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times also determine effective electromagnetic
operators; an E2 effective-charge analysis for
the A=90 nuclei similar to those for the Pb and

Ca regions" is planned.
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We have analyzed 25000E, 3 decays, reconstructed to the center of mass by measure-
ment of the K& momentum from time of flight and measurement of the ~ and e momenta
with a spark-chamber-magnet spectrometer. Using the linear parametrization of the
vector form factor f+(q ) =1+I+(q /m~ ) we find h+-—0 0270 +0 0028. Upper limits for the
scalar (f ) and tensor (f&) form factors at the 68% confidence level are f /f+&0. 04, f&/
f+ &0.28, corresponding to intensity ratios I, /I„&0.2~lo and I~/I„&0.410.

As part of an experimental study of K~' decays
we have made a new measurement of the vector
form factor f, (q2), and set new limits on the
scalar (f,) and tensor (f, ) form factors in K„de-
cay ( ~I'C- ve'v). These data serve to resolve
discrepancies in published results for the K„'
vector form factor and provide definitive data re-
lating to the equality of K,s' and K„'form fac-
tors. ' This experiment utilized the rf structure
of the proton beam of the Princeton-Pennsylvania

Accelerator to determine the momenta of the de-
caying K~' mesons, thus allowing for event re-
construction to the K~' center-of-mass system
and kinematic suppression of possible K~„con-
tamination.

The vertical view of the apparatus (Fig. 1) is
self -explanatory. Charged secondaries of the
decays K —~ev, K —mp, .)r, and K —m'v v' inside
the vacuum region were recorded in magneto-
strictive spark chambers located before and after
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FIG. 1. Apparatus, top view.

an analyzing magnet. Events were recorded when

any two of the front scintillation hodoscope coun-
ters and any two of the rear scintillation hodo-
scope counters fired. The signal heights and ar-
rival times of the outputs of the phototube clus-
ters in each of the quadrants of the pressurized
gas Cherenkov counter, ' and information on the
arrival times of each of the charged secondaries
at the hodoscope counters, were recorded on
magnetic tape, along with the rf pulse time ob-
tained from a timing counter' located near the in-
ternal accelerator target. Events for which (a)
the track in the rear spark chambers coincided
with the quadrant fired, (b) the Cherenkov and
rear hodoscope signals were within 10 nsec, and
(c) only one track entered the Cherenkov aperture
were accepted as K,s candidates. The Freon-
filled Cherenkov counter was insensitive to pions
and muons except for the small amount of scintil-
lation light produced in Freon. Such triggers,
not eliminated by the Cherenkov-hodoscope tim-
ing requirement, were eliminated by use of a
pulse-height cut on the phototube cluster signals.

By measuring the K~ momentum and the mo-
menta of the charged secondaries, and by assign-
ing m and e masses to the secondaries, the square
(MM)' of the missing mass, (E» E, -E,)'- -(P»
-P „-P,)', of an event can be calculated. Figure
2 shows a comparison of the expected4 and ob-
served distribution in (MM)' for events bending
inward as they traverse the magnet (U's) and
those bending outward (Y's). It is apparent that
the (MM)2 resolution is much better for U's than
for Y's. Also shown is the relative number of
K~„decays for each sample without the Cheren-
kov requirement. One possible source of back-
ground is a Ks„decay in which the 71'-decay y
rays trigger the Cherenkov counter. Unfortunate-
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FIG. 2. The number of events, plotted on a logarith-
mic scale, versus missing mass for the data {+denotes
LJ, ~ denotes 7), showing Monte Carlo results for K,3

and X3~.

ly, K„events reconstructed as K„preferentially
simulate high-q' K„events. Thus, such back-
ground would be much more serious for Y's than
for U's.

We have applied a (MM)' cut of &0.015 (GeV)'
to all our data. The most pessimistic estimates
of K~, contamination are &0.2% for U's and &0.7%
for Y's.

For each event the square of the four-momen-
tum transfer to the leptons, q'=(E, +E,)2 —(P„
+P,)', is computed. Figure 3 shows the relative
efficiency of our apparatus, as a function of the
momentum transfer q', for the U and Y configur-
ations. For comparison, q efficiencies for two
previous experiments IBisi et a/. ,

' labeled
"CERN, " and Chien et al. ,

' labeled "Hopkins-
UCLA" ] are shown. The Y's show exceedingly
rapid efficiency variations especially at high q .
For all these reasons it is instructive to compare
form factors for U and Y events separately.

Plots of f(q') for events with (MM)' &0.015
(GeV)2 which reconstruct to the center of mass
are shown separately for U's and Y's in Fig. 4
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FIG. 3. Efficiency of detection of K,3 events versus
square of momentum-transfer for two configurations
(U and 7) in our experiment and for two other dissimi-
lar experiments.

normalized to an extensive Monte CarIo simula-
tion. One striking feature of these plots is the
pronounced turn-up in the highest q' bin. Another
feature is the good agreement between U's and
Y's if the point at q'&5. 3 is rejected. Table I
shows the results of linear fits I f, (q') = 1+X+q'j
m, 'J to the data, with and without the highest q'
point, the goodness of fit for Y's being consider-
ably improved by rejection of the high-q' point.
We have also found that quadratic fits to all points
in the F sample show poor y' fits, As we have
seen (Figs. 2 and 3), the Y sample in this region
is most susceptible to K~„contamination and ef-
ficiency variation. Finally we have found that the
high-q point, for both U's and F's, has not been
stable to internal data cuts. For these reasons
we drop this high-q' point from further consider-
ation and consider all data in the region q' &5,3.
Our quadratic fit, f(q') = 1+%.,'q'/m, '+X+"q /m„,
shows no need for X+"4 0.

In complicated experiments such as this, which
rely heavily on Monte Car1o simulation of the ex-
periment: to extract meaningful data, there is

0.95 '

q /m~

FIG. 4. Normalized g+(q2) data versus q2/I ~2 for
U's and F's.

TABLE I. Results of linear fits to the data.

Configuration yI/degree of freedom

V (all q')
r (at.l q2)

AO (all q')
U (q'&5.3)
Z (q2 &5.3)

AQ (q2&5.3)
E'I z e v

E& ze v

0.0293 +0,0036
0.0379+0.0045
0.0337 + 0.0026
0.0277+ 0,0038
0.0243 + 0.0051
0.0270 + 0.0028
0.0250 + 0.0041
0.0297 + 0,0043

1.1
3.5
4.2
1.0
0.7
1.1

All (q' & 5.3) 0.0319+0.0114
CC

0.0009 +0.0020 1.2

need to establ. ish whether there are systematic
nonstatistical errors either in simu1ation or
event reconstruction. The method we employ is
to examine the changes in A. + in subsamples of
two distincty types: (a) those which have uery dif
fexent q' efficiencies but are statistically inde-
pendent, such as K momenta below 1000 MeV/c
versus K momenta &1000 MeV/c, downstream
vertices versus upstream vertices, and U's ver-
sus Y's; and (b) those which have identica/ q' ef
fi ciencies but are statistically independent, such
as early acquired versus late acquired data, up-
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per versus lower Cherenkov counter quadrants,
and normal versus reversed magnetic field data,
Figure 5 shows our results for group A and group
& subsamples and demonstrates that we have
found no evidence for unexplained systematic er-
rors. In the same figure we show Igroup (c)] the
effect of various corrections or cuts to our value
of X,: The "a.d.c. correction" shows the effect
of aeeepting small pulses from the Cherenkov
counter due to m- and p, -induced scintillations
and then correcting for the contamination of K„,
and K~„;"no missing-mass cut" shows the effect
of dropping our cut and correcting for the K~„
contamination thereby introduced. "P~ closest"
uses the P~ from our time-of-flight measure-
ment to reconstruct events rather than using the
lowest PE solution. "Narrow P~ band" includes
events with 650 MeV/c & P» &1350 MeV/c rather
than 500 MeV/c & P» & 1500 MeV/c; the one-stan-
dard-deviation level of our final result is shown
for comparison.

Finally, in Fig. 6 we present all our combined
data, with fine binning, on a Marateck-Rosen
plot. ' cosp is the angle between the electron and
neutrino in the m-v center of mass. In this plot
q'-independent vector and scalar form factors
possess decay rates that are straight lines with
slopes + 1 and —1, respectively. In particular,

FIG. 6. Data displayed on a Marateck-Hosen plot.
Values of A. + and I /I„can be read directly from the in-
tercepts.

an upward bulge is produced by a A., &0 vector
form factor. A. + can be read off directly from the
scale at cosP=0. Similarly a nonzero intercept
at cosP = —1 is evidence of scalar interaction and
its magnitude can be read from the scale at cosP
= —1. From the analysis of the Marateck-Rosen
plot we obtain I, /I„&0.3% or f, /f, &0.04. From
a fit to the full Dalitz plot we obtain I,/I„&0.4%
or f, /f, &0.23 at a 68% confidence level.

Our result for X, is in good agreement with
that of Bisi et al. ' (0.023+0.005) and Gjesdal
et al. ' (0.031+0.0025), but is in poor agreement
with that of Zdanis et al. ~ (0.044 + 0.006).

For help with our K~' experiment we are in-
debted to many people: C. Banski, C. Clinesmith,
M. Greenblatt, M. Hearn, J. Homer, G. Kourou-
pa, s, R. Marshall, M. Takats, W. Yang, C. West,
and the Princeton-Pennsylvania Accelerator staff.
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The picture that charmed quarks are interacting with each other through a linear po-
tential is used to analyze the particle spectrum in the high-energy annihilation process
e+e hadrons. With the newly found resonances at 3.1 and 3.7 GeV as input, we pre-
dict other resonances (in particular, one at approximately 4.0 GeV) and determine the
hadronic width of the 3.1 and leptonic widths of the 3.1 and 3.7 resonances. Extending
the linear potential to quarks without charm enables us to predict the charmed-particle
threshold to be approximately 5 GeV.

Recent experiments concerning e'e - hadrons
are providing a particularly instructive probe of
hadronic structure and dynamics. ' Especially
interesting are the newly discovered narrow res-
onances at 3.1 and 3.7 GeV. ' It has been argued'
that the 3.1-GeV state is a '$y mesonic bound
state of charmed' quarks, named "orthocharmo-
nium. "' We speculate that the 3.7-GeV state is
a radial excitation of orthocharmonium and is
only the first of a new spectrum of charmonium
states. '

Explicitly, we study a quark system with exact
gauge symmetry [e.g. , color SV(3)] in which as-
ymptotic freedom is realized in the short-dis-
tance limit, as in the scaling region of deep in-
elastic scattering. ' In accordance with infra-
red slavery, ' the gauge coupling grows with the
quark separation, bring us into the domain de-
scribed by a strong-coupling theory. Here, we

'use Schwinger" and Wilson" as guides and pic-
ture the quarks as confined by a flux of a gauge
field, which leads to a linearly rising energy be-
tween the quarks.

These ideas are applied to e'e —hadrons by

considering the fate of the colored quark and anti-
quark produced from the single-photon remnant
of the e'e annihilation. Initially, the quark (q)
and antiquark (q) recede from each other almost
freely, in accord with the ideas of asymptotic
freedom. However, as the separation increases,
a linear potential emerges and dominates. Now
if the quarks do not fall into an energy eigenstate
of the linear potential, they undergo a brems-
strahlung-type radiation with soft gauge photons
(massless vector gluons). These gauge photons
create a shower of quark pairs which form the
final-state hadrons, as in the quark-parton ex-
planation of scaling. But, if the quark energy co-
incides with an energy eigenvalue of the linear
potential, then the quark is prohibited from pro-
ducing the bremsstrahlung radiation and a bound
state is formed. Since the q'q bound state is
formed through a single-photon channel (Z~c
= I ), it must be a, spin triplet, which we call
orthocharmonium. ' We assume that insofar as
the quarks are in an energy eigenstate, their
lifetime is sufficiently long so that their states
are completely characterized by a linear poten-
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