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ABSTRACT
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.k

GeV the jet axis angular distribution integrated over azimuthal

angle was determined to be proportional to 1 + (0.78 % 0.12) coszea

) (Submitted to Phys. Rev. ILetters)
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In quark-parton constituent models of elementary particles,
hadron production in e+e- annihilation reactions proceeds through the
annihilation of the e+ and e into a virtual photon which subsequently
produées a quark-parton pair, each member of which decays into hadrons.
At sufficiently high energy the limited transverse momentum distribution
of the hadrons with respect to the original parton production direction,
characteristic of all strong interactionms, resul£s in oppositely~-directed
jets of ha.dron,s.l-,+ The spins of the constituents can, in principle, be
determined from the angular distribution of the jets. 1In this letter we
report the evidence for the-existence of jets and the angular dis-
tribution of the jet axis.

The data were taken with the SIAC-IBL magnetic detector atbthe
SPEAR storage ring of the Stanford Linear Accelerator Center. Hadron
production, muon pair pro&uction, and Bhabha scattering data were re-
corded simultaneously. The detector and the selection of evénté have
been described previously.s’ The detector subtended 0.65 X Ux sr with
full acceptance in azimuthal angle and accéptance in polar ahgle from 500
to 1300. We have used the large blocks of data at center~-of-mass energies
(Ec.m.) of 3.0, 3.8, 4.8, 6.2, and 7.4 GeV. We included only those hadronic
evenfs in which three or more particles were detected in order to avoid
background 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 mini-

mizes the sum of squares of transverse momenta. For each event we




calcilate thé tensor

ap 2
T =X (s”P P p? pg) P ‘ (1)
1

where the summation is over all detected particles and & and B refer to
the three spatial components of each particle momentum 2 We diagonalize

fIB to obtain the eigenvalues Al’ A, . A, which are the sums of squares
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of transverse momenta with respect to the three eigenvector directions.
The smallest eigenvalue (%3) is .the minimum sum of squares of transverse

momenta. The eigenvector associated with A, is defined to be the recon-

3

structed jet axis. In order to determine how jet-like an event is, we

calculate a quantity which we call the sphericity. (8):

. 2
37\'3 =' 3({ pli)min

. (2)
2
l+>\2+?\3 2‘?&

S = x

S approaches O fpr events with bounded transverse momenta and approaches
1 for eventéﬁwifh large multiplicity and iéotropic phase-space particle
distributions; . |

The data at each energy were compared to Monte Carlo simulations
which were based on either an isotropic phase=-space (P.S.) model or on
a jet model. In both moaelg only pions (chérged and neutral) were produced.
The total multiplicity wés given by a Poiséon diétribution. The Jjet

model modified phase épace according to a matrix element squared

of the form

. 2 2 . -
M2 =e -(é_j pJ‘_ /20 s | (3)
where pl_is the momentum’pgppendicplar to the jet axis.

. The gngular distribution fpr thq jet axis is expected to have the
form

d .
E%.« 1 +(1cos2 g + P%d sin2 0 cos 20 , ()

where:é is thé‘pélar anglélof thevjeé axis with réspect to the inéideht
positfon direcfibn, P is ﬁhe azimuthél anglé with respect to the plane

of the storage fing, d: (O‘T - UL)/(GT + O‘L) where o, and o  are the
transverse and longitudinal production cross sections, and P is the
polariéation of each beam. (The polarizafion term will be dis=- '

cussed later.) The éngular distfibution given by Eq. (U4) was used in the

Jjet model simuiation. The simulations included the geometric aéceptance,

the trigger efficiency, and all other known characteristics of the de=

tector. The total multiplicity and charged/neutral multiplicity ratio

for both models were Obtained by fitting to the observed charged particle mean
multiplicity and mean moméntum at each energy. In the jet model the parameter
b was determined by fitting to the observed 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 to It GeV region. At

higher energies the data haﬁe significantly lower mean S than the P.S.

model and agree with the jet model. TFigure 2 shows the S distributions




at several energies. At 3.0 GeV the data agree with either the P.S. or
the jet model (Fig. 2a). At 6.2 and 7.4 GeV the data are peaked toward
low S, favoring the jet model (Figs. 2b and 2c). At the highest two
energies, the P.S. model poorly reproduces the single particle momentum
spectra, having fewer particles with x > 0.4 (x = 2p/Ec.m. and p is the
particle momentum) than the data.8 The jet model x distributions are in
better agreement. For x < O.4 the x distributions for both models agree
with the data. Therefore, we show in Fig. 2d the S distributions at
7.4 GeV for those events in which no particle has x > O.4 The jet model
is still preferred.

At Ec.m. = 7.4 GeV the electron and positron beams in the SPEAR ring

are transversely polarized, and the hadron inclusive distributions show

9

an azimuthal asymmetry. The ¢ distributions of the jet axis for jet

axes with |cos 6] < 0.6 are shown in Fig. 3 for 6.2 and 7.4 GeV.lo At
6.2 Gev, tﬁe beams are unpolarized9 and the @ distribution is flat, as
expected. At T.4 GeV, the @ distribution of the jet axis shows an asym-
metry with maxime and minima at the same values of ¢ as for ete” —>u+u-.
The ¢ distribution shown in Fig. 3b and the value for P2 (P2 = 0.47
9

* 0.05) measured simultaneously by the reaction e+e- —>u+u—' were used

to determine the parameter & of Eg. (%). The value obtained for the
observed jet axis is @ = 0.45 * 0.07. This observed value of Q will be
less than the true ;alue which describes the production of the jets because
of the incomplete acceptance of the detector, the loss of neutral particles,
and our method of reconstructing the jet axis. We have used the jet model

Monte Carlo simulation to estimate the ratio of observed to produced values

of @ and find this ratio to be 0.58 at 7.4 GeV. Thus the value of

o describing the Eroguced jet axis angular distribution is a = 0.78 f 0.12
at Ec.m. = T.4 GeV. The error in @ is statistical only; we estimate

that the systematic errors. in the observed @ can be neglected. However,
we have not studied the model dependence of the correction factor relating
observed to produced values of .

The sphericity and the value of @ as determined above are properties
of whole eventé. The simple jet model used for the sphericity analysis
can also be used to predict the single particle inclusive angular distri-
butions for all values of the secondary particle momentum. In Fig. Ly
values for the inclusive hadron @ as a function of x at 7.4 GeV9 are
compared with the jet model calculation. The model assumed the value
o = 0.78 * 0.12 for the Jjet 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- annihilation. The data show a decreasing mean

sphericity with increasing Ec.m and the sphericity distributions peak

more strongly at low values as Ec o increases. Both of these trends

agree with a jet model and disagree with an isotropic’ P.S. model. Thg
mean transverse momentum relative to the jet axis obtained using the

jet model Monte Carlo simulation was found to be 315 T 2 MeV/e. At Ec_m'=
7.4 GeV the coefficient @ for the jet axis angular distribution in Eq. (%)
has been found to be nearly +1 giving a value for UL/GT of 0.13 ¥ 0.07.
The jet model also reproduces well the inclusive hadron @ versus x. All
of this indicates not only that there are jets but also that the helicity
albng the jet axis is + 1. In the framework of the quark-parton model,

the partons must have spin 1/2 rather than spin O.
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. It is 1mposs1ble to determine the jet axis exactly, evén with perfect

detectlon efficiency; the method described here, wh1ch was suggested

in Ref. 3, is the best approximatién 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 ¢ + 180°

is equivalent to the azimuthal angle @.

Fig. 1 Observed mean sphericity versus_center-of—mass energy E

Figure Captions

c.m.
for data, jet model with {p,} = 315 MeV/c (solid curve)? and
phase-space model (dashed edrve).

Observed sphericity distributions for data, jet model with
(pl) =315 MeV/c (SOlld curves), and phase= space model (dashed
curves ) for (a} E = 3.0 GeV; (b) B, = 6 2 GeV;

.. Cele

(e)E  =7.% GeV; and (d) E,p = 7.4 GeV, events with

c.m.
largest x < 0.4. The distributions for the Mpnte Carlo models
are normalized to the number of events in the data.

Observed distributions of jet axis azimuthal angles from the
plane of the storage ring for jet axes with lcos 9[ £ 0.6 for

(a) Eom = 6.2 GeV and (b) B, o= 7.4 GeV.

Observe& inclusive o versus x (from Ref. 9) for particles

with [cos 6| € 0.6 in hadronic events at E T 7.4 GeV. The
prediction of the jet model Monte Carlo simulation for a jet axis

angular distribution with a = 0.78 T 0.12 is represented by the

shaded band.
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