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The CUSB detector at the Cornell Electron Storage Ring has been used to measure A
=0(e e —hadrons)/0(e+e —p, +p ) in the c.m. energy regions between the &" and the &"",
and above the &"' up to ~s =11.6 GeV, with integrated luminosities of 5000 and 2100 nb
respectively. No narrow resonances are observed, and limits on the leptonic widths are
presented. The average value of A increases by 0.31+ 0.06 across the flavor threshold.

PACS numbers: 13.65.+ i, 14.40.Gx

The measured properties' of the T(9.4), T'(10.0),
and T"(10.3) are consistent with models which as-
sociate these resonances with the 1'S, 2 S, and
O'S states of a bound && quark pair which decay

mostly by annihilation of the heavy quark pair. '
The T "(10.5) has been identified with the 4sS level,
and lies above the threshold for the decay to &
mesons containing isolated b quarks, "which
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then decay weakly. This is proved by its mass
and width (I' —20 MeV, compared to —25 keV for
the lower states') and by the observation of the
leptonic decay of the & meson. ' As the c.m. ener-
gy is raised above the T "(10.5) mass, one ex-
pects a new contribution to the nonresonant e'e
—hadrons cross section from e'e —6b which in-
creases the cross section by approximately ~
unit of R =o(e'e -hadrons)/o(e'e —y+p, ) [=crb,d/
v»], according to the parton model, ' for a quark
of charge ~. A similar behavior has been ob-
served and extensively studied around the charm
threshold. ' In this paper we present measure-
ments of R at energies above the T "(10.3), which
we analyze for changes in the average value of R
and for resonant structure. '

The data discussed here were obtained using
the CUSB detector at the Cornell Electron Storage
Bing. This detector '" is a segmented electro-
magnetic calorimeter covering approximately 60%
of 4&. The NaI array is 9 radiation lengths thick,
consisting of 324 NaI crystals divided into 64
azimuthal sectors (32 in each polar half), each of
which is divided into five radial layers. It is sur-
rounded by an additional layer of lead glass. Pho-
tons and electrons deposit all their energy, while
- 300 MeV is measured for each minimum-ioniz-
ing track; an average of -42'%%uo of the total c.m.
energy is visible for hadronic events. Drift cham-
bers provide precision charged-particle tracking
(2 mm in z) over —

70%%uo of 4rr. We use a small-
angle luminosity monitor, calibrated using large-
angle Bhabha scatters.

Our trigger is the logical oa of two require-
ments: (1) at least 1-GeV energy deposition in
the outer three radial layers of NaI, and (2) at
least 700 MeV in the outer three planes of NaI to-
gether with a "distributed" energy requirement
of at least one quadrant with more than 100 MeV
in the outer four NaI planes in one polar half, and
at least two such quadrants in the other half.
The dead time was well below 1%. Using Monte
Carlo (MC) simulation we have determined the
triggering efficiency to range from 85/o to 97%%uo

depending on the topology of the events. The trig-
gering efficiency for large-angle Bhabha events
in our solid angle is = 100'fo, due to their unique
signature.

The hadronic-event selection criteria are:
(1) at least one radial minimum-ionizing track in
the NaI, and (2) at least 300 MeV deposited in
each polar half of the detector at +s =10.5 GeV,
and (3) additional energy distributed in each polar
half. The additional energy requirements are

J (o1/oo) J (o t/o o) [& (k) /& (0) ]

k/+be am
0 5 +k/Ebpg~ + 0 95

0.99
0.089

0.95
0.02

The whole integral contributes a factor of 0.97.
Including 5, =11.1% gives a radiative correction
of 7.8/o, i.e., cro =cr/1.078. The choice of cutoff
does not affect the result since &(k) is small for
large k. Changing the cutoff from 95% to 80% of
Eb„changes our value for R by 0.5'%%uo.

Backgrounds to oh, d include TT events, two-pho-
ton mediated processes, and beam-wall and beam-
gas interactions. The hadronic criteria effective-
ly eliminate non-beam-beam events. We make a
distribution of reconstructed event z vertices
from our drift chambers for events passing our

scaled linearly according to the c.m. energy and

inversely with the number of minimum-ionizing
tracks found. Five independent radial samplings
of dE/dx in a single azimuthal NaI sector provide
a unique signature for noninteracting minimum-
ionizing tracks coming from the interaction ver-
tex. In contrast, electromagnetic showers show
a larger spread in transverse energy deposition
(typically 2-3 sectors) and increasing radial en-
ergy deposition.

We have studied the hadronic event criteria ef-
ficiency by means of the University of Lund MC
program with Field and Feynman fragmentation
for both the continuum and Y resonances. " We
find the probability, &, that an event enters our
final data sample is 0.58 for continuum events
and 0.73 for the bb type events, from v's =10.34
to 11.5 GeV. As a result of the 60%%uo solid angle
coverage, && events and resonance decays, with
their higher multiplicity and more spherical
topology, have higher trigger and event-selec-
tion efficiency than two- jet-like continuum events.

W'e apply first-order initial-state radiative cor-
rections according to Bonneau and Martin and
others. " The physical cross section, o, is

cr =cro(1 +5,)f[cr,(k)/cro][e (k)/e(0))dk,

where a, is the zeroth-order cross section; 6, is
a constant, detector-independent correction;
v, (k) is the differential cross section for radiating
a photon of energy k; and ~(k) is the correspond-
ing detector efficiency. We assume a 1/s depen-
dence for oo. The photon spectrum peaks at both
ends, and so we divide the integral into two parts
at k =0.5 Eb„. Also, we compute the integrals
without and with efficiencies included, with the
following results:
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FIG 1 R y jg in the &" and +"' region. The solid
line is a fit to the data, and the dashed line represents
the R», level below the &'".

hadronic criteria, and find it to be Gaussian over
two decades with appropriate width. Thus we esti-
mate the non-beam-beam background to be less
than 2%, and we do not subtract it from our final
R values. Since hadrons from two-photon events
are strongly collimated at 0' and 182', and carry
only a small fraction of the total c.m. energy,
this contamination is estimated to be less than
2%, and we do not correct for it. We have studied
77 decays by MC methods and find an 8% efficien-
cy for these low-multiplicity events.

The data, before corrections, are shown in Fig.
1 as R„., =oh, d „„bi,y'crq„ vs c.m. energy, s,
with o'» taken as 4mcF/Ss. The data are shown
coarsely binned, together with &" and the &" for
reference. The data are consistent with an abrupt
change in R from below to above the Y'". Since
there is no evidence of observable resonances
above the T"' or between the T" and the T"' (as
discussed below), we add separately all data be-
low and above the &" and determine R», b,i,„
=2.29+ 0.029 (using a 3500-nb ' sample of the
data taken concurrently with the above T"' data)
and R „-, ,b„,=2.54+ 0.040, from which we obtain~ „-,=0.24+ 0.049. The y' value per degree of
freedom in the two regions is ',» below and»',

above the Y".
If we assume that this increase is due to the

production of & mesons and their excited states,
our efficiency for observing the excess events
should be that for bb events. Dividing by this
efficiency and the radiative correction factor
gives 4R =0.31+0.06. Use of our efficiency for
continuum events, including radiative correc-
tions, gives for the continuum below the &"',
after 7.f subtraction, R =3.54+0.05, and for con-
tinuum above, R =3.85+0.05. We estimate that
the systematic errors are composed of 10% for
the acceptance and 5% for the luminosity monitor
calibration. We summarize the existing deter-
minations" of R in the & energy range in Table I.
The value above threshold is consistent with those
obtained at PETRA."

Our assumption that the excess events are due
to the production of & mesons is supported by a
change in the observed thrust distribution from
below to above the Y"'. Using the pseudothrust
variable T' (Ref. 15), we find a decrease in the
average thrust above the &"'. The observed 40
decrease is consistent with our hypothesis, as is
shown in Table II.

We have searched for resonances between the
Y" and the Y"', and above the &"'. There is a
predicted 2'D, state at - 10.55 GeV, but S-D mix-
ing is expected to be small, "with a peak change
in R of less than 0.25. Also, the "string" picture
predicts "vibrational" states; the lowest (T„,)
lies between the &" and the &"', with a possible
relatively large leptonic width of 0.20+ 0.15 keV
and presumed narrow total width. " Thus we have
searched for a single resonance of machine width
between the &" and the &"'. Above the &" most
models predict a series of broad n'S, states with
mass differences of ~- 200 MeV and I'„pro-
portional to 1/n." There is another prediction
for a 6$ state which is comparable in total and
leptonic width to the observed 4S state." With
the present level of statistics we are not able to
resolve a series of broad overlapping resonances;

TABLE I. R values in the & region. The first error
shown is statistical and the second systematic.

TABLE II. Pseudothrust values for continuum above
and below the &'", with the &'" value shown for refer-
ence.

Source Region Pse udothr ust

CUSS (below &"')
DASP II
DESY-Heidelberg
PLUTO

3.54+ 0.05 + 0.40.
3.73 + 0.16+ 0.28
3.80 + 0.27 + 0.42
3.67+ 0.23 + 0.29

~'" (continuum subtracted)
Continuum below (10.34—10.52 GeV)
Continuum above (10.58-11.60 GeV)
Cont. inuum (above —below)

0.7353+ 0.0043
0.8194+ 0.0010
0.8135+ 0.0013
0.0059 + 0.0016
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FIG. 2. (a) The curve is the maximum-likelihood
90% confidence-level upper limit for I'«, if one as-
sumes a single Gaussian resonance of machine width
on top of a fixed continuum level of A v js = 2 29 (b) The
actual scan data, in B„,, used in the maximum-likel. i-
hood calculation from ~s =10.34 to 10.52 GeV.

FIG. 3. (a) The curve is the maximum-likelihood 907p
confidence-level upper limit for I«, if one assumes
a single Gaussian resonance with I', , -45 MeV on top
of a fixed continuum level of R», =2.54. (b) The actual
scan data, in 8„,, used in the maximum-likelihood
calculation from ~s =10.58 to 11.6 GeV.

therefore we have limited our search to a single
resonance with a reasonable total width twice that
of the Y"'. We calculate the maximum likelihoods
for the two regions separately, assuming a fixed
continuum level of R „., b,&,„=2.29 and R „-,, I,„,
=2.54, plus a single Gaussian of variable height
at a given mass and machine width v-3.V(&/MT)'
MeV for the region between the Y" and the Y'",
and of width I'„,- 45 MeV for the region above
the T'". The resulting 90% confidence-level lim-
it for I'„as a function of mass is shown in Figs.
2 and 3, along with the actual scan data points;
recall that the measured leptonic widths for the
Y" and the Y'" are 0.39 and 0.27 keV, respec-
tively. '

In conclusion, we find'no evidence for a large
(I'„)0.04 keV) narrow resonance between the T"
and the T" from y's =10.34 to 10.52 GeV, suggest-
ing that the first vibrational state is not present
in that region at the predicted levels. " We have
also shown that S-D mixing is indeed small. We
observe a step in R which coincides with the Y"'
resonance and which we associate with the thresh-
old for the production of & mesons. The increase
is consistent with @CD calculations of the locally
averaged contribution to R from the production of
a quark with p integer charge. We do not ob-
serve further resonant states with natural width
and leptonic width comparable to those of the Y".
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In an exposure of the deuterium-filled 15 ft bubble chamber, o (v&n v&X)/a(v&p —v+)
is measured to be 1.01+ 0.14. The ratios of neutral-current to charged-current cross
sections are 0.30+ 0.03, 0.22+0.03, and 0.49+ 0.06 for D2, n, and p targets, respectively,
which imply values &~ =0.19+0.06 and d~ =0.13+0.04 for the neutral-current chiral
couplings. Evidence for both ~- and d-quark jets in neutral-current reactions is observed
in distributions of energy fraction of the fastest hadron of either charge from each event.

PACS number: 13.15.Ks

Since its initial vindication in the observation
of neutrino-induced neutral-current interactions,
the SU(2)~ S U(1) electroweak theory has adetiuate-
ly described extensive and varied experimental
data. ' Nevertheless, this "standard model" may,
at some level, be only approximate, as it may

represent the low-energy limit of a more funda-
mental theory; hence, continued experimental
scrutiny is needed. We report the first determi-
nation of relative rates of deep-inelastic neutral-
current (NC) reactions v„n —v„X and v„p- v„X
which, together with charged-current (CC) reac-
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