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= 3 GeV. The Stanford Linear Accelerator Lab-
oratory results of e+e -l+l +missing energy
can be explained as e', e' production followed by
decays to ev, , JU, v&, or their antiparticles. The
v, ' would be absolutely stable and escape detec-
tion. The decay of the v„' requires a mixing of
either v&' or p.' with lighter leptons.

The charmed quark c will decay preferably to
the p quark through the enhanced J'J'" interac-
tion. Leptonic decays of the cn can then account
for the dileptonic events seen at FNAL. The
heavy pseudoscalars A. 'n, c'c, etc. , will decay
via the enhanced O'J to other heavy mesons.
The P'n, , n,'n, etc. , decay via the weaker inter-
actions such as O'J', J Js or O'K', J'I . The mod-
el also in general predicts CP nonconservation
by virture of the fact that J',J' are CP even
while J is CP odd, so that terms linear in J'
do not conserve CP. This point will be discussed
in a longer paper under preparation.
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We have found evidence for jet structure in e+e hadrons at center-of-mass energies
of 6.2 and 7.4 GeV. At 7.4 GeV the jet-axis angular distribution integrated over azimuthal
angle was determined to be proportional to 1+(0.78+ 0.12)cos~o.

In quark-parton constituent models of elemen-
tary particles, hadron production in e e annihi-
lation reactions proceeds through the annihilation
of the e' and e into a virtual photon which sub-
sequently produces a quark-parton pair, each
member of which decays into hadrons. At suffi-
ciently high energy the limited transverse-mo-
mentum distribution of the hadrons with respect
to the original parton production direction, char-
acteristic of all strong interactions, results in

oppositely directed jets of hadrons. '~ The spins
of the constituents can, in principle, be deter-
mined from the angular distribution of the jets.

In this Letter we report the evidence for the ex-
istence of jets and the angular distribution of the
jet axis.

The data were taken with the Stanford Linear
Accelerator Center —Lawrence Berkeley Labora-
tory magnetic detector at the SPEAR storage ring
of the Stanford Linear Accelerator Center. Had-
ron production, muon pair production, and Bha-
bha scattering data were recorded simultaneous-
ly. The detector and the selection of events have
been described previously. " The detector sub-
tended 0.65 & 4 g sr with full acceptance in azi-
muthal angle and acceptance in polar angle from
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50' to 130 . We have used the large blocks of
data at center-of-mass energies (E, ) of 3.0,
3.8, 4.8, 6.2, and 7.4 GeV. We included only
those hadronic events in which three or more
particles were detected in order to avoid back-
ground contamination in events with only two
charged tracks due to beam-gas interactions and
photon-photon processes.

To search for jets we find for each event that
direction which minimizes the sum of squares
of transverse momenta. ' For each event we cal-
culate the tensor

where the summation is over all detected parti-
cles and n and P refer to the three spatial com-
ponents of each particle momentum p, We diag-
onalize T 8 to obtain the eigenvalues Xy p2 and

X, which are the sums of squares of transverse
momenta with respect to the three eigenveetor
directions. The smallest eigenvalue (X,) is the
minimum sum of squares of transverse momenta.
The eigenvector associated with X, is defined to
be the reconstructed jet axis. In order to deter-
mine how jetlike an event is, we calculate a quan-
tity which we call the sphericity (S):

the transverse and longitudinal production cross
sections, and P is the polarization of each beam.
(The polarization term will be discussed later. )
The angular distribution given by Eq. (4) was
used in the jet-model simulation. The simula-
tions included the geometric acceptance, the trig-
ger efficiency, and all other known characteris-
tics of the detector. The total multiplicity and
the charged-neutral multiplicity ratio for both
models were obtained by fitting to the observed
charged-particle mean multiplicity and mean mo-
mentum at each energy. In the jet model the pa-
rameter b was determined by fitting to the ob-
served mean S at the highest energy (7.4 GeV).
For lower energies the value of b was determined
by requiring that the mean p~ in the jet model be
the same (315 MeV/c) as at 7.4 GeV.

Figure 1 shows the observed mean S and the
model predictions. Both models are consistent
with the data in the 3-4-GeV region. At higher
energies the data have significantly lower mean
8 than the Ps model and agree with the jet model.
Figure 2 shows the S distributions at several en-
ergies. At 3.0 GeV the data agree with either the
PS or the jet model [Fig. 2(a)]. At 6.2 and 7.4
GeV the data are peaked toward low S, favoring

3(Z,p. )
X, + X2+ X3 2Q p;

iti '= exp( —Qp„.'/2b'), (3)

S approaches 0 for events with bounded trans-
verse momenta and approaches 1 for events with
large multiplicity and isotropic phase-space par-
ticle distributions.

The data at each energy were compared to
Monte Carlo simulations which were based on
either an isotropic phase-space (PS) model or a
jet model. In both models only pions (charged
and neutral) were produced. The total multiplici-
ty was given by a Poisson distribution. The jet
model modified phase space according to the
square of a matrix element of the form
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where p~ is the momentum perpendicular to the
jet axis.

The angular distribution for the jet axis is ex-
pected to have the form
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where 6I is the polar angle of the jet axis with re-
spect to the incident positron direction, y is the
azimuthal angle with respect to the plane of the
storage ring, n= (vr —v~)/(vr+v~) with vr and v~

FIG. 1. Observed mean sphericity versus center-of-
mass energy E~ ~ for data, jet model with (pg =315
MeV jc (solid curve), and phase-space model (dashed
curve) .
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FIG. 8. Observed distributions of jet-axis azimuthal
angles from the plane of the storage ring for jet axes
with IcosI)I ~ 0.6 for (a) Ec ~ = 6.2 GeV and (b) Ec ~
=7.4 GeV.
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FIG. 2. Observed sphericity distributions for data,
jet model with (P~) = 816 MeV/c (solid curves), and
phase-space model (dashed curves) for (a) E~ ~ =8.0
GeV; (b) E~ ~ =6.2 GeV; (c) E~ ~, =7.4 GeV; and
(d) E~ ~ =7.4 GeV, events with largestx&0. 4. The
distributions for the Monte Carlo models are normal-
ized to the number of events in the data.

the jet model [Figs. 2(b) and 2(c)]. At the highest
two energies, the PS model poorly reproduces
the single-particle momentum spectra, having
fewer particles with x & 0.4 (x = 2p jE, and p is
the particle momentum) than the data. ' The jet-
model x distributions are in better agreement.
For x& 0.4 the x distributions for both models
agree with the data. Therefore, me show in Fig.
2(d) the S distributions at 7.4 GeV for those events
in which no particle has x & 0.4. The jet model
is still preferred.

At E, = 7.4 QeV the electron and positron
beams in the SPEAR ring are transversely polar-
ized, and the hadron inclusive distributions show
an azimuthal asymmetry. ' The y distributions of
the jet axis for jet axes with IcosOI & 0.6 are
shown in Fig. 3 for 6.2 and 7.4 QeV. ' At 6.2

GeV, the beams are unpolarized' and the y dis-
tribution is flat, as expected. At 7.4 GeV, the y
distribution of the jet axis shows an asymmetry
mith maxima and minima at the same values of
y as for e'e - p, 'p .

The y distribution shown in Fig. 3(b) and the
value for P' (0.47 + 0.05) measured simultaneous-
ly by the reaction' e'e - p. 'p mere used to de-
termine the parameter a of Eq. (4). The value
obtained for the observed jet axis is += 0.45
+0.07. This observed value of e mill be less
than the true value which describes the produc-
tion of the jets because of the incomplete accep-
tance of the detector, the loss of neutral parti-
cles, and our method of reconstructing the jet
axis. %e have used the jet-model Monte Carlo
simulation to estimate the ratio of observed to
produced values of e and find this ratio to be
0.58 at 74 QeV. Thus the value of n describing
the produced jet-axis angular distribution is a
=0.78+0.12 at E, =7.4 QeV. The error in a
is statistical only; we estimate that the systern-
atic errors in the observed n can be neglected.
However, we have not studied the model depen-
dence of the correction factor relating observed
to produced values of e.

The sphericity and the value of n as deter-
mined above are properties of whole events.
The simple jet model used for the sphericity an-
alysis can also be used to predict the single-par-
ticle inclusive angular distributions for all val-
ues of the secondary particle momentum. In Fig.
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MeV/&. At F., =7.4 GeV the coefficient o for
the jet-axis angular distribution in Eq. (4) has
been found to be nearly + 1 giving a value for v~/

0~ of 0.13+0.07. The jet model also reproduces
well the inclusive hadron a versus x. All of this
indicates not only that there are jets but also that
the helicity along the jet axis is +1. In the frame-
work of the quark-parton model, the partons must
must have spin —,

' rather than spin 0.
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FIG. 4. Observed inclusive 0. versus x (from Ref. 9)
for particles with 1cos01-0.6 in hadronic events at
E~ ~ =7.4 GeV. The prediction of the jet-model Monte
Carlo simulation for jet-axis angular distribution with
o. = 0.78+ 0.12 is represented by the shaded band.

4 values for the inclusive hadron n as a function
of x at 7.4 GeV' are compared with the jet-model
calculation. The model assumed the value n
= 0.78+0.12 for the jet-axis angular distribution.
The prediction agrees well with the data for all
values of x.

We conclude that the data strongly support the
jet hypothesis for hadron production in e'e an-
nihilation. The data show a decreasing mean
sphericity with increasing F., and the spherici-
ty distributions peak more strongly at low values
as F., increases. Both of these trends agree
with a jet model and disagree with an isotropic
PS model. The mean transverse momentum rel-
ative to the jet axis obtained using the jet-model
Monte Carlo simulation was found to be 315+ 2
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YIt is impossible to determine the jet axis exactly,

even with perfect detection efficiency; the method de-
scribed here, which was suggested in Ref. 8, is the
best approximation known to us.

The momentum distributions will be discussed in a
subsequent paper.
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Since the jet axis is a symmetry axis, the azimuthal
angle q+180' is equivalent to the azimuthal angle y.
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