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Abstract

To improve the theoretical prediction of the anomalous dipole moments of the 7-neutrino, we have
carried out a study through the process ye~ — 70,v,, which represents an excellent and useful op-
tion in determination of these anomalous parameters. To study the potential of the process ve™ —
TU;Ve, we apply a future high-energy and high-luminosity linear electron-positron collider, such as
the CLIC, with /s = 380, 1500, 3000 GeV and £ = 10, 50, 100, 200, 500, 1000, 1500, 2000, 3000 fb~1,
and we consider systematic uncertainties of 04,5 = 0,5,10%. With these elements, we present a
comprehensive and detailed sensitivity study on the total cross-section of the process ye~™ — 70,1,
as well as on the dipole moments y,,. and d,,_ at the 95% C.L., showing the feasibility of such process

at the CLIC at the ye¢~ mode with unpolarized and polarized electron beams.
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I. INTRODUCTION

The magnetic and electric dipole moments of the neutrino (vMM) and (vVEDM) 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) | neutrinos are massless particles
with zero vYMM. However, in the minimally extended SM containing gauge-singlet right-
handed neutrinos, the vMM induced by radiative corrections is unobservably small, pu, =
3eGpmy,/(8v/27?) =~ 3.1 x 107%(m,, /1 eV )up, where up = e/2m, is the Bohr magneton

,13]. Present experimental limits on these MM 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 B] Similarly, a vEDM will also point to new physics and will be of relevance
in astrophysics and cosmology, as well as terrestrial neutrino experiments [1].

A fundamental challenge of the particle physics community is to determine the Majorana
or Dirac nature of the neutrino. For respond to this challenge, experimentalist are exploring
different reactions where the Majorana nature may manifest E] 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
magnetic 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 anti-matter, or are matter and anti-matter
intrinsically different ? It is possible that the answer to this problem may hold the key to
solving the mystery of the matter-dominated Universe 7 A. Sakharov proposed a solution to
this problem [9], your 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 systems. The EDM provides
a direct experimental probe of CP violation ], 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 v,EDM
have received much attention because the experimental sensitivity is expected to improve
considerably in the future. Precise measurement of the v, EDM is an important probe of CP

violation.



In the case of the v, MM and v,MM, the best current sensitivity limits are derived from
reactor neutrino experiment GEMMA [13] and of the Liquid Scintillator Neutrino Detector

(LSND) experiment ], respectively. The obtained sensitivity limits are

pe? =29 x 10" ug, 90% C.L. [GEMMA] ], (1)

Ve

pt? = 6.8 x 107 %up, 90% C.L. [LSND] M], (2)

these limits are eight-nine orders of magnitude weaker than the SM prediction.

For the electric dipole moments d,, ,, ] the best bounds are:

dyop, < 2% 107 (ecm),  95% C.L.. (3)

For the tau-neutrino, the bounds on their dipole moments are less restrictive, and there-
fore it is worth investigating in deeper way their electromagnetic properties. The 7-neutrino
correspond to the more massive third generation of leptons and possibly possesses the largest
mass and the largest magnetic and electric dipole moments.

Table T of Ref. |, summary the current experimental and theoretical bounds on the
anomalous dipole moments of the tau-neutrino. The present experimental bounds on the
anomalous magnetic moment of the tau-neutrino has been reported by different experiments
at Borexino @], E872 (DONUT) B], CERN-WA-066 [19], and at LEP [20]. In addition,
other limits on the v,MM and v, EDM in different context are reported in Refs. , .

For the study of the dipole moments of the v, we consider the process ye~ — 70, 1,, in
the presence of anomalous magnetic and electric dipole couplings u,. and d,_, respectively.
The set Feynman diagrams are given in Fig. 1. The final state given by ve~™ — 70,1, is
considered with the subsequent decay of the tau-lepton through two different decay channels,
the leptonic decay channel and the hadronic decay channel.

The neutrino is a neutral particle, therefore its electromagnetic properties appear only
at loop level. However, a method of studying these properties on a model-independent form
is to consider the effective neutrino-photon interaction. In this regard, the most general ex-
pression consistent with Lorentz and electromagnetic gauge invariance, for the tau-neutrino

electromagnetic vertex may be parameterized in terms of four form factors |:
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where e is the charge of the electron, m,,_ is the mass of the tau-neutrino, ¢* is the photon mo-
mentum, and Fj 53 4(¢?) are the electromagnetic form factors of the neutrino, corresponding
to charge radius, MM, EDM and anapole moment (AM), respectively, at ¢* = 0 ,@]

The future ete™ linear colliders are being designed to function also as vy or ye~ collid-
ers with the photon beams generated by laser-backscattering method, in these modes 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 these ve™ colliders based on ete™ linear colliders of center-of-mass energies
of 380 — 3000 GeV. See Refs. B@] for a detailed description of the vy and e~ colliders.

To study the sensitivity on the anomalous dipole moments of the tau-neutrino, we
consider a future high-energy and high-luminosity linear electron positron collider, such
as the Compact Linear Collider (CLIC) |, with center-of-mass energies of /s =
380, 1500, 3000 GeV and luminosities of £ = 10, 50, 100, 200, 500, 1000, 1500, 2000, 3000 fb~1.
Furthermore, we apply systematic uncertainties of 5,5 = 0, 5, 10%, as well as polarized elec-
tron beams which affect the total and angular cross-section.

This article is organized as follows. In Section II, we study the total cross-section and
the dipole moments of the tau-neutrino through the process ve~ — 77,1, with unpolarized

and polarized beams. The Section III is devoted to our conclusions.

II. CROSS-SECTION OF THE PROCESS e~ — 7,0, WITH UNPOLARIZED
AND POLARIZED BEAMS

The CLIC physics program M} is very broad and rich which complements the physics
program of the LHC. Furthermore, it provides a unique opportunity to study ~v and ~ve~
interactions with energies and luminosities similar to those in e*e™ collisions.

On the other hand, although many particles and processes can be produced in both
colliders ete™ and ~v, ye~ the reactions are different and will give complementary and

very valuable information about new physics phenomena, such as is the case of the dipole



TABLE I: Benchmark parameters of the CLIC based e~ colliders @B]
CLIC Vs (GeV) L(fo1)

First stage 380 10, 50, 100, 200, 500

Second stage| 1500 |10, 50, 100, 200, 500, 1000, 1500

Third stage 3000 10, 100, 500, 1000, 2000, 3000

moments of the tau-neutrino which we study through the process ye~ — 7i,1,.. Fig. 1
shows the Feynman diagrams corresponding to said process. Our numerical analyses are
carried out using the CALCHEP 3.6.30 ‘Qg] package, which can computate the Feynman
diagrams, integrate over multiparticle phase space and event simulation.

We evaluate the total cross-section of the process ve~ — 70,1, as a function of the
anomalous form factors Fy, F3 and (Fy, F3) and tau lepton decays hadronic and leptonic
modes are considered.

In order to evaluate the total cross-section o(ye~ — 70,;1.) and to probe the dipole
moments . and d,_, we examine the potential of CLIC based ye™ colliders with the main
parameters given in Table I. In addition, in order to suppress the backgrounds and optimize

the signal sensitivity, we impose for our study the following kinematic basic acceptance cuts

for Tv.v, events at the CLIC:

Cut-1: p} > 15GeV,

Cut-2: ™ < 2.5, (5)

Cut-3: pT > 20 GeV,
where in these equations p7i” is the transverse momentum of the final state particles and 1™
is the pseudorapidity which reduces the contamination from other particles misidentified as
tau.

Furthermore, to study the sensitivity to the parameters of the ye~ — 70,1, process we
use the chi-squared function. The x? function is defined as follows @, , JQ;

(6)

Xg _ <USM — onp(V/s, MV77dV7>>2
USM\/(53t>2 + (6sys)2
where onp(\/S, fw.,d,.) is the total cross-section including contributions from the SM and

new physics, 0y = \/ﬁ is the statistical error and 4,y is the systematic error. The number




of events is given by Ngyr = L X 05y X BR, where L;,,; is the integrated CLIC luminosity.
The main tau-decay branching ratios are given in Ref. |. 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 consider: 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)

|, a proposed detector concept for the International Linear Collider (ILC). However, we
do not have any CLIC reports [65, 166] 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 detectors and efficiency is therefore considered
within systematic 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 beam can be polarized
up to F80% ﬂa, @] By choose different beam polarizations it is possible to enhance or
suppress different physical processes. Furthermore, in the study of the process ve™ — 70,1,
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.

The general formula for the cross-section for arbitrary polarized ete™ beams is give by

o7

PP P) = [0+ B)(L+ Pot)ras + (1= Po)(1 = P)or
(14 Po)(1— P)os_ + (1= Po)(1+ Po)o_y], (7)

where P,- (P.+) is the polarization degree of the electron (positron) beam, while o_ stands
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for the cross-section for completely left-handed polarized e~ beam P,- = —1 and completely
right-handed polarized e™ beam P,+ = 1, and other cross-sections o__, o, and o, _ are
defined analogously.

For ~ve™ collider, the most promising mechanism to generate energetic photon beams 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 ve~ — 70,1, are

o= / foye(@)dedE,. 8)

In this equation, the spectrum of Compton backscattered photons B, ] is given by

_ e Y Ay
W= ol vty Tty tea-y v
where
O=0-2- S ogcrn+isd 1 (10)
IS =0T 27T ¢+
with
B, _ 4EF, ¢
y_FZ> C_ M@Q 9 ymax_1+g~ (11)

Here, Ey and E, are energy of the incoming laser photon and initial energy of the electron
beam before Compton backscattering and F. is the energy of the backscattered photon.

The maximum value of y reaches 0.83 when ( = 4.8.

A. Cross-section of the process ve~ — 77,7, and dipole moments of the v, with

unpolarized electrons beams

As the first observable, we consider the total cross-section. Figs. 2 and 3 summarize

the total cross-section of the process ye~ — 70,1, with unpolarized electrons beams and



as a function of the anomalous couplings Fy(F3). We use the three stages of the center-of-
mass energy of the CLIC given in Table I. The total cross-section clearly shows a strong
dependence with respect to the anomalous parameters F,, F3, as well as with the center-of-
mass energy of the collider /s.

The total cross-section of the process ve~ — 70,1, as a function of Fy and F3 with the
benchmark parameters of the CLIC given in Table I is shown in Figs. 4-6. The total cross-
section increases with the increase in the center-of-mass energy of the collider and strongly
depends on anomalous couplings F, and F3.

In order to investigate the signal more comprehensively, we show the bounds con-
tours depending on integrated luminosity at the 95% C.L. on the (Fy, F3) plane for
Vs = 380,1500,3000 GeV in Figs. 7-9. At 95% C.L. and /s = 3000 GeV, we can see
that the correlation region of Fy € [—2.5;2.5] x 107 and F3 € [—2.5;2.5] X 107 can
be excluded with integrate luminosity £ = 100 fb~!. If the integrated luminosity is in-
creased to £ = 3000 fb~', the excluded region will expand into F, € [—1,1] x 107° and
Fy € [~1,1] x 1075,

B. Cross-section of the process y¢e~ — 7,1, and dipole moments of the v, with

polarized electrons beams

We consider the total cross-section of the process ve~ — 70,1, as a function of the
anomalous form factors Fy(F3) and we perform our analysis for the CLIC running at center-
of-mass energies and luminosities given in Table I. Furthermore, in our analysis we consider
the baseline expectation of an 80% left-polarized electron beam. As expected, the polar-
ization hugely improves the total cross-section as is shown in Figs. 10 and 11. The total
cross-section is increased from about o = 8 x 103 pb with unpolarized electron beam (see
Figs. 2 and 3) to about o = 1.5 x 10* pb with polarized electron beam (see Figs. 10 and 11),
respectively, enhancing the statistic. The increase of the total cross-section of the process
ve~ — TU, 1, for the polarized case is approximately the double of the unpolarized case. The
Feynman diagram 4 of Fig. 1, gives the maximum contribution to the total cross-section.
For P.- = —80% case, this contribution is dominant due to the structure of the We v,
vertex. The advantage of beam polarization is evident when compared to the corresponding

unpolarized case.



In Figs. 12 and 13 we plot the x? versus Fy(F3) with unpolarized P,- = 0% and polarized
P, = —80% electron beam and 95% C.L.. We plot the curves for each case, for which we
have divided the interval of Fy(F3) into several bins. From these figures we can see that the
effect of the polarized beam is to reduce the interval of definition of Fy € [—2;2] x 107°
(unpolarized case) to Fy € [—1.65;1.65] x 107 (polarized case) and F3 € [—2;2] x 107°
(unpolarized case) to F3 € [—1.65;1.65] x 107 (polarized case), respectively.

Another important observable is the transverse momentum p7. of the tau lepton, the
pseudorapidity 77 is also important, these quantities are shown in Figs. 14 and 15. In both
cases, the tau-lepton pseudorapidity and the transverse momentum are for the SM, SM-
polarized beam, Fy and Fs-polarized beam. From Fig. 14, the do/dn clearly shows a strong
dependence with respect to the pseudorapidity, as well as with the form factors Fy and Fs-
polarized beam. In the case of Fig. 15, the distribution do/dpr(pb/GeV') decreases with the
increase of pr for the SM and the SM-polarized beam, while for F; and F,-polarized beam
have the opposite effect. These distributions clearly show great sensitivity with respect to the
anomalous form factor F; 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 77,1, events at the CLIC.

C. 90% C.L. and 95% C.L. bounds on the anomalous v, MM and v,EDM with

unpolarized and polarized electron beam

In the following we will refer to the anomalous »,MM and v,EDM. From Feynman dia-
grams for the process ye~ — 70,1, given in Fig. 1, for the estimation of the sensitivty on
the anomalous dipole moments, we consider the following scenarios: a) unpolarized electrons
beams P,-=0% and we considered only the leptonic decay channel of the tau-lepton. b) po-
larized electrons beams P,-=-80%, and we considered only the leptonic decay channel of the
tau-lepton. c¢) unpolarized electrons beams P.-=0% and we considered only the hadronic
decay channel of the tau-lepton. d) polarized electrons beams P,-=-80% and we considered
only the hadronic decay channel of the tau-lepton. For all these scenarios, we consider the
energies and luminosities for the future CLIC summarized in Table I. In addition, we impos-
ing kinematic cuts on p7, p} and 1™ to suppress the backgrounds and to optimize the signal

sensitivity (see Eq. (5)), we also consider the systematic uncertainties d5,s = 0,5, 10%. The



achievable precision in the determination of the sensibility on pu,_ and the d,_ is summarized
in Tables II-IX.

The best sensitivity achieved for the anomalous y,, and the d,,, for the case of P.- = 0%),
and considering only the leptonic decay channel of the tau-lepton are |y, (up)| = 3.649x10~7
and |d,.(ecm)| = 7.072x 1078, In the case of P,- = —80%, and considering only the leptonic
decay channel of the tau-lepton the sensitivity estimates are |p, (1g)| = 3.152 x 1077 and
|d, (ecm)| = 6.108 x 107'8. In both cases the obtained sensitivity are for the values of
Vs = 3000GeV, L = 3000 fb~! and 95% C.L. Comparing both cases, unpolarized and
polarized electron beams, we conclude that the case with polarized beams P,- = —80%
improves the sensitivity on the anomalous dipole moments in 13.63% with respect to the
unpolarized case.

When only the hadronic decay channel of the tau-lepton is considered, the sensibility on
the dipole moments is |p,. (1g)| = 3.127 x 1077, |d,,. (ecm)| = 6.059 x 107'® with P.- = 0%
and |, (pp)| = 2.700 x 1077, |d,, (ecm)| = 5.232 x 107 with P,- = —80%, respectively.
The obtained results are with /s = 3000 GeV, £ = 3000 fo=* and 95% C.L. The comparison
of both cases shows that the case with polarized electron beams improves the sensitivity of
the anomalous dipole moments of the 7-neutrino of 13.65%, with respect to the case with
P.- =0%.

If now we compare the cases with leptonic decay channel and hadronic decay channel
with P,- = 0% and /s = 3000 GeV, £ = 3000 fb~! 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 P,- = —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.

III. CONCLUSIONS

We have studied the v, MM and v,EDM in a model-independent way. For the two options
that we considered in this paper: polarized and unpolarized electron beams, 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
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cuts of the final states particles p7., ™ and p7., as well as the systematic uncertainties dsy.
A good knowledge of the kinematic cuts is needed not only to improve sensitivity analyses,
but because 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 ve~ Compton backscattering experiment, offers a good laboratory to study the total
cross-section and the dipole moments of the tau-neutrino through the process ve~ — 70,1,
with unpolarized and polarized electron beams.

Despite the large number of study 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 models predictions. Current and future
data of the ATLAS @] and CMS B, | Collaborations, as well as new analysis of already
existing data sets, could help to improve our knowledge on the v.MM and v,EDM [16].

A precision machine like CLIC is expected to help in the precise estimates of the anoma-
lous couplings. In this paper, the process ve~ — 701, which contains the neutrino
to photon coupling, namely v, 7,7 is considered. The reach of the CLIC with maximum
Vs = 3000 GeV and £ = 3000 fb~! to probing the relevant observable of the process is pre-
sented. 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 pseu-
dorapidity distribution and the tau-lepton transverse momentum distribution are studied.
Furthermore, we estimates the sensitivity on the anomalous .MM and v, EDM. Our results
are summarized in Figs. 2-15 as well as in Tables II-IX, respectively.

From our set of Figures and Tables it is evident that a suitably chosen beam polarization
is found to be advantageous as illustrated with an 80% left-polarization electron beam
(see Figs. 10-15). The most optimistic scenario about the sensitivity in the anomalous
dipole moments of the tau-neutrino (see Tables V and IX), yields the following results:
|\t (uB)] = 2.998x 107" and |d,,_(ecm)| = 5.598 x 10~ with P,- = —80% and we considered
only the leptonic decay channel of the tau-lepton. |u,, (up)| = 2.475x 1077 and |d,,_(ecm)| =
4.796 x 107, with P.- = —80% and we taken in account only the hadronic decay channel of
the tau-lepton. Our results show the potential and the feasibility of the process ve~ — 70,1,

at the CLIC at the ve™ mode.
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TABLE II: Limits on the p,, magnetic moment and d,_ electric dipole moment via the process

ve~ — T (7 is the Compton backscattering photon) for P,- = 0%, and we considered only the

leptonic decay channel of the tau-lepton.

90% C.L. Vs =15TeV
L(fo1) |, | (1077) |y, |(10717) (e cm)
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
Ssys = 5% 6.860 x 106 1.322 x 10716
dsys = 10% 9.701 x 1076 1.879 x 10716
95% C.L. Vs =15TeV
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
dsys = 5% 7.484 x 1076 1.450 x 10716
Ssys = 10% 10.580 x 1076 2.051 x 10716
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TABLE III: Limits on the p, magnetic moment and d,_ electric dipole moment via the process

ve~ — 1,1, (7 is the Compton backscattering photon) for P,- = 0%, and we considered only the

leptonic decay channel of the tau-lepton.

90% C.L. Vs =3TeV
Lo |, | (1077) |y, |(107"%) (e cm)
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
Osys = 5% 3.029 x 1076 5.871 x 10717
Ssys = 10% 4.248 x 1076 8.233 x 10717
95% C.L. Vs =3TeV
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
Ssys = 5% 3.268 x 1076 6.333 x 10717
bsys = 10% 4.622 x 1076 8.957 x 10~17
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FIG. 1: The Feynman diagrams contributing to the process ye~ — 70, V.
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FIG. 2:  The total cross-section of the process ve~ — 70,1, as a function of the anomalous

coupling F; for three different center-of-mass energies /s = 380, 1500, 3000 GeV'.
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FIG. 3: Same as in Fig. 2, but for Fj.
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FIG. 4: The total cross-sections of the process ve~ — 70U, as a function of F» and Fj for

center-of-mass energy of /s = 380 GeV.

FIG. 5: Same as in Fig. 4, but for /s = 1500 GeV'.
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FIG. 6: Same as in Fig. 4, but for /s = 3000 GeV'.
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FIG. 7: Bounds contours at the 95% C.L. in the F3 — F, plane for the process ve~ — 70,1, with
the d5ys = 0% and for center-of-mass energy of /s = 380 GeV'.
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FIG. 8: Same as in Fig. 7, but for /s = 1500 GeV'.
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FIG. 9: Same as in Fig. 7, but for /s = 3000 GeV'.
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FIG. 10: Same as in Fig. 2, but with polarized electron beams P, = —80%.
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FIG. 11: Same as in Fig. 3, but with polarized electron beams P, = —80%.
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FIG. 12: x? as a function of F, for the total cross-section of the process ye™ — 77, v.
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FIG. 14: Generated tau-lepton pseudorapidity distribution for ve™ — 70,v.. The distributions

are for SM (SM-polarized beam) and F, (Fy-polarized beam).
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FIG. 15: Same as in Fig. 14, but for Pp.
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