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1. INTRODUCTION AND OUTLINE

At the 1974 PEP Summer Study (1}, one of the projects was to explore the possi-
bilities and limitations of detectors optirnized to rmeasure 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 measure the energy of
| phot,ons in the region above a few tens of MeV with high precision {in the range of
a few percent) would provide & unique capebility offered by no existing
apparatus. Thus it could possibly yvield 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 de_v'ice would be able to compete with the large
general-pui-pose 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 would in fact quickly and
directly measure a large fraction of its total energy. This prompt information
couid form the basis for an admirable trigger having very different biases trom
those used by the magnetic spectrometers. Thus such a device would be an
. interesting compl_emenia}y technique for t.ﬁe investigation of e*e” physics. In
particulﬁr an efficient “all-npeutral” 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 aliowing beam energies up to about 18 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 Caitech, Harvard, Stanford-HEPL and SLAC and this led to serious
— work in the fall o_t 1874 toward preducing & formal proposal for the existing lower

1 group from Princeton joined the collaboration in 1977,
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energy storage ring, SPEAR. Discovery of the J/9{3100) and ¥'(3700) in Nov/Dec
of that year spurred on these efforts, especially as people realized there was the
likqu 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 detecter whose principal component was-& spherical
shell of Nal(Tl) with a 10" inner radius and a 28" outer radius. The device was
quickly dubbed the "Crystal Ball” and it has been universally called that ever
gince. The propoesal was approved in spring 18975 and the construction of the
detector was compieted three years later in the spring of 1978. BSection 2

describes the configuration and performance of the detector.

Tlhe Ball was installed at SPEAR in fall 1978 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 10® hadronic
~ events at each of the two 35, states, the J/9(3100) and the ¥(3700). Typical
luminosities at these energies were 0.5 10°° em ™ sec™ and 1.8 10°° cm ™ sec ™!
respectively. About one month was spent at the ¥“(3770) coliecting 4 10*
hadronic events and the i‘est of the time was spent at energies in the continuum,
a_ln;ost all of ﬁhich were above charm threshold. We obtained a cumﬁlative
expésure 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 10%! cm 2 sec ™!

In the spring of 1982 the Ball was moved as an intact experiment to the
Deutsches Elektronen Synchrotron (DESY), Hamburg, Germany to run on the
DORIS II e*e~ storage ring in order to make a parallel study of the T system.
Datg taking in the 10 GeY region, in which DORIS 1l is optimized, hagd 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 resuits
that had been completed as of December 1882, 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 find a discussion 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 anaiysis projects currently in progress as well as our expectations for

results from the just begun exposure of the Crystal Ball at DORIS 1.

The principal accomplishmenté of the Crystal Ball experiment have resulted
trom the study of radiative and certain hadronic transitions invelving 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 t.he
focus of the Crystal Ball eflforts. 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-

o -cle physics. This poéitronium-ﬁk;a st;ructure gives strong qualitative evidence for
. the fundamental ¢€ interpretation of charmonium and quantitative details about

the energies and transition rates can be compared with phenomenclogical

rnodels motivated by Quantum Chromoedynamics {QCD).

When the Crystal Ball experiment began, however, there were several out-
standing difficulties with the {hen-favored, and now. weli-established ¢%
model. A total of five states had been reported in two-photon cascade transi-

tions between the ¥' and the J/9 and one state had been reported below the i /¢

in the 3y decay mode. Preferred quantum numbers for three of the
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intermediate mass states were 'i.ndirectly inferred {4,5,6) from _their hadronic
decay patterns and mass ordering and these caused them to be identifled with
the three 9P, states. However, the experimenta.l situation concerning the candi-
date !Sg states seemed to present an insurmountable challenge to the beautiful
cg in.terpretation ('?-9). L

In brief, the 'Sy problem was as follows. In 1977, the DASP collaboration
(10,11} observed & significant signal at 2.83 + 0.03 GeV/c? in the distribution of
the highest yy mass from the decay /¥ + yyy. This state, the X(2830), immedi-
ately became a candidate for the 1!S, state, the 7,. The measured product
branching ratio, B(J/¥ -y X(2830)) - B{X(2830) » vy), was (1.2 £ 0.5) 10~
However, no evidence for J/';Ir -+ ¥ X(2830) was seen in the inclusive ¥ 'spect.rum.
from the J/¢ by the SPEAR experiment SP-27 (12), which set an upper limit of
2% for B(J/ ¢ » y X(2830)). These results were incompatible with any reason-
able ¢ model since this interpretation predicts B(J/ ¥ -+ ¥ X{2830)) to be an
order of magnitude larger than the limit set by SP-27. F'uz:thermore, it predicts
B{X(2830) - 77) to be about five times smaller than the lower limit inferred
from the DASP and SP-27 resuits combined. Finally, a hyperfine splitting of 265
MeV is surprisingly large within the ¢% model.
__TI‘I:;ta_ second serious pr.oblem conce.me'd the 2 1S, state, the n',. Imtially.
somei‘ evidence for an 7', candidate was reported {13) at a mass of 3455 MeV/c?
in the cascade process ¥ -+ 7y'Sg- 77/¥ by the Mark 1 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 elternative intermediate state at 3591 MeV/c?

as a possible n'p candidate. However, their reported branching ratio for

¥ -y x{(3591) » ¥yi/ v was orders of magn_i_fude gre&ér than predjctéd by the
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model, if this state were taken to be the n'p,

One of the first processes measured with the newly commissioned Crystal
Ball was J/y -+ 3y. These new observations provided both higher statistics and
better resolution than the earlier ones, but they did not confirm the X{2830). A
lower limnit of 2.2 10° was initially (15) set for the product branching ratio (this
hrmt wﬁs subsequently lowered to 1.8 107 {807 C.L.). see Section 6.3). Nor did
later date confirm either the x{3455) or the x(3581) in the radiative cascades
from the ¢’ to the J/y. Thus the experimental status of the two expected !5,

states was again open.,

The first evidence for the 7, in the Crystal Ball came from the inclusive ¥
- spectra observed from the ¢' and, shortly thereafter, that from the J/¥. Some-
what later, with a doubling of the ¥ data sample, evidence for the n', was also
found in the ¥ inclusive y spectrum. The current status of these two char-
monium states is discussed in Section 5 belolw‘ ¥With th.ese two contributions
from the Crystal Ball, there is only one qualitative feature of the expected ¢t
spectrum for which no experimental evidence has yet been found, namely, the
1P, state. Section 7 summarizes our currgnt limits on certain decay modes
_ ‘involving this state.: |
The ;'adiative transitions involving the three P states give rise to the
several prominent peaks in the 9" inclusive 7y spectrumn 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 ¥ spectrum has been recently completed and is
— discussed in Section 3. The radiative cascade exclusive channels
¥ =+ 7 3P +yye*e” or yyutu  were suﬁceptibte to more rapid analysis and Sec-

tion 3 also summarizes our resuits en product branching ratios, masses, and
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angular distributions {which st.fongly support the earlier spin a_ssignments for
these states). As a by-product of our study of these exclusive channels, we also
made measurements on the three transitions ' -+ #°n°J/ ¢, ¥ »nd/¥. and
¥ - n°l/y. The first simply corroborated the much better results from
¥ -o. n*n~J/ 9. but the other two yielded significant improvements over earlier

work. These hadronic transitions are discussed in Section 4.

Radistive transitions from the J/y are especially interesting since their pri-
mary mechanism is expected (in the context of QCD) to be J/y¥ » ygy with the
two gluons in a singlet state of both color and flavor. Thus any gg bound states
which are even under charge conjugation and less massive than the J/4 are
likely to be excited in this éecay. At least two candidates for such objects have
been observed in the Crystal Ball data. One, with a fnass of about 1440 MeV/c?
was thought to be the 1**, £(1420) meson when it was first found in §/¢ decays
by the Mark II experiment. The existence of the state was quickly confirmed by
the Crystal Ball Howe\;er, only after the partial wave analysis of twice the
 initial data sample did the Crystal Ball collaboration find that the 0~* assign-
ment for the state was favored. This state was then named 1{1440). A second
gluomum candidate, the ${1640), was found by the Crystal Ball in the mm decay
moae and the preferred spm-pe.rlty asslgnment is 2*. Finally, searching in the
channel J /¢ -+ ym7mr, we find no evidence that the 1440 MeV/c? state decays into
n7n but we do see both the expected signal of ' » 7 and an unexpected very
broad enhancement at an nnn mass of 1710 MeV/c®. The present status of these
several interesting possibilities as well as the Crystal Ball's observations on the

modes J/y +y X where X =n°, 9, %', /. and ', is discussed in Section 6.

In addition to the extensive search for the !P, charmonium state mentioned

earlier, two other searches with negative results have been carried out and are

described in Section 7. The first was an .attem;;t. to corroboraté a strong
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enhancement in the inclﬁsive 7} cross section reported by the DASP experiment.
This had been interpreted as evidence for e*e”" + F + ... »n + ... where the F is
the charmed-strange meson. However, no significant enhancement was
observed by the Crystal Ball The second search with negative results was for
evidence of the axion. Since there are quite sharp theoretical predictions for
radiative decays of the J/4 and T into the axion, we made a detailed investiga-

tion of our J/¢ 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 coliected a body of data in the
energy region above_charm t.hreshold_. To date, in addition to the inclusive n
cross sections mentioned eariier, we have made total hadronic cross section

“measurements (R)) up to the h.igﬁest enérgies at SPEAR (Section 8), we have
cbserved production of the f and 4p by two pboton collisions from which we
obtain the decay rates I'(f - yy) and I'(4; » ¥y) (Section 9), and finally, we have
made several r;leasurements in the region from charm threshold t.b 4.0 GeV

{Section 10).

2. DESCRIPTION OF THE APPARATUS AND ITS PERFORMANCE

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. Holstadter and his colleagues (16} had shown
that the technique of total absorption shower counters made of thalliurmm doped
sodium iodide {Nal(Tl)} was unsurpassed in the combination of high detection

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

difficulties occasioned by the extremely hy&roscopic 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 i:learly the full 4n sr solid angle about the ete”
collision point, the Crystal Ball. The final result of the design was a detector
consisting of four main parts. These were: a central charged particle detection
) syst.ém. two hemispherical sheils of Nal(Tl), endcaps of tracking chambers fol-
lowed by sodium iodide which covered the beam entry holes into the spherical
shell, and a smali-angle luminosity monitor. Figure 2 shows the geornetric
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 deteclors covering 717%, 83%, and 847% of 4 7 sr, respectively. The middle
detector (18) was a proportional chamber with two gaps, and the other two
detectors were magnétostrictive 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 18 radiation length thick
spherical shell of sodium iodide. This thickness is sufficient to contain essen-
tially the entire longitudinal deéelopm_ent of electromagnetic showers in our

_ en_er—gy range. As shown in Figure 2, the shell is actually a dense packing of trun-
cate:_i triangular pyramids of Nal(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 alumninum foil (except for the plane separating the two hemispheres).
The shell consists of a total of 872 of these crystals and it covers 93% of 4n sr.
The missing 7% is due to beam entiry holes, but these are almost completely

covered by the endcaps.
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With this geometric arrangement, we not only rneasure 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 rore than two or three cry-
stalsh. Eiectrons and photons with energy greater 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 sirongly
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 og of this resolution is well approMted by (0.0255 + 0.001 S)E%
| where F @d og 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 'S

and 3Py 2 from our inclusive ¥ 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
fitting, which in turn leads to some of the physics results-to be discussed

later. It should be noted, bhowever, that because of the size of
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electromagnetic showers and the edge eflects of the beam holes, the good
energy resolution is only available over 85% of 4nsr. A detaﬂed- 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 t:deso_lﬁut.ion__with which
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 accuracy of angles
determined in this manner is caused by shower fluctuations. The Crystal Ball

bas achieved a resolution with g, = 1.5° 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 as possible
of the solid angle. around the collision point with high efliciency 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 Nal(Tl)
hexagonal prisms covered by two gaps of spark chambers. These brought the
total coverage to 98% of 4n sr. anarlly because of edge effects, the energy
resolutxon for photons and electrons going outside the central 85% of 41 sr of
t.hel_ main ball was relatively poor and strongly direction
dependent. Consequently, the endcaps were primarily used as veto counters.
They allowed us o determine the topology of events with very high confidence,
and this was of crucial importance for reducing backgrounds in some of the phy-

sies measurements given later.

Finally, for many of our measurernents 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 bearn line. Each of the four elements
was identical, consisting of three scintillators followed by ; shower counter, and
covered a solid angle of 4.2 10~*sr. The system provided a counting rate of
about 0.7 Hz at the ¥ with our typical luminosity. The accuracy of luminosity
determination was better than 3% with this monitor, as checjcod by using large

. angle Bhabha events observed in the full Ball.

The apparatus was triggered and events written on tape when at ieast 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 great-er than some thfeshold. 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 pormally 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

| _Carlo sirnulations which have boon done to determine detection efficiencies have

included these hardware trigger conditions.

Data acquisition and general systerm monitoring were performed by a
PDP11/t55 computer. Reference 20 discusses in detail both the hardware and

the flexibie complement of software which was developed for this experiment.
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3. THE CHARMONIUN 37; STATES

3.1 Dominant Features in the Inclusive Photon Spectrum of the ¢

~After the discoveries of the J/y¥ (21,22) and y' (23) in 1874, four experi-
ments measured the inclusive photon spectrum from the ¥’ with increasing lev-
els of sensitivity. The first experiment was a two-crystal Nal(Tl) detevtor (24); it

could only place upper limits on radiative transitions to the 37 (x ,) states. A

magnetic detector, measuring converted photons, was able to measure the pho-
ton transition to the xp state (13). but was not able to inclusively observe the
cther transitions. A moderately segnient.ed Nal({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/¥. F‘iﬁaﬂy. Figure 3 shows the

inclusive spectrum at the ¢’ from the Crystal Ball detector, the most sensitive
experiment so far. The main spectrum in the figure is from the analysis of
approximately 0.9 x 10%y" events {the last half of the fuil samﬁle) ébtained at
. SPEAR. Severe cuts have been made in this spectrum te enhance structure.
First, all photons are required to have |cosd,| < 0.85, where ¥, is the angle
between the photon and the be_am direction. The cosine of the angle between
each photon and any charged pé.rticle- is required to be less than 0.9. Pairs of
¥'s with invariant mass consistent with the mass of the n° 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 minitmum iohizing 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 n°'s in which
 the slectromagnetic showers {rom the two photons from the #° decay ove‘rlap.
The pattern cut used for the spectrum in Figure 3, one of many algorithms pos-

sible, was designed to optimize the efficiency for photons with energy. £,, less
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than or about 100 MeV,
As is seen in the figure, the photon transitions from the ¥’ to the x, states
and the cascade transitions from the x, states to the J/¥ stand out clearly in

this inclusive spectrumn. Indeed, the strength of these transitions in our detec-
tor has allowed frequent checks of the Nai(Tl) energy calibration and resolution
) 'overlthé course of our stay at SPEAR. Typically, two days of reascnable data-
taking at SPEAR, yielding approximately 2.5 10* ¥’ decays, allowed an accurate

determination of the transition energies to the x, states.

3.2_The Photon Cascade, ¥' + ¥y, »y3/ ¥

- 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, ¥' -+ 7x, .
X, >7/¥.d/¢y > 11", where I*l" ise’e” or utu”, provides a methed for identi-
fying the x, states {17) which is almost free of background. Indeed, it was in this
reaction sequence that the X, Were first observed (4,25). Additionally, an

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

(17) has permitted a direct measurement of the spin of the X;.z states and of the
multipole coefficients describing the two individual radiative transitions for each
of these states. The decays, ¥ = n{n°)J/ ¥ = yyl*l~ exhibit the same topology as

the cascade reactions; these processes have aiso 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, ¥ -+ #°J/ ¥, which is for-

bidden by isospin symmetry, has been cbserved by the Crystal Ball (17} and the
— Mark 1 (26) detectors at SPEAR. |

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

cussed in reference 17 and the references cited therein
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Figure 4a shows the Dalitz piot of the final event sample (from the first hall
of the full data set) containing 1208 yye*e™ and 1280 yyu*u~ decays prior to
kinematic fitting. These same events are aiso shown on the Dalitz plot in Figure
4b efter they have been kinematically fit to the hypothesis that they arise from
¥ -.77.1/ ¥ > yyi*t7, (5-Clore*e™, 3-Cfor u*u™). The fit iinematics restrict all
of the surviving 2234 yyl*1~ 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,

The decay, ¥' » 7°n°l/¥ . 7° > yy , I/¢¥ > 1*l", in which two photons go
undetected or have energies less than 20 MeV is a background of ~ 57 to the
events of Figure 4a. This t:-;ackground as well as ell 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
mass; that near the bottorn occurs at the n° mass. Two strong signais for

x,(3508) and x,(3554) appear as vertical bands to the right of the symmetry line
shown, which has slope, d{mZ, )/ d{M%,4) = -2.

The Doppier-shifted _bandé t;n the jeft of the s.}"rnmet.ry line (eéch event is
plo;ted twice, t:;nce for each yJ/ ¥ mass combination) are tilted with a slclape of
-1. The mass resolution for the n°,  and the low solution yJ/ ¥ mass is better in
Figure 4b than in the ﬁnﬂtt.ed plot (4a). This is due to the fact that the
kinematic fit reduces the absolute energy error of the higher-energy photon to

that of the lower-energy one.

Alter separating the n and n° bands, the populous states at yJ/ ¥ masses of
~ 3554_and 3508 MeV/c? contain 479 and 943 events, respectively. Three of the 20

events asscciated with xn(3418) are expected to arise from the reaction

¥ - n'n°J/ 9. The culs on the data restrict the ¥J/¥ mass to the range 3129 to
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3641 MeV/c? in this region we find no evidence for a fourth y state.

The branching ratio for a particular »y{*l~ decay channel is obtained by
taking the number of events observed in the channel, correcting for detection
efficiency (from 0.5 to 0.25 for various channels, and typically about 0.4), photon
conversion and charge particle identification efliciencies (0.95 and 0.98, respec-

| tivei:w,r). -&nd dividing by the total number of ¥ produced and the branching ratio
for the decay of the J/¥ into dileptons. The J/y dilepton branching ratic (27) is
the dominant systematic error {137%) in this measurement. The branching ratios
obtained by the Crystal Ball 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(35981).

Aﬁd.itional information obtained from the Crystal Ball measurements of the
photon cascade decays was the spins of the x, g States and the muitipolarity of
the 7 transitions. The particles participating in the cascade sequence,

i

ete” + ', ¥ > ¥X,. X, * 74/ ¥. /¥ -+ 17l define the five angles, cos¥' = &

.?.

cosSp, =7 - tang'= (8- (FxAVE - (FxNxI comw =3,

~ tanp = [F*- (¥ x DV [ [(F x7)x5]]. The anguler distribution function

w(cosy, ¢', cosd,,, cosd, ¢, §), deteiled in reference 28, which describes the
above cascade sequence is a function of the five angles, and of the multipole
parameters g = (J, a'y, a;), where &'y and o; describe the muitipole structure

for the two radiative transitions. The multipole coeflicients are a; (a';) and they

+
satisly the relation, I{x, » 7J/¥) « IZf |as |?, and similarly for a';. The explicit
I=1

- form of the multipole coefficients is given in reference 28. Given the standard

charrnonium model, one expects that the electric dipole amplitudes dominate

the transitions. Thus, the coefficients ay and a'y which are possibie in the spin-2
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case can be expécted to be very Small and they were set to zero.

The data was analyzed by means of a histogram over the five angles. A max-
irnum likelihood comparison was made to a binned Monte Cario simulation which
was._acceptance corrected and constrained to have a total number of events
equal to that in the experimental sample. Table 2 contaips the results of the
likelihood fit.

The multipoiarities of the radiative transitions for the X, are thus found to
be predominantly dipole. An earlier analysis {6} also found this o be the case
for the y,, bul only when its spin was assurned to be 1. The data from the Crystal

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

ferred in the standard charmonium models (2).

3.3 Resuits from the Full Analysis of the Inclusive Spectrum and Some
Comparisons to Exclusive Results

In this section our focus will be on the resuits of a detailed study (29), using
the Crystal Ball, of the radiative transitions from ¥’ to the y , states. Measure-
ments of the natural line widths of the x, states will also be discussed briefly.
The-resuits are derived from 1.8 x 10% ¥’ hadronic décays sélécted using criteria
designed to rejéct. cosmic rays, beam gas and QED events. These criteria
rejebted all but a negligible part of the background while maintaining a 947%
efliciency 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 different background shapes on the
rmeasured photon branching r_atios and Xose line widths. The following cumula-

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

a}

_b)

d)

Removal of tracks with |cosd;| > 0.85 where ¥, is the angle of the track to
the positron beam direction. This solid angie restriction ensures that each
particle in the spectrum is in a fiducial volume of the Nal(Tl) which has a
uniform energy resolution and scale. Since both charged and neutral
‘tra"cks are accepted into this spectrum, an enormous peak at about 200
MeV is observed corresponding to minimum ionjzing charged partictes 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.

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 ionizﬁtion energy indicates

some small inefficiency in charge particle identification.

Removal of neutral tracks close to charged tracks, cosdy < 0.9, and remo-
val of neutral pairs which reconstruct to a #° mass. These last cuts iznprove
the signal-to-noise by about & factor of two wﬁile reducing -y detection

efficiency by about a factor of 0.7.

Removal of tracks identified as minimum jonizing charged particles by their
lateral energy deposition in the Nal{Tl) crystals. These charged particles
were not rejected in b) due to the charged particie identification
inefficiency of the tracking chambers. In this heavily cut spectrum, the
minimum jonizing signal is negligible. The signal-to-noise of the photon
transitions has been maximized so that the ¥' » yn, transition is clearly
visibie at £, ~ 840 MeV (cf. Sec'f.i;n 5.1). Note that because of the fine (1%)

binning of the data in histograms 5{a-d), the signal at E., ~ 92 MeV arising
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{rom the transitions ¥’ = 7’ 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 pholon detection efliciency, photon conver-
sion probability, and the photon angular distributions arising from the different

spins of the J states have been made.

By comparing the branching ratios B{y' -+ yx J) extracted from the four
spectra, one is able Lo assess the magnitude of the systematic errors contribut-
ing to the measurement. As is seen in Figure 8, the variation among the four
branching ratio values for each line is consistent within the statistical errors of
the measurements. The fact that consistent resuits are obtained with such
wid‘ely different looking spectra gives one confidence in the finally extracted

branching ratios.

A second check is the comparison of the cascade branching ratios

- Bly - 7xuz) - B(x,, 73/ ¥) as measured using the Doppier-broadened secon-

dary transition lines seen in the inclusive photon spectra of Figure 5(a-d) with
the velues obtained from the. exclusive events discussed_ in Section 3.2. The
resuits of the cascade rmeasurement are shown as the points on the bottom part
of Figure 6. ’I'hu;‘. 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, itis
somewhat higher. However, the sum of the x, and x, branching ratios yields

good agreement between inclusive and exclusive measurements. This eflect has

aiso 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
18%. the absolute error in the exclusive measurement (remember that this
error is dominated by the uncertainty in B{J/¥ - {*7)).

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

for the natural line widths of the x J' states, are showrfin 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 efficiency. The second error is an esti-
mate of the overall normalization error due mainly to a +5% uncertainty in both
the hadronic event selection efliciency and the overall photon detection
efliciency.

- Agreement between these Crystal Bell branching ratic measurements and
those of the lower statistics experiment of reference 12 are within the experi-

mental errors. However, owr 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, traasitions. In non-relativistic
models, T'(y' »x,) « {2/ + 1)E], and thus we expect, I'g:T;:Tp=1:1:1
where [y =T(¥' = yx, )/ ({87 + 1) EJ(x,)). -As shown in Table 3, we obtain,
- _1 : 1.07 £+ 0.08 : 1I.39 £0.11, m reﬁsonable 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 23 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 resclution is comparable to or greater

than these widths. It does appear. however, that the x, is much broader than
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predicted by QCD. while the x, and x, widths are in good agreement with QCD

within errors {29,30).

— - —

4, HADRONIC TRANSITIONS FROM THE ' TO THE J/¥.

“Figure ib shows the hadronic transitions that have been observed between
the ¢ and J/y. All of these transitions have been observed by at least two
experiments, and the nn and n transitions have been observed by many experi-
ments. As the = transition can easily be observed in the charge mode
(B{y » n*ni/y) = 33 + 2% (27)), excellent measurements .ot this mode have
been made by other detectors stressing charged particle detection. The Crystal
Ball h;s measured the neutral nm°n° mode.- (31), as a check on measurements of
the n and n° transitiocns. Comparison of the neutral n°n® to the charged (32)

r*7®~ 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(r°)i/¥

B The study of these pz;ocesée; is related to that Sf the 3P, state céscades and
80 is_ detailed in reference 17 {cf. Section 3.2). The m,, distribution for all fitted
events is shown in Figure 7a. Of the events in this figure, 412 candidates for the
n events are separated from x; and n° events by using the cut m.,, > 525

MeV/c?. This cut loses no n events, but does admit some x, events into the 7

sample.

Monte Carlo calculations determined that 21 y; events, as weil as 5 n°n°
events are expected in the 5 sample. The resulting n mode branching ratio is
compared in Tabie 1 with other measurements. The Crystal Ball and Mark II

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

Existence of the transition ¢' » n°J/ ¥ is apparent in the Dalitz plots of Fig-
ures 4a.b. A n° signal is observed in the diphoton tnass piot by removing the
dominent background from cascade photons using a cut on the yJ/ ¥ masses. A
subtraction of events from the m.,, plot of Figuré 7a with (M, y)ug in the
| rang‘es ;3410 + 5 and 3530 + 80 MeV/c®, and m., > 525 MeV/c?, results in the dis-
tribution shown in Figure 7b. These data have been fitted to a Gaussian peak
with & quadratic background distribution. The fit yields 23 events above back-
ground having m., < 200 MeV/c?. The resulting #° 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,

5. THE CHARMONIUM 'S, STATES

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

_ -exciternent were the lack of a signal in J/y -+ yyy at M., = Myges) (15), which

had been reported by the DASP collaboration {10,11) (cf. Section 6.4), and the
discovery of an 7, candidate state at M, =2984+4 MeV/c? by means of the
radiative transitions from the ¥ (33) and J/¥ (34). Since the original observa-
tions were made, the Crystal Ball has doubled both the ¥ and J/¢ data sets to
about 2 x 10? hadronic decays each. This increase in data has allowed a more

precise determination of the 7, parameters {29). Furthermore, it has also

- resulted in the discovery of an %', candidate at M, =3592:5 MeV/c® via a

radiative transition from the ¥'.
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The two Crystal Ball states at 2§84 and 3592 MeV/c® can be naturally associ-
ated with the 1155 and 25, charmonium states the 7. and 7. -As we shalil see
in this section their properties fall well within the range of theoretical expecta-
tions. Thus, with the work described in previous sections we have come from a
state of relative .con.tusion and uncertainty concerning the validity of char-

monium as a model of the J/¢¥ system Lo one of good agreement between theory

and experiment in most cases.

5.1 Evidence for the 1'Syin Inclusive ¥ Spectra of the ¥ and the J/¥

The analysis of the iﬂclusive photon spectra tr_om the 1.8x 10y and
2.2x10%J/ 9 decays whex-a studying the -qg {2084} 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/9¢ (not shown) used, but a fifth spectrum from both the J/9 and the
¥ was included in the analysis. The pattern cuts for this fifth spectrum were
designed to irnprove 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/y i FigureB. The inserts on the upper left of Figures 3 and
8 s“i:'u:;vn;r the result of one of the simul_ﬁanéous fits made to correspondingly cut
J/9¢ and ¥ inclusive photon spectra. For the radiative transition to the 7., the
Ne .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 ¥
spectrum coming from events containing exactly two observed charged parti-

cles,
The results of this analysis are (28), M, =294 +5 MeVse? T, = 11.5%4§

MeV, B(/y -yn.) = (1.27 £ 0.35)%. and B(y -yn.) = (0.28 £ 0.06)%. The
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errors are dominated by the statistical uncertainties, excépt for the mass error
which is mainly due to the uncertainty in our absolute epergy calibration. These
values are in good agreement, within errors, with previously reported Crystal

Ball values (34).

5.2 Hadronic Decays of the 1.5,

Confirmation of the 7, (2884) came soon after its discovery in the ¥' and j /¢
inclusive 7y spectra with the first 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 iooked for exclusive decays of the 7,{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 (7, K} it measures only the angles well Secondary interactions of the
charged hadrons in the sodium jodide complicate the fitting of some events, but
special pattern recognition algorithms bhave been developed to deal with this

| effect. | o '

Events with a 3-photon, 2-charged particle topology were selected from the
sample of J/¥ hedronic decays and subjected to & 3C kinematic fit to the
bypotheses, J/¥ » ynn*n” and MKY K™, 11 » yy. The energy spectrum for the low
energy radiated photon, arising from events which have a x* probability greater
than 0.1 for the nn*n~ hypothesis, showed a clear signal above background at
the 7, (2984) mass, within errors. No comparable signal was seen for the nK* K™
hypothesis.

The ynw*n~ data in principle conteines additional information on the width

of the 7,(2884). However, given the limited statistics of this measurement,
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which comes fr.om only half the presently available J/¢ data, we believe the
inclusive measurement of the width to be more reliable at this time. From the
signal of (1BxB) events, we obtain the product branching ratio,
B(J/_ ¥ = 1) - B(n, -+ nrn), and branching ratio, B(n, - nnr) given in Table 4.
In addition, to compare directly with the Mark II observation of the KX, n¥ final
state of the 7;(2884) our upper limit for the K*X n° final state is also given.
Note that the Crystal Ball value must be doubled before comparing with the
Mark 1] result due to isospin; we assume [ = 0 for 7, {2984). Also, for complete-

ness, the yy final state branching ratio is given here {cf. Section 6.4).

5.3 Evidence for the 2!5; State in the Inclusive v Spectrum of the ¥

As mentioned in Section 5, a candidate for the 215, state or »’; 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 cormnplete description can

be found in reference 37.

The event sejection 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 rnore ‘t_ha.n-lth'} charged or moré than 10 neut.réd observed
tracks are not.'considered. Secondly, a somewhat different lateral shower
energy deposition pattern in the Nal{(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.Bx 10%y' decays. cut as described in Section
3.1. A signal at 3592 + § MeV is evident in this spectrum. The insert on the
upper left of Figure 3 shows the result of performing a fit to the region contain-
ing the structure at £, ~ 90 MeV; this insert contains a spectrum obtained from

all 1.8 x 10° ¢' decays. A ciear signal is obtained with 4.4¢ to 8¢ significance,
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depending on how the fit is performed. The properties obtained from the fit for

the 7', candidate state are: My = 3592 + 5 MeV/c? T, <8 MeV (95% C.L), and

By »yn'.), in the range 0.2% to 1.3% with a confidence level of 85%. The
confidence interval for the uncertainty in the branching ratin includes the

- —_

correlation with I",,,‘. ' ' -

it shouid be noted that the DESY-Heidelberg group reported evidence {14)
for a state at a mass of 3582 + 7 MeV/c® in the exclusive channel ¥ - 77/ ¥,
I/y » u*u~. However, as reviewed in Section 3.2, we have locked for evidence of
such a state in the cascade decays and find none. ]f we assume that the object
we observe in the inclusive spectrum is the 7', then it is expected (37) that
By »yn'.) B(n'. »7i/¥) <1078 This estimate is based on our measured
vaiue of B(¥ -+ y'.) and on theoretical calculations (5) for the %', total width
and radiative transition rate.  The estimate for the hindered magnetic dipole
transition ', -+ yJ/ ¥ was based upon our measurement df the similar transition
¥ - yn.. 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

experiment.

8.4 ]h'gggg- sion

Clear signals have been seen for states at M =2084 5 MeV/c?, and
M = 3582 + 5 MeV/c? by the Crystal Ball detector; the Mark il has confirmed the
state at 2984. These states are obvious candidates for the 11Sg{n.) and 2! 5¢(7'c)
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
allows only 0°, 1*,... assignments ti:;r_t.he JP ‘of the state. As discussed in refer-

ence 3, the measured radiative transition branching ratio B(J/¥ = .} is in
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good agreement with both the non-relativistic and QCD sum rule calculations,
which assume J™ = 0¥ for the observed state. In addition, the branching ratio
B{(y' » yn.) was also predicted by theory (38) and these predictions are in
agréement with the observation. The mass splitting 135, — 195, is predicted by
2 number of theories, including non-relativistic models and QCD sum rule calcu-
lations {38,39) and these are again in good agreement with the data. Finally, the
width of the 7. is predicted to be B.3 £ 0.5 MeV using QCD with higher order

corrections (40) and the experimental value of T, = 11.5X}§ MeV agrees within

the error. The important partial width I'(1;, = 7y), which has been predicted to
be 4.2 + 0.4 keV using the QCD sum rules (41) is well below the Crystal Ball upper
limit of (1, » vy) < 20 keV {90% CL) {c.I. Section 68.4). One can thus conclude
with some certainty, given the above evidence, that the Crystal Ball state at

2084 + 4 MeV/c? is truly the 115, of charmonium.

Unfortunately, the case is not so clear for the %' candidateat M = 3582 + 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 295, — 3D, mixing (42). the agreement between theory
and experiment is réaso:igble for the v -1 mass splitting. Also, the observed
v;ll;e for B(y' J.m,;) agrees with non-relativistic model caicuiations wit.ﬁin the
larg.e- range aliowed by cbservations. However, confirmnation and more informa-
tion is needed on this state before a firm connection to the 2!'Sg state of char-

moniwm can be made.
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6. RADIATIVE TRANSITIONS FROM THE J/ ¥

Other than for J/¥ -+ ym.. ne ~» hadrons, interest in radiative decays of the
37y first centered on 3y decays, e.g., m{yy) or y4'(77). and particularly on
searches for yn.(yy). However, in recent years the possibility of observing
gluonic meson states, particles made up entirely o?_ gluons, has also stirmulated

much interest in J /¢ radiative decays.

8.1 The Fundamental Character of Gluonic Mesons in QCD

The existence of an extensive spectrum of colorless, flavoriess 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.
Fritzsch 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 celled gluoniurmn. 1t 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 gxpérfmenta@ly established, the interest in this new form of
matter has increased considerably since the observation of two new mesons, the
{1440) (44,45) and the 9{1840) {46). These are seen in a reaction thought to be
a copious source of g!uohic meson states (47), namely, J/¥ + yz. The mechan-
ism is shown diagramatically in Figure 9. According to lowest order QCD calcula-
tions, the hadronic decays of quarkonium 55, states, such as the J/¢. proceed
mainly via annihilation of the g§ 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 sinélet and each pair
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recoiis 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 QCD indicates {48,49) a partial width for the process J/y¥ -+ ygg
of about 8 keV, which is relatively large. Various authors (47) have fised duality
prin:ciplés, 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 coarus‘z'.ng
one with a number of guiding theoretical principles losing credibility as the field
has matured (3).

6.2 _The "Endpoint" of the Inclusive 7 Spectrum at the J/¢

One can gualitatively appreciate the major features of the radiative decays
of the J /¥ 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 n'(958) are evident, and there is
aiso a breoad structure centered at a recoil mass of about 1700 Me_\flcz (the ¥
has a mass close to 1700 MeV/c® but it'is not as br:}ad as ﬁﬁe structure seen in
the inclusive spéctrum). The tails of the (1440) structure include the regions

where radiative transitions to the f (1270). D(i285), and f'(1515) would appear.

Transitions to the n{549) shouid also be seen, but these are suppressed in
this spectrum due to event selection cuts (42). Likewise, even if the J/¥ = yn®
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 done, and so only the above qualitative information can be drawn from it.
A strong analysis eflort has started rece:iﬂ;r in the Crystal Ball collaboration

which will hopefully remedy this situation in the near future.



-82-

8.3 Ga a Transitions to Well-Kno articles Usi ive Dec

Experimental measurements have been reported by the Crystal Ball colla-
boration for the processes J/y - yn®, y3, ' 7/, and an estirnate for 7f°
7' -+ 7m. Crystal Ball measurements for the 7 and %' have been published (15);
however, new measurements by the Crystal Ball coliabgratioff (50) derived from
the tu!l data sampie of 2 10° J/ ¥ decays, about twice the data of the previously
published results, disagree somewhat with the older measurements. The new
measurernents are in agreement within errors with three measﬁrements 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 n' use the nrtn~, n7°n® and yp° decay modes as
well as the ¥y decay mode which was the only one used in the old result. The
Dalitz plot for J/4¢ - 3y from all our data is shown in Figure 11. Prormunent sig-
nals are seen for the n and %. No signal is seen at Hx = 2830 MeV/c? and

M, = 2984 MeV/ c?. Upper limits for these processes are given in Table 5. The

direct decay J/4% -+ 3y.as well as the QED process e*e” » 3y alse contribute to

the Dalitz plot.

As an example of the analysis of an hadronic ﬂﬁat state of the n', Figure 12
shows tﬁe signal for §/¢ = . o' » yp, p » 7*n~. These events satisty a 2C fit to
the hypothesis yyn*n™. They also were subjected to several more con-
straints:

i) the high energy neutral track was required to satisfy a lateral energy
deposition in the Nal{Tl) crystals expected of a high energy photon, rather

than two photons Irom 2 high energy «°;
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i) photon pairs forming a n° or an 7 were excluded;
iii) the energy of the charged particles had to be less than 1360 MeV;
" iv) - the wm mass was cut about the p mass.

These requirements removed the strong J/y - 7p, and I/¢ » .
7' » n*n” backgrounds. A Monté Carlo célculat.ion gives anreﬂi;:ienc-;' r.l'>f 247 tor
the ©668 events found and displayed in Figure 12, The ratio,
B(i/¥ ~ ')/ B{i/ ¥ » ) has been of theporetical interest with the QCD sum
rules (52), and other models (52}, vielding values in the range from 3.7 to 4.0. In
order to further compare data to theory we calculate from our data,
B/ mY Bsry»yn) =47 £086

Table 5 also shows a new Crystal Ball result for J/¢ - yn® (50). This resuit is
in good agreement with the only other measurement of this quantity by DASP
{10).

Although the process J/y¥ - yf (1270) 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 . and 3 studies {ef. Section
8.4). It also provides a check that the Crystal Ball efficiencies are well under-
stocd m this complex 7rr°1f° (5y) final state. In addition, our measurement pro-
vides confirrnation of previous results, and has aiso yielded the rmost precise
determination of the helicity amplitudes for the process J/¢ =+ yf available.
Figure 13 shows the n°s® invariant rass distribution; a prominent f (1270) signal
is seen with 178 + 30 event. The solid curve represents a fit to the f plus back-
ground. The dashed curve represents the background contribution Figure 14
shows contours of egual probability as a function of r and ¥y, z = 4,/ 4; and
¥ = 4—4;/ Ag where Ag, A, and Ap are the f helicity ampilitudes {55). The errors
on our measurement are small enough ih.;t a quantitative cornparison with

theory can be made. Theoretical predictions for pure #2 and £3 transitions (El
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is offscale), QCD (56), and tensor meson dominance {TMD) (57) are also shown in
Figure 14. All of these predictions are inconsistent with the experimental meas-
urement. In particular, the QCD calculation based on two-gluon exchange {68} is

more than three standard deviations from the experimental point.

As discussed in the next section, a by-product of thé #{1640) study has been
.a rough measurement of B(J/y » yf')  B(f' »nn). This result is listed in

Table 5, along with the Mark Il measurement of B(i/y » vf") - B(f ' » KK).

8.4 The Gluonium Candidates. ¢{1440) and 8(1640)

A state at 1440 MeV/c? was first seen in the reaction, J/y = yK*K", %", by
the Mark Il collaboration at SPEAR {(44). They tentatively identified it as
E{1420), a state with JF€ = 1*¥, but their experiment was not able to determine
the JP value. The existence of this state was scon confirmed by the Crystal Ball
collaboration at SPEAR (36} using the reaction, I/y - 7!(" K-n°. However, much
more J /¢ data was needed (2.2 x 10° decays in total) before the Cry_sﬁa.l Ball col-
laboration was able to measure the J® of the state as 0~ (45).

This 07" state may have been previously observed in pf annihilations {58).
' The state seen in the pp case was named E{1420). .H.owever, the 07* assignment
from the;.t experimnent was not considered conclusive (59) and so the name
"E(1420)" was subsequently assigned to the J€ = 1** state seenin np interac-
tions (60). Thus, the Crystal Ball and Mark Il experimenters (in collaboration)
have named the 0~* state seen in J/y radiative decays the ¢(1440) (44).

Figure 15a shows the K*X n° invariant mass distribution for events which
satisfy 3C fits to the process J/¥ - yK* X n°. This analysis is based on 2.2 x 108
produced J§ /4 events. The shaded region corresponds to events with My < 1125

MeV.
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The KK Dalitz piot trom the Crystal Ball is shown in Figure 15b. A low XK
mass enhancement {in the upper right corner of the plot) is- evident. This
enhancernent has been associated with the 6{880)n decay of the resonance. No
evidence for X* bands, which would indicate a X*X + c.c. decay, is observed,
alt.h:}ugh the situation is potentially confusing because ?_f t13e lin_zit_ed phase
space availabie for the decay and the fact thet the X* bands overlep in the
region of the §. The Mark Il results are consistent with this. They find the ¢ to
decay primarily into 6.

Before discussing the Crystal Ball spin analysis of the ¢{1440), we will review
the status of the £(1420). The best estimate of the mass (27) is My = 1418 = 10
MeV/c? This is somewhat lz_:mer than, but nbﬁ inconsistent with, the average of
the Mark 11 and Crystal Ball measurements of the ¢ mass, 5, = 1440 + 10 MeV/c2
The widths of the E{Tz = 50 + 10 MeV) and the ¢ (T, = 55 £ 20 MeV) are aiso con-
sistent. Thus the mass and width measurements of the ¢ do not clearly identity

it as a different staie than the IE .

As mentioned previously, the spin of the £ ﬁas established in an experiment
which analyzed the reaction n°p + K, K*n'n at 3.95 GeV/c (60). The resultsof a
partial-wave analysis of the KKn system determined JP¢ = 1** for the £, thus
nfaﬁing it the SU(3) nonet partner oi'-.the' D(1285) and the 4,  An additional
result of the partial-wave analysis of Dionisi et al (60), is that the £ decays pri-
marily into K*X + c.c. with
B(E - K*K + c.c.)/ B{(E -» (K*K + c.c.) or %) = 0.86 = 0.12.

The spin of the ((1440) was deterrnined from a partial-wave analysis of the
Crystal Ball data {(45). Contributions from five partial waves were included: 1.
KKn fat {(phase space), 2. §°n° -0, 3. &7 ~1* 4 K*K+cc -0 6.
K*K + c.c. — 1* Note that J* = 0* is not allowed for a state decaying into three

pseudoscalars. J¥ = 1, although allowed for X*K + 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 were not considered. Contributions from all par-
tial waves except the KXn phase space contribution were allowed to interfere
with arbitrary phase. The KXn contribution due to phase space was assumed to
be incoherent. The full angular decay distributions in each case were
| incigzde-d in the amplitudes. The ¢ and K™ helicities were allowed to vary in the

fits. The 6 and X* 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 KKn masses between 1300 and 1800
MeV/c?. The data were divided into five bins of 100 MeV/c? each.  The stan-
dard procedure of eliminating those partial waves which do iaot contribute
significantly to the likelihood was utilized (i.e., the number of events contributed
by a given partial weve was required to be larger than the error on that
number). The only significant contributions were from KI_( 7 flat, é°n° - 07, and
K*K +c.c. — 1% .These .cont.ributions. corrected for detection efficiency, are
shown as a function of KXn mass in Figure 18. The K*K + c.c. — i* contribution
is relatively sroall and ipc_}ependent of mass. On the other hand, the 7 — 0™ con-
~tribution shows clear evﬁdeme for resonant structure in f.he ¢ signal region
(1400 € Myp, < 1500 MeV/c?). This establishes the spin-parity of the ¢ as 0.
(The C-parity is required to be even because of the production mechanism.}) In
addition, contrary to the case of the £(1420), the principal decay of the ¢ is into
Smand B(t + K*K + c.c)/ B(e » (K*K + c.c.) or 6n) < 0.85 (90% C.L.).

Since a number of assumptions weni 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 fits were made to the restricted hypothesis that in each mass interval, only

one partial-wave contribution in addition to the flat contribution was allowed.
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The relative prbbabilities resulting from fits to the data in the signal region
{1400 < Mg, < 1500 MeV/c?) are given in Table 6. Note that compared to the
én — 0~ hypothesis, the next best hypothesis (K*K + c.c. ~ 1*) has a relative
probability of only 1%. This establishes that there is not a strong correlation
between the ém and K*X + c.c. amplitudes. The properties of the ¢ as measured
by the Mark Il and Crystal Bail collaboration are shown in Table 7. Also shown is
the Crystal Ball upper limit (cf. Section 6.5) for B{(J/y » 1) - B(t » nnn). This
upper limit is in mild conflict with the hypothesis that the KXXn decay of the t is
dominated by 67 as hypothesized above (see Table 7), although some theoretical
interpretations can aveid this conflict (62). Note that én dominance of the

decay is an important element in our spin paﬁty analysis of the ¢.

The 9(1640) was first observed in the process, /4 = 9mm . 7 + 77 by the
Crystal Ball collaboration (46). The analysis was based on the full data sample.
Figure 17a shows the 7m invariant mass distribution for events consistent with
J/4 -+ ynm after a 5C fit has been performed. Only events with x¥* < 20 are shown.

| The solid curvel represents a fit to one Breit-Wigner resonance plus a flat back-
ground. The dashed curve represents a fit to two Breit-Wigner resonances, one
with mass and width fixed at the f' and variable amplitude, the other with all
" taree .paramater':s variable; a flat background is also included. Because of the
limited statistics, it is not possible to establish whether the ¥ peak is one or two
peaks {the ¥ and f ')._ However, it is probably most reasopable to assume that
the f’ is present and fit for its amplitude. This was not done in reference 46;
however, it was done in reference 83 and we will also use the resuits from the fit
including two resonances. The spin of the 8 was determined from a maximum
likelihood fit to the angular distribution W(93,. S, @, for the process
J/y -:_76 , Be1m. The parameter ¥, is the polar angle of the y with

respect to the beam axis, and (¥, gy, are the polar and azimuthal angies of one
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of the #'s with respect to the y direction in the 4 rest frame. (¢, = 0 is defined
by the electron beamn 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 nm decay mode establishes the parity of the state as
even. Figures 17b and 17¢ show the |cosd,| and |costy| distributions, respec-
“tively. Although the spin determination depends on information which cannot be
displayed in these projections, it is clear that the |cosd, | distribution plays the
major role in the preference for spin 2. (The solid curves in the figures shbw the
best fit distributions for spin 2; the dashed curves are the expected distributions
for spin 0.) This is primarily due to the excess of events with |cosdy,| > 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 Il {84) have searched for J/¥ » y8 , ¥ » nm,
Figure 13 shows the Crystal Ball results for the n*'s from 2.2 10° J/¥ decays.
The binning in M, is 50 (MeV/c?)/bin. As summarized in Table 8, only upper
limits were obtained from both the Crystal Ball and Mark Il experiments.

The Mark I collaboration has obtained confirming evidence for the ¥ in the
_ -processJ/y - 76.-13 - I-("‘“'K" (64). They ﬂnd.'t.he spin-parity éssignment 2% to be
favored at the 78% C.L. A summary of the Mark 1 results on the 9 is also given in

Table 7.

5 e iative itio
The Mark I (85) reports a signal in the process J/¥ - ¥p%°,
peantn. They interpret their p%° spectrum in this process as a combina-
= tion of y5°p°® phase space aﬁd a Breit-Wigner resonance. A rmaximum likelihood
fit to this hypothesis yields, My = 1850 +50 MeV/c? [y, =200 + 100 MeV.

These values are comparable to the mass and width of the ¥ shown in Table 7.
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Also, they obtain, B(J/¢ - y0°0°, Mpp <2GeV) = (125 0.35 & 0.4) x 1078,
Assuming thet the pp is in the decay in an [ = 0 state, we have F{J/ ¢ -' PR,
My, <2GeV) = (3.75 + 1.05 + 1.8) x 1073, This branching ratio is approximately
equal to the 1{1440) and %' branching ratios. As a strong note of caution, the
Mark Il collaboration states that much more data is needed to establish the con-

nection, if any. beiween the pp structure and the ¥ meson.

The Crystal Ball collaboration (66) has also found additional structure in the
region of the ¥ by examining the process, J/¢ » yntn™, 5 » 7). Figure 18

shows the !Jm and Mpey distributions obtained from the analysis of

+”—
2.2x 10%J/y decays. A large signal at M = M, is evident. and in addition,

there is a broad enhancement centered at about 1700 MeV/c?

Examination of the Dalitz plots for the =nr*n~ events (668) with
1600 < Mpmy < 1850 MeV/c? shows no structure. Thus the broad enhancement is
not strongly associated with a 4, or any other resonance in either nn* or a¥n~.

Three possible interpretations are suggested for this new enhancement.

First, the nmr mass distribution for events with a prompt ¥ may be quite
different from Lorentz invariant phase space. Then the enhancement could
arise from the (non—resc;nantj ;iecay of the J/y¢ £o 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 fit with a single Breit-Wigner
line shape. For the fit, the 75*n~ and n7°n® mass spectra are fit simultaneously
with the mass and width parameters constrained to be the same for both chan-
nels. A constant background was assumned for the nn°n® channel. For nn'n~,
the background was determined by fitting the yyn*n~ mass spectrum for events
~ with_a 7y mess combination in the 7 sidebands (320 < M, = 470 MeV/c® or
610 < My, <760 MeV/c?). The fit has a x* of 66 for 69 d.of and yields,

M = 1710 £ 45 MeV/c%, ' = 530 + 110 MeV, where the errors include estimates of
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the systematic uncertainty.

Using the number of events in the peak, as determined by the fit and an
efliciency obtained from Monte Carlo calculations of 18% (6.6%) for
J79 » mutn (mncrc), one obtains the branching ratios,
B{/y »mrtn )= {3503+ 0.7) x 1075, B(I7 ¥ » Prin°n°) =
.(2.3 £03+ 0.7} x 1079, where the first error is statistical and the second is sys-
tematic., These branching ratics, when added, are comparabie to or larger than

those for the ¢t and 7'.

The fit shown in Figure 18 also includes a term for the i, from which the
upper limit in Table 7 was obtained. The implications of this low value for

_t - nnw 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 ¥ region are added together, one obtains,
B(I/y - y3(region)) = B(J/ ¢ » ¥8 + ypp + ynrm) = (1.1 i 0.2) x 1072, This is
the second largest branching ratio seen in the J /¢ radiative decays being about

equal to that of the n, (2984).

The interpretation of the character of the ¢ and ¥ and the other new states
- — seen 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. SEARCHES FOR THE F MESON, THE AXION, AND THE 'P, STATE

7.1 The Inclusive n Cross Section

in 1977, the DASP collaboration reported (67) a strong increase in the
inctusive n production in e*e” collisions at Em % 2.4 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 %'s (SB).. Correlations with electrons and low
energy 7v's (expected from F* -+ +F) strengthened this interpretation. Further-
more, they observed a cluster of events at Egy = 4.42 GeV fitting the hypothesis
g*e” » FF* « yFnn. Based 'on all' of this, they - reported that
R(e*e~ » FFX) - B(F »nz) =046 £ 0.10 in the Egy range from 4.38 to 4.49
GeV, where Rle*e™ - FFX) =o{e*e”™ + FFX)/o(e*e” » u*u™). The final state is
written “FFX" 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/¢, ¥, ¥", a point at 3.870 GeV in the continuum just
below the J/9 to act as a control from below charm thresheld, and two energies
above charm threshold (4.028 and 5.200 GeV). The seven energy bands cover a
range in Egy from 3.878 to 4.500 GeV. These ddta were taken in fine scans with
gteps in Epy of between 2 and _12 MeV. For purposes of measuring
}_21; clete” »nz )/.a(e *_e_‘ -+ #*_}.z'). the seven ener;'gy bins were chosen to corre-
late with observed structure in R(e*e~ - hadrons) (69). |

" The methed for obtaining the number of produced 7 mesons at each energy
was to study the inclusive ¥y mass distribution in the vicinity of the n mass. In
all cases, a clear enhancement at the n mass was visible to the naked eye. The
number of cbserved 7’'s wes obtained by standard statistical fitting of the
observed distribution to a smooth background function plus a resolution func-
tion-of adjustable size centered on the n mass. The observed number was then
corrected for the branching ratio for 7 -+ yr-and the 7 detection effliciency which

ranged from 387 at the J/¥ to 27% at 5.2 GeV. Uncertainties in the detection
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efficiencies due to our uncertain knowledge of the details of e*e” annihilation

physics are included in the limits which are finalty obtained.

Figure 19 shows our results for R, The off-scale values at the J/y and-y
are excluded® and the other points have been corrected tof the radiative tails of
these two resonances. Although there may be some correlation with the total
.hadronic cross section, we see that there is no dramatic difference in X, below
end above charm threshold. I we assurne that the contribution to R, due to
non-charfn physics is constant and that all excess in Ky, is due to F-decays, we
can set limits on R{e*e™ - FFX) - B(F - nz) by comparing the values for R,
above charm threshold with that below it at 3.67 GeV. The 907 confidence level

_limits are all belc_:w 0.32 and for the energy band from 4.385 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 #-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-sirange.F-meson.

7.2 Search for J/¢ » » Axjon

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 Waen the results are expressed in terms off,,. the average number of 7}'s per hadronic
event, the two resonances are not special; f ¢ has 2 value of ebout 0.13 and shows little

variation over this energy range. -



-43 -

search for certain exotic phenomena, especially those of the class e*e™ » yX
where X e'scapes detection for some fundamental reason. An example of such a
reaction involving known particles is that in which X is v¥ resulting from either
dire"c_:t produyction, or the decay of a light, neutral spin-1 gauge boson as sug-
gested by some supersymmetric theories (70}, or, at higher energies. the decay
of the Z°. ~ 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 vacuumn
expeciation values of the two Higgs fields present in the theeory. 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(l/v¥ -+ ya) =(5.7 + 1.4) x 107° 2% Positive evidence for an axion or axion-like
| particle was reported by Faissner et al {78) with a mass m, = 250 = 25 keV/c*
and z = 3.0 £ 0.3 (but these values seem inconsistent with other experiments
{74)). .'I'hey irnply that there should be about BOO events in the Ball with
|Eo§iﬂ _< 0.8 and these evénts would h-ﬁve'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 80% confidence level upper limit of 8.2 events in an energy
range from 1.3 GeV to two energy resolution standard deviations above the beam

energy.  This implies an upper limit of 1.4 107 (90% C.L.) on the branching
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fraction. The corresponding upper limit on r is 0.8, in disagreement with the

resuit in reference 73.

A definitive test of the standard axion model, which eliminates any depen-

dence on z, has been prbposed (75) by setting limits on both J/¥ + ya and

T » ya. Recent results from the LENA collaboration'at DORIS{76) and the CUSB

i .colla‘bor:ation at CESR (76a) have established that B(T + ya) is less than 9.1 107*
{80% C.L.) and 3.5 107* (90% C.L.), respectively. These resuits tégether with the
above Crystal Ball limit on ¥ -+ <ya viclate 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 ¥' =+ n* 'P,

The only predicted cZ bound state for which no evidence exists is the 'P,
with J¥€ = 1*~. its mass is expected to be approximately. equal to the center of
gravity of the 3P states, or about 3520 MeV (78). Experimental deteru.n‘nation
of its mass is important since any significant deviation from the above value
would suggest a long range spin-spin term in the quarkoniurn potential. We have

- — searched extensively in o'ur large ¥' data sainple for. evidence of this state and
have not fou.nd it {79).

Singie photon transitions between the ¥ and 'P, states are forbidden by C
conservation and so one must investigate double photen transitions. Four possi-
bilities are indicated in Figure 20. Estimates based on related measured rates
indicate that only the ¥ » n° P, process can be reasonably expected to have a
branching ratic in the percent range. This process would lead to a mono-

" chromatic ° in ¥ decay having an energy which is expected to be below about
200 MeV;, 185 MeV is favored. Figﬁr_e 21a shows the inclusive n° distribution

observed in ¥ decays. The evident structures at about 200 MeV and just above
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400 MeV are expected backgroﬁnds. They are due to fake n°'s generated with
the monochromatic photons from ¥ -+ %P, transitions, and the reactions
¥ +r°r°d/y and ¥ »>n°J/y.  No other structure is evident and 95%
coﬁﬁdence level limits of less than 1.09% have been set for B(y' + n° 1P,) for any
1P, mass between 3440 MeV/c? and 3535 MeV/c®. In particular, at_the favored
mass of 3520 MeV/c? the limit is 0.42%.

In an eflort 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 ¥ -+ nm° !P; + yyrn. where the 7, is constrained in rnass, but not
decay mode. Study of this particular conﬂgu;'ation is motivated by a reasonable
expectation that B('P; + ¥ 7,) is in the vicinity of 50%. Figure 21b shows the
7(proz-npt)nc mass distribution for events .ﬁttlng the hypothesis ¥’ » 7° y 7, and
again there is no evidence for the !£, state. We have set 95% confidence limits
of less than 0.35% for B(¢' » v 1P,) - B(!P, » yn,) for P, masses in the same
range as above. At the preferred mass, the limit is 0.14%. Although the P,
| state has not been found, the limits which have been set are sufliciently low to

be theoretically interesting.

8. WTSOF&INWEQ RANGE OF 5.0 TO 7.4 GeV

One of the most fundamental and difficult measurements that can be done
at an e'e” storage ring is that of the total hadronic cross section,
o), = o{e*e” - hadrons). In order to remove the straightlorward effects of QED
and so reveal the strong interaction effects rmore clearly, it is customary to nor-
: mali_ie the hadronic cross section to the theoretical, lowest-order, purely QED
cross section g, for e*e™ -+ u*u”, which, in the energy range of interest here, is

(4n/ 3)(hc)Y2o?/ Eqy® = B6.8/ Efy {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, Ry =05/ 0y, is, to first order,

Rep=3), @%(1 + ou(s)/m+..), where s = Ef, i = {u, d, s. ¢) is the quark
1

flavor index, & is the charge of the i'th quark, and g,(s) is the QCD running cou-
_pling constant {80). The sum over 7 yields a value of 10/3 and, at Egy = 6 GeV,

the first
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order® QCD result increases this by about 6% for Ags = 100 MeV.

In 1980, Barnett et al {80) made a careful comparison of all available meas-
urements of R, {B81) to the predictions of QCD. They concluded that above 5.5
GeV, a potentially serious discrepancy, in the range of 15% to 177%, existed. This
was just outside the quoted systematic uncertainties of 10% afd thére was the
excfuﬁg po‘ssit;ility 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 (81a). 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 K, are the
integrated luminosity of the exposure and the number of hadronic events pro-
duced {and corrected for QED radiative eflects). The luminosity was obtained
both by the small angle Bhabha scatiering monitor and by observation of large-
. angle QED events m the Ball itsell. These independent determinations of the

integrated luminosity agreed to about 2% and their average was used.

The determination of the p&a_diatively—correcteq number of hadronic events
produced by annihilations-involvéd three steps. Fu‘st criiéria were developed
and applied to éﬂieienﬂy distinguish individual annihilation hadronic events
from five classes of backgrounds: cosmic rays, beam-gas collision, QED events,
two-photon collisions, and 17 events. Next, properly normalized statistical sub-
tractions were made to eliminate the residual backgrounds that slipped through

the first step. And finally, the resulting count was corrected for the detection

® The next higher order in the QCD ealculation using the modified minimesl subtraction
renormalization scheme is known (80). It contributes only 0.7% 1o the prediction, well

below present experimental precision.



-48-

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-
menteally (cosmic rays and beam-gas events) or by Monte Carle simulation.
These were examined and efficient criteria for event selection developed. These
- criteria were then applied to both the data and the five pure samples. The resi-
‘duels 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 eflects in the event generation algorithras and so this

last step automatically includes these corrections.

The most important backgrounds were those due to cosmic ray events,
bearn-gas collisions, and T decays. Criteria to identily the first 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 separaied. The cosmic ray background was reduced to negligible levels
by these criteria and the residual bearnm gas background which had to be

removed by a statistical subtraction was typically at the 10% to 12% level No

o attempt was made to identify ﬁleve;nts or those arising from ¥y collisions 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 12Z.

Finally, the QED contamination was easily reduced to negligible levels by criteria
involving leading particle energy and number of observed particles.

The important guestions of detection efficiency and radiative corrections
were answered by subjecting simulated annihilation events generated by the

LUNDB1 {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 efliciency

and the radiative correction factor. This product had a typical value of 1.086.

’I‘a.blé 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 several Monte Carlo simulations. In addition, there is an overall systematic
scale uncertainty of 5.3% (for the 1981 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
0.8% trom 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 reasonabile
values of the QCD parameter Age. 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 phenormena in this energy range,

at Jeast, at the level suggested by the Mark I data.

9. TWO-PHOTON PHYSICS

.-ln 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
eonfiguration 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 19\_vest order in QED, then, the hadrons result from the collision of two pho-
tons, which, though virtual, are very nearly on their mass shell. The C_rysta.l Bali

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 (83). The data for this analysis came from an integrated luminosity of

21 pb ! distributed over an Epy range from 3.9 GeV to 7.0 GeV.

8.1 Measurement of - from o - f » 1w -

A.I.l“ neutral events with exactly four energy clusters inside [cosd| < 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 mess of the event be in the range
from 720 MeV to Epy. The resuiting sample of events shows a strong peak at
zero in the square of the total tra.qsve'rse momentum as expected for 2y events.

Only those in this peak (the cut was at 0.03 (GeV/c)?) were subsequently used.

In essentially all of the final sample, photon pairings could be made which
were consistent with either n°n° or n°n being the primary.h.adrons. The top part
of Figure 23 gives the invariant mass distribution of the n°n® sample which
clearly shows a strong signal near the § mass and no other significant structure.
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 / and
tend to be troubled with large non-resonant n*s~ and QED x'u~ backgrounds
(B4-87).

To obtain the cross section for yy -+ 7n®, the #°n°® mass spectrum was
corrected for the variation in the vy flux over it {(BB) and detection efficiency.
The bottom part of Figure 23 gives the resulting eross section with the added
restriction that |cos¥*| < 0.7 where ¥* is the angle between the beam and the
cutgoing 7° direction in the n°n® rest frame. The solid curve shows a fit 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 f. the same for a
possible S*{980), and a straight line to describe #°n° non-resonant background.
As is clear, the curve does not give a good fit since the data's mass peak is lower
t.hafx that of the curve by about 40 MeV. The broken curve is the fit obtained
when the f mass and width are allowed to be free, the best fit values-being 1238
+ 14 MeV/c® and 248 + 38 MeV, respectively. This mass shift could, in fact, be
accommodated within the estirnated systematic error of about 27 and the sta-
tistical error, but other yy experiments have observed a very similar effect
(85,88}, which suggests that the effect is due to some underlying physical
mechanism rather than an instrurnental artifact. Possible sources of this effect
are interference with non—r;esonant backgrolmd (89) or the £{1300}. Finalily,
there is the interesting possibility that the f 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 ¥y channel could possibly give different phenomenclogical

‘resonance parameters than those found in other hadronic interactions,

Previous determinations of T'(f -+ ¥y) from two-photon collisions have
assumed the theoretical prediction that the f is produced predominantly with
; he_lic;ity 2 (91,92). Becausé of the negligible backgrounds in this experimeﬁt. it
is pqésible to verily this theoretical expectation by observing the ¥* angular dis-
tribution. This is shown in Figure 24. It is clear that the spin 2 assumption with
helicity 2 domination gives a good fit; the other helicity contributions are con-
sistent with zero. I we assume that the mass peak is due to the f and that the
decay is purely helicity 2, then we obtain I'y ., = 2.7 + 0.2 + 0.8 keV, the first
error being statistical and the second, systematic. This agrees well with the

results {rom other experiments (84-87).
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9.2 Measurement of T(4; + vy) from o{yy = 4> » 7°n)

After the n°n® events were removed from the 4y sample. the resulting
events were essentially all 7°n and their invariant mass peaks at around 1300
MeV/c?. Identitying this peak with the 4,(1320) and assuming pure helicity 2, we
can extract the 9y ©partial width of - the Ap We obtain
'P{Ag » 7y) = 0.77 £ 0.18 £ 0.27 keV. The naive quark model with ideal mixing
predicts a ratio of 9/25 for I'(4z » ¥¥)/T(f = 77) which is in agreement with the

Crystal Ball observations of 0.28 + 0.07 £ 0.07 for this ratic.

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*(980) + n°n°. From this, we can set the limit
T{S* + y)B(S* » nn) < 0.B keV. This limit is considerébly smaller than the
value of about 20 keV expected by most theoretical estimates ($2), but con-
sistent with a single-guark-exchange calculation (83) which predicts less than
0.4 keV for mesons in the 0** nonet. Finally, no signal for yy + nn was observed.
- This allows two 85% C.L. lirnits-to be set. ‘First a limit of 0.05 can be put on
I{f = nm)/T(s » rn). This is consistent with the limit of 0.016 obtained in ear-
lier work (94). And secondly, this absence implies that
(8(1640) -+ ¥y)B(¥{1840) » 7nn) is less thau 5 keV.
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10. MEASUREMENTS IN THE REGION FROM CHARM THRESHOLD TO 4.5 GeV

It has been known for a long time that the energy region above charm
. threshold, from the ¥ at 3.77 GeV to about 4.5 GeV is rich in charmed physiés
phenomena. The ¥ 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 should be &rich spec-
trum of excited D and F mesons produced in e*e” collisions in this energy
range (85). The strong structure in R in this region (81) is ample evidence for
this but so far no details have béen tully resolved above 4.03 GeV. In order to
investigate this potentially interesting area of physics, the Crystal Ball accumu-
lated an exposure at the ¥"(3770) yielding about 1.3 10* produced ¥", and an
exposure of 11.3 pb~! distributed over the range 3.8 GeV to 4.5 GeV. Although a
great é.ee.l 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 H'Ball data are giveﬁ in reference 96. The R,
measﬁrement.s éonﬂrm the structure seen in other experiments (81): clear
peaks at 3.77, 4.03, and 4.4 GeV, a broad peak with possibly some substructure
around 4.18 GeV foliowed 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 werk
remains to be done to reduce the point-to-point systematic uncertainties to
fully exploit it. Apalysis of K, over the y" excitation curve gives resonance

parameters (97) in reasonable agreement with earlier work (98).

The observed neutral energy fraction is quite smooth through the whole

region and so seems to be insensitive te the underlying physics However, the
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observed neutral muitiplicity does show large. changes.  Together, these two
facts suggest that lourenergy 7's, n°'s and g's could be useful indicators and
these have been stressed in the data analysis. The resonance at E&g = 4.03 GeV
serves as a source of almost monochromatic low-energy n's and photons. This
results from the combination of a large D* cross seetion at this energy and low
' @ velues for both the production channels, J*D* and D*D + D*D, and the decay
channels D* » n° and yD. These circumstances give rise to an inclusive pho-
ton spectrumn at this energy which is quite compiex since there are significant
contributions frorm all eight sources (n° and ¥ from both charged and neutral D*
decays arising from both D*D* and D‘_ﬁ + c.c.). Qualitatively, the n° and ¥ con-
tributions are resolvable since the former is peaked around 70 MeV and the
latter, around 135 MeV (the Dopplér broadening gives rise to only a slight over-
lap). Further information is provided by the #° energy spectrum which shows
st.ro.ng peaking et small kinetic energies. By contrast to the strong structure in
these spectra at Egy = 4.03 GeV, the corresponding ones below D* threshoid at
the ¥(3770) are smooth and featureless. We have used these as background
functions in quantifying the effects due to the J* mesons. The spectra allow a
- new determination of the D*® - D" mass différence of 142.2 £ 0.5 + 1.5 MeV/c%in
agreement with earlier Mark I results (99). However, because of the relatively
large number of eross  sections {those for ete” » D*D%
D* D% D®D® + c.c., D** D™ + c.c.) and branching ratios (those for D*° + n°D°
and yD® D** » n°D* and yD*) which are involved, the finite resolution of the
apparatus, and the limited statistics, it is only possible to directly measure cer-
tain combinations of the physically interesting quantities. Guided by thecreli-
cal calculations (99) and Mark I measurements (100), we can make reasonable
assumptions about some of these quantities and so obtain

o{D*®D° + c.c.}/ o{D**D*) 2 18 and .B(D"’”-; yD®) = 0.37. These results are
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consistent with those of Mark 1 (69).

11. SUMMNARY AND FUTURE PROSPECTS

Although the people who studied photon detectors for @é*e™ storage rings at
the 1§74 PEP éuhlmer 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 first 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 cepability that allowed the Ball to resolve the cld problems with the

charmoniurn interpretation of psionic matter. However, the measurements of
£y, for example, demonstrate the instrument’s capability to determine global
properties of e*e” annihilations, and, at the other extreme, kinematically con-
_ Strainc;t_i fitting to very sp_e;:iﬁc-ﬁ;aal states which include just two chﬁrged parti-

cles but are rich in photons has been successfully exploited.

Work is currently in progress on several projects involving our large SPEAR
data sampie. 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 A, just above charm threshold, measurement of certain interesting
exclusive hadronic final states in J/¢ and ¢’ decays, and further work on radia-
‘tive decays of the J/y and ¥' and in two-photon physics. However, an increas-
ingly large fraction of the group's efforts is geing into new ventures in 3" physics,

¥Within the next few years., we expect to have sufficiently large data samples at
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the T, T. T, and other energies to be able to make contributions toward under-
standing.upsilonic matier 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/¥-region, but the work has
begun. Finally, we expect to utilize the higher ¥y flux in the 10 GeV energy

' rang_e to explore further questions in two-photon physics.
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Figure 3.
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Figure Captions

(a) The current status of the charmonium spectrum below charm
threshold. All the observed photon transitions between these
stales are shown, solid lines indicating electric dipole transitions,
broken lines, allowed magheﬁc dipole transitions q(betw?én states
with the same radial wavefunction) and broken-dotted lines, "hin-
dered” megnetic dipole transitions {between states with different
radial wavefunctions). (b} The observed hadronic transitions
between the ¥ and the J/y. The mn transitions are allowed, the n
transition is SU3y forbidden, and the n° transition is SU2p forbid-

den.

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 Nai(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 optically separated triangular pyramids in a solidly
packed geometry k;ased on an icosohedron.. .Each pyramid is
viewed from the outside by a single photomultiplier. [From "Quar-
keniurn”, by E. D. Bloom and G. J. Feldman. Copyright {c) 1982 by

Scientific American, Inc. Al rights reserved. ]

Inclusive 7y spectrum at the ¢ Note that the spectrum is
AN/ A(logE) @ EdN/dE. The upper inserts show the background
subtracted signals for the 1, and 7. candidate states. The
numbers over the spectrum key the observed spectral [eatures
with the expected radiative transitions in the charmonium spec-

{rum inset.



Figure 4.

Figure 5.
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{a) Dalitz plot showing events from the iwo exclusive decays
¥ -~ yyre*e  and ¥ » yyu*u~. The kinematic boundary is the cuter
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 divid'mg 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 emitled. Horizontal bands
correspending to the » and n° are aiso evident. (b) The same as
(a) but after kinematie fitting. The ¥ = yye*e~ events are sub-
jected to five constraints and ¥' -+ yyu'u~ to three. The main
effect of fitting is to remove background gnd to improve the
energy resolution of the higher energy photon The latter
significantly sharpens the bands on the ieft and those for the n

and the n°.

Inclusive ¥ spectira at the ¥ used in the measurement of 'lf’; = YXJ

and ¥' - m,(2984). (a) All tracks neutral and charged with

lcos$| < 0.85. (b} Same as .(a}. e:ﬁcépt that tracks tagged as
charged by the tracking chambers are removed. (¢} Same as (b),

‘except that photons resulting {rom reconstructed #° 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.



Figure 6.

Figure 7.

Figure 8.

Figure 8.
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The upper part of the figure shows the observed values of
B(y' -+ 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(y' - yxy2) B{x1z = 73/ %) from

the four spectra (dots) with the direct measurements of these

~ products from our analysis of the exclusive events ¥’ - yyl*l”

(dashed bands). Since separation of the overlapping lines from
the two photons x; » yJ/¥ and x2 + 7I/¥ in the inclusive spectra

is difficult, the comparison with the sum is aiso shown.

Diphoton masses of fitted events for ¥ = yyi/¥ = it~ (a) 'i'he
peak due to the n; the smooth line is a ten times magnified calcu-
lated curve for the expected contamination from ¥ = nm*n°J/ .
(b) The same as {a) except that events consistent with ¥ » ni/ v,
and ¢ - yx; have been removed. These cuts allow the #° peak to

show clearly.

Inclusive ¥ spectrum at the Ji/v, M/ MlogE) ® EAN/dE. The
strong peak at 200 MeV is due to charged particles which were not
tagged By tk;e tra‘clhc‘ing system. The inset shows the bﬁckgrqund
subtracted signal from the i, candidate state. The two prominent
peaks near the high energy end point of the spectrum are from
the monochromatic photons in the reactions ¥ - yn’ and
¥ - 7(1440). The photons from ¥ -+ yn (n°) were eliminated from
this spectrum by a hard QED cut.

Lowest order QCD diagram for the radiative decay of the J/9 into a

glucnic meson.
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Figure 11.

Figure 13,

Figure 14.
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The same as Figure 8 showing details near the high energy end

point of the spectrum.

Dalitz plot for J/¥ + yyy. The two sets of dashed lines indicate
where events from J/¥ -+ yn and J/¥ » yn' should be clustered.

Except for a QED background, no other signals-are seen.

Distribution of the 7;n*n~ mass from events satisfying the

hypothesis J/¢ = ygy,n*n~ where E, < E,, and mg, has been cut

about the p° mass. The solid curve shows a fit to an %’ peak plus a

smooth background (dotted).

Distribution of the 7°n" mass from events which satisty the 4C fits
to the hypothesis J/9¥ - yn*n®. The solid curve shows a it o an f

peak plus a smooth background {(dashed).

Contours of equal probability as a function of z and y, the ratios
of helicity amplitudes in the decay of the f in J/¢ =+ vf - yn°r°.
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.

{a) Distribution of the K*K~m° mass from events consistent with

the hypothesis J/¥ + yK*K m°. The events in the shaded region

satisfy the further requirement M., < 1125 MeV/c? (b) Dalitz

plot for K'Km® events from J/y - yK*Kn® with

1400 < Myp, < 1600 MeV/c?. The solid curve shows the boundary

for Myp, = 1450 MeV/c? and the dashed line shows Myp = 1125

MeV/c®.



Figure 18.

Figure 17.

Figure 18.

Figure 18.

Figure 20.

Figure 21

 Figure 22.
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Partial-wave contributions to J/¢ » K*K™r° as a function of KKn
mass for {a) KKn flat, (b) X*K + c.c. with J¥ = 1*, and (c) én with
=0

{a) The nn mass distribution from the process J/¥ ~ ynm for
Mpy < 2.5 GeV/c®. The solid curve is a fit to afiat background plus
one Breit-Wigner resonance. The dashed curve is a it to a Rat
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 fitted. (b) |cos®,| and (¢} {cosd,] distributions
for J/9¥ = 3, 9 » ny. Solid curves are best fit distributions fora ¥
spin of 2 and the dashed curves are 'expected distributions for spin
0. The inset shows the ]cosﬁ?l distribution on an expanded scale.
nrr mass spectrum from (a) J/y » i~ and (b) J/¢ » ynn°n°.
The curves are fits including contributions for the t(1440) as

described in the text.

Ry as a function of Egy. The first two points are for Egy = 3.87
GeV and the ¥". The ¥/ point is off-scale. The error bars include
the point-to-point éyst.ematic uncertainty. but not the estimated
20% overall systematic uncertainty.

Possible mechanisms contributing to the decay ¢ » yy'P,.

{(a) The inclusive n° energy spectrum from 9’ decays. {b) Distribu-
tion of the m, mass for events satisfying the hypothesis
Y e

{(a} Crystal Ball measurements of £, 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-parton model prediction and



Figure 23

Figure 24,
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the others are QCD predictions with Agy = 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% {1880 data) overall systematic
error. (b) Comparison Crystal Ball results {solid circles and open
squares) with other measurements {82a) {(Mark I, open circles:
PLUTO, open triangles. LENA, crossed dot; DASP ]I, solid triangie;

CUSB, plus sign; DESY-Heidelberg, cross). The curves are as in (a).

The top part of the figure shows the n°f° mass distribution for 4'}
events consistent with e*e™ » e*e™yy +» e*e “n°n* The shaded his-
togram shows the non-n°n°® background. The bottom part of the
figure gives o{yy -+ n”ﬁ‘) for |cos¥®| < 0.7. The curves are
described in the text.

Acceptance corrected distribution for |cosd®| for n*n® events in
the f mass region (1040-1480 MeV/c?). The solid curve is the best
fit spin 2 distributicn and the dashed curves show the contribu-

tions from each of the three helicity amplitudes.
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. TABLE 1. Comparison of Crystal Ball results for ¥ -+ yyl/ ¥ with those from
other experiments. Limits are at 80% 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/c? systematic uncertainty on all

the masses. - -
State Crystal Ball Mark Il (26) Mark [ {13) DESY-Heidelberg {14)
{(MeV/c?)

B{Y = ryi/¥)(%)

x(3553.9+0.5)° 1.26x0.22 1.1:0.3 - 1.0£06 1.0+0.2

x(3508.4+0.4)" 2.3810.40 2.4:0.8 2.410.8 2.5+0.4

x(3412.920.8)" 0.06+0.02 . <0.56 0.2+:0.2 0.14+0.09

x(3455) <0.02 <0.13 0.8+0.4 <0.25

. x(3591) <0.04 — - 0.18+0.08
By s ml/y)m

n . 2.18+0.38 2.5£0.6 4.3:0.8 3.6+0.5

n 0.09+0.03 0.15+0.06 —— —
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TABLE 2. Results of likelihood fit of data for Y = 7yd/ ¥ = yyt*l™ to correlated

angular distributions for various y spin values. The multipole amplitudes have

FED] )
been normalized so that 2 {a; ]2 = 1, and for spin 2, ag has been set to zero.
J=i
 Hypothesis —RIn(L/ L) a's az
x{3508) data:
=1 0 +(0.077:08%) —(0.002:282)
Jy=2 18
Jy=0 | 162
x{8554) data:
Jy=2 S+ +{0.132285%) -{0.33325%#%)
Jy=1 20

Jy=0 40
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TABLE 3. Results from the ¥' » 7x,. When two errors are given, the first error is

statistical and the second is systematic. Ranges and upper limits are 850%

confidence levels.

— Sy T
Datum - Xo Xi Xz
Ey (MeV) 2584+ 0.4+ 4 1896+ .3+ 4 12860+ 02+ 4
Mxs) (MeV) (13.5 - 20.4) <38 (0.85 - 4.9)
By = vxs) (%) 99+05+£08 9.0+ 0507 B.O+£05+£07
B 2 wx)
Ratio {———— 1 1.07 + .08 1.39 £ .11
[1«.‘3 (RJ + 1)
0.60 £ 0.17 28.4 + 2.1 124 £ 1.5

Blx; » W/ ¥) %)
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TABLE 4. n: Branching Ratio Measurements

Mark II {35)

Decay Mode

3(1"*7’):) ’ B(nc "X)

Bin,»X)°

(820)x107¢
(5.7 Hx107°
{¢.028DHx10-°

<5x%1075 (90% C.L.)

(1.5288)x107*

(2.9:38)%1079
(.04 ¥)x107%
(1.4d)x107°

<2.3x1072 (~80% C.L.)
| (5.623PHx107%

b e———

Crystal Ball

Decay Mode

B(i/y~yn.) - B(n,+X)

B(n.~X)*

nrtn”
rY°
K*Kn°

(3.1£1.9)x107*
<1.8x107%(90% C.L)
<1.5x107* {80% C.L.)

(2.65}8)x10°°
<1.8x107% (~00 % C.L)

<1.7x107% (~90% C.L.)

®) uses Crystal Bail vaiue for B(v'-o;,vr;c ).

®) uses Crystal Ball value for B(J/¥-+m.).

¢} see Section 6.4.
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TABLE 5. Crystal Ball measurements (except as noted) of J/y -+ yn°,
.. vf. 7S Where two errors are given, the first is statistical and the

" second, systematic.

B(l/y-yn*}=(36%1107)x10"%
B/y-+m)={(088+008+011)x10?

17’ Decay Mode B{i/y-»m)x107?
7 - natn” 39x10+1.1
n' -+ nntn° ' 42+06+06
n -+ yp° 41204108
n - ¥y 44+09+05
Average 41+03+08

B(i/y+yf)=(1.48+ 025+ 0.30) x 1072
CBU/Y 7S )X B(f ) = (0.9 £ 0.8) x 1070
B/y+71YxB(f' +KK)' = (1806 +10)x10™*
B(J/¥+yX)B(X - 2y) < 1.8 x 1078 (0% C.L)

‘for, 2600 < M, < 3000 MeV/c?, and, T) £ 25 MeV
B(3/ ¥ - 3y (direct)) < 5.5 x 107 (90% C.L.)

®)Mark Il, reference 63
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TABLE 6. Relative partial-wave probabilities for various hypotheses for the

structure of the KX system in J/¥ -+ yK* K n°, (1400 < My, < 1500 MeV/c%).

Partial-wave contribution Relative probability
flat + 87 - 0" _ _ 1.0
- fat+ & - 1Y 0.006
fiat + X*K +c.c. -0 1077
fiat + K*X +c.c. - 1* 0.01
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TABLE 7. Parameters for the ((1440). Where two errors are given, the first is

statistical and the second, systematic.

i(1440)
Parameter Crystal Ball Mérk iI (44)
M (MeV/c?) 14408 144028
I' {(MeV) 5538 50138

B3/ =+ n)B(L » KKm)"
B9 » n)B(L » pun)’
-
J‘P

(40+0.7+1.0)x107®
<2x107%(90% C.L.)
ks

0-

(4.3 £ 1.7) x 10-%

-+

*) [ = 0is assumed in the isospin correction.

"®) This 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.

°) Note that one experiment gives B{8 »nnn)/B(6 » KK) = 1.4 £+ 0.8 (62a),

while ¢ » 6% has been measured as the dominant decay for the XKn final

state,
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TABLE 8. Parameters for the ¥(1640). Where two errors are given, the first is

statistical and the second, systematic.

8(1640)
Parameter Crystal Ball T ~ Mark 11 (84)
M (MevV/c®) 1670 + 50 1700 + 30
T (MeV) 180 + 80 158 + 20
B{i/y » y8)B(d » mm) (3.8 £ 1.6) x 10™* -
B{i/ 4 » v8)B{8 -KK)° - (12.0 £ 1.B £ 5.0) x 1074
B{I/4 = y8)B (Y » nm)° <6 x 104 {90% C.L.) <3.2 X 1074 {80% C.L.)
c ¥ +
JF 2+ (85% C.L.) 2* (78% C.L.)

) | = 0is assumed in the isospin correction.
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TABLE 9. Measured values of R, = o{e*e” -+ hadrons)/g{ete” » u*u”). The er-
ror on R, congists of 3 parts, a statistical error {6R)/ R )sat. & systematic error
 which depends upon Ecy. (6Rx/ Ra)pott sys.. 20d a systematic error which is uni-

formly applicable to all the 1981 data of 5.37% and to all of the 1980 date of 7.0%.

— - -

1981 datg
Ecu Ry (6 R/ Rn)atat (6Rn/ Rnpoint uys.
(GeV) (%) (%)
5.00 3.46 33 3.4
5.25 3.60 28 1.2
5.50 3.33 2.9 2.4
5.75 3.40 3.1 1.4
8.00 3.25 2.8 .23
8.25 3.31 2.8 1.4
' 6.50 3.33 2.8 2.2
6.75 3.38 2.3 1.5
7.00 334 ° 2.9 s | 1.5
7.25 356 _' 3.0 22
7.40 3.32 4.0 2.9
1980 daig
5.20 3.51 3.5 3.5
6.00 3.43 3.5 3.5
6.75 3.38 3.8 3.5

. 7.40 3.87 3.5 _ 35
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