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I. INTRODUCTION
During the past year, the Crystal Ball experiment has continued the
ihvestigqﬁion of ete™ interactions at SPEAR. In the course of the year,
we have slightly moré than doubled the available datasets at the J/y (to
2.2 x 10% produced J/y) and the y' (to 1.8 x 10® produced v')
resonances, and have increased the data in the 5.2 to 7.4 GeV center-of-

mass (EC o ) region. I will limit the present discussion to recent

results obtained with the J/y and y' datasets, primarily dealing with
transitions among the charmonium bound‘states. For other recent work
not covered here, I refer the interested reader to earlier talks,
including: the measurement of the two photon processes? yy » £ » 7%¢°
and yy =+ A2 > nm®; a search for the decay J/y +» v + axion;3 and a new
measurement of R(e+e_ > hadrons) in the 5 to 7 GeV center-of-mass energy
region.“i

To set the stage, let us briefly review the cufrent situation in
the study of the cc bound state system. Figure 1 shows the expected
spectrum® of charmonium bound states, according to the usual non-
relativistic potential-model picture. Also shown are some of the
predicted radiative transitions between levels. All of the transitions
(electric dipole) between the 381 (J/y and y') states and the 3PJ

(XO,I,Z,] states have been observed, but the rates have large errors.
The rates for® y' » Yx appear to be substantially smaller than the
potential model predictions (e.g., Refs. 7 and 8), so it is imbortant to
measure these rates well, also to obtain the relative rates, for which

there is less uncertainty in the theoretical predictions. 1In addition,

there exists a strong candidate for the hyperfine-split partner to the
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Fig. 1. The level scheme for bound state charmonium (scale approximate
only). States which have not yet been observed are shown as dashed
levels, The JPC quantum numbers are indicated on the levels, and the
spectroscopic notation (ZS+1)L is shown at the boﬁtom for each vertical
grouping. Note that for cc bound states, C = (~1) , P = —(—l)L. The
arrows between states show some (but not all!) of the radiative transi-
tions which should exist: El - solid arrows, allowed Ml - dashed
arrows, and hindered Ml - dot-dashed arrows. The transitions involving
the n' have not been previously observed. All radiative transitions
which®have previously been observed are shown on this figure.
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J/y, the n, at a mass of about 2980 Mev.9,10 T will, in this report,
refer to this state as the Nes although not all of its quantum numbers
(e.g., spin and parity) have been established yet. Evidence for both
the y' *Vync ("hindered” M1) and the J/y + YNe ("allowed"” M1) radiative
decays has been observed. The quantitative rates, however, are quite
poorly known, and there is the additional question of the total width of
the . New measurements of these quantities, with our increased data
sets, will be presented in Sections II and III.

There remain two predicted charmonium bound states for which there

is no substantial experimental evidence. One of these, the lp spin-

1
singlet P-wave cc state, is supposed to have a mass equal to the center-
of-gravity of the 3PJ states [i.e., m(lPl) = 3520 MeV]. The 1P1 has

negative charge conjugation parity, making the radiative decay

A P; forbidden. 1In addition, its parity is positive, ruling out
the possibility of creating it directly in ete” coilisions"via one
photon annihilation. Thus, the 1P1 is expected to be (as is evidently
the case) very difficult to observe in e'e” collisions (and ete”
collisions are the cleanest place to study charmonium -- even the 3p
states are difficult to study in hadronic collisions). One chance to

produce it is via the ' » Xy * YYIP cascade, but the expected small

1
X —lPl splitting suppresses the rate, and the low energy photon

complicates study. The similar cascade ' +» yn' -+ 1P involving
y v Yno T Y

1)
similar matrix elements (in reversed order), may have smaller or larger

branching ratios, depending on the actual masses involved, and the

relative total widths of the né and Xq states. An intriguing

° 1P , which

possibility is the isospin-violating transition ¢' + = 1

results in a low energy, monochromatic 7° (the V' n° 3PJ,



—5-

A S 7° 1S transitions are forbidden by C-parity). The branching ratio

0
for this S-wave decay could well be larger than the P-wave process

' > 1© J/y (BR = 0.1%),!1 but there is a copious background from

v' o> 1%q° J/y decays. On the other hand, the 1P1 should have a very
large branching fraction for the radiative decay to the n., So some
suppression of background may be possible by looking for a monochromatic
7° in events which fit the 1A S ynonc hypothesis. The other as yet
unobserved cc bound state, the né, may not be as difficult to find.

This state can be reached via an Ml radiative transition from the y'.

A promising way to look for it is in the inclusive photon spectrum at
the ', and evidence for such a transition will be presented in Sec. IV.

Finally, in addition to the radiative transitions between
charmonium levels, there are three known hadronic transitions, all
between the ' and J/y: (i) ¢' » wn J/y, (i1) §' » n J/y, and (iii) the
isospin-forbidden decay y' » 7° J/y. A natural question td.ask is
whether there are any other significant hadronic transitions. I will
address this question in Section VI.

The Crystal Ball detector is a device which, in many ways, is
uniquely suited to studying the transitions between cc bound states, and
their radiative decays to other hadrons., Many details of this detector
may be found elsewhere,l? so I will only briefly review the more
relevant characteristics. Figure 2 is a pictorial representation of the
main components of the central detector. The essential idea of the
Crystal Ball is the high resolution measurement of the energy and
direction of electromagnetically showering particles over a large solid

angle. This is achieved with the use of a segmented array of NaI(Tg)

crystals (672 crystals covering 93% of 4n steradians in the central



DETECTOR COMPONENTS OF THE
CRYSTAL BALL-SLAC 1978

A~ Two Hemisphers of Crystal Ball
B- Central M.S. Spark Chamber
C-MWPC

D - End Cap NaI(T¢ )

E-End Cap M.S. Spark Chambers
F - Luminosity Monitor

S=74

R ATNSIRIN|

362641



-7-

detector, extended to 98% by an additional 60 crystals in the endcap
regions), giving an energy resolution for photons and electrons of

1/4 and an angular resolution of 1-2° (slowly

op/E = 26%/[E (GeV)]
varying with energy). 1In addition, there are magnetostrictive-readout
spark chambers and proportional wire chambers with cathode strip
segmentation providing charged particle tracking and charged-neutral
separation over the entire solid angle covered by the Nal. There is no
magnetic field, so charged hadron energies are only poorly determined in

the ~1 interaction length of Nal. A minimum ionizing particle deposits

~200 MeV (most probable energy loss) in the NaT.

II. INCLUSIVE PHOTON STUDY OF y' » yy 13

One_of the goals of the Crystal Ball experiment has been to obtain
precise measurements of the ' » yy branching ratios by pe{forming fits
to‘the monochromatic lines in the inclusive photon spectrum for '
decays. Achieving this has required careful study of several aspects of
the spectrum. Various cross checks on our understanding of these
aspects have given us confidence in the results. Because of the com
plexity of the measurement, and because of the relevance to following

sections of this report, I will describe the analysis and checks in some

detail.

A. Event Selection

Events are selected from the available triggers on tape in order to
suppress backgrounds from cosmic rays, beam-gas interactions, and QED
events and to accept true hadronic decays of the J/y or y' resonances.
The cuts employed for the data described here may be summarized as

follows:



(a) Event must contain at least 3 tracks (a "track” may be neutral or
charged) observed in the detector.

(b) The-total observed energy, E , must satisfy:

tot
656 < E . < 3445 MeV at J/y
)
800 < E__, < 4100 MeV at ¥

(¢) Remaining contamination from OED processes is reduced further by

rejecting those events which have E;, ¢ > 0.35 E.. and satisfy:

M.

(i) more than two tracks have x = E / > 0.5

track Ebeam

(E is the observed energy in the Nal); or

track

(ii) two tracks have x > 0.5, and the event only contains
three observed tracks; or
(iii) one or two tracks have x > 0.5 and the total energy

) assigned to all other tfacks, EX < 0.5, is less

than 0.06 Ec ; or

-‘maX
x < 0.5 Px ¢ 0.5 €

is the highest energy track

(iv) one or two tracks have x > 0.5 and E
0.02 Ec.m.’ where Eza§ 0.5
with x < 0.5.

(d) Remaining contamination from cosmic rays and beam—gas collisions is
suppressed further by a combination of requirements on the total
energy observed and the symmetry of the energy deposition pattern:

(i) 1If the event satisfied the primary event triggers,l% then an

asymmetry parameter, A, is calculated for the event

according to



-9-
where the sum is over the Nal crystals which contain
> 1/2 MeV in deposited energy, and ;i is the unit vector
~ pointing to the center of crystal i. The event is rejected
if A> 0.7, or if the following relation is true:
E . < 0.2444 E_[1+(a/0.7)2:07] .
(ii) For those events which did not satisfy one of the primary
triggers, the simple requirement that Etot > 0.4 Ec. .
was found to be suitable. This adds less than 17 to the
selected event sample.
(e) 1In the y' data acquired during spring 1981 (slightly more than half
the y' data), events which failed one or more of the above criteria

+

were accepted anyway if it looked like they contained a J/y » y u

or ete” decay. This results in an increase of ~2% (mostly from

y'o> o I/ o+ ﬂﬂu+u—), and is done to facilitate the study of

exclusive final states. It is largely irrelevant to fﬁe current

inclusive results, but is mentioned for completeness.

The above criteria were developed by studying events from separated
beam running ("empty target,” permitting the investigation of beam-gas

collisions), events which were not in-time with the et

e~ beams crossing
(dominated by cosmic rays), events which were in-time, and Monte Carlo
simulated events. These criteria are optimized for the analysis of
inclusive distributions, and the efficiency for accepting certain
exclusive decays (e.g., J/¢ + yn + yyy) is significantly lowe£ than the

overall efficiency of 94%. The datasets used at the J/y and y'

resonances are summarized in Table 1.
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TABLE I

J/¢ and ' Datasets

Resonance fﬁ? dt Number of Background Trigger Number of
(nb-1) Events in Events in and Selec- Resonance
Selected Sampleb tion Effi- Produced
Sample@ ciency (£5%) (£5%)
J/y 765 1779 K 24.5 K 0.94 2171 X
¢! 3450 1752 K 75 K 0.94 1815 K

in

Note that the direct leptonic channels ete™ > J/y > ¢ty and

ete™ 5 ANIES ¢te” are excluded from this sample,

The background contamination is dominantly u,d,s physics. 1In
addition, there is a residual contamination from beam-gas
collisions and cosmic rays (0.5% at J/y, 1.2% at y').

Photon Selection

The selection of tracks for inclusive photon analysis has been done

various widely different ways so that the effects of the cuts and the

background shapes on the resulting branching ratios can be checked.

This study for the measurements of the ' » YX 5 rates was done with four

spectra, shown in Figs. 3(a)-(d), which have successively tighter

requirements on the particles:

(a)

The first spectrum contains all particles, whether called charged
or neutral by the offline analysis program, with only the
requirement that |cose| < 0.85 (8 is the angle between the track
and the incident positron direction). The solid angle cut insures

that the track is in a region of the Nal where edge effects (from
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Fig. 3. 1Inclusive spectra at the {', used in the measurement of

BR(Y'> vyx.) and BR(y' > yn (2980)). (a) All tracks, neutral and
charged, ~with |cosg] < 0.85;c(b) same as (a), except neutrals only;

(c) same as (b), except remove photons from 7° decays and photons near
interacting charged particles; and (d) same as (c), except require track
to have a lateral shower pattern compatible with typical electro-
magnetically showering particles.
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the beam-pipe tunnel regions) will not degrade resolution. ‘This
spectrum [Fig. 3(a)] has an enormous peak at ~200 MeV, corres-
ponding to minimum jionizing charged particles passing through the
detector. This peak dominates the spectrum, making the ' » YX 5
and X2,1 > y J/y transitions appear only as shoulders. As we shall
see, however, these shoulders are still highly significant and
measurable,

(b) The second spectrum [Fig. 3(b)] contains the added selection that
the tracks must be called neutral by the production analysis
program. The large minimum-ionizing peak of Fig. 3(a) has almost
disappeared to a small (but significant) bump due to charged
particles which escape identification in the central chambers.

(c) The third spectrum [Fig. 3(c)] has two further requirements imposed
on the particles: The dot product between the particle direction
and the direction of any charged particle which interééts or
showers in the Nal must be < 0.85; and photons which reconstruct to
7° » Yy decays are removed.

(d) Finally, the fourth spectrum [Fig. 3(d)] contains only those tracks
which also have a lateral shower energy deposition pattern in the
Nal which is typical of a single photon shower. The minimum
ionizing signal has vanished, the signal-to-background of the
AN YX g and Xy,2 Y J/y peaks has improved over the other
spectra, and the {' » YN, transition is now clearly visiﬂle at
EY ~ 640 MeV.

A parallel analysis is made on all four of these specta as a test of the

sensitivity of the results.to the cuts and background shapes.
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C. Photon Detection Efficiency

The Crystal Ball detector itself is essentially 100% efficient for
the detestion of photons with energies 2 1 MeV within our fiducial solid
angle of |coss| < 0.85. However, the selection criteria and other
effects reduce the efficiency with which photons will appear in our
spectra. The resulting efficiency is calculated as a function of energy

for each spectrum according to:

= f 1 - 1
Ey ®Mc g ( Econv) (1
where EMC is an efficiency calculated with a Monte Carlo technique (see
below), fQ is a geometric correction factor for the photon angular
distribution (assumed flat in the Monte Carlo calculation), and
€onv ° 0.028 takes into account the probability that a photon will be

called charged because of conversion in the beam-pipe or central
chambers (not included in the Monte Carlo calculation). The largest
correction for the angular distribution is for the ' » YX, decays, with

2

a 1l + cos“g distribution, giving fQ = 0.79/0.85 = 0.93.

The calculation of ¢ is performed as follows: Photons of a

MC
specified energy are generated with a flat angular distribution, and
propagated through the Crystal Ball detector geometry to produce showers
using the EGS routines.l5 The resulting showers are then added to real
J/y decay events, analyzed by the production analyses program, and these
events are added to the real ' sample. The main assumption in this
procedure is that the hadronic J/y decays are sufficiently similar

to X3 decays in such characteristics as multiplicity (see Sec. II-D,

below for cross checks). A fit (for example, see Fig. 4; details of the
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Fig. 4. An example of a fit to the inclusive photon spectrum

[Fig. 3(b)] at the y' with an additional Monte Carlo transition added
(see text) at 320 MeV: (a) before background subtraction. The back-
ground is indicated by the dashed curve passing under the peaks; the
difference between the dashed and dot-dashed curves is the contamination
from charged particles. (b) After background subtraction.
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fits are described in Sec. II-D) is then made to the combined spectrum,
and the size of the signal obtained for the Monte Carlo line is compared
with the number generated. The resulting efficiencies (EMC) are shown

as a function of energy and photon selection criteria in Fig. 5.

D. Fits to Inclusive Photon Spectra and Cross Checks

There are several factors involved in extracting reliable
amplitudes and widths for the signals from the complicated spectra of
Fig. 3. The shape of the signal itself depends on the shower
characteristics in the detector, on the width of the recoil state, and
on any dependence on the photon energy in the transition matrix element
(to wide states). In addition, the background shape, which includes
contributions from various sources, must be adequately modeled.

Studies of Bhabha events and the y' » Xy transition show that a
reasonable line shape to use for monochromatic photons in the detector
is a Gaussian with a power-law tail to low energies (joined with
continuous first derivative). The energy resolution in the region of
the v transitions is assumed to obey the empirical cE/E 3 l/El/A
function. The parameters of the line shape and resolutioﬁ functions are
determined with the ' » YXI inclusive photon signal, under the
assumption that the X1 has an intrinsic width which is negligible
compared with our resolution. This assumption is expected to be
reasonable on theoretical grounds,’ since the lowest-order perturbation
theory decay of the X3 to hadrons is via 3 gluons. Experimentally, from
the exclusive cascade channel analysis, we know thatl2 T(Xl) < 2.6 Mev.

The X and X0 states are not assumed to be narrow, and a Breit-

Wigner resonance shape is used, with width determined by the fits. 1In
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addition, the transition matrix elements for these states is taken to be
dominantly electric dipole.l?

BacEground sources in the photon spectra are separated into three
basic components:

(i) Contributions from charged particles. This source is included
in the fits by measuring the shape of the charged particle
spectrum (with cuts applied appropriate to the spectrum being
fit) and including an amplitude for this shape in the fit
[except for the fit to Fig. 3(d)].

(ii) Contributions from the decays ¢' » n J/y and y' » 7°r° J/y. The
photons from these decays have limited phase space, so the fits
include an amplitude for each of these shapes(only the n
amplitude is found to be needed in the n°-subtracted spectra),
;s determined by Monte Carlo calculation.

(iii) The remaining background is assumed to be émooth and is fit with
a sum of Legendre polynomials (up to fifth order, if necessary).

Two examples of the final fits to the spectra are shown in Fig. 6

(see also Fig. 4). The Doppler-broadened y

’

1,2

included in the fit, with mean fixed according to the y' » YXy 9 results
’

+ y J/y transitions are

for the y, , masses [and using m(y') = 3684 MeV, m(J/y) = 3094 MeV].
The X2 confidence levels for the fits are generally reasonable, a first
sign that the lineshapes and backgrounds may be adequately modeled.

Two important cross checks that the determination of bradching
ratios from this analysis is under control are illustrated in Fig. 7.
For each row of points in the figure, we can step through the results

from the differently-selected spectra {Fig. 3(a)-(d)] by moving from
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Fig. 6. Examples of fits to the ' inclusive photon spectrum.

(a) is a fit to Fig. 3(a); and (b) a fit to Fig. 3(d). The background
is indicated by the dashed curves. The difference between the dashed
and dot-dashed curves is the contribution from charged particles plus
Y' > nJ/y and ¢' + 7°7%J/y in spectrum (a), and from y' » n J/y in
spectrum (b).
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Fig. 7. Cross checks on the extraction of branching ratios from the '
inclusive photon spectra. The (a), (b), (c) and (d) designations refer
to the differently selected spectra shown in Fig. 3. The points in the
top half of the figure are the branching ratios for the y' + yy_transi-
tions. The points in the bottom half are the branching ratios dbtained
(from the inclusive spectra) for the cascade process: ' Yy, *

yy J/y. For comparison, the #*1 standard deviation (statisticalJonly)
intervals are shown from the Crystal Ball measurement of the cascade
process in the exclusive channel: ' » YXJ > yy J/y » ng+z—

(2 = por e).
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left to right. The fact that consistent results are obtained with such
widely different background shapes [even Fig. 3(a)!] gives us confidence
in this procedure for the extraction of branching ratios. The second
check is ;he comparison of the product branching ratios BR(y' » Yxl,z)

. BR(XI’2 > vy J/y) as measured with the Doppler-broadened secondary
transition lines in the inclusive spectra with the measurement of the
same quantities using the Crystal Ball in the exclusive channell?

V' vy I/, I/ o> ete™ or y*u”. The inclusive measurement for the Xo
is somewhat lower than the exclusive measurement, while for the X1 it is
somewhat higher. Taking the sum of the two states yields agreement
between the two measurements. This observed effect is easily under-
stood, and has been verified with a Monte Carlo calculation. The point
is that when a stronger transition (y' » X, Y YY J/y) is strongly over-
lapped with a weaker transition (y' » YXp > YY J/y), the fits become
biased such that the stronger transition "steals" éignal from the
weaker. The fact that the sum is in agreement with the exclusive
measurement allows us to say that the uncertainty in the absolute
normalization of the inclusive results is S 16%Z, the absolute error in
the exclusive measurementl? [which is dominated by the uncertainty in
BR(J/y » e+e_ or u+u—)].

E. Results for y' » X 5

Table I1 summarizes the results obtained with the inclusive photon
measurements for ¢' » VX0 and gives an indication of how these results
compare with theory. Space prohibits a review of the various model
predictions, so I have emphasized only the coupled channel model of

Ref. 8. While the y' » branching ratios are slightly higher than
LANRGR P 8
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TABLE 11

Results from ¢' » YX 5

DATUM

X0 X1 X2
BR{y' »
Y YxJ_la
Crystal Ball 0.097 + 0.006 0.088 * 0.005 0.077 = 0.005
+ 0.016 + 0.014 + 0.012
Sp-27 0.072 £ 0.023 0.071 + 0.019 0.070 + 0.020
b
Coupled Channel Model 0.20 = 0.04 0.158 + 0.029 0.110 + 0.021
c
Relative Rates
Crystal Ball 1.00 =+ 0.07 1.05 =+ 0.08 1.37 + 0.09
El Theory 1 1 1
d
With OCD Corrections 1 1.5 1.7
(M
Crystal Ball 16 + 4 < 2.6 90% C.L. 2 + 1
(Assumed 0)
BROY' > yxp > vy J/4) ()
Crystal Ball (Ref. 12) 0.059 + 0.015 2.38 + 0.12 1.26 + 0.08
+ 0.009 + 0.38 + 0.20
T(XT + Y J/¢] (ReV)
Crystal Ball 97 + 38 < 700 330 £ 170
b
Coupled Channel Model 130 257 350
(a) First error is point-to-point, second is systematic normalization

uncertainty.

(b) Reference 8.
uncertainty in Ft
o

(d) Reference 16.
Ref. 8.

(e) Limit on TI'(y,) from Ref. 12.
under the asSumption that the y., wi

Thex
h is zero.

The uncertainty is from the experimental
SRR
(¢c) Proportional to F(w' > YXJ)/(2J+1)E3.

Y

I have used their result with the parameters of

and X9 widths are obtained

Pending further

analysis, these widths must be considered preliminary.



-29_

the results reported by the SP-27 experiment,® they are still
substantially lower than the prediction of the model, assuming electric
dipole (El) dominance. The prediction depends on the wave functions,
and thef; is also the possibility that relativistic or OCD corrections
may be significant. In any event, an understanding of the discrepancy
should be illuminating.3%

Assuming El dominance, the relative rates for the y' » YXJ decays
do not depend on the details of the wave functions, and the quantity
r(¢' > YXJ)/[(2J+1)E3] should be the same for all three transitions. We
see that this is approximately the case experimentally (see Table II).
First-order OCD corrections to the simple El prediction, involving gluon
exchange, have been calculated.l® It is encouraging that these
corrections are in the right direction, but they are too large. Perhaps
the model dependences in the corrections could account for some of this,
or- maybe higher-order corrections are not really négligiblé.

The prediction of the total widths for the y states is rather model
dependent, but a simple prediction for the relative widths of the X5 and
XO exists which depends only on the gluon-counting picture7»17 (see

Ref. 17 for first-order corrections):

F(Xz > hadrons)

o~

= —1—— = 00267 . (2)
F(Xo +> hadrons)

Neglecting the non-hadronic decays, our preliminary inclusive measure-
ment gives 0.13 * 0.07. Subtracting the radiative widths will make the
number smaller. However, the experimental measurement of the Xy width

depends critically on the assumption that the X1 width can be neglected.
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Also, a measurement of the X width using the exclusive Vo YXo *
vy J/y > YY£+2— channel gave a somewhat larger widthl2 rtot(XZ) =
4.1 % 05? MeV. Thus, a definitive comparison with theory must await
some additional understanding of the subtleties involved in measuring
the width (studies of which are in progress).
The radiative width for Xy Y J/y is estimated according to:
BR(y" » yxj > vy J/¢)

Plxy > v /) = T — r
J

tot (X5 (3)
The results (Table II) are, in this case, compatible with the absolute
prediction of the coupled channel model, although the error bars are

large.

ITI. ' =+ Ync and J/¢ > Y“c

With the doubling of both the y' and the J/y aatasetsﬂin the past
year, we have repeated and refined the analysis of the inclusive photon
spectra for the radiative transitions to the N candidate state observed
earlier.9,10 The approach is very similar to that described in Sec. II
for the ¢' » YX 5 analysis, using spectra with a variety of photon
selection criteria to evaluate the sensitivity of the results to the
cuts and background shape. The detailed cuts are the same as those
shown for the ' [Figs. 3(a)-(d)], except that the lateral shower
pattern cut is broken into two steps. The first step rejectsishower
patterns which are too broad, reducing contamination from high-energy
(> 600 MeV) 1°'s with merged showers from the decay y's, and from

hadronic showers. The second step eliminates shower patterns which are
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too narrow, suppressing the remaining contribution from minimum ionizing
charged particles which escape identification by the central chambers.
The five-~spectra, corresponding to the five steps in the selection
criteria are shown for the J/y data in Fig. 8. The {' spectra shown in
Figs. 3(a)-(d) have the same cuts applied as for the J/y spectra of
Figs. 8(a),(b),(c) and (e), respectively.

For each set of cuts, the procedure is to make a simultaneous fit
to both the J/y and y' inclusive photon spectra for the radiative
transition to the . constraining the n, mass and width to be the same
for both spectra. An example of such a fit is shown in Fig. 9. The
photon detection efficiencies are estimated similarly to the estimates
in Sec. IT-C, under the assumption the . decays are similar in general
features to the hadronic J/y decays.

The analysis is very similar to that described in Sec. II. The
reéults of the fits to the different spectra are compared as a
consistency check. An additional check is made by comparing the mass
and width obtained from the spectrum for events containing exactly two
observed charged particles. The results are as follows:l8

(i) m = 2984 + 2(statistical) * 4(systematic) MeV. The 1351-115

c
hyperfine splitting is thus 11l * 5 MeV,

0

(ii) BR(J/¢ > Ync) = (1.20 + 8’32)%. This may be compared with the

prediction based on the assumption that it is an Ml allowed

transition:8
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where Q = 2/3 is the quark charge, and m_, = 1.84 is the charmed
quark mass. Putting into this formula the observed E , and
d{yiding by the J/y total width, we find: BR(J/y ~» ync) =

(2.6 * 0.5)%. As with the J/y » X transitions, there is thus
an indication that the rate is smaller than the simple
expectation.

(iii) BR(y' ~» ync) = (0.29 * 0.08)7%. This is a "hindered™ Ml transi-
tion, and the theoretical estimates depend on the details of the
two different radial wave functions. Scaling the prediction of
Ref. 8 ("naive model”) to the observed value for the splitting
[T(hindered M1) « EZ, approximately], we expect BR(y' » Ync) =
(0.45 + 0.09)7%, where the error is from the uncertainty in
Ftot(w') and EY.

(iv) Ttot(nc) = 12.4 * 4.6 MeV. A prediction for this width may be

obtained using the measured J/y width to eliminate the dependence

on wave functions, and using the lowest—order gluon-counting:”

. 2
r(J/y > geg)  _ o | 5(n° - 9) ] (5)

r(n, > gg) 27T
For ag = 0.2 and T(y » hadrons) = 54 * 9 KeV, this gives
I‘(nC » hadrons) = 5.3 * 0.9 MeV. The next-order 0OCD corrections

to this are in the direction to make it larger, and are likely to

be substantial.l®
In addition to the inclusive photon analysis of J/y, y' » YN, we
have repeated the search for n_ » yy in the J/y + yyy channel2?0 with the

doubled data set. Figure 10 shows the gamma-~gamma mass distribution in
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Fig. 10. The gamma-gamma mass distribution in the high mass region for
events which fit the hypothesis J/y » 3y. The resolution is such that a
signal for a zero-width state would be mostly contained within two bins.
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the high-mass region for events fitting et

- t = .
e > yyy a EC.m. m(J/y)
There is no significant signal observed above the background from OED

events agd J/y + yn, yn' decays. Thus we set a limit for the product of

branching ratios:
BR(J/y » yn_(2.98) > yyy) < 1.6 x 107° 90% C.L. .

Dividing out the measured J/y » YN, branching ratio, and multiplying by
the observed total width, this means that I‘(nc + yy) < ~20 keV., A
simple prediction for this quantity may be obtained by using the known
J/y u+u— rate to remove the wave function dependence in the result of
the QED calculation for the decay:7,18

- 2
P(ng » vv) = T(3/y > w'u7) 3(3)

wino

C

[}

6.3 + 0.7 keV . (6)
This is comfortably below our upper limit.

IV. EVIDENCE FOR AN né CANDIDATE STATE
As mentioned in the introduction, a reasonable way to search for
the predicted 2180 radial excitation of the Nes the né, is to look in
the inclusive photon spectrum at the y' for evidence of the y' » Yné

decay. 1In this section, I describe such evidence observed for a state

at a mass 3592 * 5 MeV.
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The event selection for this analysis is the same as described in
Sec. II-A, with the minor additional rejection of events with more than
10 charggd or more than 10 neutral observed tracks. The photon
selection criteria are as follows:

(a) The track must be identified as neutral by the Crystal Ball offline
analysis program.

(b) |coss| < 0.85.

(c) Cosey-charged < 0.90, where ey-charged is the opening angle
between the neutral and the nearest charged track.

(d) The lateral shower energy deposition pattern in the Nal must be
typical of a single photon shower. (The details of this cut are
slightly different than the one used in Secs. II and III.)

The effect of criterion (d) on charged particles may be seen in
Fig. 11(;). The second peak at ~1500 MeV is due to J/y » ete” decays.
Note that the pattern cut has very little effect oﬁ this péék, as it is
due to electromagnetically showering particles.

The ' inclusive photon energy spectrum after the above selection
is shown in Fig. 11(b). For comparison, Fig. 11(c) shows the corres-
ponding spectrum for J/y decays. The most prominent features in Fig.
11(b) are the three monochromatic photon peaks from the y' » YXZ,I,O
transitions, and a peak due to the overlapping contributions from the
two Doppler-broadened transitions Xy > Y J/y and X; Y J/y. In
addition to these peaks (and a residual contamination from miéidentified
charged particles), there are two other statistically significant, but
much less obvious features in the spectrum.2! One of these is at a

photon energy of about 640 MeV, corresponding to a recoil mass of 2980
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the search for ' » yn'. (c) The inclusive photon energy spectrum at
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MeV, the presumed n. A fit to this structure with a smooth background
(sum of Legendre polynomials) plus a peak with resolution width yields a
signal strength of 2826 * 404 photons and a photon energy of 638 + 4 MeV
(statistical error only). The remaining structure appears at a photon
energy of approximately 90 MeV, and we shall now consider this in more
detail.

Figure 12 shows the result of performing a fit to the region
containing the 90 MeV structure. A smooth background in the form of a
sum of Legendre polynomials up to cubic order was assumed, plus a signal
term with resolution width. This fit yields a signal amplitude of
5582 + 1270 photons, with a mean energy of 90.8 + 0.8 MeV. Both the
signal (mean and amplitude) and the background shape were allowed to
vary simultaneously. If, instead, we fix the background shape as
determined by fitting to the region excluding the signal, consistent
results are obtained, but the statistical significance of tie signal
improves (to > 6 standard deviatiens). Additional fits made to study
the width of the state recoiling against the photon give a result which
is consistent with zero width and a 95% C.L. upper limit of T < 8 MeV.
Considering the systematic uncertainty in the photon energy (including
the absolute energy calibration uncertainty and a small correlation with
'), the mean energy is 91 * 5 MeV, corresponding to a recoil mass of
3592 + 5 MeV (assuming Mw' = 3684 MeV). The width and signal strength
are correlated, making a precise branching ratio determination-
difficult. 1Including this source of uncertainty, and correcting for the
photon detection efficiency (0.44 + 0.08), we obtain a 957 confidence

interval for the branching ratio: BR(y' » y + 3592) = (0.2 - 1.3)%.
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We have considered, and ruled out, several possible sources for the

signal other than the interesting one that it indicates a new particle:

(1)

(i1)

(iii)

(iv)

ihe possibility that the signal is due to misidentified charged
particles is eliminated by the absence of structure at 90 MeV in
the charged particle observed-energy spectrum [Fig. 11(a)].
There are exclusive y' decays, such as y' » n°n° J/y and

y' > n J/y > 37° J/{, which produce significant numbers of low-
energy photons. These may also be eliminated as sources because
the resulting photon energy distributions are much too broad.
The possibility of some not-understood generally occurring effect
in the detector is ruled out by the absence of similar structure
in the J/y spectrum [Fig. 11(c)], where the statistics are
comparable.

fﬁe possibility of a detector malfunction is ruled out by noting
that the signal exists both in data taken in 1978-79 and in
spring 1981 data, and by checking that the signal is not
restricted to any particular region of the detector. [As a
historical aside, the decision to double the data sample in
spring 1981 was made for the purpose of checking the evidence in
the earlier data. The fact that the effect repeated is a source

of confidence.]

We conclude that the most likely explanation for the signal is that

it is a new radiative decay of the y', presumably to the predicted 2180

cc state, the né. Let us briefly compare its properties to the pre-

dicted né properties, based on a potential model for charmonium. One

quantity of interest is the relative size of the hyperfine splitting for
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the radially excited state compared with the ground state:

m(y") - mln))
sV = SEmTRGD 7

If we use the Crystal Ball values for these splittings (from the

inclusive photon analysis), we find:

RhfS(Z/l) = 0.83 £ 0.06 .

There are various statements in the theoretical literature concerning
what this number should be (e.g., Refs. 22 and 23). A recent paper2?
suggests that a reliable estimate (at least with respect to perturbative
corrections) is:
2
4950 | 2 2

~ _ CAD! T(y! ; e+e_) N
(2/1) = — = [ o ] 2 secp

(8)

where I have inserted the sec2

8 factor in an attempt to see what effect
the 2381 - 1301 mixing might have8 (@ is the mixing angle,24 g = 23

+ 3°). Substituting in measured values for the parametersl8 yields:

Rhfs(Z/l) = 0.73 £ 0.12 .

The agreement between theory and experiment is reasonable (if we were to

assume no 25-1D mixing, we would predict RhfS(Z/l) = 0.62 * 0.10). The
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predicted radiative rate for y' » Y”é is given by the same allowed Ml
formula as for J/y » YNe» Eq. (4), and with EY = 91 + 5 MeV, we expect:
BR(y' » Xné) = (0.45 £ 0.11)%, where the uncertainty is due to the
uncertainty in EY, and the large uncertainty in Ftot(wv)' This predic-
tion is within the large range allowed by the observation. Likewise,
the expected width for the state (~ few MeV), based simply on "gluon
counting” arguments,’ is also compatible with our limit.

The DESY-Heidelberg group reported evidenceZ> for a state at a mass
of 3591 + 7 MeV in the exclusive channel y' » yy J/¢ » yyetu~. In spite
of the similarity in mass, a connection between their result and our
observation appears very doubtful. First, we have looked with the
Crystal Ball for evidence of such a state in y' » yy J/y » YYU+U— or
yye+e_, with greater sensitivity than the DESY-Heidelberg experiment.

No signai was found, and a 90% C.L. upper limit was set ofl2

BR(y"' + y + 3591)+BR(3591 »+ v J/y) < 0.04%, to be contrastéa with their
result of25 (0.18 * 0.06)%. Secondly, if we assume that the object we
observe in the inclusive spectrum really is the né, then we can make an
estimate for its radiative decay rate to the J/y. By noting that

the né + y J/y decay should have the same hindered Ml matrix element, up
to the difference in EY’ as the y' » yn, transition, we can eliminate
theoretical uncertainty due to the wave functions by using the measured

' » yn_ rate and scaling appropriately:7,26

r(nl >y J/y Elng >y /) 7
(c )=[Y(C )] = 0.11 * 0.01 . (9)

r(y' > yn ) E (4" > )
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Putting in the measured ' rate, this yields T(né >y J/y) =

(69 + 24) eV. The ”é is expected to have a total width > 1 MeV (any
substantjially smaller width would be very surprising since the two gluon
decay is allowed). Thus, we expect, with some confidence, that

BR(né >y J/y) < 1074, Combining this with our inclusive result, we
expect BR(y' » Yné)'BR(né >y J/y) < 10, hence not observable in any

existing analysis.

V. A LOOK AT THE J/y "ENDPOINT" PHOTON SPECTRUM

The radiative decays of the J/y to low-mass (relative to
charmonium) states have long been of substantial interest. Recent
excitment has centered around the possibility of observing a gluon-gluon
resonance ("glueball™) in these decays. The doninant decay of the J/y,
in the perturbative gluon-counting picture, should be to 3 gluons,
because decay to 1 or 2 gluons is forbidden (1 by éolor, 2ubecause a
spin-1 particle cannot decay to two massless spin-1 particles?7). Thus,
the radiative decay where one of &he gluons is replaced by a photon

should occur with a branching fraction of order a/as:7

T(J/y > ygg) _ 36 (212 q
T(I/¢ > ggg) ) (’5] o (10)

S

Experimentally, this is not an unreasonably small quantity, and if there
exists one or more glueball states, one might hope to see eviaence for
them in the inclusive photon spectrum at the J/y.

Figure 13 shows the high energy end of the inclusive photon

spectrum for J/y decays, as measured in the Crystal Ball. The prominent
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Fig. 13. The high energy end of the inclusive photon spectrum for J/y
decays, The selection criteria are the same as for Fig. 8(e).
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peak at EY ~ 1400 MeV is due to the Jj/y » yn' decays. Transitions to
the n would occur at EY ~ 1500 MeV, but are suppressed here because of
the event. selection cuts (especially, the QOED and multiplicity cuts, see
Sec. II-A). Likewise, even if the J/y » yr® branching ratio were
large, no signal would be observed in this plot because of the event
selection cuts. The selection efficiency tends to improve as the recoil
mass increases, and, unless the state has very peculiar decays (e.g., to
neutrinos), this efficiency is reasonable for m(recoil) 2 1 GeV.

A second prominent peak occurs at EY ~ 1200 MeV. This corresponds
most closely in recoil mass to the E-meson, among known particles, but
there are arguments which suggest that it is not due to the E.28 The
tails of this peak include the regions where transitions to the f', f,
and D mesons would appear. Below this second peak there is a broad
bulge, extending down to EY ~ 900 Mev [or m(recoil) up to ~2000 MeV].
Whéther this is caused by a series of closely space resonaﬁ;es, or
perhaps a gluonic continuum, is not known.

So far, very little quantitative analysis of this spectrum has been
done, so I have little more to say about it. One of the problems is
that for E“o Z 600 MeV, the two gammas from many - decays have
sufficiently overlapping showers that the routine production analysis
treats them as a single photon. The lateral shower pattern criteria
suppress this background in Fig. 13, but there is probably still sub-
stantial contamination. Fortunately, more sophisticated algofithms for
separating 7° and single-y showers have been developed recently, and the

prospects for future analysis appear bright.
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VI. SEARCH FOR HADRONIC y » J/y TRANSITIONS

The production of J/y mesons in hadronic interactions has been
receiviné“substantial attention lately. The currently popular picture
for hadronic J/y production is the "gluon fusion" idea, where two
relatively hard gluons come together to form a cC pair.2? Perturbation
theory should be valid in this picture, so one must apply the
appropriate "gluon counting"” rules. Thus, the cC pair cannot directly
be a J/y meson. One way to make the transformation to a J/y is by the
emission of a soft gluon from one of the charmed-quark lines [Fig.
14(a)]. Another way is to first produce a y meson, which then
radiatively decays to a J/y [Fig. 14(b)]. Note that the y particle in
the gluon fusion diagram of Fig. 14(b) may be either the X2(3555) or
x0(3410);'but not the x1(3510). Also, since BR(xy > v J/y) = (16 + 3)%
and BR(XO >y J/y) = (0.61 + 0.16)7% (see Sec. I1I), the hadronic produc-
tion of J/y via y radiative decays will be dominated by the Xg» unless
for some reason the cross section for Xg production is much greater (by
a factor Z 25) than that for X2 production [in the spirit of gluon
counting, one might expect’ g(hadron » Xox)/o(hadron > sz) =~ 15/4].
Finally, let us note that the p-wave y state of Fig. 14(b) could instead
be the lSO, né. However, as I pointed out in Sec. IV, the branching
ratio for né + y J/y should be very small (S 10_4), so the né production
cross section would have to be enormous for the process to compete with
J/¢ production via Xy > Y I/

Motivated by an unexplained experimental result30 in the hadronic
production of J/y, the question has arisen whether the radiative transi-

tion in Fig. 14(b) might be replaced a significant fraction of the time
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Fig. l4. Production of the J/y via gluon fusion in hadronic collisions:
(a) Gluon fusion to cE, becoming a J/y by emission of a soft gluon; and
(b) gluon fusion to a y state of charmonium, followed by a radiative
decay to J/vy.
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by some hadronic decay -- are there any substantial y + J/y + hadrons
channels? Most possibilities can be immediately ruled out by conser-
vation laws, but two of those remaining have been given serious

consideration, and we shall discuss them here.

A. Search for y, » rtr % J/y

The first to be suggested3! was that the decay Xy > MR I/
might have a large branching fraction. This suggestion, however, dis-
agrees with the prediction based on the multipole expansion technique.32
We have searched for evidence of this decay in the Crystal Ball experi-

ment by looking for the decay chain:

v ovx,

L———————* no x J/y

YY (11

where "x" (in this case ﬂ+ﬂ_) is not required to be observed. The event
selection is as follows:
(i) The number of observed charged particles must be in the range
2 to 5, and the number of observed neutrals must be in the range
3 to 5.

(ii) The event is required to have a J/y » et

e~ decay by requiring the
observed invariant mass of two charged particles to be between
2800 and 3200 MeV.

(iii) The event is required to have a 7% » decay by requiring at
YY

least one yy-mass combination in the range 115-155 MeV.
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(iv) The event is required to have a slow 7° (as would occur from a

° [as

Xy * atn J/y decay) by demanding that there be a g
defined in (iii)] with energy less than 200 MeV.
The resulting inclusive photon spectrum for the remaining events is
shown in Fig. 15(a). No evidence is seen for the monochromatic photon
which would result from the decay ' » Xy After correcting for

detection efficiency and the ¢' » YXo and J/y » e+e— branching ratios,

we obtain the upper limit:
+ -0 o
BR(x, > mm m J/y) < 0.05 (90% C.L.) .

B. Search for y » yr° J/y

The second possibility to be suggested was that the y » J/
hadronic decay should be dominated by the y~resonance amplitude, and
that, because of the available phase space, the Yno rate should be much

*1 1° rate.33 The X * yn® J/{ transition is allowed

larger than the g
for all three y states. We have searched for this process by looking at

events fitting the exclusive hypothesis:

o
Vo yym I/
| + - + -
e e or u
YY o (_12)
Background from the {' -» 7°%n° J/y decay is reduced by rejecting events
which fit the 7°%#° hypothesis with confidence level > 0.10. For each

event with an acceptable fit to hypothesis (6-2), we take the fit with
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the best X2 and plot the photon energies (excluding the #° decay
photons) in Fig. 15(b). There is no convincing evidence for the mono-
chromatic photons which would be expected from ' + yy decays.

Correcting for the detection efficiencies, and for the y' + yy and

J/y > e branching fractions we obtain the following upper limits for

x > yr Iy
TABLE III
Limits on y » yn° J/y
x State BR(y + yn° J/y) (90% C.L.)
Xo (3410) < 1.7%
1 (3510) < 3.0
Xy (3555) < 2.1%

To conclude this section, we have searched for the decays
Xy * N J/y and y +» yn® J/y, and find no evidence for them. Our

limits are sufficient to exclude these processes as the primary

explanation for the peculiar effect observed in hadronic J/y production.
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