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Abstract 

We present three measurements that exploit the highly-polarized incident elec- 
trons of the SLC facility to probe QCD and the hadronization process. We observe 
preliminary evidence for leading particle production in hadronic decays of the 2? 
to light-quark pairs. In a high-purity sample of quark jets, the momentum spectra 
of p ,  ho, and K -  are harder than those of jj, A', and K + ,  supporting the hypothesis 
that faster particles in jets are more likely to carry the primary quark or antiquark 
of the jet. Second, we present an improved limit on jet-handedness, which seeks 
to measure the transport of quark spin through the hadronization process. Finally, 
we search for a correlation of the three-jet event orientation with the Z? spin di- 
rection, which would indicate new physics beyond the Standard model. 
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1 Introduction 

The use of highly-polarized electron beams in e+e- collisions provides a valuable 
tool to probe various aspects of quantum chromodynamics (QCD). We exploit the 
polarized incident electrons of the SLAC Linear Collider (SLC) with the SLC 
Large Detector (SLD) in three separate measurements. First, we present measure- 
ments of hadronic spectra in 2? decays and the observation of a “leading particle 
effect” in e+e- annihilation, in which hadrons containing the initial quark flavor 
of a jet are enhanced at higher momenta. Second, we present an update of the 
previous SLD measurement of jet-handedness [l], in which we seek to measure 
the transport of spin through the hadronization process. Finally, we review a mea- 
surement of the correlation of the orientation of the three-jet event plane with the 
9 spin [2]. Such a correlation is expected to be very small in the Standard Model, 
and therefore, provides a window on new physics beyond the Standard Model. 

2 Hadron Spectra and Leading Particle Effect 

Many properties of jets in e+e- annihilation are well-described by perturbative 
methods in QCD. What is not currently understood quantitatively is the process 
of fragmentation by which partons transform into the “primary” hadrons of a jet. 
Measurements of the production rates and momentum distributions of identified 
hadrons in jets are useful for probing this process, since the mass of the primary 
hadron may influence the dynamics. However, the decays of unstable primary 
hadrons complicate the interpretation of inclusive measurements. Additional com- 
plications arise in jets initiated by heavy quarks, where the leading heavy hadron 
carries a large fraction of the beam energy, restricting the energy available to other 
primary particles. Furthermore, heavy hadrons have large decay multiplicities and 
produce a sizeable fraction of the stable particles in a jet. Therefore, it is of interest 
to measure hadron production in jets initiated by light-quarks only (i.e., 9 + ufi, 
dd; and sf). 

2 



8 

Given the hadron spectra in light-quark events, we can then-separate the hadron 
production in quark and antiquark jets via the large electroweak production asym- 
metry in polar angle induced by the electron beam polarization. Since we expect 
the production of hadrons from secondary gluons to be identical in quark and anti- 
quark jets, any differences observed in the quark and antiquark hadron spectra are 
attributable to hadrons coming from the initial parton of the jet. 

These measurements were performed on a sample of N 150k hadronic 2? 
decays collected between 1993 and 1995, using the barrel portion (I cos0l < 0.68) 
of the SLD Cherenkov Ring Imaging Detector (CRID) to identify n*, K*, and 
p / p  species [3], and using a conventional Vo analysis to identify and Ao/Ao 
decays [4]. Particle identification in the CRID is performed by detection of Cheren- 
kov photons from two radiators and reconstruction of the angles of those pho- 
tons relative to the incident track. A maximum-likelihood technique [5] allows 
excellent identification efficiency over most of the available momentum range 
0.2 < p < 30 GeV/c. 

For the charged-hadron analysis, a set of hard cuts was applied to tracks in 
order to ensure that the CRID performance was well-modelled by our simulation. 
For each momentum bin, the number of observed particles of a given type were 
related to the true production fraction by an efficiency matrix. This matrix was de- 
termined using high-purity samples of pions from e and z decays, protons from 
Ao decays, and a detailed detector simulation. The true fractions were determined 
by inverting this efficiency matrix and unfolding the measured fractions. We did 
not constrain the fractions to sum to one; instead, the sum of fractions was used 
as a consistency check and was found to be in good agreement with unity for the 
entire momentum range. 

Samples of events enriched in light-quark (uds) and b-quark primary flavors 
were selected based on the impact parameters, b, of charged tracks with respect 
to the interaction point in the plane transverse to the beam [6]. For each event, 
we used as a tagging variable the number nsig of tracks passing a set of quality 
cuts that have an impact parameter greater than three times its estimated error, 
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Figure 1: Normalized particle production rates Fh(xp) for various hadron species in 
e+e- + uii,dd;sf events are shown as a function of scaled momentum xp  = 2 p / &  

b > 3 0 b .  Events with nsig = 0 were assigned to the light-tagged sample, and 
those with nsig 2 3 were assigned to the b-tagged sample. The light- and b-tagged 
samples have purities of 86% and 90%, respectively, as estimated from our Monte 
Carlo simulation [6].  

Production spectra of the five hadronic species were measured in the light- 
and b-tagged samples, and also in the remaining sample. These rates were un- 
folded for the tagging purities and biases, and the resulting light-quark spectra 
Fh(xp) are shown in Fig. 1 as a function of scaled momentum x p  = 2p/&. The 
errors on the charged species are dominated by the correlated systematic uncer- 
tainty in the particle identification efficiencies. These measurements represent the 
first determination of hadron spectra in light-quark events, and are relevant for 



comparison with QCD predictions based on the assumption of massless quarks, 
as well as for testing the predictions of fragmentation models. 

We also used this light-quark sample as the basis for our separation of quark 
and antiquark jets. The electron beam polarization (63% for the 1993 run and 77% 
for the 1994-95 run) induces a large asymmetry in the polar-angle distribution 
of quark jets, which prefer to follow the electron (positron) direction for left- 
(right-)handed incident beam. We approximate the quark direction by the thrust 
axis t^ and divide each event into two hemispheres by the plane perpendicular to 
the thrust axis. Tracks with 3. t^ > 0 are defined to come from a jet with polar angle 
Oh = c0s-l ( t z ) ,  where tz is the component of the thrust axis t^ along the electron 
beam direction. The remaining tracks are assigned Oh = c0s-l (-t,). Hemispheres 
with cos& > 0.2 produced with left-handed beam and those with cosOh < -0.2 
produced with right-handed beam are tagged as quark jets. Hemispheres opposite 
the quark-tagged jets are tagged as antiquark jets. The Standard Model at tree 
level predicts the purities of the quark- and antiquark-tagged samples to be 73%. 

Using these tagged hemispheres, we derived differential production rates of 
n-, K - ,  p ,  and A' in quark-tagged and antiquark-tagged jets. The oppositely 
charged hadrons in the antiquark sample were combined with the quark sample 
in order to improve statistics. The contributions to these samples from residual 
heavy-quark events (determined from Monte Carlo simulation) were subtracted 
and the tagging purity is unfolded to arrive at the production &h of hadron h in 
quark jets and in antiquark jets &h. These are shown in Fig. 2 in terms of the 
normalized difference Dh(x) = ( &h(x) - !7$(x))/( $(x) + &h(x)). For all four 
hadron species, the normalized differences are consistent with zero at low x,. For 
the pions, the difference is also consistent with zero at high x,, while for the other 
three species, a significant positive difference is observed for x, above N 0.2. 

Since baryons contain no constituent antiquarks, we interpret the positive nor- 
malized differences as clear evidence for leading baryon production in quark jets. 
The steep rise in D, and DA with increasing x, suggests that baryon production is 
dominated by leading baryon production as x, + 1. If production of n* (K*)  were 
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Figure 2: The normalized difference &(x) = ( &h(x) - &'(x))/( &h(x) + &h(x)) in pro- 
duction rates between quark and antiquark jets are shown for h = n- (a), K -  (b), p (c), 
and Ao (d). Evidence for differences in quark and antiquark fragmentation is clear. This 
difference is interpreted as evidence for the leading particle effect in e+e- annihilation. 

dominated by leading meson production, and if 7c- (K-) were produced equally 
in jets containing primary ii and d (s) quarks, then we would expect to observe Dz 
(DK) of 0.13, due to the 22:17 production ratio for Z? + dd ( s f )  : + uii. Our 
data are more consistent with Dn. = 0 than Dn. = 0.13 over the entire measured 
xp range, suggesting some dilution of leading pions for x p  5 0.7. The effects of 
resonance decays, such as the p", might be one source of dilution. Our measured 
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DK values above x p  N 0.2 are consistently above 0.13, indicating both (i) that 
there is leading kaon production at high momentum, and (ii) that leading kaons 
are produced more often in SS events than in uZ events. 

3 Jet Handedness 

Polarized incident electrons provide an excellent opportunity to test the transport 
of spin through the hadronization process since the Standard Model predicts high 
polarization of quarks from Z? decays with a strong dependence on polar angle 
and incident electron polarization. A first measurement of spin-transport, using 
the technique suggested by [7],  was reported in [l]. This measurement has been 
updated with the 1994-95 SLD dataset. 

The simplest observable with the same transformation properties under parity 
inversion as spin has the form Q = t^ .  ( i i  x &), where t^ is a unit vector along the 
jet axis, corresponding to the spin direction of a longitudinally polarized parton, 
and and & are the momenta of two particles in the jet chosen by some charge- 
independent prescription, such as 1x11 > [7]. A jet may be defined as left- 
or right-handed if is negative or positive, respectively. The jet handedness H 
is then defined as the asymmetry in the number of left- and right-handed jets: 
H = (NQ<o - NQ>o)/(NQ<o +NQ>I-J). Using the expected parton polarization Pq 
from the Standard Model, the analyzing power a of the method is defined by 
H = aPq. The observed H in light-quark jets was found to be consistent with 
zero, and the 95% C. L. upper limit of the analyzing power was determined to be 
la\ < 0.033. This improves the limit in [ l ]  by a factor of 3. 

4 Correlation of Three- Jet Orientation and Zo Spin 

Another use of the polarized incident electrons is to search for correlations of 
the orientation of three-jet events with the spin of the Z? [2]. If $1 and $2 are 
the momenta of the highest- and second-highest energy jets, we can express the 
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cross section in terms of the polar angle o of p'1 x $2 with respect to the incident 
electron direction: 

1 1 do 
o d c o s o  16 

pPzcoso . 

Here Pz = (Ae - P e ) / (  1 - AePe) is the Z? polarization, and p is an asymmetry 
constant. 

Due to various cancellations, this p is expected to be very small [8] at the 
Z? resonance, I p I < Because of this background-free situation, measure- 
ment of the cross section asymmetry p is sensitive to physics processes beyond 
the Standard Model. A maximum likelihood fit of Eq. (1) to the observed coso 
distributions for both left- and right-handed events yielded p = 0.008 f0.015, or 
a 95% C. L. limit of -0.022 < p < 0.039. 

5 Summary 

We present three unique measurements that probe QCD using the polarized elec- 
tron beam available at the SLC. We observe leading p ,  Ao, and K- from light- 
quark (uds) jets at scaled momenta above xp > 0.2. We present an improved 
limit on spin-transport through hadronization as measured by the method of jet- 
handedness. Finally, we search for the signature of new physics in the correlation 
of the three-jet event orientation with the 2? spin direction. 
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