Presented at High-energy Physics International Euroconference on Quantum Chromodynamics (QCD 96), SLAC-PUB-7295

Montpellier, France, 4-12 Jul 1996.

QCD tests with polarized beams
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We present three QCD studies performed by the SLD experiment at SLAC, utilizing the highly polarized
SLC electron beam. We examined particle production differences in light quark and antiquark hemispheres, and
observed more high momentum baryons and K ~’s than antibaryons and K*’s in quark hemispheres, consistent
with the “leading particle” hypothesis. We performed a search for jet handedness in light ¢- and §-jets. Assuming
Standard Model values of quark polarization in Z° decays, we have set an improved upper limit on the analysing
power of the handedness method. We studied the correlation between the Z° spm and the event-plane orientation
in polarized Z° decays into three jets. The CP-even and T-odd tnple product Sy - (k_; X k_;) formed from the two
fastest jet momenta, k: and k2, and the Z° polarization vector Sz, is sensitive to physics beyond the Standard

Model.

1. INTRODUCTION 2. LEADING P ARTICLE PRODUCTION

Since 1992 SLC has been running with a longi-
tudinally polarized electron beam, and SLD has
collected approximately 50,000 hadronic Z° de-
cays in 1993 and 100,000 in 1994/5 with aver-
age beam polarizations of 63% and 77%, respec-
tively. In the process ete™ — Z° — g¢q, the
forward-backward asymmetry Appg, quark polar-
ization P,, and Z° polarization Pzo are greatly
enhanced by the longitudinal beam polarization
as shown in Table 1, and SLD has performed a
variety of QCD studies exploiting these features.

Table 1
Expected Asymmetry and P olarization

Poo=-T1% P.-=+71%

(u-type) +0.42 -0.35
B (d-type) +0.58 ~0.49
Pyatcosf=+1 F0.83 +0.70

*representing the SLD collaboration

In many fragmentation models, the primary
quark and antiquark in Z° — ¢g events appear
in a specific hadron, and this “leading” hadron
tends to have large momen tum. Experimentally,
by separating quark hemispheres from an tiquark
hemispheres, 1t is possible to look for differences
in identified particle production which would be
attributable to such “leading” particles. We de-
fine a particle to be leading if one of its con-
stituent quarks is a primary quark, for example
the wor win eTe™ — Z% — wu. Then the exper-
imental question is whether the inclusive proper-
ties are different for particles that could be “lead-
ing” (e.g. a 7t in a u—quark jet) and those that
could not (e.g. a7~ in a u—quark jet). To study
this question we must: i) separate ¢- and §- jets;
ii) select light quark events (7° — uu, dd, s5) so
as to be insensitive to heavy hadron decay prod-
ucts; and iii) identify particle types. We then
compare the scaled momen tum distributions of
given particles with those of their antiparticle in
a pure sample of quark jets in order to determine
whether the primary quark prefers a particular
particle type or momen tum.

The analysis used the charged tracks measured
in the central drift chamber [1] and in the vertex
detector [2]. A set of cuts was applied to the data
to select well-measured tracks, and events were
required to be well-contained within the detec-

Work supported in part by Department of Energy Contract DE-AC03-76SF00515



tor acceptance. Flavor tagging was performed by
counting the number of well measured tracks n,;,
that were inconsistent with the interaction point
as the origin. Charged particle identification was
performed with the Cherenkov Ring Imaging De-
tector (CRID) [3]. Standard mass reconstruction
techniques were used for neutral particle identifi-
cation [4].

The large forward-backward asymmetry due
to the highly polarized electron beam was used
to separate quark from antiquark hemispheres.
As the primary quarks from Z° decays are left
handed, they tend to follow the direction of the
incident left-handed fermion. The event was di-
vided in two by a plane perpendicular to the
thrust axis, and when the electron beam was
left(right)-handed, the hemisphere whose normal
satisfied 7 - p; > 0 was labeled as the quark (an-
tiquark) hemisphere. A cut was applied to re-
move events whose thrust axis failed to satisfy
| cos0;] > 0.2, where 6, is the angle between the
thrust axis and the e~ beam direction. The Stan-
dard Model at tree level predicts the purities of
the quark- and antiquark-tagged samples to be
about 72% for our average electron beam polar-
ization of 73%.

Light quark events were selected by requiring
nsig = 0. In each hemisphere, the production
rates as a function of z, of identified hadrons
were determined. We combined the positively
charged tracks in the ¢-tagged jets with the neg-
atively charged tracks in the ¢-tagged jets (simi-
larly, A’s in g-jets were combined with A’s in ¢-
jets). We subtracted the contributions to these
samples from hea vy quark events, estimated from
the Monte Carlo simulation. For each hadron
type h, the resulting rates were unfolded for the
purity of the quark tagging to obtain differential
production rates R(q — h) in light quark jets.

W e define the difference between particle and
antiparticle production rates normalized by their
sum: _

R(q —h) = R(g —h)
Rig—h)+ Rlg —h)

The systematic uncertainties on particle identifi-

Dy =

cation largely cancel in this variable, and the er-
rors are dominated by statistics. Figure 1 shows
these normalized differences as a function of .

For each particle type, the differences are consis-
tent with zero at low z,. For the 7’s the difference
is also consistent with zero at high z,, whereas
for the others a significant positive difference is
observed for z, above ~ 0.15.
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Figure 1. Normalized production differences as a
function of scaled momen tum for (a) charged pi-
ons (circles) and kaons (crosses), and (b) protons
(circles) and A’s (crosses).

Since the baryons contain no constituent anti-
quarks, we interpret the steep rise in D, and Dy
with increasing z, as an indication that baryon
production is dominated by leading particle pro-



duction as z, — 1. If production of 7% (K*)
mesons were dominated by leading meson produc-
tion, and 7~ (K ) were produced equally in jets
containing primary % and d(s) quarks, then we
would expect to observe normalized differences of
~ 0.22 for the mesons, due to (i) the 22:17 pro-
duction ratio for Z° — dd(ss) : Z° — uu, and
(ii) the different electroweak asymmetries for u-
and d-type quark production. Our data are more
consistent with D, = 0 than D, = 0.22 over
the entire measured x, range, suggesting some
dilution of leading pions from resonance decays
such as the p”. Our measured Dk values above
zp, ~ 0.2 are consistently above 0.22, indicating
both that ¢) there is leading kaon production at
high momentum, and i7) leading kaons are pro-
duced more often in ss events than in uu events.

3. JET HANDEDNESS

Polarized incident electrons provide an excel-
lent opportunity to test the transport of spin
through the hadronization process since the Stan-
dard Model predicts high polarization of quarks
from Z° decays with a strong dependence on po-
lar angle and incident electron polarization. A
first measurement of spin-transport, using the
technique suggested by Ref. 5, was reported in
Ref. 6.

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 = ¢ - (p] x
pa), where t is a unit vector along the jet axis,
corresponding to the spin direction of a longitudi-
nally polarized parton, and pj and p3 are the mo-
menta of two particles in the jet chosen by some
charge-independent prescription, such as |pi| >
|p2].[5] 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 asym-
metry in the number of left- and right-handed
jets: H = (NQ<0 — NQ>0)/(NQ<0 + NQ>0). Us-
ing the expected parton polarization P, from the
Standard Model, the analyzing power « of the
method is defined by # = aF,. The observed H
in light-quark jets was found to be consistent with
zero, and the 95% C. L. upper limit of the ana-

lyzing power was determined to be |o| < 0.033.
This improves the limit in Ref. 6 by a factor of
3, and reaffirms that inclusive transportation of
spin through the hadronization process is small.

4. TRIPLE-PRODUCT CORRELA TION

For polarized Z° decays to three hadronic jets
one can define the triple product Sy - (k_i X k;),
which correlates the Z° boson polarization vector
S} with the normal to the three-jet plane defined
by k_i and k;, the momenta of the highest- and
the second-highest energy jets, respectively. The
triple product Sy (k_i X k;) i1s even under C and P
reversals, and odd under Ty, where T reverses
momenta and spin vectors without exchanging
initial and final states. Since Ty is not a true
time-reversal operation, a non-zero value does not
signal CPT violation and is possible in a theory
that respects CPT invariance [7]. Similar observ-
ables were first proposed for direct experimental
observation of the non-Abelian character of QCD
inete™ — T — ggg [8], and in ete™ — qqg [9]
where a sizable signal 1s expected at ¢.m. energies
/s below 40 GeV; no experimental measuremen ts
have been performed since a longitudinally polar-
1zed electron beam is required.

The differential cross section for ete™ — ¢y
for massless quarks may be written [9,10]

1 do 9 1
cdcosw E[(l N gcoszw) + B Az cosw], (1)

where w 1s the polar angle of the vector normal to
the event plane with respect to the electron-beam
direction, and Az is the polarization of the Z°
bozon along this same direction (Az = (P.- —
A)/(1 = P.- - A.), where P.- is the electron-
beam polarization, defined to be negative for a
left-handed beam, and A, = 2v.a./(vZ+a?) with
v, and a. the electroweak vector and axial vec-
tor coupling parameters of the electron, respec-
tively). With |8Az| representing the magnitude
[11], the second term is proportional to the T -
odd triple product, and appears as a forward-
backward asymmetry of the event-plane normal
relative to the Z° polarization axis. The sign and
magnitude of this term are different for the two
beam helicities.



Recently Brandenburg, Dixon, and Shadmi
have investigated Standard Model Txy-odd con-
tributions of the form S} . (k_i X k;) at the Z° res-
onance [10]. The triple product vanishes iden-
tically at tree level [7], but non-zero contribu-
tions arise from higher-order processes such as
those shown in Fig. 2: (a) QCD rescattering of
massive quarks [9], (b) QCD triangle of massive
quarks [12], and (c¢) electroweak rescattering via
W and Z exchange loops. Due to various cancel-
lations these contributions are found to be very
small at the Z° resonance and yield values of the
correlation parameter |3] < 107°. Because of
this background-free situation, measurement of
the cross section (1) is sensitive to physics pro-
cesses beyond the Standard Model that give 5 #
0.

8-95
8012A1

Figure 2. Representative Feynman diagrams of
higher-order interactions with non-vanishing con-
tributions to the triple product: (a) QCD rescat-
tering (m, # 0 is required), (b) triangle diagram
via quark annihilation (mj # 0 is required), and
(¢) electroweak rescattering.

In the analysis [13] the hadronic event selec-
tion and three-jet reconstruction were based on
the topology of energy depositions in the liquid
argon calorimeter, taking advantage of its large
solid-angle coverage. The efficiency for selecting

hadronic events was estimated to be 924+2%, with
a background in the selected sample of 0.44:0.2%,
dominated by 7% — 77~ and Z° — ete~events.

To measure the triple-product correlation for
ete™ — qqg, three-jet events were selected and
the three momentum vectors of the jets were re-
constructed using the “Durham” jet algorithm
[14]. Planar three-jet events were selected by
requiring exactly three reconstructed jets to be
found with a jet-resolution parameter value of
y.=0.005, the sum of the angles between the three
jets to be greater than 358°, and that each jet
contain at least two clusters. A total of 44,683
events satisfied these criteria. The jet energies
were calculated by using the measured jet direc-
tions and solving the three-body kinematics as-
suming massless jets, and were then used to label
the jets such that £y > Fy > Ej3.

For each event the reconstructed jet vectors
were used to determine the vector normal to the
jet plane and its polar angle w, from which the
measured distribution of cosw was derived. A
bin-by-bin correction factor €(|cosw]|), for detec-
tor acceptance and initial-state radiation, was de-
termined from Mon te Carlo simulations.

The cosw distribution is described by

1 do

o dcosw

= &1 - Seos”w)

+5 Az (1 — 2 Ppys(| coswl|)) cosw],(2)

where Pp,;s is the probability of incorrectly order-
ing the energy of the three jets such that the sign
of the cosw term is incorrect. Fig. 3 shows the
corrected cosw distribution separately for left-
and right-handed beam events in the 1994/5 data
sample. A Tx-odd contribution would appear as
a forward-backward asymmetry, of opposite sign
between the left- and right-handed events. No
asymmetry is apparent. A maximum-likelhood
fit of Eq. 2 to the cosw distributions from the
1993 and 1994/5 samples yielded 5 = 0.008 +
0.015. The Ty-odd contribution is consistent
with zero within the statistical error and the 95%
C.L. limits are calculated to be —0.022 < 3 <
0.039.

A number of systematic checks were performed.
The analysis was performed on two Monte Carlo
samples with simulated Ty-odd values; in both
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Figure 3. Polar-angle distribution of the jet-plane
normal with respect to the electron-beam direc-
tion with (a) left-handed and (b) right-handed
electron beam. The solid curve is the best fit to
the combined data samples.

cases 3 was measured to be consistent with the
input value within the statistical error. The de-
pendence of the § value on the jet-finding algo-
rithm and the jet-resolution parameter was ex-
amined. The analysis was also performed using
only charged tracks measured in the central drift
chamber. In each case the Ty-odd contribution
was found to be consistent with zero within the
statistical error.

5. Summary

We have shown three measurements that ex-
ploit the SLC beam polarization and the SLD ca-
pabilities. We have measured production rates
of 7%, K%, p/p, K® and A°/A° in light quark-
and anti-quark jets, and observed leading baryon
and kaon production. We have searched inclu-
sively for spin transport through hadronization,
and set limits on jet handedness. Finally, we
have measured the Ty-odd correlation in polar-
ized Z9 decays to three-jets. We find the cor-
relation to be consistent with zero and set 95%
C.L. limits on beyond-the-Standard-Model Tpx-
odd contributions to Z° decays to three-jets of

—0.022 < 8 < 0.039.
This work was supported by Department of En-
ergy Contract No. DE-AC03-76SF00515.
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