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In the framework of the SU(2) X U(1) and SU(2)XU(1)XU'(1) gauge models, the processes

e e —>ff e e —>ff e et —qgg, e et —Gdg, e et —e e, eTe me e,

e eT—BX are studied. Expressions are obtained for the helicity amplitudes and the effective

cross sections. The following characteristics are considered: the right—left asymmetry

Agy., the forward—backward asymmetry Agg, the forward and backward polarization asymmetries
Agr(\,) and Ag()\,), the forward—backward polarization asymmetry Agg(\y), the degree of

fermion longitudinal polarization P, the transverse spin asymmetry A q,) , etc. Expressions are

obtained for these characteristics, and quantitative estimates are obtained for them in the

framework of the standard model and the E¢ superstring model. The zeros of the helicity

amplitudes and of the electroweak asymmetries are discussed. © 1995 American

Institute of Physics.

INTRODUCTION

In the development of modern elementary-particle phys-
ics, study of inelastic lepton—nucleon scattering and the an-
nihilation of colliding electron—positron beams has played an
important role. Indeed, these experiments, made at ever in-
creasing energies, led to the discovery of most of the effects
that have played an important role in our understanding of
the nature of fundamental interactions and the structure of
elementary particles. For example, the scaling discovered in
deep inelastic lepton—nucleon scattering and the jet picture
of inclusive hadron production in electron—positron annihi-
lation led to the creation of the quark—parton model of the
hadrons and then to the quantum-chromodynamical theory of
the strong interaction.

The experimental investigation of electron—positron an-
nihilation into hadrons proved to be remarkably fruitful for
elementary-particle physics. In a brief period, these experi-
ments led to the discovery of whole families of hadronic
resonances ¢ and Y, for the description of which it was
necessary to introduce the heavy ¢ and b quarks with the
new quantum numbers charm and beauty. Study of the levels
of “charmonium” and “‘beautonium,” and also their decays
made it possible to test several predictions of quantum chro-
modynamics (QCD), to estimate the value of an important
parameter such as the strong coupling constant a;, and to
establish convincing evidence for the existence of the vector
gluon.

One of the most important discoveries in the field of the
weak interactions was that of the weak neutral currents,
which was made in 1973 at CERN in the bubble chamber
Gargamelle. Even before this experiment, Glashow, Wein-
berg, and Salam (GWS)! had constructed a model of a uni-
fied theory of the weak and electromagnetic interactions that
predicted the existence of the weak neutral currents. After
their experimental discovery, study of the structure of these
currents occupied a central position in experimental and
theoretical studies.?”” Investigation of the effects of the weak
neutral currents in different laboratories in the world con-
vincingly confirmed the correctness of the standard model,
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but, nevertheless, comprehensive testing of it continues.®

Despite the successes of the GWS theory, there are rea-
sons for being unsatisfied with the standard model. For ex-
ample, the reasons for the repetition of the generations of
leptons and quarks are unclear, there is no explanation of
their number, the mechanism of generation of the particle
masses is unknown, and there is no theoretical derivation of
their spectrum. The existence of the scalar Higgs boson has
not yet been proved, and the ¢ quark has not been discovered.
The space—time structure of the weak interactions does not
follow from any internal requirements of the theory but is
introduced phenomenologically in accordance with experi-
mental facts. Several parameters of the standard model are
known with insufficient accuracy.

All these circumstances indicate the need for deeper test-
ing of the standard model and also for a more general theory
capable of eliminating the phenomenological features of the
existing model.

A great achievement of recent years in the development
of high-energy physics is the development of superstring
theory.? The superstring model of elementary particles based
on the Eg X Ejg gauge symmetry is regarded as a real candi-
date for a consistent unified theory of all the fundamental
interactions, including gravity.'® After compactification, the
10-dimensional Eg X Eg superstring group leads to the
4-dimensional N=1 supersymmetric theory with gauge
group E¢. The observed matter fields are then grouped in Eg
27-plets. An interesting consequence of this model is that it
predicts the existence of new exotic fermions and at least one
additional vector boson Z' with a mass below 1 TeV (Ref.
11). The existence of the additional Z’ boson must lead to a
characteristic deviation of experimental results from the stan-
dard model in all processes due to weak neutral currents.

Therefore, going over to higher energies and larger mo-
mentum transfers, we hope to discover signals of a “new
physics.” It is this circumstance that is stimulating the high-
precision measurements of the parameters of the standard
model.® The possibility of interpreting deviations from the
standard model as indications of a superstring Z’ boson re-
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TABLE 1. Quantum numbers of the fields of the E¢ 27-plet [Q,(r)=—Q:(¢¥ D].

Left
50(10) SU(5) sU,(3) field I, 0, 24150, 24100, V240,
16 5 3 dc 0 13 1 3 1
1 e —1/2 -1 1 3 1
1 v, 12 0 1 3 1
10 1 e ¢ 0 1 -2 -1 1
3 d -12 -1/3 -2 -1 1
3 u 12 23 -2 -1 1
3 ut 0 -2/3 -2 -1 1
1 1 v 0 0 -5 -5 1
10 5 3 K¢ 0 13 1 -2 -2
1 E™ —1/2 -1 1 -2 —~2
1 Ve 12 0 1 -2 -2
5 3 A 0 -1/3 4 2 -2
1 E* 12 1 4 2 -2
1 NS -12 0 4 2 -2
1 1 1 n 0 0 -5 0 4

quires study of a large class of processes in which the Z’
boson participates.

Currently, much attention is being devoted to searches
for manifestations of an additional vector boson.'?~!° One of
the effective methods is to study electroweak asymmetries in
electron—positron annihilation at energies Vs=100 GeV. In
Refs. 20-29, we obtained general expressions for the varlous
1ntegrated characterlstlcs of the reactlons e et — f f
ee—>ff ee—>qqg, ee—»qqg, e et—e et
e e —e e ,e et —BX,e e’ —yX and made adetalled
analysis of these characteristics in the framework of the stan-
dard model and the E4 superstring model.

In this paper, we give a brief review of the results of the
investigation of the effects of the superstring Z’ boson in the
production of particles in electron—positron annihilation.

1. NEUTRAL CURRENTS IN THE E; SUPERSTRING
MODEL

In the low-energy superstring limit, the symmetry of the
E¢ group can be broken in accordance with the scheme

E¢—SO(10)XU 4(1).

The group SO(10) contains SU(5) as a subgroup. The break-
ing of SO(10) takes the form

SO(10)—=SU(5)XU,(1),
with
SU(5)—>SUC(3)XSU(2)XUy(1).

Therefore, the group E¢ can be broken down to subgroups of
fifth or sixth rank:

Gs=SUc(3)XSUL(2)X Uy(1)XU (1)
Ge=SUc(3)XSUL(2) X Uy(1)XU ,(1)X U (1).

(1.1)

In G5, there necessarily arises one additional (compared
with the standard model) neutral bosonic field Z, corre-
sponding to the U ,(1) symmetry. In the group G we have
two additional neutral bosons Z , and Z, corresponding to the

528 Phys. Part. Nucl. 26 (5), September—October 1995

subgroups U (1) and U (1), respectively. However, it is as-
sumed that there exists an intermediate scale M,~10'0!!
GeV at which one of these fields acquires a mass M~ M, by
spontaneous symmetry breaking. Such breaking may be in-
duced by nonvanishing vacuum expectation values of scalar
superpartners v and n in the E¢ 27-plet. As a result, in this
case too, there remains only one light (M<I TeV) Z'
boson.'!

The model with gauge group SU,(2)XU,(1)XU'(1) is
currently assumed to be the most probable low-energy limit
of superstring theory. In this model, there arises an additional
Z' boson, which is regarded as a linear combination of Z v
and Z

Z'=Z, cos Og+Z, sin 0. (1.3)

Here @ is the mixing angle, which is determined by the
scheme of the symmetry breaking at the intermediate scale.
In the case of a group of rank 6, the angle 6 is arbitrary, but
for the group G5 it is 6;=142.24°, The values of the angle
6:=0° and 90° correspond to the pure states Z and Z, . The
angles 6;=—tan"!(3/5)"2 and 6= —tan"'(5/3)”2 describe
the Z,, and Z; bosons. B

The eigenvalues of the generators of the groups U,(1),
U (1), and U (1) for the fields in the E 27-plet are given in
Table 1.

To the additional Z' boson (3) there corresponds the gen-
erator

Qz/=Qy cos Og+Q, sin b, (1.4)
where Q, and Q, are the generators of U (1) and U (1).

The Lagrangian of the interaction of the fundamental
fermions with the gauge bosons has the form

F= ; A, +I2Z,+1% 7)), (1.5)
where

Tu= 0yl LA+ v5) + g1 = v5) 14y (1.6)
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in which giLf and g’;{f are the chiral coupling constants of the
fermion f with the gauge bosons i (i=7,Z,Z'), the values of
which are

2

zZ _ _
ng sin 20W ( Qf XW)9

' 5 1
gff= \/; " Cos By [Qy(fL)cos O+ Q. (fL)sin 6g],
' 5
gﬁf= \/; ) [—Qy(fi)cos Og— Q,(f])sin Og].
(1.7)

Here xy,=sin’ @y is the Weinberg angle, and Q ¢ and I
are the electric charge and the third projection of the weak
isospin of the fermion f.

In the general case, the mass matrix of the fields Z and
Z' is nondiagonal:

M2
M=
oM?

cos Oy

(1.8)

2

SM?
M,

This leads to Z—Z' mixing. As a result of the diagonalization
of the matrix (1.8), we find the fields Z, and Z,:

Z, cos® sin®
Zy) \-sin®

cos @
with definite masses Mz and Mz, which, like the mixing

Z

7 (1.9)

angle @, can be expressed in terms of the original param-
eters:

(M)

z 2

M2 =M%
! M7z, —My

M =M> +—(§M—2)2—t 2 d=(Mi-M2%)/(M: —M2)
z,” Mz M;,+M§ an z— Mz, z,” Mz).

(1.10)

In the E ¢ superstring model with intermediate group G's,
there are two SU(2) doublets (H,H) and one singlet N of
Higgs fields. In this case,

40292 1602+ 02 +25x2

2_ g2 2 a2 T
M =MaNxw 30,7557 Mz=Mz —gor5n

(1.11)

where v=(H")=(Ng), 0=(H°)=(¥g), x=(N)=(#); Np,
Ug, and n are the scalar superpartners of the corresponding
fermions in the 27-plet. Such a structure of the Higgs fields
leads to the following restriction on the mixing angle ® (Ref.

30):

8 X 2 X
W el
3 M3, /M5;—1

—— 1.12
3 M, IML-1 (1.12)

The expression for the Lagrangian of the interaction of
the fermions with the gauge bosons Z,; and Z, follows from

(1.5):
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€1z 2
$=—2-(J” Z|u+.l#22ﬂ), (1.13)

where the currents J ;‘ and J ;2 have the general form (6), but
at the same time

VA . ’
81 r)s=cos P -gf(R)f+ sin @- g g >

Z . VA z'
gL(ZR)f= —sin @ gf gy +cos P-gig)s- (1.14)

The weak neutral current of the fermion f can also be
represented in the form

Jo= 0y, 8+ vsgh Dy (1.15)
where
g:/fzg;,f_"gi{f’ gar=8Ls 8Rs (1.16)

are the vector and axial constants of the weak neutral current
of the fermion.

2. HELICITY AMPLITUDES AND ELECTROWEAK
ASYMMETRIES OF THE PROCESSES e e*— ff AND
e etff

The annihilation of an electron—positron pair into vari-
ous particles can proceed not only by means of a photon y
and a Z° boson but also by means of the additional Z’ boson.
The presence in the intermediate states of massive particles
leads to a change of the energy dependence of the cross
section and to the appearance of some specific P-odd asym-
metries associated with the existence of an axial component
of the weak neutral currents. Investigation of these effects in
colliding e~ e™ beams can help in the study of the properties
of the weak neutral currents of both the initial and the final
particles.

At the present time, experiments performed with the
PEP, PETRA, and TRISTAN ¢~ ¢ " beams have made it pos-
sible to study the effects of the neutral currents in
e etouut, eet—=r T, e et—eet, and
e e —qq annihilation processes at energies \/s—w 30-60
GeV (Refs. 31-35). The SLC and LEP facilities with collid-
ing e e beams have recently been commissioned and have
provided some data in measurements of the parameters of the
standard boson in the region of the Z resonance (\/;~90
GeV).36-* Measurements have been made of the mass and
of the total and partial decay widths of the Z boson, and the
coupling constants of the weak neutral currents of the leptons
and quarks with the Z boson have been extracted. The results
of these experiments are in satisfactory agreement with the
predictions of the standard model.

From the point of view of obtaining information about
the properties of the superstring Z' boson, huge interest at-
taches to study of the polarization characteristics of the par-
ticles (leptons, baryons, vector mesons) produced in
electron—positron annihilation. Programs for new high-
precision experiments to test the standard model using polar-
ized e e " beams have recently been prepared in joint stud-
ies in American and European accelerator centers.¥ These
programs will make it possible to study in detail various
polarization characteristics in particle production in ¢ e”
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annihilation, and this will make it possible to solve many
important problems in the physics of the electroweak inter-
actions at high energies.

We discuss here some qualitative properties of the helic-
ity amplitudes and electroweak asymmetries of processes of
annihilation of an e “e™ pair into a pair of fundamental fer-
mions (leptons, quarks) and scalar fermions:

e +et (9,202, )= f+f, (2.1)

e_+e+—>(‘y,Z?,Zg,...)—>f+]?. (2.2)

In the lowest order of perturbation theory, the process
(2.1) is described by the matrix element

M=e22, Dy(s)0 7,8, (1+7s)+gk(1

- 75)]"@’)’,4[8{4(1 + 75)+gi(f( 1—ys)vg, (2.3)

where the summation is over all the gauge bosons (i=7v, Z,,
Z,,etc); Di(s)=(M?—s—iM;I";) " is the propagator of the
vector boson i; M; and I'; are the mass and total width of the
boson i; s is the square of the total energy of the e “e™ pair
in the center-of-mass system; and gLe(gLf) and gRe(ng are
the left and right coupling constants of the electron (respec-
tively, fermion) with the gauge boson i (they are given in
Sec. 1).

We first discuss some qualitative properties of the pro-
cesses (2.1) in the collision of longitudinally polarized elec-
trons and positrons. The interaction of the fundamental fer-
mions with the gauge bosons has vector and axial-vector
components. This circumstance leads to conservation of the
helicity of the fermions at high energies. The conservation of
the helicity requires that the colliding electron and positron
have opposite helicities (e eg or egey , where e[ is an elec-
tron with helicity —1, ex is a positron with helicity +1, etc.).
The same is true for the fermions in the final state. Therefore,
for the reactions (2.1) there can arise only four independent
helicity amplitudes F; , Fir, FrL, and Fgg (the first and
second subscripts correspond to the helicities of the electron
and the fermion f ), which describe the following processes:

— - p— + -
eL teg—fitfr, el tex—frtfL,

-+ Z -+ Z
egtel —fL+fr, egtel—frtfL.

The differential cross sections corresponding to these
four processes are”?

do . - 2 2
d_Q(eLeR_)f[fR):TNcs‘FLLI (I+cos 6)7,

2

Q (eLeR“"fRfL)— Ns|Fig|%(1—cos 6)?,

Nes|Frel*(1—cos 6)?,

do _ | _

70 (ereL = fufR)= 7
d_o-(e—le’“_)fkf):—Ns[F |2(1+cos 6)2
dQ R “L L. 4 c RR .

Here
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Fas=2. Di($)g48; (AB=LR) (2.4)
are the helicity amplitudes, N is the color factor (¥ .=3 for
quarks and N =1 for leptons), and 8 is the angle between the
momenta of the fermion and the electron.

The helicity amplitudes of the processes (2.1) in the
standard model are determined by the expressions

Qo
Fi3'=—L+D,(s)ef.e5; (A.B=LR). 2.5)

It is easy to show that in the limit of zero width of the Z
boson the helicity amplitudes (2.5) have zeros at certain en-
ergies of the colliding e et beams.”>?’ The amplitudes
F{RY and FR? vanish at the energies s = V2M cos 6y
and Vs=M z COs Oy, irrespective of the nature of the pro-
duced ff pair.

The helicity amplitudes F %Sﬂv[) and F ﬁw have zeros when
the e e’ beams have energies

Vs=M_ cos OwlQs/(Q;~ 1)1
and
12

1 f ! f
Qf/ Xw 5Qf_13 +513
respectively In particular, for the production of a lepton pair

wout ()
F(SM)=O for \/;=\/2MZ cos Oy,

1
\/E: 5 MZ sin 20W

>

F(SM)—O for \/;=MZ sin 20y .

We denote by \; (7,) and N\, (7,) the values of the lon-
gitudinal (respectively, transverse) polarizations of the elec-
tron and the positron, and by %, and k, the helicities of the
fermion and antifermion. Then in the case of arbitrary polar-
izations of the initial particles and longitudinal polarizations
of the final particles the differential cross section of the pro-
cesses (2.1) can be represented in the form?’

do a’N,

20 = a1 SFLPO=2)A+a)(1=hy)(1+hy)
+|FralX(1+ X ) (1=Np)(1+ k) (1= hy)]
X (1+cos 0)2+[|Frrl2(1=N)(1+X)(1+h))
X(1=hy)+|Fr)2(1+N ) (1 =N)(1—hy)
X(1+h3))(1=cos 6)*—27,7, sin® 6[(1—h,)
X(1+hy)(Re(F FiE )cos 2¢
+Im(F F¥ )sin 2¢)+(1+h)(1—h,)
X(Re(FgFRg)cos 2¢+Im(F gFg)sin 2¢)1},

(2.6)

where ¢ is the azimuthal angle of emission of the fermion f,
measured from the plane of the transverse polarization of the
initial leptons.

The effects of the superstring Z' boson are manifested in
various characteristics, the expressions for which can be ob-
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tained from the general expression (2.6) for the effective
cross section. We first consider the differential characteristics
of e e™ —>fj_" processes.

Averaging over the polarization states of the electron and
summing over the polarizations of the antifermion, we obtain
for the differential cross section of the processes (2.1)

do wd?
dcos 0 16

Ns[|Frp)?+|F gl +|Fre|?+| Frel?]

X (1+cos? O)[1+Agg(s,0)]
X[l+)\2ARL(s,0)+h1P(s,c9)], (2.7)

where Apg(s,0), Agi(s,0), and P(s,0) are the forward—
backward angular asymmetry, the right—left polarization
asymmetry, and the degree of longitudinal polarization of the
fermion. Measured experimentally, these differential charac-
teristics are determined by the expressions

Agg(s,0)=Agg(s)f(0), (2.8)
AR +AR()A()
Al 0= TR A0 29)
P(s)+PP(s)f(6)
= 2.
SN Y BV 1) @10
Here
f(6)=2cos 6/(1+cos? 9),
F 2 2_ F 2_ F 2
AFB(s)=I l’+|Frel®—|Frel?—| RLIZ’ @1

|Fil®+|Frgl®+|Fro|*+|Fre

|FLL|2+|FLRI2_IFRL|2_IFRR|2
|Fu®+ [ F gl +|Frol®+|Frel?’
(2.12)

ARl(s)=—P(s)

[Fuul+|Fru?~ |Frel®— | Fig]?

|F L+ |Frgl?+ | Frol®+ | Frel?
(2.13)

The experimental investigation of the angular and energy
dependences of the asymmetries Agg(s,6) and Ag,(s,6) and
of the degree of longitudinal polarization P(s,8) of the
fermion can give valuable information about the chiral cou-
pling constants of the fundamental fermions with the gauge
bosons.

We consider the \s=M ; regime, which can be studied at
the LEP and SLC accelerators. In this case, the contribution
to the cross section made by the gauge i boson (i=Z or Z')
becomes dominant. At resonance, the differential character-
istics of the e et — ff processes have the form

(81~ (8h* _ .
(8L)*+(gk)* ¢
(g;;f)z_(gi:(f)z — Al
(g1’ +(grp)? 7

AR(s)==PW(s)=

ARUMD) = = PO (M) =

AR M) =—-PI(M?)=

App(M})=AL- A}, (2.14)

It follows from this that the right—left asymmetry Agﬁ(s)
[or the degree of longitudinal polarization PO(s) of the
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TABLE II. Polarization of the 7 lepton as a function of the polar angle. The
statistical errors are given.

Polarization

Range of cos 8 Experiment (Ref. 41)  Standard model (xy,=0.232)

[-09; —0.7] —0.056+0.053 —0.004
[-0.7; —0.5] —0.026+0.051 -0.017
[-0.5; —03] —0.065+0.056 ~0.045
[-0.3; —0.1] —0.056+0.060 —0.088
[-0.1; 0.1] —0.1410.063 -0.143
[0.1; 03] —0.118+0.059 -0.196
[0.3; 0.5] —0.226+0.054 -0.238
[0.5; 0.7] —0.281+0.050 —0.264
[0.7; 0.9] —0.235+0.050 —0.243

fermion] at the Z or Z' resonance does not depend on the
nature of the produced particles and is determined solely by
the electron coupling constants, whereas the asymmetry
AQ) (s) [or the degree of longitudinal polarization P(!)(s) of
the fermion] is determined by the parameters of the weak
neutral currents of the final particles.

The degree of longitudinal polarization of the 7 lepton in
the process e e*—7 7" at s=M2 has been measured at
LEP by various collaborations (ALEPH, DELPHI, L3,
OPAL)."~*2 The polarization of the 7 lepton was measured
using the spectrum of particles in the decays 7 —e™ 7,v,,
T —p VY, T IV, T op .

At the Z resonance, the polarization (2.10) of the 7 lep-
ton takes the form

A%(1+cos? 6)+2A% cos 6
1+cos® 0+2A%A% cos 6 °

P(M%,cos 6)=—

where

AF=[(gf)*— (880N (81 + (85’1

In Table II, we give data on the measurement of the
degree of longitudinal polarization of the 7 lepton obtained
by the ALEPH collaboration.*! We also give there the pre-
dictions of the standard model for the value sin® 6,=0.232
of the Weinberg parameter. As can be seen from the table,
within the errors the experimental data agree satisfactorily
with the predictions of the standard model.

We now consider the integrated characteristics of
e" et —ff processes. The ones most frequently discussed
are the following:

1) the forward—backward asymmetry in the case of un-
polarized particles:

(l=e,7).

Aum OF— 0 _ 3 _ |FLu®+|Frel®~ |Fgl* = | Fre|?
B optog 4 [FuP+|Fpl?+|Fp>+|Fral?>’
(2.15)
where of and oy are the cross sections for fermion produc-
tion in the forward and backward hemispheres;
2) the right—left polarization asymmetry:
_ORTOL _ |F i) +|Firl? = |Frol®— | Frel?
optoy  |Fy|*+|Figl>+|Fr|*+|Frel*’

AgrL

16)
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where oy and oy, are the cross sections for annihilation of
right- and left-polarized positrons;
3) the degree of longitudinal polarization of the fermion:
_o(fr)—o(fL)
o(fr)+o(fL)
|Fii)?+|Fru? = |Figl*— | Frel®
- . )
|Ful?+|Frl*+|Frrl*+ | Frel*

2.17

where o(fy) and o(f;) are the integrated cross sections for
production of the fermion f in the final state with right and
left polarization measured in the experiment.

It should be noted that in the standard model these inte-
grated characteristics have vanishing values when the e et
beams have energies

s=20M7(20,~87.8v) ",

s=20M%g% 120 8%~ 85 (81> +(gRPH]1 ™"

s=20M5g% 120,87, 87 (L) +(gr)D] ™",
respectively. In particular, if a u~ " lepton pair is produced

and we take the experimental value sin® 6, =0.232 (Ref. 41)
of the Weinberg angle, then

ASM=0 at s+VIM sin 20y /\1+8x3~Mg,
ASM=pEM=0 at \[s=vZM; sin 26y /\1+4xy
=0.86M.

The forward—backward asymmetry of the angular distri-
bution of the leptons in the reactions e et —u ut and
e et -7 7" was recently measured at LEP by various
collaborations.’®~*? Figure 1 illustrates the energy depen-

1

dence of the asymmetry Agg in the standard model for Wein-
berg angle sin® 6, =0.232. Also given in Fig. 1 are the ex-
perimental data obtained by the ALEPH collaboration* from
measurement of the asymmetry Agg in the e et —pu ut
and e" e —7 7" reactions. It can be seen that the forward—
backward asymmetry vanishes at the point \/; =Mz=91.2
GeV;, this is also in agreement with the experimental results
of Ref. 43, in which the mass of the Z boson was found with
high accuracy: M,=91.187*+0.007 GeV.

In the case of annihilation of a transversely polarized
e e" pair, the cross section (2.6) leads to the spin asymme-
tries

(1)

A 2 fz cosZ<pd<pJ d cos 0(d ) /
® mm dQ
2w 1 da-

jo d(pf_ld cos G(E)

- RC(FLLF;L'*' FLRF§R)

B |FLL|2+|FLR|2+|FRL|2+|FRRl2; (2.18)
A(Z) 2 j'21r rod f 4 0( dO')
= sin cos
¢ mm Jo pae 40
27 1 do
L d‘Pf_ld cos 6 T
—Im(F'F¥ +F gF¥)
LL Y RLT £ LRI RR .19

T Fu?+|F gl + [ Fro® + | Frel*”

In the standard model, the asymmetry Afpl) vanishes at
two energies of the electron—positron beams:

MZQ/{4Qf 8Y.87 % ((87.)% (877 — 887 85.((87)%+ (grp N}

2[2Qf Qfgvegvf+gLegRe((gLf)2+(ng) )]

In the e et —u u' (77 7") process,
v2M, cos Oy

(D(SM) - i
AM=0 at Js=4 V2M sin 26y,

\j1+4xw

We now consider new characteristics—combined asym-
metry coefficients.?>~?? These include the following:

1) the forward—backward asymmetry with allowance for
the longitudinal polarization of the positron:

Agp(\7)
=[op(N2) —ap(A) )/ [oH\2) +0p(N3)]

3 (F) = FLrlD(1+ X))+ (|Frel® = | Fru®)(1-25)

"4 ([F P+ FiRID (1 +N) + (|Frel* + | Fru)(1—X)°

(2.20)

2) the forward polarization asymmetry:
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op(Ny)—or(—1\y)

op(A2) +op(—)\y)

_ 7(|Fu)* = |Frel®) + | Fiel® = |Frul®
27(|Frl*+|Frel®) +|Firl*+[Fro)*’

Ap(N\p)=

(2.21)

3) the backward polarization asymmetry:

op(Ny)—ag(—\y)
op(Ay)+og(—Xy)
T(|Firl®— |Fru) +|Fri)*— Frel®
2 7(|FLR|2+IFRL|2)+|FLL|2+|FRR|2’
(2.22)

AB()\2)=

4) the forward—backward polarization asymmetry:
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FIG. 1. Dependence of the asymmetry Agg on the energy in the processes: a) e e —u”u*; b) e "e*—7 7" for sin’ 6, =0.232.

or(N2) —or(—Np) —[op(N2) —op(—A7)]

Arm(N)= G F o= Ny Foalh) T oa(—Ns)
_3 .lFLL|2+|FRLI2_IFLR|2_|FRR|2_
4" |Fy P +|Frol?+|Frel*+|Frel*’

(2.23)

5) the forward—backward asymmetry with allowance for
the longitudinal polarization of the fermion:

Agg(hy)
=[op(h)—op(h)/[op(h)+op(h)]

_3 (IFL®=|Fru®)(1 =)+ (|Frel? = |Fgl®) (1 +hy)
4 (|Fu*+|Frl» (1 —h) +(|Frel*+|Frel)(1+0y)°
(2.24)

6) the forward asymmetry due to the polarization of the
fermion:

o(hy)—o(—hy)

Arh)= G Y T o= hy)

b 7(|Frel”—|F L) +|Frel®—|Frol?
U 7(|Fral® +IFu?) + | Frel*+|Frel*’
(2.25)

7) the backward asymmetry due to the polarization of
the fermion:

_og(h))—og(—hy)
Ash)= G ) o hy)
. 7(|FLgl> = |Frul®) +|Frel® = |FLLl?
T(|Fgl*+|Fru|?) + | Frel*+|Fril*’
(2.26)

8) the forward—backward polarization asymmetry due to
the polarization of the fermion:

:h]
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op(h)—of(—hy)—[op(h)—ap(—hy)]
op(h))+ox(—hy)+og(hy)+og(—hy)
|Frel?+|Fro|®— | Frrl> = |Ful?
U |Frel*+|Frol>+ | Frel*+Fu?”
(2.27)

AFB(”]):

T4

In the standard model, the combined polarization asym-
metries (2.20)—(2.27) also vanish at certain energies of the
colliding e "e* beams. For example,

AGO(N,=1)=0 at s=20 M[20,—g%,851",
ASY(N=—1)=0 at s=20QM320,—gh 851",
ASM(h=1)=0 at s=2QM%20—gks5.17",
APO(h=—1)=0 at s=20,M}20,~g78%,]17".

With regard to the forward and backward polarization
asymmetries ASM(\,) and AFM(),), they vanish at the en-
ergies

5=20 M T(81 .81 8e8i) T 8180 &Re8is]
X{2QA7(sf 8t~ gh.hy) + 8l ek gRe8Ls]
— (81 8L Bre8is) (8Le8LsT ERe8RY)
+(gh 8t —8r 8% (8l 8k + 8585 )} !

and

s=20 M7 7(81 8% 881, + 81817 8he8Rs]
X{20 A 7(eT 80~ 8Re8Ls) T 8Le8Ls— ERe8RS]
— (88— BReBL) (BLe8RsT EReBLy)
+(8h 85— 8L .81 )8k 8%+ 8850 ",

respectively. In particular, in the case of production of a lep-
ton pair
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TABLE III. Zeros of the helicity amplitudes and of the electroweak asymmetries of the processes e "e* — ff.

Process
Amplitude
Asymmetry e et —u ut(ttT) e et sun(cc) e et —dd(ss,bb)
Fgr M cos 6y M, cos 6y M, cos By
Fir VIM 5 cos By vIM ; cos 6y, v2M , cos 6y,
FrL V2M 4 cos 6y 2Mz cos by —
Fry M sin 26y VM sin 20y /N3 —2xy M sin 26y /\3— 4xy
A VIM sin 26y /\1+8x2, 2M sin 20y /\3— 4xy + 1652, V2ZM sin 26y, /3 —8xw(1— xy)
App VIM sin 28y, 11+ 4xy, 2M sin 20y, 1.5— 4xy/ 45— 6xy— 2422, 2M  sin 20\ 1.5~ 2xy/ 9 — 24xy,
P VIM sin 20y /\1+ 4xy, 2M  sin 26y\0.5— 2xy/ 1.5— 2xy— 1223, 2M 4 sin 20\/0.5— 2xy/ 3 — Bxyy
Ap(\=1) VIM sin 260y /\1+2xy 2M sin 20y /\3+2xy VIMy sin 20y /\3—2xy
Ap(\=-1) (2V3)M 4 cos 6y \/§7§MZ cos Oy 2M 4 cos by
Apg(h,=1) 2WV3)M ; cos 6y (@WV3)M 4 cos 6y 2W3)M 4 cos 6y
Apg(hy=-1) VIM, sin 20y /\1+2xy, (2V3)M 7 sin 26y VIM sin 204 /1\3(1—2xy)

AfROG)=AEM(h)=0
at
s=2M2[2+(g%,)+(g2,)*1 7.

Table III gives the zeros of the helicity amplitudes and of
the electroweak asymmetries of the ¢ e — f f processes.

To compare the results of the standard and E¢ super-
string models with each other and also with the data of
planned experiments, we have calculated the polarization
characteristics of the e “e* — ff processes for Weinberg pa-
rameter xy;=0.23. It is clear that the Z—Z' mixing angle is
®=0, and for the mass and decay width of the additional
boson we chose the values M, =150, 200, 250, 300 GeV
and I';r=M,/40. Some numerical estimates of the elec-
troweak asymmetries are given in Figs. 2 and 3. The dashed
curves demonstrate the behavior of the electroweak asymme-
tries in the standard model.

The sensitivity of the asymmetries Agg and Ay, to the

a
4,
150 200
98t
0;6 — .\\ \
A \ \300
a2 \250
L L 1 1 1
0" 0 %o /A

1 >
220 \Vs‘,Gev

choice of the mass of the superstring Z’ boson is illustrated
by Fig. 2, which shows the dependence of the asymmetries
on the energy Vs. It can be seen that for M 7z'=150 GeV the
asymmetry Agg initially increases with increasing energy,
then decreases, and, having reached a minimum value near
\/; ~ 150 GeV, again begins to increase to a maximum value.
Further growth of the energy leads to a decrease of the asym-
metry Agg. An increase in the mass of the additional boson
does not change the nature of the energy dependence of Agg,
but its maxima and minima are shifted to higher energies. A
similar behavior is also observed for the other electroweak
asymmetries.

We consider the s=M? regime of operation of ¢ e*
colliders. In this case, the contribution to the cross section
from the i boson (i=Z or Z') becomes dominant, since we
are dealing with resonance production of the boson. At the
resonance, the integrated characteristics of the e et — ff
processes are

ARL
b
asl-
750 200
04+
L

N

¥

7

FIG. 2. Energy dependence of asymmetries: a) A (8 =0°); b) A (6:=90°) in the process e e —pu~u* for different masses of the Z’ boson (the numbers

next to the curves give the mass M, in giga-electron-volts).
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FIG. 3. Dependence of the right-left asymmetry on the angle 6 in the
process e e*—u u* at different energies Vs (the numbers next to the
curves give the energy \/E in giga-electron-volts).

Am=iAAp, A=A, P=—4Aj,

i i

f{FB(hl)= - Z hlAi’

A=~ gl 8r/[(81:)+(8Re)].
Here
i__(g'Le)Z_(gile)2 ,_(gLf)Z_(g;{f)z
© (8L’ (gr)” T (8L H(gR)

It follows from this that information about the constants
of the coupling of the electron with the i bosons (i=Z or Z')
can be obtained by studying the asymmetries Ay, Ag),
Agg(h"), and Apg(h,=*1). The degree of longitudinal polar-
ization P of the fermion, the forward—backward asymmetry
Apg(Ay==1), and the forward—backward polarization asym-
metry Agg(\,) contain information about the parameters of
the weak neutral currents of the final particles.

Table IV gives the values of the various electroweak
asymmetries in the case of production of a pair of fundamen-
tal fermions in the Z and Z' resonance region of energies for
the value xy=0.23 of the Weinberg parameter.

It is well known that in supersymmetric theories each
fundamental fermion f is accompanied by a scalar fermion
superpartner f. The scalar partners of the known fermions
have the same quantum numbers as regards the internal sym-
metries and differ from them only in the spins. Intensive
searches are being made for superparticles in various labora-
tories in the world, but as yet it has not been possible to
discover them. B

In electron—positron collisions, the ¢ "¢ ™ — ff annihila-
tion process is the main source of production of scalar fer-
mions. This reaction was investigated in Refs. 54—56 with

A, +3A% 4 Ai —3A } allowance for the contribution of the weak neutral currents in
Ag(N) =N, 113440 Ap(A2)=\, m the standard model. In particular, Bilenky and Nedelcheva®®
ef f obtained general relations in the framework of N=1 super-
3 AL+n, , ) symmetry between the polarization characteristics of
App(N\2)= YRESWU Ay, Ap(N2)= 7 NAj, e” et — ff processes. ) )
2% There exist scalar fermions f; and fy that belong to su-
4A}+ 3AL permultiplets (f; , fi) and (fg, fr), where f| and fg are left
Ap(h;)=—h, 21344 AiAi > and right fermions. Particles belonging to one supermultiplet
4 have the same coupling constants with the gauge bosons.>’
] ] pling gaug
4A‘f— 3A, To the process (2.2) of annihilation of an e "¢ pair into
Ag(hy)=—h, VI a pair of scalar fermions there correspond two helicity am-
4—3A.A% p P y
. plitudes:
D=>—"—" . i i
B 41-hAL"e My= 2 Dis)ghg; (A=LR), (2.28)
i=v.Z,,Z,
TABLE IV. Electroweak asymmetries of ¢ ~e* — ff processes at the Z or Z' resonance for sin® 6,,=0.23.
Z resonance
Fermion AgL P Ap(\y) Ap(\p) Aps(N\y) Am(\y) Aspl)
T 0.16 -0.16 0.28\, 0.04A, 0.12 (\,+0.16)/(1+0.16A,) 0.121, 0.5
u,c 0.16 —0.67 0.61A, —0.37\, 0.5 (\,+0.16)/(1+0.16),) 0.5\, 0.5
d,s,b 0.16 -0.94 0.68, ~0.6\, 0.7 (A\,+0.16)/(1+0.16\,) 0.7\, 0.5
Z' =Z, resonance (6=90°)
T 0.8 -0.8 0.95X, 0.4x, 0.6 (\,+0.8)/(1+0.8\,) 0.6\, -0.3
u,c 0.8 0 0.8\, 0.8\, 0 0 -0.3
d,s,b 0.8 0.8 0.4\, 0.95\, —0.6 (\,+0.8)/(1+0.8\,) —0.6\, -03
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Wthh describe the reactions e; eg g f and ege; — f f Here
gs 7 are the coupling constants of the scalar fermion with the
gauge i bosons, and for the superpartner fL we have g 7
gfi= gLf, and forf'R we have g = ggs-

In the standard model, the helicity amplitudes of
e et— f f processes are given by

0

MW= =L 1D (5)gt.8} (2.29)
Q-

MEW==L+D(5)¢%.8; - (2.30)

The amplitudes M SM) and M ff’M) vanish at the energies
2MfoJ‘w(l Xw) _MéQf(l_xw)
 Qpy—H(2xy—1) 0;-E

respectively. For a pair fRfR of scalar fermions we have
(55=0)
MEV=0 at \s=v2M, cos Oy,

MgM)=O at \/;=MZ cos By,

irrespective of the nature of the scalar fermions. _

The differential cross section of the e "e ™ — ff reactions
. 25,27
187

da—azﬂszv of| M |2(1 1+
09" 16 s sin’ (M2 (1 =N )( 2)

+[Mg[2(1+X)(1=)y)

o

b
FIG. 4. Dependence of the asymmetry Agp
) , \ on the energy m the processes a)
160 240 320 Y3, GeV e et —aub)e e *_dd.

———

— 27, m[Re(M M§)cos 2¢

+Im(M Mi)sin 2¢]}, (2.31)

where B is the velocity of the scalar fermion.

The main integrated characteristics of the e e — f f
processes that are measured experimentally are the right—left
polarization asymmetry

A =[|M|>— | MgV M|*+|Mg|*], (2.32)
the P-even transverse spin asymmetry

AV =—2 Re(M ME)/[|M|>+|Mg|?], (2.33)
and the P-odd transverse spin asymmetry

AP = -2 Im(M ME)/[|M |2+ |Mg)?]. (2.34)

Figures 4 and 5 show the energy dependence of the
right—left asymmetry Ay, and the transverse spin asymmetry
A(l in the standard model for xw—O 23. In these figures, the
sohd curves correspond to e e — g4 processes, and the
dashed curves to e e" —ggrgr processes. For the scalar
quarks grqr (4.1) the right—left asymmetry Ay, increases
(respectively, decreases) as the energy is increased and, hav-
ing reached a maximum (minimum) at \/:v- ~ 80 GeV, begins
to decrease (respectively, increase) and vanishes at \/;~93
GeV ( \/§~9O GeV), after which the asymmetry attains a
minimum (maximum) and gradually enters a plateau regime.

A similar behavior is also observed for the P-even trans-
verse spin asymmetry A () Thus, at the beginning of the
spectrum A(l)——l as the energy is increased, the asymme-

FIG. 5. Dependence of the asymmctry A“) on the

-l
-
g -~
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energy in the processes a) e “et—au; b)
e et —dd.
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TABLE V. Zeros of the helicity amplitudes and of the asymmetries of the processes e "¢ — j

Amplitude Asymmetry
Process M Mg Apy Ay
.
e e I;R;#R VIM , cos 6y M cos By (2V3)M 7 cos by \/;Z cgisgzw
R‘R z
P - :
ee —mTu:L My sin 26, VIM 5 cos by M sin 20y, / 0.5+ xy ‘g‘,;s‘zozs”gw
L7 z
ee _""C'R';R V2ZM 4 cos 6y M cos Gy (2/V3)M 7 cos 6y M chgs(’:w
RCR z
-+ .
e et —agug . — . M sin 20y /V1.5—xy
ks M sin 20y /\1.5—xy 2M cos by (2V3)M 4 sin 26y, 2M cos 8y
e e —»d&dk IM V2M ; cos by
2V3I)M
(SRSR brbg) zCos by M cos by (21V3)M cos by M cos by
e e —>d,’d,_ M sin 20w/‘/3'4xw - M, sin 20y /\1.5—3xy My sin 20y /3 —4xy

(513 .b1by)

try increases and, having attained a maximum at
V5~80-100 GeV, begms to decrease. In e e —gggg pro-
cesses, the asymmetry A has two points at which it van-
ishes: at \/_ =80 GeV and at \/_ =114 GeV. For the scalar
fermions iy, €€y, (ff,) the asymmetry A(l) also vanishes
at two pomts at \/— =70 GeV and at Vs= 160 GeV; however,
forthee e —+deL, SLSL, bLbL processes, a single point of
vanishing is observed at \/_ =54 GeV.

Table V gives the zeros of the hellc1ty amplitudes and of
the electroweak asymmetries of the e et — f f processes in
the standard model.

With regard to the P-odd transverse spin asymmetry
Afpz), it QOgs not have points at which it vanishes: for the
e et— fufL processes it is positive, and for the
e~ e’ — fafr processes it is negative. This asymmetry ini-
tially increases in absolute magnitude with increasing energy,
reaching the largest values in the region \/; ~M, and it then
decreases to zero.

The asymmetries Ag; and Ag) calculated in the frame-
work of the E¢ superstring model, which at the start of the
spectrum has approximately the same energy dependence,
differs appreciably from the predictions of the standard
model in the region of energies V5=100 GeV, in which the
asymmetries have additional zeros, a minimum, and a maxi-
mum.

3. HELICITY AMPLITUDES AND ELECTROWEAK
ASYMMETRIES OF THE e~ e*—qgg AND e~ e*— §gg
PROCESSES

In e e’ — X processes at high energies, hadrons are pro-
duced in the majority of events in the form of two jets. How-
ever, as the experiments show, in some cases additional jets
are produced. In some studies (see the review of Ref. 48)
there have been discussions of the mechanism of production
of three jets in e “e* annihilation through bremsstrahlung
emission of a hard gluon leading to the production of a gluon
jet.

Gluon jets must differ in several respects from quark
jets. In the first place, the multiplicity of hadron production
in a gluon jet must be greater than in a quark jet. This is due
to the fact that a gluon can be transformed subsequently into
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a quark—antiquark pair. Moreover, in a gluon jet 7 and %’
mesons must be mainly produced. These properties make it
possible to distinguish quark and gluon jets. In addition, it is
possible to distinguish experimentally the hadron jets pro-
duced by quarks with different flavors. This is exceptionally
important for determining the structure of the weak neutral
currents of the heavy c, b, and, possibly, ¢ quarks.

Three-jet annihilation of an e "™ pair has been studied
theoretically in the standard model by many authors.*>
Here we consider the effects of a superstring Z' boson in
processes of three-jet production of hadrons in the annihila-
tion of an arbitrarily polarized electron—positron pair.

The production of a quark—antiquark pair with emission
of a bremsstrahlung gluon in the electron—positron annihila-
tion

e +et—(v.2,,Z,,..)—q+q+g 3.1)

corresponds to the matrix element (the particle masses are
ignored)

M=eg, > Dy(s)5y,[81.(1+¥s)+8gh(1—v5)luity

Am

X _2—) Bezlry.p[gi,q( 1+ 75)+g;{q(1 - 75)]’03’

3.2)

where

D §1+k Got+k

wp= Yo~ 2kq, Y~ Yu 2kq, Yo

g, is the quark—gluon coupling constant; q,, g,, and k are
the 4-momenta of the quark, antiquark, and gluon; \,, are the
Gell-Mann matrices; «,8=1,2,3, and m=1-8 are the color
indices of the quark and gluon fields.

It follows from the expression (2) for the matrix element
that to the process e et —gqgg there correspond four helic-

ity amplitudes Fy, , Fyg, FrL, and Fgg, which describe the

reactions
- + - -— -
el teg—qL+qrtg, el +teg—qrtqL+g,

— + - -— + -
eg te, —qLtqrtg, eg+e —qrtqLtg.
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In the Eg4 superstring model, the helicity amplitudes of
the e et —qgg process are determined by the same expres-
sions as the amplitude of the e "e*—qqg process:

Fap=2. Di(5)84.85, (A.B=LR). (3.3)
i

We write the expression for the square of the matrix
element |M|? as

MP=(4m>a?aN 2 2 DAs)DE()LyHys,
(3.4

where N.=4 is the color factor that takes into account the
summation over the color degrees of freedom of the gluon
and the quarks; a gs/47r L;f and H’k are the lepton and

hadron tensors. Note that all the lepton and hadron tensors
are conserved:

L'kvqu Ltkqu Hifuqu M'k,,q,, ,

and, as a consequence of this, contributions to the cross sec-
tion in the center-of-mass system, are made by only the spa-
tial components of the tensors

ik ik prik
L,u. LmnHmn

,“, (m,n=1,23).

In the case of arbitrarily polarized e~ e" beams, the ten-
sor LI¥. has the structure
i ' i i ik
Lynn=[(81e8Le+ 8Re8Re) (1 ~NiN2) +(8Le8Le~ ERe8Re)
X\~ M)y + (8L L 8RR (N2~ A1)
)\2)\1)]L(2)+(8£e8§e

+8ReBLe)Lant (8Re8Le— 8Le8Re) Lo+ (3.5)

+(8L 8t~ 8he8R)(1—

where
L) =5(8mn—NuN,),

2)__ .
Lfnz—lssm,,,N,,

L(a) S[ MmT2nt MnT2m™— Th 1’2( 6mn_NmNn)]’

4
L( ) ls(nlmsnrq-'_nln mrq)Nr772q’

N is the unit vector along the electron momentum; A, and \,
(7, and 7,) are the longitudinal (respectively, transverse) po-
larizations of the electron and positron.

The expression for the hadron tensor H'¥, has the form

Hi = (81481, T 8Rg8hy) (1 —h1h) +(g1 8%,
gngRq)(hZ_hl)]H(S) +[(ququ+gngRq)
X(hz_hl)_’-(gi‘quq_g;quRq)( 1 —hth)]anasl ’
(3.6)
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where h; and h, are the quark and antiquark helicities,
H (s) and H,; (“) are the symmetric and antisymmetric parts of
the hadron tensor

H =—l——-[6 (X2 +xH)—x*ny,n
mn 2(1—x1)(1—x2) mn\*| 2 1"1m" 1n

2 . 2 2
—XNymNant lsmnr(xlnlr—x2n2r)]’

x1=2E1/\/; and x2=2E2/\/; are the energies of the quark
and antiquark in units of the electron energy, and n,; and n,
are unit vectors along the momenta of the quark and anti-
quark.

We introduce the so-called correlation cross sections o,
(a=1,...,.9) by means of the relations®*>>

oy=H, +Hy, o,=Hj;, 0'T=%(H22_H11),

1
04=— 3 (HptHy), o5=—— (Hp+Hy),
V2
! (H3,+H ) i(H H,)
Ogg=—— , o= - ,
6=~ 5y (HutHi 7 a—Hp
L (HyHy), L (Hy—Hy). ()
og=—ro Og=—r - ) .
8=y (A~ Hy 9= Hin~Ha

We have here introduced the special subscripts U, L, T
for a=1,2,3. Expressions for the correlation cross sections
o, are given in Appendix 1.

The tensor product L®H, —(k=12,3,4) can be ex-
pressed in terms of the cross sections o, as

k
=1 LW+ LY oy =L B0 +LE— L)y

—(LP+LE) g~ VILR+LE) o

LPH,,

i
—ﬁ(L(k) (k))a.6 5 (L(é) (k))o.

(k))o.
(3.8)

We use a coordinate system in which the xz plane coin-
cides with the plane of the events, q,+q,+k=0, and we
introduce the angles 6, x, and ¢, where @ is the polar angle
between the z axis and the direction of the electron beam, y
is the azimuthal angle between the plane of the events and
the plane determined by the z axis and the ¢~ beam, and ¢ is
the azimuthal angle between the plane of the events and the
plane of the transverse polarization. Then the differential
cross section of the processes (3.1) can be represented in the
form

+iv2(LE) - LE)og+iva(LE -

d’o
dedxd cos 6dx,dx,

2a 2
=32 S{(Ta+op)[|Frol2(1=N)(1+X)(1—hy)
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X(1+hy)
+Frel* (14X ) (1= N)(1+hy) (1= hy)]
+(oa—ap)[|FLrl> (1 =N )(1+N)(1+h)(1—hy)
+FRU>(1+ M) (1= N) (1= k1) (1 +hy)] =277,
X[(1=hy)(1+hy)(cos 2¢(op Re(FLLFR)
+oc Im(Fy Fg;))+sin 2¢(op Im(F FR)
—oc Re(F FR )+ (1+h)(1—hy)
X (cos 2¢(0p Re(FLrFgg) + 0 ¢ Im(F1rFRg))
+sin 2¢(0p Im(FrF§g) — 0 ¢ Re(FirF )1}
(3.9)
Here

o4=% (1+cos? §)oy+ 3 sin? 8o+ cos 2xor)
— ——sin 20 cos xoy,
3% !
op=3sin? 8(oy—20p)+ 3 (1+cos® 8)cos 2oy

3
+ ——sin 260 cos yoy,,
22 X
3 : 3 . .
oc=73cos 0 sin2yort+ v sin 6 sin yoy,

op=3cos 0-op— " sin 0 cos xor, (3.10)

where we have adopted the notation o;=0¢, 0p=0, Or=03%
and used the fact that 0,=05=0,=0 (see Appendix 1).

Correlation cross sections o, depend on the variables x,
and x,; they can be measured only if it is known from which
parton a given jet of hadrons is produced, but this is difficult
to determine experimentally. Therefore, the effective cross
section of the processes (3.1) is expressed in terms of the
measured quantity 7, which is called the thrust, or elonga-
tion.

In the case of massless partons, the Dalitz plot is deter-
mined by the energy and momentum conservation laws:

x1+x2+x3+2, xln1+x2n2+x3n3=0,

where x3=2w/\/§ is the gluon energy, and n;, n,, and n,
are unit vectors along the momenta of the partons. The
boundaries of the allowed region are determined by the equa-
tions

xn=xxx| (i#j#k).

The curves x;=x,, x,=x3, and x; =x; divide the Dalitz
plot into six different regions. In region i;, the parton ener-
gies satisfy the conditions

X ZX =Xy

J (i#j#k).
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We denote by T,=T=max(x,,x,,x3), T,, and T the
scaled energies of the most energetic, second most energeti-
c,and least energetic jet: T=T,=T,=T;. Choosing the z
axis along the most energetic parton and integrating over T,
(T is expressed in terms of T and T, as T;=2—T—T,) for
fixed T in the different regions of the Dalitz diagram, we find
the correlation energies o, as functions of the thrust.

The spectral and angular distribution of the most ener-
getic quark jet is given by

d*c
dodxd cos 8dT

o2
) a{[|IFLL* (1 =N ) (LN )(1=hy)(1+hy)

Il
TN

+|Frel>(L+ N ) (L+N)(1+A)(1—hy))(o4+ o))

+(oa—op)[|FLrl?(1 =N ) (1+N)(1+h,)(1—hy)

+|Feu2(1+ 1) (1= M) (1= h)(1+hg)] =27,

X[(1=h)(1+hy)(cos 2¢(agRe (Fu Fyy)

+oc Im(F Fp)) +sin 2¢(op Im(F Fgy)

—oc Re(F Fy )+ (1+h)(1—hy)

X (cos 2¢(op Re(FrFRr) + 0 Im(FLrFir))

+sin 2¢(op Im(FrFRr) — 0c Re(FLrF )1}

G.11)

where g, 03, 0¢, and oy are determined by the previous

expressions (3.10), but in them the correlation cross sections
are

doU__1+T21 2T—1 (3T-2)(2+2T-T?)
dT _ 1-T " 1-T 2T(1—1T) :
dO’L— dO'T_3T—2
dT " dTr T

do;, \202T—1) 1

dT T 20-7)
do-P_da'F_l+T21 2T—1
dT _dT 1-T “1-T

(3T—2)(4—2T+T?)
B 2T(1-T)

(3.12)

We consider the distribution of the quark jet with respect
to the angles @ and ¢. Integrating the cross section (3.11)
over the angles y, we obtain
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d’o
ded cos 0dT
2

= = a5(oy+ 20 0P (=N )(1+A) (1= hy)
X (1+hy)+|Frel*(1+N ) (1 =N)(1+ k) (1—hy)]
X[1+ a(T)cos? 8+2B(T)cos 6]
+{IFrl* (1 =N ) (14 2) (1+h) (1= hy)
+|Fro2 (1N ) (1= X)(1=h ) (1+h,)]
X[1+ a(T)cos® 6—2B(T)cos 6]
— 277, sin? 6[(1+h)(1—hy)
X (cos 2¢ Re(FgFR)+sin 2¢ Im(F gF3g))
+(1—hy)(1+hy)(cos 2¢ Re(Fy F)

+sin 2¢ Im(F FE))1} (3.13)

where

a(T)=(oy—20)/(oyt20y), B(T)=op/(ayt20y).

We define as follows the cross sections for production of
a quark jet in the forward and backward hemispheres in the
case of annihilation of a polarized positron and an unpolar-
ized electron (there is a summation over the quark and anti-
quark polarizations):

d*o
ded cos odT

or(N\y)= f:"d<pjold cos 6 ) (3.14)

2w 0 d*o
O'B(}\z)—fo d(pJ_ld cos 0 m . (3.15)

Then on the basis of the expression (3.13),

orm(N) =% a?as(oy+20){[|FL]2(1+),)
+|Fral*(1=X)1[3+a(T)£38(T)]
+[|FLrl*(1+X5) +|Fge|2(1-)2)]
X[3+a(T)F3B(D)]}- (3.16)

This expression leads to the following integrated charac-
teristics, which can be measured experimentally:
1) the forward—backward asymmetry in the case of unpolar-
ized particles:
|FLi|?+|Frel® = |Fipl®—|Fr.)?

Op—O0pg ( )
|Foo|*+|Foel*+ IFRL|2+|F(l§R|2’)

A = —
FB ortop

where

HT)=3B(T)/[3+a(D)]= §

2) the forward—backward asymmetry with allowance for lon-
gitudinal polarization of the positron:

copl(oytoy);

Apg(X3)
UF()\z) og(\y)
— or(\)+as()y) =)

(Fu®=Firl)(1+ 1)+ (|Frgl?— | Fre|D(1—173) )
(IF >+ 1Fel)(1+ X))+ (|Frel*+[Fro|D(1—1y)°

(3.18)
3) the forward—backward polarization asymmetry:
Arp(\)=[0F(N2) = 0r(— ;) —05(Ny)
tog(=N)V[op(N)+or(—)y)
+op(Ny)+op(—N\,y)]
24 | For 2= |Fy ol2= | Frosl?
|Frul®+|Frul”— |F gl — | Frel (3.19)

=N UT ;
2T) |FLul>+|Frel*+|Figl*+|Fro
4) the forward (respectively, backward) polarization asym-

metry:

Api(N2)=[0rE)(N2) — 0r@) (—N)V[oFE)(N2)+ 0@ (—\2)]

|Fo 2+ |Figl® = |Frol®>= | Frel* = Y(D[|F ol ®+|Frel®— |Frel*— IFRR|2]

2 |Fu* +|Frel* +|F gl >+ Frul* = WD) F >+ Frel*— IFLR|2_|FRL|2]

5) the right—left polarization asymmetry:
og—0y |Fu|’+|Figl*=|Fri?—|Frel®
|F L +|F gl + [ Frol*+ | Frel*’
(3.21)

where og=0p(A,=1)+0oz(\,=1) and o =0r(A\,=—1)
+ og(A,=—1) are the cross sections for annihilation of right-
and left-polarized positrons.

The integrated cross sections for the production of a lon-
gitudinally polarized quark jet in the case of annihilation of
an unpolarized e e pair are equal to

Apr =
RL O'R+0'L
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(3.20)

or@)(h)= % es(oy+ 20 ){[|Ful*(1-h))
+|Frel*(1+h1)][3+ «(T) £38(T)]
HLIFRI?(1+h) +|Fru|2(1-Ry)]
X[3+a(T)F38(T)]}. (3.22)

From this the following P-odd electroweak asymmetries
can be determined:
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_ oh,=1)—o(h,=-1)

_ |Frel®+|Frel®— | Frul®= |
|Frel?+[FLrl*+ | Frul >+ Fuil?®
where o(h)=op(h))top(hy);
App(hy)

_ op(hy)—og(h,) _
op(hy)+og(hy)

(3.23)

YT)

yFul —|Fal)(A k) + (|Fral— | Fial2)(1 +hy)
(FP+FpD(1=hy) +(Frel*+|FrelH (1 +(’;1%;)

App(hy)=[op(h))—op(—hy)—0og(h)+op(— )]
[or(h)+0op(—h)tog(h)+op(—hy)]

— by y(T) |Frel*+|Fro>=|Frl*—|Fgl*
Y TP P+ [Fre P+ |l >+ | Fral

Apey(h)=[oF@E)(h1)— orE)(—h) ) [orE)(h)+orE(—h)]

|Frel?+|Firl?— |F o= |Fro)>= WD) Frel* + | Frol*~ |FLul*— | Firl*]

T F P F P [ Fru? + [ Frel* = YD F il + | Frel*— | Frel* = |Frel®1

In the case of annihilation of a transversely polarized
electron—positron pair, the cross section (13) leads to the
spin asymmetries

" 2 (27 1 d3o
A, e 772J1) cos 2<pd<pf_ld cos 0 —_d¢d o5 0dT

f2ﬂd fl d 0 d30' _ O'U_ZO'L
0 ¢ —1 cos ded cos 6dT B oytoy
” Re(F FRL+FLrFRR) )

|Fo 2+ |Figl?+|Frul®+ | Frel*’

A0=_2 J”' 2ed Jld o —2
¢ mmlo s -1 cos dod cos 0dT

J‘Zﬂd Jl J 0 d’o _ oy—20y

0 ¢ —1 cos ded cos 6dT| oy+oy

« Im(F F¥ +F rFiR)
|FLl? +|Fiel®+|Frol*+|Frel®”

3.27)

(3.28)

Note that the helicity amplitudes and all the polarization
characteristics of the e e*—qgg processes considered
above vanish in the standard model at certain energies of the
colliding electron—positron beams. It is interesting that these
zeros are observed at the same energies of the colliding
e~ e beams as for the reactions ¢ et —qq of two-jet had-
ron production (see Table III).

The distribution of the antiquark jet with respect to the
angles and the thrust is determined by the same expression
(3.13) as for the quark jet, but it is necessary to make the
substitutions op— — op and or— — o in it. With regard to
the distribution of the gluon jet, the same expression remains
valid, but now the correlation cross sections are

2T—-1
1-T

3T7-2
T b

_dT_T( T+T%)| In
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(3.25)
(3.26)
[
P77 T’ ’
do, _(1-T)(2-T) T
a P\ WA=
dopldT=dop!dT=0. (3.29)

In the case of detection of a gluon jet, the fact that op=0
has the consequence that the asymmetries Agg, Apg(Ny),
Agg(\y), Apg(h ), and Apg(h,) vanish, and therefore the pres-
ence of these asymmetries can be used to distinguish the
quark (antiquark) and gluon jets.

In the supersymmetric extension of QCD, hadron jets
can be produced not only by quarks and gluons but also by
their sypersymmetric scalar quark partners (¢) and gluinos
(8). Thus, in e”e* annihilation it is possible to have not
only the ordinary two- and three-jet production of hadrons,
e et —qq and e" e —qqg, but also processes of produc-
tion of supersymmetric jets obtained in the elementary sub-
processes e et —44, e"et—4qg, e"et 443,
e e*—qqg (Refs. 53 and 58).

In the E superstring model, the production of a pair of
scalar quarks and a gluon in electron—positron annihilation,

e +e" = (1.21.2;,.. )4 +i+g, (3.30)
is described by the matrix element
M=e>2 Di(s)0y,[gi(I+ys)+gre(1=v5)lu 7,
(3.31)

2q2pqlp.
q2-K

. A 2q 1092 .
i_ _m m ptip i
41, 42, and k are the 4-momenta of the scalar quark, anti-
quark, and gluon, respectively, gii are the constants of the
weak neutral current of the scalar quark, and for ¢, (§g) we
have g = gy, (respectively, g:p = gr,)-
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To the e e*—¢gqg annihilation process there corre-
spond two helicity amplitudes

My=2) Di(s)gh,8; (A=RL), (3.32)
1
which describe the reactions ege —gqg and e[ e —4qg.
The differential cross section of the process (3.30) can
be represented in the form
do
dedxd cos Odxdx,

4 o? )
=§;2' a’ss{[lML| (I=N)(1+Xy)

+|Mg>(1+X ) (1=Xy)]os—27 7,
X[cos 2o(Re(M M{¥)op+Im(M M¥)ac)

where oy, 0, and o are given by (3.10), and the expres-
sions for the correlation cross sections oy, 07, o7, and oy
are given in Appendix 2.

The distribution of the scalar quark (or scalar antiquark)
jet in the process e e —Gqgg with respect to the angles ¢
and ¢ and the thrust T is determined by

d’o a’a;
ded cos 0dT  w sloyt2ou)
X{[IM P (1=N)(1+Xy)
+|Mg|*(1+ X )(1=N)][ 1+ a(T)cos? 6]
—27,m,a(T)sin* O[Re(M M)cos 2¢
+Im(M M¥)sin 2¢]}, (3.34)
where

a(T)=(oy—20)/(oy+20y),

and the expressions for the correlation cross sections as func-
tions of the thrust are given in Appendix 3.

The differential cross section (3.34) leads to the follow-
ing asymmetries: the right—left polarization asymmetry

Arc=[|M_|>—|Mg*V[|M*+|Mg|], (3.35)
the P-even transverse spin asymmetry
—20
m_2v L 2 2
P Re(M M%)/ [|M|*+|Mg|*], (3.36)

and the P-odd transverse spin asymmetry

O'U—20'L
0= = IO M)/ (1M + |

@ Uu+
(3.37)

The behavior of the asymmetries (35)—(37) is the same
as in the processes of two-jet production e et —gq of sca-
lar quarks, the analysis of which was made in Sec. 2.

An important characteristic of the processes (3.30) is the
distribution of the supersymmetric jets with respect to the
angles 6 and y; this follows from the expression (33):
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e- e e- : o
——— |
T |27
e'P e’ 8*; 1 e*
a b

FIG. 6. Diagrams of the process e “e* —(7v,Z,,Z,)—e e”.

d*c _ a’a, s , 1
dxd cos 0dT s(oy+20)[|M*(1=\)(

+N)+[MRl* (141 )(1-1)][1
+ a(T)cos? 9+ B,(T)sin? 6 cos 2y

+ ¥1(T)sin 26- cos x], (3.38)

where B,(T) and vy,(T) are the asymmetry parameters,
which are determined by the correlation cross sections as
BI(T)=20'T/(0'U_"20'L), 71(T)=—2ﬂ0'1/(0'U+20‘L).
Experimental study of the asymmetries Ag; , Ag), and
Afp2) and also of the asymmetry parameters a(7T), B,(T), and
71(T) opens up great prospects for thorough testing of the
standard model of the electroweak interactions and for estab-

lishing the exact structure of the weak neutral currents at
high energies.

4. HELICITY AMPLITUDES AND ELECTROWEAK
ASYMMETRIES OF THE e"e*—e~e* AND
e e " —e e~ PROCESSES

Among the most interesting electroweak processes are
electron—positron and electron—electron scattering:

e +et—(v.2,,2,,..)>e +et, (4.1)

e t+e —(v.2,,Z,,...)—e +e, 4.2)
which are being intensively investigated in experiments at
the present time. Study of elastic electron—positron and
electron—electron scattering at the high energies at which the
contribution of the additional hypothetical Z’ boson becomes
significant may be the next stage in testing theoretical ideas
about the weak interactions of leptons.

In the E¢ superstring model, the elastic electron—
positron scattering (4.1) is described by the s- and ¢-channel
diagrams given in Figs. 6a and 6b.

The annihilation diagrams correspond to four indepen-
dent helicity amplitudes, which describe the processes

-t I S
e, teg—e teg, e teg—egtel,

- + - + - + - +
egr teg —e teg, egtel —egtel.

The differential cross sections corresponding to these
four processes are?’
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do a?
o+ 2
_(eLeR—’eLeR)—‘s_u |FLu(s)|?,

dQ

do _ a?

m—(eLe;_’eRez—)zTt2|FLR(s)|2’

do _ a?

20 (eRe:‘*eLe;)z ry t2|FRL(s) 2,

do _ _ a?

m(eRelT_)eRelf)zTuleRR(S)lz- (4.3)
Here

Fus(s)= 2 Dis)gh.8h. (A.B=LR)  (44)

i=y,Zy,Zy
are the s-channel helicity amplitudes;
u=(s/2)(1+cos 8), t=(s/2)(1—cos 0)

are the kinematic variables; D;(s) is the propagator of the
vector i boson; and 8 is the electron scattering angle.

The conservation of the fermion helicity at high energies
has the consequence that for the ¢-channel diagrams too,
there can be only four independent helicity amplitudes,

which describe the processes
- - + - + - +
eL+e;—>eL+eR, e, te  —e tep,
- + —_ — -
extef —segt+el , egxten—egten.

These processes correspond to the differential cross sec-
tions
do a?
e ST S 2 2
09 (epeg—eLeg)= S |FL(n)?,

do _ _
a0 (er eIT_)eL e:)=a2s|FLR(t)|2’

do _ a?
a0 (eRe:_)eReIf)z e ”2'FRR(1‘)|2,

do

2q (erer —erer)=a’s|Fru (1)), (4.5)
Here
Fap(t)= Di(1)g4.85. (A,B=LR) (4.6

i= ‘y,Zl ,22

are the f-channel helicity amplitudes.
Among the four s-channel and four f-channel helicity
amplitudes there is interference between only the two ampli-

tudes describing the processes
e[+e;—>e[+e; , eptel —egte;.

Thus, the process of elastic electron—positron scattering
is characterized by just six independent helicity amplitudes,

which describe the processes
1) e eg—e; +ex, 2) eR+eL—>eR+eff,

3) ef +ef —el te;, 4) exten—egten,
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5) e[ teg—egte;, 6) eptef el tet.
The differential cross sections corresponding to these

processes are

do a2
— (e; eg —ey ey )=— u*|F s,0)1°,
d0 ( L®R L R) s | LL( )l

do a2

PRI e 2 2
m(eReL—*eReL)—Tu IFRR(S,I)| ,
do _ _
d_ﬂ(eLeIf—’eLeIf)zazleLR(f)‘z,

do _ _
a0 (exer —egen)=als|Fry ()|,

do B a?

20 (epep—erer)= 5 ?|Fr(s)]2,

do _ _ a?
m(eReIT_)eLe;)z.TtZIFRL(s)lz- (4.7)

We have here introduced the notation
Frs,))=Fp(s)+Fp(t), Fgrp(s,t)=Fgr(s)+Fgp(t).

In the standard model, the helicity amplitudes F|g(s)
and Fpg;(s) describing the processes efeg—ege; and
epef —er e have zeros at the energy \/;= \/EMZ cos Oy of
the colliding e "e™ beams. In this connection, it is highly
desirable to have a thorough investigation of this process in
the case of polarized ¢ "e* beams.

Experiments on e "e* scattering with longitudinally po-
larized beams near the considered energies can be regarded
as an alternative test of the standard model and also as a
method of investigating new physics.

If the polarization of the final particles is not measured,
the process of elastic electron—positron scattering is charac-
terized by the four amplitudes

do _ B a?
m(ﬁeg_’e e” =T[u2|FLL(s’t)|2+tleLR(s)|2]’

do _ ., .. 2 2, .2 2
m(eReL—w e )+—;—[u | Frr(s,1)|*+ 1% Fre(s)[?],

do

2o (eiei e e =a?s|Fie(n),

do

m(eﬁef{—»e'eJ“)wLazleRL(t)|2. (4.8)

We denote by N\, and &, (\, and h,) the helicities of the
initial and final electrons (respectively, positrons). Then the
differential cross section of the process e et —e e™ can be
represented in the form?

do _ a?
dQ  16s

+|Fra(s, )21+ N ) (1= N)(1+ k) (1—hy)]
+ 82| Fr()|* L1 =N )(1=N)(1=hy)(1—hy)

{2 F(s.0P(1 =N )1+ 1) (1—h))(1+hy)
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(LN )TN (L +R)(1+h) 1+ 2| Frp(s)|?
X[(I=N)(1+N)(1+hy) (1= hy)
FAHN)(A=N) (1 =k )(1+hy)]} (49)

Effects of the superstring Z' boson are manifested in the
various characteristics of the process e e —e e™, expres-
sions for which can be obtained from the general result (4.9)
for the effective cross section. Among these characteristics,
particular interest attaches to the P-odd right—left asymmetry
ARt , which is defined as

ARL= (dO'R_dO'L)/(dO'R+d(TL)=B4/(Bl+B2+B3),
(4.10)

where

B,=2s|Fr(1)|?, B,=28|FR(s)|?,

~ 1

By gy=u’[|Fgrp(s,0)|*=|Fpi(s,0]],

and doy and doy, are the cross sections for scattering of
right- and left-polarized electrons by an unpolarized posi-
tron.

To establish the effects of the superstring Z' boson, we
consider in addition to the right—left asymmetry Ay, the fol-
lowing polarization characteristics of the process (4.1):

1 do(\)—da(—\,) _

do(N;,\y)—da(—N,Ny)—do(N,—Ny)+do(—\{,—\y)

A)‘lz)\—l . dO'()\l)'*'dO'(—)\l) _~A)\2=ARL’ (4'11)
_do'()\l,kz)—d(f(_)\l,_)\z)
M2 da(N ) +da(= N, —\y)
Ai—\,)B
_ (Ni—Np)By , (4.12)
B (1+ X Xp)+(By+B3)(1 -\ \y)
=(B,—B,—B;)/(B,+B,+B;), (4.13)

AN, = ANy do(N N)+do(— N \)+do(N,—Ny)+do(—X;,—\y)

dO'()\l)—dO'()\1=0)_ X1B4

A do(N)+do(N,=0) 2(B,+B,+B;)+N By’
(4.14)

do(hy=1)—da(h,=1)
= — — =ARL’
do(h,=1)+do(h,=—1)

(4.15)

P(Ni,N,)
do(N{,\y,h=1)—do(N,\y,h;=—1)
Tdo(N A k=) +do(h Nk = —1)
_ By(M+N)+(B3—B3) (A~ A)+By(1—NAy)
 Bi(1+ A\ )+(By+B3) (1= N hg) +B4(A—\y)
(4.16)

Note that if the spins of the electron and positron before
the scattering are antiparallel (A\,=\,==1), then, as follows
from (4.16), the scattered electrons remain completely longi-
tudinally polarized: P(\;=N,==*1) =(A;+X,)/ (1+X\y)
==*1.

The same result was obtained in Ref. 59 through the
electromagnetic mechanism of electron—positron scattering.

In the case of transverse polarizations of the initial par-
ticles, the differential cross section of the process (4.1) has
the form (summation over the polarizations of the final par-
ticles)

do a?

0= [B,+B,+B;+ 1,m,(Bs cos 2¢+Bg sin 2¢)],

4.17)

where
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Bs=—2ut[Re(Fy,(s)F¥ (s))+Re(Fir(s)F(s))
+Re(FLr(s)(F{L(t)+ FEr()))],

Bg=—2ut[Im(Fy(s)F (s))+Im(F g(s)Fir(s))
+Im(FR(s)(FE (1) — F(O)],

¢ is the azimuthal angle of electron emission, and 7, and 7,
are the transverse polarizations of the electron and positron.

From (4.17), we can determine the transverse spin asym-
metries, which can be measured experimentally:

A 2 f” . do jZﬂd do
° “qm Jo P PM\aa o “?lan

Bs

T B, +tB,+B;’ (4.18)
AR 2 fh < 20d do f”d do
* “mm Jo TP \aa o “¥lan

Bs 419

"B BB “

We now consider the elastic electron—electron scattering
(4.2). As in the case of elastic electron—positron scattering,
the e e  —e e  reactions correspond to just six helicity
amplitudes, which describe the processes

1) e te, —e +e, 2) egteg—egteg,

3) e, teg—e teg, 4) egte.—egter,
5) e +teg—egter, 6) egte  —e teg.
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These processes correspond to the differential cross sec-
tions

do
daQ)

do _ _  _ 2 2
d—Q(eReR—’eReR)=a s|Fre(u) + Frr(D)|?,

(eEelj_)tete)zazleLL(u)+FLL(t)|2,

do _ _ _ __ o ’ g
m(eLeR“"eLeR)=";u |Fir(D)|?,

do _ _ _ __ @ ) )
m(eReL“*eReL)=Tu |Fro()]%

de  _ _ _ __ o 5 )
Eﬁ(eLeR“’eReL)z“s_t |Frr(u)|?,

do _ _ o a? " )

m(eReL"’eLeR)=Tt | Fro(u)|?. (4.20)
Here

FasW)=_2  Di(u)gy8p. (AB=LR).

i=v,2,,Z,

If the polarizations of the final particles are not mea-
sured, the process (4.2) is characterized by the four ampli-
tudes

do
a0

2
B}

(ef e, —ee™)=as|Fy(u) +|Fui(r)

do _ _ _ _ 2 2
Eﬁ(ekek—’e e”)=a’s|Frr(u) + Fre(1)|?,

do _ _ o a?
_d_ﬁ(eLeR_)e 4 )=7[u2|FLR(t)I2+t2|FLR(u)|2],
do _ _ . a
d_ﬂ(eReL—’e e )=T[uleRL(t)IZ+t2|FRL(u)|2]-

(4.21)

1 do(N,\p)—da(—N,\)—da(N,—Ny)+do(—N;,—Ny)

The most general expression for the differential cross
section of the reaction e "¢~ —e~ e~ with allowance for the
longitudinal polarizations of all the particles can be repre-
sented in the form*

do o

20 = 16 W HFL) +FuP(1=A)(1-)y)

X (1=hy)(1=hy)+|Fg(u)

+Fp(O)|2(1 N ) (1) (1+A)(1+Ry)]
+u?|Fg(DPL(1 =X )(1+X) (1= k) (1+hy)
+(1+N)A =) (1 +h)(1—hy)]

+ 2| F () L1 =N ) (1+N)(1+hy)(1—hy)

+(1+N ) =N)(1—=hy)(1+hy)]}. (4.22)

Here \, and \, (respectively, h, and h,) are the helicities of
the electrons before (after) the scattering.

Using the expression (4.22), we can obtain the following
expressions for the polarization characteristics of the process
that can be measured experimentally:

A —dO'R“dO'L_ C4 423
R doptdoy C+C,+C3° (4.23)
1 do(\)—da(—X\))
AM_)TI' d(r()\,)+da(—)\,)_A)‘2—ARl" (4.24)
_d()'()\l,)\z)_d()'(_)\l,_x2)
MM T do (N N) Fdo(— Ny, — )
A +Ny)C
_ (A +A2)Cy  42s)
(C1+C3)(1+NN)+Co(1=NAy)
(CI_C2+C3)/(C1+C2+C3), (4.26)

Axlxlz NN,

_dO'()\l)_dG'()\l':O)_ )\IC4

)‘—da'()\l)+d0'()\1=0) - 2(C1+C2+C3)+A1C4,
4.27)

“do(h;=1)+da(h,=—1)

=ARL, (4.28)
P(Kl ’)\2)

_do(\ N,k =1)—do(N A,k =—1)
T do(M N,k =1)+do(N Ny h=—1)
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d(r()\l,)\2)+d0'(—)\1,)\2)+d0'()\1,—)\2)+d0'(—)\1—)\2)

—

_ (C1—=C)(N ;= N) + C3(N 1+ N) +Co(1+X )
(C1+C)(1 =N Ap)+C3(1+ N N)+Ca(N HN)
(4.29)

Here we have introduced the notation
C=2u?|Fr(D|?, Cy=2¢Fr(w)|?,

C3.4=5’[|Frp(t) + Fre(u)|** |FL()+Fr(w)?].

It follows from (29) that in the case of scattering of
electrons with the same helicities (\;=\,) the degree of lon-
gitudinal polarization of the electron is
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PO\ =X\=%1)==%1,

i.e,, if the spins of the electrons are originally antiparallel,
then the scattered electrons remain completely longitudinally
polarized. The same result was obtained in Ref. 59 in the
case of the electromagnetic mechanism of e e” —e e~
scattering.

We made calculations of the polarization characteristics
of the processes (4.1) and (4.2) for Z—Z' mixing angles ®=
—0.1, —0.05, 0, 0.05, and 0.1 rad. For the electron scattering
angle, the value 6=90° was chosen.

Figure 7 shows the energy dependence of the right—left
asymmetry Ap; for 6;=90°, ®=0.1 rad, and different
masses Mz . It can be seen that in the standard model the
asymmetry Ag, in the reaction e “e*—e e* increases in
absolute magnitude with increasing energy and reaches a
maximum at the Z peak (at \'s= M), after which Ag, de-
creases and vanishes at the energy \/.; =1.15M ;. On going
through the point \s=2M z» the polarization asymmetry
Apgp again changes sign. Observation of the predicted behav-
ior of the asymmetry Ag; at high energies would be a new
proof of the validity of the standard model.

In the E 4 superstring model, the zeros and the maximum
of the asymmetry Ag; remain but are shifted to the right. The
maximum of the asymmetry is observed at the Z, peak (at
Vs=M z,)- Study of the right—left asymmetry Ag; is of great
interest for determining the mass of the addition Z' boson.

In the standard model, an increase of the energy in the
case of elastic electron—electron scattering leads to a mono-
tonic decrease of the asymmetry Ay, . The predictions of the
E ¢ model differ significantly from the results of the standard
model; moreover, the deviation from the standard model in-
creases with increasing energy of the e ¢~ (e e?’) beams
and with decreasing mass of the additional boson.

Similar behavior is also observed for the polarization N,
of the electron beam. The value of N, is very sensitive to the
sign of \;. For example, if \;=—1, then N, reaches 80%,
while for A\;=1 we have N,~30%.

The transverse spin asymmetry Ag) is determined by the
imaginary parts of the boson propagators and therefore
reaches a maximum value near the resonance energy

s=M;. At the Z pole (s~90 GeV), the asymmetry is
Afpz)=—0.8%. However, at the Z’ resonance, Afpz) reaches
tens of percent and is sensitive to the mixing angles 6 and
D.

Note that in the standard model the right—left asymmetry
AgL . the transverse spin asymmetry Afpz) , and the polariza-
tion of the electron beam N, , which arise in the processes
e et—e et ande e —e e asaresult of y-Z interfer-
ence, are proportional to the vector constant gZ, and for
sin? 6, =0.23 they are strongly suppressed. However, in the
E¢ superstring model with two bosons an additional y-Z'
interference term occurs in the asymmetries Ay, , Af,?) , and
N, and plays a decisive role in the region of energies
Vs~My .

With regard to the asymmetries Af;) and A A, and the
degree of longitudinal polarization P(\,,\,) of the electron,
they reach values of order 100% in the standard model too,
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and a significant effect of the additional boson on these char-
acteristics is observed at higher energies.

5. SUPERSTRING Z' BOSON IN e"e*—BX
ANNIHILATION

At the present time, the experimental and theoretical in-
vestigation of the production of hadrons in high-energy col-
liding e”e* beams occupies a central position in
elementary-particle physics. The reason for this is that it cre-
ates favorable conditions for studying the structure of the
particles and testing the validity of the predictions of various
composite models (quark, parton, etc.). Especially interesting
are reactions of the type e~ e™ — N-+hadrons, since these
processes are related by crossing to the inelastic-scattering
reactions eN—e-+hadrons and in conjunction with them
make it possible to obtain information about the structure
functions of the hadrons in the complete range of variation of
the square of the momentum transfer.

In this section, we study the effects of the superstring Z’
boson in inclusive annihilation of a longitudinally polarized
e e* pair into hadrons with one distinguished baryon B in
the final state with polarization measured in the experiment
(Refs. 22 and 24):

e +e"—>(y,Z,,Z,,...)>B+X. (5.1)

Here X is the system of undetected hadrons.

The process of inclusive production of the baryon B with
4-momentum P and helicity # in e e annihilation is de-
scribed by the matrix element

M=e, 5,[Gi(1+ys)

+Gr(1—y5)]u(B(p,h)X|J},|0), (52)

where GQ(R)= gi(R)eD,(s); the summation is over all the
gauge bosons i=1,Z,,Z, (in what follows, the summation
sign is omitted); J ;L is the hadron current that describes the
transition { —BX.

The differential cross section of the reaction (5.1) can be
represented in the form

do o?

oy (5:3)

,Bxde;f ;fy,
where x=2Ez/ \/; is the energy of the baryon in units of the
electron energy; B and )(6,¢) are the velocity and solid
angle of emission of the baryon; LZ‘,, and H Z‘,, are the lepton
and hadron tensors. The bar over the tensor H l;fv indicates a
summation over the polarizations and an integration over the

momenta of the undetected hadrons:

Hi (2m)? f (B(p,m)X|J},|0)(B(p.h)X|J5|0)*5(q—p
—p)dd,. (5.4)

Here g is the 4-momentum transfer to the hadrons; p, and
d®, are the total 4-momentum and phase space of the had-
ronic system X.
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It follows from (5.4) that the tensor H if,, depends on the
baryon helicity # and on the 4-momenta p and g, and is the
sum of a tensor and a pseudotensor. In the general case, the
tensor H Z‘,, is given by
Hyy,=(WEHhT ) (8,,=4,4,/4°)

q2

“Prpg

g

- Wi 20,
q p-9q

+(W +th)8,u.upa'ppqa/p q+(ka

+hT$q,9,/4°+(WE+hTEV P ,q,+pa,) P q

+(WE+hTE) (pug,—p.a,)/pq. (5.5

Here W and T%* (r=1,...,6) are the structure functions of
the hadrons, which depend on the two invariants s and v=
—pq (or s and x=—2vl/s). Among them, Wi, 4 5 ¢ and T
conserve P invariance, while Wi and Tl 2.4,5,6 violate it.

In the limit of vanishing electron mass, the lepton ten-
sors are conserved, L"‘,,q =L%4,=0, and therefore the
structure functions W4 5.6 and T4 5.6 do not contribute to the
cross section. As a result, the cross section of the process
(5.1) is determined by the structure functions Wik, ; and
T4

do a?

20dx —NA)+ 8N =N ))]

sBx{[gl
X [2(Wik+ h Ty + (W + hTiF) B2 sin? 6]
+2[5 (1 =N Ap) +g (A= )WY
+hT§k)B cos 60— 171772(g"3k cos 2¢

+ig' sin 20)(W¥+hT) g2 sin® 6},  (5.6)

where
81 =GIGH*+GiGE*; g% y=GRGH* £ GIGE .

If the electron (positron) has right-handed (left-handed)
helicity, then from the expression (5.6) we obtain the cross
section

do

0dn (egef —BX)=a’sBxGRGE 2wk
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FIG. 7. Dependence of the asymmetry Ag; on the
energy in the processes (a) e e*—e e’ and (b)
e e —e e for ®=0.1 rad, 6;=90°, and differ-
ent masses of the Z, boson (the numbers next to the
curves give the mass Mz, in giga-electron-volts).
The dashed curves describe the predictions of the
standard model.

+WikB2 sin® 9—2W¥B cos 0
+h(2T*+ T B2 sin® 6

—2T¥B cos 6)]. (5.7

If, however, the electron (positron) has left-handed (re-
spectively, right-handed) polarization, then the cross section
is

do

T0dx (ef er —BX)=a*sBxGL G 2w

+W¥*B2 sin? 9+2WiB cos 0
+h(2T*+ Tk B2 sin® 6

+2T%B cos 6)]. (5.8)

It follows from this that study of the reactions (5.1) with
left-polarized electrons e; (or right-polarized positrons ex)
makes it possible to obtain information about the left cou-
pling constants with the gauge bosons, gie, whereas the
cross section for annihilation of right-polarized electrons
er (or left-polarized positrons e;’) contains information
about the right coupling constants g§, .

We find the structure functions in the quark—parton
model, in accordance with which the process (5.1) takes
place in two stages. First, a quark—antiquark pair is produced
by a gauge boson i, and the pair then fragments into hadrons.
We assume that in the final state a fast baryon B carrying the
fraction x=Eg/E = 2EB/\/;~ 1 of the quark momentum is
detected. It is natural to assume that such a baryon is formed
from a fast quark emitted in the same direction—the fast
quark captures the missing quarks from the sea and forms the
fast baryon B.

The differential cross section of the reaction (5.1) in the
quark—pa.rton model can be written in the form

d(rq(hq) dog(hg)

B,h
O+ i, Dan®-
(5.9)
(0 [Dg (0]
is the function of fragmentation of a quark (respectively, an-
tiquark) with helicity &, (h;) into a baryon with longitudinal

dde qzh

Here the sum is over all quark flavors: Dg;,’,'
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polarization 4, and the differential cross section of the el-

ementary subprocess e e —(y,Z,,Z,)—qq, which deter-

mines the angular distribution of the longitudinally polarized
quarks, has the form

do,h,) a*N,s . ;

q\""q ¢ ik ik
= {[g7 (1 =X \2)+g5 (A= \y)]
qu 2 1 172 2 2 1

X(q"l"—hqqgk)( 1+ cos? 6)
+2[g5 (1 =N h) + &= ))](g¥
—hyqi)cos 0— n, [ g% cos 2

+ig;" sin 2<,¢:a](q'i"—hqqg‘)sin2 6}, (5.10)

where

412 = 8Lt 8ReB Ry >
N_.=3 is the color factor, and giq and g{kq are the chiral
constants of the weak neutral current of the quark.

The angular distribution of the longitudinally polarized
antiquarks is obtained from (5.10) by means of the substitu-
tionshq—> — h;, 6—>m—8.

Conservation of P in the fragmentation process leads to
the relations

B,—h _ nB,h
Dq,_ hq(x) —Dq,,,q(x).
For brevity, we introduce the notation

DJ(x)=Dgi}(x)+ D5 |(x),

AS(x)=DJIl(x)-D%*(x).

From comparison of the expressions (5.6) and (5.9) with
allowance for the angular distributions of the quarks (5.10)
and antiquarks, we obtain for the structure functions of the
hadrons the expressions (the baryon mass is ignored)

xWit=—xW¥=2N.2 ¢ [D}(x)+D2(x)],
q
xWH=2N_2, ¢¥[D3(x)-Di(x)],
q
XT{=—xT§¥=2N.2 ¢5{AS(x)—AZ(x)],
q

xT¥=2N.2>, g [AB(x)+A%(x)]. (5.11)
q
In the case of annihilation of longitudinally polarized
positrons, the differential cross section of the process (5.1)
has the form (here we take into account the relations
Wik=—w¥* and T¥*=—T¥ which are predicted by the
quark—parton model)

do__a .o 2
T—q =1 & Wi(1+cos O)[1+Ap(s,x,0)][1

+RzARL(S,X,0)+hPB(S,.x,0)], (5.12)

where Agg(s,x,0), Agr.(s,x,0), and Pg(s,x,0) are the
forward—backward angular asymmetry, the right—left asym-
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metry, and the degree of longitudinal polarization of the
baryon. Measured experimentally, these differential charac-
teristics are determined by the expressions

Apg(s,x,0)=Agg(s,x) f( ), (5.13)
_ AR5 x) + AR (5. 0)£(6)
Agy(s,x,0)= TFAmGs0f8) (5.14)
PP (s,x)+ PP (s5,x)(6)
Py(s,x,6)= ——— A 70 (5.15)
Here

f(8)=2cos 6/(1+cos? 6),
Ars(s.x) =g Wl Wi,

A&lL)(s,x) =g;kWi1k/g::kW’ik ;

AR (s, x) =g Wi g Wi,
Pgl )(s,x) = —gil"T"lk/g"l"W"l" s sz)(s,x) =— g;kTgk/g"lkW"," .

Experimental study of the angular and energy depen-
dences of the asymmetries Agg(s,x,0) and Ag;(s,x,0) and
of the degree of longitudinal polarization Pg(s,x,6) of the
baryon is a source of information about the chiral coupling
constants of the quark weak neutral currents and about the
functions for fragmentation of quarks into baryons.

At the present time, the functions for fragmentation of
polarized quarks into polarized baryons are completely un-
known. Therefore, for quantitative estimates of the main
characteristics of the e et —A°X and e"e*—3*X pro-
cesses we shall proceed from the model used in Ref. 46. We
are particularly interested in the degree of longitudinal polar-
ization of fast A® and 3% hyperons, which can be readily
observed using the angular asymmetry of the decays A,
3—Nr.

In accordance with Ref. 46, the polarization of the fast
A and 3* hyperons is determined by the expressions

hA=hs’
5Q%(1+h,)+0%1+hy)

1+h2+= (5.16)
1—hs+  5Q2(1—h,)+QX(1—hy)’ )

where h, and h; (respectively, Q, and Q,) are the polariza-
tions (charges) of the u and s quarks.

Exact SU(6) symmetry leads to the following values for
the baryon helicities:*

I+hy  Q4+Qi+Q5(1+h,)

I=hy  Q,+Qi+Qi(1-h,)’
1+hs+
1—hs+

_QU5(1+h)+(1=h,)]1+QN(1+h) +2(1~h,)]
T QUIS(I—h)+(1+h )1+ OH(1=h)+2(1+h)]
(5.17)

With regard to the polarizations of baryons containing
heavy quarks, we assume, following Ref. 47, that in the case
when in the reaction e ~e " —hadrons there is production of a
fast charmed baryon B or a beauty baryon B, with x~1, the
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TABLE VI. Values of the polarizations P§’ and P$ at resonance.

Z resonance Z' resonance (6;=90°)
Process Model  p§P PP psP pd
e et T -0.16 —0.16 -0.8 -0.8
e"et A [46] -094 —0.16 0.8 -038
[471 —088 —0.16 0.73 -08

SU(6) -0.16 -0.03 0.13 -0.13

eeto3tX  [46) -0.68 —0.16 0.04 -0.72
[47] —-0.78 —0.16 0.57 —-0.8

SU(6) —0.36 —0.08 —-0.03 —0.44
e et o37X  [47] -094 -0.16 0.8 -0.8
e"et—>BX  [47] -0.67 —0.16 0 -0.8
eetoBX  [47) -094 —0.16 0.8 -08

longitudinal polarization of a heavy ¢ or b quark is trans-
ferred to it, i.e., in the production of B, or B, baryons the
contribution of the ¢ or b quarks to the fragmentation func-
tion dominates over the contribution of the light quarks:

DG (X)>Dgh (x), Q=cb, q=u.d.s.

In Table VI, we give the values of the polarizations P4

and PP in the Z or Z' resonance region of energies
(s=M ,~2) for the value xy,=0.23 of the Weinberg parameter.
It can be seen that the results of the models of Ref. 46 and
Ref. 47 differ by only a few percent (an exception is the
value of the polarization Pg) at the Z' resonance). Exact
SU(6) symmetry leads to values of the polarizations P$’ and
PP for the A° and 3.* hyperons that are too low.

Figures 8 and 9 give the energy dependences of the lon-
gitudinal polarization of the A® and 3* hyperons for differ-
ent masses of the additional boson. The dashed curves illus-
trate the behavior of the polarizations in the standard model
for xy;=0.23. It can be seen that for the fixed mass value
M, =150 GeV the degrees of longitudinal polarization Pf\l)
and Pg) increase with increasing energy of the e "e™ beams
and, having reached a maximum value near \/E~ 140 GeV,
then begin to decrease. The increase in the mass of the ad-
ditional boson does not change the nature of the dependence
of the degree of longitudinal polarization on the energy, but
its maximum is shifted to higher energies.

1)
1A

We now consider the integrated characteristics of the
process (5.1). We define the cross sections for production of
baryon B in the forward and backward hemispheres in the
case of annihilation of a polarized positron and an unpolar-
ized electron as follows:

1 27 1
or(Ny)= L dxjo d(pfo d cos O(do/dxd(}),

1 27 0
op(N\y)= Jo dxjo d¢J_ld cos Ndo/dxdQ). (5.18)

From the expression (5.6), we have

'n'az

_ $ ik iky gik 4 2 ( ok
orm)(N2)= 3 [4(81 +ha82)I £3(83

Mg 1], (5.19)

where
. 1 .
Ii,k= fo xWi,kdx, n=123.

The expression (5.19) leads to the following electroweak
asymmetries:
1) the forward (backward) polarization asymmetry

orB)(N2) — @) (N2)
opy(\2) F+ opEy(X2)
sl asgl!

T TS
4g, 1y =3g515

Agm)(N)= A,

(5.20)

2) the forward—backward asymmetry

App(A3)=[0oRA2) —op(A)VI[oe(Ny)+op(N,)]

3 (gr Mg I

= ko .
4 (g + N80 G.21)

3) the forward—backward polarization asymmetry
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FIG. 8. Dependence of the degree of longitudinal po-
larization P{ (a) and P® (b) on the energy in the
process e _e* — A°X for different masses of the addi-
tional boson (the numbers next to the curves give the
mass M, in giga-electron-volts) and 6=0°.

S. K. Abdullaev and A. I. Mukhtarov 549



100 140

180 220 V5 GeV

L 05—
150

op(N3) —op(—Ny) —og(hy) +og(—Ny)

B W R e W RN W ETN e
ikyik
- %—xz- i—,i;%; (5.22)
4) the right—left asymmetry
Agi=(or— o)/ (or+ o) =gk gtk (5.23)
where og=0s(\,=1)+0g(\,=1) and o =0x(\,=—1)
+ag(\,=—1) are the cross sections for annihilation of right-

and left-polarized positrons.

The cross sections for annihilation of an unpolarized
e~ e™ pair with production of a polarized baryon in the for-
ward and backward hemispheres are

a’s
(48 (I +RFY) £3g5 (15 +hFY)].

(5.249)

O'F(B)(h)=

We have here introduced the notation
ik bk
17, L —
F,= fo xT, dx, n=13.

The expression (5.24) leads to the following polarization
asymmetries:
1) forward (backward) polarization asymmetry:

4gikFik+ 3 gikpik
4g'kpik+ 3 gikpik :
(5.25)

O'F(B)(h) - UF(B)( —h) _
o) (h)+ opE)(—h)

AF(B)( h)=

2) forward—backward asymmetry in the production of a po-
larized baryon:

op(h)—ag(h) 3g HIE+hET)

= 2
AFB(h) O'F(h)‘l'O'B(h) (Itk+thk) (5 6)
3) forward—backward polarization asymmetry:
~ op(h) —op(—h)—op(h)top(—h)
AFB(h) = — —
og(h)+op(—h)+og(h)+op(—h)
3 gt
=—h Tk IE (5.27)
4 glkl 1k

4) degree of longitudinal polarization of the baryon:
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FIG. 9. Dependence of the degree of longitudinal
polarization P{" (a) and P§ (b) on the energy in
the process ¢ e * —3* X for different masses M,
and 6;=0°.

Pp
T oh=1)+ogh=1)+ogh=—1)+og(h=—1)
ik ik
81 Fy
= —7r. (5.28)
g1l

In the case of annihilation of a transversely polarized
e e pair, the cross section (5.6) leads to the spin asymme-
tries

A(1)=

2 1 27 1 do

A ﬂl’lzfo dxjo cos2<pd<pf_ld cos H(W) /
2w do

def d(pf dcosﬁ(d dQ)=—g I’k/

(2gtrh;

(5.29)

AD = 2 JldJcJ’zwsianpdq.vJ1 d cos 0(—-—‘10- ) /
¢ mmlo 0 -1 dxdQ
2w
fdxf dqof d cos B(d dﬂ) —tg'kl'k/

(2&1). (5.30)

The results of numerical estimates of the integrated char-
acteristics of the processes e e*—B X and e et —B,X
are given in Refs. 22 and 24. Here we merely list some of the
specific properties of the integrated polarization characteris-
tics:

1) if the energies of the colliding ¢ et beams are
\/; =140 GeV, the behavior of the polarization characteristics
depend strongly on the mixing angle 6 ;

2) the asymmetries reach maximum or minimum values
near the threshold for production of the gauge Z’ boson;

3) with increasing mass of the additional boson, the
maxima and minima of the asymmetries are shifted to higher
energies;

4) the predictions of the E superstring model differ
strongly from the results of the standard model at \/; >100
GeV.
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CONCLUSIONS

The electroweak asymmetries Agg, Ap(Ny), Ag(\),
AN, Arp(M), Are, Ap(h), Ag(h), A, etc., in the pro-
cesses e e —»ff e e —>ff e e *qqg, e et —qqg,
e et e e, eTe e e, e e * 5BX are experimen-
tally observable quantities. These effects are certainly acces-
sible to study in the e "e™ colliders SLC and LEP, and in the
near future the large amount of information will make it
possible to test several relationships between observable
quantities in the above processes.

Our analysis shows that in the standard model the helic-
ity amplltudes and the electroweak asymmemes of the pro-
cesses e et —ff, e e —»ff e et —>qqg, e et —4qg
vanish at certain energies of the colliding e "e* beams. The
vanishing of the helicity amplitudes and of the electroweak
asymmetries of the processes listed above is an as yet un-
verified prediction of the standard model. Observation of the
predicted behavior of the asymmetries would be a new proof
of the validity of the model. Violation of the corresponding
predictions of the standard model would make it necessary to
go beyond this model; for example, it could be explained by
an additional Z' boson. The presence of such a boson must
lead to displacement of the already existing zeros and to the
appearance of addmonal zeros in the characteristics of the
processes e et —ff, e et — ff etc., the positions of which
are determined both by the mass of the Z’' boson and by the
constants of its coupling to other particles. However, it
should be noted that in an accurate analysis of the data of a
specific experiment it is necessary to correct the results given
above with allowance for all radiative corrections. For ex-
ample, allowance for the width of the Z boson leads to elimi-
nation of the zeros of the helicity amplitudes, although the
zeros in the asymmetries remain, of course.

As follows from our analysis, the consndered polarlza
tion characterlstlcs of the processes e et f f e et ff,
e et—e e, eTe —e e, e e*—BX are sensitive to
the parameters of the additional Z' boson (the mass M/, the
width I, the chiral coupling constants gf} and gﬁ}, and the
mixing angles 65 and ®), and therefore study of these char-
acteristics will make it possible to test thoroughly the stan-
dard model at high energies, to indicate ways in which it
could be extended, and to assist in establishing whether an
additional neutral Z’ boson exists in nature.

APPENDIX 1

The expressions for the correlation cross sections o, (a
=1,...,9) for the process ¢ e —qgg are

= — 2 2 2 2
g Oy 2(1_x1)(1__x2) [xl(l+nlz)+x2(l+n22)]’

o=0c =————J;————[x%1—n2)+x%1—n2n
PR (1) (1) T T T e

— — 1
03=07=30L,
0'4=0'5=0'9=(),
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1
T6= (x 1"1x”1z+x2"2x"2z)

2v3(1—x,)(1—x;)

1
07= (X1, x3n3,),
(1=x)(1—x3)

0= 1 (x%nlx_x%nl\')-
2v2(1=x)(1=x3)
Here n, and n, are the unit vectors along the momenta of the
quark and the antiquark, and x, and x, are their scaled ener-
gies.

APPENDIX 2

The expressions for the correlation cross sections for the
process e e —Gqg are

p =l _ X XoMyxNox
) (1=x)(1—xp)])
o :_1_ | XiXanyghy,
L2 (1=x)(1—x))
1 XXy

0'=—-———————an X
™4 (1-x)(1-xp) 7

1 XXy
4v3 (1=x)(1—x3)

o= (nlxn22+nlzn2x)-

APPENDIX 3

The expressions for the correlation cross sections o,(T)
for the process e "e*—gqg are as follows:
1) for a scalar quark or a scalar antiquark jet

X1=T (X2=T),

dO'U

F=3T—2,

d(TL T
—= In
dr 2(1-7)

2T—1 3T-2
1-T 2(1-7)°

dO'T
ar =%

d(Tl 1
dT 2V7 J1—

2) for a gluon jet x;=T:

_NT)

doy _ 3T T2—2T+2),
do, 1—7} 2T—1 2(1-T)(3T-2)
0 _

dar T 1-T T2 ’

doy  (1-T)(3T-2)
dr T2 ’
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