
VOLUME 58, NUMBER 11 PHYSICAL REVIEW LETTERS 16 MARCH 1987

observation of Charge Asymmetry in Hadron Jets from e +e Annihilation at Js =29 CeV
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A charge asymmetry has been observed in final-state jets from e+e annihilation into hadrons at
Js =29 GeV. The measured asymmetry is consistent with the prediction of electroweak theory. The
product of axial-vector weak coupling constants, averaged over all quark flavors, is determined to be

(egg ) = —0.34 ~ 0.06 ~ 0.05.

PACS numbers: 13.65.+i, 12.15.3i, 13.87.Fh

The electroweak theory is now well established in
e+e annihilation for the reactions e+e p+p and
e e i+ z. through observation of the charge asym-
metry in the angular distribution. ' In contrast to these
purely leptonic reactions, the weak neutral couplings of
the quarks are not well determined experimentally be-
cause of complications introduced by final-state hadroni-
zation of the quarks and the large cancellation of the an-
gular asymmetry between u-type quarks (u and c
quarks) and d-type quarks (d, s, and b quarks). The
weak neutral couplings of charm and bottom quarks
have been measured via semileptonic decays of heavy
flavored mesons or reconstructed charmed mesons. Al-
though flavor-tagging methods allow the study of these
two heavy quarks separately, the statistical significance
of the measurements is limited because of the low tag-
ging e%ciencies. In this paper the charge asymmetry of
jets in inclusive hadronic events is used to study the weak
neutral coupling of all quarks.

The measurement of a jet-charge asymmetry was first
reported by Fernandez et al. for hadronic events accom-
panied by a hard photon in the reaction e+e qqy.
In this reaction the charge asymmetry is largely a QED
eAect and the emphasis was primarily to measure quark
charges. In the present study the jet-charge-asymmetry
measurements have been extended to all two-jet events,
and in this case the charge asymmetry is expected to re-
sult primarily from electroweak effects.

The measurement of jet charge has also been reported
in deep inelastic lepton scattering and neutrino scatter-
ing. Since only u- or d-quark-initiated hadronic jets are
produced in these reactions in contrast to the e+e case,

the quark fragmentation process and charge flow can be
studied. In these measurements and in the previous
work, it has been shown that (1) jet-charge measure-
ments provide a reliable method to tag the charge of the
parent quarks; (2) the leading hadron in the jet has a
high probability of containing the parent quark as a con-
stituent; and (3) currently available Monte Carlo models
of quark fragmentation reproduce the data quite well.

The parent data sample consists of approximately 10
multihadron events collected with the MAC detector at
the Stanford Linear Accelerator Center storage ring
PEP. The integrated luminosity of the sample is 220
pb ' at a center-of-mass energy of 29 GeV. The MAC
detector and the multihadron-event-selection criteria
have been described previously. The following addition-
al requirements are imposed to select two-jet events: (1)
At least five charged tracks per event are required, with
at least two in each hemisphere defined by the plane per-
pendicular to the thrust axis calculated from the
calorimeter energy deposition. (2) The thrust is required
to be greater than 0.8 with

~
cosO~ (0.8, where 0 is the

polar angle of the thrust axis. (3) To reduce e+e
background in events with fewer than seven

tracks, the tracks in at least one hemisphere are required
to have an invariant mass greater than 1.78 Gev/c . A
total of 80380 events satisfy these requirements.

The jet charge Qj„ in each hemisphere is determined

where Q; is the charge of the ith charged particle of the
hemisphere, q; is the rapidity of the ith particle, and x is
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R -(1+cos 0+ —', 2 —coso).
2$

Rqq is the ratio of the total quark-pair cross section to

a constant. The simple sum of the charges corresponds
to x. =0. The sum is taken over all the charged tracks
with momentum greater than 100 MeV/c that have at
least six drift-chamber hits, and over all tracks with
momentum greater than 500 MeV/c that have only five

drift-chamber hits. The weight g;" is introduced since
particles with larger rapidity are expected to have a
higher probability of carrying the parent-quark flavor.
With this rapidity weight, neutral jets occur only with
K. =0.

Various jet-charge combinations are observed. In a
perfect detector events would contain either two neutral
(for x. =0) or oppositely charged jets. Loss of tracks due
to detector acceptance and drift-chamber inefficiency re-
sults in some events having jets with the same sign of
charge. Moderately small values of rc give a higher
efficiency for yielding events with oppositely charged
jets. The value ~=0.2 was chosen to maximize the num-
ber of these events. With use of these 49402 events with

oppositely charged jets, the jet-charge asymmetry is

measured from the polar-angle distribution of the thrust
axis, where the polar angle is defined to be the angle be-
tween the direction of the incident positron and the
thrust axis, taken in the direction of the positively
charged jet.

The charge asymmetry can also be measured by other
techniques for determination of the jet charge. For ex-
ample, the jet-charge asymmetry may be measured with
only the leading particle in each jet to assign the jet
charge. Also, rather than the charge asymmetry of the
jets, the charge asymmetry may be determined with use
of individual high-rapidity charged hadrons. These
methods have been examined, and yield consistent re-
sults, but the expected and measured charge asyrn-
metries are smaller.

A Monte Carlo event sample was generated on the
basis of the standard electroweak theory. Events were
generated with the program of Berends, Kleiss, and
Jadach for e +e qq () ), and the quark fragmenta-
tion and QCD corrections were subsequently simulated
with the Lund program. ' These events were then pro-
cessed through a detector simulation program and sub-
jected to the same analysis procedure described above.
A small charge asymmetry is expected to arise from
QED as a result of interference between lowest-order
and higher-order QED diagrams. This asymmetry was
determined from the Monte Carlo event sample and
found to be negligible compared with the electroweak
contribution.

If we neglect quark masses and radiative effects, the
differential cross section for quark-pair production is

given in the electroweak theory as

the lowest-order QED muon-pair cross section, and is

given by

R —= 3 [Qz
—

2Q&g f gf ReZ

+ (gv'+ g~") (gV+ gA')
l
& I

'~,

where Q~ is the quark charge and gv~ and gz~ are the
vector and axial-vector electroweak coupling constants of
the electron and quark, respectively. A — is the for-
ward-backward asymmetry for full acceptance and is

given by

&« =3( —
2 Q,g~g)«&+3gvgfg~gA l

&
l
')/R„-.

The quantity E is given by

Z =s/4 sin'Ow cos'ew(s —Mz+i Mzr z),
where Ow is the Weinberg angle. The general formula
for massive-quark production is too lengthy to be given

here, " but the following calculation is based on the com-
plete formula with the quark masses m„=md =0.3
GeV/c, m, =0 5 GeV/c, m, = 15 GeV/c, and

mb =5.0 GeV/c .

If the forward direction (8 =0) is defined for the
positive-charge quark with respect to the incident posi-
tron direction, the expected charge asymmetries are 2„„-
=9„-=+0.09, Add =2„-= —0. 18, and Abb

= —0.16.
The resulting average charge asymmetry (A) of all

Ilavors with proper production weights is (4) =+0.018
at the quark level. However, the detection efriciency of
events with oppositely charged jets is higher for the u-

type quarks than for the d-type quarks, and the quark-
charge misidentification probability is lower for the u-

type quarks than for the d-type quarks. Since these two
factors both favor the u-type quarks, a jet-charge asym-
metry of about +0.02 is expected. In order to compare
the prediction with the observed angular distribution, ra-
diative corrections, detection efficiencies, and quark-
charge misidentification probabilities were evaluated
with the Monte Carlo method described above. Accord-
ing to these calculations, the detection efficiency of
events with oppositely charged jets coming from the u-

type quarks is about 10% higher than that of events from
d-type quarks, and the quark-charge misidentification
probability is about 20% for the u-type quarks and about
29% for the d-type quarks. The Monte Carlo-simulated
events give a jet-charge asymmetry (A) =+0.022
~ 0.005 where the error is purely statistical. This sirnu-

lation was based on standard electroweak theory with

sin I9w =0.22.
The measured differential cross section after e%ciency

and radiative corrections is shown in Fig. 1(a), with the
dotted curve representing the pure QED distribution.
The overall normalization of the data was adjusted to
agree with the theoretical prediction. The difTerence be-
tween the measured cross section and that expected from
pure QED, normalized to the total QED cross section, is
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FIG. 1. (a) The measured differential cross section after
efticiency and radiative corrections. The results of a one-
parameter fit as described in the text are shown as the solid
curve, together with the lowest-order QED cross section shown
as the dotted curve. (b) The difference between the measured
cross section and the QED cross section, divided by the total
QED cross section. The solid line represents the fit to the an-
gular distribution.

shown in Fig. 1(b). The data clearly show the expected
linear dependence on cosO. The average charge asym-
metry determined by a maximum-likelihood fit is
(2) =+0.028 ~ 0.005 where the error is statistical. The
fit is shown by the solid lines in Figs. 1(a) and 1(b). In
order to minimize any bias introduced by the magnetic
field, the magnetic field polarity was reversed periodical-
ly. The data samples for each polarity were examined
separately and found to be consistent.

At the energy of the data presented here, the contribu-
tion of the second and third terms in R — is negligible
(0.2% of the first term for sin Ow =0.22), in agreement
with measurements of the hadronic cross section. '

Since the second term of Aqq is also negligible, A — de-
pends mostly on g~g$. If universality among different
quark flavors is assumed, with the axial-vector elec-
troweak coupling of the quarks defined as gz = —

g~= —g~ =g~ = —g~=gg, one parameter (g~g$) can be
determined from the average charge asymmetry obtained
from the data and the quark-charge misidentification
probabilities evaluated by the Monte Carlo event sample.
The coupling constant determined from the data is

(g~g$) = —0.34 ~ 0.06. As a consistency check, the
maximum-likelihood fit has been applied to the Monte
Carlo events based on the standard electroweak theory.
The coupling constant obtained for this sample is

(g~g$) = —0.27 ~ 0.06, consistent with the input value

The procedure used for this analysis has been checked

empirically with two diflerent methods. The first method
used flavor-separated heavy-quark jets which have a
tagged charge from a semileptonic decay. This tagged
charge can be compared to the jet charge and a quark-
charge misidentification probability can be determined
from the data and compared to the Monte Carlo predic-
tion. A sample of 857 semileptonic events are selected
from the same multihadron sample as the present
analysis by the requirement of a muon with momentum
greater than 2 GeV/c and momentum transverse to the
thrust axis greater than 1 GeV/c. ' According to a
Monte Carlo calculation, this b-enriched event sample
consists of 58% b-quark events, 10% c-quark events, and
32% light-quark events. The jet selection criteria de-
scribed above have been applied to these events yielding
402 events with oppositely charged jets. The muon
charge has been compared with the jet charge in the
hemisphere which contains the muon. The signs of the
muon charge and the jet charge disagree for
(32.3 ~ 2.3)% of events. This comparison is a quantita-
tive demonstration that the jet charge and the muon
charge are correlated and that the jet charge carries the
quark-charge information. The same comparison has
been made for the Monte Carlo events. For this sample,
the signs of the muon charge and the jet charge disagree
for (32.7~2.0)% of events. This value is in excellent
agreement with the data, indicating that the Monte Car-
lo modeling is quantitatively reliable.

The second method uses the measurement of the jet-
charge asymmetry for hadronic events accompanied by a
hard photon. The charge asymmetry is predominantly
of QED origin because of the interference between pho-
ton radiation from initial-state electrons and final-state
quarks, and hence calculable independent of weak
eflects. In contrast with the electroweak asymmetry,
there is no cancellation of the angular asymmetry be-
tween u-type quarks and d-type quarks and therefore a
large charge asymmetry is expected. The events were
selected from the same multihadron sample as before by
the requirement of an isolated photon with energy
greater than 3 GeV and less than 10 GeV. A sample of
1049 direct photon candidates was found with about 22%
background coming from z decays. The charge asym-
rnetry observed for the data was 2 = —0.123+ 0.035,
consistent with the Monte Carlo prediction 2 = —0.117
+ 0.026. This comparison can be interpreted as a quan-
titative test of the charge assignment procedure.

The systematic errors on the coupling constant have
been estimated as follows. Based on the above-
mentioned check with lepton-tagged events, the quark-
charge misidentification probability of the b quark is
modeled properly by the Monte Carlo sample with an
uncertainty of about 2%. If the same error is assumed
for other quarks and the errors are assumed to contrib-
ute independently, the systematic error on the coupling
constant is estimated to be about 9%. If the errors of
diAerent quarks are assumed to be correlated, the result-
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ing error on the coupling constant ~ould be negligible
because of the cancellation of errors between the u-type
and d-type quarks. The systematic errors are also es-
timated with the Monte Carlo sample by a change in the
quark fragmentation function and parameters of the
Lund program. The most sensitive parameter is found to
be the fraction of sea quarks, ss/uu. A change in this
fraction by h(ss/uu) =0.1 produces about a 10% change
in the coupling-constant product. The systematic error
due to the particular choice of x to measure the jet
charge has been estimated to be 5%. Systematic efl'ects
due to differences in the fragmentation models have been
studied by comparison of the results with those obtained
from the Webber Monte Carlo simulation. ' This frag-
mentation model is quite diferent from that of Lund and
provides a check of the procedure used to determine the
jet charge. Since the results from the Webber simula-
tion are consistent with the Lund model, systematic er-
rors introduced by the choice of fragmentation model are
estimated to be small compared to the systematic errors
discussed above. With systematic errors, the result is

(g'gg) = —0.34 ~ 0.06+ 0.05.

In conclusion, this experiment has measured for the
first time an electroweak interference eflect sensitive to
contributions from all the quarks. The value determined
for the product of electron and quark electroweak axial-
vector couplings is consistent with the standard-model
prediction, g~g$ = —0.25 and agrees with the values
measured by flavor-tagging methods for the c and b
heavy quarks. Neutrino experiments have measured the
chiral weak coupling constants (gL) and (gz) for the u

and d quarks from the ratio of neutral-current and
charged-current interactions and extracted the axial-
vector coupling constants g$. ' The present measure-
ment is also consistent with these results.
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