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To improve the theoretical prediction of the anomalous dipole moments of the τ-neutrino, we have
carried out a study through the processes eþe− → ðγ; ZÞ → ντν̄τγ and γe− → τν̄τνe, which represent an
excellent and useful option in determination of these anomalous parameters. Furthermore, we consider the
effective Lagrangian formalism which induces contributions to the dipole moments of the tau-neutrino.
To study the potential of the processes eþe− → ðγ; ZÞ → ντν̄τγ and γe− → τν̄τνe we apply a future high-
energy and high-luminosity linear electron-positron collider, such as the CLIC, with

ffiffiffi
s

p ¼ 380, 1500,
3000 GeV and L ¼ 10, 50, 100, 200, 500, 1000, 1500, 2000, 3000 fb−1, and we consider systematic
uncertainties of δsys ¼ 0%, 5%, 10%. Furthermore, we including initial state radiation plus beamstrahlung
effects. With these elements, we present a comprehensive and detailed sensitivity study on the total cross
section of the processes eþe− → ðγ; ZÞ → ντν̄τγ and γe− → τν̄τνe, as well as on the dipole moments κ̃ντ and

d̃ντ at the 95% C.L., showing the feasibility of such processes at the CLIC at the eþe− and γe− modes with
unpolarized and polarized electron-positron beams.

DOI: 10.1103/PhysRevD.98.095013

I. INTRODUCTION

The magnetic and electric dipole moments of the
neutrino (νMM) and (νEDM) are one of the most sensitive
probes of physics beyond the Standard Model (BSM).
On this topic, in the original formulation of the Standard
Model (SM) [1–3] neutrinos are massless particles with
zero νMM. However, in the minimally extended SM
containing gauge-singlet right-handed neutrinos, the
νMM induced by radiative corrections is unobservably
small, μν¼3eGFmνi=ð8

ffiffiffi
2

p
π2Þ≃3.1×10−19ðmνi=1 eVÞμB,

where μB ¼ e=2me is the Bohr magneton [4,5]. Present
experimental limits on these νMM are several orders of
magnitude larger, so that a MM close to these limits would
indicate a window for probing effects induced by new

physics BSM [6]. Similarly, a νEDMwill also point to new
physics and will be of relevance in astrophysics and
cosmology, as well as terrestrial neutrino experiments [7].
A fundamental challenge of the particle physics com-

munity is to determine the Majorana or Dirac nature of the
neutrino. Responding to this challenge, experimentalists
are exploring different reactions where the Majorana nature
may manifest [8]. About this topic, the study of neutrino
magnetic moments is, in principle, a way to distinguish
between Dirac and Majorana neutrinos since the Majorana
neutrinos can only have flavor changing, transition mag-
netic moments while the Dirac neutrinos can only have
flavor conserving one.
Another fundamental challenge posed by the scientific

community is the following: are the laws of physics the
same for matter and antimatter, or are matter and antimatter
intrinsically different? It is possible that the answer to this
problem may hold the key to solving the mystery of the
matter-dominated Universe. Sakharov proposed a solution
to this problem [9], and this proposal requires the violation
of a fundamental symmetry of nature: the CP symmetry.
The study of CP violation addresses this problem, as well
as many other predicted for the SM. The SM predict CP
violation, which is necessary for the existence of the
electric dipole moments (EDM) of a variety physical
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systems. The EDM provides a direct experimental probe of
CP violation [10–12], a feature of the SM and beyond SM
physics. The signs of new physics can be analyzed by
investigating the electromagnetic dipole moments of the
tau-neutrino, such as its MM and EDM. In recent years, the
ντEDM received much attention because the experimental
sensitivity is expected to improve considerably in the
future. Precise measurement of the ντEDM is an important
probe of CP violation.
In the case of the νeMM and νμMM, the best current

sensitivity limits are derived from reactor neutrino experi-
ment GEMMA [13] and of the liquid scintillator neutrino
detector (LSND) experiment [14], respectively. The
obtained sensitivity limits are [13,14]

μexpνe ¼ 2.9 × 10−11μB; 90% C:L: ½GEMMA�; ð1Þ

μexpνμ ¼ 6.8 × 10−10μB; 90% C:L: ½LSND�; ð2Þ

these limits are 8–9 orders of magnitude weaker than the
SM prediction.
For the electric dipole moments dνe;νμ [15] the best

bounds are

dνe;νμ < 2 × 10−21ðe cmÞ; 95% C:L: ð3Þ

For the tau-neutrino, the bounds on their dipole moments
are less restrictive, and therefore it is worth investigating
in a deeper way their electromagnetic properties. The
τ-neutrino corresponds to the more massive third gener-
ation of leptons and possibly possesses the largest mass and
the largest magnetic and electric dipole moments.
Table I of Ref. [16] summarizes the current experimental

and theoretical bounds on the anomalous dipole moments
of the tau-neutrino. The present experimental bounds on the
ντMM have been reported by different experiments at
Borexino [17], E872 (DONUT) [18], CERN-WA-066
[19], and at LEP [20]. In addition, other limits on the
ντMM and ντEDM in different contexts are reported in
Refs. [21–42].
A central goal of the physics program of the future lepton

colliders is to complement the Large Hadron Collider
(LHC) results and also search for clues in BSM. The
lepton colliders are designed to study the properties of the
new particles and the interactions they might undergo
according to the vast amount of theories. Furthermore,
the lepton colliders compared to the LHC have a cleaner
background, and it is possible to extract the new physics
signals from the background more easily. In this regard,
there is currently an ongoing effort for the project named
the Compact Linear Collider (CLIC) [43–45]. When it is
constructed and enters into operation, the eþe−, γe− and γγ
collision modes will be studied. The CLIC will be a multi-
TeV collider and will be operated in three energy stages,
corresponding to center-of-mass energies

ffiffiffi
s

p ¼ 380, 1500,

3000 GeV, and it is an ideal machine to study new
physics BSM.
Motivated by the extensive physical program of the

CLIC, we conduce a comprehensive study to probe the
sensitivity of the processes eþe− → ðγ; ZÞ → ντν̄τγ and
γe− → τν̄τνe to the total cross section, the MM and the
EDM of the tau-neutrino in a model-independent way.
For the study, the beam polarization facility at the CLIC
along with the typical center-of-mass energies

ffiffiffi
s

p ¼ 380,
1500, 3000 GeV and integrated luminosities L ¼ 10, 50,
100, 300, 500, 1000, 1500, 2000, 3000 fb−1 are considered.
In addition, we estimate the sensitivity at the 95% C.L. and
systematic uncertainties δsys ¼ 0%, 5%, 10% on the dipole
moments of the τ-neutrino. It is shown that the processes
under consideration eþe− → ðγ; ZÞ → ντν̄τγ and γe− →
τν̄τνe are a good prospect for studying the dipole moments
of the tau-neutrino at the CLIC. Furthermore, our study
illustrates the complementarity between CLIC and other
eþe− and pp colliders in probing extensions of the SM, and
shows that the CLIC at high energy and high luminosity
provides a powerful means to sensitivity estimates for the
electromagnetic dipole moments of the tau-neutrino.
This article is organized as follows. In Sec. II, we study

the total cross section and the dipole moments of the tau-
neutrino through the processes eþe− → ðγ; ZÞ → ντν̄τγ
and γe− → τν̄τνe with unpolarized and polarized beams.
Section III is devoted to our conclusions.

II. THE TOTAL CROSS SECTION OF THE
PROCESSES e + e− → ντν̄τγ AND γe− → τν̄τνe

AND DIPOLE MOMENTS

A. Electromagnetic vertex ντν̄τγ

Theoretically the electromagnetic properties of neutrinos
best studied and well understood are the MM and the EDM.
Despite that the neutrino is a neutral particle, neutrinos can
interact with a photon through loop (radiative) diagrams.
However, a convenient way of studying its electromagnetic
properties on a model-independent way is through the
effective neutrino-photon interaction vertex which is
described by four independent form factors. The most
general expression for the vertex of interaction ντν̄τγ is
given in Refs. [46–48]. For the study of the MM and the
EDM of the tau-neutrino, we are following a focusing
as that performed in our previous works [16,21–25,27,
28,30–32,35,36] with

Γα ¼ eF1ðq2Þγα þ
ie

2mντ

F2ðq2Þσαμqμ

þ e
2mντ

F3ðq2Þγ5σαμqμ

þ eF4ðq2Þγ5
�
γα −

=qqα

q2

�
; ð4Þ
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where e is the electric charge of the electron, mντ is the
mass of the tau-neutrino, qμ is the photon momentum, and
F1;2;3;4ðq2Þ are the four electromagnetic form factors of the
neutrino. In general the F1;2;3;4ðq2Þ are independent form
factors, and they are not physical quantities, but in the limit
q2 → 0 they are quantifiable and related to the static
quantities corresponding to charge radius, MM, EDM
and anapole moment (AM) of the Dirac neutrinos, respec-
tively [38,49–54]. In this paper we study the anomalous
MM (μντ ¼ κντμB) and the EDM (dντ ) of the tau-neutrino,
which are defined in terms of the F2ðq2¼0Þ and F3ðq2¼0Þ
independent form factor as follows:

κντ ¼
�
me

mντ

�
F2ð0Þ; ð5Þ

dντ ¼
�

e
2mντ

�
F3ð0Þ; ð6Þ

as we mentioned above. The form factors corresponding
to charge radius and the anapole moment are not considered
in this paper.

B. The effective Lagrangian and gauge-invariant
operators of dimension six

The effective Lagrangian formalism has been utilized
extensively for parametrizing new physics BSM in many
processes of particle physics. This technique provides a
model-independent parametrization of any new physics
characterized by higher dimension operators.
The vertex of electromagnetic interaction ντν̄τγ given by

Eq. (4) is parametrized in terms of four form factors, with
Lorentz invariance and electromagnetic gauge invariance.
However, this vertex does not represent the gauge-invariant
interaction with respect to the SM gauge group. In this
regard, we present gauge-invariant operators of dimension
six leading to electromagnetic vertex (4).
The corresponding effective Lagrangian to parametrize

deviations from the SM for the anomalous νν̄γ coupling is
written in the following form:

Leff ¼ LSM þ
X
n

αi
Λ2

On; ð7Þ

where Leff is the effective Lagrangian which contains
operators of increasing dimension that are built with the
SM fields, LSM is the renormalizable SM Lagrangian, the
coefficients αi depend on the fundamental physics, Λ is
the new physics scale and On represents the operator basis
composed of the SM fields content, that is to say gauge
bosons, Higgs doublets, and fermionic fields. Thus the
relevant operators involving the anomalous vertices νν̄γ
which arise from the dimension six effective operators
[55–57] are

OνlB ¼ L̄σμννlRΦ̃Bμν; ð8Þ

OνlW ¼ L̄σμνσνlRΦ̃Wμν; ð9Þ

and

ÕνlB ¼ L̄σμνiγ5νlRΦ̃Bμν; ð10Þ

ÕνlW ¼ L̄σμνiγ5σνlRΦ̃Wμν; ð11Þ

for the ντMM and ντEDM, respectively. These operators
preserve the SUð2ÞL ×Uð1ÞY gauge symmetry of the SM.
In Eqs. (8)–(11), Φ̃ and L are the Higgs and the left-handed
SUð2ÞL doublets which contain νl, σ is the Pauli matrices,
and Bμν and Wμν are the Uð1ÞY and SUð2ÞL gauge field
strength tensors.
The effective Lagrangian for examined deviations of the

τ-neutrino dipole moments from the SM values is given by

Leff ¼
X
f

�
αfB
Λ2

OB þ αW
Λ2

OW

�

þ
X
f

�
α̃fB
Λ2

ÕfB þ α̃fW
Λ2

ÕfW

�
: ð12Þ

After the spontaneous electroweak symmetry breaking
the effective Lagrangian given in Eq. (12) induces con-
tributions to the anomalous magnetic moment κντ and the
electric dipole moment dντ of the tau-neutrino as follows:

κ̃ντ ¼
2

ffiffiffi
2

p
mντ

ve
ðcos θWϵνB þ sin θWϵνWÞ; ð13Þ

d̃ντ ¼ −
ffiffiffi
2

p

v
ðcos θW ϵ̃νB þ sin θW ϵ̃νWÞ; ð14Þ

where

ϵνB ¼ ανB
v2

Λ2
; ð15Þ

ϵνW ¼ ανW
v2

Λ2
; ð16Þ

ϵ̃νB ¼ α̃νB
v2

Λ2
; ð17Þ

ϵ̃νW ¼ α̃νW
v2

Λ2
; ð18Þ

with v2 ≃ ð246 GeVÞ2 and θW is the weak mixing angle.
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C. The total cross section of the process e+ e − → ντν̄τγ
beyond the SM with unpolarized electron-positron

beams at the CLIC

The CLIC physics program [43–45] is very broad and
rich which complements the physics program of the LHC.
Furthermore, it provides a unique opportunity to study
eþe−, γγ and γe− interactions with high energy and high
luminosity.
The corresponding Feynman diagrams for the signal

eþe− → ðγ; ZÞ → ντν̄τγ are given in Fig. 1. The total
cross section of the process eþe− → ντν̄τγ with unpolarized
electron-positron beams is computed using the CALCHEP
3.6.30 [58] package, which can compute the Feynman
diagrams, integrating over multiparticle phase space and
event simulation. Furthermore, in order to select the events
we implement the standard isolation cuts, compatibly with
the detector resolution expected at CLIC:

Cut-1∶ pν
T > 150 GeV;

Cut-2∶ jηγj < 2.37;

Cut-3∶ pγ
T > 150 GeV; ð19Þ

we apply these cuts to reduce the background and to
optimize the signal sensitivity. In Eq. (19), pν

T is the
transverse momentum of the final state neutrinos, ηγ is
the pseudorapidity and pγ

T is the transverse momentum
of the photon. The outgoing particles are required to satisfy
these isolation cuts.
Formally, the eþe− → ðγ; ZÞ → ντν̄τγ cross section can

be split into two parts:

σ ¼ σBSM þ σ0; ð20Þ

where σBSM is the contribution due to BSM physics, which,
in our case comes from the anomalous vertex ντν̄τγ, while

σ0 is the SM prediction. The analytical expression for the
squared amplitudes is quite lengthy so we do not present it
here. Following the form of Eq. (20), we present numerical
fit functions for the total cross section with respect to
center-of-mass energy, with unpolarized electron-positron
beams and in terms of the independent factors κ̃ντðd̃ντÞ.

(i) For
ffiffiffi
s

p ¼ 380 GeV:

σðκ̃ντÞ ¼ ½ð2.68 × 1011Þκ̃4ντ þ ð1.97 × 104Þκ̃2ντ
þ 0.041�ðpbÞ;

σðd̃ντÞ ¼ ½ð2.68 × 1011Þd̃4ντ þ ð1.97 × 104Þd̃2ντ
þ 0.041�ðpbÞ: ð21Þ

(ii) For
ffiffiffi
s

p ¼ 1.5 TeV:

σðκ̃ντÞ ¼ ½ð3.32 × 1013Þκ̃4ντ þ ð5.13 × 105Þκ̃2ντ
þ 0.012�ðpbÞ;

σðd̃ντÞ ¼ ½ð3.32 × 1013Þd̃4ντ þ ð5.13 × 105Þd̃2ντ
þ 0.012�ðpbÞ: ð22Þ

(iii) For
ffiffiffi
s

p ¼ 3 TeV:

σðκ̃ντÞ ¼ ½ð1.49 × 1014Þκ̃4ντ þ ð9.70 × 105Þκ̃2ντ
þ 0.003�ðpbÞ;

σðd̃ντÞ ¼ ½ð1.49 × 1014Þd̃4ντ þ ð9.70 × 105Þd̃2ντ
þ 0.003�ðpbÞ: ð23Þ

It is worth mentioning that in Eqs. (21)–(23), the
coefficients of κ̃ντðd̃ντÞ give the anomalous contribution,
while the independent terms of κ̃ντðd̃ντÞ correspond to the
cross section at κ̃ντ ¼ d̃ντ ¼ 0 and represent the SM total
cross-section magnitude.

D. Sensitivity estimates on the κ̃ντ and d̃ντ
with unpolarized electron-positron beams

Based on the formulas given by Eqs. (21)–(23), we make
model-independent sensitivity estimates for the total cross
section of the signal σðeþe− → ντν̄τγÞ ¼ σð ffiffiffi

s
p

; κ̃ντ ; d̃ντÞ,
as well as for the κ̃ντ and d̃ντ at the CLIC. To carry out this
task, we consider the acceptance cuts given in Eq. (19)
and we take into account the systematic uncertainties
δsys ¼ 0%, 5%, 10% for the collider. In addition to
sensitivity estimates on the parameters of the process
eþe− → ντν̄τγ, we use the χ2 function [16,42,59–64]

χ2 ¼

0
B@σSM − σð ffiffiffi

s
p

; κ̃ντ ; d̃ντÞ
σSM

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðδstÞ2 þ ðδsysÞ2

q
1
CA

2

; ð24Þ
FIG. 1. The Feynman diagrams for the process eþe− →
ðγ; ZÞ → ντν̄τγ.
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where σð ffiffiffi
s

p
; κ̃ντ ; d̃ντÞ is the total cross section including

contributions from the SM and new physics, δst ¼ 1ffiffiffiffiffiffiffi
NSM

p is

the statistical error and δsys is the systematic error. The
number of events is given by NSM ¼ Lint × σSM, where Lint
is the integrated CLIC luminosity.
As stated in the Introduction, to carry out our study we

considered the typical center-of-mass energies
ffiffiffi
s

p ¼ 380,
1500, 3000 GeV and integrated luminosities L ¼ 10, 50,
100, 300, 500, 1000, 1500, 2000, 3000 fb−1 of the CLIC.
We report in Figs. 2 and 3 the sensitivity on the signal

cross section eþe− → ðγ; ZÞ → ντν̄τγ at the CLIC as a
function of the factors κ̃ντðd̃ντÞ and for different center-of-
mass energies

ffiffiffi
s

p ¼ 380, 1500, 3000 GeV. Clearly the total
cross section is dominant for

ffiffiffi
s

p ¼ 3000 GeV and for large
values of the factors κ̃ντðd̃ντÞ, and decreases as κ̃ντðd̃ντÞ
tends to zero, recovering the value of the SM as shown
in Eq. (23).
Sensitivity contours at the 95% C.L. in the κ̃ντ − d̃ντ

plane for the signal eþe− → ντν̄τγ with center-of-mass
energies

ffiffiffi
s

p ¼ 380, 1500, 3000 GeV and luminosities

L ¼ 10, 100, 500, 1500, 3000 fb−1 are given in
Figs. 4–6. As highlighted in Fig. 6, the three most sensitive
contours for κ̃ντ and d̃ντ are the corresponding ones for
high energy and high luminosity of

ffiffiffi
s

p ¼ 3000 GeV and
L ¼ 3000 fb−1.
As a final result on our sensitivity analysis, we stress

the sensitivity estimates on the κ̃ντ and d̃ντ via the channel
eþe− → ντν̄τγ for

ffiffiffi
s

p ¼ 380, 1500, 3000 GeV, L ¼ 10, 50,
100, 300, 500, 1000, 1500, 2000, 3000 fb−1, δsys ¼ 0%,
5%, 10% at 90% C.L. and 95% C.L. We show our results in

FIG. 2. The total cross sections of the process eþe− → ντν̄τγ as
a function of κ̃ντ for center-of-mass energies of

ffiffiffi
s

p ¼ 380, 1500,
3000 GeV.

d

(
)

FIG. 3. Same as in Fig. 2, but for d̃ντ.

FIG. 4. Sensitivity contours at the 95% C.L. in the κ̃ντ − d̃ντ
plane for the process eþe− → ντν̄τγ with the δsys ¼ 0% and for
center-of-mass energy of

ffiffiffi
s

p ¼ 380 GeV.

FIG. 5. Same as in Fig. 4, but for
ffiffiffi
s

p ¼ 1500 GeV.
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Tables I–III, where the better sensitivity on the dipole
moments of the τ-neutrino projected for the CLIC are forffiffiffi
s

p ¼ 3000 GeV andL ¼ 3000 fb−1: jκ̃ντ j ¼ 2.103 × 10−7

and jd̃ντðe cmÞj ¼ 4.076 × 10−18 at 90% C.L.

E. The total cross section of the process e+ e − → ντν̄τγ
beyond the SM with polarized electron-positron

beams at the CLIC

Another option for a sensitivity study of the total
production of the channel eþe− → ντν̄τγ, in addition to

the dipole moments of the tau-neutrino is the electron-
positron beams polarization facility at the CLIC. The
possibility of using polarized electron and positron
beams can constitute a strong advantage in searching
for new physics [65]. Furthermore, the electron-positron
beam polarization may lead to a reduction of the
measurement uncertainties, either by increasing the
signal cross section, therefore reducing the statistical
uncertainty, or by suppressing important backgrounds.
In summary, one other option at the CLIC is to
polarize the incoming beams, which could maximize
the physics potential, both in the performance of
precision tests and in revealing the properties of the
new physics BSM.
The general formula for the total cross section for an

arbitrary degree of longitudinal e− and eþ beams polari-
zation is given by [65]

σðPe− ; PeþÞ ¼
1

4
½ð1þ Pe−Þð1þ PeþÞσþþ

þ ð1 − Pe−Þð1 − PeþÞσ−−
þ ð1þ Pe−Þð1 − PeþÞσþ−

þ ð1 − Pe−Þð1þ PeþÞσ−þ�; ð25Þ

where Pe−ðPeþÞ is the polarization degree of the electron
(positron) beam, while σ−þ stands for the cross section
for completely left-handed polarized e− beam Pe− ¼ −1
and completely right-handed polarized eþ beam Peþ ¼ 1,
and other cross sections σ−−, σþþ and σþ− are defined
analogously.

FIG. 6. Same as in Fig. 4, but for
ffiffiffi
s

p ¼ 3000 GeV.

TABLE I. Sensitivity estimates on the κ̃ντ magnetic moment and d̃ντ electric dipole moment via the process eþe− → ντν̄τγ forffiffiffi
s

p ¼ 380 GeV and Pe− ¼ Peþ ¼ 0%.

90% C.L.
ffiffiffi
s

p ¼ 380 GeV

δsys ¼ 0% δsys ¼ 5% δsys ¼ 10%

Lðfb−1Þ jκ̃ντ j jd̃ντðe cmÞj jκ̃ντ j jd̃ντðe cmÞj jκ̃ντ j jd̃ντðe cmÞj
10 7.953 × 10−6 1.541 × 10−16 8.914 × 10−6 1.727 × 10−16 1.028 × 10−5 1.993 × 10−16

50 6.031 × 10−6 1.168 × 10−16 8.225 × 10−6 1.594 × 10−16 1.002 × 10−5 1.943 × 10−16

100 5.308 × 10−6 1.028 × 10−16 8.113 × 10−6 1.572 × 10−16 9.988 × 10−6 1.935 × 10−16

300 4.285 × 10−6 8.304 × 10−17 8.032 × 10−6 1.556 × 10−16 9.964 × 10−6 1.930 × 10−16

500 3.860 × 10−6 7.481 × 10−17 8.016 × 10−6 1.553 × 10−16 9.959 × 10−6 1.929 × 10−16

95% C.L.
ffiffiffi
s

p ¼ 380 GeV

δsys ¼ 0% δsys ¼ 5% δsys ¼ 10%

Lðfb−1Þ jκ̃ντ j jd̃ντðe cmÞj jκ̃ντ j jd̃ντðe cmÞj jκ̃ντ j jd̃ντ ðe cmÞj
10 8.417 × 10−6 1.631 × 10−16 9.415 × 10−6 1.824 × 10−16 1.084 × 10−5 2.101 × 10−16

50 6.418 × 10−6 1.243 × 10−16 8.700 × 10−6 1.685 × 10−16 1.057 × 10−5 2.048 × 10−16

100 5.664 × 10−6 1.097 × 10−16 8.583 × 10−6 1.663 × 10−16 1.053 × 10−5 2.040 × 10−16−
300 4.593 × 10−6 8.901 × 10−17 8.499 × 10−6 1.647 × 10−16 1.051 × 10−5 2.035 × 10−16

500 4.147 × 10−6 8.036 × 10−17 8.482 × 10−6 1.643 × 10−16 1.050 × 10−5 2.034 × 10−16
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For our sensitivity study, we assume for definiteness
an electron-positron beam polarization ðPe− ; PeþÞ ¼
ð−80%; 60%Þ in the estimated range of the expected
CLIC operation setup. Besides the polarized beams we
consider the isolation cuts given for Eq. (19).
The numerical fit functions for the total cross sections of

the process eþe− → ντν̄τγ, following the form of Eq. (21)
with polarized electron-positron beams, and in terms of the
independent factors κ̃ντðd̃ντÞ are given by:

(i) For
ffiffiffi
s

p ¼ 380 GeV:

σðκ̃ντÞ ¼ ½ð3.97 × 1011Þκ̃4ντ þ ð3.16 × 104Þκ̃2ντ
þ 0.072�ðpbÞ;

σðd̃ντÞ ¼ ½ð3.97 × 1011Þd̃4ντ þ ð3.16 × 104Þd̃2ντ
þ 0.072�ðpbÞ: ð26Þ

TABLE II. Sensitivity estimates on the κ̃ντ magnetic moment and d̃ντ electric dipole moment via the process eþe− → ντν̄τγ forffiffiffi
s

p ¼ 1500 GeV and Pe− ¼ Peþ ¼ 0%.

90% C.L.
ffiffiffi
s

p ¼ 1500 GeV

δsys ¼ 0% δsys ¼ 5% δsys ¼ 10%

Lðfb−1Þ jκ̃ντ j jd̃ντðe cmÞj jκ̃ντ j jd̃ντðe cmÞj jκ̃ντ j jd̃ντðe cmÞj
10 1.538 × 10−6 2.980 × 10−17 1.630 × 10−6 3.160 × 10−17 1.826 × 10−6 3.539 × 10−17

100 9.145 × 10−7 1.772 × 10−17 1.268 × 10−6 2.458 × 10−17 1.643 × 10−6 3.184 × 10−17

500 6.225 × 10−7 1.206 × 10−17 1.209 × 10−6 2.343 × 10−17 1.622 × 10−6 3.143 × 10−17

1000 5.258 × 10−7 1.018 × 10−17 1.201 × 10−6 2.327 × 10−17 1.619 × 10−6 3.138 × 10−17

1500 4.760 × 10−7 9.225 × 10−18 1.198 × 10−6 2.321 × 10−17 1.618 × 10−6 3.136 × 10−17

95% C.L.
ffiffiffi
s

p ¼ 1500 GeV

δsys ¼ 0% δsys ¼ 5% δsys ¼ 10%

Lðfb−1Þ jκ̃ντ j jd̃ντðe cmÞj jκ̃ντ j jd̃ντðe cmÞj jκ̃ντ j jd̃ντðe cmÞj
10 1.656 × 10−6 3.210 × 10−17 1.754 × 10−6 3.400 × 10−16 1.960 × 10−6 3.799 × 10−17

100 9.921 × 10−7 1.922 × 10−17 1.370 × 10−6 2.656 × 10−17 1.767 × 10−6 3.425 × 10−17

500 6.772 × 10−7 1.312 × 10−17 1.307 × 10−6 2.533 × 10−17 1.745 × 10−6 3.382 × 10−17

1000 5.724 × 10−7 1.109 × 10−17 1.298 × 10−6 2.516 × 10−17 1.742 × 10−6 3.377 × 10−17

1500 5.185 × 10−7 1.004 × 10−17 1.295 × 10−6 2.510 × 10−17 1.741 × 10−6 3.375 × 10−17

TABLE III. Sensitivity estimates on the κ̃ντ magnetic moment and d̃ντ electric dipole moment via the process eþe− → ντν̄τγ forffiffiffi
s

p ¼ 3000 GeV and Pe− ¼ Peþ ¼ 0%.

90% C.L.
ffiffiffi
s

p ¼ 3000 GeV

δsys ¼ 0% δsys ¼ 5% δsys ¼ 10%

Lðfb−1Þ jκ̃ντ j jd̃ντðe cmÞj jκ̃ντ j jd̃ντðe cmÞj jκ̃ντ j jd̃ντðe cmÞj
100 4.834 × 10−7 9.368 × 10−18 5.593 × 10−7 1.083 × 10−17 6.844 × 10−7 1.326 × 10−17

500 3.272 × 10−7 6.341 × 10−18 4.885 × 10−7 1.081 × 10−17 6.532 × 10−7 1.265 × 10−17

1000 2.759 × 10−7 5.348 × 10−18 4.769 × 10−7 9.242 × 10−18 6.489 × 10−7 1.257 × 10−17

2000 2.325 × 10−7 4.506 × 10−18 4.707 × 10−7 9.122 × 10−18 6.468 × 10−7 1.253 × 10−17

3000 2.103 × 10−7 4.076 × 10−18 4.686 × 10−7 9.081 × 10−18 6.460 × 10−7 1.251 × 10−17

95% C.L.
ffiffiffi
s

p ¼ 3000 GeV

δsys ¼ 0% δsys ¼ 5% δsys ¼ 10%

Lðfb−1Þ jκ̃ντ j jd̃ντðe cmÞj jκ̃ντ j jd̃ντðe cmÞj jκ̃ντ j jd̃ντðe cmÞj
100 5.254 × 10−7 1.018 × 10−17 6.071 × 10−7 1.176 × 10−17 7.414 × 10−7 1.436 × 10−17

500 3.563 × 10−7 6.905 × 10−18 5.309 × 10−7 1.028 × 10−17 7.080 × 10−7 1.371 × 10−17

1000 3.007 × 10−7 5.826 × 10−18 5.183 × 10−7 1.004 × 10−17 7.034 × 10−7 1.363 × 10−17

2000 2.534 × 10−7 4.912 × 10−18 5.116 × 10−7 9.915 × 10−18 7.010 × 10−7 1.358 × 10−17

3000 2.293 × 10−7 4.443 × 10−18 5.093 × 10−7 9.870 × 10−18 7.002 × 10−7 1.357 × 10−17
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(ii) For
ffiffiffi
s

p ¼ 1.5 TeV:

σðκ̃ντÞ ¼ ½ð4.93 × 1013Þκ̃4ντ þ ð7.23 × 105Þκ̃2ντ
þ 0.023�ðpbÞ;

σðd̃ντÞ ¼ ½ð4.93 × 1013Þd̃4ντ þ ð7.23 × 105Þd̃2ντ
þ 0.023�ðpbÞ: ð27Þ

(iii) For
ffiffiffi
s

p ¼ 3 TeV:

σðκ̃ντÞ ¼ ½ð2.23 × 1014Þκ̃4ντ þ ð1.43 × 106Þκ̃2ντ
þ 0.006�ðpbÞ;

σðd̃ντÞ ¼ ½ð2.23 × 1014Þd̃4ντ þ ð1.43 × 106Þd̃2ντ
þ 0.006�ðpbÞ: ð28Þ

In Eqs. (26)–(28), the coefficients of κ̃ντðd̃ντÞ give the
anomalous contribution, while the independent terms of
κ̃ντðd̃ντÞ correspond to the cross section at κ̃ντ ¼ d̃ντ ¼ 0

and represent the SM cross section.

F. Sensitivity estimates on the κ̃ντ and d̃ντ with
polarized electron-positron beams

The eþe− → ντν̄τγ production cross section, as a func-
tion of κ̃ντðd̃ντÞ projected for the CLIC with polarized
electron-positron beams ðPe− ;PeþÞ¼ð−80%;60%Þ and for
the center-of-mass energies

ffiffiffi
s

p ¼ 380, 1500, 3000 GeV, is
shown in Figs. 7 and 8. From the direct comparison of
Figs. 7 and 8, with the unpolarized case Figs. 2 and 3, a
significant gradual increase in the total production cross
sections of 0.6, 60 and 100 pb is clearly shown. In addition,
the cross section increases with the increase of κ̃ντðd̃ντÞ, and
decreases as κ̃ντðd̃ντÞ decreases. The SM result for the
production cross section of the reaction eþe− → ντν̄τγ is
obtained in the limit when κ̃ντðd̃ντÞ ¼ 0. In this case, the
terms that depend on κ̃ντðd̃ντÞ in Eqs. (26)–(28) are zero and
Eqs. (26)–(28) are reduced to the result for the SM.
Taking ðPe− ; PeþÞ ¼ ð−80%; 60%Þ, ffiffiffi

s
p ¼ 380, 1500,

3000 GeV and L ¼ 10, 100, 500, 1500, 3000 fb−1, the
contours for estimating the sensitivity of κ̃ντ and d̃ντ in
the κ̃ντ − d̃ντ plane through the reaction eþe− → ντν̄τγ are
evaluated and shown in Figs. 9–11. Figure 11 illustrates
the better sensitivity for κ̃ντ and d̃ντ with

ffiffiffi
s

p ¼ 3000 GeV
and L ¼ 10, 500, 3000 fb−1.
Our results given in Tables IV–VI give the sensitivity

estimates on κ̃ντ and d̃ντ via the process eþe− → ντν̄τγ for
Pe− ¼ −80%, Peþ ¼ 60%,

ffiffiffi
s

p ¼ 380, 1500, 3000 GeV,
L ¼ 10, 50, 100, 300, 500, 1000, 1500, 2000, 3000 fb−1,
δsys ¼ 0%, 5%, 10% at 90% C.L. and 95% C.L. The effect
of the polarized incoming e− and eþ beams shows that the
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FIG. 7. Same as in Fig. 2, but for Pe− ¼ −80% and Peþ ¼ 60%.

–0.0010 –0.0005 0.0000 0.0005 0.0010

0.01

0.10

1

10

100

(p
b)

˜ ντd

FIG. 8. Same as in Fig. 3, but for Pe− ¼ −80% and Peþ ¼ 60%.

–0.0004 –0.0002 0.0000 0.0002 0.0004

–0.0004

–0.0002

0.0000

0.0002

0.0004

0.0006

˜
ν τ

d

˜ τKv

FIG. 9. Same as in Fig. 4, but for Pe− ¼ −80% and Peþ ¼ 60%.
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sensitivity on the κ̃ντ and d̃ντ is enhanced by 5% at
Pð−80%; 60%Þ polarization configuration, with respect
to the unpolarized case (see Tables I–III). Our most
relevant results are: jκ̃ντ j¼2.002×10−7 and jd̃ντðe cmÞj ¼
4.039 × 10−18 at 90% C.L.

G. Sensitivity estimates on the κ̃ντ and d̃ντ with
unpolarized and polarized electron-positron beams,

including ISR+BS effects

Electromagnetic radiation emitted by the colliding
beams is expected to play an important role at the future

high energy eþe− linear colliders. Focusing on the proc-
esses eþe− → ντν̄τγ and γe− → τν̄τνe (see next subsec-
tions), we show that radiative effects like initial state
radiation (ISR) and beamstrahlung (BS) can lead to
increasing or decreasing the sensitivity of the signal.
Thus, precise knowledge of the backgrounds coming from
ISR plus BS is essential if we wish to make any realistic
predictions at the future linear colliders.
As we mentioned above, it is essential to consider the

ISR and BS in the future linear colliders. ISR is the photon
radiation from incoming e� beams and beamstrahlung
is the radiation from the incoming beam caused by its
interaction with the field of the other beam moving in the
opposite direction. In both cases, the initial e� radiates
one or more photons which reduce the beam energy and
dissipate the beam collimation. Unlike the ISR spectrum,
the beamstrahlung spectrum depends not only on the
electron beam energy Ee, but also on the highly
machine-specific parameters as the bunch length σz and
the beamstrahlung parameters, ϒ and Nγ [66,67]. These
latter are given by

ϒ ¼ 5αNEe

6m3
eσzðσx þ σyÞ

; ð29Þ

Nγ ¼
25α2N

12meðσx þ σyÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þϒ2=3

p ; ð30Þ

where as we mentioned above Ee and σz are the energy of
the electron and the bunch length, respectively, while me
are the mass of the electron, N is the number of particles
in the bunch, and σx and σy are the rms beam sizes.
The quantity Nγ denotes the average number of photons
emitted per electron. Specific values for the beamstrahlung
parameters for the future CLIC are presented in Table VII
[43,68,69].
Based on all these observations, we must take into

account that the sensitivity estimated bounds on anomalous
moments κ̃ντ and d̃ντ could be affected by backgrounds
coming from ISR and BS. In this regard, Tables VIII and IX
illustrate the effects coming from these backgrounds, that
is to say including ISRþ BS effects on the process
eþe− → ντν̄τγ. We consider only center-of-mass energy
of 3 TeV for the process that is the best obtained on the
bounds.
The comparison of the results shown in Tables III and

VIII for
ffiffiffi
s

p ¼ 3000 GeV and Pe− ¼ Peþ ¼ 0%, without
and with ISRþ BS show that there is a difference in
the sensitivity on κ̃ντ and d̃ντ of 23.62%. In the case of
Tables VI and IX with

ffiffiffi
s

p ¼ 3000 GeV, Pe− ¼ −80% and
Peþ ¼ 60%, the difference in the sensitivity without and
with ISRþ BS is 22.73%. These results show the impor-
tance of taking into account the backgrounds coming from
ISR and BS in the process eþe− → ντν̄τγ.
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FIG. 10. Same as in Fig. 5, but for Pe− ¼−80% and Peþ ¼60%.
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H. Cross section of the process γe− → τν̄τνe
and dipole moments of the ντ with unpolarized

electron beam

The future eþe− linear colliders are being designed to
function also as a γe− collider with the photon beam
generated by the laser-backscattering method; in this
mode the flexibility in polarizing both lepton and photon
beams will allow unique opportunities to analyze the
tau-neutrino properties and interactions. It is therefore

conceivable to exploit the sensitivity of this γe− collider
based on eþe− linear colliders of center-of-mass energies of
380–3000 GeV. See Refs. [70–73] for a detailed description
of the γe− collider.
On the other hand, although many particles and

processes can be produced in the colliders eþe− and
γe−, the reactions are different and will give complemen-
tary and very valuable information about new physics
phenomena, such as is the case of the dipole moments of

TABLE IV. Sensitivity estimates on the κ̃ντ magnetic moment and d̃ντ electric dipole moment via the process eþe− → ντν̄τγ forffiffiffi
s

p ¼ 380 GeV, Pe− ¼ −80% and Pe− ¼ 60%.

90% C.L.
ffiffiffi
s

p ¼ 380 GeV

δsys ¼ 0% δsys ¼ 5% δsys ¼ 10%

Lðfb−1Þ jκ̃ντ j jd̃ντðe cmÞj jκ̃ντ j jd̃ντðe cmÞj jκ̃ντ j jd̃ντðe cmÞj
10 7.563 × 10−6 1.465 × 10−16 9.467 × 10−6 1.592 × 10−16 1.059 × 10−5 1.735 × 10−16

50 5.684 × 10−6 1.101 × 10−16 8.485 × 10−6 1.425 × 10−16 1.043 × 10−5 1.644 × 10−16

100 4.980 × 10−6 9.651 × 10−17 8.414 × 10−6 1.394 × 10−16 1.041 × 10−5 1.394 × 10−16

300 3.993 × 10−6 7.737 × 10−17 8.365 × 10−6 1.372 × 10−16 1.039 × 10−5 1.621 × 10−16

500 3.585 × 10−6 6.948 × 10−17 8.355 × 10−6 1.367 × 10−16 1.038 × 10−5 1.619 × 10−16

95% C.L.
ffiffiffi
s

p ¼ 380 GeV

δsys ¼ 0% δsys ¼ 5% δsys ¼ 10%

Lðfb−1Þ jκ̃ντ j jd̃ντðe cmÞj jκ̃ντ j jd̃ντðe cmÞj jκ̃ντ j jdντðe cmÞj
10 8.018 × 10−6 1.553 × 10−16 9.467 × 10−6 1.834 × 10−16 1.117 × 10−5 2.163 × 10−16

50 6.061 × 10−6 1.174 × 10−16 8.975 × 10−6 1.739 × 10−16 1.099 × 10−5 2.130 × 10−16

100 5.326 × 10−6 1.032 × 10−16 8.902 × 10−6 1.725 × 10−16 1.097 × 10−5 2.126 × 10−16

300 4.289 × 10−6 8.312 × 10−17 8.851 × 10−6 1.715 × 10−16 1.096 × 10−5 2.123 × 10−16

500 3.860 × 10−6 7.479 × 10−17 8.841 × 10−6 1.713 × 10−16 1.095 × 10−5 2.122 × 10−16

TABLE V. Sensitivity estimates on the κ̃ντ magnetic moment and d̃ντ electric dipole moment via the process eþe− → ντν̄τγ forffiffiffi
s

p ¼ 1500 GeV, Pe− ¼ −80% and Peþ ¼ 60%.

90% C.L.
ffiffiffi
s

p ¼ 1500 GeV

δsys ¼ 0% δsys ¼ 5% δsys ¼ 10%

Lðfb−1Þ jκ̃ντ j jd̃ντðe cmÞj jκ̃ντ j jd̃ντðe cmÞj jκ̃ντ j jd̃ντðe cmÞj
10 1.503 × 10−6 2.912 × 10−17 1.654 × 10−6 3.206 × 10−17 1.926 × 10−6 3.732 × 10−17

100 8.940 × 10−7 1.732 × 10−17 1.379 × 10−6 2.673 × 10−17 1.805 × 10−6 3.498 × 10−17

500 6.085 × 10−7 1.179 × 10−17 1.341 × 10−6 2.600 × 10−17 1.792 × 10−6 3.474 × 10−17

1000 5.140 × 10−7 9.960 × 10−18 1.336 × 10−6 2.590 × 10−17 1.791 × 10−6 3.471 × 10−17

1500 4.654 × 10−7 9.018 × 10−18 1.335 × 10−6 2.587 × 10−17 1.790 × 10−6 3.469 × 10−17

95% C.L.
ffiffiffi
s

p ¼ 1500 GeV

δsys ¼ 0% δsys ¼ 5% δsys ¼ 10%

Lðfb−1Þ jκ̃ντ j jd̃ντðe cmÞj jκ̃ντ j jd̃ντðe cmÞj jκ̃ντ j jd̃ντðe cmÞj
10 1.618 × 10−6 3.137 × 10−17 1.779 × 10−6 3.447 × 10−17 2.064 × 10−6 4.000 × 10−17

100 9.698 × 10−7 1.879 × 10−17 1.488 × 10−6 2.883 × 10−17 1.937 × 10−6 3.754 × 10−17

500 6.620 × 10−7 1.282 × 10−17 1.448 × 10−6 2.886 × 10−17 1.924 × 10−6 3.728 × 10−17

1000 5.596 × 10−7 1.084 × 10−17 1.442 × 10−6 2.795 × 10−17 1.923 × 10−6 3.725 × 10−17

1500 5.069 × 10−7 9.823 × 10−18 1.440 × 10−6 2.792 × 10−17 1.922 × 10−6 3.724 × 10−17
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the tau-neutrino which we study through the process
γe− → τν̄τνe. To carry out this task, we use the gauge-
invariant operators of dimension six leading to electromag-
netic vertex ντν̄τγ given by Eq. (4). Furthermore, it is worth
mentioning that the additional coupling Wτντ can contrib-
ute to the dipole moments of the tau-neutrino. In this case,
the operatorsOνlW and ÕνlW given in Eqs. (9) and (11) also
generate an additional coupling between the W, τ and
the ντ. This additionalWτντ coupling is proportional to the

TABLE VI. Sensitivity estimates on the κ̃ντ magnetic moment and d̃ντ electric dipole moment via the process eþe− → ντν̄τγ forffiffiffi
s

p ¼ 3000 GeV, Pe− ¼ −80% and Peþ ¼ 60%.

90% C.L.
ffiffiffi
s

p ¼ 3000 GeV

δsys ¼ 0% δsys ¼ 5% δsys ¼ 10%

Lðfb−1Þ jκ̃ντ j jd̃ντðe cmÞj jκ̃ντ j jd̃ντðe cmÞj jκ̃ντ j jd̃ντðe cmÞj
100 4.609 × 10−7 9.276 × 10−18 5.735 × 10−7 1.160 × 10−17 7.284 × 10−7 1.475 × 10−17

500 3.116 × 10−7 6.281 × 10−18 5.235 × 10−7 1.064 × 10−17 7.085 × 10−7 1.437 × 10−17

1000 2.628 × 10−7 5.299 × 10−18 5.161 × 10−7 1.049 × 10−17 7.059 × 10−7 1.432 × 10−17

2000 2.214 × 10−7 4.465 × 10−18 5.122 × 10−7 1.042 × 10−17 7.046 × 10−7 1.429 × 10−17

3000 2.002 × 10−7 4.039 × 10−18 5.109 × 10−7 1.039 × 10−17 7.041 × 10−7 1.428 × 10−17

95% C.L.
ffiffiffi
s

p ¼ 3000 GeV

δsys ¼ 0% δsys ¼ 5% δsys ¼ 10%

Lðfb−1Þ jκ̃ντ j jd̃ντðe cmÞj jκ̃ντ j jd̃ντðe cmÞj jκ̃ντ j jd̃ντðe cmÞj
100 5.010 × 10−7 1.007 × 10−17 6.223 × 10−7 1.258 × 10−17 7.883 × 10−7 1.595 × 10−17

500 3.394 × 10−7 6.840 × 10−18 5.686 × 10−7 1.154 × 10−17 7.671 × 10−7 1.554 × 10−17

1000 2.863 × 10−7 5.773 × 10−18 5.605 × 10−7 1.139 × 10−17 7.642 × 10−7 1.549 × 10−17

2000 2.413 × 10−7 4.867 × 10−18 5.564 × 10−7 1.131 × 10−17 7.628 × 10−7 1.546 × 10−17

3000 2.183 × 10−7 4.403 × 10−18 5.549 × 10−7 1.128 × 10−17 7.623 × 10−7 1.545 × 10−17

TABLE VII. Benchmark parameters of the CLIC related to the
beamstrahlung [43,68,69].

CLIC parameters
ffiffiffi
s

p ¼ 3 TeV

Nð109Þ 3.72
σxð nmÞ 40
σyðnmÞ 1
σzðμmÞ 44
ϒ 5.49
Nγ 1.92

TABLE VIII. Sensitivity estimates on the κ̃ντ magnetic moment and d̃ντ electric dipole moment via the process eþe− → ντν̄τγ forffiffiffi
s

p ¼ 3000 GeV and Pe− ¼ Peþ ¼ 0%, including ISRþ BS effects.

90% C.L.
ffiffiffi
s

p ¼ 3000 GeV

δsys ¼ 0% δsys ¼ 5% δsys ¼ 10%

Lðfb−1Þ jκ̃ντ j jd̃ντðe cmÞj jκ̃ντ j jd̃ντðe cmÞj jκ̃ντ j jd̃ντðe cmÞj
100 6.288 × 10−7 1.218 × 10−17 7.902 × 10−7 1.531 × 10−17 1.001 × 10−6 1.941 × 10−17

500 4.274 × 10−7 8.282 × 10−18 7.279 × 10−7 1.410 × 10−17 9.778 × 10−7 1.894 × 10−17

1000 3.609 × 10−7 6.993 × 10−18 7.186 × 10−7 1.392 × 10−17 9.747 × 10−7 9.747 × 10−17

2000 3.043 × 10−7 5.898 × 10−18 7.139 × 10−7 1.383 × 10−17 9.731 × 10−7 9.731 × 10−17

3000 2.754 × 10−7 5.336 × 10−18 7.122 × 10−7 1.380 × 10−17 9.725 × 10−7 9.725 × 10−17

95% C.L.
ffiffiffi
s

p ¼ 3000 GeV

δsys ¼ 0% δsys ¼ 5% δsys ¼ 10%

Lðfb−1Þ jκ̃ντ j jd̃ντðe cmÞj jκ̃ντ j jd̃ντðe cmÞj jκ̃ντ j jd̃ντðe cmÞj
100 6.825 × 10−7 1.322 × 10−17 8.555 × 10−7 1.657 × 10−17 1.080 × 10−6 2.094 × 10−17

500 4.651 × 10−7 9.013 × 10−18 7.888 × 10−7 1.528 × 10−17 1.055 × 10−6 2.045 × 10−17

1000 3.930 × 10−7 7.615 × 10−18 7.789 × 10−7 1.509 × 10−17 1.052 × 10−6 2.038 × 10−17

2000 3.316 × 10−7 6.426 × 10−18 7.738 × 10−7 1.499 × 10−17 1.050 × 10−6 2.035 × 10−17

3000 3.001 × 10−7 5.336 × 10−18 7.720 × 10−7 1.496 × 10−17 1.049 × 10−7 2.034 × 10−17
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combination κ̃0ντ ¼F1κ̃ντ −F2κ̃
W
ντ and d̃0ντ ¼G1d̃ντ þG2d̃

W
ντ ,

where κ̃ντ and d̃ντ come from the contribution of the
electromagnetic vertex ντν̄τγ, while κ̃Wντ and d̃Wντ correspond
to the electroweak vertexWτντ. F1ðG1Þ and F2ðG2Þ contain
sin θW and cos θW factors. The dynamics of the process
γe− → τν̄τνe is modified both by nonstandard terms propor-
tional to κ̃ντ and d̃ντ , as well as by contributions generated by
the new Wτντ coupling, which are proportional to κ̃0ντ and
d̃0ντ . At this time, we do not contemplate the new anomalous
Wτντ coupling in our study. Figure 12 shows the Feynman
diagrams corresponding to said process. We evaluate the
total cross section of γe− → τν̄τνe as a function of the
anomalous factors κ̃ντ , d̃ντ and tau lepton decays hadronic
and leptonic modes are considered.
In order to evaluate the total cross section σðγe− →

τν̄τνeÞ and to probe the dipole moments κ̃ντ and d̃ντ , we
examine the potential of the CLIC based γe− collider with
the main parameters given by

ffiffiffi
s

p ¼ 380, 1500, 3000 GeV
and L ¼ 10, 50, 100, 200, 500, 1000, 1500, 2000,
3000 fb−1. In addition, in order to suppress the back-
grounds and optimize the signal sensitivity, we impose for
our study the following kinematic basic acceptance cuts for
τν̄τνe events at the CLIC:

Cut-1∶ pν
T > 15 GeV;

Cut-2∶ jητj < 2.37;

Cut-3∶ pτ
T > 20 GeV; ð31Þ

where in Eq. (31), pν;τ
T is the transverse momentum of the

final state particles and ητ is the pseudorapidity which

reduces the contamination from other particles misidenti-
fied as tau.
Furthermore, to study the sensitivity to the parameters of

the γe− → τν̄τνe process we use the chi-squared function.
The χ2 function is defined in Eq. (24). However, in the case
of the γe− → τν̄τνe process, the number of events is given

TABLE IX. Sensitivity estimates on the κ̃ντ magnetic moment and d̃ντ electric dipole moment via the process eþe− → ντν̄τγ forffiffiffi
s

p ¼ 3000 GeV, Pe− ¼ −80% and Peþ ¼ 60%, including ISRþ BS effects.

90% C.L.
ffiffiffi
s

p ¼ 3000 GeV

δsys ¼ 0% δsys ¼ 5% δsys ¼ 10%

Lðfb−1Þ jκ̃ντ j jd̃ντðe cmÞj jκ̃ντ j jd̃ντðe cmÞj jκ̃ντ j jd̃ντðe cmÞj
100 5.938 × 10−7 1.150 × 10−17 8.196 × 10−7 1.588 × 10−17 1.149 × 10−6 2.227 × 10−17

500 4.027 × 10−7 7.804 × 10−18 7.783 × 10−7 1.508 × 10−17 1.051 × 10−6 2.037 × 10−17

1000 3.398 × 10−7 6.585 × 10−18 7.726 × 10−7 1.497 × 10−17 1.049 × 10−6 2.033 × 10−17

2000 2.865 × 10−7 5.551 × 10−18 7.697 × 10−7 1.491 × 10−17 1.048 × 10−6 2.031 × 10−17

3000 2.591 × 10−7 5.022 × 10−18 7.687 × 10−7 1.489 × 10−17 1.048 × 10−6 2.031 × 10−17

95% C.L.
ffiffiffi
s

p ¼ 3000 GeV

δsys ¼ 0% δsys ¼ 5% δsys ¼ 10%

Lðfb−1Þ jκ̃ντ j jd̃ντðe cmÞj jκ̃ντ j jd̃ντðe cmÞj jκ̃ντ j jd̃ντðe cmÞj
100 6.449 × 10−7 1.249 × 10−17 8.871 × 10−7 1.719 × 10−17 1.149 × 10−6 2.227 × 10−17

500 4.384 × 10−7 8.496 × 10−18 8.430 × 10−7 1.633 × 10−17 1.133 × 10−6 2.197 × 10−17

1000 3.702 × 10−7 7.173 × 10−18 8.369 × 10−7 1.621 × 10−17 1.131 × 10−6 2.193 × 10−17

2000 3.122 × 10−7 6.050 × 10−18 8.338 × 10−7 1.615 × 10−17 1.130 × 10−6 2.191 × 10−17

3000 2.825 × 10−7 5.474 × 10−18 8.327 × 10−7 1.613 × 10−17 1.130 × 10−6 2.190 × 10−17

FIG. 12. The Feynman diagrams contributing to the process
γe− → τν̄τνe.
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by NSM ¼ Lint × σSM × BR, where Lint is the integrated
CLIC luminosity. The main tau-decay branching ratios are
given in Ref. [26]. In addition, as the tau-lepton decays
roughly 35% of the time leptonically and 65% of the time
to one or more hadrons, then for the signal the following
cases are considered: (a) only the leptonic decay channel of
the tau-lepton; (b) only the hadronic decay channel of the
tau-lepton.
Systematic uncertainties arise due to many factors when

identifying to the tau-lepton. Tau tagging efficiencies have
been studied using the International Large Detector (ILD)
[74], a proposed detector concept for the International
Linear Collider (ILC). However, we do not have any CLIC
reports [75,76] to know exactly what the systematic
uncertainties are for our processes; we can assume some
of their general values. Due to these difficulties, tau
identification efficiencies are always calculated for specific
processes, luminosity, and kinematic parameters. These
studies are currently being carried out by various groups for
selected productions. For realistic efficiency, we need a
detailed study for our specific process and kinematic
parameters. For all of these reasons, kinematic cuts contain
some general values chosen by lepton identification detec-
tors and efficiency is therefore considered within system-
atic errors. It may be assumed that this accelerator will be
built in the coming years and the systematic uncertainties
will be lower as detector technology develops in the future.
It is also important to consider the impact of the

polarization electron beam on the collider. On this, the
CLIC baseline design supposes that the electron beams can
be polarized up to ∓ 80% [65,77]. By choosing different
beam polarizations it is possible to enhance or suppress
different physical processes. Furthermore, in the study of
the process γe− → τν̄τνe the polarization electron beam
may lead to a reduction of the measurement uncertainties,
either by increasing the signal cross section, therefore
reducing the statistical uncertainty, or by suppressing
important backgrounds.
For the γe− collider, the most promising mechanism to

generate energetic photon beam in a linear collider is
Compton backscattering. The photon beams are generated
by the Compton backscattered of incident electron and laser
beams just before the interaction point. The total cross
sections of the process γe− → τν̄τνe are

σ ¼
Z

fγ=eðxÞdσ̂dE1: ð32Þ

In this equation, the spectrum of Compton backscattered
photons [70,71] is given by

fγðyÞ ¼
1

gðζÞ
�
1 − yþ 1

1 − y
−

4y
ζð1 − yÞ þ

4y2

ζ2ð1 − yÞ2
�
;

ð33Þ

where

gðζÞ ¼
�
1 −

4

ζ
−

8

ζ2

�
log ðζ þ 1Þ þ 1

2
þ 8

ζ
−

1

2ðζ þ 1Þ2 ;

ð34Þ

with

y ¼ Eγ

Ee
; ζ ¼ 4E0Ee

M2
e

; ymax ¼
ζ

1þ ζ
: ð35Þ

Here, E0 and Ee are energy of the incoming laser
photon and initial energy of the electron beams before
Compton backscattering and Eγ is the energy of the
backscattered photon. The maximum value of y reaches
0.83 when ζ ¼ 4.8.
As the first observable, we consider the total cross section.

Figures 13 and 14 summarize the total cross section of the
process γe− → τν̄τνe with unpolarized electron beams and
as a function of the anomalous couplings κ̃ντðd̃ντ ). We use
the three stages of the center-of-mass energy of the CLIC,

FIG. 13. The total cross section of the process γe− → τν̄τνe as a
function of the anomalous coupling κ̃ντ for three different center-
of-mass energies

ffiffiffi
s

p ¼ 380, 1500, 3000 GeV.
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FIG. 14. Same as in Fig. 13, but for d̃ντ.
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that is to say
ffiffiffi
s

p ¼ 380, 1500, 3000 GeV and L ¼ 10, 50,
100, 200, 500, 1000, 1500, 2000, 3000 fb−1. The total cross
section clearly shows a strong dependence with respect
to the anomalous parameters κ̃ντ , d̃ντ , as well as with the
center-of-mass energy of the collider

ffiffiffi
s

p
.

The total cross section of the process γe− → τν̄τνe as a
function of κ̃ντ and d̃ντ with the benchmark parameters of
the CLIC is shown in Figs. 15–17. The total cross section
increases with the increase in the center-of-mass energy of
the collider and strongly depends on anomalous couplings
κ̃ντ and d̃ντ .
In order to investigate the signal more comprehensively,

we show the bound contours depending on integrated
luminosity at the 95% C.L. on the (κ̃ντ ; d̃ντ ) plane forffiffiffi
s

p ¼ 380, 1500, 3000 GeV in Figs. 18–20. At 95% C.L.
and

ffiffiffi
s

p ¼ 3000 GeV, we can see that the correlation region
of κ̃ντ ∈ ½−2.5; 2.5� × 10−5 and d̃ντ ∈ ½−2.5; 2.5� × 10−5

can be excluded with integrate luminosity L ¼ 100 fb−1.
If the integrated luminosity is increased to L ¼ 3000 fb−1,
the excluded region will expand into κ̃ντ ∈ ½−1; 1� × 10−5

and d̃ντ ∈ ½−1; 1� × 10−5.

I. Cross section of the process γe − → τν̄τνe and dipole
moments of the ντ with polarized electron beam

We consider the total cross section of the process
γe− → τν̄τνe as a function of the anomalous factors
κ̃ντðd̃ντÞ and we perform our analysis for the CLIC running
at center-of-mass energies and luminosities of

ffiffiffi
s

p ¼ 380,
1500, 3000 GeV and L ¼ 10, 50, 100, 200, 500, 1000,
1500, 2000, 3000 fb−1. Furthermore, in our analysis we
consider the baseline expectation of an −80% left-polarized
electron beam. As expected, the polarization hugely
improves the total cross section as is shown in Figs. 21
and 22. The total cross section is increased from about
σ ¼ 8 × 103 pb with unpolarized electron beam (see
Figs. 13 and 14) to about σ ¼ 1.5 × 104 pb with polarized
electron beam (see Figs. 21 and 22), respectively,

FIG. 15. The total cross sections of the process γe− → τν̄τνe
as a function of κ̃ντ and d̃ντ for center-of-mass energy offfiffiffi
s

p ¼ 380 GeV.

FIG. 16. Same as in Fig. 15, but for
ffiffiffi
s

p ¼ 1500 GeV.

FIG. 17. Same as in Fig. 15, but for
ffiffiffi
s

p ¼ 3000 GeV.

FIG. 18. Bounds contours at the 95% C.L. in the κ̃ντ − d̃ντ plane
for the process γe− → τν̄τνe with the δsys ¼ 0% and for center-of-
mass energy of

ffiffiffi
s

p ¼ 380 GeV.
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enhancing the statistic. The increase of the total cross
section of the process γe− → τν̄τνe for the polarized case is
approximately the double of the unpolarized case. The
reason why the cross section of the polarized process is
larger than the cross section of the unpolarized process is
due to the structure of theWe−νe− vertex. The advantage of
beam polarization is evident when compared to the corre-
sponding unpolarized case.
In Figs. 23 and 24 we plot the χ2 versus κ̃ντðd̃ντÞ with

unpolarized Pe− ¼ 0% and polarized Pe− ¼ −80% electron
beam and 95% C.L. We plot the curves for each case, for

which we have divided the interval of κ̃ντðd̃ντÞ into several
bins. From these figures we can see that the effect of the
polarized beam is to reduce the interval of definition of
κ̃ντ ∈ ½−2; 2� × 10−5 (unpolarized case) to κ̃ντ ∈ ½−1.65;
1.65� × 10−5 (polarized case) and d̃ντ ∈ ½−2; 2� × 10−5

(unpolarized case) to d̃ντ ∈ ½−1.65; 1.65� × 10−5 (polarized
case), respectively.
Another important observable is the transverse momen-

tum pτ
T of the tau lepton, the pseudorapidity ητ is also

important, these quantities are shown in Figs. 25 and 26.
In both cases, the tau-lepton pseudorapidity and the
transverse momentum are for the SM, SM-polarized
beam, κ̃ντ and κ̃ντ -polarized beam. From Fig. 25, the
dσ=dη clearly shows a strong dependence with respect
to the pseudorapidity, as well as with the factors κ̃ντ and κ̃ντ -
polarized beam. In the case of Fig. 26, the distribution
dσ=dpTðpb=GeVÞ decreases with the increase of pT for
the SM and the SM-polarized beam, while for κ̃ντ and
κ̃ντ -polarized beam have the opposite effect. These

FIG. 19. Same as in Fig. 18, but for
ffiffiffi
s

p ¼ 1500 GeV.

FIG. 20. Same as in Fig. 18, but for
ffiffiffi
s

p ¼ 3000 GeV.

FIG. 21. Same as in Fig. 13, but with polarized electron beam
Pe ¼ −80%.

FIG. 22. Same as in Fig. 14, but with polarized electron beam
Pe ¼ −80%.
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distributions clearly show great sensitivity with respect to
the anomalous factor κ̃ντ for the cases with unpolarized and
polarized electron beam. The analysis of these distributions
is important to be able to discriminate the basic acceptance
cuts for τν̄τνe events at the CLIC.

J. 90% C.L and 95% C.L bounds on the anomalous
ντMM and ντEDM with unpolarized and polarized

electron beams

In the following we will refer to the anomalous ντMM
and ντEDM. From Feynman diagrams for the process
γe− → τν̄τνe given in Fig. 12, for the estimation of the
sensitivity on the anomalous dipole moments, we consider
the following scenarios: (a) unpolarized electrons beams
Pe− ¼ 0% and we considered only the leptonic decay
channel of the tau-lepton; (b) polarized electrons beams
Pe− ¼ −80%, and we considered only the leptonic decay
channel of the tau-lepton; (c) unpolarized electrons beams
Pe− ¼ 0% and we considered only the hadronic decay
channel of the tau-lepton; (d) polarized electrons beams
Pe− ¼ −80% and we considered only the hadronic decay
channel of the tau-lepton; (e) unpolarized electrons beams
Pe− ¼ 0% and we considered only the leptonic decay
channel of the tau-lepton, including ISRþ BS effects;
(f) polarized electrons beams Pe− ¼ −80% and we con-
sidered only the hadronic decay channel of the tau-lepton,
including ISRþ BS effects. For all these scenarios, we
consider the energies and luminosities for the future CLICffiffiffi
s

p ¼ 380, 1500, 3000 GeVandL ¼ 10, 50, 100, 200, 500,
1000, 1500, 2000, 3000 fb−1. In addition, we impose
kinematic cuts on pν

T , p
τ
T and ητ to suppress the back-

grounds and to optimize the signal sensitivity [see
Eq. (31)], we also consider the systematic uncertainties

FIG. 23. χ2 as a function of κ̃ντ for the total cross section of the
process γe− → τν̄τνe.
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FIG. 24. Same as in Fig. 23, but for d̃ντ.
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FIG. 25. Generated tau-lepton pseudorapidity distribution for
γe− → τν̄τνe. The distributions are for SM (SM-polarized beam)
and κ̃ντ (κ̃ντ -polarized beam).
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FIG. 26. Same as in Fig. 25, but for pT.
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δsys ¼ 0%, 5%, 10%. The achievable precision in the
determination of the sensibility on κ̃ντ and d̃ντ is summa-
rized in Tables X–XIX.
The best sensitivity achieved for the anomalous κ̃ντ and

the d̃ντ for the case of Pe− ¼ 0%, and considering only

the leptonic decay channel of the tau-lepton, are jκ̃ντ j ¼
3.649 × 10−7 and jd̃ντðe cmÞj ¼ 7.072 × 10−18. In the
case of Pe− ¼ −80%, and considering only the leptonic
decay channel of the tau-lepton, the sensitivity estimates
are jκ̃ντ j ¼ 3.152 × 10−7 and jd̃ντðe cmÞj ¼ 6.108 × 10−18.

TABLE X. Limits on the κ̃ντ magnetic moment and d̃ντ electric
dipole moment via the process γe− → τν̄τνe (γ is the Compton
backscattering photon) for Pe− ¼ 0%, and we considered only the
leptonic decay channel of the tau-lepton.

90% C.L.
ffiffiffi
s

p ¼ 1500 GeV

Lðfb−1Þ jκ̃ντ j (10−7) jd̃ντ jð10−17Þðe cmÞ
100 16.810 3.258
200 14.130 2.739
500 11.240 2.178
1000 9.455 1.832
1500 8.544 1.655

δsys ¼ 5% 6.860 × 10−6 1.322 × 10−16

δsys ¼ 10% 9.701 × 10−6 1.879 × 10−16

95% C.L.
ffiffiffi
s

p ¼ 1500 GeV

100 18.340 3.554
200 15.420 2.989
500 12.260 2.377
1000 10.310 1.999
1500 9.3210 1.806

δsys ¼ 5% 7.484 × 10−6 1.450 × 10−16

δsys ¼ 10% 10.580 × 10−6 2.051 × 10−16

TABLE XI. Limits on the κ̃ντ magnetic moment and d̃ντ electric
dipole moment via the process γe− → τν̄τνe (γ is the Compton
backscattering photon) for Pe− ¼ 0%, and we considered only the
leptonic decay channel of the tau-lepton.

90% C.L.
ffiffiffi
s

p ¼ 3000 GeV

Lðfb−1Þ jκ̃ντ j (10−7) jd̃ντ jð10−18Þðe cmÞ
100 7.826 15.160
500 5.234 10.140
1000 4.402 8.530
2000 3.702 7.174
3000 3.345 6.483

δsys ¼ 5% 3.029 × 10−6 5.871 × 10−17

δsys ¼ 10% 4.248 × 10−6 8.233 × 10−17

95% C.L.
ffiffiffi
s

p ¼ 3000 GeV

100 8.538 16.540
500 5.710 11.060
1000 4.802 9.306
2000 4.038 7.826
3000 3.649 7.072

δsys ¼ 5% 3.268 × 10−6 6.333 × 10−17

δsys ¼ 10% 4.622 × 10−6 8.957 × 10−17

TABLE XII. Limits on the κ̃ντ magnetic moment and d̃ντ
electric dipole moment via the process γe− → τν̄τνe (γ is the
Compton backscattering photon) for Pe− ¼ −80%, and we
considered only the leptonic decay channel of the tau-lepton.

90% C.L.
ffiffiffi
s

p ¼ 1500 GeV

Lðfb−1Þ jκ̃ντ j (10−7) jd̃ντ jð10−17Þðe cmÞ
100 14.520 2.814
200 12.210 2.366
500 9.713 1.882
1000 8.167 1.582
1500 7.380 1.430

δsys ¼ 5% 6.865 × 10−6 1.330 × 10−16

δsys ¼ 10% 9.709 × 10−6 1.881 × 10−16

95% C.L.
ffiffiffi
s

p ¼ 1500 GeV

100 15.840 3.070
200 13.320 2.582
500 10.590 2.053
1000 8.911 1.726
1500 8.052 1.560

δsys ¼ 5% 7.491 × 10−6 1.451 × 10−16

δsys ¼ 10% 10.590 × 10−6 2.052 × 10−16

TABLE XIII. Limits on the κ̃ντ magnetic moment and d̃ντ
electric dipole moment via the process γe− → τν̄τνe (γ is the
Compton backscattering photon) for Pe− ¼ −80%, and we
considered only the leptonic decay channel of the tau-lepton.

90% C.L.
ffiffiffi
s

p ¼ 3000 GeV

Lðfb−1Þ jκ̃ντ j (10−7) jd̃ντ jð10−18Þðe cmÞ
100 6.762 13.100
500 4.522 8.762
1000 3.802 7.368
2000 3.197 6.196
3000 2.889 5.598

δsys ¼ 5% 3.029 × 10−6 5.851 × 10−17

δsys ¼ 10% 4.248 × 10−6 8.236 × 10−17

95% C.L.
ffiffiffi
s

p ¼ 3000 GeV

100 7.377 14.290
500 4.933 9.560
1000 4.148 8.039
2000 3.488 6.760
3000 3.152 6.108

δsys ¼ 5% 3.273 × 10−6 6.343 × 10−17

δsys ¼ 10% 4.629 × 10−6 8.971 × 10−17
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In both cases the obtained sensitivity are for the values
of

ffiffiffi
s

p ¼ 3000 GeV, L ¼ 3000 fb−1 and 95% C.L.
Comparing both cases, unpolarized and polarized electron
beam, we conclude that the case with polarized beam
Pe− ¼ −80% improves the sensitivity on the anomalous

dipole moments in 13.63% with respect to the unpolar-
ized case.
When only the hadronic decay channel of the tau-lepton

is considered, the sensibility on the dipole moments
is jκ̃ντ j ¼ 3.127 × 10−7, jd̃ντðe cmÞj ¼ 6.059 × 10−18 with

TABLE XIV. Limits on the κ̃ντ magnetic moment and d̃ντ
electric dipole moment via the process γe− → τν̄τνe (γ is the
Compton backscattering photon) for Pe− ¼ 0%, and we consid-
ered only the hadronic decay channel of the tau-lepton.

90% C.L.
ffiffiffi
s

p ¼ 1500 GeV

Lðfb−1Þ jκ̃ντ j (10−7) jd̃ντ jð10−17Þðe cmÞ
100 14.400 2.791
200 12.110 2.347
500 9.632 1.866
1000 8.098 1.569
1500 7.319 1.418

δsys ¼ 5% 6.869 × 10−6 1.329 × 10−16

δsys ¼ 10% 9.701 × 10−6 1.879 × 10−16

95% C.L.
ffiffiffi
s

p ¼ 1500 GeV

100 15.710 3.045
200 13.210 2.560
500 10.500 2.036
1000 8.837 1.712
1500 7.985 1.547

δsys ¼ 5% 7.484 × 10−6 1.450 × 10−16

δsys ¼ 10% 10.580 × 10−6 2.051 × 10−16

TABLE XV. Limits on the κ̃ντ magnetic moment and d̃ντ
electric dipole moment via the process γe− → τν̄τνe (γ is the
Compton backscattering photon) for Pe− ¼ 0%, and we consid-
ered only the hadronic decay channel of the tau-lepton.

90% C.L.
ffiffiffi
s

p ¼ 3000 GeV

Lðfb−1Þ jκ̃ντ j (10−7) jd̃ντ jð10−18Þðe cmÞ
100 6.704 12.990
500 4.484 8.689
1000 3.771 7.308
2000 3.171 6.146
3000 2.866 5.554

δsys ¼ 5% 2.995 × 10−6 5.805 × 10−17

δsys ¼ 10% 4.236 × 10−6 8.209 × 10−17

95% C.L.
ffiffiffi
s

p ¼ 3000 GeV

100 7.314 14.170
500 4.892 9.480
1000 4.114 7.972
2000 3.460 6.705
3000 3.127 6.059

δsys ¼ 5% 3.268 × 10−6 6.333 × 10−17

δsys ¼ 10% 4.622 × 10−6 8.956 × 10−17

TABLE XVI. Limits on the κ̃ντ magnetic moment and d̃ντ
electric dipole moment via the process γe− → τν̄τνe (γ is the
Compton backscattering photon) for Pe− ¼ −80%, and we
considered only the hadronic decay channel of the tau-lepton.

90% C.L.
ffiffiffi
s

p ¼ 1500 GeV

Luminosity (fb−1) jκ̃ντ j (10−7) jd̃ντ jð10−17Þðe cmÞ
100 12.440 2.411
200 10.460 2.027
500 8.320 1.612
1000 6.996 1.355
1500 6.322 1.225

δsys ¼ 5% 6.865 × 10−6 1.330 × 10−16

δsys ¼ 10% 9.709 × 10−6 1.881 × 10−16

95% C.L.
ffiffiffi
s

p ¼ 1500 GeV

100 13.570 2.630
200 11.410 2.212
500 9.078 1.759
1000 7.633 1.479
1500 6.897 1.336

δsys ¼ 5% 7.490 × 10−6 1.451 × 10−16

δsys ¼ 10% 10.590 × 10−6 2.052 × 10−16

TABLE XVII. Limits on the κ̃ντ magnetic moment and d̃ντ
electric dipole moment via the process γe− → τν̄τνe (γ is the
Compton backscattering photon) for Pe− ¼ −80%, and we
considered only the hadronic decay channel of the tau-lepton.

90% C.L.
ffiffiffi
s

p ¼ 3000 GeV

Luminosity (fb−1) jκ̃ντ j (10−7) jd̃ντ jð10−18Þðe cmÞ
100 5.792 11.22
500 3.873 7.506
1000 3.257 6.312
2000 2.739 5.307
3000 2.475 4.976

δsys ¼ 5% 3.000 × 10−6 5.814 × 10−17

δsys ¼ 10% 4.243 × 10−6 8.222 × 10−17

95% C.L.
ffiffiffi
s

p ¼ 3000 GeV

100 6.319 12.240
500 4.226 8.189
1000 3.553 6.886
2000 2.988 5.791
3000 2.700 5.232

δsys ¼ 5% 3.273 × 10−6 6.343 × 10−17

δsys ¼ 10% 4.629 × 10−6 8.971 × 10−17
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Pe− ¼ 0% and jκ̃ντ j¼2.700×10−7, jd̃ντðe cmÞj ¼ 5.232 ×
10−18 with Pe− ¼ −80%, respectively. The obtained results
are with

ffiffiffi
s

p ¼ 3000 GeV, L ¼ 3000 fb−1 and 95% C.L.
The comparison of both cases shows that the case with
polarized electron beam improves the sensitivity of the
anomalous dipole moments of the τ-neutrino of 13.65%,
with respect to the case with Pe− ¼ 0%.
If now we compare the cases with leptonic decay

channel and hadronic decay channel with Pe− ¼ 0% andffiffiffi
s

p ¼ 3000 GeV, L ¼ 3000 fb−1 and 95% C.L. the
improvement in sensitivity is 14.31% for the hadronic decay
channel with respect to the leptonic decay channel, whereas
for Pe− ¼ −80% the improvement in the sensitivity is of
14.34% with respect to the case of the leptonic decay
channel. These differences are expected for the different
cases because the tau-lepton decays roughly 35% of the time
leptonically and 65% of the time hadronically.

K. 90% C.L and 95% C.L bounds on the anomalous
ντMM and ντEDM with unpolarized and polarized

electron beams, including ISR+BS effects

Our results on the κ̃ντ and d̃ντðe cmÞ through the process
γe− → τν̄τνe and considering the background coming from
ISR and BS are presented in Tables XVIII and XIX, for
the unpolarized and polarized cases. We consider the
leptonic (hadronic) decay channel of the tau-lepton, Pe− ¼
0%ð−80%Þ and ffiffiffi

s
p ¼ 3000 GeV.

It is seen of the comparison from Tables XI and XVIII
that ISR and BS effects lead to decreasing the sensitivity on
the κ̃ντ and d̃ντðe cmÞ. This decrease is of the order 8.85%.
In the case of Tables XVII and XIX, it is of the order 20.4%
of difference in sensitivity for κ̃ντ and d̃ντðe cmÞ. It is seen
that ISR plus BS effects are more effective for the polarized
case than for the unpolarized case.

III. CONCLUSIONS

In this paper, we have sensitivity estimates on the total
cross section and on the dipole moments κ̃ντ and d̃ντ
through the process eþe− → ντν̄τγ at the future CLIC.
Furthermore, the process is analyzed for four scenarios
motivated by the strong advantage in searching for new
physics BSM: (a) unpolarized electron-positron beam
ðPe− ; PeþÞ ¼ ð0%; 0%Þ, (b) polarized electron-positron
beam ðPe− ;PeþÞ¼ð−80%;60%Þ, (c) unpolarized electron-
positron beam ðPe− ;PeþÞ¼ð0%;0%Þ, including ISRþ BS
effects, and (d) polarized electron-positron beam
ðPe− ; PeþÞ ¼ ð−80%; 60%Þ, with ISRþ BS effects. In
the first scenario, the unpolarized cross section has the
value of ≈200ð200Þ pb (see Figs. 2 and 3) depending on
the anomalous coupling type κ̃ντðd̃ντÞ. In the second
scenario, which is motivated by the possibility to enhance
or suppress different physical processes, the polarized cross
section gets a value of ≈300ð300Þ pb (see Figs. 7 and 8)
depending on the anomalous coupling type κ̃ντðd̃ντÞ. For
the third and fourth scenarios, the incorporation of the

TABLE XVIII. Limits on the κ̃ντ magnetic moment and d̃ντ
electric dipole moment via the process γe− → τν̄τνe (γ is the
Compton backscattering photon) for Pe− ¼ 0%, and we consid-
ered only the leptonic decay channel of the tau-lepton. We
include ISRþ BS effects.

90% C.L.
ffiffiffi
s

p ¼ 3000 GeV

Lðfb−1Þ jκ̃ντ j (10−7) jd̃ντ jð10−18Þðe cmÞ
100 8.590 16.646
500 5.744 11.132
1000 4.830 9.361
2000 4.062 7.871
3000 3.670 7.113

δsys ¼ 5% 3.273 × 10−6 6.342 × 10−17

δsys ¼ 10% 4.628 × 10−6 8.969 × 10−17

95% C.L.
ffiffiffi
s

p ¼ 3000 GeV

100 9.372 18.162
500 6.267 12.146
1000 5.270 10.213
2000 4.432 8.588
3000 4.004 7.760

δsys ¼ 5% 3.571 × 10−6 6.920 × 10−17

δsys ¼ 10% 5.050 × 10−6 9.786 × 10−17

TABLE XIX. Limits on the κ̃ντ magnetic moment and d̃ντ
electric dipole moment via the process γe− → τν̄τνe (γ is the
Compton backscattering photon) for Pe− ¼ −80%, and we
considered only the hadronic decay channel of the tau-lepton.
We include ISRþ BS effects.

90% C.L.
ffiffiffi
s

p ¼ 3000 GeV

Luminosity (fb−1) jκ̃ντ j (10−7) jd̃ντ jð10−18Þðe cmÞ
100 7.414 14.368
500 4.958 9.608
1000 4.169 8.079
2000 3.506 6.794
3000 3.168 6.139

δsys ¼ 5% 3.270 × 10−6 6.342 × 10−17

δsys ¼ 10% 4.625 × 10−6 8.969 × 10−17

95% C.L.
ffiffiffi
s

p ¼ 3000 GeV

100 8.089 15.676
500 5.409 10.483
1000 4.549 8.815
2000 3.825 7.412
3000 3.456 6.698

δsys ¼ 5% 3.568 × 10−6 6.920 × 10−17

δsys ¼ 10% 5.046 × 10−6 9.786 × 10−17
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backgrounds coming from ISRþ BS has the effect of
decreasing the sensitivity bounds on κ̃ντ and d̃ντ as shown
in Tables VIII and IX. Comparing the (a) and (b) scenarios
shows that the cross section is enhanced for 100 pb for the
case of the polarized electron-positron beam. The option of
upgrading the incoming electron and the positron beam to
be polarized has the power to enhance the potential of the
machine. In addition to these, the results for the sensitivity
contours in the κ̃ντ − d̃ντ plane for the unpolarized and
polarized case are presented (see Figs. 4–6 and 9–11).
Figures 2–11 and Tables I–VI and VIII and IX highlight

that sensitivity estimates for the total cross section, as well
as for the anomalous κ̃ντ and d̃ντ at CLIC for high center-of-
mass energies and high luminosities, reach a better sensi-
tivity to that of L3 [20], CERN-WA-066 [19] and E872
(DONUT) [18], as well as of others experimental and
theoretical results (see Table I of Ref. [16]). The most
optimistic scenario about the sensitivity in the anomalous
dipole moments of the τ-neutrino (see Tables III and VI),
yields the following results: jκ̃ντ j ¼ 2.103 × 10−7 and
jd̃ντðe cmÞj¼4.076×10−18 with ðPe− ; PeþÞ ¼ ð0%; 0%Þ.
In addition, we also obtain the results jκ̃ντ j¼2.002×10−7

and jd̃ντðe cmÞj ¼ 4.039 × 10−18 with ðPe− ;PeþÞ¼ð−80%;
60%Þ. Our results show the potential and the feasibility of
the process eþe− → ντν̄τγ at the CLIC.
In the case of the process γe− → τν̄τνe, we have studied

the ντMM and ντEDM in a model-independent way. For the
four options that we considered in this paper: polarized
electron beam, unpolarized electron beam, polarized elec-
tron beam with ISRþ BS effects and unpolarized electron
beam including ISRþ BS effects, our results are sensitive
to the parameters of the collider such as the center-of-mass
energy and the luminosity. Furthermore, our results are also
sensitive to the kinematic basic acceptance cuts of the final
state particles pν

T , η
τ and pτ

T , as well as the systematic
uncertainties δsys. A good knowledge of the kinematic cuts
is needed not only to improve sensitivity analyses, but
because it can help to understand which are the most
appropriate processes to probing in the future high-energy
and high-luminosity linear colliders, such as the CLIC.
CLIC, as well as any γe− Compton backscattering experi-
ment, offers a good laboratory to study the total cross
section and the dipole moments of the tau-neutrino through
the process γe− → τν̄τνe with unpolarized and polarized
electron beam.
Despite the large number of studies performed in recent

years on the electromagnetic properties of the tau-neutrino,
more studies are still needed to deeply understand and
explain experimental observations and their comparison
with model predictions. Current and future data of the
ATLAS [78] and CMS [79,80] collaborations, as well as

new analysis of already existing data sets, could help to
improve our knowledge on the ντMM and ντEDM [16].
A precision machine like CLIC is expected to help in the

precise estimates of the anomalous coupling ντν̄τγ. The
reach of the CLIC with maximum

ffiffiffi
s

p ¼ 3000 GeV and
L ¼ 3000 fb−1 to probing the relevant observable of the
process is presented. The influence of the anomalous
couplings, of the kinematic cuts, of the uncertainties
systematic, as well as the polarized electron beam on the
cross section, the tau-lepton pseudorapidity distribution
and the tau-lepton transverse momentum distribution are
studied. Furthermore, we estimate the sensitivity on the
anomalous ντMM and ντEDM. Our results are summarized
in Figs. 13–26 as well as in Tables X–XIX, respectively.
From our set of figures and tables it is evident that a

suitably chosen beam polarization is found to be advanta-
geous as illustrated with an 80% left-polarization electron
beam (see Figs. 21–26). The most optimistic scenario
about the sensitivity in the anomalous dipole moments
of the tau-neutrino (see Tables XIII and XVII) yields the
following results: jκ̃ντ j ¼ 2.889 × 10−7 and jd̃ντðe cmÞj ¼
5.598 × 10−18 with Pe− ¼ −80% and we considered only
the leptonic decay channel of the tau-lepton. jκ̃ντ j ¼
2.475 × 10−7 and jd̃ντðe cmÞj ¼ 4.976 × 10−18 with Pe− ¼
−80% and we take into account only the hadronic decay
channel of the tau-lepton. Our results show the potential
and the feasibility of the process γe− → τν̄τνe at the CLIC
at the γe− mode.
The incorporation of the background coming from

ISRþ BS has the effect of decreasing the total cross
section of the signal eþe− → ντν̄τγ and γe− → τν̄τνe, as
well as the sensitivity estimate on κ̃ντ and d̃ντ . However, is
essential have a precise knowledge if we wish to make any
realistic predictions at the future linear colliders, such as
the CLIC.
In conclusion, both processes eþe− → ντν̄τγ and

γe− → τν̄τνe are very useful to sensitivity probing on the
dipole moments of the tau-neutrino and illustrate the
complementarity between CLIC and other eþe− and pp
colliders for probing extensions of the SM. However, the
process eþe− → ντν̄τγ is more sensitive to model-indepen-
dent sensibility study for the tau-neutrino electromagnetic
dipole moments at the CLIC with polarized electron-
positron beams.
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