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Electric charge and magnetic moment of massive neutrino
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We consider the massive Dirac neutrino electric charge and magnetic moment within the context of
the standard model supplied with SU(2)-singlet right-handed neutrino in arbitrary Re gauge. Using
the dimensional-regularization scheme we start with the calculations of the one-loop contributions to
the neutrino electromagnetic vertex function exactly accounting for the neutrino mass. We examine
the decomposition of the massive neutrino electromagnetic vertex function. It is found by means
of direct calculations that the massive neutrino vertex function contains only the four form factors.
Then we derive the closed integral expressions for different contributions to the neutrino electric form
factor, electric charge, and magnetic moment. For several one-loop contributions to the neutrino
charge and magnetic moment, that were calculated previously with mistakes by the other authors,
we find the correct results. We show that the electric charge for the massive neutrino is a gauge
independent and vanishing parameter in the first two orders of the expansion over the neutrino
mass parameter b = (m,/Myw)>. From the obtained closed two-integral expression for a massive
neutrino electric form factor it is also possible to derive the neutrino charge radius. In the particular
choice of the 't Hooft-Feynman gauge we also demonstrate that the neutrino charge is zero in all
orders of expansion over b, i.e. for arbitrary mass of neutrino. For each of the diagrams contributing
to the neutrino magnetic moment, we obtain the expressions accounting for the leading (zeroth)
and next-to-leading (first) order in b, where the gauge dependence is shown explicitly. Each of the
contributions is finite and the sum of all contributions turns out to be gauge-independent. Our
calculations also enable us to obtain the neutrino magnetic moment in theoretical models that differ
from each other by the values of particles’ masses, including the case of a very heavy neutrino. The
general expression for the massive neutrino magnetic form factor is presented.

PACS numbers: 13.40.Gp, 13.40.Dk, 14.60.St, 14.60.Pq

I. INTRODUCTION

The recent experimental studies of the astrophysical and terrestrial neutrino fluxes provide the convincing evidences
for the non-vanishing neutrino mass and neutrino mixing [ll]. These properties of neutrino are attributes of the physics
beyond a scope of the standard model. An important information on the structure of the future model of interaction
can be obtained in the investigation of radiative corrections to the properties of neutrino that in principle can be also
verified in experiments. A critical test of a theoretical model is provided by the direct calculation of such characteristics
of neutrino as its electric charge and magnetic moment. In this respect it is interesting to examine the gauge and
neutrino mass dependence of these quantities.

The electric charge and magnetic moment are the most important static electromagnetic properties of a particle.
Their values are determined by corresponding form factors if the external photon is on a mass shell. In spite of the
fact that the electromagnetic form factors are not measurable properties of a particle at nonzero momentum transfer,
there are processes where the off-shell external photons are important. The example is the radiative corrections to
the fermion-fermion scattering. The fermion electromagnetic vertex function and, in particular, its representation in
terms of form factors in the case of off-shell external photon has been considered in Refs. [2, i3] within various gauge
theories.

To the best of our knowledge, however, there is no direct one-loop calculations of the neutrino electromagnetic
vertex as well as of the neutrino charge and magnetic moment which are performed within the context of the standard
model in the renormalizable R; gauge and which explicitly take into account the neutrino mass. It is worth to be
noted here that the massive Majorana neutrino cannot have neither magnetic nor electric dipole moment. Due to the
lepton flavour non-conservation that has been confirmed in the neutrino experiments, a neutrino could have flavour-
off-diagonal transition magnetic moment, which is also allowable for Majorana neutrino. The differences between the
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Dirac and Majorana electromagnetic properties are explained in detail in [4].

The neutrino vertex function in the limit of small neutrino mass was considered in Ref. [5]. There are several
works where the neutrino charge is calculated within the standard model using the unitary, linear R¢, and 't Hooft-
Feynman gauges [, [, I8, I9]. The one-loop contributions to the neutrino magnetic moment in the standard model
have been also considered previously [A, [10, [11,, [1Z]. The vanishing of the massless neutrino charge emerges from
the unbroken electromagnetic gauge invariance. The corresponding Ward identity has been derived in Refs. |13, [14]
using the background field method. In the recent studies [14] a computation of one-loop electroweak diagrams, which
contribute to the neutrino charge and magnetic moment in the background field method and in the linear R, gauge,
is presented. However, all the previous calculations of the neutrino charge have been performed under assumption of
a vanishing neutrino mass. With respect to the neutrino magnetic moment, an according treatment of this quantity
was also performed to the leading order in the neutrino mass that is valid for the case of neutrino being much lighter
than the corresponding charged lepton, m,, < my. In addition, the results presented in Ref. [14] for the gauge-fixing
parameter dependence of several one-loop contributions to the neutrino charge and magnetic moment are incorrect.

In this paper we consider the massive Dirac neutrino charge and magnetic form factors in the context of the stan-
dard model supplied with SU(2)-singlet right-handed neutrino. Using the dimensional-regularization scheme, we start
(Section [Ml) with the calculations of the one-loop Feynman diagrams that contribute to the neutrino electromagnetic
vertex function A,(¢) in the general R, gauge. It should be noted that, contrary to the previous studies, we ex-
plicitly account for non-vanishing neutrino mass. In Section [[TAl we examine the structure of the massive neutrino
electromagnetic vertex function. The decomposition of a fermion vertex function in terms of the four well-known
electromagnetic form factors (presented, for instance, in Refs. [2, 3]) has been established using general principles
such as the Lorentz and CP invariance and the hermicity. We analyze this decomposition and verify it by means of
direct calculations in the case of massive neutrino within the standard model supplied with SU(2)-singlet right-handed
neutrino. Such direct calculations were never undertaken previously.

We present the general expressions for the contributions to neutrino electric form factor in Section Ml Then in
Section Al we study the neutrino electric charge and analyze neutrino mass and gauge dependence of corresponding
contributions arising from different Feynman diagrams. Although there is no doubt that the neutrino electric charge
within the standard model is a gauge independent and vanishing quantity, however this fact has not been yet actually
demonstrated in the case of a massive neutrino. Our calculations allow us to determine the neutrino mass and
gauge parameter dependence of the one-loop contributions to the neutrino charge. We also obtain a correct gauge
dependence for the contributions of several diagrams to the neutrino charge that have been calculated in Ref. [14] with
mistakes. Within the one-loop level we show that the neutrino electric charge is gauge independent and vanishing in
the ”zeroth” and first order of the expansion over the neutrino mass parameter b = (m,, /MW)2. Moreover, for the
particular choice of the 't Hooft-Feynman gauge we also demonstrate that the neutrino charge is zero for arbitrary
neutrino mass, i.e. in all orders of the expansion over the parameter b. The obtained formulae can be used for studying
the massive neutrino charge radius (Section [ITCJ).

In Section V] we consider the neutrino magnetic form factor using the one-loop contributions to the neutrino
electromagnetic vertex derived in Section I For each of the contributions to the neutrino magnetic moment we
derive the integral representations that exactly account for the gauge-fixing parameters as well as for the neutrino
mass and corresponding charged lepton mass parameters (b and a = (my /MW)2). Then for each of the diagrams
we perform an integration and obtain the explicitly gauge-dependent contributions to the neutrino magnetic moment
accounting for the leading (zeroth) and next-to-leading (first) order in the expansion over neutrino mass parameter
b. The sum of all the contributions turns out to be gauge parameter independent. However, our results for several
contributions to the neutrino magnetic moment in the leading order in the neutrino mass disagree with those of Ref. [[14]
for the corresponding contributions. In particular, contrary to the results of Ref. [14], not all the contributions are
gauge independent. Our calculations enable one to reproduce the correct value for the neutrino magnetic moment
in any gauge including also the unitary gauge for which the results of Ref. [14] are incorrect. In this Section we get
final expressions for the massive neutrino magnetic moment in the various ranges of neutrino, charged lepton and W
boson masses: m, < my < My, my < m, < My, and my < My < m,. The last case amounts to a very heavy
neutrino that is not excluded by the LEP data (see, e.g., Ref. [17]). We also discuss the general formulae for the
massive neutrino magnetic form factor at non-zero momentum transfer.

The conclusions are made in Section [l We also include a list of the Feynman rules (Appendix [A]) and the typical
Feynman integrals (Appendix [B) used in our calculations.

II. VERTEX FUNCTION OF MASSIVE NEUTRINO

The matrix element of the electromagnetic current between neutrino states can be presented in the form

WM v (p)) = a(p’)Au(q)u(p), (2.1)



where the most general expression for the electromagnetic vertex function A, (g) reads

Au(q) = fo(@) v + fa(@iowd” — fe(a®)ouwd” Vs + Fa( @)@V — qu f)7s- (2.2)

Here fo(q?), fr(¢?), fe(¢?) and fa(q?) are respectively the electric, dipole electric, dipole magnetic, and anapole
neutrino form factors, g, = pl, — pu, o = (1/2)[v, W], 75 = —ir°y'¥*+®. Their values at ¢> = 0 determine the
static electromagnetic properties of the neutrino. In the case of Dirac neutrinos, which is considered in this paper, the
assumption of CP invariance combined with the hermicity of the electromagnetic current JZ* implies that the electric
dipole form factor vanishes. At zero momentum transfer only fo(0) and far(0), which are called the electric charge
and the magnetic moment, respectively, contribute to the Hamiltonian Hj,y ~ JEMA“ that describes the neutrino
interaction with external electromagnetic field A*.

There is an important difference between the electromagnetic vertex function representations in the cases of massive
and massless neutrino, respectively. If we consider a massless particle, from Eq. (Z2) it follows that the matrix element
of electromagnetic current can be expressed in terms of only one form factor (see, for example, Ref. [16])

u(P)Au(@ulp) = Fo(g®)u® )y (1 +7s)ulp). (2.3)
Thus, the electric charge and anapole form factors are related to the function fp(q?) by the trivial identities
fo(@®) = fp(@®), fa(d®) = fp(d?)/d*. (2-4)

However in the case of a massive particle, there is no such simple relation between the electric and anapole form
factors since we cannot neglect the g, 4ys-matrix term in the anapole form factor. Moreover, the direct calculation
of the massive neutrino electromagnetic form factors shows that, besides the ordinary electric charge and magnetic
moment, each of the Feynman diagrams gives non-zero contribution to the term proportional to v,vs-matrix. These
contributions does not vanish even at ¢> = 0. This problem is related to the decomposition of the massive neutrino
electromagnetic vertex function. Taking into account the importance of this problem, we present the direct calculation
that verifies the decomposition given by Eq. Z). Using the developed in the next section technique for studying
the neutrino electric charge, we find that the sum of contributions of the complete set of Feynman diagrams to this
additional additional ”form factor” is zero at ¢ = 0. The vanishing of the considered ”form factor” at ¢? # 0 for the
particular choice of the gauge is also demonstrated in the next subsection of this paper.

We present below the one-loop calculation of the electric charge and magnetic moment of the massive neutrino within
the context of the standard model supplied with SU(2)-singlet right-handed neutrino in the general R gauge. The
one-loop contributions to the neutrino electromagnetic vertex A,(q) are given by the two types of Feynman diagrams:
the proper vertices (Fig. [L(a){L(f))) and the v — Z self-energy diagrams (Fig. 2(a)2(h)). We use the Feynman rules
given in Appendix [Alto find the contributions to the neutrino vertex function A,(g). In the dimensional- regularization
scheme the contributions of the proper vertices diagrams (Fig. [L(a)HL(f)) can be written as
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FIG. 1: |(a)H({)] proper vertices.
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where m,, My and m, are the masses of neutrino, W boson, and the charged isodoublet partner of the neutrino,
respectively, e is the proton charge, g is the coupling constant of the standard model, 6y is the Weinberg angle,
a = 1/¢ is the gauge parameter of W boson, P, g = (1 £ v5)/2 are the projection operators.

The contributions of v — Z self-energy diagrams (Fig. 2(a)j2(h)]) to the vertex A, (q) are given by
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FIG. 2: [(a){(h)| The v — Z self-energy diagram. f denotes the electron, muon, and 7-lepton as well as u, ¢ ,t, d, s, and b quarks.
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Here Mz and ayz are respectively the mass and gauge parameter of Z boson. In Eq. @I1), ”—" and ”+” stand for
the "upper” (u, ¢, and ¢t quarks) and "lower” (electron, muon, 7-lepton as well as d, s, and b quarks) components of
an isodoublet, m; and (s are the mass and electric charge (in the units of e) of a fermion circulating within the loop.

It is convenient to decompose each of the v — Z self-energy contributions at arbitrary ¢ and explicitly extract the
transversal term:

i i qu.9v .
1) (q) = AY (e, ¢%) <g;w - ; ) +BY(a,¢*) g, J=T,...,14. (2.18)

Using Eqgs. (ZTI)-@T7) for the contributions of the v — Z self-energy diagrams in the form of the Feynman integrals
as well as Eq. ([ZI3), it is possible to present the functions AY) («a,¢?) and BY) (a,q¢?) (j = 7,...,14) in the explicit
form
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and GF is the Fermi constant, ¢ = z(1 — z)7, 7 = ¢*/M3,.
In the derivation of Eqs. [I9)-([Z32) we have used the properties of the v matrix algebra in N dimensional space
and the expressions for the characteristic loop integrals presented in Appendix



A. The decomposition of massive neutrino electromagnetic vertex function

In the direct calculations of the massive neutrino electromagnetic vertex function, taking into accounting the
complete set of the Feynman diagrams, one reveals that, besides the well-known four terms, in Eq. [Z2) appears an
additional term proportional to ,7ys-matrix. Therefore we introduce the additional "form factor” f5(¢?). In this
subsection we analyze this "form factor” and show by explicit calculations that f5(¢?) = 0 for arbitrary ¢* and for
particular choices of the particles’ masses and gauge-fixing parameters.

Let us first consider the value of f5(¢?) at ¢> = 0: ¢ = f5(¢®> = 0). The contributions to the "charge” ¢ of the

proper vertices diagrams (Fig. [L(a)HL(f)]) have the form:
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are the charged lepton and neutrino mass parameters, respectively, Do, = a4+ (0 — a)z — bz(1 — z) and D = Dy—q =
a+ (1—a)z—bz(1-2z).
In Eqs. (Z33)-Z37) we assume the mass parameters a and b as well as the gauge parameter « to be arbitrary.

We have calculated the integrals in Eqs. ([Z33))-(31), however the results, being expressed in elementary functions,
are rather cumbersome. Therefore we also perform corresponding integrations in the first two terms of expansion

where




over the neutrino mass parameter b for arbitrary values of the charged lepton mass parameter a and the gauge-fixing
parameter .. In this case the sum of the proper vertices diagrams contributed to the ”charge” ¢ can be written as

GGF
\/_

The contributions of the v — Z self-energy diagrams (Fig. R(a)f2(h))) to the ”charge” ¢ coincides with those to the
neutrino electric charge Q(*~4) and thus are given by Eq. B20) (the details of the neutrino electric charge calculations

TPVt (g, b, ) = My, Z{soo a,0) + bgy” (a,) + O(?)}. (2:39)

can be found in Section [T A]). We have calculated the functions goé 2 (a, ) and gog )(a a) and found out that the sum

of all the contributions wg)(a, a) exactly cancels the contribution of the v — Z self-energy diagrams. This our result

corresponds to the case of a massless particle. Therefore the ”charge” ¢ of a massless neutrino is zero. Then, summing
the contributions @gz) (a, ) we reveal that the value of the ”charge” ¢ is also zero in the next order of the expansion
over the neutrino mass parameter b.

Now let us consider the value of the "form factor” f5(¢?) at non-zero momentum transfer. In the subsequent
calculations we have to fix the gauge in order to simplify the formulae. We set ay = oo and a = 1 that corresponds
to the unitary gauge for Z boson and the 't Hooft-Feynman gauge for W boson. However, we do not restrict
ourselves considering either light neutrino or light charged lepton: the mass parameters a and b are arbitrary in all
our calculations. In this case the function B(g?) in the decomposition of the v — Z self-energy diagrams [see Eq. ([ZI)]
takes on the form

14
B(q®) =Y BY(q*) = 2cosbw sin y M, MZGp(—2w + go(7) cos® Oy + ga(7) sin® ), (2.40)
§=7
where
71 ! ) !
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0 0

1 1
95(7’)—%4—%/0 d:c(6:1:2—6x+1)1n(1—<)—/0 drIn(1 = ().

We note that gs(0) = ¢.(0) = 0. To show that gs(7) = g.(7) for any value of 7 we consider their difference
g(7) = gs(7) — ge(7). The function g(7) can be represented as follows

4 1 1
=-748 /| drln(l-— 4 dz(6z® — 62 + 1) In(1 — ¢).
g(7) 3T+ /0 x In( ¢)+ T/O x(6x x—+ 1) In( )

Expanding In(1 — ¢) in the formal series

k=0
and performing the integration with the help of the formula
1
[+ 1)! n!
/ drz'(1—2)° = % (2.41)
0 S + 2)

we receive that g(7) = 0 for any value of 7. Thus, the expression for B(¢?) can be represented in the form
B(g?) = 2 cos Oy sin Oy M3, M2Gp(—2w + g4 (7).

It is interesting to note that, in contrast to Eq. (20), in this expression the dependence on cos? fy, and sin? Oy
is absent. We have also verified that the analogous property of the function B(¢?) remains valid in the case of an
arbitrary gauge.

The v — Z self-energy diagrams contribute to the f5(¢?) ”form factor” according to the formula

(v=2)( 2y _ _ g Bla?
f3'7a”) Z cos Oy (q%).
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Now we turn to the contributions of the proper vertices diagrams (shown in Fig. [[(a)fL(T)) to the f5(¢?) ”form
factor” at arbitrary ¢2:

6

FEPrOPrt) (g2) = Z (g% =

i=

7655— 2{—w+/ dz/ dyln(D' —1y(z —y /dz/ dyln(D — ty(z — y))+

a—b(/ dz/ dyln(D" — 1y(z —y /dz/ dyIn(D _Ty(z_y))+%>+

>/dz/ dyD’—Tyz— { (a—b(l—z))+T(%z(1—z)+y(z_y)>}+
/dz/ dyD—Tyz—)

[a—bz2+7(3y(z— )—Zz—%z +;y—i(a—b)z —l—(a—b)y(z—y))]}, (2.42)

(1+°

where D' =1+ (a— 1)z — bz(1 — 2). Eq. (ZZ2)) can be analyzed in the same manner as we have treated the function
g(7). For instance, let us present the calculations of one of the integrals in Eq. (ZZ2)

1 z ) 1

We again expand the integrand in Eq. (Z43)) in the formal series

1 1 o=/ T\F
mzﬁkz_o(ﬁ) Vi)t

Then, we carry out the integration over the variable y using Eq. (ZZ1l). The obtained result should be transformed
according to the identity

1 l 1 l
z 9 1 k=-1-1 z
/0 dz—(a—bz ):E—FT ) dZﬁ, kZl, 120,

which can be proven by means of partial integration. Finally, we get the following expression for the function I(7):

© K 0 N2 1 2k41
=3 k2 (k) ’f/ dzi—— (2.44)
247k 2k+1 2Tk (2k+1)! DF

Note that the first term in Eq. [ZZ4)) does not depend on the charged lepton and neutrino mass parameters, a and b.
It is this term that cancels the corresponding contribution of the v — Z self-energy diagrams. The subsequent analysis
of the remaining contributions of the proper vertices diagrams can be performed in the same manner as we have done
it for the function I(7). Finally, we obtain that

fola®) = 17726 + 7T 6?) = 0

for any value of ¢? and for arbitrary charged lepton a and neutrino b mass parameters. It should be noted that
the decomposition of the fermion electromagnetic vertex function in terms of the four form factors was established
previously with the use of only general principles such as the Lorentz invariance and hermicity of the electromagnetic
current operator. We have demonstrated the validity of this decomposition by means of the direct calculations of the
corresponding Feynman diagrams.

III. NEUTRINO ELECTRIC FORM FACTOR

In this section we study the massive neutrino electric form factor. Using the results of the previous section for
different contributions to the neutrino vertex A,(¢q) we extract in Egs. 3)-@I7) the coefficients proportional to
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Yu-matrix that are, according to the decomposition {3, the corresponding contributions to the neutrino electric
form factor fo(g?).

First of all we consider the contributions of the one-loop proper vertices [Fig. [L(a){L(f)] to the neutrino electric
form factor. Using the well known mass shell identity

a(p") (P, + pp)u(p) = a(p’)(2mu 7y, — i0,wq"” Ju(p),

and carrying out an integration over the virtual momenta within the dimensional-regularization scheme (see for more
details Appendix [Bl) we derive the exact expressions for the contributions from the considered diagrams to the massive
neutrino electric form factor in terms of the definite integrals

(prop vcrt) o eGF

where

l1—«

1 z 1 z
) 1
fg)(qQ):wg—i—l—i— +/ dz/ dyln@l—/ dz/ dy(a+b(1—22+7(1—2z+y(z—y))=—+
2 12 0 0 0 0 @1

1 1 z 9 9
5/0 dz/o dy(bz*(a+b(1 — 2)*) + ary(z — y)+

br(2zy(z — y)(1 — 2) + 5y(z —y) — 2*(1 — 2)) + 2y(z —y)(1 — 2 + yz — y*)) [i)ll(a) - Qil] -

1 z
%/0 dz/o dy(a+b+6bz(1 —2)+7(1 =324+ 6y(z —y))) [InD1(a) —InD4], (3.1)

F2) 2 _ 0tb (w1 /1 / _
fo' @) = —; (2+2+0d20dy1n331(a)

1 1 z
3 / dz/ dy(a® + abz® + b*2* — dabz + ab + (a + b)Ty(z — y))
0 0

_(3) 7 a+b W 1 z 1 z 1
fo (%) = 5 (—5 —/0 dz/o dyln@g(a)) +b/0 dz/o dy(3az — az® — 2a + bz(1 — 2)) D3(0)’ (3.3)

fé)( )_—wi(l—i—a —1—3/ dz/ dy1n©2+/ dz/ dy 3bzl—z)—7—(z— (Z_y)))i%_
5/0 dZ/O dy [(Dz(a) + y(1 — @) In(Dz(a) + y(1 — a)) = Dz InDy] —

/ de / T dy(2 (1 22 (21— 2) — y) — br(y(z — ) (57 — 32 — 3y) + 2(1— 2)? —y(2 —y — 7))~
0 0

y(z —y)(1 — z+yz+y+y2)) {@2(04) —l—ly(l — — %J +

1 z
1 / dz/ dy(3b(1 — 22+ 7(4—6(2 —y) + 1y(z — y))) In(D2() + y(1 — @) —InDy] —

1 1 2
5, e [ et 2 [ s s

Z /0 dz/o dy(b(9 — 13z + 42%) — 27y(z — y)) [0 D2 + I Ds(a) — 2In(Da(a) + y(1 — &))] +

3r [t z
I/ dz/ dy (D210 D3 + Do () ln Da(a) — 2(D2(a) + y(1 — @) In(Da(a) + y(1 — a))], (3.4)
0 0
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5)+ 6) dz/ d a—bz 1
/ S Wy
1 1

b/o dZ‘/0 dy(l—z)((l—z)(a—bz)—Ty(z—y)) |:@2(04)—|—y(1—04) - @2(04) -

1 1 z
5/0 dz/o dy(a + 5b— 6b2) [n(Da(a) + y(1 — ) — InDa(a)] . (3.5)

Di(a)=a+(a—a)z—bz(1—2)+1y(z —y), D = Dq(
Dr(a) =a+t (a—a)s—ba(l—2) +ry(z—y), Dy =D

(a—1)z—=bz(1—2)+71y(z — y),
(1—a)z—bz(1 —2)+ 1y(z —y).

Note that the values of the mass parameters of the charged lepton (a) and neutrino (b) are taken into account explicitly
in Eqs. (B)-@3). The gauge parameter o and ¢ are arbitrary in these formulae.

The contributions of the v — Z self-energy diagrams (Fig. 2(a)H2(h)]) to the electric form factor can be obtained
using Eqgs. (I0) and ZIF). Thus, one obtains

f(])( ) g AU) (a, q2) + B(j)(av q2)
4 cos Oy ¢ — M2 ’

Using explicit form of the functions AW (a,¢?) [Egs. ZI9)-EZT3)] and BY (a,q¢?) [Egs. ZZ0)-E32)] as well as

Eq. B0, one can also derive the expressions for the contributions of the v — Z self-energy diagrams at arbitrary
values of the gauge parameter a and ¢? # 0.

j=1,...,14. (3.6)

A. Neutrino Electric Charge in Arbitrary Gauge

In this section we consider the neutrino electric charge. At zero momentum transfer the sum of the contributions to
the electric form factor determines the neutrino charge, fo(0) = Q. Our goal is to find its total value for the massive
neutrino

6 14
Q= Z QW (a,b,a) + Z QY (a,b,a)

i=1 =7

and to study the mass (a and b) and gauge-fixing (o and az) parameters dependence of the contributions from the
different Feynman diagrams depicted in Figs. [[(aJI(T)] and P(a)}R (D)l

First we consider the one-loop contributions to the neutrino charge which arise from the proper vertices diagrams
in Fig. [L(a){L(f)} Using of the more general formulae for the electric neutrino form factor Eqs. (BJl)-@3), we obtain
the exact expressions for the contributions from the considered diagrams to the massive neutrino charge in terms of
the definite integrals:

GGF
Am2:/2

1 —«
12

1
QY(a,b,0) = MW{ S —|—/ dz(1—z)InD—
0

/01 dz(1—2)(a + bzz)% + g /01 dz(1 = z)’(a+b2") {%a - %] )

%/Oldz(l‘z)<a+b+652<1—2)) In Dq, —lnD]—i—S/Ol dz(1 = z) [DoIn Do, — DIn D] } (3.7)

1
(Z)bZEGFMQOJ_FbEl/dl_]D_
Q (au ,CY) 477'2\/5 w 2 (2+2+ 0 Z( Z)Il Ot)

1

1
= / dz(1 — 2)(a® + abz® + b*2* — 4abz + ab)—}, (3.8)

G b ! ! 1
Q¥ (a,b,a) = eGr M&V{i(_ d —/ dzzlnDa) +b/ dz z (3az — az® — 2a + bz(1 —z))—}, (3.9)
4 2 Jo 0 Da
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1 1
1
a,b,a) = Mgv{—w%(l—i-oz)—l—?)/o dzzlnD+3b/0 dzzz(l—z)ﬁ—

9 1 z
5/0 dz/o dy [(Da +y(1 — @) In(Dy +y(1 —)) — DIn D] —

21)2/01 dz/ozdy(l —2)%(z(1 = 2) —y) [m — %] +

3 1 z )
5()/0 dz/o dy(1 — 2%) In(Dq + y(1 — @)) — In D] }, (3.10)

1 z
1
(5)+(6) a,b,a) = M3 { dz/ dyla —bz) ————
d

The i

V(1= 90~ 09) | ey~ B

1 1 z
5/0 dz/o dy(a + 5b — 6b2) [n(Da + y(1 — ) — In D] } (3.11)

ntegral expressions of Eqs. (B)-(BI) for different proper vertices contributions to the neutrino charge exactly

account for the charged lepton and neutrino mass parameters, a and b, and also for the gauge-fixing parameter «.
We have calculated the integrals in Eqs. (B2)-@Il), however the results, being expressed in elementary functions,
are rather cumbersome. Therefore, we also perform corresponding integrations in the first two terms of expansion
over the neutrino mass parameter b for arbitrary values of the charged lepton mass parameter a and the gauge-fixing
parameter . In this case the sum of the proper vertices diagrams to the neutrino electric charge can be written as

For q(()i)

(1)

q (a, ) =w

6
Q(pr<>1o-wert~)(a,b7 Q) = eGF Z Z) (a, @) +bq§z)(a a) + O(b*)}. (3.12)
=1

(a, ) we obtain

a 1 (
2 41 -a)*(a—a)?
aalna+ 2a2a® — 3a2a? + aa + 6a%a® + 6aa — 302 — 4a’a — 2a°a + 4aalna — 2a*aIna—

20°a®*Ina + 4aa’ Ina — 6a*°a* Ina + o’a®Ina — 20°a*Ina + 3a’a*Ina), (3.13)

—3a® +4d’alna — 5a’a + 202 + 3a® — 3¢’ Ina — 2a° In a+

q(g2) (a,a) = w% + ﬁ@oﬁ Ina + 4ac — daalna — o® + 2a° Ina — 3a?), (3.14)

g\¥ (a,) = e L@oﬁ Ina + 4aa — daalna — o® + 2a° Ina — 3a®) (3.15)

o 4 8(a—a)? ’
q(4)(a o) = —w§(1 +a)— ! (a*a—4a® — 60’ Ina — 6a” Ina—
o 4 8(1—a)?*(a—a)(l —a)

11a’a + 5a® + 5a® + 5a*a® — 5a®a? + 10a%a? + 10aa — 6a* — 10aa—
60°a’Ina — 12a°a?Ina + 12a*alna + 12¢%alna + 6a*a? Ina + o — a), (3.16)

qé5)+(6)(a, a) = o= a)2(1a— ) (2aa Ina + a’a — o + 4aalna — a*a?® — aa + o + ada—

3a?Ina + a’a’Ina + 2a*alna + 4a’alna — a?a’*Ina — 4aa’ Ina — 2a*alna — 3a* In a). (3.17)
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Each of the coefficients qéi) (a, @), if considered separately, depends on the gauge-fixing parameter o and all of them

[except for q(()5)(a, «) and q(()ﬁ) (a, )] are divergent. Note that, according to the expansion given by Eq. (B132), the sum

determines the proper vertex contribution to the charge in the limit of the massless neutrino.

It should also be noted that the two diagrams of Fig. and are convergent for every value of the gauge-fixing
parameter «. One can check this statement using Eq. 3). Indeed, these diagrams have the superficial degree of
divergence equal to —1 and hence converge [11]. Therefore the according contributions to the electric charge must
be finite as it is also shown by Eqs. (BIl) and (BI1). Here we find a discrepancy with the corresponding results of
Ref. [14] where the massless neutrino charge is calculated and the contributions of these two diagrams contain the
ultraviolet divergencies.

The next order over the neutrino mass parameter b of the proper vertex diagrams’ contributions to the neutrino
charge can be obtained if one expands the integrands in Eqs. B2)-BI1), keeps the terms proportional to b, and then
carries out the integration. Taking into account that the functions D and D, also depend on b, we find that

6

qui) (a,a) = 0. (3.18)

=1

Thus, due to the fact that, as it is shown below in this section, the v — Z self-energy contribution does not depend
on the neutrino mass, it follows that the neutrino charge term proportional to the neutrino mass parameter b is zero.

Now let us turn to the v — Z self-energy contributions to the neutrino electric charge. The corresponding Feynman
diagrams are depicted in Fig. 2(a)j2(h)l Using Eq. I8), which presents the decomposition of the functions HLJJ (9),
as well as the explicit form of the functions AU)(a, ¢?) [Eqs. ZI-EZT)], we find that

A9(a,q* = 0) =0,

Therefore only the terms proportional to B (a,0) are responsible for the neutrino electric charge in the v — Z
self-energy Feynman diagrams and we have
14

14
QUD(a) = ; QY (a) = _W Z; BY (a,0).

cos Oy 4
j=

For each of the contributions QU) () (j = 7,...,14) from Eq. ([8) we obtain

2 3
(7 _ eGF M2 29 § 1 _1_5_04_5&_3&11170[ 1
Q' () oo i cos” Oy w 3+4a( + ) S 3 T o)) (3.19)
® oy CGF Lo oo 3ta S5+a a ay _Ina
Q¥ () 47T2\/§Mwsm Ow {w ) 3 > (1+ 2) - (3.20)
QY (a) = Gr M3, (cos? Oy — sin’ 0 )l{—wa—ka— Ina} (3.21)
a2y W " w3 amar '
2
10 () = —FF_ a2 o2 g 4 -3 2y, 3,597 35
Q" (a) = 47T2\/§MWCOS 9W{ 4w(3+a )+ 8+ 3 1° Inay, (3.22)
Q(11)+(12)(a) = Gr M‘%V cos? 9W1 {~wa+a—alna}, (3.23)
472+/2 2
009 (0) = <CF_ 112 (sin? 01y — cos? ) - {—wor + 0 — alna) (3.24)
TN v "9 7 '
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Q" () = 0. (3.25)

It is worth to mention that each of the contributions QU)(«) turns out to be independent on the neutrino (m, ) and
charged lepton (mg) masses. There is also no dependence on the masses my of the virtual fermions that circulate
in the v — Z self-energy diagrams because of the properties of the «-matrix algebra specified in Appendix The
dependence on the gauge-fixing parameter az also cancels out within each of the contributions. Note that prior
the integrations in Eqs. (IIl)-((TD) is carried out the az dependence drops out of each of the electric form factor
contributions to the vertex function at arbitrary momentum transfer ¢2.

Finally, for the sum of all v — Z self-energy contributions to the neutrino electric charge we have

-2y €GFr o [3+a  S+a  alhoa ( E)
Q (o) = 47T2\/§MW { Y S 30— a) 1+ 5) (- (3.26)
Some remarks should be made with respect to the divergent parts in Eqs. BI3)-BI8) and B20). The sum of all the
coefficients in w terms is zero, i.e. the electric charge of a massive neutrino vanishes for every number of dimensions
N. The same property of the electric charge of a massless neutrino was determined in Ref. [9].

Now we can complete investigation of the neutrino charge in the zeroth order of the expansion over the neutrino
mass parameter b summing together the contributions from the proper vertices given by Eqs. (B12)-BI1),

eGF

(prop.vert.) a.0.a) =
Q (@.0,0) = 157

6
ME S g (a,a), (3.27)
=1

and QO~%)(«) given by Eq. (ZZ0).

As a result we obtain that the neutrino electric charge in the zeroth order in the neutrino mass vanishes for every
gauge in agreement with the final results of Refs. |9, [14], where the calculations of the neutrino electric charge have
been performed in the limit of vanishing neutrino mass.

B. Neutrino Electric Charge in the ’t Hooft-Feynman Gauge

Within the 't Hooft-Feynman gauge it is possible to show explicitly that at the one-loop level the neutrino electric
charge is zero for arbitrary mass of neutrino. The gauge-fixing parameter « = 1 in this gauge. Summing up the
contributions of all relevant diagrams [Eqs. B)-@1I) and @Z0)] we receive the exact expression for the neutrino
charge at arbitrary values of the charged lepton and neutrino mass parameters, a and b, while a = 1:

1
Qab o =1)= —CF_ 2 {1/0 dzla(—(a +2) + 2(a + 4)+

4722 " 2
1
ab(—1+ 2+ 22 — 2%) + 202%(1 — 22) + b?23(1 — z)]ﬁ—i-
1 1
b /1
/ dz(1—42)In D + & (— +/ dz(1 — 22) 1nD) } (3.28)
0 2 \2 Jo
To analyze Eq. (B28) we use the formulae
! ! 1 ! 1,1 ! 1
/0 dzlnD:—l—i—/O dz(a—bzz)ﬁ, /0 dzzlnDz—Z+§/0 dzz(a—bz2)5, (3.29)

that can be proven by means of partial integration. Substituting Eq. (B29) into Eq. (B28) we obtain that the neutrino
electric charge vanishes for arbitrary neutrino mass in the considered gauge.

C. Neutrino Charge Radius

Using the closed expressions for the contributions to the neutrino electric form factor obtained above in this Section,
it is possible also to derive the neutrino charge radius. Accounting for the next-to-leading term in the g?-expansion

of the contributions in Eqs. BJ))-BH) and B4,

fo(@®) = fq(0) + q2df—Q

EIORREE
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one can obtain the value of the massive neutrino charge radius as

oy df
v»——%§m>

and study its dependencies on the gauge and mass parameters. Here we should like to note that the problem of the
massless neutrino charge radius has been discussed in details in |18, [19].

IV. NEUTRINO MAGNETIC MOMENT

According to the general decomposition of the neutrino electromagnetic vertex function A,(q) given by Eq. €3),
the neutrino dipole magnetic form factor fas(¢?) is the coefficient in the term proportional to ic,,¢". In this section
we first determine fi;(g?) and then calculate at g2 = 0 the neutrino magnetic moment accounting for the two mass
parameters (a and b) and for the gauge-fixing parameter (a) as well,

n(a, b, a) = fM(q2 =0). (4.1)

Note that the Feynman diagrams in Fig. R(a)l2(h)] do not contribute to the neutrino magnetic moment. Thus, the
total one-loop value for the neutrino magnetic moment is given by

6
pla,b,a) = p(a,b,a), (4.2)
=1

where (%) (a, b, ) are the contributions to the magnetic moment from the corresponding diagrams shown in Fig.

1(f)

We treat the neutrino magnetic moment in the similar way as we have analyzed the neutrino electric charge. Using
Eqs. 3)-(3) for each of the contributions to the neutrino magnetic moment we receive

1 1
&) _ Gr / _2l_l/ CPa—b) | L L]
w' (a,b, ) 47T2\/§m,,{ ; dzz(1—z )D 3/, dz(1 = z)>(a — bz) D.°D

1
%/O dz(1—2)(1=32) [In Dy — In D] } (4.3)

G 1! 1
) a,b,«a ze—Fm,,—/ dz(1 — 2)(=3az + az® + 2a — bz(1 — 2))—, 4.4
p(abo) = Zm g [ s (1-2)p- (4.4)
G 1t 1
®) a,b,a) = er m,,—/ dz z(=3az + az? + 2a — bz(1 — 2))—, 4.5
HOa,b.0) = Fmg | e (1= )7 (4.5)
1
@ (a,b,a) = -5 l/dz’lzl
wolebe) 47r2\/§m”{2 | a2 5
b ! z 1 1
- d dy(1—2)%:z1-2)—2¢) | ——— — —
s [ [Can-spet-a -2 g - |+

1 1 z )
5/0 dz/o dy(—2 49z — 4z° — 6y) [In(Dy + y(1 — @) — In D] }, (4.6)

G ! z 1
(5)+(6) (g, b, ) = m”{/ dZ/ dyy—————+
p (a,b,a) N | WY =)

1 1 z 1 1
- [ d dy(1 —2)%(a —b2) | ————— — —
2/0 /0 y(l =2)a ”[Dﬁy(l—a) D.| ™

1 1 z
5/0 dz/o dy(2 —32) In(Dq + y(1 — a)) —In D, ] } (4.7
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It should be noted that these formulae exactly account for dependencies on the neutrino and charged lepton mass
parameters (a and b) and the gauge-fixing parameter («).

To proceed further with the analytical calculations we expand the contributions to the neutrino magnetic moment
[Egs. E3)-([ED)] over the neutrino mass parameter b and consider the first two terms. Then from Eq. [E2) we obtain

eGp
a,b,a) =
1 ) NG

(i (a,0) + ba{" (a, @) + O(b?)}. (4.8)

6
my
%

—1

For each of the coefficients ﬁ(()i) (a, ) we have found the exact expressions in terms of algebraic functions, however
they are again rather cumbersome. Therefore, let us consider more compact expressions for ﬂéz) (a, ) that can be
obtained in expansion over the charged lepton mass parameter a. Thus, accounting for the terms up to the second

order in a we derive for the coefficients ﬂéz)(a, «)

(1 2 10—3a+6lna—6Ina
e

+ 0(a?), (4.9)

5+3lna—-3lnao

s (a,0) = o a+0(a?), (4.10)
i (a,0) = 2% 4+ 0(a?) (4.11)
0 12a ’
2 —Ta—3al 2 —12 1 1 2
ﬂgl)(a,oz): Ta —3alna + Sa _9 a+Ina+ balna+ 3a a+(9(a2), (4.12)

6(1— )2 12(1 — )2

_(5)4(6) _l-a+aha 5—16a —alna +11a? — 502 lna

Ao (00) = 5T 120(1 — a)? a+ 0 (4.13)

Egs. @9)-EIJ) together with Eq. @) yield a value of the magnetic moment in the limit b — 0 that corresponds

to the case of a light neutrino. We may compare our ﬁéi)(a, a) calculations with the results of Ref. [14]. Our results

for the contributions ué4)(a, a), ué5)(a, «), and uéG)(a, «) disagree with those of the above cited paper. The Feynman
diagrams corresponding to the contributions ¢ = 5, 6 contain the unphysical charged scalar boson. This boson
contributions should disappear in the unitary gauge when the gauge parameter « = oo. Thus, the contributions
to the magnetic moment from these two diagrams must vanish in the limit o — oco. This is exactly what we get
from Eq. @I3). However, the similar expression from Ref. [14] does not depend on the gauge parameter at all. An
argument in favor of our results can be also obtained if one considers the value of the neutrino magnetic moment
within the unitary gauge. Indeed, it is easy to show that using the results of Ref. [14] it is not possible to get the
right value for the neutrino magnetic moment within this gauge. In the unitary gauge, only the diagrams shown in
Fig. and contribute to the neutrino magnetic moment. The results for these two contributions, that can be
obtained using the corresponding formulae presented in [14], are

(1) _ _eGr {2 2+@(a2)}7 (4.14)

= my 4 — —
Mo = e 2™ \3 T 2
(4) eGp { 7 2 }
= my, < — + O(a . 4.15
MO 47T2\/§ 12 ( ) ( )

The sum of the leading terms in Eqs. (I and #EIH) differs from the well known result for the neutrino magnetic
moment calculation (see, for example, Ref. [4]):

B 3eGrm,

o822
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This fact points out that the contributions of the three diagrams shown in Fig. m—m are calculated in [14] with
incorrect gauge-fixing parameter o dependence. Our calculation shows that to the leading order in m, each of these
three contributions of the diagrams in Fig. [L(d){L(f)| are gauge-fixing parameter dependent. Note that calculations
performed in [14] provide the correct results only within the 't Hooft-Feynman gauge.

Let us now consider the value of the neutrino magnetic moment in the ”zeroth” order in the expansion over the
neutrino mass parameter b taking into account all the contributions. The sum of the coefficients [Z3)-EI3) is found
to be independent on the gauge parameter a. The straightforward calculation of the neutrino magnetic moment in
the limit b — 0 yields

eGr 3

a,a) = my 2 —7a+ 6a*> — 2a*Ina — a® 4.16
/LO( ) 47_‘_2\/5 4(1 — a)g( ) ( )

that is in agreement with Ref. [14].
Considering the next-order over the neutrino mass parameter b contribution to the magnetic moment, we find out
that the sum of the corresponding contributions of Eqs. [3)-(E) to the coefficient fi1 (a, ) is given by

1

m@ — 26a + 6alna — 36a* — 60a*Ina + 58¢® — 18a°Ina — a*). (4.17)

6
fn(a,0) =Y i (a,a) =
=1

Thus, we explicitly show by Eqs. (EI0) and [T1) that in the one-loop level and to the second order in the expansion
over the neutrino mass parameter b the neutrino magnetic moment is a gauge-independent quantity.

The obtained Eqs. @3)-(E) also enable us to consider the magnetic moment of a rather heavy neutrino since the
mass parameters a and b are arbitrary in these equations. Let the neutrino mass m, be much greater than the charged
lepton mass my (this case amounts to b > a). Approaching the limit ¢ — 0 in Eqs. ([@I6)-(EI7), while keeping b
constant, for the neutrino magnetic moment we receive

3€GF 5
ST S LA S 41
1 87T2\/§m { + 13 + } (4.18)

The recent LEP data require that the number of light neutrinos coupled to Z boson is exactly three. Any additional
neutrinos must be heavier than 80 GeV (see, e.g., Ref. [L]). Using our formulas Eqs. 3)-E) for a massive Dirac
neutrino magnetic moment we can also examine the case of a very heavy neutrino. Let us consider the case of
neutrino mass being even greater than W boson mass. To examine this situation we should fix the gauge parameter
a in Egs. @3)-ED) for simplicity of the computations. In what follows we set o = 1 that corresponds to the
't Hooft-Feynman gauge. Thus, for the sum of all the contributions to the magnetic moment we obtain the expression

1 1 1
1 1 1 1 1
=06 | dzm —(1—20w +30)= | dzz—+ (1+26w +0¢)= [ dz2°—= 4.19
] 4/0 % ( w + 4)2/0 ZZD+(+ w + 4)2/0 225 (4.19)
'DZZQ—Z(l—éw—i-ég)—i-ég,
where we redefined our mass parameters and introduced the two new quantities: Sy = 1/b = (Mw /m,)? and

8¢ = a/b = (my/m,)?. The case of the super heavy neutrino corresponds to the values of the new mass parameters in
the range §; < dy < 1.
One can prove by means of the direct calculation that

lim0 owJ, =0, and 6lim0 003, =0, n=0,...,2 (4.20)
Z—)

ow —

where

! 1
Cfn:/O dzz D (4.21)

Using Eqs. [20) and [21I), we find that the function z in Eq. (EI) is equal to 1/2 that corresponds to the magnetic
moment

€GF
= my.
K 8w24/2

Eq. @Z2) presents the magnetic moment of a heavy neutrino with the mass much greater than W boson mass.

(4.22)
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At the end of this section let us compare the calculation of the neutrino magnetic moment in the unitary and R¢
gauges. The calculations performed within these gauges, as it was mentioned in Ref. [2(], are formally equivalent,
i.e. the two Feynman amplitudes become equal if we approach the limit o« — oo prior corresponding loop integrals
are carried out. The diagrams involving unphysical scalar bosons must disappear in the unitary gauge. Therefore,
in such diagrams the limit & — oo and the integration over virtual momenta must be commuting procedures. We
directly verified this statement for particular case of the calculation of the massive neutrino magnetic moment. Indeed,
on the basis of either exact formulae E3)-E) or the expansions given by Eqs. [9)-EI3), we find out that the
contributions of the diagrams depicted in Fig. [T(b)] [T(c)} [[(e)} and [[(f)} which involve the scalar boson, vanish in the
limit o — o0.

A. Neutrino Magnetic Form Factor at Non-zero Momentum Transfer

In this subsection we study the neutrino magnetic form factor at non-zero momentum transfer in arbitrary Re
gauge as well as for arbitrary charged lepton and neutrino mass parameters (¢ and b). The v — Z self-energy diagrams
shown in Fig. P(a}(h) also do not contribute to the magnetic form factor at ¢? # 0. Therefore, the total one-loop
value for the neutrino magnetic form factor is given by

eG 0 (i
farla®) = 2 5m 310 (@)
=1

where f](\;[) (¢?) are the contributions to the magnetic moment from the corresponding diagrams shown in Fig. [T (a)}{i ()
For the coefficients f\” (q%) we have

_ 1 z 1
](\41[)((]2) = / dz/ dy(2—3z+z2)——
0 0 Dy

%/01 dz/oz dy(az? —b2%(1 — 2) — ty(z — y)(2 — 2)) {Dll(a) - DLJ +

1 1 z
5/0 dz/o dy(2 —3z)[InDy(a) —InD4], (4.23)

F2)(2) = 1 1 z ’ zla+az—b(1—z L
R =3 [ [ dvsteraz—p0-2) 5 (.24
F3)(g2) = 1 lz ’ a—3az+az* —bz(1—z !
M(q)—2/0 d /0 dy(2a — 3az + b1 - 2) oy (4.25)
1 z
7](\;)((]2):%/0 dz/o dyz(1+22)DiQ+
1t § ) ) 1 1
5/0 dz ; dy(b(1 — 2)%(2(1 — 2) — 2y) — ty(z — y)(2y — 32 + 2°) — 2ty) |:D2(Oé)+y(1—04)_D_2:|+
%/o dz/o dy(—2 + 9z — 42% — 6y) [In (D2(a) + y(1 — @)) — In Dy] —
E1zz 2(1— 32+ 22+ 2%) — ty(z - —,2—22L L _ 2
4/0 d /O dy(bz(1 — 32+ 2% +2°) — ty(z — y)(2 ) {D2+D2(Q) DQ(aHy(l_Q)]*

1 z
é/o dz/o dy(8 — 132 + 322) [In Dy + In D(a) — 21n (Da(a) + y(1 — )],  (4.26)
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©+6) d/d 1
10w = [ [ ar
1

9 1
5/0 dz/o dy((a —bz)(1 —2)" +ty(z —y)(1 — 2)) |:D2(Oz)+y(1—04)_D2(O[) +

1 1 z
5/0 dz/o dy(2 — 32) [In (Da(a) + y(1 — @) — n Da(a)],  (4.27)

where
Di(a)=a+(a—a)z —bz(1 —2)+ty(z — y) Di=Di(a=1)=14(a—1)z—bz(1 — 2) + ty(z — y),
Dy(a) =a+ (a—a)z —bz(l —2) + ty(z — y) Dy=Dy(a=1)=a+ (1—a)z—bz(1—z2) +ty(z —y),

and t = —¢* /Mg,
We discuss below the large positive ¢t behavior of the integrals in the expressions of the proper vertices contributions
to far(g?). For example, let us consider the following integral at ¢ — +oc:

Y A R AR
J(t)_t/o dyD2(a) /0 dy(y_y2)(y1_y), (4.28)

where
D
y=z+—4+-, ya=——+---. (4.29)
2t
Performing the integrations we readily find that
J(t) = Int —InD. (4.30)

In Eq. @30) we dropped the terms like 1/¢ and (Int)/t which are negligible for large positive ¢t. The remaining
integrals are evaluated in a similar way. Finally, we find that

6
= Zf](\jj)(t) — 0, if t — 4o0.
i=1

The behavior of the magnetic form factor at large negative g2, described above, is consistent with the general Weinberg
theorem [21]. However, the case of the massive neutrino magnetic form factor has never been discussed previously.

It should be noted that in derivation of Eqs. [E28)-E30) we assumed that o < oo. Therefore, our result that
far(t) — 0 at t — 400 is valid in any gauge except the unitary one. The value of fy;(t — 400) may not be equal to
zero if we at first set @ = oo and then approach the limit t — +o00. The analysis of the large negative ¢? behavior of
magnetic form factor within the Weinberg-Salam model in the unitary gauge is given, for instance, in Ref. [2(].

Using the explicit formulae for the massive neutrino magnetic form factor for arbitrary gauge parameter «
[Eqs. EZ3)-EZD)] we present in Fig. Bl the behavior of the function fys(t) for different gauges and a wide range
of t: 0 <t <5x107% It can be seen that the magnetic form factor becomes gauge independent at t = 0 that
amounts to the case of on-shell photon. The value fu;(t = 0) is equal to the neutrino magnetic moment, and Fig.
shows gauge independence of this quantity in agreement with our exact calculations performed above.

V. CONCLUSION

We have considered the massive neutrino electric charge and magnetic moment within the context of the standard
model supplied with SU(2)-singlet right-handed neutrino in general R¢ gauge. Using the dimensional-regularization
scheme, we have calculated the one-loop contributions to the neutrino electromagnetic vertex function taking exactly
into account the neutrino mass. We have presented the results of our calculations of different contributions to the
neutrino electric charge and magnetic moment as the closed integral expressions. It has allowed us to determine
the dependencies of these contributions on the neutrino and corresponding charged lepton masses as well as on the
gauge-fixing parameters. The integral expressions for the neutrino electric charge and magnetic moment obtained
in this work contain at most two definite integrals which, in principle, can be performed and expressed in terms
of elementary functions. However, the results are quite cumbersome and therefore we have presented them as the
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FIG. 3: The massive neutrino magnetic form factor versus squared transverse momentum in different gauges. The dashed line
corresponds to a = 100, the solid line to the t’Hooft-Feynman gauge (o = 1), and the dash-dotted line to o« = 0.1

expansion over the neutrino mass parameter b. For several diagrams, which contribute to the neutrino charge and
magnetic moment and which have been calculated in Ref. [14] with mistakes, we have found the correct results.

We have found the general expressions for the contributions to neutrino electric form factor. These formulae have
been derived in general R gauge and at arbitrary value of ¢°>. We have shown that the electric charge of a massive
neutrino is a gauge independent and vanishing parameter in the first two orders of the expansion over the neutrino
mass parameter b. In the particular choice of the 't Hooft-Feynman gauge we have also demonstrated that the neutrino
charge is zero in all orders of expansion over b, i.e. for arbitrary mass of neutrino. In the previously published works
devoted to the calculation of the neutrino electric charge the case of massless neutrino was studied within the Georgi-
Glashow (see Ref. [20]) and Weinberg-Salam (see Refs. |6, [4, |, 9]) models. However, it is clear that the massless
particle must be electrically neutral. Although there is no doubt that the massive neutrino electric charge must be
also zero, however it has not been yet shown how it actually happens for corresponding Feynman diagrams.

There are other reasons to prove by the direct calculations that the value of the massive neutrino electric charge
is zero. For example, this problem is important in consideration of the neutrino spin oscillations. In the series of
our works [22, 23, 124, 25] we have elaborated the quasi-classical approach for the description of the neutrino spin
oscillations in arbitrary external electromagnetic field. An essential point in that studies has been the zero charge of
the massive neutrino. In this paper we have substantiated this assumption.

From the obtained closed two-integral expression for the massive neutrino electric form factor it is also possible to
derive the neutrino charge radius.

The structure of the massive neutrino electromagnetic vertex function have been examined in this work. We have
directly verified the decomposition of the neutrino vertex function. It has been found out that the value of the
additional ”form factor” f5(g?), which is proportional to ,7s matrix, at ¢> = 0 is zero in the first two orders of the
expansion over the neutrino mass parameter b and for arbitrary gauge parameter .. The vanishing of the additional
"form factor” fs(¢?) in the particular gauge (az = oo and ay = 1) but for the arbitrary charged lepton a and
neutrino b mass parameters as well as for arbitrary ¢? has also been demonstrated. Such direct calculations have
never been carried out before.

For each of the diagrams contributing to the neutrino magnetic moment, we have obtained the expressions ac-
counting for the leading (zeroth) and next-to-leading (first) orders in the neutrino mass parameter b with the gauge
dependence shown explicitly. Each of the contributions is finite and the sum of all contributions turns out to be
gauge-independent. Our calculations also enable us to get the neutrino magnetic moment in the following ranges of
the neutrino, charged lepton, and W boson masses: m, < my < My, my < m, < My, and my < My < m,,
which span almost all the cases presently discussed within different theoretical models. We have also presented the
general formulae for the massive neutrino magnetic form factor at arbitrary ¢°.

As for the behavior of the neutrino magnetic form factor at g0, we have found that the function fy/(¢?) essentially
depends on the gauge fixing parameter a at ¢20. The magnetic form factor may depend on the gauge parameter at
¢%#0 since it is not a measurable property of a particle and, therefore, may not be invariant under the gauge group
transformations. The consideration of the gauge parameter dependence of the neutrino magnetic form factor as well
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as its asymptotic behavior at large negative ¢? in the limit b — 0 within the Weinberg-Salam model is presented in
Ref. [2(0]. The transition magnetic moment of the Dirac neutrinos coupled with the light fermion f (m; ~ m,) and
with the light scalar boson ¢ (mg < m, — my) through the Yukawa interaction 7f¢ is discussed in Ref. [26]. The
transition magnetic moment dependence on ¢ is also considered there. The analysis of the neutrino magnetic moment
is presented in Ref. [21] for various versions of the left-right symmetric models. The results of our massive neutrino
magnetic moment calculations can be applied to the treatment of the magnetic moment (including the transitional
magnetic moment) within the left-right symmetric model.

Although we have not studied the neutrino anapole form factor in this paper, this particular problem (which we
discuss in [? ]) is also important since, for instance, the anapole moment (the value of the anapole form factor at
q*> = 0) is the only static electromagnetic property of a Majorana neutrino (see, for instance, Refs. |4, 2§]). Tt should
be noted that even a massless particle can posses the anapole moment, unlike the magnetic moment. Some resent
papers are worth mentioning in this respect (see [16, 29] and references therein). However, the investigation of the
neutrino anapole moment faces serious difficulties such as its observability and gauge dependence.
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APPENDIX A: FEYNMAN RULES

In this Appendix we present the full list of the Feynman rules [3(0] necessary for the calculation of the massive
neutrino electromagnetic vertex. In the R¢ gauge the propagators for the vector bosons, W and Z, an unphysical
charged scalar boson, x, as well as charged ghosts, ¢ and ¢, are presented in the following form

1 K,k
DM(k)y=—— g —(1—a)——22
w ) = [g“ ( a)kZ—aMgvHJ’
1 kk
DAk = — g — (1 —ag) "
v (F) k?—Mgﬂ'e[g“ ( aZ)k?—azMngiJ’
0O (k) = 1 © (k) = D@ (k) 1
DX(k) = ——5——, D'(k) =D(k) =

= 2 _ 12 _ .’ 2 12 _ "
aMy, —k i€ aMy, —k i€

The fermion propagator has the standard form

k+my
Sk) = ——5—,
(k) m2 — k% — ie
where n denotes the type of a fermion.
All vertices can be divided into several classes. We append below the corresponding graphs and Feynman rules for
each of these classes.
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FIG. 4: |(a){(b)| vector boson triplex vertices.
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FIG. 5: @ vector boson quadruple vertex.

23



24

(a) (9/V2)E (b) (9/V2)7&

Un Un

(©) eQurk,n=1,1

Py Yy Vi (5

(d) (9/2 cos Ow ) ya x (e) —(g/2 cos Ow )va x
(1/2 — 2Qy sin? Oy +v5/2) (1/2+2Q; sin® Oy +5/2)

FIG. 6: [(a)H(e)| one vector boson and two fermions vertices.
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FIG. 7: [(a)H(b)| one vector boson and two scalar bosons vertices.
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(d) iEMWgaﬁ

FIG. 8: [(a)H(d)| two vector bosons and one scalar boson vertices.
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FIG. 9: [(a)H(b)] one scalar boson and two fermions vertices.
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FIG. 11: @ two vector bosons and two scalar bosons vertex.

All the momenta of particles associated with vertices are taken to flow in. (); 1 represent electromagnetic charges
of the fields v; r in the units of e. v; ; representing the three generations of leptons and quarks correspond to usual
7up” (all types of neutrinos as well as u, ¢ and ¢t quarks; Is = +1/2) and "down” (all types of leptons as well as d, s
and b quarks; Is = —1/2) components of an isodoublet, respectively, I5 is the third component of the isospin.

The arrow on a line indicates the direction of the flow of a certain quantum number: the charge for W*, x*, the
fermion number for 1, the ghost number for ¢, €. The symbol & or © at the charged ghost lines stands for the sign
of the charge carried by the arrow.

APPENDIX B: FEYNMAN INTEGRALS

In our calculation of Feynman integrals over virtual momenta we use dimensional-regularization scheme with the
following natural properties of y-matrix algebra:

{’VMa'YS} =0, {’7;17’711} =20, gHVguV =N,

where N = 4 — 2¢ is the number of dimensions.
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The dimensional regularization of the loop integrals in the Euclidian space is performed in the following way:
! /d4k ! /de _ / iy) 7kN‘1dk
= e =_2
(2m)* (2m)N (2m)N ’
Q(N) 0

where Q(N) = 27¥/2/T(N/2) is the area of a unit sphere in N dimensions. The dependence of an arbitrary positive
parameter A, which has the mass dimensionality, is introduced to provide the total dimensionality of an integral. The
general technique for calculation of various loop integrals in the dimensional regularization scheme can be found, for
example, in Ref. [31]]. It should be, however, rather helpful to include here some of the typical loop integrals which
one encounters while calculating the electromagnetic vertex function,

F(o):i/de 1 (X ‘T(L—-24¢) 1
L w2 (k2 + X)L T (L) XL—2+e’

Ff°>=XE—1n(—ﬁ) —<c+1}, F§°>=—§+1n(—ﬂ>+<c,

22 22
o _ 1 o _ 1 o_ 1
B = 2X’ B = 6X2’ B = 12X3°
PO _ _/de k2 N2\ T(L—3+¢) e—2
L k2 + X)L I (L)  XL=3+e’
(1) 1 X @ 1 X 1
2X{——1n< /\2> C+ ] Fy ——g+ln< 5V3 —I—(C-I—
1 1
FO—_ L po_

37 ° C12X2°

F£2)_i/de( (k?)? __<)\2i2)EF(L—4+a) (e —2)(e — 3)

2 k2 + X)L ™ (L) XL—tte 7
2 X 1 2 1 X 5
PP = 3)({——1 <_7>_C+6]’ F4()_—5+1n< )\2>+<C+—
@__1
> 4X°

where C ~ 0.5772157 is the Euler constant.
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