, 3.8%, 9.3%), while the off-diagonal NSI
parameters (Eeu, er, €ur) can be at most (1073%, 0.56%, 0.34%), as summarized in fig-
ure 59 and table 9. Most of these NSI values are still allowed by the global-fit constraints
from neutrino oscillation and scattering experiments, and some of these parameters can be
probed at future long-baseline neutrino oscillation experiments, such as DUNE.

We have also analyzed in detail the LQ version of the Zee model, the results of which
can be applied to other LQ models with minimal modification. This analysis took into ac-
count the experimental constraints from direct searches for LQ pair and single production
at LHC (cf. section 5.3), as well as the low-energy constraints from APV (cf. section 5.1.1),
charged-lepton flavor violation (cf. sections 5.1.4 and 5.1.5) and rare meson decays (cf. sec-
tion 5.1.6), apart from the theoretical constraints from perturbative unitarity of the Yukawa
couplings. Including all these constraints we found that diagonal NSI (ece, €., €77) can be
as large as (0.4%, 21.6%, 34.3%), while off-diagonal NSI (e, €cr €47) can only be as large
as (1075%, 0.36%, 0.43%), as summarized in figure 59 and table 17. A variant of the LQ
model with triplet LQs (cf. section 6) allows for larger €,) which can be as large as 51.7%.
Neutrino scattering experiments are found to be the most constraining for the diagonal
NSI parameters €., and €, while the cLFV searches are the most constraining for the
off-diagonal NSI. ¢, is the least constrained and can be probed at future long-baseline
neutrino oscillation experiments, such as DUNE, whereas the other NSI parameters are
constrained to be below the DUNE sensitivity reach.
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Figure 59. Summary of maximum NSI strength |e,s| allowed in different classes of radiative
neutrino mass models discussed here. Red, yellow, green, cyan, blue and purple bars correspond to
the Zee model, minimal radiative inverse seesaw model, LQ model with singlet, doublet and triplet
LQs, and

Zee-Babu model respectively.

A Analytic expressions for charged Higgs cross sections

It is instructive to write down the explicit formula for the charged-Higgs pair-production
(figures 10(a) and 10(b) cross section:
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where g = /1 — 4mi . /s, s is the squared center-of-mass energy, e and g are the elec-
tromagnetic and SU(2)y coupling strengths, respectively, and ¢, = cosfy, S, = sinfy,
(0, being the weak mixing angle). Note that the t-channel cross section depends on the
Yukawa coupling Y., and it turns out there is a destructive interference between the s and
t-channel processes. Similarly, the differential cross section for the production of AW T
(figure 10(c)) is given by

do.(e-‘re_ — hiW:F) B 92’1/66‘2)\1/2 <1 mii"' nﬁb%V)

S S

dcosf 64rs

Acos?0 + Bceosl + C

X 5
mQ +m2 m2 2
[1 — W A2 (], e T ) eos 6

(A.2)

where 6 is the angle made by the outgoing h* with respect to the initial e~-beam direction,
Nz, y, 2) = 22 + y? + 2% — 20y — 222 — 2y2, and

_ 2 2 2 2
A:452 [1_(mh+ my) ] [1_(mh++mw) } [1_ mw] (A.3)
mé, s s s
S m2+ + m%/V 1/2 m2+ m2
gt (12 Mt e "
mé, s s s
s ) 2m7.  3my,  2miimd,  2m$,  2mi.my,  mi,  mpim
- 4m? s 2 52 + 8 53 52 + 53 '
W
(A.5)

The analytic cross section formula for the single-production of charged Higgs via Drell-
Yan process (figure 10(d)) is more involved due to the three-body phase space and is not
given here.
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