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Single-arm missing mass (MM) spectrome- MM spectra of the reactions
ters have been used by several groups to study p+p—~p+p+MM, (1)
inelastic p-p scattering.!™® Peaks were observed p+p—~p+mt+MM (2)
fit the positions OF 1«';n0wn nucleon %sobars and have considerable structure and permit a rel-
interpreted as arising fro¥n reactions of the atively large fraction (more than 1) of the events
type p+p -,.‘D +N*. By add.mg a sc?cond. spectrom- detected in our configuration to be ascribed
eter a?'m it becomes poss'lble to 1.dent1fy three- to well-defined reactions. The most striking
bF)dy final states. In particular, if both the of these reactions is p+p—=p +p +«°, which
f1na1-stat.e protons are measu.red, a plot of accounts for about 6% of reactions of type (1).
the invariant missing mass will show peaks The spectrometer was set up as shown in
?or those channels ir} which ? neutral boson Fig. 1 in the external proton beam area of the
1s the unobserved third particle. zero-gradient synchrotron (ZGS) at the Argonne

In and1rt1;t1al at.tterrlt;?t to ca;ryhout ]:uch a ftudy National Laboratory. The trajectories of the
we use € automalic Spark-chamber system particles incident on the liquid-hydrogen tar-

rege?,ntly developed at‘ the University of Chl‘ca..- get (4 in. diameter, 12 in. long) were not ob-
go”s" and measured simultaneously two positive

particles produced by 12.3-BeV/c protons in

a hydrogen target. The experimental setup
consisted of two spectrometer arms, one of
which detected the forward-scattered proton

at an angle of 5.0+ 0.5 deg and four-momentum
transfers 0.8 <-£<1.3 (BeV/c)?, and the oth-
er of which accepted positively charged parti-
cles at an angle around 35° and low momentum ?A‘;‘;";:'?'e
(1.2-2.8 BeV/c). The particles detected in the

first arm were always assumed to be protons,
and the particles in the second arm were iden-
tified as protons or 7+ with the help of a gas
Cerenkov counter and time-of-flight measure-

FIG. 1. Experimental layout. C1-C3 and C5-C7 are
i-in.-thick scintillation counters for triggering; C4

ments. and C8 are 2-in.-thick scintillation counters for time-
This paper is an account of the results ob- of-flight measurement. SC1-SC8 are spark chambers;
tained. In particular, it will be shown that the M1-M4 are bending magnets.
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served; therefore, the beam was carefully ad-
justed to be as parallel to the axis with as lit-
tle angular spread at the target position as pos-
sible. Each spectrometer arm consisted of
a pair of magnets and four spark chambers
as shown in Fig. 1. The intervening spaces
were filled with helium bags to reduce the mul-
tiple scattering. For single-arm events the
chambers were triggered by a threefold coin-
cidence of counters 1,2,3 or 5,6,7. For two-
arm events a sixfold coincidence was required.
Counters 4 and 8 were used to measure the
time difference between the arrival of the two
particles at the ends of the arms. In addition,
a gas Cerenkov counter of 250-cm effective
length (containing 600 1b. of Freon-13B1 gas
at 150 psi) was used in the low-momentum arm
to differentiate between pions and protons.
Each spark chamber was viewed by a Vidicon
camera with a mirror system that put both the
horizontal and the vertical view on the Vidicon
screen. The spark coordinates were digitized
using a 10-Mc/sec clock and the data recorded
on magnetic tape. Auxiliary data, such as the
event number, pulse number, real time, mon-
itor counts, magnet currents, Cerenkov pulse,
and time of flight were also recorded for each
event. The time needed for recording one event,
including erasing of the Vidicon image, was
about 115 msec. With the long beam spills (up
to 400 msec) available during this run it was

possible to record as many as 3 events per pulse.

If no two-arm event was being recorded, a one-
arm trigger would be accepted during the last
10 msec of each pulse. The laboratory solid-
angle acceptances were 31 pusr in the high-mo-
mentum arm and 225 usr in the low-momentum
arm. Typically, the number of protons per
pulse was 10% and yielded 0.8 one-arm events
and 0.3 to 1.0 two-arm events. Our data are
based on 4.6x 10'* proton traversals of the 2.02
g/cm? liquid-hydrogen target.® The chamber
construction and associated electronics have
been described before® and a more detailed
account of the system will be published short-
ly.”

The magnetic tapes were analyzed on an IBM-
7094 computer, in general within 24 h. The
analysis consisted in reconstructing a track
from the digital readout, fitting a trajectory
through each set of four chambers and second
bending magnet, and tracing back through the
first magnet to the target. The program then
computed the kinematical quantities: momen-
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ta, angles at emission, location of interaction
in the target, time of flight, etc. The comput-
er programs and selection criteria for “good”
events will be described elsewhere.”

The precision of momentum measurement
was about +1% at 10 BeV in the high-momen-
tum arm and +0.1% at 2 BeV in the low-momen-
tum arm. Systematic errors of up to +0.1%
were possible due to insufficient knowledge
of the magnetic fields. Multiple scattering lim-
ited the precision of the determination of the
emission angle at the target to +0.3 mrad for
the high-momentum particle and +1.5 mrad
for the low-momentum particle. The intersec-
tion of the two trajectories within the target
could be established within 1.5 cm. The angu-
lar spread of the incoming beam was measured
and found to be +1 mrad. The momentum spread
of the incoming beam was not determined di-
rectly, but is estimated to be better than +1%.
From these uncertainties the calculated error
of the missing mass squared turned out to be
A(MM?2)=0.030 BeV? for Reaction (1) and 0.050
BeV? for Reaction (2). These compare well
with the observed widths in the actual measure-
ments (see Fig. 3).

The one-arm MM spectra in our experiment
are similar to those obtained by the Brookhav-
en group* for comparable energy and momen-
tum transfer. Figure 2 shows one of our spec-
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FIG. 2. Missing-mass spectrum for protons detect-
ed in the high momentum arm. The total number of
events is 55588. The spectrum shown was obtained at
a magnetic field B;=15.7 kG in M1 and M2. The cor-
responding spectrometer acceptance in the momentum-
transfer missing-mass plane for the high-momentum
arm is shown in the inset.
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Table I. Differential cross sections at 12.3 BeV/c.

—~t 90 /0t
Process (Bev?) (ub/BeV?)
prp—p+p 1.31 7.3+1.5
p+p—p+N*(1518) 1.17 1.4+0.4
p+p—p +N*(1688) 1.13 3.7+0.9

tra where the elastic peak and peaks correspond-
ing to the N*(1518) and N*(1688) can be clear-

ly seen. The corresponding cross sections

are given in Table I. The principal error in

the isobar production cross section comes from
the uncertainty in the background subtraction.
Note that the other known isobars in the mass
range covered by our experiment do not seem

to contribute appreciably.

In our arrangement the identifiable two-body
processes constitute only 2% of the events.
Much more structure is evident in the two-arm
events. We divided our events into “pion events”
(p+p—p+mt+MM) and “proton events” (p +p
—p+p+MM) according to whether the coinci-
dence was accompanied by a Cerenkov pulse
or not. In addition, all events which did not
have the proper timing corresponding to this
identification were rejected. This eliminated
most cases where the Cerenkov pulses due to
pions have been missed or where protons ac-
companied by knock-on electrons produced
Cerenkov pulses and were mistakenly identi-
fied as pions. In addition, the timing restric-

tion rejected K* events and reduced the back-
ground due to accidentals.

The MM spectra for “pion events” and “pro-
ton events” are shown in Fig. 3. The data shown
include that from three different settings in
the low-momentum arm (B,=13.5, 16.6, and
17.8 kG), but with the same magnet setting in
the high-momentum arm (B,=15.7 kG). The
figure also shows the contribution of acciden-
tals to the MM spectra. The distribution of
accidentals was obtained by combining one-arm
events at random and normalizing to the num-
ber of events in the region of nonphysical miss-
ing masses. In the data shown 25% of the events
are accidentals.

The spectrum for “pion events” is relative-
ly simple. The main feature is a prominent
neutron peak corresponding to the reaction p
+p—~p+n+mt and containing about 50 % of all
“pion events” above the background of acciden-
tals. Above the peak is a broad distribution
of higher missing masses about which little
can be said because of the poor statistics, but
the shape of the curve suggests some contri-
bution of N*(1236).

The MM spectrum from “proton events” shows
a prominent 7° peak corresponding to the re-
action p+p—p+p+7°. This is given in great-
er detail in the inset to show the resolution
capabilities of our arrangement. In addition,
the spectrum has the following features: The
two-pion edge is as steep as the instrumental
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FIG. 3. (a) Total missing-mass square spectrum of events of the type p +p—p +7T+MM. Total number of
events is 1234. The dashed line shows the calculated contribution of accidental coincidences (311 +44 events). The
horizontal bar indicates the computed resolution. (b) Total missing-mass square spectrum of p +p —p +p + MM.
Total number of events 6331, calculated accidentals 1659 +245.
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resolution allows. This suggests some enhance-
ment in the di-pion state near threshold. How-
ever, because of the uncertainties in the thresh-
old behavior of the two- and three-pion produc-
tion, it is not clear that the broad peak in the
vicinity of 400 MeV is due to a ¢ resonance.
The evidence for such a resonance has not been
decisive,’ although good arguments for its ex-
istence have been put forward.®>!* We observe
a peak centered at the n° mass. The shape ap-
pears to be anomalous, but this could be an
effect of statistics. The most striking feature
of the spectrum is the narrow peak at 780 MeV.
The width, full width at half-maximum =50
MeV, corresponds to the experimental reso-
lution. The position of the peak and its narrow
width identify it with the w° and the reaction

as p+p—~p+p+w’. There seems to be no ap-
preciable production of the p°. The dominance
of w° over p° production in p-p collisions has
been noted by others.'? No significant features
are evident at masses higher than the w® mass.
The decreasing acceptance of the spectrome-
ter and increasing fraction of accidentals at
our setting made the observation of higher res-
onances more difficult.

We denote by the subscripts 1 and 2 the par-
ticles detected in the high-momentum and low-
momentum arms, respectively, and by 75 the
mass of the remainder. The vector momentum
51 establishes the invariant mass m,; and the
square of the four-momentum transfer —f of
the recoiling system. The m,; distribution with-

in the w® peak shows no significant correlation,
suggesting that the «° is produced directly rath-
er than as a decay product of a nucleon isobar.
From our data the same can be said of the 7°,
7, and 7° production.

We calculated the differential cross section
for boson production by using the m,; distribu-
tion in the neighborhood of the peak for a back-
ground subtraction. Table II gives the values
of

2%/ amzszatanzb

for the values of m,,, ¢, and cos@zb accessible
in our experiment. The superscript b refers
to the center of mass of the whole system.
The cross section is generally highest near
the threshold value of m,, and decreases for
increasing values of this quantity.

In all the identified reactions, the bosons
seem to be produced directly and not as a de-
cay product of nucleon isobars. This indicates
that, where ¢ is not small, direct boson pro-
duction competes effectively with pion produc-
tion via nucleon isobars at high energy. More-
over, a given boson is seen most readily near
the threshold value of m,,. We hope to use this
fea}ture in looking for more massive bosons.

It is a pleasure to acknowledge the collabo-
ration of R. L. Armstrong, R. Gabriel, H. Hin-
terberger, J. Lillberg, J. Michelassi, P. Plowe,
and R. Wilberg in the construction of the ap-
paratus and the running of the experiment.

We are indebted to the entire ZGS staff, espe-

Table II. Differential cross section for boson production in p-p collisions at 12.3 BeV/c. 630/am2323t8£22b in pb/
st BeV* is given for various boson-nucleon final states as a function of myg for values of — and 8,9 close to those
indicated. To show the relative behavior only the statistical errors are given. Systematic effects contribute an un-
certainty of about +25% to the absolute values.

Boson-nucleon final state

My —t

(BeV) Bev?) pm° prt ° pwl
1.5 1.18 7.2£0.7

1.6 1.15 2.2+0.3

1.7 1.12 1.4+0.2 1.3+0.2 1.1+0.4

1.8 1.09 1.1+0.2 1.7 +0.1 0.75+0.28

1.9 1.06 1.1+0.2 1.3+0.1 0.33+0.19 1.8+0.4
2.0 1.02 0.75+0.14 0.69 +£0.09 0.39+0.19 0.91+0.29
2.1 0.98 0.58+0.13 0.51 +0.08 0.32+0.15 0.65+0.23
2.2 0.94 0.28 +0.08 0.25+0.06 0.02+0.11 1.0 +0.2
2.3 0.90 0.17 +0.07 0.05+0.03 0.53+0.16
2.4 0.86 0.13 £0.07 0.30£0.12
2.5 0.84 0.02+0.09

<92b) —132° —117° -135° —135°
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cially A. Glowacki and C. Testin, for their help
in setting up the experiment and providing the
proton beam for our use. We are indebted to
Dr. Roland Winston for the design of an efficient
light funnel in our Cerenkov counter.'3
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OBSERVATION OF THE B MESON IN THE REACTION p +p =~ o + 7t + 777
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The B meson, decaying into w9+ 7%, has been observed in pp annihilations at rest in

the reaction p +p— wl+7t+717,

The mass and width of the B meson as observed in this

reaction are M=1200+20 MeV and I'=100 +30 MeV.

Evidence for an w7 resonance at 1220 MeV,
called the B meson, was first reported by Abo-
lins et al.' in 1963. Since then evidence for
both charged states of the B meson, decaying
via w°7%, has been obtained in a number of
experiments.? Recently, however, the inter-
pretation of the enhancement in the wm mass

spectra as a resonant state has been questioned.®»*

The purpose of this note is to present evidence
for the production of the B* meson in the an-
nihilation of antiprotons at rest in hydrogen.

The details of the experimental procedure and
analysis have been published.®

The present study is based on 16 934 events

of the type
pp-mtemten+a™ +1° (1)

Figure 1 shows a fit of a Gaussian plus a sec-
ond-order polynomial for background to the
7tr~7° effective-mass spectrum from Reac-
tion (1) in the region 650 to 950 MeV. The best
fit, centered at M ,=783.4+0.7 MeV, with ¢
=19.9 MeV, corresponds to 3221 events of the
two-step process

p+p—=w+mt e

L.

T+ 70, (2)
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