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Introduction

The Crystal Ball detector is a device particularly
suited to the measurement of photons with energies
lower than I GeV. As shown in Fig. 1, the detector has
as its principal component a 16 radiation length thick
highly segmented shell of NaI(T~) surrounding cylindri
cal proportional and magnetostrictive spark chambers.
The main Ball and various elements of the central
chambers cover 94% of 4~ sr. Segmented endcap NaI(T~)

detectors of 20 radiation lengths behind magneto
strictive spark chambers supplement the main Ball.
The Ball and endcaps close the solid angle for charged
particle and photon detection to 98% of 4~ sr. In
addition (not shown in Fig. 1), detectors of inter
spersed iron and proportional tubes provide for v-~

separation over 15% of 4~ sr. about 6CM = 900 • A more
complete description of the detector, its electronics,
calibration and triggers can be found in Ref. 2.

DETECTOR COMPONENTS OF THE
CRYSTAL BALL-SLAC 1978

A - Two Hemisphers of Crystal 80 II
B-Cenlral M.S. Spark Chamber
C-MWPC
D - End Cop Nal( Tt )
E - End Cop M.S. Spark Chambers
F - Luminosity Monitor

The Crystal Ball collaboration l has concentrated
on two projects since SPEAR data taking begin in
December 1978:

(1) A detailed study of the charmonium system. Data
taking has been completed. Approximately 900K
events at the J/~, 800K events at the ~' and 50K
events at ~" have been obtained.

(2) A study of Rhadron' neutral energy, multiplicities,
and other inclusive characteristics of the con
tinuum above 3.9 GeV. This has been started and a
fine energy scan has been made from ECM - 3.9 GeV
to ECM - 4.5 GeV. In addition extensive data were
obtained at ECM = 5.2 GeV and 6.5 GeV.

In this report preliminary results will be presented
from the data obtained as described in (1) and (2) above.
In particular, QED at ECM = 6.5 GeV, Rhadron and related
inclusive distributions, n branching fractions at J/~

and ~", and a detailed study of the psionium system will
be discussed.

Fig. 1. An artist's rendition of the major components of the crystal
detector system. The main Ball of 672 segments of NaI(T~) covers 94% of
4~ sr. The central tracking chambers are in three layers. The first
layer is 2 gaps of magnetostrictive spark chambers covering 94% of 4~ sr.
The next layer is a double gap multiwire proportional chamber covering
80% of 4~ sr. The final layer is 2 more gaps of magnetostrictive spark
chamber covering 70% of 4~ sr. The endcap NaI(T~) and 4 gaps of magnetro
strictive spark chambers close the solid angle to 98% of 4~ sr.

* Work supported in part by the Department of Energy under contract numbers DE-AC03-76SF00515 (SLAC),
DE-AC03-79ER0068 (Caltech), and EY-76-C-02-3064 (Harvard); and by the National Science Foundations
numbers PHY 78-00967 (HEPL) and PHY 78-07343 (Princeton).
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Table I

QED and Tests of the Apparatus

The cuts used to select events for this process
are saown in Table I.

One of the simplest physics processes to observe
in the Ball is the QED reaction,

The resulting events are corrected for radiative
effects (0.975), and y conversion in the beam pipe and
tracking chambers (.94). After dividing by the lumino
sity, known to ±3% from an independent luminosity
monitor (see Fig. 1), an absolute cross section is
obtained. Figure 3 shows the absolute differential
cross section measured at ECM = 6.5 GeV, divided by QED
theory. Good agreement to ~ ±10% is found over the
entire angular range displayed. A point-to-point

A typical event, obtained at ECM = 7.4 GeV, is shown in
Fig. 2. As seen in the figure, the photons have a
lateral energy spread in the Ball, with a number of
modules having appreciable energy deposition. Typically
for identified photons, the 12 modules around the module
with the largest energy deposition, and this module are
summed for analysis. Approximately, 95% of the energy
of the photon is contained in this sum of 13 modules.
Correction for average energy loss is easily made. The
lateral shower spread is used to determine the direction
of photons more accurately than a single module size
would allow. For example with Ey 'OW 1.5 GeV we presently
obtain 0Spro"ected 'OW 10

• A single Ball module is ~ 120

on a side an~ geometrically yields 0Sprojected ~ 3.50
•

The angular resolution ~~rsens as Ey lowers, with
0Sprojected 'OW 2.50 presently obtained at Ey 'OW 100 MeV.

(1)+ -e e -+ yy

Selection Criterion for Events
Contributing to e+e- -+ yy

(1) More than one major contiguous region of energy
deposition (connected energy region) in the Ball.

(2) Two to four neutral particles identifi~d by pattern
recognition. (2 to 4 energy bumps with no
associated chamber hits.)

(3) Two neutral particle$ with E ~ 0.7 Ebeam .

(4) Icos Syl ~ 0.85, where Sy is the photon angle to
the e+ beam.

RUN#1350 EVENT #125 ETOT =7577 ( MeV) ECfVl = 7400 (MeV)

Ei >0.5 MeV
WILL SHOW
UPINTHIS
PICTURE

#

I

2

TRK T

3796 N

3748 N

6 - 79

1691 IN 415 ***
2445 IN 32 +++ 362616

Fig. 2. A typical e+e- -+ yy event at ECM = 7.4 GeV. Each of the 672 modules of the Ball is represented
as a small triangle; the endcap quadrants are shown without segmentation (each quadrant subtends 1% of
4TI sr). The major triangles (bold outline) correspond to the underlying faces of the icosahedron which
define the basic geometry of the Ball. Each module, i, with an energy deposition of Ei ~ 0.5 MeV shows
an integer 1-999 (> 999 =xxx) representing the energy measured in MeV. This is also true for each endcap
quadrant. The sum of 13 modules yielding the energy and angle measurement for each photon is shown by
the cross lined regions.
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On integrating over cos Sy, excellent agreement is
obtained with QED as shown in Fig. 5. The error bars
for Crystal Ball results are mainly systematic error
estimates. The results of previous experiments are
also shown. 3-8
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Fig. 3. p(cos Sy) = 0exp(cos Sy)/
0QED(cOS Sy) for Icos Syl s 0.80.
60% of the data obtained at ECM =
6.5 GeV is shown. The errors shown
are statistical only. An additional
systematic error of ±10% is estimated;
much of this error is thought to be
point-to-point and may be due to the
systematics of our current angle
finding algorithms.

deviation is seen, however, which exceeds statistical
expectations. Figure 4 shows the ~y distribution for
yy events at ECM = 1.842 GeV. Again the expected uni
form ~y dependence is obtained to the ±10% level. A
non-random deviation seen in this distribution is some
what correlated with the boundary between the two
hemispheres of the Ball. Comparisons between Monte
Carlo generated events and real physics events have
indicated the existence of some bias in our present
angle finding algorithms. Basically, these algorithms
have a bias toward the center of a module. The parti
cular geometry of the Ball then makes projections of
8y and ~y "bumpier" than ideally expected. We estimate
that these small biases have only a minor effect on the
physics results presented in this report.

250

(f')

~ 200
~

o
u

150

e+e--yy

cPy Dependence in Crysto I Bo II I cosBy I< 0.71

IcpYI- CPY21 ~5°

Fig. 5. p vs. ECM for various experi
ments. Crystal Ball values are obtained
by integrating over the angular range,
Icos Syl < 0.71, for ECM = M~ and Mw';
an integral over the angular distrioution
of Fig. 3 was made to obtain the point at
ECM = 6.5. Essentially all the contribu
tion to the errors on the Crystal Ball
points are estimates of systematic effects.

Measurement of Rhadron' Multiplicities and Neutral Energy

(a) The Selection of Hadronic Events and Rhadron

Figure 6(a) shows the measured total energy dis
tribution for all events allowed by the Crystal Ball
triggers at ECM = 4.0 GeV; also shown as the dotted
line is the extracted multi-hadron signal. Clearly
there is a large background. Even though in this
energy region the total calorimetry 'of the Ball is
good (aE '" 25%), calorimetry alone is not suffi-
cient tom~~~arate the hadronic signal from cosmic ray,
beam gas, QED, and other backgrounds.

In order to separate the multi-hadronic component
of the triggers, a number of cuts are needed, these are
shown in Table II. The resulting measured total energy
distribution for multi-hadronic events (including some
TT events) is shown in Fig. 6(b).

Fig. 4. The number of counts/(100 ~~y) vs.
~y, ECM = 3.684 GeV (~'), and Icos Syl <
0.71. Note the suppressed zero. Again point
to-point systematics of as much as ±10% are
seen. These non-statistical fluctuations tend
to correlate with the boundaries of the two
hemispheres of the Ball at 00 and 1800

• We
expect that current angle finding algorithms
are producing the discontinuities as they do
not compensate for the differing shower
behavior near the hemispheres boundaries.

100
o 90 180 270

CPy (degrees)

360

Figure 7 shows the measured Z distribution of
events satisfying cuts 1-6 of Table II. The additional
Z cut requirement of Izi < 12 cm (oEeam '" 2-3 cm) has
only a small effect on the resulting cross section.

After dividing by the integrated luminosity obtained
from our independent small angle luminosity monitor,
correcting for the multihadron efficiency resulting
from the cuts of Table II, radiatively correcting, and
subtracting the remnant TT contribution ('" 0.4 unit of
R), we obtain preliminary values of Rhadron as shown
in Fig. 8. In the figure only the statistical errors
are shown; additional systematic errors of ±12% are
estimated. The largest contribution to the systematic
error is the uncertainty in the multihadron efficiency
(91% ± 7%).
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Fig. 7. Z(cm) vs. counts/cm for events obtained by
cuts 1-6 of Table II. The background to beam, beam
interaction associated events is small.

Crystal Ball Rhcldron Measurement, Preliminary
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Fig. 6. (a) Emeasured (charge + neutral) vs.
counts/IOO MeV for all events allowed by the
Crystal Ball triggers at ECM = 4.0 GeV. The
dotted line is the extracted multihadron signal
also shown on a different vertical scale in
Fig. 6(b). (b) Emeasured (charged + neutral)
vs. counts/IOO MeV for events satisfying the
cuts of Table II. These events are essentially
multihadrons plus some TT events.

20

Table II

Selection Criterion for
Multihadron Events (off resonance)

Fig. 8. Rhadron vs. ECM from the Crystal
Ball. The measurement is preliminary. Only
statistical errors are shown in the figure,
and additional systematic error of ±12% is
estimated. Note that the values of R shown
have R - subtracted.

TT

( 1) ETOT ~ O. 46 * Ebearn .

(2) E(lcos sil < 0.85)/ETOT > 0.5, Si is the particle
angle to the e+ beam.

(3) > three connected energy regions with Eregion >
50 MeV.

(4) ~ three (neutral + charged) tracks with Etrack >
20 MeV.

(5) At least one reconstructed charged particle track,
which defines a vertex.

(6) ILPil/LIPil < 0.65, where th~ sums are over all
particles in the event, and Pi is the measured
momentum assuming each charged particle is a pion,
and each neutral particle is a photon (NaI(Ti)
measures deposited energy).

(7) IZvertexl < 12 cm (see Fig. 7).

(8) Beam gas and cosmic ray remnants are subtracted
statistically run by run, using separated beam
measurements.

Note: We estimate the total efficiency for multihadrons
to be 91% ± 7% based upon simple Monte Carlo
studies.

The major features of Rhadron seen in Fig. 8 are
similar to those seen in previous measurements of R9- 10 •

We have also measured R at 5.2 GeV with good
statistical precision (not shown in Fig. 8). After
treating this data as we did the 4 GeV region data,
we obtain the preliminary result,

~adron = 3.8 ± 0.1 ± 0.5, ECM = 5.2 GeV. (2)

The statistical er:ror is shown first, our estimate
of systematic error is shown separately last. This
result is in good agre~nent with a DELCO Measurement lO

(also TT subtracted) at ECM = 5.1 GeV.

(b) Multiplicities and Neutral Energy Fraction

Using the events of our multihadron sample with the
additional requirements that Etrack > 40 MeV (this
requirement implies, Pn± ~ 100 MeV), and cos Sy-charged
< 0.925, we obtain preliminary multiplicities as shown
in Fig. 9. Note that these multiplicities are corrected
for acceptance, but not corrected for y conversion,
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increases, Eneutral/ECM may drop slightly.
Crystal Ball, Preliminary

(4)OM = 22 MeV543 ± 11 MeVM
n

Inclusive n Branching Fraction at J/lP and lP"

where the error on Mn is mainly systematic. After
radiative corrections the preliminary results for the
inclusive branching fraction are,

In Crystal Ball measurements the main component
of Eneutral which is directly observed are photons
with Ey > 40 MeV. In previous Mark I measurements ll

ECM - Echarged was used to infer Eneutral. The pre
liminary Crystal Ball results shown in Fig. 9(d) thus
indicate that the previously observed rise with ECM of
(ECM - Echarged) /ECM , the "energy crisis", is not due
to photons with Ey ~ 40 MeV.

Figure 10 shows a distribution of the mass of all
photon pairs with Myy > 300 MeV. The data shown were
obtained at ECM = 3.772 GeV (~"). A signal at the n
mass is evident. No cuts other than hadronic cuts
similar to those of Table II have been applied to the
events. A similar distribution was produced for J/~

data. Both distributions were fit to a Gaussian centered
at a fixed mass of the n with fixed experimen~al mass
resolution, plus a variable polynominal background.
The n mass, Mn, and resolution, aM' were found from a
fit to data at the J/lP with good statistics to be,
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(d)
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Figure 9(c) shows preliminary values of the total
particle multiplicity vs. ECM . The amount of structure
seen in the total multiplicity is somewhat subdued as
compared to that of neutral multiplicity.

Figure 9(d) shows the observed neutral energy
fraction, Eneutral/ECM vs. ECM • This quantity has a
rather large value at the J/~, but in the continuum
region it assumes the prosaic value of ~1/3. As ECM
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The first error is the statistical error estimate
of the fit. The second error is our estimate of
systematic effects - primarily acceptance. We expect
that some of the second systematic error would cancel
in a ratio between the two numbers.

Fig. 10. Myy distribution from llJ" for
Myy > ~300 MeV. An n(548) signal is evident.

(5)

The result (5) is considerably smaller for the J/1JJ
than the ~0.4 previously estimated. l3 This unexpectedly
low n inclusive branching fraction when combined with
the large neutral energy fraction at J/lP and the analysis
of Ref. 13, implies a still undetermined source of
photons in J/lP decays. A candidate for such a source
are the prompt y's predicted by QCD 14 in ygg decay of
the J/lP.

Br(J/~ ~ n+x) = 0.12 ± 0.03 ± 0.04

B(~" + continuum ~ n + x) = 0.19 ± 0.03 ± 0.06 .

800 .....------r-------r-----'T---,.----,---..,.----,

( 3)<N >c

Fig. 9. Inclusive distribution for hadrons for
·J/lP, lP', lP", and 4 GeV continuum region. All
distributions are corrected for acceptance, but
not for other effects (see text). (a) Observed
charged multiplicity; (b) observed neutral multi
plicity; (c) observed total multiplicity, and
(d) observed neutral energy fraction essentially
~Ey (> 40 MeV) /ECM •

Even more structure is seen in the preliminary
neutral multiplicity vs. ECM in Fig. 9(b). Note that
Ey ~ 40 MeV, p 0 ~ 0.0 for tracks contributing to the
neutral multiplicity. One expects extra, low energy
~o's and y's from D* ~ ~oD, yD transitions at various
ECM in this energy range, e.g., at ECM = 4.03 GeVl2

where E~o ~ Ey ~ 145 MeV. Also processes such as
F* ~ yF may be contributing to the observed structure.

The dotted line is an eyeball linear fit to Crystal
Ball data. On the average our data is 0.5 unit higher
than the Mark I fit, however, y-conversions contribute
approximately 0.2 units of multiplicity to our result.
More supprising, our data shows obvious structure
which deviates significantly from a fit of the form of
Eq. (3).

tracking inefficiency, or TT contributions. The errors
shown in Figs. 9(a)-(d) are statistical only. Figure
9(a) shows our preliminary measurement of the charge
multiplicity as a function of ECM. The solid line is
a fit to Mark I data ll of the form,
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The Psionium System
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Fig. 12. J/~ and ~' data taking of the Crystal
Ball for December 1978 through April 1979.
Approximately 800K ~" and 900K J/~ were obtained.
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Processes (6) and (7) bare directly on the question
of the existence of the DASP X(2820). We have discussed
process (6) previously,:!,2S thus I will only quickly
review our result here. Figure 13 shows events of
process (6) obtained from our entire IN data sample.
The Dalitz plot is ShOWll, and the dotted line indicates
the expected location of X(2820). We expect a clustering
of ~ 50 events about th:ls line if the DASP branching
fraction is used. No such clustering is observed, and
a fit to the Dalitz plot yields,

y X(3550)

Pe(351~

Hod. Hodrons

y

0"

yy Hodrons

0-'(7)

"Ie

10-19

Fig. 11. The state of knowledge of the psionium
system, as interpreted by the charmonium model,
at the last lepton photon conference (minus
crosses). The crosses are some of the contribu
tions of the Crystal Ball herein reported.

The nc candidate X(2820) had been seen in one
experiment,IS while another experiment 19 using hadron
beams provided weaker supporting evidence for a meson
in that mass range (2.8-3.0 GeV). The existence of the
intermediate states X(3550), Pc/X(3510), X(3410) was
firmly established from measurements of inclusive
photon spectra20 ,21 as well as cascade decays of the
~'.3,16 However, that these states were the inter
mediate P-states sought in non-relativistic charmonium
models22 was based more on theoretical prejudice than
experimental fact. 16 ,17 Indeed, given the difficulty
the theoretical models had with X(3455) and X(2820)
being the 0-+ states of charmonium, little hard experi
mental evidence existed which supported the details of
the popular models. 23 ,24 On examining the totality of
experimental evidence then available, a natural con
clusion was that the non-relativistic charmonium model
of the J/~, ~' system was basically flawed. The
existence of the X(2820) and X(3455) thus became pivotal
elements in the theoretical understanding of the
psionium system. The crosses in Fig. 11 anticipate the
results from the Crystal Ball presented in Sections
(a) and (b). It appears the theorists may breathe a

sigh of relief.

Figure 11 shows the states of psionium, interpreted
by the charmonium model, at the time of the last lepton
photon conference. IS Since that time, and particularly
as Crystal Ball measurements have become available over
the past 6 months, the picture has radically changed.
At the time of the Hamburg Conference the n~ candidate
X(3455) had been seen by 3 experiments and published
by one. 3,16 The second photon in the X(3410) cascade
also seemed well established at a rate consistent with
QCD predictions. 17

(a) J/W ~ 3y and the Existence of X(2820)

Figure 12 shows the extent of our data taking at
the J/W and W'. The units of the figure are ~(nb-l).
The total number of J/~'S obtained was approximately
900K, the total number of ~'s was approximately 800K.
All of these data have now been analyzed for the
processes

Fig. 13. The IN ~ 3y Dalitz plot, the nand n'
signals are clearly evident as is a general back
ground arising from the ~ED 3y process. The
vertical dashed line indicates the expected
position of the DASP X(2820); 2:: 50 events are
expected clustering about this line.

IN ~ 3y (6)
As an independent check to the upper limit (8),

we have considered the process (7). In considering (7)
the 3y QED background present in (6) arising from
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radiative corrections to process (1), will be totally
absent. Thus a much cleaner Dalitz plot will result.

A typical event of process (7) is shown in Fig. 14.
The selection criteria for these events are given in
Table III.

RUN # 2829 EVENT # 133 ETOT = 3477 ECM = 3684

TRK
I + -

# T \jJ ~ 1T 1T YYY

1 218 C }~
2 73 C
3 1624 N

}~4 1425 N

5 151 N

~Ey = 3200 MeV

1394 IN ***
1146 IN +++

10 -7Y
3708825

Fig. 14. A typical event of process (7). The sum of 13 modules is shown for photons, while for identified
charged particles smaller numbers of crystals are summed. In the legend in the upper left, charged
particles are denoted by C, photons by N. The energy of the particles as measured in the Ball is given
under TRK.

6 8
HIGH YY MASS2 (GeV2 )

Table III

Selection Criteria for Events of Process (7)

(1) All particles have Icos ail < 0.9, ai is the
particle angle to the e+ beam.

(2) Two charged particles plus 3 neutrals in the
event.

(3) Ey > 20 MeV.

(4) Angle between pairs of particles, cos 8ij < 0.9.

(5) 8 GeV2 ~ M~eut ~ 11 GeV2 •

(6) 3C fit satisfied with X2 < 30.

2.0

(\J

~ 1.5
.s
N

~ 1.0
«
::;:E

>-..
>-..

~0.5
...J

0
4

..

J/'¥ - 3y Dalitz Plot
Crystal Boll, Preliminary.
J/'¥ Togged in 'II' Decoy

10

The resulting preliminary Dalitz plot is shown in
Fig. 15. Essentially only yn and Yn' decays are seen.
The dotted lines indicate the range of M£igh in which
X(2820) events should appear given our est1mated resolu
tion. No events are seen in this band which are outside
the yn band. Using the ratio of our measured yn and
yn' yield for this process to the yields from process
(6), and independent Monte Carlo estimates of efficiency
we find preliminary values,
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Fig. 15. Dalitz plot for J/~ + 3y resulting
from the analysis of process (7). The nand
n' signals are clearly seen, no other signal
is evident. In particular, the vertical
dashed lines indicate the 10 limits of the
expected X(2820) band. Approximately 6 X(2820)
events are expected outsi~e the 20 limits of
the n band, at most 1 event is observed.



Br(J/~ ~ yX(2820» < .5 x 10-4 (90% C.L.)

L-. yy (9)

Table IV

Selection Criteria for Events of Process (12)

(b) The~' Gamma Cascad€s and the Existence of X(3455)

These values compare well with our previously reported
values 2,25 obtained from process (6).

Two charged particles; 2 neutral particles with
Eneut ~ 40 MeV.

Icos sf < 0.9 for all particles, Si is the particle
angle to the e+ bt2am.

Angle between pairs of particles, cos Sij < 0.9.

490 MeV < (Ey + E.y ) < 660 MeV.
1 2

3C fit for ~+~-yy, 5C fit for e+e-yy.

Myy < 530 MeV (remove n).

(3)

(5)

(6)

(7)

(8)

(4)

The sequence of cuts of Table IV is partially
demonstrated in Fig. 18. Figure 18(a) shows the data
after cuts 1-5 of Table IV have been applied. The
data is plotted High Mass (y - J/~) vs. Low Mass (y - J/~).

Note that the masses are derived from direct photon
energy measurement. The "raw data" (unfit) of Fig.
18(a) clearly shows X(3555) and X(3510) signals. An
n signal is also visible as a band of events on the
upper left, sloping downward to the right. After
fitting (step (7) of Table IV), the data appears as
shown in Fig. 18(b». The requirements of energy
momentum conservation and J/~ mass for the lepton-pair
mass, impose the kinematic limits evident in Fig. 18(h).
The observed X states are seen as vertical bands in the
figure; the n having 8l specific yy mass has been com
pressed to a stripe sloping downward to the 'right from
the upper left. The kinematic fit dramatically improves
the n mass resolution, and as seen in Fig. 19 results in
an n mass resolution of -2.7% FWHM. Using Fig. 19, as
a guide, step (8) of Table IV seems reasonable. After
rejecting the n's by Cl simple mass cut, the data appear
as in Fig. 18(c), or projected vs. High Mass as in
Fig. 20. As is seen in Fig. 20, two X state signals
are quite evident, with no other signal being seen.
We have extracted branching fractions and upper limits
from the data of Fig. 20 by applying Monte Carlo calcu
lations of our efficiency (typically -50%), dividing
by our measured ~' yif~ld and subtracting Monte Carlo
estimates of nOTIo background. These numbers along
with their estimated systematic errors appear in Table V.

The Crystal Ball results of Figs. 18 and 20, and
Table V appear in strong contrast to many of the
results of previous experiments shown in Fig. 21 and
Table VI. In particular the claimed existence of the
states X(3455)28 and X(3591) are not confirmed by our
data. Also our limit on the X(3410) cascade, process
(12) is much smaller than previous results. Note that
the existence of the X(3410) is not being challenged,
because a strong signal at that mass is seen in the
inclusive y spectrum from the ~' (cf. Section (e».
However, the small branching fraction for the second
photon in the cascade has interesting impiications for
QCD as I will discuss.

[
3.3 GeV to 4.3 GeV for e+e-yy

(1) ETOT = 0.97 GeV to 1.3 GeV for ~+~-yy ·

(2) Energy in endcaps < 5 MeV. (Helps remove nOno
background.)

(12)

Theory

mm Experimental Upper Limit,
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Br(J/~ ~ yX(2820» < .8 x 10-4

I • yy (10)

We also find,

Br(J/~ ~ yn'/J/~ ~ yn) = 7.9 ± 3.6 (11)

2.9 3.0 3.1 3.2

M(77e ) (GeV)

and, including one event which lies closer to the X
band than any other band we obtain,

Fig. 16. Summary of results for J/~ ~ 3y
using processes (6) and (7). The theory is
that of Ref. 22. Note that the upper limit
shown for process (7) assumes no X(2820)
candidates seen. Including the one possible
candidate closer to the X band than n or n'
bands raises the limit to 0.8 x 10-4 •

A summary of DASP and Crystal Ball results is
shown in Fig. 16. The upper limits shown are for a
narrow nc ' that is one narrower than the present
Crystal Ball resolution (-8.5 MeV FWHM @ Ey = 100 MeV).
The theory is from Ref. 22. The figure indicates that
after examining the two processes (6) and (7) the
Crystal Ball has no signal for the DASP X(2820).

All of our ~' events have been analyzed for the ~'

gamma cascade process,

A typical example of which is shown in Fig. 17. This
analysis yields a total of 1705 candidates after the
cuts described in Table IV are applied.
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RUN :#: 1094 EVENT :#: 3782 ETOT = 3612 ECM = 3684

:#: TRK T ",/~YI X(3.55)

1 1422 C e I • )"2 'J1
2 1602 C

~e+e-

3 445 N

4 125 N

1038 IN ***
1019 IN +++

10 - 79
370882~

Fig. 17. A typical event of process (12). The cross lined regions indicate the sum of module energies
used to estimate particle energies, and photon angles.

Table V

Crystal Ball Cascade Preliminary Results,
BrC = Br($' ~ YX) • Br(x ~ yJ/$)

X(3510 ± 4): 1027 events

BrC = 2.1% ± 0.07% (statistical)
± 0.21% (II $')
± 0.30% (J/$ ~ t+t-)
± 0.21% (acceptance)

X(3555 ± 4) : 531 events

BrC = 1.13% ± 0.05% (statistical)
± O. 11% (/I $')
± 0.16% (J/$ ~ t+t-)
± 0.15% (acceptance)

X(3410 ± 6): t 29 events, 13.0 estimated nOno background,

BrC < 0.05% (90% C.L.)

X(3455): 23 events, 9 estimated nOno background,

BrC < 0.045% (90% C.L.)

X(3591): 21 events

BrC < 0.06% (90% C.L.)

No other states yet seen.
t Mass obtained from $' inclusive photon spectrum.
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Fig. 20. The high mass projection of the
scatter plot of Fig. 18(c). No signal is
evident except X(3555) and X(3510). The
vertical arrows :indicate the positions of
the states expected at 3415 MeV, 3455 MeV
and 3591 Mev.
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Fig. 21. A summary of the results of
previous measurements of process (12).
The results are shown as a scatter
plot of low mass vs. high mass as was
Fig. 18(c).
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analysis. (a) Raw data resulting
from steps 1-5 of Table IV. Observed
photon energies are used to calculate
the plotted masses. (b) The data of
(a) after kinematic fitting, 3C for
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states. (c) The data of (b) after
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Fig. 19. Myy distribution for all fitted
events of process (12) (see Fig. 18(b». n's
are removed in this analysis by a Myy cut at
530 MeV (vertical arrow in figure).
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Table VI

Previous Results for Br(JP) = B(~' ~ YXJP) e B(XJP ~ Y J/~)

(SPIN Assignment are Educated Guesses)

Experiment MX (1+) Br( 1+)% Mx (2+) Br(2+)% ~ (0+) Br(O+)% M (O-)t Br(O-)%
X

DASp 2 6 3508 ± 4 1.7±0.4 3552 ± 6 1.4±0.4 3413 ± 5h 0.3 ± 0.2 -- < 0.4

Mark 1 16 3503 ± 4 2.4± 0.8 3551 ± 4 1.0± 0.6 3414 ± 3h 0.2 ± 0.2 3454 ± 7 0.8 ± 0.4

1 2 + 1.0 o 9 + 1.0 0.7 +0.8 12+ 0 . 9Plut0 26 seen seen
• - 0.5

seen
- 0.5 seen · - 0.·6• - 0.6

DESY-Heid27 3505 ± 3 2.5±0.4 3551 ± 4 1.0± 0.2 3420 ± 10 0.14 ± 0.09 -- < 0.25*

h Mass determined from hadronic decays.
* New state reported, X(3591 ± 7), Br(O-) = (0.-18 ± 0.06)%.
t Mark II preliminary result: 28 Br(3455) < 0.12% (90% C.L.).

(c) The Cascade Angular Correlations and the Spin of
the X's

(e+ beam direction)

As described in Ref. 29, a determination of the
spin of the X's and the multipolarity of the photon
transitions in the cascade can be made by analyzing
the angular correlations among the particles of the
cascade. In Fig. 22 is shown a definition of the
kinematics of the cascade process. With y' the three
vector of the first photon and y the three vector of
final photon of the cascade, we define

In Lab Frame: cos 8' = z e r'/ly' I ,

y

-,y

(z is direction of e+ beam)

Fig. 22. The kinematics of
process (12), definition of
coordinate system.

tan <1>'

z· [(ylXY) X(TM)J
1- 10-79

3708AI3

where all 3-vectors are evaluated in the frame speci
fied. The angular correlation function which results
is a function of all five angles defined in (13).

An initial attempt has been made to use the corre
lations, plus other information to obtain the spins of
the X states. 16 Tentative assignment of 2+ to X(3555)
and 1+ to X(3510) has been made17 based on a very
limited amount of data. The Crystal Ball results
presented here represent greater than a factor of ten
more data than contained in the previous Mark I
analysis. Thus, even though our spin analysis is still
in its very preliminary stages, I will present some
initial results on the X spin determinations from our
data. Ideally, a full angular correlation analysis
should be made on the events to extract the greatest
possible amount of information. This analysis is
still in progress, and so here I will present only one
dimensional (single angle) distributions to compare
with the previous spin assignments, assuming E 1
dominance for the multipolarity of the y transitions.

In J/~ Frame: cos 8

Figure 23 shows the angular distributions from
X(3555). The data is shown with statistical errors
only. A Monte Carlo result assuming spin 2 for this
X state and E 1 dominance for the multipolarity of the
photon emissions is also shown. Reasonable agreement
is seen between data and Monte Carlo. This is also
true in Fig. 24 which presents X(3510) angular distri
butions and spin 1,E 1 dominated Monte Carlo. Thus at
present we find no conflict with previous spin, multi
polarity assignments to X(3555) and X(3510) cascades.
However, our present analysis does not exclude other
spin assignments and other multipolarities. We expect
that the full correlation analysis will allow a more
definite determination.

The small upper limit to the X(3410) cascade
branching fraction is a surprising result given current
theoretical models of the 0+ decay process. One such
model, the lowest order QCD estimation of the hadronic
width of the X states is represented in Fig. 25. Two
gluons are exchanged in this model for 0+, 2+ hadronic
decays, while 3 gluons are exchanged for 1+ decay. A
detailed calculation of these processes has been made 30

and results in predicted ratios for the hadronic widths
of the X states. The theory predicts for 1- gluons,

(d) The Hadronic Width of x(3410) and QCD

( 13)

t± ~

ly11et±,

t± e (r' x y)

8
YY

tan <I>

cosIn X Frame:
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(15)~ 0.07
r(2+ -+ h)

r(o+ -+ h)

The results of the last section indicate consistency
of the data with the canonical JP, multipolarity assign
ments of the charmonium model, and so these are assumed
in the following. Using our presently measured upper
limit on the 0+(3410) cascade, and the analysis of Ref.
17 as applied to Crystal Ball data, I find (see also
the talk of C. Quigg at this conference),

The theory expects this ratio to be 0.27. Thus, qualita
tively taking into account our experimental errors I
find a factor of two to four disagreement with the
theory. Qualitatively, the 0+ seems too broad as com
pared to the 2+. The resolution of this disagreement
may lie in consideration of higher order QCD contribu
tions to the hadronic widths. This point is discussed
briefly by J. Ellis in his report to this Conference.

(e) Inclusive Photon Studies at the ~'

0.4 0.8

Ieose I
0.4 0.8 0
Icose'l

0.4 0.8 0

ICOSeyyl

OL...-.....J....---J.._..L..-----l...------l_---L....-----l-_..L...-.....J..-----'-_~____'___''____'______''

o

Preliminary X(3555)
Spin - Multipole Anal ysis

x = Electric Dipole, Spin 2

~

~
o
~ 50

o
............
Cf)
r-
z 25
=>o
u

Fig. 23. Angular distributions for photons
in process (12) for X(3555); see text for
definition of angles. The points with error
bars are data, x's are Monte Carlo.

We have presently analyzed essentially all ~' data
for the process,

Preliminary X(3510l
Spin-Multipole Analysis

x = Electri e Di pole, Spin I
~ , -+ y + anything (16)

and so I will not present any results on the J/~

inclusive at this ConferE~nce.

The J/~ data has not yet been fully analyzed for
the process,

:=
Q)
(/)

o
~ 100
(3

............
Cf)

r-
z 50
=>o
u

and these results will be presented here.

J / lJJ -+ y + anything (17)

The cuts used to select photons appear1ng 1n the
inclusive spectrum of Fig. 26 are shown in Table VII.

0.4 0.8
leasel

0.4 0.8 0
leose'l

0.4 0.8 0

ICaSeyyl

0l---L...------l.._...1.....-----'------l_---'----____'__~---'---____'__~____'_____'_ __'______'
o

Fig. 24. Angular distributions for photons
in process (12) for X(3510); see text for
definition of angles. The points with error
bars are data, x's are Monte Carlo.

Table VII

Cuts Used to Generate Inclusive y Spectra

(14)

The purpose of my presentation is not to give
absolute branching fractions on the known X states, but
to present evidence for the existence of a new state
U(2.98) seen under the arrow in Fig. 26. The well-

Note that the abcissa in Fig. 26 is R,n Ey • This is
because our fractional energy resolution changes only
by a factor of 2 over the range of Ey shown. Steps (3)
and (5) of Table VII introduce ineff1ciencies for the
remaining photons which vary smoothly as a function of
Ey • We need a Monte Carlo simulation of the hadronic
production process in order to estimate these ineffi
ciencies accurately. This Monte Carlo is not yet
available and so only very approximate estimates· of
absolute branching fractions can be made.

(1) Hadronic events are selected in a manner similar
to that shown in Table II.

(2) Icos e i I < 0.85, for all particles, ei is the
particle angle to the e+ beam.

(3) Charge particle-photon angular cut, cos eCG < 0.85.

(4) Identified charged particles are removed.

(5) 1TO ,S are subtracted with a currently used
algorithm which removes about 0.5 lTo per event.

(6) For the remaining photons, 50 MeV < Ey < 1000 MeV.

3708Al-'

C(MC~
XJP ~-~ I light
~_~ hadrons,

2 or 3 gluons10-79

Fig. 25. Schematic representation
of lowest order QCD calculation of
xJP decay into hadrons. C is
charmed quark with mass Mc. Two
gluons contribute to 0+ and 2+
decay, three gluons to 1+ decay.

4a ~ 4M

2

)+ + + s c 4
r ( 0 -+ h) : r ( 1 -+ h) : r ( 2 -+ h) = 1: -9- R,n 2 2 : 15 ·

1T 4M - (3510)
c

Many theorists believe the 0+, 2+ ratio to be very
reliable since both involve two gluon exchange, and so
only a "clebsch" is involved in their ratio. I will
concentrate here on this ratio since the ratios to the
1+ are thought to be less reliable.
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Fig. 26. Preliminary inclusive photon spectrum generated from 800K
~'events. The cuts which are used to produce this spectrum are
given in Table VII. The well-established states X(3555), X(3510) and
X(3410) are clearly evident starting on the left. The next bump to
the right is the second cascade photons from X(3555) and X(3510). The
last little bump (under the arrow) is a new state U(2.98 ± 0.02).

EU 634 ± 20 MeVy

We call this state U since its nature is presently
unknown. 31 Using essentially educated guesses of our
photon efficiency in the region of 600 MeV I estimate,

Figures 27(a) and (b) show the results of this fit.
In Fig. 27 (b)' the fitted background has been subtracted
yielding an obvious indication of a state.

Crystal Ball Preliminary '1"
2750

(a)
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2250
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en
c
:.c
~ 1750 -- Full Fit0

- - - - Background
.......
(/)

1500~
z

•••••• Background t::>
0 Subtracted (b)u

200

t ....!~··tttlt!.H100

a ij·ltfttttfftttt tttttt.ttfttft
-100

500 600 700 800
Er (MeV)

1624 ± 252 countsEstimated Yield U

established X states, X(3410), X(3510), and X(3555) are
evident in the figure. Also clearly seen, but not
relatively so large is a bump at Ey = 0.64 ± 0.02 GeV
corresponding to a mass of, MU = 2.98 ± 0.02 GeV. This
result is more clearly seen in Fig. 27 where a blowup
of the region of the new state is shown. Figure 27(a)
shows the data, fitted with a function. This function
is the sum of a Gaussian of arbitrary amplitude and
position and relative width, 00 = 0.038, fixed at about
our resolution, plus a quadratic background. 00 was
obtained by first allowing a variable ° in the fit.
The resulting 00 was then fixed for subsequent fits.
The background was fit both separately, and also
simultaneously with the variable Gaussian parameters.
Both techniques yielded state parameters equal within
errors. In both cases the statistical significance of
the effect was over 5 standard deviations. A particular
fit yielded,

Br(~' -+ yU) 0.2% to 0.5% Fig. 27. A blowup of the ~' inclusive photon
spectrum in the region of the U(2.98 ± 0.02).
(a) shows the fit to the data described in
the text. Full fit and background from the
fit are shown. (b) shows the data with back
ground (as estimated from the fit) subtracted.
A greater than 5a effect is seen at Ey =
(634 ± 20) MeV.
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Summary

A number of major conclusions can be drawn from
the results presented in this report:

(1) The richness of continuum physics at SPEAR
energies is yet to be fully revealed.

(2) The X(2820) and X(3455) 0-+ candidates are not
seen by the Crystal Ball.

14. S. J. Brodsky et al., Phys. Lett. 73B, 203 (1978).

15. From the talk of G. Fl~gge, in Proceedings of the
XIX International Conference on High Energy Physics,
Tokyo, Japan, August 23-30, 1978.

16. W. M. Tanenbaum et al., Phys. Rev. Q!I, 1731 (1978).

17. M. S. Chanowitz and F. J. Gilman, Phys. Lett. 63B,
178 (1976).

(3) A new state has been discovered, U(2.98 ± 0.02 GeV) , 18.
by examining our inclusive photon spectrum at the
~'; we are in the process of examining our J/~

inclusive photon spectrum for indications of the 19.
U there.

Braunschweig et al., Phys. Lett. 67B, 243 & 249
(1977); also seelRef. 3.

w. D. Apel et al., Phys. Lett. 72B, 500 (1978).

(4) The "old fashioned" non-relativistic charmonium
model may not be so bad after all.
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Questions and Answers

Q: (Osborne, MIT) What is the background in the
inclusive y spectrum?

A: We don't know. The problem is to determine what
the character of the photon background is in
detail. One thing we do is to subtract no's;
most of the background should go away but it
doesn't. The reason is that the efficiency of
subtracting no is only about 50~ right now.
We hope to improve this efficiency as time goes
on. But, in order to comprehend the details
we have to use a Monte Carlo simulation of
hadronic production, take the number of no's
we see and use that to normalize the Monte Carlo
to completely subtract the nO's, and see what's
left. That sort of a technique we hope to use
at the psi to see if there's any prompt photons
at the psi.

Q: Well, if it's no' it should peak at mno /2.
Does it?

A: There is a peak at mno /2 if you plot it vs. a
linear scale rather than a logarithmic scale but
the distribution is very broad.

Q: (Wolf) I want to make a comment and I have a
question. The comment is on the X(2.8). All I
can say is we' have reanalyzed the 3y data. The
conclusion is the same as in the paper. We could
not get rid of the enhancement at 2.8 GeV so that's
where it stands.

A: Have you fit the whole Dalitz plot at once and
seen what the answer is? Our limit comes out as
a fit to the entire Dalitz plot.

Q: No we have not done that. The question I have is
have you looked for the forbidden decay of
lIl' -+ nO J/lIl.

A: nO J/lIl .

Q: Yes.

A: We have started such a study. We expect to be
able to say something soon on this process.

Q: (Estia J. Eichten, Harvard) From the inclusive
gamma distribution from the psi what kind of a
limit is put on the branching ratio of the III -+ y
and its U state when its mass is 2.9761

A: You mean what can we do in principle or what have
we done?

Q: What have you done?

A: We reported an upper limit on the order of 1%
for a narrow nc in the past.25 We are working on
that right now.
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