
PHYSICAL REVIEW D VOLUME 53, NUMBER 1 1 JANUARY 1996 

0556-
Neutrino mass and oscillation angle phenomena 
within the asymmetric left-right models 

0. Boyarkin* 

D. Rein 
III Physikalisches Institut, Rheinisch- We.stj&sche Technische Hochschde, Aachen, Germany 

(Received 13 July 1994; revised manuscript received 5 June 1995) 

The light and heavy Majorana neutrinos which appear naturally in the SU(Z)=x SU(Z)nx 
U(~)B-L model are investigated. The analysis of the electron neutrino flux propagating through 
magnetic and matter fields is presented. The cross section of the reaction e-e- ----t W;W[ is 

calculated and its dependence on the mass of the right-handed neutrino and the oscillation angle is 
investigated. The,process e+e- --+ W:W; is also included in our analysis. 
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I. INTRODUCTION 

A precise knowledge of the intrinsic properties of the 
neutrino would have a large impact on our understand- 
ing of both astrophysics and particle physics. At present 
the experimental values of neutrino masses, lifetimes, de- 
cay modes, the oscillation angles, and multipole moments 
(MM) are still inconclusive. In addition the question re- 
mains open as to whether the neutrino is a Majoram 
or Dirac particle. The standard model (SM) predicts 
three massless neutrinos while in almost every extension 
of the SM there are more than three massive neutri- 
nos. In this paper we will draw attention to the possible 
manifestations of the left-right (LR) symmetry from the 
point of view of the experiments with cosmic neutrinos 
and the collider experiments going through neutrino ex- 
change. We shall compare the results of the standard 
model (SM) with those obtained within the asymmetric 
LR model (ALRM), which was first discussed in Ref. [l]. 
Our results will be represented for the ALRM proposed 
in Ref. 121. This model has one more additional parame- 
ter ‘p called the LR symmetry violating angle. Varying p 
one may obtain all the possible versions of the LR mod- 
els. The SM is reproduced in the SM particles sector at 
‘p = 0 and when the following conditions are fulfilled: 

a=t=o, (1) 

where @J and E are the mixing angles of the neutral and 
charged gauge bosom, respectively, and 

.qL = eav, g’-’ = $I-, 1 gR I> gm!&!, 

(2) 
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where gL, gR, and g’ are the couplings constants (CC’s) 
of SU(2)&, sum, and U(~)B-L gauge groups, respec- 
tively, and cw = cosBw, SW = sinew. In any LR model 
there are light left-handed and heavy right-handed new 
trims in each lepton generation. Depending on the choice 
of the Higgs boson sector the neutrinos could be either 
Dirac or Majorana particles. The heavy and the light 
neutrinos of the same flavor are obtained from mixing 
the mass eigenstates ul and N, according to 

VLL = vr cos 0, N, + N sin &,N, , (3) 
V,R = --v, sin &,N~ + NL sin&N, , (4) 

where &,N~ is the oscillation angle in the vacuum. Mixing 
between different generations is also allowed. The present 
limit on the mass of the electron neutrino is [3] 

mye < 8 eV, (5) 

whereas for its heavy counterpart N, the following mass 
bounds have been derived [4,5]: 

< rnni < 2eC1 sinBw(m&,l + mk2), (6) 

where mw. (i = 1,2) denote the Massey of the W, and 
W, gauge bosons, respectively, and the numbers in paren- 
theses reflect the uncertainty corn the nuclear matrix el- 
ement of the neutrinoless double-/3 decay 

“Ge tr6 Se e+e- (7) 

on which the lower bound estimate is based. Informa- 
tion about the oscillation parameters could be obtained 
from accelerator and nuclear reactor experiments and 
from available data on atmospheric and solar neutrinos 
(for Review see IS]). The aim of tbis paper is to con- 
sider the intluence of neutrino parameters on neutrino 
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oscillations and e-e-(e+) collider and very high energy 
cosmic-ray experiments. The paper is organized as fol- 
lows. In Sec. II we investigate the Majorana neutrinos 
propagating through magnetic and dense matter fields. 
Section III is devoted to the investigation of the indirect 
signatures of the neutrino parameters in the total cross 
section of the reactions 

e-e- -4 w,-w; (kn. = 1,2), 63) 

e+e- + wzw;. (9) 

Section IV summarizes our conclusions. 

II. NEUTRINO OSCILLATIONS 

In this section we consider the propagation of massive 
Majorana neutrinos through matter and a magnetic field 
taking into account their electromagnetic properties. We 
have in mind neutrinos emanating from the inner core of 
a star which on their way out have to traverse a sizable 
magnetic field. The electromagnetic quantities we are 
interested in are caused by radiative corrections which 
at the one loop level have their origin in two kinds of 
diagrams shown on Fig. 1, where V = 7, ZI,~. The sub- 
ject has already been addressed by V&shin, Vysotsky, 
and Okun in Ref. [7], however, only in the framework of 
the symmetric left-right model assuming Dirac neutrinos 
and disregarding right-handed charged current neutrino- 
electron interaction. Within the SM Majorana neutrinos 
have been discussed in Re& [8,9]. 

We base our investigation on the most general form of 
the left-right gauge group SU(~)LXSU(~)RXU(~)B-L [2] 
and take into account right-handed charged and neutral 
currents. The basic interaction including the processes 
defined in Fig. l(a,b) can be formulated in terms of the 
following effective Lagrangians: 

z 
.G = z~L,R~~L,R~~~,,-(,~~~L,R + cd, (10) 

Lb = ~~L,R~R,Lu~~V~~VL.R + conj, (11) 

where V,, = b’,V, - &VP. These give rise to the 
appearance of so-called anapole electromagnetic (weak) 
moments [lo] described by the coefficients a~+ (which 
might be different for every lepton family, e.g., a& # 

ag J and electromagnetic (weak) dipole moments de- 
&bed by ~L,R. We should stress that in the one-flavor 
approximation for the Majorana neutrino the amp& 
moment is the only electromagnetic form factor allowed 
by the CTP invariance. For massless neutrinos it is con- 
nected with the neutrino electric charge radius (ECR). In 
the framework of the SM the ECR has been calculated 
in [ll]. The results display the dependence on the top 
quark and the Higgs bostiri masses and the neutrino fla- 
“or. For example, at mt = 90 GeV and mu = 100 GeV 
one obtains 

(T’); z (48.7 f 3.6) x lo-= cm’, (14 

(T”); c=s (79.6 f 3.6) x lo-= cm2 (13) 

The existing experimental constraints on ECR are 1121 
YL,R 
/ 

“L,R / 

FIG. 1. The Feynman dia- 
grams giving the contributions 
to the electroweak multicmle 
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(?)y < (l-3)2 x 10-32 cm2, 

Within the SM the influence of the ECR and anapole mo- 
ments of neutrinos has been considered for the disintegra- 
tion of deuteron by neutrinos [13]. It has been shown that 
the ECR contribution can be as large as z 1.2%. Hence, 
these quantities should be taken into account when in- 
vestigating the neutrino phenomena. 

The appearance of a neutrino dipole moment is also 
possible in the SM but its value is very small 

b-b, )SM zz 2.7 x lO@‘~$+ 
% 

(14) 

where rn,, and rn, are the masses of the neutrino and the 
proton, respectively, and PB is a Bohr magneton. Such 
a dipole moment could be much larger in ALRM where 
it is given by [14] 

pyw u Ksin2<[1.3 x 10~“(V$&) + 1.0 x lo-” 
2gr. 

x (Q&i) + 0.2 x 10-‘4(v~ue;)]~B (15) 

where rnye = U&n,, ) n%N, 7 I&n‘“< ) L1 = e, pr 7. 
The current limits on magnetic dipole moment are 

coming from reactor experiments and cosmological obser- 
vations. There is one bound on the electron neutrino mo- 
ment inferred from laboratory experiments of neutrino- 
electron scattering and e+e- * yP process [15] giv- 
ing /lye < 10.8 x lO-“p~. Astrophysical considerations 
have led to a somewhat more stringent upper bound [16] 
pu. < 7.9 x 10-lofi~. In the literature the possibility of 
measuring pus by use of the transition radiation of neu- 
trinos crossing the interface between two media 1171 is 
also discussed. For the Dirac particle the values of the 
anapole moment could be estimated by comparison with 
the diagonal elements of the magnetic moment ~11. In the 
case of Majorana neutrinos ~II are equal to zero and only 
the off diagonal elements (transition magnetic moments) 
can exist. 

First we consider the case when the mixing between 
different generations is absent and the electron left- 
and right-handed neutrinos are connected with the mass 
eigenstates by (3) and (4). Then, the contributions to 
the multipole moments (MM’s) are caused by the virtual 
electrons only. This leads to the small values of MM’s, 
For example, at c = 3.1 x lo-’ the transition magnetic 
moment is as small as 1.7~1O-~~fi~. It is well known that 
the quantity coming into play in the solar neutrino prob- 
lem ,is ~BL, instead of p and BI individually. For our 
further discussion it will be useful to recall information 
about the solar interior magnetic profiles. Little is known 
about the configuration and the strength of the solar in- 
terior magnetic field. We can only make observations of 
the magnetic activity at the Sun’s surface and infer the 
field inside. The maximal value of the field in the central 
core of the Sun should not exceed 0.5 x lo* G. In the ra- 
diative zone the field could be as large as lo4 - 10’ G. In 
the convective zone the magnetic field displays the 11.2- 
year cycle. This cycle is characterized by the creation of 
the so-called active regions, the areas of the developing 
magnetic field at the Sun’s surface. When in these re- 
gions the field strength rises above about 500 G sunspots 
begin to form. The largest of them could reach a size 
about R. in diameter. Sunspot fields are the strongest, 
ranging beyond 5 x lo3 G. They expand to the corona to 
levels of lo5 km. For example, at the height of lo3 km 
the strength could be as strong as lo3 G (we recall that 
in an atmosphere beyond the sunspot the mean mag- 
netic field is about 1 G). Therefore, pB1 decreases from 
3 x 10-l’ eV at the center up to 10wz3 eV at the active 
regiops of the Sun’s atmosphere. It is clear that for an 
explanation of the anticorrelation between sunspot ac- 
tivity and solar neutrino flux behavior we should change 
the oscillation scheme (3) and (4). To increase the value 
of the transition magnetic moment one has to introduce 
the mixing between different neutrino generations. Let 
us investigate the following oscillation scheme: 

where X = p, 7 and for the sake of simplicity we shall set 
BL = OR = 6’. Of COUISB, the full description in two fla- 
vor bases demands the consideration of the 8-component 
wave function including the antiparticles too. However, 
in order to display the typical features of the ALRM it 
is enough to limit oneself to the investigation of the evo- 
lution of the state vector 

Before writing the evolution equation for q we note some 
magnetic field characteristics which we are also’ going to 
take into account. The magnetic field both in’the con- 
vective zone and in the atmosphere above spot is char- 
acterized by the geometrical (or topological) phase @P(z) 
and its derivative 6(z) 

tan@+) = 2. 
2 

At least in the regions below and above sunspots this 
field has nonpotential character [18], namely, 

(rot x 2). = j, # 0 

Thi longitudinal electric currents could change both the 
‘values and the directions after the solar flare [19]. Fur- 
ther we shall assume the matter to be electric neutral 
and disregard the velocity of the Sun’s matter. Then by 
the standard way from the Lagrangian averaged over the 
matter distribution we obtain the neutrino transmission 
equation in a Scbrtidinger-like form 

where 
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cw = cos ew, sw = sin th, .s+ = cos 4, Cb = cos $, w = &-Zgf+ - 1, 

M= 
Pee vex 

--Ilex llxx > 
, wQvx =31,,({L,ml,mz,j,}~{R,ms,n4,-j,}). 
Ne and N,, are the densities of electrons and neutrons, re- 
soectivelv. We have chosen the mouaaation direction of _ _- 
the n&no as the axis of the spin quantization. where- 
after we assume that ‘p = 0 and use the notations of 
Ref. [2]. 

Having performed a phase rotation 

w = si?, (17) 

where S = diag{e?, e3, eq, e$} and VT = 

(4L> 4R1 NiR, NjYR) is the vector state of neutrino 
system in the reference frame rotating with the same an- 
g&r velocity as the transverse magnetic field, we exclude 
the phase factors from the nondiagonal elements of the 

Hamiltonian. Since 1@‘12 = I@ we will drop the prime 
sign for the sake, of simplicity. The expression for the 
transformed Hamiltonian follows Corn the old one [see 
(16)] by the substitution 

,“* -+ 1, v&R + v&R Lk ; (18) 

NOW we shall concentrate on the VI, resonant conversions 
only. There are three possible crossing resonances: (a) 
the MSW resonance (V<L + v,L); (b) the spin-flipping 
(SF) resonance (VOL --+ Ned); (c) the spin-flavor flipping 
(SFF) rwonance (ueL + NXR). The conditions for 
them can be written as 

AMSW = 26: + Kr, - VXL + (%L - axL)j, = 0, 

ASF = 6; +v,, -IzR+ (aer. +%R)jr +k'+ 2c =o, 

ASFF = 6: + Kr. - vXR+('hL+aXR)j. +&+2x = 0, 
hhere 6* = 612 f P. c c 
Their widths are defined accordine to 

~Ne(MS’+f’) - [N@SW) -(a,~ - ax~)jz(&G~)-~] 

xtan20 

6N.(SF) N 
~G..BLN@‘) 

6; +(a,L + a,R)jz + 6 + 2c’ 

GN,(SFF) N 
~PL,xBJ’J.(SFF) 

6: +(%L +aXR)j, +‘i'+ 2x’ 

where N,(i) (i=MSW, SF, SFF) is the density at which 
the i resonance occurs. 

If these resonance regions are well separated, namely, 
the following conditions are satisfied: 

6N,(i) +6N,(k) < N,(i) - N,(k) (19) 

then we can interpret them independently from each 
other. For such decoupled resonances the transition prob- 
ability is given by 

D” = exp[-y”(ti)Fi], (20) 

,where the adiabaticity parameters r”(z) are 

= sin3 W~SW I $[KL - vxL + (GL - axL)j,] 1’ 
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sin’6’i = &,Cmw = 2Sa2, CSF = 2peeBI, CsFF = 

2p.xB1, ti is the t coordinate of the i resonance point, 
and the q?antity F depends on the kind of resonance and 
how Ne, +, and j, vary with z near the resonance. For 
example, when j, is constant, the FM,, equals either a 

or 2 (1 - tan’ 0) for the linear and exponential variations 
of Ne, respectively. 

Here we should emphasize the characteristic feature of 
the ALRM. The NOR (k = e,p,~) are not the sterile 
particles, because the ALRM predicts their interactions 
with matter caused by the existence of the right-handed 
currents. However, the probability of the NOR absorption 
by the neutrino detectors is weakened by the factor 

unlike the corresponding,probability of their left-handed 
counterpart. Analogously the creation probabilities of 
the left- and right-handed solar electron neutrinos are 
connected in the same way. 

If the adiabaticity condition (AC) is fulfilled for these 
resonances the IQ, will be completely converted to 
VXL, Ned, and NXR. In the case of violating AC the 
amount of the transformed neutrinos depends on the de- 
gree of the adiabaticity. Further it will be useful to have 
the analytical expression for the survival probability of 
a v,~ in the more general case, namely, in a nonadia- 
batic one. Let us assume for the sake of simplicity that 
0 = 0. As a result p.. becomes vanishing small because it 
receives the contributions coming from virtual electrons 
only. Then in the first order of the perturbation theory 
the v.~ + NXR resonant conversion is alJowed only. 
For the case of the steady rotation of Bl(@ = const), 
the constant value of j, and an exponential falloff in the 
solar density near the resonance the survival probability 
is determined by expression 

P(I+& + V&) = $1+ (1 - 2DSFF) cos2@FF], (21) 

where F~FF = 2 and subicript 0 at the effective mix- 

ing angle OsFF means that it is defined at the point of 
creation of a v,~. We recall that the adiabaticity con- 
ditions are most difficult to satisfy in the level crossing 
points. So, if the adiabaticity parameter $z;) > 1, then 
the neutrino propagation is adiabatic everywhere. In the 
case when ~(26) is close to or smaller than unity, the 
contribution of 2, becomes sizable. We see that depend- 
ing on the choice of the structural parameters @P’s) of 
the ALRM the expressions for the probabilities, the loca- 
tion, and the distances between resonances are changed. 
Investigating all the possible energy crossings levels we 
could also face the case of resonance permutations. Here 
the main question we are interested in is the value of pos- 
sible deviations from the SM. Let us consider expression 
(21). Here we have the following sources of the deviations 
from the SM. The lirst source is connected with the val- 
ues of the magnetic moments in both models [compare 
Eqs. (14) and (!5)]. The second one comes from the 
quantity Sz4 being equal to zero in the SM. Finally the 
third source is caused by the extra sum sector. The 
contributions from the right-handed charged and neu- 
tral currents modify the matter potential. In expression 
(21) they enter the definition of cos26’zFF. If we consider 
the neutrino system consisting Tom v,~, VXL and their 
right-handed counterpart within the SM then the matter 
potential entering the cos 20zFF- will be larger. At the 
center of the Sun this potential could exceed that for the 
ALRM case on the value of order 45%. In our estima- 
tion we have used the following values of the SP’s of the 
ALRM: 

mwz = 80.13 GeV, mw, = 477 GeV, 

mz, = 91.77 GeV, mz, = 800 GeV, 

‘3 = 9.6 x 10-3, c = 3.1 x lo-‘, 

9 v..v. = 5 x lo-‘, ga = 1.6gL , (22) 

which are in accordance with the existing experimental 
bounds (see, e.g., Ref. [20]). 

There is, also one interesting possibility connected 
with the appearance of a&V x g], and & terms in 
the Hamiltonian. We briefly discuss It considering the 
v,~ --i Ned resonance conversion. Let us consider the 
propagation of the v,~ flux through the sunspot before 
and after the flare. In order to make our arguments as 
definite as possible we assume that in the convective zone 
the following inequalities are satisfied: 

6; + 2c < 0, 

s,- + 2c + qa < 0, 

where K = &J + (ae~ + a,~)j= and the subscripts b and a 
mean that n is defined in the pre- and postflare periods. 
AS for the ~6,~ dependence on z we shall take nb,, being 
constant in the convective zone and decreasing quicker 
than the electron density in the atmosphere. Next let 
us assume that in the pr&are period the resonance con- 
dition is satisfied in the convective zone. Therefore, we 
have the intersection of the two curves VeR - VeL and 
6; + 2C + n, at the point tl. However, if the intersection 
point does not lie on the upper border of the convective 
zone tu the resonance will also occur in the atmosphere. 
Now let us introduce the quantities 

Then, in the postflare period the following situations are 
possible. (a) e < AV. The resonance conversion occurs 
twice. (b) e = AV. The resonance conversion occurs 
once only. (c) E > AV. The resonance disappears. 
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III. EXPERIMENTS WITH ELECTRON 
AND POSITRON BEAMS 

In this section we discuss the impact of the Majorma 
neutrino scenario both for collider experiments and for 
experiments with cosmic rays. We shall be limited by 
the case when only the mixing angle between the left- 
and right-handed neutrino of the same flavor is not equal 
to zero [see, Eqs. (3) and (4)]. In our calculations we 
shall use the Feynman rules for the case of Majorana 
neutrinos which has been formulated in Ref. [21]. As 
it follows from them the cross sections of lepton flavor 
conserving processes have the same form both for the 
D&c and Majorana neutrinos. A reliable test of the 
nature of the neutrino involved is the process which is 
connected (by time reversal symmetry) to neutrinoless 
double-P decay, i.e., 

e-e- + w,-w; (k,n = 1,2). (23) 

We recall that it is forbidden if the neutrino is a Dirac 
particle. The reaction (23) will be accessible to cosmic 
rays and to the e-e- option of LEP II and NLC (TLC). 
The experimental program is motivated not only by look- 
ing for lepton flavor violation but also by searching for 
doubly charged leptons and Higgs boson particles. 

Within the symmetric LRM the process (23) has been 
studied in Refs. [22-251. In Re& [22,24] it was assumed 
that the reaction (23) was caused by the neutrino ex- 
change only. In Refs. [23,25] the model was used in which 
this process proceeds not only via a neutrino exchange in 
t and u channels but via a doubly charged Higgs A-- ex- 
change in the s channel. However the authors restricted 
their discussion to the cases of the LL and RR polarized 
e-e- beams with k = n. It should be noted that the 
presence of the diagram with A-- leads to the cancella- 
tion in the cross section of the terms which violate the 
unitarity. The conclusions of Refs. [22,24] do not agree 
between each other. In Ref. [22] in the high-energy limit 
the total cross section grows as a linear function of s, 
while in Ref. [24] it increases as the square of s. 

In the left-right model we can introduce the Higgs bo- 
son triplets AL(~, 0,l and A;R(O 1 1) ( in brackets their 

1 .‘. 
numbers IL, IR, and 7 are gwen) m order to obtain the 
spontaneous breaking the underlying gauge symmetry to 
the symmetry U(l)q as observed in the real world. Their 
electrically neutral component acquires VEV VL and OR, 
respectively. As a result we have two physical doubly 
charged Higgs boson scalars A!- and A?-. Their in- 
teractions with charged fermions and gauge bosons are 
described by the Lagrangian 
where the superscript c means the charge conjugation and 
h together with 21~ and ZIL defines the left-handed and 
the right-handed neutrino masses rn, and mu according 
to 

hvL = mnrsin’a t mvcos20(, 

where a = &.N.. Let us calculate the cross section of 
process (23) within the ALRM. This reaction is repre- 
sented by the Feynman diagrams pictured in Fig. 2. The 
main difference of this model from the SM is that if in the 
latter the reaction (23) occurs for left-polarized electrons 
(e;eL ) only, whereas in the ALRM the contribution to 
the cross section arise from both ei Re; R and I I Ed Re; L 
contributions. The identity 

I I 

will be useful in our calculations. For example, with its 
help the matrix element corresponding to the process 

ei(kdG(kz) + w,-(P~)w,-(~~) 

takes the form 

(26) 

‘rW-(p,l 

‘1 

FIG. 2. The Feynman diagrams corresponding to the pro- 
ce.% e-e- -+ w&-w: n. 
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MLR = ~(sin2a)g~gRbZL)bk”le(k,)-(,(l +ys) 
(6 - $1) + rn” (6 - 81) t rnN 

(h - p# - rn: - (kl - pi)2 - rn& > 

x%(1 +-(s)ec(kz)W;(“)(pl)W,‘(n)(pZ) + (k e TL), (27) 
where bfk = i{[z!zl + (-l)k]~in[ + [l F (-l)k]cosC}. 
To const&t this expression coincides with the amplitude 
of t channel of the reaction 

fix --+ w,-z, (k,n= 1,2), (2% 

where i is the flavor of a fermion f. This process was 
studied within the SM (k = n = 1) in Ref. 1261 whereas 
within the LRM it was done in Ref. [27]. Therefore we 
can use these results and write down the differential cross 
section in the form 

Bp)(s,t,u) 

+ (t - n&)(u - mg) 
Bp)(s,t,u) , 1 (2
9) 

where the functions BpJ’(s, U, t) are defined in Ref. [27]. 
Hereafter, for the sakd of simplicity, we take the mass 
of the light neutrino to be equal to zero. It should be 
noted that in the SM without a scalar triplet, the V,L 

gets a seesaw mass equal to $ with mixing angle a = 
G. Setting its mass to zero also requires a to be zero. 
However, in the ALRM the light neutrino also receives a 
mass from A,, so it is possible to make its mass zero from 
the cancellation of this against the seesaw contribution, 
and have a nonzero a. 

The corresponding calculations 
cross section of the reaction 

e;e; 4 w,-w,- 

yield the expression 

for the differential 

(36) 
(31) 

where F = 4(xt - &,~rn”,,)/s” and rnr. is the decay width of A?- Higgs boson scalar. Considering only the 

prominent decay mode of A!‘! [28] into ~-7~ we obtain for the Higgs boson width 

where rn, is the T-lepton mass. The differential cross section of the reaction 

e& --i w,-w,-, 

follows tiam (28) by the substitution 

gr, + gB, b!) + ba”‘, a-tat~ maL+m&. 
2’ 

The total cross section of reaction (26) is obtained from (29) after multiplication by 9 and substitution 

(32) 

(33) 

(34) 



Having done the replacement (33) in the expression (35) 
we obtain the total &ms section of the reaction (32). Now 
we can compare our results with those of Refs. [22-251. 
The analytical expressions for the cross sections have 
been obtained in Refs. [22,25] only. At k = n and the 
initial e&e;(,) beam our cross sections coincide with 

those calculated in Ref. [25]. If we disregard the contri- 
bution of A?- to the 02’ (mar. + rn) then the high 
energy limit of (35) leads to the formulas of Ref. [22]. 

Now we discuss the asymptotic behavior of the cross 
sections obtained above. From expressions (34) and (35) 
we can see that their partial contributions violate unitar- 
ity. To be definite, in the case of the LR electron beam 
they increase as a linear function of s, while for LL or RR 

electron beams those tend to be constant when .v ---f rn. 
However, in all cases the total cross sections resulting 
ikxn the sum of those contributions have a good asymp- 
totic behavior 

In5 
o-J--. 

s (36) 

It is caused by the cancellation among the partial con- 
tributions. We should stress that the reascm leading to 
(36) are quite different for LR and LL (or RR) polarized 
electron beams. In the former case the A contribution 
to th? cross section is absent and the cancellation is con- 
nected with the spin behavior of the virtual neutrino. If 
the neutrino flips the helicity between the acts of emis- 
sion and absorption then the amplitudes coming fmm 
v, and Ne exchanges are proportional to the neutrino 
masses. Since we neglected my. only the Ne exchange 
term will contribute. On the contrary, when the neutrino 
does not flip its h&city (this case is realized for LR elec- 
tron beams) we have two nonvanishing terms. They are 
caused by v, and Ne exchanges and have opposite signs. 
As the calculations show, disregarding the contribution 
of the light neutrino would then lead to a cross section 
proportional to s. As it follows from the expression for 
the cross section of the reaction (23) this reaction could 
be a good tool for the d&nit& of such parameters of 
the ALRM as mu, SR, a, and 5. In our numerical cal- 
culation we shall, in what follows, use the values of the 
SP’s of the ALRM defined by (22) and set nz~‘ and rn~~ 
equal to 100 and 110 GeV, respectively. We remind the 
reader that the masses values of the doubly charged Higgs 
bosom are free parameters of the theory in analogy to 
the SM Higgs boson mass. The values of &) strongly 
depend on mjv. For example, at nzN = 100 GeV and 
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gfll~ gd, in the energy region up to 200 GeV we have 

oz, a 8rp) k 8 x lo-’ fb whereas ofi) is about a 
fewx10m3 fb. At increasing nz~ the contribution from 

0:;) becomes dominant. For example, at mu = 1 TeV 
and fi = 200 GeV we have 

o$) G 3.3 x 1O-3 pb, $I) = 2.6 x IO-’ pb, 

og +z 5 x lo-’ pb. 

It should be noted here that at the su&iently great 
m,q (m,v > 5 TeV) the cross section of reaction (23) 
could reach the values v&h are compatible and even 
greater than the cross section of the reaction 

e-e+ -+ WI-WI+. 

In Fig. 3 we represent I$) versus fi for mu = 1 and 
1.4 TeV (gL = gn). At k = 1 and n = 2 the situation is as 
follows. When the values of.m,., are of the order of a few 
hundred GeV the main contribution comet &oom the RR- 
polarized e- beams. For example, at m,v = 100 GeV, the 
#) exceeds the ot;’ on one order of magnitude and its 

value is about 7 x 10-l pb (0;‘) x lOms x or)). Again 

with the increase of nz~ the contribution from n g) gains 

dominance. For example, at rn~ = 1 TeV, r$’ is twice 

as much as or). In Fig: 4 we give &’ as a function of 
,h for mN = 1 and 1.4 TeV (gL = g& In the case k = 
n = 2 the reaction (23) mainly goes for the e&e; beams. 

Only at the enormous values of nz,v (- 100 TeV), of;) 

may be compatible with ~$1. In Fig. 5 we plot ar’ as 
a function of fi for 7n.v = 1 and 1.4 TeV (gL = gR)iliI; 

is also important to recall that the dependence of nR n 
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FIG. 3. The total cross section of the reaction 
e;e; t WJV; versus ,,% at m.v = 1 (dashed line) and 
mu = 1.4 TeV (solid line). 
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FIG. 4. of;) as a function of fi at rn~ = 1 (dashed line) 
and ln~ = 1.4 TeV (solid line). 

and $“’ on mu is much weaker than the one of CF:). 
For example, at k = n = 2 varying ~TLN frrz~ lo3 GeV 

up to lo2 GeV leads to the decrease of oR and of;) 
on 1 and 3 orders of magnitude, respectively. We should 
stress that in the case 

results obtained above weakly depend on the assumed 
value of rn&,,,. In the contrary case there should be 
the s-channel resonance giving the increase of the cross 
sections for e;eL and e;eR beams. Note, in particular, 
that the signature of doubly charged Higgs bosons would 
strongly support the idea of a left-right approach. 

X 

FIG. 5. CF) versus ,,& at rn~ = 1 [dashed line) and 
m,,r = 1.4 TeV (solid line). 
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Now we should pay some attention to the question of 
detectability of the processes 

e-e- + WCW; --+ l;l; + neutrinos, (37) 

e-e- + W; W; + 1; + jet + neutrinos, (38) 

where i and j are the fermicmflavors. The most clean 
signature is the case i, j = e,~ plus missing momentum 
carried away by neutrinos. In order to eliminate the ma- 
jor background coming from RC to elastic e-e- scatter- 
ing we should demand i # j or the sizable pl of outgoing 
leptons. The cut on pl helps to reduce the QED back- 
ground caused by radiative pair production 

e-e- + e e p-p+r-7+. 

Other relevant background processes are 

e-e- fe-e-z, -i e-e-lrlc I “i I 

(39) 

(40) 

and 

e-e- + e-e-Z& + e-e-v,q, (41) 

e-e- -+ e-e-w&-w,+ f e-e-qqviiq. (42) 

The main difference between the final states of the re- 
actions (37)and (38) and (40)-(42) is that in the former 
case they consist of like-sign leptons pair only. Therefore, 
it is easy to distinguish the W-W- signal from these 
backgrounds by means of the charged final-state leptons 
identification. We’also have the background caused by 
multihadronic events 

+- e e --+ e e w, w, q<cg. (43) 

For this reaction there is no possibility to observe the 
high pl of the final like-sign none~ectron leptons. Hence, 
we conclude that the cut on pl and the charged lepton 
identification of the outgoing leptons will be very useful 
in order to reduce backgrounds for the WL W; signal. 

Now let us consider the process 

e+e- --t w,-w,+ (k,n = 1,2). (44) 

The cross section of reaction (44) does not depend on 
the assumed (Dirac or Majorana) nature of the neutrino. 
This reaction proceeds through the s and t channels. All 
the couplings of the electroweak interaction will enter 
here. As a result the violating unitarity terms ~which en- 
ter the partial cross sections are canceled themselves and 
the asymptotic behavior of the tqtal cross sections de- 
fined by expression (36). The advantage of reaction (44) 
compared with (23) is the possibility to measure the tri- 
linear gauge boson couplings (electromagnetic and weak). 
The investigation of the weak trilinear gauge boson cou- 
plings can be studied for k # n because in this case the 
channel connected with the 7 exchange is closed. At 
a = 0 the reaction (44) has been considered in [Zb] where 

one was shown that the total cr&s section o$” where 

X and 5; are the h&cities of the electron and positron, 
respectively, is sensitive to the mu variations. So we 

shall also concentrate on u$!“. The expression for the 

total cross section of the reaction (44) follows ftom the 
corresponding one qf Ref. [2b] by the substitutions 

where 
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We note that at a = 0 the dependence on m,v could only 

be studied by the investigation of &kc; [2], because for 

the e&z: initial (-X = ‘j; = 1) the dominant channel with 
the VL exchange is closed and the contributions coming 
from the diagram with the YR exchange becomes observ- 
able. However, when we take into account the neutrino 
oscillation angle the situation is totally dierent. In this 

c&e ‘both m1”;‘1 and o$‘;’ depend on mu. The cross 

sections for i&ally LL and RR polarized e-e+ beams 
identically vanish and the unpolarized cross section cckn) 
is defined by 

Therefore, we can’get information about m,v investigat- 
ing the case of the initially unpolarized e+e- beams too. 

In order to pursue the dependence of the total cross 
section on a and mu it is useful to introduce the quan- 
tities 

s’yn) = 
xx 

@(a) - 0$-‘(O) J7;i, 

@$j 
(47) 

where o$“~(a) is the ALRM total cross section at the 

OSCibtiOn angle a, (uA&q iS the total cross section of 
the SM, and LT is the integrated luminosity. It is ob- 
vious that these quantities define the sensitivity of the 
experimefit to the deviations caused by a and m,v and 
give the deviations expressed in the standard error units. 

We start the analysis of the reaction (44) from th& case 

of the W:W; production. The value of @(a) is very 
small over the whole energy region at any rn~. In con- 

trast, for the initial e,eE, @(a) could be large enough 

to be detectable. In Fig. 6 we display &)(a) versus fi 

for different values of m,v (gL = gE). We see that 62;’ (a) 
increases with the growth of m,v and at nt~ = 1 TeV can 
reach 1.1~. The degree of the longitudinal polarization 
of e-e+ beams at present is about 0.4. Changing X (I) 
from -1 (1) till -0.4 (0.4) leads to the near vmishingly 

,small values of $~‘(a). So, the deviations connected 
with the oscillation angle will be statistically significant 
at very big mu (mu > 1 TeV), only. 

In Fig. 7 we display &x(m,v) versus 4 at rn~ = 100 
and 1000 GeV (gL = g& From Fig. 7 it follows that in 
the case of the completely RL-polarized e-e+ beams we 
have a good chance to observe the clean signal of the LR 
symmetry at 20 level (95% CL.) in the LEP II energy 
region. The increase of the right-handed neutrino mass 
leads to the growth of S,x(m~). It is worth stressing that 
b~~(m.v) reaches its peak of energy at about 190 GeV 
and then starts to decrease till the Z, resonance. 

The investigation W:W; pair production does not 
z 
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FIG. 6. $;)(a) as function of fi at mu = 1 (dashed line) 
and m.v = 1.4 TeV (solid line). 

give any information about a. As the analysis shows 

SF;)(a) is very small at any values of rn~. In Fig. 8 we 

display nit?\ and 01”) 1,1 versus ,/2 for nzjv = 100 and 

1000 GeV (gr. = gR). The decrease of a!;jl for a very 
massive right-handed neutrino is due to the’fact that at 

s < rn% the functions ‘De”’ and ‘@‘I decreases with 
the growth of rn.,.. 

In Fig. 9 we depict the total cross section of the reac- 
tion e+e- + WZW; as a function of fi for the dif- 
ferent values of the right-handed neutrino masses. Again 
we are limited by consideration of the symmetric case. 
For the LR polarized e+e- beams the total cross section 

160 260 360 

ti (GeV) 

460 

FIG. 7. J:‘;‘(m,) versus &. The dotted (dash-dotted) 
line corresponds to the initial e;ei at mu = 100 (1000) GeV. 
The dashed (solid) one goes to the initial .z,ez at 
m,,r = 100 (1000) GeV. 
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560 660 760 

J;: (GeV) 

860 960 

FIG. 8. The total cross section of the reaction 
e+e- -+ W:W; versus & (a) at nw = 100 GeV for 
X = -1 = l--dashed line; (b) at rn~ = 100 (1000) GeV for 
-X = 5 = l-solid (dash-dotted) line. 

is smaller on the 2 orders of magnitude. We see that the 
decrease of the total cross section for the great values 

of mN also takes place. In the case mjv = 1 TeV, of;) 
reaches its maximum in an energy range of about 1.6 TeV 
and only after that starts to decrease accordingly to (36). 
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FIG. 9. The total cross section of the reaction 
e-e+ ---f W; W,’ versus fi. The solid and dashed lines 
correspond to -X = X = 1 at m.v = 100 and 1000 GeV, 
respectively. 
We should stress that the resonance enhancement of the 
inverse neutrinoless double-P decay takes place for the 
initially e;ce; and eReR and is absent in the case LR 
polarized e- beam. As a final remark we remind the 

IV. CONCLUSIONS 

Within the asymmetric left-right model the electron 
neutrino oscillations have been considered. We have in- 
vestigated the neutrino flux propagating through mat- 
ter and magnetic fields. The neutrino behavior within 
,the ALRM and the standard model of electroweak in- 
teractions is qualitatively similar but differs if we com- 
pare numbers (for the oscillation parameters). In par- 
ticular the contributions coming from the Sum sector 
of the extended model could be sizable. For example, 
for the convective zone of the Sun they could reach 10% 
of its Sum counterpart. This fact is very important 
because the neutrino retain directional information on 
their sources of origin and can thus provide the detailed 
description of the stars interior. 

It has been shown that it could be possible to observe 
the correlation between the neutrino flux and the solar 
flare events. This effect is determined by the values of 
the neutrino anapole moments and such characteristics of 
the electromagnetic field of the Sun as the longitudinal 
electric current and the twisting rate. 

Analytical expressions of the cross section of the in- 
verse neutrinoless double-/? decay (e-e- -+ W;W;) 
in the case of the polarized e- beams have been ob- 
tained within the framework of the ALRM. The cross 
section asymptotic behavior is in accordance with unitar- 
ity bounds. In the case k = n = 1 this reaction mainly 
goes for LR polarized electrons. As the SM predicts ~LR 
being equal to zero the observation of the nonvanishing 
cross section will be a clean signal of the LR symmetry 

of the electroweak interaction. The obtained oLR @I) has 

maximum in the energy region of about 200 GeV. With 

the increase of m,v, &$’ grows and could reach values 
on the order of 0.3 pb at m,v = 1.4 TeV. 

Concerning e-e- --t W; WF, the leading contribu- 
tion comes from LR-polarized electron beams. Again at 
the increasing rn~ the enhancement mechanism of the to- 
tal cross section takes place. At the chosen values of SP’s 
the maximum of &) is in an energy region - 700 GeV. 
Having reached its maximum the total cross section starts 
to decrease as s-l Ins. 

The e-e- + W;W; production is mainly due to 
RR-polarized electron beams. Its dependence on m,v is 
very similar to that for @) and #). 

There is substantial uncertainty associated with the 

masses of A? [ZS]. Its principle source is connected 
with the choice of the Higgs boson potential. Our anal- 
ysis has shown that the iniluence of the values of nz~~+ 
is negligible when 
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reader that the general feature of the reactions discussed 
above is their extreme sensitivity to such parameters of 
the ALRM as E, a, and ga. 

Turning to e+e- -+ W,‘W; reaction, analogous in- 
vestigation has shown that the dependence on rn~ is also 
the general feature of the total cross section for all its final 
states while the dependence on a could not be measw- 

able. 
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