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Evidence for 7 resonances in antiproton—proton annihilations
at 2950 < /s < 3620 MeV
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We present the first high-statistics study of the 71 system over the mass range 1000-3000 MeV/c2. The experiment
was performed at the Fermilab Antiproton Accumulator, and the data sample consists of six-photon final states produced
in antiproton~proton annihilations at /s in the range 2950-3620 MeV. We find evidence for three states with masses
1488 + 10 MeV/c2, 1748 + 10 MeV/c? and 2104 + 20 MeV/c? respectively.

We have studied the spectrum of light quark mesons
using data obtained in an experiment to investigate
the resonant formation of charmonium in proton-
antiproton annihilations. The features of the experi-
mental setup, which includes a small interaction re-
gion as defined by a circulating antiproton beam and
a hydrogen gas-jet target and a large, fine grained elec-
tromagnetic calorimeter, combine to provide the pos-
sibility of measuring photon energies and directions
with good resolution over a large acceptance. The data
reported in this paper were taken in conjunction with
data-taking at the 7.(2980), J/w (3097), 'P,(3526)
and unconfirmed #.(3590) charmonium resonances.

The E-760 detector has been described in previous
publications [1]. We review here only the features
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relevant to the detection of neutral final states. The
detector is located in the AP50 straight section of the
Fermilab Antiproton Accumulator Ring and is a non-
magnetic spectrometer with cylindrical symmetry and
full azimuthal coverage. It consists of a central lead
glass barrel calorimeter (CCAL) with polar angle ac-
ceptance ranging from 12° to 70°, and a forward scin-
tillator/lead sandwich calorimeter (FCAL) with cov-
erage down to 2°. A silicon detector located at 8 =
86.5° measures the recoil proton spectrum and serves
as a luminosity monitor.

CCAL is comprised of 1280 lead glass blocks point-
ing to the interaction source, arranged in 20 “rings”
and 64 “wedges”. The energy resolution of CCAL is
o(E)/E = 6%/\/E (GeV) + 1.4%. The combina-
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tion of a small source size and good calorimeter gran-
ularity yields a precision in the measured direction of
photonsof 6(f) = 5.7 mrad and o (¢) = 12.3 mrad.

To achieve acceptable rates for charmonium events,
luminosities of up to 8 x 10% cm~2s~! are required
with a circulating beam of 4 x 10!! antiprotons at a
frequency of about 0.63 MHz, and an internal hydro-
gen gas-jet target density of about 5 x 10'> atoms/cm®.
The small size of the interaction region is defined
transversely by the dimension of the beam (about 3.5
mm for 95% containment) and longitudinally by the
thickness of the gas jet (about 6 mm).

To form the trigger, analog sums of signals from
CCAL were combined into an overall energy sum,
which was discriminated at a threshold correspond-
ing to approximately 85% of the interaction energy.
Veto signals from two scintillator hodoscopes (H1
and Veto Counter) were used to define neutral events.
Because of excessive rates in the forward direction,
which would lead to undesired deadtime in the accu-
mulation of charmonium data, a veto from the for-
ward calorimeter (FCAL) was normally added to the
trigger. Triggered events were then processed using
the Fermilab ACP system, where the total energy de-
posited was calculated, and only events with more
than 90% of the available energy were recorded.

Offline analysis identified each 3 x 3 grid of lead
glass cells, with a local maximum energy at the center
block, to be a single photon. Details of the reconstruc-
tion algorithm (e.g. separation of overlapping clus-
ters, rejection of pile-up) are discussed elsewhere [2].
Events were saved for further analysis if there were
six identified photons in CCAL and none in FCAL.
Each event was kinematically fitted to a six-photon hy-
pothesis with the constraints of total four-momentum
conservation. Two-photon invariant masses were then
calculated for all 15 pairs (fig. 1a), and each pair
with an invariant mass in the range 70-200 MeV/c?
(470-630 MeV/c?) was identified as coming from a
n° (1) decay into two photons. The # signal, as well
as w(783) and n’'(958) signals, are enhanced by re-
jecting all two-photon pairs in the z° window (inset,
fig. 1a). Events were then kinematically fitted to

p+p—n°+n+n°, (1)

p+p—-n+12°+7, (2)
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Fig. 1. (a) Two-gamma invariant mass distributions from
six-gamma events. The inset shows gamma’s not associated
with 70 decay. See text for details. (b) Two-gamma invariant
mass distribution for reaction (4) at 3.5 GeV CM energy.
The solid (dotted) curves are fits to gaussian (linear) forms
for the n signal (background). See text for details.

P4p—n’ 40+, (3)
and
P+rp—n+n+1. (4)

The two hypotheses with the highest probabilities
were saved, and if either of the photons from an 7
candidate combines with any other photon to form
a mass in the range 110-160 MeV/c?, the event
was flagged. In the final data-sample, only events
with a fit probability greater than 10%, above which
the distribution was flat, were retained. In addition,
events fitted to reactions (2)-(4) were rejected if
the above flag was set, and for reactions (3) and
(4) we required also that the probability of the sec-
ond best hypothesis should be less than 0.01%. We
have simulated reactions (3) and (4) using pure
phase space and isotropic production angular distri-
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Table 1
Integrated luminosities and numbers of fits to each hypothesis.
V5 (GeV) Integrated luminosities (pb~1) 270 4+ ¢ 70+ 2n 3
3.0 3.07 2.19 x 108 7.15 x 108 5.19 x 10* 3.50 x 10°
35 18.35 1.46 x 108 4.68 x 10° 7.30 x 104 6.43 x 103
butions to estimate the percentage of events rejected 00(2180) a,(1320)
by these cuts, which is approximately 30%. The re- |

jected events have an #n mass distribution which is
smoothly varying from 1100-2800 MeV/c?. Table 1
summarizes the data-sample, with the numbers of fits
to each reaction, where we have grouped the data in
two energy samples for convenience. Reactions (1),
(2) are the subject of a separate paper [3].

As an illustration of the levels of background
present, we show in fig. 1b the data from the 37 re-
action at 3.5 GeV, where we plot two-photon mass
combinations in the # mass window after the six-
photon kinematic fit. Fitting to a gaussian together
with a first-order polynomial to describe the back-
ground, we find a mass, RMS width and integrated
background (dotted curve) equal to 547.9 + 0.2
MeV/c?, 17.7 + 0.2 MeV/c? and 13.3% respectively.
For reaction (3) the integrated background under the
7° peak is 2.3%, and for the # it is 12.3%. These rep-
resent upper limits, as kinematic fitting to reactions
(3) and (4) has not yet been attempted.

The Dalitz plots for reaction (3) shown in figs. 2a
and 2b are complex, with many crossing bands
present. In addition to n# states, we also have to con-
sider the spectrum of nz states. Bands correspond-
ing to the ap(980) and a,(1320) are present, and
in both plots at least three states decaying to nn, at
1500 MeV/c?, 1750 MeV/c? and 2100 MeV/c? are
strongly suggested. These are also visible in the mass
projections shown in figs. 3a and 3b.

The CM production angle acceptance for a state de-
caying to n7 in this experiment is limited to approx-
imately | cos{(f8%) |< 0.5. We have calculated the de-
pendence of the acceptance on the mass of the n# pair,
for various production and decay distributions. We
find the acceptance to be typically 15% overall, and
to be a smoothly varying function over the #n mass
range in question.

Fitting the nn mass projections of figs. 3a and 3b
to three Breit-Wigner structures plus a polynomial
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Fig. 2. Dalitz plots for reaction (3) at (a) 2980 and (b)
3526 MeV CM energy.

background over the full mass range (fig. 3a) and up
to 2250 MeV/c? (fig. 3b) gives the following average
values for the masses and widths of the three features:
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Fig. 3. nn mass projections for reaction (3) at (a) 3.0 and
(b) 3.5 GeV CM energy. The curves are fits to three states
plus background. See text for details.

X(1500) : M = 1488 + 10 MeV/c?,
I' =148+ 17 MeV/c?,

X(1750): M = 1748 + 10 MeV/c?,
I' = 264+ 25 MeV/c?,

X(2100) : M = 2104+ 20 MeV/c?,
I' =203+ 10 MeV/c>.

The fit to fig. 3b has been restricted to M < 2250
MeV/c?, since it is found that the region above this
value cannot be described by a single additional Breit—
Wigner plus background.

Fitting the #7r mass projection in the same way gives
the following results for the mass and width of the
a;(1320):

M =1324+5MeV/c*, I =118+ 10MeV/c?.
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Fig. 4. nn mass projections for reaction (4) at (a) 3.0 GeV
and (b) 3.5 GeV CM energy. The curve is a fit to one state
plus background. See text for details.

These are in agreement with the accepted values for
this resonance [4]. We have performed similar checks
on other well-established states observed in our data,
including w(783), n'(958) and f,(1285), which con-
firm (784+2,958+3 and 1282144 MeV respectively)
the correctness of our mass scale.

For reaction (4), features which can be distin-
guished in the 3.0 GeV Dalitz plot are strong bands
corresponding to a mass of approximately 2100
MeV/c?, and an accumulation at the center of the plot
where resonances in the range 1500-1900 MeV/c?
would overlap. The Dalitz plot for the 3.5 GeV data
suggests considerable structure in the 2000-2600
MeV/c? mass range. Figs. 4a, 4b show the 57 mass
projections. For comparison with the znn results, we
have attempted a fit to the 3.0 GeV data (fig. 4a)
and find a mass and width of 2080+ 20 and 131+ 10
MeV/c? respectively for the 2100 MeV/c? state. At
this time, we conjecture that the absence of a sin-
gle isolated peak at 2100 MeV/c? in fig. 4b may be
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due to the existence of yet further n# structure(s) at
higher mass.

We now consider possible identification of these
states with known resonances. In the case of the state
we have labelled X (1500), one possibility is that it
is the f>(1520) recently observed in annihilations at
rest by Aker et al. [5] with M = 1515+ 10 MeV/c?,
I = 120 + 10 MeV/c?, and also in the present ex-
periment [3]. If this is the same object, we estimate
the ratio of its decays to 2 and 27° to be 2.4+ 0.5%,
where the error is statistical only. Taking into ac-
count model-dependent assumptions for acceptance
and background, we estimate that the systematic error
on this ratio is of order 50%. This ratio is significantly
larger than for the £ (1270), where it is 5.3 x 1073
and the decay to n7 is limited by phase space. Another
possibility is that we may be observing the f;' (1525),
though at a mass lower than the accepted value. In
fact, direct evidence for decay of the £,/ (1525) to 27
is rather weak [6], and consistent with its being a
lower-mass object in the n#n channel.

In the region of 1750 MeV/c?, two possibilities
present themselves: the narrow (< 80 MeV) X (1740)
seen by Alde et al. [7] and the well-established broad
fo(1710), which has been observed [4] decaying to
nn. Again, the evidence for the latter decay is weak.
We see no evidence for the f; (1590) reported by Alde
et al. [8].

The state at 2100 MeV/¢? is also difficult to identify
unambiguously. Of the known states in this region,
the f3(2050) has a mass and width not much different
from the values found above, but its reported branch-
ing ratio to n7 is too small to explain this large effect.
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The most likely candidate seems to be the f,(2175)
seen by the GAMS Collaboration in central produc-
tion [9]. Our observation of a 27° enhancement at a
significantly lower mass of 1964 + 35 MeV [3] pro-
vides little assistance in understanding this state.
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