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We introduce and analyze the

longitudinal-polarization

asymmetry of the process

e Te~—hadrons with longitudinally polarized electron beams on and near the Z° resonance. We
show that, in spite of the intrinsic strong-interaction presence in the final state, the vast majority of
the diagrams which contribute to one electroweak loop are free of strong-interaction effects. Fur-
ther, on Z° resonance the asymmetry is independent of the final states, giving a commensurate in-
crease in statistics. We show that for these reasons the total theoretical strong-interaction uncertain-

ty on Z° resonance is AAE;f*had“’“SSO‘OM, allowing a measurement of A;z to +0.015 (which
can be interpreted as a measurement of sin’Qy to +0.002) with only ~ 5 10* Z®s. Further, a mea-
surement of A4, to £0.008, or sin’0y to +0.001, can be done with ~10° Z®s. This rather peculiar
property of the asymmetry could allow Stanford Linear Collider and CERN LEP experiments to
test the standard Glashow-Salam-Weinberg (GSW) theory and possible new physics beyond GSW

early in the lifetime of these accelerators.

I. INTRODUCTION

In the next few years, a number of high-precision exper-
iments will be carried out which will test electroweak
theories at the one-loop level in analogy with experiments
which, years ago, probed QED. These include neutrino-
electron scattering by the CHARM II Collaboration and
CERN LEP and Stanford Linear Collider (SLC) measure-
ments of e Te ~ annihilation.

In this paper we shall focus our attention on the pecu-
liar properties of one specific experiment which will be
performed in the near future at SLC (and, perhaps, at
LEP) and which, we believe, deserves some rather special
treatment: the measurement of the longitudinal-
polarization asymmetry in the collision of an unpolarized
positron with a longitudinally polarized electron on and
near the Z° resonance. This process has already been dis-
cussed in detail in the case of production of a final u+tu~
pair and it has been shown! that it can represent a very
precise test of both the Glashow-Salam-Weinberg (GSW)
electroweak theory? at the one-loop level and of possible
new physics beyond the GSW theory. This is because ra-
diative corrections to one loop are particularly sensitive to
the existence of new heavy particles (in the 100—1000-
GeV range) which do not decouple and/or of new gauge
bosons—such as a new heavy Z’ in the 300—1000-GeV re-
gion,® with substantial mixing with Z°. (The same tests
could be achieved by measuring the 7 polarization in the
process e fe ~—71177, e.g., at LEP.)

One problem with this elegant program is statistics.
Roughly ~10° Z”’s must be produced to achieve a ~1%
experimental accuracy corresponding to ~3X10* ptu~
pairs, a luminosity available only at mature SLC or LEP
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measurements.

An obvious solution to this problem would be to use
final-state hadrons with a commensurate increase in the
statistics factor of around 30. The price to pay is that
final-state strong interactions introduce uncertainties in
the theoretical predictions. We show below though that
AZ;e__’had“’“s is to high accuracy quite insensitive to
strong interactions. Their effects are canceled out by the
special properties of the longitudinal-polarization asym-
metry. This is in contradistinction to other possible
asymmetries with final hadrons such as
forward/backward and transverse asymmetries Azp and
A, where not only are the strong-interaction effects not
canceled, but the difficulties in the precise definition of jet
axes make precise definitions of such asymmetries less
clear.* Specifically, we will show that to lowest order in
Cemy Afr¢ 71240 51 Z0 resonance is not only indepen-
dent of the identity of the final states but is also unaffect-
ed by strong interactions. This is true whether or not one
uses perturbative QCD. Thus, the subsequent hadroniza-
tion of the final-state quarks (liable to be a major source
of strong-interaction uncertainty for other experiments)
does not affect 4; on resonance.

Off Z° resonance, the asymmetry becomes weak-flavor
dependent. However, assuming that perturbative QCD
can be used, as, e.g., with udscb quarks, A;y is still in-
dependent of strong interactions, at least through order
ag. This means that off-resonance (only) top-quark pro-
duction has to be studied separately.

Including electroweak corrections to one loop, the situa-
tion described above remains substantially unchanged for
the vast majority of such contributions, particularly on
Z9 resonance. We show this below and isolate those dia-
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grams which might introduce substantial strong-
interaction uncertainties. We will give arguments for why
these diagrams should give negligible strong-interaction
uncertainty, i.e., at worst of order te,Qgrong: Thus, we
should be able to interpret theoretically Az —Padrons ¢
better than +% and make use of all final states at
LEP/SLC to explore GSW and beyond at the one elec-
troweak loop level. We show that the increase in statistics
allows an experimental measurement of A4;z to +0.015
including total theoretical plus experimental error (inter-
pretable as a measurement of the weak-mixing angle
sin’0y to +0.002 via A;z) with only ~5x10* Z”s or
A;g to £0.008 (sin’Qy, to +0.001) with ~10° Z’s and
thus early in the SLC/LEP lifetimes.

II. A.rx ON RESONANCE

We start with some definitions. Afx® /7 defined
with 100% polarization is equal to (f+e ~,v,)

o_ 4 —0 _
— ey e —>f_7 e e‘*'—»ff
Afgt = £ @.1)

e[e+—>f7+0e,;e+_>f]‘

We will consider the asymmetry with polarization
P =100% for pedagogical reasons but it is easy to put in
arbitrary polarization P. Then

AZ;e'(P)—bffz __PAz;e-(P=—1)—>f] .

Indeed, when discussing the analyzing power of the polar-
ization asymmetry in Sec. V including the strong-
interaction uncertainty and experimental systematic and
statistical errors we will use P =45%. We define the Z°
coupling as in Fig. 1 and assuming only Z° exchange to
be important on resonance, we have, to lowest order in

aem»

2 2
Az;e_—»pﬂt—: 8Le 8Re 2.2)

gLez"’gRe2
which depends only on the initial state. The differential
cross section for e e ~— ff in free field theory including
only Z° exchange is (s,z,u are the usual Mandelstam vari-
ables)

where Fgy, (Foyi) is a symmetric (antisymmetric) func-
tion of cos@ with 6 the angle within the detector with
respect to the electron beam direction. Fgy, and F,y
may be flavor dependent (as, for example, with heavy-
top-quark production) and when final-state hadronization
is included can be very complicated (and even unknown)
functions. Integrating do/dQ symmetrically from
cosf= —x to cosf= +x, e.g., around a line perpendicular
to the e ~ beam axis

2 +x
fo dé f——x dCosag_g=(8L2+8R2)e1(x,f)><const ,

(2.5)
where
I(x,f)= f:ﬂdqﬁ fj:d c0s0(g. 2 +8r?) s Fym(cosb, f)
(2.6)
since
[ 02"d¢ I d cosbF (cos6,f)=0 . 2.7

Note that after hadronization ff—hadrons I(x,f) can
become an arbitrarily horrible flavor-dependent function
but it is canceled in Ay g on Z° resonance:

(8> —8grY I (x,f)

Afr M —MH=

(8.2 +8rY)I (x,/)
(gL’ —gr)e
(8% +8r%)e
=AfRS THFTET(—MZY) . (2.8)

Clearly, this argument holds for any combination of
final-state data, ete~—hadrons, 7tr ,u*tu~,... as
long as we are careful to remain on pole and exclude final
states with ¢ channels such as e te ~.

Note that all dependence on the final flavor and the
strong-interaction effects in the final-state hadronization
have canceled in the ratio, due to symmetric integration.
Note further that this symmetric integration is over an
angle O defined in the detector. We have not needed to de-

2,2
d—g— o (gr2+8grMe (8L +8R)s u _‘2_’ fine jet axes_in orde.r to integrate. We simply sum al.l ha-
s dronic data in a region of the detector (depicted in Fig. 2)
2_,2
—1
+(gL2——gR2)e(gL2——gR2)f—u 2 . (2.3)
; ; Measured
In the presence of strong interactions Region —7
w2 —
2 —Fym(cosb,f), NG g
s
u?—1r? 2.4) cosf = -x JCOs8 = +x
2 —>Fami(COSG,f) ’ e” - et
s
f
. (7). (I=7s)
oy 97 %2
¢ FIG. 2. Volume of detector in which hadron data are to be

. +e— . .. .
summed in order to render Afg¢ "™ jnsensitive to final-

FIG. 1. Zff couplings in the GSW theory. state strong-interaction effects such as quark hadronization.
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defined by the e~ beam direction for left-handed and
right-handed initial-state electrons.
There is a very simple heuristic argument for the in-

dependence of Afg® ~™" on Z0 resonance of the de-
tails of the final states. We produce Z%s with ej at some
rate and they decay. We then produce Z%s with ex at a
different rate and they decay. In the ratio A;p, the decay
rate of the Z° cancels because we have manipulated only
the initial state.

Strictly speaking, our result Eq. (2.8) is true to the ex-
tent to which one can neglect, on Z, resonance, contribu-
tions not due to pure Z° exchange. Although one knows
such terms to be suppressed by small ~T";2/M? factors,
their effect has to be studied if one aims to achieve a
theoretical prediction at the level of 1% accuracy. This
has been thoroughly done, to lowest order in a.p, in a pre-
vious paper,’ and we shall summarize the technique in the
Appendix. The result is that the remaining photon-
exchange contributions can be safely neglected to 2% ac-
curacy, thus allowing the conclusion of Eq. (2.8) to
remain valid within this approximation.

III. A,x OFF RESONANCE TO LOWEST ORDER

IN a.,
We now examine Af ; e~ —hadrons £ resonance to lowest
order in @, It is convenient* to write the differential
cross section for ete™ —>hadrons in terms of the in-
clusive structure functions Wl 2.3, Where W”’ comes
from the square of the photon exchange, Z from the
square of the Z° exchange, and W}?Z from the interfer-
ence term between the photon exchange and Z° exchange.
The inclusive structure functions describe the process
ete ™ —X 4+ anything, where X with momentum Du is
some experimentally tagged particle which makes an an-
gle £ with respect to the electron beam and carries an en-
ergy fraction x =25,/V’s (see Fig. 3). The WP are cer-
tain functions of x and s. If we generalize the helicity
coupling constants g;,.,gg. defined in Fig. 1 to include
8le>8 %e With a=7v,Z, we have, for massless electrons,

dO’L
~ . G*GP*
T %gug
X (WP WP sin®6 4+ WP cosg),  (3.1)
dO’R a
~ ReGoGP
20 %gRegRe
X WP+ W3P sin’e Wil cosg) . (3.2)

FIG. 3. e*e ™ —X +anything through one boson.

Here G are the photon and Z° propagators in lowest
order in aepy:
GV:%, G?=—; 21 : (3.3)
q g +Mz"—iMzI'

and k;, 3, are kinematical factors which do not depend on &,
Ky= |p | /2, k3= | P | Vs with s = —g? in our metric. If
we now integrate symmetrically in cos§ from —1 to + 1
the W terms in o g disappear. Then the longitudinal-
polarization asymmetry is, after integrating over x for a
massless final-state tagged hadron (5,= |p | ),

A (s) Ea,ﬁ (gLegLe _gRegRe )GC‘GB*IGB (3.4)
LR\S)= , .
S s (8re8: + %8R 1GGP 1P
where
196 [ dux | Wi+ 2 W"B 3.5)

Note that since we integrated from —1 to + 1 and over
all tagged-hadron energies x, 1% contains of course exact-
ly the combination of structure functions appearing in the
total cross section.

In perturbative QCD of massless quarks the a; correc-
tions can then be included as

a,(g?)

17B(g") =1 | 4 _o |1+ +0(a,?) (3.6)

Thus, the dependence of strong interaction would cancel
through order a, in 4 EJ{ ~ —hadrons gor light hadrons in to-
tal cross sections even off resonance. [For top-quark pro-
duction, this argument is no longer valid. Also the as-
sumption of masslessness for, say, b quarks is suspect. A
more detailed discussion of the cancellation of O («a;) con-
tribution to A;p is given in the Appendix, along with
some warning as tc possible difficulties.]

Before moving on to the O(a.,) corrections we note
the following important property of 4;z. Although away
from resonance it is final-state flavor dependent (and
strong-interaction independent), it is a smooth function of
V's which depends very weakly on V's near the pole.
This is illustrated in Fig. 4 where we display A;y, calcu-
lated with the computer program BREMMUS discussed in
the next section, for various final states. These properties
will be very useful when discussing the effects of initial-
state bremsstrahlung in the next section.

IV. O(aem) CORRECTIONS TO A4,z

We now turn to the issue of O (a.,,) corrections to A .
These are of several types and we deal with each class
separately below. The first class is the so-called “oblique”
corrections depicted in Fig. 5. The shaded ovals are the
renormalized one-particle-irreducible (1PI) vector self-
energies. As has been shown,! these have the effect of
renormalizing the coupling constants of photons and
Z%s to fermions in te~—ff, (8l R)es(8LR)es
(gl r )f,(gL r)f> making them functions of ¢“= —s. Im-
agine first that only Z° exchange occurred Then accord-
ing to Eq. (2.8) the dependence on (gL r)s would cancel in
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FIG. 4. Afz° /7 for f =p (solid line), f = u (dashed), and
f =d (dotted) neglecting final-state strong interactions as calcu-
lated by BREMMUS with Mz =94 GeV. Taken from entry (ii) in
Table I.

Afg® ~hadons and the dependence on (gfr). would be

exactly the same as in 4fz° ~*'*". Thus the important
information about one-loop effects in GSW and beyond!3
in the eZ coupling would be preserved in 4 z; ¢"=Jf The
only problem is that there is also photon exchange, but the
effects of the renormalization of (g r). and (g[ r)s

(a)

e i=wd

(b)
q » 4 ’
e i J = 8’“, nij—q“qvn,j

> +me

fermions vectors
scalars
+ X + X ﬂi}/v
vectors vectors
RN
/ \
[ 1
N \ /
+ I Ard /'uw + 2 AN~y
scalars \ scalars
~_-7
Q.>..
+ z [aVa W™ v
ghosts -.< -
.

FIG. 5. Oblique corrections to e *e ~—hadrons.

would be first felt at the Z° pole at O((a/m)Tz2/Mz2) if
all such corrections were real and at O((a/7)Tz/Mz) if
the oblique corrections had imaginary parts as well. This
is, at worst, an effect of ~10~* and so must be negligible.
Thus at Z° pole Afz° ~T=Afz° ~*"*” including ob-
lique corrections in both the left-hand side (LHS) and
right-hand side (RHS) and hadronization in the RHS as
well. The next set of corrections are the so-called “direct”
corrections to the electron vertices depicted in Fig. 6. The
shaded blob depicts the 1PI O(a.,) corrections to the Z
and y coupling to electrons. These again have only the ef-
fect of renormalizing these couplings making them func-
tions of s, and so the argument given above holds as does
Eq. (2.8). The next set of corrections is depicted in Fig. 7.
Again, these only renormalize (g, g ); and the usual argu-
ment applies on Z° pole as does Eq. (2.8). We might wor-
ry though about those corrections having to do with had-
rons rather than quarks as in Fig. 8. But such graphs
would only give O(a,y,) corrections to the Z° total decay
rate when the final-state hadrons are integrated over a 4

detector, and this cancels in Afx° '™ a5 argued in
Eq. (2.8). They would reappear in the photon-exchange
graphs, but as argued above would again only contribute
negligibly to O((a/m)Tz/Mz) at worst. The last of the
purely weak corrections have the structure of boxes as in
Fig. 9. These cannot have a Z° pole structure (on Z° res-
onance we do not have enough energy to create two Z%s

or two W’s) at g>= —Mz? and so contribute negligibly.
Note that in order to avoid suppression factors of
G Mpadgron” ~ 107> the virtual momentum k in the loops
in Figs. 6—9 must be order k ~M,. Thus the contribu-
tions of the graphs in Figs. 8 and 9 can be evaluated with
perturbative QCD and have negligible strong-interaction
uncertainty.

We now turn to QED corrections, the most dangerous
of all. The largest such corrections come from the in-
frared part of the QED vertices and initial-state soft-
photon bremsstrahlung depicted in Fig. 10. The infrared
part divergent in the photon mass A in Fig. 10(a) (part of
the “direct” corrections) is of course canceled by that in
Fig. 10(b), leaving us with a large correction depending
upon the experimental resolution AE as A—0. After ex-

(b)

FIG. 6. Direct corrections to the electron vertices.
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FIG. 7. Direct corrections to the ff vertex.

ponentiation (inclusion of many soft photons) this has the
effect

AE (2a/m)Ins/m,2—1)
OL,R_’UL,R ‘E' (4.1)

with E the beam energy and experimental resolution
AE~0.01E. But this helicity-independent factor cancels
in A;g. The remaining contribution of Fig. 10(a) QED
vertices gives an s-dependent renormalization of (gf z),
and ( gLZ, r ). and the arguments given above still apply.

The remaining contributions from Fig. 10(b) are divid-
ed into two parts. The first set are soft photons or hard
(detectable) almost beam collinear photons but in any case
with k <<p,p’. As is well known these mostly contribute
to the classical radiation field after you add up enough of
them [diagrams with more such independent initial-state
bremsstrahlung photons than in Fig. 10(b)]. Thus we
write

FIG. 8. Direct corrections to the final hadrons.

+,—
0_2 e ﬂff"’PhO[OnS(s)

=0t o)+ % [TdsPishot’ s, @2)

where, for one-photon bremsstrahlung,
2
P P

i 4.3)

P(s')~

Here s'=—(p —p’—k)* and (a/m)P(s’) is the probability
of bremsstrahlung such that momentum s’ flows through
the virtual ¥ or Z° in Fig. 10(b). Similarly we write, for
k <<p.p’,

te— s
0'; e ff+photons(s)

=o' Mo+ 7 [ds'P(s)oy T sy, 44

where the same helicity-independent function P(s’) ap-
pears in og. A little manipulation yields, to O (a.,),

Afg I g ()T I 2 [T g T — i )]

o

of eI s)

We now note the following facts about the second term on

the RHS: AE;eA_’ff(s) is not a steep function of s near

Z° resonance as indicated in Fig. 4 and so the brackets
are very small. Further, at s =M?, o,(s")/0,(s) <1 be-
cause of the Z° peaking structure. Thus initial-state soft

radiation is negligible for A;z. Note that Afp¢ "+~

is a very steep function of s near Z° resonance, and so
there will be no such cancellation in that case. These

comments are borne out by the direct calculations in 1982
of soft-photon QED corrections to various e e ™ process-
es with polarized electrons by Bohm and Hollik.® We
defer discussion of hard photon k~p,p’ effect from Fig.

& Z & W
+
e e

FIG. 9. Purely electroweak boxes.

e+e_~»_7f(sr)

P(s')ds', o,=o0;+opg - (4.5)

10(b) until later.

The next set of graphs to be considered, shown in Fig.
11, integrates symmetrically to zero in cosf because of the
G-parity conjugation properties of the photon. Now con-

(b)

FIG. 10. Interference of QED vertices and initial-state
bremsstrahlung.
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FIG. 11. Interference of y-y boxes with tree-level photon ex-
change.

sider the interference terms between initial- and final-state
bremsstrahlung in Fig. 12. These are again divided into
two groups. The first group is soft photons or hard col-
linear with k <<p,p’. These can be written as proportion-
al to

_LI___L . q—"'___q__ , (4.6)
pk pk| |g.k gk
where g5 are the momenta of f and f. Under

(cosf@— —cosf), g, «>q_ and the soft parts of the graphs
in Fig. 12 also integrate symmetrically in cos@ to zero.
One may worry about the exponentiation factor of the in-
frared part ~InA (with A the photon mass) which comes
from many such final-state photons’ interference with
initial-state photons. After cancellation of the IR parts
with the IR parts of QED box graphs with at least one y
to be discussed later, a large factor

AE —(4a/1r)Qfln[(l—cosﬂ)/(1+cose)]

E 4.7)

emerges. But this is helicity independent and factorizes
out of A;r. We defer discussion of hard bremsstrahlung
photons k~p,p’ in Fig. 12 until later.

We now turn to final-state radiation and QED correc-
tions to final-state vertices as in Fig. 13. The graphs of
Fig. 13(a) (also included in the “direct” corrections) sim-
ply renormalize (g[;f )r and so can be neglected according
to our previous arguments. The infrared-divergent part of
course is controlled by the IR-divergent part of the graphs
of Fig. 13(b) resulting in a helicity-independent factor

AE (2a/mQXIns /m 2 —1)

E (4.8)

FIG. 12. Interference of initial- and final-state bremsstrah-
lung.

e f e f
Y X
sz )’,Z
e f e f
(a)
e y f e 12
+
¥,Z Y.z
e f e 14 f
(b)

FIG. 13. Final-state radiation and QED corrections to final-
state vertices.

which is simply absorbed in (gljf) r and thus does not
contribute to A7z on Z° resonance.” The soft photons or
hard collinear photons with k <<p,p’ in Fig. 13(b) which
result in a factor

2

9+ 9- , (4.9)

‘1+'k_‘1-'k

do not integrate symmetrically to zero, but may be ab-
sorbed in the coupling constants (g[,’f ) when integrated
over a 41 detector.

It is now time to turn to the y-Z boxes of Fig. 14. We

f
e f e y
>/\/Z\/\<
X
z
e f e f
(a)
e f e y f
Z
X
Y
e f e f
e f e f
Y
M
X
e f e Z f

(b)

FIG. 14. y-Z boxes.
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have already noticed that the IR-divergent part as A—0
integrates symmetrically to zero for the one-loop graph;
even after exponentiation the factor f (AE/E) in Eq.
(4.7) can be absorbed into a coupling constant. The con-
tributions in Fig. 14(b) do not have a double pole on Z°
resonance, but they do have large logarithms. The contri-
butions of Fig. 14(a) have both a double pole and large
logarithms, and are therefore the most dangerous. They
have been calculated by Bohm and Hollik® as well as by
Brown, Decker, and Paschos’ and so, neglecting strong in-
teractions, they are known functions which can be numer-
ically computed. We note that the contributions of Fig.
14, especially 14(a), do not factorize and therefore, in prin-
ciple, they bring quark-flavor dependence as well as
strong-interaction dependence to A4 Z; e~ —hadrons eyen on
Z° resonance. We are worried in particular by the had-
ronization of the final-state quarks in Fig. 14(a), as depict-
ed in Fig. 15. In fact, the | ¢?| running through the Z°
line must remain large to get the Z° pole enhancement
and therefore the Z° couples primarily to a free quark
line and we probably are able to use perturbative QCD in
those parts of the graph. The photon, then, must be soft.
Thus, perturbative arguments cannot be used in the
evaluation of its coupling to hadrons so that some specific
model of hadrons must probably be used; a soft long-
wavelength photon will couple to the electric charge of a
pion, nucleon, or other hadron rather than to the electric
charge of their constituent partons. We have evaluated
the graph of Fig. 14(a) numerically for free quarks and
found its contribution to Afz° ~/7 to be small in agree-
ment with Bohm and Hollik.® Certainly, the graphs of
Fig. 14(a) and the strong-interaction effects in Fig. 15
deserve further attention.

We continue our discussion of the O (a.,) corrections
with a comment about hard photons k~p,p’ in Figs.
13(b), 12, and 10(b). These also do not factorize and may
give rise to flavor dependence and strong-interaction
dependence in A4 f; e~ —hadrons oyen on Z° resonance. The
photon cannot be too energetic, however, for then we
would lose the Z° pole enhancement. Such effects are
also deserving of further study. We will give below the
results of the numerical calculation of these nonfactoriz-
ing graphs in order to estimate the associated strong-
interaction uncertainties.

So far all of our remarks have been qualitative in na-
ture. We now turn to quantitative results® for the
longitudinal-polarization asymmetry for e*te ™ — ff(y),
where f = u,d,u and either zero or one photon is included
in the final state. These have been computed® through
O(a.,) including all effects'® in the GSW SU(2), X U(1)

FIG. 15. An example of corrections coming from hadroniza-
tion of the final-state quarks which may give a non-negligible
strong-interaction uncertainty.
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model, i.e., all “oblique” and ‘““direct” electroweak radia-
tive corrections as well as boxes and QED corrections
with vertices and both soft and hard bremsstrahlung of ei-
ther zero or one photon. The first calculation of elec-

troweak GSW radiative corrections to 4 2; ¢ ~IT was by
Lynn and Stuart;’ it was first stated there that the
longitudinal-polarization asymmetry on Z° resonance in-
cluding Born terms and ‘““oblique” and other O (a.,) weak
corrections was almost independent of final-state flavor
and that the leading perturbative QCD corrections can-
celed. A;x(—M,?) was first shown independent of soft
bremsstrahlung and QED vertices by Bohm and Hollik.
The amplitudes for hard-photon bremsstrahlung with po-
larized beams were first written down by Kleiss.’

The Monte Carlo generator BREMMMUS was written so
that the various experimental cuts could be directly imple-
mented. At the time of this writing, it is the only com-
plete O(a.n’) electroweak Monte Carlo program for
e te “polarized— ff(y). It includes some higher O (a.,*)
effects as well and will be discussed thoroughly else-
where.> BREMMUS allows us to compare directly theoreti-
cal and experimental results including the detector-
dependent experimental cuts. It contains QCD strong-
interaction effects only in vector-boson vacuum-
polarization graphs; no attempt has been made to include
by either perturbative QCD or hadronization models the
strong interactions of final-state quarks.

The numerical results for Afz® /77 with f=u,d,u
are given in Table I. There we have taken M, =94 GeV,
Mop =30 GeV, mpy;g, =100 GeV, and m,=0 (except in
infrared logarithms) and m;=0.1 GeV. Dependence on
the final-state fermion mass (kept in IR logarithms only)
is negligible for my <5 GeV. The results are displayed
for three center-of-mass energies: Mz —1 GeV, M, and
Mz+1 GeV. We take Af;e__'had"’"s as given by
ete™ —2uiu(y)+3dd(y) meant to mimic udsch quarks.

Events generated were integrated over a 47 detector and
the beam polarization was taken to be P =100%. 100000
events were generated in each run. In addition the angle
between f or f and the beam lines was required to be
greater than 20° and both f and f were required to carry
>15 GeV energy. The maximum hard-photon energy
was taken to be 0.9E,,, while the experimental resolu-
tion for the soft photons was taken to be AE =0.01E ...
Three results are displayed for each energy. If &, is the
acollinearity cut angle between f and f, we have displayed
the results when the following hold.

(i) Generated events were cut if £,., > 2°.

(ii) No acollinearity cut was made.

(iii) The asymmetry is calculated dropping only final-
state fermion radiation to real and virtual photons in rela-
tive O (tey,) graphs. In other words, the dangerous contri-
butions depicted in Figs. 11, 12, 13(a), 13(b), 14(a), and
14(b) have been set to zero in BREMMUS here. Note that
the lowest order photon-exchange diagram squared in Fig.
16 as well as the initial-state radiation in Fig. 10 are still
included in the numerical calculation. No acollinearity
cut was made.

We now discuss the results of the numerical calcula-
tions. Note from comparison of the results with and
without the acollinearity cut [entries (i) and (ii)] that the
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TABLE 1. Numerical results for 4z ° ~/7'") with polarization P =100% with up to one photon in
the final state calculated to O(a.y,) in GSW including all one-loop electroweak effects. Entries are (i)
events with §,.>2° cut, (ii) no acollinearity cut, and (iii) excluding the contributions of Figs. 11—14.
Figures 16 and 10 are still included and no acollinearity cut has been made in (iii). Final-state strong-
interaction effects are neglected throughout. Here M; =94 GeV, m, =30 GeV, and MHiggs = 100 GeV.

Vis uu dd 2uu +3dd ntu~

(i) a1 <2° Mz+1 GeV 0.2838 0.2855 0.2849 0.2766
My 0.2640 0.2737 0.2705 0.2659

Mz—1 GeV 0.2399 0.2572 0.2514 0.2525

(ii) No cut in acollinearity Mz+1 GeV 0.2802 0.2827 0.2819 0.2728
Mz 0.2632 0.2710 0.2683 0.2622

Mz—1 GeV 0.2400 0.2526 0.2482 0.2468

(iii) No final-state photon Mz+1 GeV 0.2823 0.2808 0.2814 0.2733
radiation Mz 0.2642 0.2699 0.2679 0.2599
Mz;—1 GeV 0.2375 0.2521 0.2471 0.2468

effect of hard and soft bremsstrahlung is very small for a
given flavor. There are still some flavor-dependent effects
on pole but these can be traced to the graph with pure
photon exchange in Figs. 16 and 10 as can be seen from
comparison with entry (iii) which neglects the final-state
fermion radiation to real (soft and hard) and virtual pho-
tons in relative O(a.,) graphs only. As shown above,
however, the flavor-dependent effects of the pure photon
exchange graph in Figs. 16 and 10 can be included by cal-
culation using perturbative QCD and thus the largest
fraction of flavor-dependent effects give negligible
strong-interaction uncertainty.

As mentioned above, the computer program BREMMUS
contains no final-state strong-interaction effects. We will
assume, however, that final-state strong-interaction effects
can be no larger than flavor-dependent effects calculated
in the absence of final-state hadronization. We thus take
as an upper bound on strong-interaction uncertainties in

A Z; e~ —hadrons 11 results given by BREMMUS for the vari-
ous flavor-dependent contributions which cannot be calcu-
lated in perturbative QCD; in other words, we ascribe a
100% uncertainty to these contributions. These include
v-Z boxes and hard-photon effects [as well as other ef-
fects dropped in entry (iii) in Table I] as discussed above
but not the contribution of Figs. 16 and 10. We estimate
the theoretical strong-interaction uncertainty

AAgRe T ~hadrons_ pf2) < £0.0005+0.0035 ,  (4.10)

where the first error is inferred from Table I [by the
difference between entries (ii) and (iii) in the column with

FIG. 16. Squared photon-exchange graph still included in
A;g in entry (iii) in Table I. This gives the vast majority of
flavor-dependent effects.

final state 27%u + 3dd, meant to give the asymmetry with
final state udscb quarks] and the second is from the
strong-interaction uncertainty in the vector-boson vacuum
polarization.!! Note that (by these rules) even off reso-
nance by *1 GeV, we can ascribe a small-strong-
interaction uncertainty < +0.001%0.0035.

Equation (4.10) is the main result of this section. We
believe it gives a conservative estimate of the total theoret-
ical error from strong-interaction uncertainties. We con-
jecture that more sophisticated calculations (higher order
in perturbative QCD, specific hadronization models, in-
clusion of more soft and hard photons in the initial and
final state, etc.) will further vindicate this estimate of the
total strong-interaction theoretical error of < +0.004,
roughly 1.5% of A g(—M?) itself. This must then be
the experimental error design goal.

Note that the strong-interaction uncertainty in
Afge hadons o not really any worse than that in
It has been shown!'! that the strong-
interaction uncertainty in Afx® —~* *  is +0.0035 and,
as stressed first in Ref. 11, is mainly due to the quoted ex-
perimental uncertainties in e Ye ~—hadrons in the region
1<V’s <10 GeV. This could be improved to ~ +0.0015
if the experimental error in this region could be reduced to
+5% in the value of R. This would then bring the total
theoretical strong-interaction error in AZ; e~ —hadrons
+0.002. Such measurements on e te ~ —hadrons between
1 and 10 GeV should thus be given high priority so that
SLC/LEP can give a very-high-precision test of elec-
troweak theory.

ete~—utu—
ALR .

V. MEASUREMENT OF 4.z AND CONCLUSIONS

Having finished our discussion of the longitudinal-
polarization asymmetry A Z; e~ —hadrons  pear Z9 reso-
nance, we now turn to the experimental implications of
this asymmetry for testing GSW at the one-loop level as
well as the possibility of theories beyond GSW.

Table II contains the shifts SAE;K_’“J(“_(—MZZ) in
the longitudinal-polarization asymmetry for various
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TABLE II. Response of one-loop various asymmetries on Z, resonance to new one-loop physics
(taken from Refs. 1 and 3). Results listed are only representative of these model-dependent effects.

One-loop physics 8A R =8A4,p0 SAF;e_“"‘Jr“_ SMy (MeV)
Photon vacuum polarization —0.12 —0.06 —890
GSW weak
m, =30 —0.03 —0.01 —180
Heavy top quark
m,~180 GeV 0.03 0.0075 780
Heavy Higgs boson ~1 TeV —0.01 —0.0045 — 160
Heavy-quark pair
(a) Large I splitting 0.02 0.01 300
(b) Degenerate —0.004 —0.002 —42
Heavy-lepton pair
(a) Large I splitting m,=0 0.012 0.006 300
(b) Degenerate —0.0013 —0.0006 —14
Heavy-scalar-quark pair
(a) Large I splitting 0.02 0.01 300
(b) Degenerate 0 0 0
Heavy-scalar-lepton pair
(a) Large I splitting 0.012 0.006 300
(b) Degenerate 0 0 0
Technicolor
SU(8) x SU(8) —0.04 —0.018 —500
O(16) —0.07 —0.032 —500
SUQ2), XUy x Uy —0.03 —0.01 + 2500
Mz /Mz=3
SUQR), XSUQR)g xUl)p_1 0.08 0.03 1500

Mz /Mz=5

sources of interesting and new physics. These are mostly
due to “oblique” radiative corrections' or to the effect of
new gauge particles in extended gauge groups® at the tree
level and so are the same as the shifts in A}f;e—ﬂhadmns as

shown in Refs. 1 and 3:

SALRE THTHT(—M,Y)=8A4Fg° Thadron(_pr,2) . (5.1)

These then are typically of order 1% although they can
be much larger; the goal must then be to measure experi-
mentally and interpret theoretically A4 ,‘f; e~ —hadrons ¢,
< +0.005. Note that the forward-backward asymmetry
Afp® TP T(—M,?) is much less sensitive to this in-
teresting physics. We compare the shifts in the asym-
metries with the shift in the W* mass M, in Table IL

A detailed study of experimental errors, etc., can be
found in the formal proposal for e ~ beam polarization of
the SLC polarization group SLCPOL'? and much of what
follows is drawn from there. The main source of sys-
tematic experimental error for 4,z is the uncertainty AP
in the value of the absolute e~ beam polarization P.

These we take to be P~40% and AP /P = +0.05, values
already achieved at SLAC in 1978 for the polarized
electron-deuteron experiment. Note, however, that the
longitudinal-polarization asymmetry is quite insensitive to
this systematic error; an experimental error

AP

AALR —N—A—P})—ALR 2027"“_

P (5.2)

is induced in A4, for Mz; =94 GeV. There is a statistical
experimental error which depends on the beam luminosity
or the number of Z%s produced in e Te ™ annihilation.
Further we take the theoretical error in 4 z; e —hadrons 4,
be +0.004 and in Afg® ~* " to be +0.0035.

In Fig. 17(a) (RHS, solid line) the total experimental
plus theoretical uncertainty in Af;e*“”ﬁ"*(—Mzz) is
plotted as a function of the beam luminosity for
AP/P =+0.05, P=40%. Note that we need approxi-
mately 10° Z%s to test Afg® ~* T (—My?) to ~+0.02
because the error is statistics dominated even then. We
have indicated in this paper, however, that we are able to
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FIG. 17. (a) Total experimental and theoretical uncertainty in
AfR e HTET (M%) (RHS lines) and Afz® ~"on(_M,?)
(LHS lines) as a function of the beam luminosity assuming
AP/P=+0.05, P=40% (solid lines) and AP/P =+0.01,
P =40% (dashed lines). A theoretical strong-interaction uncer-
tainty of +0.004 for A4 Z; e~ —hadrons _ Ar.2) has been assumed.
It has been shown (Ref. 10) that the strong-interaction uncer-
tainty in AZ;"—_’“+"_(—M22) is £0.0035. Also indicated is
the resultant total experimental plus theoretical uncertainty in
sin?0y. (b) The same as (a) but with polarization P =80%.
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reduce the total theoretical strong-interaction uncertainty
in Afge Thadons(_par,2) 1o <+0.004. In Fig. 17(a)
(LHS, solid line) the resulting fotal experimental plus
theoretical error in Afz® ~™d°%(_ar,2) is plotted as a
function of the beam luminosity. With only ~5Xx10*
Z%s (early in SLC lifetime) the asymmetry can be mea-
sured to +0.015 which could be regarded as a measure of
sin?Qy to +0.002 giving already a very serious constraint
on the physics of Table II. Note that Afg® —Padroms jg
not statistics dominated after ~ 10° Z%s; we need then to
bring down the systematic error.

It may be possible to improve the e ~ beam polarization
to P~100% using stressed uniaxial crystals!?> and
separately to improve the polarization measurement to
AP/P=+0.01 with a Compton polarimeter.'?> In antici-
pation of these developments, the experimental and
theoretical uncertainties in A§z° " #7(—M,?) (RHS,
dashed line) and Afx® —P2do™(_pfr,2) (LHS, dashed
line) are plotted in Fig. 17(a) as functions of beam lumi-
nosity for P =40%, AP/P=+0.01. Figure 17(b) is simi-
lar to Fig. 17(a) but now with polarization P =80%.
Note the increases in sensitivity. This certainly justifies
giving high priority to these polarization improvements.
It will then be possible to measure A€ ¢ —hadons (4
+0.008 (sin?0y to +0.001) with ~10° Z’.

We now compare the sensitivity to new and interesting
physics of the longitudinal-polarization asymmetry

Afge hadons with the forward-backward asymmetry
Afp® **” on Z° resonance. In Fig. 18 these asym-
metries are plotted as functions of M, in three cases: (i)
without new physics (solid lines) m, =30, myjze, =100

GeV; (ii) with a heavy top quark m,~180 GeV and

T 0.10 T T T
a) ‘/> b) M
7/
s —
7/ ==
025 | ./( b 005 - Pl B
g Y] I =T
= .// — = — =
< 7/ 7 < ]
=
020 | 7 g 00 -
7 L L]
015 1 L ~0.05 1 1 L
92 93 94 92 93 94
M; (GeV) Mz (GeV)

FIG. 18. (a) The left-right asymmetry evaluated at the Z as a
function of the Z mass. The solid curve corresponds to m, =230
GeV, M;; =100 GeV. The dotted-dashed curve corresponds to
m, =180 GeV, My=100 GeV. The dashed curve corresponds
to m, =30 GeV and My =100 GeV, but with p=1.01 instead of
p=1.00. The rectangles indicate the expected limits for +lo
about a hypothetical data point on the solid curve with Mz =93
GeV with P =40%. The largest rectangle represents the expec-
tation for N =10* observed Z’s and AP/P=+0.05. The two
smaller ones represent N =10° with AP/P=+0.03 and N =10°
with AP/P=10.01. (b) The forward-backward asymmetry for
the p*u~ final state. The conventions are identical to those in
(a).
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My =100 GeV (dotted-dashed lines); (iii) a shift in the
asymmetries as would occur, for M, =30 GeV, My =100
GeV (dotted lines), but now with a p parameter p=1.01
from, say, the VEV of a Higgs triplet or a new representa-
tion of fermions with large custodial SU(2); XSUQ2)g
symmetry breaking. These lines are indicative of the ef-
fects of new physics on the asymmetries and are not to be
taken as precise predictions.

The rectangles in Figs. 18(a) and 18(b) indicate sys-
tematic and statistical experimental plus theoretical errors
in the asymmetries with 10% 10°, and 10® Z%s with in-
creasingly smaller error bars. The boxes include a +50
MeV error on the direct experimental measurement of
M. Note that although Agp is insensitive, A;z can be
used with relatively few Z,’s to probe the effects of new
and interesting physics at one loop in GSW, for new
SU(2); X U(1) matter representations from beyond GSW
and for new gauge sectors from beyond GSW.

We now turn to a comparison of the power of various
precise measurements to constrain GSW at one loop as
well as physics from beyond GSW. Imagine that all such
experiments can be interpreted as measurements of M.
We plot in Fig. 19 the resulting experimental and theoreti-
cal uncertainties in M, from various experimental pro-
grams. To the left are “non-SLC/LEP” experiments in-
cluding a direct measurement of M, by UA1l and UA2,
neutrino-hadron scattering (the dotted part of the line in-
dicates theoretical uncertainties beyond the quoted experi-
mental ones) and neutrino-electron scattering as proposed
for the 1990s by the CHARM II Collaboration. In the
middle we plot SLC/LEP experiments without beam po-
larization with 10% 10°, and 10° Z%s including a direct
mass measurement and the forward-backward asymmetry

Afg® ”F'*T. On the right are plotted proposed
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FIG. 19. Comparison of indirect measurements of the Z
mass, assuming the standard electroweak model, with direct
measurements. Squares indicate direct measurements; circles in-
direct measurements. The open circles and squares indicate fu-
ture measurements; error bars show *1o. Existing data are tak-
en from the 1986 Particle Data Group compilation. The asym-
metry measurements at the SLC show three circumstances:
N=10% AP/P=5%; N=10°, AP/P=3%; N =10
AP /P =1% all with P =40%.
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SLC/LEP experiments with 40% e~ beam polarization
for 10%, 10°, and 10® Z%s. Note that Afg® ~ ™Mo with
only ~5x10* Z%s is already the best test of the theory
and is bettered only by Afz° ~* "~ with about 107 Z%s
beclagulsle of its slightly smaller strong-interaction uncertain-
ty.>”
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APPENDIX

Consider the process e e ~— ff, where f is a certain
quark, to lowest order in electroweak interactions but to
all orders in the strong interactions. If JZ’Z are the ha-
dronic components of the photon and Z° currents in the
standard model and | F) denotes the final | ff) state, we
have

(0| J,, |F)Y(F|J,|0)

=S, F{p)+A,Fip), i,j=v.Z, (A]

where S,,,A4,, are kinematical coefficients which are
symmetric and antisymmetric in the Lorentz indices and
Fg 4(p) contain the full effect of flavor and strong-
interaction dependence of final states with a tagged had-
ron of momentum p plus anything. When integrated
symmetrically in cosd, | F{ vanishes and then as dis-
cussed in Ref. 5, one is led to an expression for the
longitudinal-polarization asymmetry for the process
e e ~— ff with hadronization in terms of the symmetric
parts F¥. Note that, while F{? and FZZ are real, F{Z in
principle contains an imaginary part which must be taken
into account.

Actually, F{% can only come from the interference of
the photon current with the vector part of the Z, current.
For the latter we write, following the decomposition used
in Ref. 10,

2
20 gre—Loarl,
SeCo

ISTES

(A2)

z
J vector = — SaC
ot o
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where 5g9=sinfy is the weak mixing angle (cg’>=1—s42)
and

AJ:Jvector3_ %JY

— %(J(¢)_2‘](w))+AJ(heavy quarks) , (A3)

where AJheawy quarks)  contains the contributions from
heavy (i.e., ¢,b,t,...) quarks. Note that the current for
the vector (o meson does not appear in Eq. (A3) while the
currents J'¢ and J'®’ for the vector ¢ and w do.

On Z° resonance, the interference between photon and
Z exchange graphs can contribute if F¥* develops an
imaginary part. This can only come from nondiagonal
(mixing) components, i.e., of the kind

Im(0 |J7 | F){F |J7|0), (A4)

where m,n (m=£n) denote specific light (p,w,¢) and/or
heavy (c¢,b,t) components of the electromagnetic current.
We can thus consider two different situations.

(1) fis a light (u,d,s) quark. Then, the “heavy” m,n
indices are strongly suppressed by Zweig mechanisms.
The light indices are suppressed, conversely, by p-w,
-¢, . .. mixing parameters. Roughly, we can classify the
latter as being of either next order in a.,, or proportional
to light-quark mass differences which are absolutely negli-
gible at the M, scale.

(2) f is a heavy (c,b,t,...) quark. Then, every index is
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suppressed by Zweig mechanisms.
We thus conclude that F?, FZ, and F¥Z are all real to
high accuracy. If we now sum over all final states

FY=3 Re(0|J'|F){F|J/|0) (A5)
F

the Fg are directly related to the total cross sections for

ete~ —hadrons. In perturbative QCD we can use fac-

torization theorems for the strong interactions of massless

quarks and thus

as(ﬁ)

FJ=FY§|q 0|1+ +0(a,X(P)) (A6)

o

with F¥ | a,=0 calculated in electroweak SU(2), X U(1)
with QCD turned off.

Now consider the longitudinal-polarization asymmetry
A z; e~ —hadrons  gince this is a ratio of total cross sections
(with left- and right-handed electron beams) it depends on
ratios of the F ¥ and in such ratios strong-interaction ef-
fects cancel at least through O(a;). These facts, not
necessarily true for the antisymmetric parts or for the
imaginary components of the hadronic tensors and, to our
knowledge, for (7¢) final states whose quark mass is com-
parable to M, allow us to write near the Z 0 resonance
(f#e,v,,t):

At g =45 (g | 0,20+ O(aD) . (AD
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