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%'e measured exclusive cross sections for pp annihilation into channels with one or
more Eq at six incident momenta from 403 to 67G MeV/c. No energy dependence was
observed in these cross sections, nor was there any energy dependence in the fractions of
various resonances produced in three- and more-body annihilation channels. Taken to-
gether with the data of Petitjean, there seems to be a weak indication of a broad enhance-
ment in the @@ ATE&KL cross section at an incident momentum of around 500 MeV/c.
The angular distribution of E~ suggests the presence of the 'Dl and/or 3D3 partial-wave
amplitude in this channel.

I. INTRODUCTION

As part of our continuing effort to study all as-

pects of antiproton-proton interactions in the
incident-momentum range 370 to 730 MeV/c,
which covers the now somewhat controversial
S(1936) meson, we undertook to study antiproton-
proton annihilation into channels with at least one
visible Kq. Data on these channels exist for an-
nihilation at rest' and 700 ' and 1200 MeV/c, '

but hardly any data exist in our momentum range.
The only data that do exist are on the pp —+K+KL
channel, of which one set of data is in
disagreement with the others, and on the pp
~KqK+-~+ channel. ' Therefore, the purpose of
this study was to fill the gap in the data on these
annihilation channels with at least one visible Eq,
and to compare our data with those at rest and at
the higher momenta to see if there was any
momentum-dependent behavior in cross sections
both for the observed final states and for resonance
production in some of the fmal states. (The data
at rest and at the higher mornenta show copious
production of resonances in many three- and
more-body final states. }

II. EXPERIMENTAL PROCEDURES

This study is based on 245000 pictures obtained
from the Columbia-BNL 30-in. liquid hydrogen

bubble chamber at the Brookhaven Alternating
Gradient Synchrotron (AGS) exposed to a low-

energy separated beam of antiprotons, whose nomi-
nal momenta at the center of the bubble chamber
were 403, 480, 537, 584, 630, 670, 697, and 728
MeV/c. In this study, about 205000 pictures tak-
en at the lower six momenta were used. The de-
tails of the experimental setup are given in Ref. 11.

The contamination of the beam by sr 's and

p, 's was estimated to be 10%. These tracks could
be identified unambiguously from their bubble den-
sities, and were duly taken care of in the flux
counting for the total-cross-section measurement. "

Even though the amount of contamination was
expected to be much smaller than that by m 's arid

JM 's, a potentially more troublesome contamina-
tion was by K 's, since K 's would produce K
and A at our beam momenta, which could simulate
the reactions of interest. The bubble density of
K tracks was such that they were not easily iden-
tifiable. We, therefore, estimated the contamina-
tion of the beam by the E from the number of
A's produced by the beam tracks, and for the 670-
MeV/c exposure, from the number of r decays in
the beam tracks as well. A total of four A's found
this way and one ~ decay correspond to a contam-
ination of 0.08%. (We used an average cross sec-
tion of 5 mb for A production by K in our
momentum range to arrive at this figure. }
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TABLE I. Number of events for each topology at each incident momentum.

Topology 403 480
Momentum (MeV/c)

537 584 630 670 Total

OP1V
OP2V
2P1V
2P2V
4P1V

75
12

342
54
12

45
9

285
36
12

53
17

298
59

8

37
8

238
30
9

53
18

308
34
16

46
13

244
33
10

309
77

1715
246

67

All 495 387 434 322 429 346 2414

The entire film was double scanned for event to-
pologies involving at least one vee. Each topology
was designated as nPIV, where n is the number of
the secondary charged particles at the production
vertex and m is that of the vees. The topologies of
interest were: OP1V, OP2V, 2P1V, 2P2V, and
4P1V.

A total of about 2400 events was found. The
number of events for each topology of interest at
each momentum is listed in Table I. The scanning
efficiencies for the topologies involved are listed in

Table II. All events were measured and spatially
reconstructed in a standard way.

In order to use only well measured events for
further analyses, a fiducial volume was defined for
the production vertex and another for the decay
vertex. Events falling outside the fiducial volumes

were rejected. The fiducial volume for the produc-
tion vertex was 48 cm in diameter and 19 cm in

depth, and that for the decay vertex was 52 cm in

diameter and 27 cm in depth, both centered at the
center of the bubble chamber.

The events which failed in the spatial recon-
struction procedure were remeasured at most twice.
The events which failed spatial reconstruction after

the third measurement amounted to 1.2% of the
total number of events, and were discarded. The
cross sections were properly corrected for these
events. Each spatially reconstructed event was fit-
ted to various kinematical hypotheses depending on
its topology. The kinematical hypotheses tried are
listed below for each topology:

0PlV:;, ~,'(~),
OP2V: pp~KsEs ~

pp EsKs~'

2P1V: pp~EsE m+

pp Ks0

pp sc,'(z')~+~

2P2V: pp~EsEs~+

pp EsEs0 0 + — 0

4P1V pp —+K E-+n.+m+m

pp K K—+++~+~ m. ,

pp ~Ez(E )2m+2rr

TABLE II. Scanning efficiency (in %) for each topology at each incident momentum.

Topology 403 480
Momentum (MeV/c)

537 584 630 670 Average

OP1V
OP2V
2P1V
2P2V
4P1V

94
89
96
98
89

96
96
98

100
93

97
100
98

100
98

98
100
98

100
92

94
98
96

100
85

93
100
96

100
89

96
100
97

100
90

Average 98 97 98
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where (E ) means missing X or E .

III. EVENT IDENTIFICATION

A. Kg identification

In the above kinematical fitting, vee's were al-

ways fitted to the hypothesis Ez~n+n. firs. t with
its direction as known [three-constraint (3C) fit],
and if this failed, with its direction as unknown

(1C fit). Since in our momentum range p 's do not

produce the A, all vee's were fitted to this hy-

pothesis only. A vee whose fitting probability to
the 3C Eq decay hypothesis was greater than 0.1%
was accepted as a Eq. A vee which did not meet
this 3C criterion, but fitted the 1C Ez decay hy-
pothesis with a fitting probability of 0.1% was also
accepted as a Ez, if the difference between its
direction obtained from the fit and its measured
direction was within the error of the measurement.
The kinematical fitting program does not always
work properly when some of the input values have

large errors. There were many vee's with short de-

cay lengths with large errors in their directions,
and the above identification procedure was used to
avoid inlcuding spurious ECq events.

Furthermore, we chose a minimum decay length

in order to correct properly for the loss due to Ks's
which decayed too close to the production vertex.
The decay length of each Eq was projected on the
fiducial plane (the inside surface of the bubble-

chamber window) as seen in the scanned view.
The cutoff length was defined in terms of this pro-
jected decay length and was chosen to be 1.5 mm.
The maximum decay length was either 12 cm or
the potential length, whichever was shorter. Only
those Ks's whose decay lengths fell within these
limits were accepted.

In order to make certain that the above selection
procedure was appropriate, the mass and the life-
time of the Es were obtained. The distribution of
the n.+minvari. ant mass of the vees which fitted
the Ez decay was fitted to a Breit-%igner form.
The resultant mass and mass resolution were
m =497.2+0.3 MeV/c and I =9.8+0.3 MeV/e .
The lifetime was obtained using the maximum-
likelihood method. The measured lifetime multi-

plied by the light velocity was 2.68+0.17 cm.
These values indicate that the selection procedure
did not introduce any systematic effect.

B. Reaction identification

An event was accepted as fitting a particular re-

action hypothesis if the fitting probability was
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FIG. 1. (a) Missing-mass spectrum of OP1V events. The shaded area corresponds to the events which fit the Eq(K )

hypothesis. (b) Missing-mass-squared spectrum of OP2V events. The shaded area corresponds to the events which fit
the ECqEz~ hypothesis. The spectrum around the n. mass squared is expanded for clarity and is shown at the top of
the figure.
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greater than 0.1% and the bubble densities of the
secondary particles (when applicable) were con-
sistent with the hypothesis.

The missing-mass-squared (against Ks) spectra
of OP1V and OP2V events are shown in Figs. 1(a)
and 1(b). The shaded areas in Figs. 1(a) and 1(b)
correspond to the events accepted as Ks(K ) and
KqKqm. events, respectively. There is no narrow
peak around zero missing mass squared in Fig.
1(b). The mass-squared region around the n mass
squared is enlarged for clarity and is shown in the
top half of Fig. 1(b). Coupled with the fact that
there was no acceptable fit to the K&K& hypothesis,
the absence of a peak at zero missing mass squared
indicates the absence of KqKq events.

The missing-mass-squared spectrum of 2P1V
events with an identified K+ or K as one of the
charged prongs is shown in Fig. 2. The shaded
areas correspond to the events fitting the K~K+-m. +

hypothesis, the blank areas correspond to the
events fitting the KsK+ n.+sr hyp-othesis, and the
filled areas are those events which did not fit any
hypothesis successfully. In contrast to the previous
case there is a clear narrow peak at zero missing
mass squared, which corresponds to the KqK-+m. +

events. A broader peak around the m. mass
squared corresponds to the K&K-+~+~ events.

From these distributions we conclude that the
identification of various reactions by kinematical
fitting and ionization is quite unambiguous. There
were, however, 40 events which remained ambigu-
ous between two 1C hypotheses even after the
bubble-density inspection. In the cross-section cal-
culation these events were equally apportioned into
the fitted reactions.

IV. CROSS-SECTION MEASUREMENT

A. Topological cross section

The cross section for a given topology o„~ at
each incident momentum was calculated by the

C~15Q

)
C)
O

ia]QQ
G4

0z 5Q,

-0.1
R7 S~

0.0 0.1 0.2
mi s sin g mass squared [j«~yc2) ]

FIG. 2. Missing-mass-squared spectrum of
KqK+—m.++MM events. The shaded areas correspond to
the events which fit the KqK +—~ hypothesis, the blank
areas to the events which fit the K~K+—m+m hypothesis,
and the filled areas to the events which did not fit any
hypothesis.

formula

0 tot &top
0 top=

1 —exp( IpNoo «, )—Nf

where O.„„l, and Nf are the total cross section,
average beam path length, and the total beam flux
obtained by Sakamoto et al. ,

" and N„p, No, and p
are the number of events belonging to this topolo-

gy, Avogadro's number, and the density of liquid
hydrogen, 0.063 g/cm .

The topological cross sections are given in Table
III for each momentum. They are corrected for
the decay length limits. The same correction as
well as the correction for the undetected decay
modes were made (using the branching ratio
B =Ks ~n+mIKs ~all =0..686) for the channel
cross sections to be described in the next section.

The 0.08%%uo contamination of the beam by K
mentioned earlier would produce a total of about

TABLE III. Topological cross sections (in pb) at each incident momentum.

Topology 403 480
Momentum (MeV/c)

537 584 630 670 Average

OP1V
OP2V
2P1V
2P2V
4P1V

257+30
44+13

1168+65
198+29

8+6

201+31
44+15

1266+75
175+31
32+12

174+24
60+15

1002+59
221+29
26+10

157+26
40+14

1003+65
132+25
28+12

184+26
68+16

1056+60
127+22
47+14

172+25
51+14

897+58
127+22
36+12

177+12
54+7

1039+28
157+12

34+5

Total 1675+79 1718+89 1483+72 1360+77 1482+72 1283+69 1461+34
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B. Channel cross sections

Jh

100
C0
IJ

Vl

o 50

f This experiment0 Benvenutl et al. (7)
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& Ganpull et el. (4)
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~ Ouboc et al. (B)

Handler et al. (14

500 1000
inci4ent momentum (MeYIc )

Using the same cross-section formula as that
used for the topological cross sections, various
channel cross sections were calculated. These cross
sections (except for those for the six-body final
state) are plotted as functions of incident momen-
tum in Figs. 3 and 4 together with the cross sec-
tions obtained by others. ' ' ' The six-body
cross sections are all essentially negligibly small.

FIG. 3. KqKL cross section versus incident momen-

tum. V. TWO-BODY ANNIHILATION

four OPIV Ks events, but no correction was made
for these events. (We used 5 mb for the cross sa-
tion for E p~E n in our momentum range. )

The only two-body annihilation channel observed
in this experiment is the EqEI channel. As seen
from Fig. 3 our cross sections fit in well with those
obtained by Petitjean and connect more or less
smoothly to the data at higher momenta. ' The
cross sections obtained by Benvenuti et al. , how-

I(si(, s KsK &

100 500

500 1000 500 1000

300
200
100

500 1000

300
200
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500

Ks Ki7C'7f

'l000

500

gK 7f'lf
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K,'(K') n'n-

1000 500

200

Kq K 7f'7l'R'

200
K Ks7f'7(' 7C

100

f & f

500 1000

100'

500 1000

incident momentum {MeVlc)

FIG. 4. Cross sections for three-, four-, and five-body final states with at least one Kz versus incident momentum.

The final states are indicated in the figures. The meanings of the symbols are as follows: +, this experiment; )&,
Ganguli et al. (Ref. 4); ~, Duboc et al. (Ref. 6); and 6, Handler et al. (Ref. 13), except for the K&Kqm state for
which this represents data by Barlow et al. (Ref. 5) and Duboc et al. (Ref. 6).
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FIG. 5. Folded angular distributions of Kq from the

KqKL events at 470 and 630 MeV/c.

0
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FIG. 6. Legendre-expansion coefficients a2/a0 and
a4/a0 of the Kq angular distribution from the KqKL
events versus incident momentum.

ever, disagree strongly with ours as well as
Petitjean's. If we only look at the cross sections
obtained by Petitjean and by us, there seems to be
a weak indication of a broad enhancement around
an incident momentum of 500 MeV/c. But the
claim by Benvenuti et al. that there is a narrow
J = I resonance at around 600 MeV/c is not
supported by our data or by Petitjean's.

The Eq angular distribution was analyzed in
terms of the Legendre expansion coefficients. Be-
cause of the paucity of the E~EI events, the events

were lumped into two momentum regions:
400—530 MeV/c and 580—670 MeV/c. The fold-
ed distributions at these momenta are shown in

Fig. 5 where the solid curves represent the results
of the Legendre polynomial expansion using the
moment method. The coefficients obtained are
shown in Fig. 6 together with the data from other
experiments. ' ' ' Unlike the result of Petitjean,
we found a6/ao to be negligible.

All values of a2/ao including those obtained by
Petitjean in our momentum range are large
enough to be significant, suggesting a large contri-
bution of the initial states +'LJ ——D3 and/or
Dt,' a pure D-wave initial state will give a2/ao ——1,

and a pure S wave, a2/ao ——0. Therefore, the
small cross-section enhancement at 500 MeV/c
would correspond to a resonance with J =1 or
3, if taken seriously. However, this enhancement
is not likely to be associated with the S meson, be-
cause its mass and width are larger than those of
the S. If anything, it may be an excited state of t/t,

because of its decay into the EqKL state.

VI. THREE-, FOUR-, AND FIVE-BODY
ANNIHILATION

V

irt
C)
C)

20'
IA

C

o 10
K

&40

at

C

nr 20

2.0 r, 2& 30
mass squared [(GeV/c') J

1.5 2.0 0 5 1.0
ma s s squared (Gevic')

2.0

FIG. 7. The two-body effective-mass-squared distri-
butions of the K~K—+m.+ events. The mass combinations
are indicated in the figures. See the text for the ex-
planation of the solid curves.

No momentum dependence is seen in the cross
sections for these many-body annihilation channels
as seen from Fig. 4. Our cross sections seem to
connect to those at 1.13 (Refs. 5 and 6) and 1.3
GeV/c, "but not to those obtained at 0.7 GeV/c
by Ganguli et al. , which are higher than ours.
This may indicate some systematic difference be-
tween our data and those by Ganguli et al.

In order to investigate resonance production in
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the final states, two- and three-body effective-
mass-squared distributions were obtained for vari-
ous mass combinations from the final states
KsoK+rr+, KsK+ m-+~. 0, and K&m+m (K ). Only
these final states had enough events to make the
following analysis meaningful. Fig. 7 shows the
two-body effective-mass-squared distributions from
the KqE+-m. + final state. Figure 8 shows the two-
and three-body effective-mass-squared distributions

from the K+K +@+-a final state. Figure 9 shows
the two- and three-body effective-mass-squared dis-
tributions from the Ksm+m (K ) fina»tate.
many of these distributions production of reso-
nances such as K* and P is clearly seen.

In order to obtain the fractions of resonance pro-
duction in any given final state, we fitted all the
effective-mass-squared distributions of a given fi-
nal state to incoherent superpositions of the

40
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FIG. 8. The two- and three-body effective-mass-squared distributions of the EzE+-~+a events. The mass combina-
tions are indicated in the figures. See the text for the explanation of the solid curves.
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effective-mass-squared distributions expected from
intermediate states involving at least one resonance
such as /~Em, and phase space which included the
effect of the threshold enhancement seen in the
Ir: n+-mass-squared distribution (Fig. 7). This ef-

feet is denoted by (J m. )st and is represented by the
zero-range scattering-length approxim. ation
1/[1+(aq) ], where q is the momentum of Ir: in
the E~ center-of-mass system, and a is a parame-
ter to be fitted. The resonances considered were 5,
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FIG. 9. The two- and three-body effective-mass-squared distributions of the Eqn. +~ (E ) events. The mass com-
binations are indicated in the figures. See the text for the explanation of the solid curves.
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TABLE IV. Resonance parameters used in fitting effective-mass-squared distributions.

Mass2

[(GeV/c 2)~]
Mass)& width
[(GeV/c2)']

P
A2

S*
5-+{980)

0.796
0.803
0.602
1.72
1.04
0.96

expressed by the form 1/[1+(aq) ]
scattering length a =2 fm

0.044
0.044
0.12
0.13
0.016'
0.039

'The width of the P is enlarged to take into account the experimental resolution.

E*,p, Az, P, and S*. Except for 5, these reso-
nances were represented by relativistic Breit-
Wigner forms, and 5 by the scattering-length for-
mula used above with q being the E momentum in
the ICE center of mass. The parameters of the res-

onances used in our analysis are listed in Table IV.
Fits to the experimental distributions were made by
the maximum-likelihood method. The fits are
shown as the solid curves in Figs. 7, 8, and 9.

The intermediate states considered for each final

TABLE V. Fractions of resonance production in the K&K+—m+, K&K —+~++, and E&~+~ (K ) states obtained by
this experiment together with those by others.

mentum 1.2 GeV/c
{Ref. 6)

0.73 GeV/c
(Ref. 4)

A11

Rate (%%uo)

This expt.
670—580
MeV/c

530—480
MeV/c

At rest
(Ref. 1)

KsK-~+0 +

K*'K'
K~—+K+
Ag—m+

(Km)sLK
Phase space

Its'X+~++
K~+K+~'
K*'K'~'@77

K~ K+-m+

K*+-Ks~+
K*+K*+
K+'K+'
A (p++m+m )
5+m-+m'

18+1
31+1
6+1

32+7

13+1
8+1
6+1
7+1

14+1
5+1
6+1

.2+2

20+2
30+2
13+2
22+2
5+2

11+1
7+1
6+1

10+1
17+1
6+1
9+1
8+1

25+4
32+4
12+4
31+6

13+5 (22)
13+5 (14)
8+5 (11)

16+5 (24)
9+5
3+5

10+3 (4)
11+4 (7)

21+6
41+6
13+6
25+9

21+8
14+8
9+7

24+8

6+2
12+6

25+6
28+6
5+6

42+9

20+8
17+8
14+7
19+8

3+2
2+2

24
15
14
46

K,'~+~-{Ko)
K~K~
K*K~
p~+~-
s+~+~-
(A 2+f')(p+rrrr)

36+2
28+2
5+1
3+1
3+1

40+2
30+2
3+1
4+1

10+1

50+10
14+5
12+3

8+2

32+14
21+8
10+4

10+3

59+14
15+8
13+4

6+3
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state and their fractions for the entire momentum
region as well as for the upper and lower halves of
our momentum region are listed in Table V, to-
gether with the data at rest' and at 0.73 (Refs. 3
and 4) and 1.2 GeV/c (Refs. 5 and 6).

The final state K~E —+m+ is seen to be dominated
by the pseudo-two-body intermediate state E*E.
There seems to be no significant variation in the
fractions of the various intermediate states from at
rest to 1.2 GeV/c.

Likewise, no significant variation is observed in
the fractions of the intermediates states for the fi-
nal states EqE+ tr+tr -and Esm+n (E. ).

A simple model based on phase space and spin
multiplicities' predicts a value of 6 for the ratio of
the phase-space-corrected production rate of a
two-body state involving 0 and 1 mesons to that
involving 0 and 0 mesons. It also predicts a
value of 9 for the ratio (1,1 )/(0, 0 ). Our
values of (E E ~+E~EO)/EsEL 7 8—+—0 .30 an. d
E *E */E&EL ——8.6+4.4 are not inconsistent
with the predicted values.

VI. CONCLUSIONS

Many exclusive cross sections for channels with
at least one E~ were obtained. No clear variation
with energy was observed in the cross-section
behavior.

Copious resonance production was observed in
three- and more-body final states. No significant
variation with energy was seen in the fractions of
the various resonances produced in antiproton-

proton interactions from at rest to 1.2 GeV/c.
For the EzEL final state there is a weak indica-

tion of a broad enhancement in the cross section at
an incident momentum of 500 MeV/c. The angu-
lar distribution of ECz seems to indicate a large D-
wave contribution suggesting the formation of a
J =1 or 3 state in the final state.
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