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Analysis of two-prong events in pp interactions at 205 Gev/c:
Separation of elastic and inelastic events*
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We present results of complete measurements of the two-prong events observed in a 50 000-
picture exposure of the. 30-in. hydrogen bubble chamber to a 205-GeV/c proton beam at the
National Accelerator Laboratory. Using kinematic fitting, elastic and inelastic events are
separated and cross sections are obtained. The total two-prong cross section is measured to
be 9.77+0.40 mb, of which 2.85+0.26 mb represents the inelastic contribution. The total
elastic cross section is measured to be 6.92 + 0.44.mb. Our data are consistent with the
break in do/df at [ f (-0.1-0.2 (Gsv/o)2 observed at the CERN ISR. A prominent low-mass
enhancement is observed in the distribution of missing mass squared from the slow proton
for the inelastic events. An analysis based on the missing-mass spectrum and the particle
rapidities shows that this low-mass enhancement accounts for about 77% of the total inelastic
two-prong cross section. The diffractive cross section in the two-prong events is 2.20 + 0.25
mb, in agreement with certain two-component models.

I. INTRODUCTION

Experiments at both the CERN ISR and the
National Accelerator Laboratory (NAL)' have mea-
sured diffractive excitation of the proton, seen as
a broad, low-mass enhancement (up to - f GeV)
in the missing-mass spectrum produced periph-
erally from the target or projectile. The inter-
pretation of this result as single diffractive dis-
sociation of the proton rests on the observation
that the differential cross section is approximate-
ly constant in shape and magnitude over a wide
energy range and is about equal to that for elastic
pP scattering. Bubble-chamber experiments show
that the process occurs predominantly in the low-
multiplieity final states, as it is observed in the
two-, four-, and six-charged prong topologies,
but so far not in the higher multiplicities. "As
seen in the 205-GeV data, the contribution to this
enhancement from the two-prong events peaks at
a lower mass than is the case for the four- and
six-prong events, although the exact shape of the
two-prong peak depends somewhat on a clean sep-
aration of the elastic and inelastic events, which
is a principal subject of this papers

The shape of the differential cross section for
elastic scattering at high energy is also interesting
in view of the data obtained at the ISR showing a
marked change in slope near f = —0.10 (GeV/c)'. '
In addition, the observation of a rise in the elastic
cross section with energy' makes a measurement of
of the absolute value of the elastic cross section
important.

%e have studied the two-prong reactions
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where p and v' in reactions (2), (2), and (4) are
protons and m"s identified by ionization density,
and X' represents the unidentifiable positively
charged particle.

II. EXPERIMENTAL DETAILS

The data come from the measurement of two-
prong events observed in a 50000-picture ex-
posure of the 30-in. hydrogen bubble chamber to
a 205-GeV/c proton beam at NAL. Previous re-
sults from this exposure have been given in sev-
eral publications. ' From a scan of the entire film
sample, 1969 two-prong events were found in a
fiducial volume defined on a sean table. The scan-
ning efficiency was (98 +2)% for the events found,
excluding those lost at small values of recoil pro-
ton momentum. The events were measured on
POLLY III' and processed through the reconstruc-
tion program TVGP. Events which failed to give
satisfactory reconstruction were measured on a
film-plane digitizer with up to four measurement
passes where necessary. About 95% of the total
two-prong events gave a successful geometrical
r eeonstruction.

Most of the unsuccessful measurements are on
events with another interaction near the vertex
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or an adjacent beam track, so we believe that the
5/o of the events which are unsuccessful do not
cause any systematic bias. For the successful
events, we used ionization information to identify
outgoing tracks with laboratory momentum less
than 1.5 GeV/c. In about 95% of the successfully
measured two-prong events, it was possible to
identify at least one charged secondary as a m'

or proton from the observed ionization density.
No correction is applied for the small number of
K' misidentified as m' or P, although we did ob-
serve one event with a E' unambiguously identified
by ionization.

III. SEPARATION OF ELASTIC AND INELASTIC EVENTS

To select the elastic events, kinematic fitting in
the program SQUA% was used. Selection usi.ng
individual kinematic constraints such as coplan-
arity, the missing mass from the recoil proton,
and the scattering angle between the target and
the recoil proton was not adequate to achieve the
elastic-inelastic separation. This is because the
individual measurement errors on the high-energy
tracks in the 30-in. chamber are too large for the
simple methods to be reliable. ' The complete
kinematic fit was adequate, however, as we will
discuss, and the measurement errors were de-
termined by imposing the requirement that the
stretch functions from SQUA% for the elastic fits
have unit rms width.

The beam momentum was fixed at the design
value of 205 GeV/c, and we assigned an uncer-
tainty of +2 GeV/c. The beam track angles were
determined from measurements of noninteraeting
tracks in the bubble chamber. In order to avoid
using momentum measurements of high-momen-
tum tracks with large momentum errors, we re-
quired that if (1) the momentum of an outgoing
track was greater than 10 GeV/c and (2) the per-
centage error in measured momentum was greater
than 5%, the magnitude of the measured momen-
tum was not used. For each such track in a bvo-
prong event, the number of constraints in the fit
to reaction (1) was reduced by one.

To improve the fit quality without introducing any
bias into the sample, we imposed the following
restrictions on the data sample: (1) The inter-
action vertex must be within a box 44 cm long in
the beam direction, , 18 em wide, and 9 cm deep;
(2) the film rms deviation of measured track points
must be less than [(20)'+(2oc)']'~' (in microns),
where o~ is the expected rms deviation due to
Coulomb scattering. After we impose these cuts,
1758 events remain.

The final selection of elastic events was made
using the X' distribution for the events that gave
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an elastic fit and have both outgoing tracks con-
sistent with ionization density for a proton'; this
distribution is shown in Fig. 1. More than 98%
of the events selected as elastic gave 3C fits, and
the remainder gave 2C or 4C fits.

Ne have investigated possible loss from, and
also contamination in, the selected elastic sample
as a function of X', which, in turn, would affect
the inelastic sample. To study the loss of elastic
events, we randomly selected 40 events classified
as elastic and measured each one eight times.
Applying the same restrictions on this sample,
we selected the elastic events as a function of X'

and found that the fractional loss of elastic events
was 0.040+0.011 for y'&32, 0.064+0.015 for
X'&24, and 0.096+0.018 for X'&18. 'VYe also found
that this fractional loss is not correlated with the
missing mass squared at our statistical level.

Figures 2(a) and 2(b) show the distribution of
missing mass squared, MM' =(P~+P, —P,)', for
the elastic events selected with y'&24 for a 3C
fit, and for the inelastic events with an identified
proton. ' Here P„P„and P, are, respectively,
the four-momenta of the incident, target, and
slow protons. %e note that the peak position for
the inelastic events is about 0.3 GeV' higher than
that for the elastic events. For comparison, the
unshaded histogram in Fig. 2(c) shows the MM'

distribution for the four-prong events with an
identified proton, "in which the peak position is
still higher than that for the inelastic two-prong
events.

The contamination in the elastic events will often
arise from events with one or more neutral pions.
To study this contamination, we used measure-
ments of the four-prong events and fitted each
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FIG. 2. Missing-mass-squared (MM ) distribution for
(a) elastic events selected with y &24, (b) two-prong in-
elastic events with a proton identified by ionization den-
sity, and (c) four-prong events with an identified proton.
The shaded area in (c) corresponds to those four-prong
events that give fits to elastic scattering when the
negative track and one of the positive tracks are
deleted.

gram in Fig. 2(c).
The initially separated inelastic mass spectrum

must first have the contamination from the elastic
sample subtracted (estimated as 6.4% for the
y' = 24 cut), and then be multiplied by E(MM') to
give the corrected mass spectrum. The smooth
curve in Fig. 3(a) has been drawn through the data
points with the assumptions that F(MM') gives the
maximum correction at, and is symmetric about,
the proton mass squared.

Figure 3(b) shows the corrected missing-mass
distribution for the inelastic events. Compared
to Fig. 2(b), the corrected spectrum is suppressed
in the region MM'&2 GeV', but is raised slightly
in the region MM'&2 GeV'. The corrected number
of inelastic events with —5&MM'&10 GeV' is
202 + 51. This can be compared with 303 events
in the uncorrected distribution in the same mass
region.

We have also calculated the corrected missing-
mass spectra for the inelastic events using dif-
ferent g' selections and have found that the shapes
of the corrected distributions are quite insensitive
to the X' cutoff used. The corrected numbers of
events for —5&MM'&10 GeV' are 196~50, 202
+ 51, and 253 + 63 for X' cuts at 18, 24, and 32,
respectively. The corresponding uncorrected
numbers are 241, 203, and 182 events, respec-
tively. Since the selection with a y' cut at 24 gives
almost the same numbers for the corrected and
uncorrected inelastic events, we finally define
the elastic events as those with y'&24 and the in-
elastic events as those with g' ~ 24. We estimate
contaminations of (6.3 +0.8)% in the elastic sam-

pair of possible proton tracks in turn to hypoth-
esis (1). The shaded histogram in Fig. 2(c) shows
the missing-mass-squared distribution for the
four-prong events that fit hypothesis (1) with
X'& 24," indicating that a substantial number of .

the inelastic events do give spurious elastic fits.
About I5% of the shaded events form a ppv' v

final state, "and it is plausible to assume that
these events represent a simulation of the pj's p'

contamination in the elastic events. Because of
the large errors in MM' (-1.5 GeV') and in the
angles of fast positive tracks (-2 mrad) in the
four-prong events, the events in Fig. 2(c) may
also be taken to represent the PPn final state.

Using the above assumptions, we take the ratio
of the shaded to unshaded data in Fig. 2(c) as mea-
suring the variation with MM' of the percentage
of spurious fits, from events with one or more
additional w" s. Using data in the shaded and un-
shaded histograms gives the correction factor,
F(MM') of Fig. 3(a). Explicitly, E(MM') =1/(1-f),
where f is the ratio of the black to the white histo-
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FIG. 3. (a) Correction factor, F'(MM ), for the two-
prong inelastic events calculated from the data of Fig.
2(c). (b) The corrected distribution of missing mass
squared for the two-prong inelastic events.
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TABLE I. Cross sections for elastic and two-prong inelastic channels.

Reaction

pp-p+p
p +x++' ''
7r+ +X+ + ~ ~ ~

~p +7r+ + ~ ~ ~

X'+X'+ ~ ~ ~

Total inelastic
Total

Uncorrected
No. of events

1160
363
153

7

75
598

1758

Corrected
No. of events

1449
363
153

7

70
598

2047

Cross section
(mb)

6.92 ~ 0.44'
1.73+0.23
0.73+0.07
0.03+0.01
0.36+ 0.04
2.85+ 0.26
9.77+ 0.40

~The errors on the elastic and total inelastic cross sections include the uncertainty coming
from the elastic-inelastic separation. This does not apply to the total cross section.

pie and (36 +5) /0 in the inelastic sample for MM'

&10GeV'.
This contamination in the elastic sample (73

events) is consistent with the number of observed
associated e'e pairs. We find 18 two-prong
events with associated photon conversions, four
of which come from the inelastic two-prong events
with MM'&15 GeV'. At most, one photon conver-
sion is associated with the elastic sample. Since
the average conversion probability per photon is
only 0.018, one photon conversion corresponds to
about 30 w" s, which is not inconsistent with the
above co'ntamination estimate.

I I I I I Illl I I I I I I Ill

ELASTIC SCATTERING

(a)

~ This experiment

~ Beznogikh et al., Ref. (I5)

first bin of the MM' &10 GeV' data of Fig. 5, we
would expect a maximum correction of 10% to
this data point. Since this correction is very un-
certain and since the elastic-inelastic separation
in that region is least reliable, we do not apply
any correction. Allowing for the uncertainty in
the estimated loss of elastic events at low t, our
data sample corresponds to (4.77 +0.22) gb/event.

Figure 4 shows the PP elastic and inelastic two-

IV. RESULTS

A. Cross sections
10 Ir

Holder et al. , Ref. (I6)
Chapman et al. , Ref. ( I3)
Amaldi et al. , Ref. (5)

Table I gives the cross sections for the elastic
and two-prong inelastic scattering channels ob-
tained from this experiment using the separation
techniques discussed in Sec. III. To calculate the
cross sections, we first make a correction for
unseen elastic events in the small-momentum-
transfer region. We make no azimuthal-loss cor-
rection, and we obtain the low-

~
t ( correction by

fitting the distribution between 0.04 and 0.16
(GeV/c)' to the form Ae '. We have compared
the above fit with one for the sample with an azi-
muthal angle cut applied for all

~
t

~
and have found

that both fits agree within one standard deviation.
We have also compared the ratio of elastic to in-
elastic events for both cases and have found no
significant differences. Using the corrected num-
ber of elastic events, the total number of scanned
events for all topologies, and a pp total cross
section of (39.0+1.0) mb, '"we obtain a, total
two-prong cross section of (9.77 +0.40) mb and
the channel cross sections given in Table I. For
this calculation, we have not made any correction
to the inelastic events in the small-

~
t ) region

since no loss of events was obvious in this region.
From the azimuthal angular distribution in the
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FIG. 4. Total two-prong cross sections as a function
of laboratory momentum; (a) pp elastic scattering, (b)
pp inelastic scattering. The solid line gives the pre-
diction of the Frazer model, which falls to 2 mb at
asymptotic energies, whereas the dashed line represents
the best fit to a power law 0 -P&&
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prong cross sections as a function of incident
beam momentum. ''" " The cross sections ob-
tained from this experiment agree, within errors,
with the trend of data from other experiments.
We note that the inelastic two-prong cross section
decreases with increasing incident momentum,
even up to 300 GeV/c. Fitting this cross section
to the form P» ", we obtain n=0.47 +0.03. This
energy dependence, shown on Fig. 4(b} as the
dashed curve, suggests that a large contribution
to the two-prong inelastic process is from non-
diffractive processes even at our high energy.
The solid curve in Fig. 4(b) is the prediction of
the model of Frazer et al." This is a two-com-
ponent model incorporating a multiperipheral
contribution and a diffraction component. Our data
point is in remarkably good agreement with the
predictions of this calculation. One would only
expect such a model to apply at very high energies,
so the discrepancy between the solid curve and
the data points below 100 GeV/c should not be
taken seriously.

Figure 5 shows the differential cross sections
for elastic and inelastic two-prong scattering.
For the inelastic scattering, we have plotted the
cross sections separately for events with MM'
(10 GeV' and for those with 10&MM' (100 GeV'.
Apparently, the elastic differential cross section
has a steeper slope than that for inelastic scat-
tering. Since the inelastic events with MM'
(10 GeV' have an estimated contamination of
36% from the elastic events, the true inelastic
slope for this mass region is presumably some-
what less steep than that shown in Fig. 5.

For the elastic events, Table II gives the values
of the slope parameter B obtained from fits of the
form do/dt =Ae ' with the t ranges used for each
fit. The fits are also superimposed on the data
in Fig. 5. Our data are consistent with a break
in slope at momentum transfer between 0.1 and
0.2 (GeV/c)', as first observed by Barbiellini
et al.4 at the ISR. Since we do not have enough
data to accurately fit the distribution for

i
t i(0.1

(GeV/c)', we have used the i t i region betweer.
0.04 and 0.16 (GeV/c)' and obtain a slope of (12.1
+1.2) (GeV/c) ', whereas the slope obtained for the
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FIG. 5. Measured differential cross sections for
elastic events and for two-prong inelastic events with
MM ~10 GeV and with 10(MM (100 GeV2.

dt q 16m

=(77.7+3.9) mb/(GeV/c)' .

i t i region between 0.16 and 0.6 (GeV/c)' is (8.9
+0.7) (GeV/c) . These results are consistent
with the slopes observed at the CERN ISR,»'" at
Serpukhov, "and at NAL."

We have also fitted the complete distribution for
the i t i region between 0.04 and 0.6 (GeV/c}', and
find a slope of (9.9+0.4} (GeV/c} ' with a y' of
10.1 for 10 degrees of freedom, so although our
data are consistent with two slopes, they do not
require them. Figure 6 summarizes slope in-
formation from all experiments as a function of
the square of the total center-of-mass energy, s.

Using the extrapolated value obtained from the
fit for the i t ( region between 0.04 and 0.16
(GeV/c)', we calculate the forward cross section
(dc/dt), , and find a value of (79.4 +8.8) mb/
(GeV/c)'. Using a total cross section of (39.0
+1.0) mb, the optical theorem gives the forward
cross section

TABLE II. Fits of differential cross sections to the form Ae t.

Reaction
it/ range

[(GeV/c) 2]

MM2 range
(GeV2)

Slope B
[(GeV/c) '] g2/DF

PP P+P

pp- p +X'+ ~ ~ ~

0.04-0.60
0.04-0.16
0.16-0.60
0.0-0.52

0.04-0.52

0 0 0

MM2( 10
10~ MM2& 1QQ

9.9+ 0.4
12.1+ 1.2
8.9 + 0.7
7.2+ 0.6
5.6 + 1.0

10.1/10
1.3/4
3.4/4
0.8/5
0.5/3
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events classified as elastic scattering. The q for
the fast forward track can be represented by a
Gaussian distribution with g = —6.8 and o = 0.51
units. As seen in Table I, the 598 inelastic events
are divided into 363 events having a fast particle
and an identified proton, 153 events with an iden-
tified m+, 75 events where both particles were
too fast for particle identification, and 7 events
where both a proton and a w' could be identified.
The distributions in g for the above inelastic sam-
ples are shown in Figs. 7(b) and 7(e). The peak
at g —0 has in it particles from the target-dissociation
sample as well as the recoil protons from the
beam-dissociation sample, '4 and vice versa for
the peak near q- —6. The shaded area in Fig. 7(b)
corresponds to the 75 events with no particle
identif ication.

We note first that the events where neither
charged secondary is identified tend to be in the
middle but do extend over most of the available

FIG. 6. Slope of forward elastic scattering cross
section as a function of s. The t ranges used in the
different experiments are slightly different, but they are
all included between t = -0.01 and t = -0.16 (GeV/c)2.
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This gives the square of the ratio of the real to
the imaginary amplitudes as 8' =0.02 +0.11, which
is consistent with the more accurate ISR data. "

B. Diffractive component in the inelastic
two-prong events

The salient features of the missing-mass dis-
stribution of Fig. 2(b) are a pronounced peak at
very low mass, MM'&4 GeV', with a tail out to
MM' -30 GeV . In addition, there is a pedestal
extending out to very large MM'. The peak is
interpreted as evidence for single inelastic dif-
fractive. excitation of, in this case, the beam pro-
ton. In order to estimate the single inelastic dif-
fractive cross section, one must define up to what
MM' the diffractively excited states exist and also
how to account for any background, for example a
multiperipheral background not involving single-
Pomeron exchange. Since any definition of dif-
fraction is generally recognized to be rather arbi-
trary, we use the further information provided
by the rapidities of the charged secondaries to
estimate the background contribution to the dif-
fractive processes.

The relevant rapidity distributions are shown
in Fig. 7. Since the momentum cannot be deter-
mined for many fast secondaries and the particle
nature is unknown, we use the longitudinal pseudo-
rapidity g = in[tan(8/2)], where e is the laboratory
space angle between the secondary particle and
the beam track."

Figure 7(a) shows the distribution in q for the
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FIG. 7. The rapidity (g) distribution for (a) the events
assigned to elastic scattering; (b) those inelastic events
where a proton can be identified (shown as the difference
between the black histogram and the white histogram),
and the events where neither particle can be identified
(shown in the black histogram); (c) a subset of (b)
selected to have a slow proton in the elasticlike spike
near g= 0; (d) the remaining events from (b) after sub-
tracting the events in (c); and (e) the events with an
identified ~+.
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rapidity space [Fig. 7(b) j. Second, those events
with an identified proton show a prominent peak
near q = 0, very similar to the elastic events of
Fig. 7(a). This peak corresponds to the recoil
proton associated with diffractive dissociation
of the beam. For these inelastic events, the spike
is superposed on a broadly peaked distribution
coming from the dissociation of the target particle.

The broad distribution near g = —6 for the fast
particle in these inelastic events is both shifted
and broader than that seen for elastic scattering
in Fig. 7(a). Figure 7(c) is a subset of the events
in Fig. 7(b) selected to have one particle in the
sharp spike near q =0 (0& q & —0.4). One notices
that the q distribution for the fast particles (q-
—6) is now even more different from the elastic
case than was previously noted for all the data.

Figure 7(d) shows the remaining events of Fig.
7(b) after the above selection. The q region
—3.0 & g +0.0 contains the particles from target
dissociation. Now the g distribution for the pro-
jectile-fragmentation region (-—4 & q & ——8) is
similar to that seen in Fig. 7(a), as expected for
the protons recoiling from target dissociation.
The sharp spike of Fig. 7(b) corresponds to the
recoil particles of projectile-fragmentation events
and shows that single diffraction is a major con-
tributor to these inelastic events. This obser-
vation is in qualitative agreement with the dis-
tribution of missing mass squared of Fig. 2(b).

Finally, the events where a n' is identified,
Fig. 7(e), show two broad distributions, one due
to the slow m' from target dissociation, while the
fast-particle distribution is rather similar to
those seen in Figs. 7(a) and 7(d). The differences
in shape between the q distributions for the fast
particles in Fig. 7(a) and 7(e) could be the reflec-
tion of a possible double-diffraction process.

We now concentrate on the distributions of the
rapidity gap between the two charged secondaries
shown in Fig. 8. Figure 8(a) shows the distribution
for the elastic events. One striking feature of the
inelastic data shown in Figs. 8(b) and 8(c) is the
appearance of a flat distribution for gaps smaller
than about three units of rapidity. From our anal-
ysis of the four-charged-particle events in this
exposure, we find that although diffractive events
are associated with large rapidity gaps, nondif-
fractive events can have either large or small
rapidity gaps. " The simple-minded multiperiph-
eral model would also provide a uniform distri-
bution over the whole range of n, q in Figs. 8(b)
and 8(c). We note from F'- ~&h} that there is a
definite nondiffractive component in the two-prong
events.

In order to measure this nondiffractive com-
ponent in the inelastic two-prong sample, we ex-
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trapolate the pedestal seen for Ag &2 in Figs.
8(b) and 8(c) under the peak. All events above
this background are called diffractive, either
single or double. In this way, the diffractive com-
ponent of the two-prong inelastic cross section is
estimated to be 2.20+0.25 mb. If, on the other
hand, we simply define all events with

~ q, —q, I
& 3

as diffractive, we obtain a cross section of 2.45
+0.30 mb.

These estimates can be compared to those ob-
tained using the MM' distribution of Fig. 2(b).
Supposing first that all events with MM' ~10 GeV'
are classified as single inelastic diffraction, we
get a cross section of 1.93 mb. Applying factor-
ization, we obtain a double-diffractive component
in the two-prong events of 0.14 mb, and so a total
diffractive cross section of 2.07 mb. On the other
hand, for a lower limit, one might extrapolate a
uniform background under the diffractive peak in
Fig. 3(b), which is determined by the distribution
for 10 GeV' ~ MM' ~ 30 GeV'. This gives a single-
diffractive cross section of 1.65 mb to be com-
pared to 1.93 mb obtained previously.
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9I 92

FIG. 8. The distribution of the rapidity gap for the two
charged particles for (a) elastic scattering; (b) inelastic
events with an identified proton (shown as the difference
between the white histogram and the black histogram),
and the events where neither particle can be identified
(shown as the black histogram); and (c) the events with
an identified sr+.
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Estimating the nondiffractive background using
the g representation, we quote as a final conser-
vative value a total diffractive cross section of
2.20+0.25 mb. Because of the strong correlation
between the elastic-inelastic separation and mis-
sing mass, the nondiffractive component has a
relatively smaller error and we find a value of
0.65 +0.10 mb for this process. The two-prong
inelastic cross section is then made up of 2.2 mb
of diffractive contribution and 0.65 mb of nondif-
fractive, in agreement with the 2 mb of diffraction
predicted by the Frazer model. " To establish the
validity of this model clearly requires a measure-
ment of the diffractive two-prong cross section at
a higher energy than the present experiment. Of
the measured 2.2 mb of diffraction, factorization
predicts 2.05 +0.22 mb of single and 0.15+0.02 mb
of double diffraction. The single-diffractive cross
section of 2.05 +0.22 mb may be compared to the
value 2.3 +0.4 mb measured by Barish et al.' for
the two-prong topology in an analysis of the slow-
proton events in the present film.

C. Charge-exchange processes

In marked contrast to the large cross sections
involved in the above diffractive processes, we

note that only seven events in the two-prong sam-
ple have both a slow n' and a slow proton, cor-
responding to a charge-exchange process. For
all seven events, the m'p effective mass combi-
nation is less than 1.4 GeV, and five of these
events are consistent with n, "(1226) production.
However, only two of these events have a missing
mass off the n'P system, which is consistent with

a missing neutron and therefore the reaction

The low-energy data for this reaction would sug-
gest a cross sectionof -3 p,b at our momentum,
assuming a v-Pzb ' dependence, to be compared
to the (19+14} pb we observe, corresponding to4"n production in both hemispheres.

V. CONCLUSIONS

By using kinematic fitting, the observed two-
prong events were separated into the elastic and
inelastic channels. The data on elastic scattering
agree well both with the trend of lower-energy
data and with the measurements done at the CERN
ISR. The inelastic-scattering cross section is
still falling with increasing bea~ energy. Anal-
ysis of the missing-mass distribution and the
rapidity distributions shows evidence for a def-
inite nondiffractive component. We estimate that
of the 2.85 ~0.26-mb inelastic two-prong cross
section, 77% is diffractive. The data are well
fitted with the model of Frazer et al. , which pre-
dicts that diffraction will dominate the two-prong
inelastic cross section between 500 and 1000
GeV/c. The cross section for PP-b'+n falls on
the extrapolation of the cross sections measured
at lower energies.
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Measurements of x'p, K p, pp, andgp elastic scattering are presented for incident momenta
of 3, 3.65, 5, and 6 GeV/c and momentum transfers typically 0.03 to 1.8 GeV2. The angLe

and momentum of the scattered particle were measured with the Argonne Effective Mass
Spectrometer for 300 000 events, yielding 930 cross-section values with an uncertainty in
absolute normalization of +4%. Only the K+ and proton data show any signiQcant change in
slope of the forward dif'fraction peak with incident momentum. The particle-antiparticle
crossover positions are consistent with no energy dependence, average values being 0.14
+0.03, 0.190+0.006, and 0.162+0.004 GeV2 for m's, K's, and protons, respectively; these
errors reflect both statistics and the +1.5% uncertainty in particle-antiparticle relative
normalization. Differences between particle and antiparticle cross sections isolate interfer-
ence terms between amplitudes of opposite C parity in the t channel; these differences indicate
that the imaginary part of the odd-C nonQip-helicity amplitude has a J&(r(-tp t) structure for
-t &0.8 GeV2, as predicted by strong absorption models. The cross-section differences for
K and proton-antiproton are in qualitative agreement with the predictions of ~ universality,
the agreement improving with increasing energy. The corxesponding quark-model predictions
relating the x' and K' differences failed by more than a factor of 2. %'e have combined our

cross sections with other data to better determine the 7rN amplitudes in a model-inde-
pendentIway; results of this analysis are presented.

I. INTRODUCTION

Elastic scattering of elementary particles is a
most fundamental process. At high energies such
scattering is dominated by diffraction and is re-
lated to the inelastic processes through unitarity;
in ]-channel language this is usually described as
Pomeron exchange. At intermediate energies,
quantum-number-exchange amplitudes are also
present and q,re often parameterimed in terms of
Regge-pole exchange.

Some of these latter amplitudes can be obtained
by a careful comparison of similar reactions re-
lated by simple, mell-defined symmetries. For
example, the difference between particle and anti-
particle elastic scattering from protons results
from a sign change in the interference between

even and odd C-parity exchanges in the g channel.
Near the forward direction the dominant even-C
amplitude is the imaginary helicity-nonflip ampli-
tude, and the interference between it and the odd-C
amplitude can be used to study the imaginary non-
flip part of the odd-{ exchange amplitude. This
amplitude is often taken to be p exchange in the
case of gp scattering and {d exchange for gp and

pp scattering.
The experimental particle-antiparticle differ-

ences can be compared with the expectations of
various models. Such a comparison was made by
Davier and Harari' for A'p scattering at 5 GeV/c;
they found the amplitude to be consistent with the
J,(r( t)"') structure pr'edi-cted by the dual absorp-
tion model. In the case of g'p scattering, detailed
amplitude analyses have been made' '; the pion


