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BThis was estimated from a study of the opening-angle
distribution between the positive and negative tracks.
Direct-pair production has a sharp peak at zero de:—

grees while hadron production (with both tracks having
momentum less than 5 GeV/c) occurs predominantly at
large angles.

The total production rate of 1.63&&10 cm" corre-
sponds to a cross section for the neon-hydrogen mix-
ture of 4.8 mb. However, since direct-pair production
is approximately proportional to Z2, we are essentially
measuring production from neon in this experiment.
The cross section for direct-pair production from neon
alone is 25 mb,

OThis ignores direct-pair production from atomic
electrons. We know of no calculation that properly
takes this into account, but, guided by calculations done
for y-ray pair production, we estimate that this would
increase the theoretical prediction by about 10%.

"Although there are no free parameters, Ternovskii's
calculation does incorporate some model-dependent
features such as using the Thomas-Fermi model to
estimate the effect of electron shielding.
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We present a comparative study of inclusive & (1236) production in Pp collisions at
102 and 400 GeV/c. To better than 10% accuracy the invariant &+'(1236) cross section
does not depend on energy. A remarkable similarity is observed between the properties
of the neutra1-baryon system produced in association with the &++(1236) and the known

characteristics of & p collisions.

The characteristics of inclusive b, (1236) pro-
duction at high energies have recently been stud-
ied for pp collisions' at 303 GeV/c and prelimi-
nary results have been reported' at 205 GeV/c
and at 69 GeV/c. ' Here we present an investiga-
tion of the energy dependence and other hitherto
unstudied properties of the reaction

p+p —a"(1236) +X',

where X' represents anything accompanying the
a "(1236).

The data are from a 33000-picture exposure of
the Fermilab 30-in. bubble chamber to 102-GeV/c
protons and from a 19000-picture exposure at
400 GeV/c. ' In both experiments the beam trans-
mitted to the bubble chamber ha.d the same mo-
mentum as the extracted proton beam from the
main ring and, consequently, beamlike back-
ground was negligible.

We measured all charged tracks for a sample

of 3000 and 2200 events at 102 and 400 GeV/c,
respectively. The procedures used for proton
identification have been described elsewhere. ~ '
In this paper we will be concerned with b. ++(1236)
production in the backward hemisphere of the cen-
ter of mass, and, consequently, to avoid biasing
this sample of data through our imposed scanning
criterion used to select protons, we will restrict
our consideration to events which have w'p in-
variant masses (Mn) in the 1.12- to 1.32-GeV in-
terval and have low values for the squares of
four-momentum transfer between target proton
and the 6+' (I tz, l &0.6 GeV'). With these cuts on

M& and t&, we retain for further study of Reac-
tion (1) 160 and 119 events at 102 and 400 GeV/c,
respectively, corresponding to cross sections of
1.65+ 0.13 a,nd 1.59+ 0.15 mb.

Figure l(a) displays the ~+ mass spectrum for
the selected data samples. At both beam ener-
gies, a clear enhancement is observed in the p+p
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consistent with the production ratio of & for the
relative cross sections b. '/6+', expected if in-
clusive 6 production proceeds through I = 1 ex-
change in the f channel. [The cross section for
production of np systems outside of the b, (1236)
range is the same for ~'P as for n P pairs. ] The
t~ distributions for Reaction (1) at 102 and at 400
GeV/c are shown in Fig. 1(b). Again, within sta-
tistical uncertainty, the cross sections at the two
energies appear to have the same normalizations
and shapes in t&.

The mass of the system recoiling from the
6++(1236) does not display the sort of low-mass
enhancement observed in the reaction p+p-p+X+
for the X system. In fact, the mass distribution
of the X' in Reaction (1) is quite featureless. This
result is displayed in the x distribution of the
6++(1236) in Reaction (1), as shown in Fig. 1(c)~

The x variable is defined to take account of the
nonasymptotic nature of Fermilab energies:

Cl
b

~o
I

I I I

0.2 0.4
-tg (GeV )

~ I

0.6

~CI
b ~

CI

D

O -I.O -0.9 -0.8 -0.7

FIG. 1. The mass of &+p systems produced at rt I

&0.6 GeV~ is given in (a). Distributions in t and x of
A++(1236) produced in Reaction (1) appear in (b) and

(c), respectively. (Both +~jg and ~m;„are defined to
be positive quantities. )

mass at the position of the 6++(1236). The cross
section for 6++(1236) production for I t~l & 0.6
GeV is observed to be, to within 1(P/o statistical
accuracy, independent of beam momentum be-
tween 102 and 400 GeV/c. A similar plot of the
~ p mass spectrum [i.e. , for the reaction p+p
—(~ +p) +X", which is not shown] exhibits the
presence of a far weaker signal at the 6 (1236),

with m representing the proton mass, s the square
of the energy in the center-of-mass system, and

p, * the longitudinal momentum of the b, . The in-
variant x spectrum of the b,"(1236), integrated
over our t&range, is also independent of incident
momentum, that is, it is observed to "scale,"
within statistical uncertainty, for x& & —0.7. Fur-
thermore, there does not appear to be any sig-
nificant variation in the transverse-momentum
spectrum of the 6 as a function of x~ or s [the pr
distribution is approximately of the form exp(-6
xpr') for xz & —0.7]. Our data are too meager to
warrant a detailed triple-Regge analysis of Re-
action (1)'; however, it appears that pion ex-
change alone may not account for all 4 produc-
tion at large ix~l. '

In Fig. 2 we display the mean charged-particle
multiplicity ((n)~, ) of the X' system associated
with 4+'(1236) production as a function of Mxo'.
We also show the variation of the Mueller f, mo-
ment ((n') -(n)' —(n)) with M„o'. The data at 102
and at 400 GeV/c are in good agreement, as was
the case for an analogous comparison in p+p -p
+X+.' The smooth curves represent the varia-
tion of the same parameters in s p collisions as
a. function of s [i.e. , m +p - anything, where any-
thing includes the elastic channel, examined at
the square of the energy in the m p center of mass
(s) corresponding to s =Mxo']. ' The low-order
charged-pa, rticle multiplicity moments in m p re-
actions are seen to be quite consistent with those
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pp -6"(1236)+ X observed in the "collisions" of the virtual object
(or rather objects) R with a proton (see the dia-
gram in Fig. 2).

As in our previous investigation, ' we now pro-
ceed to examine whether the properties of inclu-
sive pion production in R P collisions are simi-
lar to those observed in s p collisions. In par-
ticular, we examine the reaction

M Xo R +P-s +(a,nything)' (2)

I-0 2+ ee

o- $

) i i )1 I I I I I I iiI
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in the rest frame of the X' system. Figure 2(c)
displays the invariant x distributions of the 7I in
Reaction (2) for Mxo'& 50 GeV'. The usual t-chan-
nel direction is chosen as the collision axis for
the R p objects. Thus, positive x, corresponds
to emission along the R "direction" (opposite to
the incident proton) in the X' rest frame. The x
variable is defined as

[Mxo-'(m + g, )'][Mx" —(m —p, )']
4lVf ~0
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FIG. 2. The total average charged-particle multi-
plicity snd the f2 moment of the X~ system are dis-
played as a function of l+xp2 in (a) and (b), respective-
ly. The smooth curves are for & p data corresponding
to & 71. p

=Mzp . (c) Inclusive lt production in 7) p col-
lisions is compared to observed characteristics of
R p '*collisions" shown for two regions of ~&p .

where P, is the longitudinal momentum of the m

in the X' rest frame measured along the R di-
rection, p,„ is the pion mass, and m is the mass
of the proton. (The data at 400 GeV/c for Mxo'

& 50 GeV' are too meager to permit a meaningful
analysis. ) For comparison we give the x distri-
bution for m production in m p collisions at s~ 30
GeV'. " Normalizations are chosen so that the
integrals of the v" distributions in Fig. 2(c) yield
one half of the (n) values given in Fig. 2(a) (the
elastic channels are included throughout). We
note that the character of the results for Reac-
tion (2) is very similar to what is observed in
real m P da.ta. The asymmetry in the distribu-
tions about x =0 is particularly noteworthy. The
peak near x„=+1,which is analogous to real
s p elastic scattering, is derived almost entirely
from the four-pronged events of Reaction (1),
and indicates the presence of low-mass (m 6++)
production. "

Finally, we have examined (Table I) the angu-
lar moments of the 6++(1236) decay in the Gott-
fried-Jackson frame (t~ channel) for xz, & —0.7."
The results are similar to those obtained at low-
er energies, for data involving b, (1236) produc-
tion in exclusive reactions where 7t exchange is
thought to dominate. " The large values of (I',')
indicate a preference for I J~ I

=
& spin alignment

in the 6 decay, consistent with reactions involv-
ing m excha, nge.

In conclusion, we have examined inclusive
4(1236) production inpp collisions at 102 and
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TABLE I. &++(1236) decay moments in the t channel
for xp& —0.7 and Ital &0.6 GeV .

102 Gev/c 400 GeV/c

&Re Yt')
&F 0)

&Rel', ')
&Re& ')

0.094+ 0.025
0.003 + 0.016
0.065 + 0.024

—0.017 + 0.018
0.009 + 0.016

0.007 + 0.031
—0.044+ 0.020

0.094 + 0.028
—0.019 + 0.023

0.053 ~ 0.017
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400 GeV/c. We find that the cross sections for
6 production (i.e. , M~ in the range 1.12 to 1.32
GeV) for x& —0.7 and It I &0.6 GeV' are 1.43
+ 0.12 and 1.36+ 0.14 mb at 102 and 400 GeV/c,
respectively. These cross sections thus appear
to be independent of s. Also, 6 production ap-
pears to scale in x between 102 and 400 GeV/c.
And, finally, the internal properties of the sys-
tem produced in association with the 6 are re-
markably similar to those expected on the basis
of the exchange of a virtual m meson which sub-
sequently interacts with the incident proton. The
latter result is analogous to our findings in a pre-
vious study of the reaction p+p-p+X+. '
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