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Abstract. Theration R=o(e* e~ —hadrons)/o(e* e™ —
u” p”) was measured with the LENA detector at
DORIS in a scan between 7.40 and 7.48 GeV and
between 8.67 and 9.43 GeV center of mass energies.
Corrected for QED radiative effects, R 1s found
to be constant with an average value of R=3.37
+0.06,,,£023.,. No narrow resonances Wwith
I (lae/Ti) 2030 keV (959 CL.) and mno steps
have been observed. Based on this value of R,
revised values for Y(1S) resonance parameters
are presented.

1. Introduction

In this paper we present results of a measurement of
the total hadronic cross section o(e" e™ —hadrons)

*  Partially supported by FOM-ZWO

**  Partially supported by the US Department of Energy

*kx Partially supported by the Israeli Academy of Sciences and
Humanities - Basic Research Foundation

M. Coles, A. Engler, R W. Kraemer, D. Marlow,
F. Messing, C. Rippich, S. Youssef

Department of Physics, Carnegie-Mellon University,
Pittsburgh, PA, USA**

A. Fridman

DPhPE, Centre d’Etudes Nucléaires de Saclay,
F-91190 Gif sur Yvette, France

G. Alexander, A. Av-Shalom, G. Belia, J. Grunhaus

Department of Physics and Astronomy,
Tel-Aviv University, Israel***

M. Scheer

Physikalisches Institut der Universitit Wiirzburg,
D-8700 Wiirzburg, Federal Republic of Germany

in the energy region below the Y resonances using
the LENA detector at the e* e~ storage ring DO-
RIS. Data were taken in fine energy steps between
center of mass epergies of 740 and 7.48 GeV and
between 8.67 and 9.43 GeV. Data taking took place
between July and October 1980 and an integrated
luminosity of 1,141 nb~* has been collected.

The ratio R is defined as o(e® ¢~ —hadrons)/
glete”—>ut u~) where both cross sections are
lowest order in QED and the hadronic cross sec-
tion does not include any contribution from
1-pair decays. In the quark model the process
et e~ —»hadrons proceeds via an intermediate
quark pair which subsequently fragments into
hadrons. R is a measure of the sum of the
squares of the quark charges. With the emergence
of QCD as a viable theory of the strong interactions,
deviations from the simple quark model picture were
expected. Expressions for first and second order
QCD corrections to R have been derived [1]. It has
been argued that a measurement of R in an energy
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range well above the charm resonances and below
the bottom resonances would form the best quanti-
tative test of QCD [2,3]. This is based on the ex-
pectation that in this energy region QCD correc-
tions are small enough to be treated perturbatively
and still large enough to be measurable.

Until recently no single experiment measured R
in fine steps spanning the energy range between the
charm and the bottom resonances. On the low en-
ergy side measurements of R have been performed
by the SLAC-LBL collaboration with the Mark I
detector at SPEAR [4] and on the high energy side
by the PLUTO [5] and D-HH-HD-M [6] groups at
DORIS. The SLAC-LBL (MarkI) results, which
showed an R value increasing with energy, seemed
hard to reconcile with QCD predictions [2]. This
has given rise to speculations about additional
thresholds or “new physics” phenomena appearing
in this energy range. All this made it very interesting
to cover the region mentioned above with a single
experiment. If no new phenomena or resonances are
encountered one has a good QCD test since the
absence of resonances greatly simplifies the QCD as
well as the QED analysis of the results.

In this experiment 95 data points were taken in a
fine energy scan between 7.40 and 748 GeV and
between 8.67 and 9.43 GeV center of mass energies.
The step size for the energy scan was chosen equal
to the DORIS machine resolution (proportional to
E?) resulting in E, steps ranging from 6 MeV at 7.4
GeV to 10 MeV at 94 GeV. Since the experiment
was intended to be sensitive to resonances with an
electronic width as small as one third that of the
T'(1S) resonance, we aimed at about 50 hadronic
events per energy point. Due to beam-time limi-
tations this number was halved for the second part
of the experiment.

The ontline of this paper is as follows. In Sect. 2
we describe our apparatus and trigger conditions. In
Sect. 3 we outline the experimental determination of
R. Sections 4 and 5 deal with hadronic events, in
Sects. 6 and 7 we discuss large angle Bhabha events
and luminosity. In Sect. 8 we deal with t-pair and yy
subtraction. Section 9 is reserved for summary and
conclusions.

2. Apparatus

Figure 1 shows the non-magnetic LENA detector
used at DORIS [7]. Starting at the interaction point
a particle first traverses a 0.06 radiation length
aluminum beam pipe followed by three double
layers of cylindrical drift chambers. Each double drift
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Fig. 1. The LENA detector as seen along the beam direction

chamber has 128 anode wires to measure the azimuth-
al coordinates and 80 cathode strips to measure
the polar angle coordinates of a charged track. The

, correlation between cathode and anode signals is

accomplished by comparing the drift times on the
anode wires with the times of the induced signals on
the cathode strips. External to the first and third
drift chambers are 32 element trigger scintillation
hodoscopes. Between the second and third drift
chamber there is a one radiation length thick {as
viewed {rom the interaction region) lead sheet con-
sisting of two partial cylinders which together cover
75%, of the full azimuthal angle. The inner detector
consisting of the drift chambers and hodoscope as-
sembly has a solid angle coverage of 86 % of 4z st.
Surrounding the inner detector is the energy de-
tector which has 178 blocks of sodinm iodide (Nal)
or lead glass. The Nal blocks are situated behind
the gaps in the lead converter. They consist, in part,
of a 1.8 radiation length thick segmented active con-
verter which converts gamma rays with high ef-
ficiency and energy resolution. Planar drift chambers
and plastic scintillation counters (converter hodo-
scopes) are used for measuring the conversion point
and triggering on photons. Beyond the active con-
verter are Nal blocks followed by lead glass blocks.
The sidewalls have a total thickness of 16.2 ra-
diation lengths at normal incidence. The lead glass
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arrays above and below the inner detector are 12.7
radiation lengths thick at normal incidence, and the
irregularly shaped blocks between the side wall and
the top and bottom assemblies are between 6 and 10
radiation lengths thick depending on the azimuthal
angle of incidence. The Nal and lead glass blocks
give energy information for approximately 809, of
4w sr. Surrounding the energy detector are time of
flight counters and muon range counters consisting
of steel absorber followed by drift chambers and
time of flight counters.

The charged particle angular resolution in the
drift chambers was determined by using cosmic ray
muons. The r.m.s. resolution in the azimuthal angle
@ is 15 mrad and in the polar angle 9 the rms.
resolution is d(cot 3)=0.07. The lead glass and Nal
blocks are used to determine the energies of the
electrons and photons. The energy detector was cali-
brated by minimizing the width of the energy distri-
bution of large angle Bhabha events. The energy
resolution of the detector was then determined from
two photon final state events to be ap/E=67, for
4.7 GeV photons in the thick regions of the detector.
A block to block comparison was made from the
energies deposited per track length by cosmic par-
ticles.

The detector was triggered by a multiple coinci-
dence between elements of the two hodoscope layers
of the inner detector at the same azimuthal angle
plus a requirement on the amount of energy de-
posited. Each coincidence within the inner detector
defined a track. Different amounts of energy were
required in the emergy detector, depending on the
multiplicity of tracks within the inner detector. If
three or more tracks were found, the energy de-
position required for a trigger was roughly 250
MeV. If one or two tracks were found, the energies
needed were 800 MeV or 300 MeV respectively. If
no tracks were observed in the inner detector, we
required a signal in at least one of the outer hodo-
scopes or converter hodoscopes plus at least 1 GeV
of energy deposited. The trigger efficiency was de-
termined to be greater than 99.9%,. A special y-pair
trigger was also available. We made use of a PDP9
on-line computer to reject events which did not con-
tain radial drift chamber tracks corresponding to
hodoscope tracks. In this way we immediately dis-
carded many cosmic, beam gas and beam wall
events.

The luminosity was measured in two indepen-
dent. ways. A luminosity monitor measured small
angle Bhabha events which had a central scattering
angle of 130 mrad. Large angle Bhabha events (de-
fined by [cos3|<0.8) were identified in the drift
chambers and energy detector.

3. Procedure

Normalizing the hadronic events to large angle Bha-
bha scattering, we obtain the visible hadronic cross
section:

O_vis:O_vis NH(I'AH)
TP Ny(1-4y)

Ny and Nj are the numbers of observed hadronic
and large angle Bhabha events, respectively. 4, cor-
rects for the cosmic, single beam and Bhabha back-
ground in the hadronic sample. 4 accounts for
cosmic and single beam background in the large
angle Bhabha sample. ¢}° is a Monte Carlo calcu-
lation of the visible large angle Bhabha cross section
and includes radiative corrections calculated using
the method of Berends and Kleiss [ 8].

As we are interested in hadron production via
one-photon exchange giving a quark pair, we have
to subtract the contributions due to z-pairs and due
to 7y (two-photon) reactions from the visible ha-
dronic cross section:

vis vis __

— vis ____vis
Op,1y=0n

o

a, yy°

Radiative corrections to the one-photon exchange
hadronic cross section have been applied using the
method of Berends and Kleiss [8]:

kmax

oy, =09 | dGjdk-e(k)- dk

]
_ 0
=og-Q
where

c¥ is the lowest order QED hadronic cross section
which we want to determine,
k=E.

initial state photon/Ebeam’
kmax =1- (mn/Ebeam)2=
¢(k) is the detection efficiency for hadronic events.

The function G(k) is explicitly derived in [8] and
includes the vertex correction and initial state ra-
diation as well as e, u, t and hadronic vacuum
polarization.

We define the integral Q as the acceptance of the
experiment. It comprises the geometrical, trigger and
event selection efficiencies (e(k)) as well as the ra-
diative corrections (dG/dk).

Since R=g})/o,, we have
R=(oy—o*—a}D)/o} - Q).
a4 is calculated in QED, ¢} and ¢} are determined
by Monte Carlo calculations based on what is
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known about 7 decays and yy collisions. Q is calcu-
lated by a Monte Carlo integration using a jet mo-
del of quark fragmentation [9].

4. Hadronic Event Selection

A central problem of the R measurement was the
selection of the hadronic events. This was difficult
because there were about 1,000 background events
for every hadronic event written to tape. In order to
have a small background, the event selection pro-
cedure should accept less than approximately one
background event out of 100,000. In this section, we
describe the gross features of the background, the
method of event selection, and our estimate of the
background in the hadronic sample.

Most of the background events were caused by
interactions of electrons or positrons with the beam
pipe or with residual gas molecules (collectively cal-
led single beam events). A smaller part of the back-
ground was events cansed by cosmic ray particles.
Both backgrounds were characterized by non-radial
tracks, low emergy tracks which may stop in the
mner detector, tracks which deposit small energies
in the energy detector, and events which were very
asymmetric. These characteristics of the background
events were used to distinguish them from (rue
hadronic events.

Hadronic events were selected by a computer
program which imitated the reasoning previously
used in our visual scans for hadronic events [10].
Events were seldom accepted or rejected for a single
reason. The framework for making the selection was
that seventeen quantities called “indicators” were
calculated for each event. Each indicator was a mea-
sure of the goodness of an event and also cor-
responded to a visual scan criterion. Events were
accepted or rejected depending on the value of the
sum of the indicators. Minimal requirements for an

-event to be accepted included requiring at least
three charged tracks in the inner detector and requir-
ing at least 1,100 MeV visible energy (600 MeV for
the center of mass energy region 7.4 to 7.5 GeV).

Details of the event selection can be found in
[11]. Here we briefly describe two of the seventeen
indicators. One indicator was made from the frac-
tion of visible energy in the active converter. If this
fraction was large, it indicated many stopping par-
ticles or particles travelling nearly parallel to the
beam axis. This variable indeed gave useful discrimi-
pation against single beam events. A more com-
plicated indicator was calculated from the number
of drift chamber hits assigned to tracks compared
with the number left unassigned. Only radial drift

chamber hits were assigned to tracks and so this
mdicator discriminated against events which had
tracks originating far from the axis of the detector.

The background in the hadronic sample was esti-
mated by allowing the program to select events from
single beam runs and cosmic {no beam) runs. Re-
sults were checked by a visual scan of the selected
events. The resulting backgrounds were (1.540.5) 9%
for a visible energy cut of 1,100 MeV in the 8.6 to
9.4 GeV data and (4.0+1.0)% for a cut of 600 MeV
in the 7.4 to 7.5 GeV data.

Requiring radial tracks implied that the interac-
tion vertex was within 40 mm radius of the detector
axis. Upon reconstruction, we found that all the
selected hadronic events had vertices within a cylin-
der of radius 5 mm. We also checked that the distri-
bution of event vertices along the beam axis was
smooth and symmetric and did not have long tails
indicative of background.

During the analysis of the primary data we
found an error in the on-line data acquisition pro-
gram which caused events with tracks passing
through certain cathode strips at one end of the
detector to be rejected. A correction factor was de-
rived using the cathode strips at the opposite end of
the detector. For hadronic events this correction
factor is +{5.3+0.6)%.

The method of event selection described here
was a major improvement over earlier methods. Be-
cause of the efficient elimination of background
events, we were able to decrease the visible energy
requirement from 1,800 MeV to 1,100 MeV (or to
600 MeV for 7.4 to 7.5 GeV). Because the energy cut
has been decreased, the efficiency for hadronic
events increased from 659 to 85% (at 9 GeV with
no radiative corrections). Since the event selection
procedure involves no human intervention, reliable
efficiencies and backgrounds can be calculated.

5. Monte Carlo Simulation of Hadronic Events

The acceptance, Q, was calculated by Monte Carlo
integration. Recall that

Q=[dG/dk-e(k)-dk

where all quantities have previously been defined
(Sect. 3). The acceptance depends on the maximum
photon energy generated. Since an initial state ra-
diation produces hadronic events at lower center of
mass energies, the acceptance depends also on R(s).
To obtain Q we first generated an initial state pho-
ton according to the functions given by Berends and
Kleiss [8]. Then hadrons were generated according
to the LUND 1980 version of the extended Field-
Feynman quark-antiquark fragmentation scheme
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[9]. We used the default LUND parameters with
two exceptions: we set the ratio of primary vector
mesons to all primary mesons equal to 0.4 and we
used a charm fragmentation function proportional
to z.

Given a set of four-vectors, these Monte Carlo
events were then subjected to detector simulation.
Some gross featurcs of this Monte Carlo are:

e Simulation of the response of the drift chambers
to charged particles including multiple scattering.
The cathode strips of the inner detector were some-
what noisy and special effort went into this part of
the algorithm.

« Minimum ionizing particles deposit energy ac-
cording to their track length. Stopping charged had-
rons and charge exchange reactions are simulated.

» Electrons and photons deposit energy according
to an approximate empirical formula [12]. Photon
conversion is simulated in the beam pipe and all
parts of the detector.

The acceptance Q as a function of Ey is shown in
Fig. 2. The acceptance increases smoothly from 0.82
to 0.90 between 7.4 and 9.4 GeV.

To estimate the systematic uncertainty in Q we
first established that the Monte Carlo simulation
well represents the relevant aspects of the data. Then
we varied the Monte Carlo parameters to establish
the systematic uncertainty associated with each pa-
rameter. The amount that each parameter was var-
ied was guided either by information from our own
experiment or from other measurements [13].

In Fig. 3 we compare the distributions of the
visible energy and the charged multiplicity of the
data with the Monte Carlo results. Agreement be-
tween data and simulation is good. We also checked
the distribution in 4¢, the difference between azim-
uthal angles of neighboring tracks in the hadronic
sample. Again Monte Carlo events gave an adequate
representation of the data.

The parameters of the jet generation program
are especially important. For all but the charm frag-
mentation function and the fraction of vector me-
sons produced, we have varied these parameters ac-
cording to the uncertainties in [13]. The change in
Q is negligible. There is some indication that the
charm fragmentation function rises with z. The vari-
ation of Q as the charm fragmentation function is
changed from constant to a form proportional to z?
is 1.09%. This we take as a contribution to the sys-
tematic error. By requiring that the Monte Carlo
multiplicity distributions give an adequate fit to the
data, we were able to restrict the range of the vector
meson parameter to between 0.35 and 0.40. The
corresponding variation in Q is 1.3 %,

osol o

E
Q Eﬁ{
bt

ACCEPTANCE Q AS A
FUNCTION OF ENERGY

. 1
10 Gev

C.M.ENERGY
Fig. 2. The acceptance, @, as a function of center of mass energy

We also calculated the acceptance, Q, using the
LUND 1981 (version 4.1) hadronic event generator
[9] which includes baryon production. Using the
default parameter values, the same acceptance as a
function of energy was found.

Q depends on the shape of R(s) at all energies
below the center of mass energy. We found, howev-
er, there is only a 0.1% difference in Q between a
constant R(s) and a step function where R(s) is
taken zero below charm threshold. We also found
that Q is independent of low energy resonances like
the J/¥. We conclude that any dependence of Q on
R(s).1s negligible.

Although the initial state radiation calculations
of Berends and Kleiss describe the u-pair data very
well [14], we attribute a 19, systematic error to the
acceptance due to higher order radiative corrections
and uncertainty in the hadronic vacuum polariza-
tion [15]. Calculations have shown the effect of final
state radiation to be of the order of 0.02 % [16].

The energy calibration (see Sect. 2) has shown a
5% overall and a 8% block to block uncertainty in
the energy. The corresponding variations in ( are
2.2% and 2.7%, respectively, giving a 5%, systemat-
ic uncertainty coming from energy calibration. To
account for the effects of noise in the detector which
we were not able to simulate in the Monte Carlo
program, we assign a 1.39% systematic error to Q
based crudely on the number of events which are
close to failing (but do not fail) the event selection
program.

We have varied along the beam direction the
peak of the vertex distribution by an amount equal
to twice its observed width and find the acceptance
varies by 1%,

It is important to point out the hadronic event
selection program is quite insensitive to the fine
details of the Monte Carlo simulation of an event in
the detector. For example, the information we use
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normalized to the data above the visible energy cuts. d—f Charged multiplicity distributions for the same three center of mass regions. In

a—f 7-pair contributions are included in the Monte Carlo results

from the energy detector is the total visible energy,
the fraction of energy deposited in the active con-
verter and whether a charged track has any energy
associated with it. Moreover, the inclusion of charge
exchange reactions in the simulation of the energy
deposition has a negligible effect on the acceptance.

In Table 1 we summarize the contributions to
the systematic uncertainty in the acceptance Q. We
have added these errors in quadrature and the result
is 5.6%,.

6. Large Angle Bhabha Event Selection

In contrast to the hadronic event selection, the large
angle Bhabha event selection can be motivated by a
few simple considerations. When an electron which
had nearly the full beam energy entered our energy
detector, it showered and deposited a large fraction
of it’s total energy (typically 2,000 to 4,000 MeV). A
charged hadron deposited only about 200 MeV in
the energy detector. As a result, large angle Bhabhas



B. Niczyporuk et al.: Measurement of R in e* e~ Annihilation for ]/s— Between 74 and 9.4 GeV 305

Table 1. Systematic error in the acceptance Q

Source of uncertainty Variation in Q

(%)
Energy calibration 5.0
Charm fragmentation function 1.0
Fraction of primary vector mesons 1.3
Higher order radiative corrections 1.0
and hadronic vacuum polarization
Detector noise not simulated 1.3
in the Monte Carlo
Vertex distribution 1.0
Sum in quadrature 5.6

were easily distinguished from hadronic events. Be-
cause of their high energy concentrated in two
tracks, there was virtually no background expected
from cosmic or single beam events. Another feature
of the large angle Bhabha events was that the cross
section rises rapidly as the polar angle decreases.
This meant that there were edge effects and so the
polar angle cut had to be done with care.

The large angle Bhabha event selection program
was fairly conventional (ie., cuts instead of indi-
cators as in the hadronic selection) except that all
the tracking variables and energy clustering were
optimized for this channel. The accepted large angle
Bhabha events satisfied the following requirements.
Each event had exactly two tracks in the ¢ dimen-
sion of the drift chambers and one, two, or three
tracks in the cathode strips. The tracking in the ¢ di-
mension was such that only one track was counted
even if the particle showered in the beam pipe. The
tracks satisfied |cos3|<0.7 (where § is the polar
angle). The ¢ acollinearity between the two tracks
was less than 14 degrees. The energy associated with
each of the tracks was between 600 MeV and 7 GeV
and the total visible energy was between 2 and 12
GeV. Figure 4 shows distributions of the energies of
the large angle Bhabha tracks. The substantial widths
and the shifts in the peaks of these distributions
were due to the different thicknesses of various parts
of the energy detector. Figure 5 shows the polar
angle distribution of the large angle Bhabha tracks
with an angle cut of |[cos 3] <0.8. The |cos 9| < 0.8 cut
was used to check our sensitivity to the obvious
edge effect shown in Fig. 5 (tracks with [cos 3/>0.8
result from the averaging procedure required be-
cause of the finite widths of the cathode strips).
Luminosities calculated with either angle cut are
consistent. For the final results, we wused the
[cos 3| <0.7 cut because fewer events are near the
edge of the distribution. For both the [cos 3] <0.7
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Fig. 5. Large angle Bhabha angular distributions. The solid curve
is the lowest order QED expected distribution

and 0.8 cuts, the ¢ distributions were found to be
flat.

To determine the background in the large angle
Bhabha sample, the selection program was run on
single beam and cosmic data. After normalization,
the background was found to be 0.1%. To check
this result, an unbiased sample of 190,000 colliding
beam triggers was passed through our event selec-
tion program. 539 events were accepted and these
were visually searched for possible background. No
background event was found which gives a 90%
C.L. of 049, for the size of the background. This
upper limit is consistent with the previous estimate.

The loss of events due to the error in the on-line
data acquisition program was corrected for in the
same manner as in the hadronic event sample. This
correction to Ny is +(0.36+0.07) %,

7. Large Angle Bhabha Visible Cross Section

At a particular center of mass energy, the luminosity
% 1s given by

— vis
& = Ng/oy
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Table 2. Systematic error in the luminosity

Variation in the
Luminosity (%)

Source of uncertainty

Energy calibration 1.5
Shower shapes 1.0
Higher order radiative corrections 1.0
Vertex position 0.6
Detector noise not simulated 0.7

in the Monte Carlo

Cathode strip simulation 0.6
Monte Carlo statistics 0.3
Center of mass energy dependence 0.2
Background subtraction 0.1
Result (see text) 34

where N is the number of accepted Bhabha events
and o}° is the corresponding cross section. We cal-
culated this cross section by Monte Carlo inte-
gration. Bhabha final states were generated by a
Monte Carlo program which included radiative cor-
rections up to order . The final state was then
simulated in the detector as described in Sect. 4. The
visible cross section was calculated using

O.\gs: O.%enerated ‘&g
where g%"*™? is calculated from QED [8], and &,
is the detection and selection efficiency. The result

is:
oy =11.64 0.

With a method similar to that used for the hadronic
acceptance Q, the systematic uncertainty in the vis-
ible Bhabha cross section was calculated by varying
parameters in the Monte Carlo simulation. Table 2
summarizes these contributions. Simulation of the
observed Bhabha total energy distribution gave a
1.59, systematic uncertainty. The entry “Shower
Shapes™ refers to the uncertainty we associated with
our method of shower simulation. We have added
the systematic errors for “Detector Noise”, “Shower
Shapes”, “Vertex Position” and “Cathode Strip
Simulation” linearly because of the uncertainties in
the estimates of those errors. Then the errors were
taken in quadrature and the resulting uncertainty is
34%,.

An analysis of the Bhabha events in our small
angle luminosity monitors showed agreement with

the large angle Bhabha results to within 4% but’

with a 109 systematic error. For the final results,
we used the large angle Bhabha luminosities.

We collected a total integrated luminosity of
1,141 nb~ 1.

8. 7-Pair and Two-Photon Subtractions

Both the visible 7-pair and the visible yy cross sec-
tions must be subtracted from the visible hadronic
cross section. Monte Carlo estimates were made for
both of these processes.

We generated 7-pair events using the standard V
— A matrix element with hadronic branching frac-
tions calculated by Kawamoto and Sanda [17]
which are consistent with results thus far measured.
Initial state radiation was handled in the same way
as for the hadronic events (see Sect. 3). The system-
atic error in the t-pair subtraction was dominated
by uncertainty in high multiplicity decay modes
(9%) and in the energy calibration (3.5%). Adding
these in quadrature, the total systematic error is
10%; and we find

6%/60=0.260+0.026, (E
=0.32540.032, (E

>1,100 MeV)
> 600 MeV).

vis

vis

These results do not significantly depend on the
center of mass energy.

To estimate the visible hadronic cross section
from the yy collision process, we used the QED
calculations of Bonneau, Gourdin and Martin [18]
as described in the work of Field [19]. For the
hadronic cross sections we used the results of the
TASSO group [20]. Integration over the product of
the QED luminosity function, hadronic cross sec-
tion, and detector efficiency gives
0} =(0.026 +0.007) nb
where the 259 systematic error reflects the uncer-
tainty reported for the TASSO results. The beam
energy dependence of the luminosity function is
10822+ Epepn/Metecrron) @04 this factor changes by a
negligible amount over our energy range. o} is less
than 19 of the visible hadronic cross section; the
uncertainty contributes a systematic error of only
0.2% to R.

9. Summary and Conclusions

We now have all the information needed to calcu-
late R,

R=(0}' = 07"~ a7)/(2 - Q).
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Fig. 6. R as a function of center of mass energy. The errors shown are statistical only. The four points labeled X are from our 1979 data

near the Y(1S)

The systematic errors are collected in Table 3. The
total systematic error is 6.7 %. Figure 6 shows R as a
function of E.y. The details are tabulated in the
Appendix.

As seen from Fig. 6 no obvious resonances or
steps are present. To search for narrow resonances
we fitted a radiatively corrected Breit-Wigner for an
hypothetical resonance to the measured cross sec-
tions. Each point in turn was taken to be the center
of a resonance. We determined the upper limit for
I, -(I.o/T,) of a possible resonance to be 0.30
keV (959 C.L).

In the absence of significant resonances we fitted
a constant to the R values. We find R=3.3740.06.
Allowing a linear energy dependence in the fit gave
no improvement of y2. In particular there is no step
in R between the 7.5 GeV region and the 8.7 to 9.4
GeV range. Table4 presents R in four energy re-
gions. Since there is no step between any of these
regions we combine our results into a single R value
between 7.4 and 9.4 GeV center of mass energy:

R=3.37+0.06,1£023

stat — syst*

Our result on R 1s in agreement with QCD assum-
ing four quark flavors and three quark colors in our
energy region. From the theoretical first order for-
mula,

R=10/3 (1 +an),

we get the limit:
o,<0.31 (68 % C.L.).

This is not changed by using second order QCD
formulas. The limit is consistent with our previously
+0.04

0.0
_0.02i 1 [10] deduced
from the ¥{18) decay width.

reported value o,=0.16

Table 3. Summary of the systematic uncertainties in R

Source of uncertainty Variation in R

(%)
Acceptance (Q) 5.6
Luminosity 3.4
7 Subtraction 0.9
On-line data acquisition 0.7
Background in the hadronic sample 0.5
Two photon subtraction 0.2
Sum in quadrature 6.7%

Table 4. R values in four energy regions and the combined result

Eqy (GeV) Ny Lum. (nb™') R+4R_,
7.40-7.48 830 172 3.37+£0.13
8.67-9.15 1,393 397 342+0.10
0.15-941 1,596 502 3.31+0.09
9.40-9.43 233 70 3.57+0.27
Combined 4,052 1,141 3.37£0.06

The absence of any steps in the energy region
covered excludes the threshold for production of a %
charged quark since this would give a step of AR=%
(see Table4). In a similar way we exclude a singly
charged heavy lepton which decays mainly hadroni-
cally. The consistency of our data with QCD also
excludes the production of such particles below the
energy range covered.

In Fig.7 we show a compilation of other R
measurements made near our center of mass energy
range.

Previously we have reported [10] measurements
of Y(15) resonance parameters wherein we made use
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COMPILATION QF R VALUES

Ecy Ny Ny 0 R AR,
Expt. Eem
LENA 77 VAR S 8718 32 108 0.87 3.78 0.76
8.726 26 84 0.87 396 0.89
CUSBI22I belowlkS] o H ‘ 8734 38 132 0.87 3.66 0.67
DASPII[211 95 e 8.742 25 112 0.87 2.76 0.61
D-HH-HD-MI6] 94 +—— ! 8.750 34 124 0.87 347 0.67
PLUTOIS] o .4y 8.757 34 136 0.87 313 0.60
8.766 34 94 0.87 4.67 093
PLUTOSE 77 e 8.770 52 211 0.87 3.08 0.48
MARKT[4]  55-78 frmmm e i g 8.774 43 176 0.87 3.05 0.52
— } ; i 8.782 15 66 0.87 2.81 0.80
30 ¥4 L3 8.790 30 108 0.87 3.51 0.72
8.800 31 85 0.87 4.70 0.99
Fig. 7. Compilation of results for R in the center of mass region 8.808 27 101 0.87 3.36 0.73
55 to 9.5 GeV. The errors shown are statistical (|—e—) and 8.818 21 75 0.87 3.53 0.87
systematic (|- --@--) except for PLUTO (7.7 GeV) and for D-HH- 8.827 33 115 0.88 3.63 0.72
HD-M where the combined errors only are shown 8.836 13 48 0.88 3.40 1.06
8.845 27 80 0.88 4.32 0.96
8.854 27 112 0.88 2.99 0.64
8.863 37 118 0.88 3.99 0.75
of the R value as determined by the PLUTO col- 8872 23 108 0.88 2.60 0.60
8.881 21 83 0.88 3.15 0.77

laboration [5]. Based on the value of R presented
here, we find B,,=(3.8+1.5+02)%, [,=(L13£0.09  go 2 153 o® b 08

3043 25 113 0.88 2.71 0.60
+ 8916 37 116 0.88 4.05 0.76
+0.08) keV and I, = (30_ 10_4> keV. 8926 29 109 0.88 3.32 0.69
8.940 20 80 0.88 3.10 0.77
8.962 19 73 0.88 3.24 0.83
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support. 9.052 23 81 0.89 3.54 0.84
9.061 29 71 0.89 523 1.15
9.074 22 127 0.89 2.03 047
Appendix 9.093 40 139 0.89 3.59 0.64
9.106 25 71 0.89 446 1.04
9.115 24 87 0.89 342 0.79
Ecm Ny Ny 0 R AR, 9.124 21 74 0.89 3.53 0.87
9.133 16 59 0.89 3.36 095
7.400 78 246 0.86 3.88 0.50 9.142 22 94 0.89 2.85 0.67
7.406 58 179 0.86 3.97 0.60
7412 66 235 0.86 3.39 047 9.150 U 111 0.89 2.24 0.53
7418 51 218 0.86 276 043 9.160 39 223 0.89 3.25 0.48
7.424 56 207 0.86 3.25 0.49 2.170 57 217 0.89 3.23 0.48
7430 66 174 0.6 472 0.68 9.180 70 277 0.89 3.10 0.41
7435 65 242 0.86 392 0.45 9.190 63 226 0.89 3.45 0.49
7442 ” 194 0.6 335 0.52 9.200 55 208 0.89 3.25 0.49
7448 65 237 0.86 3.30 0.46 9.210 55 184 0.89 3.71 0.57
7454 4 142 0.86 3.5 0.63 9.219 50 211 0.89 2.88 045
7.460 49 237 0.86 2.29 0.37 9.230 49 277 0.89 207 0.32
7.466 61 295 0.86 326 0.47 9.240 53 215 0.89 3.00 0.46
7472 7 238 0.86 3.68 0.49 9.250 8 295 0.89 3.24 041
7478 47 199 0.86 279 045 9.260 60 215 0.90 3.44 0.50
9.270 57 197 0.90 3.57 0.54
8.670 16 41 0.87 5.09 1.50 9.280 73 254 0.90 3.55 0.47
8.678 34 92 0.87 4.80 096 9.290 68 232 0.90 362 0.50
8.686 30 99 0.87 3.88 0.81 9.300 85 240 0.90 4.44 0.56
8.694 26 72 0.87 4.68 1.07 9.310 69 239 0.90 3.56 0.49
8.702 27 146 0.87 2.24 047 9.320 54 205 0.90 3.22 0.49

8.710 46 190 0.87 3.03 0.50 9.330 45 186 0.90 293 0.49
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ECM NH NB Q R A Rslat
9.340 61 222 0.90 3.37 0.49
9.350 76 304 0.90 3.03 0.39
9.360 76 212 0.90 4.48 0.60
9.370 67 237 0.90 3.47 0.48
9.380 54 217 0.90 3.01 0.46
9.390 42 164 0.90 3.11 0.54
9.400 70 248 0.90 3.45 0.47
9.410 29 84 0.90 429 092
9.400 85 269 090 391 0.49
9.410 29 109 0.90 3.24 0.68
9.420 57 204 0.90 3.41 0.51
9.430 62 215 0.90 353 0.51
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