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Abstract. We calculate the two nonvanishing O(a2)
parity-violating structure functions that contribute to

ete” —y’tig. We discuss how these can be measured.
We work with massless quarks and gluons and use
dimensional regularization to regularize ultra-violet
and infrared singularities. We carefully discuss how to
deal with y5 in the dimensional regularization scheme
when infrared singularities are present.

1. Introduction

Much experimental [1-6] and theoretical work [7-11]
has been expended on the elucidation of the role that
O(o2) corrections play in the description of 3-jet events
in e* e -interactions. These have been found to be
nonnegligible and thus affect the o.-determination
from 3-jet event data.

The first O(«2) calculations were done for the trace of
the hadronic tensor, i.e. the O(a2) corrections to space-
direction averaged 3-jet events. With more data it will
be desirable to check also on the O(«2) corrections to
oriented 3-jet events,* or, vice versa, it will be desirable
to be able to generate O(x?) oriented 3-jet events via
Monte Carlo.

The general space-orientation of 3-jet events in
e* e -annihilations is described by 5 parity-conserving
(PC) and 4 parity-violating (PV) structure functions
[14]. In massless QCD one of the PC and two of the PV
structure functions can be shown to vanish identically
in O(«2) [15, 14]. A set of 4 linearly independent PC
structure functions have recently been obtained by two
of us [16]. In the present paper we complete our
program of calculating oriented O(«2) 3-jet events by
presenting the results of a calculation of the two non-
vanishing O(a2) PV structure functions.

* For O(n,) results see [12,13]

The PV asymmetries that are induced by the PV
hadronic structure are measurable for the present high
energy machines and are sizeable in the energy range
available to the next generation e’ e -machines
(TRISTAN, SLC, LEP). Off the Z these result from the
usual electro-weak y—Z interference effects, whereas a
measurement on the Z requires longitudinally pola-
rized Z’s due to the smallness of the leptonic vector
contribution proportional to (1-4sin?@®,). Longi-
tudinally polarized Z’s are planned to be available at
the SLC using longitudinally polarized electrons
and/or positrons for the annihilation process. The
measurement of the PV asymmetries does, however,
require quark flavour tagging, which will reduce the
available data sample.

On the theoretical side the calculation of PV quant-
ities involving parity-odd fermion traces requires a
careful discussion of how to deal with y; or the totally
antisymmetric ¢,5,, in n-dimensions. The n-dimen-
sional parity-odd Dirac traces generate O((n—4)",
m>0) anomalous contributions, which in turn
lead to finite anomalous terms when multiplied with
ultraviolet (UV) or infrared (IR) divergent integrals.

Spurious UV anomalies can be and must be can-
celled by taking the appropriate renormalization
scheme [17-19]. In the IR case one encounters axial
and charge conjugation anomalies. These cannot be
removed by renormalization. We demonstrate in this
particular application that the IR charge conjugation
anomaly vanishes after IR integration and that the
finite IR axial anomalies are spurious in the sense that
they cancel among the real and virtual contributions to
the PV structure functions as do the IR singular
contributions.

We choose to work with massless quarks and gluons
and use dimensional regularization to control UV and
IR infinities.

We use the ys-scheme of Breitenlohner and Maison
(BM) [20] which, to our knowledge, is the only n-
dimensional ys-scheme free of internal inconsistencies
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[17]. The BM scheme was originally developed for the
regularization of UV singularities in the presence of y 5.
We found that the BM scheme is also well suited for the
treatment of IR singularities in the presence of y5. For
the purposes of the present calculation the BM ys-
scheme can be implemented by observing the following
two simple rules: i) Do not commute by 7 ii) The trace
—i/4Trysy,757,7s €quals the conventional antisym-
metric e-tensor &, in 4 dimensions (gy,,3 = 1) if the
tensor indices «, f, v, § are “4-dimensional” and equals
zero otherwise. A more complete account of the BM y5-
scheme is given in [21] and in Appendix A.

Concerning technical details we are very brief on
those features which are similar to the corresponding
PC case treated in detail in [8,9]. However, the
presence of y5 in the PV case brings in some novel
features which require careful discussion. These are
treated in more detail since we feel that the expertise
gained from this first explicit calculation of a higher
order QCD correction to a PV cross section will be
quite valuable for the many higher order QCD calcul-
ations that have to be done for the interpretation of PV
experiments at the high energy machines to be com-
pleted in the following years. Finally, our IR in-
tegrations are done up to O(y°), where y is the
dimensionless invariant mass cut-off such that
(P +p)* S ya*.

Our presentation is organized in the following way.
In Sect. 2 we write down the general structure of the PV
hadron tensor and discuss how the PV structure
functions are related to experimental observables. In
Sect. 3 we treat the IR integrations of the O(a2) 4-
parton processes e e” - gdggande*e” —>qgqq. In
Sect. 4 we deal with the O(a2) virtual 1-loop contri-
butions to the PV structure functions. In Sect. 5 we
combine the results of Sects. 3 and 4 and show that the
IR singular pieces and the finite anomalous pieces in
the real and virtual contributions cancel. One remains
with a finite, IR cut-off dependent contribution free of
anomalies. Their contributions to some physical PV
cross sections are evaluated numerically and are
compared to the O(x,) results.

In Appendix A we provide a brief introduction to the
BM y.-scheme*. In Appendix B we calculate an n-
dimensional integral of a 4-dimensional scalar that is
needed in the main text. For the sake of completeness
we present results on the O(x,) corrections to the PC
and PV cross sections in e e” —¢g in Appendix C.

2. Angular Asymmetries

The differential cross section for e* e~ —ggg has the
foliowing form

do =0, dQ¥I"H,,. 2.1

Here d22® is the invariant phase space for three
massless particles in the final state, L, is the lepton

* For more details see [20,21]

tensor and H,, the hadron tensor, respectively. H,,
depends only on the final-state parton momenta and
receives its contribution from the C-even, parity con-
serving current times current terms V'V and AA,
whereas the C-odd, parity-violating term originates
from the VA + AV interference. Therefore we can write

H, =HS+HY 2.2)
where for massless QCD

HY =3(H,) + Hyi)

HYY =5(Hy + HYY). (2.3)

I

For unpolarized e*e™ beams the parity-conserving
lepton tensor is

Ly =papy +0,p0 — (0" P )9y (2.4)
and the parity-violating contribution is
Ly =it,,04°P” (2.5)

p+(p_) is the positron (electron} momentum and
qg=(p, +p_). Then for unpolarized beams

L, =g L5 +g5(@*) LY. (2.6)

All flavour dependence or all dependence on the
particular neutral-current model used goes into the
two functions g, (¢%) and g5(¢°). o,,, is the lowest order
ete” > pu*u” cross section used for normalization as
usual. The dependence on beam polarization is easily
accounted for. The corresponding formulas for the
general case of arbitrary transverse and longitudinal
polarization of e* and ¢~ beams can be found in [13].

Before we go on let us recall some well known
properties of (2.1), (2.2) and (2.3): (i) Since Hb) arises
from the C-odd V A interference it does not contribute
to observables which do not distinguish quarks from
antiquarks. (ii) The parity conserving hadron tensor
HIS is the same as for pure one-photon exchange. This
is because the quarks are assumed to be massless. So
v—ays factors can be trivially moved through the
traces, yielding only a common factor which is absor-
bed into g,(g?). Therefore all angular distributions,
thrust distributions etc. which do not distinguish
quarks from antiquarks are not changed by the
inclusion of the 4 A term. (iii) The C-odd asymmetries
for unpolarized leptons are products of a pure QCD
factor times the electroweak function rs(g%)=
95(g*)/g.(¢g*). For the GWS-model gs(g%) can be
found in many papers [13, 22]. It is large over a wide
range of energies and stays large above the Z energy.

The tensor structure of H,, is fixed by the require-
ment ¢“H,, = q"H,, =0 and the fact that besides q it
can depend only on two more momenta, for instance p,
and p,, where p,(p,) is the quark (antiquark) momen-
tum (¢ =p, + p, + p3,p; = gluon momentum). Then
HES depends in general on five structure function
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H{i=1,2,3,4,5)in the following form [14,15]

H‘I:S = Hl(guv - qu‘]v/qz) + HZﬁluﬁlv/qZ
+H3P3,P2./q% + Ha(Pr,Dsy + D2uD1 )47
+H5(ﬁ1uﬁ2v_ﬁluﬁlv)/q2' (27)

The parity-violating tensor H}y has the following
general structure [14]
HE\Y = H6q72i8uvaﬂqapl13 + H7q_2i8uvaﬁqapg
+ H8q~4(ﬁ1qu + ﬁlvF;L)
+H9q_4(ﬁ2uFV+ﬁ2vFu) (28)
where p, = p, — p-q/a*q,and F, =ie,,,,pipsq’. From
H,,= HY, one concludes that H,,H,,H,H,, H¢ and
H, arereal and H,, Hg and H, are imaginary. We note
that H,,H,,H;,H,,Hs and H, are associated with
symmetric tensors and Hs, Hs and H, with antisym-
metric tensors, respectively. Therefore contributions to
H, H,,H;,H,, Hg and Hg can be detected only with
the symmetric part of the lepton tensor and H 5, Hg and
H, only with the antisymmetric part of the lepton
tensor present.
To fix our normalizations it is appropriate to present
the formulas for e* ¢ —qgg in lowest order «,. For
this purpose we write (2.1) in the form

do=de® + do® (2.9)

with the C-even part of et ¢™ -y, Z - g4g denoted by
dc® and the C-odd part as do'”. After specifying the
usual coordinate system for the orientation of the ggg
momenta with respect to the e~ beam direction [13]
the angular distribution for d 6 has the following form

do'®
dx,dx,dcos 3dy/2n

do® do*
id —isinSCosxadez. (2.10)

dx,dx, ﬁ

X; = 2pl.(,/\/(72 (i=1,2,3) denote the scaled energies of
the outgoing quark, antiquark and gluon. 4 is the
polar angle of the parton z axis with respect to the e™
beam direction. The parton z-axis may be either the
direction of the quark, the antiquark or the gluon
momentum. y is the azimuthal angle of the ¢qgyg
production plane with respect to the z-axis-e  -beam
plane [13]*. y is defined by the antiquark (quark)
momentum if the z-axis is in the direction of the quark
(antiquark); if the gluon defines the z direction y is
marked by the quark. The angles 3 and y vary
between 0< 3, 0Ly <2n

Depending which of the quark, antiquark or gluon
are chosen to define the z- and x-axis the partial cross
sections dao’(da4) differ. In O(xg) these partial cross

=3cos 9

* In {2.10) we have omitted cross section contributions with sin* 3
sin 2y and sin 29 sin y angular dependencies. In massless QCD one
finds these to be zero at O(a2) [15, 14]

sections have been calculated before [13]. They are
do'P (1)“3 x%ﬁlz_x%ﬁu
=950 s lpm————7
dx,dx, 2 T(1—x)(1 — x,)

do*

2 A 2
o o XPi— s -
dxgdx, 7 2n FT—x)(1—x) 1D
with
ﬁix:Sin@ik, ﬁizzCOS@ik, i=1,2
2
co8 Oy =p;pr=1+—(1—x;—x;) (2.12)
X%

p, always refers to the parton which is used to define the
z direction, i.e. p, = (0,0, 1). '’ = 30,,,Cr =4/3and o
is the QCD coupling. g5 contains all constants of the
GWS model and the dependence on the longitudinal
polarization of the electron (£7’) and the positron
(), respectively.

gs=2Re flall + &) — v &7+ £))a, 0.0,
+IBIP[20.a,(1 +¢™)

— 2 +ad) (¢ +E)120,4,. (2.13)

In (2.13)

g gmzq’
g —mi+im,l,

(2.14)

and the electromagnetic and weak coupling constant
are specified as follows:

7 coupling: eQy, with @ = —1 for electron
0=2/3, —1/3 for quarks
(2.15)

Z coupling: vector coupling =e,/gm; vy,

gmzay,ys. (2.16)
m, and I, are the mass and the width of the Z boson
and g=G;(8./2na) ,(a =e%/4n), Gp being the
Fermi weak coupling constant. In the GWS model
my/g=(2sin? @p) o= F1-4Qsin*O,,a=TF 1,
where the upper sign holds for electrons and quarks
with charge —1/3 and the lower sign with charge 2/3.
The contributions (2.11) to the cross section give (i) the
forward-backward asymmetry of the Oz axis with
respect to the e~ beam direction (the term ~ cos 3) and
(i1) the azimuthal asymmetry of the event plane with
respect to the scattering plane (the term ~ sin 3 cosy),
both coupled with a charge asymmetry of quark versus
antiquark distribution (sign change for 1«»2). One
should note from (2.13) that g5 deviates substantially
from zero at the Z resonance energy only if electron
and/or positron are longitudinally polarized.

Since later on we shall present our higher order
results for the structure functions Hg and H, the
relation of de” and do, as defined in (2.10), with Hg
and H, are of interest. For the case that the quark
momentum is along the z-axis, and the antiquark

axial-vector coupling = e
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momentum in the (pos. x; z)-half-plane, we have

da”® gs
dx,dx, T o4n? Ou2(Hy —H- )
g
—6452 0,y Hg + X, c0s ©, H,) (2.17)
do? g
dxldxz_6452 TuRe(H o+ H o)
gs X2 .
=—"-¢g,,——Sin @ . 2.18
647:26““2\/58111 12 H, ( )

Comparing (2.17) and (2.18) with (2.11) allows one to
read off the lowest O(«,) contribution to Hy and H,.

So far we have looked at the V A4 interference terms
solely in connection with their appearance in e* e~
annihilation. Up to now Z’s (and similarly W’s) have
been produced only in pp collisions at the collider at
CERN. Depending on the polarization of the produced
Z’s and W’s the V A interference terms can also be seen
in their angular decay distributions. The PV contri-
butions to the decays Z—qgg and W—-qqg are
described by the same 2 PV structure functions Hq and
H,, calculated in this paper to O(«2). Thus our results
also apply to the decay of hadronically produced Z’s
and W’s although we do not work out the details of the
spin kinematics of these decay processes.

3. Integration of Four-Parton Cross Section

(i) General Remarks

Our aim is to integrate the 4-parton processes
ete —qggg and e*e” —>qgdqq over the various
2-parton sub- phase spaces up to an invariant mass
cut-off s;; < yq*. Since we desire an accuracy of 0(y°)
we need to consider only those regions of phase space
in which the 4-parton processes become IR singular.

The techniques of IR integration have been presen-
ted in detail in [8,9] where the trace of the hadronic
tensor was integrated. In our case we are dealing with a
more complex case. Firstly we are integrating a tensor
quantity H5Y and secondly, we have the added com-
plexity of odd-parity fermion loops. These added
complexities bring in new technical features which
have to be carefully discussed.

First note that the PV hadron tensor H}y defined in
(2.3) is (g v)—antisymmetric for (real!) tree graph
contributions, i.e.

HEY(treey = — HYJ (tree). 3.1)
The antisymmetry (3.1) is true regardless of the space-
time dimension n since it does not depend on the
commutation property of y

The 4-parton tensor Hj involves odd-parity
fermion traces. These n- dlmensmnal Dirac traces gene-
rate O((n — 4)";m > 0) anomalous contributions.

Thus the above two processes develop chiral (or
axial) anomalous terms for n #4, i.e. HiY # H}* and

g*HYY #£0,9"HEY #0. These anomalous terms have to

?4)PV

be taken into account explicitly when the IR in-
tegrations are done.

Also due to the fact that {y,,7s} #0 for n #4 one
finds C(j,’f)C #]u This charge conjugation anom-
aly, however, cancels after IR integration as shown
after (3.5). In addition, the charge conjugation anomaly
is of no physical relevance since the physical cross
sections derive from the contraction of the hadron
tensor and the lepton tensor LEYH™FY as in (2.1).
Therefore the (u, v)-indices are constrained to be 4-
dimensional [see (A7)] and thus the proper charge
conjugation properties of H{¥*V are restored in phys-
ical cross sections.

The sum over the various 2-parton IR integra-
tions leads to the 3-parton hadron tensor
H®V(q,,4,,493,y) which is a function of the 3-parton
momenta and the invariant mass cut y. The IR in-
tegrations are best performed in the CMS-system of the
various two-body phase-space regions {ij} integrated
over [9]. At the O(y°) level this may be expressed by
writing

q* (4= _
1672 < ) re— 28){2£ Yisii
{;dﬁn 1}H(4)Pv(p1’p23p3>p4) = va)(ql’qbq%y)‘

(3.2)

d@"~ 1 is the spherical element in (n — 1) dimensions
normalized to unity, ie. [d2""'=1 and e=(4—n)/2.
The curly brackets in {d£7'} mean that proper care
has to be taken to avoid double counting for overlap-
ping singularities. We shall deal with this problemin the
manner of [ 16] which has been referred to as the direct
dressing approach in [11] [see also (C2)1. HY Y (p)
denotes the PV 4-parton hadron tensor. The pli=
1,...,4) are the 4-parton momenta. They are on-shell

=0. They have to be chosen as n-dimensional
vectors when integrated over. The 3-parton momenta
q,(1=1,2,3) can be taken as on-mass-shell (g7 =0) in
the O(y°) approximation. The coordinate system must
be chosen such that the ¢, have only 4-dimensional
components [seee. g (B1-B3)]. Finally we introduced
q*y;;=s;=2p:pjg°z;=t;;=2q;q;). The densities
H'Y®V(p,) have been calculated in n = 4 dimensions in
[22] for the various 4-jet cross sections. Of course we
need them for n # 4. So they had to be recalculated.

There are two possible ways to proceed with the
angular integration in (3.2). Using the representation
(A5) for y5 one can calculate

HPY (D)) = eapys TLAN (P (33)

The angular integration on the n-dimensional rank 6
antisymmetric tensor T{2}%7%!(g;) can then be done by
the standard methods, viz.

j‘dﬁn 1T(4)[aﬂv61( )= T(3>[wﬁvﬁl(q) (3.4)

The ys-substitution in (3.3) necessitates the calculation
of very long traces. Also the tensor integrationin (3.4) is
not simple.
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Instead of doing the tensor integration (3.4) we use a
short cut and directly scalarize the integrand in (3.2) by
writing down the most general expansion for the angle
integrated 4-parton tensor*

[dQ" HGM ()= HEY e(uvqqy)
+HY e(uvqq,) + H®Veluvg, q,).
(3.5)

The invariants H2Y and H%Y obtain the conserved
current contributions whereas H'?Y carries the anoma-
lous contribution. Use has been made of the antisym-
metry (3.1). Further covariants as e.g. q,&(vq;4.95)
—q,e(uq,4,95) are not independent and can be
related to the above set by using the Schouten identity
(A4). This is legitimate since we always choose our n-
dimensional coordinate systems such that the outer
momenta g; have only 4-dimensional components [see
e.g. (B1-B3)].

Since the RHS of (3.5) carries only 4-dimensional
tensor indices u and v it is clear that the anomalous
charge conjugate pieces in H{PV resulting from
C(y,75)C~ 1 #(y,ys)" vanish after the angular in-
tegration (3.5).

The integrand in (3.5) can be scalarized by using the
three parity-odd projection tensors

HEY:q,,6(14q:4,95)
HYV:q,,6(1419295) (3.6)
H"*®:q,e(1q,4,95)

which at the same time project out the three invariants
HEY, HEY and H™*Y as indicated in (3.6). Note that the
contractions (3.6) can be exchanged with the angle
integration in (3.5) since the ¢; do not depend on the
angular integration variables.

The action of the parity-odd projectors(3.6) on the 4-
parton integrand in (3.5) bring into play 4-dimensional
scalars via the products of e-tensors [see (A6)]. These 4-
dimensional scalars have to be treated separately from
the n-dimensional scalars resulting from the trace
manipulations. However, this does not pose a big
problem, since there is only one relevant 4-dimensional
scalar for every IR region.

Consider for example the (3—4) IR region in the (3—4)
CMS system (p; +p, =0). An explicit representa-
tion of the 4-parton momenta p; in this system is
given in (B1-B3). The relevant 3-parton momenta
4, =p;, 4, =P, and g3 =p; + p, are 4-dimensional.
All 4-dimensional scalars can be expressed e.g. in
terms of p;. Thus p;p, = pa(ps + ps) — P3, P3 = P and
PP =pibs=p,p; etc. The n-dimensional angular
integration of p3 is done in Appendix B. pZ is propor-
tional to s, as (B3) or (B5) show. This means that all p3
contributions can be dropped except for the true
double pole contributions s;7 as long as one is
calculating at O(y°).

* The 3-parton momenta g, in (3.5) are in general off-shell

After the angular integration (3.5) one still has to do
the invariant mass integration in (3.2). Apart from the
y,~dependence in the scalar functions Hg', H5" and
H'™V there is also the y;; dependence in the tensors
themselves, since the g; are in general off-mass-shell.
However, this need not concern us at the O(y°) level as
can be shown as follows. It is convenient to do the y;-
integration in the e ¥ e ~-CMS-system. Define the z-axis
by the off-mass-shell parton ¢,=p;+ p;, and g/ =
Yij‘12~ Then one has ¢, = (410,0,0, qio — 5i) =
(910,0,0, ;0 (1 — %Sij/‘hzo + ). Thus the Sij
dependence of the tensors in (3.4) can be neglected at
the O(y°) level since no true double-pole s;;% contri-
butions remain after the angular integrations (3.5)*.

Finally, let us remark, that we did not find it more
difficult to implement the PV calculation on the com-
puter than the corresponding PC calcuiation, despite
the fact that the BM y;-scheme looks formidable at first
sight. First, note that in the parity-odd traces there is
no need to use the “ugly” commutation rules (A3) since
all trace manipulations can be performed without
commuting by y5 because of the cyclic property of a
trace. Second, we did not need to use the ys-
substitution (AS) since the action of the projectors (3.7)
reduced the 4-parton traces to traces with y5 and four
y’s. Lastly, the appearance of 4-dimensional scalars
brought in by the projection method causes only
minimal additional problems as discussed above.

(ii) Integration of e* e” > q(p,)q(p2)9(P3)9(ps)
An inspection of the relevant Feynman diagrams (see

e.g. [8,9]) shows that the cross section becomes
singular in the regions where s,, S;4, S33, 5,4 and 534
approach their mass-shell values. As discussed in detail
in [8,9] for the PC case there are symmetry relations
obeyed by the 4-parton cross section under 12 and
34 exchange which allows one to consider only the
(1-3) and (3-4) phase space regions in detail. Care has
to be taken in that the PV cross section is effectively
antisymmetric under 12 exchange** compared to
the symmetry in the PC case due to the replacement of
a vector current by an axial vector current.

Following the classification of [8, 9] we first consider
the QED-QED contributions class A and class B and
the QED-QCD interference contributions of class C.
The latter will be denoted by C,. Since there is no true
double-pole singularity in these contributions, no care
has to be taken in tagging 4-dimensional scalars as
discussed after (3.6). One obtains

HQPY (real; A, B, Cy)
= g*NoCp(CpA + NoB)ADPY (Born) (3.7)

uv

* It should be noted though that the IR singular pieces are picked up
at the on-mass-shell limit g? = 0 regardless of the O(y°) approxim-
ation. This is of course quite necessary in order to cancel the IR
singular pieces of the loop contributions which occur for on-mass-
shell g’s

** See discussion of the charge conjugation property of the. 4-
parton hadron tensor after (3.7)
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where

Ir1-2¢> i
A= C<1+ﬁ )Fz(l gdhay

-2idu— jl' dv>v"£(1—v)“
0

1-y/z12
] (3.8)

{(1—-1))1—8
B=c<1+— > {zd i3 "

_f dov™(1—v)"°

L=y/z1,

+ ,‘(;d}’34Y3_41_€<

'(1—")”(13,#%)} (39

and where

1 I'(l—eg) [4npu?\* n? ,
S i N (2o N (PRGN |
8n2I'(1—2¢)\ ¢? 3

vis related to the polar angle @ of one of the partons in
the 2-parton subsystem as described in Appendix B.
The peculiar v-integration limits in (3.8)—(3.10) arise
from the direct dressing approach of [16] and take care
of the double counting problem. In the v-integration
limits we have introduced the 3-parton variables z;; via
1) (1-3) system; y,3=(1—v)z;, i) (3-4) system;
Viz= (1 — )z, and y,3 = (1 — v)z,5. This is legitimate
to 0(y°).

AP (Born) refers to the space-time structure of the
3-parton Born term amplitude squared and is given by

AP (Born) = — El:(l;@ _

1-y/zy5

1-y/z,53
[ dv+ | dv)v“
0 4]

(3.10)

2

e\,
—)ta(uqul)
q

213223 233

w(uvqlqz)] (3.11)

—(1H2)—8

213223

Equation (3.7) shows that the PV contributions of class
A, B, C;, when evaluated at the O(y°) level, exhibit the
same factorization into Born term and Altarelli-Parisi
type kernel as the PC contributions [8,9, 16].

The contribution from the QCD-QCD graphs* in
class C (denoted by C,,) is more subtle due to the
occurrence of the double pole singularity s;2. In this
case one obtains in addition also contributions from
terms proportional to the 4-dimensional scalar p2 as
explained after (3.6). One has

HOM (real; Cs,)
=g NCCFI:;g (3)PV(BOIH)+Q4NCCFIR

* In calculating the ghost contribution to the QCD-QCD graphs
one cannot use the poor man’s ghost prescription [23] since this
prescription is no longer valid for n # 4

1 11—z,
. e(uv —(le2)+—Se(uv
<leq2 (uvqgq;)—(1e2) mnd? (u qlqz))
(3.12)
where
I(1
=C(1+ Z)Fz(l jd)’34
1
fdvv™*(1 —v) " [v(1 —v) — 1] (3.13)
0
and
I'(1-2¢ S
1R=c<1+ 3¢ )Wjdyuy '
1
ldvv (1 —v)" % ev(l —v 1—8—
Javo ™ )[( (-0~
-Fd@lsin‘ze ,sin"172¢ @, ﬁ“:l
0 34
(3.14)

The normalization factors N o, and N, are given by
No,=/n&(1—26)/I(1—5) (3.15)

and in (B6).

As is evident from (3.12) the PV triple-gluon contri-
bution does not manifestly factorize into the Born term
contribution and an universal Altarelli-Parisi type
kernel as in the PC case [9, 16]. However, doing the p2
integration in (3.14), as described in Appendix B, the
nonfactorizing terms in [¢(3.14) can be seen to cancel
and we remain with a universally factorizing triple-
gluon contribution as in the PC case.

(iii) Integration of e™e”™ —>q(p1)q(p2)q(p3)q(ps)
Following again the notation of [9] we found that the
contributions of diagrams class F vanish identically
because of their charge conjugation property. Also the
contributions from class E vanish at the O(y°) level.
The singular regions of the diagrams from class D can
all be mapped into the (3—4) singular region. Since one
has a double-pole singularity s; one obtains a
nonvanishing p2-contribution as in the triple-gluon
contribution to e*e” - gg4gg. One obtains

H)PY (real; qGqq)

4 Ny q0rvig 4N c IR
=g*NCp > IDA (Born) + g~ N¢ F 2 1—
e(uvqqy) -
. L (1o + 2 e(1v192)
Z139q Z13Z23
(3.16)
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where
(1 —2¢)> s
C(1+~‘ )I"z(l—a)g VaaVia
1— o) —
jduu (1—v) %—8 (3.17)

and where the integral I, containing the p3 contri-
bution is identical to the corresponding contribution in
the triple-gluon case (3.14). Since Iz = 0 we find again
the factorization into the Born term contribution and
an Altarelli-Parisi type kernel as in the PC case [9, 16].

(iv) Integrated 4-Parton Cross Sections
In this subsection we present the final results for the 3-
parton hadron tensor after integration of the remain-
ing variables y;; and v in the 4-parton hadron tensor
integrands (3.8,3.9,3.13,3.17).

After a bit of regrouping the final result is

N
HO® (real) = g* No.C; ( CrH + - H"
+ (% - 1751NC> Hf>AL3V>PV(Born)

(3.18)

where

2 1
HE = c<87—g(21nz12 —3)+7-2In2y+4lnylnz,,

2
—1n2212—31ny+n>

3
HN=c<§—§1ni%+g—1nzzlrlnzzn
+In%z,, —2In?y 4+ 4inyln 1;1223+7r32>
Hf=C<—i——§+lny>. (3.19)

One notes from (3.18) that the O(y°) IR result factorizes
into a Born term contribution and an universal IR
factor as in the PC case discussed in [9,16]. The
universal IR factor is the same for the PC and PV
contributions.

Note that the hadron tensor (3.18) contains anoma-
lous pieces of O(¢~ 1) and 0(¢°) due to the anomalous
piece in the Born term structure A)*Y(Born) propor-
tional to e(uvq,q,) [see (3.11)].

4. One-Loop Contributions

In [14] two of us have calculated the O(23/?) one-loop
contributions to the vector current amplitude in
e*e” —qqg. Writing*

* We are suppressing colour indices for the present discussion

=<9(93)3(92)q(q1)! % (0)|0)
—“(411)Tupv(‘12)3p (q3) 4.1

we expanded the vector current amplitude T}, along a
complete set of seven covariants, c.f.

TV, =NYCY (i=1,...,7) 4.2)

Our one-loop results were then in terms of the
invariants NV,

To begin with we concentrate on the IR singular
pieces of the one- loop amplitude These were shown to
occur only in N%, where C}/ has the covariance
structure of the Born term amplitude

¢iz+(é3 d: + 43
Y — Vs
L33 13

= Y (43)

and where ;= 2¢,q;.
For our later discussion we also need the corre-
sponding axial vector current Born term amplitude

42+ 45 d: +4ds

fr3 13

A7
Cll

g = Yuls

Vs (4.4)

It 1s clear that Cyj is not a conserved quantity, i.e.
J #0, even if' the outer momenta g; and the outer
1ndex i are 4-dimensional because of the n-
dimensionality of the inner gluon index S.
The O(ch) PV one-loop hadron tensor HJPY
(1-loop) is given by

HY®V(1-loop) = 5[ <J}, (Born)J#*(1-loop) )
+ <{J{(Born)JV*(1-loop) >
+ {J{(1-loop)J} *(Born) >
+<JV( loop)J4*(Born) > | 4.5)

where the symbol (...
summation as in Sect. 2.
The contribution {(J;(Born)JV*(1-loop))> can be
calculated without much difficulty using the vector
current 1-loop results of [14]. For the axial vector
current 1-loop contribution to the hadron tensor (4.5)
we postulate the ultraviolet chiral invariance relation

{J} (Born)J&*(1-loop) > + {J{(1-loop)J,*(Born) )
= (JA(Born)J*(1-loop))
+ {J} (1-loop)J4*(Born) ). (4.6)
The renormalization of the 1-loop axial vector current
contribution must include appropriate counter terms
to cancel spurious ultraviolet anomalies such that the
chiral relation (4.6) holds [18, 19].
For the real part of the IR singular contributions to
HY®V(1-loop) we obtain
HQ®V(sing) = (Re NY (sing. )>g4 Tr
(#1Clg b2 Clf + (Ve A))
=2g*< Re NV(smg.) >AQV(Born)  (4.7)
where A)PV(Born) is the Born term amplitude
squared given in (3.11). The colour and flavour space

> stands for the spin
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summations are denoted by the symbol (--.>. Using
the results of [14] one has*

2g*{Re NY(sing.)>

N
= g“NCCF[CFHf(sing.) + TCH,,N(sing.)

+ (%—%N0>H{(sing.)]. (4.8)

where
. 2 1
HS(sing) = C(s_2 + 5(2 Inz,, — 3))

. 2 2
HY(sing) = c< ~5+In M) 4.9)

212

1
H/(sing.) = C-
€

and C defined in (3.10) (z;;94° = 24,q;).

Comparing the virtual one-loop contributions in
(4.9) with the real tree graph contributions in (3.19) we
see that the IR singularities as well as the finite
anomalous pieces cancel.

What remains to be done is to list the nonsingular
contributions of H)*V(1-loop). The real parts of the
one-loop amplitude contribute only to the invariants
HYY and H%Y in the expansion (2.8). Writing

H{Y(nonsing) = g* N Cp|: CrH¢ (nonsing,)

N
+ TCH,,Ni(nonsing.)] (4.10)

one obtains [14]**

HE(nonsing.) = { —8(1 —2,3)(9+1n?z,,)

Zy13223

zZy5(1 _212)2+2223[(1 —233)(1 +215)—z42(1—2;,)]

+4
(1 —Z33)(1 —z4,)
z12(1 —213) + 233 — 245
+8lnz,, 12
12 (1_212)2
3 +2 1—-z
+4lnz,, 213223 Z1,5( 13)
1—zy5
—+—4ln223213223(223 _212)_2Zf2

(1 _223)2

* g is the strong coupling constant in the MS scheme

** There are several misprints in [14]. They are corrected by the
following replacements

i) HE—4A% in (13) i) Hiy >4 HY in (16) iii) Hs-——4H, in (17)
iv) Hg—4Hg in (18) with the uncorrected HE in the latter two cases

z 212 —2
+8r(212, 213) 12( 12 23)

Z23
2 1— 1—
—81(212,723) z13(1 = 253) +21,(1 — 243)
Z13
@.11)
HS,(nonsing.) = — HS¢(nonsing.; 1 2) 4.12)

and

z12(1=2z15)+253(1 +2,5)

. C
HY (nonsing.)= {— 8
213223

1—2z4,
+8(1 —z,3)2 +1In?z,, —In?z,
—In?z,3 —2r(z,3,2,3))
1—z
+8z,3lnz,;—8z,31nz,4 =
1—2z,,

212(212 = 233)
—8Mz15,213)—
Z33
zi(1 = z13) + 223 — 2¢5
(1_212)2

4812102 \2213(1_223)+212(1"213)
12>223)

—8lInz,,

} 4.13)
213
HY. (nonsing.) = — HY (nonsing.: 1< 2), (4.14)

We used the abbreviation

r(x,y)=Inxlny—Inxln(1—x)
—Inyln(1—y)—Ly(x)—L,(y)+7%/6  (4.15)

Ly(x) = —gdz*. (4.16)

Up to now we have only discussed the real part of the
1-loop amplitude. This is in fact sufficient, since the
imaginary part of the 1-loop amplitude does not
contribute to the O(x2) structure functions as can be
shown as follows. The imaginary part of the 1-loop
amplitude can be shown to be proportional to the Born
term [ 14, 15]. Since the Born term squared contributes
only to the p«»v antisymmetric structure functions
[see(3.11)], the invariants H5Y and H5Y which multiply
(1<>v) symmetric covariants remain unpopulated [see

(2.8)].

5. Results

Adding up the real tree graph contributions from
Sect.3 and the virtual one-loop contributions from
Sect. 4 we obtain our final O(«2) result. To this we add
the O(a,) contribution and obtain

1 —2z,5 o
H2Y(q,,4,,93, ) = 6412 CpNo—22 =%

213253 27
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N N, 11
1 coCpN (L0
Jie 2 congs +Sene( v g |

where (5.1)

H¢=7-2Iny+4Inylnz,,—In?z,,
Sy

T3 8¢
HY=%—-1In%z,,—In?z,5;+In%z;,—2In%y

13223
HS (nonsing. )1—7
<23

2
+4Inyln——=—= f13%23 T
Zy5 3

1 . Z13Z
+ %H A (nons1ng.)1#_3222—33
H{=—-3+Iny (5.2)
where the HS (nonsing.) are given in (4.11) and (4.13).
HY can be obtained from (5.1) by the C-conjugation
relation

HYY = — H2V(12). (5.3)

From HYY and HEY we obtain the PV cross sections
of and ¢4 as given by (2.17) and (2.18). This is in
complete analogy to what has been done in connection
with the O(x,) ggg cross section. Several possibilities
have been considered in [13]. Experimentally the
difficulty is that in order to measure the PV contri-
butions the quark (or antiquark) jet has to be detected.
This can be done in various ways and seems to be easier
for heavy, i.e. charm and bottom, quarks than for light
quarks. For total energies around the Z mass neglect of
the quark mass is certainly a good approximation for ¢
quarks and presumably also for b quarks. Therefore
our results should be applicable in this region.

In order to get an idea about the corrections
originating from the higher order terms we have
considered the special case that the quark jet is detected
and that the quark momentum determines the thrust
axis.

For this case the lowest-order thrust distributions
for the cos $-part in (2.16) which is obtained by
integrating over the remaining variable x, (x; = 2/3;
x, =T)is the following expression

do” 27— 1
= (1) - 2
aT ~ 957 3 {(1 I

4
—%T2+4T—8+?} (5.4)

This distribution is plotted in Fig.1 as the curve
labelled O(x,). The other two curves in Fig. 1 give
do®/d T including the O(x2) corrections for cut-values
y=004 and y=001. We have taken N,=5 and
o, =0.16 which is a reasonable value obtained from
analysis of experimental distribution of o, + ¢, with
O(a2) corrections included [5]. We see that for y =0.04
the O(x2) correction enlarge do’/dT by as much as
50%. This differs from what was found for doy,/dT and
do,/dT at y=0.04 where the corrections were fairly
small, less than 20% [16]. For y=0.01 the O(a?)
corrections made do”/d T smaller as to be expected

from the In? y term in (5.2). Here the corrections are
even larger. But y = 0.01 lies outside the perturbative
region as was already observed in connection with
d(oy + 0.)/d T. It is also generally agreed upon the cut-
values as low as y=001 are in a region where

T | T

X

2

gsof dT

[t

i

sl

(Al

O.ML:—

06 07 08 09 1.0

Fig. 1. O(e2) three-jet cross section 1/gs6V'da®/d T for y = 0.04 and
0.01 together with the Born cross section (O(a,)) as a function of
thrust T. The thrust axis is the quark momentum

T T T
b 1 doA
[~ gyof ~aT

L1y

01

aot-

06 07 08 09 1.0

Fig. 2. O(x2) thrust cross section 1/g561'da4/dT for y = 0.04 and
0.01 together with the Born cross section (O(a,)) as a function of
thrust T. The thrust axis is the quark momentum. The y axis is the in
the direction of the antiquark
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Fig. 3. O(«?) thrust cross section 1/gs6'Vdo?/dT for y=0.04 and
0.01 together with the Born cross section (O(x,)) as a function of
thrust T. The thrust axis is the quark momentum. The y axis is in the
direction of the second most energetic jet

fragmentation effects make a separation of jets impos-
sible and therefore should not be used [26].

The situation is similar for the cross section dg?/dT.
Here the results are shown in Figs. 2 and 3. In Fig. 2 the
coordinate system is chosen in such a way that the
angle y is defined by the antiquark momentum. In this
case the O(x,) distribution is

do® _ a0 o !
T N N

.{(2_ 3T)\/1TT\/2T———-1+%T(4— T)

-arcsin3T_2 55
T . (5.5)

We see that the y=0.04 curve is again appreciably
bigger than the lowest order curve. In Fig. 3 we have
considered the case that the angle y is defined by the
second most energetic jet which may be the antiquark
or the gluon. Here it is not necessary to tag also the
antiquark as is necessary for the asymmetry in Fig. 3.
The lowest order distribution is

do* o 1 T
ﬁ=gsamﬂczv — ]
J2T VI=T/ (54

This is smaller than the O(z,) distribution in Fig. 3.
Concerning the O(a2) corrections the result is as
follows. The y = 0.04 distribution lies again appreci-
ably higher than the O(x,) distribution. The y = 0.01
curve almost coincides with the O(o) result.

(2 2T—-1—

In total we observe that the O(«2?) corrections for
y=0.04 for d6”/d T and the two cases of do/d T are
somewhat larger than those obtained for do,/d T and
do,/dT. Since the O(a?) terms involved in the IR
cancellation procedure are rather universal, i.e. do not
depend on the kind of cross section considered, we
trace back this difference to a difference in the contri-
bution of the virtual corrections to the O(x2) terms.

Of course our results could have been presented as
forward-backward asymmetries as was done earlier for
the Ofay) result [13]. We have not done so since we are
interested to see the higher order corrections in the PV
contributions without the influence of O(a?) correc-
tions of the PC contributions which are present in the
denominator if asymmetries are formed. The order of
magnitude of such asymmetries can be obtained from
O(a,) results in [13].

Instead of thrust distributions also other single-
variable distributions could be considered as for
example x, distributions with respect to the thrust axis
or simply x, distributions.

The results presented in this paper are valid only as
long as terms O(y) and higher can be neglected. So to be
sure that this is the case one must choose y small
enough. Then our formulas should be valid. The
results for a larger y value y, where our approximation
might be questionable can be obtained by choosing
first a small y,,, below y =0.001 say and by using our
analytical formulae there. The contributions to the y-
region between y, and y, can then be treated numeri-
cally by adding the appropriate 4-jet contribution in
the desired y bin with two partons lying in this bin
averaged over. From more general considerations it is
clear that such corrections, say for y=0.04, are
important only for thrust values above 0.8. Below these
thrust values the y =0.04 distributions presented in
Figs. 2—4 could be in error by several percent. Of course
this can always be checked by calculating the correc-
tion terms numerically.

Acknowledgement. J.G.K. and G.S. would like to thank R. Peccei for
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was done.

Appendix A: The Breitenlohner—Maison (BM)
¥s-Scheme

It is well known that an anticommuting ys is
not compatible with dimensional continuation [17,
20, 24]. As an example consider the trace
Tr(Y575Vu,7 sV usVueVus) With an anticommuting y 5. Anti-
commute y, once around the trace to obtain

EuinpuapsIusa T CYCL (U1, .., 1ts) =0 (A1)

where we introduce the totally antisymmetric tensor
via Tt (ys7,757,7s) = 4ie,4,5. Contracting (A1) with g™
gives

(n— 4)e 0 (A2)

e
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which shows that e,,; or Tr(ysy,y7,y5) cannot be
analytically continued from n=4 to n#4 with an
anticommuting ys.

A related problem is that an anticommuting y s leads
to a nonunique result in the evaluation of traces of type
Tr(y,7s574Y5757,7:) at the O(n — 4) level [24,25].

A cure to the above problems has been suggested by
't Hooft and Veltman [24] and worked into a consist-
ent scheme by Breitenlohner and Maison [20]. Split up
an- -dimensional a, into its 4-dimensional component

and the remammg component d,. Thus y, = yu +7,
and a consistent ys-scheme is amved at by postulating

?;;Ys + YS};u =0
Tu¥s —7s7u=0. (A3)

The correct version of (Al) can now be obtained by
considering the trace Tr(ysPo)uVusVusVustus) ONE
obtains

Hs)=0 (A%)

where we have used 7,7, + 7,7, =24,, and §,,, is the 4-
dimensional metric tensor. Equation (A4) will be
referred to as the Schouten identity.

A suitable representation for vy is [20]

A
Buluzusm gusa + CyCL(,ul [

i
Ps = aaapyav’v”ﬁv". (A5)

Using the identity

Cupmanabopne= —detlGop) T (A6)
one can prove that

Eaprad™ =0 (A7)
and

9508y = Gay- (A8)

Equation (A7) shows that the e-tensor projects out the
4-dimensional components of any n-dimensional ten-
sor it acts on. From (A7) it is clear that the Schouten
identity (A4) must involve the 4-dimensional metric
tensor guv when comparing the different tensor compo-
nents in (A4).

The appearance of the 4-dimensional tensor g”v on
the RHS of (A6) can also be appreciated by considering
the identity

120075+ 7570 = i€apys7u ¥V V77 + 4iyg, 7Py (A9)

which can be derived using the representation (A5).
Contracting (A8) with ¢*#?'* and using (A6) with the
wrong n-dimensional generalization §,; — g4 leads to a
vanishing RHS of (A8) and thereby to an anticommut-
ing 75 which was shown to be inconsistent in (A2).

Appendix B: rn-Dimensional Integral
of the Four Dimensional Scalar p2

Consider the explicit representation of the n-
dimensional momenta in the (3—4) CMS system. One
has

S
=124 23341 0, sin B, cos f) (B1)
2\/534
S —
p,=23"%21 0 01 (B2)
2./534

Py =3 ./s34(1, £5in @ sin@®, ---sin O, _,,...,
4 . .
+sin @ sin @, cos O,,

sin @ cos @,, +cos @) (B3)

where the dots in (B1) and (B2) denote (n — 4) zeros and
in (B3) (n — 5) equal and opposite angular factors.
From (B3) one has

2_S3a
ﬁ4 4 (1
— sin? @ cos? O, — cos? @)

S3q . . .
= Tsm2 @ sin? @, sin’ O,

= §,,0(1 —v)sin? @, sin’ O, (B4)

where we have set v =1 (1 —cos @).

Compared to the case where n-dimensional scalars
have to be integrated, p2 introduces an additional @ ,-
dependence in the integrand. This can be taken into
account by the replacement

sin? @ sin® O, cos® O,

1 n
1>—[d@,sin 1" >0, (BS)
Ny, 5

in the integrand where Nezzﬁf(—e)/F(%(l —2¢)).
The @,-integration on p3 gives

j'd@ sin~ 1 "% @,p2

9,0
—2¢
—2¢

which can be used in (3.12) and (3.16) to show that the
nonfactorizing IR parts in the integrated 4-parton
cross sections do indeed vanish.

The complete angular integration of 52 can of course
be obtained more directly. Consider the integral

= $3,0(1 — v)sin® @1 (B6)

fdﬁ'éllmapu

1
= m(sso,gup —n(p3+ Pa)a(P3+ Pa)p) (B7)
where the RHS is easily obtained remembering that
de” U=1 (see Sect. 3). Then noting that p3=
4 p4uPay ONE Obtains
&

n—1 A2
jd-ou i 4‘—2(3_28) $34 (B8)



192 J.G. Korner et al.: O(«?) Parity-Violating Structure Functions in e* e™ —gdjg

Appendix C: The O(a,) Parity-Violating Two-Parton

Cross Section e* e '5 ¢

It is the purpose of this Appendix to give a brief
presentation of the calculation of the O(a,) corrections
to the two-parton process e e~ —¢g4. As in the main
text we employ an invariant mass cut s; < yg* and
work to O(y°). We emphasize that the latter approxim-
ation is implicit in many steps of the following
discussion.

(i) Real O(a) Contributions (Tree Graph Contributions)
The two contributing Feyman diagrams are shown in
Fig. 4. As in the main text we denote the momenta
occurring in the (3-parton)— (2-parton) reduction by
(1,P2,P3)—(q:,9,), where the p; are n-dimensional
and the g; are 4-dimensional.

The 2-parton hadron tensor H (real) is obtained
from the 3-parton hadron tensor HY (p,p,,ps) by
integration, cif.

2

q* (4mp?y 1 e
Hﬁfv)(real)=16n2< pe >f(1—a)(j;d})23y23

oo™ (1 —0) " HD(py, . p3) (C1)

where  y,3=2p,p3/q> and  v=y;3[(1 =)=
1(1 — cos @), where @ is the polar angle between the

gluon (p;) and the quark (p,). The integration symbol
{[dv} stands for

1 yi(t —y23)
{fdv}=2{dv— | do (C2)
0 0
In (C2) one adds up the contributions from the two
symmetric singular regions s,, — 0 and s, ; » 0 with the
appropriate proviso concerning double counting.
Inserting the appropriate PC and PV tree graph
contributions in the integrand in (C1) one then obtains
the desired singular O(e) PC and PV real contri-
butions to the 2-parton cross sections after integration.
Here we concentrate on the PV case, since the PC case
is known from the work of [26].
For the PV tree graph contribution Fig. 4 one
obtains

HL{')PV(pl 3 p25 p3) = g2 CFNC(A,(Lla\’)Pv(Born) + SRuv)

(C3)
where ACPV(Born) is given in (3.11) (with g;— p;) and
8i
R,= [2p3.e(vP1P2P3)—2P3.E(1P1P2P3)
$13523
+(s13 + S23)e(uvpy p2) +5238(uvap,)
—s13e(uvgp,)]. (C4)

Since R,, =0 in 4 dimensions by use of the Schouten
identity (A4) one recovers (3.11) which was in fact
derived for 4-dimensional outer momenta.

For the purpose of this calculation this assumption
can no longer be maintained a priori, since the p; are to

e. q g e‘ q
v.Z 24 g

g & g
Fig. 4. O(x!/?) tree diagrams for e*e™ —>qgg

be taken as n-dimensional integration momenta. How-
ever, the error in using the Schouten identity for (C4)
will be proportional to p?. From Appendix B it is clear
that therefore the contribution of R, can be at most
O(e) after infrared integration. Thus R, can be safely
dropped.

In order to avoid having to do tensor integrations we
again make an ansatz for the angular integral in (C1)

{{dv}o™* (1 =) " HYY =A™ e(uvqq,). (€5

Note that on the RHS there appears only one
covariant and thereby one invariant. The covariant is
necessarily conserved. Thus one has

{fdviv=e(1—v)~°q HI®Y =0. (C6)

Although the integrand in (C6) is nonzero since H;)PY
is nonconserved, the integral vanishes. This means that
the anomalous pieces (or the gauge dependence) of
HYPY vanish after integration.

Contracting both sides of (C5) with e(uvgq,) we
finally arrive at
21
4’ y13

1 —

-[(1 —a)v+2Tv:|. (C7)

Repeating the same steps as in (C5)—(C7) for the PC
case one arrives at the same integrand as in (C7).
Finally, after doing the integrations (C1) we obtain
HW (real) = A%V(Born)g?N C;C

u

AV =4g2Cp N {[dv}v™*(1—v)"*

2

2 3
.<8_2+g+7—21n2y——31ny+%—> (C8)

where the 2-parton Born term contributions are given
by

qZ
Aftzv)];’g'n=4<q1uq2v+q2uq1v_?guv> (C9)
and
APV =4de(uvqq,) (C10)

and C is given in (3.10).

Note that the IR factor in (C8) is the same as the
QED-type IR factor in (3.19) for z, , — 1. Vice versa the
QED-type IR factor in (3.19) can be obtained from (C8)
by the substitution g =s,,.

(i) Virtual O{a) Contributions (Loop Graph Contri-
butions)

The three contributing loop diagrams are drawn in
Fig. 5. The vector and axial vector current contri-
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Fig. 5. O(a,) one-loop diagrams for e*e™ =q4g

butions to the respective amplitudes are given by
Cyii(q,)y,(q;) and C ,i(q,)y,ysv(qz). The vector cur-
rent contribution C, can be evaluated by using
standard n-dimensional loop integrals as e.g. in [27].
To obtain the axial vector contribution C, we impose
the chiral invariance relation C, = C .

One finally obtains

Finally, adding up the two (real plus virtual) contri-
butions (C8) and (Cl1), we obtain the Sterman-
Weinberg type O(y°) correction to the 2-parton hadron
tensor

(Z)PC _ (Z)PC o
H;W = A,,J’"(Born) I NcCr
2

-(—1—2ln2y—31ny+ 3

) +0(y) (C12)
The PC case agrees with the result given in [26].

If we integrate the PV ggg contribution over the 3-jet
region (y,3, V23 = y) we obtain

2
apzag%cr<1 +2ln2y+3lny—%> +00)  (C13)

Here ¢f denotes the cross section da® of (2.10)
integrated over x, and x, up to the boundary y,;,
Y23 = v. 6§ is the corresponding cross section for the g4
final state. We see that the sum of 2- and 3-jet
contribution to o” vanishes*. This agrees with them,—0
result in [28] where ¢F was calculated as a function of
the quark mass.

* This result is of course independent of the O(y®) approximation
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