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Abstract

70Z° bosons have been produced by collisions of longitudinally polarized electrons
with unpolarized positrons at the SLAC Linear Collider and their decays have been
recorded by the SLD experiment. We present preliminary measurements of the prop-
erties of the resulting Z° decays into multi-hadronic final states. We find good agree-
ment with the predictions of perturbative QCD and fragmentation models.

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.

DISTRIBUTION OF THfS DOCUMENT IS UNLIMITED

MASTER .



1. Introduction

The SLAC Linear Collider (SLC) produces electron-positron annihilation events at
the Z° resonance which axe recorded by the SLC Large Detector (SLD) [lj. The
SLC/SLD project enjoyed a successful engineering run in 1991; in addition to com-
missioning the SLD, studies were made of the properties of hadronic decays of Z°
bosons, resulting in preliminary measurements of the strong coupling a , [21. The
first physics run began in February 1992, during which the SLC performance has
continued to improve, routinely achieving Z° production rates of 10-20 per hour. Up
to the end of July a sample of about 8,000 Z°s had been accumulated by the SLD;
approximately 6,000 of these events were used for the analysis presented here.

A major achievement of the 1992 run has been the delivery of an intense beam
of longitudinally polarized electrons and the observation of decays of the resulting
Z°s. Details of the polarization production and measurement system are contributed
to this conference [3j. as well as preliminary measurements [4] of the left-right cross-
section asymmetry [5j. In this paper we study in detail the structure of the hadronic
decays of the Zus and compare our data with the predictions of perturbative QCD
and fragmentation models.

2. The SLD

The detector is shown schematically in Fig. 1 and a detailed outline of its construction
and performance is given in [1]. The micro-vertex detector (VXD) and Cherenkov
Ring Imaging Detectors (CRID) were not used in this analysis, but are described in
separate contributions to this conference [6].

Charged particles are tracked in the Central Drift Chamber (CDC) which consists
of 10 superlayers, each containing 8 layers of axial or stereo sense wires. Tracking
is extended to forward angles (10s from the beam axis) by endcap drift chambers.
Momentum measurement is provided by a uniform axial magnetic field of 0.6T.

Particle energies are measured in the Liquid Argon Calorimeter (LAC) [7], which
contains both electromagnetic and hadronic sections, and in the Warm Iron Calorime-
ter [Sj. which forms the outer layer of the hadronic calorimetry and also provides track-
ing for muons. The LAC is segmented into approximately 40,000 projective towers
and has a resolution of about 15% for the measured Z° mass. Luminosity is mea-
sured from the rate of small-ang!e Bhabha events detected in forward silicon-tungsten
calorimeters [9] mounted close to the beampipe.

# 1 An electron beam polarization of ~ 227c has been achieved to date.
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3. Triggering and Data Selection

Two independent triggers were used for hadronic events: an energy trigger requiring
a total LAC energy in excess of £ GeV, and a charged track trigger requiring at
least two well-separated.tracks in the CDC. The trigger for Bhabha events required
typically 10 GeV in both forward and backward luminosity monitors.

A loose selection of hadronic events was then made by two independent methods:
one based on the topology of energy depositions in the LAC, the other on the number
and topology of charged tracks measured in the CDC. After statistical subtraction
of backgrounds, comparison of the number of hadronic events with the number of
luminosity Bhabha events indicated a combined triggering and selection efficiency
for hadronic events of better than 90% for the LAC method. 99% of the events
identified by the CDC method were also identified by the LAC method. The residual
contamination in this overlap sample was estimated to be dominated by a r-pair
contribution of < 3%.

The analysis presented here used charged tracks measured in the CDC. A set of
cuts was applied to the data to select well-measured track: and events well-contained
within the detector acceptance. Tracks were required to have:

• a fit quality of J~\)n, • >/-^'&f ~ * < ^ ' w ^ e r e ^'df is the number of degrees of

freedom for the track fit
• a closest approach to the beam axis within 10 cm, and within 20 cm along the beam
axis of the nominal interaction point
• a polar angle, 6. with respect to the beam axis with \cosO\ < 0.S0
• a minimum momentum transverse to this axis of pj_ > 150 MeV/c2.

Events were required to have:

• a minimum of five such tracks
• no track with a momentum larger than 100 GeV
• a thrust axis direction, 0 j . within [cos#j| < 0.71
• a minimum charged visible energy, Evis, greater than 0.2M,?, where all tracks were
assigned the charged pion mass.

After applying these cuts, distributions of track multiplicity, polar angle, momenta
and event 6j and £v{s were reproduced by Monte Carlo simulations. 3S37 events
survived these cuts, of which 3163 were produced by left- or right-polarized electron
beams and the remainder by unpolarized beams. The total residual contamination
from background sources was estimated to be negligible.

#1 Beam-related backgrounds are discussed in [4].



4. Hadronic Event Observables

Kadronic events may be characterised in terms of globe] variables, single particle
variables and jet-related quantities. Global quantities include the sphericity [10] and
thrust [11] variables. The thrust, T, is denned by

T = max JU . -

where the sums run over all particles in the event, pj is the momentum of the j i h

particle, and n may be any unit vector. The axis giving the maximum, hmax, is
called the thrust axis. The thrust major, Tmcj, is given by the same expression with
hmaj constrained to be perpendicular to the thrust axis. The plane defined by nmax

and nmaj is called the event plane. The thrust minor, Tm{n, is given by the same
expression with n m i n perpendicular to the event plane. The oblateness, 0, is defined
" J- ma.} -* mm"

The sphericity terjsor is defined as:

where a, 3 rur over the three cartesian coordinates. Normalized eigenvectors. fi\. no.
fiz £-nd corresponding normalized eigenvalues, Qi, £?2i ^ 3 - C £ - De found and ordered
such that Qz > Q^ > Qi > 0 and Q\ -f Q: -f Qz = 1. The variables sphericity, 5 ,
and aplanarity, A, are then given by:

The direction 773 is called the sphericity axis, and the plane defined by 723 and n; is
called the event plane. Extreme two-jet events have 5 = 0 and T = 1, while 5 = 1
for spherical events and .4 = 0 for planar events.

Observable characteristics of individual tracks include the scaled mo-nentum, zp

= 2pjy/s. the rapidity, 77 = 0.5ln((£" -rp:)![E — pjj)), where pjj is the component of
momentum along the sphericity or thrus: axis, and the components perpendicular to
the axis in and out of the event plane, p j and pju< . In this paper we will use thrust
to define the event axis and plane for these quantities.

The above observables have been used at lower energies [12] to study rr. jlti-hacron
production in e^e" annihilations via virtual photcns, and also to study multi-hadronic
decays of Z°s produced with unpolarlzed beam; [13,14]. In Section 5 we present
measurements of these properties for multi-hadr^nic decays of Z°s produced with
polarized electrons.

Plarjar events containing three jets are explained by perturbative QCD in terms
of the radiation of a hard gluon by either the quark or antiquark produced in the Z°



decay. The spin properties of quarks and gluons may be deduced from studies of the
orientation of the event plane, and of the angles and energies of the three jets within
the place.

Various algorithms are available for calculating the multiplicity of jets in events.
The most widely used is the JADE algorithm [15], which is discussed in more detail
in [16}. Briefly, particles axe clustered together into jets according to an iterative
procedure based upon combining pairs of low invariant mass. The termination point
of the clustering, and hence the jet multiplicity of events, depends upon a jet-pair
resolution parameter yc. Here we select those events classified as containing three
jets for a yc value of 0.02 and consider the following quantities: 8j, the polar angle of
the most energetic jet; 9, the polar angle of nm i n , the normal to the event plane; Xi
the angle between the event plane and the plane containing the c+e~ beams and the
most energetic jet. These variables define the orientation of the event plane, and of
the principal jet axis, with respect to the beam axis. Variables which then define the
jet structure within this plane are: the scaled jet energies x,-. and the Ellis-Karliner
angle, QEK- The scaled jet energies aie defined as i,- = 2Ei/Ecis,i = 1 — 3, where E,

is the sum of energies of particles associated with the itfl jet, £t-,-4 is the total charged
energy measured in the event, and the jets are ordered such that x\ > X2 > xz- The
Eliis-Karliner angle [17] is the angle between the directions of jets 1 and 3 in the rest
frame of the system of jets 2 and 3. For the results presented in Section 5, in addition
to the selection criteria listed in Section 3. a requirement was made that the events
used in the -, and &zK distributions satisfied jsin^j > 0.71: this ensured that the
event plane was well contained within the detector acceptance.

Finally we consider two observables which are sensitive to the amount of gluon
emission from the quark final state in Z° decays, namely the rate of three-jet events,
i?3. and energy-energy correlations, EEC [18]. Exten ve studies of both of these
quantities are presented in separate contributions to this conference [16,19]. Here we
show Rs(yc) as defined using the JADE algorithm mentioned above, and the EEC
distribution, which is a histogram of the angles between all pairs of tracks in an event,
where each entry is weighted by the product of the track energies divided by E'.IS.
Summed ever all events and then normalised bv the number of events.

5. Experimental Resul ts

Using distributions of the observables Cl = S, T, A, O, l n ( l / r , ) , 17, pj?, pp*, 6j, 6,

X". 1,. 0£K: R3 a^d EEC defined above, we compared the Z° sample produced by
left-polarized electrons (L) with that produced by right-polarized electrons (R). We
a;=o compared both of these samples with that produced by unpolarized electrons
(U). The L/R ratios RIR(9.) are shown bin-by-bin for each observable fl in Figs.
2(a) - lS(a). Before taking the ratio, the L and R distributions were normalised
separately by the number of L and R events in the respective samples. All results
are preliminary. No corrections were applied to the data to account for the effects



of initial state radiation or of detector acceptance and resolution: these effects are
expected to cancel in the L/R ratio. The L and R samples are clearly consistent with
each other within statistical errors. Both L and R samples are also consistent with
the U sample (not shown).

The U, L and R data samples were combined and the resulting distributions
compared with the predictions of perturbative QCD and fragmentation models. We
used the Monte Carlo event generators JETSET version 6.3 [20] and HERWIG version
5.3 [21]. These programs incorporate perturbative QCD calculations of the process Z°
—t partons, together with phenomenological schemes for transformation of the partons
into observable hadrons. Various parameters are associated with both of these phases.
For JETSET 6.3 we used the parameter set tuned by the TASSO Collaboration at
y/s = 35 GeV [22.23] (Table 1). For HERWIG 5.3 we used the default parameters
which were derived from comparisons with LEP data [24].

For each program, 10,000 events were generated, including initial state radiation,
and passed through a detailed simulation of the SLD detector. The simulated events
were then reconstructed using the same programs and analysis procedures as applied
to the real data. These Monte Carlo events are compared with the combined SLD
data in Figs. 2(b) - 18(b). The simulations are in agreement with the data. In the case
of JETSET this confirms predictions [23] of the Z° event properties made using the
TASSO parameters well before the first Z°s were produced in t^t~ annihilations. The
OPAL Collaboration has also tuned JETSET 6.3 to its own Z° data and determined
parameter values [14] in agreement with those of TASSO.

6. Conclusions

SLD has measured multi-hadronic decays of Z°s produced in e"^e~ annihilations with
longitudinally polarized electron beams at SLC. The event characteristics of the Z°s
produced by left-polarized, right-polarized and unpolarized electrons are all consistent
within statistical errors. Furthermore, the properties of the data are well reproduced
by perturbative QCD and fragmentation models.
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Tabie 1: Values of the main parameters in the JETSET 6.3 Mon-.e Carlo prograr
which were used in this analvsis.

Parameter

AiXA(GeV)

<?o(GeV/c2)

<r,(GeV)

a

6(GeV-1)

Name

PARE(21)

PARE(22)

PAR(12)

PAR(31)

PAR(32)

Value

0.26

1.0

0.39

0.18

0.34
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Figure 1: Quadrant view of SLD.
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Figure 2: Sphericity, (a) Shows the ratio RIR{S) of the sphericity distribution
measured in left-polarised (L) events to that measured in right-polarised (R) events,
(b) Shows the normalised sphericity distribution measured in the combined L-fR-fU
data sample; the data were not corrected for detector effects or initial state radi-
ation. Also shown are the predictions of the JETSET 6.3 (solid histogram) and
KZR.WIG 5.3 (dashed histogram) Mohte Carlo programs for 10,000 events generated
with simulation of initial state radiation, detector effects and reconstruction. For
clarity statistical error bars on the Monte Carlo distributions axe not shown.
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Figure 3: Thrust, (a) Shows the ratio RLR{T) of the thrust distribution measured
in left-polarised (L) events to that measured in right-polarised (R) events, (b) Shows
the normalised thrust distribution measured in the combined L-rR-fU data sample;
the data were not corrected for detector effects or initial state radiation. Also shown
are the predictions of the JETSET 6.3 (solid histogram) and HERWIG 5.3 (dashed
histogram) Monte Carlo programs for 10,000 events generated with simulation of
initial state radiation, detector effects and r,econstruction. For clarity statistical error
bars on the Monte Carlo distributions are not shown.
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Figure 4: Aplanarity. (a) Shows the ratio RLR{A) of the aplanarity distribution
measured in left-polarised (L) events to that measured in right-polarised (R) events,
(b) Shows the normalised aplanarity distribution measured in the combined L-f-R-rU
data sample; the data were not corrected for detector effects or initial state radi-
ation. Also shown are the predictions of the JETSET 6.3 (solid histogram) and
HERWIG 5.3 (dashed histogram) Monte Carlo programs for 10,000 events generated
with simulation of initial state radiation, detector effects and reconstruction. For
claritv statistical error bars on the Monte Carlo distributions are not shown.
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Figure 5: Oblateness. (a) Shows the ratio RLR{0) of the oblateness distribution
measured in left-polarised (L) events to that measured in right-polarised (R) events,
(b) Shows the normalised oblateness distribution measured in the combined L-rR-fU
data sample; the data were not corrected for detector effects or initial state radi-
ation. Also shown are the predictions of the JETSET 6.3 (solid histogTarn) and
HERWIG 5.3 (dashed histogram) Monte Carlo programs for 10,000 events generated
with simulation of initial state radiation, detector effects and reconstruction. For
clarity statistical error bars on the Moiite Carlo distributions are not shown.
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Figure 6: ln(l/xp). (a) Shows the ratio Rm(hil/xp) of the ln(l/ip) distribution
measured in left-polarised (L) events to that measured in right-polarised (R) events,
(b) Shows the normalised ln(l/ip) distribution measured in the combined L+R-i-U
data sample; the data were not corrected for detector effects or initial state radi-
ation. Also shown are the predictions of the JETSET 6.3 (solid histogram) and
KERWIG 5.3 (dashed histogram) Monte Carlo programs for 10,000 events generated
with simulation of initial state radiation, detector effects and reconstruction. For
claritv statistical error bars on the Monte Carlo distributions axe not shown.
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Figure 7: Rapidity, (a) Shows the ratio RLR{V) °f the rapidity distribution measured
in left-polarised (L) events to that measured in right-polarised (R) events, (b) Shows
the normalised rapidity distribution measured in the combined L-rR-fU data sample;
the data were not corrected for detector effects or initial state radiation. Also shown
are the predictions of the JETSET 6.3 (splid histogram) and HERWIG 5.3 (dashed
histogram) Monte Carlo programs for 10,000 events generated with simulation of
initial state radiation, detector effects andij reconstruction. For clarity statistical error
bars on the Monte Carlo distributions are not shown.
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Figure S: pf. (a) Shows the ratio RLR{P^) of the pi? distribution measured in
left-polarised (L) events to that measured in right-polarised (R) events, (b) Shows
the normalised pf distribution measured in the combined L+R-fU data sample; the
data were not corrected for detector effects or initial state radiation. Also shown
are the predictions of the JETSET I6.3 (solid histogram) and HERWIG 5.3 (dashed
histogram) Monte Carlo programs jfor 10,000 events generated with simulation of
initial state radiation, detector effects and reconstruction. For clarity statistical error
bars on the Monte Carlo distributions are not shown.
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Figure 9: p j u \ (a) Shows the ratio RiRiPj11) of the pjul distribution measured in
left-polarised (L) events to that measured in right-polarised (R) events, (b) Shows
the normalised pju l distribution measured in the combined L-f R-i-U data sample; the
data were not corrected for detector effects .or initial state radiation. Also shown
are the predictions of the JETSET 6.3 (solid histogram) and HERWIG 5.3 (dashed
histogram) Monte Carlo programs for 10,000 events generated with simulation of
initial state radiation, detector effects and reponstruction. For clarity statistical error
bars on the Monte Carlo distributions are not shown.
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Figure 10: 6j. (a) Shows the ratio RLR{8J) oi the 6j distribution measured in
left-polarised (L) events to that measured in right-polarised (R) events, (b) Shows
the normalised 6j distribution measured in the combined L+R+U data sample; the
data were not corrected for detector effects or initial state radiation. Also shown
are the predictions of the JETSET 6.3 (solid histogram) and HERWIG 5.3 (dashed
histogram) Monte Carlo programs for 10,000 events generated with simulation of
initial state radiation, detector enacts and reconstruction. For clarity statistical error
bars on the Monte Carlo distributions are not shown.
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Figure 11: 8. (a) Shows the ratio RLR{8) of the 8 distribution measured in left-
polarised (L) events to that measured in right-polarised (R) events, (b) Shows the
normalised 8 distribution measured in the combined L-fR+U data sample; the data
were not corrected for detector effects or initial state radiation. Also shown are
the predictions of the JETSET 6.3 (solid histogram) and HERWIG 5.3 (dashed his-
togram) Monte Carlo programs for 10.000 events generated with simulation of initial
state radiation, detector effects and reconstruction. For clarity statistical error bars
on the Monte Carlo distributions are not shown.
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Figure 12: x- (a) Shows the ratio RLR{X) of the x distribution measured in left-
polarised (L) events to that measured in right-polarised (R) events, (b) Shows the
normalised x distribution measured in the combined L+R-fU data sample; the data
were not corrected for detector effects or initial state radiation. Also shown are the
predictions of the JETSET 6.3 (solid histogram) Monte Carlo program for 10,000
events generated with simulation of initial state radiation, detector effects and recon-
struction. For clarity statistical error bars on the Monte Carlo distributions are not
shown. I
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the normalised i i distribution measured in the combined L-rR-fU data sample; the
data were not corrected for detector effects'or initial state radiation. Also shown
are the predictions of the JETSET 6.3 (solid histogram) and HERWIG 5.3 (dashed
histogram) Monte Carlo programs for lOijOOO events generated with simulation of
initial state radiation, detector effects and reconstruction. For clarity statistical error
bars on the Monte Carlo distributions are ihot shown.
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Figure 14: xo. (a) Shows the ratio RLR{^2) of the xj distribution measured in
lefi-polarised (L) events to that measured in right-polarised (R) events, (b) Shows
the normalised X2.cistribution measured in the combined L-fR-f-U data sample; the
data were not corrected for detector effects or initial state radiation. Also shown
are the predictions of the JETSET 6.?| (solid histogram) and HERWIG 5.3 (cashed
histogram) Monte Carlo programs forij 10,000 events generated with simulation of
initial state radiation, detector effects a'nd reconstruction. For clarity statistical error
bars on the Monte Carlo distributions are not shown.
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Figure 15: 23. (a) Shows the ratio RLR{XZ) of the 13 distribution measured in
left-polarised (L) events to that measured in right-polarised (R) events, (b) Shows
the normalised X3 distribution measured in the combined L+R-rU data sample; the
data were not corrected for detector effects'or initial state radiation. Also shown
are the predictions of the JETSET 6.3 (solid histogram) and HERWIG 5.3 (dashed
histogram) Monte Carlo programs for 10,000 ijevents generated with simulation of
initial state radiation, detector effects and reconstruction. For clarity statistical error
bars on the Monte Carlo distributions are not shown.



a)

b)

1.5

1.25

* 3 1

0.75

0.5

2.5

C
••A

c

2 r

1.5 -

<

1

1

1

1

i
i

1

t

JETSET 6.3

HERWIG 5.3

• UR-rU Data

Preliminary

JJ

i J

. . .T - . .

Figure 16: Ellis-Karliner angle, (a) Shows the ratio RLR{^EK) of the 8ZK dis-
tribution measured in left-polarised (L); events to that measured in right-polarised
(R) events, (b) Shows the normalised 6>£# distribution measured in the combined
L-rR-fU data sample; the data were not | corrected for detector enects or initial state
radiation. Also shown are the predictions of the JETSET 6.3 (solid histogram) and
HERWIG 5.3 (dashed histogram) Monte; Carlo programs for 10.000 events generated
with simulation of initial state radiation, detector effects and reconstruction. For
clarity statistical error bars oz the Montje Carlo distributions are not shown.



a)

1.5

1.25

b)

0.75

0.5

80

60

40

20

' ' ' ' I

rt

Preliminary
JETSET 6.3

HERWIG 5.3

• L+R+U Data .

10-3 10-2 10-1

'cut

Figure 17: Three-jet rate, (a) Shows the ratio RtRiyeut) of the three-jet rate mea-
sured in left-polarised (L) events to that measured in right-polarised (R) events, (b)
Shows the normalised three-jet rate measured in the combined L+R-fU data sample;
the data were not corrected for detector effects or initial state radiation. Also shown
are the predictions of the JETSET 6.3 (solid histogram) and HERWIG 5.3 (dashed
histogram) Monte Carlo programs for 10,000 events generated with simulation of ini-
tial state radiation, detector effects and reconstruction. For clarity statistical error
bars on the Monte Carlo distributions are not shown.
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Figure 18: Energy-energy correlations, (a) Shows the ratio RLR{X) °
measured in left-polarised (L) events to that measured in right-polarised (R) events.
(b) Shows the normalised EEC measured in the combined L+R+U data sample; the
data were not corrected for detector effects or initial state radiation. Also shown
are the predictions of the JETSET 6.3 (solid histogram) and HERWIG 5.3 (dashed
histogram) Monte Carlo programs for 10,000 events generated with simulation of
initial state radiation, detector effects and reconstruction. For clarity statistical error
bars on the Monte Carlo distributions a're not shown.


