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+ The reaction pp - pp'IT 'IT is studied at 205 GeV / c using 

the 30-inch bubble chamber at the National Accelerator Labora

tory. The event selection is discussed in detail and the cross 

section is measured to be O. 68 ± O. 14 mb. This cros s section 

is higher than one would expect based on a simple power law 

extrapolation of lower energy data. Peripheral production of a 

+ low-mass p'IT 'IT system dominates the reaction. The data are 

consistent with conservation of t-channel helicity. 
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I. Introduction 

The reaction 

+ 
pp - pplT IT� (1) 

(1-4)
has been extensively studied for momenta from threshold up to 28 GeV Ic. 

+ 
The data exhibit a pronounced, low-mass enhancement in the plT IT system 

with some suggestion of structure corresponding to isospin 1/2 N* resonance 

production. (4-5) Although it is generally asserted on the basis of the exist

ence of the low-mass enhancement and its peripheral nature that the reaction 

exhibits strong diffractive production of the plT IT system, the total cros s sec

tion for (1) decreases markedly with increasing beam momentum from 10 to 

28 GeV Ic, whereas diffractive processes should be nearly independent of 

beam momentum. We present a study of this reaction at 205 GeV Ic and find 

that the cros s section decreases more slowly between 28 and 205 GeV I c than 

is found for incident momenta below 28 GeV Ic, which suggests that diffrac

tive processes are becoming dominant in the several hundred GeV energy 

region. 

II. Experimental Details 

The data were obtained from a complete analysis of a 50, 000 picture 

exposure of the 30-inch hydrogen bubble chamber exposed to a 205 GeV Ic 

proton beam at the National Accelerator Laboratory (NAL). The results re

ported here come from measurements of 1191 four-prong events in a fiducial 
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volume which allows a minimum length of 15 cm for outgoing secondary tracks. 

About 95% of the four-prong events were successfully reconstructed by TVGP; 

the other 5% do not represent a significant bias as regards the results pre

sented here. There were 24 events in which no usable curvature information 

was obtained for two or more secondary tracks. For the remainder, either 

three- or four-constraint kinematical fits were attempted to hypothesis (1) 

depending upon whether the event has a fast particle whose curvature was not 

well determined. In the fit the beam track angles were taken from a set of 

measured non-interacting beam tracks and the beam momentum was set at 

the design value of 205 ± 2.0 GeV Ic. We found a total of 262 events giving 

one or more fits to (1), 43 of which were rejected on the basis of ionization 

density of the slow tracks. 

In discussing the purity of the sample, we find that it is frequently 

important to distinguish between events having three slow and one fast parti

cle in the laboratory (target breakup) and those where this situation is re

versed (projectile breakup), since the measurement errors and also the con

tamination problems are different for the two samples. It is necessary to 

(a) show that any fits obtained are not biased by incorrect mass assignments; 

(b) demonstrate that all events which can be expected to satisfy the kinematics 

of pplT +IT - do obtain a fit; (c) confirm that the final. fitted sample exhibits 

the required symmetry of the pp eM system; and (d) to estimate the contam

ination from events with neutral particles which also give fits to (1). 
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We first remove an obvious bias occurring for the projectile breakup 

events arising from incorrect particle as signment. Selecting the fit with the 

highest chi-square probability in cases of multiple fits, we show in Fig. 1(a) 

the Feynman x-distribution for the fitted IT +. A pronounced asymmetry 

between the forward and backward CM hemisphere is obvious with an excess 

of events having x ~ O. 6. The Feynman x-distribution for alllT + in the four-

prong events, which are identified by ionization, is shown in Fig. 1(b), where 

there are clearly very few IT + with x < -0.6. Thus we remove from the sam

pIe of kinematical fits events where the x of the fitted IT + exceeds 0.6, to en

sure symmetry in the pp CM system. We completely discard events which 

only have such a fit and select the fast-forward proton interpretation as op

posed to a fast IT + for events with both types of fits. After this cut, there 

remains a sample of 191 events. 

We next use two missing mas s squared distributions obtained from 

the complete event sample by requiring three particles in the backward and 

one in the forward eM hemisphere. Ionization is very powerful in identify

ing most of the target breakup particles which are generally slow in the 

laboratory. Failing such particle identification, negative tracks are as surned 

IT and positive tracks are tried as both IT + and proton in the case of two 

unidentified positive curvature tracks. In this latter case, the identification 

for which the missing mass from the three slowest tracks is nearest to the 

proton mass is adopted. Fig. 2(a) shows the missing mass from the four 

charged particles for events where a momentum measurement was possible 
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for all outgoing tracks. A pronounced, albeit wide, peak is seen close to 

zero. Fig. 2(b) shows the missing mass from the three "target breakupl! 

tracks. This distribution contains all of the events from Fig. 2(a) as well 

as the events where the momentum of the fast forward track could not be 

measured. Again, a pronounced peak appears, this time close to the proton 

mass squared. 

The events in these peaks are candidates for reaction (1). Events 

giving an acceptable 3C or 4C fit are shown shaded and one sees that no sig

nificant loss of fits occurs for this subsample. Fig. 2(c, d) shows the mis

sing mas s squared distributions for all events including the projectile break

(6) 
up sample. The greater background under the peak for the complete sam

pIe results from the misassignment of particle mass for some of the events 

with three fast particles in the laboratory; in particular, the projectile break

. + + - + up mto n'Tl' 'Tl' 'Tl' when misidentified as p'Tl' 'Tl' can give such a spurious peak. 

In Fig. 1(c, d, e) we show, for the fitted events, the Feynrnan x-distri

+ 
butions for the 'Tl' ,'Tl' and p, respectively. There is good overall forward-

backward symmetry in each case, and we note that for the complete sample 

of fitted events, there are 84 events with a 3 to 1 division of particles be

tween the forward and backward hemispheres and 82 events with a 1 to 3 

division. The remaining 25 events have a 2 to 2 division. At this stage, we 

conclude that there is no significant evidence that kinematical fits to (1) are 

lost, and that the expected symmetry of the pp CM system is adequately 

satisfied. 
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A further question is how much contamination is included in the sample 

from events with neutral particles. We have studied this in several ways. 

First, we have considered the stability of the fits to the presence of a pion 

by deleting the negatively charged particle and attempting the fit pp - pplT t. 

In 12 of the 82 events fitting (1), with three particles in the backward and 

one in the forward CM hemisphere, this attempt was succes sful indicating 

o
the fits are quite sensitive to a IT at the target vertex. 

However, the case in which alTo is associated with the fast leading 

particle is clearly more difficult to kinematically discriminate against in 

view of the width of the missing mass peak in Fig. 2(b). From consideration 

. . h' h h . t 0 h b kof the symmetrIc events m w lC t ere 1S a nlT or plT system in t e ac 

ward hemisphere and three-charged particles in the forward hemisphere, we 

find that such "double diffraction" events are rare. By reflecting the mo

t 
mentum vectors of the slow IT or proton, as the case may be, to the opposite 

CM hemisphere, we can compare the longitudinal laboratory rapidity distri

bution of these events with the same distribution for the events fitting hypothe

sis (1). We thereby estimate a background of 20 ± 5 events from the "double

diffraction" type events. (7) 

We have also studied the contamination in the projectile fragmentation 

sample by measuring those six-prong events which have a slow proton identi

2
fied by ionization and a system of missing-mass squared ~20 GeV recoiling 

from it. We deleted two prongs at a time in each of these events and tried to 

fit the remaining tracks to hypothesis (1). Assuming that these events are 
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kinematically similar to actual four -prong events with one or more mis sing 

o 
IT IS, we find that the contamination from this source in our four-prong 

+ 
pplT IT fits to be 23 ± 7 events. 

Finally, we note that of the events giving a kinematical fit to (1), there 

are two events known to have an associated K
O 

and one event with a pos sible 
s 

associated" conversion, although this could not be checked by measurement 

because of its very low energy. Observation of these K
O 

events implies the 
s 

presence of - 6 other events with a K
O 

in the sample. Since the average" 

conversion probability is only 0.018, observation of at most one photon con

version associated with the events kinematically fitting (1), while encouraging, 

by no means guarantees lack of background from events with one or more IT o. 

III. Results 

Combining the contamination studies, we measure the total cross sec

tion for reaction (1) to be 0.68 ± O. 14 mb, where the error assignment in-

eludes our estimate of the possible multi-neutral contamination. The frac

tion of this cross section which corresponds to target fragmentation (three 

particles in the backward hemisphere) is O. 29 ± O. 06 mb. In Fig. 3 we show 

the variation of the production cross section for (1) with laboratory momen

tum; (1-4) the dashed curve in the figure is an extrapolation of the fit of P~:b 

to the 10-28 GeV Ic data. We note that our cross section is significantly 

higher than this extrapolation would indicate. This suggests the presence of 

a dominant Pomeron exchange contribution to the reaction. Of course, since 
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our 205 GeV Ic result is -- 0.4 mb less than the 28 GeV Ic result, a less steep 

momentum dependence of the cross section at higher momenta is also an 

acceptable explanation. To decide between these two pos sibilities requires 

data at other high momenta. 

+ A dominant feature of the data is the production of a low pTr Tr effec

+ tive mas s enhancement. Fig. 4 shows a scatter plot of the two pTr Tr effec

tive mass combinations for each event. There are very few mass combina

tions not associated with either the forward or backward produced enhance-

merit. There is clearly no evidence for the production of any high mass N* 
+ resonances. In fact, the shape of the pTr Tr mass distribution, selecting 

the smallest value for each event (Fig. 5(a», is quite similar to that seen at 

lower energies. The mass resolution is good for the target breakup events 

(- 10 MeV), but the small number of events precludes a search for fine struc

ture in the low-mass enhancement. Although the constraint of small pTr Tr 

+ mass also requires small pTr and pTr effective masses, it is clear from 

Fig. 5(b, c) that the ~ ++ (1236) is a much more prominent intermediate state 

than is ~ 0(1236). 

The four-momentum transfer squared (t) distribution between the tar

+ get (projectile) and the pIT IT system is very peripheral. Fig. 6 shows the 

combined forward and backward eM data for pIT +Tr - effective mass less than 

Bt
3 GeV. We have fit the data to the form Ae and find that the slope of the 

-2 I I 2distribution is 9. 2 ± 1. 1 (GeV I c) for o. 0 ~ t ~ O. 30 (GeV I c) . This is 

only slightly smaller than that measured for pp elastic scattering in this 
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experiment, (8) and is further evidence that reaction (1) is dominated by 

Pomeron exchange. 

+ If the production of the low-mass plT IT system is indeed a diffractive 

process, it is of interest to test for the presence of s-channel or t-channel 

helicity conservation. (9) Low energy data (4) on reaction (1) have suggested 

that it is t-channel helicity which is conserved. We have studied the azimu

+ - + thaI angular distributions in the plT IT rest frame of the normal to the plT IT 

production plane (eI> N)' the decay proton direction (eI> p), and the decay 6.++ 

direction (eI>6.). A necessary condition for helicity conservation is isotropy 

of the three distributions in the appropriate coordinate system. Fig. 7 shows 

the azimuthal distribution in the s- and t-channel systems. Two of the s-

channel distributions, for the proton and 6.++ (Fig. 7(b, c», show anisotropy 

(X 2 /DF = 3. 21 and 2. 99 respectively). However, all three t-channel distri

2 
butions (Fig. 7(d-f» are reasonably isotropic (X IDF = 1. 79, 1. 30 and o. 91, 

respectively). We conclude that our 205 GeV Ic data are consistent with the 

observation at lower momentum that t-channel helicity is being conserved in 

the diffractive production of the plT +IT - system. 

The cooperation of the NAL staff in obtaining this exposure is grate

fully acknowledged, as is also the work of the Argonne scanning group. 
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Figure Captions 

Fig. 1 *The distribution of the Feynman x variable, x = 2p " /,.,[s where 

*p" and .,[S are the particles I longitudinal CM momentum and the 

total energy in the CM system, respectively, for: (a) the fitted 

+ + - +'IT in pp - pp'IT 'IT , (b) the measured 'IT from all four-prong 

events where the 'IT + is identified by ionization - the histogram to 

the right of the dotted line corresponds to the right-hand ordinate 

+ - + -scale, (c, d, e) the 'IT ,'IT and p from pp'IT 'IT fits after removing 

Fig. 2 

those with x + ~ O. 6. 
'IT 

2
(a) The distribution in missing mass squared (MM ) from the 

+ - + -pp'IT 'IT , for events with p'IT 'IT in the backward CM hemisphere. 

Events giving a 4C fit to this final state are shown shaded, (b) 

the distribution in MM
2 

from p'IT +'IT - where these are the three 

lowest momentum tracks in the event and are in the backward 

CM hemisphere. The events giving either 3C or 4C fit are shown 

shaded; (c) as in (a) but for all four-prong events; (d) as in (b) 

but for all four-prong events. 

Fig. 3 The production cross section for the reaction pp + -- pp'IT 'IT as a 

function of laboratory momentum. 
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." 

Fig. 4 + -Scatter plot of the two pll' IT effective mass combinations per 

event; PF and Ps identify the fast and slow protons of each event. 

Fig. 5 The effective mass distribution of (a) the plT +11'- system, select

ing the smallest for each event, (b) the p1T + system, and (c) the 

plT system. 

Fig. 6 The four-momentum transfer squared distribution between the 

target (projectile) and the plT +IT - system for p1T +11' mass less 

than 3 GeV. 

Fig. 7 Azimuthal decay angular distribution in the s -channel coordinate 

system of (a) the normal to the p1T 11' system, (b) the proton, and 

(c) the A ++; azimuthal decay angular distribution in the t-channel 

coordinate system of (d) the normal to the p1T 11' system, (e) the 

++ 
proton, and (f) the A . 
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