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New results from SPEAR on the inclusive photon spectrum at the y' and on J/y
radiative transitions are presented. Evidence for an ”é candidate is observed in
the ¢' inclusive photon spectrum at a mass M = 3592 + 5 MeV. A new resonance, the
6(1640) which is observed to decay into nn, has been seen in radiative transitions
from the J/¢y. The spin-parity of the 1(1440), previously observed in J/y radiative
transitions and originally identified as the E(1420), has been determined to be 0 .

I. INTRODUCTION

The number of new physics results which have come from the Crystal Ball! and
Mark II? experiments at SPEAR during the past year is so great that it is impossible
to do justice to all of the work in the short amount of time available for this
talk. For this reason, I have chosen the two topics which I consider to be the

newest and most exciting to present.

e Ahalysis of the ¥' inclusive photon spectrum by the Crystal Ball. oOf

particular interest is evidence for an né candidate.

® New results on exclusive states produced in J/y radiative transitions.
The new results are primarily from the Crystal Ball, but some Mark II
results are presented also. Two candidates for gluonium states have been

observed.

Other recent results from SPEAR are mentioned below, but will not be discussed
in this talk.

® New measurements of ' + yy J/¢ from both the Mark II? and Crystal Ball*’®

experiments.
e Limits from the Crystal Ball® on J/y + y + axion.

® New measurements of the total hadronic cross section at center-of-mass

energies between 5 and 7 GeV from the Crystal Ball.’

(Invited talk presented at the 1981 Inter-
national Symposium on Lepton and Photon
Interactions at High Energies, Bonn, Germany,
August 24-29, 1981.)
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o Analysis of resonance structure in two-photon production® of =nm, 47, and
nm from the Mark II and Crystal Ball.

® Measurement by the Mark II of the Cabibbo suppressed decay T -+ KvT.6

e New limits from the Mark II® on free quark production in ete™ annihilations.

Before proceeding to the discussion of the physics results, I will point out
the main features of the Crystal Ball and Mark II detectors. The Crystal Ball
detector, shown in Fig. 1, has just
completed its third yvear of data

taking at SPEAR. The main feature of

this non-magnetic detector is the
large solid angle and excellent elec-
tromagnetic energy resolution pro-
vided by the NaI{(T%) crystals.

Typical photon energy and angular — I meter 222 Nol
resolutions obtained by the Crystal -, £ SPARK CHAMBERS

Fig. 1. Schematic of Crystal

L .
Ball are gg/E = 2.8%/E* (E in GeV) Ball Detector.

and o, ® 1-2 degrees. Magneto-

strictive spark chambers and multiwire proportional chambers around the beam pipe
allow measurement of charged particle trajectories with typical polar and azimuthal
angular resolutions of Oy ~ 2 degrees and 0¢ ~ 2-5 mr. Charged particle momentum

measurements cannot be made.

The Mark II detector!® was moved from SPEAR to PEP two years ago. It is a
large solid angle magnetic spectrometer which utilizes a drift chamber system for
charged particle tracking and momentum measurements and lead-~liquid argon shower
counters for photon energy and angle measurements. The photon energy resolution
is OE/E = 12%/E% (E in GeV) and the charged particle momentum resolution is
op/P & [(.005p) % + (.015)2]% (p in GeV).

II. ' INCLUSIVE PHOTON MEASUREMENTS

Figure 2 shows the inclusive photon spectrum at the y' from the Crystal Ball.
This spectrum is from a preliminary analysis of approximately half of the 1.78 x
106 produced y¥' events in the data sample. Severe cuts have been made to the data
to enhance structure. First, all photons are reqguired to have |coseY| < 0.85,
where GY is the angle between the photon and the beam direction. The cosine of
the angle between each photon and any charged particle is required to be less
than 0.9. Pairs of y's with invariant mass consistent with the mass of the m°©
have been eliminated. Finally, the lateral shower energy deposition in the NaI
crystals is required to be consiétent with a single electromagnetic shower. This
"pattern cut" removes minimum ionizing charged particles which were not tagged by
the tracking chambers, spurious energy deposits resulting from interacting charged
particles, and high energy w°'s in which the electromagnetic showers from the two

photons from the 7° decay overlap.
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Fig. 2. Inclusive Y spectrum at the y'. Cuts are described in text.
Lower insert shows charmonium level diagram.- Upper inserts show Y
distributions in the né and N regions. (Crystal Ball)

As seen by examination of the charmonium level diagram insert in Fig. 2, this
single spectrum reveals essentially all of charmonium spectroscopy. The peaks
ot Xl’ and XO.
Peaks 5, 6, and 7 show the locations of the Xor Xqyr and X transitions to the J/vy.

labeled 2, 3, and 4 correspond to transitions from the %' to the X

(The Xg transition is not observed because of its small branching ratio.) 8

shows the location of the transition from the ¥' to the nc.ll'lz Finally, the
small peak labeled 1 shows the transition from the ¢' to the né candidate state.
The inserts!® in the upper left and right corners show expanded views of the photon

energy spectrum in the regions of the ”é and Ne transitions.

Before presenting the results on the né, new results on inclusive measurements
of the X and Ne transitions will be presented. This is important in establishing
that small signals from the ¥' inclusive photon spectrum can be reliably extracted
from the Crystal Ball data.

A. V' > yI/Y: V' > yYJ/Y

Figure 3 shows four different inclusive spectra at the y'.!* 1In Fig. 3(a),
the observed energy of all charged and neutral particles with |cos6| < 0.85 is
shown. Clearly evident are peaks at 200 MeV resulting from minimum ionizing

charged particles and at the beam energy due to Bhabha events. The X lines do
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Fig. 3. Inclusive y spectra at the y' a) for all particles,
b) after elimination of identified charged particles, c) after
m° subtraction, and d) after pattern cuts. (Crystal Ball)

not show up very strongly. Figure 3(b) shows the spectrum after elimination of
identified charged particles. The ¥ lines are clear but there is still a remnant
of the minimum ionizing peak. Figure 3(c) shows the spectrum after 7° subtraction.
Finally, after making the pattern cuts described above, one obtains the distribu-

tion shown in Fig. 3(d). There is no evidence of a minimum ionizing peak.

In order to extract branching ratios for the x lines, fits were made to each
of the distributions shown in Fig. 3. The structures in the spectra were parame-
terized as Breit-Wigner functions convoluted with the Nal line shape.!® The back-
ground was parameterized in terms of three contributions: charged particle punch
through, limited phase space photons from y' » n J/¢ and y¢' > m©°r° J/¢, and a
smooth polynomial background'to account for the remaining photons. The charged
particle punch through contribution (except for normalization) was determined
from the tagged charged particle distribution. The limited phase space photons

were determined by Monte Carlo analysis.

Figure 4 (a) shows the result of the fit to the spectrum in Fig. 3(a). Also
shown is the distribution after background subtraction. Similar distributions
for the spectrum in Fig. 3(d) are shown in Fig. 4(b). The branching ratios for
[T YXgv as determined from each of the four distributions in Fig. 3, are shown

graphically in Fig. 5 (the top half of the plot). The four measurements of each
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Fig. 4. 1Inclusive y spectra at the Y’
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branching ratio are in good agreement.

are given in Table I.
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The best values for these branching ratios

In Fig. 4, the fourth (highest energy) peak in each distribution is due to

the two transitions Xy > Y J/¢ and Xo > Y J/V (i.e., the peak results from photons

produced in the second step of the double cascade process y' -+ Yy Xgr Xg > Y J/9) .

Table I. B(y' + vy XJ).
X7 B(Y' > v xz5) (%)
Crystal Ball MstBD a. Theoryb
Xo 9.3 = 0.4 * 1.4€ 7.2 i‘2.3 20 = 4
Xq 8.4 + 0.4 £ 1.3° 7.1+ 1.9 16 + 3
X5 7.4 + 0.4 % 1.1€¢ 7.0 £ 2.0 11 + 2

ARref. 16.

bpef. 17.

Crirst error is statistical; second is systematic.



Extraction of these branching ratios requires a detailed understanding of the
detector and detection efficiencies for photons. The product branching ratios
B(y' ~» YXJ) x B(xJ + v J/¢) for the X1 and the X5 (as well as the sum of the two),
as determined from each of the four spectra, are shown in the bottom half of

Fig. 5. Not only are the four measurements in good agreement in each case, but
the measurements agree well with measurements determined independently by the

Crystal Ball® from the process
+_
Vo> oyy I/Y, 3/ - R,

where % is either e or u. These measurements are summarized in Table II. For
completeness, the widths of the X states, as determined from these fits to the

inclusive spectra, are given in Table III.

Table II. B(y' - YXJ) x B(xJ - v J/9)

X3 B(Y' + yxy) *x Blxy + v J3/¥) (%)
Crystal Ball Crystal Balla World Averageb
(inclusive) (exclusive) (exclusive)
X1 2.65 + 0.16 * 0.40° 2.38 £ 0.40 2.34 + 0.21
Xy 1.07 + 0.10 + 0.16° 1.26 + 0.22 1.16 + 0.12
8Ref. 5.
- bRef. 18.®

Cq. - . P . .
First error is statistical; second is systematic.

B. V¥' > ¥y ng Table III. Widths of x States

Figure 6(b) shows the inclusive photon X35 | T'(Mev)
spectrum at the y' without 7° subtraction but Xo 16.3 = 3.6
after making pattern cuts. The spectrum in X1 <l1.54
the region of the Ng transition (approximately Xy 1.8 + 0.6

500-900 MeV) is shown plotted with a linear

a -
energy scale in Fig. 7(a). A fit to this 90% confidence level upper

limit.

spectrum consisting of a Gaussian plus a

polynomial background gives EY = 638 + 4 MeV for the photon energy. This corre-
sponds to a mass for the ng of M = 2978 * 5 MeV. The background subtracted dis-

tribution is shown in Fig. 7(b).

The authenticity of the signal is established by the fact that the ng has
also been observed in inclusive transitions from the J/y!! and in exclusive final
states!1’!2 from both the J/y and the y'. A simultaneous fit to the n, signals
observed by the Crystal Ball in both the ¢' and J/y (not shown here) inclusive
photon distributions gives a mass of M = 2984 + 4 MeV. New results on the ng

are summarized in Table IV.
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Fig. 6. a) Inclusive charged particle
C. b > yn! spectrum at the y'; b) inclusive ¥y
c spectrum at the ¥'; and c) inclusive vy
spectrum at the J/¢. Two distributions
in (a) correspond to all charged tracks
spectrum as was used in the n. analysis and only those charged tracks satisfying
pattern cuts. (Crystal Ball)

This analysis is based on the same

[See Fig. 6(b)]. The spectrum between

60 and 110 MeV is shown plotted with a linear scale in Fig. 8(a). The curves
show the best fit to the distribution based on a Gaussian plus a polynomial back-
ground. Figure 8(b) shows the signal after background subtraction. The statis-
tical significance of the signal is 4.4 o. The fit determines the energy of the
photon to be EY = 91"t 1 MeV (statistical error only). This corresponds to a
mass for the né candidate of M = 3592 # 5 MeV, where the error now includes the
estimated systematic uncertainty. The width of the peak is consistent with the
known energy resolution of the NalI. This leads to a 95% confidence level upper
limit on the width of the state of 8 MeV. A preliminary estimaﬁe of the branch-
ing ratio is (0.2-1.3)%. (These are 95% confidence level limits.) This is con-
sistent with the theoretical prediction!’ of approximately %% for the transition
from the y' to an ”é with this mass. These results are summarized in Table V.

As one has to worry about correlations between the signal and the background

for such small signals, an alternate approach was taken. First, the background



Table V. Parameters of the né Candidate

M = 3592 + 5 MeVv

I < 8 Mev (95% C.L.)

B(yp' » yng) = (0.2 - 1.3)% (95% C.L.)
Significance of signal = 4.4 ¢

distribution in the region outside the sig-
nal region was fitted. Then, with the

background fixed, the distribution inside

the signal region was fitted with a Gaussian

60 70 80 90 100 110
Ey (Mev)

plus the background. The parameters of the

signal (a 6.1 o effect in this case) were
Fig. 8. 1Inclusive y spectrum at the

U' in the region of the transition to found to be consistent with the results of

the nl candidate a) before and b) the previous analysis.
after background subtraction. Curves
represent best fit to a Gaussian plus The previous discussions have estab-

a polynomial background.

(Crystal Ball) lished that the signal is probably real.

However, it is possible that there is some
background effect which might produce a signal at 90 MeV in the photon energy
spectrum. Possible backgrounds which might simulate a signal are unidentified
charged particles, exclusive decays of the y' containing photons, and unknown.
hardware or software effects. Each of these possibilities has been examined in
detail.

If the signal somehow resulted from misidentified charged particles,
there should be a very large signal in the inclusive tagged charged particle
spectrum. Figure 6(a) shows the charged particle energy spectrum at the '
after invoking the same pattern cuts as were used in the analysis of the né can-

didate. There is no evidence for a signal near 90 MeV.
Exclusive final states which could potentially simulate a signal include
y' > 1°n° J/y
' > n I/Y
UANESRVA N B SERVVA T (1 PO

These processes have been studied and all give broad photon spectra, and hence

could not lead to a narrow signal near 90 MeV.

Two checks were made to establish that the signal was not due to an unknown
hardware or software effect. First, it it were, it is expected that the effect
would be independent of center~of-mass energy. An analysis of the inclusive
photon spectrum at the J/¢ based on over two million produced J/Y events shows no
evidence for a signal near 90 MeV [see Fig. 6(c)]. Second, the data were parti-
tioned according to which part of the detector the photon was observed in, and
during which part of the running time the data were taken. As shown in Fig. 9,

there is no evidence for any position- or time-dependent correlations.
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Although all eVidence indicates that the signal is real, identification of
this state as the né is based only on the expectation that such a state should
~exist with approximately the measured mass and branc¢hing ratio. Observation of
exclusive decays of this state would provide constraints on the guantum numbers,
and hopefully establish the identity of the state.

III. OBSERVATION OF POSSIBLE GLUONIUM STATES
IN J/¢ RADIATIVE DECAYS

The existence of gluonium resonances,!?® bound states of two or more gluons,
is expected within the framework of QCD. Most estimates of the masses of the
lowest lying states are below 2 GeV, and hence easily accessible to present ex-
periments. According to leading-order QCD predictions, the hadronic decays of

3

heavy gquark-antiquark “S states (such

as the J/V) proceed via annihilation

(a) Q
of the Q0 system into three gluons as >
] ) - g
shown in Fig. 10(a). Although this Qg
process might seem to be ideal for
production of gluonium states, it
is not. Each pair of gluons is a (b) Q

ANN—SY
color-octet state since it is re- —————ég%é:;::ﬂWYYT~>g
YT —>g

coiling against a single color-octet
gluon. On the other hand, if a

9—81 4164423

Fig. 10. Leading-order QCD diagrams for
the decay of the J/¢ into a) hadrons and
quark line before annihilation, as b) a direct photon plus hadrons.

photon is radiated from the heavy



in Fig. 10(b), the recoiling 2-gluon system is a color singlet. This process
is expected to be a good source of gluonium states. For the J/y, the ratio of

Ygg production to 3-gluon production is predicted to be 0.13 (based on the
20
).

leading-order calculation

20 T T
(a)
A. J/¢ > Y1(1440)
The process o i
J/% + Yt (1440) (1) 3 [L
& | el PUY [pn
was first observed by the Mark II2?! in &
(]
the final state 5
@
+ 3 Z20
J/v » YR K 1 . (2) Y
s w
The KsKiﬂ+ invariant mass for events
which satisfy constrained fits to process 10
(2) is shown in Fig. 11l. A peak near 1440
MeV is observed which is significantly

enhanced relative to the background if

the KK invariant mass is required to be

small (MKE < 1050 MeV for the shaded Fig. 11. Kg kK* 7% invariant mass
distribution for a) events with
and b) events without an observed
originally identified as the E(1420) v from the process J/y +vy K_K*¥ 7%,
22 Shaded regions have requirement
that MKE < 1050 Mev. (Mark II)

region in Fig, 11). This state was
meson which has been previously ob-
served in mp and pp interactions. The
measured parameters of this state are given in Table VI.

Process (1) has also been observed by the Crystal Ball. Figure 12 shows the

o]

KTK"n® invariant mass distribution for events which satisfy constrained fits2??® to

the process

J/Y >y KTk n°
This analysis is based on over two million produced J/¢ events. The shaded region
corresponds to events with MKK < 1125 MeV. Figure 13 shows the shaded distribution

from Fig. 12 in 10 MeV bins. The curve is a Breit-Wigner fit to the mass

Table VI. 1(1440) Parameters

Parameter Experimental Measurement
Mark II? Crystal Ball
+ 10 + 20
M 1440 _ 15 Mev 1440 _ 15 MeVv
+ 30 . + 20
T 50 _ 20 MeV . 60 _ 30 Mev
B(J/y »y1) xB(1+KEm) | (4.3 * 1.7)x 1073 (4.0 + 1.2) x 1073
BRef. 21.

bThis product branching ratio has been corrected by me to account_
for the efficiency correction required under the spin 0 hypothesis.
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Fig. 12. X*tK-79 invariant mass
distribution for events consistent
with the hypothesis J/¢y > YKtK—nO.
Shaded region has the regquirement
Mgg < 1125 Mev. (Crystal Ball)

M2 (Gev)

distribution. The measured parameters
of the 1 as determined by the Crystal Ball

group are also given in Table VI. The 0.4 06 0.8 0

mass and width were determined from the Mﬁ” (GeVv)

distribution in Fig. 13, although the Fig. 14. K+K=70 Dalitz plot for

parameters determined from the full dis- events with 1400 X Mgk, < 1500 MeV.
Solid curve shows boundary for
Mggq = 1450 Mev. Dashed line shows
results. Mez = 1125 Mev. (Crystal Ball)

a104a18

tribution in Fig. 12 give consistent

- The KK7 Dalitz plot from the Crystal Ball is shown in Fig. 14. A low KK mass
enhancement (in the upper right corner of the plot) is evident. This enhancement
has been associated with the &§(980)1 decay of the resonance. No evidence for K¥*
bands, which would indicate a K*K + c.c. decay, is observed, although the situation
is potentially confusing because of the limited phase space available for the decay
and the fact that the K* bands overlap in the region of the 6. The Mark II results

are consistent with this. They find the 1 to decay primarily into §rw.

From the beginning, interest in this state has centered around the relatively
large branching ratio for this transition compared to branching ratios for other
radiative transitions from the J/¢. This was particularly interesting considering
the relative obscurity of the E(1420), the state with which the 1 was originally
identified, in hadronic interactions. These facts motivated the suggestion that

24 25 and against?®

this state might be a gluonium resonance. Many arguments for
this hypothesis have been made. New results to be presented here on the spin of
the 1 from the Crystal Ball group show that the 1 is not to be identified with the

E(1420). This provides additional support for the gluonium hypothesis.



Before discussing the Crystal Ball spin

analysis of the 1(1440), I will review the status
of the E(1420). The best estimate of the mass??

¢ (1440)
is ME = 1418 *+ 10 Mev. This is somewhat lower —O—
than, but not inconsistent with, the average
of the Mark II and Crystal Ball measurements of E(1420)

Dionisi
Nocasch
- Duboc
Defoix
Lorstad
-+ French
+ Dahl
* Baillon
1

the 1 mass, M1 = 1440 * 10 MeV. Figure 15 sum-
marizes the various mass measurements of the E
and 1 along with a Gaussian ideogram of the E -

mass measurements. The widths of the E

(FE = 50 * 10 MeV) and the 1 (I‘1 = 55 * 20 Mev) 1380 1400 1420 1440 1460
are also consistent. Thus the mass and width ol MASS (MeV) 6425
measurements of the 1 do not clearly identify Fig. 15. Summary of E and 1t

it as a different state than the E. mass measurements.

The spin of the E was established in an experiment which analyzed the reaction
- E
mTp > KX 7 n
s
at 3.95 GeV/c.?’ The results of a partial-wave analysis of the KKm system deter~

PC _ ++

mined J 1 for the E, thus making it the SU(3) nonet partner of the D(1285)

and the Al. However, a previous experiment?® which looked at pp -+ En7m determined
the spin-parity of the E to be 0 . BAlthough these earlier results were not con-
clusive, they providé some support for the hypothesis that there is more than one
state with mass near 1400 MevV.?® An additional result of the partial-wave analysis

of Dionisi et al., is that the E decays primarily into K*K + ¢.c. with

B(E - K*K + c.Cc.)
B(E -~ K*K + c.c. + &m)

= 0.86 £ 0.12 .

The spin of the 1(1440) was determined from a partial-wave analysis of the

Crystal Ball data. Contributions from five partial waves were included:?®®

1. KKt flat (phase space)
2. 8%° - 0"
§%7° - 1t

4. K*K + c.c. - 0

5. K*K + c.c. - l+

Contributions from all partial waves except KKy flat were allowed to interfere
with arbitrary phase. The KKy flat contribution was assumed to be incoherent. The
full angular decay distributions in each case were included in the amplitudes. The
1 and K* helicities were allowed to vary in the fits. The § and XK* parameters were
taken to be the standard values.?? 1In other words, a standard isobar analysis in

the Berkeley tradition®! was done.

The analysis was done for events with KK7 masses between 1300 and 1800 MeV.
The data were divided into five bins of 100 MeV each. The standard procedure of
eliminating those partial waves which do not contribute significantly to the likeli-

hood was utilized (i.e., the number of events contributed by a given partial wave



was required to be larger than the error on that 800 T ' ‘ !

number). The only significant contributions 400 |- (m __+;

were from KKm flat, §°7° - 07, and K*K + c.c. - _+___+_~ '

1*. These contributions, corrected for detec- 200 - __+_ 7

tion efficiency, are shown as a function of KKm o r—+—j . )

mass in Fig. 16. The K*R + c.c. - 17 contri- Sa00 f |

bution is relatively small and independent of ©

mass. On the other hand, the &7 - 0 contri- S 200 - —— 7

bution shows clear evidence for resonant struc- % o ] r—+_f_+_7_+__ R

ture in the 1 signal region (1400 2 My, < 1500 & ©

MeV). This establishes the spin-parity of the 600 =

1 as 0 . (The C-parity is required to be even __*__

because of the production mechanism.) In ad- 400 1 7

dition, contrary to the case of the E(1420), the 200 + N

principal deca%-of the 1 is into &7 and ) r—+—1 o
B(t ~» K*K + c.c.) < 0.25 (90% C.L.) 1.3 1.5 1.7

B(1~+ K*kK + c.c. + &m) - Mok (GEV)

Fig. 16. Partial-wave contri-
butions as a function of KKm
partial-wave analysis, in particular, only a mass for a) KKm flat, b)_K*K +
c.c. - 1%, and ¢) 67 - 0 .
(Crystal Ball)

As a number of assumptions went into the

limited number of partial waves were considered;
checks were made to show that the results of the
analysis were valid. First, maximum likelihood fits were made to the restricted
-hypothesis that in each mass interval, only one partial—wave'éontribution in ad-
dition to the flat contribution was allowed. The relative probabilities resulting
from fits to the data in the signal region (1400 = MKRﬂ < 1500 MeV) are given in
Table VII. Note that compared to the §m - 0 hypothesis, the next best hypothesis
(RK*K + c.c. - 1+) has a relative probability of only 1%. This establishes that
there is not a strong correlation between the &m and K*K + c.c. amplitudes.

It was also checked that the

mass distributions of the Table VII. Relative Partial-Wave Probabilities

(1400 £ M= < 1500 MeV)

. . . K
di-particle systems were in agree-
ment with Monte Carlo distribu- Partial-Wave Contribution|{ Relative Probability
tions based on the measured flat + &1 - 0 1.0
partial-wave contributions. +
Figure 17 shows the K'K  invariant flat + om = 1 0.006
mass distribution for events with flat + K*K + c.c. - 0 . 10_7
KK7m invariant mass between 1400 flat + K*R + c.c. - 17 0.01

and 1500 MeV. The distribution
rises sharply at threshold due to the large § contribution. This same behavior was
previously observed in the Mark II KSKt invariant mass distribution (see Fig. 18).
In both the Crystal Ball and Mark II mass distributions, the expected phase space
distribution is in disagreement with the data. The phase space distribution fails
to duplicate the threshold enhancement and also predicts too many events at high KK
mass. The best fit to the Crystal Ball daéa (which includes the flat, K*K + c.c.,
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and §m contributions as determined from the partial-wave analysis) is in good

agreement with the mass distribution, as shown by the curve in Fig. 17.

+.- . . . . , : . .
The K K invariant mass distribution for events outside the signal region

looks qualitatively different than the distribution for events inside the signal

region.
from 1500 to 1600 MeV.

seen in Figs. 17 and 18, i.e.,
1(1440) signal region.

As the parametrization of the §(980) is
subject to some uncertainty, it was checked that

the basic results were insensitive to the param-
eterization. This is important as the § Breit~
Wigner parameters were determined from fits to
the § » nm decay mode and it has never been
established that what is referred to as the § in
Fits which

70 MeV rather

the KK channel is the same object.?®?
were made with wider §'s
than 50 MeV)

(e.g., T =
resulted in slightly more 67 contri-
bution and slightly less phase space contribution
(for the signal region) but with essentially no
Thus,

changing the parametrization of the 6 results in

change in the K*K + c.c. contribution.

trade-offs between the phase space and §m contri-
butions. The seeming excess of phase space events
for 1400 = Mpz. < 1500 MeV in Fig. 16 is most

likely a result of the § parametrization.

COMBINATIONS/(0.025 GeV)

Figure 19 shows this distribution for events in the KKm mass interval
There is no evidence for the sharp rise at threshold as

there is no evidence for &§ production outside the

20 T T T T T
10
0 - ol
MK‘K" (GeV)

. + - . .
Fig. 19. K K invariant
mass distribution (1500 <
Mypgq < 1600 MeV). Curve

represents result of best
fit from partial-wave anal-
ysis. (Crystal Ball)



Figure 20 shows the Kino invariant mass
distribution from the Crystal Ball for events
with KKm mass between 1400 and 1500 MeV.
shown AEe the expected distributions for 100%
phase space, 100% K*K + c.c., 100% &7, and the
The
best fit distribution agrees well with the data;
The
poorest agreement is for 100% K*K + c.c. where

Also

best fit from the partial wave analysis.
the other distributions not so well.

the large K* signal expected from the Monte

Carlo is not observed.

If one assumes dominance of the &m decay
mode of the 1, a spin determination can be made
purely on the basis of the angular distributions
in the decay. Although this is not as global an
analysis as the partial-wave analysis, it pro-
vides additional checks on the results. For
this analysis, a "§ cut," MK+K‘ < 1125 MevV, was
made. This cut essentially eliminates the back-
ground under the 1, so that the KEm mass range
can be increased to ?375 < MKRW < 1525 MeV (see
Fig. 12).

Based on very general principles, the angular
distribution of the y in the e+e_ lab frame [see

Fig. 21(a)] can be expressed as

1+ a coszeY , (3)

) =
1 if

For the particular case

where oo = 1 if the 1 is spin 0 and -1 £ o £
the 1 is not spin 0.
of spin 1, if the transition is purely E1l, then
-1/3.%3

tion corrected for detection efficiency.

o = Figure 22 shows the coseY distribu-
A fit
to the distribution for |cos® < 0.8 gives o =
1.4 £ 0.8.
spin 0),

from a =

'Y I
This is consistent with o =1 (i.e.,
but more than two standard deviations

-1/3.

arbitrary helicity, this distribution alone

away
with

However, for a spin 1 decay

does not rule out spin 1.

Similarly, if one defines 96 to be the angle

of the § relative to the y direction in the rest
[as in Fig. 21(b)], W(8s) = 1 for
o = 0).

distribution corrected for detection efficiency.

frame of the 1

spin 0 (i.e., Figure 23 shows the cose6
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Fig. 20. XK 7~ invariant mass
distribution (two combinations

per event) for 1400 = Mgg, <
1500 MeV. -Curves representing
best fit from partial-wave
analysis (solid), phase space
(dashed), 100% &m - 07 (dotted)

and 100% K*K + c.c. (dashed-
dotted) are shown.
(Crystal Ball)
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A fit to thé distribution gives a = -0.15 * 0.31, consistent with the spin 0

hypothesis.

If one does a fit to the full 3-dimensional decay distribution (a third angle

¢s is defined as the azimuthal angle of the & in the 1 rest frame -- see Fig. 21 --
such that ¢, = 0 along the e~ beam direction), the angular correlations allow an
unambiguous determination of the spin. For spin 0, the angular distribution is
given by Eg. (3). For spin 1, the distribution is®*
2 .2 .2
W(SY, 66, ¢6) = x“ sin SY sin ed
2 2
+ (1 + cos ey) cos e6
1 . .
+ 5x 51n29Y 51r12e(YS cosd)(S '

where x is the ratio of the helicity 1 amplitude to the helicity 0 amplitude. For

spin 23"
W(SY, g+ ¢6) = 3x2 sin26Y sin226(S
2 2 2 3.2 .4
+ (1 + cos GY) D3 cos 86 - 1)° + 3y~ sin 66] (4)
, X 2 1 .2
+ V3% s:.nZeY 51n266[3 cos“8s - 1 - 3 YEy sin 86] cost,

+ Y6y sin26Y sinzec5 (3 c05286 - 1) cos2¢; )



where x is defined as above and y is the ratio of the helicity 2 amplitude to the
helicity 0 amplitude. The results of the maximum likelihood fits to the spin 0,

1, and 2 hypotheses are given in Table VII. Spin 0 is clearly favored.

The analyses of the Crystal Ball Table VIII. Results of Angular Distri-

clearly identify the 1(1440) as a pseudo- bution Analysis for 1 + &
scalaf meson which decays primarily (in Spin Hypothesis Relative Probability
its KKm decay mode) into &m. Clearly
this state does not fit into the standard 0 1'04
quark model ground state 0 nonet. (The 1 10

2 0.008

n and n' are the two isoscalar states in
this nonet.) Two possibilities come to
mind. The first is that the 1 is a radially excited gq state. Cohen and Lipkin,?®’
based on a model in which the n' is a mixture of ground state and radially excited
state wave functions, predict pseudoscalar mesons with masses near 1280 and 1500
Mev. Evidence for a pseudoscalar state with mass M = 1275 MeV and width T = 70 MeV

has been seen in the n7mm channel in the process?®

T p + nmmn
If one identifies this as a radially excited state, the 1(1440) is a reasonable
candidate for the other state.

A more exciting possibility is that the 1 Table IX. 2~Gluon Bag Model

is a gluonium state. A rough guide to the mass Mass Calculations

spectrum can be found by using the bag model Mode .. gPc Mass (MeV)
‘without intergluon interactions.?®’ The
gluon fields can be represented as either (TE)2 0++, 2++ 960
transverse electric (TE) or transverse magnetic (TE) (T™) O—+, 2-+ 1290
(TM) fields in the cavity. Table IX identifies 2

. . (TM) ott, 2t 1590
the low-lying 2-gluon modes and the first order !

calculation of the masses. The 1 would be
identified with the 0 ' state at 1290 MeV.

B. J/¢ > y6(1640)

A new resonance has been observed by the Crystal Ball in the process

J/% > ynn . (5)

The parameters of the state, named the 6(1640), are summarized in Table X.
Presently, the only known decay mode of this state is nn. Figure 24 shows a
scatter plot of pairs of yy invariant mass combinations for events which satisfy
3Cc fits®® to the hypothesis

J/y > 5y

Despite the fact that there are 15 combinations per event, one sees clear evidence
for the ynn and Yﬂoﬂo final states. Figure 25 shows the projection of this plot,

i.e., the vy invariant mass distribution. The n mass resolution is approximately

20 MeV.



Table X. 0(1640) Parameters

M = 1640 * 50 MeV
_ +100
-~ T = 220 -70 MeV

B(J/¢ > y6) x B(8 »> nn)
a
= (4.9 + 1.4 # 1.0) x 104

B(J/Y -~ v8) x B(O - mm)
< 6 x 1074 (90% C.L.)

JPc = 2++ favored

a_,. . . .
First error is statistical;
second is systematic.

Figure 26 shows the nn invariant
mass distribution for events which
satisfy 5C fits to (5). A clear signal
above a minimal background is seen at a
mass of M = 1640 * 50 MeV. The curve
shows the results of a Briet-Wigner
plus flat background;fit to the mass

distribution. The width of the reso-
+100
=70
wider than the fitted mass resolution,
Oy = 20 MeV, for this channel. The
product branching ratio for the process

nance, I' = 220 Mev, is considerably

J/¥ - y8, & + nn

is (4.9 £ 1.4 % 1.0) x 10~%, where the
first error is statistical and the
second is the estimated systematic un-
certainty. Although this product
branching ratio is nearly an order of
magnitude smaller than the same number
for the 1, there may be other decay
modes of the 6 with réiatively large

branching ratios. The 7°r°

decay of
the 6 has been looked for but not ob-
served. The limit on the branching
ratio is slightly larger than the
measured nn branching ratio,
B(J/y - y8) x B(® » 7m) < 6 x 10~

(90% C.L.). See the next section for

4

the 7°7° mass distribution.
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Fig. 24. vyy vs. yy invariant mass (15
combinations per event) for events con-
sistent with the hypothesis J/¢y »> 5y.
(Crystal Ball)
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Fig. 25. vy invariant mass distribution
(10 combinations per event) for events
consistent with the hypothesis J/¢ + 5y.
(Crystal Ball)
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Fig. 26. nn invariant mass distribution
for events which satisfy fits to the
hypothesis J/¢ + ynn. Curve shows
result of fit to mass distribution.
(Crystal Ball)



The fact that the 6 decays into nn and C = + (since it is produced in the
radiative decay of the J/¢) establishes that JPC = 0++ or 2++. (It is assumed that
a spin of 4 or greater is very unlikely.) The Crystal Ball has done a spin analy-
sis of the 6 based on the 3-dimensional decay angular distribution in a manner
similar to the 1(1440) analysis. The angular distributions for spin 0 and spin 2
are given in Egs. (3) and (4) and the angles are defined in Fig. 21. (8<S and ¢6
should be replaced by Gn and ¢n in all cases.) The results of the maximum likeli-
hood fits are given in Table XI. Spin 2 is favored over spin 0. For the spin 2
hypothesis, the best fit gives x = 0.87 * 0.20 and y = -0.64 * 0.39.

Figure 27 shows the coseY and cosen Table XI. Results of Angular

projections, compared with the results for the Distribution Analysis

spin 0 and spin 2 fits. In contrast to the for & » nn

angular distributions shown for the 1, these Spin Relative
distributions have not been corrected for Hypothesis Probability
detection efficiency, but instead the Monte 2 1.0
Carlo curves include the effects of detection 0 0.045

efficiency. Whereas the coseY distribution

agrees reasonably well with both the spin 2 10 L

and spin 0 curves, the cosen distribution is
fit much better by the spin 2 curve. This is
primarily due to the excess of events with

Icosen| > 0.9. The insert in Fig. 27 shows

5.0
these events on an expanded scale to show that e
> . . &
there is no evidence of anomalous behavior due =
o T I
to these events (e.g., the events are spread o

out over the bin and do not cluster at
|coss_ | = 1.00).
n

o

I

o
Event(0.01)

o] N
ol [T |

L.

One runs into the standard problem when

one attempts to understand the 6(1640) in terms

of the ground state JPC = 2++ nonet. The o 0.2 0.4 og ‘ o8 L0
£(1270) and f'(1515) are well-established . [cos,|
members of this nonet. However, in this case, Fig. 27. a) |cos8,| and

b) |cos®,| distributions for
J/¢v » y6, 8 » nn. Solid curves
radial excitation hypothesis as a viable are best fit distributions for
spin 2. Dashed curves are ex-
pected distributions for spin 0.
Insert shows events with

|cosb,| > 0.9 with expanded

the 6 has the guantum numbers of the 2-gluon scale. (Crystal Ball)

the mass of the 6 is too low to consider the

option.

The gluonium hypothesis is enticing as

ground state. However, the mass of the © is

in better agreement with the mass prediction for the 2t excited state given in
Table IX than the prediction for the ground state. On the other hand, it is likely
that the spin splitting could push the 2t ground state mass up high enough to
agree with the experimental number. One calculation®® of the ot ground state mass

which takes into account the color magnetic interactions of gluons predicts a mass



of 1585 MeV. Another calculation®? based on the interpretation of the 1(1440) as
the ot ground state predicts the lowest-lying 2"t state at a mass of 1650 Mev.

A less likely hypothesis is that the 6 is a gggq state. A bag model calcula-
tion by‘hJaffe“1 predicts that the lowest-lying 2t ggqq state has a mass of 1650
MeV. Although the mass agreement is good, it is expected that if the 6 were a qqaq
state, the width should be extremely large (much larger than the observed width)

and there would be no evidence for resonant structure."*?

C. J/¥->vyf(1270)

Although the process J/¥ -+ v£(1270) may not be as exciting as the previous two
radiative transitions, the analysis of this process provides a useful check on the
analysis techniques employed in the 1 and 6 studies. It also provides a check that
the Crystal Ball efficiencies are well understood. In addition, one hopes to find
evidence for the 6 or other new states in the process

I/ > ynon® ; (6)

Figure 28 shows the 7°7° invariant mass distribution for events from the
Crystal Ball which satisfy hypothesis (6)."%® The parameters of the f determined
from a fit of this distribution to a Breit-Wigner plus a polynomial background
(M = 1260 ¢+ 15 MeV and T = 170 * 40 MeV) agree with the standard values.?? The
branching ratio for J/y = yf (corrected for all known decay modes) is B(J/¢ » vf) =

(1.48 + 0.25 + 0.30) x 10 >. 1In order to extract

an upper limit for the decay of the 6 into m°7°, - 50 T i T

a fit which allowed Breit-Wigner contributions
from both the f and the 6 was made to the same
distribution. The 90% confidence level upper 40 \ 3

limit is given in Table X.

Figure 29 shows the ntnT invariant mass
distribution for events from the Mark II?"
which satisfy constrained fits to the hypoth-
hypothesis

EVENTS/(0.05 GeV)

J/Y Yﬂ+ﬂ—
A background subtraction for feeddown from

J/¢ > pn has been made. The remaining distri-

bution is consistent with being almost entirely

£(1270) as shown by the fitted curve. The

branching ratio results for the Crystal Ball,
Mark II, and previous experiments are summar- . Mpoqpe  (Gev) N
ized in Table XII. Fig. 28. 7°1° invariant mass dis-

tribution for events consistent with

Figure 30 shows the cos6, and coseno

Y the hypothesis J/y - y7m©o7n©. Solid
distributions from a spin analysis of the curve represents fit to £(1270) plus
£(1270) data from the Crystal Ball. Spin 2 background. Dashed curve represents

background. (Crystal Ball)
clearly provides a better fit to the data than

20



Table XII. B(J/¢ ~ y£(1270))

Decay

Experiment | Mode B(3/v ~ v£(1270))
i o o -3a
Crystal Ball| 7w (1.48 = 0.25 + 0.30) x 10
Mark ITP atn (1.3 + 0.3) x 1073
pLUTOC atn (2.0 + 0.3) x 1073
paspd ata (0.9 0.3) x 107 _
- (1.5 + 0.4) x 1073

First error is statistical; second is systematic.
Ref. 24.
Ref. 44.
Ref. 45.

Exact value depends on helicity of f in the
final state.

[ < TR o TR o S 1

spin 0. (The relative probability of the
spin 0 hypothesis compared to the spin 2
hypothesis for the full 3-dimensional maxi-
mum likelihood fit ig on the order of
10_11.)7 This gives one confidence in the

reliability of the ©(1640) analysis.

Figure 31 shows a contour plot of

v vs. x for £(1270) production. The data
point and contours of equal probability
are from the Crystal Ball analysis. The
numbers associated with the contours give
the number of standard deviations from the
best value. (No systematic uncertainties
are included in the errors.) Also shown
are the theoretical predictions for pure
M2 and E3 transitions (El1 is off scale),
ocp,*’” and for tensor meson dominance."*?®
The experimental measurement is inconsis-
tent with all of these predictions. The

helicity measurements from the Crystal

25 7 T T T T T T

EVENTS/(0.05 GeV)

0.6 1.0 1.4 1.8
a-3c Moy +g= {GeVv) 873A3

Fig. 29. 7tp- invariant mass
distribution for events con-
sistent with the hypothesis
J/Y > yrtn=. Curve represents
fit to data. (Mark II)

30 ——7

20

EVENTS/(0.1)

40

Fig. 30. a) ]coseY! and b) |cosé ol

distributions for J/y » yf, f » 7910,

Ball, Mark II (they have done a similar Solid curves are best fit distribu-

analysis), and PLUTO are given in

tions for spin 2. Dashed curves are
expected distributions for spin 0.

Table XIII. (Crystal Ball)

2]



Table XIII. £(1270) Helicity Measurements

Experiment X v

Crystal Ball 0.88 * 0.11 0.04 * 0.14

Mark II 0.81 * 0.16 0.02 * 0.15
PLUTO? 0.6 * 0.3 0.3 *0-6
-1.6
qRef. 46.

-20 -15 -0 -05 O 05 10 15

X

Fig. 31. Contour plot of y vs. x
for £(1270) production. Data point
and contours of equal probability
are from Crystal Ball experiment.
Theoretical points are referenced
in text.

Iv. CONCLUSIONS

The Crystal Ball has evidence for an nc' candidate in the inclusive photon

spectrum from the ¢'. The mass of the nc' candidate is M = 3592 # 5 MeV.

A new state, the 1(1440), has been observed by both the Mark II and Crystal
Ball collaborations in J/¢ radiative decays. The spin-parity of the 1 has been
established to be 0 by the Crystal Ball, and hence the 1(1440) is a different
state than the E(1420). Possible interpretations of this state are as a gluonium

resonance or as a radially excited state.

Another new state, the 0(1640), has been observed by the Crystal Ball in the
decay J/Y > ynn. The preferred spin for this state is 2. A possible interpreta-
tion of this state is as a gluonium resonance. Less likely is its interpretation

as a qaqﬁ state.
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