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1. lNTINIDUCI’JON AND OUI’LINE 
i 

At the 1974 PEP Summer Study (l), one of the projects was to explore the possi- 

. buities and limitations of detectors optimized to measure photons produced in 

high energy e+e- collisions. It was realized that a device which had high detec- 

tion efficiency over a large solid angle and which could me&ire the energy of 

photons in the region above a few tens of MeVwith high precision (in the range of 

a few percent) would provide a unique capability offered by no e~+,ing 

apparatus. Thus it could possibly yield important and otherwise unattainable 

information about these fundamental interactions. Furthermore, if it also meas- 

ured the directions of both photons and charged particles well enough, even a 

non-magnetic version of such a device would be able to compete with the large 

general-purpose magnetic spectrometers then in existence in the reconstruc- 

tion of certain simple, few-particle fInal states. And finally, a device designed to 

absorb all the electromagnetic energy in an event wouid in fact quickly and 

directly measure a large fraction of its total energy. This prompt information 

could form the basis for an admirable trigger having very ditrerent biases from 

. . _ those used by the magnetic spectrometers. Thus such a device would be an 
_ - 

: : interesting complementary tecwque for the investigation of e+e- physics. In 

particular an efficient “all-neutral” trigger would be possible. 

Although the thrust of the summer’s work had been directed toward instru- 

mentation for PEP (an e+e- storage ring at the Stanford Linear Accelerator 

Center allowing beam energies up to about 15 GeV), which was still in the plan- 

ning stages at that time, a keen interest in the idea developed among a group of 

people’ from Caltech, Harvard, Stanford-HEPL and SLAC and this led to serious 

_ work in the fall of 1974 toward producing a formal proposal for the existing lower 

’ A group from Rinceton joined the colla*ti in le7?J... 
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energy storage ring, SPEAR. Discovery of the J/+(3100) and $‘(37nO) in Nov/Dec 

of that year spurred on these efforts, especially as people realized there was the 

likely possibility of a rich gamma ray spectroscopy in the few hundred MeV 

range. Eventually, this work led the group to submit a proposal for a non- 

magnetic, large solid angle detector whose principal component was-a spherical 

shell of Nal(nj with a 10” inner radius and a 26” outer radius. The device was 

quickly dubbed the “Crystal Bali” and it has been universally called that ever 

since. The proposal was approved in spring 1975 and the construction of the 

detector was completed three years later in the spring of 1978. Section 2 

describes the configuration and performance of the detector. 

. 

The B&I was installed at SPEAR in fall 1976 and took data there on e+e- col- 

lisions in the energy region from 3.1 GeV to 7.4 GeV during the 40 months of 

calendar time until December 1981. SPEAR actually supplied beam during about 

half of this time. We spent about five months collecting about 2 10s hadronic 

events at each of the two sS1 states, the J/3(3100) and the $‘(3700). Typical 

luminosities at these energies were 0.5 lOa0 cm-’ set-’ and 1.8 lOso cmB2 set-’ 

. . _ respectively. About one month was spent at the 11/“(3770) collecting 4 l@ 
- - 

: had.r+c events and the rest of the time was spent at energies in the continuum, 
_ -- 

almost all of which were above charm threshold. We obtained a cumulative 

exposure of 24.0 pb-’ in this region. At the highest energy at which we took 

data, 7.4 GeV, SPEAR provided a peak luminosity of about 2.0 10sl cme2 set-‘. 

In the spring of 1962 the Ball was moved as an intact experiment to the 

Deutsches Elektronen Synchrotron (DE%‘), Hamburg, Germany to run on the 

DORIS II e+e - storage ring in order to make a parallel study of the T system. 

DatLtaking in the 10 GeV region, in which DORIS II is optimized, had just begun 

as this paper was being prepared. - _-. ~_ -. 

__ 
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This brief review consists of a survey of all the Crystal Ball physics results 

that had been completed as of December 1962. The available space does not 

permit any detailed discussion of either the experimental details or the theoret- 

ical framework which provides the proper setting for the experimental findings 

described here. However, -the interested reader can *d-a disgussion of many of 

- .the theoretical questions in references 2 and 3 and in the literature cited 

therein; appropriate experimental references and only limited theoretical refer- 

ences are given in this review. A general survey of the physics of psionic matter 

up to 1977 can be found in (3a). Finally, in Section 11 we briefly discuss some of 

the analysis projects currently in progress as well as our expectations for 

results from the just begun exposure cf the Crystal Ball at DORIS Il. 

. ._ 
’ 

, _ 

The principal accomplishments of the Crystal Ball experiment have resulted 

from the study of radiative and certain hadronic transitions involving the char- 

monium states. Figure 1 shows the energy level diagram of this system and it 

also indicates the several radiative and hadronic transitions that have been the 

focus of the Crystal Ball efforts. The refreshing simplicity of this first-known 

heavy quark spectrum compared to the corresponding situation among the light 

quarks (u,d,s) has Played -an important role in the recent development of parti- 
: -. . _ --- 

cle physics. This positronium-like structure gives strong qualitative evidence for 

the fundamental cF interpretation of charmonium and quantitative details about 

the energies and transition rates can be compared with phenomenological 

models motivated by Quantum Chromodynamics (QCD). 

. . 

When the Crystal Ball experiment began, however, there were several out- 

standing difficulties with the then-favored, and now, well-established cc 

model. A total of five states had been reported in two-photon cascade transi- 

tions between the 3’ and the J/q and ape state had been reported below the J/?c/ 
-. ~. -- 

in the 37 decay mode. Preferred quantum numbers for three of the 
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intermediate mass states were indirectly inferred (4,5,6) from their hadronic 

decay patterns and mass ordering and these caused them to be identified with 

the three spy states. However, the experimental situation concerning the candi- 

date ‘So states seemed to present an insurmountable challenge to the beautiful 

ci5 interpretation (7-Q). 

-In brief, the ‘So problem was as follows. In 1977, the DASP collaboration 

(10,ll) observed a significant signal at 2.83 & 0.03 GeV/c2 in the distribution of 

the highest w mass from the decay J/q + yyy. This state, the X(2830), immedi- 

ately became a candidate for the 1 ‘So state, the qC. The measured product 

branching ratio, B(J/q + y X(2330)) * B(X(2830) + n), was (1.2 & 0.5) lo+. 

However, no evidence for J/q + 7 X(2830) was seen in the inclusive 7 spectrum’ 

from the J/q by the SPEAR experiment 3P-27 (12), which set an upper limit of 

2% for B(J/$ + 7 X(2830)). These results were incompatible with any reason- 

- able CE model since this interpretation predicts B(J/ $ + 7 X(2830)) to be an 

order of magnitude larger than the limit set by SP-27. Furthermore, it predicts 

B(X(2630) + w) to be about flve times smaller than the lower limit inferred 

from the DASP and SP-27 results combined. Finally, a hyperflne splitting of 265 

MeV is surprisingly large within the c’E model. 
: -. . 

The second Serious problem concerned the 2 ‘So state, the q’C. Initially, 

some’ evidence for an qllC candidate was reported (13) at a. mass of 3455 MeV/c2 

in the cascade process v -) 7 ‘So -) nJ/q by the Mark I experiment at 

SPEAR. This observation was not confirmed by a subsequent experiment (14), 

the DESY-Heidelberg collaboration at DORIS, which independently investigated 

the radiative cascade process. On the other hand, the DESY-Heidelberg experi- 

ment presented evidence for an alternative intermediate state at 3591 MeV/c2 

as a possible V’C candidate. However, their reported branching ratio for - _-. ~_ -. 
3’ + 7 x(3591) + yyJ/q was orders of magnitude greater than predicted by the 
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model, if this state were taken to be the r]‘c. 

. 

One of the first processes measured with the newly commissioned Crystal 

Ball was J/q + 37. These new observations provided both higher statistics and 

better resolution than the earlier ones, but they did not confirm the X(2830). A 

lower limit of 2.2 10V5 was initially (15) set for the product brkching ratio (this _ 
‘- 

limit was subsequently lowered to 1.6 1Oa (90% C.L.); see Section 6.3). Nor did 

Later data confIrm either the $3455) or the x(3581) in the radiative cascades 

from the +’ to the J/9. Thus the experimental status of the two expected ‘So 

states was again open. 

The f!irst evidence for the qlc in the Crystal Ball came from the inclusive y 

_ spectra observed from the +’ and, shortly thereafter, that from the J/$. Some- 

what later, with a doubling of the v data sample, evidence for the v’c was also 

found in the v inclusive y spectrum. The current status of these two char- 

monium states is discussed in Section 5 below. With these two contributions 

from the Crystal Ball, there is only one qualitative feature of the expected CE 

spectrum for which no experimental evidence has yet been found, namely, the 

'PI state. Section 7 summarizes our current limits on certain decay modes - - 
: _ involvingthis state.. -. . 

The radiative transitions involving the three sP states give rise to the 

several prominent peaks in the 9’ inclusive 7 spectrum shown in Figure 3. So 

characteristic, in fact, is this spectrum that it has become the logo of the Cry- 

stal Ball experiment. The careful study of all the systematics (efficiencies and 

resolutions) necessary to obtain the branching ratios and natural widths of 

these states from the inclusive 7 spectrum has been recently completed and is 

- discussed in Section 3. The radiative cascade exclusive channels 

v -, y sP + rre+e - or 77~‘~~ were stkeptible to more rapid analysis and Sec- 

tion 3 also summarizes our results on product branching ratios, masses, and 

. . 
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angular distributions (which strongly support the earlier spin assignments for 

these states). As a by-product of our study of these exclusive channels, we also 

made measurements on the three transitions $’ + nY’J/$‘, $’ + qJ/$, and 
. 

v i r”J/@. The first simply corroborated the much better results from 

$’ 4 rr+rr-J/$, but the other two yielded sign&ant improvements over earlier c - w 

work. These hadronic transitions are discussed in Section 4. 

Radiative transitions from the J/q are especially interesting since their pri- 

mary mechanism is expected (in the context of QCD) to be J/q + 7gg with the 

two gluons in a singlet state of both color and fiavor. Thus any gg bound states 

which are even under charge conjugation and less massive than the J/q are 

likely to be excited in this decay. At least two candidates for such objects have 

been-observed in the Crystal Ball data. dne, with a mass of about 1440 MeV/c2 

was thought to be the l++, E(1420) meson when it was first found in J/q decays 

by the Mark II experiment. The existence of the state was quickly confirmed by 

the Crystal Ball. However, only after the partial wave analysis of twice the 

initial data sample did the Crystal Bali collaboration find that the O-+ assign- 

ment for the state was favored. This state was then named b(1440). A second 

gluonium candidate, the-$( 1640), was found by the Crystal Ball in the m decay 
-. . 

moae and the preferred spin-parity assignment is 2+. Finally, searching ‘in the 

channel J/q + mm, we find no evidence that the 1440 MeV/c2 state decays into 

qnn but we do see both the expected signal of 71’ + qnn and an unexpected very 

broad enhancement at an qnrr mass of 1710 MeV/c2. The present status of these 

several interesting possibilities as well as the Crystal Ball’s observations on the 

modes J/9 + 7 X where X = rr’, 7, T’, t, and f’, is discussed in Section 6. 

In addition to the extensive search for the lP1 charmonium state mentioned 

earlier, two other searches with negative results have been carried out and are - _-. ~_ -. 
described in Section 7. The first was an attempt to corroborate a strong 
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enhancement in the inclusive 7 cross section reported by the DASP experiment. 

This had been interpreted as evidence for e ‘e- -) F + . . . + q + . . . where the F is 

the charmed-strange meson However, no sign&ant enhancement was 

observed by the Crystal Ball. The second search with negative results was for 

evidence of the axion. Since there are quite sharpcthe_oretid predictions for 

radiative decays of the J/9 and ‘I’ into the axion, we made a detailed investiga- 

tion of our J/q data looking for this decay; nothing was found. 

Finally, in addition to the charmonium studies which comprise the bulk of 

the Crystal Ball results, this experiment has also collected a body of data in the 

energy region above charm threshold. To date, in addition to the inclusive q 

cross sections mentioned earlier, we have made total hadronic cross section 

measurements (I&,) up to the highest energies at SPEAR (Section f3), we have 

observed production of the j and & by two photon collisions from which we 

obtain the decay rates r(l 4 y-y) and I’(A2 + w) (Section Q), and fInally, we have 

made several measurements in the region from charm threshold to 4.5 GeV 

(Section 10). 

- -- 
2. D~ONOFTHEAPP~ANDrrS~RMANCE 

Over the years, many methods have been developed and extensively used 

for measuring the energy of high energy photons. By the mid-seventies, how- 

ever, the pioneering work of R. Hofstadter and his colleagues (16) had shown 

that the technique of total absorption shower counters made of thallium doped 

sodium iodide (NaI(Tl)) was unsurpassed in the combination of high detection 

efficiency and energy resolution. Consequently, in spite of the technical 

difficulties occasioned by the extremely hydroscopic nature of Nal(Tl), this tech- 
.-. ~_ -. 

nique, supplemented by fine segmentation of the material, was selected to form 
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the basis of a detector covering nearly the full 4n sr solid angle about the e+e- 

collision point, the Crystal Ball. The flnal result of the design was a detector 

consisting of four main parts. These were: a central charged particle detection 
. 

system, two hemispherical shells of NaI(Tl), endcaps of tracking chambers fol- 

lowed by sodium iodide which covered the beam entry holy in-to the spherical 

shell, and e small-angle luminosity monitor. Figure 2 shows the geometric 

arrangement of the two major components of the detector. Details about the 

apparatus can be found in reference 17. 

The central tracking system consisted of three concentric cylindrical ioni- 

zation detectors covering 71%, 83% and 94% of 4 n sr, respectively. The middle 

detector (16) was a proportional chamber with two gaps, and the other two 

detectors were magnetostrictive spark chambers. For particles which were 

detected in both spark chambers, both direction and origin along the beam line 

could be determined. Those which failed to be detected in both spark chambers 

were only “tagged”, i.e., identified as being charged. 

The heart of the detector, of course, was the 16 radiation length thick 

spherical shell of sodium iodide. This thickness is sufficient to contain essen- 

tially the entire longitudinal development of electromagnetic showers in our : -. . 
energy range. As-shown in Figure 2, the shell is actually a dense packing of trun- 

cated -triangular pyramids of NaI(Tl). These are optically isolated one from 

another, and each is viewed from the outside by a single photomultiplier tube. 

The only materials separating the individual crystals are thin layers of white 

paper and aluminum foil (except for the plane separating the two hemispheres). 

The shell consists of a total of 672 of these crystals and it covers 93% of 47r ST. 

The missing 7% is due to beam entry holes, but these are almost completely 

covered by the endcaps. 
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With this geometric arrangement, we not only measure the amount of 

energy deposited in the Nal with little loss, but we also obtain information about 

. the transverse structure of this energy deposition. Being minimum ionizing and 

lacking strong interactions, high energy muons leave simple tracks, with a depo- 

sited energy of about 200.MeV distributed over no more’ titwo or three cry- 

stals. Electrons and photons with energy greeter than about 20 MeV produce 

electromagnetic showers and deposit all of their energy in a reasonably charac- 

teristic pattern covering about 13 crystals. Finally, most hadrons strongly 

interact in the Ball since it is about one absorption length thick. They thus give 

rise to somewhat more irregular patterns than electromagnetic showers and the 

total ‘deposited energy bears little relation to the hadron’s energy. This 

geometric ‘arrangement provides no information about the longitudinal distribu- 

tion of an energy deposition, but we have found that careful statistical analysis 

of a transverse pattern is a useful technique for resolving some particle 

identification ambiguities. 

The parameter of particular interest in this detector is its energy resolu- 

tion for electromagnetic showers. For the energy range of interest, the stan- . - . . 
: ._ --. ’ dard deviation OH of this resolution ‘is well approximated by (0.0255. * O.OOlS)E’ 

. where E and ug are in GeV. Thus, for example, we measure the energy of a 1.55 

GeV Bhabha scattered electron to an accuracy of 36 MeV and that of a 100 MeV 

photon to an accuracy of 4.6 MeV. An example of the utility of this relatively 

high resolution is that we can extract the natural widths of the charmonium ‘So 

and spas from our inclusive y distributions. More generally, the goodness of our 

photon energy resolution has proved invaluable in allowing us to reliably identify 

- certain reactions by the technique of kinematically constrained statistical 

fUing, which in turn leads to some of thephysics results to be discussed 

later. It should be noted, however, that because of the size of 

__ 
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electromagnetic showers and the edge effects of the beam holes, the good 

energy resolution is only available over 65% of 47~ ST. A detailed description of 

tests made on a prototype of the detector and the signal processing methods 
. 

used can be found in reference 19. 

A second parameter of considerable interest is the resolution with which F- - 6 
the-direction of a photon can be determined. By examining the profile of its 

shower’s energy deposition we can determine the direction of a photon to much 

better than the size of one module. The limitation on the ecctiacy of angles 

determined in this manner is caused by shower fluctuations. The Crystal Ball 

has achieved a resolution with oa , = 1.5O to 2’, where *7 is the polar angle from 
- 

the photon’s true direction. There is a slight energy dependence in this angular 

resolution. 

An important design goal in this apparatus was to cover as much es possible 

of the solid angle around the collision point with high efficiency particle detec- 

tors. This was achieved by covering the necessary beam holes in the ball with 

endcaps consisting of 20 radiation length thick, individually packaged NaI(Tl) 

. . _ hexagonal prisms covered by two gaps of spark chambers. These brought the 

total coverage to 93% of 4n SF. 1 Primarily because. of edge. effects; the energy 
i ._ --. 

resolution for chotons and electrons going outside the central 85% of 4i sr of 

the. main ball was relatively poor and strongly direction 

dependent, Consequently, the endcaps were primarily used as veto counters. 

They allowed us to determine the topology of events with very high confidence, 

and this was of crucial importance for reducing backgrounds in some of the phy- 

sic6 measurements given later. 

Finally, for many of our measurements an absolute luminosity determina- 

tion was necessary. This was provided by a small angle Bhabha scattering 
.-. ~_ 

detector consisting of four counter elements, symmetrically disposed about the 
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beam and centered at a 4’ angle to the beam line, Each of the four elements 

was identical, consisting of three scintillators followed by a shower counter, and 

covered a solid angle of 4.2 lO+ ST. The system provided a counting rate of 

about 0.7 Hz at the v with our typical luminosity. The accuracy of luminosity 

determination was better than 3% with this monitor, as checked by using large c - m 

i 

_ 

_ angle Bhabha events observed in the fulI Ball, 

The apparatus was triggered and events written on tape when at least one of 

several overlapping conditions was satisfied. Each of’ these triggers was based 

on a coincidence between a beam crossing signal and the analog sum of signals 

from the Ball and each required that this sum, proportional to the total energy 
- 

in the Ball, be greater than some threshold. Generally, a further requirement 

was also imposed and the more restrictive it was, the lower the total energy 

threshold. The simplest trigger involved no other requirements and its total 

energy threshold was normally about 1 GeV. More restrictive triggers involved 

such event features as charged particles being detected in the proportional 

chambers, or a requirement on the general pattern of energy deposition in the 

Ball. In general, the hardware trigger conditions were highly efficient for the ‘. _ 
classes of events- that -have been studied with the Crystal Ball, and the Monte 

i ._ -- Carlo simulations which have been done to determine detection efficiencies have 

included these hardware trigger conditions. 

Data acquisition and general system monitoring were performed by a 

__ 

PDPll/t55 computer. Reference 20 discusses in detail both the hardware and 

the flexible complement of software which was developed for this experiment. 
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3. THEcHARM0NluM3P, srm 

3.1 Dominant Features in the Inclusive Photon Snectrum of the 11 

After the discoveries of the J/q (21,22) and $’ (23) in 19’74, four experi- 

ments measured the inclusive photon spectrum from the v with increasing lev- 

els of sensitivity. The first experfment was a two-crystal Nal(T1) detator (24); it 

-codd only-place upper limits on radiative transitions to the sP, (x,) states. A 

magnetic detector, measuring converted photons, was able to measure the pho- 

ton transition to the ~0 state (13), but was not able to inclusively observe the 

other transitions. A moderately segmented NaI(Tl) detector (12) finally meas- 

ured the photon transitions-to each of the x,-states and also inclusively observed 

-the cascade transitions from the x, and x,-to the J/q. Finally, F’igure 3 shows the 

inclusive spectrum at the v from the Crystal Ball detector, the most sensitive 

experiment so far. The main spectrum in the @.u=e is from the analysis of 

approximately 0.9 x lo8 $’ events (the last half of the full sample) obtained at 

SPEAR. Severe cuts have been made in this spectrum to enhance structure. 

First, all photons are required to have IcosxY71 < 0.85, where 19~ is the angle 

between the photon and the beam direction The cosine ‘of the angle between . - 
each photon and any charged particle. is required to be less than 0.9. Pairs of - -. 

7’s *th invariant mass consistent with the mass of the +’ have been eliminated. 

Finally, the lateral shower energy deposition in the Nal(Tl) crystals is required to 

be consistent with a single electromagnetic shower. This “pattern cut” removes 

most of those minimum ionizing charged particles which were not identified by 

the tracking chamber system, many of the spurious energy deposits resulting 

from interacting charged particles, and some of the high energy I?‘S in which 

the electromagnetic showers from the two photons from the n” decay overlap. 

The pattern cut used fnr the spectrum in J’igure 3, one of many algorithms pos- 

sible, was designed to optimize the efficiency for photons with energy, ET, less 



- 16- 

than or about 100 MeV. 

. 

As is seen in the f%ure, the photon transitions from the $’ to the x, states 

and the cascade transitions from the x, states to the J/q stand out clearly in 

this inclusive spectrum. Indeed, the strength of these transitions in our detec- 

tor has allowed frequent dhecks of the NaI(Tl) energy calibration and resolution 

over-the course of our stay at SPEW& Typically, two days of reasonable data- 

taking at SPEAR, yielding approximately 2.5 lo’$’ decays, allowed an accurate 

determination of the transition energies to the x, states. 

3.2 The Photon Cascade, g + 7 x. + w;l/* 

A study of the radiative transitions from the $’ to the x, states and the cas- 

cade radiative decays from the x, states by means of the sequence, $’ -, TX, , 

x, + 7J/q, J/q -, 1+1-, where 1 +I - is e +e - or p+k-, provides a method for identi- 

fying the x, states (17) which is almost free of background. Indeed, it was in this 

reaction sequence that the xi,r were first observed (4,25). Additionally, an 

analysis of the angular correlations in the cascade final state of Crystal Ball data 

i : (17) has permitted a direct measurement of the spin -of the xi, states and of the 
._ --. 

multipole‘coefficients describing the two individual radiative transitions for each 

of these states. The decays, $’ + q(~r”)J/q + yyL’l- exhibit the same topology as 

the cascade reactions; these processes have also been studied by the Crystal 

Ball collaboration (17) in order to separate them from x, events as well as for 

their own sake (cf. Section 4.1). Note that the decay, v + nOJ/q, which is for- 

bidden by isospin symmetry, has been observed by the Crystal Ball (17) and the 

- Mark II (26) detectors at SPEAR. 

The details of the Crystal BalLdata analysis for cascade reactions are dis- 

cussed in reference 17 and the references cited therein 
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Figure 4a shows the Dalitz plot of the Anal event sample (from the first half 

of the full data set) containing 1206 ne+e- and 1260 T~cL+~- decays prior to 

kinematic flttfng. These same events are also shown on the Dalitz plot in Figure 

4b after they have been kinematically fit to the hypothesis that they arise from 

v + yyJ/$ -) nl’l-, (5-C for e+e- , 3-C for p+fi-). The fit kinematics restrict all F - 6 
of the surviviq 2234 y$‘l- events to fall within the outer envelope illustrated in 

Figures 4a,b; the cuts to the data restrict the events to fall within the inner 

envelope. 

i 

The decay, @’ + n”n”J/II, , TP + yy , J/q + 1+1-, in which two photons go 

undetected or have energies less than 20 MeV is a background of N 5% to the 

events of Figure 4a. This background as well as all other backgrounds which 

have been considered (17) are totally negligible in the final fit event sample 

shown in Figure 4b. 

In both Figures 4a and 4b the horizontal band at the top occurs at the 7 

mass; that near the bottom occurs at the 1~’ mass. Two strong signals for 

x,(3508) and x,(3554) appear as vertical bands to the right of the symmetry line 

shown, which has slope, d (m.$-)/ d (Al&) = -2. 
- 

i The Doppler-shifted bands on the .!eft. of the symmetry line (each event is __ -- 
plotted twice, once for each yJ/q mass combination) are tilted with a slope of 

-1. The mass resolution for the +‘, 7 and the low solution yJ/11, mass is better in 

Figure 4b than in the unfItted plot (4a). This is due to the fact that the 

kinematic fh reduces the absolute energy error of the higher-energy photon to 

that of the lower-energy one. 

After separating the Q and IP bands, the populous states at yJ/q masses of 

355Und 3506 MeV/c2 contain 479 and 943 events, respectively. Three of the 20 

events associated with x&3413) are expected to- ..arise from the reaction 

9’ + +‘rr”J/~. The cuts on the data restrict the yJ/$ mass to the range 3129 to 
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3644 MeV/c2; in this region we find no evidence for a fourth-x state. 

. 

The branching ratio for a particular nZ’r- decay channel is obtained by 

taking the number of events observed in the channel, correcting for detection 

e!I!iciency (from 0.5 to 0.25 for various channels, and typically about 0.4), photon 

conversion and charge particle identification efficiencies (0.9g and 0.96, respec- 
- 

tively), and dividing by the total number of v produced and the branching ratio 

for the decay of the J/q into dileptons. The J/$ dilepton branching ratio (27) is 

the dominant systematic error (1316) in this measurement. The branching ratios 

obtained by the Crystal Bali are shown in Table 1 in comparison with those 

obtained from other- experiments. There is good agreement for the x, and x, 

_ measurements; however, only the Crystal Ball measures a significant x, branch- 

ing ratio. Only upper limits are given for x(3455) and x(3591). 

Additional information obtained from the Crystal Ball measurements of the 

photon cascade decays was the spins of the x,, states and the multipolarity of 

the y transitions. The particles participating in the cascade sequence, 

e+e- + VI V -, y'x,, x, + yJ/q, J/$ + 1+L’ define the five angles, COW : i?+ * 7, 
‘.~ 

COSl9~ = 7 . p, - tang? [i9’ * (9’ x ?)I/ [e^’ * [(p x 9) x ‘3’13; cod = r+ * 7, 
i ._ --. tanv 5 [P . (7 x ?)I/ [? . [(y x 3) x 9]]. The angular distribution function 

. w(cosd’, If, coslp,, co&, cp, $), detailed in reference 26, which describes the 

above cascade sequence is a function of the five angles, and of the multipole 

parameters $I = (J, a’*, q), where a’, and 9 describe the multipole structure 

for the two radiative transitions. The multipole coefficients are 9 (a>) and they 

satisfy the relation, I’& + yJ/Ir;> = and similarly for a’j. The explicit 

- form of the multipole coefficients is given in reference 26. Given the standard 

charmonium model, one expects that; the electric dipole amplitudes dominate 

the transitions. Thus, the coefficients a3 and a’s which are possible in the spin-2 
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case can be expected to be very small and they were set to zero. 
i 

. - 

The data was analyzed by means of a histogram over the ffoe angles. A max- 

imum likelihood comparison was made to a binned Monte Carlo simulation which 

was acceptance corrected and constrained to have a total number of events 

equal to that in the experimental sample. Table 2 contains the results of the 

likelihood flt. 

The multipolarities of the radiative transitions for the xLe are thus found to 

be predo minantly dipole. An earlier analysis (6) also found this to be the case 

for the xl, but only when its spin was assumed to be 1. The data from the Crystal 

Ball study yield high confidence levels for the spin and multipole values pre- 

ferred in the standard charmonium models (2). 

3.3 Results from the Full Analysis of the Inclusive Snectrum and Some 

Comoarisons to Exclusive Results 

In this section our focus will be on the results of a detailed study (29), using 

the Crystal Ball, of the radiative transitions from 9: to the x, states. Measure- 

ments of the natural line widths of the x, states will also ,be discussed briefly. - - 
i - The-results are derived from 1.6 x lo8 $’ tidronic decays selected using criteria 

designed to reject cosmic rays, beam gas and QED events. These criteria 

rejected all but a negligible part of the background while maintaining a 94% 

ePIiciency for the hadronic events. 

The selection of tracks from the hadronic events for the inclusive photon 

analysis was done in four different ways. This was done to compare the effects of 

the different sets of cuts and the resulting difierent background shapes on the 

meGed photon branching ratios and &,l,r line widths. The following cumula- 
- .-. ~_ -. 

tive selection criteria were applied to the data to yield the four v- inclusive 
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photon spectra shown in Figure 5(a-d): 

. 

a) Removal of tracks with I cost+ 1 > 0.65 where tpr is the angle of the track to 

the positron beam direction. This solid angle restriction ensures that each 

particle in the spectrum is in a fiducial volume of the NaI(T1) which has a 

uniform energy resolution and scale. Since’bot7h ch%ged and neutral 

tracks are accepted into this spectrum, an enormous peak at about 200 

MeV is observed corresponding to minimum ionizing charged particles pass- 

ing through the detector. The peak presents a very large background which 

dwarfs the x, lines. However, these lines are still highly significant and 

measurable. 

-b) Removal of charged tracks using tracking chamber information. Most 

charged particles are removed by this cut as is evidenced by the great 

reduction in the relative size of the peak at -200 MeV; however, the per 

sistence of a remnant bump at the minimum ionization energy indicates 

some small inefficiency in charge particle identification. 

c) Removal of neutral tracks close to charged tracks, CO&~ < 0.9, and remo- 

val of neutralpairswhich reconstruct to a IF’ mass. These last cuts improve 

the signal-to-noise by about a factor of two while reducing’ y detection 

efficiency by about a factor of 0.7. 

i ._ -- 

d) Removal of tracks identified as minimum ionizing charged particles by their 

lateral energy deposition in the Nal(Tl) crystals. These charged particles 

were not rejected in b) due to the charged particle identidcation 

inefficiency of the tracking chambers. In this heavily cut spectrum, the 

minimum ionizing signal is negligible. The signal-to-noise of the photon 

transitions has been maximized so that the v 4 yqC transition is clearly 

visible at El ~‘640 MeV (cf. Se&ion 5.1). -Note that because of the fine (1%) 

binning of the data in histograms 5(a-d), the signal at A’,- 92 MeV arising 
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from the transitions 9 + mlc is not clearly visible (cf. Section 5.3). 

The signals corresponding to the x, radiative transitions were obtained from 

fits to the spectra of Figures 5(a-d) (29). The results from the fits are summar- 

ized in Figure 6 after corrections for photon detection efficiency, photon conver- 

sion probability, and the photon angular distributions arising from the different 

spins of the-x, states have been made. 

By comparing the branching ratios B(q’ -, TX,) extracted from the four 

spectra, one is able to assess the magnitude of the systematic errors contribut- 

ing to the measurement. As is seen in Figure 6, the variation among the four 

branching ratio values for each line is consistent within the statistical errors of 

the measurements. The fact that consistent results are obtained with such 

widely different looking spectra gives one confidence in the finally extracted 

_ branching ratios. 

A second check is the comparison of the cascade branching ratios 

NV + YXJ ’ Nxl,g -) yJ/q) as measured using the Doppler-broadened secon- 

dary transition lines seen in the inclusive photon spectra of Figure 5(a-d) with 

the values obtained from the- exclusive events discussed in Section 3.2. The 

: results-of the cascade measurement are shown as the points on the bottom part 

of Figure 6. The dashed bands show the exclusive measurement of the same 

transitions given in Table 1. As is seen in this figure, the inclusive measurement 

for the x, is somewhat lower than the exclusive measurement, while for x, it is 

somewhat higher. However, the sum of the x, and x, branching ratios yields 

good agreement between inclusive and exclusive measurements. This effect has 

also been reproduced in Monte Carlo calculations. It is due to the overlap of the 

two transitions in the inclusive spectra. That the sum of the inclusive lines is in - .-. ~_ -. 
good agreement with the sum of the exclusive measurements -allows an 
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uncertainty in the absolute normalization of the inclusive result of less than 

16% the absolute error in the exclusive measurement (remember that this 

. error is dominated by the uncertainty in B(J/$ + 1+1-)). 

The final results of the analysis, including branching ratios and the values 

for the natural line widths.of the x; states, are shown% Table 3. For the branch- 

ing ratios the first error is dominated by the statistical uncertainty and point- 

to-point errors in the photon detection ebiciency. The second error is an esti- 

mate of the overall normalization error due mainly to a i5% uncertainty in both 

the hadronic event selection eficiency and the overall photon detection 

efficiency. 

Agreement between these Crystal Ball branching ratio measurements and 

those of the lower statistics experiment of reference 12 are within the experi- 

mental errors. However, our branching ratios to the x, states are consistently 

higher, and within the point-to-point errors of our measurements there is an 

indication for an increase in rate from x, to x, transitions. In non-relativistic 

models,. r(v -) x,) o (2J + l)E;, and thus we expect, PO : Pi : r’2 = 1 : 1 : 1 

where P’J = I’(v + y&)4 ((2J + 1) Ei (x,)). As shown in Table 3, we obtain, 
i ._ --. 

1 : 1,07-+ 0.06 : 1.39 k 0.11, in reasonable agreement with the simple theory. 

. However, our absolute branching ratios are a factor of two to three lower than 

the predictions of the simple non-relativistic charmonium models (29). Models 

which include relativistic corrections, variations of the 2s and 3P wave function 

shapes resulting from higher order corrections, and coupled channels achieve 

better agreement with the data. 

The measurement of the natural line widths of the x, states is a tricky one 

since the Crystal Ball’s photon energy resolution is comparable to or greater .-. pi -. 
than these widthsIt does appear, however, that the x, is much broader than 
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predicted by QCD, while the xi and x8 widths are in good agreement with QCD 

within errors (29,SO). 

4. HADRoMCTRANsm ONSFROM.THE$‘ToTHEJ/~. _ _ _ 

-Figure-lb--shows the hadronic transitions that have been observed between 

the +’ and J/q. All of these transitions have been observed by at least two 

experiments, and the ~7r and 71 transitions have been observed by many experi- 

ments. As the ~YT transition can easily be observed in the charge mode 

(B($’ -, ~r+lr-J/q) = 33 f 2% (27)), excellent measurements of this mode have -. 

been made by other detectors stressing charged particle detection. The Crystal 

Ball has measured the neutral n”lr” mode-(31), as a check on measurements of 

the 7 and +’ transitions. Comparison of the neutral n”lr” to the charged (32) 

ti+n- mass distributions show the shapes of the two distributions to be the same 

within error, as is expected from isospin symmetry. 

4.1 The Transitions @ + n(nO)J/@ 
- 

The study of these processes is related to that of the aP,. state cascades and - -. 
so is detailed- in reference 17 (cf. Section 3.2). The mTI distribution for all fltted 

events is shown in Figure 7a. Of the events in this figure, 412 candidates for the 

?I events are separated from XJ and ?T’ events by using the cut mTI > 525 

MeV/c2. This cut loses no r) events, but does admit some x1 events into the 77 

sample. 

Monte Carlo caIculations determined that 21 x1 events, as well as 5 TOIF’ 

evenb are expected in the 7 sample. The resulting q mode branching ratio is 

compared in Table 1 with other measure.ments. The Crystal Ball and Mark II 

results (26) are in good agreement, while the other measurements shown are 
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larger than our measurement by about a factor of two. -. 

. 

Existence of the transition 3 -) IF’J/~, is apparent in the Dalitz plots of Fig- 

ures 4a,b. A n0 signal is observed in the diphoton mass plot by removing the 

dominant background from cascade photons using a cut on the yJ/ $ masses. A 

subtraction of events from the h plot of Figure’ 7& wit6 (M,,&.,Q~ in the 
- 

ranges 3410 & 5 and 3530 f 60 MeV/c2, and m.,,, > 525 MeV/c2, results in the dis- 

tribution shown in Figure 7b. These data have been fitted to a Gaussian peak 

with a quadratic background distribution. The fit yields 23 events above back- 

ground having nrr < 200 MeV/c 2. The resulting Ip mode branching ratio is com- 

pared in Table 1 with another measurement from the Mark II (26). The two 

measurements are in good agreement. This decay violates isospin symmetry. A 

review of the theoretical literature relevant to our measurement can be found in 

reference 17. 

It is likely that the discoveries of the Crystal Ball which created the most . - 

._ --. T excitement were the la& of a signal in J/q + m ai M, = A~fx(~~) (15), which 

_ had been reported by the DASP collaboration (10,ll) (cf. Section 6.4), and the 

discovery of an Q candidate state at Mqo = 2964 * 4 MeV/c2 by means of the 

radiative transitions from the v (33) and J/q (34). Since the original observa- 

tions were made, the Crystal Ball has doubled both the 3’ and J/q data sets to 

about 2 x 10’ hadronic decays each. This increase in data has allowed a more 

precise determination of the q5 parameters (29). Furthermore, it has also 

- resulted in the discovery of an r)lc candidate at MT., = 3592 f 5 MeV/c2 via a 

radiative transition from the $‘. . -. - 7.. 
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The two Crystal Ball states at 2964 and 3592 MeV/c2 can be naturally associ- 

ated with the l’s0 and 2lSe charmonium states the qc and qls. As we shall see 

in this section their properties fall well within the range of theoretical expecta- 

tiods. Thus, with the work described in previous sections we have come from a 

state of relative confusion and uncertainty concerning the validity of char- 
< - m 

monium as-a model of the J/q system to one of good agreement between theory -~ 

. 

and experiment in most cases. 

5.1 Evidence for the 1 ‘Sa in Inclusive 7 Spectra of the $’ and the J /@ 

The analysis of the inclusive photon spectra from the 1.6 x l@ $’ and 
-. 

2.2 x 10e J/q decays when studying the qI, (2964) is very similar to that 

described in Section 3.3 and is detailed in reference 29. However, not only were 

the four spectra from the $’ shown in Figure 5(a-d) and the corresponding four 

- from the J/q (not shown) used, but a fifth spectrum from both the J/$ and the 

v was included in the analysis. The pattern cuts for this 5fth spectrum were 

designed to improve the efficiency for detection of low energy photons, at the 

expense of reduced efficiency for removing minimum ionizing charged particles. _ 
It is shown for the J/q inFigure6. The inserts on the upper.left of Figures 3 and 

- 6 sliow the res-ult of one of the sim&neous fits made to correspondingly cut 

J/3’ and 3’ inclusive photon spectra. For the radiative transition to the qI, , the 

Q mass and width are constrained to be the same for both spectra. The results 

of the fits to each of the five pairs of spectra were compared as a consistency 

check. An additional check was made by measuring the mass and width in the y 

spectrum coming from events containing exactly two observed charged parti- 

cles. 

The results of this analysis are (29), A$ = 2964 & 5 MeV/c2, r,,c = 11.53 
.- ._ 

MeV, B(J/q 4 yqS) = (1.27 f 0.35)X and B($’ + m,) = (0.26 f 0.96)X. The 
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errors are dominated by the statistical uncertainties, except for the mass error 

. 
which is mainly due to the uncertainty in our absolute energy calibration. These 

values are in good agreement, within errors, with previously reported Crystal 

Ball values (34). 
_ - w, 

* 

5.2 Hadronic Decavs of the 1’s~ 

Confirmation of the qc (2964) came soon after its discovery in the $’ and J/$ 

inclusive y spectra with the Arst reports of the observation of its hadronic 

decays by the Mark II collaboration at SPEAR (35). A number of decay modes 

were seen, as is shown in Table 4. 

We also have looked for exclusive decays of the ~~(2984) into hadrons by 

performing kinematic fits to exclusive final states with multiple photons and two 

charged hadrons (34,36). Remember that the Crystal Ball measures both the 

energy and angle of electromagnetically showering particles but for charged 

hadrons (n,A”) it measures only the angles well. Secondary interactions of the 

charged hadrons in the sodium iodide complicate the fitting of some events, but 

special pattern recognition algorithms have been developed to deal with this 

effect. -. 

Events with a Sphoton, 2-charged particle topology were selected from the 

sample of J/q hadronic decays and subjected to a 3C kinematic At to the 

hypotheses, J/q + mfl+nT- and mK+Ic, 7 + my. The energy spectrum for the low 

energy radiated photon, arising from events which have a $ probability greater 

than 0.1 for the ~~F+IF- hypothesis, showed a clear signal above background at 

the v77c (2964) mass, within errors. No comparable signal was seen for the qK+K 

hypothesis. - .-. _ .. 
The mlr+rr- data in principle containes additional information on the width 

of the ~~(2964). However, given the limited statistics of this measurement, 
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which comes from only half the presently available J/11, data, we believe the 

inclusive measurement of the width to be more reliable at this time. From the 

signal of (18&e) events, we obtain the product branching ratio, 

B(JN -, mc) * B(rlc + vmr), and branching ratio, B(Q + qrm) given in Table 4. 

In addition, to compare directly with the Mark II observation of &he EK”,nv final 

state of the ~~(2984) our upper limit for the PK-lr’ Anal state is also given. 

Note that the Crystal Ball value must be doubled before comparing with the 

Mark II result due to isospin we assume I = 0 for ~(2984). Also, for complete- 

ness, the yy flnal state branching ratio is given here (cf. Section 6.4). 

5.3 Evidence for the 2lSn State in the Inclusive Y Snectrum of the ti 

As mentioned in Section 5, a candidate for the 2’S. state or 71c has been 

found by the Crystal Ball using inclusive photon decays of the $‘. In this section 

we briefly describe our evidence for the state. A more complete description can 

be found in reference 37. 

The event selection for the analysis as well as the photon selection criteria 

used are the same as those described in Section 3.3 with two minor changes. 
- - 

First, ,events with more than 19 charged. or more than 16 neutral observed - -. 
tracks are not -considered. Secondly, a somewhat different lateral shower 

energy deposition pattern in the NaI(Tl) crystals is used to define photons than 

in the analysis described in Sections 3.3 and 5.1. In this case, an extra premium 

was placed on good efficiency for E, < 100 MeV. The main spectrum of Figure 3 

results from about half the 1.8 x 10s 3’ decays, cut as described in Section 

3.1. A signal at 3592 f 5 MeV is evident in this spectrum, The insert on the 

upperleft of Figure 3 shows the result of performing a At to the region contain- 

ing the structure at E1 N 90 MeV; this insert contains a spectrum obtained from _-. _ -. 
all 1.8 x 10s @’ decays. A clear signal is obtamed with 4.44 to 60 significance, 
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. 

depending on how the fit is performed. The properties obtained from the fit for 

the qlc candidate state are: A&,; = 3592 i 5 MeV/c2, r,,; c 8 MeV (95% C.L.), and 

B($’ + y-rfc), in the range 0.2% to 1.3% with a confidence level of 95%. The 

cotidence interval for the uncertainty in the branching ratio includes the 

correlation with rvIo. c - m 
- 

It should be noted that the DESY-Heidelberg group reported evidence (14) 

for a state at a mass of 3592 f 7 MeV/c2 in the exclusive channel q’ + nJ/$, 

J/q + p+p-. However, as reviewed in Section 3.2, we have looked for evidence of 

such a state in the cascade decays and find none. If we assume that the object 

we observe in the inclusive spectrum is the ?I’~, then it is expected (37) that 

- BW + m’c) * Nvc -, yJ/$) < 10-e. This estimate is based on our measured 

value of B(d/’ + yqlc) and on theoretical calculations (5) for the qtc total width 

and radiative transition rate. The estimate for the hindered magnetic dipole 

transition qtc + yJ/$ was based upon our measurement of the similar transition 

+’ + m,, which reduces the estimate’s sensitivity to the details of the wave func- 

tions. Such a small product of branching ratios has not been accessible to any 

experime~nt. 

5.4 Discussion 

Clear signals have been seen for states at M = 2984 & 5 MeV/c2, and 

M = 3592 f 5 MeV/c2 by the Crystal Ball detector; the Mark II has co-ed the 

state at 2984. These states are obvious candidates for the llSe(qc) and 2’S0(77’~) 

states of charmonium. What evidence makes these tentative assignments plau- 

sible? 

First, the 7, is seen to decay into three pseudoscalars and not two. This - 
alIowa only 0’, 1+,... assignments for the Jp -of the state. As discussed in refer 

ence 3, the measured radiative transition branching ratio B(J/ q + mc) is in 

.- 
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good agreement with both the non-relativistic and QCD sum rule calculations, 

which assume Jpc - - 0’ for the observed state. In addition, the branching ratio 

8(*’ + mc) was also predicted by theory (38) and these predictions are in . 
agreement with the observation. The mass splitting lsS1 - l”Si is predicted by 

a number of theories, including non-relativistic models and QC-D suq rule calcu- 

latiens (38,39) -and these are again in good agreement with the data. Finally, the 

width of the 71~ is predicted to be 8.3 & 0.5 MeV using QCD with higher order 

corrections (40) and the experimental value of rvo = 11.5~:~ MeV agrees within 

the error. The important partial width I’(qG -+ n), which has been predicted to 

be 4.2 k 0.4 keV using the QCD sum rules (41) is well below the Crystal Ball upper 

Iimit of r(vjc + n) c 20 keV (90% CL) (c.f. Section 6.4). One can thus conclude 

with some certainty, given the above evidence, that the Crystal Bali state at 

2984 k 4 MeV/c2 is truly the llSo of charmonium. 

Unfortunately, the case is not so clear for the ?I’~ candidate.at M = 3592 & 5 

MeV/c2. Relatively little is known about this state. No exclusive decays have 

been seen, and only an upper limit exists on its width Within the limits of 

uncertainty concerning 29Sl - 3sOi mixing (42), the agreement between theory 

and experiment is reasonable for the v - vlc mass’ splitting. Also, the observed 
._ --. 

value for B(q’ i-ms) agrees with non-relativistic model calculations within the 

large range allowed by observations. However, confirmation and more informa- 

tion is needed on this state before a firm connection to the 2lS0 state of char- 

monium can be made. 



i 

. 

Other than for J/9 + m,, 7, + hadrons, interest in radiative decays of the 

J/q first centered on 37 decays, e.g., m(yy) or m’(n), and particularly on 

searches for mc (yy). However, in recent years the possibility of observing 

gluonic meson states, particles made up entirely of gluons, _has also stimulated c - 
mueh interest in J/9 radiative decays. 

8.1 The Fundamental Character of Gluonic Mesons in QCD 

The existence of an extensive spectrum of colorless, flavorless bound states 

of two or more gluons has been firmly predicted by QCD (3). These gluonic - 

bound states have been given the name “gluonic mesons” by their inventors, H. 

F’ritzsch and M. Gell-Mann (43). It is expected that the lower mass gluonic 

meson states are bound states of mostly two gluons; in analogy to quarkonium, a 

bound state of a quark and antiquark, these systems are called gluonium. It is 

also expected that gluonium states should be by far easier to observe than the 

higher mass gluonic mesons due to their relatively lower masses. These are 

predicted to lie in the range of 1 to 2 GeV. Although the existence of gluonium 

has not yet been experimentally established, the interest in this new form of -_ . ._ -- 
matter has increased considerably since the observation of two new mesons, the 

~(1440) (4445) and the $(1640) (46). These are seen in a reaction thought to be 

a copious source of gluomc meson states (47), namely, J/9 + yz. The mechan- 

ism is shown diagramatically in Figure 9. According to lowest order QCD calcula- 

tions, the hadronic decays of quarkonium sSi states, such as the J/b/, proceed 

mainly via annihilation of the qp system into three gluons. Although this pro- 

cess might seem well suited to the production of gluonium states, it is not since 

each pair of the three final state gluons must be in a color-octet state. This fol- - ~_ -. 

__ 

lows from the fact that the overall state must be a color singlet and each pair 
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recoils against a single color-octet gluon. However, if a photon is radiated with 

two gluons in the decay, as shown in Figure 9, the recoiling gluon pair must form 

a color singlet state which is even under charge conjugation 

-Perturbative QCB indicates (4349) a partial width for the process J/q + ygg 

of about 8 keV, which is relatively large. Various authors (47) have tZ+ed duality 

p&&pies, -and other ideas, together with the perturbative result to show that 

gluonium states should be copiously produced in this process. However, the 

experimental search for such states has proven to be a difficult and confusing 

one with a number of guiding theoretical principles losing credibility as the field 

has matured (3). .- 

6.2 The “Endooint” of the Inclusive 7 Spectrum at the J/ti 

One can qualitatively appreciate the major features of the radiative decays 

of the J/q by viewing the “endpoint” of the inclusive y spectrum as measured by 

the Crystal Ball detector (42), and shown in Figure 10. 

Relatively narrow peaks at the ~(1440) and r)‘(958) are evident, and there is 

also a broad structure centered-at a recoil mass of about 1700 MeV/c’ (the Zp 

- has-a ‘mass close to 1700 MeV/c” but it;is not as broad as the structure seen in 

the inclusive spectrum). ‘Ihe tails of the ~(1440) structure include the regions 

where radiative transitions to the f (1270), D( i285), and f ‘( 15i5) would appear. 

Transitions to the v(549) should also be seen, but these are suppressed in 

this spectrum due to event selection cuts (42). Likewise, even if the J/q + ylr” 

rate were large, no signal would be seen due to these cuts. Up to the time of 

this writing, very little quantitative analysis of the spectrum in Figure 10 has 

been>one, and so only the above qualitative information can be drawn from it. 

A strong analysis effort has s&ted recently in theCrystal Ball collaboration 

which will hopefully remedy this situation in the near future. 
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6.3 Gamma Transitions to Well-Known Particles Usinz Exclusive Decavs 

Experimental measurements have been reported by the Crystal Ball colla- 

_ boration for the processes J/g -, ye, yrl, m’, yf, and an estimate for yf ‘, 

f’ +qq. Crystal Ball measurements for the 71 and 7’ have been published (15); 

however, new measurements by the Crystal Ball coKabo?atiofI (50) derived from 
* .- 

the full data sample of 2 lo* J/q decays, about twice the data of the previously 

published results, disagree somewhat with the older measurements. The new 

measurements are in agreement within errors with three measurements from 

other experiments (10,50,51). 

Table 5 shows the most recent Crystal Ball results for the various decays. 

_ Note that the new results on the vtuse the v~+IT-, ~@rr” and yp” decay modes as 

well as the yy decay mode which was the only one used in the old result. The 

Dalitz plot for J/q + 3y from all our data is shown in Figure 11. Promment sig- 

nals are seen for the q and 9’. No signal is seen at h4x = 2630 MeV/c2, and 

4 = 2954 MeV/c2. Upper limits for 

direct decay J/7c, + 3y.as well as the 

these processes are given in Table 5. The 

QED process e+e- + 37 also contribute to 

the Dalitz plot. 

._ --. As an example of the analysis -of an hadronic final state of the. v’, Figure 12 

shows the signal for J/q + m’, 7’ + yp, p + flTF+K. These events satisfy a 2C fit to 

the hypothesis v+n-. 

straints: 

They also were subJected to several more con- 

i) the high energy neutral track was required to satisfy a lateral energy 

deposition in the NaI(Tl) crystals expected of a high energy photon, rather 

than two photons from a high energy n”; 
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ii) photon pairs forming a 7r0 or an q were excluded; 

iii) the energy of the charged particles had to be less than 1360 MeV; 

: iv) the fin mass was cut about the p mass. 

These requirements removed the strong J/$ + np, and Jill/ 4 m’, 
c - 6, 

3’ +-~~T+IF- bacerounds. A Monte Carlo calculation gives an efficiency of 24% for 

the 666 events found and displayed in Figure 12. The ratio, 

B(J/ 9 + m’)/ B(J/ $ + m) has been of theoretical interest with the QCD sum 

rules (52), and other models (52), yielding values in the range from 3.7 to 4.0. In 

order to further compare data to theory we calculate from our data, 

B(J/$ -. m’)/B(J/$ -, y$ = 4.7 i 0.6. - 

Table 5 also shows a new Crystal Ball result for J/q + w (50). This result is 

in good agreement with the only other measurement of this quantity by DASH’ 

- (10). 

Although the process J/1/, + yf (i270) has been well studied in other experi- 

ments (53), the analysis of this process in the Crystal Ball (54) provides a useful 

check on the analysis techniques employed in the L and 19 studies (cf. Section 

6.4). It also provides a check-t&& the Crystal Ball efficiencies are. well under- 

- s&<d in this complex y+V’ (5~) Anal state. In addition, our measurement pro- 

vides confirmation of previous results, and has also yielded the most precise 

determination of the helicity amplitudes for the process J/q + yf available. 

F’igure 13 shows the non” invariant mass distribution; a prominent f (1270) signal 

is seen with i78 * 30 event. The solid curve represent.s a flt to the f plus back- 

ground. The dashed curve represents the background contribution Figure 14 

shows contours of equal probability as a function of z and y, z = Al/A0 and 

1/ = r2/A,,, where Ao, Al and A2 are the f helicity amplitudes (55). The errors 
- 

on our measurement are small enough &at a qtititative comparison with 

theory can be made. Theoretical predictions for pure M2 and E3 transitions (El 
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is offscale), QCD (56), and tensor meson dominance (TMD) (57) are also shown in 

Figure 14. At1 of these predictions are inconsistent with the experimental meas- 

urement. In particular, the QCD calculation based on two-gluon exchange (56) is 

more than three standard deviations from the experimental point. 

. 

As discussed in the next section, a by-product o? th6 zP( 1640) study has been 
- 

a rough measurement of B(J/ $ + yf ‘) . B (f ’ + 7)~). This result is listed in 

Table 5, along with the Mark II measurement of B (J/$ + yf ‘) * B (f ’ + I@?). 

6.4 The Gluonium Candidates, ~(1440) and $(1640) 

A state at 14WMeV/c” was first seen in the reaction J/9 4 ypKO,n*, by 

- the Mark II collaboration at SPEAR (44). They tentatively identi6ed it as 

E(1420), a state with Jpc = l++, but their experiment was not able to determine 

the Jp value. The existence of this state was soon conllrmed by the Crystal Ball 

collaboration at SPEAR (36) using the reaction, J/9 + yK+Kn”. However, much 

more J/$ data was needed (2.2 x lo* decays in total) before the Crystal Ball col- 

laboration was able to measure the Jp of the state as O- (45). 

This O-+ state may have been previously observed in @ annihilations (58). 

- - -. ’ -The state seen in the pj5 case ias named E( 1420). However, the O-+ assignment 

from that experiment was not considered conclusive (59) and so the name 

“L’( 1420)” was subsequently assigned to the Jpc = l++ state seen in IF-P interac- 

tions (60). Thus, the Crystal Ball and Mark II experimenters (in collaboration) 

have named the O-+ state seen in J/q radiative decays the L( 1440) (44). 

Figure 15a shows the K+K?r” invariant mass distribution for events which 

satisfy 3C fits to the process J/q + yK*x”n”. This analysis is based on 2.2 x lOa 

produced J/$ events. The shaded region corresponds to events with Mm < 1125 
- 

_ -. 
MeV. 
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The Kxn Dalitz plot from the Crystal Ball is shown in Figure 15b. A low Kz 

mass enhancement (in the upper right corner of the plot) is evident. This 

enhancement has been associated with the b(96O)lr decay of the resonance. No 

evidence for K+ bands, which would indicate a K+R + C.C. decay, is observed, 

although the situation is potentially confusing because of the limited phase 

. 

spase available for the decay and the fact that the P bands overlap in the 

region of the 6. The Mark II results are consistent with this. They flnd the I to 

decay primarily into &r. 

Before discussing the Crystal Ball spin analysis of the L( 1440), we will review 

the status of the E(1420). The best estimate of the mass (27) is ME = 1416 f 10 

MeVice. This is somewhat lower than, but not inconsistent with, the average of 

the Mark II and Crystal Ball measurements of the L mass, M, = 1440 f: 10 MeV/c2. 

The widths of the E(I’E = 50 & 10 MeV) and the L (r, = 55 f 20 MeV) are also con- 

- sistent. Thus the mass and width measurements of the L do not clearly identify 

it as a different state than the E. 

As mentioned previously, the spin of the E was established in an experiment 

which analyzed the reaction n-p -, &K%r% at 3.95 GeV/c (60). The results of a 

partial-wave analysis of the flti system determined Jpc = l++ for the E, thus 
-. . 

- m&&g it the Su(3) nonet partner of the O(l285) and the Al. An additional 

res& of the partial-wave analysis of Dionisi et al (60), is that the E decays pri- 

marily into h?R + C.C. 

B(E -. K+R + c.c.)/B(E + (K*R + c.c.) OT hr) = 0.88 5 0.12. 

with 

The spin of the L( 1440) was determined from a partial-wave analysis of the 

Crystal Ball data (45). Contributions from five partial waves were included: 1. 

liTrr flat (phase space); 2. bon” - 0’; 3. b”ti - l+; 4. PR + C.C. - O-; 5. 

PR + C.C. - l+.Note that Jp - - O+ is not allowed for a state decaying into three 
._ -. 

pseudoscalars. Jp = l-, although allowed for Pa + c.c., would require the 
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Dalitz plot to vanish at the boundaries, which is inconsistent with the data of Fig- 

ure 15b. Amplitudes with J 2 2 were not considered. Contributions from at1 par- 

tial waves except the K??T phase space contribution were allowed to interfere 

with arbitrary phase. The KKn contribution due to phase space was assumed to 

be incoherent. The full angular decay distributions in” each case were 
_ 

included in the amplitudes. The L and IT helicities were allowed to vary in the 

fits. The d and P parameters were taken to be the standard values (27). In 

other words, a standard isobar analysis (81) was done here. 

The analysis was done for events with mfl masses between 1300 and 1600 

MeV/c2. The data were divided into 6ve bins of 100 MeV/c2 each. The stan- 

_ dard procedure of eliminating those partial waves which do not contribute 

significantly to the likelihood was utilized (i.e., the number of events contributed 

by a given partial wave was required to be larger than the error on that 

number). The only significant contributions were from I@T flat, bon” - O-, and 

K-R + C.C. - 1+. These contributions, corrected for detection efficiency, are 

shown as a function of Kirk mass in’Figure 16. The Pz + C.C. - lt contribution 

is relatively small and independent of mass. On the other hand, the bn - O- con- _ - 

._ --. Y tribution shows clear evidence for resonant structure in the L signal region 

(1400 Is hm,, C 1500 MeV/c2). This establishes the spin-parity of the I as 0’. 

(The C-parity is required to be even because of the production mechanism.) In 

addition, contrary to the case of the E(1420), the principal decay of the L is into 

bn andB(~ -B K-R + c.c)/B(~ + (PR + c.c.) OT h) < 0.25 (90% CL.). 

Since a number of assumptions went into the partial-wave analysis, and, in 

particular, only a limited number of partial waves were considered, checks were 

- made to show that the results of the analysis were valid. First, maximum likeli- 

hood flts were made to the restricted-hypothesis that in each mass interval, only 

one partial-wave contribution in addition to the 6at contribution was allowed. 
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The relative probabilities resulting from flts to the data in the signal region 

(1400 5 Mm,, < 1500 MeV/c2) are given in Table 6. Note that compared to the 

bn - 0’ hypothesis, the next best hypothesis (PR + C.C. - lt) has a relative 
. 

probability of only 1%. This establishes that there is not’ a strong correlation 

between the bn and Px + C.C. amplitudes. The properties-of the L as measured 

by the Mark II -and Crystal Ball collaboration are shown in Table 7. Also shown is 

the Crystal Ball upper limit (cf. Section 6.5) for B(J/q 4 ye) . B(L + rpn). This 

upper limit is in mild confkct with the hypothesis that the min decay of the L is 

dominated by 6n as hypothesized above (see Table 7), although some theoretical 

interpretations can avoid this con6ic t (62). Note that bn dominance of the L 

decay is an important element in our spin parity analysis of the L. 

The 19(164-O) was first observed in the process, J/9 + yqq , rl-‘nbytJ= 

Crystal Ball collaboration (48). The analysis was based on the full data sample. 

Figure 17a shows the ~7 invariant mass distribution for events consistent with 

J/q + yqq after a 5C fit has been performed. Only events with f < 20 are shown. 

The solid curve represents a fit to one Breit-Wigner resonance plus a fiat back- 

ground. The dashed curve represents a Bt to two Breit-Wigner resonances, one 

with mass and width &ed at the f ’ and variable amplitude; the other with all -. . 
._ --. 

three parameters variable; a fIat background is also included. Because of the 

limited statist.ics, it is not possible to establish whether the ip peak is one or two 

peaks (the 29 and f ‘). However, it is probably most reasonable to assume that 

the f ’ is present and flt for its amplitude. This was not done in reference 46; 

however, it was done in reference 83 and we will also use the results from the fit 

including two resonances. The spin of the $ was determined from a maximum 

likelihood fit to the angular distribution Iy($, %, h) for the process 

J/+-@ , d+m. The parameter $7 is the polar angle of the y with - .~ .. 
respect to the beam axis, and (Is,, cpr)) are the polar and azimuthal angles of one 



- 38 - 

of the q’s with respect to the y direction in the d rest frame. (pq = 0 is de&ted 

. 

by the electron beam direction.) The probability for the spin 0 hypothesis rela- 

tive to the spin 2 hypothesis is 0.045. Spins greater than 2 were not con- 

sidered. Note that the qq decay mode establishes the parity of the state as 

even. Figures 17b and 17~ show the 1 costY71 and loos&, 1 distributions, respec- 

- tively. Although the spin determination depends on information which cannot be 

displayed in these projections, it is clear that the 1 CO&~ 1 distribution plays the 

major role in the preference for spin 2. (The solid curves in the 6gures show the 

best At distributions for spin 2; the dashed curves are the expected distributions 

for spin 0.) This is primarily due to the excess of events with 1 cos?s, 1 > 0.9. The 

inset in Figure 17~ shows these events on an expanded scale. There is no evi- 

dence that these events are anomalous. 

The Crystal Ball and the Mark II (64) have searched for J/q -) y19 , 19 + ZTTT. 

Figure 13 shows the Crystal Ball results for the n”‘s from 2.2 ld J/$ decays. 

The binning in M, is 50 (MeV/c2)/bin As summarized in Table 6, only upper 

limits were obtained from both the Crystal Ball and Mark II experiments. 

The Mark II collaboration has obtained con6rming evidence for the + in the 
- - 

T -process J/q -, ~IJ, d + Pi- (64). They find the spinparity assignment 2+ to be ._ --. 
favored at the 76% CL. A summary of the Mark II results on the fl is also given in 

Table 7. 

The Mark II (65) reports a signal in the process J/q + yp’p”, 

p” -+ n+7r-. They interpret their pop0 spectrum in this process as a combina- 

- tion of yp’p” phase space and a Brett-Wigner resonance. A maximum likelihood 

fit to this hypothesis yields, M6.i 1650 &t-50 MeV/c2, r,,-= 200 * 100 MeV. 

These values are comparable to the mass and width of the 29 shown in Table 7. 
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Also, they obtain, B(J/q + yp’p’, MPmPm < 2 GeV) = (1.25 k 0.35 k 0.4) x lo-‘. 

Assuming that the pp is in the decay in an I = 0 state, we have B(J/$ + ypp, 

rci,, < 2 GeV’) = (3.75 f 1.05 k 1.3) x 10 -3. This branching ratio is approximately 
. 

equal to the L( 1440) and v’ branching ratios. As a strong note of caution, the 

Mark II collaboration states that much more data is needed<to _establ&h the con- 

nection, if any, between the pp structure and the $ meson 

The Crystal Ball collaboration (66) has also found additional structure in the 

region of the 29 by examining the process, J/q + ml~+K, ?I + yy. Figure 18 

shows the Mv+,- and M+ distributions obtained from the analysis of 

2.2 x lo8 J/$ decays. A large signal at Mm = Mql is evident, and in addition, - 
there is a broad enhancement centered at about 1700 MeV/c2. 

Examination of the Dalitz plots for the ~1~+n- events (66) with 

1600 < Mm < 1650 MeV/c2 shows no structure. Thus the broad enhancement is 

not strongly associated with a 6, or any other resonance in either qlr* or IF+~-. 

Three possible interpretations are suggested for this new enhancement. 

First, the qmr mass distribution for events with a prompt y may be quite 

different from Lorentz invariant phase space. Then the enhancement could 
- - 

i arise from the (non-resonant) decay of the J/q to a photon plus two gluons. ._ --. 
Secondly, the enhancement could be a group of resonances. A third possibility 

is that it is a single resonance. The data may be At with a single Breit-Wigner 

line shape. For the At, the r$K and r/z~‘fi’ mass spectra are flt simultaneously 

with the mass and width parameters constrained to be the same for both chan- 

nels. A constant background was assumed for the r]lr”rr” channel. For ?R+‘~T-, 

the background was determined by Pitting the yy#n- mass spectrum for events 

with-a n mass combination in the TI sidebands (320 < Mn s 470 MeV/c2 or 

610 < Mw C 760 MeV/c2). The flt has a 2 of 66 for 69 d.o.f. and yields, ~_ -. 

M = 1710 & 45 MeV/c2, I’ = 530 k 110 MeV, where the errors include estimates of 
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i 
the systematic uncertainty. 

Using the number of events in the peak, as determined by the At and an 

efficiency obtained from Monte Carlo calculations of 18% (6.6%) for 

J/lr, a mn+n- (~L?~~‘IFO), one obtains the branching ratios, 

B(J/q + yrjn+n-) = (3.5 kO.3 ZJZ 0.7) x lo-? B (J7 3 -. ~m”no) = 

(2.3 i 0, f 0.7) x lo-‘, where the first error is statistical and the second is sys- 

tematic. These branching ratios, when added, are comparable to or larger than 

those for the L and 7’. 

The fit shown in Figure 18 also includes a term for the L, from which the 

upper limit in Table 7 was obtained The implications of this low value for 

_ L -) qnn are discussed in Section 6.4. 

It is of interest to note that if the presently known contributions to radia- 

tive decays of the J/$ in the 29 region are added together, one obtains, 

B(J/q *@(region)) 2 B(J/?I, + @ + ypp + mm) = (1.1 k 0.2) x 10B2. This is 

the second largest branching ratio seen in the J/q radiative decays being about 

equal to that of the ?a (2964). 

The interpretation-of the character of the L and 1p and the other new states 

._ --. ’ been for -the first time in radiative transitions from the J/$ is complex (3). In 

particular, the discussion of whether some of these states are gluonic mesons is 

beyond the scope of this review. 

7. tSWCHESTDRTHEPyEsoN,THEAXlON,ANDTHE'P~sTATe 

7.1 The Inclusive n Cross Section 

In 1977, the DASP collaboration reported (67) a strong increase in the - ~_ -. 
inclusive 71 production in e ‘e- collisions at Em E 4.4 GeV (and possibly at 4.17 

GeV) relative to the production at 4.03 GeV. They interpreted this as evidence 
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for production of the charmed-strange F-meson which is expected to have a 

strong branching fraction into T’S (68). Correlations with electrons and low 

. energy y’s (expected from P + yF) strengthened this interpretation. F’urther- 

- more, they observed a cluster of events at Em = 4.42 GeV fitting the hypothesis 

e+e- + FP + yFqrr. Based .on a& of this, t-hey - reported that 

R(i+e- + I%?$ e B(F + ~2) = 0.46 f 0.10 in the Em range from 4.36 to 4.49 

GeV, where R(e+e’ -) Fm) = u(e+e- + Fm)/o(e+e’ + p+p-), The 6nal state is 

written “Fm’ to take into account the possibility that F-meson pairs may occur 

via production of excited F-mesons, e.g., e +e- + F*F + yFF. 

In order to study this interesting phenomenon, the Crystal Ball data, was 

analyzed for inclusive 7) production. The data sample consisted of hadronic 

events from six fixed c.m. energies and seven c.m. energy bands. The fixed 

points consisted of the J/q, v, $“, a point at 3.670 GeV in the continuum just 

below the J/q to act as a control from below charm threshold, and two energies 

above charm threshold (4.028 and 5.200 GeV). The seven energy bands cover a 

range in Em from 3.876 to 4.500 GeV. These data were taken in fine scans with 

steps in Em of between 2 and 12 MeV. For purposes of measuring 
- 

4 =,u(e+e’ + t/z)/o(e+e- + b’b-), th+ seven energy bins Were chosen to corre- ._ --. 
late with observed structure in R(e+e- + hadrons) (69). 

The method for obtaining the number of produced 7 mesons at each energy 

was to study the inclusive v mass distribution in the vicinity of the r] mass. In 

all cases, a clear enhancement at the q mass was visible to the naked eye. The 

number of observed q’s was obtained by standard statistical fitting of the 

observed distribution to a smooth background function plus a resolution func- 

tiobof adjustable size centered on the Q mass. The observed number was then 

corrected for the branching ratio for 7 + -rand the-y) detection efficiency which 

ranged from 38% at the J/9 to 27Z at 5.2 GeV. Uncertainties in the detection 
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i efficiencies due to our uncertain knowledge of the details of e+e- annihilation 

physics are included in the limits which are fInally obtained. 

Figure 19 shows our results for R,,. The off-scale values at the J/q and-$ 

are excluded2 and the other points have been corrected for the radiative tails of 

these two resonances. Although there may be som; correk&on with the total - 
hadronic cross section, we see that there is no dramatic difference in R,, below 

and above charm threshold. If we assume that the contribution to R, due to 

non-charm physics is constant and that all excess in R, is due to F-decays, we 

can set limits on R(e+e- + FFX) e B(F + qz) by comparing the values for R, 

above charm threshold with that below it at 3.67 GeV. The 90% confidence level 

-limits are all below 0.32 and for the energy band from 4.365 to 4.500 GeV, it is 

0.19. This disagrees with the DASP result (67). Most of the disagreement is due 

to the fact that the earlier experiment saw essentially no q-signal at 4.03 GeV 

whereas the Crystal Ball observed almost the same strength at 4.03 GeV as at 

other energies, even below charm threshold. At energies above about 4.1 GeV, 

the cross sections reported by the two experiments are on the average compati- 

ble. Up to the time of this writing, the Crystal Ball has found no firm evidence . _’ 
for the elusive charmed-strange-F-meson. ._ --. 

7.2 Search for J/1L + 7 Axion 

Because of its exceptionally large solid angle coverage by charged particle 

and .photon detectors with essentially 100% detection efficiency and its 

moderately good time resolution (about 3 ns), the Crystal Ball is well-adapted to 

2 When the resulta are eqn-etmd in terms of f ,,, the average number of 7’s per hadronic 

- event, the two reaonancea are net special; f ,, haa a value cd abuut 0.13 and ahowa little 

variation over this energy range. - 
~_ -. 

-- 
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search for certain exotic phenomena, especially those of the class e ‘e- -+ yX 

where X escapes detection for some fundamental reason. An example of such a 

reaction involving known particles is that in which X is @  resulting from either . 

direct production, or the decay of a light, neutral spin-l gauge boson as sug- 

gested by some supersymmetric theories -(70), or, at higher energies the decay 

of the 2”. - Another possibility, which has been searched for in the Crystal Ball 

and is reported in reference 71, is the radiative decay of the J/$ into an 

axion. The axion (a) is the Goldstone boson appearing from the breaking of a 

chiral U(1) symmetry which has been postulated to avoid large P- and CP- 

invariance violations in QCD (72). If the number of quark generations is assumed 

known, then this theory has only one free parameter, the ratio, z, of the vacuum 

expectation values of the two Higgs fields present in the theory. However, it 

does endow the axion with a sufficiently long life and weak enough interactions 

that it would escape detection in the Ball. The theory reliably predicts that 

B(J/q -. yu) = (5.7 i 1.4) x lo- s z 2. Positive evidence for an axion or axion-like . 

particle was reported by Faissner et al (73) with a mass m, = 250 f 25 keV/c2 

and z = 3.0 f 0.3 (but these values seem inconsistent with other experiments 

(74)). They imply that there- should be about 800 events in the Ball with 
i 

~- - I co&l < 0.8 and these events would have ‘the distinctive signature of a single 

photon with beam energy. No significant numbers of such events are seen. 

The dominant background in this search comes from cosmic rays and most 

of these can be eliminated by restricting attention to the bottom hemisphere of 

the Ball, which simply reduces the overall detection efficiency to 30%. After 

making a cosmic ray background subtraction using events out of time with the 

beam, we obtain a 90% confidence level upper limit of 6.2 events in an energy 

range from 1.3 GeV to two enel*gy resolution standard deviations above the beam - ~_ -. 
energy. This implies an upper limit of 1.4 10” (90% C.L.) on the branching 
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fraction. The corresponding upper limit on z is 0.6, in disagreement with the 

result in reference 73. 

. A definitive test of the standard axion model, which eliminates any depen- 

dence on z, has been proposed (75) by setting limits on both J/b/ + yu and 

T + ya. Recent results from the LENA collaboration%t DORIsr(76) and the CUSB 
* 

_- 

collaboration at CESR (76a) have established that B(T + ya) is less than 9.1 lo4 

(90% C.L.) and 3.5 lo4 (90% CL.), respectively. These results together with the 

above Crystal Ball limit on 9 + ya violate the results of the standard axion 

model and it now seems necessary to retreat to an even more elusive axion 

(such as has been proposed in grand unified theories (77)). 

7.3 The Search for Decays 14’ + + lPt 

The only predicted CE bound state for which no evidence exists is the ‘PI 

with Jpc = l+-. Its mass is expected to be approximately equal to the center of 

gravity of the ‘P states, or about 3520 MeV (76). Experimental determination 

of its mass is important since any signi6cant deviation from the above value 

would suggest a lqng range spin-spin term in the quarkonium potential. We have 

._ --. searched extensively in our large $’ data sample for evidence of this state and 

have not found it (79). __ 

Single photon transitions between the 3’ and ‘P1 states are forbidden by C 

conservation and so one must investigate double photon transitions, Four possi- 

bilities are indicated in Figure 20. Estimates based on related measured rates 

indicate that only the 9 + n” ‘PI process can be reasonably expected to have a 

branching ratio in the percent range. This process would lead to a mono- 

- chromatic n” in 3’ decay having an energy which is expected to be below about 

200 MeV; 165 MeV is favored. Fig&e 21a shows the inclusive no distribution 

observed in v decays. The evident structures at about 200 MeV and .just above 



- 45 - 

400 MeV are expected backgrounds. They are due to fake +“s generated with 

the monochromatic photons from 9’ + aP, transitions, and the reactions 

-_ V++R’J/~ and $‘+.lr”J/$. No other structure is evident and 95% 

confidence level limits of less than 1.09% have been set for B($’ + R’ ‘Pi) for any 

*Pi mass between 3440 MeV/c2 and 3535 MeV/c2. In particular, at-the favored 

-mass of 3520 MeV/c2, the limit is 0.42%. 

In an effort to reduce backgrounds and so increase sensitivity at the 

expense of a less general result, we have also searched for evidence of the cas- 

cade decay 3’ -r no ‘Pi + m qC where the vC is constrained in mass, but not 

decay mode. Study of this particular configuration is motivated by a reasonable - 
expectation that B(iPi * y qC) is in the vicinity of 50%. Figure 21b shows the 

y(prompt)q, mass distribution for events fitting the hypothesis V + n” y qC and 

again there is no evidence for the ‘Pi state. We have set 95% confidence limits 

of less than 0.35% for B(q’ + y ‘Pl) * B(‘Pi + y qC) for ‘Pl masses in the same 

range as above. At the preferred mass, the limit’ is 0.14%. Although the ‘P 1 

state has not been found, the limits which have been set are sticiently low to 

be theoretically interesting. 
- - 

i ._ --. 

, 6. yEAsuREvENTsoFIp,wTHEE&UNGEoF5.o2o7.4G8?v 

One of the most fundamental and difhcult measurements that can be done 

at an e+e- storage ring is that of the total hadronic cross section, 

uj$ = o(e+e- -, hadrons). In order to remove the straightforward effects of QED 

and so reveal the strong interaction effects more clearly, it is customary to nor- 

malize the hadronic cross section to the theoretical, lowest-order, purely QED 

cross section uW for e+e- + $p-, which, in t&e energy range of interest here, is 
_-. ._ -. 

(4n/ 3)(hc)W/ Em2 = 66.W E& (nb, GeV). In the energy range well above 
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charm threshold and below bottom threshold, the prediction of QCD for the nor- 

malized cross section, Rh = oh/l& is, to first order, 

. Rm = 3 c q2 (1 + u,(s)/~T + . ..). where s = E&, i = (u, d, s, c) is the quark 
t 

Aavor index, G is the charge of the i’th quark, and a,(s) is the QCD running cou- s 
_ pling constant (80). The sum over G2 yields a value if 10/3 and, at Em = 6 GeV, 

the first 
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order3 QCD result increases this by about 6% for Am = 100 MeV. _ 

In 1960, Barnett et al (60) made a careful comparison of all available meas- 

. . urements of R,, (61) to the predictions of QCD. They concluded that above 5.5 . . 

GeV,-a potentially serious discrepancy, in the range of 15% to 17%, existed. This 

was just outside the quoted systematic uhcertainties of 10% and thgre was the 
* 

exciting possibility that it represented new phenomena or difficulties with 

QCD. This prompted the Crystal Ball collaboration to undertake a series of new 

R,, measurements from 5.0 GeV to the top of the SPEAR range, 7.4 GeV (Sla). To 

do this, a total exposure of 12.7 pb-’ was distributed over eleven energies in this 

range. 

The two ingredients in the experimental determination of Rh are the 

integrated luminosity of the exposure and the number of hadronic events pro- 

duced (and corrected for QED radiative effects). The luminosity was obtained 

both by the small angle Bhabha scattering monitor and by observation of large- 

angle QED events in the Ball itself. These independent determinations of the 

integrated luminosity agreed to about 2% and their average was used. 

The determination of the radiatively-corrected number of hadronic events - - 

i _ _ produced by annihilations involved three steps. F&t, criteria were deveioped 

and .applied to kficiently distinguish individual annihilation hadronic events 

from five classes of backgrounds: cosmic rays, beam-gas collision, QED events, 

two-photon collisions, and ~7 events. Next, properly normalized statistical sub- 

tractions were made to eliminate the residual backgrounds that slipped through 

the first step. And Anally, the resulting count was corrected for the detection 

’ The next hi&m order in the QCD calculation using the modified minimal subtraction 

reaormhation scheme in known (80). It cautibuks only 0.7% to the prediction, weil 

below present experimental precision - ~_ -. 
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efficiency of both the triggering hardware and the event selection software of 

the first step. The purely QED radiative effects were also included in this step. 

Pure samples from each of the five event classes, were obtained either experi- 

mentally (cosmic rays and beam-gas events) or by Monte Carlo simulation. 

These were examined and .efIicient .criteria for event>ele_ction_developed. These 

criteria-were then applied to both the data and the &e pure samples. The resi- 

duals from the backgrounds were then subtracted from the data, and the result 

was then corrected by the detection efficiency determined from the Monte Carlo 

simulation of the annihilation events, The Monte Carlo calculation incorporated 

all radiative correction effects in the event generation algorithms and so this 

._ --. 

_ 

last step automatically includes these corrections. 

The most important backgrounds were those due to cosmic ray events, 

beam-gas collisions, and T decays. Criteria to identify the 6rst two of these were 

based on the spatial distribution of energy in the Ball and were developed by 

studying events out of time with the beam and those obtained in runs with the 

beams separated. The cosmic ray background was reduced to negligible levels 

by these criteria and the residual beam gas background which had to be 

removed by a statistical-subtraction was typically at the 10% to 12% level. No -. . 
attempt was made to identify 75 events or those arising from w colhsions and so 

these backgrounds were removed by subtraction only. The pure samples of 

these two background classes were obtained by Monte Carlo simulation. 

Together, these two background sources gave a subtraction of about 12%. 

Finally, the QED cant amination was easily reduced to negligible levels by criteria 

involving leading particle energy and number of observed particles. 

The important questions of detection efficiency and radiative corrections 

were answered by subjecting simulated annihilation events generated by the _-. .I -. 
LUND61 (82) Monte Carlo program (including radiative corrections) to the same 
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criteria as the data. The result of this was the product of detection efficiency 

and the radiative correction factor. This product had a typical value of 1.06. 

Table 9 gives the results of the experiment, The point-to-point systematic 

errors are given in the table and include the effects of uncertainty in the nor 

malization of the several background subtractions and the statistical errors in 

the severai Monte Carlo simulations. In addition, there is an overall systematic 

scale uncertainty of 5.3X (for the 1961 data) arising from various effects: 3.0% 

from radiative corrections, 3.0% from the detection efficiency, 2.5% from the 

luminosity, 1.4% from tau-tau bar events, 1.3% from beam-gas interactions, and 

0.6% from two-photon collisions. Figure 22 compares these results with those of 

other of the data is completely consistent with that of QCD. The absolute value 

of the measurements is about 6% lower than the QCD predictions for reasonable 

values of the QCD parameter Am. This disagreement, of course, is easily accom- 

modated by the systematic scale uncertainty of the data. We conclude that 

these results rule out the possibility of any new phenomena in this energy range, 

at least, at the level suggested by the Mark I data. 

-. . ._ --. 
9.llr~m~-PHYsIcs 

In addition to studying the physics of e+e - annihilations, the Crystal Ball 

experiment has been able to investigate certain two-photon reactions. More 

precisely, we can investigate the reaction e+e- + e+e- + hadrons in the 

configuration that each of the two leptons scatters through a very small angle. 

Because of the small scattering angle, the outgoing electrons are not detected. 

To lowest order in Qn>, then, the haclrons result from the collision of two pho- 

tons, which, though virtual, are very nearly on their mass shell. The Crystal Ball ~_ -. 
is particularly adapted to study the case that the hadrons decay into only 
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photons and, to date, the work on the four-photon final-state has been com- 

pleted (63). The data for this analysis came from an integrated luminosity of 

21 pb -l distributed over an Em range from 3.9 GeV to 7.0 GeV. 

9.1 Measurement of r(_f i YY) from u(yy 4 Y + n”nq - e 
* 
All neutral events with exactly four energy clusters inside jcos?J 1 c 0.9, 

each with more than 20 MeV and with energy deposition patterns consistent with 

photons, were selected. Furthermore, it was required that the endcaps contain 

less than 40 MeV, and that the total invariant mass of the event be in the range 

from 720 MeV to ECU. The resulting-sample of events shows a strong peak at 

_ zero in the square of the total transverse momentum as expected for 2y events. 

only those in this peak (the cut was at 0.03 (GeV/c)2) were subsequently used. 

In essentially all of the final sample, photon pairings could be made which 

were consistent with either IT?’ or 1~~71 being the primary hadrons. The top part 

of Figure 23 gives the invariant mass distribution of the non” sample which 

clearly shows a strong signal near the f mass and no other significant strut ture 

Of special note here is the smallness of the background. This is in contrast to - 

._ --. -earlier experiments which detect the charged pion decay mode of the j and 

. tend to be troubled with large non-resonant 7rr+n- and QED ptp- backgrounds __ 

(64-87). 

To obtain the cross section for n + Iron”, the tin” mass spectrum was 

corrected for the variation in the yy flux over it (66) and detection efficiency. 

The bottom part of Figure 23 gives the resulting cross section with the added 

restriction that 1 coszP+J < 0.7 where +* is the angle between the beam and the 

- outgoing r” direction in the ~F’R’ rest frame. The solid curve shows a flt with 

three contributions: a relativistic Breit-Wigner function (including slight spread- 

ing due to the experimental mass resolution) with mass and width parameters 
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taken from the Particle Data Group compilation (27) for the I, the same for a 

possible S*(960), and a straight line to describe n”lr” non-resonant background. 

As is clear, the curve does not give a good tit since the data’s mass peak is lower . 
than that of the curve by about 40 MeV. The broken curve is the At obtained 

when the 1 mass and width are allowed to be free, the best& values-being 1238 

k 14 MeV/c? and 246 & 36 MeV, respectively. This mass shift could, in fact, be 

accommodated within the estimated systematic error of about 2% and the sta- 

tistical error, but other my experiments have observed a very similar effect 

(65,86), which suggests that the effect is due to some underlying physical 

mechanism rather than an instrumental artifact. Possible sources of this effect 

are interference with non-resonant background (69) or the ~(1300). Finally, 

there is the interesting possibility that the 1 may be mixed with a predicted 

gluonic meson almost degenerate with it (90). In this last case, different pro- 

- duction and/or decay channels would yield different resonance shapes, and so f 

production in the yy channel could possibly give different phenomenological 

resonance parameters than those found in other hadronic interactions. 

.Y~ Previous determinations of P(j 4 n) from two-photon collisions have 

assumed the theoretical prediction that the J is produced predominantly with -. . 
~- - heli&y 2 (91,92), Because of the negligible backgrounds in this experiment, it 

is possible to verify this theoretical expectation by observing the 29+ angular dis- 

tribution This is shown in Figure 24. It is clear that the spin 2 assumption with 

helicity 2 domination gives a good flt; the other helicity contributions are con- 

sistent with zero. If we assume that the mass peak is due to the 1 and that the 

decay is purely helicity 2, then we obtain P, +,7 = 2.7 f 0.2 f 0.6 keV, the first 

error being statistical and the second, systematic. This agrees well with the 

results from other experiments (64-67). _ 
_ .. 

I 
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9.2 Measurement of I’lAp + W) from u(rv + A, + nod _ 

After the n”~” events were removed from the 4y sample, the resulting 

. events were essentially all nor) and their invariant mass peaks at around 1300 

MeV/c2. Identifying this peak with the A2(1320) and assuming pure helicity 2, we 

CMl extract the my partial width of ,- the de: We obtain 

I’(Ap+ w> = 0.77 & 0.16 f 0.27 keV. The naive quark model with ideal mixing 

predicts a ratio of 9/25 for r(Az + yy)/ I’(j 4 yy) which is in agreement with the 

Crystal Ball observations of 0.29 * 0.07 & 0.07 for this ratio. 

9.3 Other States - 

In addition to the two measurements discussed above, we can also set 

several limits based on the absence of signals. First, as is seen in Figure 23b, 

there is no evidence for yy + S*(960) + ~T’T’. From this, we can set the limit 

r(S* + n)B(S* + rnr) < 0.6 keV. This limit is considerably smaller than the 

value of about 20 keV expected by most theoretical estimates (92), but con- 

. . _ 
sistent with a single-quark-exchange calculation (93) which predicts less than 

0.4 keV for mesons in the O++ nonet. Finally, no signal for yy 4 r/q was observed. - - 

._ --. -This allows two 95% CL. limits-. to -be set. First a limit of 0.05 can be put on 

I’(f + &/I’(1 + nrr). This is consistent with the limit of 0.016 obtained in ear . 
her work (94). And secondly, this absence implies that 

r(zP( 1640) + yy)B(tY( 1640) + ~7) is less than 5 keV. 
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10. - IN THE REZION I%OH CHARM THRESHOLD TO 4.5 GeV 

It has been known for a long time that the energy region above charm 

. threshold, from the V’ at 3.77 GeV to about 4.5 GeV is rich in charmed physics 

phenomena. The V itself is known to be a D-factory, 4.03 GeV is a D.-factory, F 

and F* mesons are expected, and, more generally, there &ould be B’rich spec- 

tti of excited D and F mesons produced in e+e- collisions in this energy 

range (95). The strong structure in R,, in this region (61) is ample evidence for 

this but so far no details have been fully resolved above 4.03 GeV. In order to 

investigate this potentially interesting area of physics, the Crystal Ball accumu- 

lated an exposure at the q’(3770) yielding about 1.3 10’ produced $“, and an 

exposure of 11.3 pb ml distributed over the range 3.6 GeV to 4.5 GeV. Although a 

great deal of effort has gone into analyzing this data, only the results on R,, dis- 

cussed above are considered complete. Preliminary reports on some of the 

other work have been given, however, and we give a short review of them here. 

The global structure of the physics in this region is shown by the energy 

dependence of the normalized hadronic cross section itself, charged and neutral 

multiplicities, and charged and neutral energy fraction. Preliminary results on 

some of these from the Crystal Ball data are given in reference 96. The Rh 
- -. 

measurements con&m the structure seen in other experiments (61): clear 

peaks at 3.77, 4.03, and 4.4 GeV, a broad peak with possibly some substructure 

around 4.16 GeV followed by a broad “valley” in the 4.2 to 4.3 GeV region. The 

statistical precision of this set of measurements is very high but much work 

remains to be done to reduce the point-to-point systematic uncertainties to 

fully exploit it. Analysis of R,, over the V’ excitation curve gives resonance 

paramzters (97) in reasonable agreement with earlier work (96). 

The observed neutral energy fraction.&- quite sSmooth through t-he whole 

region and so seems to be insensitive to the underlying physics However, the 
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observed neutral multiplicity does show large changes. _ Together, these two 

facts suggest that lowenergy y’s, 7r”‘s and 7’s could be useful indicators and 

these have been stressed in the data analysis. The resonance at EL = 4.03 GeV 

serves as a source of almost monochromatic low-energy If’s and photons. This 

results from the combination of a large D* cross se&ion at this energy and low 

- Q values for both the production channels, D’b* and D*B + b*D, and the decay 

channels D+ + n”D and yD, These circumstances give rise to an inclusive pho- 

ton spectrum at this energy which is quite complex since there are significant 

contributions from all eight sources (no and y from both charged and neutral D* 

decays arising from both D*b* and D’B + c.c.). Qualitatively, the IF’ and y con- 

tributions are resolvable since the former is peaked around ‘70 MeV and the 

latter, around 135 MeV (the Doppler broadening gives rise to only a slight over- 

lap). Further information is provided by the no energy spectrum which shows 

strong peaking at small kinetic energies. By contrast to the strong structure in 

these spectra at Em = 4.03 GeV, the corresponding ones below D+ threshold at 

the V’(3770) are smooth and featureless. We have used these as background 

functions in quantifying the effects due to the D* mesons. The spectra allow a 

new determination of theID& -Do mass difference of-142.2 k.O.5 f 1.5 MeV/c2 in -. . 
agreement with earlier Mark I results (99). However, because of the relatively 

large number of cross sections (those for e +e- + D&B*, 

D*+D*-, D*Op + c.c., D*!D’ + C.C. ) and branching ratios (those for D*’ + noDo 

and yD”, 6” + n”D+ and yD+) which are involved, the Anite resolution of the 

apparatus, and the limited statistics, it is only possible to directly measure cer- 

tam combinations of the physically interesting quantities. Guided by theoreti- 

cal calculations (99) and Mark I measurements (loo), we can make reasonable 

assumptions about some of these quantities and so obtain - 

- 

u(Dso~ + c.c.)/u(D+~B~) r 1.6 and B(Dsomi yp) Z 0.37. These results are 
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consistent with those of Mark 1 (99). 

. 

11. suMMARYANDFuTuRE~ 

Although the people who studied photon detectors for 2+e= star-&e rings at 

the-1974 PEP Summer Study did not yet know about the soon-to-be-discovered 

charmed quarks, subsequent events have shown that the practical realization of 

their ideas has borne rich rewards in understanding this sector of nature. The 

Crystal Ball detector grew out of that work and, as this brief review has shown it 

has proved to be an especially versatile instrument in spite of features (or lack 

of them) which at tist sight would make it seem to be very specialized and res- 

tricted in application Of course, the dominant strength of this detector has 

been, and always will be, the measurement of monochromatic photons, and it 

was this capability that allowed the Ball to resolve the old problems with the 

charmonium interpretation of psionic matter. However, the measurements of 

R,,, for example, demonstrate the instrument’s capability to determine global 

properties of e+e- annihilations, and, at the other extreme, kinematically con- 
- - 

-. strained fitting to very specific final states -which include just- two charged parti- 
._ --. 

cles but are richin photons has been successfully exploited. 

. Work is currently in progress on several projects involving our large SPEAR 

data sample. These include searches for the F meson by means of specific 

exclusive channels, study of D decays, further work on D* physics, completion of 

the work on Rh just above charm threshold, measurement of certain interesting 

exclusive hadronic final states in J/3 and v decays, and further work on radia- 

tive decays of the J/q and $’ and in two-photon physics. However, an increas- 

ingly large fraction of the group’s efforts is going intqYnew ventures in T physics. 

Within the next few years, we expect to have sufficiently large data samples at 
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i 
the T, T, ‘I”‘, and other energies to be able to make contributions toward under- 

standing upsilonic matter comparable. to what we have done in the psionic sec- 

. tor. The difficulties are formidable since the rate of data accumulation at the 

higher energies is considerably smaller than in the J/q-region, but the work has 

begun. FinalIy, we expect to utilize the higher w flux in the 10 GeV energy _* 
- 

range to explore further questions in two-photon physics. 

The work reported here would not have been possible without the dedicated, 

innovative, and, at times, brilliant efforts of the many members of the Crystal 

Ball collaboration and their supporting engineers and technicians, the staffs of 

the accelerators at SLAC, Harshaw Chemical Co., and other people who played 

important roles in building the detector. The members of the Crystal Ball colla- 

boration were: C. Edwards, R. Partridge, C. Peck, F. Porter (Caltech); D. 

Antreasyan, Y. Gu, W. Kollmann, M. Richardson, K. Strauch, K. Wacker, A. Wein- 

stein (Harvard); D. As&man, T. Burnett, M. Cavalli-Sforza, D. Coyne, C. Newman, 

i .H. Sadrozinski (Princeton); D. Gelp.hman, RI- Hofstadter, R. Horisberger, I. Kirk- ._ --- 
bride, H:Kolanoskl, K. Konigsmann, R. Lee, A Liberman, J. O’Reilly, A. Osterheld, 

B. Pollock, J.’ Tompkins (Stanford-HEPL); E. Bloom, F. Bulos, R. Chestnut, J. 

Gaiser, G. Godfrey, C. Keisling, W. Lockman, M. Oreglia, D. Scharre (SLAC). The 

work of the collaboration was supported in part by the Department of Energy 
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figure Captions 

Figure 1. (a) The current status of the charmonium spectrum below charm 
. threshold. All the observed photon transitions between these 

states are shown, solid lines indicating electric dipole transitions, 
- 

broken lines, allowed magnetic dipole transitions (between states _ 
with the same radial wavefunction) and broken-dotted lines, “hin- 

dered” magnetic dipole transitions (between states with Merent 

radial wavefunctions). (b) The observed hadronic transitions 

between the v and the J/q. The ~TK transitions are allowed, the 7 

transition is sU31, forbidden, and the n” transition is SU2p forbid- 

den. 

Figure 2. The two principal elements of the Crystal Ball detector, the 

charged particle tracking chambers in the 25 cm diameter cavity 

of the shell, and the Nal(Tl) .shell itself. The middle chamber is a 

continuously sensitive wire proportional chamber and the other 

two are magnetostrictive spark chambers. The shell itself is seg- 

mented into_opticallv separated triangular pyramids in a solidly - _- 
i ._ --- 

1 

packed geometry based on an icosohedron. Each pyramid is 

viewed from the outside by a single photomultiplier. [From “Quar- 

konium”, by E. D. Bloom and G. J. Feldman. Copyright (c) 1982 by 

Scientific American, Inc. All rights reserved.] 

Figure 3. Inclusive y spectrum at the +‘.Note that the spectrum is 

AN/A(logE) s EdN/dE. The upper inserts show the background 

subtracted signals for the qc and vlc candidate states. The 

numbers over the spectrum key the observed spectral features 

with the expected radiative transitions-in the ~charmonium spec- 

trum inset. 

- 
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Figure 4. (a) Dalitz plot showing events from the’ two exclusive decays 

JF + yye’e’ and $’ + yyp+p-. The kinematic boundary is the outer 

one shown and inscribed within it are the boundaries imposed by 

the event selection cuts. Each event appears twice in this plot, 
- 

once to the right of the almost vertical central dividing line, once 

to the left. The combination with the lower energy photon is on 

the right and the clear verticality of the bands shows that the 

lower energy photon is the first emitted. Horizontal bands 

corresponding to the q and IF’ are also evident. (b) The same as 

(a) but after kinematic fitting. The JV + y-ye +e - events are sub- 

jected to five constraints and Ir/l + np+k- to three. The main 

effect of fitting is to remove background and to improve the 

energy resolution of the higher energy photon The latter 

significantly sharpens the bands on the left and those for the q 

and the no. 

Figure 5. Inclusive y spectra at the 3’ used in the measurement of JF + T~J 

and $‘+ mc(2984). (a) AlI tracks neutral and charged with - - 

lcoslpl < 0.85. (b) Same as (a), except that tracks tagged as 

charged by the tracking chambers are removed. (c) Same as (b), 

except that photons resulting from reconstructed IF’ decays, and 

those near interacting charged particles are removed. (d) Same 

as (c), except that each track is required to have a lateral energy 

deposition pattern consistent with that of an electromagnetically 

showering particle. 
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Figure 8. The upper part of the Bgure shows the observed values of 

B(v + yx~) as obtained from independent analysis of each of the 

four spectra shown in Figure 5. The lower part compares the cas- 

cade product branching ratios B($’ + yxl,z) B(xl,z -) yJ/$) from 

the four spectra (dots) with the direct measurements ,of these 

products from our analysis of the exclusive events v + yyl’L- 

(dashed bands). Since separation of the overlapping lines from 

the ‘two photons xi + yJ/$ and xs + yJ/$ in the inclusive spectra 

is difkult, the comparison with the sum is also shown 

Figure 7. Diphoton masses of fitted events for v + nJ/$ + ~l’l-. (a) The 

peak due to the q; the smooth line is a ten times magnified calcu- 

lated curve for the expected contamination from $’ + n”rr”J/q. 

(b) The same as (a) except that events consistent with 3’ + qJ/$, 

and$‘+ TX, have been removed. These cuts allow the IF’ peak to 

show clearly. 

Figure 8. Inclusive y spectrum at the J/$, AN/A(logE) Y Ed.N/ c%E. The 

strong peak at 200 MeV is due to charged particles which were not 
- - 

tagged by the tracking system. The inset shows the background ._ --- 
subtracted signal from the vc candidate state. The two prominent 

. 

Figure 9. 

peaks near the high energy end point of the spectrum are from 

the monochromatic photons in the reactions 1/, + M’ and 

$ + ~~(1440). The photons from q + yq (no) were eliminated from 

this spectrum by a hard QED cut. 

Lowest order QCD diagram for the radiative decay of the J/q into a 

gluomc meson. 
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Figure 10. The same as Figure 8 showing details near the high energy end 

point of the spectrum. 

Figure 11. Dalitz plot for J/9 + yyy. The two sets of dashed lines indicate 

where events from J/9 + m and J/9 + m’ should be clustered. - 

Except for a QED -background, no other signalsare seen. 

Figure 12. Distribution of the ~,ZF+TT- mass from events satisfying the 

hypothesis J/$ + y2y17rr+n- where El1 C Err, and mm has been cut 

about the p” mass. The solid curve shows a fit to an 7’ peak plus a 

smooth background (dotted). 

Figure 13. Distribution of the Ir”rr* mass from events which satisfy the 4C fits 

to the hypothesis J/.9 -I y+W’. The solid curve shows a fit to an f 

peak plus a smooth background (dashed). 

Figure 14. Contours of equal probability as a function of z and y, the ratios 

of helicity amplitudes in the decay of the f in J/3 -) yf + y+V. 

The data point with error bars represents the measurement and 

the others are theoretical predictions (see text). Number next to 

the-curves-are in units of standard deviations. 

Figure 15. (a) Distribution of the flK’n” mass from events consistent with 

the hypothesis J/9 -) yI?Kn’. The events in the shaded region 

satisfy the further requirement MPR < 1125 MeV/c2. (b) Dal&z 

plot for x+KT events from J/q + yK+K-lr” with 

14-00 c Mm- < 1500 MeV/c2. The solid curve shows the boundary 

for &I*, = 1450 MeV/c2 and the dashed line shows Mm = 1125 

MeV/c2. 
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Figure 18. Partial-wave contributions to J/q + pK-6’ as a function of KIT 

mass for (a) OTT flat, (b) K*x + C.C. with Jp = l+, and (c) 6n with 

Jp = O-. 

Figure 17. (a) The 77 mass distribution from the proceis J/d/ + ~7 for 

Mv,, < 2.5 GeV/c2. The solid ‘curve is a At to aTlatbackg”round plus 

one Breit-Wigner resonance. The dashed curve is a At to a flat 

background plus two Breit-Wigner resonances, one with the mass 

and width of the f ’ but fitted amplitude and the other with all 

three parameters fltted. (b) ~cos?s,~ and (c) icos?s, 1 distributions 

for J/q + fl, 19 + r/q. Solid curves are best flt distributions for a 19 

spin of 2 and the dashed curves are expected distributions for spin 

0. The inset shows the I co&,, I distribution on an expanded scale. 

vnn mass spectrum from (a) J/q + MIT+~~- and (b) J/q 4 y@Y’. 

The curves are flts including contributions for the ~(1440) as 

Figure 18. 

described in the text. 

Figure 19. R, as a function of Em. The first two points are for Em = 3.87 

GeV and the $“. The v point is off-scale. The error bars include - - 

._ --- the point-to-point systematic uncertainty, but. not the estimated 

20% overall systematic uncertainty. 

Fig&e 20. Possible mechanisms contributing to the decay $I’ + yylPI. 

Figure 21. (a) The inclusive IT’ energy spectrum from $’ decays. (b) Distribu- 

tion of the m, mass for events satisfying the hypothesis 

v -, +mc 

Figure 22. (a) Crystal Ball measurements of Rh compared to theoretical 

prediction. The solid points are from data taken in 1980 and the 
_-, ~. -. 

open squares are from a much larger data sample taken in 1981. 

The dotted curve is the simple quark-pax-ton model prediction and 
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Figure 23. 

the others are QCD predictions with Am T 100 MeV (solid), 200 

MeV (dashed), and 300 MeV (dash-dot).The error bars do not 

include the 5.3% (1981 data) or 7.0% (1980 data) overall systematic 

error. (b) Comparison Crystal Ball results (solid circles and open 

squares) with other measurements 482a) (Mark I, open circles; 

PLUTO, open triangles; LENA, crossed dot; DABP II, solid triangle; 

CUBB, plus sign; DEBY-Heidelberg, cross). The curves are as in (a). 

The top part of the figure shows the If+ mass distribution for 4y 

events consistent with e +e - -) e +e -yy + e +e -n”lr” The shaded his- 

togram shows the non-$+’ background. The bottom part of the 

figure gives o(n + +Ip) for 1 co@*1 < 0.7. The curves are 

described in the text. 

Figure 24. Acceptance corrected distribution for Icosd+l for n”lr” events in 

the f mass region (1040-1480 MeV/c2). The solid curve is the best 

fit spin 2 distribution and the dashed curves show the contribu- 

tions from each of the three helicity amplitudes. 

- 
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i 
, T. 1. Comparison of Crystal Ball results for @ ’ + nJ/+ with those from 

other experiments. L&nits are at 90% confidence level. Masses as measured by 

-.: the Crystal Ball are denoted by an asterisk, and those measured by Mark II, by a 

double asterisk. There is an additional 4 MeV/c2 systematic uncertainty on all 

the masses. 

- 

c - s 

State 

( bieV/c2) 

crystal Ball Mark II (28) Mark I (13) DESY-Heidelberg (14) 

#553.9*0.5)* 1.28f0.22 1.1*0.3 ~- 1.0~0.8 l.Of0.2 

@50&4*0.4)* 2.38kO.40 2.4k0.8 2.4f0.8 2.5f0.4 

x(3412.9~0.8)? 0.08*0.02 <0.58 0.2dzo.2 0.14*0.09 

x(3455) (0.02 <0.13 0.8dzO.4 CO.25 

x(=9 1)  <0.04 - 0.18f0.08 

..- -- 
rl . 2.18ztO.38 2.5k0.8 4.3*o.a 3.8i0.5 

, . IFa 0.09*0.03 0.15kO.08 - 
. 



-72- 

TABLE 2 Results of likelihood flt of data for $’ + nJ/$ + yyl+l- to correlated 

angular distributions for various x spin values. The multipole amplitudes have 

been normalized so that ‘2’ 1 Uj 1 2 = 1, and for spin 2, as has been set to zero. 
f-1 

Hypothesis -2lIl(U L-) 
F- - I  

a’2 =2 

x( 3508) data: 

J, = 1 

J, = 2 

J, = 0 

x(3554) data: 

J, = 2 

J, = 1 

J, = 0 

+(O.O77ggg) 

+(O. 1323:&F) 

- 
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TABLe 3. Results from the $’ + yx,. When two errors are given, the fb=st error is 

statistical and the second is systematic. Ranges and upper limits are 90% 

-‘: cotidence levels. 

Pat-. - -- x0 Xl x2 

E7 WV> 258.4 f 0.4 f 4 189.8 l .3 * 4 128.0 * 0.2 f 4 

r(x/) (Mev) (13.5 - 20.4) c 3.8 (0.85 - 4.9) 

w -, YXJ) (7.1 9.9 l 0.5 f 0.8 9.0 f 0.5 i 0.7 8.0 * 0.5 * 0.7 

.- 
1 : 1.07 f .08 : 1.39 l .ll 

B (XJ ; YJ/ +I (%I 0.80 f: 0.17 28.4 * 2.1 12.4 i 1.5 

. 
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TABLE 4. q, Branching Ratio Measurements 

Decay Mode 

-PF 

7r+7r-7r+fr- 

n+n-PK- 

lr+ll-pgi 

KVP, 

Mark II (35) 

(6g)XlO” 

(5.7g.f)x10-5 

(4.og.$)x10-5 

<5x10+ (90% C.L.) 

(1.5~.#)xlO-+ 
.-. 

(2.9’:.#)xlo-s 

(2*0~:~)x10-2 

(1.4~;&c10-2 

,<2.3xlO* (-90% CL.) 

(5.4~~~9)x10-2 

crystal Ball 

?yr+lr- (3.1*1.9)x10~ (z.st~:,B)xlo-2 

Yf <1.6x10” (90% CL.) <1.6~10-~ (-90 % CL.) 

PK-e <1.5x10+ (90% CL.) c1.7x1o-2 (-90% CL.) 

- - =) uses Crystal Ball value for B($‘+ms). 

, . b, uses Crystal Ball value for B(J/+mc). 

Cl see Section 6.4, 
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TABLE 5. Crystal Ball measurements (except as noted) of J/9 + y+, 

m, M’I Y3 * Yf ‘. Where two errors are given, the first is statistical and the 

. second, systematic. 

B(J/jb + y+) = (3.6 f 1.1 * 0.7) x lo-* 
c - 

J(J/@ - yq) F (0.66 iO.06 i 0.11) x 10" 

q’ Decay Mode B(J/* -, m’) x lo-’ 

q’ - qrr+IF- 

q’ - qnon” 

77’ - YP” 

rl’ -ru I 

3.9 c 1.0 * 1.1 

4.2 i 0.6 i 0.6 
.- 

4.1 i 0.4 i 0.6 

4.4 f 0.9 f 0.5 

_ Average I 4.1 f 0.3 f 0.6 

B(J/q + yf) = (1.46 * 0.25 f 0.30) x 1O-s 

B(J/$ -yf ‘) x B(f’ -. r)q) = (0.9 zt 0.9) x lo-' 

B(J/@ + yj’) x B(J’ + I&)’ = (1.6 f 0.6 & 1.0) x lo-’ 

B(J/* + yX)B(X -, 2y) < 1.6 x iO-s (e% C.L.) -- 
- 

-f&, 2600 < Mx c 3000 MeV/c2, and, r, < 25 MeV 

, . B(J/q -) 3y (direct)) < 5.5 x 1Oa (90% C.L.) 

O)Mark II, reference 63 
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TABLE 8. Relative partial-wave probabilities for various hypotheses for the 

structure of the KR7r system in J/q + yK+IC+‘, (1400 I; A41dpn < 1500 MeV/c2). 

Partial-wave contribution 

flat + bn - o- 

fkd+ &r-1+ 

flat + PR + C.C. - o- 

flat + K-R + C.C. - 1+ 

Relative probability 

1.0 F- - w 
0.006 

10-' 

0.01 

i 

._ -- 

_- 
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TABLE 7. Parameters for the L( 1440). Where two errors are given, the first is 

statistical and the second, systematic. 

_ Parameter Crystal Ball 
F- - m  

I 
Mark II (44) 

A4 (MeV/c2) 

r WV) 

B(J/$ -) yl)B(~ -) Kx# (4.0 f 0.7 l 1.0) x 10-s (4.3 * 1.7) x 10-a’ 

c 
JP 

c 2 x 1o-s (90% C.L.) I 
- 

-+ 

0- 

E) I = 0 is assumed in the isospin correction. 

‘1 ‘Ihis product branching ratio has been increased by 19% as compared to the 

value published in reference 44. This accounts for the differential efficiency 

correction from the spin 1 to spin 0 case as discussed in the reference. 

-- C)-Note that one experiment gives ;(a 2 qnlr)/B(b + m = 1.4 & 0.6 (62a), 

.  1 .  
while L + bn has been measured as the dominant decay for the Kxn final 

‘ 
state. 

- 
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TABLE 8. Parameters for the IJ( 1640). Where two errors are given, the first is 

statistical and the second, systematic. 

Parameter 
- 

M (MeVice) 

r (MeV) 

WJW+r19)W+rlr l )  

B(J/$+y9)B(z0+m" 

B(J/$ -. @)B(29 -. IFIT)' 

C 

JP 

Crystal Ball 

1670 i 50 

160 * 80 

(3.8 AZ 1.6) x lo-' 

WI 
.-. 

c6 x 10+(90% C.L.) 

+ 

2+ (95% C.L.) 

4 I = 0 is assumed in the isospin correction. 

- ‘Mark II (64) 

1700*30 

156 k20 

-- 

(12.0 JC 1.8 f 5.0) x lo-' 

. c3.2 x lo+ (90% C.L.) 

+ 

2+ (78% CL.) 
c 

- 
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TABLE 8. Measured values of Rh = o( e +e - + ha&xx)/ o(e +e - + CL+@-). The er- 

ror on Rh consists of 3 parts, a statistical error (b&J Rh& a systematic error 

which depends upon ECU, (b& / R ) h potitV., and a systematic error which is uni- 

formly applicable to all the 1981 data of 5.3% and to all of the 1980 data of 7.0%. 

ECH 

(GeV) 
5.00 

5.25 

5.50 - 

5.75 

8.00 

6.25 

6.50 

6.75 

.7.00 

-- 7:26 

7.4-O. , . 

5.20 

8.00 

8.75 

7.40 

Rh 

3.46 

3.60 

3.33 

3.40 

3.25 

3.31 

3.33 

3.38 

3.34 

3.56 

3.32 

WJ &hot @Rh / Rh ),mfnt -0. 

(x) (N 

3.3 3.4 
.- 

2.8 1.2 

2.9 

3.1 

2.8 

2.8 

2.8 

2.3 

- 2.9 -. 

3.0 

4.0 

2.4 

1.4 

2.3 

1.4 

2.2 

1.5 

1.5 

2.2 

2.9 

3.51 3.5 3.5 

3.43 3.5 3.5 

3.38 3.8 3.5 

3.87 3.5 3.5 
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