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Abstract

Using as an input the data obtained by the L3 and OPAL Collaborations
for the reaction ete™ — Tt~y at the Z-pole, we obtained bounds on the
electromagnetic and weak dipole moments of the tau-lepton in the context
of a 331 model. Our bounds on the electromagnetic moments are consistent
with the bounds obtained by the L3 and OPAL Collaborations for the reaction
ete”™ — 1717 y. We also obtained bounds on the tau weak dipole moments
which are consistent with the bounds obtained recently by the DELPHI,
ALEPH and BELLE Collaborations from the reaction ete™ — t7t7. In
addition, we obtained a limit on the Z-Z' mixing angle of the 331 model:
—3.92x 1073 < ¢ < 1.30 x 10~*, which is competitive with those reported
in the literature. Our work complements other studies on the electromagnetic
and weak dipole moments of the tau-lepton and on the Z—-Z' mixing angle.

1. Introduction

The production of tau-lepton pairs in high energy e e~ collisions has been used to set bounds on
its electromagnetic and weak dipole moments [1-7]. In the Standard Model (SM) [8—10], the t
anomalous magnetic moment (MM) a, = (g, —2)/2is predicted tobe (a;)syy = 0.0011773(3)
[11, 12] and the respective electric dipole moment (EDM) d, is generated by the GIM
mechanism only at very high order in the coupling constant [13]. Similarly, the weak MM
and EDM are induced in the SM at the loop level giving a¥ = —(2.10 + 0.61i) x 1076
[14, 15] and d¥ < 8 x 1073*¢ cm [16, 17]. Since the current bounds on these dipole moments
[6, 7, 3, 4] are well above the SM predictions, it has been pointed out that these quantities are
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excellent candidates to look for physics beyond the SM [14-26]. The couplings of the photon
and Z gauge boson to charged leptons may be parameterized in the following form:

1€
5P (@*)o*" g, + eF3(g")yso™ ' q, (1)
1

where V = y,Z, m; is the lepton mass and ¢ = p’ — p is the momentum transfer. The
g*-dependent form-factors F;(¢*) have familiar interpretations for ¢> = 0: F;(0) = Q, is
the electric charge; F>(0) = a;; and F; = d;/Q;. The weak dipole moments are defined in
a similar way: F7(¢*> = m%) = a! and F#(¢> = m3) = dV /e. The measurement of a!’
and d¥ has been done in the Z — 7¥7~ decay mode at LEP. The latest bounds obtained
for the electromagnetic and weak dipole moments from the DELPHI, ALEPH and BELLE
Collaborations at the 95% CL are: —0.052 < a,; < 0.013, —0.22 < d,(107!6 ¢ cm) < 0.45
anda¥ < 1.1 x 1073, d¥ < 0.50 x 107"e cm [3-5, 27].

The first limits on the MM and EDM of the t lepton were obtained by Grifols and Méndez
using L3 data [22]: a, < 0.11 and d; < 6 X 10~ ¢ cm. Escribano and Massé [21] later used
electroweak precision measurements to get d; < 1.1 x 10~"¢ cm and —0.004 < a, < 0.006
at the 20 confidence level. There is extensive theoretical work done in models beyond the SM
that contribute to EDM of charged leptons. In [28], the EDM of charged leptons are studied
assuming that they have Gaussian profiles in extra dimensions. In [29] the lepton EDM has
been analyzed in the framework of the seesaw model. The electric dipole moments of the
leptons in the version III of the 2HDM are considered in [30]. The work [31] was related to
the lepton EDM in the framework of the SM with the inclusion of non-commutative geometry.
Furthermore, the effects of non-universal extra dimensions on the EDM of fermions in the two
Higgs doublet model have been estimated in [32]. In [33-36], limits on the electromagnetic
and weak dipole moments of the tau-lepton in the framework of a left-right symmetric model
(LRSM) and a class of Eg inspired models with an additional neutral vector boson Z, have
been analyzed.

The existence of a heavy neutral (Z’) vector boson is a feature of many extensions
of the SM. In particular, one (or more) additional U (1) gauge factor provides one of the
simplest extensions of the SM. Additional Z’ gauge bosons appear in grand unified theories
[37], superstring theories [38], LRSM [39-41] and in other models such as models of
composite gauge bosons [42]. In particular, it is possible to study some phenomenological
features associates with this extra neutral gauge boson through models with gauge symmetry
SU3)c x SU@B), x U(1)y, also called 331 models. These models arise as an interesting
alternative to explain the origin of generations. Pisano and Pleitez [43—45] have proposed an
model based on the gauge group SU (3)¢ x SU(3); x U(1)y. This model has the interesting
feature that each generation of fermions is anomalous, but that with three generations the
anomalous canceled. Detailed discussions on 331 models can be found in the literature
[43-52].

On the Z peak, where a large number of Z events are collected at eTe™ colliders, one
may hope to constrain or eventually measure the electromagnetic and weak dipole moments
of the t by selecting T+t~ events accompanied by a hard photon. The Feynman diagrams
which give the most important contribution to the cross section from ete™ — Tt~y are
shown in figure 1. The total cross section of ete™ — 777y will be evaluated at the Z-pole
in the framework of a 331 model. The numerical computation for the anomalous magnetic and
the electric dipole moments of the tau is done using the data collected by the L3 and OPAL
Collaborations at LEP [1, 2]. We are interested in studying the effects induced by the effective
couplings associated to the weak and electromagnetic moments of the tau lepton given in
equation (1). For this purpose, we will take the respective anomalous vertices tty and 17Z,
one at the time, in diagrams 1 and 2 of figure 1.

T% = eF (¢*)y* +
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3) (4)

Figure 1. The Feynman diagrams contributing to the process et e~ — 7t~y in a 331 model:
anomalous coupling (1, 2) and the SM (3, 4) when the Z vector boson is produced on mass-shell.

In [53], Gau et al carry out a comprehensive study on the dipole moments of the tau-lepton.
In this paper the authors describe a calculation at tree-level of the process ete™ — ttr7y
which accounts for the effects of anomalous magnetic and electric dipole couplings, they
consider all the SM and anomalous amplitudes. In the revision and comparison of their results
with the simplified result reported in [54], which neglects anomalous contributions from
initial-final state interference, from y Z interference, and from y exchange, they find that the
discrepancy is roughly 1% of the total anomalous cross section, showing that one can safely
neglect anomalous contributions from initial-final state interference, yZ interference and y
exchange.

Our aim in this paper is to analyze the reaction eTe™ — 777~y in the Z boson resonance.
The analysis is carried out in the context of a 331 model [51] and we attribute electromagnetic
and weak dipole moments to the tau-lepton. Processes measured in the resonance serve to set
limits on the tau electromagnetic and weak dipole moments.

First, using as an input the results obtained by the L3 and OPAL Collaborations [1, 2]
for the reaction eTe~™ — Tt~y at the Z-pole, we obtained bounds on the electromagnetic
and weak dipole moments of the tau-lepton in the context of a 331 model. We have found
that these limits are consistent with the new bounds obtained by the DELPHI, ALEPH and
BELLE Collaborations from the process eTe™ — 17t~ [3-5]. In addition, we estimate limits
on the mixing angle ¢ of the 331 model which is similar to that obtained from the 331 model
with right-handed neutrinos [48], as well as that obtained recently from the LEP data on the
number of light neutrino species in the 331 model [51].

This paper is organized as follows. In section 2 we present the calculation of the cross
section for the process ee™ — tT77y in a 331 model. In section 3 we present our results
for the numerical computations and, finally, we present our conclusions in section 4.

2. The total cross section for the reaction ete™ — vt~y

In this section we calculate the total cross section for the reaction e (pi)e™(p) —
77 (p3)TT(p4)y (g) using the neutral current Lagrangian given in equation (9) of [51] for

3
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the 331 model for the diagrams 1-4 of figure 1. A characteristic interesting from this model
is that is independent of the mass of the additional Z’ heavy gauge boson and so we have the
mixing angle ¢ between the Z and Z’ bosons as the only additional parameter. The respective
transition amplitudes are thus given by

_ _gz —( )F(X + ) 14 _&)
' Fcos by (2 =y | PRIy U me)y Ty cosd V3 — 4sin’ 6y

(g - gzys)vm)}

(8uv — PuPv/M3) |:ﬁ(p2)y”<cos¢ _ sing )
[(p1 + p2)? — M% —il'Z] V3 — 4sin? 6y
x(gy — gzmv(pl)}i(q), )

B - _ " sin ¢
Me = oo o (& =) [“(”3” (¢ B m)

x (g% — gays) (k+ mr)F‘;‘v(m)}

(g;w - pupv/M%)

- sin ¢
im0 )
) [(p1 4 p2)? =M% —iT}] [H Py { cose V3 — 4sin oy

x (¢ — gars)u(pn |€x @), ©
and for M3 and My

Mz = M(T5 — y9), 4)

My = My(T5 — y©), (5)

where I'} is the tau-lepton electromagnetic vertex which is defined in equation (1), while €l (q)
is the polarization vector of the photon. / and k stands for the momentum of the virtual tau and
antitau respectively.

The MM, EDM and the mixing angle ¢ of the 331 model give a contribution to the
differential cross section for the process e e~ — 717~y of the form:

2 r2.2 . 4 5
1 — dxy +8
o(efe” > tT7y) =/ - [e o +d$} <cos¢> __sn¢ ) [ X + xw}

48 | 4m? S—aw) L g a—wy
(1 — 4xw +x3,) (s — 2/sE,)) + 3E2 sin” 6,
X 5 5 E,dE,dcos 0,
(s —M2)> +M;T7

+/ o’e [& +d ] (cosq>— —sin¢> )4
2567 | 2m, V3 = dxy
L[ —4xW+8x%,)2:|

X, (1 — x)?

:9E2sin29 + 12./sE, — 9s — 4./sE,, sin> 6
x | £ i VSEy 5 V5Ey | E,dE,d cos6,
E, sin 6, [(s — M3)’ + M3T?)]

ol sin ¢ 4 (1—4)c1;‘/—i-8)c‘24,)2
+/R<COS¢_V3—4XW) |: Xy (1= xw)?




J. Phys. G: Nucl. Part. Phys. 40 (2013) 035001 A Gutiérrez-Rodriguez et al

—s? 4 35/sE, — 2sE2 4 1sEZsin’ 6, — 3/sE; sin® 0,
X
SE2 sin” 6, [ (s — M3)* + M3T'3]
x E,dE,dcos 6, (6)

where xy = sin® Oy, sin ¢ and cos ¢ are the sine and cosine of the mixing angle of the 331
model and E, , cos 6, are the energy and the opening angle of the emitted photon.

It is useful to consider the smallness of the mixing angle ¢, as indicated in equation (14),
to approximate the cross section in equation (6) by its expansion in ¢ up to the linear term.
Such an approximation for deriving the bounds of a, and d; is more illustrative and easier to
manipulate.

For |¢| < 1, the total cross section for the process e™

e~ — Tty is given by

. . e’a? ed,
oleTe > 1t y)= 3
4m: 2m;

X[C+ D]+ E + Fp + O(¢?), (7)

~

+d$) [A+B¢]+( +dr>

where A, B, C, D, E and F are constants which can be evaluated. A explicitly is
p / o? [1 — 4oy + Sx‘z,v} [(1 — dxw + 85y ) (s — 24/5E,) + 3 E,, sin20y:|

48 [ oy (1 —xw)? (s — M2)* + M3T2
xE,dE,dcos0,, ®)

while B, C, D, E and F are given by

_ _/ o? [1 — dxy + 8gi] (1 — 4xw + 8x3, ) (s — 2/5E, ) + S E2 sin* 6,
127 [ o, (1= xw)? (s —M2)* + M2T2

1
X [—m] EydEydCOS Gy, (9)

/ ale [ (1 —4xw +8:3)° ][ ~9s + 12J5E, + 9E2sin>6, — 4/5E, sin’ 6,
256m | (1 —xw)? SE, sin® 6, [ (s — M2) + M2T'2]
xE,dE,dcos0,, (10)

b _/ o2e [[(1=4xw +8)" | [ =95 + 12J/5E, + 9E] sin’ 6, — 4./5E, sin’ 6,
O4r |y (1 —ow)? SE, sin 0, [(s — M2)* + M2T2]

1
X [ﬁ] EydEydCOSGV, (11)

EZ/O,_3 (1—dxy +83)°
16 xp, (1 — xw)?
|:—s2 + 35y/5E, — 2sE% + 1sE’ sin® 6, — I VSE] sin’ 49)/:|
x

sE2 sin® Gy[(s — M%)2 + M%F%]
xE,dE,dcos 6, (12)
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FZ_/a_3 (1 - dxy +83)°
4 xz, (1 — xw)?
—5% + 35/5E, — 25E; + %SEJ% sin” 6, — %ﬁE}% sin® 6,
X
SE2sin 6, [ (s — M2)* + M3T2]

1
X [ﬁ] EydEydCOSQV. (13)

The expression given for A corresponds to the cross section previously reported by Grifols
and Mendez [22], while B, C, D, E and F comes from the contribution of the 331 model, of the
interference and the SM contribution due to bremsstrahlung in which the photon is radiated
by the final tau or antitau. Evaluating the limit when the mixing angle is ¢ = 0, the terms that
depend on ¢ in (7) are zero and equation (7) is reduced to the expression (4) given in [22],
more the contribution of the interference and the contribution of the SM, respectively.

In the case of the weak dipole moments, to get the expression for the differential cross
section, we have to substitute the Z 331 model couplings given in equation (9) of [51] with the
respective weak dipole moments included in equation (1), that is to say @) = Ff(¢* = m3)
and d¥ = eF#(q*> = m}). We do not reproduce the analytical expressions here because they
are rather similar to the term given in equation (6). In the following section we will present
the bounds obtained for the tau dipole moments using the data published by the L3 and OPAL
Collaborations for the reaction ete™ — 777y [1, 2].

3. Results

In practice, detector geometry imposes a cut on the photon polar angle with respect to the
electron direction, and further cuts must be applied on the photon energy and minimum opening
angle between the photon and tau in order to suppress background from tau decay products.
In order to evaluate the integral of the total cross section as a function of the parameters of
the 331 model, that is to say, ¢, we require cuts on the photon angle and energy to avoid
divergences when the integral is evaluated at the important intervals of each experiment. We
apply the cuts used by L3 Collaboration [1] for the photon angle and energy, that is to say, we
integrate over cos ), from —0.74 t0 0.74 and E,, from 5 to 45.5 GeV for various fixed values of
the mixing angle ¢ = —3.979 x 1072, 0, 1.309 x 10~*. Using the following numerical values:
sin? 0y = 0.2314, My = 91.18 GeV, ', = 2.49 GeV and m, = 1.776 GeV, we obtain the
cross section 0 = o (¢, a,, d;).

For the mixing angle ¢ between Z and Z’ of the 331 model, we use the reported data of
Cogollo et al [51]:

—3.979 x 1073 < ¢ < 1.309 x 1074, (14)

with a 90% C L. Other limits on the mixing angle ¢ reported in the literature are given in [48].

As was discussed in [27], N = o (¢, a,, d;)L, where N = 1559 is the total number of
ete™ — 717y events expected and £ = 100 pb~!, according to the data reported by the L3
Collaboration [1] and references therein. Taking this into consideration, we can get a bound
for the tau MM as a function of ¢ with d; = 0. The values obtained for this bound for several
values of the ¢ parameter are show in table 1. The previous analysis and comments can readily
be translated to the EDM of the tau with a; = 0. The resulting bounds for the EDM as a
function of ¢ are shown in table 1. As expected, the limits obtained for the electromagnetic
dipole moments of the tau-lepton are consistent with those obtained by these collaborations
from the data for the process ee™ — tT17y [1, 2].
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Table 1. Limits on the a; magnetic moment and d, electric dipole moment at 90 % C. L. for
different values of the mixing angle ¢. We have applied the cuts used by L3 for the photon angle
and energy.

é a d. (10716 ¢ cm)

—3.979 x 1073 [—0.049,0.025] [—2.72, 1.38]
0 [—0.052,0.028] [—2.88, 1.55]
1.309 x 104 [—0.053,0.029] [—2.94, 1.61]

Table 2. Limits on the a anomalous weak magnetic moment and @Y weak electric dipole moment
at 90 % C L of the 7 lepton for different values of the mixing angle ¢. We have applied the cuts
used by L3 for the photon angle and energy.

¢ a% (1073) dV (10717 ¢ cm)

—3.979 x 103 [=2.166,2.086] [—1.202, 1.158]
0 [—2.193,2.113] [—1.217, 1.173]
1309 x 107*  [=2.194,2.114] [—1.218, 1.174]

The bounds for the weak dipole moments of the tau-lepton according to the data from
the L3 Collaboration [1] for the energy and the opening angle of the photon, as well as the
luminosity and the events numbers, are given in table 2. As we can see, the use of the strong
limit obtained for the mixing angle ¢ of the 331 model also induces stringent bounds for the
tau weak dipole moments, which are already consistent with those bound recently obtained
by the DELPHI and ALEPH Collaborations in the process ete™ — t+t~ [3, 4]. Our results
in table 2 for ¢ = —3.979 x 1073, 0, 1.309 x 10~ differ by about a factor of two of the bounds
obtained by the DELPHI/ALEPH Collaborations for the tau weak dipole moments [3, 4, 6],
our analysis is not sensitive to the real and imaginary parts of these parameters separately.
The much more stringent limits on the weak anomalous moments reported in the literature
[3-5, 27] are dominated by the reaction Z — t+t~ with no photon, since there are many
more events in that case, and the weak moments do not depend on the presence of a final
state photon. In order to improve our limits it might be necessary to study direct CP-violation
effects [55, 56].

We plot the total cross section in figure 2 as a function of the mixing angle ¢ of the 331
model for the bounds of the MM given in table 1. In figure 2, for ¢ = 1.309 x 107 we
reproduce the data previously reported in the literature. Our results for the dependence of the
differential cross section on the photon energy versus the cosine of the opening angle between
the photon and the beam direction (6, ) are presented in figure 3 for ¢ = 1.309 x 10~* and
a; = —0.053. We plot the differential cross section in figure 4 as a function of the photon
energy for the bounds of the MMs given in table 1. We observe in this figure that the energy
distributions are consistent with those reported in the literature. Our results for the dependence
of the differential cross section on the photon energy versus the mixing angle ¢ of the model
are presented in figure 5 for a, = —0.053. In addition, the form of the distributions does not
change significantly for ¢ because ¢ is very small in value, as shown in equation (14). In
figure 6, for ¢ = 1.309 x 10~ we presented the results for the dependence of the differential
cross section on the anomalous MM a, versus the cosine of the opening angle between the
photon and the beam direction (6, ). From this figure is clear the dependence of the differential
cross section with respect to the MM of the tau-lepton a., as well as of the cosine of the opening
angle cos 6,. Besides, we plot the differential cross section in figure 7 as a function of the

7
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o(ete — ) (nb)

-0.003

0.000

Figure 2. The total cross section for e"e™ — T+ 17y as a function of ¢ and a, (table 1).

(da/qud{cos()»,) (nb/GeV)

Figure 3. The differential cross section for ete™ — 1
¢ = 1.309 x 10~* and a, = —0.053.

+

7~y as a function of £, and cos 6, for

mixing angle ¢ and the cosine of the opening angle between the photon and the beam direction
(6,) with a; =

= —0.053. We observed in this figure a small dependence of the differential
cross section with respected to the mixing angle ¢ of the 331 model.

By reversing the process we determine a limit on the Z-Z' mixing angle from the
expression of the scattering cross section of the process ete™ —

7~ y. The bounds on the
mixing angle ¢ have been obtained by using the lower bounds on the anomalous contributions
to the MM and EDM of tau, which maximizes the total cross section, namely a, = —0.052.

We show the dependence of the total cross section for the process ete™ — tTt7y with
8
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dE;)(nb/GeV)

(da/

¢ =1.309 x 1074,

Figure 4. The differential cross section for ete™ — ¥

77y as a function of E, and a, for

Figure 5. The differential cross section for ete~ — Tt~y as a function of E, and ¢ with
a; = —0.053.

respect to the mixing angle ¢ between Z and Z’ in figure 8. As an illustration we also include

the cases where a, = 0.013 is its upper limit and a, = 0.001 for the value of the SM. Using
the data o = (1.472 £ 0.006 £ 0.020) nb [1, 23], for the cross section, where the first error is
statistical and the second is systematic, we get the following limits for ¢:

—3.92x 107 < ¢ <130 x 1074,

(15)
with a 90% C L which are consistent with those obtained recently from the LEP data on the
number of light neutrino species in the 331 model [51]. The bound obtained in equation (15)

9
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(do/ dcosd) (nb)

Figure 6. The differential cross section for ete™ — t+77y as a function of a; and cos 6, with
¢ = 1309 x 10~*.

(da/ deost) (D)

Figure 7. The differential cross section for e"e~ — Tt~y as a function of ¢ and cos 0, with
a; = —0.053.

is very clean and does not depend on the mass of heavy neutral gauge boson Z'. Other limits
on the mixing angle ¢ reported in the literature are given in [48, 52].

Finally, we find that the effects induced by the tree level ZeTe™ and Zt+ 1t~ couplings in
the 331 model increase the cross section of the process ete™ — t+1 7y, and the predictions on
the electromagnetic and weak dipole moments of the tau-lepton are better estimated. However,
it is necessary to make an analysis at loop level for the process ete™ — T1 ™y in the context
of a 331 model.

10
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1.50, T T T T T
=
S i
= M —0.052 ]
} ar= 0013  ——
__— 0.001 (SM) ———
+ 140 1
!
8}
+ L
Lo 1
B it —

-0004 0003 -0002  -0.001 0.000

¢

Figure 8. The curves show the shape for e"e™ — 77t~y as a function of the mixing angle
¢ and different values of the a, magnetic moment. Starting from the top, the curves are for
a; = —0.052,0.013, 0.001 (SM).

4. Conclusions

From the total cross section for the reaction ete™ — tTt7y at the Z pole and in the
framework of a 331 model, we obtained bounds on the electromagnetic and weak dipole
moments of the tau-lepton using the data published by the L3 and OPAL Collaborations for
the process ete™ — 7T77y. We also obtained bounds on the tau weak dipole moments
which are consistent with the bounds obtained recently by the DELPHI, ALEPH and BELLE
Collaborations from the reaction ete™ — t+7~ [3-5]. In addition, we get a limit on the Z-Z’
mixing angle of the 331 model which is competitive with those reported in the literature
[48, 51]. Our work complements other studies on the electromagnetic and weak dipole
moments of the tau-lepton and on the Z-Z' mixing angle. In the limit ¢ = 0, our bound
take the value previously reported in [22] for the SM. As far as the weak dipole moments
are concerned, our limits given in Tables 1 and 2 are consistent with the experimental bounds
obtained at LEP with the two-body decay mode Z — 77t~ [6]. On the other hand, it seems
that in order to improve these bounds it might be necessary to study direct CP-violating effects
[55, 56], as well as make an analysis at loop level for the process eTe™ — ttz~y in the
context of a 331 model. In addition, the analytical and numerical results for the total cross
section have never been reported in the literature before and could be of relevance for the
scientific community.

Acknowledgments

We acknowledge support from CONACyT, SNI and PROMEP(Mexico).

References

[1] Acciarri M et al (L3 Collaboration) 1998 Phys. Lett. B 434 169 and references therein
[2] Ackerstaff K et al (OPAL Collaboration) 1998 Phys. Lett. B 431 188 and references therein


http://dx.doi.org/10.1016/S0370-2693(98)00736-9
http://dx.doi.org/10.1016/S0370-2693(98)00520-6

J. Phys. G: Nucl. Part. Phys. 40 (2013) 035001

A Gutiérrez-Rodriguez et al

[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]
(11]

[12]
[13]
(14]
[15]
(16]
[17]
(18]
[19]
(20]
[21]
(22]

(23]
[24]
(25]
[26]
(27]
[28]
(29]
[30]
(31]
[32]
(33]
[34]
(35]
[36]
(371
[38]
(39]
[40]
[41]
[42]
[43]
[44]
[45]
[46]
(471

(48]
[49]
[50]
(51]
[52]
(53]
[54]
[55]
[56]

12

Abdallah J et al (DELPHI Collaboration) 2004 Eur. Phys. J. C 35 159 and references therein
Heister A et al (ALEPH Collaboration) 2003 Eur. Phys. J. C 30 291 and references therein
Inami K et al (BELLE Collaboration) 2003 Phys. Lett. B 551 16 and references therein

Lohmann W 2005 Nucl. Phys. B 144 122

Achard P et al (L3 Collaboration) 2004 Phys. Lett. B 585 53
Glashow S L 1961 Nucl. Phys. 22 579

Weinberg S 1967 Phys. Rev. Lett. 19 1264

Salam A 1968 Elementary Particle Theory ed N Svartholm (Stockholm: Almquist and Wiskell) p 367

Samuel M A, Li G and Mendel R 1991 Phys. Rev. Lett. 67 668

Samuel M A, Li G and Mendel R 1992 Phys. Rev. Lett. 69 995 (erratum)

Hamzeh F and Nasrallah N F 1996 Phys. Lett. B 373 211

Barr S M and Marciano W 1990 CP Violation ed C Jarlskog (Singapore: World Scientific)

Bernabeu J et al 1995 Nucl. Phys. B 436 474

Bernabeu J et al 1994 Phys. Lett. B 326 168

Bernreuther W et al 1989 Z. Phys. C 43 117

Booth M J 1993 arXiv:hep-ph/9301293

Gonzalez-Garcia M C and Novaes S F 1996 Phys. Lett. B 389 707
Poulose P and Rindani S D 1997 arXiv:hep-ph/9708332

Huang T, Lu W and Tao Z 1997 Phys. Rev. D 55 1643
Escribano R and Massé E 1997 Phys. Lett. B 395 369

Grifols J A and Méndez A 1991 Phys. Lett. B 255 611

Grifols J A and Méndez A 1991 Phys. Lett. B 259 512 (erratum)
Taylor L 1999 Nucl. Phys. B 76 237

Gonzalez-Sprinberg G A, Santamaria A and Vidal J 2001 Int. J. Mod. Phys. A 16S1B 545

Gonzilez-Sprinberg G A, Santamaria A and Vidal J 2001 Nucl. Phys. B 98 133
Gonzilez-Sprinberg G A, Santamaria A and Vidal J 2000 Nucl. Phys. B 582 3

Beringer J et al (Particle Data Group) 2012 Phys. Rev. D 86 010001
Iltan E O 2005 Eur. Phys. J. C 44 411

Dutta B and Mohapatra R N 2003 Phys. Rev. D 68 113008
Iltan E 2001 Phys. Rev. D 64 013013

Iltan E 2003 J. High Energy Phys. JHEP05(2003)065

Iltan E 2004 J. High Energy Phys. JHEP04(2004)018
Gutiérrez-Rodriguez A et al 2004 Mod. Phys. Lett. A 19 2227
Gutiérrez-Rodriguez A et al 2007 Int. J. Mod. Phys. A 22 3493
Gutiérrez-Rodriguez A 2010 Mod. Phys. Lett. A 25 703
Gutiérrez-Rodriguez A 2011 Eur. Phys. J. C 71 1819

Robinett R W 1982 Phys. Rev. D 26 2388

Green M and Schwarz J 1984 Phys. Lett. B 149 117
Senjanovic G 1979 Nucl. Phys. B 153 334

Senjanovic G and Mohapatra R N 1975 Phys. Rev. D 12 1502

Mohapatra R N and Pal P B 1991 Massive Neutrinos in Physics and Astrophysics (Singapore: World Scientific)

Baur U et al 1987 Phys. Rev. D 35 297
Pisano F and Pleitez V 1992 Phys. Rev. D 46 410

Foot R, Hernandez O F, Pisano F and Pleitez V 1993 Phys. Rev. D 47 4158

Montero J C, Pisano F and Pleitez V 1993 Phys. Rev. D 47 2918
Frampton P H 1992 Phys. Rev. Lett. 69 2889

Pisano F 1996 Mod. Phys. Lett. A 11 2639

Doff A and Pisano F 1999 Mod. Phys. Lett. A 14 1133

de Sousa Pires C A and Ravinez O P 1998 Phys. Rev. D 58 035008
Long H N 1996 Phys. Rev. D 53 437 and references therein

Dong P V and Long H N 2008 Adv. High. Energy Phys. 2008 739492 and references therein

Palcu A 2008 arXiv:0801.0036 [hep-ph] and references therein

Cogollo D, Diniz H, de Pires C A and da Silva P S R 2009 Mod. Phys. Lett. A 23 3405 and references therein

Huyen VN T et al 2012 arXiv:1210.5833 [hep-ph] and references therein

Gau S S et al 1998 Nucl. Phys. B 523 439 and references therein

Biebel J and Riemann T 1997 Z. Phys. C 76 53 and references therein

Pérez M A and Ramirez-Zavaleta F 2005 Phys. Lett. B 609 68
Larios F et al 2001 Phys. Rev. D 63 113014


http://dx.doi.org/10.1140/epjc/s2004-01852-y
http://dx.doi.org/10.1140/epjc/s2003-01286-1
http://dx.doi.org/10.1016/S0370-2693(02)02984-2
http://dx.doi.org/10.1016/j.nuclphysbps.2005.02.017
http://dx.doi.org/10.1016/j.physletb.2004.02.012
http://dx.doi.org/10.1016/0029-5582(61)90469-2
http://dx.doi.org/10.1103/PhysRevLett.19.1264
http://dx.doi.org/10.1103/PhysRevLett.67.668
http://dx.doi.org/10.1103/PhysRevLett.69.995
http://dx.doi.org/10.1016/0370-2693(96)00113-X
http://dx.doi.org/10.1016/0550-3213(94)00525-J
http://dx.doi.org/10.1016/0370-2693(94)91209-2
http://dx.doi.org/10.1007/BF02430617
http://arxiv.org/abs/hep-ph/9301293
http://arxiv.org/abs/hep-ph/9708332
http://dx.doi.org/10.1103/PhysRevD.55.1643
http://dx.doi.org/10.1016/S0370-2693(97)00059-2
http://dx.doi.org/10.1016/0370-2693(91)90276-V
http://dx.doi.org/10.1016/0370-2693(91)91668-L
http://dx.doi.org/10.1016/S0920-5632(99)00473-9
http://dx.doi.org/10.1142/S0217751X01007455
http://dx.doi.org/10.1016/S0920-5632(01)01213-0
http://dx.doi.org/10.1016/S0550-3213(00)00275-3
http://dx.doi.org/10.1103/PhysRevD.86.010001
http://dx.doi.org/10.1140/epjc/s2005-02373-y
http://dx.doi.org/10.1103/PhysRevD.68.113008
http://dx.doi.org/10.1103/PhysRevD.64.013013
http://dx.doi.org/10.1088/1126-6708/2003/05/065
http://dx.doi.org/10.1088/1126-6708/2004/04/018
http://dx.doi.org/10.1142/S0217732304014689
http://dx.doi.org/10.1142/S0217751X07036865
http://dx.doi.org/10.1142/S0217732310032238
http://dx.doi.org/10.1140/epjc/s10052-011-1819-7
http://dx.doi.org/10.1103/PhysRevD.26.2388
http://dx.doi.org/10.1016/0370-2693(84)91565-X
http://dx.doi.org/10.1016/0550-3213(79)90604-7
http://dx.doi.org/10.1103/PhysRevD.12.1502
http://dx.doi.org/10.1142/WSLNP
http://dx.doi.org/10.1103/PhysRevD.35.297
http://dx.doi.org/10.1103/PhysRevD.46.410
http://dx.doi.org/10.1103/PhysRevD.47.4158
http://dx.doi.org/10.1103/PhysRevD.47.2918
http://dx.doi.org/10.1103/PhysRevLett.69.2889
http://dx.doi.org/10.1142/S0217732396002630
http://dx.doi.org/10.1142/S0217732399001218
http://dx.doi.org/10.1103/PhysRevD.58.035008
http://dx.doi.org/10.1103/PhysRevD.53.437
http://arxiv.org/abs/0801.0036
http://dx.doi.org/10.1142/S0217732308027382
http://arxiv.org/abs/1210.5833
http://dx.doi.org/10.1016/S0550-3213(98)00121-7
http://dx.doi.org/10.1007/s002880050526
http://dx.doi.org/10.1016/j.physletb.2005.01.039
http://dx.doi.org/10.1103/PhysRevD.63.113014

	1. Introduction
	2. The total cross section for the reaction
	3. Results
	4. Conclusions
	Acknowledgments
	References

