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In this work we study the sensitivity on the anomalous magnetic and electric dipole moments of the tau
neutrino in the framework of the SUð2ÞL ×Uð1ÞY × Uð1ÞB−L electroweak model at future eþe− linear
colliders, such as the ILC and CLIC. For our study we consider the process eþe− → ðZ; Z0; γÞ → ντν̄τγ. For
center-of-mass energies of

ffiffiffi
s

p ¼ 1000–3000 GeV and integrated luminosities of L ¼ 500–2000 fb−1, we
derive 95% C.L. limits on the dipole moments jμντðμBÞj ≤ 6.28 × 10−9 and jdντ ðecmÞj ≤ 1.21 × 10−21,
which improve on the existing limits by 2 to 3 orders of magnitude. Our study complements other studies
on the dipole moments of the tau neutrino at hadron and eþe− colliders.
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I. INTRODUCTION

In the Standard Model (SM) [1–3] minimally extended
with Dirac neutrino masses, the neutrino magnetic
moment induced by radiative corrections is unobservably
small [4–6],

μνi ¼
3meGF

4
ffiffiffi
2

p
π2

mνi ≃ 3.1 × 10−19
�

mνi

1 eV

�
μB; ð1Þ

where μB ¼ e=2me is the Bohr magneton. Current limits on
these magnetic moments are several orders of magnitude
larger, so that a magnetic moment close to these limits
would indicate a window for probing effects induced by
new physics beyond the SM [6]. Similarly, a neutrino
electric dipole moment will also point to new physics and
will be of relevance in astrophysics and cosmology, as well
as terrestrial neutrino experiments [7]. Some bounds on the
neutrino magnetic moment are shown in Table I.
In the case of the anomalous magnetic moment of the tau

neutrino, the current best limit on μντ has been obtained in
the Borexino experiment which explores solar neutrinos.
Searches for the magnetic moment of the tau neutrino have
also been performed in accelerator experiments. The
experiment E872 (DONUT) is based on ντe−, ν̄τe− elastic
scattering. In the CERN experiment WA-066, a limit on μντ
was obtained on an assumed flux of tau neutrinos in the
neutrino beam. The L3 Collaboration obtained a limit on
the magnetic moment of the tau neutrino from a sample of
eþe− annihilation events at the Z resonance. Experimental
limits on the magnetic moment of the tau neutrino are

shown in Table II. Others limits on the magnetic moment of
μντ have been reported in the literature [14–36].
The discovery of CP violation in the decays of neutral

kaons [40], and later in the decays of neutral B mesons [41]
and D0 [42], shed light on the nature and origin of the
violation of this symmetry. CP violation is one of the open
problems of the SM. For this reason, the measurement of
large amounts of CP violation can be indicative of signs of
new physics. The signs of new physics can be analyzed by
investigating the electromagnetic dipole moments of the tau
neutrino, such as its magnetic moment (MM) and electric
dipole moment (EDM), which are defined as a source of
CP violation.
Some theoretical limits of the electric dipole moment of

the tau neutrino are presented in Table III. Others limits on
dντ have been reported in the literature [19–27,29,30].
The Uð1ÞB−L model [45–49] is one of the simplest

extensions of the SM with an extra Uð1Þ local gauge
symmetry [50], where B and L represent the baryon
number and lepton number, respectively. This B − L
symmetry plays an important role in various physics
scenarios beyond the SM. The features that distinguish
the Uð1ÞB−L models from other models are the following.
(a) The gauge Uð1ÞB−L symmetry group is contained in the
grand unification theory described by a SOð10Þ group [45].
(b) The scale of the B − L symmetry breaking is related to
the mass scale of the heavy right-handed Majorana neutrino
mass terms and provides the well-known seesaw mecha-
nism [51–55] to explain light left-handed neutrino mass.
(c) The B − L symmetry and the scale of its breaking are
tightly connected to the baryogenesis mechanism through
leptogenesis [6]. (d) Another distinctive feature of the
Uð1ÞB−L models is the possibility of the Z0 heavy boson
decaying into pairs of heavy neutrinos ΓðZ0 → νhν̄hÞ. The
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model contains an extra gauge boson Z0 corresponding to
B − L gauge symmetry and an extra SM singlet scalar
(heavy Higgs bosonH). These new particles can change the
SM phenomenology significantly and lead to interesting
signatures at current and future colliders, such as the Large
Hadron Collider (LHC) [57,58], International Linear
Collider (ILC) [59–64], and Compact Linear Collider
(CLIC) [65–67].
The B − Lmodel [68,69] is attractive due to its relatively

simple theoretical structure. The crucial test of the model is
the detection of the new heavy neutral (Z0) gauge boson and
the new Higgs boson (H). On the other hand, searches for
both the heavy gauge boson (Z0) and the additional heavy
neutral Higgs boson (H) predicted by the B − L model are
presently being conducted at the LHC. In this regard, the
additional boson Z0 of the B − Lmodel has a mass which is
given by the relation MZ0 ¼ 2v0g01 [48,49,68,69]. This
boson Z0 interacts with leptons, quarks, heavy neutrinos,
and light neutrinos with interaction strengths proportional
to the B − L gauge coupling g01. The sensitivity limits on
the massMZ0 of the boson Z0 of theUð1ÞB−L model derived
by the ATLAS and CMS collaborations are of the order of
Oð1.83 − 2.65Þ TeV [70–78]. It is noteworthy that future

LHC runs at 13–14 TeV could increase the Z0 mass bounds
to higher values, or evidence may be found of its existence.
Precision studies of the Z0 properties will require a new
linear collider [79], which will allow us to perform
precision studies of the Higgs sector. We refer the reader
to Refs. [48,49,68,69,80–85] for a detailed description of
the B − L model.
Our aim in the present paper is to analyze the reaction

eþe− → ντν̄τγ in the framework of the Uð1ÞB−L model, and
we attribute an anomalous magnetic moment and an
electric dipole moment to a massive tau neutrino. It is
worth mentioning that at higher s, the dominant contribu-
tion involves the exchange of the Z, Z0 bosons. The
dependence on the magnetic moment (μντ ) and the electric
dipole moment (dντ ) comes from the radiation of the photon
observed by the neutrino or antineutrino in the final state.
However, in order to improve the limits on the magnetic
moment and the electric dipole moment of the tau neutrino,
in our calculation of the process eþe− → ντν̄τγ we consider
the contribution that involves the exchange of a virtual
photon. In this case, the dependence on the dipole moments
comes from a direct coupling to the virtual photon, and the
observed photon is a result of initial-state bremsstrahlung.

TABLE II. Experimental limits on the magnetic moment of the tau neutrino.

Experiment Method Limit C.L. Reference

Borexino Solar neutrino μντ < 1.9 × 10−10μB 90% [8]
E872 (DONUT) Accelerator ντe−, ν̄τe− μντ < 3.9 × 10−7μB 90% [37]
CERN-WA-066 Accelerator μντ < 5.4 × 10−7μB 90% [38]
L3 Accelerator μντ < 3.3 × 10−6μB 90% [39]

TABLE III. Theoretical limits on the electric dipole moment of the electron neutrino, muon neutrino, and tau
neutrino.

Particle Model Limit C.L. Reference

νe;μ Model independent dνe;νμ < 2 × 10−21 ecm 95% [43]

ντ Effective Lagrangian approach dντ < 5.2 × 10−17 ecm 95% [15]
ντ Model independent dντ < Oð2 × 10−17 ecmÞ 95% [18]
ντ Vector-like multiplets dντ < Oð10−18 − 10−20 ecmÞ 95% [44]

TABLE I. Bounds on the neutrino magnetic moment.

Experiment=Method Limit C.L. Reference

Laboratory experiment Borexino μν ≤ 5.4 × 10−11μB 90% [8]
Laboratory experiment TEXONO μν < 2.9 × 10−11μB 90% [9]
Cooling rates of white dwarfs μν ≲ 10−11μB 90% [10]
Cooling rates of red giants μν ≲ 3 × 10−12μB 90% [11]
Supernova energy loss μν ≲ ð1.1 − 2.7Þ × 10−12μB 90% [12]
Absence of high-energy events in the SN1987A neutrino signal μν ≲ 10−12μB 90% [13]
Standard model (Dirac mass) μν ≃ 3.1 × 10−19ðmν=1 eVÞμB [4–6]
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The Feynman diagrams which give the most important
contributions to the cross section are shown in Fig. 1. This
process sets limits on the tau neutrino MM and EDM. In
this paper, we take advantage of this fact to set limits on μντ
and dντ for integrated luminosities of 500–2000 fb−1 and
center-of-mass energies between 1000–3000 GeV, that is to
say, in the next generation of linear colliders, namely, the
ILC [59] and the CLIC [65].
The L3 Collaboration [39] evaluated the selection

efficiency using detector-simulated eþe− → νν̄γðγÞ events,
random trigger events, and large-angle eþe− → eþe−
events. From Fig. 1 of Ref. [39], the process eþe− →
νν̄γ with γ emitted in the initial state is the sole background
in the [44.5°,135.5°] angular range (white histogram).
From the same figure, in this angular interval (that is,
−0.7 < cos θγ < 0.7) we see that only six events were
found, (this is the real background), not 14 events. In this
case a simple method [24,86,87] is that at the 1σ level
(68% C.L.) for a null signal the number of observed events
should not exceed the fluctuation of the estimated back-
ground events: N ¼ NB þ ffiffiffiffiffiffiffi

NB
p

. Of course, this method is
good only when NB is sufficiently large (i.e., when the
Poisson distribution can be approximated with a Gaussian
[24,86,87]), but for NB > 10 it is a good approximation.
This means that at the 1σ, 2σ, and 3σ levels (68%, 90%, and
95% C.L.) the limits on the nonstandard parameters are

found by replacing the equation for the total number of
events expected N ¼ NB þ ffiffiffiffiffiffiffi

NB
p

in the expression
N ¼ σðμντ ; dντÞL. The distributions of the photon energy
and the cosine of its polar angle are consistent with SM
predictions.
This paper is organized as follows. In Sec, II we present

the B − L theoretical model. In Sec. III we present the
calculation of the process eþe− → ντν̄τγ in the context of
the B − L model. Finally, we present our results and
conclusions in Sec. IV.

II. BRIEF REVIEW OF THE B−L
THEORETICAL MODEL

Solid evidence for the nonvanishing neutrino masses has
been confirmed by various neutrino oscillation phenomena
and indicates the evidence of new physics beyond the SM.
In the SM, neutrinos are massless due to the absence of
right-handed neutrinos and the exact B − L conservation.
The most attractive idea to naturally explain the tiny
neutrino masses is the seesaw mechanism [52–54,88], in
which the right-handed (RH) neutrino singlet under the SM
gauge group is introduced. The gauged Uð1ÞB−L model,
based on the gauge group SUð3ÞC × SUð2ÞL ×Uð1ÞY ×
Uð1ÞB−L [51,89], is an elegant and simple extension of the
SM in which the RH heavy neutrinos are essential both for
anomaly cancellation and preserving gauge invariance. In
addition, the mass of RH neutrinos is associated with the
Uð1ÞB−L gauge symmetry breaking. Therefore, the fact that
neutrinos are massive indicates that the SM requires an
extension.
We consider a SUð3ÞC × SUð2ÞL ×Uð1ÞY ×Uð1ÞB−L

model, which is one of the simplest extensions of the
SM [48,49,51,68,80–85,89], where Uð1ÞB−L represents
the additional gauge symmetry. The gauge-invariant
Lagrangian of this model is given by

L ¼ Ls þ LYM þ Lf þ LY; ð2Þ

where Ls, LYM, Lf, and LY are the scalar, Yang-Mills,
fermion, and Yukawa sectors, respectively.
The model consists of one doublet Φ and one singlet χ,

and we briefly describe the Lagrangian including the scalar,
fermion, and gauge sectors, respectively. The Lagrangian
for the gauge sector is given by [48,84,90,91],

Lg ¼ −
1

4
BμνBμν −

1

4
Wa

μνWaμν −
1

4
Z0
μνZ0μν; ð3Þ

where Wa
μν, Bμν, and Z0

μν are the field-strength tensors for
SUð2ÞL, Uð1ÞY , and Uð1ÞB−L, respectively.
The Lagrangian for the scalar sector of the model is

Ls ¼ ðDμΦÞ†ðDμΦÞ þ ðDμχÞ†ðDμχÞ − VðΦ; χÞ; ð4Þ

where the potential term is [82]

FIG. 1. The Feynman diagrams contributing to the process
eþe− → ντν̄τγ (diagrams 1–4) when the ZðZ0Þ vector bosons are
produced on mass shell and (diagrams 5 and 6) contributions
from anomalous neutrino electromagnetic couplings with initial-
state radiation.
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VðΦ; χÞ ¼ m2ðΦ†ΦÞ þ μ2jχj2 þ λ1ðΦ†ΦÞ2 þ λ2jχj4
þ λ3ðΦ†ΦÞjχj2; ð5Þ

where Φ and χ are the complex scalar Higgs doublet and
singlet fields, respectively. The covariant derivative is given
by [80–82]

Dμ ¼ ∂μ þ igstαGα
μ

þ i½gTaWa
μ þ g1YBμ þ ð~gY þ g01YB−LÞB0

μ�; ð6Þ

where gs, g, g1, and g01 are the SUð3ÞC, SUð2ÞL,Uð1ÞY , and
Uð1ÞB−L couplings with tα, Ta, Y, and YB−L being their
respective group generators. The mixing between the two
Abelian groups is described by the new coupling ~g. The
electromagnetic charges on the fields are the same as those
of the SM, and the YB−L charges for quarks, leptons, and
the scalar fields are given by Yquarks

B−L ¼ 1=3, Y leptons
B−L ¼ −1

(with no distinction between generations to ensure univer-
sality), YB−LðΦÞ ¼ 0, and YB−LðχÞ ¼ 2 [48,49,80–82] (to
preserve the gauge invariance of the model), respectively.
An effective coupling and effective charge such as g0 and

Y 0 are usually introduced as g0Y 0 ¼ ~gY þ g01YB−L, and some
specific benchmark models [92,93] can be recovered with
particular choices of both ~g and g01 gauge couplings at a
given scale, generally the electroweak scale. For instance,
the pure B − L model is obtained from the condition ~g ¼ 0
(Y 0 ¼ YB−L), which implies the absence of mixing at the
electroweak scale. Other benchmark models of the general
parametrization are the sequential Standard Model (SSM),
the Uð1ÞR model, and the Uð1Þχ model. The SSM is
reproduced from the condition g01 ¼ 0 (Y 0 ¼ Y), and the
Uð1ÞR extension is realized from the condition ~g ¼ −2g01,
while the SOð10Þ-inspired Uð1Þχ model is described
by ~g ¼ − 4

5
g01.

The doublet and singlet scalars are

Φ ¼
� G�

vþϕ0þiGZffiffi
2

p

�
; χ ¼

�
v0 þ ϕ00 þ iz0ffiffiffi

2
p

�
; ð7Þ

where G�, GZ, and z0 the Goldstone bosons of W�, Z, and
Z0, respectively, while v ≈ 246 GeV is the electroweak
symmetry breaking scale and v0 is the B-L symmetry
breaking scale constrained by the electroweak precision
measurement data, whose value is assumed to be of the
order TeV.
After spontaneous symmetry breaking, the two scalar

fields can be written as

Φ ¼
�

0
vþϕ0ffiffi

2
p

�
; χ ¼ v0 þ ϕ00ffiffiffi

2
p ; ð8Þ

where v and v0 are real and positive.
In Table IV, the interactions of h and H with the gauge

bosons and scalar are expressed in terms of the parameters
of the B − L model.
To determine the mass spectrum of the gauge bosons we

have to expand the scalar kinetic terms, as in the SM. We
expect that there exists a massless gauge boson (the
photon), while the other gauge bosons become massive.
The extension we are studying is in the Abelian sector of
the SM gauge group, so that the charged gauge bosonsW�
will have masses given by their SM expressions related to
the SUð2ÞL factor only. The other gauge boson masses are
not so simple to identify because of mixing. In fact,
analogously to the SM, the fields of definite mass are
linear combinations of Bμ, Wμ

3, and B0μ. The relation
between the neutral gauge bosons (Bμ, Wμ

3, and B0μ) and
the corresponding mass eigenstates are given by
[68,69,80,81]

TABLE IV. The new couplings of the Z, Z0 bosons with the SM fermions and vector-boson and scalar coupling in
the B − L model. g ¼ e= sin θW and θB−L is the Z − Z0 mixing angle.

Particle Couplings

ff̄Z gfV ¼ Tf
3 cos θB−L − 2Qf sin2 θW cos θB−L þ 2g0

1

g cos θW sin θB−L,

gfA ¼ Tf
3 cos θB−L

ff̄Z0
g0fV ¼ −Tf

3 sin θB−L − 2Qf sin2 θW sin θB−L þ 2g0
1

g cos θW cos θB−L,

g0fA ¼ −Tf
3 sin θB−L

ZμZ0
νh gZZ0h ¼ 2i½1

4
v cos αfðθB−L; g01Þ − v0 sin αgðθB−L; g01Þ�gμν,

fðθB−L; g01Þ ¼ − sinð2θ0Þðg21 þ g22 þ g021 Þ − 2 cosð2θ0Þg1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g21 þ g22

p
,

gðθB−L; g01Þ ¼ 1
4
sinð2θ0Þg021

ZμZ0
νH gZZ0H ¼ 2i½1

4
v sin αfðθB−L; g01Þ þ v0 cos αgðθB−L; g01Þ�gμν

W−
μ ðp1ÞWþ

ν ðp2ÞZ0
ρðp3Þ gW−WþZ0 ¼ −ig cos θW sin θB−L½ðp1 − p2Þρgμν þ ðp2 − p3Þμgνρ þ ðp3 − p1Þνgρν�
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0
B@

Bμ

W3μ

B0μ

1
CA ¼

0
B@

cos θW − sin θW cos θB−L sin θW sin θB−L
sin θW cos θW cos θB−L − cos θW sin θB−L

0 sin θB−L cos θB−L

1
CA
0
B@

Aμ

Zμ

Z0μ

1
CA; ð9Þ

with − π
4
≤ θB−L ≤ π

4
, such that

tan 2θB−L ¼ 2~g
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2 þ g21

p
~g2 þ 16ðv0vÞ2g021 − g2 − g21

; ð10Þ

and the mass spectrum of the gauge bosons is given by

Mγ ¼ 0;

MW� ¼ 1

2
vg;

MZ ¼ v
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2 þ g21

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

2

�
~g2 þ 16ðv0vÞ2g021

g2 þ g21
þ 1

�
−

~g

sin 2θB−L
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2 þ g21

p
s

;

MZ0 ¼ v
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2 þ g21

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

2

�
~g2 þ 16ðv0vÞ2g021

g2 þ g21
þ 1

�
þ ~g

sin 2θB−L
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2 þ g21

p
s

; ð11Þ

where MZ and MW� are the SM gauge boson masses and
MZ0 is the mass of the new neutral gauge boson Z0, which
strongly depends on v0 and g01. For ~g ¼ 0, there is no mixing
between the new and SM gauge bosons Z0 and Z. In this
case, the Uð1ÞB−L model is called the pure or minimal
Uð1ÞB−L model. In this article we consider the case ~g ≠ 0,
which is mostly determined by the other gauge couplings g1
and g01 [94–96]. The electroweak precision measurement
data can give stringent constraints on the Z − Z0 mixing
angle θB−L expressed in Eq. (10) [97].
In the Lagrangian of the SUð3ÞC × SUð2ÞL ×Uð1ÞY ×

Uð1ÞB−L model, the terms for the interactions between
neutral gauge bosons Z, Z0 and a pair of fermions of the SM
can be written in the form [33,48,49,98–100]

LNC ¼ −ig
cos θW

X
f

f̄ γμ
1

2
ðgfV − gfAγ

5ÞfZμ

þ −ig
cos θW

X
f

f̄ γμ
1

2
ðg0fV − g0fA γ

5ÞfZ0
μ: ð12Þ

From this Lagrangian we determine the expressions for
the new couplings of the Z, Z0 bosons with the SM
fermions, which are given in Table IV. The couplings
gfVðg0fV Þ and gfAðg0fA Þ depend on the Z − Z0 mixing angle
θB−L and the coupling constant g01 of the B − L inter-
action. In these couplings, the current bound on the
mixing angle is jθB−Lj ≤ 10−3 [24]. In the decoupling
limit, when θB−L ¼ 0 and g01 ¼ 0, the couplings of the
SM are recovered.

III. THE DECAY WIDTHS OF THE Z0
BOSON IN THE B−L MODEL

In this section we present the decay widths of the Z0
boson [98,99,101–105] in the context of the B − L model
needed in the calculation of the cross section for the process
eþe− → ντν̄τγ. The decay width of the Z0 boson to fermions
is given by

ΓðZ0 → ff̄Þ ¼ 2GF

3π
ffiffiffi
2

p NcM2
ZMZ0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4M2
f

M2
Z0

s �
ðg0fVÞ2

�
1þ 2

�
M2

f

M2
Z0

��
þ ðg0fAÞ2

�
1 − 4

�
M2

f

M2
Z0

���
; ð13Þ

where Nc is the color factor (Nc ¼ 1 for leptons and Nc ¼ 3 for quarks) and the couplings g0fV and g0fA of the Z0 boson with
the SM fermions are given in Table IV.
The decay width of the Z0 boson to heavy neutrinos is

ΓðZ0 → νhν̄hÞ ¼
g021
24π

sin2θB−LMZ0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
1 −

4M2
νh

M2
Z0

�
3

s
; ð14Þ
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where the width given by Eq. (14) implies that the right-handed neutrino must be lighter than half the Z0 mass, Mνh <
MZ0
2
,

and the conditions under which this inequality holds is for coupled heavy neutrinos, i.e., with a mass less than MZ0
2
. The

possibility of the Z0 heavy boson decaying into pairs of heavy neutrinos is certainty one of its most interesting features.
The Z0 partial decay widths involving vector bosons and the scalar bosons are

ΓðZ0 → WþW−Þ ¼ GFM2
W

24π
ffiffiffi
2

p cos2θWsin2θB−LMZ0

�
MZ0

MZ

�
4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
1 − 4

M2
W

M2
Z0

�
3

s �
1þ 20

M2
W

M2
Z0
þ 12

M4
W

M4
Z0

�
; ð15Þ

ΓðZ0 → ZhÞ ¼ GFM2
ZMZ0

24π
ffiffiffi
2

p ffiffiffiffiffi
λh

p �
λh þ 12

M2
Z

M2
Z0

�
½fðθB−L; g01Þ cos αþ gðθB−L; g01Þ sin α�2; ð16Þ

ΓðZ0 → ZHÞ ¼ GFM2
ZMZ0

24π
ffiffiffi
2

p ffiffiffiffiffiffi
λH

p �
λH þ 12

M2
Z

M2
Z0

�
½fðθB−L; g01Þ sin α − gðθB−L; g01Þ cos α�2; ð17Þ

where

λh;H

�
1;

M2
Z

M2
Z0
;
M2

h;H

M2
Z0

�
¼ 1þ

�
M2

Z

M2
Z0

�
2

þ
�
M2

h;H

M2
Z0

�
2

− 2

�
M2

Z

M2
Z0

�
− 2

�
M2

h;H

M2
Z0

�
− 2

�
M2

Z

M2
Z0

��
M2

h;H

M2
Z0

�
;

fðθB−L; g01Þ ¼
�
1þ v2g021

4M2
Z

�
sinð2θB−LÞ þ

�
vg01
MZ

�
cosð2θB−LÞ;

gðθB−L; g01Þ ¼
�

vv0

4M2
Z

�
g021 sinð2θB−LÞ: ð18Þ

In the B − L model, the heavy gauge boson mass MZ0 satisfies the relation MZ0 ¼ 2v0g01 [48,49,68,69,80,81], and
considering the most recent limit of MZ0

g0
1

≥ 6.9 TeV [93,106,107], it is possible to obtain a direct bound on the B − L

breaking scale v0. In our next numerical calculation, we will take v0 ¼ 3.45 TeV, while α ¼ π
9
for the h −H mixing angle, in

correspondence with Refs. [48,57,58,108].

IV. THE TOTAL CROSS SECTION

In this section we calculate the total cross section for the reaction eþe− → ντν̄τγ. The respective transition amplitudes are
thus given by

M1 ¼
−g2

4cos2θWðl2 −m2
νÞ
½ūðp3ÞΓαðlþmνÞγβðgνv − gνAγ5Þvðp4Þ�

×
ðgαβ − pαpβ=M2

ZÞ
½ðp1 þ p2Þ2 −M2

Z − iMZΓZ�
½ūðp2Þγαðgev − geAγ5Þvðp1Þ�ϵλα; ð19Þ

M2 ¼
−g2

4cos2θWðl02 −m2
νÞ
½ūðp3Þγβðgνv − gνAγ5Þðl0 þmνÞΓαvðp4Þ�

×
ðgαβ − pαpβ=M2

ZÞ
½ðp1 þ p2Þ2 −M2

Z − iMZΓZ�
½ūðp2Þγαðgev − geAγ5Þvðp1Þ�ϵλα; ð20Þ

M3 ¼
−g2

4cos2θWðr2 −m2
νÞ
½ūðp3ÞΓαðrþmνÞγβðg0νv − g0νAγ5Þvðp4Þ�

×
ðgαβ − pαpβ=M2

Z0 Þ
½ðp1 þ p2Þ2 −M2

Z0 − iMZ0ΓZ0 � ½ūðp2Þγαðg0ev − g0eA γ5Þvðp1Þ�ϵλα; ð21Þ
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M4 ¼
−g2

4cos2θWðr02 −m2
νÞ
½ūðp3Þγβðg0νv − g0νA γ5Þðr0 þmνÞΓαvðp4Þ�

×
ðgαβ − pαpβ=M2

Z0 Þ
½ðp1 þ p2Þ2 −M2

Z0 − iMZ0ΓZ0 � ½ūðp2Þγαðg0ev − g0eA γ5Þvðp1Þ�ϵλα; ð22Þ

M5 ¼
e2

ðk2 −m2
eÞ
½ūðp3ÞΓαvðp4Þ�

gαβ
ðp1 þ p2Þ2

½ūðp2ÞγαðkþmeÞγβvðp1Þ�ϵλα; ð23Þ

and

M6 ¼
e2

ðk02 −m2
eÞ
½ūðp3ÞΓαvðp4Þ�

gαβ
ðp1 þ p2Þ2

½ūðp2Þγβðk0 þmeÞγαvðp1Þ�ϵλα; ð24Þ

where the most general expression for the tau neutrino electromagnetic vertex consistent with Lorentz and electromagnetic
gauge invariance may be parametrized in terms of four form factors:

Γα ¼ eF1ðq2Þγα þ
ie

2mντ

F2ðq2Þσαμqμ þ eF3ðq2Þγ5σαμqμ þ eF4ðq2Þγ5ðγμq2 − qqμÞ; ð25Þ

where e is the charge of the electron,mντ is the mass of the tau neutrino, qμ is the photon momentum, and F1;2;3;4ðq2Þ are the
electromagnetic form factors of the neutrino, corresponding to the charge radius, MM, EDM, and anapole moment,
respectively, at q2 ¼ 0 [15,109–114], while ϵλα is the polarization vector of the photon. l; rðkÞ and l0, r0ðk0Þ stand for the
momentum of the virtual neutrino (electron) and antineutrino (positron), respectively. The form factors corresponding to the
charge radius and the anapole moment do not concern us here.
The MM and EDM give a contribution to the total cross section for the process eþe− → ντν̄τγ of the form

σTotðeþe− → ντν̄τγÞ ¼
Z

α2

96π
ðκ2μ2B þ d2ντÞ

×

�
4

�ðgevÞ2 þ ðgeAÞ2
x2Wð1 − xWÞ2

��ððgνvÞ2 þ ðgνAÞ2Þðs − 2
ffiffiffi
s

p
EγÞ þ ðgνAÞ2E2

γsin2θγ
ðs −M2

ZÞ2 þM2
ZΓ2

Z

�
:

þ 4

�ðg0ev Þ2 þ ðg0eA Þ2
x2Wð1 − xWÞ2

��ððg0νv Þ2 þ ðg0νA Þ2Þðs − 2
ffiffiffi
s

p
EγÞ þ ðg0νA Þ2E2

γsin2θγ
ðs −M2

Z0 Þ2 þM2
Z0Γ2

Z0

�
:

þ 32

�
s − 2

ffiffiffi
s

p
Eγ þ 2E2

γ − E2
γsin2θγ

sE2
γsin2θγ

�

þ 6

�ðgevg0ev þ geAg
0e
A Þ

x2Wð1 − xWÞ2
�� ðs −M2

ZÞðs −M2
Z0 Þ þMZMZ0ΓZΓZ0

½ðs −M2
ZÞ2 þM2

ZΓ2
Z�½ðs −M2

Z0 Þ2 þM2
Z0Γ2

Z0 �
�
:

× ½ðgevg0ev þ geAg
0e
A Þðs − 2

ffiffiffi
s

p
EγÞ þ ðgνAg0νA ÞE2

γsin2θγ�
�
EγdEγd cos θγ; ð26Þ

where xW ≡ sin2 θW , and Eγ and cos θγ are the energy and
opening angle of the emitted photon.
The expression given in Eq. (26) corresponds to the total

cross section with the exchange of the Z, Z0, γ bosons. The
SM expression for the cross section of the reaction eþe− →
ντν̄τγ can be obtained in the decoupling limit when
θB−L ¼ 0, g01 ¼ 0, and α ¼ 0. In this case, the terms that
depend on θB−L, g01 and α in Eq. (26) are zero, and Eq. (26)
is reduced to the expression given in Ref. [14] for the
Standard Model minimally extended to include massive
Dirac neutrinos.

V. RESULTS AND CONCLUSIONS

In order to evaluate the integral of the total cross section
as a function of the parameters of the model (that is to say,
μντ and dντ ), we require cuts on the photon angle and
energy to avoid divergences when the integral is evaluated
at the important intervals of each experiment. We integrate
over θγ from 44.5° to 135.5° and Eγ from 15 to 100 GeV.
We use the following values for numerical computation
[24]: sin2 θW ¼ 0.23126� 0.00022, mτ ¼ 1776.82�
0.16 MeV, mb ¼ 4.6� 0.18 GeV, mt ¼ 172� 0.9 GeV,
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MW� ¼ 80.389� 0.023 GeV, MZ ¼ 91.1876�
0.0021 GeV, ΓZ ¼ 2.4952� 0.0023 GeV, Mh ¼ 125�
0.4 GeV, and MH ¼ 500 GeV. Considering the most
recent limit from Refs. [93,106,107],

MZ0

g01
≥ 6.9 TeV; ð27Þ

it is possible to obtain a direct bound on the B − L
breaking scale v0 and take v0 ¼ 3.45 TeV and α ¼ π

9
. In

our numerical analysis, we obtain the total cross section

σTot ¼ σTotðμντ ; dντ ;
ffiffiffi
s

p
;MZ0 ; g01; θB−L; αÞ. Thus, in our

numerical computation, we will assume that
ffiffiffi
s

p
, MZ0 ,

g01, θB−L, and α are free parameters.
As was discussed in Refs. [14,39,115,116], N ≈

σTotðμντ ; dντ ;
ffiffiffi
s

p
;MZ0 ; g01; θB−L; αÞL, where N ¼ NB þffiffiffiffiffiffiffi

NB
p

is the total number of eþe− → ντν̄τγ events expected
at the 1σ, 2σ, and 3σ levels (as mentioned in the
Introduction) and L ¼ 500 − 2000 fb−1 according to the

TABLE V. Bounds on the magnetic moment μντ and electric dipole moment dντ for
ffiffiffi
s

p ¼ 1000, 2000, 3000 GeV
and L ¼ 500, 1000, 2000 fb−1 at 1σ, 2σ, and 3σ.

L ¼ 500, 1000, 2000 fb−1ffiffiffi
s

p ¼ 1000 GeV; MZ0 ¼ 1000 GeV, g01 ¼ 0.145

C.L. jμντ ðμBÞj jdντðecmÞj
1σ ð3.11; 2.20; 1.55Þ × 10−8 ð6.01; 4.25; 3.00Þ × 10−19

2σ ð3.53; 2.50; 1.76Þ × 10−8 ð6.82; 4.82; 3.41Þ × 10−19

3σ ð 3.91; 2.75; 1.95Þ × 10−8 ð7.55; 5.34; 3.77Þ × 10−19ffiffiffi
s

p ¼ 2000 GeV; MZ0 ¼ 2000 GeV, g01 ¼ 0.290

C.L. jμντ ðμBÞj jdντðecmÞj
1σ ð1.51; 1.07Þ × 10−8, 7.57 × 10−9 ð2.92; 2.06; 1.46Þ × 10−19

2σ ð1.72; 1.21Þ × 10−8, 8.60 × 10−9 ð3.31; 2.34; 1.65Þ × 10−19

3σ ð1.90; 1.34Þ × 10−8, 9.52 × 10−9 ð3.67; 2.59; 1.83Þ × 10−19ffiffiffi
s

p ¼ 3000 GeV; MZ0 ¼ 3000 GeV, g01 ¼ 0.435

C.L. jμντ ðμBÞj jdντðecmÞj
1σ 1.00 × 10−8, ð7.07; 5.00Þ × 10−9 ð1.93; 1.36Þ × 10−19, 9.65 × 10−20

2σ 1.13 × 10−8, ð8.03; 5.68Þ × 10−9 ð2.19; 1.55; 1.09Þ × 10−19

3σ 1.25 × 10−8, ð8.89; 6.28Þ × 10−9 ð2.42; 1.71; 2.21Þ × 10−19

TABLE VI. Bounds on the magnetic moment μντ and electric dipole moment dντ for
ffiffiffi
s

p ¼ 1000, 2000, 3000 GeV
and L ¼ 500, 1000, 2000 fb−1 at 1σ, 2σ, and 3σ.

L ¼ 500, 1000, 2000 fb−1ffiffiffi
s

p ¼ 1000 GeV

C.L. jμντ ðμBÞj jdντðecmÞj
1σ ð2.22; 1.57; 1.11Þ × 10−7 ð4.29; 3.03; 2.14Þ × 10−18

2σ ð2.52; 1.78; 1.26Þ × 10−7 ð4.87; 3.44; 2.43Þ × 10−18

3σ ð2.79; 1.97; 1.39Þ × 10−7 ð5.39; 3.81; 2.69Þ × 10−18ffiffiffi
s

p ¼ 2000 GeV

C.L. jμντ ðμBÞj jdντðecmÞj
1σ 1.08 × 10−7, ð7.64; 5.40Þ × 10−8 ð2.08; 1.47; 1.04Þ × 10−18

2σ 1.22 × 10−7, ð8.68; 6.14Þ × 10−8 ð2.36; 1.67; 1.18Þ × 10−18

3σ 1.35 × 10−7, ð9.61; 6.79Þ × 10−8 ð2.62; 1.85; 1.31Þ × 10−18ffiffiffi
s

p ¼ 3000 GeV

C.L. jμντ ðμBÞj jdντðecmÞj
1σ ð7.14; 5.05; 3.57Þ × 10−8 1.37 × 10−18, ð9.74; 6.88Þ × 10−19

2σ ð8.11; 5.73; 4.05Þ × 10−8 ð1.56; 1.10Þ × 10−18, 7.82 × 10−19

3σ ð8.97; 6.34; 4.48Þ × 10−9 ð1.73; 1.22Þ × 10−18, 8.65 × 10−19
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data reported by the ILC and CLIC [59,65]. Taking this into
consideration, we can obtain a limit for the tau neutrino
magnetic moment with dντ ¼ 0.
As an indicator of the order of magnitude of the dipole

moments, we present the bounds obtained for the magnetic
moment μντ and electric dipole moment dντ in Table V
for several center-of-mass energies (

ffiffiffi
s

p ¼ 1000, 2000,
3000 GeV), integrated luminosities (L ¼ 500, 1000,
2000 fb−1), and heavy gauge boson masses (MZ0 ¼ 1000,
2000, 3000GeV)withg01 ¼ 0.145, 0.290, 0.435 at1σ,2σ, and
3σ, respectively. It isworthmentioning that thevalues reported
in Table V for the dipole moments are determined while
preserving the relationship between MZ0 and g01 given in
Eq. (27). This relationship will always hold throughout the
article.Weobserve that the resultsobtained inTableVarebetter
than those reported in the literature [14–18,26–34,38,39].
The previous analysis and comments can readily be

translated to the EDM of the τ neutrino with μντ ¼ 0. The
resulting limits for the EDM as a function of

ffiffiffi
s

p
, MZ0 , and

g01 are shown in Table V.

In the case of the minimally extended SM [14], i.e., in the
decoupling limit when θB−L ¼ 0, g01 ¼ 0, and α ¼ 0, the
bounds generated for the dipole moments are given in
Table VI. These bounds are weaker than those obtained
with the Uð1ÞB−L model.
The vector and axial-vector eþe−Z couplings geV and geA,

which depend on g01 and θB−L, are given in Table IV. To see
the dependence of geV and geA on the parameters of the

model, we plot the relative corrections δgeV
ðgeVÞSM ¼ ðgeVÞB−L−ðgeV ÞSM

ðgeVÞSM
and δgeA

ðgeAÞSM ¼ ðgeAÞB−L−ðgeAÞSM
ðgeAÞSM as functions of ðg01; θB−LÞ in

Fig. 2. From the top panel, we can see that the absolute

value of the relative correction δgeV
ðgeVÞSM increases when the

parameter g01 increases and is almost independent of the

mixing angle θB−L. However, the absolute value of
δgeV

ðgeV ÞSM is

in the range 10–70% in most of the parameter space. In the

FIG. 2. Top panel: The relative correction δgeV
ðgeV ÞSM as a function of

ðg01; θB−LÞ. Bottom panel: The relative correction
δgeA

ðgeAÞSM as a

function of ðg01; θB−LÞ.

FIG. 3. Top panel: The Z0 width as a function of MZ0 for fixed
values of g01. Bottom panel: The Z0 width as a function of g01 for
fixed values of MZ0 .
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bottom panel, we present the relative correction δgeA
ðgeAÞSM as a

function of g01 and θB−L. Here it is shown that the absolute

value of δgeA
ðgeAÞSM increases when the parameter g01 increases

and is almost independent of the mixing angle θB−L. For

g01 ¼ 1, the absolute value of δgeA
ðgeAÞSM is around 4%. We find

that the relative change in geV is much greater than that for
geA for the values of the free parameters g01 and θB−L near the
end points. We conclude that the deviations of the cou-
plings geV and geA from their SM values are relatively large in
the parameter space ðg01; θB−LÞ.
In Fig. 3 we present the total decay width of the Z0 boson

as a function of MZ0 and the new Uð1ÞB−L gauge coupling
g01, respectively, with the other parameters held fixed to

three different values and θB−L ¼ 10−3. From the top panel,
we see that the total width of the Z0 new gauge boson varies
from a few to hundreds of GeV over the mass range
1000 GeV ≤ MZ0 ≤ 3500 GeV, depending on the value of
g01, when g01 ¼ 0.145, 0.290, 0.435, respectively. In the
bottom panel, a similar behavior is obtained in the range
0 ≤ g01 ≤ 1 and depends on the value ofMZ0 ¼ 1000, 2000,
3000 GeV. In both panels a clear dependence is observed
on the parameters of the Uð1ÞB−L model.
Figure 4 shows the total cross section for eþe− → ντν̄τγ

as a function of the center-of-mass energy
ffiffiffi
s

p
and

different values representative of the magnetic moment
that have been reported in the literature, that is, μντ ¼ 3.3×
10−6μBðL3Þ; 5.4 × 10−7μB½BEBC ðCERNÞ�, and 2.75 ×
10−8μB (Table V) with MZ0 ¼ 3000GeV and g01 ¼ 0.435.
Starting from a center-of-mass energy of the order of the Z
mass, a minimum around

ffiffiffi
s

p ≃ 100 GeV occurs due to the
SM Z-boson resonance tail on the high energies. For
different values of the parameter μντ the shapes of the
curves do not change and there is only a shift that depends
on the value of the magnetic moment.
The dependence of the sensitivity limits of the magnetic

moment μντ with respect to the collider luminosity L
for three different values of the center-of-mass energy,ffiffiffi
s

p ¼ 1000, 2000, 3000 GeV, heavy gauge boson mass
of MZ0 ¼ 1000, 2000, 3000 GeV, and g01 ¼ 0.145, 0.290,
0.435, respectively, is presented in Fig. 5. The figure clearly
shows a strong dependence of μντ with respect to L and the
parameters of the Uð1ÞB−L model. In addition, the spacings
between the curves are broader for larger g01 values, as the
total width of the Z0 boson increases with g01, as shown in
Fig. 3. Finally, in order to see how the total cross section
eþe− → ντν̄τγ changes with respect to the dipole moments
μντ and dντ , a three-dimensional plot is shown in Fig. 6. In
this figure we consider MZ0 ¼ 3000 GeV and g01 ¼ 0.435
in correspondence with Eq. (27).

FIG. 4. The curves show the shape of eþe− → ντν̄τγ as a
function of center-of-mass energy and for different values of the
μντ magnetic moment.

FIG. 5. Dependence of the sensitivity limits at 95% C.L. for the
anomalous magnetic moment for three different values of MZ0

and g01 in the process eþe− → ντν̄τγ.

FIG. 6. The surface shows the shape for the cross section of the
process eþe− → ντν̄τγ as a function of the magnetic moment μντ
and the electric dipole moment dντ .
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It is worth mentioning that by reversing the process, we
can obtain specific predictions on the Uð1ÞB−L models from
the expression of the scattering cross section of the process
eþe− → ντν̄τγ. Predictions about the models can be obtained
by using the upper bound on the ντ magnetic moment
reported in the literature by the L3 Collaboration as an input,
which maximizes the total cross section, namely, μντ ¼
3.3 × 10−6μB (90% C.L.) [39], and using the data obtained
by the ALEPH Collaboration σ ¼ ð3.09� 0.234Þ pb
[117,118] for the cross section, where the error is statistical.
In conclusion, we have found that the process eþe− →

ντν̄τγ in the context of the Standard Model minimally
extended to include massive Dirac neutrino at the high
energies and luminosities expected at the ILC/CLIC col-
liders can be used to probe for bounds on the magnetic
moment μντ and electric dipole moment dντ . In particular,
we can appreciate that the 95% C.L. sensitivity limits
expected for the magnetic moment at 1000–3000 GeV
center-of-mass energies already can provide proof of these
bounds of order 10−8 − 10−9, that is to say, 2–3 orders of
magnitude better than those reported in the literature; see
Table II and Refs. [14–24,26–33,33,34]. Our results in
Table V compare favorably with the limits obtained by the
L3 Collaboration [39], and with other limits reported in the
literature [14–18,26–34,38,39].
In the case of the electric dipole moment the 95% C.L.

sensitivity limits at 1000–3000 GeV center-of-mass

energies and integrated luminosities of 2000 fb−1 can
provide proof of these bounds of order 10−19 − 10−20, that
is to say, they are improved by 2–3 orders of magnitude
compared to those reported in the literature; see Table III
and Refs. [19–24,26,27,29,30].
The above results do not appear outside the realm of

detection in future experiments with improved sensitivity. In
addition, the analytical and numerical results for the cross
section could be of relevance for the scientific community.
Further, the results above could have possible astrophysical
implications. In this regard, the stellar energy loss rate data
have been used to put constraints on the properties and
interaction of light particles [119–122]. In addition, one of
the most interesting possibilities to use stars as particle
physics laboratories [123,124] is to study the backreaction
of the novel energy loss rates implied by the existence of new
low-mass particles such as axions [125,126], or by non-
standard neutrino properties such as the magnetic moment
and electric dipole moment [10,11,127–129]. Our study
complements other studies on the dipole moments of the tau
neutrino at hadron and eþe− colliders.
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