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Abstract

We have used the unique strengths of the SLAC Linear Collider (SLC) and
the SLD detector to study some important properties of the bbg vertex. Using
the excellent impact parameter resolution to identify and tag jets produced by
light quarks, by charmed quarks, or by bottom quarks, we have measured the

lack of dependence of the strong coupling a, on quark flaver to within 1.6%
(uds), 7.9% (c), and 3.1% (b). We have set an upper limit of less than 7% on an

anomalous chromomagnetic coupling at the bbg vertex. Finally we have shown .

the parity violation and symmetry properties of the bbg vertex agree with QCD
calculations to the 10% level.
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1 Introduction

The ggg vertex observed in three-jet hadronic decays of the Z° gauge boson produced in ete”
collisions is well identified and measured by the SLD detector, and sensitive to a variety of
new physics. These studies are made possible by the strengths, some unique, of the SLC/SLD
- accelerator/detector combination [1].

These strengths include:

e A micron-sized interaction region whose position is stable and measurable to 7 microns.

o High and well-known e~ beam polarization which averaged 72% for the data presented
here (1993-95 runs).

o An excellent vertex detector with 130 million pixels [2]. This, combined with the central
drift chamber [3] and the small and stable interaction region permits the determination
of impact parameters in a plane perpendicular to the beam axis to an accuracy of
11 ® 70/(pLVsin §) pm. 6 is the angle between the track and the beam axis and p; is
the component of the track’s momentum perpendicular to the beam axis.

e Good particle identification, provided especially by the Cerenkov Ring-Imaging Detec-
tor (CRID) [4].

As exploited in the analyses described in this paper, these features allow eflicient identi-
fication of individual jets as originating from light (uds), charmed (c), or bottom (b) quarks.
This efficiency is the basis of a sensitive test of the flavor independence of the strong coupling.

Further, qgg events with explicit tagging of the jet originating from the quark, the jet
from the antiquark, and the jet from the gluon allows detailed studies of the structure of
these events. The studies reported here include:

e An improved study of the flavor independence of the strong interactions.

A new study of the gluon energy spectrum which is sensitive to anomalous couplings.

A new study of parity violation in ete™ — Z° — bbg events [5].

e New studies of Ty and C' P symmetry properties.

It is worth noting that the b quark is the heaviest quark accessible at Z° energies and so
is most sensitive to new physics beyond the standard model. These studies are also useful as
an important input to electroweak studies including determination of R and A, (Z° — bb
branching ratios and asymmetries).



2 Flavor Independence of o,

An interesting check of the Quantum Chromodynamics (QCD) can be carried out by testing
whether the strong coupling constant, a,, is the same for all quark flavors. We have separated
events into flavor categories based on N,;,, the number of “significant tracks” per event, those
-tracks with impact parameters in the plane perpendicular to the beam differing from zero
by more than three standard deviations (b/0} > 3).

Fig. 1 shows the distributions of N,;, for selected hadronic events in the data, as well as
from Monte Carlo generated events, which match the data well. The Monte Carlo simulation
indicates that the lowest bin N,;; = 0 contains predominately light (uds) flavor events and
that the higher bins are predominately b-flavor events. For fitting, the events were divided
into five flavor-tagged samples, one for each of the four lower N,;, bins, and the fifth for
N, sig > 3.

Events were classified as 2- or 3-jet events (where 3-jet events included all events with
more than two jets) using each of six jet finding algorithms in turn [6]. Tagging efficiencies
and sample purities for a typical algorithm are shown in the table in Fig. 1 for 2- and 3-jet
events separately.

True relative rates for multijet production in events of each flavor (uds, c, b) were ex-
tracted by a maximum likelihood fit to the number of 2- and 3-jet events in each tagged
sample, correcting for hadronization effects, detector losses, and tagging biases. The ra-
tio of the strong coupling of each quark type to the average coupling was then calculated,
accounting for quark mass effects, and averaged over the six jet-finding algorithms.

‘The final result, compared to other experiments, is shown in Fig. 2. There is good
agreement among the experiments, with no evidence for dependence of the strong coupling
on quark flavor. This result is the most precise of those experiments which measure the rates

. for all three flavors.

3 Search for an Anomalous Chromomagnetic Cou-
pling at the bbg Vertex

For this investigation, it is necessary to isolate bbg events and identify the gluon jet. To
accomplish this, three jet events were selected, the energies of the three jets recalculated
using their measured angles to improve the energy resolution, and then ordered such that
E, > E, > E;. Events with exactly two jets tagged as b or b by having > 2 significant
tracks in both jets were retained; the untagged jet in each event was assigned as the gluon
jet. The correctness of the tag depended on the energy ordering of the b/b tagged jets; 95%
for jets 1 and 2, 84% for jets 1 and 3, and 52% if jets 2 and 3 (the two lowest energy jets)
were the b/b tagged jets. The gluon energy distribution was then fit using a Lagrangian with
a ‘chromomagnetic’ moment term, x:

b, T, 3 ukv ‘e
L% = g 5T v, + “;“ (k — ifs)}0GY (1)
. myp



The ‘chromoelectric’ term proportional to & was neglected; it would give rise to CP-
violating effects and is expected to be very small. The data and curves [7] showing the
sensitivity to x are shown in Fig. 3. The fit gives k = —0.03 £0.06 30.02 with x* = 1.39
per degree of freedom. The data are consistent with QCD and show no evidence for an
anomalous coupling.

4 Parity Violation in Z° — bbg.

The expected angular distribution of the b-quark in Z° — bbg events produced in ete”
interactions where the e~ polarization is P, is:

g% = (1 - P.A)(1 + az?) + 24p(P. — A.)z

Here ¢ = cos § where 6 is the polar angle of the b-jet axis, 4, ~ 0.161, Ap = 0.934, ~
0.87, where A, = 0.94 in the Standard Model and 0.93 is a QCD correction[5]. P. = 0.72
for this data.

For this analysis and for the symmetry tests in the next section, the same procedure
is used. 3-jet events are selected and the energies calculated using the measured angles.
At least one jet must have a reconstructed secondary vertex with a P; corrected mass [8]
Mp, > 1.5 GeV/c?. This procedure results in a sample of 3420 events which contains 63%
of the bbg events with a purity of 87%. To decide which jet is the b-jet — necessary for
the parity violation measurement and the CP odd test in the next section — the momentum
weighted jet charge is used:

L A |05
Qjet = Xqi|pi 'Pj’

Here 13,- is the unit vector along jet j, and ¢;, p; are the charge and momentum of the

ith track associated with jet j. We then examine Qairf = @1 — Q2 — Q3. If Qugs is - -

negative(positive), jet 1 is tagged as the b-jet (b-jet).

Fig. 4 shows the left-right-forward-backward asymmetry in the polar angle of the b-jet
relative to the e™ beam polarization. A fit to the data gives Ap = 0.987+0.093 £0.072 [12]
where 0.87 is expected. Again the results are fully consistent with the Standard Model.

5 Symmetry Tests in Z° — bbg.

Two T-odd angular correlations between the three-jet plane and the Z° spin are studied in a
measurement sensitive to physics beyond the standard model. The test is made by examining
the angular distribution of the normal to the 3-jet plane relative to the spin vector of the
VAS

-

d 1
i = (]. — PeAe)(l - —3-y2) + 2AT(PE - Ae)y



Here y = cosw = o7 - 7 where o7 is the spin of the Z°, which is in the direction of the
electron polarization, and # is a normal to the 3-jet plane.

The data are analyzed similarly to the previous analysis, with one addition relevant to
the CP odd asymmetry for which both the b-jet and b-jet must be identified. Jet 3 is tagged
as the gluon jet (meaning jet 2 is a b- or b-jet) unless jet 2 had no significant track and jet
-3 had at least one, in which case jet 2 was tagged as the gluon-jet.

If the normal to the 3-jet plane is chosen to be 7 ~ p; x p, (energy ordered), a CP-even
angular asymmetry results. If, however, 7 ~ p, X p; (flavor ordered), a CP-odd angular
asymmetry results. The selection procedure described above produces the correct sense for
the normal to the three jet plane 67% of the time in the CP-odd case and 76% in the CP-odd
case.

The results of the fits are Af = —0.002 £ 0.027 and A7 = —0.011 £ 0.053, where A}
describes the CP-even asymmetry and A7 describes the CP-odd asymmetry. 95% confidence
limits are —0.056 < A% < 0.051 and —0.115 < A7 < 0.093, again consistent with predictions
of the Standard Model and QCD, which predicts |Ar| < 1075 [9].

6 Summary

The excellent b and b jet tagging capabilities of the SLC/SLD experiment, especially for
softer jets, allows a detailed study of the qgg structure. These capabilities make the following
results possible:

B Updated tests of the flavor independence of «, limiting the dependence to a few per-
cent [10],

e A new measurement of the gluon energy spectrum in Z° — bbg yielding a 95% confi-
dence level constraint on an anomalous chromomagetic contribution of ~0.15 < & <

0.09 [11].

o A new test of parity violation in Z° — bbg yielding Ap = 0.987 + 0.093 + 0.072 in
agreement with the Standard Model,

® A new test of two asymmetries, sensitive to new physics, limits CP-even and CP-
odd asymmetries, both Ty-odd to less than 5.6% and 11.5% respectively at the 95%
confidence level [12].

With increased data from the upcoming run exploiting an improved vertex detector [13],
it is hoped that these errors can be reduced significantly.
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Figure 1: Number of significant tracks per event in the data compared with the number
predicted by a Monte Carlo calculation for uds, ¢, and b events; the agreement is very good.
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Figure 2: SLD and LEP results on flavor-independence at the Z°.
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Figure 3: The measured normalized gluon energy spectrum compared with the result of
a QCD calculation including several possible values for the chromomagnetic contribution,
described by . The calculation differs from the data increasingly as the magnitude of &

increases. K = 0 is a good fit.
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