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Results of studies of radiative decays of the y((3684) using the SLAC-LBL magnetic detector at the
electron storage ring SPEAR are presented. There are three high-mass states produced in y(3684) radiative
decays, with masses of 341443, 3503 +4, and 355144 MeV where the errors given do not include an
overall mass-scale uncertainty of 4-4 MeV. There is some evidence for a fourth such state at either 3455 or
3340 MeV. The branching ratio for Y(3684) radiative decay into the state at 3414 MeV is found to be
(7.5 +2.6)%. The decay modes of these states into hadrons and into yy«(3095) are studied,yielding
information about the branching ratios, spins, and parities of the states. The results are interpreted in the

charmonium picture of the -high-mass states.

— L. INTRODUCTION

The remarkably narrow widths of the ¥(3095)
and (3684), hereafter denoted by ¥ and ¢,
respectively, are usually interpreted by consider-
ing the ¥ and Y’ as bound states of a charmed-
quark-antiquark pair, or “charmonium.” ™ The
¥, being a vector particle, is commonly inter-
preted as the ®S, ground state,® while the ¥’ is the
first radial excitation of the 33, state.® In this
picture, there should be other narrow states of
charmonium with masses roughly comparable to

“the ¥ and ¥ masses. Those charmonium states
x that can be reached by the radiative transitions
Y- xvy or -~ xy are particularly experimentally
accessible. Such states must have the following
properties:

1. They must be even under charge conjugation.
Hence, they cannot be produced directly by e*e”
colliding beams through a single virtual photon.

2. They must be less massive than the .

3. They should be narrow, since their hadronic
decays will be suppressed by the Okubo-Zweig
lizuka (OZI) rule. ’

4. They must have isospin zero and even G
parity. Hence, they may decay hadronically into
even numbers of pions.

5. If they are more massive than the ¢, they
may in turn decay by the radiative transition y
~dy.

6. The 'S, 3P, 'D, etc., states of charmonium
are even under charge conjugation. The 'S, state
is a pseudoscalar and most models predict the
pseudoscalar masses to lie somewhat below those
of the corresponding 331 (¥) states. The lowest-

lying ®*P,, ®*P,, and *P, states, with spin-parities

© 0% 1*, and 2*, respectively, are usually predicted

to lie in mass between the ¢ and ¥’. The lowest-
lying 'D,, with spin-parity 2, may also lie below
the ¥7. R

The first evidence for such a state was obtained
by the DASP collaboration study of the ¥’ - yy
decay process.” Subsequently, more detailed in-.
formation on this and other states has been ob-
tained by other groups from the study of hadronic
decay modes® and y ¥ decay modes, °**' and from
observation of monochromatic photons in inclus-
ive photon spectra.'®? Altogether, there is evi-
dence for five states. Three states, with masses
of about 3415, 3505, and 3550 MeV have been
seen in P’ radiative decay by at least two indepen-
dent experiments using different methods.”? A
fourth state at 3455 MeV has been seen by us in
¥ radiative decay through its y3 decay mode.'® In
addition, a state at 2830 MeV has been seen by the
DASP collaboration in ¥ radiative decay through its
decay into two photons.*® In this paper, we pro-
vide an analysis of all the relevant data from the
SLAC-LBL magnetic detector at SPEAR, de-
termine our best experimental values for the
properties of x states, and interpret the results
in terms of the charmonium picture.**

II. THE MAGNETIC DETECTOR

The general features of the magnetic detector
have been described in an earlier publication's;
here we give a brief recapitulation with emphasis
on aspects that are of particular importance to
the study of radiative decays.
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FIG. 1. An end view of the magnetic detector. The
iron flux return and muon chambers were removed
from the two side sections for much of the running.

Figure 1 shows a sectioned view of the mag-
netic detector. A particle emanating from the in-
teraction region traverses in sequence:

The vacuum chamber—a corrugated cylinder of
0.15-mm-thick stainless steel at 0.08+0.004 m
from the beam line. The chamber has a mean
thickness, including the effect of the corrugation,
of 0.152 g/cm?, or 0.011 radiation lengths.

The pipe counters—two cylindrical plastic scint-
illation counters, at 0.11 and 0.13 m from the
beam line and extending +0.18 m along the beam
line from the center of the interaction region.
Each counter has a thickness of 0.70 g/cm? or
0.016 radiation lengths.

The proportional chambers—two cylindrical
proportional wire chambers, each:0.0043 radia-
tion lengths thick.’® The inner chamber, at a
radius of 0.17 m, has 2.1-mm wire Spacing and
extends +0.254 m along the beam line; the outer
chamber, at 0.23-m radius, has 2.8-mm wire
spacing and extends £0.406 m.

The spark chambers—four double-gap cylindrical
wire spark chambers with magnetostrictive read-
out, each with one gap with +2° stereo angle and
one gap with £ 4° stereo angle.

The trigger counters—482.5-cm-thick plastic
scintillation counters at 1.5-m radius, each 0.20
m wide and-extending +1.3 m along the beam line.
These counters measure the flight time for parti-
cles from the interaction region with an rms
resolution of 0.4 nsec. 4

The solenoid—a 1-radiation-length-thick alum-
inum coil, coaxial with the beams at 1.7-m radius,

providing an axial magnetic field of 4 kG.

The shower counters—24 counters, each con-
sisting of five 0.64-cm-thick (~1 radiation length)
lead sheets each followed by a 0.64-cm-sheet of
Pilot F plastic scintillator. The counters are
0.46 m wide and have active length of 3.1 m.

The hadron filter—0.2 m of iron plates outside
the shower counters, serving also as a flux re-
turn for the magnetic field.

Muon chambérs—planar wire spark chambers,
covering about 70% of the aziumth, for detecting
particles penetrating the hadron filter.

The trigger for the magnetic detector requires,
coincident with the beam collision, signals in both
pipe counters and two or more coincidences of
trigger counters with their backing shower coun-
ters. This essentially requires two or more
charged particles with momenta 2200 MeV/c to
trigger the detector. Charged particles are
tracked by the two proportional chambers and the
four double-gap- spark chambers, which cover the
full azimuth and the polar angle 6 from 50° to
130°.. Particles must traverse at least the inner
two spark chambers in order to be tracked; this
implies a minimum transverse momentum of 55
MeV/c. When the beam position is included as
a point on the track, the charged-particle rms
momentum resolution is Ap/p =0.015 p, where p
is expressed in GeV/c. There is an additional con-
tribution due to multiple scattering of Ap /p
=0.006, which must be added in quadrature. For
charged tracks which do not originate from the
beam, such as electrons or positrons from a pho-
ton conversion, the resolution is about a factor of
2 poorer above 110 MeV/c. Below 110 MeV/c, the
resolution without the beam position deteriorates

~rapidly, since the track no longer traverses all

the chambers.

1I. IDEN'fIFICATION OF x STATES

The data sample used in this paper consists of
~330000 events recorded with a c.m. energy set at
the ¥’ mass and ~150 000 events recorded at the
Y mass. A valid event meets the above trigger
requirementé, and in addition contains two or
more reconstructed charged tracks that originate
near the point where the beams collide. From this
data sample, we search for ‘the existence of char-
monium states by three different methods de-
scribed respectively in parts A, B, and C of this
section.

A. Inclusive photon spectra

By searching for structure in the inclusive pho-
ton spectra from ¥ and ¥’ decay we observe radia-
tive decays to even-charge-conjugation states in-



dependently of the decay modes of such states.
Such observations enable us to measure the total
branching fraction for'a radiative decay. Since a
large fraction of ¥’ decays include a ,'” it is nec-
essary to study the inclusive spectra of both ¥ and
Y’ to associate any structure in the spectra with
the correct parent. Results of such an analysis
have been published previously.*®

1. Photon detection

Photons are detected by their conversion to elec-
tron-positron pairs in material near the beam
line. The material effective as a converter is
" sketched in Fig. 2; it includes the vacuum pipe,
the pipe counters, and the proportional wire cham-
bers, a total of 0.052 radiation lengths of material
located 8 to 22 cm from the beam line. The con-
version probability for photons at normal inci-
dence is 0.030 at E£,=0.2 GeV and rises to 0,039
at 2 GeV.

The electron and positron from a conversion are
detected by the cylindrical spark chambers and the
two proportional chambers. A minimum trans-
verse momentum of ~55 MeV/c is required for
a charged particle originating near the beam line
to traverse two or more spark chambers. A
study of the angular distribution of detected
charged particles relative to the beam has shown
that tracks are found with high efficiency for
|cos8|<0.6. The transverse-momentum require-
ment for each particle and the detector angular
acceptance determine the eff1c1ency for detecting
converted pairs. :

Figure 3 shows the calculated photon-detection
efficiency with the cuts |cos6 |<0.6 and trans-
verse momentum of both the electron and the posi-
tron>0.055 GeV/c. The calculation takes into
account the energy-dependent conversion prob-
ability and the detector acceptance, including the
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FIG. 2. The effective converter, with thlckness and
dlstance from the beam line.
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FIG. 3. Photon-detection efficiency versus photon
energy.

15% loss of acceptance within [cos9y |<0.6 due to
the spark-chamber support posts. The photon
angular distribution is assumed to be isotropic;
the acceptance for a 1+ cos®6 distribution is lower
by 16%.

To identify pairs of oppositely charged particles
with measured opening angle & as electron-pos-
itron pairs, we calculate the invariant mass-
squared M?>=2P,P_(1 - cosa)= P, P_a? and select
those with small M? as photon conversions. Ac-
curate calculation of a at the conversion point is
complicated by the uncertainty as to where in the
absorber in Fig. 2 the conversion occurred. This
uncertainty introduces an error of at most 0.0006
(GeV/c?? into the determination of M2. -Conse-
quently a cut M?< 0.000 75 GeV*® was imposed to
select conversion pairs. This cut keeps essential-
ly all the externally converted pairs, and admits
~20% accidental-hadron-pair background as esti-
mated from the like-charged pairs. Approximately
34% of the internal conversions will fall within this
cut, constituting ~7% of the total pairs selected.

2. Photon energy resolution

The photon energy is calculated as the sum of

- the energies of the positron and electron. The

photon energy resolution is determined by the mo-
mentum resolution of the tracking chambers, in-
cluding the contribution from multiple scattering,
and by the uncertainty in the energy loss of the
electron and positron by ionizationor radiation as
they pass through the material between the con-
version point and the chamber. The solid line in
Fig. 4 shows the mean rms momentum resolution con-
tribution to photon energy resolution calculated by
combining in quadrature the estimated momentum
errors of the two tracks of a conversion pair:
The rise at low energy is due to the poor momen-
tum resolution of tracks which traverse fewer than
the full complement of tracking chambers.

The overall photon energy resolution will be the
combination of all these effects. The dashed line
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FIG. 4. Photon rms energy resolution versus photon
energy. The solid line indicates the:effect of the mo-
mentum resolution of charged particles. The dashed
line includes also the effect of energy loss by ionization
and radiation.

in Fig. 4 is the sum in quadrature of the momen-

tum resolution, ionization loss, and the errors in-

troduced by radiative effects. The rms photon
resolution is 2-4% for photon energies from 0.2.
to 2 GeV.

3. The inclusive photon spectra

Figure 5(a) is the inclusive spectrum for 4659
photons from 150000 ¥ decays. The data are
plotted in 4% energy bins, and no correction has
been made for energy loss inthe converter. These
spectra have a gross shape determined by the ac-
ceptance folded into the photon spectrum from
hadron decays, predominantly 7° decay products.
The photon spectrum from 7° decay has its max-
imum at E,=m,0/2=67 MeV and falls roughly
exponentially; the observed spectrum, zero be-
low 110 MeV and with-a broad maximum from
~250-500 MeV, indicates the effect of increasing
acceptance multiplying the falling produced photon
spectrum. The smooth curve in Fig. 5(a) is the
inclusive photon spectrum from an all-pion-phase-
space Monte Carlo simulation of ¢ decays, nor-
malized to the data in the 300-350-MeV region.
The shape of the experimental spectrum agrees
rather well with the Monte Carlo results except in
the low-energy region where the acceptance
varies rapidly.

Figure 5(b) shows the corresponding inclusive
spectrum for 14000 photons from 330000 3/
decays, again presented in 4% energy bins. The
general shape of this spectrum is very similar to
that of the ¢. This is not surprising since 57% of
P’ decays contain a $.'” In addition, ‘there is a
clear peak at E,~ 260 MeV with a full width at

~half-maximum of ~20 MeV, consistent with the

expected resolution of a narrow signal. To check
that this peak is not the result of the rapidly vary-
ing acceptance, the data were analyzed imposing
successively cuts of 55, 65, and 75 MeV/c on the
transverse momenta of the electron and positron.
The 55-MeV/c cut corresponds to the physical
limits of the detector; the 65-MeV/c and 75-MeV/c
cuts reduce the acceptance by 16% and 31%, re-
spectively, and change the slope of the acceptance
in the 260-MeV region dramatically. Figures
6(a), 6(b), 6(c) show the ¥’ inclusive photon spec-
trum with 55-MeV/c, 65-MeV/c, and 75-MeV/c
transverse-momentum cuts. To the extent that
the peak remains visible it stays at the same en-
ergy with approximately the same observed width,
and therefore is not being shaped by the accept-
ance. ’

After correction for the ionization losses of the
electron and positron, the peak is at 261+ 10 MeV.
This corresponds to a transition from ¥’ to a
state of mass 3413+11 MeV. We will hereafter
call this state x(3415). As will be seen in Sec.
IIIC, a strong signal at the same mass is ob-
served in the study of hadronic decay modes of y
states. There is no other likely explanation of
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FIG. 5. (a) The inclusive photon spectrum from Y.
The solid line is the spectrum from a Monte Carlo si-
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this bump. The photons from n-yy from inclusive
n production will peak at m, /2= 275 MeV and will
have a broad spectrum reflecting the » momentum
distribution. The photons from ¢’-=yn, n—ry

will be Doppler-broadened and spread uniformly
from 193 to 389 MeV. The absence of the peak in
the ¢ photon spectrum rules out the possibility
that it originates from ¢ decays from the y’— 3
cascade events.

4. Branching-ratio calculation

The branching ratio of the transition ¥’ -~ yx(3415)
is calculated as

N =~ vx)/(€,X€xX €.) (1)

B@@'=vrx)= N(§ 7~ all)/ X ,

-where N(’~yy) is the excess number of events
-in the peak over the smooth background, and
N(y?--all) is the total number. of Y’ events used to

.compile the inclusive spectrum, with the contribu-
tions from nonresonant hadronic and QED events
removed.

The quantity € 5, calculated to be ~ 0.8, is a cor-
rection for radiative losses, €X! is the average
trigger efficiency for all events, and €%, is the
trigger efficiency for signal events. The efficiency
€3, is taken to be equal to €?}! enhanced by the con-
tribution from the converted photon—this assumes
that the x (3415) has multibody decays similar to
% or ¥’. The ratio €}'/¢$,, determined by count-
ing the fraction of events in which a photon con-
version track was an essential part of the trigger,
is 0.74+0.07. There is a further 7% correction to
the branching ratio to account for internal con-
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versions.. The branching ratio is 0.063+ 0.022

for an isotropic photon distribution and 0.075
£0.026 for a (1 +cos’d distribution (favored by the
data in Sec. IIIC). The 35% relative error is the
sum in quadrature of the 17% statistical error and
estimated systematic errors of 20% in back-
ground subtraction, 20% in the photon detection
efficiency, 10% in the €2!!'/¢%, calculation, and

5% in the radiative correction. This result is in
good agreement with the results of the SPEAR SP-
27 collaboration'? and slightly larger than the
upper limits found by the HEPL experiment at
SPEAR.'®

'

5. Branching-ratio limits

We see no clear monochromatic signals in the
P or P’ spectra other than the line for the y’
~ X (3415) decay. ' To calculate the upper limits
for branching ratios for monochromatic signals,
we replace the number of signal events in the
branching-ratio calculation by the excess.over the

‘smooth background plus twice the error on total

number within a FWHM (full width at half-max-
imum) photon energy resolution. Allowing for the
~30% estimated errors, we interpret these limits
as 90% confidence-level upper limits. Table I
gives these upper limits for representative pho-
ton energies above 250 MeV at ¢ and ¢¥’. The
upper limits on the branching ratios for §~yX
(2830) and ¥ *~ ¥ X(2830) are 3.9% and 1%, re-
spectively, where the X(2830) is the state at 2830
+30 MeV reported by the DASP collaboration in’
¥ radiative decay.'® :

Below 250 MeV, the small and rapidly varying
photon-detection efficiency and the poorer photon
energy resolution make recognition of a mono-
chromatic signal difficult. Unfortunately, the
photons from transitions of ¥/ to y (8550), x (3505),
and the possible state at 3455 MeV (see Secs. III B
and IIIC) are below this threshold and are not ac-
cessible to study by this method.

TABLE I. 90%-confidence-level branching-ratio B
limits for monochromatic photon production above
0.250 GeV at ¥ and ¥’.

$(3095) . P’ (3684)
E,(GeV) Limit E,(GeV) Limit
0.26 0.039 0.40 0.0282
0.37 0.038 0.50 0.022
0.51 0.024 0.74 0.011
0.80 0.014 1.05° 0.010
1.10 .0.008

2 Limit for a narrow peak. See text for a discussion. of
complications due to the cascade photons.
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The Doppler-shifted photons from x — vy decays
are more than doubled in expected width, and
therefore are difficult to separate from the back-
ground and from each other. Thus, our mono-
chromatic limits do not apply to x =y ¥ decays.
Furthermore, the presence of the Doppler-broad-
ened second photons from the decays of the known
x states makes the background beneath any signal
in the 350-450-MeV region difficult to estimate.

B. ' =>yvy
1. Identification of cascade processes

Charmonium states of even charge conjugation
intermediate in mass between ¥ and ¥’ may be
produced in radiative decays of ¥’ and may subse-
quently decay radiatively to ¢, as shown in the fol-
lowing sequence:

pr=rx ' @)
vy,

In the simple charmonium model, in fact, the
3P0, 1,2 States are expected to decay dominantly
to v.> Thus, peaks in the ¥y mass distribution
from ¥ ’—yyy decays may reveal the presence of
such states. Earlier results of such an analysis
have been published.”*°

The ¥’ —yy ¥ events can be identified if one of -
the photons converts into an e*e” pair and the ¢ decays
by its e*e” or u*u" mode. Photon conversionsare
selected by almost the same criteriaasinSec. III A.*°
Background from " — 7*7"y events where the 7" 7~ sim-
ulate a converted photon is negligible, since the 7*7"
.mass spectrum peaks strongly at large values.?® The
Y is identified by its lepton pair decay; the ob-
served lepton pair mass is required to lie between
2.97 and 3.22 GeV and is then constrained to the ¢
mass. Two cuts are applied to reduce the back-
ground from ¥’ —e*e” or the QED process e*e”
—e*e” where one of the electrons radiates a pho-
ton: First, electron-pair events are rejected

oL Y'Yy X _

-0.05 0.0 0. 05 0.10 0.5

mi [ Gev/c? ]

FIG. 7. The missing mass squared recoiling against
Yy in Pyy candidates with one photon converted. The
shading is discussed in the text.

<m42< 0.03 (GeV/c?)?

when the angle between the energetic electron and
positron is greater than 177.5°, eliminating more
than 95% of the radiative background, but only
~8% of real ¥ = yyy, y—e*e” events; second,
events are rejected if the converted photon is
collinear within 10° with one of the leptons —five
events are rejected with this cut.

Figure 7 shows the missing mass squared, m,?
recoiling against the ¢y system for the 54 events
surviving the selection cuts. There is a peak at
zero m,” corresponding to true ¥’ —yy) events
and a broad background from ¢’ -~ 7°7% where one
photon from a 7° converted. Under the hypothesis
of ' =yy ¥, the direction of the missing photon
may be predicted from the observed photon and
the . The unconverted photon may be detected in
the 24 shower counters, which cover 65% of the
solid angle and have resolution of ~10° in azimu-
thal angle. The shading in Fig. 7 flags the de-
tection of such additional photons in the shower
counters: Darkly shaded events have a shower-
counter signal consistent with the missing photon
direction assuming a yyy decay, lightly shaded
events have no unconverted photons detected, and
unshaded events have one or more photons de-
tected in counters inconsistent with the 37y hypo-
thesis (as expected for ¥’ -7°% events). The
high correlation of shading with small m,? cor-
roborates the identification of events with small
my® as P’ ~ vy events,

The 27 shaded events with —-0.03 (GeV/c?)?
are kept as yyy candidates.
The unconverted photon is detected in the shower
counters in 15 of these events, consistent with the
shower counter acceptance and efficiency. Figure
8 shows the missing mass squared M,”* recoiling
against the § for these 27 events and also for
evenis with three or four detected charged tracks
in which a muon pair from ¥ decay was detected —
dominantly 3’ -~7"r"y. The M,*? distribution for the
three- and four- track events peaks at high values;
the same is expected for ¢’ —7°7% events. In con-
trast, the 27 candidates for §’—~yyy have a roughly
flat M, distribution, as expected for radiative
cascades by sequence (2).** Six events with M, >
> 0.27 (GeV/c?)? are removed as possible /=~ yn,
n —yy events (four such events are expected).

The remaining 21 events are constrained to fit
the reaction )’ -~ yyy. There are two ¥y combina- .
tions for each event; their effective masses are
plotted against one another in Fig. 9. The shaded
events have the unconverted photon detected in the
proper shower counter. The expected background
is one unshaded event and % shaded event.

There are three main clusters of events. The
mass spread of the high-mass projection of each of
these clusters is consistent with the expected



T T
ey X
300 VTV B
Lyt
'
) 3,4 PRONGS
S 200 + .
L
S
N
> 100 | 14
'__
=
w
>
w
O i { 1
V' —yyy
5 L Loete -
l BacA N O nlanlh
0
0 0.l 0.2 0.3

M2 [(Gevec?)?]

FIG. 8. Missing mass squared recoiling against the
Y for the 27 Pyy events and also for all 3- and 4-prong
events in which a ¥ was detected. .

rms resolution of ~8 MeV. The masses of the
three corresponding states are 3543 +7 MeV,
3504+ 5 MeV, and 3454 +7 MeV which we will
hereafter call x(3550), x(3505), and y (3455), re-
spectively. As usual, we take M(y’)=3684 MeV.
The mass spread of the low-mass projections of
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FIG. 9. The two solutions for ¥y masses from 21 ¥yy
events.
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each of the clusters is consistent with the expected
Doppler-broadened resolution of ~14 MeV, and in-
consistent with a resolution of 8 MeV, with a
confidence level of less than 0.025 for each clus-
ter. However, the events at 3454 MeV can be ex-
plained by a state at 3340 MeV with three events
and one event background. The states x (3550) and
x (3505) can be identified with states observed
through hadronic decays; there is no evidence in
hadronic channels for a state at 3455 MeV or 3340
MeV (see Sec. IIIC). The single event at 3413 MeV
is either from the x (3415) or a background event.

2. Branching-ratio determination

Correcting for ¥ branching ratios and the photon-
detection efficiency, we can calculate branching-
ratio products for ¢’—yy, x—=y¥. We define the
branching-ratio product as follows:

B(p'=yd, x=~vP)=B@'~vh)B(x ~v¥). (3)

The branching-ratio products for ¢’—vyx, x =v¥
are (0.8+0.4)%, (2.4+ 0.8)% , and (1.0+ 0.6)%

for yx (3455), x (3505), and x (3550), respectively—
all four events have been counted in the x(3455).
Taking the event at 3413 MeV in the high- mass
projection as signal, the branching-ratio product
for y (3415) is (0.2+0.2)%. The branching-ratio
products obtained by the SP-27 collaboration are
an order of magnitude higher than our result for
the x (3415) and a factor of 2 higher for the y (3505)

~and the x (3550).' The differences are at the level
* of 1.8, 1.5, and 1.0 standard deviations, respectively.

C. Hadronic decay modes of x

1. General procedure

The y states can be identified and some of their
hadronic decay modes can be studied by analysis
of the processes

Pr=xv, (4a)
X — charged hadrons. - ‘ (4b)

In the above chain, the photon is not directly de-
tected, but its presence can be inferred from mea-
surements of missing energy and missing momen-
tum provided that all the hadrons from the xy decay
are detected. The specific decay modes studied
are the following:

X ~mtrrtnT (5a)
—-71'1 KK~ (5b)
~m*r pp (5¢)
= ‘ (5d)
-7t ' (5e)
~KK. 51)
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Since the efficiency for detecting all outgoing
charged hadrons is rather high in comparison to
the efficiency of detecting photons in the manner
described in Sec. III A, this procedure potentially
has a high sensitivity for observing x states. It
suffers, however, from backgrounds produced
by the following two types of reactions:

3~ (charged hadrons)+m° (6)
and
¥’ - charged particles. (M

In reaction (6), the ‘photon” is actually a 7 ° pro-
duced with a collection of charged hadrons. In re-
action (7), there is no missing neutral particle;
but, because of finite measurement errors, the
observations are consistent with the emission of
a low-energy photon.

The background from decay processes (6) can
fortunately be kept quite small for the following
reasons:

(a) Decay modes of this form have relatively
small branching ratios.

(b) Such decay modes have a 7° spectrum spread
over a wide range of energies, whereas the pho-
tons in (4a) are monoenergetic and have relatively
small energy.

(c) The measurement of neutral missing mass by
which one distinguishes a photon from a pion is
most precise when the energy taken up by the
neutral system is small; this is just the situa-
tion applicable for reaction (5a).

These points have already been discussed in
some detail in an earlier paper,® and the more
extensive data sample now available confirms the
validity of the y-7° separation.

Processes (7) can usefully be subdivided into the
following mutually exclusive groups:

Y'=m'r7Y, ¥ —~charged particles, (8a)
Pr=e'e”, U, (8b)
%’ -~ charged hadrons. (8¢)

As will be seen in more detail below, the large
background from (8a) and (8b) can be completely
removed by appropriate cuts. Branching ratios
for processes (8c) are relatively small, and their
presence does not significantly affect the study of
the states discussed in this paper whose mass is
at least 130 MeV below the ¢ mass. However, they
do tend to mask any radiative decay mode leading
to photons. of energy less than 80 MeV especially
since the branching ratio for such states may be
expected to be small. Since the pseudoscalar
states might be expected to have masses just
slightly below those of the corresponding vector
(¥) states, this background will seriously limit

the sensitivity of any search for such states if
indeed they lie in that mass region.

The decay modes (5b), (5¢), and (5f) involve
charged particles other than pions. From the point
of view of kinematics, processes such as ' =~vx
~ym*1"K*K" or yn*r "pp can be ambiguous with
P’ =m*r"a*n (n7°). To help remove such back-
ground, we have used time-of-flight (TOF) infor-
mation and constructed for each event a measure

_of goodness of fit as follows:

2
RN S CREVA™

tracks [0

where the sum is taken over all tracks for which
time-of-flight information exists, £, and £,,.o4
are the measured and predicted flight times based
on the momentum measurements and the assumed
identifies of the charged particles. This X 2,pwas
used for both decay modes (5b) and (5c)-in a
manner described in the next section. For decay
mode (5f), the high momenta of the kaons preclude
useful separation in this way. However, the multi-
pion background in the kinematic region which
simulates (5f) is very small, and the separation
between (5e) and (5f) can very adequately be made
on the basis of the goodness of the one-constraint
(10) fit.

2. Selection of data samples

We now proceed to a more detailed discussion
of the selection of data samples for the various
x decay modes (5).

a. wrTTT.

(4) | Missing mass‘2 <0. 05 (GeV/c?)? to elimin-
ate multi-7° events.

(i7) (Missing energy —missing momentum) < 0.1
GeV/c to avoid confusion with decay modes X
~ 71K *K". For such modes, treated as though
they consisted of 7 *r"n*r ~, the missing energy
would normally be about 0 2 GeV greater than the
missing momentum.

(i44) (Missing mass recoiling against any 77 ")

< 3.05 GeV/c? to remove background from 77 P
and ny followed by ¢ -~e e or u*u” decays.

b. TTTTK*K".

(i) | Missing mass[? <0.05 (GeV/c?)?2.

(i4) (Missing energy (calculated as if all tracks
are pions)-missing momenturm)> 0.1 GeV/c¢ toavoid
avoid confusion with the mode x =7 *r "r*7 ",

(i44) Same as (iii) for w*n"w'*n".

(10) X 2o p(m T " K*K) < x 3o plm*n™mn 7).

It may be noted that requirements (¢¢) for the
above two modes guarantee that there be no over-
lap between the data samples.

c. T rpp. : o
(@), (@), (iii) Same as for 7*7"K*K".
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(19) X2or (M*TpP )< X 2op(M T K*K") and <xior

(m*n m*n7).

d. m'n mn et

(i) |Missing mass[?<0.05 (GeV/c )2,

(#4) Same as (i7) for m'r w'n".

(#47) (Missing mass recoiling against any 7*r")
outside the range 3.05-3.20 GeV/c? to remove
717 contamination.

The requirement (#4i) here is much less re-
strictive than for the four-body modes for two
reasons: There is much less 7*r") background to
remove, and such removal tends to cut more deep-
ly into the useful data sample.

e.m'r" or K'K".

(i) (Pulse height for both particles in shower
counters) < lower limit of range appropriate to
electrons.

(i4) Neither particle gives s1gnals in muon cham-
bers within 4 standard deviations of the predicted
trajectory.

(44i) Both particle momenta >1000 MeV/c¢ and
azimuthal angle between track momentum vectors
>160°,

(iv) Missing momentum transverse to the average
7*1" or K *K " line =50 MeV/¢ to remove radiative
e’¢ and u’u” decays not already cut out by (i) and

~ (i),

(v) Effective mass of charged partlcles when
treated as 7'r” outside range 3020-3190 MeV to
remove residual ~e’e”, u*u” events found in such
decay modes as ' - 71°gb, nd, Y.

The major problem in the selection of the sam-
ple for 71" or K"K is obviously the removal of
dilepton events arising from either )’ decay or
decay of ¢ produced from ' in a cascade process.
Cuts (i), (i1), (iv), and (v) reduce this background
to a negligible level.

3. Analysis of X hadronic decays

a. Geneval features. Samples selected in the
manner just described were fit to the 1-constraint
hypothesis (4) with the bubble-chamber program
SQUAW, and those events giving satisfactory fits
were retained in the final data samples. Ambiguit-
ies between the 7*7” and K K~ decay modes were
largely resolved by the kinematic fit. The 15%
of these events which remained unresolved were
apportioned according to which x? value was the
smaller (although the difference between the two
x2 values was of course small). There were no
other ambiguities between the various channels
(5a)—(5f). The mass resolutions in the regions of
interest for x states are typically +20 MeV/c?
after the fit.

The resulting mass spectra for the various chan-
nels are shown in Figs. 10 and 11. From these
spectra, one can make the following observations:

1739

¥’ (3684) ¥ +hadrons
T T T T \ T

a0 - 44 - I

T T (a)

EVENTS/(0.01 GeV)

8 . —

4 ' : .

OM% Al
3.0 3.2 34 3.6

Mass  (Gew/c?)
FIG. 10. Mass spectrum for multihadron state X fit

-+

to the reaction ¥’ —yX with X being @) =" #"n" 7~ , (b)
™ * K K", )7 1" pp.

(1) For all channels, the mass region above 3.3
GeV/c? is dominated by rather clear structures
which will be discussed below. The event popula-
tions outside of this region are a rough measure

¥’ (3684) — r + hadrons
Srr— 7T 71T T 71 T T 1

+_+_+__ - -
T T T T
10

| /w\w ]
o hinL_ridlon A

w
|,_
=
L
L1>J'5_ 7 or KYK™ B
10 - -
5,__ —
ln nnln”l | ["IP‘IH“‘I
3.0 34

EFFECTIVE MASS (GeV/c )
FIG. 11. Mass spectrum for multihadron state X fit

LR A T

. to the reaction zp’——'yX with-X being @) #" v~ 7" 7" 7" 7",

b) T 7" or K*K"
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of the background remaining after the cuts dis-
cussed earlier. The absence of events near 3.7
GeV/c? and 3.1 GeV/c? in the 7 '1~, K*K " spectra
testifies to the successful removal of dilepton
background arising from ¥’ or ¥ decay.

(2) Every one of the decay channels shows a
prominent peak at around 3415 MeV.

(3) The 47 and 7*7"K *K ~ spectra also show peaks
near 3500 and 3550 MeV although the 77" K*K~
signal near 3500 MeV is weak. The 67 spectrum
above 3415 MeV is compatible with populations
from these two states, but they are not clearly re-
solved. Compelling support for the interpretation
of the spectra of Figs. 10 and 11 in terms of two
states at 3500 and 3550 MeV comes from the ob-
servations of these two states by the techniques
discussed in Sec. IIIB.

(4) The summed 7*7" and K K~ spectra show
fairly clear structure at 3550 MeV, but no signif-
icant population at 3500 MeV.

(5) There is no evidence for hadronic signals at
3455.0or 3340 MeV, the possible masses for the
additional state suggested by the cascade data of
Fig. 9.

(6) There are clear peaks at the upper ends of
the *r™r*n", n*'r"K K", and m*r pp spectra. These
correspond to the direct decay modes ' —~7" 77n"1",
m'm"K*K", n*n"pp . These peaks appear in the
histograms centered slightly below the ’ mass of
3684 MeV because the 1C fit to which they are
subjected produces a “photon” of necessarily
positive energy and, hence, shifts them downward
by an amount comparable to the measurement
errors in momentum and energy balance,

(1) There are a few events in the m*7™r* 7~ and
7*n K 'K~ spectra between the clear peaks at 3550
MeV and at the upper end of the histograms. These
events may arise from the tails of the peaks, back-
ground, or from the decay of a pseudoscalar state
of mass just below that of the y’. There are not
enough data to resolve this question.

The results of perfoming fits to the histograms
in Figs. 10 and 11, as described in the next sec-
tion, and taking appropriately weighted averages
for the various channels leads to the following
masses deduced from hadronic decay modes:

M=3414 13, 350216, 3555+5 MeV/c?

for the three observed x states [taking as always
M(")=3684 MeV]. These values are in good
agreement with those deduced earlier from ob-
servations of converted photons, and can be identi-
fied with the x(3415), x(3505), and x(3550), re-
spectively.

b. Branching rvatios. The fraction of § ’ decays
which proceed via (4a) with a particular hadronic
final state f provides a measure of the product of
the two branching ratios,

B@'=rx, x=f)=BR"'=rx)B(x =f). 9)

To determine the left-hand side of (9), we use the
following relation:

N@' =% x~f)
N@'~ g)

€(g) ’
X —=< B(y’ -~

< W'-g, (10)
where g is a conveniently chosen final state pro-
duced in ¥’ decay with known branching ratio
By’ = g); €(f), €(g) are detection efficiencies for
the f and g final states, and N(¥'~¥x, x —=f),
N(y' -~ g) are the observed event populations for the

'B(zl)'»vx, x—f)=

two final states.

Table II shows the ¥’ final states g used in (10)
for the branching-ratio normalizations. These
final states are chosen to have just the same num-
bers of prongs as the corresponding x states with
which they are compared to remove some of the
systematic uncertainties.

To determine the populations of the various x
states in the several hadronic final states studied,

TABLE II. ¥’ decays used in normalization.

No. of Branching Corresponding
¥’ decay mode used decays Efficiency ratio x final states
e . 7r*‘7r:‘tr+ 1r'_
T, P~ 2660 100 0.22 (4.6 £0.7% T KK
alls TTpp
- rta~rtaTn0 = =
TETY; Y= ke 36060 0.074 (1.45+0.35)% wtrTat Tt
4= a LAk
wru 2454 0.56 (2.0 £0.3)% K K-

2 Includes resonance and QED contributions.
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B@'—vx) B(x—f)

B(x—f)*

Decay mode Events Efficiency
ik ) 32+6 0.19
KYK~ 27+5.5 0.16

atn Tt 18116 0.19
ntrTKYK™ 8311 0.11

Tt pp 23+6 . 0.18
mtrata Tt 378 0.08

Yy 11 0.0011

(7.5+£2.1) x1074
(7.8£2.3)x1074
(3.5+0.7) x1073
(2.8+0.7) x1073
(4.7+1.3) x1074
(1.4+0.5) x1073
(2 +2) x1073

(1.0£0.3) x1072

(1.0£0.3)x1072
(4.6+0.9) 1072
(3.7+0.9) x1072
(0.6+0.2)x1072
(1.9+£0.7) x1072
(3 +3) x1072

? We use B(¥' — yx)=0.075 as obtained in Sec. IIIA. The errors quoted for B(x —f) do not
include the overall scale uncertainty of 35% due to the error (+0.0026) in B(%’ — yX).

the histograms of Figs. 10 and 11 were fit with

the superposition of a smoothly varying background
term plus the contributions of the various peaks
from both x and ¥’ decay into the particular final
states. The shapes of these peaks were taken as
sums of several Gaussians of different widths cor-
responding to the range of calculated resolutions.
To take account of slightly different systematics

in the various decay modes, the x masses and the

overall scales of the resolution widths were
allowed to vary along with the relative populations.
The results of the mass fits have been incorpora-
ted into the best mass values for the three x
states given in the previous section. The popula-
tions obtained in these fits are given in Tables
I, v, V, and VL
. Efficiencies for both the ¥’ modes used in the
normalization and the x modes were calculated by
Monte Carlo methods. Besides the geometrical
efficiencies, other significant contr1but10ns in-
clude the following: .

(i) m*r"K*K", n*n pp—inefficiencies in the time-
of-flight selection; .

(i) T'r"K*K ", K*K"—K decay in flight losses;

(¢4i) m*7", K*K~—losses due to cuts used for
background removal;

(iv) four-prong, six-prong x modes—losses due
to ¢’—~m*r Y elimination cuts.

The resulting efficiencies and branching -ratio
products are given in Tables III, IV, and V.

We have estimated x branching ratios B(y - f)

by dividing the branching- ratio products
B(p"—~yx, x =f) by the ¢’ branching ratios into
the x states B(y’ —vx). For the x (3415) we have
used our measurement B(’ —yx(3415)) =0.075
+0.026 discussed in Sec. IIIA above. For the
x(3505) and yx (3550) we have used the results
given by the SPEAR SP-27.collaboration.’? The -
corresponding X branching ratios are given in the

.last columns of Tables III, IV, and V. The errors

quoted for these branching ratios do not include the
overall scale errors due to the uncertainties in the
values of B(y! =yy ) which amount to about 30%.

For completeness we have also exhibited in Table
VI the direct branching ratios B()’~f).?2 These
are all about a factor of 5-10 smaller than the cor-
responding i branching ratios. This is roughly
the same suppression as for the dilepton branching
ratios in'y and ¥’ decay.

c. Search for x decays into known resonances.
The effective mass spectra for nimerous com-
binations of pions and kaons have been examined
in an attempt to search for the presence of known
resonances. The only significant structure ob-
served comes from p and K*(891) in the 47 and
m'r K *K" final states, respectively. The 7*r"
and K*7* effective mass spectra for the x (3415)
are shown in Fig. 12. All three x states exhibit
substantial p and K* production. The fractions of
4m and 7*7°K *K ” final states which go via p7r
and K *Km are summarized in Table VIL It is
worth noting that no significant pp or K*(891)

TABLE IV. X(3505) branching ratios.

B’ —vx) B(x—f) B(x—/f*

Decay mode Events Efficiency
mtr Tt 74+12 -0.20

T KK~ 24 +7 0.11
Tt pp 64 0.19
rtnTrtrTataT . 4815 0.08
Yy 12+4 0.0011

(1.4+0.4)x1073
(0.8+0.3)x1073
(1.2+0.8)x1074
(1.9+0.7)x1073
(2.4+0.8) x1072

(2.0+0.6) x1072
(1.1+£0.4)x1072
(1.7+1.1)x1073
(2.7+1.1) x1072
(34£11) x1072

4 We use B@’ —vX)=0.071 from Ref. 10. The errors quoted for B(x —f) do not mclude the
" overall scale uncertainty of 27% due to the error (0.019) in B@’ — vX).
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TABLE V. x(3550) branching ratios.

Decay mode Events Efficiency B®’ —vx) B(x—f) B(x—/f)?

- v

”Kfor' 9:4 0.18 (1.9+0.8) x10™* (2.7£1.1) x1073
LA a8 89+12 0.20 (1.7£0.4)x1073 (2.4£0.6) 1072
T KYK " 478 0.12 (1.5+0.4) x1073 (2.1£0.6) x1072
Tt pp 135 0.19 (2.6+1.0)x107 (3.7+1.4)x107°
[SE I o b X o 2315 0.08 (0.92+0.6) x1073 (1.3+0.8) x1072
Y 42 0.0009 (1.0£0.6) x1072 (14+8) x1072

2We use B(’ —yXx)=0.070 from Ref. 10. The errors quoted for B(x —f) do not include the
overall scale uncertainty of 29% due to the error (+0.020) in B®’ — vXx).

K*(891) signal is observed for any y state, al- T T T
though there are no obvious selection rules which 40 - —]
forbid these processes; the observed p and K* (a)
are almost always accompanied by nonresonant - -
meson pairs. + -
d. Further properties of the X hadronic decays. —~ 30 T =
(1) The observed multipion ¥ decay modes have §
even G parity. Their branching ratios into such 0 — —
modes are 21%, large enough to suggest that they 8
represent isospin-conserving processes. It < 20 -
follows that the isospin of all the observed y ’s is 2
even. The direct ¢’ decay mode, ' E. - -
I I X A w o _j
has a much smaller branching ratio compatible
with the known odd G parity of the ’ and the ex- - .
pected rate on the basis of second-order electro-
magnetic decay. For the x (3415), the even iso- 0 - l I I ]
spin coupled with the significant K *K~ decay mode
establishes I =0 as expected on the basis of the 20 - —
¢ model. The same isospin assignment follows
for all the x states from the usual | AT |=0, 1 - E
selection rule of electromagnetic decay and the 3
zero isospin of the ¥’. 3 15+ —
S L i}
S
~
o S2 1o 7
TABLE VI. ¥’(3684) branching ratios into all charged . =
hadrons. L - N
w
Decay mode  Events  Efficiency B@'—f)? 5 ]
LaFarar 499 . 0.20 (0.45+0.1)x107° - _
(0.8 £0.2)x1073 |
Tt KT KT 538 0.12 to . 0
(1.6 +0.4)x1073 0 | > 3
o (0.4 £0.1)x107% MASS (Gev/c?)
Tt pp 417 0.19 to ,
(0.8 +0.2)x107% FIG. 12. (a) 7° 7~ mass spectrum from y (3415)
wrrTrtTTIt T 945 0.08 (0.15+0.1)x1073 —7* 77" 7~ (four combinations per event); (b) K *r*
mass spectrum from y(3415)—r* 1 K* K~ (two com-
? See Ref. 22. binations per event.
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TABLE VII. p and K* in x-state decays.

B(x —~p'n*77)

B(x — KXK*7) B(x—p'r*17)

State B(x—all ntn~n*71") . B(x—all 7t7"K*K ") B(x—K*K* %)
x(3415) 0.39+0.12 0.41+0.10 1.2+0.5
Xx(3505) 0.24+£0.20 0.35+0.18 1.2+1.2
x(3550) 0.31+£0.17 0.25+0.13 1.4x1.1
$’(3684) 0.93+0.26 0.42+0.12 1.2+0.6

(2) The observed equality of 7*r” and K *K ~
branching ratios agrees with expectations for an
SU(3) -singlet assignment for the x(3415).

(3) The observed ratios of

X=prnir ~n'rTrw"
X ~K*Krm -K*'t"K™1*

decay rates afe, for all three x states, in agree-
ment with the SU(3)-singlet predictions of % with-
in the rather large estimated errors (see Table
VII).3° ‘

(4) The branching ratios for x(3415) to 7™n",
7' r*r", and 77 w7 w7 ", namely, 1%,
4.6%, and 1.9%, are very similar to the values
1.3%, 4.0%, and 2.9% observed for ) decay to
the corresponding modes pm; 77w w W,

m*n "r’*r “r*r"nr° In making this comparison, a 7 °
has been added to go from x modes to correspond-
ing ¥ modes to take account of the opposite G
parities. )

(5) The radiative decay modes X - ¥ are prom-
inent for both x(3505) and x(3550), amounting to
roughly 34% and 14%, respectively, of all decays
of these states. These branching ratios are far
larger than those for any one of the detected had-
ronic modes. This strong preference for decay
into ¢ is reminiscent of the béhavior of the ¥’,
about half of whose decays go to $.*” The x (3415)
has only a very small branching ratio for decay
to ¥.

IV. SPIN DETERMINATION

" A. Information from hadronic decays

For the hadronic modes, one can ineasure the
distribution of 8, the angle between the beam di-

rection and the outgomg photon. The general form
1S23 25

W(cos)=1+A cos®0 1)

where | A | <1.

The value of A can be unambiguously predicted
only for spin J=0, namely, A=1. For spins 1 and
2, there can be several multipoles in the ampli-
tude and the predictions are not unique. How-
ever, if one assumes that only the dipole ampli-

tude contributes significantly, one obtains
A=_3, J=1,

A=%, J=2.

The actual experimental results, based on using
all the observed hadronic decay modes areas )
follows:

X(3415) A=1.410.4,
X(3505) A=0.1x0.4,
x(3550) A=0.3+ 0.4,

Figure 13(b) and Fig. 14 show the distributions
of | cosé | from which the above values of A are

| | o
¥'—mrx(3415) ()

oa X——7t7", K*K™ (56 Events) |

EVENTS
.
E
il
|

V'—7rx(34i5)
All Modes Seen (357 Events)

60 |- | +:l:

sl ]
20 __i_q_? iﬂ% |

o [ I N
0 0.z 04 0.6 0.8 |

Icos 81

EVENTS

FIG. 13. Decay angular distributions for y(3415).
Angles are defined in text and dashed lines represent
the predictions for J=0.
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I I B
L ¥ —— yx(3505)  (a) _|
16 |— + ‘;r//
§=s y ﬁ !
© o | |
Z /7
W ¥'——yx(3550)  (b)
w
I ‘l' +
|6+ <I* +
. ﬁ :
0 |
0 0.2 o.4 0.6 0.8 1.0
|cos @l

FIG. 14. Angular distributions for (a) x(3505) and (b)
X (3550). The dashed line represents the predictions for
J=0.

derived. Figure 13(a), which applies only to the

X (3415) ~7 1" or K* K~ mode, shows the distribu-
tion of |cosé’ |, where 6’ is the angle between the
dimeson line and the photon. This distribution

is expected to be isotropic for J=0, and would
normally contain terms in cos?6’ and cos*6’ if
J=2 (the next-lowest allowed spin for a C-even
state with a 77" or KK~ decay mode). Unfortuna-
tely, the statistics are small, but there is no
obvious deviation from isotropy.

The main conclusion from these results is that
only the x (3415) gives a good fit to spin 0, although
spin 2 cannot be rigorously ruled out. The x (3550)
cannot have spin 1, due to the presence of the 7*7"~
and/or K *K "~ decay modes, and does not fit spin
0 by about 2 standard deviations. The x(3505) does
not fit spin 0 by greater than 2 standard deviations.

B. The spin of the x(3505) from angular correlations

In the decay sequence p’'—=xy, X =¥y, ¥ =117,
the angular distributions of the photons and leptons
-with respect to the beam direction and to each
other depend on the spin of the x state.?®”*® These
distributions can then, in principle, be used to de-
termine the x spin.

1. Data sample

The data sample of 21 events in Sec. IIIB is in-
sufficient for a determination of the spin of ¥
states. This sample is small primarily because
we require the conversion of a photon and detection
of the conversion pair. We can obtain a larger
sample by detecting the photons directly in the
shower counters, at the cost of inferior mass res-
olution, as we have done in our earlier paper.®

The lepton pairs from ¢ decay are first selected
and analyzed in the manner of Sec. IIIB. In addit-
ion, we require the detection of exactly two pho-
tons. The azimuthal angles of the photons are de-
termined crudely by using the 24 shower counters
as a hodoscope. The polar angles are determined

‘by measuring the longitudinal position of the inter-

action in the shower counter from the relative
pulse heights in the phototubes at either end. The
rms angular resolutions are 75 mrad in azimuth
and 112 mrad in polar angle. The photon energy
information provided by the shower counters is
too imprecise to be of use.

The largest background is the decay ¥’ - r°r °
where only two of the four photons from 7 ° decay
are detected. The signal events are twice over-

_ constrained so that most background can be elimin-

ated by doing a, 2C fit to the hypothesis 3’ —yy
and making a x 2 cut (x2/d.o.f.< 2). ¢'=~yn, n=~vy
events are eliminated by removing all events for
which the missing mass recoiling agains the re-
constructed ¢ is greater than 520 MeV/c2.

Having performed the 2C fit, we reconstruct the
two possible masses of the intermediate state.
Figure 15 is an event histogram where each event
is plotted twice, once for each solution. The
X (3505) predominates in cascade decays in agree-
ment with the results from the totally indepen-
dent event sample discussed in Sec. IIIB. The
observed rms mass width due to resolution of 35
MeV/c? agrees with that predicted by Monte Carlo
techniques, also shown in the figure as the solid
curve. Because of the poor mass resolution, the
x (3455) and x (3550) are not well separated from
the x (3505). The solid curve includes the con-
tribution from ¢’ -~ yr°r ° background, shown separ-
ately as the dotted curve.

To reduce background; we consider only events
in the mass range 3465 MeV < M(x)< 3535 MeV.
We have a final sample of 136 events with an esti-
mated background of less than 15% from i’ = r°7°
decays and events from other y states. The
background is difficult to estimate due to large
uncertainties in photon detection efficiency, espec-
ially in the range 100 MeV—200 MeV, where the
detection efficiency is a rapidly varying function
of energy.
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FIG. 15. The reconstructed mass of yy pairs fit to
¥’ — 3 yy for events where both photons are detected in

the shower counters. The smooth curves are explained
in the text.

2. Spin determination of x(3505)

Angular distributions have been calculated by
several theorists.?37?5 We use the method of Karl,
Meshkov, and Rosner.?® We define the following
four independent momentum-energy four-vectors:’

e,: the positron beam (in the laboratory frame);

v,: the photon from ¥’ decay (in the laboratory
frame);

¥,: the photon from x decay (in the x rest frame);

e,: the positive lepton from ¥ decay (transformed
first to the x rest frame and then to the ¢ rest
frame). :

We define the corresponding unit three-vectors
2,, 71, 7,, and &, as the normalized spatial parts
of the above four-vectors. The angular distribu-
tions can be expressed in terms of five independent
parameters defined as follows:

cosa=7, *y, (-l<cosa<1),

cosf, =&, 9, (-1<cosb;<1),

cosh,=é,+7, (-1<cosb,<1),

¢, (-1 <o, <) ¢, is the azimuthal angle of
€, in the coordinate system,

where ¥, defines the z axis
and 7, defines ¢ =0,

¢, (=1 < ¢, <m) ¢, is the azimuthal angle of
é, in the coordinate system,
where 7, defines the z axis
and 7, defines ¢=0.

The parameters are chosen such that a phase-
space distribution corresponds to a uniform den-
sity in the five-dimensional space, except for ex-
perimental detection biases. In addition, if all
four processes (e*e =y’ P’ =xy, x =¢v, y=~1"1")
conserve parity, the angular distribution is
separately invariant under the four independent
transformations e, — —&,, ¥, ~ —¥,, V,— —7,, and
e,~ —e,. Assuming parity conservation, we can
use these transformations on an event-by-event
basis to restrict the range of any four out of the
five parameters to non-negative values: We choose
to apply these transformations to each event to
force all parameters except ¢, to be non-negative.
This reduces our volume in the five-dimensional
space sixteenfold.

If the x state has spin 0, the predicted distribu-
tion is unique, as both radiative decays must be
pure dipole. If the x state has spin 1, the ampli-
tude for each transition can be an arbitrary super-
position of dipole and quadrupole amplitudes.
Hence, the distribution depends on two free param-
eters, the ratio of the quadrupole-to-dipole am-
plitude in each decay. If x has spin 2, octupole
transitions can also contribute, and the distribu-
tions depend on four free parameters.

Our method for attempting to determine the spin
is a maximume-likelihood fit to the three hypotheses
that the x has spin 0, 1, or 2. We use the full
angular distribution in all five angular param-
eters. We bin the data in equal size bins, using
three bins in each parameter except for ¢,, which
we divide into six bins, making a total of 486 bins
in the five-dimensional space. The bin sizes are
chosen to be large compared to experimental reso-
lution, thereby minimizing systematic errors.

The binned data are corrected for detection ef-
ficiency determined by a Monte Carlo simulation
of the apparatus. The detection efficiency is com-
puted and corrected separately for ¥ - e*e” and

) -~ u*u” events. The relative number of cor-
rected events in each bin should be proportional to
the theoretically predicted distribution integrated
over the bin, ‘

As mentioned above, the distribution for x spin
0 is unique, while for x spin 1 (2) the distribution
depends on two (four) free parameters. We assume
that for x spin 2 the octupole transition amplitude is
negligible for both i’ and x decay, reducing the
number of free parameters from four to two. The'
results of the maximum-likelihood analysis over
the full five-dimensional angular distribution will
be given below. We first show the most important
projection.

Figure 16 is a plot of the corrected data as a
function of cosf,. The curves are the predicted
distributions for various x spin hypotheses, as-
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FIG. 16. Cosine of the angle between the photon dir-
ection and the leptondirectioninx —v¢; $—~1*1~. The
data have been corrected for acceptance biases. The
solid curves represent predicted curves for a given x
spin, assuming pure dipole decay. ’

X(3505) —=rV¥

Y ——yx(3505)

FIG. 17. Likelihood function assuming J, =1 as a
function of the relative dipole and quadrupole ampli-
tudes for each decay. The contours are explained in the
text. D indicates pure dipole decay, and @ pure quad-
rupole decay. D + @ indicate equal dipole and quadru-
pole amplitudes with the relative phase indicated. The
scale is linear in the square of either amplitude.

D+Q

X(3505) ——r¥

* T T
D-Q "D D+Q Q D-Q
¥'——yx(3505)

FIG. 18. Likelihood function assuming J, =2 as a
function of the relative dipole and quadrupole amplitudes
for each decay, assuming the octupole amplitudes are
zero. The contours are explained in the text. The scale
is the same as that for the preceding figure.

suming pure dipole decay. Spin 0 is disfavored by
over 4 standard deviations, while either spin 1 or
2 fit the data reasonably well. In principle, the
distribution in cosf, is just as sensitive to the ¥
spin as the distribution in cosf,, but the geometry
of the detector is such that photons within about
45 degrees of the beam are not detected, thereby
washing out most of the sensitivity.

The results of the full five-dimensional fit are
plotted in Fig. 17 and Fig. 18 (see also Tables VIII
and IX). The figures show the separate relative
likelihood function for spin 1 and spin 2 as a func-
tion of the relative dipole and quadrupole ampli-
tudes for each decay. Contours are plotted at in-
tegral intervals in standard deviation assuming
the likelihood function is a Gaussian; that is at »
standard deviations the likelihood function is
exp(-n?/2) times maximum. The likelihood func-
tion for spin 1 has four local maxima, while for

TABLE VIIL. Relative likelihood functions as a func-
tion of X(3505) spin, assuming ¥’—vyx and X —yJ are
both pure dipole transitions.

x(3505) - Relative Standard
spin likelihood deviations
1 1.00 0.0
2 0.063 . 2.3

0o 2.85%x107° 4.6

L
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TABLE IX. Relative likelihood functions as a function of x(3505) spin, allowing both decays
to be arbitrary superpositions of normalized real dipole and quadrupole amplitudes. Relative
likelihood functions are given at all.six local maxima of the likelihood function, as well as for
spin 0, where both decays must uniquely be pure dipole. (The spin-0 likelihood function is
corrected for the fact that there are two fewer free parameters than for spin 1 or 2.) Also
listed for each local maximum is the square of the quadrupole amplitude for each decay,
with the sign being the relative phase between dipole and quadrupole amplitudes. Errors
are given for the best solution for each spin. The amplitudes are normalized such that D?
+@%*=1, where D and @ are the dipole and quadrupole amplitudes, respectively.

Signed square of

X(3505) quadrupole amplitude Relative Standard
spin P'—yx X~ likelihood deviations

1 +0.09+0.11 +0.09+0.12 0.33 1.5

1 +0.09 +0.90 0.08 2.2

1 +0.98 -0.02 0.13 2.0

1 +0.97 -0.98 0.25 1.7

2 +0.18%8-38 +0.7380:43 1.00 0.0

2 , =0.72 +0.00 _ 0.24 1.7

0 1.87x107° 4.7

spin 2 it has two local maxima. Table IX lists

the six local maxima, as well as the unique solu-
tion for spin 0 and gives the relative likelihood of
each solution. Spin 0 is ruled out at the level of
almost 5 standard deviations. We cannot, how-
ever, distinguish between spin 1 and spin 2. Al-
lowing all possible combinations of dipole and -
quadrupole amplitudes spin 2 is favored over spin
by 1.5 standard deviations. If we assume that both
transitions are pure dipole, spin 1 is favored over
spin 2, but by only 2.3 standard deviations. We
note that for spin 1, one of the local maxima cor-
responds to both decays being nearly pure dipole,
while the other maxima correspond to one or both
decays being nearly pure quadrupole. On theo-
rectial grounds, it is unlikely that either decay
would be nearly pure quadrupole. For X spin 2
neither solution is closed to the dipole-dipole point.

The results given do not take systematic errors
into account. The only large systematic error
comes from contamination from 3’ - 7°7° and from
cascade decays of other y states. We can estimate
this error by varying the width of the x mass cut,
thereby changing the background-to-signal ratio
substantially. In all cases, from narrowing the
mass cut by 30% to removing it entirely, the likeli-
hood-function maxima move by less than 1 stand-
ard deviation. ' : '

For.x spin 1, the multipole amplitudes (dipole
=D, quadrupole= Q) are related to pure helicity
amplitudes in a very simple way.?® For each of the
separate decays ¥’—~yx and x -y, the x has three
possible helicity states, =0 and 2=+1. If parity
is conserved, the decay amplitudes of 2= -1 and
h=+1 must be equal, so there are only two in-
dependent helicity amplitudes which we call %, and

. h,. The helicity amplitudes and multipole ampli-

tudes are related as follows:

o= %2 (D+Q),
Iy = —‘/%(DV—Q),
or conversely:
D= %2 (hg+ 1)
- \/L_z (hg=11,) -

Hence, in Fig. 17, D+ @ and D - @ correspond
to pure helicity zero and pure helicity one, re-
spectively. Note that pure helicity states, es-
pecially 2=0, are strongly disfavored for both
decays. For x spin 2, the pure helicity states
h=0, h=1, and k=2 involve octupole components,
and thus do not appear anywhere in Fig. 18,

We thus can draw the following conclusions from
this analysis.

1. The x (3505) cannot have spin zero.

2. If the x(3505) has spin 1, each of the two tran-
sitions is nearly pure dipole or nearly pure quad-
rupole. Neither transition occurs with pure x
helicity zero or one.

3. If the x (3505) has spin 2, the preferred.solu-
tions (assuming no octupole contributions) are the
specific linear combinations of dipole and quad-
rupole amplitudes given in Table IX.

4. Even if we restrict both decays to be pure
dipole, which is a preferred solution for spin 1 but
not for'spin 2, spin 1 is favored by only 2.3 stand-
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TABLE X. Summary of y spin-parity information.

Information
source T /K'K" Photon angular Cascade Suggested
State final state distribution in angular JP
and hadronic decays correlations
mass
x(3415) JgP=0", 2", ... Consistent with .
3414 +£3 MeV J=0 . e o*
.X(3505) JP=0", 25,... J#0 (20 level) J =0 (50 level) 1
3503 +4 MeV suggested
x(3550) CJP=0", 27, .. J#=0 (20 level) 2"
3551 +4 MeV
X(3455)
3454 £7 MeV No information

ard deviations. Hence, even under that restriction
spin 2 -cannot be ruled out.

C. Summary of the spin information

We summarize the totality of the available infor-
mation on spins for the x states in Table X. Ob-
viously, the data are inadequate to provide an
unambigous set of spin assignments irrespective
of models. However, if we assume that the three
main states are the expected 3P, 3P,, and °P,

bound states of a quark and an antiquark, there isa .

unique spin assignment which is given in the last
column of Table X. Some additional support for
these choices comes from the following consider-
ations:

(a) None of the three well-established states can
be a pseudoscalar. This is of some significance
since the pseudoscalar states are the only pre-
dicted states which have not been identified. ‘

(b) On the basis of simple bound-state models
for the cc systems decaying via an electric dipole
transition, one expects that the widths I'(§’ =X 7)
for each state are proportional to (2J+ 1)k, °, where
J is the x spin and &, is the photon energy. From
the results of the SPEAR SP-27 collaboration,'?
these three widths are within about 30% of each
other. This result is compatible with the above
(2J+ 1)k,* factor only for the choice of spins given
in Table X.

There is no information on the spin of the x(3455).

V. DISCUSSION AND CONCLUSIONS

From the analysis which has been presented in
this paper we can arrive at the following conclus-
ions: .

1.. There are three clearly established states at
masses 34143, 3503+4, and 3551 + 4 MeV/c?

produced in radiative decays of the ¥’. The errors
quoted do not include an overall mass-scale un-
certainty of +4 MeV/c?. Each of these states has
been observed in this experiment in at least two
independent ways, and all have also been observed
in other experiments. The observed widths of the
states are in all cases consistent with the experi-
mental resolutions, setting upper limits for the
decay full widths of about 20 MeV. N

2. All of the above states have significant had-
ronic decay modes. The data on these decays are
all consistént with isospin-zero, SU(3)-singlet be-
havior as expected for ¢¢ bound states.

3. Both the x(3505) and x(3550) exhibit signifi-
cant branching ratios for radiative decays to .
From theoretical estimates based on electric
dipole transitions,?® "*” one might expect the partial
widths for these decays to be of the order of a few
hundred keV. - From the branching ratios, one"
would then estimate full widths for these x states
which are of the order of a few MeV or less. The
X (3415) radiative branching ratio is very small.

If its radiative width is comparable to that of the
other two states, its full width is substantially
larger. . )

4. None of the above three states can be a pseudo-
scalar. Unique spin-parity assignments cannot
be made, but if one assumes that they are the ex-
pected 3P, 3P,, and 3P, cC states, a highly pre-
ferred assignment is possible. Specifically, the
x(3415), x(3505), and x(3550) are assigned to J?
=07,1%,2%. It is interesting to note that if this
assignment is correct, the x(3505) is the charmon-
ium analog of the long-studied A,.

5. All transitions on which angular distribution
data exist, namely, ¥’~-vx(3415), ¥x(3505),
vX(3550) and x (3505) -y are consistent with dom-
inance by the electric dipole amplitude.



6. In the ¥ decay mode, there is some evidence
for another X state at a mass of 3455+10 or per-
haps 3340+ 10 MeV. There is no evidence for
hadronic decay modes of this state. A possible
interpretation might be the 7%, the pseudoscalar
expected to lie below the §’, although the §’ -n;
mass splitting would, in this interpretation, appear
to be surprisingly large. This interpretation leads
to the other theoretical problems as well.?

Another possibility is that the x(3455) is the lowest-
lying 'D, state of charmonium,?®

7. The DASP group has reported evidence for a
state at 2830 MeV produced radiatively from the
¥ and decaying into two photons.'® Although the

'
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mass separation from the ¢ is again unexpectedly
large, this state may be a candidate for the
pseudoscalar 7,. Our study of the inclusive pho-
ton spectrum from the ¥ sets a 90% confidence
level upper limit of 3.9% for the total ¢~ yX(2830)
branching ratio. Furthermore, we also set an
upper limit for the 3’ ~7X(2830) of 1%.
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