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The asymmetric left-right model (LRM) is considered. The differential and the total cross sections of
the reaction e e+ —+ W W+ are calculated at the level of the improved Born approximation. The in-

vestigation of the unpolarized e e+ beams shows that already at the CERN e+e collider LEP II ener-

gies we can either establish or limit such parameters of the LRM as hp~ and 4. It is demonstrated that

the LRM manifestations are maximum for eR eL+ beams. The measurements of the cr +~W W+
eR eL

will yield interesting information about m„and gR. The process of the Z2-boson single production in
R

pp collisions is also considered. It is shown that it displays the extreme sensibility to both the gR and the

4 values.

PACS number(s): 12.60.Cn, 11.30.Hv, 13.10.+q, 13.38.—b

I. INTRODUCTION

All particle-physics phenomena within the range of en-
ergies available today give impressive support to the stan-
dard model (SM) of the electroweak interaction based on
the SU(2)L XU(1)r gauge group. Despite its enormous
success and its internal consistency and elegance it is
widely believed that it is not the ultimate truth. Many
other models have been proposed to extend the SM. One
of the most attractive extensions of the SM is the left-
right model (LRM) based on the GLtt =SU(2)L
XSU(2)tt XU(1)s I gauge group. This model accounts
for many, but by no means all, physics problems which
cannot get a satisfactory explanation within the SM. The
parity violation (PV) in weak interactions is one of the ex-
amples of such problems. The observed near-maximum
PV in low energy weak interactions may be interpreted in
LRM's as arising out of the spontaneous breaking of par-
ity and the consequent nonvanishing neutrino masses
which are possibly required by astrophysics and cosmolo-
gy. There are also the following important reasons for
considering these models: (a) LRM's give a comprehen-
sive picture of the fermion spectrum [1] (from under 20
eV for the electron neutrino to over 100 GeV for the yet
undiscovered top quark}; (b) the quantum numbers of the
group U(1) are identified with B L(instead o—f Y, having
no physical meaning) which allows us to link the break-
ing of parity and the breaking of B L; (c) LRM's al—low
for the generation of CP violation via the spontaneous
symmetry-breaking mechanism and can account for its
strength by relating it to the suppression of right-handed
currents [2]. All the versions of the LRM's predict the
existence of such new particles as 8'2 and Z2 bosons and
the massive right-handed neutrino vz. So, the search for
the left-right (L,R) symmetry manifestations could use
two different approaches. The former is based on the
study of the possible indirect effects of these particles
while the latter is based on the search for their direct pro-
duction at the existing and future planned colliders.

In this paper I consider both approaches. As an exam-

pie illustrating the former I investigate the reaction

e e+~O' W+

where s is the energy in the center of mass system, we
could expect that due to the decoupling theorem (DT) [5]
the influence of m„would be negligibly small. Recall

that the DT reads, "all the effects connected with the
heavy virtual particle, when its mass tends to infinity, are
unobservable. " It is well known that in the theories with
exact gauge symmetry, such as QCD and QED, the DT
works without any exceptions. But in the theories with
spontaneously broken symmetry the DT could lead to the
wrong answer. The examples are the influence of the top
quark mass I, both on Bd-B& oscillations and the value
of hp. In these cases at m, ~~ the effects caused by the
t quark are increasing. It turns out that the total cross
section of (1.1) also gives us the example of DT violation
for the chiral fermions. In order to illustrate the other
approach I consider the process

( —)
p p —+Z2+ anything, (1.2)

using the spirit of the parton models.
The plan of the paper is as follows. In Sec. II I propose

the model which unifies the wide class of different ver-
sions of the LRM's. Then the total cross sections of reac-
tions (1.1) and (1.2} are presented and the effects of LR
symmetry are evaluated. Finally, I summarize my work
in Sec. III.

for the case of the unpolarized and the polarized e e+
beams. Within the symmetric LRM the unpolarized
cross sections were considered in Refs. [3,4]. However,
the right-handed neutrino mass m„has not been taken

R

into account in these works. At first glance this assump-
tion seems to be quite natural. In the case of the heavy
neutrino,

trt -&s
vR 7
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II. LR MADEL

There are a lot of papers in which LRM's are con-
sidered [6—10]. For my analysis it is convenient to unify
all the LRM versions into one common mode1. To real-
ize this program I start with the Lagrangian of the form

that in the LRM's where fermions pick up their masses
through radiative corrections (RC's) one should use
several multiplets with the same values of TL R to prohi-
bit p-e transitions [11]. Next I suppose that the
minimum of the potential V corresponds to the following
choice of Higgs field vacuum expectation values (VEV's):

+AID„q, I'+~, —v, (2.1)

where D„are the usual covariant derivatives, WL„„
IVg„„, and B„, denote the SU(2)t, SU(2)it, and U(1)
gauge fields, Lz is the Lagrangian describing the interac-
tion between Higgs particles y, and fermions, and V is
the Higgs potential. In the most general case the V can
be represented in the form

k 0
0 k'ex p(i co }

(2.3)

(4& makes Wt and 8'z mix with a CP-violating phase
co. The photon A and the bosons Z& and Z2 in the weak
eigenstate basis are related to the neutral gauge bosons
W3L W3R and 8 in the GL„basis according to

V=XX, V' '(t;, t; )+ g P~fki
V' '(O';, 0'& 0'k 'Pl )

i,j,k, l

(2.2)

where A, , and p,"k& are constants, and V' '(y;, y;) and
V")(t, ,qJ, qk, ql ) are the quadratic and the biquadratic
on y, terms [their obvious form is defined by symmetries
imposed on (2.1)]. I introduce an arbitrary number of the
following Higgs multiplets [their numbers Tz, TIi,
(B I.)/2 ar—e given in parentheses]: (a) doublets Xt ( —,',
0, —

—,'), Xz(0, —,', —,'); (b) triplets 5t (1,0, 1), 5z(0, 1, 1); (c)
bidoublets 4( —,', —,', 0). I should like to remind the reader

r

Z]p
L

W3p

Z2 =M W3„A„B„
where M= U~A,

cos4 sin@ 0
U = —sin@ cos4 0

0 0 1

4 is the mixing angle of the neutral gauge bosons,

(2.4}

eb(g' c +a gii ')

&g s~

egL
'

eb(g' s —a gl ')

bg' 'c,
egR

—ebg' 'a+
—ba

eg'

a+=gR s +gL c, a =gR c —
gL s, b =vg +a, e =gL +gR +g~

—2 2 —2 —2 —2 ~
—2

+ti L&PR &gR &g™Z&IZ & ~&»V
1 2

where

~ =-,' g( I
k I'+ Ik 'I'},P~, ~ =-,' g( IUg, g I'+ 4I &~,g I')

(2.5)

So, the neutral-current interaction in this model de-
pends on five parameters which can be taken as VEV's of
the Higgs fields, gauge couplings g' and gR, or as two Z
masses, mixing angles 4 and q, and the Wainberg angle
~w:

g=arctan[grgz(gz +g' )]. It is important to note
here that if the role of y was only reduced to the
redefinition of the mixing angle 4 then we would take,
for example, any LR model (say, the model of Ref. [7]
with matrix Ao) and obtain all versions of LRM s with ar-
bitrary matrix A from it by changing 4. It would be true
if the condition

U~A= UxAo

took place, where U& has the form

In the symmetric case the number of independent param-
eters is reduced to four and the angle y is their function.
This circumstance allows us to use for y the term "the
LR symmetry-violating angle. " Changing y I can repro-
duce all the known LRM's. For example, the symmetric
LRM's proposed in Refs. [6] and [7] are reproduced at
qv= —m/4 and y=0, respectively, and the asymmetric
LRM of Ref. [10] is reproduced at

cos4' sin%' 0

Uz = —sin+' cos4' 0
0 0 1

Elementary algebra implies that condition (2.6) is not
satisfied. The angle P is connected with the orientation of
the SU(2)„generator in the group space and it redistri-
butes the role between + and mz . For a different angle

2
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q we have different experimental bounds on 4 and mz .
2

Only the experiment can answer which q value is the true
one. For example, in the case gL =g„ the analysis of Z,
decay parameters being made at the CERN e+e collid-
er LEP I gives the following bound on y [12]:

tp&fewX10 2 rad .

The interaction Lagrangian has the following form in
the model under consideration:

satisfied:

=4=(=0, gL =gR =esw g =e(cw sw }

in the symmetric case and

0 gI. esw

g =+(ewe gR ), IgRI&gLswcw

(2.15)

Lwwk' iPk(—(Wk'„„V„+Wk, V„'„)Wl„, (2.7)
(2.16}

2

LNc =i+%'fy„q A„+—g (gf„+g„„ys)Z
f n=1

(2.8)

Q„=Nc soa+vsina,

Pkl =qflkl(A) (2.10)

(Z] ) 2 77
Pll 0+ ~!2 gL 112

+»n' 0+ z&12 gRM12, (2.11)

lgL
y (KJ )L'ujyp(1+ys)e; W„+(L~R ) y2&2 J

l =V, Q

(2.9)

where V„,=B„V„—B,V„(V„=A„,Zk„}, k =1,2,

W„=W,„cosg—W2„exp( —i co)sing,

W„"= Wl„exp(iw )sing+ W2„cosg, f„=v cosa Nsina, —

in the asymmetric one. In conclusion, in this case, I
should like to pay some attention to the conditions im-
posed on the coupling constants (CC's) gL, gR, and g'. If
we start to build our theory from the GLR gauge group
directly, then the CC's are all arbitrary. Actually, they
are not constants, but functions of Q = —p „,where p„ is
a typical momentum relevant to the process being con-
sidered. When the GLR is embedded into a grand unified

theory (GUT) then the three running CC's all must come
together at the grand unification scale, the value of which
should be consistent with the proton decay constraint.
These demands impose limitations on the choice of the
unifying group. For example, the nonsupersymmetric
SU(N & 5 } models are ruled out while the supersym-
metric SU(5) and SO(N & 10) models satisfy the demands
above. The Q dependence of the CC's can be calculated
from the renormalization group equations in which these
quantities enter quadrically. The choice of both the GUT
and the scale of the underlying symmetry breaking
defines the conditions imposed on the CC's at the elec-
troweak scale (see, for example, the general LR model

[13]in which the CC's are defined by

(Z ) (Z, )

Pkl Plk —,
' »n2ggL M11 —

gR M12 } (2.12)

T3LgL Mk 1 + T3RgR Mk2

+ 1 — (8 L)g'Mk3— (2.13)

gAk [ (LgLMk1 (RgR k2

5f+ ( T3L T3R )Mk3] (2.14)

(K,J }LR are the elements of the Kobayashi-Maskawa ma-

trix, q is the charge of the particle, g is the mixing angle
of gauge charged bosons, v and N are Majorana or Dirac
spinors describing the mass eigenstates, a is the mixing
angle of the light and the heavy neutrinos in the vacuum,

(Z2) (Z2) (Z2)
and the expressions for pa pk&', and p,k

' follow from
(2.11) and (2.12) by the substitutions

gL ~11 gR 22 & gR 12 gL 21

g~g+ n. /2

respectively.
One could show that the SM is reproduced in the SM

particles sector if and only if the following conditions are

and from the very beginning the LR symmetry-violating
angle was taken to be equal to zero). Up to now we can-
not confidently give preference to the definite GUT.
Therefore, investigating the GLR gauge theory as a low

energy approximation of the GUT we should consider
the most general version of the LRM. As we see, the
proposed theory satisfies this demand. It possesses a
larger space in fitting its parameters to the experimental
data. However, further on I shall, for the sake of simpli-
city, ignore the possibilities connected with the variation
of the LR symmetry violation angle and take it to be
equal to zero. I shall also suppose that CC's are defined
by condition (2.16).

As I am going to take into account the effects connect-
ed with the right-handed neutrino I would like to make
some remarks about its properties. The value of the mass
of the right-handed neutrino depends on two parameters:
(a) the Yukawa coupling of the right-handed Higgs trip-
lets b,R and (b) the mass of the right-handed WR boson.
The bounds on m could be obtained from cosmological

R

considerations as well as weak decay processes. For ex-
ample, if the heavy neutrinos are Majorana particles the
known bound on the neutrinoless double P decay half-life
of Ge gives the lower bound [14]
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'4
( 3 )

1.6 TeV
R Pl WR

gL gR
2 sing

96m. mw mw
1 t

2

The upper bound obtained from the arguments of vacu-
um stability [13]practically does not depend on mw and

it is about 1 TeV.
The basic decay modes of the right-handed neutrino

are

v~ —+ W;*+1+,

vR —+vt + V,

(2.17)

(2.18)

where V=y, Z, 2 and i =1,2. Their decay widths are
defined as

e

. 2'

(gvn) +(gran} Ql (4mz /m, )

and m( is the mass of the conjugated lepton, for (2.18)
[the process (2.18) with V=y was considered in Ref.
[15]].

However, the I + v are very small. For instance,
R L.

at m„=500 GeV, m) =1 GeV, and gL =gR =e/sw, we

have

I „,+ ——7.52 sin2( (GeV) .

rvR w,. +1
gg A,™~

321T

sin g, i = 1,

cos g, i=2,

where y; = (m, /m w ),
t

y,. +
2 3

y;
(2.19}

e e+ —+Wk W„+ . (2.21)

Analogously, the channel (2.17) with i =1 is very much
suppressed by the factor sin g. So, for the case
mw & m„which I shall consider, in what follows, shall

2 R

be able to neglect I„,11 for the sake of simplicity.
R

In the LRM at e e+ annihilation we may observe the
processes

for (2.17), and

5Pl
r R

vR ~vz+ V —
2

where

2

gf ~v (2.20)

In Fig. 1 the Feynman diagrams contributing to the pro-
cess (2.21) are shown. I shall be limited by including the
RC at the level of the improved Born approximation [16].
I remind that the obtained results will be the same both
for the Dirac and Majorana neutrinos. Then the
differential cross section for the polarized initial and the
unpolarized final particles is defined by

(kn)
p

dt (4ns)
Ie [1+(—1)"+"]—sgpkn gv(dz, I +I2sg pkn' gardz, I

2 k+n (Zl)2 (Zi e (Zj e 0
2 2

2se [1+(—1) "]gpkn gz&Re(dz, ) —2s gpkn gw(dz(XPkn gvtdz,
4 1=1 1=1 j=1

B(kn)(s, u, t

(1—
A, )(1+X) 2 kn (A) S

gLtt+ epk g pk (gVI +gal )Re(dZ }
4 2 1=1

r

( I +A, )( 1 —I, ) 2 kn ( g) s (z, ) , , (kn)
gRa

" epk„——gpkn (« —g„'&)Re(dZ, } d B2" (S, t, u)
4 1=1

( I+X)(1—A. ) 4bk„d2 + (1—&)( I+&) 4bk„~k„ (2.22)

where

a +"= [1+(—1) +"T[(—1)"+( —1)"]cos2$+[I—( —1) +"]sin2$] /4,

b~ = [1+(—1) +"cos 2gW [( —1} +( —1)"]cos2$]/4,

d =t/(t —m ), A,(X) is the helicity of the electron

(positron), s, u, and t are the ordinary Mandelstam vari-
ables, and the functions 8,( "'(s, u, t} (i =1,2, 3) are
defined in Ref. [4]. p=1+hp, +hp~+ (2.23)

The quantity p entering (2.22) is caused by the RC's
which are defined by all heavy particles and the p value is
determined by
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25L ~
( ~pth)L, R

FIG. 1. Diagrams corresponding to the processes
e e+ —+8'k 8'„+.

where hpt =36pmt /8~2m bp. M arises due to the mix-

ing in the gauge vector boson sector and has the general
asymptotic form [16] (~PM )upper, lower (~P)upper, lower ~pt (2.25)

where v =246 GeV is the standard Higgs-doublet VEV. I
shall, in what follows, make the simplifying assumption
that all these additional contributions to p are mutually
canceled. The constraint on p coming from the measure-
ments of mz at LEP and m w/mz at UA2 and the Collid-
er Detector at Fermilab (CDF) collaborations has the
form

p = 1.0066+0.0058 .

So, the upper and lower bounds on hp~ coming from the
experiments are

~pM cO(mz /mz ) cl(mw /mw ) (2.24) From (2.22) it follows that all the effects connected
with Z2 and va are negligible when

with c0 and c& constants depending on the Higgs parti-
cles VEV's and the CC's. Recall that when EPM does not
equal zero then the efFective s& in the LRM is connected
with the sw =sin 6) w of the SM by the relation

sw sw [Swcw/(cw Sw)]kpM

Additional contributions to p (dots in the p definition)
come from Higgs particles, heavy right-handed neutrinos,
etc. They could be both positive and negative. For ex-
ample, the contribution from the standard Higgs boson is
logarithmic in the Higgs boson mass and for mH ))m~

1

it has a negative sign. The contribution connected with
the presence of weak isotriplet Higgs bosons is [17]

B(ktt)( r)(d )j—1 D(ktt)
(2.26)

where

mz ~00, m„—+00 .
2 R

So, in this case the DT works very well. However, for
the total cross section the situation with va is drastically
altered.

The expression for the total cross section (r("") follows
from (2.22) after multiplication by mPS and the replace-
ment

B'""'(s,u, r)~D'""' t =1,2, 3,

D'""'=P [(s —m —m ) +12S(m +m )+8m ln ]/12m m

m

mnmk 6 s 2$

8mnmk
2m, —m„mk+$+ 2 2R m +m —sn k

+ 4L
Ps

2 2 2 2
mnmk m„+mk—m —m — +m (m +m —s)n k v~ n k 4s

+
mnmk

4
mv

R22+
4smnmk

P'sm4
vR

4m mk

D(kn)
3v s P 48m„mk+1—2s(m„+mk) —6m 2 (s —mk2 —m„+4m 2

)
mnmk

sm „(m„+mk )
R

2 2m„mk

m
+ ' 2(s m„mk )+Sm „—+ — m „(4m„—3m„—3mk+ 3s ) 4s(m„+ mk—)s 2ppg 2m 2 R R

g)(kn) g)(kn) I g)(kn) D(kn) i

2 2v ~m =0& 3 3v ~m =0&
R R

C= mm —m (m+m —m s)v n k vR n k vR

—m„—mk+2m „+ps+sI =ln--—m„—mk+2m „—ps+s
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As we see from (2.26) in o'""' there are the addenda
which are proportional to m„» (q =1,2). They arise

when we integrate in (2.22) the expressions containing
(td, )». In the case of unpolarized e e+ beams, their

contribution to o'"' is very small because the dominant
addenda caused by vL exchange enter o'"' as D'z'"c os g
and D~3'"cos g while the ones determined by vz ex-

change are D2',"sin g and D ~3',"sin g.
For the comparison with the SM it is convenient to in-

troduce the quantity 5 characterizing the experimental
sensitivity. I define it by

5A.k( )
(~)SM

(2.27)

where LT is the integrated luminosity of the collider in
units of pb ', bo =(cr)LRM —(o)sM, and (o)sy(mM) 's
the total cross section in the SM (LRM). The 5 "(x) is an
observable of the efFect from new physics and it gives the
deviations from the SM expressed in standard error units.
Previous work on this problem [4] has shown that in the
LEP II energy region the total cross section of the LRM
calculated at the tree level difFers from that of the SM on
values of order of a few X 10 . It is well known that the
main contribution caused by the RC is connected with
the redefinition of s~, i.e., with the quantity hp~. Recall
that because of the structure of bpM given by Eq. (2.24),

hp~ could have not only positive and the negative values
but zero ones also. In order to receive an idea about the
values of deviations caused by the RC I shall use the
upper, lower, and zero bounds of ApM in my analysis of
the obtained total cross section.

First I consider the case of the symmetric LRM. In
Fig. 2 I represent the 5(&s ) (hereafter the absence of the
superscripts A, and X means the case of the unpolarized
e e+ beams) of reaction (1.1) for (bpM )„„,(hpM )&, „,
and (AM ) =0 at LT =500 pb '. I note that at the given
values of m, (AM )&,„„is negative. In numerical calcula-
tions I used the following values of the structural param-
eters (SP's} of the SM and the LRM [18,19]:

2

460 260 360
+s(('ev}

I

$60

FIG. 2. 5 for the symmetric LRM as a function of &s for
( Lakp~ ) pp {solid line), ( ApM )~,„„(dash-dotted line}, and

hp~ =0 (dashed line).

mz =80.13 G V w =90.177 G V sm 0 23
l 1

m, = 145 GeV, m, =800 GeV, m ~ =477 GeV,

m =400 GeV, 4'=9.6X10, /=3. 1X10

(2.28)

%e see that the possible deviations of the LRM from
the SM lie within the region restricted by the curves
{hpM )„~~,and (bpM )&,„„.Next I shall demand that 5 be
greater than the 20. uncertainty on the total cross section,
which means that the LR symmetry manifestations will
be at 95% the confidence level (C.L.) As follows from
Fig. 2 only in the energy region V s & 260 GeV may one
hope to observe the clean signal. On further increasing
the energy, 5(v's ) decreases and then starts to grow near
Zz resonance. At hpM &0 and the chosen value 4 [ac-
cording to today's estimates [19] the bounds on 4 are
—0.005 (

—0.0048}& 4 &0.0099(0.0096) at m~ =100
GeV (1 TeV) and m, =90 GeV in both cases] 5( v's ) has a
minimum in the energy region less than mz . The pres-

2

ence or absence of this minimum is defined by the 4
value only. At the bigger values of 4(4&4X10 ) the
minimum would be absent and 5(v's ) would monotoni-
cally increase up to v's =mz . The analysis shows that

2

the minimum position (vs );„and its value 5,„(vs )

significantly depend on the chosen values mz and 4; in
2

contrast, the change of the other SP's weakly influences
both 5;„(Vs ) and (Vs );„. At bpM &0 the function
5(v's ) crosses the axis of the abscissas at the point whose
position mainly depends on the mixing angles and mz .

Referring to Fig. 2, the important feature of 5( v s ) in the
LEP II energy region is the fast increases of its modulus
with the growth of ~b,p~~. Therefore, depending on the
measurement precision of the total cross section one
could either establish or limit the hp~ value.

The analysis shows that in the case of the asymmetric
LR model the unpolarized total cross section displays a
weak dependence on gz. The LR symmetry efFects be-
come more significant on elimination of the diagram with
the vL exchange. They are maximum in the case of com-
pletely right-polarized electrons ( k = —1 ) and left-
polarized positrons ( A. = 1) (RL polarization). For exam-

ple, when ApM=O and m =100 GeV the deviation of
the LRM from the SM reaches the 2o level for
5+' (v's ) [the subscript + (

—) will mean that I consid-
er the positive (negative) g' values in (2.16)] and

5+"(v's ) at v's -=420 and v's =590 GeV, respectively.
Nothwithstanding the fact that the RI. polarized cross
section o. is much less than the unpolarized one a (for
example, at LEP II energy, o /cr-=10 ), the a. in-

vestigation would play a decisive role for the existence of
the LRM. In Fig. 3 I represent 5 "(Vs ) for the
difFerent values of m and Ap~ and two signs of g'

R

(hereafter the other SP's of the LRM and LT are the
same as in the case of Fig. 2). It should be noted here
that ~5+(v's }~=~5 (v's )~. The 5 "(v's ) is also sensi-
tive to the values of the mixing angles g and N. Howev-
er, just the same as for 5( v's ), the dependence of
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4

4

2

0

P a

~ I

-1.3 -1.1 »0.9 -07 -0.5 -0.3 -0.1 0.1 0.3 05 0.7 0.9 1.1 1.3

-2

-4

160 250 350 450 550

gR~gL

FIG. 4. The 5+" as a function of gR/gL at &s =196 GeV
for the cases (a) (CPM ) pp and m „=100 GeV (dashed line); (b)

R

(CPM )& „and m„= 100 GeV (dotted line ); and (c) (CPM ) pperR

and m„=400 GeV (solid line). At &s =500 GeV, bpM=O,

and m „=100 GeV the function 5+"(gR /gL ) is represented by

the dash-dotted line.

s GeV

FIG. 3. 5+" versus &s for the cases (a) m„=100GeV and

(4PM)uPPer (solid line), (b) m„=400 GeV and (EPM)upper

(dashed line), and (c) m„=100 GeV and (AM)&,„„(dotted
line). The function 5 '(&s ) with (AM)~,„„and m„=400

R
GeV is represented by the dash-dotted line.

5 "(&s } on 4 is much stronger than the dependence
on g. For example, at AM =0 the variation of 4 from
9.6X10 up to 9.6X10 yields a decrease of 5+"
(~s ) of one order of magnitude, while the variation of g
from 3.1X10 up to 3.1X10 yields an increase of
5+"(&s ) of a few percent. It is immediately apparent
that in the asymmetric case 5 "(&s ) could be used for
gR definition. Figure 4 shows the behavior of 5+"
(gR /gL ) for different values of m „and AM at

R

&s =196 and V s =500 GeV. The results for LEP II are
very disappointing because the deviations are smaller
than the statistical errors except in a region of very
specific values of gR /gL. The situation is much better for
ILC.

Having the total cross section I can define the longitu-
dinal polarization asymmetry as

(~)1,0 (0') —1,0
LR

(
(2.29)

7 7

where (o }zz is the total cross section either of the LRM
or the SM in the case when the electron and the positron
have the helicities A, and A, , respectively. Recall that this
quantity is sensitive to the pure weak RC and can be
measured with a precision of I/QN&, P [Na, is the
number of W bosons producing in the reaction (1.1) and
P is the degree of longitudinal polarization of the elec-
tron]. In Fig. 5 I display ALR as a function of V's for the
case of the symmetric LRM. For comparison the SM re-

E,oo-

099

098 . ; -"

o.9z

0-96
IFO

I I I2' ave

Ws(sev)

FIG. 5. ALR as a function of &s for (AM)„pp (dash-dotted
line), for (hpM)&, „„(dotted line), and for (hpM) =0 (solid line).
The results of the SM are represented by the dashed line.

suits are also represented. Again we see that no clear sig-
nal will be seen at LEP II energy. The situation does not
improve for such machines as ILC and the Next Linear
Collider (NLC), since with the growth of the energy the
cross section decreases and as a result the statistical er-
rors increase. The analysis shows that the quantity Aiz
is practically insensitive to the variations of gz and m „.

R

Hadron colliders provide a nice opportunity for the in-
vestigation of extended gauge models. For example, the
extra neutral gauge boson discovery limits at the CERN
Large Hadron Collider (LHC) range from 2—3.5 TeV for
an integrated luminosity of 10 pb '

up to 4—5.5 TeV for
an integrated luminosity of 5 X 10 pb '. Let us consider
the possibilities of the hadron colliders for gz definition.
It appears that the single production of a Zz boson is a
good tool for this purpose. I adopt the spirit of the par-
ton model. Then in the lowest order of the Drell- Yan ap-
proximation the total cross section of the process

ab ~Z„+anything, (2.30)
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( —).
where a, b =p, p is defined by the expression 30

(
I )2+( i )2

2

(2.31)

where ~=m, Is, s =(p, +pb), f» (x, Q ) is the distribu-

tion function of the quark Qavor i in hadron a, the pa-
rameter Q of which the value is of order s =(p +p )

includes QCD corrections in the leading logarithmic ap-
proximation, and the differential luminosity». dL /dr is
defined by the expression

$Q
0.6

~ I

08 30.i,
I

4. i?

J
(a) 2 (b) 2

x'
FIG. 6. 6 versus gR /g& for pp collisions at the LHC.

+(q;~q;) 8x
X

(2.32)

From (2.31) and the expressions for g~2 and g„'2 it follows
that the cross section of (2.30) is practically insensitive to
the choice of the ga sign.

Again, I shall use the quantity 5 which is now deter-
mined by the relation

(+~ )ALRM (~ )SLRM
&z,v

+(+~ )SLRM

(2.33)

where B is the Z2 branching ratio and the subscripts
ALRM (SLRM) mean that the quantity in parentheses is
calculated within the asymmetric (symmetric) LRM. At
present 5 gives the deviations from the symmetric LRM
expressed in standard error units. In order to eliminate
backgrounds I shall only consider the following leptonic
modes of Z2 decay:

rameter values it reproduces the SM in the sector of ordi-
nary SM particles. The analysis of 8'&-pair production in

e e+ colliding beams has been carried out on the basis
of exact calculations for the total cross section. For un-

polarized e e+ beams the LR symmetry manifestations
could be observable in the energy region up to &s -=260
GeV only. In this region, depending on the values of
ApM and 4, the deviations of the LRM from the SM
could reach the 2o. level. At the near-vanishing values of
hp~ the only way of observing the indirect signals of the
LR symmetry is the measurement of the cross section at
a polarized-beam machine with energy Vs &400.6eV.
The investigation has shown that the indirect effects
should be more significant for ez ez+ beams. In this case
the values of the deviations from the SM predictions de-
pend mainly on 4& and &s. The effects connected with
the heavy right-handed neutrino are maximum for the
RL polarization. Unfortunately their values are too
small to be measured reliably. The role of v„becomes
essential for the processes

Z2~e e,p p (2.34)

In Fig. 6 is shown the 5 of the reaction (2.30) versus

g„ lgr for LHC energies ( &s = 17 TeV, LT = 10 pb ')

in the case ofpp collisions. In my numerical calculation I
neglected the distribution of the sea quarks c, s, t, b and
used the parametrization of the parton distribution of
Ref. [20] (set 2). I also used the following values of pa-
rameters:

mz =600 GeV, /=9. 6X10

Under these conditions, the typical event sample for the
LHC will consist of Nz =—2X10. This is the main

2

reason which accounts for the extreme sensitivity of 5 to
the gz variation. It is obvious that the reaction (2.30) is
also a good test for the N definition.

III. CONCLUSIONS

A model which unifies all the possible symmetric and
asymmetric LRM's has been investigated. At definite pa-

e e+~W) 8'2+, W2 Wq+ (3.1)

ACKNOWLEDGMENTS

I would like to thank F. Feruglio for the fruitful dis-
cussion of the DT role in the theories with spontaneously
broken symmetry.

by virtue of the fact that the W2vze coupling is propor-
tional to cosg. Thus the observation of the processes (3.1)
would prove to be a powerful tool for probing the proper-
ties of v~.

However, if nature realized the LRM with the angle 4
of the order of 10 and less, then the LR symmetry
would only display itself in the direct production of the
new particles predicted by the LRM. I have considered a
single production of a Z2 boson in pp collisions. It has
been shown that this reaction is extremely sensitive to the
variations of gz and N.
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