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We have observed the §’* resonance in the cross section for e*e™— hadrons at E_ ;.
=3770+6.0 MeV, of total width I' =24+ 5 MeV and partial width to electron pairs I',,
=180+60 eV. The cross section for hadronic events which contain anomalous electron
provides both unambiguous evidence of D semileptonic decays and a branching ratio

measurement of (11 2)%.

We report the first results of a SPEAR experi-
ment performed with a new detector DELCO!
(Fig. 1), designed to identify electrons over 60%
of the total solid angle by means of a large at-
mospheric-pressure Cherenkov counter.

Six concentric cylindrical multiwire proportion-
al chambers (MWPC) extend from the beam pipe
to a radius of 30.0 cm. The inner four cylinders
subtend 80% of 47 steradians. Azimuthal read-
out is provided by axial anode wires of 2-mm
spacing and crude depth measurement by four
cylindrical high-voltage foils divided into 1-cm-
wide strips inclined at + 45° to the beam axis.

The MWPC’s are in a 3.5-kG magnetic field pro-
vided by two discrete coils wrapped on steel pole
pieces 85 cm apart with a return yoke on the out-
side of the detector. The magnet provides a near-
axial field over the MWPC volume, with an aver-
age field integral out to the magnetostrictive wire
spark chambers of 1.7 kG m.

Immediately beyond the MWPC the particles
enter a twelve-module ethane-filled Cherenkov
counter® sensitive only to electrons (T threshold

=3.7 GeV/c). Particles which count by striking
the photocathodes are identified by plastic guard
counters. Within each module, the Cherenkov
light is focused by a 1.5 mX1.5 m ellipsoidal
mirror via a flat mirror onto a 5-in. RCA 4522
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FIG. 1. (a) Polar and (b) azimuthal projections of the
apparatus. For illustrative purposes, in (a) the appa-
ratus in the yoke has been rotated by 30°.
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phototube coated with pTP (p-terphenyl) wave
shifter. The average.radiator length of 1 m
yields ten photoelectrons for a 8 =1 particle.

Next in each sextant are located two planes of
magnetostrictive chambers providing two z and
¢ measurements per track. Together with the
MWPC information they give the following meas-
urement accuracies: 0,/p=13p (GeV/c)b, o,
=5 mrad and 0g =4 mrad.

Finally there is an array of Pb/scintillator
shower counters subtending 60% of 47 steradians
and consisting of three layers of Pb (6 radiation
lengths total) and scintillator. The first layer of
scintillator (A counter) is full length and is
viewed at each end by a 2-in. phototube. The
two following layers are composed of two half-
length scintillators, each viewed individually.

In addition, the polar region 15°< (6,7 —6)<35°

is covered by pie-shaped counters attached to

the magnet pole tips and read out via blue - green
wavelength shifter bars.® All of the photube
pulses are pulse-height analyzed. All but those
on the outer two layers of the shower counters
are also time analyzed.

There are four logical components of the trig-
ger: the shower counters, the A counters, the
MWPC’s, and a beam crossing pulse. A shower
counter pulse (S) is defined as a coincidence of
at least two of its scintillator layers, permitting
relatively soft photons to satisfy S. An A pulse
demands the coincidence of signals from tubes at
both ends of the scintillator. A logical pulse, v,
is defined by the sum of the signals of all the
tubes in the first two layers of shower counters
exceeding a threshold set so as to exclude non-
showering cosmic rays. A MWPC track (Q,,) is
defined as a coincidence between two hits in the
innermost pair of MWPC cylinders within approx-
imately 3 cm. The beam crossing pulse (X) is
derived from a pickup coil near the interaction
region and restricts triggers to + 20 nsec of the
beam crossover time.

These components are combined to form three
triggers (C=X+A+25+Q,,, H=X+-2A-3S, and
G =X+ vy +2S), with the requirement that shower
counters from separate sextants participate.

The combined trigger rate is 0.7 Hz.

The raw data comprise typically about 8% Bha-
bha pairs (e *e”) and 5% hadronic events. The re-
mainder are mainly cosmic rays which are re-
moved from the sample by timing cuts (the transit
time of cosmic rays is always larger than 11
nsec) and by the requirement that tracks traverse
the interaction region.
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The integrated luminosity is obtained from the
number of detected Bhabha pairs, defined as a
pair of tracks in the MWPC deviating from col-
linearity by no more than 10° with two associated
shower counter pulses within + 3 nsec of the beam-
crossing pulse. Furthermore, each electron
must be identified either by a shower-counter
pulse height =4 times the pulse height of a mini-
mum-ionizing particle or by a pulse in the ap-
propriate Cherenkov cell (threshold of ~0.7 photo-
electron).

Triggers are classified as hadronic events if
they satisfy all of the following: (a) at least two
shower counter pulses within + 3 nsec of the beam-
crossing pulse, (b) at least two visible tracks in
the MWPC, (c) vertex near the beam-crossing
point, i.e., within + 10 cm along the beam axis
and + 1 cm perpendicular to the beam axis. Two-
track events must satisfy additional criteria:

(a) The two tracks are not both identified as e*
by Cherenkov and shower-counter pulse height.
(b) The tracks are not coplanar with the beam
(ap>5°).

Candidates for hadronic events with ane* form
that subset of these events in which one of the
tracks traverses a Cherenkov cell and a shower
counter and both of these given an in-time pulse.
To reduce the background from Dalitz pairs, ¥
conversions, and 6 rays, events are not accepted
into this sample if the e* track is accompanied
by another track within A¢ = (15 GeV mrad)/P,
where P is the momentum of the softer track.
This cut has been measured to remove (15+ 5)%
of real events. The graphical reconstruction of
these events is inspected by physicists in order
to eliminate spurious candidates. Approximately
80% of the initial e* hadronic sample pass this
final test.

The detection efficiency of Bhabha pairs is
easily understood since the topology is simple,
radiative losses calculable, and the probability
of identifying high-energy electrons inside the
fiducial volume excellent (> 99%).

The detection efficiency for hadronic events is
calculated by first unfolding the “true” charged-
track and photon multiplicity distribution from
the observed one, on the assumption of no cor-
relation between the final state products. Once
this is known, the overall trigger efficiency is
readily obtained by appropriately weighting dif-
ferent final states efficiencies. For events with
at least four prongs it is above 90%; and for two-
prong events it is (48+15)%. The overall trigger-
ing efficiency at E, ., =3.8 GeV is 0.85+ 0.1 where
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the error was determined by taking extreme in-
put assumptions compatible with the data. The
number of genuine events lost due to misidentifi-
cation is less than 3% and is comparable to the
number of spurious events interpreted as hadrons.

The number of observed hadronic events with
electrons has to be corrected for electron losses
in the Cherenkov counter due to mirror edges
and poor light collection at low momenta. We
have measured these inefficiencies with Bhabha
events and soft electron pairs from the process
e*e"~e*e"e*e”. These losses amount to 20%
when integrated over the observed electron dis-
tributions. In addition a small correction is nec-
essary due to absorption of soft electrons in the
first Pb layer of the shower counters. This was
determined from test-beam data and reaches 15%
at 200 MeV.

The measured value of R in the range 3.7 GeV
<E¢.m <3.83 GeV is displayed in Fig. 2(a). The
errors shown are statistical and the vertical
scale may possess an overall systematic error
of +20%. A significant structure is observed* at
3.77 GeV. Figure 2(b) shows the data after re-
moval of the ¢ and ¥’ radiative tails® [indicated
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FIG. 2. (a) R as a function of energy; (b) R after sub-
traction of the radiative tails of y and ¢’. The dashed
(solid) curve is a P- (S-) wave Breit-Wigner resonance
superposed on a background proportional to P03+P+3
+a constant. (c) Plot of R,, where R,=o(e‘e” —e*

+ =2 charged particles)/o(e*e” —p*u’).

in Fig. 2(a)l. Since this peak occurs close to D°
and D* thresholds we tried several Breit-Wig-
ner fits with and without dependences on their
respective momenta, P, and P,.* These forms
included a resonant S wave or P wave with en-
ergy-dependent width superposed on a back-
ground term which was either linear or propor-
tional to P,® +P,%. All of these give resonance
parameters which agree within the errors of the
fits. Specifically, a P-wave final state with P2
+P,3 background gave the following: mass, m
=3770+ 6 MeV (allowing for the energy calibra-
tion of SPEAR), I' =24+ 5 MeV, I',, =180+ 60 eV.
The error in I',, includes + 40 eV due to the fit
and + 40 eV due to normalization uncertainties.
Our values of m and I' agree with those of Rapid-
is et al.* while our value of I',, is less than theirs
by a factor of 2. This discrepancy of 0.5 is the
product of three factors: 0.8 in the overall scale
of the nonresonant hadronic cross section, 0.75
in the height of the resonant peak after correct-
ing by the overall scale factor, and 0.85 in the
total width.

The cross section of hadron events with an e*
and at least two additional prongs is shown in
Fig. 2(c). The dot-dashed line is an estimate of
the background based on the assumption that there
is no anomalous electron production at the  or
¥’ and derived from the measured probability of
observing an electron per hadronic event of (3.5
+£0.3)x107® at the ¢ and (8.8+1.0)x10™® at the
¥’.” The dashed line shows a P-wave Breit-Wig-
ner fit of the same mass and width as previously
determined from the total hadronic cross section.

This resonance can be interpreted as the D,
state of charmonium with J*¢ =1"" predicted by
Eichten ef al.® at this mass. Its width is two or-
ders of magnitude larger than the ¥’(3684) which
indicates that the new state decays almost entire-
ly to pure D°D° and D*D". Therefore the data of
Fig. 2(c) provide unambiguous evidence of D semi-
leptonic decays. After correcting the relative
size (0.18+0.02) of the peaks in Figs. 2(b) and
2(c) for losses into two and fewer observed prongs
(0.20+ 0.10) we determine a branching ratio of
0.18/(2% 0.80) = (11+ 2)% for D —evX. This branch-
ing ratio measurement is consistent with those
reported® by other e e” experiments.

We would like to thank the Experimental Facili-
ties Division and SPEAR Operation Group for
their splendid support of this experiment. This
work was supported in part by the U. S. National
Science Foundation and the U. S. Department of
Energy.
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We argue that confinement requires singularities in parton-hadron wave functions which
are necessary for the parton-model description of physical processes and the analytic
structure of hadronic amplitudes. Our arguments are supported by explicit calculations
in two-dimensional quantum chromodynamics. In particular, we show, using new WKB
techniques, that the amplitudes for e —e¢ X and e*e” — hX are related by analytic con-

tinuation in their scaling regions.

A central problem of hadron dynamics is how
the “hard” (asymptotic-freedom or parton) prop-
erties at short distances can be fused with the
“soft” (confinement or dual-Regge) properties of
extended hadrons. In this Letter general argu-
ments for some consequences of this fusion are
given, supported by calculations in the 1/N_ ex-
pansion of two-dimensional quantum chromody-
namics® (QCD,)—the only model known to possess
both “hard”? and “soft”® physics.

As long as asymptotic freedom is postulated,
all the parton properties based on light-cone
analysis should be unaffected by confinement,

For example, deep inelastic scattering (y*h —X)
may be calculated as if the quarks in the hadron
were free, Although confining forces actually
cause the formation of hadrons at large distances,
the cross section depends only upon the square

of the modulus of the amplitude ¢,%(x, k,) for
finding a quark of flavor ¢ and momentum (% _
=xp_,K,) in the target? [see Fig, 1(a)], On the
other hand, the compatibility of the parton model
with confinement is much less clear for processes
like inclusive e *e~ annihilation (y* —AX) in which
the observed hadron is produced after the quark-
antiquark pair have interacted via the confining
force.

Despite these physical differences, the ampli-
tudes for y* —X and y* -hX are expected to be
related by analytic continuation® (AC), Thus if ®(x
=1/x ) is defined to be the analytic continuation
of ¢(x) from Bjorken x inside [0, 1] to Feynman
xy=1/x inside [0, 1], the process y* —hX should
be represented by the “crossed handbag” diagram
[see Fig. 1(b)], yielding the quark fragmentation
function D,/ (x §) < |®, %(1/x ) |
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