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We have performed an experiment in the Antiproton Accumulator at Fermilab to study two-body neutral
final states formed ipp annihilations. Differential cross sections are determined in the center-of-mass energy
range 2.911</s<3.686 GeV for the final states®w°, 7»7°, 7, =%y, andyy. The energy dependence of
differential cross sections at 90° in the center of mass is studied to test the predictions of phenomenological
QCD scaling hypotheses which predict power-law dependd®&@h56-2821(97)02915-9]

PACS number(s): 13.75.Cs, 14.40.Gx

I. INTRODUCTION The experimental neutral trigger was suitable for collecting a
. . . large and unbiased sample of data for the above reactions in
We report measurements of differential cross sections fo{he center-of-mass angular ran{Epss*|<0.6. These data
the annihilation processes were taken parasitically so the beam energy sampling was
determined by the charmonium running. Little data have
p+p— 7’+ 70, (1)  been previously obtained for these reactions. In this energy
range, there are prior data only for reactidn, obtained by
R704, a charmonium experiment performed at the CERN

p+p—nta’, (2)  Intersecting Storage Ring4SR) [1]. There are no higher
energy data availat_)Ie._ . o
p+p—n+ 7, (3) The primary motivation for the study gfp annihilations

to two mesons is the discovery of heavy meson resonances
that couple toNN, as predicted by potential models and by

p+p—mlty, (4)  QCD|[2]. By studying reaction§l), (2), and(3) we obtain
the following simplifications with respect to elastic and
p+p—vy+7y, (5) charge exchangdN scattering: the strong diffractive ampli-

tude present in the elastic channel is absent; there are two

in the center-of-mass energy range 2.844s<3.686 GeV. independent amplitudes compared to five for the elastic
For reactiong1), (2), and(3) we present additional data at channel; theJ”(1¢) of #°#° and 77 final states must be
Js=4.274 GeV. even’(0"), thel® of »7#° must be T, and thex®y final

The data are from Fermilab experiment E760, in whichstate must hav€ — andJ# 0. Several high statistics experi-
high-resolution charmonium spectroscopy was performed anents have determined differential cross sections and ana-
the Antiproton Accumulator. Circulating antiprotons inter- lyzing powers for annihilations ter* 7~ [3-5] and differ-
acted with protons in a hydrogen gas jet to form charmoniunmential cross sections for annihilations ##° [6] for 2.0
states that were detected in charged and neutral decay modes,/s<2.6 GeV. Resonances have been reported based on



TABLE I. Summary of luminosities and trigger efficiencies for TABLE II. Summary of luminosities and trigger efficiencies for

the data used in the®#°, 7%y, andyy analyses. the »#° and 77 analyses.
\/5 (GeV) €.,0,0 €0, eyy \/5 (GeV) €m0 1y
J Ldt (nb™b) f £dt (nb™1)
2.911 53.1 0.86 0.89 0.93 2.911 49.4 0.64
2.950 197.5 0.90 0.91 0.93 2.950 189.0 0.83
2.975 423.9 0.87 0.91 0.92 2.975 423.5 0.77
2.979 165.3 0.89 0.92 0.93 2.979 152.9 0.83
2.981 392.6 0.89 0.91 0.93 2.981 3934 0.83
2.985 200.2 0.89 0.91 0.92 2.985 201.2 0.82
2.990 513.0 0.85 0.91 0.92 2.990 512.5 0.67
2.994 308.9 0.88 0.91 0.91 2.994 310.1 0.78
3.005 171.0 0.88 0.91 0.91 3.005 172.4 0.78
3.050 53.6 0.88 0.89 0.91 3.097 591.0 0.79
3.097 384.4 0.90 0.92 0.92 3.526 9883.2 0.77
3.524 4342.4 0.87 3.592 1709.8 0.77
3.526 10466.7 0.88 3.617 3868.9 0.76
3.527 1016.4 0.88 0.89 4.274 357.8 0.83
3.556 1377.4 0.87 0.88 0.89 - -
3.591 923.8 0.88 0.89 0.90 #The sum of stacks with energies 3.591 and 3.594 GeV.
3.505 826.8 0.85 0.86 0.87 The sum of stacks with energies 3.613, 3.616, 3.619, and 3.621
3.613 1167.2 086 o087 oss °°V
3.616 1048.0 0.84 0.85 0.86
3.619 575.0 0.84 0.85 086 honperturbative since all of the partons in each hadron must
3621 1216.4 0.87 0.88 089 Participate in the interaction so that each parton can assume
3.686 0946 0.88 0.89 0.90 its appropriate momentum within the final state hadrons.
4.274 3325 0.90 However, it is expected that in certain kinematic regimes,

notably large angléhard scattering at asymptotic center-of-
mass energies, there are simplifications which allow a per-
partial wave analyses of these dffa-9]. However the pres- turbative approach to be successful.
ence of partial wave amplitudes upde-4 and the assump- The “dimensional counting” approximatiol 1] assumes
tions made to resolve intrinsic ambiguities cause differenthat for exclusive scattering reactions, the scaling behavior of
authors to obtain quite incompatible results. Recent workhe physical scattering amplitudes-Go, t/s fixed) is the
[10] offers an alternative nonresonant explanation for thesame as the scaling behavior of the free-quark amplitude in
pronounced oscillation in the differential cross sections andhe Born approximation. As applied to hadron scattering, one
large analyzing powers observed for these reactions. In thisonsiders a short-distance amplitude in which a single con-
experiment, done for the purpose of studying charmonia, thetituent of each hadron plays an active role in the scattering.
angular coverage is typicalljcos#*|<0.6 and we cannot The other constituents are accommodated in the final state
contemplate an accurate partial wave analysis. hadrons only when they have large components of momen-
One can study these data in the context of phenomendum transverse to the momenta of the parent hadrons. The
logical QCD. Exclusive hadronic reactions are intrinsically resulting cross section is small and falls rapidly with increas-
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ing s because such constituents are found comparativelfor \'s=8 GeV[12]. Applying this prediction to two meson
rarely. The free-quark amplitude, when all of the invariantsannihilations of pp, we anticipate thes dependence of
are large compared to the hadron masses; $8~("*")2 dg/dt at fixed large angle to bs™ .

where n; and n; are the numbers of initial and final state  An alternative model for these reactions is that of Land-
partons. We then havdo/dt~s?> "~ "f(g) for the large  shoff, in which each constituent of an initial state hadron
angle differential cross section at large For examplepp  scatters on at least one constituent of the other initial state
elastic scattering is expected to fallss'® and meson proton hadron such that, after scattering, the momenta of the con-
elastic scattering as 8, in reasonable agreement with data stituents are so aligned that they recombine to make up the

1800
1600
1400
1200
1000
800
600
400
200
0

Events

-

o
IS

0.45 0.5 0.55 0.6 0.65 0.7

My (GeV/c?) FIG. 3. My and confidence level for fits to
n° candidates at 2.990 GeV. The arrows indi-
cate cuts made for event selection.

1600
1400
1200
1000
800
600
400
200

Events

T T T A A T T T T
T T T T T

cNA L L b b b b b e by s

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Confidence Level (C.L.)

o
O




300

g 300 r ® -
I ) NG
9 g50 [ =250 -
200 [ 200 |
. . FIG. 4. Akinematicsand acoplanarity distri-
150 150 butions for #%7° at 2.990 GeV for co& <0.3.
o0 - w00 | The shaded histograms are simulated feed-down
°©F g backgrounds fromr%7°#° and 7°w.
50 [ 50 |-
-0.04 —0.02 0 002 004 -0.1  -0.05 0 0.05 0.1

Akinematics Acoplanarity

final state hadron$13]. The cross section is small partly computed in QCD. Interference between the amplitudes
because the phase space available to the constituents aftauses an oscillation in kwith a period of approximately 1,
they have scattered is limited, if they are to recombine. Thisvhich is clearly observed in thpp elastic cross section at
model also gives a " prediction for the fixed angle differ- 90° for Ins(GeV)=2. Forpp annihilation to two mesons, we
ential cross section, where the power depends only on thexpect the period of oscillation to be roughly the same as for
constituent-constituent differential cross sections. The prepp andpp elastic scatterinfl5]. Since the two pseudoscalar
dictions of the Landshoff model are in disagreement withmeson annihilation reactions have a slower falloffsithan
those based on dimensional counting, giving, for example, ¢hese elastic scattering reactions and only two helicity ampli-
s~ 8 dependence ala/dt for pp elastic scattering instead of tudes, one may observe a robust oscillation and be able to
s 10 ands™® for two meson annihilations gbp instead of disentangle the contributing amplitudes.
s~ 8. A subsequent calculation by Muellgt4], which takes In Sec. Il of this paper we present the experimental tech-
Sudakov suppression into account, modifies the predictionsique, in Sec. Il the analysis and in Sec. IV the results. We
of this model, givings™" with n intermediate between the obtain the approximate power-law behavior of the 90° dif-
counting rule and Landshoff predictions, for example®  ferential cross sections by fitting and compare our measure-
for pp elastic scattering angl” "’ for pp to two mesons. ments with the predictions of the dimensional counting and
It is expected that both the short-distance amplitude andlandshoff models. Reactiofd) was discussed in a previous
the medium-distance Landshoff amplitude will contribute topublication from this experimer{tl7] dealing with 7. and
exclusive reactions[15]. The energy-dependent relative 7. decays to twoy's. We find no signal for this process
phase of these amplitudes, called the chromo-Coulomb phasevay from thez, and y, and determine an upper limit, in
shift [16], is determined by the Landshoff process and isdisagreement with the results of CLEDB], which measured
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the inverse process using virtuglls (2 y physicg. We de-  MHz, giving an instantaneous luminosity of up to 0.8

termine a 90% upper limit of 43 pb for they reaction at  x 1031 cm~2 s™1. The size of the interaction region was de-

interpolated to the samgs, of 60 pb. and longitudinally by the gas-jet size;6 mm. Both figures
correspond to 95% containment. For each stack we recorded
Il. METHODS the integrated luminosity and characteristics of the antiproton
' beam, including the revolution frequency spectrum and the
A. Technique orbit position, necessary to reconstruct the antiproton mo-

Experiment E760 was devoted to high-resolution studied"entum distribution. Trl‘:;" antiproton beam momentum reso-
of charmonium and has been described previolly19. It ~ lUtion waso,/p~2x10"". ,
was carried out at the Fermilab Antiproton Source where 1he integrated luminosity for each stack was obtained by
antiprotons were stored and stochastically cooled in the ac@Punting the number of recoil protons fromz elastic scat-
cumulator ring at the design kinetic energy of 8.0 GeV. Thel€ring in a silicon detector located at 86.5° from the beam
beam was decelerated to the desired energy at which time tifirection [21]. The absolute luminosity was determined us-
hydrogen gas-jet was turned on and data taking was startel!d the knownpp elastic scattering cross section, the solid
Data were taken for about one beam lifetirf#9 to 90 h angle subtended by the detector, and the detector efficiency.
depending on the energypefore dumping the beam. Scans The uncertainty in integrated luminosity is approximately
of charmonium states were performed by accumulating datd”- o ,
at one or more energies for each “stack.” The E760 detector, shown in Fig. 1, was a honmagnetic

A total integrated luminosity of 30 pt# was collected in  SPectrometer with cylindrical symmetry about the beam axis
the center of mass energy range 2.84(5<4.300 GeV. In- [19], optimized for the identification of charmonium states

. - . . . + _ . .

tegrated luminosities for the energies at which two-bodydec""y'glg rt]oe e X or yy and fo[j mullt'"’ f|nal1l states. It
neutral final state events were analyzed are given in TablesGoVered the entire azimutty) and polar angle(6) range
and II. At individual energies below 3.100 GeV integrated TOM 2° t0 70°. It consisted of three sets of scintillator hodo-
luminosities are typically several hundred Tib Above SCOPeS, two in the central regidhil, H2) and one in the

3.100 GeV, all energies but the highddt274 GeV were forward region(FCH), a multicell threshold gas &enkov
studied witr’1 about 1 pb* or greater counter for electron identificatiof22], several layers of

charged tracking detectors, and two electromagnetic calorim-
eters, the forward lead-scintillator sandwich calorimeter
(FCAL) [23] and the central lead glass calorimet€CAL)

Up to 5x 10! p were stored and cooled per stack. Both[24] covering the regions 26<11° and 11%<6<70°, re-
the beam and the gas jet were operated in dc mode argpectively.
antiprotons crossed the-3.5x 10' atoms/cmi hydrogen CCAL was the essential detector element for identifying
gas-jet targef20] with a revolution frequency of about 0.6 neutral final states. It was designed to distinguish between

B. Experimental apparatus
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pp—yy events and those from processes such asbtainedin situ using bothpp— y—e*e™ andpp— 7n°

pp— mPw® and pp— 7%y, which have cross sections up to events.
10° times larger than those gip— yy. ldentifying these
processes requires a granularity adequate to identify the two C. Trigger

¥'s from symmetric® decays, and a low-energy threshold _ . .
to detect the low-energy’s from highly asymmetric® The totalpp cross section is about 70 mb in our energy

decays: The central calorimeter consisted of 12@2} in ¢ region, corres_ponding to an int(_arac_tion rate of about 700 kHz
by 20 in 6) lead glass €renkov counters pointing to the at the experiment peak luminosity of 10°*cm ?s %
beam-jet interaction region. The average rms energy resollFvents of interest were selected by a fast hardware trigger
tion was oe/E=6.0%AE(GeV)+1.4% and the effective (level ong, and then transferred to a set of processors where
energy threshold was 20 MeV. The average rms error on th@ software filter(level two) was applied before recording the
reconstructed centroid of an electromagnetic shower was @vents on tape. The level-one trigger accepted in par@iel
mm, which combined with the uncertainty in the interactionfinal states containing a large mass object decaying either
point to give an angular resolution of 6 mrad éhand 11  into ane®e™ pair (@l or into two y's (a2, (b) all neutral
mrad in ¢. The energy calibration of these counters wasfinal states where=80% of the even energy was contained in
the central calorimetefETOT), (c) a sample of events con-
taining only two charged particles consistent with two-body
lSymmetric refers to decays where the twe have similar ener-  Kinematics, andd) a sample of minimum bias events. The
gies and therefore a minimum opening angle; highly asymmetridata described here comes in on ta@ and (b) triggers.
refers to decays where one of this takes almost all the energy of ~ The element common to tial) and(a2) triggers was the
the parentr®. requiremen{PBGJ) for two energetic clusters in the central
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events rarely satisfy PBG1 because of the larger opening
angles of thep— yy decays. The level-one trigger rate for
(a2 was <50 Hz. To select events of typd) we also re-
quired that no energy be detected by FCA&hreshold ap-
proximately 100 MeV. The level-one trigger rate fgb) was
<700 Hz. Both(a2 and (b) effectively exclude two-body
final states at small polar angle.

The level-two filter was performed by 26 Fermilab ACP
processors. The clustering algorithm used in the ACP was a
simplified version of the one used in the offline analysis
(described beloy Events with a two-cluster invariant mass
=2.0 GeVLt?, or with the total CCAL energy=90% of the
available energy, were written on tape. The level-two filter
rejected~80% of the level-one triggers of typ®), leading
to a rate to tape 0&£150 Hz.

IIl. ANALYSIS

We describe the reconstruction of electromagnetic show-
ers in CCAL, identification ofr’s, event selection, deter-
mination of the efficiency of the analysis chain, and the
evaluation of backgrounds. The overall efficiency is the

ciency, and the combined efficiency, which includes the ac-
ceptance of the detector and the efficiency for selecting and

calorimeter, topologically consistent with the kinematics off€constructing events offline.
thee™e™ and yy final states. To select events of ty(a2),

we required that no charged particles be detected in the final

A. Shower analysis

state, a condition implemented by vetoing on signals from The algorithm for shower reconstruction in the central
H1 or FCH, which together fully covered the polar angle calorimeter is fully described in Refl7]. It searches for

range 2<6<65° over the complete azimuth. The PBGL1 re-|ocal maxima(counters with more energy than their eight
quirement was satisfied by a large fraction of th¥° and
7%y events, in which ther’— yy decays are either reason- Energy thresholds of 5 MeV for the central counters and 20
ably symmetric or asymmetric. Howevern#° and 77

nearest neighboysand forms 3 by 3 clusters around these.

MeV for a nine counter region are used. The transverse co-
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ordinate of the cluster centroid is determined using an emsymmetricfn-o decays have |argmclusterva|ue5, and are well
pirically obtained parametrization of the shower shapeseparated from clusters due to singfs (or electrons as
When two clusters overlap, their coordinates and energieshown by Fig. 3 of Ref[17], where we estimate that identi-
are resolved using an iterative proced(26]. fication of symmetricm® decays based on angyse, cut is
The support structure of the central calorimeter modulesnore than 99% efficient. Any cluster witmg,ge= 100
introduced a small amount of passive material representingleV/c? is split into 2, as described in Rgf17], each part
2.8% of the surface area of the detector, as seen by the imepresenting an individuat from the #°. There is a modest
coming y's. For ay impinging near(or in) a crack, a signifi-  misidentification of highly asymmetrie® decays when &
cant fraction of the energy was released in the passive matés outside the CCAL acceptance or its energy is below the
rial and escaped detection. An empirically derived correctiofCCAL threshold. Highly asymmetrier® decays in which
is applied to the energy of the shower which is a function ofoney is undetected lead to “feed-down” backgrounds to the
the y impact point with respect to the central counter edgesm’y and yy channels.
At the edges the correction is as large as 45%. The variation

in calorimeter response does not measurably degrade the C. CCAL timing
trigger efficiency, which is nearly unity. When running at high instantaneous luminosities, we suf-
fered a significant pileup rate in CCAL. For example, at
B. =0 identification 3.526 GeV with£=0.7x10%' cm 2 sec !, one out of four

0 . . . events had at least one cluster from an out-of-time interac-
m_ decays which are nearly symmetric or highly asym-¢ ‘\yith an average of 1.5 such clusters per event. CCAL
metric can be mlsotaken for singlgs. The symmetric decay \yas not instrumented with time to digital convertors
of a high-energyr" leads to a separation betweg's which  (TpcC’s). However nearly all clusters with energies above
is as small as 1.5 calorimeter block widths. In order to iden420 MeV can be identified as “in-time” or “out-of-time”
tify such cases, an effective mass was calculated for eadly means of a system of analog to digital converters
cluster: (ADC's) with overlapping gates, described in REZ6]. We
are frequently unable to make a timing determination for
2 2 . . . . e
M — \/ SE| -5 ©6) clusters with smaller energies, which are then identified as
cluster = — ) “undetermined.” The efficiency for timing determination
falls to 85% at 20 MeV.

where E; is the energy deposited in théh counter of the
cluster,p;=E;f; andr; is the unit vector from the interaction
point to the center of theh counter. The sums arerfa 5 by Depending upon the channel, events are selected which
5 array of counters about the cluster centroid. Clusters due tpass either the PB&42) trigger and/or the ETOTb) trig-

D. Event selection
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ger. For events passing the ETQ@A) trigger, the following same quantity, computed from the measured polar angle
additional cuts are made for all channels: The summed erof the other=® while assuming ther®#° hypothesis and
ergy of all clusters is=90% of the event energy; the summed A¢ (acoplanarity is the differencem—|¢p,— ¢,|, where
momentum parallel to the beam of all clusters is within¢; and ¢, are the measured azimuthal angles of the two
+15% of the nominal beam momentum; the summed mo<r’’s.
mentum perpendicular to the beam of all clusters<350 Events are selected as’7° events by applying the fol-
MeV/c. lowing kinematical cuts, illustrated in Fig. 2]A¢6|

For both triggers, a fiducial cut of 11.5°%,<64.7° is <15 mrad forE;,<3.1 GeV and/Af|<11 mrad forEcp,

applied to each cluster in order to reduce edge effects i 3-1 GeV; |A¢i<30 mrad, for eachy pair identified as a
CCAL. 7, 100 MeVE <M ,0<170 MeV/c*, whereM o is com-

puted using the cluster energies and transverse coordinates
1. 700 obtained as described above. If th€ is the result of a split

) _ cluster, the mass cut is not applied since it is assumed in the
We accept candidates passing the PB@land ETOTh)  ¢jysterization that the original cluster is a symmetric decay

tl‘iggerS with eXaCtly four in-time or undetermined clusters inof an energetimol Figure 2 shows thakinematicsacop'a_
CCAL, each WithE s 50 MeV. For each event, thgs  narity, #° invariant mass and:° decay energy asymmetry
are combined in all combinations to forn? 7°. The pairing  for #%#° events. Each distribution is shown after applying
associated with the smallest value gfA6)°+(A¢)? is  the cuts described above to the other kinematical distribu-
taken as the event topology. Hef® (akinematics is the  tions. The dashed lines are the predictions for these distribu-
difference 61— 61comp, Where 6, is the measured laboratory tions from the Monte Carlo simulation of the experimésge
polar angle of the more energetie® and O1comp IS the  Sec. Il G.
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2. 7% grounds fromm°#° and 7%y events, all calorimeter clusters

We accept candidates passing the PB&2 or ETOT (b) Wioth(;anergieg greater than 20 Mewompared to 50 MeV for
triggers which have exactly three in-time or undetermined” 7 and 7"y) are considered. We allow any number of
calorimeter clusters, each WitB,ee=50 MeV. For each in-time or undetermined clusters |n.CCAL and none in
event, theys are combined in all combinations to form FCAL. Exactly two clusters are requweq to have energies
7%y. The combination associated with the smallest value ofréater than 100 MeV. For all cluster pairs, we require that

[(A9)%+ (A )2 is taken as the event topology, whete  "© invariant mass falls between 80 and 200 M&VFinally,

and A¢ are theakinematicsand acoplanarity respectively, a 4C kmgmaﬂc .f't to the.w hypothesis is performed and
in analogy with them®#° channel. Thex® mass cut de- events with nominal confidence levels less than 10% are re-

scribed above is applied. A five constra{fC) kinematic fit jectgd: The analysis ofy candidates is described in greater

to the %y hypothesis, using theQuAaw program[27], is detail in Ref.[17].

performed, and events with nominal confidence levels less

than 10% are rejected. The nominal confidence level is com- 4. pm® and 9y

puted using the expected distribution of chi Squared. Since For 77770 and nm, we accept candidates passing the

the estimated error matrix used is not accurate, we determlrETOT(b) trigger with exacﬂy four in-time or undetermined

the fit efficiency by Monte Carlo simulation as describedc|ysters, each witlE =50 MeV, and no in-time or un-

below. determined clusters witE e l€Ss than 50 MeV. For each

event, the clusters are combined in pairs in all possible ways.
3. vy For the=° channel, events with one mass falling within
We accept candidates passing the PB@Ltrigger. Be- a #° mass window of+65 MeV/c? and the other in am
cause low-energyys are important for rejecting back- mass window of+160 MeVk? are selected. A five con-
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straint (5C) kinematical fit to thew®X hypothesis is per- E. Trigger efficiencies

formed whereMy is unconstrained. Events with nominal e estimate trigger efficiencies for the various channels
confidence level less than 5% &y outside of a=40  on a stack by stack basis. These include the effects of the
MeV/c? » mass window are rejected. If more than one com-charged particle veto for both triggers and the FCAL veto
bination satisfies the above criteria, the one with the greatansed in the ETO(b) trigger.
confidence level is selected. Figure 3 gives Ithg and con-
fidence level distributions for these events. 1. Trigger efficiency form®m® and %y

For the 77 channel, candidates with both masses falling The #%#° and 7%y events were selected by both the
within the 160 MeVL? 5 mass window are selected. A 5C PBG1(a2) and the ETOTb) triggers. The ETOT requirement
kinematical fit to thepX hypothesis is performed, wheXeis  was highly efficient for these channels, with an efficiency of
taken as the forward goingy pair. Events with nominal approximately 93% at/s=2.98 GeV, and taken to be equal
confidence level less than 5% &y outside of a=35 for #°#° and 7%y, while the PBG1 requirement had an
MeV/c? » mass window are rejected. A cut is made such thagpproximately 95% efficiency for®y but a lower efficiency
events kinematically consistent with the hypothesf$X’, for 7%7°, about 75% at/s=2.98 GeV, because of its topo-
with My, <1.135 GeVt? are rejected. This cut is guided by logical requirement. We treat the PBG1 and ETOT require-
the simulation and avoidg» events for which a combina- ments as uncorrelated and independent of event polar angle
toric yy mass, with oney from eachz decay, is fortuitously —and determine their efficiencies for th@7° and 7%y chan-
small. nels at each stack. The PB@2 and ETOTb) trigger effi-
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ciencies include the effects of random particles and eventeiency due to random charged particles in this special run
associatedy conversions as discussed below. is found to be(13.1-2.4—4.4%=6.3%. From the fraction
Because of the charged particle veto, the PB@land of events with the FCAL trigger bit set we estimate the
ETOT(b) trigger efficiencies are reduced by random chargednefficiency due to randomy's in FCAL to be 3% for this
particles and by conversions of event-associagadin the  run.
detector, mainly in the beam pipe. The ET@)trigger ef- The dominant source of random charged particles was
ficiency is further reduced by random’s converting in rays produced by the antiproton beam in the target, hence
FCAL. The effect of random particles on trigger efficienciesthis rate was luminosity and energy dependent. This depen-
is estimated fromr7° data as follows: Data were taken at dence is studied26] by measuring the rate of extra hits in
Js=3.1 GeV with instantaneous luminosity of 3.4 H1 and FCH inpp—y¢—e’e , pp—xi—¢+y—e'e
x 10 cm 2 sec' !, using a special trigger without an all + vy, andpp— ¢’ —e*e™ events from data samples taken at
neutral requirement and demanding only that at least 85% dlifferent instantaneous luminosities. The random charged
the total energy was deposited in the central calorimeter. Aarticle rate is found to increase linearly with event rate and
low-background sample of°7° events is selected using the fit to these data is used to scale appropriately the ineffi-
severe kinematical cuts and mass cuts on the reconstructeiéncy determined from the®#° data sample as described
pions. We are then able to measure the inefficiency introabove. Inefficiencies due to random charged particles in H1
duced by the veto requirements. We find that 13.1% of theand FCH, randomy’s in FCAL and event-associategcon-
events have either the H1 or FCH trigger bit set. Subtractingersions are included in the trigger efficiencies on a stack
the contributions from Dalitz decay&.2% for each#°) by stack basis. The overall trigger efficiencies are given in
and y conversions in the beam pifg&.1% pery), the ineffi-  Table I.
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2. Trigger efficiency foryy energy and luminosity. We estimate this efficiency by study-
ring the 7%#° data on a stack by stack basis. We select events
which pass the ETQD) trigger using only the kinematical
criteria described above and find the filter efficiency to be in
the range 90-96% for all stacks. For ta€@7® and =%y
channels, we use the stack-independent value of33%.
Because of the more stringent extra-cluster requirement ap-
plied to the »7° and %7 channels, the filter efficiency is

reduced and is determined to bez83%.

Only vy events selected by the PBGL1 trigger are used i
the analysis. The PBGL1 requirement was fully efficientfor
events as described elsewhéid]. yy trigger efficiencies
including the effects of random charged particles arwbn-
versions are given in Table I.

3. Trigger efficiency fory#=° and n»

These events did not normally satisfy the PBG1 trigger.
Therefore, we use only events that passed the EBOITig-
ger. For the efficiency of the ETOT requirement, we use the
values determined from the®#° data.»=° and 57 trigger
efficiencies including the effects of random particles and
conversions are given in Table 1.

G. Monte Carlo simulation

A Monte Carlo simulation of the neutral channels was
developed to obtain the geometrical acceptance of the detec-
tor, to evaluate the reconstruction efficiency of the selection
and fitting algorithms, and to estimate the “feed-down”
backgrounds, where loss of one or mate causes events to

For each channel we require a specific number of on-timée shifted into channels of smaller multiplicity, for ex-
and undetermined CCAL clusters as discussed above. Trample, 7°#° as 7%y.
efficiency of this requirement is reduced by extra CCAL For each channel we simulate events uniformly in
clusters from unrelated events and is thus dependent upaos#*, where 6* is the center-of-mass angle. The annihila-

F. Filter efficiency



TABLE Ill. #°40 differential cross sectioda/dcoss* (nb) for 2911 MeVs \s<2994 MeV.

[ cos” || 2911 MeV | 2950 MeV 2975 MeV | 2979 MeV | 2081 MeV [ 2085MeV | 2090 MeV [ 2994 MeV |
0.0125 262.48+ 18.61 22517+ 8.76 172.11% 5.31 149.724+ 7.40 167.494 5.65 144.954+ 6.89 140.51+ 4.27 139.55+ 5.46
0.0375 240.52+ 16.48 194.89+ 8.07 148.17+ 4.85 14735+ 7.69 150.99+ 5.44 154.17+ 7.37 136.77+ 4.38 129.83+ 5.39
0.0625 186.43+ 14.43 150.23% 6.85 129.854 4.54 114.60+ 6.64 122.40+ 4.67 120.04+ 6.25 117.11+£ 3.99 112.994+ 5.07
0.0875 140.74+ 12.96 136.604 6.71 103.82+ 3.98 88.204+ 5.49 97.53+ 4.12 80.14+ 4.89 80.64% 3.18 84.66+ 4.13
0.1125 131.70+ 12.18 80.37+ 4.84 67.34% 3.17 68.76+ 4.99 66.85+ 3.47 52.68+ 3.90 59.93+ 2.72 55.51+ 3.33
0.1375 102.38+ 10.19 71.20+ 4.52 50.084 2.68 42.24% 3.70 40.61+ 2.61 42.32+ 3.49 40.19+ 2.20 28.78% 2.25
0.1625 102.96+ 10.00 49.884 3.54 34.89+ 2.19 30.10+ 3.04 29.52+ 2.08 26.21+ 2.53 20.71+ 1.45 25.06+ 2.11
0.1875 135.32+ 12.46 72.264 4.53 40.074 2.31 37.18% 3.33 33.16+ 2.14 31.48+ 2.79 31.97+£ 1.85 32.94+ 2.38
0.2125 187.29+ 14.54 111.08% 5.74 79.53+ 3.38 7730 5.18 71.45+ 3.42 61.18%+ 4.18 64.01+ 2.81 58.06% 3.35
0.2375 254.034 16.61 172,77+ 7.04 149.22+ 4.77 142,61+ 7.12 133.94+ 4.78 137.05+ 6.43 123.90+ 3.96 107.16+ 4.62
0.2625 481.14+ 24.15 293.30% 9.30 238.54+% 5.96 230.68+ 9.10 228.63+ 6.23 226.95+ 8.44 207.404+ 5.14 203.04+ 6.48
0.2875 525.95+ 25.13 | 463.10+12.06 | 360.85+ 7.34 | 359.37+ 11.35 | 354.74% 7.88 325.056+ 9.95 321.41+ 6.33 296.14% 7.64
0.3125 838.84+ 31.86 | 604.53+£13.79 | 50044+ 8.83 | 435.18% 13.60 | 489.144+ 9.48 | 466.64+ 12.15 | 432.05+ 7.49 421494+ 941
0.3375 || 1035.52+ 35.15 | 787.60+15.75 | 654.99%+ 9.96 | 643.04+ 1544 | 621.294 10.58 | 621.95+ 14.22 | 54599+ 8.40 | 564.29+ 10.92
0.3625 || 1435.23+ 43.79 | 1023.72+18.37 | 817.64+11.30 | 796.47+ 17.29 | 774.10% 11.76 | 752.67+ 1547 | 700.25+ 9.50 | 690.83+ 12.13
0.3875 || 1667.79+ 47.75 | 1226.85+20.81 | 977.88+12.73 | 977.87+ 20.08 | 977.094 13.88 | 925.674 17.88 | 866.98+ 10.99 | 848.53+ 13.89
0.4125 || 1864.32+ 52.94 | 1311.65+21.75 | 1089.53+13.79 | 1014.17+ 20.80 | 1059.714 14.60 | 989.42:4 18.95 | 945.524 11.72 | 934.08+ 14.94
0.4375 {| 2034.90+ 60.75 | 1459.26+24.27 | 1131.32+14.36 | 1067.47% 21.84 | 1111.99% 15.46 | 1072.814 20.27 | 973.21+ 12.16 | 993.25+ 15.71
0.4625 || 2113.91+ 75.31 | 1532.84+28.80 | 1303.57+17.49 | 1285.924+ 27.19 | 1260.934 18.34 | 1188.49+ 23.56 | 1134.76+ 14.51 | 1108.17+ 18.23
0.4875 || 1897.16+ 102.29 | 1616.50+37.81 | 1353.97£21.95 | 1397.69% 35.10 | 1342.394 23.28 | 1333.10% 30.54 | 1274.574 18.87 | 1237.84+ 23.34
0.5125 1302.54+35.39 | 1414.554 54.81 | 1286.674 35.10 | 1267.93+ 44.31 | 1287.624 27.53 | 1163.08+ 32.10

tion points are chosen in the interaction region with a distri-fluctuation is added. The simulated events are subjected to
bution based on the shapes of the beam and gas-jet targéte same analysis as the data. For each channel and energy,
v's from 7% and 7 decays are generated and propagated tdhe resulting binned angular distribution represents the com-
CCAL and FCAL.w— 7%y decays in channels simulated to bined efficiency which includes the acceptance of the detec-
study backgrounds are assumed to be isotropinterac- tor and efficiency for selecting and reconstructing events.
tions in CCAL are simulated based on the parametrization ofThe Monte Carlo simulation is in good agreement with our

the transverse energy distribution which we use in the offlinedata, as shown below and in related analy46528
analysis to model electromagnetic showers. The energies de-
posited in the blocks and cracks are allowed to fluctuate so  ceometrical acceptance and reconstruction efficiency
that the experimental energy resolution of CCAL is obtained.

The energy deposit for each block is converted to analog to The experimental angular distributions must be corrected
digital convertefADC) counts to which a simulated pedestal for the combined efficiency estimated above. Because the

TABLE IV. #°#° differential cross sectiodo/dcosg* (nb) for 3005 Me\k< \/s<3595 MeV.

[[cos6* [ 3005 MeV 3050 MeV | 3097 MeV | 3524 MeV | 3526 MeV | 3556 MeV | 3591 MeV | 3505 MeV |
0.0125 ]| 11881+ 6.77 | 42.89% 6.06 | 54.09% 3.04 | 24.79:0.50 | 27.35£0.55 | 2250+ 1.33 | 21.84% 1.25 | 2347+ 1.3
0.0375 || 131.63% 7.40 | 87.51+10.61 | 42.86% 2.60 | 25.86:0.48 | 28.4640.53 | 24.55% 1.48 | 21.60% 132 | 25414 1.48
0.0625 || 99.60% 6.18 | 53.67% 7.17 | 36.76 2.43 | 25.70£0.49 | 27.51%£0.53 | 24.14% 1.47 | 23.76% 1.40 | 20.03% 1.3
0.0875 || 6215+ 457 | 34.65% 548 | 28.74% 2.14 | 23.84%0.50 | 26.48%0.54 | 2182+ 1.33 | 23.96% 1.37 | 23.88% 142
01125 || 3222% 2.87 | 12.85% 2.87 | 18.33% 1.60 | 24.63%0.47 | 25.88+0.50 | 2542+ 1.47 | 25.04% 1.38 | 2454+ 1.43
01375 || 22.04% 245 | 74S8E 176 | 4.29% 0.58 | 22.78+0.43 | 27.13£0.50 | 22.02% 1.40 | 23.43% 1.38 | 24.97& 1.46
01625 | 8.30% 110 | 5.98+2.12 | 3.97£0.60 | 24.07£047 | 24.14+0.49 | 23.52% 145 | 24.45% 1.39 | 27.86% 1.57
01875 || 15.77% 104 | 6.38£2.60 | 800+ 0.92 | 21.08£045 | 23.38+£0.48 | 2003+ 1.31 | 24.31% 1.37 | 23.78% 141
02125 || 46.71% 3.74 | 206.84% 4.82 | 25.52% 1.80 | 22.170.42 | 22.74%0.45 | 21.16% 1.32 | 23.39% 1.32 | 23.19% 1.37
0.2375 || 96.00% 5.76 | 58.18% 7.33 | 41.38% 2.36 | 10.75+0.39 | 21.6310.43 | 10.84+ 1.31 | 21.96% 131 | 23.254 141
0.2625 || 202.14* 8.81 | 107.38£10.06 | 90.67% 3.85 | 17.02+£0.38 | 20.3340.42 | 17.00% 121 | 23.83% 1.35 | 25.46% 1.48
0.2875 | 27101+ 9.84 | 137.16£11.63 | 143.03% 4.81 | 18.752040 | 20414045 | 16.96% 1.12 | 21.00% 1.21 | 2079+ 1.28
0.3125 || 307.38% 12.38 | 233.43%£15.46 | 185.72% 5.38 | 10.82£0.41 | 21.34%0.44 | 1641% 1.13 | 21.78% 1.23 | 21.10% 1.27
0.3375 || 512.76% 14.10 | 297.50%18.28 | 229.83% 5.09 | 18.79£0.39 | 21.0840.45 | 2130+ 1.33 | 20.24% 1.24 | 21.074 1.33
0.3625 || _636.28+ 15.77 | 374.42£20.40 | 282.20% 6.83 | 22.62+0.49 | 24.54+0.53 | 21.67+ 1.32 | 21.00% 1.23 | 21.564 1.33
0.3875 || 766.20% 17.48 | 513.77£24.03 | 330.07£ 7.51 | 24.95+£0.54 | 20.80+0.58 | 21.08+ 1.29 | 19.33% 1.13 | 22.98% 1.30
0.4125 || 863.65£ 19.29 | 505.10£25.13 | 378.08% 7.98 | 30.94%0.62 | 33.81+0.68 | 2507+ 1.46 | 24.62% 1.35 | 22.01% 1.3
0.4375 || 934.48% 20.42 | 477.79%24.54 | 424.80% 8.67 | 36.2520.76 | 37.24%0.79 | 27.42% 1.50 | 31.95+ 1.64 | 28.19% 152
0.4625 || 1042.69+ 23.26 | 528.94£26.38 | 4064.32% 9.29 | 40.07£0.86 | 46.30%0.07 | 36.32+ 1.66 | 35.30+ 1.565 | 32.53% 158
0.4875 || 1127.80% 29.09 | 645.03£33.49 | 570.94£10.98 | 50.36£0.97 | 52.35+1.05 | 39.35% 1.83 | 39.47% 1.66 | 36.21% 1.69
05125 || 1222.92% 41.34 | 793.88+£46.94 | 766.09E15.24 | 55.18+1.14 | 62.30+1.28 | 47.81% 2.00 | 41.50+ 1.74 | 42.07% 1.86
05375 882.73+£21.92 | 68.75£1.39 | 76.69£1.56 | 62.30% 2.28 | 51.37% 1.89 | 49.08+ 1.96
0.5625 8879158 | 101.60+1.82 | 77.13% 2.66 | 68.77% 2.31 | 05.54% 2.35
0.5875 118.08+2.03 | 129.12%2.21 | 110.37% 3.32 | 92.95% 2.78 | 84.94% 2.79
06125 174.09£2.19 | 204.94%2.45 | 164.49% 4.54 | 129.80% 3.47 | 117.05% 3.46
0.6375 247.081.58 | 265.10£1.73 | 245.61% 7.41 | 180.27% 5.15 | 180.75% 5.4b




TABLE V. #%#° differential cross sectiodo/dcosg* (nb) for 3613 Me\< \/s<4274 MeV.

cosf* 3613 MeV 3616 MeV 3619 MeV 3621 MeV 3686 MeV | 4274 MeV
0.0125 22.76£1.17 19.87+1.16 23.59+ 1.77 20.37+1.06 16.65+1.21 1.514+0.62
0.0375 || 19.90%1.11 | 19.73£1.18 | 20.48+ 1.63 | 19.73+£1.06 | 16.48+1.19 | 2.74£0.83
0.0625 || 23.97+1.28 | 23.46+1.32 | 22.21+ 1.68 | 23.33+1.21 | 16.49+1.18 | 1.71+0.65
0.0875 || 24.22+1.24 | 23.25+1.30 | 21.87+ 1.69 | 24.07+£1.19 | 20.46%+1.36 | 2.72+0.82
0.1125 || 26.26+1.27 | 21.244+1.19 | 23.70£ 1.73 | 22.71+£1.15 | 17.03+1.23 | 2.2340.74
0.1375 24.53£1.25 20.22+£1.18 24.56x 1.76 22.38£1:14 20.74£1.31 1.984+0.70
0.1625 25.33+£1.27 23.90£1.31 24.88+ 1.83 23.77+1.20 23.40+1.41 3.10+0.86
0.1875 24.08+1.20 22.64+1.25 23.50+£ 1.73 23.08+1.18 22.80+1.45 2.37+0.75
0.2125 21.41+1.11 24.83+£1.27 23.29+ 1.68 24.51+1.17 22.89+£1.38 | 4.4241.01
0.2375 || 23.23£1.20 | 21.62+£1.22 | 23.59+ 1.73 | 22.74+1.17 | 22.76+1.36 | 5.25+1.12
0.2625 || 21.874+1.15 | 22.63+1.24 | 24.00+ 1.75 | 27.04+1.27 | 23.34+1.41 | 4.494+1.03
0.2875 22.77£1.16 22.13£1.21 20.95+ 1.59 21.63£1.11 19.56+1.30 7.01£1.26
0.3125 21.73+1.10 18.36+1.07 21.894 1.59 21.43+1.07 19.30+1.25 7.85£1.35
0.3375 20.95+1.13 17.59+1.07 21.18% 1.63 20.39£1.08 19.694:1.24 7.78£1.35
0.3625 20.78%1.12 18.63+1.10 21.93+ 1.64 19.73£1.06 18.494+1.24 8.414+1.40
0.3875 20.46£1.06 18.55+1.05 25.004 1.69 21.93£1.08 21.07£1.32 8.524+1.35
0.4125 21.81+1.12 23.81+1.23 2293+ 1.65 25.30+1.18 19.5841.22 8.90+1.43
0.4375 || 28.404+1.31 | 21.77£1.18 | 26.22+ 1.80 | 26.01+1.22 | 18.00+1.18 | 9.66+1.49
0.4625 29.5941.31 27.04%1.30 34.17+ 2.02 28.24+1.23 20.81+1.29 | 10.9441.49
0.4875 || 36.59+1.45 | 27.7241.30 | 34.97+ 2.04 | 32.34+1.31 | 24.30+£1.38 | 15.23+1.81
0.5125 || 42.19+1.60 | 36.82+1.54 | 40.954+ 2.28 | 41.50+1.55 | 25.68+1.39 | 14.124+1.78
0.5375 46.03+1.62 46.95+1.73 47.75+ 2.39 46.4441.61 34.78£1.71 | 14.18+1.71
0.5625 || 60.09+£1.89 | 57.33£1.95 | 05.12+ 2.86 | 59.95+1.86 | 47.74+1.96 | 13.81%+1.74
0.5875 || 84.27+2.40 | 78.09+2.40 | 84.32+ 3.43 | 78.72+2.23 | 59.804+2.30 | 17.204:2.01
0.6125 | 111.30+£2.84 | 111.28+2.99 | 106.29+ 4.01 | 109.35£2.73 | 88.88+3.02 | 20.82+2.20
0.6375 || 165.65+4.23 | 149.25+£4.22 | 159.21% 5.95 | 155.16+£3.93 | 130.39+4.07 | 22.844+2.71
0.6625 || 227.43+8.16 | 212.4947.89 | 193.04+10.17 | 213.72+7.16 | 180.87+6.51 | 18.26+3.23
angular distribution is rapidly varying, correction by a I. Backgrounds
binned efficiency based on a uniform distribution leads to 1 70m0

distortion. A better correction is based on a shape similar to

the actual angular distribution. We apply an iterative proce- In order to determine the background to th€7° chan-
dure in which we update the angular distribution used toel, we study annihilations into higher multiplicity channels
obtain the simulated combined efficiency until the correctedy Monte Carlo simulation based on our experimental analy-
angular distribution converges. We first correct the data ussis of the most important of these channé8,30. We find

ing the simulated combined efficiency based on a unifornsignificant ~ contributions  from  the pp—3#° and
angular distribution. The resulting distribution is fit to a six pp— m°w— 7°7%y channels, in which ar® or ay is unde-
order polynomial. The resulting function is used to weighttected, respectivelyAkinematicsand acoplanarity distribu-

the angular distribution used in the simulation. The procetions for data with cog <0.3 and simulated background
dure is repeated until the corrected angular distribution doesvents are given in Fig. 4 fd.,=2.990 GeV. In this an-
not change. Convergence is typically obtained within thregyular regime, the simulation accurately matches the small
iterations. As the edges of the detector are approached thghd slowly varying background observed in thé=° data.
combined efficiency decreases. For each channel and energyr larger cog*, the simulation accounts for a smaller frac-
we choose minimum and maximum @sfor which the dif-  tion (about 60% of the observed background, which we at-
ferential cross section can be reasonably determined as thogifhute to uncertainties in the cross sections used in the simu-
points at which the combined efficiency falls by 20%. The|ation.

absolute value of the cé$ cutoffs are in the range 0.45t0  Figures 5 and 6 aréunsubtractedakinematicsand aco-
0.7. planarity plots for four different cog* intervals atE.

For the yy channel, the combined efficiency is uniform =2.990 GeV. The background te®x° is approximately
from cog/*=0 to an energy-dependent maximum €us isotropic and is typically 5% at all energies with the excep-
These efficiencies are 0.6®.01 for/s<3.1 GeV, and 0.61 tion of low cross-section bins in which it becomes as large as
+0.03 for \s>3.1 GeV. They are determined from 10%. For each E.m. and angular interval of size
background-free  samples of pp—y—ete” and A cos¥*=0.025, ther’#° akinematicglistribution is fit to a
pp— ' —eTe” selected using only the hodoscopes and theGaussian representing signal plus a quadratic representing
Cerenkov countef17]. background. Background is subtracted from each bin in the



TABLE VI. 7%y differential cross sectioda/dcoss* (nb) for 2911 Me\< Js<2994 MeV.

cos 2911 MeV 2950 MeV 2975 MeV 2979 MeV | 2981 MeV | 2985 MeV 2990 MeV 2994 MeV
-4750 | 19.22411.52 | 34.424 5.08 | 16.45+ 4.12 | 19.45+ 4.93 | 17.99+£3.15 | 1871+ 441 | 17.17+£ 2.59 | 15.224+3.42
-.4250 || 34.81£10.68 | 29.29k 4.63 | 21.76k 3.84 | 30.09+ 4.55 | 24.37+£2.94 | 21.14+ 3.91 | 15.244+ 2.32 | 17.30£3.07
-.3750 || 44.36%x 9.27 | 18.69% 3.90 | 16.68% 3.30 | 12.63+ 3.73 | 12.59+2.43 | 17.57+ 3.40 | 18.24+ 2.06 | 16.18+2.67
-.3250 || 2177+ 7.06 | 10474+ 2.97 | 15.86% 2.71 | 11.54% 2.97 | 15.86+£1.97 | 5.63%+ 2.45 | 16.07+ 1.69 | 12.99+2.09
-.2750 | 18.83£ 5.38 | 11.734 2.29 | 10.53+£ 2.00 | 9.73£ 2.25 | 9.34%£1.45 | 6.64+ 1.89 8.87+ 1.23 | 6.13+1.46
-.2250 || 13.69%+ 3.98 | 10.89+ 1.71 | 5.62+ 1.29 | 4.05+ 1.38 | 5.37+0.94 | 4.01+ 1.23 5.79+ 0.82 | 5.61%£1.04
-.1750 6.03% 2.81 6.69+ 1.24 | 427+ 093 | 3.45+ 1.00 | 4.254£0.68 | 3.29+ 0.87 3.30% 0.55 | 3.70+0.73
-.1250 2.06£ 237 | 471+ 1.18 | 2.88+ 092 | 2.17£ 099 | 1.64+0.59 | 3.19+ 0.95 1.48+£ 0.51 | 2.38%0.70
-.0750 1.854+2.69 | 3.11+£ 131 | 0.1441.00 | 0.70&£1.14 | 2.05+0.83 | 1.96+ 1.11 2.524 0.71 | 0.5540.80
-.0250 9.61+ 3.76 | 3.07£ 1.45 | 3414 1.27 | 3.85+ 1.49 | 3.34+£0.93 | 4.45+ 1.36 2.40+ 0.76 | 3.02+1.03
0.0250 || 11.00+ 3.79 | 6.07£ 1.61 1.21+1.18 | 3.964 1.53 | 1.90£0.90 | 2.84+ 1.29 193+ 0.76 | 1.77+0.97
0.0750 5.23+ 2.95 1.884 1.17 | 2.544 1.08 | 4.50% 1.34 | 2.2240.77 | 3.33+ 1.13 271+ 0.68 | 1.784+0.83
0.1250 7.06+ 2.82 | 3.524£1.06 | 5414 1.07 | 0.41+0.77 | 4.04+0.72 | 4.42+ 1.02 3.92%+ 0.63 | 2.424+0.69
0.1750 498+ 2.49 [ 3156096 | 4.2940.92 | 4.04+1.02 | 5.00+£0.72 | 3.59+ 0.89 3.44% 0.55 | 2.50%0.62
0.2250 j| 11.58+ 3.51 | 7.59+ 148 | 4.23+1.14 | 3.18+ 1.25 | 6.45+£0.95 | 2.12+ 1.01 4.93+£0.76 | 4.1620.89
0.2750 || 10.60+£4.49 | 4294+ 180 | 7.23£1.69 | 868+ 202 | 7.67£1.25 | 8.64+ 1.78 8.04%+ 1.09 | 9.20+1.43
0.3250 || 12.01£ 5.54 | 19.81£ 2.79 | 12.50% 2.29 | 10.27+ 2.49 | 14.03£1.69 | 6.47+ 2.12 8.67% 1.33 | 10.38£1.78
0.3750 || 14.49+& 7.38 | 20.54+ 3.36 | 13.494+ 2.71 | 13.15%+ 3.09 | 10.91£1.96 | 16.69+ 2.89 | 15.58+ 1.75 | 11.6842.20
0.4250 || 35.52+ 9.34 | 24.85+ 3.99 | 20.334+ 3.32 | 21.754+ 3.73 | 17.61+2.40 | 20.48%+ 3.30 | 18.34+ 2.01 | 18.14%£2.59
0.4750 || 26.57+13.84 | 26.39+ 5.33 | 21.88+ 4.34 | 27.76+ 5.17 | 25.93+3.25 | 20.204+ 4.30 | 18.77+ 2.59 | 27.46+3.42

angular distributions which are then converted into differenfrom 7°#° events in which one of ther”’s decays highly
asymmetrically such that the lower energys either below

tial cross sections.

To determine ther®y cross section, the feed-down back-

2. 7%

the energy threshold of the central calorimeter or out of the

detector geometrical acceptance.

To estimate this background, we simulat®=® events

ground is subtracted from data. The primary contribution isuniformly distributed in cog* and apply the selection algo-

TABLE VII. =%y differential cross sectioda/dcoss* (nb) for 3005 Mel< /s<3613 MeV.

[Ccosf% ][ 3005 MeV | 3050 MeV | 3097 MeV | 3527 MeV | 3556 MeV | 3591 MeV | 3595 MeV | 3613 MeV |
-.6250 3.17£0.87 | 3.2140.68 | 1.18+0.74 | 2.00£0.78 | 2.39+0.65
-5750 3.68£0.64 | 3.34£0.47 | 0.98+0.52 | 1.75£0.55 | 2.40£0.47
~5250 12.07£2.2 | 1.9840.48 | 2.16+0.35 | 1.56£0.41 | 0.61£0.39 | 1.3940.35
~4750 || 7.33+4.15 | 10.94%6.26 | 10.31% 1.69 | 1.83+0.40 | 1.44%0.27 | 0.22£0.31 | 0.97£0.35 | 1.05+0.30
-4250 || 6.36£3.73 | 5.5624.87 | G649+ 1.37 | 0.80£0.31 | 0.56+0.21 | 0.47+0.28 | 0.50£0.29 | 0.44+0.24
-3750 || 6.27£3.13 | 9.48%4.79 | G6.88% 1.20 | 0.20%0.24 | 0.20+0.17 | 0.42+0.24 | 0.22%0.25 | 0.84+0.25
-3250 || 1.37£2.38 | 2.49%3.35 | 5.82% 0.97 | 0.53+0.25 | 0.39£0.17 | 0.28+£0.23 | 0.50+0.26 | 0.49+0.22
2750 || 3.75%£1.83 | 0.48%3.20 | 2.54% 0.71 | 0.16£0.21 | 0.39%+0.17 | 0.77%0.27 | 0.15+0.24 | 0.6720.24
-2250 || 4.39+1.30 | 3.23%1.86 | 3.13% 0.52 | 0.16£0.21 | 0.54+0.18 | 0.00£0.20 | 0.30£0.25 | 0.09+0.20
1750 || 2.84+0.86 | 1.44%0.97 | 1.02% 035 | 0.60£0.25 | 0.25+0.18 | 0.08%0.23 | 0.27£0.26 | 0.2040.21
Z1250 || 2.33%0.88 | 1.39+1.16 | 1.90* 0.37 | 0.35£0.23 | 0.46%0.18 | 0.35+0.24 | 0.0040.20 | 0.12%0.20
-0750 || 2.17£1.14 | 0.57£149 | 1.56% 0.43 | 0.56£0.25 | 0.05+0.16 | 0.27+40.23 | 0.37£0.24 | 0.22£0.20
-0250 || -0.14£1.10 | 2.06+1.84 | 1.03% 050 | 0.36£0.23 | 0.58%0.18 | 0.00£0.18 | 0.19£0.23 | 0.39%0.20
0.0250 || 2.05£1.29 | 5.07£2.29 | 1.61% 047 | 0.66£0.25 | 0.32£0.16 | 0.04£0.19 | 0.51£0.25 | 0.45:0.20
0.0750 | L1.54%1.04 | 3.53£1.91 | 2.00% 0.45 | 0.39£0.22 | 0.63%0.18 | 0.52+0.24 | 0.03£0.19 | 0.50+0.21
0.1250 || 2.82£0.02 | 0.95+1.02 | 0.73% 0.27 | 0.41£0.22 | 0.44%0.17 | 0.4040.24 | 0.00+0.18 | 0.40£0.20
0.1750 || 2.66+0.82 | 0.39£0.58 | 1.66% 0.33 | 0.53%0.23 | 0.37£0.16 | 0.10£0.20 | 0.41£0.24 | 0.27£0.20
0.2250 || 4.24%1.21 | 2.03£1.54 | 2.95% 0.50 | 1.27+0.28 | 0.41+0.15 | 0.55£0.24 | 0.18%0.20 | 0.530.20
0.2750 || 3.88%1.64 | 4.27£2.39 | 2.78% 0.64 | 0.26+0.19 | 0.63%0.16 | 0.64£0.23 | 0.08+0.19 | 1.00+£0.24
0.3250 || 9.15%2.28 | 9.30%£3.39 | 6.13% 0.85 | 0.59£0.22 | 0.47+0.15 | 0.54%£0.22 | 0.67+0.24 | 0.71£0.21
0.3750 || 7.68+£2.57 | 5.89£3.75 | 6.30% 1.01 | 0.90+0.24 | 0.46+0.16 | 0.87£0.24 | 0.58+0.24 | 0.7740.21
0.4250 || 11.53£3.14 | 14.79+4.57 | 9.32% 1.17 | 1.11£0.28 | 1.13£0.20 | 0.42£0.22 | 0.53£0.23 | 0.89£0.23
0.4750 || 22.07£4.28 | 18.17%5.81 | 1049+ 1.40 | 1.64+0.34 | 1.89£0.26 | 1.11£0.30 | 1.07£0.30 | 0.70:£0.23
0.5250 11.05£2.27 | 2.0520.40 | 1.63£0.27 | 1.71£0.35 | 0.95+0.33 | 1.63%0.31
0.5750 22.04£18.79 | 2.72£0.52 | 2.64£0.37 | 1.82+0.44 | 1.86+0.45 | 1.38+0.36
0.6250 6.53£1.02 | 3.82+0.65 | 2.47%0.72 | 3.21£0.75 | 2.31%0.59




TABLE VIII. =%y differential cross sectiodo/dcoss* (nb) for 3616 MeV< /s<3686 MeV.

["cosd; ][ 3616 MeV [ 3619 MeV

[ 73621 MeV | 3686 MeV

-.6250 || 2.76% 0.62 | 0.62+ 0.86 | 0.004 0.55 | 1.88+£ 0.80
-5750 | 1.85+ 0.44 | 1.01+ 0.64 | 0.00+£ 0.37 | 1.92+ 0.59
-.5250 [ 1.92+ 0.35 | 1.83+ 0.54 | 0.99+ 0.32 | 1.224 0.44
-4750 | 1.594 0.30 | 0.88+ 0.42 | 0.82+ 0.28 | 1.01+ 0.38
-4250 || 047+ 0.22 | 0.05+ 0.31 | 0.00+ 0.18 | 0.42% 0.31
-.3750 || 0.44+£ 0.20 | 0.55+ 0.35 | 0.20% 0.20 | 0.37+ 0.30
-.3250 || 0.704+ 0.22 | 0.62+ 0.34 | 0.19£ 0.20 | 0.234+ 0.29
-.2750 || 0.00+ 0.18 | 0.58+ 0.33 | 0.22%+ 0.20 | 0.68+ 0.34
-.2250 [ 0.43+ 0.22 | 0.00& 0.25 | 0.31+ 0.21 | 0.024+ 0.27
-.1750 [} 0.59+ 0.22 | 0.33£ 0.32 | 0.20+£ 0.19 | 0.12+ 0.28
-.1250 i 0.34+ 0.19 | 0.59+£ 0.33 | 0.00£ 0.17 | 0.154- 0.26
-.0750 || 0.45+ 0.20 | 0.00+ 0.24 | 0.07£ 0.18 | 0.42+ 0.28
-.0250 [ 0.51+ 0.20 | 0.29+ 0.28 | 0.10+ 0.17 | 0.19+ 0.24
0.0250 §| 0.20£ 0.17 | 0.05% 0.24 | 0.00%+ 0.15 | 0.004 0.19
0.0750 || 0.50+ 0.20 |-0.32+ 0.28 | 0.09% 0.17 | 0.02% 0.22
0.1250 || 0.54+ 0.19 | 0.64£ 0.31 | 0.22%£ 0.17 | 0.27£ 0.25
0.1750 || 0.784+ 0.22 | 0.00% 0.19 | 0.144 0.17 | 0.47% 0.30
0.2250 || 0.26+ 0.18 | 0.81+ 0.32 | 0.62+ 0.21 | 0.33£ 0.27
0.2750 || 0.584+ 0.20 | 0.124+ 0.24 | 0.03%£ 0.16 | 0.69+% 0.31
0.3250 || 0.74+ 0.20 | 0.584+ 0.29 | 0.424 0.18 | 0.47£ 0.27
0.3750 || 0.62+ 0.19 | 0.00+ 0.20 | 0.634 0.20 | 0.44+£ 0.27
0.4250 || 0.924+ 0.22 | 0.77+ 0.32 | 0.284 0.18 | 0.85+ 0.31
0.4750 || 1.20£ 0.24 | 1.16£ 0.38 | 0.57%£ 0.21 | 0.534 0.28
0.5250 || 1.184+ 0.28 | 1.674 0.45 | 1.024£ 0.27 | 1.53+ 0.41
0.5750 || 2.45+£ 0.38 | 1.80+ 0.56 | 1.12£ 0.34 | 1.22+ 0.46
0.6250 || 2.66+ 0.57 | 2.51+ 0.84 | 1.294 0.51 | 2.04+ 0.72

TABLE IX. yy candidates differential cross sectida/dcoss* (nb).

[ cosf* || 2911 MeV | 2950 MeV | 2975 MeV [ 2979 MeV ] 2981 MeV [ 2985 MeV [ 2990 MeV | 2994 MeV | 3005 MeV | 3050 MeV |

0.0250 | 0.00F5 06 | 0.1670%5 [ 0407077 | 0407057 | 042707 T 0.507050 T 0.867037 [ 045705 T 0.207027 [ 0.3070%%
0.0750 || 0.60F5535 | 04770358 [ 0.08%007 | 1017050 | 0857058 | 0.17F03) | 0.66755% | 0567037 | 0.40757%% | 0.00703%
0.1250 || 0.00%5 70 | 0.47705% [ 0.48%0% | 0.207015 | 0.42707% | 0507050 | 0.607527 | 0.78¥33 1 0.33702 [ 0.0075 23
0.1750 || 0.607535 | 0.79795% [ 0.48%070 | 0.205010 | 0937058 | 0.50%05% | 0.737535 | 0567537 | 0.33752% | 0.3070%
0.2250 || 0.00F7 s | 0.7970%% | 0.72%057 | 0407058 | 0.7670% | 0.3470% | 0.33707% | 0.677030 | 0.46752% | 0.00705%
0.2750 || 0.60%g 3% | 1.4277% | 1.28%050 | 1.01F0%5 [ 0767030 | 1.3470%0 | 0797030 | 056753, | 0.93792 | 0.30705Y
0.3250 || 4767737 | 2.057027 | 144307 | 1615077 | 201700 | 2.00F07E | rd693] | 2170 % | 1.86703: | 0.8975%8
0.3750 || 1797075 | 3.16707% | 248700 | 282797 | 2287001 | 1.8470 7 | 2.387040 | 2.007%:37 | 2.067537 | 0.89F0%
cosf* [ 3097 MeV | 3527 MeV | 3556 MeV | 3591 MeV | 3595 MeV | 3613 MeV | 3616 MeV | 3619 MeV | 3621 MeV | 3636 MeV
0.0250 || 0.17F517 | 0.057007 [ 0.04%0-05 | 0.005000 | 0.007000 [ 0.03F007 T 0.007598 | 0.00T0%% T 0.005555 1 0.04750
0.0750 || 0.12750% [ 0.047007 | 0.037005 | 0.007997 | 0.097053 | 0.03%00s | 0.06700% | 0.07738¢ 1 0.0075% [ 0.047009
0.1250 || 0.06Tg¢: [ 0.03%001 | 0.077003 | 0.127007 | 0.057007 [ 0.00300 | 0.03F007 | 0.00F553 | 0.067055 | 0.007557
0.1750 || 0.12F0¢% [ 0.057001 [ 0.18%0:02 | 0.002007 | 0.09700% | 0.005005 | 0.005508 | 0.1470%% | 0.03F557 T 0.00750
0.2250 || 0.1770 17 | 0.047000 [ 0127000 | 0.007007 1 0.005005 | 0.00T00% 1 0.097557 | 0.00F01% | 0.03¥007 | 0.0470%
0.2750 || 0.647925 | 0.057001 | 0.07F00; | 0.005000 | 0.00F000 1 0.00%50 | 0.03T507 | 0.00T58 | 0.06705F | 0.0475:%9
0.3250 || 0.70Z027 | 0.052007 | 0.06%007 | 0.047007 [ 0.05700% | 0.00500 | 0.06750:5% | 0.0073%5 | 0.03F507 | 0.04701!
0.3750 || 0647525 | 0.06T000 | 010700 | 0.005007 | 0.05700%7 1 0.00%0% | 0.0075:55 1 0.07¥0 18 T 0167020 | 0.087007
0.4250 || 1.2270°27 [ 0.09%001 | 0127000 | 0047007 | 0.05700% | 0.00700 | 0.03T557 1 0.00502% | 0.06700: | 0.00F207
04750 [ 1977037 1 0215002 | 0167000 | 0.047007 1 0.0570 1 1 0.00700: | 0.03F007 | 0.00708 1 0.0670% | 0,040
0.5250 0.22300; | 0.21fp0e | 06T 5d | 0277007 | 0.13F000 | 0.067007 | 0.217930 1 0.2270 10 1 0.087011
0.5750 0.457005 | 04330038 | 0.2070 10 | 0327018 1 0167008 | 0.377515 | 021732 | 0.22F5 11 ] 0.08F 10
0.6250 087700 1 0.86X011 | 0787078 [ 0.327015 | 0487013 | 0.5570 1% 1 0347020 | 0447012 1 0.6970 1%




TABLE X. Feed-down toyy differential cross sectioda/dcos#* (nb) from #%#° and 7%y.

[[cos6* ] 2911 MeV [ 2950 MeV [ 2975 MeV | 2970 MeV | 2981 MeV [ 2985 MeV | 2990 MeV | 2994 MeV | 3005 MeV [ 3050 MeV |
0.0250 || 0.83 £ 0.16 | 0.45 & 0.06 | 0.26 + 0.05 [ 0.35 + 0.06 [ 0.28 £ 0.04 | 0.33 & 0.05 [ 0.24 + 0.03 ] 0.25 + 0.04 [ 0.16 & 0.05 | 0.27 + 0.09
0.0750 || 0.37 £0.12 | 0.28 £ 0.05 | 0.17 +0.04 | 0.24 + 0.05 [ 0.22 £ 0.03 | 0.24 + 0.05 | 0.23 + 0.03 | 0.15 + 0.03 [ 0.18 £ 0.05 | 0.16 + 0.07
0.1250 || 0.40 £ 0.12 { 0.33 £ 0.05 | 0.30 + 0.04 [ 0.13 £ 0.04 | 0.22 £ 0.03 | 0.27 £ 0.04 | 0.21 £ 0.02 | 0.18 + 0.03 | 0.19 £ 0.04 | 0.08 & 0.05
0.1750 || 0.49 + 0.13 | 0.38 & 0.05 | 0.30 +0.04 | 0.27 £ 0.04 { 0.32 4 0.03 | 0.24 + 0.04 | 0.24 £+ 0.02 | 0.22 + 0.03 | 0.19 + 0.04 | 0.06 + 0.03
0.2250 || 1.13 £ 0.19 | 0.78 & 0.08 | 0.43 + 0.06 | 0.34 + 0.06 | 0.49 + 0.04 | 0.30 + 0.05 | 0.44 £ 0.04 | 0.40 + 0.05 | 0.36 £ 0.06 | 0.21 + 0.08
0.2750 || 1.67 £ 0.27 [ 0.98 £ 0.10 | 0.92 £ 0.09 | 0.95 & 0.1L [ 0.89 £ 0.07 [ 0.81 & 0.09 | 0.86 + 0.06 | 0.79 & 0.07 | 0.51 £ 0.09 | 0.59 + 0.13
0.3250 || 253 £ 0.37 { 1.94 £ 0.16 | 1.70 £ 0.13 | 1.44 £ 0.15 | 1.73 & 0.10 [ 1.05 £ 0.12 | 1.47 £ 0.03 | 1.41 £ 0.10 | 0.90 £ 0.12 | 0.71 & 0.17
0.3750 || 4.77 £ 0.53 | 2.96 £ 0.21 | 2.20 & 0.17 [ 2.1 + 0.20 | 2.00 & 0.13 | 2.39 4 0.18 [ 2.31 £ 0.11 | 2.04 + 0.14 | 1.41 + 0.16 | 1.09 + 0.24
0.4250 || 6.47 £ 0.67 | 4.18 £ 0.27 | 3.31 £ 0.22 | 3.65 + 0.26 | 3.27 £ 0.17 | 3.16 £ 0.22 | 2.73 £ 0.13 | 2.81 + 0.17 | 1.97 £ 0.21 | 1.46 + 0.28
0.4750 || 6.19 £ 0.91 | 5.13 £ 0.35 | 3.74 £ 0.28 [ 4.19 £ 0.34 | 3.96 £ 0.21 | 3.65 & 0.29 | 3.45 + 0.17 | 3.71 + 0.23 | 2.97 + 0.28 | 2.55 + 0.39
0.5250 4.97 £ 1.36 | 5.04 & 0.81 [ 2.81 + 0.85 | 4.28 + 0.56 | 5.34 + 0.75 [ 2.06 + 0.72 | 498 + 0.53 | 3.75 4+ 0.64 | 2.98 + 0.65

cosg* 3097 MeV | 3527 MeV | 3556 MeV | 3591 MeV | 3595 MeV | 3613 MeV | 3616 MeV | 3619 MeV | 3621 MeV | 3686 MeV
0.0250 |} 0.14 £ 0.02 | 0.04 £ 0.01 | 0.03 £ 0.01 | 0.01 £0.01 | 0.03 £ 0.01 | 0.03 4+ 0.01 | 0.03 £ 0.01 | 0.02 &£ 0.01 | 0.01 £ 0.01 | 0.01 £+ 0.01
0.0750 || 0.13 £ 0.02 | 0.04 £ 0.01 | 0.03 £0.01 | 0.03 £0.01 | 0.024+ 001 | 0.03 £ 0.01 | 0.03 &£ 0.01 } 0.02 4+ 0.01 | 0.01 £ 0.01 | 0.02 £ 0.01
0.1250 || 0.09 £ 0.01 | 0.03 £0.01 | 0.04 £0.01 | 0.03 £ 0.01 | 0.01 £0.01 | 0.02 £ 0.01 | 0.03 £ 0.01 | 0.04 & 0.01 | 0.01 & 0.01 | 0.02 £ 0.01
0.1750 [{ 0.11 £ 0.01 | 0.04 £ 0.01 | 0.03 £0.01 | 0.02 £ 0.01 | 0.03 £ 0.01 | 0.02 £ 0.01 | 0.05 £ 0.01 | 0.02 4 0.01 | 0.02 = 0.01 | 0.03 £ 0.01
0.2250 || 0.22 £ 0.02 | 0.05 + 0.01 | 0.04 £ 0.01 | 0.03 £ 0.01 | 0.02 &£ 0.01 | 0.03 £ 0.01 | 0.03 £ 0.01 | 0.03 £ 0.0 | 0.03 £ 0.01 | 0.03 £ 0.01
0.2750 || 0.29 £ 0.03 | 0.02 £ 0.01 | 0.04 £ 0.01 | 0.05 £ 0.01 { 0.02 £ 0.01 | 0.06 £ 0.01 | 0.03 £ 0.01 | 0.03 &= 0.01 | 0.02 £+ 0.01 | 0.05 £ 0.01
0.3250 || 0.64 £ 0.05 | 0.05 + 0.01 | 0.04 £ 0.01 j 0.04 £ 0.01 | 0.04 £+ 0.01 | 0.05 £ 0.01 | 0.05 £ 0.01 | 0.05 £ 0.01 | 0.03 £ 0.01 | 0.03 + 0.01
0.3750 || 0.85 £ 0.06 | 0.05 £ 0.01 | 0.04 £ 0.01 | 0.05 £ 0.61 | 0.04 £ 0.01 | 0.06 £ 0.01 | 0.04 + 0.01 | 0.03 £ 0.01 | 0.04 £ 0.01 | 0.04 + 0.01
0.4250 |{ 1.14 £ 0.08 | 0.09 £ 0.01 | 0.08 £ 0.01 | 0.05 £ 0.01 | 0.05 £ 0.01 | 0.06 + 0.01 | 0.06 & 0.01 | 0.04 & 0.01 | 0.03 £ (.01 { 0.05 £ 0.01
0.4750 || 1.62 £ 0.10 | 0.18 £ 0.02 | 0.15 £0.01 | 0.08 £ 0.01 | 0.10 £ 0.02 | 0.09 £ 0.01 | 0.12 &+ 0.01 | 0.10 £ 0.02 | 0.08 £ 0.01 | 0.07 £ 0.02
0.5250 || 2.36 £ 0.16 | 0.26 £ 0.03 | 0.21 £ 0.02 } 0.18 £ 0.02 | 0.12 £ 0.02 | 0.17 £ 0.02 | 0.18 £0.02 | 0.19 £ 0.03 | 0.13 £ 0.02 | 0.14 + 0.02

0.5750 0.52+0.04 | 041 £0.03 | 024 +£0.03 | 0.31 £0.03 | 0.31 £ 0.03 | 0.31 £ 0.03 | 0.27 £ 0.04 | 0.16 £ 0.02 | 0.25 + 0.03
0.6250 1.14 4+ 0.07 | 0.71 £ 0.05 | 0.45 4 0.06 | 0.70 £ 0.06 | 0.67 £ 0.05 | 0.59 £ 0.05 | 0.54 &£ 0.07 | 0.32 = 0.04 | 0.57 £ 0.06
0.6750 2.66+£047 | 248 £0.28 | 1.92£0.24 | 274 £0.24 | 2.36 £ 0.19 | 1.99 £ 0.15 | 2.06 £ 0.23 | 1.05 £ 0.14 | 2.19 + 0.16

rithm for 7%y. The probability form°7° to be selected as by the probability for misidentification ag®y. This back-
%y is given in Fig. 7b) for {s=2.990 GeV as a function of ground is subtracted from the®y candidates in angular in-
0*; , where 0’; refers to the c.m. angle of thg Because of tervals of sizeAcos#* =0.025 to give ther®y signal with
the Lorentz boost, the forward going® has the greater en- statistical errors shown in Fig.(d). The data are corrected
ergy and the opening angle for the pair is smaller than for  with the combined efficiency for%y, given in Fig. Te), and
the backward goingr®. The backwardr® is more likely to  divided by integrated luminosity to obtain the differential
lose ay out the back of the detector or below threshold andcross section, Fig. (7).

be reconstructed as a singkeas seen in Fig.(B). To obtain The 7%y cross-section determination is sensitive to the
the background tar®y [dotted line in Fig. 7c)], the mea- Monte Carlo determination of the misidentification probabil-
suredx’#° cross section, plotted for cé between—0.5to  ity. We observe that, while the®y candidate angular distri-
0.5 as if ther”’s were not identical, Fig. (&), is multiplied  bution is strongly peaked backward, the€’y differential

TABLE XI. %7 differential cross sectioda/dcos#* (nb) for 2911 Me\< Js5<2990 MeV.

[[cosoz | 2950 MeV [ 2975 MeV | 2979 MeV [ 2981 MeV | 2985 MeV 2990 MeV |
475 || 730.04£31.74 | 541.67£16.93 | 571.02+27.41 | 511.62£15.91 | 522.18+22.64 | 539.90+16.28
~425 || 388.63£106.77 | 307.20% 0.01 | 334.72416.91 | 284.20 9.44 | 245.24+19.32 | 209 40& 9.60
7375 || 223.07£11.49 | 148.31£ 6.21 | 186.5511.19 | 156.38% 6.38 | 15242+ 8.79 | 158.67+ 6.61
7335 || 168.10€ 0.55 | 110.40£ 5.19 | 107.46+ 8.44 | 100.94% 5.02 | 0943+ 6.86 | 108.62% 5.27
[[cost; ]| 2911 MeV | -275 || 178.03% 9.73 | 125.03£ 5.61 | 132.57 9.40 | 130.98% 5.70 | 117.69% 7.76 | 114.23F 5.37
450 || 888.33£53.47 || —.225 || 201.10£10.47 | 163.07+ 6.48 | 132.98+ 9.27 | 159.60+ 6.37 | 142.51+ 8.27 | 153.74% 6.31
7350 || 364.91+23.03 || —175 || 244.69-11.41 | 196.40+F 7.22 | 176.72L10.68 | 186,47+ 6.04 | 185.20% 9.77 | 178.28% 6.67
Z250 || 262.13%18.77 || -.125 || 260.33£12.12 | 216.11E 7.67 | 229.61£12.82 | 229.26+ 7.85 | 205.56+10.63 | 204.16% 7.39
T150 || 323.37421.61 || -.075 || 274.07£12.52 | 224.68% 7.75 | 202.52€11.73 | 225.75% 7.84 | 207.08£10.39 | 200.25= 7.35
7050 || 330.18%21.96 || —.025 || 290.65+13.14 | 225.83% 7.05 | 241.82+13.17 | 22801+ 7.91 | 233.18£11.31 | 219.12+ 7.80
0.050 || 300.48+21.52 || 0.025 | 263.27+12.34 | 227.88% 7.92 | 232.10+12.86 | 238.78< 8.00 | 226 21£10.90 | 223.73% 7.94
0.150 || 254.71£20.26 || 0.075 || 251.74£12.31 | 238.33% 8.42 | 247.84+13.64 | 242.72+ 8.41 | 214.13£11.00 | 923.68% 8.02
0.250 || 199.68£17.86 || 0.125 | 260.76£12.82 | 223.65% 8.12 | 208.10£12.35 | 19949+ 7.43 | 186.98£10.95 | 107.73< 7.55
0.350 || 246.02£22.84 || 0.175 || 233.82£12.14 | 195.10+ 7.64 | 192.75£12.07 | 180.31% 7.25 | 182.93510.56 | 183.72% 7.46
0.450 || 750.50£63.80 || 0.225 || 220.66+12.11 | 168.40% 7.37 | 130.37 0.83 | 15457+ 6.77 | 150.36% 9.53 | 144.71% 6.72
0.275 || 157.05£10.45 | 107.12% 5.69 | 192.81 9.80 | 114.50% 6.04 | 114.52+ 8.24 | 107.09% 5.89
0.325 || 150.24+10.81 | 10047+ 5.65 | 129.00£10.50 | 107.88% 5.99 | 106.52+ 8.56 | 102.82t 6.01
0.375 || 214191441 | 173.87+ 8.68 | 147.55512.21 | 146.95% 7.60 | 152.05£11.09 | 152.65% 8.17
0.425 || 376.64£22.75 | 266.88£12.08 | 345.02+22.90 | 263.46112.18 | 247.17+16.06 | 282.95£12.97
0.475 || 646.67£38.04 | 463.07£20.13 | 565.58+36.28 | 559.55-23.40 | 548.61£31.83 | 520.04L22.00




TABLE Xll. 7% differential cross sectioda/dcosf* (nb) for 2994 Me\< JS<4274 MeV.

[ cosfz [ 3617 MeV ]

[(cos@? 2994 MeV | 3005 MeV [ 3097 MeV | 3526 MeV |
-625 | 60.60+2.01
~525 1 716.65+53.57 | 534.29+£51.17 | 389.29+ 14.17 | 28.31% 0.82 — 23801101
-475 || 432.96£16.55 | 395.36£20.87 | 231.15% 7.63 | 10.13% 0.46 _'525 7'1&0‘49
-A425 || 264.06%10.71 | 253.56£14.07 | 109.47 4.72 | 12.49% 0.52 “i 4442ﬂ:0.36
-375 || 13828+ 7.26 | 114.40+ 8.60 | 51.52+ 3.03 | 14.31% 0.55 o 4'97i0'41
-325 || 79.99% 529 | 84.04f 7.34 | 3838+t 265 | 14.07 0.54 [cost™ [ 3502 Mev ] _'375 E 9010 (oo ANV |
-275 || 93.394 560 | 8856+7.28 | 5190+ 305 [ 12.29% 0.50 |rirormrns _'325 5'6%0 e 1 W‘;g
-225 || 12824 6.67 | 107.60+ 7.87 | 73.64% 361 [ 10.61E 048 1 —m o —o0n 1210 --550 1‘1618:29
-175 || 170.49+ 7.71 | 161.27£10.06 | 388.08+ 4.10 6,734 038 |—rr Sotoa | o 3:4%0:34 -450 0'9918%%
-125 || 19851+ 8.62 | 155.87+£10.00 | 82.78+ 3.95 4.41+ 0.30 _‘350 5'2%0'42 _'175 5 I3006.96 --350 O'SQJSE?
~075 || 205.47% 8.88 | 158.82£10.27 | 88.51+ 4.18 345% 0.26 |—oo0 TeEToa0 195 1835092 -.250 0‘39~31§g
~.025 || 198.16+ 8.67 | 182.44+£11.00 | 94.98+ 4.30 2.64% 0.23 |15 TE3t052 | —o7F e R 0.0075-3%
0.025 || 187.67% 8.38 | 188.63+£11.70 | 94.39+ 4.36 261 0.22 J—+0 1'72i0 5oz TEET003 050 0.2070-47
0.075 || 195.16+ 8.65 | 196.65+11.88 | 86.45+ 4.10 3.57+ 0.27 0'050 1'8&054 0‘025 TE15021 12050 0.407037
0.125 || 184.32:£ 8.58 | 161.45+10.49 | 97.224 4.47 552+ 0.33 0:150 2'23i0 5= 0'075 1'50i0'20 0.150 || 0.00753%
0.175 || 161.35+ 8.06 | 168.55+£11.26 | 91.33+ 4.32 7.03% 0.38 |moen S 01037 1015 1'57i0:22 0.250 || 0.1970%
0.225 || 126.68+ 7.17 | 117.31+ 9.25 | 76.82% 4.11 9.63+ 0.45 |oes TR 5 05001 10350 || 017+ o0
0.275 {| 88.23% 6.00 | 103.98+ 9.23 | 54.50% 3.41 | 12.63+ 0.53 - - : . - - 0.450 || 1.00735%
0325 || 79.24% 583 | 6454% 6.9 | 39.77L 3.00 | 14012 055 |loao0 5‘8?i0‘51 0.225 3‘32i0'33 0550 T 0.90F0-01
: ~ : ks - 170550 [ 19.2241.03 || 0.275 3.72+0.34 ~0.39
0.375 127.18+ 8.54 | 113.174£10.37 48.00+ 3.50 13.67% 0.57 0.650 T 11020£4.49 || 0.325 404042 0.650 0~39t8:§g
0.425 || 224.68+12.82 | 218.68116.67 | 108.53+ 5.92 | 11.45% 0.52 - 537 =59 Toa
0.475 || 425.16£22.07 | 409.81+£28.48 | 222.83+& 10.15 | 12.81% 0.58 0' 105 5'10 i:O‘ -
0.525 || 802.27+47.77 | 696.90+53.93 | 410.95% 17.44 | 27.97% 0.92 0' TE 4'88 :}:0‘ -
0.575 703.08+ 43.19 | 86.77+ 1.97 : : :
0.525 8.34£0.59
0.625 200.01% 3.91
0.675 402.65£11.82 0.575 || 2380+1.12
: 0.625 || 59.19+2.23
TABLE XIIl. 77 differential cross sectiodo/dcosd* (nby).
[(cost” 2950 MeV | 2975 MeV | 2979 MeV_ [ 2981 MeV [ 2085 MeV_ | 2990 MeV |
0.025 || 193.12+ 18.01 | 158.74+11.31 | 182.41% 19.44 | 147.10£10.93 | 167.80% 16.78 | 124.97* 9.50
0.075 || 230.23+ 19.96 | 176.09+12.04 | 193.42% 20.28 | 163.81+11.55 | 161.01% 16.61 | 151.64+10.75
[[cos6* | 2911 MeV  |70125 || 246.47% 20.76 | 196.39£12.92 | 177.14% 19.21 | 180.71412.91 | 170.08+ 17.01 | 155.45+10.65
0.050 || 287.44+ 36.21 || 0.175 || 282.37+ 22.54 | 220.93+13.95 | 170.62+ 19.08 | 160.57x11.56 | 187.62+% 17.81 | 153.74+10.84
0.150 || 428.42+ 44.67 || 0.225 || 283.60+ 23.31 | 219.63+14.33 | 22078+ 23.21 | 171.87+:12.15 | 169.69% 17.32 | 154.19+11.31
0.250 || 439.82+ 48.28 || 0.275 || 290.78% 24.66 | 218.71£14.85 | 202.50+ 22.36 | 188.12+13.37 | 154.57+ 16.77 | 162.88+11.88
0.350 || 589.90+ 66.37 || 0.325 || 376.97+ 30.18 | 283.18+17.95 | 24842+ 26.19 | 237.50+16.00 | 231.27+ 22.05 | 220.53£15.18
0.450 || 1203.85+136.31 || 0.375 || 485.65+ 37.25 | 345.30+21.80 | 391.53+ 36.20 | 368.88%21.97 | 391.62+ 32.63 | 335.00+20.39
0.425 || 600.43+ 47.62 | 618.08+32.99 | 525.96+ 48.01 | 640.66+33.17 | 600.45% 45.65 | 558.20+30.54
0.475 || 905.62+ 76.00 | 818.67+47.34 | 872.67+ 76.54 | 876.45+47.60 | 821.20+% 64.32 | 854.50+45.42
0.525 || 1393.89£157.83 | 936.16%£76.44 | 1200.294135.91 | 1126.67+£83.06 | 1163.81£117.56 | 1016.55+72.80
cos0* 2994 MeV 3005 MeV | 3097 MeV 3526 MeV ] [[cosd™ ]| 3617 MeV
0.025 || 140.00£12.47 | 135.82+ 16.23 | 42.30+ 4.64 6.58% 0.57 0.025 || 4.25+0.57
0.075 || 139.74+£12.50 | 113.17+ 14.99 | 39.79+ 4.59 9.06+ 0.68 0.075 || 3.65+0.52
0.125 || 149.47£12.91 | 0849+ 14.07 | 46.39% 4.94 | 12.26% 0.79 [cosé™ || 3502 MeV ] 0.125 || 3.86%0.53
0.175 || 159.55413.53 | 14879+ 1778 | {118+ 4.63 | 13024 0.82 |=sr oo 1010 [ 4564059 S i
0225 || 133.47£12.73 | 13836+ 17.43 | 37.99+ 454 | 1260+ 081 |lgrerN—¢ 3510 o7 || 0225 | 4.93%0.63 [ cosg” ][ 4274 MeV |
0.275 [ 128.63+12.99 | 12440+ 17.25 | 4337+5.08 | 11.10£0.76 |r--5er 5185067 11L0-275 || 4794063 || 0.100 0.3470%5
0.325 || 210.86417.76 | 203.51: 2319 | 7742+ 7.25 | 11334 0.80 |l-wmri—oomraq[ 0.325 || 4.700.64 | 0.300 || 0.18¥012
0.375 |l 289.224+22.38 | 299.89% 30.77 | 191.65+12.40 | 1319+ 0.89 J-rri—oTooa 5011 0.375 || 4.87:0.68 || 0.500 || 1.03%0 4
0.425 || 507.61+34.07 | 508314 46.40 | 304.63+£17.08 | 2082+ 118 |remr——emsmr[0.425 || GAT£0.81 |[0.700 3.68755
0.475 || 767.85451.30 | 808.864 71.49 | 484.60£25.33 | 38.74% 1.75 0650 6 31ce sy | 0-475 || T1.35£1.13
0.525 || 961.70+85.34 | 1176.03£124.66 | 602.26+£36.72 | 69.45+ 2.62 : - - 0.525 || 20.16+1.67
0.575 961.94+84.37 | 115.25+ 4.02 0.575 || 37.45+£2.66
0.625 197.53+ 7.15 0.625 || 76.24£5.03
0.675 328.57+19.20 0.675 || 88.80£9.31
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cross section is consistent with forward-backward symmetrfeed-down background are given in Figl)7in angular in-

as required by charge conjugation invariance. Figui@ 7 tervals of sizeAcos* =0.05. The difference between the

gives the ratio of the differential cross section for positivecandidate and feed-down cross sections is attributed to the

cosy* to that for negative ca®, which illustrates this point. vy final state. We see a clear signal at 2.990 and 2.994 GeV
due to theyy decay of they,. [17] and at 3.556 GeV due to

3. yy the yy decay of they, [31].

Backgrounds to theyy channel are discussed in detail in
Ref.[17]. A method similar to ther®y analysis is used to
calculate the feed-down tey from 7%y and #°#°. The We estimate the background tpr® from the 7%
probabilities for an®y or 7°7° event to be selected asyyy  w°#°%, 7°n%, and nw channels by simulation in analogy
event are estimated by simulation. The resulting distributiongo the #°#° analysis. We use our measured cross sections
are fit to polynomials, Figs. (#) and 7i). The measured [29,3Q and extrapolate angular distributions where the data
differential cross sections far’y [Fig. 7(f)] and7°#° [Fig.  is unavailable. The simulated background accounts for ap-
7(a)] are multiplied, respectively, by the misidentification proximately one-third of the observed background as shown
probabilities to yield backgrounds tgy. The backgrounds in Fig. 8. Much of the remaining background is expected to
from 7%y and 7°#° feed-down are approximately equal, be combinatoric, for which the wrongs are paired. Using a
Figs. 7j) and 7k). The cross sections fory candidates and method similar to that based on th&inematicdistributions

4. pw® and yy
0770,
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for the 7°#° data, at eactE,,, for angular intervals of uncertainty are uncorrelated, we recombine them in quadra-

Acos#* =0.05 orAcos?* =0.1, depending upon the number tUre to obtain a total systematic uncertainty of 6%.
, o e imi i 0 ;
of events, we fit thél (unconstrainedy mass distribution A similar computation for thenz~ and 77 systematic
to a Gaussian signal plus constant background and subtragfcertainties includes larger uncertainties in trigger efficien-

background events. The background level is 4—10 % at affies resulting in a 7% total. The systematic uncertainty for
energies. vy is increased by the use of a CCAL cluster energy thresh-

The background tayy from %77 is studied by simula- ©ld of 20 MeV, to which the feed-down background is sen-
tion and found to be negligible. The background as observeditive: This threshold has an uncertainty of about 5 MeV. We

in the M distribution is fit and subtracted just as for the Simulate the effect foa 5 MeV increase and find thagy
»m° channel. cross sections decrease by approximately 12%.

J. Systematic uncertainty IV. RESULTS

The overall systematic uncertainty in the differential cross N Figs. 11-15, we plot the differential cross sections
sections includes estimated uncertainties in the followingdo/dcosg” for the channels studied in the center-of-mass
luminosity measurement, 49a1]; trigger efficiencies, due to €nergy range 2.9 ./s<4.274 GeV. For theyy channel,
uncertainty in the energy and rate dependence of random hitée give the differential cross sections for the candidate
in H1, FCH, and FCAL, 1%; filter efficiency, due to uncer- events and for the simulated feed-down background. These
tainty in identification of out-of-time clusters, 3%; CCAL results are tabulated in Tables IlI-XIIl. In Fig. 13, in the
energy threshold, see below, 1%; accuracy of the Mont&€990 and 2994 MeV plots, we clearly observe an excess
Carlo simulation in modeling kinematic distributions, lead- cross section for c@& <0.3 due to theyy decay of thez,
ing to errors in efficiencies and in background estimation (see Ref[17] for detail9, and in the 3556 MeV plot, due to
see below, 3%. the yy decay of they, (see Ref[31] for detaily. At other

We study the effects of changing thekinematicsand  energies, the simulated background consistently accounts for
acoplanaritycuts and CCAL cluster energy threshold on thethe data, and we therefore obtain an upper limit for con-
7070 and ° differential cross sections at 2.990 and 3.591tinuum annihilation toyy, discussed in Ref17].

GeV. For7%7° at 2.990 GeV, Fig. 9 shows the effects of  The differential cross sections for these reactions have
separately varying thekinematicsand acoplanarity cuts distinctive features. For®#° annihilations with 2.91% \/g
from 0.01 to 0.025 and 0.02 to 0.04, respectively. The aver=3.097 GeV do/dcoss* falls with increasingd* to a mini-

age differential cross section changes by 3% or less. Figur@um at co$=0.16, rising to a secondary maximum at
10 shows the effect of changing the CCAL threshold from 50cos#* =0. The cross section at small edsdecreases rapidly

to 100 MeV. The average differential cross section changewith \s, increasing the depth of the minimum. For 3.524
by less than 1%. Since the components of the systematie\s<3.686 GeV, do/dcos#* is nearly constant for



cos#*<0.4 and decreases more slowly witfs. No deep Where we factor out the best & " dependence. While the
minimum is observed. The forward-backward symmetricalscaled differential cross sections are not energy independent,
angular distribution forr®y annihilations falls with increas- Wwe cannot clearly identify the predicted oscillations. How-
ing & to a deep and broad minimum at ¢e<0.0 and is €Vver, the world’s data spans little more than one cycle of the
approximately energy independent. The forward-backwar@xpected oscillationNj,s~1). Further discussion of models
symmetrical angular distribution fopz° annihilations falls ~ for the large angle differential cross section is found in Ref.
to a minimum at cog* ~0.3, rising to a secondary maximum [32].

at cog* =0.0. For/s>3.526 GeV, a first minimum is ob-  Significant departures fromm™" dependence of the large
served at co# =0.45, the secondary maximum is at s angle differential cross section may be expected in our en-
—0.35, and an additional minimum appears at@es0.0. €'y regime, due to interferences, the possible appearance of
do/d cosg* for 77 falls to a deep broad minimum and is esonances, and our relatively sneiindt. We observe that
nearly uniform for cog*<0.4 with qualitatively little energy ~the dimensional-counting predictions hold better for reac-
dependence of the angular distribution. tions containing pions ang's than for those containing's.

The dynamics of these reactions thus differ substantiallyAS may be expected from the asymptotic assumptions of that
For 7°79 the growth of a deep minimum in the large angle Model, the modest andt are less critical for reactions with
cross section for/s<3.097 GeV suggests a diffractive ef- lighter final state hadrons. Data_ at higher energies would be
fect. For 7° we observe the apparent onset of additiona/v@luable to further explore this trend. Unfortunately the

partial wave amplitude) as we pass from our lows to reach of the Fermilab Antiproton Accumulator is limited to
higher /s regime. Vs=4.3 GeV.

In Fig. 16, we present the differential cross sections,
do/dt at cog* =0, against/s. For each reaction we give the V. CONCLUSIONS
best fit to the formdg/dt=Cs™". Figures 16a) and 160d) We have measured differential cross sections for
include the R704 data and the lower energy da&4.5 pp— 7070, »m°, ny, w°y, andyy at center-of-mass ener-
GeV) of Ref. [6]. The fits to the high statistics’7® data are  gjes in the range 2.9K5<4.274 GeV, in the angular
very poor, x*/df>30, reflecting the departures from the range|cos#*|<0.5—0.6, where the upper value depends on
simples™" dependence discussed in REf5]. The fits are  reaction and energy. The large angle differential cross sec-
mediocre,x?/df>3, for the 77 and 7 channels but quite tions do/dt for the 7% and 7% channels approximately
good,x?/df<1, for them®y channel, where statistical errors fo|jow the s~ dependence predicted by parton models with
are large due to the subtraction of the large background fronthe correct values fon. However, while then=® and 77
the signal. We observe from the figures that, despite poogitferential cross sections showsa" dependence, the pow-
fits, the fitted lines qualitatively describe the energy depengsp are significantly larger than predicted. Our data are too
dence of the data reasonably well. Comparing the fits to thg,, in energy and too sparse to demonstrate the oscillation

Ej??atg(ga&_)ta to the predictions of the rpgde;I% we findpredicted from the interference of short-distance and Land-
s~ "7 for reaction(1) compared to thes™ °(s™ ™) pre-  ghoff amplitudes.

diction of the dimensional countingmodified Landshoff
model. For reactiong2) and (3) we obtain best fits of
s 14101 gnds™ 10702 compared to the predictions of both
models of approximatelg 8. For reaction(4) we measure The authors wish to acknowledge the help of the members
s~ 07 compared to the dimensional scaling prediction ofof the Fermilab Accelerator division. We also wish to thank
s~ ’. We observe that reactiori$) and(4) are in fair agree- the staff, engineers, and technicians at our respective institu-
ment with the power-law predictions while for reactiof®s  tions for their help and cooperation. This research was sup-
and (3), those containingys, the differential cross sections ported by the U. S. Department of Energy, the U. S. National
fall much faster withs than predicted. Science Foundation, and the Istituto Nazionale di Fisica
In Fig. 17, we gives"do/dt at cog* =0 against Irs  Nucleare of Italy.
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