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ABSTRACT 

We introduce and analyze the longitudinal polarization asymmetry of the 

process e+e- + hadrons with longitudinally polarized electron beams on and 

near the Zc 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. Further, on 2’ 

resonance it is independent of the final states giving a commensurate increase in 

statistics. We show that for this reason the total theoretical strong interaction 

uncertainty on Z” resonance AA ~~-+hadrons < 0.01 allowing a measurement of - 

ALR to f 0.02 which can be interpreted as a measurement of sin2 Bw to f 0.003) 

with only - 5 x lo4 Z”‘s. This rather peculiar property of the asymmetry could 

allow SLC/LEP experiments to test the standard GSW theory and possible new 

physics beyond GSW early in the lifetime of these accelerators. 
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1. Introduction 

In the next few years, a number of high precision experiments will be car- 

ried out which will test electroweak theories at the one loop level in analogy with 

experiments which, years ago, probed QED. These include neutrino-electron scat- 

tering by the CHARM II collaboration and LEP and SLC measurements of e+e- 

annihilation. 

In this paper we shall focus our attention on the peculiar 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 discussed in detail in the case of 

production of a final p+p- pair and it has been shown’ that it can represent 

a very precise test of both the Glashow-Salam-Weinberg (GSW) electroweak 

theory2 at the one loop level and of possible New Physics beyond GSW. This is 

because radiative 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 2’ in the 300-1000 GeV region,3 with 

substantial mixing with Z’.” 

One problem with this beautiful program is statistics. Roughly - lo6 2”s 

must be produced to achieve a - 1% experimental accuracy corresponding to 

- 3 x lo4 p+p- pairs, a luminosity available only at mature SLC or LEP. 

fll The same tests could be achieved by measuring the r polarization in the process e+e- + 
T+F e.g. at LEP. 
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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 A~~s+hadrons is to high accuracy quite 

insensitive to strong interactions. Their effects are cancelled out by the special 

properties of the longitudinal polarization asymmetry. This is in contradistinc- 

tion to other possible asymmetries with final hadrons such as forward/backward 

and transverse asymmetries AFB and A 1, where not only are the strong inter- 

action effects not cancelled, but the difficulties in the precise definition of jet 

axes make precise definitions of such asymmetries less clear.4 Specifically, we will 

show that to lowest order in oem, Acgw+hadrons on 2’ resonance is not only 

independent of the identity of the final states but is also unaffected by strong 

interactions. This is true whether or not one uses perturbative &CD. Thus, the 

subsequent hadronization of the final state quarks (liable to be a major source 

of strong interaction uncertainty for other experiments) does not affect ALR on 

resonance! 

Off 2’ resonance, the asymmetry becomes weak flavor dependent. However, 

assuming that perturbative QCD can be used, as e.g. with udscb quarks, ALR is 

still independent of strong interactions, at least through order os. This means 

that off resonance (only) top quark production has to be studied separately. 

Including electroweak corrections to one loop, the situation described above 

remains substantially unchanged for the vast majority of such contributions, par- 

ticularly on Z” resonance. We show this below and isolate those diagrams which 

might introduce substantial strong interaction uncertainties. We will give argu- 

ments for why these diagrams should give negligible strong interaction uncer- 
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tainty, i.e. at worst of order oem . ostrong. Thus, we should be able to interpret 

theoretically Ai2e-+hadrons to better than 1% and make use of all final states at 

LEP/SLC to explore GSW and beyond at the one electroweak loop level. We 

show that the increase in statistics allows an experimental measurement of the 

weak-mixing angle sin2 6, to f 0.003 via ALR with only 5 x lo4 Z’8 (early in the 

SLC/LEP lifetimes). 

2. ALR on Resonance 

- We start with some definitions. A,, e+e-*ff defined with 100% polarization is 

equal to (f # e-,Ve): 

Ae+e-+ff _ 
LR - (2.1) 

We will consider the asymmetry with polarization P = 100% for pedagogical 

reasons but it is easy to put in arbitrary polarization P. Then A"L+R"-(P)'ff = 
-pAe+e-(P=-l)-+ff 

LR . Indeed, when discussing the analyzing power of the polar- 

ization asymmetry in Section 5 including the strong interaction uncertainty and 

experimental systematic and statistical errors we will use P = 40%. We define 

the 20 coupling as in Fig. 1 and assuming only Z” exchange to be important on 

resonance, we have to lowest order in oem 

e+e-+p+p- 
ALR 

= de - gWe 
de + &e 

(2.2) 

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, t, u are the usual Man- 
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delstam variables): 

da 
-jfj N (!?L + !&)e (9: + Sidf ( 

u2 
f t2) 

+ (SZ - i&e CS! - dJf 
(2 - t2) 

9 

(2.3) 

In the presence of strong interactions 

“2s: t2 + Sym (cos 0, f) 

S” 
+ Anti (cos 8, f) 

where Sym(Anti) is symmetric (anti-symmetric) in cos6 + - cos0 with 0 the 

angle within the detector with respect to the electron beam direction. Sym 

and Anti may be flavor dependent (as for example with heavy top production) 

and when final state hadronization is included can be very complicated (and 

even unknown) functions. Integrating da/dfl symmetrically from cos 8 = -x to 

cos 8 = +Z e.g. around a line perpendicular to the e- beam axis 

u2 - t2 

2s +Z 
J / d4 dcosb$ - = (&. + gi)e1(z, f) . (constant) 
0 -2 

where 
2r +z 

1(x, f) = d4 
J J 

d cos 8 (gi + &) f Sym (cos 4 f) 
0 -2 

since 

(2.5) 

(2.6) 

27r z 

J J 
dq5 dcos B Anti (COST, f) = 0 . P-7) 

0 -2 

Note that after hadronization f f + hadrons 1(x, f) can become an arbitrarily 
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horrible flavor dependent function but it is cancelled in ALR on Z” resonance. 

A<;-‘f f( - j@) = 
(& + &)e 1(X7 f) (!I; + !&)e 

A$;--‘p+p- (-@) . 

Clearly, this argument holds for any combination of final state data, e+e- + 

hadrons , r+r-, /.L+P- . . . as long as we are careful to remain on pole and exclude 

final states with t channels such as e+e-. 

Note that all dependence on the final flavor and the strong interaction effects 

in the final state hadronieation have cancelled in the ratio, due to symmetric 

integration. Note further that this symmetric integration is over an angle 8 

defined in the detector. We have not needed to define jet axes in order to integrate. 

We simply sum all hadronic data in a region of the detector (depicted in Fig. 2) 

defined by the e- beam direction for left-handed and right-handed initial state 

electrons. 

There is a very simple heuristic argument for the independence of 

Ae+e-dhadrone 
LR on Z” resonance of the details of the final states. We produce 

Z”‘s with ei at some rate and they decay. We then produce Z”‘s with ei at a 

diflerent rate and they decay. In the ratio ALR, 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 extent to which one can 

neglect, on 20 resonance, contributions not due to pure 20 exchange. Although 

one knows such terms to be suppressed by small - I’z/iMg 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 aem, in a previous 

PiLpeh5 and we shall summarize the technique in the Appendix. The result is 
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that the remaining photon exchange contributions can be safely neglected to the 

required 1% accuracy, thus allowing the conclusion of Eq. (2.8) to remain valid 

within this approximation. 

3. ALR Off Resonance to Lowest Order in Q,, 

e+e-+hadrons We now examine AL, off resonance to lowest order in oem. It is 

convenient4 to write the differential cross section for e+e- -+ hadrons in terms of 

the inclusive structure functions WFf3 where W,? comes from the square of the , 9 
photon exchange, ” Wi from the square of the Z” exchange and 7z Wi from the 

interference term between the photon exchange and 2’ exchange. The inclusive 

structure functions describe the process e+e- + X+ anything, where X with 

momentum fiP is some experimentally tagged particle which makes an angle t 

with respect to the electron beam and carries an energy fraction x = 2&/fi (see 

Fig. 3). The W,Fp are certain functions of x and s. If we generalize the helicity 

coupling constants gLe, gRe defined in Fig. 1 to include gE,, g%, with Q! = r,Z, 

we have for massless electrons. 

x 
[ 
Wplp + tc2 Wzp sin2 [ + KT~W~~ cos ( 1 (3.1) 

duR c -xc- crp g$, gg GaGP* , 
X [ WFP + tc2 WFP sin2 t - IG~WF’ cos e 1 . (3.2) 
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Here Ga are the photon and Z” propagators in lowest order in oem: 

G7 = ?- GZ= 1 
!12’ q2 + M; - iMzlYz (3.3) 

and ~3 are kinematical factors which do not depend on c, ~2 = 131/2, ~3 = 

[a+ with s = -q2 in our metric. If we now integrate symmetrically in cos ( from 

-1 to +l the Ws terms in OL,R disappear. Then the longitudinal polarization 

asymmetry is after integrating over x for a massless final state tagged hadron 

(PO = I$l,, 

GaGP* Id 

ALR(~) = 
GaGP* Id 

where 
1 

I@ = 1 . 
0 

P-4 

(3.5) 

Note that since we integrated from -1 to +l and over all tagged hadron energies x 

lap contains of course exactly the combination of structure functions appearing 

in the total cross section. 

In perturbative QCD of massless quarks the cr, corrections can then be in- 

cluded as: 

IQP(q2) = I;fzo [ 
%(q2) 1+ 7 +O(al) . I (3.6) 

Thus, the dependence of strong interaction would cancel through order a, in 

Ag; +hadrons f or light hadrons in total cross sections even of resonance. It2 
I 

fl2 For top quark production, this argument is no longer valid. Also the assumption of massless- 
ness for, say, b quarks is suspect. A more detailed discussion of the cancellation of O(o,) 
contribution to ALR is given in the Appendix, along with some warning as to possible 
difficulties. 
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Before moving on to the O(oe,) corrections we note the following important 

property of ALR. Although away from resonance it is final-state flavor depen- 

dent (and strong interaction independent), it is a smooth function of fi which 

depends very weakly on fi near the pole. This is illustrated in Fig. 4 where we 

display ALR, calculated 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. 

4. O(cy,,) Corrections to ALR 

We now turn to the issue of O(oem) corrections to ALR. 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 blobs are the renormalized 

1PI vector self-energies. As has been shown,’ these have the effect of renor- 

malizing the coupling constants of photons and Z”‘s to fermions in e+e- -+ ff, 

(gl,R)e, (gE,R)e, (gl,R)f, (g&)f) making them functions of q2 = -s. Imagine 

first that only 2’ exchange occurred. Then according to Eq. (2.8) the depen- 

dence on (gf,R) f would cancel in A$$-+hdrons and the dependence on (gf,R)e 

would be exactly the same as in A$i-+p+p-. Thus the important information 

about 1 loop effects in GSW and beyondlp3 in the eZ coupling would be pre- 

served in Aciedff. Th e only problem is that there is also photon exchange, but 

the effects of the renormalization of (gz,R)e and (gx,R) f would be first felt at 2’ 

pole at 0 (f 3) if all such corrections were real and at 0 (f &) if the oblique 

corrections had imaginary parts as well. This is, at worst, an effect of - O(10e4) 
e+e--+ff _ and so must be negligible. Thus at 2’ pole AL, e+e-+p+p- 

- A,, including 

oblique corrections in both LHS and RHS and hadronization in the RHS as well. 
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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(crem) corrections 

to the 2 and 7 coupling to electrons. These again have only the effect on renor- 

malizing these couplings making them functions 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 (gL,R)f and the usual argument applies on 2’ 

pole as does Eq. (2.8). W e might worry though about those corrections having 

to do with hadrons rather than quarks as in Fig. 8. But such graphs would only 

give O(oem) corrections to the 2’ total decay rate when the final-state hadrons 

are integrated over a 47r detector, and this cancels in Acie--rhadrons as argued in 

Eq. (2.8). Th y e would reappear in the photon exchange graphs, but as argued 

above would again only contribute negligibly to 0 (% s) 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” resonance we do not have enough energy 

to create two 2”s or two W’s) at q2 = -Mi and so contribute negligibly. 

We now turn to QED corrections, the most dangerous of all. The largest 

such corrections come from the infrared part of the QED vertices and initial state 
\ 

soft photon bremsstrahlung depicted in Fig. 10. The infrared part divergent in 

the photon mass X in Fig. 10a (part of the “direct” corrections) is of course 

cancelled by that in Fig. lob, leaving us with a large correction depending upon 

the experimental resolution AE as X --) 0. After exponentiation (inclusion of 

many soft photons) this has the effect 

aL,R + oL,R (4-l) 

with E the beam energy and experimental resolution AE N 0.01 E. But this 
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helicity independent factor cancels in ALR. The remaining contribution of Fig. 

10a QED vertices gives an s dependent renormalization of (gZ,R)e and (gf,R)e 

and the arguments given above still apply. 

The remaining contributions from Fig. lob are divided into two parts. The 

first set are soft photons or hard (detectable) almost beam collinear photons but 

in any case with Ic << 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. lob). Thus 

we write 

OL 
e+e--+ff +photons cs) = ufem+ff s 

()+-I E 8 ds’P(s’) oce-+ff (St) (4.2) 

where for one photon bremsstrahlung: 

P(s’) N 5 - --& ( 
2 . . . ) (4.3) 

Here s’ = -(p - p’ - k)2 and % P(s’) is the probability of bremsstrahlung such 

that momentum s’ flows through the virtual 7 or 2’ in Fig. lob. Similarly we 

write for k < p,p’ 

OR 
e+e-+ff +photons cs) = ,ce-+ff s 

o+ J ; 8 d&‘(d) ,ge-+ff (s) (44 

where the same helicity independent function P(s’) appears in 0~. A little 
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manipulation yields to 0( oem) : 

e+e-+ff +photons 
ALR (s) N ALR(s)~+~--*J~ 

Af;-+ff (s’) _ Af;-+ff (s)] 
P-5) 

X at e+e-+f-f b’) J,(s’) ds/ 
e+e-+ff (s) 

3 ut = UL + UR . 

at 

We now note the following facts about the second term on the RHS: Ak>Sdf’(s) 

is not a steep function of s near 2’ resonance as indicated in Fig. 4 and so the 

bracket is very small. Further, at s = Mi, ut(s’)/ut(s) 5 1 because of the 2’ 

peaking structure. Thus initial state soft radiation is negligible for ALR. Note 

that A$-- +p+-p- is a very steep function of s near 2’ 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- 

processes with polarized electrons by Bohm and Hollik.’ We defer discussion of 

hard photon k N p,p’ effect from Fig. lob until later. 

The next set of graphs to be considered, shown in Fig. 11, integrates sym- 

metrically to zero in cos.8 because of the G-parity conjugation properties of 

the photon. Now consider 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 collinear with k << p,p’. These can be written as 

proportional to 

P Q+ Q- --- --- 
p-k Q+ * k q- . k (4.6) 

where qr are the momenta of f and f. Under (cos 8 + - cos e), q+ * q- and the 

soft parts of the graphs in Fig. 12 also integrate symmetrically in COSB to zero. 
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One may worry about the exponentiation factor of the infrared part - &zx (with 

X 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 7 to be discussed later, a large factor 

AE c-1 
-$ Qf .tn -1: 

E (4-7) 

emerges. But this is helicity independent and factorizes out of ALR. We defer 

discussion of hard bremsstrahlung photons k N p,p’ in Fig. 12 until later. 

We now turn to final state radiation and QED corrections to final state 

vertices as in Fig. 13. The graphs of Fig. 13a (also included in the “direct” 

corrections) simply renormalize (gzi)f 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. 13b resulting in a helicity independent 

factor 

(4.8) 

which is simply absorbed in (g2,i)f and thus does not contribute to ALR on 2’ 

resonance. The soft photons or hard collinear photons with k < p,p’ in Fig. 13b 

which result in a factor 

!l+ --- 
q+ 0 k (4-g) 

do not integrate symmetrically to zero, but may be absorbed in the coupling 

constants (gzi)f when integrated over a 47r detector. , 
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It is now time to turn to the 7 - 2 boxes of Fig. 14. We have already noticed 

that the IR divergent part as X t 0 integrates symmetrically to zero for the 

one loop graph; even after exponentiation the factor s y in Eq. (4.7) can be 

absorbed into a coupling constant. The contributions in Fig. 14b do not have a 

double pole on Z” resonance, but they do have large logs. The contributions of 

Fig. 14a have both a double pole and large logs, and are therefore the most dan- 

gerous. They have been calculated by Bohm and Hollik6 as well as by Brown, 

Decker and Paschos7 and so, neglecting strong interactions, they are known func- 

tions which can be numerically computed. We note that the contributions of Fig. 

14, especially 14a, do not factorize and therefore, in principle, they bring quark 

flavor dependence as well as strong interaction dependence to Ai>-+hadrons even 

on Z” resonance. We are worried in particular by the hadronization of the final 

state quarks in Fig. 14a, as depicted in Fig. 15. In fact, the 1q21 running through 

the 2’ 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. 14a numerically for free quarks and found 

its contribution to Ae+,“-‘lf to be small in agreement with Bohm and Hollik.’ 

Certainly, the graphs of Fig. 14a and the strong interaction effects in Fig. 15 

deserve further attention. 

We continue our discussion of the O(cxem) corrections with a comment about 
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hard photons k N p,p’ in Figs. 13b, 12, lob. These also do not factorize and may 

give rise to flavor dependence and strong interaction dependence in Ai2e-+hadrons 

even on 2’ resonance. The photon cannot be too energetic, however, for then 

we would lose the Z” pole enhancement. Such effects are also deserving of fur- 

ther study. We will give below the results of the numerical calculation of these 

non-factorizing graphs in order to estimate the associated strong interaction un- 

certainties. 

So far all of our remarks have been qualitative in nature. We now turn to 

quantitative results8 for the longitudinal polarization asymmetry for e+e- + 

ff(7) where f = u, 4cl and either zero or one photon is included in the final 

state. These have been computed9 through O(crem) including all effectsn3 in the 

GSW SU(2)L x U(1) model, i.e. all “oblique” and “direct” electroweak radiative 

corrections as well as boxes and QED corrections with vertices and both soft and 

hard bremsstrahlung of either zero or one photon. The first calculation of elec- 

troweak GSW radiative corrections to Afim+ff was by B. W. Lynn and R. G. 

Stuart’ ; it was first stated there that the longitudinal polarization asymmetry 

on 2’ resonance including Born terms and “oblique” and other O(crem) weak 

corrections was almost independent of final state flavor and that the leading per- 

turbative QCD corrections cancelled. ALR(-M~) was first shown independent 

of soft bremsstrahlung and QED vertices by M. Bohm and W. Hollik.’ The am- 

plitudes for hard photon bremsstrahlung with polarized beams were first written 

down by R. Kleiss.g 

The Monte Carlo generator BREMMUS was written so that the various ex- 

fl3 Except those proportional to an external fermion mass - mz/q2, m;/q2 which are negligible 
for our purposes here but are not so for heavy top quarks in the final state. 
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perimental cuts could be directly implemented. At the time of this writing, it is 

the only complete O(o$,J electroweak Monte Carlo program for e+e-p&rjZed + 

ff(7). It includes some higher O(a&J effects as well and will be discussed thor- 

oughly elsewhere.8 BREMMUS allows us to compare directly theoretical and 

experimental results including the detector dependent experimental cuts. It con- 

tains 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 AL2--/f(7) with f = u, d,p are given in Table I. 

There we have taken Mz = 94 GeV, mtop = 30 GeV, mHigg8 = 100 GeV and 

me = 0 (except in infrared logs) and mf = 0.1 GeV. Dependence on the final 

state fermion mass (kept in IR logs only) is negligible for rnf < 5 GeV. The 

results are displayed for three center-of-mass energies: Mz- 1 GeV, MZ and 

e+e--+hadrons Mz+ 1 GeV. We take AL, as given by e+e- --) 2au(7) + 3zd(7) meant 

to mimic udscb quarks. 

Events generated were integrated over a 43~ detector and the beam polariza- 

tion was taken to be P = 100%. 100,000 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 2 15 GeV energy. The 

maximum hard photon energy was taken to be 0.9 Abeam while the experimental 

resolution for the soft photons was taken to be AE = 0.01 Abeam. Three results 

are displayed for each energy. If &COL is the acolinearity cut angle between f 

and 7 we have displayed the results when 

;) generated WentS were cut if &.@OL > 2’ 

ii) no acolinearity cut was made 
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ii;) the asymmetry is calculated dropping only the coupling of final state fermions 

to photons in relative O(aem) graphs. In other words, the dangerous contri- 

butions depicted in Figs. 11, 12, 13a,b, 14a,b ils well as the photon exchange 

(but not the 2” exchange) graphs in Figs. 10a and lob have been set to 

zero in BREMMUS here. Note that the lowest order photon exchange di- 

agram squared in Fig. 16 is still included in the numerical calculation. No 

acolinearity cut was made. 

We now discuss the results of the numerical calculations. Note from com- 

parison of the results with and without the acolinearity cut (entries i) and ii)) 

that the 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 Fig. 16 as can be seen from comparison 

with entry iii) which neglects the coupling of final state fermions to photons in 

relative O(crem) graphs only. As shown above, however, the flavor dependent ef- 

fects of the pure photon exchange graph in Fig. 16 can be included by calculation 

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 Ac.e-+hadrons th e results given by BREMMUS for the 

various flavor dependent contributions which cannot be calculated in perturbative 

&CD. These include 7 - 2 boxes and hard photon effects (as well as other effects 

dropped in entry iii) in Table I) as discussed above but not the contribution of 
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Fig. 16. We estimate the theoretical strong interaction uncertainty 

AAe+e-+hadrone 
LR (4;) 2 f 0.006 f 0.003 (4.10) 

where the first error is inferred from Table I (by the difference between entries ii) 

and iii) in the column with final state 2~u + 3&, 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. 10114 

Equation (4.10) is th e main result of this section. We believe it gives a conser- 

vative estimate of the total theoretical error from strong interaction uncertainties. 

We conjecture that more sophisticated calculations (higher order in perturbative 

&CD, specific hadronization models, inclusion of more soft and hard photons in 

the initial and final state, etc.) can bring the total strong interaction theoreti- 

cal error down to f 0.003, roughly 1% of ALR(-.M~). This must then be the 

experimental error design goal. 

5. Measurement of ALR and Conclusions. 

Having finished our discussion of the longitudinal polarization asymmetry 

Ae+e-+hadrons 
LR near 2’ resonance, 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 cYA~,-~~+~- (-Mi) in the longitudinal polariza- 

tion asymmetry for various sources of interesting and new physics. These are 

fl4 Note that (by these rules) even off resonance by f 1 GeV, we can ascribe a small strong 
interaction uncertainty 5 f 0.013 f 0.003. 

19 



mostly due to “oblique” radiative corrections’ or to the effect of new gauge par- 

ticles in extended gauge groups3 at tree level and so are the same as the shifts 

in Ae+e-dhadrona 
LR as proved in Refs. 1 and 3. 

(5-l) 

These then are typically of order 1% although they can be much larger; 

the goal must then be to measure experimentally and interpret theoretically 

A$m+hadrons to better than f 0.01. Note that the forward backward asymmetry 

AFB 
e+e-+P+P- C-M;) is much less sensitive to this interesting physics. We compare 

the shifts in the asymmetries with the shift in the W* mass 6Mw in Table II. 

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 systematic 

experimental error for ALR is the uncertainty AP in the value of the absolute 

e- beam polarization P. These we take to be P N 40% and $$ = f 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 AP 
AALR N p ALR e 0.27 p 

is induced in ALR for Mz = 94 GeV. Further, there is a statistical experimental 

error which depends on the beam luminosity or the number of 2”s produced in 

e+e- annihilation. It has been shown lo that the strong interaction uncertainty 

e+e-+p+p- in AL, is f0.003 and, as stressed first in Ref. 10, is mainly due to 
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the quoted experimental uncertainties in e+e- + hadrons in the region 1 GeV 

<_ ,/Z 5 10 GeV. This could be improved to - f 0.0015 if the experimental error 

in this region could be reduced to f 5% in the value of R. 

In Fig. 17 (r.h. s solid line) the total experimental and theoretical uncer- 

tainty in AL, efe--v+pL- (-Mg) is pl o e tt d as a function of the beam luminosity for 

AP/P = f 0.05, P = 40%. Note that we need approximately lo6 2”s to test 

ALR 
e+e--dp- (-&p) to - fO.O1 because the error is statistics dominated until 

then. We have indicated in this paper, however, that we are able to reduce 

the total theoretical strong interaction uncertainty in Ai2e-+hadrons (-Mi) to 

5 fO.O1. In Fig. 17 (1.h.s. solid line) the resulting total experimental plus 

theoretical error in Ai2e-+hadrons (-Mi) is plotted as a function of the beam 

luminosity. Note that this is not statistics dominated after - lo5 Z”‘s. Further, 

with only - 5 x lo4 2”s (early in SLC lifetime) the asymmetry can be measured 

to f 0.025 which could be regarded as a measure of sin2 8~ to f 0.003 giving 

already a very serious constraint on the physics of Table II. 

It may be possible to improve the e- beam polarization to P 11 100% using 

stressed uniaxial crystals l1 and separately to improve the polarization measure- 

ment to y = -+ 0.01 with a Compton polarimeter. l1 In anticipation of these de- 

velopments, the experimental and theoretical uncertainties in AL, e+e-+p+p- (-M;) 

(r.h.s. dashed line) and A~~--+hadrons(-M~) (1.h.s. dashed line) are plotted in 

Fig. 17 as functions of beam luminosity for P = 40!%, AP/P = fO.O1. Note 

the increase in sensitivity. This certainly justifies giving high priority to these 

polarization improvements. 

We now compare the sensitivity to new and interesting physics of the longi- 

tudinal polarization asymmetry Ai2-+hadrons with the forward backward asym- 
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metry A,, e+e-4p+C1- on Z” resonance. In Fig. 18 these asymmetries are plotted 

as functions of Mz in three cases: 

;) without new physics (solid lines) mt = 30, mHQ,gs = 100 GeV 

ii) with a p parameter as would be induced at one loop by a heavy top quark 

mt N 180 GeV or a new representation of fermions with large custodial 

SW)L x =q2) Y R s mmetry breaking (dot-dashed lines). 

ii;) a shift in the asymmetries as would occur, for Mt = 30 GeV, MH = 100 

GeV (dotted lines), but now with a p parameter p = 1.01 from, say, the 

v.e.v. of a Higg’s triplet. These lines are indicative of the effects of new 

physics on the asymmetries and are not to be taken as precise predictions. 

The rectangles in Figs. 18a and 18b indicate systematic and statistical ex- 

perimental plus theoretical errors in the asymmetries with 104, lo5 and lo6 2”s 

with increasingly smaller error bars. The boxes include a f 50 MeV error on the 

direct experimental measurement of Mz. Note that although AFB is insensitive, 

ALR can be used with relatively few 20’s to probe the effects of new and interest- 

ing physics at one loop in GSW, for new sum x U(1) matter representations 

from beyond GS W and for new gauge sectors from beyond GS W. 

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 Mz. We plot in Fig. 

19 the resulting experimental and theoretical uncertainties in Mz from various 

experiment al programs. To the left are “non-SLC/LEP” experiments includ- 

ing a direct measurement of Mz by UAl and UA2, neutrino-hadron scattering 

(the dotted part of the line indicates theoretical uncertainties beyond the quoted 

experimental ones) and neutrino-electron scattering as proposed for the 1990’s 
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by the CHARM II collaboration. In the middle we plot SLC/LEP experiments 

without beam polarization with 104, lo5 and lo6 Z”‘s including a direct mass 

measurement and the forward-backward asymmetry A,, e+e-+Cc+lr-. On the right 

are plotted proposed SLC/LEP experiments with 40% e- beam polarization for 

104, lo5 and lo6 2”s. Note that Ai>--thadrons with only - 5 x lo4 2”s is already 

the best test of the theory and is bettered only by A$-+p’p- with about lo6 

2”s because of its smaller strong interaction uncertainty. l’gJo 

In conclusion, we have introduced the e- beam longitudinal polarization 

asymmetry AL, e+e-+hadrons. w e h ave shown that the vast majority of strong inter- 

action and flavor dependent effects cancel at Z” resonance. On and off resonance, 

most flavor dependent effects can be accurately calculated in perturbative QCD 

and a large class of strong interaction effects cancel to O(a,). There are still, 

though, some problems with the theoretical interpretation of the asymmetry at 

the one loop O(oem) level, mainly due to 27 boxes and hard bremsstrahlung. Al- 

though we have shown these effects to be numerically small for free final quarks 

and have good reason to expect these effects to be numerically small for final 

state hadrons, they certainly deserve further attention. The strong interaction 

uncertainty in Af$c-+hadrons (- Mi) can be reduced to 2 fO.O1. The polariza- 

tion asymmetry A~~m+hadrons provides a very good test of GSW at the one loop 

level as well as a constraint on physics beyond GSW and can be done with only 

- 5 x lo4 Z”‘s and so early in the lifetime of SLC or LEP with polarized electron 

beams. 

23 



ACKNOWLEDGEMENTS 

BWL would like to thank the Department of Theoretical Physics of the Uni- 

versity of Trieste and ISAS (T rieste) for their warm hospitality during July 1986 

and the SLC polarization group l1 for interesting discussions. CV would also like 

to thank the Theoretical Physics Group at SLAC for warm hospitality provided 

in October 1986. We are indebted to F. M. Renard and C. Y. Prescott for very 

illuminating discussions. We thank P. Grosse-Weismann for the use of his Fig. 

17 and R. Cahn for the use of his Figs. 18 and 19. 

24 



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 Jz9’ are 

the hadronic components of the photon and Z” currents in the Standard Model 

and IF) denotes the final Ifj) state, we have 

(OIJ;IF) (FIJilO) 
(A-1) 

= SpvFfj($ + ApvFz(fi) ; i, j = 7,Z 

where S,,, A,, are kinematical coefficients which are symmetric and antisym- 
. 1 

metric in the Lorentz indices and Fs,A($ contain the full effect of flavor and 

strong interaction dependence of final states with a tagged hadron of momentum 

fi plus anything. When integrated symmetrically in cos 19, s Fz vanishes and then 

as discussed in Ref. 5, one is led to an expression for the longitudinal polariza- 

tion asymmetry for the process e+e- -+ ff with h a d ronization in terms of the 

symmetric parts Ff. Note that, while Fz7 and Fgz are real, Fiz 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 ZO current. For the latter we write, following the 

decomposition used in Ref. 10 

J-&tor = - 
(li2-‘;) Jr i 

1 AJ 

SBCB &We 1 
where sg = sin Bw is the weak mixing angle (ci = 1 - si) and 

(A.21 

(A-3) 
A J = J;ector - + Jr 

= + (J(4) _ 2 J(4) + AJ@e-‘Y quarks) 
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where A J(hea”Y V‘ark8) contains the contributions from heavy (i.e. c, b, t . . .) 

quarks. Note that the current for the vector p meson does not appear in Eq. 

(A.3) while the current, J(4) and Jew) for the vector 4 and w do. 

On Zc resonance, the interference between photon and Z exchange graphs 

can contribute if Fzz develops an imaginary part. This can only come from 

nondiago& (mixing) components, i.e. of the kind 

Im @IJ:IF) (FIJV) (A4 

where m, n (m # n) denote specific light (p, w, 4) and/or heavy (c, b, t) compo- 

nents of the electromagnetic current. We can thus consider two different situa- 

tions. 

1. f is a light (u,d,s) quark. Then, the “heavy” m,n indices are strongly 

suppressed by Zweig mechanisms. The light indices are suppressed, con- 

versely, by p - w, w - 4. . . mixing parameters. Roughly, we can classify the 

latter as being of either next order in oem or proportional to light quark 

mass differences which are absolutely negligible at the Mz scale. 

2. f is a heavy (c, b, t . . .) quark. Then, every index is suppressed by Zweig 

mechanisms. 

We thus conclude that Fi7, Fgz and F:’ are all real to high accuracy. If 

we now sum over all final states 

iij! = CRe (01~~1~) (F~J~/o) 
F 

P-5) 

the Fs are directly related to the total cross sections for e+e- + hadrons. In 

perturbative QCD we can use factorization theorems for the strong interactions 
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of massless quarks and thus 

(A4 

with FylQ~=e calculated in electroweak SU(2),5 x U(1) with QCD turned off. 

Now consider the longitudinal polarization asymmetry Ai2-4hadrons. Since 

this is a ratio of total cross sections (with left- and right-handed electron beams) 

it depends on ratios of the Fy and in such ratios strong interactions effects cancel 

at least through O(a,). These facts- not necessarily true for the antisymmet- 

ric parts or for the imaginary components of the hadronic tensors and, to our 

knowledge, for (a) final states whose quark mass is comparable to Mz-allows 

us to write near the Z” resonance (f # e, ve, t): 

A:;-+‘(q2) = Af;-+(q2)la =. + O(a;) . 
a (A-7) 
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I 

FIGURE CAPTIONS 

1. Zff couplings in the GSW theory. 

2. Volume of detector in which hadron data is to be summed in order to render 

Ae+e-+hadrons 
LR insensitive to final state strong interaction effects such as 

quark hadronization. 

3. efe- + X+ anything through one boson. 

4. Ai2--rff for f = /.L (solid line), f = u (dashed) and f = d (dotted) 

neglecting final state strong interactions as calculated by BREMMUS with 

Mz = 94 GeV. Taken from entry ii) in Table I. 

5. Oblique corrections to e+e- --f hadrons. 

6. Direct corrections to the electron vertices. 

7. Direct corrections to the ff vertex. 

8. Direct corrections to the final hadrons. 

9. Purely electroweak boxes. 

10. (a)(b) I t f n er erence of QED vertices and initial state bremsstrahlung. 

11. Interference of 7 - 7 boxes with tree level photon exchange. 

12. Interference of initial and final state bremsstrahlung. 

13.(a)(b)F ina s a e radiation and QED corrections to final state vertices. 1 tt 

14. (a)(b) 7 - Z boxes. 

15. An example of corrections coming from hadronization of the final state 

quarks which may give a non-negligible strong interaction uncertainty. 

16. Squared photon exchange graph still included in ALR in entry iii) in Table 

I. This gives the vast majority of flavor dependent effects. 
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17. Total experimental and theoretical uncertainty in AL, e+e-dp+p-(-Mi) (r.h.s. 

lines) and Ai2-+hadrons(-Mg) (1.h.s. 1 ines as a function of the beam lu- ) 

minosity assuming AP/ P = f 0.05, P = 40% (solid lines) and A P/ P = 

310.01, P = 40% (dashed 1 ines). A theoretical strong interaction uncer- 

tainty of f 0.01 for A~~e--thadrons (-Mi) has been assumed. It has been 

shown lo that the strong interaction uncertainty in A:>-‘“‘“-(-Mi) is 

f 0.003. Also indicated is the result and total experimental plus theoretical 

uncertainty in sin2 8~. 

18. (a) The left-right asymmetry evaluated at the Z as a function of the Z 

mass. The solid curve corresponds to mt = 30 GeV, MH = 100 GeV. The 

dot-dashed curve corresponds to mt = 180 Gev, MH = 100 GeV. The 

dashed curve corresponds to mt = 30 GeV and MH = 100 GeV, but with 

p = 1.01 instead of p = 1.00. The rectangles indicate the expected limits 

for f la about a hypothetical data point on the solid curve with Mz = 93 

GeV with P = 40%. The largest rectangle represents the expectation for 

N = lo4 observed Z’s and AP/P = 5%. The two smaller ones represent 

N = lo5 with AP/P = 3% and N = lo6 with AP/P = 1%. 

(b) The forward-backward asymmetry for the /J+/.L- final state. The con- 

ventions are identical those in (a). 

19. Comparison of indirect measurements of the Z-mass, assuming the stan- 

dard electroweak model, with direct measurements. Squares indicate direct 

measurements, circles indirect measurements. The open circles and squares 

indicate future measurements, error bars show f la. Existing data are taken 

from the 1986 Review of Particle Properties. The asymmetry measurements 

at the SLC show three circumstances: N = 104, AP/P = 5%; N = 105, 
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A P/P = 3%; N = 106, AP/P = 1% all with P = 40%. 
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TABLE CAPTIONS 

1. Numerical results for AL,--fP(7) with polarization P = 100% with up to 

one photon in the final state calculated to O(cr em) in GSW including all 

one loop electroweak effects. Entries are i) events with &COL > 2’ cut, ii) 

no acolinearity cut and iii) excluding the contributions of Figs. 11, 12, 13, 

14 and the photon exchange (but not the Z” exchange) in Figs. 10. Figure 

16 is still included and no acolinearity cut has been made in iii). Final state 

strong interaction effects are neglected. Here Mz = 94 GeV, mt = 30 GeV 

and MH = 100 GeV. 

2. Response of one loop various asymmetries on ZO resonance to new one loop 

physics (taken from Refs. 1 and 3). Results listed are only representative 

of these model dependent effects. 
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Table I 

p+“-‘ff(7) 
LR 

fi f iU dd 2au + 3dd P+P- 

MZ + 1 GeV 0.2875 0.2867 0.2869 0.2800 

i) <ACOL 5 2’ Mz 0.2667 0.2733 0.2711 0.2666 

MZ - 1 GeV 0.2385 0.2579 0.2513 0.2539 

Mz + 1 GeV 0.2819 0.2817 0.2818 0.2761 

ii) no cut in acolinearity Mz 0.2645 0.2698 0.2680 0.2633 

MZ - 1 GeV 0.2371 0.2532 0.2477 0.2486 

iii) neglect 7 - f coupling MZ + 1 GeV 0.2984 0.2902 0.2931 0.2808 

in O(crem) corrections Mz 0.2727 0.2745 0.2739 0.2683 

Mz - 1 GeV 0.2376 0.2504 0.2457 0.2494 
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Table II 

One-Loop Physics 6A LR = 6-&x,1 &$--- --W+ib- 6Mw (MeV) 

Photon Vacuum Polarization -0.12 -0.06 -890 

GSW Weak 

rrQ = 30 

mH = 100 

-0.03 -0.01 -180 

Heavy Top Quark 

rr~ z 180 GeV 780 

Heavy Higgs - 1 TeV 

0.03 

-0.01 

0.0075 

-0.0045 -160 

Heavy Quark Pair 

a) Large I Splitting 

b) Degenerate 

0.02 0.01 300 

-0.004 -0.002 -42 

Heavy Lepton Pair 

a) Large I Splitting m, = 0 

b) Degenerate 

0.012 0.006 300 

-0.0013 -0.0006 -14 

Heavy Squark Pair 

a) Large I Splitting 

b) Degenerate 

0.02 

0 

0.01 

0 

300 

0 

Heavy Slepton Pair 

a) Large I Splitting 

b) Degenerate 

0.012 0.006 300 

0 0 0 

Technicolor 

su, x su, 

016 

-0.018 -500 

-0.032 -500 

SU(2)L x VI(Y) x h(Y’) 

Mp/Mz = 3 

-0.04 

-0.07 

-0.03 -0.01 +2500 

su(2)L x su(2)R x ul(B - L) 0.08 0.03 1500 

Mp/Mz = 5 
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