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In this paper we present an analysis of the contribution of new possible neutral current and heavy neu-
trino exchange for the process e e "— W W ™. The unitarity behavior is discussed for some extended
models. Multi-TeV colliders are shown to be sensitive to new heavy neutrino masses at energies well

below their mass thresholds
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I. INTRODUCTION

All the available experimental data confirm quite re-
markably the predictions of the standard model of the
electroweak interactions due to Salam, Weinberg, and
Glashow [1]. But, as has been discussed exhaustively, the
large number of parameters and unexplained structures
seems to suggest that it is not a truly fundamental theory.

Trying to solve the problems left open by the standard
model (SM) many candidates have been proposed as an
extension of this model. But, as until now the success of
the SM in describing the interactions of known matter is
unquestionable, all these candidates must, necessarily,
reproduce it at low energies. No signal of new physics is,
so far, experimentally known up to a scale of 100 GeV.

The phenomenological agreement at low energies is not
the only requirement we can impose. It is very important
to have a theory that is self-consistent, renormalizable,
and anomaly-free in order to do reliable estimates.

The advent of the new colliders, in addition to allowing
the exploration of physics beyond the SM, will also per-
mit us to test the remaining “problems:” the existence of
the Higgs particle, the top quark and the Yang-Mills
structure of the self-coupling of the electroweak vector
bosons. W boson pair production [2] in electron-positron
annihilation is a process whose acceptable behavior at
high energies (0 ~s ~!Ins) is given by gauge theory can-
cellations between the direct diagrams (y and Z ex-
change) and the crossed-channel diagram (v diagram).
To emphasize we repeat that this gauge cancellation is vi-
tal for the renormalizability of the theory.

Almost all the proposed extensions of the SM present
at least one new gauge boson. The effect of this new, and
heavier than the now well-known Z, neutral gauge boson
(hereafter named Z,) in the process e 'e "— W+ W ™ has
been studied by many authors in the superstring theory
context [3]. Another characteristic of extended models
(such as superstring inspired, mirror, composite) is the
existence of new matter. As we do not have evidence of
those particles today, if they exist they are heavier than
the usually known particles. And we hope that with the
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new experimental facilities they will show themselves. A
very unpleasant feature of extended models is the possi-
bility of pushing away the mass scale of new particles
well above experimental limits. One way to improve this
situation is to consider the virtual effects of these parti-
cles and their phenomenological consequences at energy
scales below their mass thresholds.

Our purpose in this paper is mainly to investigate the
contribution of a new heavy neutral lepton N to W-boson
pair production in e Te ~ collisions. For completeness we
shall also include a second Z° contribution. Recently
this problem was studied by Nagawat, Singh, and Sharma
[4], but their analysis was limited to energies of the
CERN e "e ™ collider LEP II.

This paper is organized in the following way. In Sec.
II we give the general expression for the e Te ~ reaction
and discuss the general conditions for a correct unitarity
behavior. In Sec. III we briefly review the most usual ex-
tended model with heavy neutrinos and their unitarity
behavior. Our result for the total cross section and angu-
lar distribution are given in Sec. IV. In Sec. V we discuss
the main conclusions of our work.

II. THEe "e " — W+ W~ CROSS SECTION

To generalize we will consider that there is a new neu-
tral gauge boson Z, and a heavy neutral particle in addi-
tion to the known ones contributing to this process. So,
the most general interaction Lagrangian will be

Lin=—eeyted,+ 3 ey(gy —g v ez
a=1.2

+Gy ey a, +b175)vW#
+Gyey*ay +by INW,, (1

where gi* and g’ are the eZ (@) couplings and will obvi-
ously depend on the particular model we use. G, is the
usual SM ev coupling and G, the eN coupling.

We consider a general mixing between Z; and Z, so
that the mass eigenstates are related to the physical ones

(Z,Z") by
z, z
zZ, |~ VA
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The trilinear vector gauge boson couplings are
yWW: eVps »
Z WW: ecosBy cotOyV g5 » (2)

Z,WW: —esinfy cotOyV g5 »

with V55 the usual trilinear gauge boson vertex.
Using algebraic calculations we have the partial cross
section for the Feynman diagrams of Fig. 1,

do _ 2ma’

dt 52 ZBU ’ (3)
ij

¥.2,.2,

+,

e W
FIG. 1. Feynman diagrams forete —W*W .

+

where the B;; are given explicitly below and we keep
terms proportional to M3 and neglect terms such as m?
and m2:

B, =Al(stu), (4a)
2
e
BZIZIZ 00829M —ZZ [(gé/l))2+(gf41))2]szAzle(s,t,u) N (4b)
e |2
By 7, =sin’8y | =5 | (@7 + (@R, A(s,t,u) (4c)
2 e? 5
B,z =—2costy |~ g{/”sAZ‘A(s,t,u), (4d)
B,z =2sinfy |~ g/'dz 'Rz Als,tu) , (4e)
e 2
lezzz—zsineMCOSGM —Zz~ (g}“g{,”#—g;')g(,f))sRZZAZIAZZHA(s,t,u), (4f)
e
GV a 24 42
B},V:—Z 2 (al+b1)1(s,t,u), (4g)
e
”2
B,y=—2 VZA (@3+b3)I,(s,t,u), (4h)
e
G;A 4 4 2 :
va: 4 [a1+b1+6(albl) ]E(S)t,u) ’ (41)
e
—G"/4A 4.4 p4 2 2.2 32y2 (@)
v =3 (lay b3 +6(ayb,y) " 1E,y (s, t,u)+ My(a; b5)YEyu(s,t,u)} , j
e
Gra GV 20 B2\ a2 4 p2
B Ny=2—F— [(af+biNaj+b5)+4a,a,b b, E (s, t,u), (4k)
e e
Vi | ez
Bz, =2c080y— - [gi/”(a%+b%)—2a2b2g(A“]sAZlII(s,t,u), (41)
e 2
f/ZA €z 1
Byz,=—2sinfy—5— | =5 [giP(a}+b3)—2a,b,8 ' IRz Az, " Li(s,t,u) , (4m)
e e
Gpa |ez "
B,z =2c0os0y— | —5 (g (@t +b3)—2a,b,8} 1sAz I(s,t,u) (4n)
e e
Gia | ez (2)( 52 2 (2) -1
B,z =—2sinfy—— |~ |lgy'(ai +b1)—2a,b,84 IRz,8z, I(s,t,u), (40)
e e

where e, =e cotf,. The functions A4 (s,t,u), E(s,t,u), and I(s,t,u) are given in the classical work of Brown and Mi-
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kaelian [2]:

2 4
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=|—1]|—— +3 + —4,
A (s,t,u) MY 4 e 2 M,
M3 M M}
Isnu= |2y || 112w W, S 5477
My, 4 s st . t
ut 1 ;'V s
= - — 4 +
E (s,t,u) M 4 3 M3
The others are
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N w w
with
_ 1
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The total cross section is obtained when we integrate (4) from ¢_;, to ¢_,,:

i =My = S (14B), 1 =My =5 (1=5) ,

where f3, the W velocity in the center-of-mass frame, is given by

, 1172
4My

N

1_

B.:

t—M3:

E(s,t,u) ,

773

(5)

(10)

When we let s— oo there remains in the expression for the total cross section a term that is proportional to s and
another that is constant in s. To guarantee unitarity we must verify if the coefficients of these terms vanish. In order to

see how these coefficients look let us define

€z
=°Z () g
v ez(gy cosf,, —gy ' sinf,,) ,

€z .
A= ?(g(A” cosf,, —g'? sind,,) .

Doing so we get the relations for the linear term,

2 2

G2 )
L=(—1+VP+A2+ |5 | (af+bt+6a3b])+ [—=
e
G‘Z’A 2 2 2 2
+2 22 [(a1+b1)V—2a,b;A—(ai+b)]
Va va GV
+2 = [(@3+b3)V—2a,b, A —(a2+b3)]+2 7,

and for the constant term,

(a3 +b3+6a2b?)

[(a?+bi)al+b3)+4a,b,a,b,],

(11)

(12)

(13)
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2

2

Gy V. 18M %, —6M2
€= 12 4[(— 1+V)2+ A2 +18 | | (at+b+6alb])+ | —- | (af+b3+6a3b3) |—g—
24M}, . - -

Gra Gva 18M2,—3M?
(a2 +b2)Na2+b2)+4a,ba,b,] | — s
e? e? [a; 1752 2 1byayb,] Mﬁ,
Gia
+32—~[(a} +b})V—2a,b, A —(a]+b7)]
e
o 2 2 ”2 2 2
16M}, —3M G M
+2 VZA [(a3+b})V—2a,b,A4 —(a3+b3)] —Wz__l 16 VZA (a3 —b3)? ,zv "
¢ w e M}

We can separate the linear term above in two indepen-
dent equations:

2 2
—1+V+— @l +b)+ —5 (a3 +bD)=0,
e e
5 » (15)
Gy 4 va | _
A =2 a1b1—2+azb2—2 =0
e e

When we substitute these equations in the expression for
the coefficient of the constant term we automatically have
cancellations among them, except for the term

2
N

Cz
aMmi,

(a2—b1)?. (16)

Let us briefly review the SM case. The y,Z,v exchanges
cancel naturally the linear and constant contribution to
the total cross section. This is a consequence of the re-
normalizability of the theory. But if terms of order m,
are considered then one must include the Higgs boson ex-
change in order to recover the exact cancellation. This
last point suggests a deeper connection between fermion
mass generation and a good unitarity behavior. In the
SM one can include Dirac neutrino masses different from
zero, which implies mixing between them of V' — A4 type.
Here again relations (13) and (14) are identically zero.
We can also apply our calculation to light gg — Wrw™
and consider heavy-quark exchange (bottom and top).
Here again Eqs. (15) are automatically satisfied and Eq.
(16) is also satisfied because of the ¥ — A structure of the
Kobayashi-Maskawa mixing. We turn now our attention
to extended models.

III. NEW-NEUTRINO EXCHANGE

In practically all the extensions of the SM, we have
new fermionic degrees of freedom and in particular new
heavy neutrinos. In this section we briefly review some
aspects of the most popular extensions which are relevant
for our purposes.

A. Vector singlet models (VSM)

The upper experimental bound on neutrino masses of
many orders of magnitude smaller than their correspond-
ing charged leptons finds a simple explanation in the
seesaw mechanism. Two neutrinos are introduced: one

[

very light and the other very heavy. An elegant realiza-
tion of this mechanism [5] is given by new heavy neutrino
singlets N;, N;. New heavy electron singlets E; , Ex are
also included in the model. After rotation we have the
parameters

— g .
gy= Zcost, (cos?6¢ —4sin?0y,) ,

— g 2pe

=& 6 ),
a4 4cosOW(cos L)

a7

a,=—b,=cosb cosbj ,
a,=—b,=cosff sinfj ,

and Gy, =G, =g /2V 2.

With these parameters we can easily verify that equa-
tions (15) and (16) are automatically satisfied and unitari-
ty is satisfied at the order considered in this paper for ar-
bitrary mixing angles.

B. Fermion-—mirror-fermion models (FMF)

The asymmetry between right and left fermion com-
ponents in the SM can be restored [6] by introducing
new fermions with opposite R, L assignments:
(N,E)g;E;;N,. With the same notation for right and
left rotations as in the previous case we have

gy= ﬁ(coszei +5sin20% —4sin26,)
g

= Toosh, (cos?6¢ —sin?6%) ,

84

a,=cosf] cosbj +sinb% sinfy ,
18
b, =sinb% sinf@y —cosf} cosby e
1 % sinfy —cosf7 cosby ,
a,=cosj sinf; —sinfy cosby ,
b, = —cos6 sinf] —sinB cosby .

Returning to Egs. (15) and (16), we have two solutions for
a good unitarity behavior in first order: sinf% =0 and
sinf; =0.

C. Vector doublet models (VDM)

Another possible way to introduce new heavy leptons
is through the assignment (¥),;(¥)z. The most usual
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scenario for this representation is the E¢ superstring
model [7]. In this case one can have a low-energy group
larger than the standard SU (2)@ U(1) with new neutral
Z%s. The simple rotation of two Z 0 as done in the be-
ginning of Sec. II, can be easily shown to satisfy the uni-
tarity conditions Eqs. (13) and (14). As will be shown in
the next section the Z, and N diagrams in
ete” >WTW™ show significant contributions in
different kinematical regions. We consider then the Z,
and N contributions separately. The new neutrino repre-
sentation implies

&v= Z&gs_é“,,.‘ 1+sin’0% —4sin’6y,) ,
_ g 2ge
=6 0%),

84 4 cosOy, (cos™6%)

a,=cos(8; —07)+sinby sinby ,
(19)
b, = —cos(8] —07 )—sinb% sinby ,

a, =sin(67 — 67 )—sinO% cosby ,
b, = —sin(6} —07 )—sinb% cosby .

From Egs. (15) and (16) we have two solutions: 67 =07
and sinf% =0.

IV. RESULTS

The large number of mixing angles which appear in ex-
tended models ( in addition to the new-lepton masses)
make the experimental bounds depend on combinations
of angles and masses. In the regions where M; y >45
GeV these mixing angles can be very large [8]. In this pa-
per we will consider small mixings, all of the order of
sin%@; ~0.05.

Our analysis shows that for arbitrary mixing [see Eq.
(16)] unitarity will be violated for heavy neutrinos. A
similar result was found in Ref. [9] for a heavy fourth-
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FIG. 2. Total cross section for ete™ W W™, with
My =0.5,2,and 5 TeV, and a mixing angle in the neutral sector
sin%g;=0.05.
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FIG. 3. Angular distribution for e*e W W~ with

My =0.5 TeV and the same mixing angle as in Fig. 2.

generation neutrino and implies bounds on My in the
TeV region.

Since our perturbative calculation shows an agreement
with unitarity for ¥+ 4 couplings, we consider only these
two cases. The VSM fits naturally in this situation and
the VDM and FMF mixings can be included in both
V+ A cases as shown in the previous section. For these
mixings, we have the same total cross section and angular
distribution. In Fig. 2—4 the curves represent the tree
mixings FMF, VDM, and VSM.

The role of N exchange can be seen in Fig. 2. For a
500-GeV heavy neutrino the total cross section is almost
the same as the SM total cross section. This implies that
a heavy neutrino exchange in the ¢ channel will be
difficult to observe at LEP II energies. The increase in
the total cross section is a clear t-channel effect. The
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FIG. 4. The same as Fig. 3 but My =5 TeV.
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FIG. 5. Total cross section for ete W' W™ in

SUR)®U(1)®@U'(1). Input parameters: MZ2 =200 GeV, 'z =2
GeV, and a mixing angle sin?§,,=0.01.

“dip” starts to be important for energies higher than 1
TeV and for My >1 TeV. For a 2-TeV collider the con-
tribution for masses of 5 TeV are clearly shown.

We stress the fact that these ultraheavy masses are al-
lowed only in the very particular V't A situation. Our
conclusion agrees with the analysis done for the processes
ETE™"—>ETE~ and etE~ — boson-boson for the
VDM [10] where no mass bounds can be put on the new
heavy leptons. This “dip” effect can be employed as a
precise mechanism for establishing upper bounds for
masses and mixings of possible new heavy neutrinos. In
the angular distribution of Fig. 3, when M), is small the
curves falls, but as M, increases we enter the dip region
and the angular distributions show a very characteristic
behavior. In Fig. 4 we have a 5-TeV heavy neutrino con-
tribution.

For SUQR)® U(1)®@ U’(1) mixing, a possible Z, exchange
is shown in Fig. 5, it behaves as a peak above the SM and
can be easily separated from N exchange. The Z, angu-
lar distribution is shown in Fig. 6. It shows an increase
only at energies around the Z, peak.

3 L N0 O B B S S B S B B S

|
l
|
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,//" / 3
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/ )3
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o o
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& L
\\'\Tw r ,\\u, T
\

— 7 3=3Tev

SaSluE

0-4 SUz2 ® U®U;
Mz=200 GeV E
10-3 [ ‘lx.w_L.‘v‘_L.m..‘U.m.“‘j
-10 -05 00 05 10
cos ©
FIG. 6. Angular distribution for ete =W W™ in

SUQ)® U(1)®@ U’(1) with the same parameters as in Fig. 5.

V. CONCLUSIONS

In this paper we have shown that the first-order calcu-
lation for e Ye ~— W T W ™ satisfies unitarity for a limited
class of mixing between neutrinos and heavy neutral lep-
tons. This was the case for vector-doublet models and
the fermion-mirror-fermion model. The vector singlet
model is well behaved at this level. Following the stan-
dard model, our result shows that the mass generation
mechanism must be included in order to recover good un-
itarity behavior.

The other important point that is raised in our work is
the possibility of detecting very-high-mass effects of new
heavy neutrinos (My =5 TeV) at e "e ~ colliders in the
region of 1-2 TeV. If no contribution of this type is
found, our results can be used to show bounds on masses
and mixing angles.
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