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New physics in WWy at one loop via Majorana neutrinos
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Current experimental data guarantees the presence of physics beyond the Standard Model in the neutrino
sector. The responsible physical description might show itself through virtual effects on low-energy
observables. In particular, massive neutrinos are able to produce contributions to the triple gauge coupling
WWy. The present paper deals with the calculation, estimation and analysis of one-loop contributions from
Majorana neutrinos to the Lorentz-covariant WWy parametrization. Our calculations show that CP-odd
effects vanish exactly, whereas CP-even contributions, Ax and AQ, remain. According to our estimations,
the effects from heavy neutrinos with masses in the range of hundreds of GeVs dominate over those from
light neutrinos. This investigation shows that contributions from heavy Majorana neutrinos to the anomaly
Ak could be as large as ~O(107%), one order of magnitude below the Standard-Model contribution. We
find that the International Linear Collider, sensitive to triple gauge couplings participating in WW
production, might measure these effects in electron-positron collisions at a center-of-mass energy of
800 GeV, as long as heavy-neutrino masses are 2300 GeV and below ~1500 GeV.
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I. INTRODUCTION

Nowadays, the Standard Model [1-3] (SM) remains our
best description of fundamental physics. While most
experimental data leans towards this field-theory formu-
lation, phenomena beyond the Standard Model (BSM) have
been confirmed. Experimental data has established the
presence of new physics within the neutrino sector, namely,
as opposed to the SM, neutrinos are massive and mix with
each other. Nearly 70 years after the introduction of
neutrinos by Pauli, the first evidence of neutrino mass
materialized though the measurement of neutrino oscilla-
tions [4], by the Kamiokande Collaboration [5], which was
confirmed four years later by the Sudbury Neutrino
Observatory [6]. Before that, the lack of experimental
evidence in favor of neutrino mass and the observed
absence of right-handed neutrino states, in agreement with
the Weyl description of massless fermions, motivated
the assumption of massless neutrinos in the definition of
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the SM. The determination that neutrinos are massive bears
great relevance per se, and yet it comes along with a quite
interesting physical consequence; the possibility that the
correct characterization of neutrinos is not provided
by Dirac spinors [7], but by Majorana fields [8] instead,
in which case neutrino fields, v, and their charge-conjugate
fields, 1v°, coincide with each other. This is an open
problem, whose answer may come from the elusive
neutrinoless double beta decay, which, if observed, would
incarnate strong evidence upholding Majorana neutrinos,
as this physical process is forbidden if such particles
are Dirac-like. So far, there is no experimental support
implying the occurrence of the neutrinoless double
beta decay, despite efforts by several experimental
collaborations [9-15].

Contrary to the case of the Dirac field, which provides a
proper description of SM fermions, Majorana mass terms
do not preserve lepton number, but they rather violate it in
two units. Such a framework allows for the occurrence of
the Weinberg operator1 [18], an effective-Lagrangian term
of mass-dimension 5, built solely upon SM fields and

Tt has been pointed out that lepton-number conserving
generalizations of the Weinberg operator can be set, but they
require the introduction of extra scalar fields [16,17].
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https://orcid.org/0000-0001-7068-5058
https://orcid.org/0000-0003-1503-3086
https://orcid.org/0000-0001-6413-9552
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.107.035025&domain=pdf&date_stamp=2023-02-22
https://doi.org/10.1103/PhysRevD.107.035025
https://doi.org/10.1103/PhysRevD.107.035025
https://doi.org/10.1103/PhysRevD.107.035025
https://doi.org/10.1103/PhysRevD.107.035025
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

EDUARDO MARTINEZ er al.

PHYS. REV. D 107, 035025 (2023)

compatible with a universe in which the seesaw mechanism
is responsible for the generation and definition of neutrino
masses [19,20]. If nature turns out to be such that known
neutrinos get their masses by a seesaw mechanism, heavy
neutrinos must exist, with masses proportional to some
high-energy scale associated to spontaneous symmetry
breaking. The theoretical framework for the present inves-
tigation has been set in Ref. [21], where the SM is
extended, to a certain level of generality, by the inclusion
of Dirac mass terms, generated as a consequence of the SM
electroweak symmetry breaking [22,23], and Majorana
mass terms, presumably originating from a fundamental
description of nature in which spontaneous symmetry
breaking at some high-energy scale, w, takes place. In this
context, the necessary conditions are met for a type-1
seesaw mechanism to operate, which defines neutrino
masses at the tree level, with the distinctive seesaw-
mass profile. Light-neutrino masses, being as tiny as
m, < 0.8 eV [24], require a large suppression provided
by the energy scale w, characterizing the fundamental
formulation. Such a large energy scale greatly increases
the values of heavy-neutrino masses and pushes their
effects out from experimental sensitivity. The author of
Ref. [21] eluded this issue by imposing a condition aimed
at the elimination of tree-level masses of light neutrinos.
These masses were generated through radiative corrections
instead, thus enabling heavy-neutrino masses to be smaller
and, consequently, improving expectations regarding the
size of the corresponding new-physics effects.

BSM effects from virtual heavy neutrinos on SM observ-
ables might be within the reach of current experi-
mental sensitivity, which motivates the present work. We
aim at the calculation, estimation, and analysis of the
contributions from massive Majorana neutrinos, both light
and heavy, to the WWy vertex at one loop, in the framework
given by the neutrino model of Ref. [21]. The general
parametrization of such an interaction was given long
ago [25], from which W-boson production mechanisms in
linear colliders [26,27] and from pp collisions [28] were
explored, in the context of the electroweak SM. Since then,
SM extensions have been considered in order to estimate
their one-loop contributions to WWy. We calculate new-
physics contributions by assuming both external W bosons
to be on shell, but keeping the external photon off the mass
shell. From the form factors constituting the WWy
parametrization, which yield the definitions of the electro-
magnetic properties of the W boson, both CP-even and
CP-odd, we identify the corresponding contributions engen-
dered by the aforementioned neutrino model. Nonetheless,
an exact cancellation of CP-odd contributions happens, thus
leaving CP-even effects only. Moreover, the remaining
contributions are found to be ultraviolet finite and gauge
invariant. Pointing towards an estimation of the impact of the
new physics, we consider nearly-degenerate heavy-neutrino
mass spectra, which is required by this Majorana-neutrino

model [21]. Our calculations and estimations show that
effects from virtual heavy neutrinos are dominant over
contributions from their light counterparts, by about one
order of magnitude, for a wide range of heavy-neutrino
masses. In optimistic scenarios, in which heavy-neutrino
masses lie between ~ 300 GeV and ~ 1500 GeV, the effects
from virtual heavy neutrinos are found to be smaller than the
one-loop SM contributions by ~1 order of magnitude.
Furthermore, our analysis suggest that new-physics contri-
butions might be within the reach of the sensitivity of the
International Linear Collider, expected to set bounds as
stringent as O(10~*) on the CP-even anomalous couplings
of the vertex WWy, from the process ete™ - WTW~, ata
center-of-mass energy (CME) of 800 GeV.

This paper has been organized as follows: we establish
our framework by discussing the neutrino model of Ref. [21]
in Sec. II, where all the couplings and approximations,
relevant for our calculation, are covered. Then, in Sec. III,
the parametrization of WWy is discussed, which is then
followed by the calculation of the analytic expressions for
the new-physics contributions to the form factors of such a
coupling. The previously-obtained results are then utilized
in order to perform numerical estimations in Sec. IV, which
are analyzed and discussed, and finally, a summary of the
paper and our conclusions are presented in Sec. V.

II. MAJORANA NEUTRINOS AND THE SM

Neutrinos are the only known existing elementary
fermions characterized by electric neutrality.2 Since electric
charge is the mean to distinguish particles from their
corresponding antiparticles, massive neutrinos meet the
conditions to be depicted by Majorana spinors [8], which
fulfill the so-called Majorana condition, 1 =wv. Even
though the experimentally-confirmed phenomenon of neu-
trino oscillations, first proposed by Pontecorvo [4], requires
neutrinos to be massive, with all neutrino masses different
of each other, it provides no information regarding whether
these particles fit the Dirac o the Majorana description. On
the other hand, the electromagnetic properties of neutrinos
have been shown to differ in these cases [30]. Nowadays,
the sensitivity of experiments aimed at the measurement of
electromagnetic properties of neutrinos lies far away from
the prediction of the SM minimally extended by massive
neutrinos [31], by about eight orders of magnitude [30],
thus meaning that BSM physics is the only hope to measure
such electromagnetic interactions in the near future. The
conventional probe of the Majorana nature of neutrinos is
the neutrinoless double beta decay, which can occur only as
long as neutrinos are Majorana fermions, but is not allowed
if these particles are Dirac-like. If neutrinos are Majorana,
this physical process must be quite rare in nature, for no
signals have been found in experiments so far, even though

*Note, however, that Ref. [29] has explored the possibility of
millicharged neutrinos.
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several collaborations have been pursuing it for
decades [9-15,32]. The GERDA Collaboration and the
KamLLAND-Zen Collaboration have established lower
bounds of order 10?° yr on the neutrinoless double-beta
decay half-life [12,15].

Consider a BSM model, characterized by some
Lagrangian density Lggy, upon which two phases of
spontaneous symmetry breaking operate, namely, a first
stage of symmetry breaking at some high-energy scale,
here denoted by w, and, then, the Brout-Englert-Higgs
mechanism [22,23], through which the electroweak-SM
gauge group, SU(2); ® U(1)y, is broken down into the
electromagnetic group, U(1),, at v = 246 GeV. Instances
of field-theory formulations in which this happens are
left-right symmetric models [33-35], based on the gauge
group SU(2), ® SU(2)r ® U(1)y, 331 models [36,37],
endowed with SU(3),. ® SU(3), ® U(1), symmetry, and
grand unification models [38,39], defined by larger gauge
groups, such as SU(5) and SO(10). Then assume that this
chain of events gives rise to the Lagrangian

'CBSM:'CIrJnass_F'C(Sj]\C/I_""'v (1)
with the ellipsis standing for other terms, some of them
specified by the BSM model under consideration. The

Lagrangian term L} is assumed to be given as

33

Linass = ZZ ViL (mp ijkR
=1
1 Oc 0
+ Ey‘i,R(mM)ijk.R) +H.c., (2)

where y?v . is aleft-handed neutrino field and 1) , represents

a neutrino field with right chirality, whereas y¢ = CyyT is
the charge-conjugate field of the spinor y, with C the

charge-conjugation matrix. Dirac mass-like terms, involv-

ing the 3 x 3 matrix mp, and its conjugate-transpose m]g, are

assumed to emerge from electroweak symmetry breaking.
On the other hand, L%, involves Majorana mass-like
terms as well, which are thought to emerge from sponta-
neous symmetry breaking at the high-energy scale w. The
3 x 3 matrix my, lying within these terms, is symmetric,
but general in any other regard. By defining the 3 x 1
matrices

Oc

ViL VIR

_ 0 _ Oc
fo=1|vaL |- Fr =113 | (3)

0 Oc

3L V3R

and then denoting fr = Cf, ", Fr = CF. ", which empha-
sizes the chirality properties of these charge-conjugated
fields, the neutrino-mass Lagrangian, £}, iS written as

14 —
‘Cmass -

—%(f_LF_L)MG;];) +He., (4)

where M is a 6 x 6 matrix, both complex and symmetric,
given in terms of 3 x 3 matrix blocks as

M—(OT mD). (5)

mp My

In order to express the neutrino fields in the base of mass
eigenspinors, a unitary diagonalization transformation is
implemented through the unitary 6 x 6 matrix {,, given by
3 x 3 matrix blocks U; as

u, U
U, = ( 11 12 > (6)
Uy Unxn
The corresponding unitary transformation yields [40]
m, 0
UrMu, = ( > (7)
0 my

where m, and my are 3 x 3 real-valued diagonal matrices,
whose entries are (m,); = m, 6y and (my); = my St
with m, > 0 and my, > 0. Thus, L%, acquires the form

’;
S/ 1
Lhass = (‘5"%/-”1”/ - gmN./-Nij)v (8)

j=1

comprising all the mass terms of the mass-eigenspinor
neutrino fields v; and N, which satisfy y; =vj N; =Nj,
meaning that they are Majorana-neutrino fields.

The Lagrangian term £, which is part of Eq. (1),
comprises the set of charged currents (CC) in which the SM
W boson participates. After implementing the change of
basis defining the neutrino mass eigenspinors, [,(Sjlg is
expressed as

ZZ( B Wily Py,

+ %BaNjW;EprLNj> + H.C., (9)

with the index a running over lepton flavors, that is @ = e,
u, t. Moreover,

3
a»j ZV 11 kj> (10)
k=1
3
Boy, = Y VaUiy)y: (11)
k=1
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have been defined. In these equations, the 3 x 3 matrix V*
is a lepton-sector analog of the Kobayashi-Maskawa
matrix [41], lying within the quark sector of the SM. In
massive-neutrino BSM descriptions, such as those provided
by the Weinberg operator [18] and the minimally extended
SM [31], lepton mixing is characterized by the matrix
Uppmns, dubbed the Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) [42,43] matrix, which is unitary. Note that, by
contrast, V/ is not necessarily unitary. In models of
Majorana neutrinos, Upyns 1S determined by three mixing
angles, 6,,, 03, and 6,3, by the Dirac phase, ép, and by
three Majorana phases, ¢, ¢,, and ¢3 [31]. The Majorana
phase ¢, is usually taken ¢; = 0. The parametrization of
the PMNS matrix for the case of Dirac neutrinos lacks the
Majorana phases, so it is given by four parameters
only [31]. The set of coefficients B,, and B,y constitute
the 3 x 3 matrices B, and By, respectively. Such matrices
are conveniently arranged to define the 3 x 6 block matrix

B = (B,By), (12)
with entries

if j=1,2,3,

13
if j=4.5,6, (13)

Ba] _ { Bavk

BozN,C

where v; = v, v,,v3 and Ny = Ny, Ny, N3. The matrix B

fulfills the conditions BB" = 15 and BB = C, which are
more explicitly expressed as

ZBW /jj aﬂ7 (14)
> ByBu=C (15)
a=e.u,t

In these equations, 6,5 = (13) 4, With 13 the 3 x 3 identity
matrix. Moreover, the matrix C, 6 x 6 sized, is given by its
components as

Coup  ifj=123 and k=123,

Con, ifj=1,23 and k=4,5,6,
Cp=4 i T (16)

CNM, if j=4,5,6 and k=1,2,3,
CNiN], if j=4,5,6 and k=4,5,6,
with the definitions
3
uu, Z ull u]l jl — (Cuu)zl’ (17)

3

Con, = Z(Ull)ji(uTz)jz = (Con)ir> (18)
j=1
3

Cnw, = Z(ul2)ji(uTl)jl = (Cw)irs (19)
j=1
3

Cn, = Z(Ulz)ji(ufz)jl = (Cyn)ir> (20)

=1

in terms of the matrix blocks introduced in Eq. (6). Note
that I/j,l/k =UV,lp, U3 and Nj’Nk = Nl,Nz,N:;, so the
matrix C is written in terms of 3 x 3 matrix blocks C,,,
C,n» Cny, and Cyp, which we defined in Egs. (17)—(20), as

Cl/l/ CI-/
c= < N ) (1)
CN!/ CNN

The property CC' = C expressed in terms of matrix
components as Zl 1 C;iCi = Cjy, holds.
Unitarity of the diagonalization matrix ¢/, and usage of
Eq. (7) allows for the approximation [21]
), (22)

&= mpmy (23)

yof b2 & gL
T\ -eE) (15 -18Te)

where the 3 x 3 matrix

has been defined, with |£ jk| < 1, in which case the smaller
the entries of the 3 x 3 matrix &, the more reliable this
approximation will be. Moreover, J is a 3 x 3 matrix, both
diagonal and unitary. From Eq. (22), we find that the matrix
B, defined by Egs. (10)—(13), is approximated as

B~ (Vf (13 - %&f*) ViE (13 - %f’“é) J*) . (24)

If mp ~ v and my; ~w are assumed, with v < w, type-1
seesaw mechanism takes place, defining light-neutrino

72 . .
masses m,, ~% and heavy-neutrino masses My, ~Ww, in

line with Eq. (7). Masses of light neutrinos generated by the
seesaw mechanism place a severe lower bound on w, which
is restricted to be greater than ~10'3 GeV, thus resulting in
huge heavy-neutrino masses my . In the present paper, we
rather follow Ref. [21], in which the set of conditions
(MU,); =0, with j =1, 2, 3, 4,5, 6, are stated to be
sufficient and necessary for the kth neutrino mass to vanish
at tree level, that is m, = 0 in Eq. (7). On the other hand,
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the tree-level masses of heavy neutrinos are left untouched,
so they are defined by the diagonalization of the mass
matrix, Eq. (7), as [21]

1 "
mN:JmM<1 —l—imi/[l(flmD—i—mgg*))J, (25)

In this manner, very large values of heavy-neutrino masses
and, consequently, quite suppressed contributions from new
physics are avoided. Then, in Ref. [21], massiveness of light
neutrinos is achieved radiatively, via neutrino self-energy

diagrams. Furthermore, that work provides and discusses the

one-loop calculation of the light-neutrino mass matrix m,"" .

A noteworthy observation of such a calculation is that the
smallness of light-neutrino masses comes about if the heavy
neutrinos are nearly mass degenerate.

III. ONE-LOOP EFFECTS FROM MAJORANA
NEUTRINOS ON THE VERTEX WWy

The present section is devoted to the analytic calculation,
at the one-loop level, of the contributions from Feynman
diagrams involving virtual Majorana neutrinos v; and N;,
emerged from the neutrino model discussed in Sec. II, to
the vertex WWy. The presence of the CCs given in Eq. (9)
yields vertices which make it possible for one-loop WWy
diagrams, with such virtual neutrinos, to exist. The
Lorentz-covariant structure of this vertex defines contribu-
tions to the electromagnetic moments of the W boson, with
a couple of them CP even and other two being CP odd. As
we show and discuss below, contributions to CP-odd
electromagnetic form factors vanish, thus leaving only
CP-even effects.

A. Parametrization of WWy

We start our discussion by considering the effective
Lagrangian [26,27]

LHT = L35, + L3, (26)
with the definitions
°W"§‘}y = —ieg; (W;;W‘”A” - W;DW“A”)

. _ ied .
—iekW,f W, F* — =y W, W=, Fre, (27)
W
£33, — —iekwi W — L (28

wwy — —lekW, W, _m—%v U p I, (28)
where k, A, &, and 1 parametrize, at low energies, the effects
of some new-physics formulation, whereas e is the electric
charge of a positron. While, as usual, F,, = d,A, — d, A, is
the electromagnetic tensor, the dual tensor F,, = %eﬂw W
is defined. The definitions W3, = d,W;= — d,W; have been

used as well. The criterion to separate £:¥ny into the

Lagrangian terms Ly, and E(v’{}%,y has been their properties

with respect to the discrete transformation CP, under
which, as indicated by our notation, such terms are either
even or odd, respectively. Violation of CP symmetry holds
great physical interest, for its presence is a requirement for
the occurrence of baryon asymmetry in the universe, as
stipulated by the Sakharov conditions [44]. Furthermore,
since the only source of CP violation in the SM is the
Kobayashi-Maskawa matrix, physical quantities not pre-
serving CP symmetry incarnate means to look for BSM
new physics and are quite relevant.

With the objective of writing down, in momentum space,
the expression for the vertex function WWy associated to
the effective Lagrangian ngwy, we provide Fig. 1, which
displays the momenta conventions used for the WWy vertex
throughout the present investigation. First introduced in
Ref. [25], this choice already takes into account momentum
conservation of the whole vertex. With the assumptions that
the external photon line is off shell and both W-boson
external lines are on shell, the momenta conventions of
Fig. 1 are used to derive, from the Lagrangian terms
comprised by Ly, the CP-even WWy vertex function

F?/;Zn =lie <gl (zpﬂgap + 4(ngo'p - qag/)y))
4A0 q°
+ m—%)vp” qaqp - ?gnp
+ ZAK(quO'ﬂ - qagpu)> ) (29)

with the definitions Ax = —¢; +k+ 4 and AQ = -24.
Furthermore, L§y,, leads to the CP-odd vertex function

. - 4A0
rggg = je (ZAkeaplmq“ + e qﬂewaﬂp“qﬁ
w

+ 91 P €opia(@*6%, — q“%)) , (30)

A,29)
|

_
™

W,(-p—q)

Conventions for momenta in the WWy vertex.

WF(P—q)

FIG. 1.
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where Ak =&+ m%‘jn_z‘jqz 7, AQ =-2], and § = -

miy
Note that implementation of on-shell conditions on the
photon external line eliminates contributions associated to
the parameter §;. At tree level in the SM, g; = 1,k = 1, and
4 =0, whereas =0 and 1 = 0. These effective vertex
functions fulfill Ward identities [45], with respect to the
electromagnetic field: Q*T'S%e" = 0 and Q*T°05¢ = 0, where
Q = 2gq is the incoming momentum of the external photon.
The electromagnetic properties of the W boson comprise a
set of four electromagnetic moments, which are defined, in
terms of the parameters characterizing the WWy vertex

functions of Egs. (29) and (30), as [26,27]

= 5 (24 &) (1)
Ow = —— (1 + Ak + AQ), (32)
myy
e
Hw = 2mW AK, (33)
Dy = —— (AR + AQ). (34)
myy

The W-boson electromagnetic moments uy and Qy are
both even with respect to the CP discrete transformation.
These quantities are given the names ‘“magnetic dipole
moment” and “electric quadrupole moment”, respectively.
In the SM, these electromagnetic moments are nonzero at
tree level. On the other hand, the “electric dipole moment”,
fiw, and the “magnetic quadrupole moment”, Qyy, are CP
odd and vanish at the tree level in the SM, so these
quantities are interesting places to look for traces of BSM
physics.

B. One-loop contributions to WWy
The contributions from the CCs Lagrangian term LY,

Eq. (9), to the WWy vertex function, F(Vymy, are generated
by the sum of Feynman diagrams

Ay

-y (/N

a k=1

in accordance with the momenta conventions of Fig. 1.
Also note that & = e, y, 7, so the sum »_, runs over the
three lepton flavors. In general, calculations of amplitudes
featuring neutrinos differ depending on whether, in the
model at hand, such fermions are described by Dirac or
Majorana fields. For starters, a main difference lies in the

Feynman rules corresponding to each of these cases [46].
Furthermore, lepton number violation allows for the
occurrence of a larger number of Feynman diagrams if
neutrinos are Majorana, as compared to the Dirac case. Let
us point out that the present calculation, in which neutrinos
are characterized by Majorana fields, does not entail any
such additional diagrams. Moreover, those Feynman dia-
grams to be considered have the same structure as if
neutrinos were Dirac type. Therefore, the calculation does
not distinguish between the Dirac and Majorana cases,
except for a possible role played by the Majorana phases.
To perform the calculation, we have taken the external W
bosons on shell, whereas the external photon has been
assumed to be off the mass shell. The set of contributing
Feynman diagrams includes virtual effects from both light
and heavy Majorana neutrinos, v; and N, with Feynman
rules determined from Eq. (9), in Sec. II. Note that the
superficial degree of divergence of any of the diagrams
displayed in Eq. (35) is 1, which warns us that ultraviolet
divergences, growing as fast as linearly, might arise.
With this in mind, we use the method of dimensional
regularization [47,48] to regularize loop integrals,
which accordingly, are set in D spacetime dimensions;

A f 5, with y the renormalization scale. To

calculate the analyt1c expressions corresponding to these
diagrams, we have followed the tensor-reduction method
[49], implemented through the software Mathematica,
by Wolfram, with the packages Feyncalc [50-52] and
package-X [53]. Consequently, the analytic expressions
of the contributions are given in terms of 1-point, 2-point,
and 3-point Passarino-Veltman scalar functions.

Let us rearrange the vertex function ngf,v , just given in
Eq. (35), as

(%}V:/}’ Z Z |Bak| err\//)in Mgy, mk) + Fg?)/(l (mav mk))
(36)

In Eq. (36), the contribution from the one-loop Feynman
diagram involving the ath virtual charged lepton, with mass
m,, and the v;th virtual neutrino has been splitted into CP-
even and CP-odd contributions, denoted by I (11, my)
and I'95¢ (m,,, my.), respectively. While our notation explic-
itly advises the reader about the dependence of the vertex
function on the masses of charged leptons and neutrinos, let
us point out that &% (m,, my) and T954(mg,, my) also
comprise the W boson mass, my, and the squared
external-photon momentum, Q2. In contrast with
Eq. (35), this expression of F(‘;[,/)/‘QVV features the sum
Z?Zl, which takes all the neutrinos, both light and heavy,
into account at once. For that reason, the masses of all the
neutrinos have been generically denoted by m;, where

k=1,2,3,4,5,6,som; =m,,my, =m,,and m3y = m,,
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are the masses of light neutrinos, whereas the masses of the
heavy neutrinos are m, = my,, ms = my,, and mg = my,.
Similarly, factors B, defined in Eq. (13), have been
utilized.

The structure of the CP-even vertex-function term
o)t (mg, my) matches Eq. (29), so it satisfies the corre-
sponding Ward identity. This CP-even vertex function
carries individual contributions ¢?%, AQ%, and Ax®. We
found ultraviolet divergences nested within individual
contributions ¢, which do not vanish from the total form
factor g; = >, 5% | |Bul?g*. Nonetheless, this diver-
gent contribution is absorbed by the SM through renorm-
alization. The form-factor contributions AQ* and Ax®, on
the other hand, turned out to be free of ultraviolet
divergences. We provide their explicit expressions in the
Appendix. The full set of individual contributions AQ%
and Ax® sum together to give the anomalous couplings

Ak=>" 26: | B |2 Ak, (37)
a k=1

6
AQ =) |BufAQ™. (38)
a k=1

As shown by Eq. (36), the WWy vertex function by ”

includes CP-odd contributions as well, lying within the
term I°994 (m,,, my.). After processing via software tools, we
got an expression with Lorentz-covariant structure

Fggﬂ (mav mk) = eﬂpaapaFl =+ paqﬁ(QGeypaﬂFZ + q/)eyaaﬂF3)7

(39)

where F|, F,, and F; are some functions of masses, given
in terms of Passarino-Veltman scalar functions. Let us
point out that the three form factors are ultraviolet finite.
Merging Schouten identities [54] with the on-shell
W-boson transversality conditions on momenta, we rewrite

Fggg (maH mk) as

Fggg(mw mk) = _eap/,tapaFl - Qpeo—yaﬂpaqﬂ(FZ + F3>

— P €sp1a@*8%, — 4°q,) Fa. (40)

When compared with Eq. (30), the second term of this
expression, whose Lorentz-covariant structure is

4p€ouapp®q”, leads to the identification AQ = %

We have verified that, even assuming the external photon to
be off shell, the cancellation F, 4+ F3 = 0 happens, so the
CP-odd one-loop contribution AQ vanishes exactly.
Moreover, Eq. (40) shows no contribution to the form
factor Ak. On the other hand, we note that the off-shell
contribution §; = % is generated, in line with Eq. (30).
The first term of Eq. (40), characterized by the Lorentz-

covariant structure €,,,,p” is not part of the general
parametrization of the WWy vertex, shown in Eq. (30).
Furthermore, this extra term, which does not vanish even
when taking the vertex on the mass shell, spoils the Ward
identity Q*T'9%4(m,, my) = 0. Ward identities may fail if
gauge symmetry, valid in some classical formulation,
ceases to hold at the quantum level, in which case the
theory is said to have anomalies [55-57]. Consistent field
theories are anomaly free, as it is the case of the SM, where
a set of conditions relating hypercharges are fulfilled in
order to eliminate anomalies. Ward identities, customarily
understood as a test of gauge invariance, often serve as a
criterion to probe consistency of calculations of amplitudes,
since failure of some Ward identity may hint at a mistake in
the execution of a given calculation. However, there is
another plausible reason for Ward identities not to occur in
the context of an anomaly-free theory, namely, the presence
of the chirality matrix, ys, which turns out to be
incompatible with the method of dimensional regulariza-
tion [48,58]. In order to tackle amplitudes involving the
chirality matrix, modi operandi have been posed. For
instance, the ys is taken to anticommute with all the
Dirac matrices y#, present in D spacetime dimensions, in
the so-called naive dimensional regularization. Another
approach, by t’Hooft and Veltman [48], takes the y5 to
anticommute with the four original Dirac matrices, yo, yl,
y?, and y°, while commutation relations with the rest of
such matrices, in D dimensions, are imposed to hold.
Extensions of the t’Hooft-Veltman approach, such as the
Breitenlohner-Maison scheme [59], are available as well.
The author of Ref. [58] claims that loop integrals involving
the y5 can be regularized only as long as either the trace
condition tr{y*y*y”y°ys} # 0 or gauge invariance is aban-
doned. This author suggests, in practice, usage of the naive
dimensional regularization, as this avoids both spurious
anomalies and complications. Returning to our calculation,
we have verified that the use of the naive dimensional
regularization, which comes along with the trace condition
tr{y*y*y"y°ys} = 0, renders the CP-odd contribution

zero, that is 999 (m,. my) = 0, in which case the Ward

identity QT4 (mg, my) = 0 is trivially fulfilled. On the
other hand, after implementation of the cancellation
F> + F3 =0, commented above, Eq. (40) suggests that
traces tr{y*y*y”y°ys} do not contribute to the electromag-
netic form factors, so we can pragmatically ignore these
traces by using the naive dimensional regularization.
Moreover, both approaches coincide in that CP-odd
electromagnetic form factors vanish, even if the photon
is off shell. We arrive at the conclusion that this model of
Majorana neutrinos does not produce any contribution to
the CP-odd WWy anomalous couplings A% and AQ, so no
contributions to the CP-odd electromagnetic moments of

the W boson, fiy, and QW, arise.
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IV. ESTIMATIONS AND DISCUSSION

The main purpose of the present section is the estimation
of the one-loop contributions from the Majorana-neutrino
model discussed in Sec. II to the electromagnetic form
factors characterizing the WWy vertex. As we previously
showed, in Sec. IIl, only CP-even contributions are
generated, which are given by the anomalous couplings
Ax and AQ, as displayed by Eq. (29). In Ref. [60], a
calculation and estimation of the one-loop contributions
from the SM to the vertex WWy, with the external photon
taken off shell, was carried out. The authors of this work
derived expressions in terms of the masses of the Higgs
boson and the top quark, none of which had been measured
at the time. They performed numerical estimations of Ax
and AQ, as functions on the external-photon quadratic
momentum, from which they arrived at the conclusion that
SM contributions to Ak could be as large as 1072, meaning
that any measurement of a larger value of this anomaly
should be interpreted as a manifestation of BSM physics.
Moreover, SM contributions to AQ were determined to be
as large as 10~ Shortly later, the SM effects on WWy were
reexamined in Ref. [61], in which, by usage of the so-called
Pinch Technique [62—-64], contributions to Ax and AQ
were found to be gauge independent, ultraviolet and
infrared finite, and well behaved for large off-shell photon
momentum. The effects of BSM physics on the vertex
WWy have been addressed as well. In Refs. [65,66], for
instance, the 331 model was the framework to execute one-
loop calculations of WWy, whereas Ref. [67] considered
contributions to this vertex, at one loop, from a model of
universal extra dimensions [68]. In Ref. [69], the one-loop
contributions to the CP-odd electromagnetic moments iy,
and Qy, generated by the vertex HWW emerged from an
effective Lagrangian were calculated and estimated.
A calculation of contributions to WWy from BSM
scalar particles originated in the context of the Georgi-
Machacek model [70] was carried out by the authors
of Ref. [71].

Our expressions for the electromagnetic form factors Ax
and AQ, given in Egs. (37)—(38), share the generic structure
Af =3, 38 | [Bul*Af*, so they can be written as

|

C12€13

_ i
Up = | —s12003 — C12823513€"

is
S12823 — C12€23513€ P

where the standard compact notation cj = cos8jy,
Sjx = sinBj, for the cosine and the sine of the mixing
angles 6,,, 6,3, and 6,3 has been employed. Also, there lies
the parameter o, commonly referred to as the Dirac phase.
On the other hand, the factor U, is the diagonal 3 x 3
matrix [31]

3
Af: ZZOBO{UAZAJC”W + |B(1Nk|2AfaNk)’ (41)
a k=1

where the contributions from light and heavy neutrinos, v
and N,, have been separated from each other. We express
the 3 x 3 matrix &, defined in Eq. (23), as

where X is a 3 x 3 matrix whose largest entry has
magnitude 1, whereas p is some positive real number
which equals the modulus of the largest entry of &, so
p < 1. Thus, the 3 x 3 matrices B3, and By, whose entries
are B, and B,y, respectively, are expressed as

1
B, =V’ (13 -3 ‘ZXXT), (43)

1

The presence of the matrices X and J anticipates the
involvement of a large number of parameters. We have
tested different X textures to estimate heavy-neutrino
contributions to Ax and AQ, but found no important
variations of our results. So, for the sake of practicality,
and aiming at an estimation of the new-physics effects
carried by our analytical results, we take X =15 and
J =15. As we commented before, in Sec. II, the lepton-
mixing matrix V/, which appears in Eqs. (43) and (44),
needs not to be unitary. However, for practical purposes, in
our estimations we assume that this matrix is approximately
unitary, and then we use it as if it was the PMNS matrix,
that is, we take V' — Upyns-

The PMNS matrix is given, in any context of Majorana
neutrinos, as Upyns = UplUy- On the one hand, the 3 x 3
unitary matrix {/p can be conveniently parametrized in
terms of three mixing angles and one phase as [31]

S12513 s13€7 %
is
C12€23 — S12523513€ P $23€C13 ) (45)
5
—C12823 — S12€23813€°°  €3C13
Uy = diag(l, el ei¢3), (46)

with ¢, and ¢; the Majorana phases, only occurring as long
as neutrinos correspond to Majorana fields. The Particle
Data Group (PDG) recommends the following values for
the neutrino-mixing angles [32]:
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sin? 0, = 0.307 £ 0.013, (47)
sin? 0,3 = 0.546 + 0.0021, (48)
sin? 03 = 0.0220 = 0.0007, (49)

which we used for our numerical estimations. The value
given by the PDG for 6, is based on the 2016 measurement
by the Super-Kamiokande Collaboration [72]. Meanwhile,
for the PDG value of 0,3, data reported by the collabora-
tions T2K [73], Minos+ [74], NOvVA [75], IceCube [76],
and Super-Kamiokande [77] were considered. Further-
more, measurements given by Double Chooz [78],
RENO [79,80], and Daya Bay [81,82] were utilized by
the PDG in order to set the afore-displayed value of 6;5. In
the case of the Dirac phase, we used

bp = - (50)

7
5
favored by the T2K Collaboration in their 2014 paper [83].
A more recent analysis on the Dirac phase, by the same
team, can be found in Ref. [84]. About the Majorana
phases, we have taken the values ¢, = 0, ¢p3 = 0.

Since the external photon has been assumed to be off
shell, our expressions for the anomalies Ax and AQ are
functions depending on the squared incoming momentum,
Q?, associated to the external photon line (see Fig. 1).
Moreover, the contributions are also determined by the
masses of the heavy neutrinos. In order to carry out an
analysis, a heavy-neutrino mass spectrum must be defined.
Such a spectrum is restricted to be nearly degenerate, for it
to be compatible with loop-generated tiny light-neutrino
masses, as required by the Majorana-neutrino model under
consideration [21]. With this in mind, in what follows, our
discussion considers a heavy-neutrino mass spectrum in
which my ~my,, my, ® my,, and my, ~ my, , for some
mass my, . While small variations among the masses of
heavy neutrinos can be considered for the analysis, let us
comment that our estimations showed practically no
differences in the resulting contributions to Ax and AQ.

Hadron colliders bear the ability to probe the vertex
WWy. This is achieved through Wy and WW production
resulting from proton-proton collisions, from which con-
straints on the form factors Ax and AQ can be established.
In Refs. [85,86], the CMS and the ATLAS Collaborations
released upper bounds on Ax and AQ, of order 1072, from
LHC data collected at a CME of 8 TeV. An improved upper
limit on AQ, of order 1073, was determined, just last year,
from CMS-experiment data on Wy production at a CME of
13 TeV [87]. The DO Collaboration, at Tevatron, has also
constrained these anomalies, reporting upper bounds of
orders 107! on Ak and 1072 on AQ [88]. Linear electron-
positron colliders provide clean environments, suitable
for high-precision studies, thus complementing hadron

colliders in the identification of new-physics traces and
their proper characterization. In particular, such devices are
sensitive to the gauge coupling WWy, as it participates in
the process ete™ — WTW~. The Large Electron-Positron
Collider, better known as LEP and which is located at
CERN, analyzed combined data, gathered from its four
detectors, on WW production from electron-positron colli-
sions with a CME ranging from 130 GeV to 209 GeV. Such
an analysis yielded constraints of order 10~ on both Ak
and AQ [89]. While nowadays the LEP Collider is the
largest of its kind, other similar devices are on the way. The
International Linear Collider, commonly referred to by its
acronym ILC, shall be able to establish constraints as
restrictive as [90-92]

|Ak| < 6.1 x 1074,

20| <84 x 10~ }ataCMEofSOO GeV, (51)
S 0.4 X ’

|Ak| < 3.7 x 1074,

}ataCME of 800 GeV, (52)
|AQ| < 5.1 x 1074,
on the anomalous triple gauge couplings, from
ete” - WHW~. The authors of Ref. [93] explored the
processes yy —» WTW™, ety = eTy*y - e™TW-WT, and
ete™ > ety'y*e™ > e"W™Wte™, then arriving at the
conclusion that the CERN Compact Linear Collider, the
CLIC, might reach upper bounds as stringent as 107> to
107* on Ax and AQ. The Circular Electron-Positron
Collider, also called the CEPC, is another electron-positron
collider in plans. According to the investigation performed
in Ref. [92], its sensitivity to trilinear gauge couplings shall
allow it to set upper bounds of order 10™* on Ak and AQ.
With the previous elements in mind, we refer the reader
to the graphs of Fig. 2, which display our estimations for
the contributions from virtual neutrinos, both heavy and
light, to the CP-even anomalies Ax and AQ, in the
framework set by the neutrino model discussed in
Sec. II of the present paper. Such contributions have
been plotted as functions on the heavy-neutrino mass
mNh,3 within the range 10 GeV < my, < 1500 GeV, at

\/65 = 800 GeV, as considered for analyses of the
expected ILC sensitivity [90-92]. Aiming at a comparison
between the orders of magnitude of the contributions, these
graphs have been plotted in base 10 logarithmic scale. The
Feynman diagrams contributing to WWy at one loop, which
are displayed in Eq. (35), involve vertices Wy,l, and
WN,l,, among which the former connects an external W
boson with the virtual loop fields v, and /,, where my, >
my + m,, is fulfilled. That this relation holds means that
the resulting contributions from virtual light neutrinos to
the on-shell form factors Ax(Q? = 0) and AQ(Q? = 0) are

The heavy-neutrino mass my, has been denoted simply by
my, in all the graphs of the present paper.
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FIG. 2. Contributions from neutrinos, both light and heavy, to the anomalies Ax (left graph) and AQ (right graph) as functions on the

heavy-neutrino mass my, , in the range 10 GeV < my, < 1500 GeV, at / 0% =800 GeV, in logarithmic scale (base 10), for different
values of the parameter p: p = 0.10 (solid); p = 0.35 (dashed); p = 0.58 (dot-dashed); and p = 0.65 (dotted).

complex quantities. The rest of the diagrams, in which
participating virtual neutrinos are heavy, produce on-shell
form factors that are strictly real if heavy-neutrino masses
meet the condition my, < m, + my,. However, the calcu-
lation has been performed with the external photon off the
mass shell, so the contributions from virtual heavy neu-
trinos to the anomalies Ax and AQ are allowed to be
complex quantities, even if virtual heavy-neutrino masses
satisfy this condition. While these anomalies have real and
imaginary parts, the contributions plotted in Fig. 2 corre-
spond to the moduli |Ax| and |AQ|. Each curve in the
graphs of Fig. 2 corresponds to some value of the parameter
p, defined in Eq. (42); solid curves arise for p = 0.10, the
value p = 0.35 generates dashed plots, dot-dashed curves
are associated to the value p = 0.58, and p = 0.65 yields
dotted curves. A horizontal line, corresponding to the ILC
upper bound |Ak| < 3.7 x 10™* as estimated in Ref. [92],
has been added to the left graph, which displays contri-
butions |Ax|. The upper shaded region, limited from below
by this ILC-bound line, comprehend those Ak values which
shall be accessible to the ILC. Conversely, the nonshaded
lower region comprises the set of values out of the reach of
the expected sensitivity for this collider. According to the
left graph of Fig. 2, couplings with p below ~0.5 shall be

beyond the reach of the ILC, at \/@ = 800 GeV. For
instance, in this graph, the plots given by values p = 0.58
and p = 0.65 enter the ILC-sensitivity region for a range of
masses my, 2 350 GeV. This graph also shows that, even
in the most optimistic context among those considered for
the present paper, the BSM effects from the Majorana-
neutrino model are smaller than the SM contribution by
about one order of magnitude. No ILC-bound line has been
included in the right graph of Fig. 2, corresponding to the
|AQ| anomaly, because the corresponding contributions are
way below ILC expected sensitivity. At this point, it is
worth mentioning Ref. [94], by the CMS Collaboration.

In that work, the coefficients B,y, and B,y,, for some
heavy neutrino N, were investigated. This was carried out
by searching for the decay of a Majorana heavy neutral
lepton, with mass 1 GeV < my, < 1200 GeV, into a SM
charged lepton and the SM W boson. For such a range of
heavy-neutrino masses, upper bounds were established on
|B.y,|* and [B,y,|*, displayed in the planes (my,, B.y,)
and (m N> Bun, ). Recall that, according to Eq. (44), the size
of such quantities, which are entries of the 3 x 3 matrix By,
is given by the parameter p. Keeping this in mind,
we observe that the values p = 0.58, 0.65 are compatible
with the bounds on |B,y |, of Ref. [94], as long as
my, 2 850 GeV. Regarding the bounds on [B,y,|, the
values p = (0.58, 0.65 are allowed for my, 2 1000 GeV.
Our preceding discussion indicates that the plausibility
of an ILC measurement of the anomaly Ak, produced by the
virtual Majorana neutrinos of the new-physics model under
consideration, is more promising than the observation of a
AQ effect. For this reason, from here on our discussion
develops around the Ax coupling. In the framework of the
present investigation, the participation of the parameter p is
weighty in the definition of the size of the contributions, so
it plays a significant role in whether the ILC shall be able to
sense it or not. To further illustrate this, we show the graphs
of Fig. 3, in which our estimations for the anomaly
contribution Ak have been plotted for a couple of different
values of p, namely, p = 0.58 for the left graph and
p=0.65 in the case of the right graph. The plots
of this figure, all of them given in base 10 logarithmic
scale, are displayed as functions on the squared
incoming momentum of the external photon Q2, or more

precisely in terms of \/Q?, for values running within

0 GeV < 1/0Q? <1000 GeV. Both graphs include a
couple of horizontal lines, which represent attainable
ILC Ak sensitivity [90-92], lying at 6.1 x 10™* for
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FIG. 3. |Ax] plotted against \/Q?, in the range 0 GeV < 1/ Q? < 1000 GeV, for the values p = 0.58 (left graph) and p = 0.65 (right
graph). The curves have been plotted for heavy-neutrino masses my, = 900 GeV (solid curves), and my, = 1200 GeV (dashed curves).

Dotted vertical lines represent the values /Q* = 500 GeV and /Q? = 800 GeV, whereas solid horizontal lines stand for ILC
sensitivity at v/Q? = 500 GeV (upper line) and /Q? = 800 GeV (lower line).

v/0* =500 GeV and 3.7 x 107 for \/Q? = 800 GeV.
Moreover, two dotted vertical lines have been plotted in
both graphs of the figure, corresponding to the values
v/0* = 500 GeV and 1/Q? = 800 GeV. Each graph com-
prises two curves, each of which is associated to one of two
considered values of the heavy-neutrino mass my, ; the
solid curves come from the choice my, = 900 GeV, and
the neutrino mass my, = 1200 GeV has been utilized to
plot the dashed curves. Note, from the graphs of this figure,
that disparities among contributions arisen from different
heavy-neutrino masses my, do not amount to orders of
magnitude, so they are not fairly large. The left graph of
Fig. 3, with its plots corresponding to p = 0.58, shows that
the effects of the contributions barely lie within ILC reach

at 800 GeV, whereas sensitivity of this collider at \/@ =
500 GeV is not achievable. If p = 0.65, the contributions
associated to the two heavy-neutrino spectra under con-
sideration clearly enter ILC expected-sensitivity region at

v/ 0% = 800 GeV. Again, the Majorana-neutrino contribu-

tion at /0% = 500 GeV is clearly beyond ILC sensitivity.

Up to this point, our discussion of the contributions from
Feynman diagrams involving virtual Majorana neutrinos to
the WWYy vertex has been carried out by considering all the
neutrinos, both light and heavy, at once. A comparison
among the contributions from the virtual light neutrinos
with those produced by the heavy ones is opportune, since
it may be helpful in the discrimination and proper
identification of their effects. We split our result for the
CP-even anomalous coupling Ax into two terms as
Ak = Ak, + Aky, with Ak, the contribution generated
by virtual light neutrinos and Aky the contribution corre-
sponding to virtual heavy neutrinos. Now consider Fig. 4,
which shows the moduli of such contributions, AK‘D| and
|Aky|, separately. This graph has been performed for

/0? =800 GeV, fixed, and p = 0.58. As in previous
cases, the plots are displayed in base 10 logarithmic
scale. The horizontal dotted line, included in this graph,

delimits the sensitivity region for ILC at \/@ = 800 GeV.
The Ax contributions have been plotted against the
heavy-neutrino mass my, , within the interval 10 GeV <
my, <1500 GeV. The contribution from the light neutri-
nos is represented in this figure by the horizontal solid line,
at |Ax,| =3.7x 1075, or log,o{|Ak,|} = —4.43 in the
logarithmic scale. The dashed curve, on the other hand,
depicts the behavior of the anomaly contribution |Axy],
associated to the heavy neutrinos. This graph shows that
most values of my, yield heavy-neutrino contributions
which are larger than those corresponding to light neutrinos
by about one order of magnitude. Therefore, a measure-

ment of a BSM anomaly at 1/Q? = 800 GeV, in the

£=0.58, Q=800GeV
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FIG. 4. Plots, in logarithmic scale (base10), of light- and heavy-
neutrino contributions |Ax,| and |Aky|, with respect to heavy-
neutrino mass my,, within 10 GeV < my, < 1500 GeV, at

v/ 0? =800 GeV and p = 0.58.

035025-11



EDUARDO MARTINEZ er al.

PHYS. REV. D 107, 035025 (2023)

assumed context of neutrino physics, by the ILC should not
be linked to light neutrinos, but to heavy neutrinos with
nearly-degenerate masses in the hundreds of GeVs.

V. SUMMARY AND CONCLUSIONS

Throughout the present paper, we have addressed the
calculation, estimation, and discussion of effects on the
vertex WWy from physics beyond the Standard Model,
produced by virtual Majorana neutrinos participating in
one-loop Feynman diagrams. To this aim, the external
Standard-Model W bosons have been taken on shell and the
external photon has been assumed to be off the mass shell.
The framework for the execution of this investigation has
been a new-physics neutrino model in which both Dirac-
like and Majorana-like mass terms are assumed to emerge
after a couple of stages of spontaneous symmetry breaking
occurring in the context of some high-energy description of
nature. While conditions are set for a type-1 seesaw
mechanism to naturally take place, we rather follow
Ref. [21], in which this mechanism of neutrino-mass
generation is avoided. Current upper bounds on the masses
of light neutrinos are as stringent as m,, < 0.8 eV [24], so
light-neutrino masses defined at tree level by a seesaw
mechanism push the masses of heavy neutrinos into very
large values. By imposing a condition of light-neutrino
mass cancellation at tree level, the Majorana-neutrino
model under consideration defines such masses radiatively,
which allows for smaller masses of heavy neutrinos [21]. In
this context, heavy-neutrino mass spectra are constrained to
be nearly degenerate, in order to get tiny masses for light
neutrinos [21].

Our calculation engendered contributions to the
Lorentz-covariant parametrization of the gauge vertex
WWy [26,27], which includes, in general, both CP-even
and CP-odd effects, and which abides by electromagnetic
gauge invariance. A CP-odd contribution AQ seemed to
appear at first glance, but usage of Schouten identities
yielded its exact cancellation, thus leading to the conclu-
sion that the contributions to WWy from this model lack
CP-odd effects. Contributions to CP-even anomalies Ak
and AQ were found to be, on the other hand, nonzero and
free of ultraviolet divergences. By virtue of the off-shell
assumption on the external photon, our calculation gave
rise to anomalous couplings Ax and AQ depending on the
external-photon squared momentum Q?, though notice that
such quantities are determined by heavy-neutrino masses as
well. Furthermore, the resulting anomaly contributions
turned out to be complex quantities for several Q> values.

We carried out numerical estimations that led us to
conclude that most values of the heavy-neutrino masses
yield effects which dominate over those coming from the
virtual light neutrinos, with a disparity amounting to ~ 1

order of magnitude. Our discussion comprehended the
analysis of both sorts of virtual-neutrino contributions,
which were estimated and discussed in the light of the
sensitivity of the International Linear Collider, expected
to set bounds of order O(10™*) on these anomalous
couplings [90-92] through WW production from the
process ete” - WTW~. A parameter p > 0 was defined
to characterize the size of the couplings WN[,, among the
Standard Model W boson, the heavy neutrinos and the
Standard Model charged leptons, with the constraint p < 1.
The p parameter turned out to be quite relevant in the
determination of the size of the contributions. We found
that p values larger than ~0.5 give rise to contributions to
the anomaly Ak as large as ~1073, which are smaller than
the Standard Model contribution by ~1 order of magnitude.
Moreover, an anomaly contribution this size would be
attainable by the International Linear Collider, though
ete” — WTW~ at a center-of-mass energy of 800 GeV.
According to our analysis, the observation of such a new-
physics effect should be associated to heavy neutrinos with
masses in the range of the hundreds of GeVs. The CP-even
anomaly AQ, on the other hand, receives contributions as
large as <107*, which are too small to be observed by the
International Linear Collider.
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APPENDIX: EXPLICIT EXPRESSIONS
OF THE FORM-FACTOR CONTRIBUTIONS

In this appendix we provide the explicit expressions of
the form-factor contributions Ax** and AQ%, produced by
the Feynman diagram involving the a-th virtual charged
lepton and the kth virtual neutrino, in accordance with
Egs. (37) and (38). Since the calculation was effectuated
by means of the Passarino-Veltman tensor-reduction
method [49], these contributions are given in terms of
scalar functions [95], which we denote as

AY) = Ag(m3), (A1)

AY) = Ag(m), (A2)

By = Bo(m}y. m3.m3). (A3)

BY) = By(Q% m2.m2), (A4)

Co = Co(miy,miy, Q% m2,m2,m2).  (AS)

The form factors have the structure
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2
g
At = (47:)2 (5(1) ) + gak + ’lék)B(l) + ’7&21335)2) + P Co),

Qak — g_2(C( ) —|— é‘ak —|— /1( ) ( ) -+ /1(02]38(()2) + wakCo),

with the definitions

1
(D = 1)m3,(Q* -

ggk) — ) (4m%, (D + 2)m? — (D + 2)m2 + Dm?,) + Q*(—=m? + m2 + m%,)),

1
& (D = 1)md (Q2 —4m3,)? (
(m _ !

T (D= 2)(D = Dym, (4, = 07
+ my + miyy) +40°m3,(2mi((3D = T)m? + ((11 —=3D)D — 12)m?,) = 2((D — 9)D + 12)mim},
+ (7 =3D)m} + (1=3D)m + (D(2D = 7) + 9)m3,) + 16m3,(2m2(((D = 7)D + 9)m3,
— (D(D +2) = 6)m2) +2((D = 5)D + T)mim3, + (D(D + 2) — 6)m}(D(D +2) — 6)m3
— (D = 4)(D = 2)my)).

((D =2)Q*(2m%((D = 2)my, — m3) + 2(D — 2)mim3, 4+ m}
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“(D=2)(D - 1)(4my, - Q%)
+(D-1)0*((D - 3)Q2 —4(D = 1)mp) + 16(D = 3)*mjy,) + 2m3, (8(D = 3)(D — 1)my
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1
(D —2)(4mj, — 0*)
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+ (mg = my) (mg 4 my)((D = 3)mi, + mg) + my)),
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Bt = 5 (—=(D =2)Q%m} 4 20*(m}(2(D — 1)mZ, + 3(D — 4)m3,) — 2(D — 1)m{
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) 1
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+ 8my, +3(0%)) - 8(D = 3)(Q*)*my, —
+16(D = 1)mS, + (D — 4)(02)?)).

1
(D -2)0*(Q — 4mjy)*

Do = —

4(D - 1)mi((D +2)Q* —4m?%,) —4((D = 3)D + 6)Q’mj,

(A16)
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