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Quark and antiquark polarization effects in qq and qqg final states in high energy collisions
of polarized electrons and positrons

Haakon A. Olsen
Institute of Physics, University of Trondheim, N-7055 Dragvoll, Norway

John B. Stav
Department of General Science/rSladndelag College, N-7005 Trondheim, Norway
(Received 30 January 1997

The complete description of quark and antiquark spin polarization effects in high energy spin-polarized
electron positron annihilation is to first order én, contained in nine hadron tensors. The hadron tensors are
interrelated in such a way that only four of these tensors have to be calculated; the other five are obtained by
simple transformations. The general basic cross section for description of longitudinal and transverse quark and
antiquark polarization and polarization correlations is obtained. We find that the quark longitudinal polarization
and longitudinal polarization correlations are in general considerable bodﬁandq@ final states, and that
the effect of a negative longitudinal electron beam polarization, which adds to the natural polarization, en-
hances the quark polarization effects. Transverse quark polarizations are in general small for relativistic quarks,
being proportional tan;/E. As for longitudinal polarization enhancement may be obtained by the use of
longitudinal electron beam polarization. General analytic formulas for longitudinal and transverse quark po-
larization effects are given, including initial electron beam polarization. Specific analytic and numerical results
for bottom and top quarks are presentg8i0556-282(197)01213-7

PACS numbd(s): 13.65+i, 13.87—a, 13.88+¢

I. INTRODUCTION cross section related to the longitudinal quark polarization. In
this work they discuss electron and positron polarizations.
Spin polarization effects in high energy quark-antiquark- The possibility of detection of polarization properties of
gluon production in electron positron annihilation seem tothe heavy quarks;,b, andt have been studied recenfly1].
gain interest in current experiments. On the one hand, it i$n particular, it has been shown that as a result of the rapid
now possible to obtain substantial electron linear polarizationop quark decay— bW, its polarization is little affected by
at the SLAC Linear Collidef1] which improves measure- hadronization. It is predicted that the polarization of the top
ments of cross sections and asymmetries. On the other hangliark is to a high degree transported to YWeboson whose
it is to be expected that observations of final state quarkpolarization can be studied from observations of\its-1 v
antiquark, and gluon polarizations may improve our underdecay mode. Through this mechanism it might be possible to
standing of the physical production process itself, as well astudy the spin structure of the electroweak interaction of the
the mechanism of jet production. top quark. Such knowledge is not obtainable from charm or
Previously, the gluon linear and circular polarization havebeauty quarks since the strong hadronization effects effec-
been calculated for polarized electrons and positrons in thBvely might depolarize the produced polarized quarks.
quark mass zero approximatié®], where it was shown that ~_In the present paper we give a complete calculation of
gluon bremsstrahlung has a remarkably high degree of linearq andqqg final state quark-antiquark polarization effects.
polarization. The degree of polarization is strongly influ- The calculation is presented in such a way that the structure
enced by beam polarizations effects. It has been suggested the polarization-dependent hadronic tensors, which is ba-
[3] that measurements of gluon polarization effects througtsically complicated, is made apparent and may be checked in
gluon jet oblateness could constitute sensitive tests on modeveral ways throughout the calculation. It is shown in Secs.
els of jet production. Il and Il how the different hadron tensors are related, and
The quark-antiquark polarization-independent cross sedhat the nine hadronic tensors are obtained by simple trans-
tion including quark mass effects has been studied by severédrmations from four tensors which need to be calculated.
groups[4,5] for unpolarized beam particles apél] for po- The general basic formula for the complete fermion
larized electrons and/or positrons, and final correct results fopolarization-dependent cross section is given in Sec. IV. This
cross sections and asymmetries have been established. includes electron and positron transverse and longitudinal
Longitudinal polarization of quarks produced by unpolar-beam polarization effects and final state quark and antiquark
ized electrons and positrons obtained from thefemgen  longitudinal and transverse polarizations effects.
part of the cross section has been given byritoet al.[7] In Sec. V we obtain the cross section for longitudinally
and by Grooteet al.[8] who in particular discuss bottom and polarized quarks and antiquarks. The cross section contains
top quarks. In a different, recent pag8i the corresponding quark and antiquark longitudinal polarizations and polariza-
transverse quark polarization is discussed. Recently, Groot#n correlations. We have restricted our calculation to lon-
et al. [10] have given results for the cé8®dd parts of the gitudinally polarized electron and positron beams, since
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these are more interesting experimentally. The case of trans- LAY=4(p“p” +p“p’ —g""p.p-),

verse polarized beams my be obtained from the formulas in

Sec. IV when necessary. The explicit formulas for final state L4"=—4iekips “pP

gq andqqg quark-antiquark polarization effects are given (2.3

in Sec. VI. We also give theqq_cross section at th&,
resonance to show how ttg, polarization for a longitudi-
nally polarized electron beam couples to the quark and anti-

guark polarizations and polarization correlations. Earg
final states we define polarization-dependent form factors —(ps+,Piep_ ,PH].
which are defined similarly to the form factors used in pre-

vious paper$6]. The longitudinal quark polarizatioR; and ~ The hadronic tensors are
polarization correlatiorC; are defined in Sec. VII. Specific

LE"=4(p,p_)(PL*PL +PLAPLY) +(PLPo)LYY,

L4"=4ie gy PLPEQ7(P=°p. —P1"p?)

formulas forP| andC are given forqq andq qg final states nyy,w_ 2 Hf w_(ZS) 1Qva,w1

and numerical results are obtained foandt quarks. In Sec. colorsS, S.e

VIII transverse polarization of quarks is discussed and results

for gq andqqg final states are given. In particular, we show  4f H 29) 10 [v:Hf —a.H

that beam polarization may affect the magnitude of the trans- Hizn= 2 HipHlz=(29) Qv HY, ~aHal
verse quark polarization considerably. Specifically, we show (2.9
that a longitudinal polarization of the electron beam may

under certain circumstances be transferred to a transverqqf 2 Hf zH f=(2s)" 1[(vf+af)HvW ZanfHI-\,w

polarization of the final state quark. Specific formulas are

given and numerical results are obtained. +2a; me\Z,LV]
IIl. THE QUARK AND ANTIQUARK POLARIZATIONS In order to simplify the presentation we define the term
The cross section for flavar, differential in angles and HY,,=H{,, THY,, . (2.5
scaled quark and antiquark energieand x, respectively, is ) i
given by[12] We extend the hadron tensors to include quark and antiquark
polarizations
5 q@ 2 _ Ssf
d°o a —{L‘“’Hf 2R (S)LEH!, va HVW+HVW+HVMV+HVMV, (2.6
277 Y YYMV 7 14
ddydxdx ( and similarly forHA , and Hv,w The hadron tensors are
vgf
+|f(5)|2|-’szszw}- (2.1) obtained in Appendlx A:
j | HY= = 3TrdM . M7,
where y is the azimuthal angle of the electron momentum
p_ in the coordinate system with tteaxis along the quark my
momentuma L’;;,Lyz, and L4% are the lepton &, ,e_) Hv,w ZTWsSMWdM,‘f,
tensors andH WV,HLZM, and sz,w the corresponding
hadron tensors for photon interaction, interference of photon m2
and Z, interaction, andZ, interaction, respectively. We in- H\S;jyf— —fTrBM waBMY,

clude the effects of electron and positron longitudinal and

transverse polarization. The lepton tensors are given by L —
HA;LV_ ZTr’YSqM,u,aany )

LAY=ELI"+ELS"+LE7, m,
HRw=— 7 Tr8M M7,
Ly7=—(wE—-adLi"—(vé—aB)Ls"+vls +aly”,

(2.2 M2
Ham = TfTWsSM waBME, 2.7
L43=[(w?+a2)E - 2vag]Ls"+ [(v2+ad) ¢~ 2vaZ Ly )
m _

0zt f -

_(vz—aZ)Léw, HV;ZLV _TTI’M,uaMVy
which include longitudinal polarization P, effects my _
i d MEHGEI= — 5 TrysBM , My,

- P”+ Pl and &= pl - P”+ . Transverse polarization ef-
fects are contained ih5” andL4”. The lepton tensors are _
[12] mMeHY = = $Tr84M ,, BAM;,

Vuv
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FIG. 1. Production ofjqg final statesandqq final states for
g=0). The production ¢-g-g) plane is in thex-z plane, and the
electron momenturp_ and linear polarizatiof, are described by
the polar anglef and the azimuth anglg. The unit longitudinal
quark polarization vectoﬁ‘ and transverse polarization vectsr
give the directions of the respective quark polarizations.

and the correspondlngivw,HAw, and HSZf tensors are

obtained by the transformation q& q, S<—>§,u,<—>v,
m;——my). Here S, and S, are the polarization four-

vectors for the quark and antiquark, respectively, and the

reduced matrix elemed ,, is given by

1
Mua=Wa¥u+ 500 Seq Ye8YVu™ 249 Yu8Yer (2.8
as explained in Appendix A. The quantity
C,:% - 2 (2.9
a9 qg

is convenient for simplification of the calculations and for

the presentation of the results. It satisfiésg=0, thereby

demonstrating explicitly the gauge invariance of the matrix

element, Eq(2.8), M ,,0*=0
The quark polarization four-vect@=(S,,S) is given in
terms of the polarization of the quark in its rest systéiwy

so= g |Q|

S= g%g”&%. (2.10
f

Here ¢ is the transverse andl=¢-q is the longitudinal
polarization, Fig. 1. The covariant polarization satisfies
q-S=0, S=-0P=- (2.11)

for the unit polarization vecto.

409

Ill. THE HADRON TENSORS

The structure of the hadron tensors, E2}7), is such that
only four trace calculations are necessary. The other hadron
tensors are obtained by transformations indicated below. We

choose the four tensorbiy ) HR S HYZL, and HY .,
which are explicitly given below.
The hadron tensors are
Tof lesstiea .o
Ry =~ HVW(S,S—%Q), (3.9
TS f 1 SS,f PN
Vur= " HAW(S—>Q), (3.2
H@jj—mf WZS“SB+—(SWg’ Sgwy) SP
1 — — 1 —
- —(SWg*— SgW*)SP— ——Sg¢*S?
qg (ag)
- ?ggasﬁ ta v (33)
(99)? "
with
auﬁv gaﬂgﬁv—’_gavgﬁu gaﬁg,ulﬂ (34)
of 1 sstee .
HAY,U,V__WHA/LV(S'S_’q!q), (35)
f
Haw=— 3,?5(8%) (3.6
SSf_i 2| w2ed aB 1 =B
Hazw =img| WS*S +®(Swg’—SgW‘)S
1 — 1
+ —(SWg*— SgW*)SF— 2Sgg‘“S
qg (a9
——509"S |e0pup, - 3.7
BTTIE "

Note that except for the change of sign on the third and fifth
term and the replacement tf,, 5, by the antisymmetric ten-
Sorie Egs.(3.3 and(3.7) are identical:

apPv
HY = 33”(8 50,0 = ~Wog, + S
- - " (a9)(qg)
(3.9
mZHY 7 =imy WZS“qB——(Sch“ qWsY)g?

g.B
W‘B__)‘|8(1’M,BV'

1
+—(Sg¢f—qgS’)
9 ag

(3.9



410 HAAKON A. OLSEN AND JOHN B. STAV 56

The hadron tensd1=|\s‘,§vZf is very complicated when written out in full. By the use of EB3) in Appendix B we can write it
in the form

1 1 -
MPHSSZ = — 5 W?sgP+ @(quB—qng)sw(swg*—Sgwr)qﬂ} SY0°(& appe ont tapuetoy)

+—(qg)( [9,07S°97—92(a9S’— SIX) 1S AP (€ upree’yst taprelisys) +(0,520,S).  (3.10

The HSJV,HAM,,, and H\‘j’#z,,f tensors are obtained from correspondiggdependent tensors by the transformation
(g« q,S< S, u<—v,m— —m;). For completeness we give in Appendix A the hadron tensors in terrdé, ofrritten out in

full. The calculations are checked by comparison with previously obtained r¢$g]ts

Qg Qg —
HY,=——— HQ —mz:) “QPt, V—<Q2 2mf=q,4,+m(Q9)g,,—9,9,]+(a=q)|,
Ve qeag) | S g s Fqg) T S
%f v —i_ 8,uva,8|: ( Qq mf Q ) aQﬁ (QQQ)] (311)
" (q9)(qg) ag

0zf _

Vi (qg)(q_g)[(qq

qg —
?=g gﬂy+g#gy+(q@q)l-

In this way the calculations dﬂijoiiJH\s,;V andHy,, are checked by comparison with E@.11), by the use of the

transformations indicated. Note also that the rather complicated tbtﬁitfrf equalsm?HYZ! for S=q andS=q, which is a
test on this calculation.

Expressed in terms of the momenta and polarizationﬁmd§dependent tensors are

o im, ,Qg 49— — | a9
HY L =——— S“{(Qq m?=1|(Q—q)’+| qq—m? )qﬁ—ngﬁ]+ng“qﬁ+8g—Q“qB]sa v
Ve (99)(qQ) "ag fag qg ne
(3.12
ﬁ\S/EJ:_LZ— (qq__mfg){s’g},uv_l— SE_Sq@){glg}/.wdl_ S_g(q_g{gQ}/.w_Qg{S’q}uv)+(q18<:>qls)‘|,
(99)(q9) ag qg qg

(3.13

where{a,b},,=a*b’t,,z,=a,b,+a,b,~abg,,,

m Qg Qg Q? Qg Sg —  — —
Hipy = =" HQ —mf=—+Qq—m{ ) S} t+| 5 —mi= ) S0}t o (A9{Q.a},,—Qg{d.a},.)
A= Gaagl | Q4T Mg TRAT {Sabut| o 39 {S9hust 5g(a91Q. A}~ Qeta. abs
+Sq{q!g},u.v_q_g{S!Q}p,V1 (314)
ssr___Imi [(qq—_m2£ sa+szga+§’@oa—<gg?>]§ﬁe ) (3.15
A (q9)(qg) "ag qg R |
m?HSﬁ£=——imf— [q“(SgQG—SFgBHS“[ qq- mf_)(Q q)P+| qq— qug)qﬁ—qgQﬂng“”sww
(q9)(q9) ag qg

(3.1
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— 2
Bl U L SR PR PR
ag gg 499 ag

q 1/ m? m?
mZHSSZ1— H— a9 +—( =
rove (qg)(qg)  21(a9)°  (qg)?

Sq Sq| q* q° . .
+ <®_q:;)g _Sg(q_g_£>‘|qﬁ] Syq (Saﬁ,ués'yﬁv_'—taﬁ,u,et'yﬁv)

[0,07S°97—92(09S ~ SAP)F1S AP(€ upct byot Lapreliys) + (0,52 0,S).  (3.17)

Sa

+—
(ag)(qg)

IV. THE POLARIZATION-DEPENDENT CROSS SECTION

The cross section for arbitrafyongitudinal and transversatjuark polarization and quark-antiquark polarization correla-
tions may be written down using E.1) with the hadron tensors Eg&.12—(3.17) and the lepton tensors EgR.2) and
(2.3), where longitudinal as well as transverse electron and positron polarizations are included. In this way a complete
description of all fermion polarizations effects to first order in the strong coupling consfamtly be obtained.

The complete polarization-dependent cross section(Efd), may be written in the form

d569% 1

dQdydxdx 4 (2m)? 2s

S [h(Y(s,£,E) LAY (HOL, +HSS!) + hiD(s,£,5)LA"(HY!  + HSST) + m2h(®

X (5,€, E)LEY(HYZ HHSSZN +hi) (s, £, E)LE (HS! +HS ) +hi®(s,6,E)LA"(HS, +HS )

+mZhO(s, &, B)LAHST, + HE ) +hid(s,&, E)LE (HY +HSSH +hi(s, &, E)LE (HYL, +HES)

FhE (5,6 E)LE (HIZ + HESE) + 00 (s, 6 E)LE (ML, + L) + (s, £ B )L (HRL A HEL)T,

4.1

where we have added a factor 1/4 to account for the specififhe contribution of the cross section equatidrl) is facili-
cation of quark and antiquark polarization states. In@dl)  tated by the observation tha”,L4"”, andL4” are even in
the coupling functions for longitudinally polarized electron v while L4" is odd. Correspondingly, the hadron tensors

and positron beam partlcléé')(s £,E) are given below in 3f H\S/S.f HA and HS' are even iy while
Egs.(5.6) and (5.7) while the coupling function&)(s) re- of . Lser st g‘?’”
P ' H HSST H andHJ! are odd.
lated to transversal beam polarization are giverjg3] Awpve TlAppr T Vppo Vv
h(3)=Q2— 2Q,Ref(s)vv+|f(3)|2(v?— a2)(v2+a?), V. THE CROSS SECTION FOR LONGITUDINALLY

POLARIZED QUARKS AND ANTIQUARKS

4)_
hi®'=—2Q/mf(s)avy, (4.2) In this section we shall discuss longitudinally polarized

6 _ s 2 o 2 quarks and antiquarks. We shall restrict ourselves to longitu-
hi*'=—[f(s)|*(v*—-a)as, dinally polarized beam electrons and positrons, since these
and the new functions are more int_ere_sting experimentally. The case of_transverse
lepton polarization may be included from E@.1) in the
present formulation when needed.

Leaving outL5” and L4 terms, describing transverse
beam polarization, we write the cross section equatibm)
hi'=—2QRef(s)avy . (4.3 in the convenient forni12]

h$10>= _2QfRef(S)vaf—2|f(S)|2(vz_az)Ufaf )

d°¢ qqg 1 a? as

dQdydxdx 4 (2mM2 'S (1-x)(1—x)

—[h{Y(s,£,5) (Xo+ XS+ (s,£,5) (Yo + YS +hi¥(s,£,5)(Zo+ 259

+h(s,6,2) XS+ XS) +hi®(s,£E)(YS+YS) +hid(s,£,5)(Z5+Z5)], (5.1)
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where tMaVBtM7V5 2(g')/gﬁ+gag )

Xo+ X5 9= (HY + HSS)  4(p% p? +pf p®), & pavpt™?"’=—2(9195~ 9a0h)- (5.9

The coupling function$it™ ,h{?) andh{® are given previ-
Yo+ Y53= (HY'+ HES) (Pt P2 — pEp), ously[12]

(N(s,¢,5)=Q?E — 2Q;Ref () (vE — a&)v;

Zo+Z5%=(HY '+ HG ) p(pT p? +pfp2), 21 (24 a2\ .
5.2 +|f(s)|7[(v°+a*)E—2vaé](vi+as),

h{?(s,£,2)=2Q;Ref (s)(vé—aE)a;
—2[f(s)|2[ (v?3+a?)é—2vaE]vsay,

X5=(H " opmi(pp? —php®),

=(HR " ap(psp? +p~p®),

(5.6
Z§=(H3?) WMz (ps p? —pfp?), hi®(s,&,E)=2|f(s)|’[(v*+a®)E —2vaélaf,
with the definitions for H?,‘f)aﬁ, etc., with
f(g)= 1 S
—(1 X)(1=X)HYL, = (HI) Pt 0, (8= Zsif26y s-MZ+iM, IO
The new Eupling functions related to the single polariza-

_(1 X)(1— X)HVW_(H\S/,f)aﬁiswﬁw tionsSor S are

(5.3 hi"(s,£,5)=Qf ¢~ 2QRef(s) (vé—aE vy

(1001 OHEL, = (HY) s HHPLw +ahe-2vaZ (w7 ),

appv:
h{®(s,£,2)=2Q;Ref(s)(vE —af)a;
—2|f(s)|q (v2+a?) E—2vaé]v;as,

(5.7)

—(1 X)(1=X)HR = (HZNPt, 4,
for the symmetric and antisymmetric tensors, and
s,&,2)=2|f(s)|[(v®+a?é—2vaE]a
L E L s, (s,6,5)=2/f()’[(v*+a)é—2va=]aF .
_ _ Note thath{”(£,E)=h{(E,£),h{P(¢,E)=h{?(E,£), and
Lyz=—(wE-afLi"~(vé-az)Ly", (5.4 hi®(¢,2)=h{®)(Z,£), which reflect the transformation

0f X o/f S.f 0zf
L‘Z‘£=[(v2+a2):—2va§]L’1“’+[(vz+az)g—ZUaE]L‘”, properties ofHV , to HV o HAMV to HA ,» and HV , to

H Zf . It should be noted that the coupllng functlons are the

with E=1-PL P! and ¢=Pl —Pl. | and L4 and L&” same for interactions with no polarization dependefecsg.,
given in Eq (2. 3) We have further used the mu|t|p||cat|on HY") as for interactions witts, S dependencée.g.,HSSf).
rules[14] The Xo, Yo, andZ, functions are given prewouslylz]:
mi xg m;
Xo=|1- 71— [X2(1+BXCO§0)+mf]+ [xg(1+co§09) 8Xg]+ (X=X, 0 6),
X,
Yo=2 X_71T XByCOH— (XeX,0=0) 1, (5.9

! ‘

2 2
m mg X -

The polarization functions are
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s m X Iy m; —
Xs= I8 xx 1—xg—71_X (cosh— B,3xC0sh) + —71— (2x—m?Z)—mZ(1—x) |cosd
5 Ef Xg x_(l—x) 7 x_1 sz+x D4 (2 vl 59
B R R X—IBX,BXTOS Tl [xByxcosh+(2—x)Bycost] (5.9

X

9
1—x

m? x+ X — — =
1=xg= = —— | [XgT BxCOSH(XB,c080+ X BxC0SH) ]

SEl

2 2
Y§=5[X;<X+x_—ﬂx—>(ﬁx Bxeosfcos) —2(1-x)xBy+x| 1-

— — X
X [XgBy+ COSH(XByCOSH+ X B5TOSH) |+ —

Bx
2x | ﬁ? Xg ;(g 5
_ — _
X+ X X ms X 1-X 1/ x+x X
S— _m2/l __79 |t 79 _ 9, = 9 2
Zy mfg[ 1- xg+ (2 x)( 1_3 5> 1-x cosf+ 2 5| x . )lﬁxﬁ—cosd
(5.1)
while the polarization correlation functions are given by
Ss._ I m 1
Xo>=0"¢"xy x| 1— xg—71— (cosAcost — ByBx) — B, 1-x4— [xg,BXJrcose(xBXcos?Jr X Bxc0s9)]
2By m
BT R 1-x— —sm2 +(xe X, B By, 02 0), (5.12

- 2 2
Ss =T mf Xg J— mf X+ X J— J— J—
Yo =N xx 1—xg—71_x (ByCc0SH — B, COH) + X 1—xg—77 [XgCOSH + B5(XBxCOSH+ X 5TOSH) |
N 2 m? Xg
R X__
XBy 2 1—x
m;

—
= X X — — 1 —
ngzﬁfgllﬂ{ { - ( 1-xg— > 1Tgx) cosh+ 2(1—Ex_)xﬂxxﬁ;(cos¢9—cosf}cosﬁ)— E[X,BX+ X BxC0SY ]

m?
x(l X)— —xg

co&# (XX, By By, 0= 0), (5.13

X (XB,COS0+ X B5COSH)

cosf + %[ngr (XB,COSH+ X BxT0S0)2]cosd | + (X X, By B 0 0).  (5.14
Here co% is given by
X2B2X2Bsir 9 =4(1—X)(1— X)(1—Xq) — M?X2
XByX BrCOSY =X X+2(1—X— X)+m?. (5.15
VI. QUARK-ANTIQUARK LINEAR POLARIZATION EFFECTS IN  qq AND qqg FINAL STATES
It is of considerable use for the understanding of the polarization effects to write down the cross seeticer forq g for

longitudinally polarized electrons, positrons, and quarks and antiquarks. From the same procedure as above Meplaging
Y., One readily finds
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2
f

d20'f_ 3 a2 m
hiY(s, £ E)[(1— 1T (1+coge) + m2(1+ ¢ Tysirta1+ 2n)(s,£,2)(1— {11 Bcoss— 7h<5>

dQ 16 s

X(s,&E)(1- N1+ coge) + (1+ I ¢Tsirta]+2h( (s, £,2)({1- ¢Tcown

X +h{®(s,£,2)B(L1- (N (1+cog6)—h(s,&,E)m?( - ¢(TNcosy, 6.1)

with B= Vl—ﬁfz and where the lepton longitudinal polarizations are contained in the coupling funtiiofs ¢,2), Egs.
(5.6) and (5.7).

It may be instructive to write down thgg-cross section at th&, resonance, which shows more clearly the correlations of
electron and quark-antiquark polarizations:

d?09%2E=M,) 3 ( @

21
) =16 15T720e ) F(v2+az—2vaP_)B{(vf2+af2)[(1—g”g)(1+co§0)+m2f(1+§”§)sin26']
W

— 4Pz viap(1— {17 Beos—miaf[ (1- {1 ¢T)(1+cog0) +(1+ I {Msirnt o]
+2P5 (vi+af)(¢1- ¢Neoss—2va8(L1— (N (1+cog9) — 2P, mfaZ({l - {T)coss}. (6.2

We have here for simplicity and also because it is experimentally relevant, considered polarized electrons only, with polar-
ization P_, while P, =0. The polarization of the created and decayitygboson is[12]

—2va+(v?+a?)P_
%20 p24+a?—2paP_

(6.3

The cross section foe*e™ —q qg is obtained from Eq(5 D, written out in the notation of Ref.12] with F(x, x) the

polarization-independent form factor.%{(x x) and ]-"g(x x) the polarization-dependent form factors, aﬁﬁ(x x) the
polarization correlation form factors. Integration ovegives

d‘lo'?EJ a? ag 1 h(b)( VL F1(%,X) (14 Co20) + Fa(x,X) +ﬁ?h(l) ) A (x T cods
dQdxdx 87 S (1—x)(1—x) (8,6, E)[Fa(x,x)(1+co (%, x)] (s,&,E)[ Fo(x,Xx)CO
+ 1 F5(x,X)]+ 20 (5,£,E) Fax, x)cosh+ 2n{7 (s, £, E) I (x, %) — {TF (x, x) Joosp+ (¥ (s, £,5)

X[ FL(x, %) (1+co28) + F(x, x)sir 6} — LT % (x, ) (1+coL8) + F(x, X)sirt ] +h(®

2 _ _ _
X(s,&,5) %[gl‘fg(x,x_)—ﬂfg(x,x_)]cosa— AT (s, €, B[ FE(x, x)(1+cof0) + Fof (x,X)]

-
)~ (s, g,H)[ﬁf(x x)co§a+#5(x x)]+2h{?(s,£,E) F (x X)cosd

f
N } 6.9

wherehV™=h{D—h{® andh{V=h{(s, ¢, ).
The form factors are given by the polarization-independent funcfib®k

—
Y M Xg 22
fl(x,x)—(l 5 1_X)x Byt

_ M X9 V30200 g
1-- 1_%x BA1—3sirtd),

_( fog) (_foq_
Fa(X, X)=| X— - —=|XBy— | X— = X 3%C0sd, (6.5
2 2 1-x
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56
— —

— Mi Xg |52 — 2 my )

Fax,x)=2] 1— — —=1 x?B=sifd+m?| 2(1—x,)+ X3 1- ———8MM——

4(X, %) ( 2 1-x B £l 2( g) TXg 21—)(1—%)

2
9

(1-x)(1— x)

- X
Fo(X,X) = X2BESiPY — 2(x2+ dxy— 4) — 2m?

and the functions related to polarizations are

— —XBx m? x2 m? 1-x  \xBy
f{(x,x)zx(x—xxﬁxcosﬂ—%m 2{2(1 Xg) | X+ X+ __xg) XIBXcosﬁ , (6.6)

ey 7 2
— m X X mg — 1-x X mf Xg
fg(x,x):XZﬁx(l—nggx)+ﬁ——2xﬂ;<x+x+xgl—9—zﬁg (1 X 1 J(XZB—smzﬁJrﬁfz)
X X - X

_g(gx_g;:oa&)(ﬁgisinzwagli%, 6.7
— 2
\X) = X2BEsitd—4(1— M 6.8
F(x, )= x> si A=x+ T 6.9
X2 m? _ 1-x X m? xg

fé(X,X):E_ZXéX;<X+X+Xgl—A_2BgX(1 2; - (2x ,8%0§ﬂ+mf)

XX — — Xg EZ X Xg | —
— —(By— Bxcos?)| 2x%B5cog 9+ m: +—=x/|—+1- X BXCOSS— ByXg |- (6.9

4 X 1-x) 2 [\X -

The ]-'f_(x,x_) functions are obtained by interchanging quark and antiquark quantities. For the case that we can compare with
similar expressions in the works of Groogh al,, we agree with Refl8] on our form factorfé(x,x) and with Ref.[10] on

F(x,x) and F3(x, ).

The polarization correlation functions are

2

2 _ 2 7
mf Xg B PR mf Xg ( mf X+;)
—XX| 1—X ——— = | cosy + XXq| X— —= + 1-Xg— = —
<< o ) XBx g( 2 1-x Bx 9 2 x

A= 4 (1-x)(1—x)
X (X B+ s9) + (XS X, 3 n%xzﬁ 1 (1+X_+ %s ) (6.10
e = = —_ — — .
(XBxHXBCOSY) + (X=X, By= Br) | — S B > x o) |
— X5 Xg 1 X4 3
F5E(x,x)= ((2 Xg)2—m —) cos9 — xﬂxxﬂ{l x_fl_x_+§ sintd, (6.11)

(1-x)(1-X)

mo K m? m?

TPy X X m m; %2 X2
]:'é (X,X):—7 2(1—Xg) 2 m (,Bx osy— B_)— 1- Xg—— (XCOS!? X)+ — 4 Xg ?CO&'}—;_
1 — ( H?) — m?( x2 x? m? o xg <_ m? xg )

~ 5 (Bt xBreosd)| | 1= 5| (BB~ | S b || x5 T | g

(1—x 1—?)
X cosy— ——|, (6.12
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FIG. 2. The form factorsF;(x,x) for the b
quark forx=x at the Z, resonance, 2=91.2

F(x,x)08
1-5. F,%,F3,.F, and (}/4V5; 6-9:
FLF(UAHF,  and A, 10-14
FEE(Ua)FsE FE FLE, and 7Y, respectively.
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X

X

Bx

m? x+

1-%g= & T;) (XgBx— X Bx—XxCOSD)

FeE(x,x) =

7
XX 1—Xg—7m (cosd+ B,Bx) +

2

B — 7o | — sl WX %
_2X,3X (l_X)(l—Xg)(X—7: +(Xe X, By Bx) +2sirfd BXT1—7(1+;+H ,
(6.13
- — 11-x —
FEE(X,X) = —Xx5c08d— 27 By X BxSIt . (6.1
— X

We give in Figs. 2, 3, and 4 the form factors as functions éér x=x for bottom and top quarks.

1.00

I | T 1 T T
[ /s =500 GeV m, =178 GeV

0.75

0.50

‘E(x’ }) 0.25 —

FIG. 3. Same as Fig. 2 for the top quark for
the energy E=500 GeV.
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-0.25 |~
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GeV. The numbers attached to the curves refer to
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J5 =1000 GeV  m, =178 GeV

FIG. 4. Same as Fig. 2 for the top quark for
the energy £=1000 GeV.
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VII. LONGITUDINAL QUARK POLARIZATION AND
POLARIZATION CORRELATIONS C

From the cross sections, Eg$.1), (6.2), and (6.4), we
obtain the Iongit_udinal polarization of the emitted quark in

the final states|q or qqg, Note that in the first case we sum over the states
{I=¢T=+1 while in the second case the sum is taken over

(7.1  the stateg!=—¢T=+1.
For the presentation of the results it is convenient to con-

sider polarization effects odd and even in ¢aeparately.

We define the longitudinal polariz_ation correlatio_n as a meayy;g separates the forward-backward antisymmetric cross
sure of how often quarks and antiquarks are emitted with thge ion from the symmetric cross section. We use the for-

same helicities{!{T=+1, compared to opposite helicities, ward and backward cross sectiams andog, respectively,
del=-1, and define the forward-minus-backward polarization

_do({1fT=1)~do(¢/{T=-1)
do( =1 +do(d M= ~1)°

(7.2

_do(¢l=1)-do(f'=-1)
PI=de(@=D tde(d=—1)"

or(l=1)—0op(dl=—1)—[oa(¢=1) —op(¢!=—1)]
o(d=1)-o({=-1) '

Pre= (7.3

For the q?final stateswe find from Eq.(6.1) the longitudinal quark polarization, when the antiquark polarization is not
recorded:

— [2h{7(s)—h{®(s)m?]cosh+hi®)(s) B(1+cofh)

Pl(9)= . (7.9
I hiY(s)(1+co26+ mZsir?8) — h® (s)mZ+ 2h{?(s) Bcosd
|
For the integrated cross section the polarization is _ 2va;8
Pl9(2E=Mz)=— = , (7.6
02 14 o +a?p?
o 2h(*(s) - N2

| h(D(s)(2+ m2) — §Ezh(5)(s)’ . which is independent of the beam polarization. All quarks
f vo2nt which may be produced at this energy, i.e., all except the top

quark, have sizable longitudinal polarizations,93% for

d,s, andb quarks and—60% foru andc quarks at theZ,
which becomes, for energies at tdg resonance, from Eq. resonance. We give in Figs. 5, 6, and 7 the angular distribu-
(6.2, tion of the longitudinal polarization, Eq.7.4), for the b
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'0.65 1] 1 T 1 T I T | L] | T I T
Js=91.2GeV  m,=48GeV .

-0.70

-0.75
FIG. 5. Longitudinal polarization of théo

quark at theZ, resonance as a function of abs
for qqg final states. Curves 1, 3, and 4 are for
x=x=1, 0.60, and 0.51, respectively, for an un-
polarized electron beam, while curves
1*,2*,3*, and 4 are forx=x=1, 0.75, 0.60,
and 0.51, respectively, for a longitudinally polar-
ized electron bearﬂ?L: —0.63. The curves for
x=x=1 give at the same time the quark polar-
izations forqq_final states.

qge -0-80
I

-0.85

-0.90

-0.95

-1.00
-1.00 -075 -050 -025 000 025 050 075 1.00

cos 0

quark at theZ, resonance and for the top quark at the enerHere the polarization is proportional to tfg polarization
giesE=250 GeV andE=500 GeV. We also include here and, therefore, depends strongly on the beam polarizations.

the effects of electron beam polarization. For no beam polarization the forward-minus-backward po-
The forward-minus-backward polarization defined in Eq.larizations of all quarksi,d,s,c, andb are moderate, while
(7.9 is for a beam polarization of 60% the quark polarizations are
of the same order of magnitude B89, Eq. (7.6).
— 3 2h{"(s)—h{(s)m? For the integrated cross section the longitudinal polariza-
Pllis=7 (7.7 tion correlation defined in Eq7.2) is

3 7
hi(s)(2+mf)— 5m7h(?(s)

o, hiY(s)(2—mf)— smFhi¥(s) 79
: =— . 7.
which at theZ, resonance becomes I hiY(s)(2+m?)— EmZh{®)(s)
— 3 vf2+ af2,32 — )
Pl (2E=M,)=—-P (7.9 For the gqg final stateswe find from Eq.(6.4) the lon-
I.FB 277 4" 2 ) L > ;
2 m; 2 2 gitudinal quark polarization corresponding to E@.4) for
2 qq states

1.0 T I T T | T I v | ! T I T

s =500 GeV m,=178 GeV

998
I

FIG. 6. Same as Fig. 5 for the top quark for
the energy E=500 GeV. Here the curves 1-4
correspond tx=x=1, 0.90, 0.80, and 0.76, re-
spectively, for no beam polarization, while the
curves marked with asterisks are for a beam po-
larization, PL= —0.63.

‘ L l L ‘ L | 1 | | | | I L
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1.0 T ‘ T T T T T T I T ] 7 | !

s =1000 GeV  m=178 GeV

0.8
06
04
02 ,
98 FIG. 7. Same as Fig. 5 for the top quark for
I o0 the energy E=1000 GeV. Here the curves 1-4
correspond tox=x=1, 0.85, 0.70, and 0.57, re-
0.2 spectively, for no beam polarization, while the
curves marked with asterisks are for a beam po-
04 larization, PL= —0.63.
-0.6
-0.8
10 [ R R IR T R |
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cos 0

B 2
Pf%(6) = ‘ [2h<f7><s)f§(x,x_>+ hi®(s) %fé(xyﬂ

cosH+ h§8>(s)[f§(x,x_)(1+cos2o)+f§(x,x_)sin20]] [ hiY(s)

— -1
X[ Fy(X, X)(1+coLO) + Fa(X, X )]+ %h?l)’(s)[}‘z(x,x_)co§0+ L Fe(%, )]+ 2h§2)(s)}‘3(x,x_)cosﬁ} .

(7.10

Note that the longitudinal polarization is sizable for large regions of argglas shown in Fig. 5 fob quarks and Figs. 6 and
7 for top quarks, and that the electron beam polarization is to a substantial degree transferred to the quark. Our results have
overlapping features with results of Reff8] and[10] which represeng q final states including ordet radiative corrections,
initiated by unpolarized beams.
The polarization for thed-integrated cross section becomes

— h(® X) X)
P, 5] | (s)[zf‘é(xﬁwfé(x x)] _ 710

(1) 3wy T (1)- e i )
hi(S)[2F1(X, X) + 3 F4(X, x) ]+ 2 hi” (s)[ Fa(X, X) + 3 F5(X, X)]

We give in Fig. 8,Pﬁ‘@(x,x_) for x=x, for b quark at the resonance and for top quark for energ§ie250 GeV and

0.0 [ ' ' — 1 1 ] ' 1 ]
01 m=178 GeV 5 —
02 5 i FIG. 8. Longitudinal quark polarization for
03 " ] the cross sgtion integrated ov@ras a function
“F 3 7 of x for x=x. Curve 1 is for theb quark at the
g, — 0.4 - e mTITTE = Z, resonance irrespective of the polarization of
" (x,x) 05 - /,/’ I S the electron-positron beams. Curves 2—4 are for
5 6 LS e the top quark for the energy E=500 GeV.
06 e — Curves 2, 3, and 4 are for an unpolarized beam,
o7k 1 for PlL=-0.63, and for Pl,=—1.00, respec-
5 7 i tively. Curves 5-7 are for the top quark for the
08— - energy Z=1000 GeV. Curves 5, 6, and 7 are for
P m, = 4.8 GeV ] an unpolarized beam, foPl,=—0.63, and for
[ | ........... |l| ,,,,,,,,,,, | ,,,,,,,,,,, |1 ........... l ,,,,,,,,,,, o ] P‘alelz —1.00, respectively.

-1.0
050 055 060 065 070 075 080 085 090 095 1.00
X
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0.0 =T
-0.1
02 [ FIG. 9. The forward-minus-b_ackward polar-
-2 ization as a function ok for x=x. Curves 1-3
o3 3 are for theb quark at theZ, resonance. Curves 1,
" _ 04} 2, and 3 are for an unpolarized electron-positron
?ﬁi‘g (x,x) | beam, forPlL=—0.63, and forPL,=—1.00, re-
05— spectively. Curves 4—6 are for the top quark for
06 N the energy E=500 GeV. Curves 4, 5, and 6 are
- for an unpolarized beam, f&.,= —0.63, and for
07 N P‘(L|= —1.00, respectively. Curves 7-9 are for the
08+ top quark for the energy2=1000 GeV. Curves
- 7, 8, and 9 are for an unpolarized beam, for
09 Pl,=-0.63, and forPl,= —1.00, respectively.
[ |

1.0 .
050 055 060 065 070 075 0.80 085 090 0.95 1.00
X

E=500 GeV.
The forward-minus-backward polarization defined in E&3) becomes foigqg final states

.
2h{7(s) F(x,x) +h{*(s) %fi(x,x_)

(7.12

—
Mt 1) P vy
+ 5 (8)] Fa(x, ) + 5F5(%, %)

h(D(8)| 275,30+ SFa(x, %)
7 (S)| 2F1(X,X) 5 2(X,X)

Inspection of Eq(5.2) for h{”)(s) andh{?(s) shows that the polarization is proportionalRg, at theZ, resonance as for the

case ofg q final statest%gB(x,x_) is given in Fig. 9 forb and top quarks. It should be noted that WH-H%@(X’X_) is sizable

for unpolarized beams, the forward-minus-backward polarizdﬁm(x'x) is dependent on a high beam polarization to be of
any importance.

The linear polarization correlation f@(@ final states for th&-integrated cross section is
2
mf — _— 3 —

= NPT (9)] A5 x) + 57 (%, %)

. (7.13
E? (- .3 )
N (8)] Fa(x ) + 5F5(%, )

2760+ (0.

hit(s)

CI98(x, x)=—

hit(s)

3 _
2F1(X,x)+ Eﬂ(x,x)

We give Cﬁ‘?g(x,x_) in Fig. 10 forb and top quarks.

0.60 . —T — . . T
05 i m=178 GeV
-0.70 [~
5 3 J FIG. 10. The longitudinal polarization corre-
075 [~ — lation as a function ok for x= x. Curve 1 is for
aqg ;. = B . the b quark at theZ, resonance irrespective of
L (x,x) -0.80 [~ - the polarization of the electron-positron beams.
i 1 Curves 2 and 3 are for the top quark for the en-
-0.85 = . ergy 22=500 GeV, for unpolarized beams and
i il for Pl,z —1.00, respectively. Curves 4 and 5 are
0.90 = P the same as 2 and 3 for the energ§=21000
i 5 1 GeV.
0.95 [~ —
B m, = 4.8 GeV J
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VIII. TRANSVERSE QUARK POLARIZATION and (3.16 for terms linear inS and Eq.(3.17) for S S cor-
We obtain in this section the cross sections for transverskelation. From Eq(2.10 the transverse quark polarization
. = — . four-vector is given by

qguark and antiquark polarization g andqqg final states.
We do not discuss here the transverse polarization correla- St=(0,). (8.
tions. We note that the transverse polarization terms in the
cross section are proportional to the reduced nmassand  For the qqg production process only one scalar product
are, therefore, small for ||ght quarkS in contrast with the lon- LE)7: — gi E)Jr Containsgi, therefore the(maximun') trans-
gitudinal polarization-dependent terms discussed above. Thgsrse polarization liegn the production g_-g) plane. The
only exception is the transverse polarization correlation ternpo|arization perpendicular to the production plane vanishes.
described b)h§5)(s)Z§’Sin Eq. (5.1). This can be seen most The cross section for quark polarization is easily obtained,
easily from the relevant hadron tensors, E@s12), (3.14), corresponding to Eq6.1):

dzanT 3 aZ - .
50 =15 5 AN"(s.6E)(1+cog o+ misi?o) +2h?(s, ¢, 5) Beost—hi® (s, &, E)mi+ mesp_[2h(7(s,£,5) +hi®
X(s,¢,5) peost—h¥(s,¢,5) 1}, 8.2

whereg’%_:glsinacos‘pg with the azimuth anglep, measured in the positive sense from tipe ) plane, Fig. 1. At the
Z, resonance the cross section becomes

d2g9d 3 a 21

i Y DL S R IR SN S 2, .2 o JUNC N o322

g0 (2E=My) 16<4sir1220W) Fz(vi+a 2vaP_)B{(vi+af)(1+cos 0+ misin0) — 4Pz vsa; Bcost— 2mias
+2mgp_[Pzvf—varBcosh]}. (8.3

For theqq_g production cross section the transverse polarization is contained in the scalar p{é@umd&q_z — g, and
the transverse polarization does not any more, in general, lie irpthg) plane. The cross section corresponding to &)
is found to be given by

dsa?a’ a® m .
; hi(s,£,E)Xo+hi?(s,£,E) Yot hi®'(s.6,5)Zo+ 5[4 p-{hi" (.6, ) fx

dQdydxdx 422 s (1-x)(1-x)

+h®(s,6,E) fy+ (5,6, ) 4+ £ a{h (5,6, ) gx+ hi®(s,£,5) gy +hiP(s,£,5)92}1 1, (8.4

where thef andg form factors, related to transverse polar- Thef andg form factors are given by
izations, are functions of and x, and of the angle8, ¢, and

x- It should be noted that the magnitude and direction of the e X2
transverse polarization depends on the azimuth agdbe- fy=8(x+ x—1)—25$—g_,
tween the productionctq-g) plane and p_)*, with q along (1=x)(1=x)
the z axis,
. _ mi xg
£p_=tsingcog x— @), (8.5 fy=2xB,| 1— - 7, |cod
whge @, now is measured in the positive sense from the L o H? X o
(0-g-g) plane. —ZXB%X-l-X—l—? 94 cosf,
We demonstrate this effect in E(.4), where we did not 1-x

integrate the cross section over azimuth anglas was done

for the longitudinal polarization cross section. o L XS
L fo=—2[x+X—Xq(2— X)]+m>———,
The scalar produdt™q is z g f(l_x)(l_ )

&éT: — {*sindcosp, . (8.6) (8.7
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FIG. 11. (a) Transverse polarization in the
production plane ¢,=0) for theb quark at the
Z, resonance foq@ final states. Curves 1-4
are forx=x=1, 0.90, 0.60, and 0.51, respec-
tively, and y=0 for unpolarized electron-
positron beams, while the corresponding curves
marked with asterisks are fd?Lz—O.GS. The
curves 5 and 6 are forx=x=0.90 and
x=x=0.51 for y=/2 for unpolarized beams,
while the corresponding curves marked with as-
terisks are for PL: —0.63. The curves for
x=x=1 give at the same time the quark polar-
ization for ¢ q final states(b) Transverse polar-
ization perpendicular to the production plane
(¢,=m/2) for theb quark at thez, resonance for
qq_g final states fory= /2. Curves 1-3 are for
x=x_=0.90, 0.70, and 0.51, respectively, for un-
polarized electron-positron beams, while the cor-
responding curves marked with asterisks are for
Pl=-0.63.

9z=XBX Bx(X—4)coh—x x° B2c0s0.

The transverse polarization is given by

X“Bx — —2 o do(e,)—do(e +m)
= X —x+(1—x)x B=cos = 4 £ . 8.8
Ayt ( Beos 6] L do () +do(g + ) 8.8
2,52 vy —
— Xy X2 c08C0SY, For theqq final state we find, from Eq8.2),
|
— 2h{"(s)+h{®(s) Bcosh—hi?(s)
P%%=mcosp,sind ) (8.9
L S I D) ) (11 co@0+ mZsirPe) — hi®(s)me + 2h?)(s) Bcosd
The corresponding formula at th& resonance is, from Ed8.3),
_ o P2,vf—vasBcod
P{9(2E=Mz)=2m;cosp,sind (8.10

(vf+af)(1+cog o+ misin?d) — 2mFaZ — 4P, vsa; Bcosd’
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which shows that electron beam polarization equat®B) 0= /2. This may be understood as a transfer of longitudinal
and Fig. 1 in Ref[6], may affect the transverse polarization electron polarization to transverse polarization of the quark,
considerably. In fact, for the integrated cross section the powhen the quark is emitted close to perpendicular to the elec-
larization is proportional tdz,: tron beam direction. It should be noted that this gives a
check on the sign of the quark polarization: the negative
natural and electron beam polarizations give a final state

PI2E=Mz)=3mP,

— 5 COSp;, negative quark polarization. To the extent that our findings
1+ ﬂ+ _fﬁz can be compared with the results of Rf], we are in gen-
2 v,? eral agreement with their results except that they define their

(8.1)  transverse quark polarization with opposite sign. It should,

however, be noted that our results are differentiakimnd

. . g~ . .
which gives for ab quarkPq _0'040320' also y as mentioned above, and that we include the effect of
Note that aty= 7/2 the Z, longitudinal polarization is to  electron beam polarization.

a larger degree transferred to the quark as a transverse polar-
ization in the @-p_) plane[from Eg.(8.10]:
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which gives for ab quark Pﬂq:O.OGEPZO. This gives a
—4.9% transverse polarization oftaquark for an electron _ _ _ _
beam polarization of-63%. With no beam polarization the It is convenient for the calculation to rewrite the
b quark transverse polarization is as low ad.1%. Large  Z-coupling matrix element

effects of electron beam polarization are demonstrated in

APPENDIX A

Figs. 11 and 12 fob and top quarks foqq_jnal states. ol éﬂ+¢5|+mf Y (0r—arye)
The transverse quark polarization fgrqg final states ' 2q9 R
from Eq. (8.4) is given by q_+g "
—my
_ oy +'Y,u(vf_af')’5)2—é vt,
009y 3= rai (7) (8) a9
PT%9(x, )—7{s,|n¢9cos{x—<,o§)[hf (s)fx+hi(s)fy
in the formu_fM «(Vi—asys)e%v; with
+hi?(s)f ] —sindcosp [ h{"(s)gx+ (¥ g B
()G NS GNP SXe NP (SYe M, =Wy, + ygﬁg“ - V;& W= gt - 2.
ag ag
+h{®(s)Z} . (8.13 AL

We give in Figs. 11 and 1E’ﬂa’(x,x_) for b and top quarks By removal of the explicit appearance of the mads,, has
for ¢,=0, transverse polarization in the production plane,become_ an odd function if, which appears to s_implify trace
and for,= /2, transverse polarization perpendicular to thecalculations. When we apply the projection operators

production plane. It should be noted that alsodarg final  #(1+ ys8)(4+my) and 3(1+ ys8)(4—my) for quarks and
states the electron beam polarization has a dramatic effect @ntiquarks, respectively, we find for ti#®Z hadron tensor
the quark polarization, in particular in the vicinity of Hfzz;wa Eq.(2.4), which is summed over gluon polarizations,

1 — _
aHozu =~ FTr (14 ¥5B)(A+M)M . 0(01 =85 75) L+ ¥5 B) (4 —mp) (vi+ s ys) M
= —3Tr{Wf+a)[dM Lo GM 5+ M ysBM ,, AM 5 —MEM ., ysBM 5 —m?BM ,, BM ]
—2v¢ag y54M L, M+ M BM , , dM & —medM ., BM S —MFys8M ,, BM ]
= (vf=aD)[M{M L M+ M ysBAM , M§ = MM o Y5 BGM S + B4M ,, BAM T} (A2)
From this equation follow the hadron tensors listed in &37) by comparison with Eq92.4) and(2.5):

“q°

qg _Waqﬂ+(q<=>q) tap,ﬁv:

~ 1 —
Ry =—|3WaraP+(qw-1)
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07 N i /s =500 GeV 4 x=x=1, 0.95, 0.85, and 0.76, respectively, and
08 [ Do ] ¢,=x=0 for no beam polarization. Curves 5 and

100 075 050 025 000 025 050 075 1.00 6 are for x=x=0.95 and x=x=0.76 for
¢,=0,y= /2 for no beam polarization. The cor-
cos O £ : ) - The
responding curves marked with asterisks give the
. . 1 — T } ‘ transverse quark polarization fét,= —0.63. (b)
00 g Same as Fig. 4b) for the top quark for
o e 2E=500 GeV. Curves 1-3 are for= x =0.95,
B (A 0.85, and 0.76, respectively, agg= x= /2 for
0.2 S no beam polarization. The corresponding curves
. ’ marked with asterisks give the transverse quark
03\ Sy - // - polarization forPLz —0.63.
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cos 0
1 . qW Sg — 1
img W2S*q#+ — (SWd'—SgW) gP+ q:g“Sp—W“Sﬁ— gzg“qf“r —0°S | aup
ag qg (ag) qg

Sqg
J g°SP+(q,5<q,S)

2 (q9)* anpr:
0f 112 a8 aq_ﬁ B )
Haw, = ~1l g Wiatal+ (@W=1) == =W9aP= (4= ) | 2aupn
— 1 — qW Sg — 1
W2S*gP+ —(SWg'—SgW) P — =—g*SP+ W sP— QP — =g |taus, A3
q qg( g)z g )q q9 g (qg)Zg q qgg ‘| apufv ( )

2 (ag)? Sampr:
MPHOZ = m?| — ~WPg,,+ — 294 (qe)
T 27 (qg)(ag) ’

1 1 gf
W2s*qf — ®(8W¢—qws“>gﬂ+ @(qu"‘—qgs") WA — =1 l&,.p0
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= 1 1 _—
MiHYE = | ZWS 0t (AW~ agW)S* +(SWE —SgW)A™} 707 e upueont tapuet]n)

+ ———1[0,0"S°9~ g(q9S~ SIP)G71S AP(€ 1 1e8 5ryst tapreliys) + (0,520, S).
(99)(ag)
|
APPENDIX B Tr757M7V7a7w7y70'24i(gyvaﬁtgyo_tﬂvaﬁgf)yo)-
It is sometimes useful to note the relatifi¥] (B3)
—i The similarity betweere ,, .z andt,,,z is shown in the
’ylu')/V’)/a_l758ﬂvaﬂyﬁ+tﬂvaﬁyﬁi (Bl) relations y pvap uvap
with & the completely antisymmetric tensor with
vapB aB_ _
80123=fand € uavB€ wo— 2(g,uwgV0' gp,ang)!
af _
tuvaﬁ:g,uvgaﬁ_guagvﬁ+guﬁgva' t,u.otV,Btwcr_2(g,uwgwr+gp.(rgvo))1 (B4)

With the help of relation(B1) one can write down in closed and

form the trace of any number af's, the well-known traces

t,uvaﬁtgyaz gﬂvtwyaa_ guatwyuv+ gvatwyo',u '

TrYuYvYaYo=Hyvao 5
. t,u.va,Bsw'yu-zg,u,szyo'a_g;/,aswyo'v—’—gvasm'yo,ul (BS)
Tr75yﬂyV7ayU:4|8ﬂvdU' (BZ)

and
and the not so well-known traces

B — — —
8yva[38w'y0_gﬂwtva70 g,u'ytuawo—i_g,uotvawy gvat,uw'y(r'
Tr’)/,u,’)/V’Ya’y“)’}/y’yg':4(8,uvaﬁsgya+t,uvaﬁtgya)1 (BG)

[1] SLD Collaboration, C. Prescott al, in Neutral Currents [8] S. Groote, J. G. Kmer, and M. M. Tung, Z. Phys. €0, 281
Twenty Years LaterProceedings of the International Confer- (1996.

ence, Paris, 1993, edited by U. Nguyon-Khac and A. M. Lutz [9] S. Groote and J. G. Kaer, Z. Phys. (72, 255(1996.

(World Scientific, Singapore, 1994 [10] S. Groote, J. G. Kmer, and M. M. Tung, Johannes Gutenberg-
[2] H. A. Olsen, P. Osland, and V.v@rba Nucl. Phys.B192 33 Universita, Mainz, Report No. MZ-TH/95-19unpublishedl

(1981). [11] R. H. Dalitz, Gary R. Goldstein, and R. Marshall, Phys. Lett. B
[3] H. A. Olsen, P. Osland, and l.\v@rbh Phys. Lett.89B, 221 215 783(1988; Z. Phys. C42, 44 (1989; R. H. Dalitz and
(198_0- . B Gary R. Goldstein, Phys. Rev. B5, 1531(1992. See also
(4] (Al-gglguadl, J. H. Kihn, and P. M. Zerwas, Z. Phys. 45, 411 G. L. Kane, G. A. Ladinsky, and C.-P. Yuaibid. 45, 124
; . . (1992.
(5] 2-7'3' g?;flogé;s;(uisBl;rg)m('lzgj;A' Leike, Mod. Phys. Lett. 1151 1y A ‘Olsen and J. B. Stav, Phys. Rev.5D, 6775(1994).
[6] J. B. Stav and H. A. Olsen, Phys. Rev5D, 1359(1995; 54, o) '(41'9A8'QO|Sen’ P. Osland, and f@rbg Nucl. PhysB171, 209
817 (1996. '

[7] J. G. Kaner, A. Pilaftsis, and M. M. Tung, Z. Phys. €3, 575 14 H- A Olsen, Springer Tracts of Modern PhysidSpringer,
(1994 ’ ' ’ ' Berlin, 1969 Vol. 4.4.



