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We have recently shown that the embedding of SU(2)q I) SU(2)& (3 U(1)& L into an

SO(10) grand unified theory can lead to low-energy parity restoration providing an alter-

native to the conventional SU(5) theory (with a desert above M~). In this paper we ex-

amine various tests of this model which can be employed at future (and present) e+e
and ep colliders to distinguish our model from the standard electroweak SU(2)L (SU(1)
model.

I. INTRODUCTION

In a recent series of papers, Senjanovic and myself have considered the possibility of low-energy parity
restoration through the embedding of the SU(2)z 8 SU(2)~ 8 U(1)~ ~ electroweak gauge group into grand
unified SO(10). The breaking scheme goes as follows:

SO(10)~ SU(2)g 8SU(2)g 8SU(4)c —+ SU(2)g 8SU(2)g 8U(1)s g 8SU(3)c
Mc

-SU(2}~ 8U(1)r 8SU(3)c -SU(3)c 8U(1)@ED
Mg M~,

with M~-10' —10' GeV (depending on the exact
Higgs structure), Mc-10" GeV, and Ms- a few
times M" (80 GeV). Such a picture has been
shown to be consistent with all low-Q (i.e., Q
«gauge-boson masses squared) tests in both the
neutral- and charged-current sectors as well as the
constraints imposed by grand unification on the
values of sin 0~ and a, . Unlike the standard
SU(5) scheme which demands a "desert" between

M~ and Mx our scheme has two oases, one associ-
ated with the breaking of left-right symmetry at
M~, the other with quark-lepton unification at
Mz. In this paper we will examine some of the
consequences of the former (low Ms) for present
and future e+e and ep colliders.

The basic formalism for this work can be found
in the earlier work of the present author which
will be expanded on here for our present purposes.
W'e will find that distinguishing our scheme from
the standard model will be quite impossible at ei-
ther PEP or PETRA (unless the helicity of the

final-state leptons can be measured) and will re-

quire LEP or the SLAC collider in the e+e
channel and TRISTAN, HERA, CHEER, or ISA-
BELLE (with an ep option) in the ep channel since
high Q is needed.

Section II will contain an analysis of various
comparisons of the standard SU(2)L 8U(1}r
model with our left-right-symmetric model

SU(2)g XSU(2)s 8U(1}s ~ for e+e interactions
from very low energies (v s = a few GeV) to the
highest possible LEP energies (U s -250 GeV).
Similarly, Sec. III will concentrate on an analysis
of various asymmetries in ep collisions which can
be used to deduce the structure of neutral currents
at high Q to see the differences between the stan-
dard model and the one considered here. Our re-

sults and conclusions can be found in Sec. IV.

II. e +e TESTS

In this section we will consider the various ef-
fects of parity- and charge-conjugation-violating
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neutral currents on the reaction e+e +ff—, with f
being some fermion species; we will concentrate on
e+e —+p+p . We will follow the analysis of our

earlier work (Ref. 3) and neglect all fermion mass
terms and assume unpolarized e+ and e beams.

We take our effective Lagrangian to be

W=( e—eZ„e+Qfefpg)A"+ g [ep„(u,'+a,'}&)e+f}„(vf'+af'yg)]Z,", (2.1)

where we have assumed that there are N neutral gauge bosons; the above couplings are self-explanatory. Wc
will assume lepton universality below in that U,

' =u& and a,' =a„' for all i. The differential cross section for
e+e ~ff can now be written as

2
—NcQf [Af ( 1 +cos 8)+2Bfcos8]

4s
(2.2)

where Nc is the number of colors of the species f and 8 is the center-of-mass scattering angle. In general
we find that Af and Bf can be written as

Af =1+2+ s s
2 2s-mz s —mz

Ue Uf s (u, u, +a, ,a, )(uf u, f+af, af), ,

—Qfe,. (s —Mz. ) (Qfe)
(2 3)

QeClf S ( V4.ae, +V4,a4. )( Vf af, +Vf,af )

2+& 24—Qfe,. s —Mz (Qf e)
s 2s —Mz,

s —Mz
l

(2.4)

The forward-backward charge-conjugation-violating asymmetry AFa is then defined

der doJ dcos8 f dcos8

1 doI d cos8

= —,Bf lAf (2.5)

while the total cross section is just

4ma
&cQf'Af

3$
(2.6)

With the initial e+,e beams unpolarized a net helicity in the final-state fermions result from parity-

violating Z; couplings. The differential cross section as a function of the helicity of the Anal fermion f can

be written as

0 =0']+&f02 ~

dQ
(2.7)

with

1 d0
2dQ '

which is given by Eq. (2.2). If we now define the helicity as

Hf(8, s) =o2/cri, -

we find

—2[Xi(1+cos 8)+2Xf2cos8]
Hf(s, cos8) =

Af(1+cos 8)+2Bfcos8

where

(2.8)

(2.9)

(2.10)
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Xf vqaj' g (vfaf )i(ve +ae )i'
2 2.,

Qf—e,. (s —Mz );; (Qf e )
i 2+ r4

s

s —Mz. 2
l

s

s —Mz. ,
2

(2.11)

Xf
2 2

vfQe s (u, a, );(vf+af)j'
—Qfe,. (s —Mz. );; (Qfe )2 i 2+ 2 4 s —Mz. 2

t
L

s

s —Mz, 2
t

(2.12)

The forward (cos8=1) helicity is then

Hf =Hf(s, cos8= 1)=—2(Xi+Xr )/(A f+Bf)

and the angular-averaged asymmetry is given by
1—2 f d cos8[X,(1+cos 8)+2Xrcos8]

Hf=
f d cos8[Af ( 1+cos 8)+2Bfcos8]

=—2Xfi/Af .

(2.13)

(2.14)

In our analysis, the quantities of interest will
then be Af, A(rr, Hf, and H specifically for f=IJ..
For final states containing quarks with a given hel-

icity, etc., some detailed Monte Carlo analysis is
necessary before neutral-current information can be
extracted from the final-state data. We remind
the reader that in the standard model af and vf are
given by

uf =e(Tr 2xwQJ )/[—xw(1 —xw)]'
(2.15)

af =eTi/[xw(1 —xw)]'

with x~——sin 8~ and T3 being the third com-
ponent of weak isospin for the fermion f with

charge Qf. The above expression can be easily
evaluated in the standard model as well as in the
SU(2)r SSU(2)ir SU(1)e L model using the cou-
plings of Ref. 1.

Let us first consider the region i/s & 45 GeV/c
which can be studied by PEP and PETRA and res-
trict ourselves to the case where the final-state fer-
mion are muons (or r's if universality is assumed
and m, /v s neglected). The first thing we find by
doing an explicit calculation is that for v s &50
GeV a measurement of 0;„will not be very valu-

able in distinguishing between the standard
Weinberg-Salam (WS) model and left-right-
symmetric (LR) model; in this energy range we
find

I

a comparison of the two models in the
PEP/PETRA energy range. Even at the highest
value of ~s the curves differ by no more than
5 —10%. Clearly a measurement at the 10%%uo level
is about the best one can do at present given the
low luminosity of these machines so that the
present statistics cannot (or will not in the near fu-
ture) be used to distinguish the two models.

Figure 2 shows the prediction of the forward
and angular averaged helicities in the standard
model for sin 8w ——0.22 and 0.23 in the energy
range i/s &45 GeV. Similarly, Fig. 3 shows the

-0,20

-O.I5-

-O.IO—

-0.05-

0LR ~WS
&1.4X10 ', i/s &50 GeV.

0LR+0WS IO 20 30
+s (Gev)

This is certainly much too small a fraction to be
observable at any time in the forseeable future.

Next, we consider AFS which is usually claimed
as a good test of the standard model; Fig. 1 shows

FIG. 1. The forward-backward asymmetry AFB for
the PEP/PETRA energy range for the standard model
(WS) and the left-right-symmetric model (LR) in
e+e ~p+p .
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FIG. 2. Forward (Hz) and angular-averaged (Hq)
helicities in e+e ~p+p (in the PEP/PETRA range)

in the standard mode1. A: H~ with sin 8~——0.22; B:
Hg with sin ey =0.23 C: Hg with gin 8~=0.22' D: Hg

with sin 0~——0.23.i'

same curves for the LR model in the same energy
range. Although the curves are strikingly similar
note the difference in the sign of the helicities in
the two cases. This results from the fact that the
magnitude of the vector coupling constant is
roughly the same in both models while its sign is
opposite in the two cases; one sees directly from
Eqs. (2.11) and (2.12) that both X~i and X~& change
sign if U, ~—u, with a, left unchanged. Although
they differ in sign the magnitude in each case for
V s (45 GeV is too small to measure with the
present luminosity. In the future, however, if the

sign of the helicity could be measured we would
have a clear distinction between the two models.
At the present or in the near future, however, it
seems unlikely that PEP or PETRA will be able to
distinguish the two models.

%e now turn to e+e collisions at higher ener-

gies such as those to be probed by LEP and the
SLAC collider. Apart from the obvious measure-
ment of Z (or Zi 2) production we look to see
what the differences are in the two models off
resonance. Figure 4 shows A~ in the energy
range above Vs 45 GeV for both models; we see

FIG. 3. Same as Fig. 2 but for the I.R mode1. A:
HF (sin 8~——0.28); B:H~ (sin 0~——0.27); C: Hq

(gin (9+ ——0.28); D: Hq (gin2t9~ ——0.27).
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FIG. 4. The forward-backward asymmetry in both
models above v s =45 GeV for e+e ~p+p

immediately that even at Vs =70 GeV the two

models are easily (10—20% level) distinguishable.

Near the (first) Z resonance we see that AFz un-

dergoes a rapid change in sign. This is essentially

due to the change in sign of the (first) Z propaga-
tor and because AFz near the (first) Z mass is

proportional to the vector coupling of the electron

to the (first) Z squared (and hence numerically

small).
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The behavior of AFz in the two models below
Vs =110—120 GeV is similar except AFn changes
sign earlier in the LR case. Above this region the
two models are vastly different, this is mainly due
to the rather low (=240 GeV) mass of the second
Z in the LR model. While AFq remains roughly
flat above v s =130 GeV it again changes sign
twice before reaching V s =Mz, -240 GeV. In

this region AFB is controlled by the interference be-
tween the contribution of the two Z 's.

Figure 5 shows the predictions of the two
models for the average helicity of the outgoing lep-
ton with Vs )45 GeV. Note that the helicity
remains small in both cases below =70—80 GeV
and changes sign in the 80—90 GeV region (again
due to the Z propagator sign change). Near the
(first) Z resonance the helicity is large, -30%,
and can be easily measured, this (apart from the
obvious difference in mass) provides a clear test of
the LR model in comparison to the WS model.
Above the Z resonance region the helicity in the
WS model remains roughly flat at =—0.15 while
in the LR model it remains positive (=0.2) up to
=200—210 GeV where it changes sign due to the
presence of Z2 at 240 GeV. A similar set of
curves can be drawn for the two models for the
forward helicity with similar results.

The analysis presented here seems to show that
it is hopeless, either by measuring total cross sec-
tions, forward-backward asymmetry, or final-
particle helicity to distinguish between the standard
model and the LR model at PEP or PETRA ener-

gies using unpolarized beams (unless one can at
least measure the sign of the helicity of the outgo-
ing lepton). Things are much brighter, however, at
higher energies such as those at LEP; apart from
the Z -mass and branching-ratio measurements we
see a large difference in both the forward-back-
ward asymmetry and the average helicity in the
two cases. We conclude that a high energy e+e
collider can easily test our LR model but it may be
impossible to do so at PEP or PETRA.

III. ep TESTS

Since the recent experiments on deep-inelastic
electron-deuteron scattering at low Q at SLAC it

0.4—

0,3—

0.2—

O. I—

-0 I—

-0.2—

-0.3—

-0.4-
'0

grl I I I

50 90 l3G 170 210 250

+S (GeV)

FIG. 5. The average helicity for both models (in
e+e ~p+p ) above Ws =45 GeV.

(3.1)

With these cross sections we can construct various
asymmetries produced by parity- and charge-
conjugation-violating neutral-gauge-boson
exchange(s) interfering with the photon-exchange
term. Consider the subprocess e qL, (+~~e qL, (z~
where qr, ~q~ is a left- (right-) handed quark of type
i. If we denote the coupling of the electrons and
quarks to the photon and Z bosons by (a labels
the Z bosons)

has become increasingly apparent that electron-
hadron interactions may be a unique regime for
studying the nature of various weak-interaction
models. At low Q however, the various neutral-
current-produced asymmetries are quite small
(-10 —10 ) and extremely difficult to meas-
ure. In fact for any reasonable fixed target
machine one could not hope to reach Q 's above
500—700 GeV with any appreciable cross section.
It is just in this region, however, above Q =10
GeV that the various asymmetries become more
easily measured without all of the complex tech-
niques employed by the SLAC-Yale group.

In ep collisions with unpolarized protons we can
imagine four possible neutral-current cross sec-
tions, one for each helicity and charge of the initial
e:

~=fl 2'(1+F5)QEf + YP(1 1'5)QSf 1fx ZP

with the obvious requirement Qzf ——Qgf ——QJ we can obtain the following cross sections:

(3.2)
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2

QS.QS. QR. QR;

a

QSeQEi ~ QR. QLz

Q2 Q2+Pf 2

do'LL 0(-

2 2

QEe QEi ~ QLe QLzi; QEe QSi ~ QI.e QRi

a a

(3.3)

where doLiR&LiRi represents the differential cross
section for scattering left- (right-) handed electrons
on left- (right-) handed quarks of type i Fo.r an-

tiparticles the left- and right-handed couplings are
interchanged and the sign is reversed, e.g.,

QL(e+) =—QR(e )

QR(e ) QL(e
(3.4)

yz exwQi

[xi'(1—xir ) ]'~

(3.6)

Similar expressions can be written down for posi-
trons. Once the xq;(x) are known we can immedi-
ately calculate the various cross sections which will
be functions of x and y in general. Since these are
doubly differential (too differential for our pur-
poses) we will integrate over all x and examine
do/dy only. We will make use of the Q2-
dependent distribution functions of Buras and Gae-
mers in order to include lowest-order QCD scaling
violations in our calculation. These corrections
are, however, quite insignificant at these Qi values

This ensures that the vector coupling constant of
the antiparticle is opposite in sign to that of the
corresponding particle while the axial coupling
constant remains unchanged. The variable y is the
usual scaling variable of deep-inelastic scattering.

The total contribution to the above cross sections
is obtained by multiplying each do' by the
corresponding weight factor (the quark distribution
function in the target hadron) and summing over
quarks and antiquarks. We find

do(eR )= g (doRL +do'RR)xq;(x),

(3.5)
do(eL )= g (dir'LL+dcrLR)xq;(x)

l

with xq;(x) being the quark (and antiquark) distri-
bution functions for the target hadron. Within the
standard model we have only a angle Z with

e(T3L xwQf)—
[xi'(1—xi' )]'i

I

as shown in our earlier work.
We now turn to the various possible asymmetry

parameters we will examine below; we define

( +-)— ( -+)

w'-(y)=
d (e+)+d (e+)

do.
( ~) der

&'-(y) =

d(x + do
(eLR) — (eL R)

~L,R(y)=
d
dy

'
rgb

do'„(",.)+ ', ("-,, )

(3.7)

(3.8)

(3.9)

Note that these six asymmetries are clearly not all
independent since there are only four measurable
cross sections do(eL R )idy. For low Q all of
these cross sections rise like Q such that, say,

/Q is essentially independent of Q until Q 's

near gauge-boson masses are reached. The typical
behavior of these asymmetries with Q can be seen
in Fig. 6. In the low-Q region (Q & 10~

GeV /c ), A /Q is essentially flat with a value
typical of the SLAC-Yale experiment. (We fix
y =0.2 and take the standard model for simplicity.
The same qualitative results are obtained for dif-
ferent y values as well as for the LR model. ) The
Q2 dependence for larger Q values comes from
both the Q dependence of the Z -boson propaga-
tor as well as the Q -dependent distribution func-
tions; the last of these is actually a small effect in
the ra&ios of cross sections like (3.7)—(3.9). Al-
though A /Q decreases with increasing Q, the
actual asymmetry A rises quite rapidly. For ex-
ample, at Q =10 GeV we see that A =0.25,
several orders of magnitude larger than the value
obtained by the SLAC-Yale group. Certainly,
asymmetries of such an order of magnitude are
easily measurable with good statistics and the ad-
vantages of high-Q ep interactions are clearly
seen. Above Q =10 GeV /c or so the rapid
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7

CU 3
C3

2
O

I I— ea p ~v~ (P)X (3.10)

metrics at Q =10 GeV /c for various values of y
can be used to easily distinguish between the stan-
dard and LR models.

These two models not only differ in their
neutral-current sector but also in the charged-
current sector. Whereas the cross section for the
charged-current reaction

IO Io~ lo4

Q f(GeV/c) I

is zero in the standard model (since vz, if it exists,
does not couple to W ) a reaction of this sort is

FIG. 6. A /Q as a function of Q in the standard

model for ep deep-inelastic scattering with y =0.2.

growth in the various asymmetries levels off until

they reach constant values in the asymptotic region

Q » all gauge-boson masses. The asymptotic re-

gion for the standard model can already be
achieved (?) by the HERA design (Q2=10
GeV /c ) while, for the LR model, it is outside
the reach of any proposed machine ( & 6&& 10
GeVz/c 2)

We now turn to a comparison of the predictions
of the WS and LR models for the various asym-
metries, we will take Q =10 GeV /c since, cer-

tainly, this is a value that all the proposed ep
tnachines can easily reach. Figure 7(a) shows a
plot of A+(y) with Q =10 GeV /c for both the
WS and LR models while Fig. 7(b) shows A (y)
for the same Q for the same two models. We see

that in both of these cases the two models are
clearly distinguishable with different magnitudes as
well as different y dependences. [Note that A+-(y)

is a true measure of parity-violating neutral-current
effects while, for example, Ci z measure charge-
conjugation-violating interactions. B-+measure
simultaneous parity and charge-conjugation viola-
tions. ] Figure 8 shows the plots for B and B+-
for both the LR and WS models at Q =10
GeV /c . Note that unlike the A +-case the curves
are quite similar and, even at large y, would re-
quire measurements at better than the 5 ' level in
order to distinguish between the two models. Fig-
ures 9 and 10 show CL, and C~, respectively, for
the same two models at the same Q . Here, unlike
the curves in Fig. 8, we again see a clear distinc-
tion in the predictions for the magnitudes for the
two models although their y dependences are seen
to be quite similar.

It is clear here that measurements of these asym-

0.2

O. I

I

0.2
I

0.4
I

0.6
I

0.8
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-0 I

I

0.2
I

0.4
I

0.6
I

0.8

FIG. 7. (a) A+(y) in both models at Q'= Ip
GeV /c . (b) A (y) at the same Q'.

I.O

I.O
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FIG. S. 8 +—(y) at Q =10 GeV /c2 for both models.

A: 8 (y) in the LR model with sin g~ ——0.27; B:
(y) in the WS model with sin Qg ——0.23; C: —jP+(y)

for the LR model with sin 8~——0.27; D: —8+(y) for
the WS model with sin 8~——0.23.

possible in the LR model:

e~ p~EX, (3.10')

where N is a heavy ( —10's of GeV) right-handed
Majorana neutrino. This reaction has already been
discussed, however, so we will not discuss it furth-
er here but say only that it also provides a clear
test of the LR model.

One thing should be stressed at this point. In
order to do weak-interaction tests in high-Q ep
machines it is necessary to have polarized beams
and to be able to accelerate both electrons and po-
sitrons. All future proposed ep machines have
made provisions for these possibilities in their
design.

In summary we see that the ep physics provides
a unique area for studying neutral- and charged-
current processes which can be used to test elec-
troweak models in ways clearly different from

( —)
e+e or p p colliders.

FIG. 9. CL, (y) for both models at Q =10 GeV /c2.

IV. DISCUSSION AND CONCLUSIONS

As we have seen future e+e and ep collider fa-

cilities may provide a proving ground for the stan-

dard electroweak theory SU(2)1 8U(1) and the al-

ternative SU(2)1 Cgj SU(2)q 8 U(1)q L left-right-

symmetric theory considered here. At rather low

Q (i.e., present experiments) the two models are

completely identical except for differences at the
level of a few percent. The only exception to this

is the sign of the helicity of the out-going lepton in
e+e experiments in the PEP/PETRA energy

range; however, it seems that a measurement of
this quantity at the level necessary to test the two
models presented here is impossible at present (or
in the very near future). What we need is some

way to measure accurately the magnitude and sign
of the electron neutral-current coupling constant—
this is made difficult by the fact that sin 0~- 4 in

both models where this coupling essentially van-

ishes.
Apart from the direct observation of the (first)

Z boson by LEP or the SLAC collider, we have

seen that measurements of the forward-backward

asymmetry and the out-going helicity for the pro-
cess e+e ~p+p (or r+r ) can easily provide a
clear distinction between the two models investigat-
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FIG. 10. C~(y) for both models at Q =10 GeV /c .

that the Z boson is lighter than expected which
usually implies that the true model has (at least)
two Z bosons. By sitting on this Z, we could
then extract its various couplings to quarks and
leptons but we are unable to produce the heavier
Z (Zq) due to its large mass and extract similar
coupling constants. We could, however, extract at
least some of this information from the various ep
asymmetries if we feed in what we have learned
from sitting on the Z&. This new information

( —)
would not be obtained if we used e+e or p p
colliders alone with insufficient ~s to produce the
second Z . The ep machine with its ZP exchange
in the t channel would, however, give us some idea
of properties of the second Z . Given the mass of
Zz (=240 GeV) this seems a likely prospect if the
LR model is correct and present plans for the fu-

( —)
ture e+e and pp colliders go through. (The
latter have insufficient ~s to produce Zz at signi-
ficant rates to extract useful information at least
for the first-generation designs. )

Since these high-energy machines are not far off
in the future it may not be long before we can test
the standard model as well as the possibility of
low-energy parity restoration through the alterna-
tive left-right-symmetric model.

ed here. The only requirement is either very accu-
rate measurements at V s =30—40 GeV or some-
what more coarse measurements at or near
v s =70 GeV where Azs is quite large (=—0.7).
Certainly these energies are obtainable in the
planned colliders of this kind. Helicities, on the
other hand, do not get appreciably large until
v s =70 GeV/c; however, to distinguish the two
models under consideration we need only measure
the sign of the helicity which may be easier than
an actual magnitude measurement.

We have found that ep colliders, if they have po-
larized beams and can accelerate both e+ and e
provide a unique opportunity to examine the vari-
ous lepton and quark couplings. One might ima-

gine, perhaps, the following scenario: It is found
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APPENDIX

In this appendix we give for the sake of refer-
ence the exact expressions for the various weak
asymmetries at low Q in the standard model:

g Q;[xq;(x)]

[+g~gv+gvg~+(y)] .
&2m'a ( Q; [xq;(x)]

(A1)

gf ~q~ is the electron vector (axial-vector) coupling constant and gv~„~ is the vector (axial-vector) coupling
constant for the ith quark of charge Q; and with distribution function xq;(x):
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F(y) —=
1—(1—y)
1+(1—y)'

(A2)

(A3)

Similarly we find

In the valence-quark limit we take the approximation that xu (x) =2xd (x) and neglect all sea quarks in the
proton for all Q . In this approximation we find

A„-(y) = [+(—,—2x~) —(1—4xa )F(y)] .
GsQ' s

2 21TCX

g Q;[xq;(x)]

(x y) 2 F(y)gA(gv+gA )
2ma Q; [xq;(x)]

(A4)

which in the valence limit gives

&.(y)= F(y)[+1+(1—4xw)]
5 GFQ'

12 2ma
(A5)

g Q;[xq;(x ]
CL.,z(x y)=, [+g~gv+g~g~F(y)]

2nn Q; [xq;(x)]
(A6)

with the valence limit of
2

[CL„z(y)]l,= [+(—, 2xw) 6F—(y)] . —GzQ s s

2 2%ex
(A7)

Note that in this low-Q region all of the various asymmetries are linear in Q resulting from the Z -boson
propagator. We also note that the valence-quark approximation is a rather good one for the ratios of cross
sections like the asymmetries above.
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