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In this work, we look for possible new physics effects on the electromagnetic charge and anapole form
factors, f(g*) and f,(g?), for a massless Dirac neutrino, when these quantities are calculated in the
context of an effective electroweak Yang-Mills theory, which induces the most general SU; (2)-invariant
Lorentz tensor structure of nonrenormalizable type for the WW'y vertex. It is found that in this context,
besides the standard model contribution, the additional contribution to fQ(qz) and f,4(g?) (fgw(qz) and
fa Ow (g?), respectively) are gauge independent and finite functions of ¢ after adopting a renormalization
scheme. These form factors, wi(qz) and ffw(qz) get contribution at the one-loop level only from the
proper neutrino electromagnetic vertex. Besides, the relation feff(qz) = q* (%) ( feff(qz) = fSM(qz) +
fgw(qz) fe“(q2) = SM(g2) + f9%(¢?)) is still fulfilled and hence the relation ae“ = <r2>5ff/6 (asft =

aSM + a9 (P2)eT = (12)SM 4 (y2)0w) is gotten, just as in the standard model (SM). Using the experi-
mental constraint on the anomalous WWy vertex, a value for the additional contribution to the charge
radius of [(r2)°%| < 1073* cm? is obtained, which is 1 order of magnitude lower than the SM value.
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L. INTRODUCTION

Many authors have studied the neutrino charge radius
(NCR) [1-13]. In 1972, Bardeen, Gastmans, and Lautrup
[2] showed in the frame of the standard model (SM) and
using the unitary gauge that the NCR is infinite and there-
fore it is not a physical quantity. Later, in the same year,
S.Y. Lee [14] working in the unitary gauge considered the
v;l' scattering and defined the NCR including besides the
usual terms, diagrams in which the photon is replaced by a
neutral gauge boson Z. In this way, he obtained a finite,
although gauge dependent quantity [15]. One of the earliest
analyses of the neutrino charge radius, in the context of the
general one-loop electromagnetic form factor of a fermion
in electroweak theories, was carried out in 1977 by Lee and
Shrock [3]. These authors working in the context of the SM
and using the linear R; gauge showed explicitly that the
NCR is not only infinite, but also gauge dependent (see
Figs. 1 and 2). Lee and Shrock showed in their paper how a
full calculation, including not just charge-radius terms, but
also box diagrams (which could not be considered to be
corrections to the neutrino electromagnetic vertex) com-
bined together to yield a gauge independent total ampli-
tude. Hence, in order to look for a definition of a physical
neutrino charge radius one has to consider other diagrams
which contribute to the total amplitude of the physical
process v;l' — v;I'. The papers written by S.Y. Lee, and
by B.W. Lee and R.E. Shrock inspired many works in
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which finite and gauge independent quantities, based on
the NCR, were introduced by considering the »,;I’ scatter-
ing [15-27]. We want to end this paragraph pointing out the
following. Even though it has been already shown that the
neutrino charge radius is an infinite and gauge dependent
quantity in the frame of the SM when just the proper
diagrams are taken into account, it is possible to define a
physical neutrino charge radius by considering the v’
scattering, which becomes a finite and gauge independent
quantity, independent of the lepton /' used to define it and
also which only gets contribution from the proper neutrino
electromagnetic vertex [18-20,22]. Discussions on the
experimental bounds on the NCR can be found, for ex-
ample, in Refs. [28-33].

On the other hand, it is well known that any fermion may
develop an anapole moment a [34]. In particular, the
neutrino, even massless, may have an anapole moment
a,. Measurements of the solar neutrino flux at Super-
Kamiokande established that at least one neutrino is not
massless [35]. Besides, from atmospheric and accelerator
neutrino oscillations, we know that there is a nonvanishing
mass difference [36]. From solar and reactor neutrino
oscillations, we know that there is a different nonvanishing
mass difference [37]. So, at least two neutrinos are not
massless. The neutrino anapole moment (NAM) has been
discussed in great detail in the literature [38—46]. Besides,
it has been shown that in the frame of the standard model
[47] it is satisfied the relation aSM = (r2)SM /6 for a mass-
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less Dirac neutrino [40,45]. The relation between the
charge form factor and the anapole form factor for mass-
less active (left-handed) neutrinos is not model dependent.
In fact, it is a consequence of having an effective vertex for
the neutrino with the left-handed chirality projector.

In this work, we study possible new physics effects on
the NCR in a model independent approach by using the
effective Lagrangian technique [48,49], which is an appro-
priate scheme to study those processes that are suppressed
or forbidden in the SM. Motivated by the highly gauge
dependent behavior of the charge and the anapole form
factors, f(g*) and f4(¢?), within the context of the SM,
we will focus on those effects that could be induced by a
Yang-Mills sector possessing a richer gauge structure than
that of the dimension-four theory. To this end, we will
consider an effective electroweak Yang-Mills sector that
includes SU; (2) invariants of dimension higher than four.
As we will see below, there is only one dimension-six
SU, (2) invariant that induces the WWy vertex and con-

tributes at the one-loop level to these form factors, f gw (%)
and 9 (g?), respectively. Hence, we can write folq?) =

FoMe) + 16" (g) and fi'(g") = fM(g)) + £ (),
where f3M(¢?) and f3M(g?) are the standard model form
factors. We will show that, as a consequence of the SU, (2)
symmetry, the dimension-six WWy vertex gives a contri-
bution which leads to manifest gauge independent expres-
sions for the fgw(qz) and f"(¢?) form factors. This result
arises, in part, due to the fact that the SU.(2) X Uy(1)
invariants of dimension higher than four are not affected by
the gauge-fixing procedure used in the dimension-four
theory. As a consequence, in the context of effective theo-
ries, fermionic form factors would be made of vertices that
are not affected by the gauge-fixing procedure, which
eventually would lead to gauge independent form factors
[50]. Even more, we will show that it is possible to express
these form factors as finite functions of g> by renormaliz-
ing them in the sense of effective field theories [51].
These form factors get contribution at the one-loop level
only from the proper neutrino electromagnetic vertex.
Besides, for a massless neutrino and as a consequence of
having an effective vertex for the neutrino with the left-

handed chirality projector the relation f gw(qz) =
7*f3" (g% is fulfilled. Hence, f37(¢%) = ¢*f5"(¢?) and
therefore we get the relation a$" = (r2 )*/6, as in the
standard model.

This paper is organized as follows. In Sec. II, the struc-
ture of the electromagnetic and anapole form factors of the
neutrino in the context of the SM is briefly discussed,
mainly to fix our notation. In Sec. III, the calculation of
the electromagnetic and anapole form factors of the neu-
trino in the context of an effective Yang-Mills electroweak
theory is presented. The gauge independence of these form
factors, as well as the possibility of introducing a renor-
malization scheme beyond the Dyson’s sense, will be
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emphasized. Finally, in Sec. IV the conclusions are
presented.

II. THE ELECTROMAGNETIC STRUCTURE OF
THE vvy VERTEX IN THE SM

In this section, we will present a schematic discussion on
the main features of the charge and anapole form factors of
a massless Dirac neutrino within the context of the SM
[47]. We will introduce the notation and conventions that
will be used through the paper. For a massless left-handed
neutrino the matrix element of the electromagnetic current
can be expressed in terms of only one form factor F(g?) as

M, = ieF(g*)i,(p")y,(1 — ys)u,(p). (1)
For a massless neutrino, this expression can easily be

rewritten as follows:

M, = iei,(p' Ky [0 (q*) — vayvsleha® — a*q,]

X fiM(g®)}u, (p), 2)

where [52] fM(q%) = F(g*) and f3M(¢%) = F(q*)/q* are
the charge and anapole form factors of the neutrino, re-
spectively. f2"(¢?) satisfies the physical requirement:

£M(0) = o. 3)

On the other hand, the NCR and the NAM are defined,
respectively, by

(=6 G|y
dq =0 9q"  lg=0
and
2 2
a, = 130 = 4 T ! L ®
That is,
agM = (r;)M/6. (6)

III. ELECTROMAGNETIC STRUCTURE OF A
DIRAC MASSLESS NEUTRINO IN AN EFFECTIVE
YANG-MILLS THEORY

We now turn to calculating the one-loop contribution of
an anomalous (nonrenormalizable) WWy vertex to the
charge and anapole form factors of the SM Dirac neutrino.
Next, we will predict the corresponding charge radius by
adopting an appropriate renormalization scheme.

A. The most general gauge structure of the WWy vertex

The gauge structure of the WW+y vertex (and also of
WWZ) has been the subject of important attention in the
literature in diverse contexts. The one-loop radiative cor-
rections to the renormalizable vertex have been calculated
in the SM [53] and some of its extensions [54]. Its most
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general structure has been parametrized in a model inde-
pendent manner using the effective Lagrangian approach
[55-57] and used in countless phenomenological applica-
tions [58]. One effective electroweak Lagrangian can be
constructed by adding to the dimension-four Lagrangian
all the SU;(2) X Uy(1) invariants of dimension higher
than four, which may respect or no discrete transforma-
tions, such as P, T, and C or some combinations of them.
The effective Lagrangian can be written as

N o
L= Loy + Z ZAH—Q 0, (7
n=5i=1

where Lgy represents the SM Lagrangian and O; are
SU(2) X Uy(1) invariants of dimension higher than four.
A represents the new physics scale and the «; are unknown
coefficients, which can be calculated once the fundamental
theory is known. The SU; (2) X Uy(1) structure of some of
the O, operators depend on the mechanism responsible for
the electroweak symmetry breaking. If this breaking occurs
through the Higgs mechanism, the SU;(2) X Uy(1) sym-
metry is linearly realized through the Higgs doublet. If this
is not the case, the electroweak symmetry is realized non-
linearly through the introduction of the matrix field U =
exp(o?¢?/v) instead of the Higgs doublet. Here, the
¢“(x) fields represent the pseudo Goldstone bosons and
|
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v is the Fermi scale. In this case, the effective Lagrangian
parametrizes new physics that are the responsible for the
electroweak symmetry breaking [59]. In this paper, we will
focus on those type of effective interactions that are inde-
pendent of the mechanism responsible for the electroweak
symmetry breaking. As we will see below, this class of
invariants induce the nonrenormalizable structure of the
WWy vertex, which is dictated exclusively by the SU; (2)
group.

From the known particles, the W gauge boson, whose
properties would exhaustively be studied at the next gen-
eration of linear colliders, is the one which possesses the
richer collection of electromagnetic form factors, as it is
charged and has the highest spin within the category of
renormalizable theories. To our best knowledge, Gaemers
and Gounaris [55] derived initially 9 form factors for the
WW vertex, but further on a careful analysis carried out
by Hagiwara-Peccei-Zeppenfeld-Hikasa [56] showed that
only 7 of these quantities are independent indeed.
Subsequent studies have confirmed these results [60].
These form factors define the charge, the magnetic and
electric dipole moments, the magnetic and electric quad-
rupole moments, and the CP-even and CP-odd anapole
moments of this particle. The WWy vertex is given by the
following Lagrangian:

Yy v uy

3 A
Lyyy = ie[(W,, W — W, WH)A” + F, W AW + 2AK, F W *W* + & F, W FW* + m—%/W;#Wy“‘F”

A o ddy
Y — + A w - - v
+ m%v VV/\/L W, HEYA mz (“7;’/“7 Ay WVA Hz+/\)apr

w

Y
iay - _ = y
a m%v( /J‘rV AW W +)‘)apr Il @®)

where F,, = 9,A, — 0,A,, F,, = (1/2)€,,,5F*, etc. While the CP-even (A, A,) parameters define the magnetic
dipole and electric quadrupole moments, the CP-odd ones (&,, A,) determine the electric dipole and magnetic quadrupole
moments of the W gauge boson [56]. On the other hand, aj, and a}, represent the CP-even and CP-odd anapole moments
of this particle. The only terms in the above equation which are explicitly invariant under the electromagnetic U,(1) gauge
group are those associated with the form factors k., and K. However, the above interactions arise from a more fundamental
Lagrangian which is invariant under the electroweak SU; (2) X Uy(1) gauge group. In the linear realization of the group
[48,49], the electroweak effective Lagrangian that induces Ly, can be written in terms of SU;(2) X Uy(1) invariants

that comprise interactions of up to dimension eight as follows:

1

Lop = =3 Wi Worr + S (@I Wrr@)B,,, + U2 (@TWrr®)B,,, + S S wy, Wy we

4 A?

+ Ay €ape WR,MWIVWWCVA + %(WD*W”DMD) + H.C.)GMBMV +

A% 3!

where the dimension-four Yang-Mills term has been in-
cluded. Here, D" is the covariant derivative of the
SUL(2) X Uy(1) group and W¢, (W,, = o*Wj,,/2) and
B, are the respective field tensors. In addition, @ is the
Higgs doublet. The two dimension-eight operators were
introduced in order to generate the anapole moments of the
W boson. They are made of the SU; (2) X Uy(1)-invariant
piece (W, DA®) [61] needed to generate the W current.
These operators, which have not been considered in the

A% 3!

a

/”\VQ’B (i(®TW,,D*®) + H.c.)d,,B**, (9)

|

literature, can be eliminated using the equations of motion,
as must be. As for the dimension-six invariants, their
properties have widely been studied in the literature in
diverse contexts [58].

B. The anapole moment of the neutrino

As already mentioned in Sec. II, a massless Dirac neu-
trino possess only two electromagnetic form factors, which
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are not independent. These form factors are the charge
f0(¢%), and the anapole f4(¢?), which satisfy the relation
f0(@*) = ¢*fa(g%). The WW vertex can contribute at the
one-loop level to these form factors through the
CP-conserving structures. However, in this work we will
focus on the contribution given by the CP-even A, com-
ponent of this vertex, which is governed exclusively by the
SU, (2) gauge group. A comprehensive analysis for the off
shell vertex ffV, with f an arbitrary fermion and V = 1y,
Z, will be presented elsewhere [50]. There are several good
reasons to consider the contribution given by the
SU, (2)-invariant Oy, = (ea,,c/3!)Wf\‘MWf“W”" to the
neutrino form factors. In first place is its pure Yang-Mills
nature, which leads to the most general structure for the
gauge WWry vertex. Therefore, this invariant constitutes a
good theoretical instrument to studying the gauge structure
of electromagnetic form factors of elementary particles.
Another important reason to use this operator is, as we will
see below, that it leads to a NCR and NAM that are gauge
independent in a manifest way. Also, due its nonrenorma-
lizable nature, Oy is necessarily generated at one-loop or
higher orders in any renormalizable theory, which means
that it maybe sensitive to new physics effects.

Using the notation given in Fig. 3, the vertex function

(ieA,/m3)T ), (k. ky, k3) for the ey

Y W— U A _
Wy, W, T F" inter
action can be written as

2
w

F).,m(kb ky, ks) = (k3agﬁp - k3,3gap)(kggv)\ - kz;ﬁf)
X (ki’éfj - kf“S/’j), (10)

which, as it is evident, satisfies the following simple Ward
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identities:
kYT pppky, ko, k3) = 0, (11)
ké\r)xpp,(kl: ky, k3) = 0, (12)
KT )k, ko, k3) = 0. (13)

We now turn to calculating the contribution of the above
vertex to the NAM. Since the Oy, operator is not affected
by the gauge-fixing procedure of the dimension-four the-
ory, there are no contributions from ghost fields. Also,
there are not contributions from Goldstone bosons, as
Oy does not depend on the mechanism responsible
for the electroweak symmetry breaking. Accordingly, Oy,
only can contribute through the proper diagram of Fig. 1(a)
and the self-energy diagrams given in Figs. 2(b) and 2(c).
The latter one being induced by Oy, through the quartic
WWZy vertex. From all the involved vertices, only the
SM WWYy one, which contributes through the diagram in
Fig. 2(b), depends on the gauge-fixing procedure.
However, we have verified that due to the above Ward
identities, this diagram gives a vanishing contribution.
Also, we have encountered that there is no contribution
from diagram in Fig. 2(c). So, the contribution to the NAM
arises only through the proper diagram given in Fig. 1(a),
whose vertices are all independent of the gauge-fixing
procedure. This means that the only gauge dependence of
the NAM could arise through the W propagator, which in
the R; gauge is given by

ek
ey oy ] (14)

—1
ARV =

NI P

)
My

(d)

FIG. 1.
order in a.

(e)

(a)—(f) Proper diagrams contributing to the neutrino charge radius in the standard model in the linear R; gauge at the lowest
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FIG. 2. Reducible diagram contributing to the neutrino charge radius [(a)—(g): different yZ contributions] in the standard model in

the linear R, gauge.

However, it is clear that due to the Ward identities given
above, the longitudinal components of the W propagators
do not contribute to the proper diagram given in Fig. 1(a).
As a consequence, the amplitude for this diagram is man-
ifestly gauge independent. This amplitude is given by

ig?A dPk
M 2W — 18 27 5
2my, J (2m)
% PR'yp]('yAF)\p,u
[k = m7[(k = p)* = my ][(k = p')* = my]

5)

FIG. 3. The trilinear WW'y vertex.

where m; is the mass of the charge lepton to which is
associated the neutrino in consideration. Using the
Passarino-Veltman [62] covariant decomposition, a direct
calculation leads to the following expressions for the
charge and anapole form factors:

oM@ = @1 (gD, (16)

al

FO(q?) = #xl[Bo(z) —xBo() (A7)

Y
8mm3, 1 —
where By(1) = By(0, m?, m3,) and By(2) =
Bo(q? m3, m¥,) are Passarino-Veltman two-point scalar
functions. In addition, the dimensionless variable x; =
m?/m3, was introduced. The above expression was ob-
tained after expressing a scalar C, three-point function as
a combination of B, functions [63]. From the above ex-
pressions, it is clear that the fgW(O) = 0 condition is
fulfilled. It is also evident that, although gauge indepen-
dent, the anapole form factor is divergent. In the next
subsection, the possibility of renormalizing this quantity
within the context of effective field theories will be
explored.
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C. The neutrino charge radius
The anapole form factor can be expressed in terms of
elementary functions as follows:
al 1

Oy ( 2y — Y
fara) 8mm3, 1 — x

I:A(l—xl)+2—x,+(l—x,)

2 2
X log(,ff—%v) o loee) () | 18)

where w is the dimensional regularization scale and the
ultraviolet divergence is contained in

-2 _ + log(4r) (19)
2-D YE T 1o0glam),

with vy the Euler’s constant. In addition,

'47 - [
2 qutan 1( 4iqxq)r

g(xq) = 1+ ’X‘i
1

if x, <4
(20)

—4
=) — im], if x, >4,
I

Vo
where x, = ¢*/mj,. Following Refs. [49,51], the divergent
term in this amplitude can be absorbed by renormalizing
the coefficients of L.y since it already contains all the
invariants allowed by the SM symmetry. The invariant
needed to absorb the divergence is

x,[74
x—q[log(

a —
22 (Ly,L)a, B, 1)

where L is the usual lepton doublet and B#” is the gauge
tensor associated with the Uy(1) group. In this way, the
divergence can be absorbed by the a, parameter of the
effective Lagrangian. Here, we want to point out the fol-
lowing. The divergency of Eq. (18) needs a counterterm in
the effective neutrino-photon vertex to be renormalized.
The invariant of Eq. (21) absorbs this divergence.
However, after renormalization, the contribution of the
counterterm is not zero, but a finite value. As a conse-
quence, the final result is, in fact, the sum of two finite
contributions: one explicit depending on the effective
WW<y coupling, and a second one coming from the coun-
terterm proportional to a4. The result quoted in this paper
originates from the first contribution. Using the MS renor-
malization scheme with w = A, the renormalized anapole
form factor can be written as follows:

ak, flx,)

Ow( 2\
= , 22
fA (Q) 87Tm%vl—x1 ( )
where
A2 X2
fle) =2 =+ (1= xtog() = 12 tog(x)
miy 1—x
— glx,). (23)
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The anapole moment is the on shell quantity a, =
fa(g> = 0). In this limit, the loop function f(g”) takes
the way

£0)=(1- x,>[zlog(mA) ; 1] - i

w — X

log(x;), (24)

A

~ 210g(—) +1, (25)
my

which leads to the following expression for the additional

contribution in the frame of an effective theory to the

neutrino charge radius

(r2)0w = ﬂ[ﬂog(ﬁ) + 1], (26)

2
4mmy, my,

=0.95x 1073 cmsz[2log(A) + 1]. (27)
My

We now turn to discussing our results. In order to make
predictions, we need to assume some value for the A,
parameter and the new physics scale A. We will use the
most recent experimental limit on A, obtained by the DO
Collaboration [64], namely, —0.29 < A, < 0.30 for A =
2.0 TeV. More recently, this collaboration limited the tri-
linear WWZ vertex to —0.17 < A, < 0.21 at the 95% C.L.
and for the same value of A [65]. We will make predictions
assuming that [A,| = 0.3 and A = 2.0 TeV. Using these
values, we obtain the following additional contribution to

the neutrino charge radius:

[(r2)0%| <2 X 1073 cm?. (28)

It is interesting to compare our result with the theoretical
one obtained, within the frame of the SM and by using the
pinch technique [66], in Ref. [18]. In this reference, it was
derived that (3 M = 4.1,2.4, 1.5 X 107%* cm? for [ = e,
M, 7, respectively. Hence we can conclude that our result is
about 1 order of magnitude lower than the results derived
in Ref. [18]. On the other hand, our result is of the same
order of magnitude as the new physics contribution derived
in the context of the minimal supersymmetric standard
model [67].

Finally, it is worthwhile to compare our result for the
additional contribution in the context of an effective theory
to the neutrino charge radius with some experimental
bounds existing in the literature. The upper bound
(r2y>® <7 X 10733 cm? was derived from primordial nu-
cleosynthesis [28]. In Ref. [29], the bound {r2)®*P < 2 X
10733 cm? for the charge radius of a right-handed neutrino
was derived using astrophysical information obtained from
observational data on the SN 1987A. The bound —2.74 X
10732 < (r2)>*P < 4.88 X 10733 cm®> was derived in
Ref. [30] from neutral-current neutrino reaction. In
Ref. [31], the upper limit (r2) <2 X 10732 cm? was de-
rived from Kamiokande II and Chlorine solar experiments.
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From the above considerations, we can see that in general
terms our result for [(#2)°%| is about 1 order of magnitude
lower than the best bounds derived so far.

IV. CONCLUSIONS

Our aim in this paper has been to present the calculation
of the additional contribution, in the frame of an effective
Yang-Mills theory, to the charge and the anapole form
factors, fgw(qz) and f9"(q?), for a massless Dirac neu-
trino. These form factors get contribution at the one-loop
level only from the proper neutrino electromagnetic vertex.
We showed that this vertex function is independent of the
gauge-fixing parameter and ultraviolet finite, as it can be
renormalized within the framework of the effective theory.
We also showed that the relation fgw(qz) = 29" (g?) is

fulfilled and hence we get the relation ad" = (r2)0v /6.
Therefore, a¢f = (r2)°'T /6 as in the standard model. This
well-known relation between the charge form factor and
the anapole form factor for massless active (left-handed)
neutrinos does not depend on an specific model. This
relation is a consequence of having an effective vertex
for the neutrino with the left-handed chirality projector.
An interesting point, long discussed in the literature, is
the gauge independence and nondivergence of the neutrino
charge radius. In the SM, this issue is now clarified with a
definition of this quantity with all the required properties,
which is furthermore gauge independent and finite. In the
model discussed by the present paper, one should again
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treat these points with care, particularly in the context of
effective theories. The question of gauge independence is
solved favorably because only the transverse part of the W
propagator appears. However, the divergency of Eq. (18)
needs a counterterm in the effective neutrino-photon vertex
to be renormalized. As it was stated in Sec. IIIC, the
invariant of Eq. (21) absorbs this divergence. However,
after renormalization, the contribution of the counterterm
is not zero, but a finite value. As a consequence, the final
result is the sum of two finite contributions: one explicit
depending on the effective WW+y coupling and a second
one coming from the counterterm proportional to a 4. The
result quoted in this work originates from the first
contribution.

Finally, =~ we  obtain  (r2)% = 2(aA,/mj) X
[21og((A?/M3,) + 1]. Using the recent DO Collaboration
constraint on the )\7 parameter, we estimate the value
[(r2)P%| < 2 X 107** ¢cm?, which is of the order of mag-
nitude that may be expected in theories beyond the SM, as
supersymmetry, and about 1 order of magnitude lower than
the current bounds.
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