
PHYSICAL REVIE%' D VOLUME 34, NUMBER 3 1 AUGUST 1986

Charmonium spectroscopy from inclusive |tt' and J/ttt radiative decays

J. E. Gaiser, "' E. Bloom, F. Bulos, G. Godfrey, C. Kiesling, ' ' W. Lockman, "
M. Oreglia, ' ' and D. L. Scharre"

Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305

C. Edwards, ' ' R. Partridge, "C. Peck, and F. C. Porter
Physics Department, California Institute of Technology, Pasadena, California 91125

D. Antreasyan, Y. F. Gu, '~' J. Irion, %. Kollman, '"' K. Strauch, K. Wacker, "' and A. 4'einstein"
Lyman Laboratory ofPhysics, Harvard University, Cambridge, Massachusetts 02138

D. Aschman, "' T. Burnett, '"' M. Cavalli-Sforza, "D. Coyne, '" C. Newman, "' and H. F. W. Sadrozinski"
Physics Department, Princeton Uniuersity, Princeton, Pew Jersey 08544

D. Gelphman, ' ' R. Hofstadter, R. Horisberger, '"' I. Kirkbride, H. Kolanoski, '" K. Konigsmann, 'v'

R. Lee, ' ' A. Liberman, 'q' J. O'Reilly, '"' A. Osterheld, B. Pollock, "and J. Tompkins
Physics Department and High Energy Physics Laboratory, Stanford University, Stanford, California 94305

(Received 16 December 1985)

Results from a detailed study using the Crystal Ball detector at the SLAC e+e storage ring
SPEAR of the inclusive photon spectra from 1.8 X 106 i(t' and 2.2&& 106 J/P decays are presented.
Radiative transitions from the P to the 1'2

~ o states are observed with photon energies of
126.0+0.2+4, 169.6+0.3+4, and 258.4+0.4+4 Mev and branching ratios 8(i('~ yX2, &,p)

=(8.0%0.5+0.7)%, (9.0+0.5+0.7)%, and (9.9+0.5+0.8)%, respectively. Values for the natural
linew'idths of the p states are obtained: I (p2 l 0)=0.8—4.9, &3.8, and 13—21 MeV, respectively
(90% C.L.). Improved values are found for the branchmg ratios 8(g'~yg, ) =(0.28+0.06)% and

B(J//~yes, ) =(1.27+0.36)%, and for the natural width I (g, ) =11.524. 5 MeV.

I. SPECTROSCOPY OF THE f FAMILY

Since the discovery of the resonances of the cc char-
momum family more than a decade ago, the P' and J/g
have continued to stimulate considerable theoretical and
experimental interest to explore the spectrum of states ac-
cessible via radiative photon decays. Potential models'
and dispersion-relation models have predicted the spec-
trum of states, radiative transition rates, and natural
linewidths, in lowest-order quantum chrornodynamics
(QCD). Calculations of relativistic and higher-order QCD
corrections have also been made. Two early experiments
measured the inclusive photon spectra in J/lb and p' de-
cays. Ten years ago the Mark I magnetic detector, sensi-
tive to converted photons above 200 MeV, discovered the
P ~yX& transition at the SLAC e+e colliding ring
SPEAR. In a short run at SPEAR the SP-27 experiment
used a moderately segmented NaI(T1) detector to obtain a
highly structured photon spectrum in g' decays. The lb'

radiative decay branching ratios to each of the triplet
1 P2 i o(XJ) states were measured and found to be signi-
ficantly below the naive potential model predictions. In a
more recent work at the CERN ISR and using a very dif-
ferent technique, the Xz, states have also been measured.
Furthermore, a candidate for the 1'So ground state, the
ri, (2980) was observed in the inclusive photon spectra
from P' and J/g decays by the Crystal Ball experiment.

This state was confirmed in exclusive decays of the 1b' by
the Mark II experiment and has recently been well mea-
sured by the Mark III experiment' which also determined
the spin and parity to be 0 +. The Crystal Ball also re-
ported existence of a 2'So candidate, " the ri,'(3590) seen
in the g' inclusive photon spectrum. A candidate for the
'Pi state has not been observed so far. '

In this paper we present final results of a detailed study
of the radiative transitions from g' to the triplet Xz states
using the Crystal Ball detector. The states are identified
by observing monochromatic photon lines in the inclusive
photon spectra associated with hadronic decays of the res-
onance. New measurements for the radiative decays of
J/1b and 1b' to the g, (2984), based on about twice the data
sample of Ref. 8, are also presented. The photon spectra
are obtained from decays of 1.8&(10 P' and 2.2X10
J/1b, produced with integrated luminosities of 3450 and
770 nb ', respectively.

II. THE CRYSTAL BALL DETECTOR

The Crystal Ball detector is particularly suited to study
the radiative transitions in the charmonium system. The
main design goal was to proyide a high resolution mea-
surernent of energy and direction of electromagnetically
showering particles over a large solid angle. Figure 1

shows the schematic of the detector. Full details of the
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FIG. 1. Schematic view of the Crystal Ball detector.

detector have been reported elsewhere. ' '-' It consists of
a spherical and highly segmented shell of 672 NaI(T1)
shower counters covering 93% of the 4m solid angle. Ad-
ditional NaI(TI) end-cap counters increase the coverage to
98% of 4m. The NaI(TI) shell is 16 inches thick, corre-
sponding to 16 radiation lengths (r.l.) and to one nuclear
absorption length. The energy resolution for photons (see
Sec. VII) is measured to be a(E)/E=(2.4 2.8)%/E—'~,
where E is the energy in GeV. The angular resolution is
slightly energy dependent, varying between 30 and 50
mrad. Charged particles are identified by a concentric
system of two cylindrical magnetostrictive wire spark
chambers sandwiching a multiwire proportional chamber.
The chambers cover 0.71, 0.83, and 0.94 of the 4' solid
angle. Neutral tracks are identified by the electromagnet-
ic shower in the NaI(T1) crystals and the lack of signals in
the central spark and proportional chambers.

The apparatus was triggered when at least one of
several overlapping conditions was satisfied. The primary
and dominant trigger requires the total energy deposited
in the Crystal Ball (excluding the end caps) to be greater
than =1.1 GeV. Other triggers, which are somewhat
redundant, are based on charged-particle multiplicities be-
ing detected by the chambers or on the general energy dis-
tribution pattern in the Ball. Studies of Monte
Carlo —simulated events show the trigger efficiency to be
=99% for inclusive hadronic decays of tP' and J/g.

The photon energy scale is set by measuring large-angle
Bhabha scattering events (e+e ~e+e and yy) as well
as direct e+e decays of J/g and g'. A calibration of
the NaI(T1) crystals and associated electronics was per-
formed every two weeks during data taking. The calibra-
tion used the above reactions in conjunction with radioac-
tive y-ray sources and y rays from the proton induced re-
action ' F(p,a)' 0 using a Van de Graaff accelerator.
The use of a linear relation for the energy calibration re-
sults in a small, =(2—3)%, energy shift towards lower
photon energies as determined from observed mass values
of reconstructed m' and g particles. It is an indication of
our systematic uncertainty in the energy scale.

The Crystal Ball with its unique geometrical segmenta-
tion provides not only a measurement of the amount of
energy deposited but also gives information about the
transverse structure of this deposit. Photons (and elec-
trons) with energies of greater than about 20 MeV pro-

duce electromagnetic showers and deposit almost all their
energy into the 13 neighboring crystals around the impact
point. These electromagnetic showers display very regular
transverse shower development, causing symmetric lateral
energy distribution patterns. Their fluctuations are rela-
tively small, though occasional large fluctuations do
occur. In contrast, interacting charged hadrons produce
extremely varied energy patterns in the NaI(Tl). Their
fluctuations are large and irregular when compared to
electromagnetic showers. A still different response of the
detector is found for noninteracting minimum ionizing
particles. They deposit an energy of about 210 MeV dis-
tributed in no more than two or three crystals. Lastly
there are ambiguous energy patterns resulting from the
merging of photon showers with energy deposits from ha-
dronic interactions.

The detector provides no information about the longitu-
dinal distribution of an energy deposition. It has been
found that a detailed analysis of the lateral energy distri-
bution patterns is a very useful technique for resolving
photon identification ambiguities. Examples of typical la-
teral energy distribution patterns for charged particles and
photons are shown in Fig. 2; the figure represents the data

FIG. 2. Typical lateral energy distribution patterns in the
NaI(Tl). Numbers represent energy (in MeV) deposited in indi-
vidual crystals. (a) Example of crystal energy distributions for
two minimum ionizing particles. (b) Example of an energy dis-
tribution for an electromagnetically showering particle. (c) Ex-
ample of an energy distribution for an interacting charged had-
Ion.
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as Mercator projections of segments of the detector. Al-
gorithms have been developed which can distinguish clean
photons from charged particles based on their energy pat-
terns, like those shown in Fig. 2. Identification of pho-
tons with these algorithms plays an important part in this
spectroscopic analysis.

III. DATA SELECTION

The selection of radiative f' and J/P decays is done in
two steps. First, hadronic decays of the resonances are
selected. Second, the photons in these events are identi-
fied. In this section we describe how these selections are
carried out.

A. Hadronic-event selection

The e+e annihilation events leading to multihadron
final states must be separated from backgrounds due to
cosmic rays traversing the detector, beam-gas interactions,
and showering quantum-electrodynamics (QED) events
from the processes e+e ~e+e (y) and e+e ~yy(y).
The beam-gas events and cosmic-ray events typically
deposit small amounts of energy in the ball, or else deposit
energy in a highly asymmetric pattern. Showering QED
events deposit almost the entire e+e center-of-mass en-

ergy in two or three showers. Total energy and energy
distribution criteria are used to remove these sources of
background. The efficiency of the hadronic-event-
selection procedure is estimated by Monte Carlo simula-
tion of hadronic events to be 0.94+0.05. Full details on
the selection criteria and efficiency determination are
given in Ref. 15. Using triggers out of time with the
beam crossings, separated beam runs, and Monte Carlo
simulation of showering QED events, it is estimated that
the contamination of the selected hadronic sample by
cosmic rays, beam-gas events, and QED events is only
0.010+0.005. Since the J/P and ttt' resonance production
cross sections are very large, only =1% of the events in
the J/P sample, and =3% in the tt/ sample are non-
resonant. For the same reason, the number of e+e in-
teractions proceeding via the two-photon process is small,
and nearly all of these are removed by the total energy
and energy symmetry requirements for hadronic events.
The net effect of all cuts results in a clean sample of J/g
and g' hadronic decays.

To arrive at the final number of produced resonances

X~,~, small corrections are made for residual contamina-
tions due to cosmic rays, beam-gas interactions, showering
QED events, nonresonance background, resonance decays
to lepton pairs, and the hadron-selection efficiency
(0.94+0.05).

mesons, which are produced in multihadronic decays.
These photons will have a smooth distribution, similar to
that in nonresonant e+e annihilation.

(2) Photons from the decay of monoenergetic il mesons
produced in the two-body decay p'~iIJ/p, which pro-
duce a nonsmooth distribution.

(3) Energy deposited by charged particles which have
escaped detection by the tracking chambers and are then
misidentified as neutrals.

(4) Remnants from nuclear interactions of charged had-
rons in the NaI(T1) causing additional energy deposits
which are well separated from the original impact point.
Such neutral-energy "split offs" (usually near 50 MeV)
will fake a photon.

With the advantage of a large data set, stringent as well
as loose photon-selection criteria can be employed to
suppress background while retaining a significant signal.
By using widely different cuts, it is possible to perform a
parametric study to examine the effect of the cutting pro-
cess on energies, branching ratios, and natural line widths.
Also, we are able to assess the magnitude of systematic er-
rors attributable to the background under the photon
peaks and to our estimate of the photon detection efficien-
cy. The following cumulative selection criteria are ap-
plied to the data to yield the four tt/ inclusive photon
spectra shown in Fig. 3.

(a) Removal of neutrals and charged tracks with

~

cos8
~

& 0.85, where {9 is the angle between the track and
the positron beam direction. The solid-angle restriction
ensures that the particle has entered a region in the detec-
tor with uniform acceptance, away from the edges, to give
optimum energy resolution. Since both neutral and
charged tracks are present in this spectrum a very large
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B. Photon selection

Energy spectra of all photon candidates produced in ha-
dronic decays of the g' and J/g contain monochromatic
photon lines on top of a large background. The back-
ground results from several sources are the following.

(1) Photons, predominantly from decays of m and g

FIGr. 3. Inclusive photon spectra from t(' decays in 1% ener-

gy bins. {a) All tracks within ~cos8~ ~0.85. (b) Same as {a)
with charged tracks removed. (c) Same as (b) with neutrals from

decays and neutral particles near interacting charged parti-
cles removed. (d) Same as (c) with neutral particles removed,
whose lateral energy deposition is not consistent with the pat-
tern of a typical single electromagnetic showering particle.
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peak at =210 MeV is observed, corresponding to nonin-
teracting charged particles passing through the detector.
This peak constitutes a considerable background which
greatly obscures the +J lines. Nevertheless the signals are
significant and can be measured.

(b) Removal of charged tracks using information from
the tracking chambers. This cut removes most of the
charged particles as can be seen by the strong reduction in
relative size of the minimum ionizing structure at 210
MeV. The persistance of a small remnant bump at this
energy is indicative of a certain inefficiency in the
charged-particle identification.

(c) Removal of neutral pairs which can be fitted to
rr ~yy decays using the entire acceptance of the detector
to reduce the number of background photons in the spec-
trum. %e also remove neutral particles too close to in-
teracting charged particles, cos8;~ y0.85 (where 8;r is the
angle between the pair of tracks). This cut minimizes dis-

tortions of the photon energy.
(d) Removal of neutral particles, whose lateral shower

deposition patterns in the NaI(T1) do not conform to those
of single clean electromagnetic showers, as identified by
our photon recognition algorithms. This cut removes vir-
tually all remaining minimum ionizing and interacting
charged particles which were not detected in (b) because
of inefftciencies in the charged tracking. It also elim-
inates the asymmetric energy depositions from split offs,
visible as the broad bump near 50 MeV in Fig. 3(c).

IV. THE f' INCLUSIVE PHOTON SPECTRUM

A comparison of the spectra in Figs. 3(a)—3(d) shows a
dramatic enhancement of signal to noise as the cuts are
applied. Prominent features in the spectra include three
lines due to the monochromatic photons from the decays
P'~yg2 i 0 at =126, 170, and 258 MeV, respectively.
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FIG 4 Fits to the inclusive photon spectra of Fig 3 using the techniques described in the text The dashed curve in the upper
part of each figure represents the smooth photon background as modeled by the Legendre-polynomial series. The solid curve
represents the background due to charged particles and the decay (r('~r) J/i(). The bottom portion of each figure shows the result of
subtracting the fitted background.
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Also prominent is a signal near 400 MeV from the two
overlapping and Doppler-broadened lines corresponding
to the secondary transitions X2 i~yJ/g at 432 and 392
MeV, where the g particle recoils against the primary
photon. Because of the finite detector resolution, the two
lines overlap. A small peak is seen in the fully cut spec-
trum [Fig. 3(d)] near 634 MeV, corresponding to the tran-
sition P'~yrl, (2984). Because of the fine binning (1%)
used in this spectrum, the signal near 92 MeV due to the
transition f'~yg,'(3592} is not readily apparent. "

By looking at Fig. 3, it becomes obvious that the
crowded and overlapping signals on top of the broad and
peaked background cannot be measured by fitting only a
local portion of the spectra. In order to reliably measure
the XJ signal amplitudes, the peak photon energies and
the natural linewidths of the states, it is necessary to have
a detailed model which adequately describes signal
behavior and background distributions over the whole
range of interest. Fits to the four spectra are performed
in the range of 65 MeV ~Er ~600 MeV, excluding the
energy region of the g, (the analysis of the g, signal re-

gion is described in Sec. VI}, using a model which consists
of the sum of the following individual contributions.

(1) To describe the signals, the detector s intrinsic ener-

gy response function is parametrized using a Gaussian
distribution with a power-law tail to low energies, starting
at =1o below the peak and joined to the Gaussian with
continuous first derivative. This response function is con-
voluted with a nonrelativistic Breit-signer mass distribu-
tion for the widths of the X states. Together the two
sources yield the total signal widths. The transition ma-
trix elements for the XJ transitions are taken to be dom-
inantly electric dipole, ' leading to an F& energy depen-
dence in the folded signal shape. Positions of the peaks,
amplitudes, widths, and response function parameters are
allowed to vary in the fit. For the secondary transitions
X2 i~yJ/f the expe:ted Doppler broadening is also tak-
en into account in the fit. The secondary photon energies
are fixed by the energies of the primary line and the
masses of the P' and J/g. No signal corresponding to the
decay Xo~yJ/g is visible in the inclusive photon spec-
trum.

(2) To describe the background under the photon peaks
three sources are included in the fit. (i) A Legendre poly-
nomial series of fourth order [fifth order for spectrum
2(d)] describes the smooth photon background. (ii) A
charged-particle spectrum is used with variable amplitude
and fixed shape to take into account the charged-particle
contribution. The shape of the spectrum is obtained by
taking genuine charged particles defined by the tracking
chambers which also satisfy the photon selection cuts.
(iii) A fixed amplitude is used for the contribution from
the decay P'~gJ/f~yyJ/P, based on the ineasured
branching ratio. ' Its shape is derived from a Monte Car-
lo simulation of the decays g~yy, whose photons are
added to real J/f events. The contribution from decays
g'~m nJ/g is found to ha. ve a negligible effect on the
fitted signal amplitudes and natural line widths and is not
included in the fit.

The resulting fits to the four spectra are shown in Fig.
4. The X confidence levels of the fits range from 12% to

52%, indicating that the model describes signal shapes
and backgrounds consistent with the data. The energies
of the photon lines, obtained by a weighted average of the
peak positions from all fits for X2 i Q are 126.0+0.2+4,
169.6+0.3+4,- and 258.4+0.4+4 MeV, respectively. The
first error is statistical, due to the uncertainty of the pho-
ton energy determination by the fit. The second error,
which is systematic, is mainly due to the uncertainty in
the energy scale.

V. TRANSITIONS TO THE gg STATES
IN f' RADIATIVE DECAYS

The branching ratios for the observed transitions are
calculated according to

where Nr is the fitted number of photons in a given peak,
E~,~ is the number of f' resonances produced, and er is
the overall detection efficiency for photons of given ener-

gy E~. Included in this efficiency is the photon selection
efficiency calculated as described below, losses due to con-
version of photons in the beam pipe and the chambers
(0.035+0.005}, and a geometric correction factor for the
photon angular distributions (1 + cosi8 for the Xo,
1 —0.189cos 8 for the Xi, and 1 —0.052 cos 8 for the X2,
see Ref. 14). The efficiency to detect the final state er, is
0.94+0.02, where the normalization error common to
N~,~ has been removed.

Estimates of the photon selection efficiency are made
using Monte Carlo techniques at five energies (E& ——90,
145, 210, 320, and 500 MeV) spanning the range of the
observed peaks for each of the spectra shown in Fig. 3.
At each energy a large sample of 5 X 10 monochromatic
photons is generated isotopically. The distribution of
electromagnetic shower energy in the crystals is calculated
using the Fos electromagnetic shower code. ' Each
Monte Carlo photon is added to a real J/P event from the
data sample, to produce a hybrid event simulating the de-
cay' g'~yX. Here we assume that multihadronic X de-
cays resemble multihadronic J/f decays sufficiently
closely for the purposes of calculating photon detection
efficiencies. These events are then processed with the
same analysis algorithms and photon selection cuts
described above. Finally the Monte Carlo spectrum is
added to the appropriate f' spectrum to give it a realistic
background. The resulting spectrum, now containing an
additional photon line besides the already existing 7 lines,
is fitted using the technique of Sec. IV. The photon selec-
tion efficiency is calculated by comparing the fitted
Monte Carlo signal to the number generated and is shown
in Fig. 5. Studies of the variation in efficiency, with
respect to background and signal size and photon-
selection cuts, give an estimated point to point error in ef-
ficiency of about +4% and an absolute error of +5%.

For each decay P'~yXz and Xz~y J/P four evalua-
tions of the branching ratio corresponding to the four
spectra of Fig. 3 are made. By comparing the branching
ratios 8(g'~yXJ) from each of the four spectra, one is
able to qualitatively check the estimate in the magnitude
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of the systematic errors due to the fitting procedure. The
results are summarized in Fig. 6. The errors shown are
due to statistical uncertainties in the fits only. As can be
seen, by reading across the figure, the branching ratios ob-
tained from the differently selected spectra are reasonably
consistent. Considering the wide variation in background
shapes and efficiencies, the fact that consistent results are
obtained gives confidence to the procedure of extracting
the branching ratios.

Another check is performed by comparing the cascade
branching ratio 8(g'~yXz i)8(Xq i yJ/g), f«m the
secondary transition lines at about 400 MeV from the in-
clusive spectra, with the values obtained from an analysis
of the exclusive cascade reaction P'~yyJ/P~yy (e+e
or p+p ) using the Crystal Ball detector. ' The results of
the exclusive cascade measurements are displayed on the
bottom of Fig. 6 as the dashed bands. The inclusive mea-
surements of the product branching ratio for the Xq
(shown as the data points) are consistently lower than the
exclusive measurements, whereas the values for the Xi
tend to be somewhat higher. When taking the sum of the
two branching ratios, good agreement between inclusive
and exclusive analyses is reached. This systematic effect

is due to the overlap of the two lines in the inclusive spec-
tra where the relative strengths of the signals can only be
poorly determined by the fit.

The branching ratios of the XJ analysis are given in
Table I. The values shown for the 8(f'~yXJ) and the
product branching ratios 8 (XJ):8—(g'~yXJ )8(Xq
~yJ/g), are derived by averaging the four branching ra-
tios, weighted by their errors (a combination of the statist-
ical error from the fit and the statistical error in the pho-
ton detection efficiency). The effect of the weighting pro-
cess is to slightly de-emphasize the results from the uncut
spectrum containing charged and neutral particles. Com-
bining the values by averaging is based on the assumption
that the measurement errors among the spectra are largely
independent, since they are driven by the fitting process
where the spectra have very different background shapes
and signal strengths. Two errors are given for each
branching ratio. The first error contains the statistical
uncertainty from the fit plus the point-to-point statistical
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FIG. 5. Photon-selection efficiencies as a function of energy
for the different selection criteria. The letters correspond to the
photon-selection criteria used to obtain the spectra of Fig. 3.
These values assume a flat photon angular distribution and do
not account for photon conversion in the inner detector. The er-
ror bars are from fits to the Monte Carlo lines described in the
text. The region around 210 MeV is complicated by the signifi-
cant punch through from minimum-ionizing particles for the
photon selection criteria (a)—I,

'c) only and is thus not calculated.

FIG. 6. The upper part of the figure shows the observed
branching ratios 8(g'~ygz &0) as obtained from independent
analyses of each of the spectra of Fig. 3. This serves as a
crosscheck on the extraction of the branching ratios. In the
lo~er part of the figure are the product branching ratios
&(f'~yXz ~)B(lz ~~yJ/i() obtained from the four inclusive
spectra (dots). Only statistical errors are sho~n. They are com-
pared with the results of the direct measurement of the cascade
P'~yy 1+I (dashed bands) by the Crystal Ball (Ref. 14). Since
the separation of the overlapping lines from the secondary tran-
sitions Xz~y J/i' and g~ ~y J/i( in the inclusive spectra is dif-
ficult, the- comparison with the sum of the branching ratios is
also shown.
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TABLE I. Results for the transitions iti'~ygq. The photon energies and rates for g'~yXi i o ob-
tained from the fitted inclusive photon spectra in decays of the g' are presented here. Also listed are the
product branching ratios 8 (+J)=8(f'~yXJ)8(XJ~yJ/f), the branching ratios 8(Xq~yJ/g) and
the widths of the +J states. The correlation coefficient between the B (g&) and the B (g&) measure-
ments is about 0.2 {see Sec. V}.

Quantity

E„(Mev)
8(p'~yXJ) (%)
B'(IJ) (%)
8(xJ~yJ/i() (%)
I (MeV) 90% C.L.

126.0+0.2+4
8.0%0.5 +0.7

0.99+0.10+0.08
12.4+ 1.5
0.8—4.9

169.6+0.3+4
9.020.5 +0.7

2.56+0.12%0.20
28.4+2.1

~ 3.8

258.4+0.4+4
9.9+0.5+0.8

Not seen here
See text
13—21

uncertainty in the photon detection efficiency. The
second error contains all the uncertainty in the overall
normalization and is mainly due to the systematic error in
the number of resonances produced (+5%%uo) and to an ab-
solute uncertainty in the photon detection efficiency
(+S%%uo). The error attributable to the systematic uncer-
tainty in the detector's energy resolution is only +1%.

Dividing the product branching ratios 8 (X2 i) by the
results for 8(g'~F2, ), yields the branching ratio
8(X2 i~yJ/P). Note that in these calculations the nor-
malization errors cancel. To obtain our best measurement
for the branching ratio 8(Xo~yJ/g) (this transition is
not seen in the inclusive analysis) we use the Crystal Ball
exclusive channel product branching ratio, '

8 (Xo)=(0.059+0.017)%, and divide it by the inclusive
result for f'~yXo. In this case only the common nor-
malization error due to the uncertainty in the number of

resonances produced cancels. We obtain
8 (Xo~yJ/f) = (0.60+0.18)%.
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described in the above section for the g'~yXz transitions
except that the photon lines are sufficiently isolated so
that a local fit can be used to measure the signal. The de-
cay g'~yrl, is assumed to be a hindered magnetic dipole
transition. ' To account for this a factor of Er is includ-
ed in the convolution of the detector's response function
with the i), Breit-Wigner resonance shape for this transi-
tion. For the allowed magnetic dipole transition
J/g~yil, the usual factor Er is used. Three photon-
selection criteria, for both f' and J/it, are applied to esti-

VI. TRANSITIONS TO THE gc IN
P' AND J/t(i RADIATIVE DECAYS
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Additional data obtained since an earlier Crystal Ball
study of the transitions 1(i'—&yrl, and J/g~yiI, in the
inclusive photon spectra permit an analysis based on
1.8&&10 iI/ and 2.2)&10 J/g events, which is about
twice the number of events available previously. The pro-
cedure to extract the signals is quite similar to the one
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FIG. 7. Inclusive photon spectra from g' and J/it decays in
2% energy bins, obtained with the modified cut (e) on the lateral
energy distribution as described in the text. This cut has less re-
jection power against charged particles than cut (d) as can be
seen by the structure at =210 MeV, due to minimum ionizing
particles.
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FIG. 8. Simultaneous fits to the i), mass in the i(i' and J/itr
inclusive photon spectra. The data are plotted in 2% bins in the
photon energy. The preferred resolution value of o0=2.7% is
used in the fit. The spectra labeled (b) and (c) correspond to the
photon selection criteria of the g analysis. The spectra labeled
(e} employ a modified cut on the lateral photon energy pattern
as described in the text.
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mate the sensitivity of results to cuts and background
shapes. Two spectra from the ir/ [Figs. 3(b) and 3(c)] to-
gether with corresponding spectra from the J/g (not
sllowil) Rl'c studied. In addition, a thlld spcctruni (c) is
produced for both P' and J/g which incorporates a looser
cut on the lateral shower deposition pattern [cut (d) of the

analysis] and is shown in Fig. 7. This cut opti-
mizes the detection efficiency for low-energy photons but,
at the same time, reduces the rejection of charged particles
as compared to cut (d). For each set of cuts a simultane-
ous fit is made to the g' and J/g inclusive photon spectra
with the il, mass and width constrained to be the same
for both spectra in the pair. Figure 8 shows the fits to the
thfcc pairs of g Rild J/g spectra.

The mass of the q, is obtained by averaging the results
from the three fits and is given in Table II. The first er-
ror is statistical. The second error is systematic and
mainly due to the uncertainty in the absolute energy scale.

The branching ratios are calculated using Eq. (1) in Sec.
V. The efficiency to detect the final state for the radiative
J/l(t ti'Rnsltlon is 0.94+0.02 Rnd 0.96+0.02 foitllc 'rRdla-

tive P' transition, where the normalization error common
to N~,~ has been removed. The photon detection effi-
ciencies for the transition P'~yrl, with Er=634 MCV
are determined to be (62+5)%, (50+5)%, and (46+5)%
for the spectra (b), (c), and (e), respectively. For the tran-
sition J//~yes), at Er-108 MeV they are found to be

G.55

Mass (MeV)
B(f'~yg, ) (%)
B(J/P~yg, ) (%)

(MeV}

2984.0+2.3+4.0
0.28 %0.06
1.27+0.36
11.5+4.5

(50+5)%, (32+5}%,and (24+5)% for the spectra (b), (c),
and (e), rcspcctjvciy. A coQliQoQ geometric factor for the
photon angular distribution of 1+ cos 8 is used for all
spectra. ' Table II summarizes the pseudoscalar branch-
ing ratios obtained by averaging the results from each
spectrum. The error due to the small signal size dom-
inates all other uncertainties. Therefore all contributions
to the uncertainty are combined into one single error.

Figure 9 gives a two-dimensional comparison of the i),
width (discussed in Sec. VII) and branching ratios,
8(g'~yrl, ) and 8(J!Q~yi), ), obtained from the three
fitted spectra. Only statistical errors in the branching ra-
tios from the fit are shown. The error on the width is a
combination of statistical uncertainty from the fit and
systematic uncertainty in the detector resolution. The
three determinations are in reasonable agreement.

VII. THE NATURAL LINE%'IDTHS

TABLE II. Results for the transitions iv~yg, and

J/i(~yq, . The mass of the q, and the branching ratios for the
transitions i('~yq, and J/i(~yi)„obtained fmm the fitted in-
clusive photon spectra of the g' and J/g, are presented. Also
listed is the width of the g, .

Quantity
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FIG. 9. Comparison of the fitted g, natural linewidth and
branching ratios from f' and J/l(, obtained from the three
simultaneous fits 1n Flg. 8. The errors include contributions
from the statistical uncertainty in the fit and from the uncer-
tainty in the detector's resolution.

A, . %idth analysis

The analysis of the observed signals in the fitted in-
clusive photon spectra allows for the possibility of
measuring the product state's natural linevndths. ' Prac-
tically speaking, the quality of the natural line-shape mea-
surement depends on two interrelated factors: (i) the sta-
tistical significance of the observed signal width I „s,and
(ii) the relative size of the state's width I compared to the
detector's resolution I„,. The uncertainty in the I mea-
surement results from a complicated relation between how
precisely I „sis known (which depends on the measured
width s statistical significance), how precisely I „,is
known (which depends on how well the detector is under-
stood), and how large I „sis compared to I'„,. Although
the fitted signal amplitudes are found to be fairly insensi-
tive to variations in the resolution, the fitted natural
linewidths vary inversely with the resolution, and for the
more narrow states A'i q), in a nonlinear way. The widths
of the narrow states are very sensitive to small changes in
the resolution.

The Crystal Ball detector's photon energy resolution
used in this study is given by o(E)/E=oo/E, where the
range of values in the resolution parameter oc is
(2.4—2.8)% (90% C.L.) and E is in GeV. This range in-
cludes an uncertainty in the exponent of the photon ener-

gy a=(0.25—0.30). The limits on oc are obtained by fit-
ting each P' inclusive photon spectrum in Fig. 3 at various
fixed values of o.o as described in Sec. IV. A11 other pa-
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rameters are allowed to vary and the variation in the X
significance of the fit is examined. The upper and lower
values in the resolution are those o.o values which yield a
variation in X of 2.7 on either side of the minimum. The
results differ slightly from spectrum to spectrum with the
greatest deviation observed in the uncut spectrum Fig.
3(a). To obtain the final liinit (2.4—2.8)%%uo the lowest limit
and the highest limit of the four spectra are used.

The upper limit on ao is dominated by the fitted natural
linewidth of the narrowest state: X,(3510).2o Its fitted
width rapidly approaches zero as 0.0 increases. This result
sets an upper limit on the resolution for a photon energy
of 170 MeV, but does not directly give information on the
resolution at 126 or 260 MeV (corresponding to the transi-
tions P ~yX2 o, respectively). Considering the lower lim-
it on oo, it is expected that the observed photon resolution
in inclusive spectra will be worse than in clean low-
multiplicity exclusive channels. It has been verified by
Monte Carlo studies that the photon energy resolution is
degraded in the environment of hadronic decays charac-
terized by high-multiplicity events with subsequent had-
ron interactions in the Nal(T1). Therefore the lower limit
oo——2.4% is reasonable when compared with the Crystal
Ball study of the exclusive cascade reaction'
P'-+yyJ/P —+yy (e+e or p+Jtt ), involving the same
photon transitions, where a resolution of pro ——2.6% is
found.

linewidth of the Xo is 13.5+3.3+4.2 MeV.
The measured width for the X, (&3.8 MeV, 90% C.L.)

is consistent with zero. The measured width for the Xz
(0.8—4.9 MeV, 90% C.L.) has large errors relative to its
width. An experiment at the CERN ISR has made a
more precise determination of the natural linewidth for
the Xt and the Xi formed in the reaction pp~X2,

yJ/P ye+e . They find I (X2)=2.7+o'9 MeV and
I (Xi) & 1.25 MeV (90% C.L.), in good agreement with the
measurements reported here.

po (b)

(d)
is —(c)

l7

l6

The natural linewidths of the Xq states are measured
from each spectrum in Fig. 3 to check the infiuence of the
photon-selection process and its interplay with the back-
ground shape on the measured widths. Table I summa-
rizes the width measurements of the Xq states obtained
from the fits shown in Fig. 4. The error in the XJ widths
is dominated by the uncertainty in the intrinsic resolution,
although relatively less so for the go width. The error
ranges on this quantity refiect the statistical uncertainty
from the fit combined with the systematic uncertainty in
resolution and are expressed as 90%-confidence-level in-
tervals. Figure 10 shows the variation of the fitted natur-
al linewidths as a function of the intrinsic resolution oo.
The error bars indicate the magnitude of the statistical er-
ror from the fit.

For the Xo transition, the observed signal width [full
width at half maximum (FWHM) =39 MeV] is substan-
tially broader than the resolution (FWHM 23 MeV) and
results in a value for the Xo's natural linewidth of 13—21
MeV. This is large compared to its uncertainty. The 70
natural linewidth has also been measured with the
Crystal Ball by studying the exclusive reaction '

P'~yXo~yrr ~ ~5y, with data from the same experi-
ment as reported here. The observed signal width
(FWHM =30 MeV) reported by that study of the ex-
clusive reaction is narrower than that obtained by the in-
clusive measurement. %ith a detector energy resolution
in the same range as in the inclusive analysis, a lower
value for the Xo natural linewidth of I (Xo)=8.8+1.3+1.5
MeV is found. The two measurements agrm within 2.2
standard deviations. Combining these two measurements
the Crystal Ball detector's best estimate of the natural

(&)
(c)j

~ —(b)

(c)

o0 (%)
2.9

FIG. 10. Variation in the gJ natural linewidth vs the photon
intrinsic resolution for fits to the g' spectra shown in Figs. 3 and
4. The error bars indicate the statistical errors from the fit.
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C. g'~7 g, and J/f~yr1,

A similar analysis is used for the determination of the
rI, width. The fits are shown in Fig. 8 and the results are
tabulated in Table II. The q, width measurement results
almost entirely from the J/f~y7), signal where the
detector's intrinsic full width resolution for photons of
=108 MeV is I „s=12+1MeV. This resolution is to be
compared with that from the transition P'~yrl, where
the full width resolution for photons of =634 MeV is
1, =45+7 MeV. The purely statistical uncertainty in
the fitted rl, natural linewidth from the combined simul-
taneous fit is +4.5 MeV. Consequently, the r), natural
linewidth measurement is primarily based on the signal
from the J//~yet, transition; the statistical error dom-
inates the determination of the width.

der of magmtude.
Although the spacing of the states in the cc system is

small when compared to the quark masses, suggesting a
rather nonrelativistic system, it is known that relativistic
effects do play a significant role. In addition, it is impor-
tant to remember that the models used cannot be calculat-
ed directly from QCD first principles, but serve as a
phenomenological description of the expected behavior of
the potentials. This is the motivation to include known
and calculable higher-order corrections inspired by QCD.

Incorporating these modifications, some models are
indeed fairly successful in describing the spectrum of the
states and the radiative branching ratios of the states
On the other hand, it is also true that no calculation (so
far) predicts correctly the totality of all the measurements.

VIII. CONCLUSIONS

With the measurements of the transitions from the f'
to the X states and to the rl„presented in this paper', and
the evidence for the q,

' state, " the Crystal Ball has mea-
sured nearly the whole spectrum of cc resonances, below
the g' in inclusive radiative decays. Only the 'I') state has
escaped experimental observation so far. This state is be-
lieved to be very difficult to detect in inclusive photon
studies. The experiments measuring the charlTlonium
states are in agreement with each other, concerning
masses, branching ratios and the widths of the states.

Calculations to lowest-order QCD cannot be expected
to correctly yield all the details of the system. For exam-
ple, flley predict tlie radiative tlailsitloll branching 1'atlos
well below the measured values (a factor of =2—3) and
widths for the states that are too small by about an or-
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