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Reactions pp ~p7r-I and a comparison with leptoproduction and the quark-parton model
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We have studied the inclusive reactions pp~pm —X at 8.9 GeV/c and compared them to the lepton-
induced processes e p ~e A+X and the photoproduction reactions yp —~n+X. The naive quark-parton model
is found to be quite successful in interpreting the results, The distribution of charge in the current-
fragmentation region is consistent with production of 7-+ via absorption of the current by fractionally charged
valence antiquarks of the antiproton.

INTRODUCTION

Using data obtained from the SLAC hybrid
facility, we have studied some features of the
inclusive reactions PP Pw'X at 8.9 GeV/c and
compared them to those observed in the lepton-
induced processes e P - e m'X and in the photo-
production reactions yP- w'X. $uch a, comparison
may help clarify the long-standing proposal that
the coupling of the Pomeron to hadrons should be
like that of the photon. ' A relationship between
hadron- and lepton-induced reactions is also ex-
pected in terms of quark-parton dynamics if an
underlying field theory such as quantum chromo-
dynamics is correct. In fact the quark-parton
model has recently been shown to give an excellent
description of inclusive hadronic reactions in the
fragmentation region. ' Brodsky and Gunion, on
the other hand, have studied jet production as a
link between hadron- and lepton-. induced reac-
tions. 3

APPARATUS

The apparatus used in this experiment consists
of the SLAC Hybrid Facility4 with the 40-in. hy-
drogen-filled bubble chamber operating at 10 ex-

'V

pansions/sec, an upstream beam Cerenkov count-
er, upstream and downstream proportional wire
chambers (PWC), a downstream Cerenkov count-
er (CANUTE), and a neutral-particle calorimeter.
The beam Cerenkov counter is a 1.5-m Freon
counter operated at 1 atmosphere with both E's
and P's being below threshold. The two upstream
PWC's have an active area of 8 in. & 8 in. with a
2-mm wire spacing whil. e the three downstream
PWC's have active areas ranging from -20 cm
&& 60 cm to -30 cm x 1 m with 2-mm wire spacing.
CANUTE is a large ten-celled Freon-12 high-
pressure [59 psi (absolute)] Cerenkov counter

with a 10-GeV/c proton threshold. The calorim-
eter consists of 28 scintillation counters inter-
spersed among 2 lead and 26 iron plates of ap-
proximately 30 && 30 in. ' cross section. In addition
three sets of 5 & 5 hodoscope counters are utilized
to help separate charged-hadron interactions or
y-ray showers from antineutron interactions.

The 8.9-GeV/c beam was run at an intensity of
about one P/beam pulse, requiring a primary
electron beam current of about 8 mA. A beam
contamination of 0.8 light particles/P was reduced

V'

to a few percent by the beam Cerenkov counter.
Approximately 1/0 of the heavy particles are E
a'.nd have been ignored in this analysis.

The bubble chamber was exposed to 3 x 10'
pictures. with the P beam and 1.5 x 10' pictures
with a proton beam at 8.9 GeV/c momentum. The
bulk of the data was taken in a triggered mode
with a software trigger designed to ensure that a
P (or P) beam track had entered the bubble chamber
and had undergone an interaction (deflection)
within a preselected fiducial volume of the bubble
chamber. About 50% of the pictures have a good
event with the interaction vertex calculated on
line, together with all the electronics informa-
tion available.

DATA

For this study we have used all events which
contain a proton (with momentum less than 1.4
GeV/c) identified by ionization in the bubble
chamber. We estimate that we have identified)70/q of the cross section for the process

pP -pX at 8.9 GeV/c .
Having selected these events from a sample of

10000 inclusive PP events, we study the two-
particle inclusive reactions
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(2)

The identification of the second positive particle
as a m' is unambiguous since we have already
identified a proton in each event. To distinguish
between P and n we have used CANUTE. How-
ever, owing to 5 rays and accidentals in CANUTE
and the probability for a p to interact somewhere
between the bubble-chamber vertex and the
Cerenkov hodoscope, the efficiency for P identifi-
cation in CANUTE is reduced to about 75%. We
estimate therefore that &15% of the negative
tracks that have been called II in reaction (2)
are misidentified P's. In the following, we will
be considering m production in the forward hemis-
phere of the exchanged-particle-beam-particle
rest system (forward with respect to the ex-
changed particle). In this region of phase space
there are only a few P's and utilizing the mea-
sured distribution of identified p's we estimate
that no more than 4/o of the tracks labeled II in
the forward hemisphere are in fact misidentified
P's. For the smal. l sample of n" which enter
CANUTE, the decision between m and P has been
made based on the downstream electronic infor-
mation.

Reaction (2) can be thought of as proceeding via
an exchange mechanism [see Fig. 1(a)], "I"'P
—m'X, in analogy with the electromagnetic or

weak processes. To start with, "I'" is a fictitious
mathematical entity, with its momentum and
energy defined by the target and the recoil pro-
tons. We will try to give "1"a definite physical
meaning by comparing the above reaction to the
process e P - e m'X in which the virtual photon'
probe the underlying structure of the proton
[Fig. 1(b)]. For small W' =(P, +P, —p, )' and
small Q' = (P, -P,)' (where P„P2,P, are the four-
momenta of the target, beam, and recoil. proton,
respectively) the process "I"p- II'X will be
show&. to bear a remarkable similarity to the
virtual-photon reaction "y"p- w'X and to the
corr esponding. photoproduction reaction. This
comparison indicates that the hadronic current"I'" couples to hadrons in a way similar to that
of a virtual photon and, in particular, "I'" inter-
acts individually with the quark partons of the
P to produce hadrons (for small W' and small
Q')

In Fig. 2(a) we show the missing mass squared
(W') recoiling against the proton for inelastic
events. The center-of-mass energy available for
the reaction is +s=4.2 GeV. We will divide the
data into two sets: W&2 GeV and W&2 GeV,
respectively. The P fragmentation is expected to
dominate in the former and that is where we ex-
pect to find the "1'"—y analogy to be most suc-
cessful. The distribution of momentum transfer
squared (Q') imparted to the proton for inelastic
events [shown in Fig. 2(b)] is observed to be
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FIG. 1. (a) A particular mechanism for the reaction
PP P +X. (b) One-photon-exchange diagram for
e p e X. (c) Production of 7{+ and (d) vr via absorp-
tion of a current by the valence antiquarks of the anti-
proton.

FIG. 2. (a) Missing mass squared recoiling against
the proton. (b) Momentum transfer squared imparted
to the recoil proton.
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highly peripheral. Almost all the data have
Q'&1.0 GeV'. We now transform all physical
variables to the center of mass of the process
"I'"P- m'X, where the four-momentum of "j.""is
given byP& =P, —P,. In this frame, the invariant
Feynman-x distribution of the m' i.s shown in
Fig. 3(a) for W&2 GeV. Here we define x= 2PJa/W
where P~ is the momentum of the w'. along the
direction of "I'" in the I'P center of mass. W,
the missing mass recoiling against the proton,
is also the energy available for particle produc-
tion in this frame.

The left-right asymmetry of the x distribution
in Fig. 3(a) is noteworthy. There are more v'
forward than in the backward direction. For
comparison we have also shown the distribution
for the electroproduction reaction e p- e n X
for 1.8& W&2.2 GeV and 0.3 &Q'&1.4 GeV' (Ref.
5) (dotted line). This distribution is observed to
be not very sensitive with respect to W and Q'.
Data for the photoproduction reaction yp- m X
at W=2.8 GeV (Ref. 8) are shown as a solid line. '
For clarity we have ignored the errors (+10%)
in the electroproduction and photoproduction data
and have presented them by smooth curves. In
addition, the distributions have been normalized
by their respective total cross sections. The
three different sets of data are fairly consistent
with each other, especially in the backward di-
rection (x&0).

In contrast, the n' distribution for W&2 GeV
[Fig. 3(b)] shows somewhat different character-
istics. It is, for example, even more asymmetric, 4.0—

+I
C 3.0—

C 2.0-
I.O—

) Ppmprt+x

5'p~5m x

and extends over a smaller range in x for both
forward and backward regions. The cross section
increases monotonically with x from x = -0.6 to
x =+0.6 and then sharply drops to zero. These
data bear less resemblance to the electroproduc-
tion and photoproduction data. The data for
1'P - tt X exhibit similar features (not shown).

We now compare the ratio for tt /w' observed
in the forward direction (x&0) in the Ip center-
of-mass frame to the ratio tT'/m observed in the
electroproduction process as a function of W, Q',
and 1/tet = Q'/2Mv where v =P, Q /M, M being the
mass of the proton. [The electroproduction data'
used here involve several "cuts, " i.e., m"s are
limited to pr2&0. 02 (GeV/c)' and x is restricted
to the region 0.4&x&0.7. However, the data'
show no strong dependence on either x or P~'
& 0.2 (GeV/c)' and so for this comparison we have
not imposed these limits on our data. ] Figures
4(a), 4(b), and 4(c) show the behavior of the
ratio w /m' for our data and the ratio m'/v for
the electroproduction data as a function of 8',
1/td, and Q', respectively. We note that the ratio
falls monotonically with increasing W, is constant
with Q', and rises monotonically as a function of
Q'/2Mv within the small range of variables studied
here. Again it is clear from Fig. 4 that both the
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FIG. 3. (a) Invariant x distribution for x+ in the reac-
tion pp p7r+X in I'p center-of-mass frame for
W & 2 GeV. The dotted curve represents electroproduc-
tion data for 1.8 & 8'&2.2 GeV and 0.3 &Q &1.4 GeV .
The solid curve shows photoproduction data for W=2.8
GeV. (b) Invariant x distribution for m'+ for W&2 GeV.
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FIG. 4. The ratio & /~+ for our data and the ratio
~'/~ for electroproduction and photoproduction as a
function of (a) g, (b) 1/m =Q /2Mv, and (c) Q .
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behavior and the magnitude of this ratio as a func-
tion of these parton-model. -motivated variables
is remarkably similar in the hadron- and the
lepton-induced reactions. We now make a further
comparison with the quark-parton model.

The invariant x distribution for w' [Fig. 3(a)j
follows closely the quark distribution' xd(x) in
the backward direction (P fragmentation region).
In fact, xd(x) is found to be practically the same
as the solid line in the figure. In the foll.owing we
take this coincidence seriously and interpret it
to mean that "I'" interacts incoherently with the
antiquark partons of the P to produce m's. This
interpretation gives rise to some interesting pre-
dictions' which can be tested with our data. In
particular let us consider Figs. 1(c) and 1(d)
which show respectively the production of a m'

and a x in the forward hemisphere (current-
fragmentation region) through the absorption of
the current momentum by a 2 or a u. On the
basis of this model, if a m' is detected in the
forward hemisphere in the I'P center of mass, the
mechanism of Fig. 1(c) is expected to dominate
and the ratio of the charges in the forward and
backward hemispheres is given by Qz/Qe .=+—,'/
(--,') =-0.25. On the other hand, if a w is de-
tected in the forward direction, we predict, ac-

0.6—
0.5—

cording to Fig. 1(d), Qz/Qe =-—', /(--,') =2.0. The
corresponding experimental numbers determined
from our data are as follows:

(
q~ 'I

Qs j,+f, „g ——-0.25+ 0.02

Qz
forward

in excellent agreement with the predictions made
above. ' It is interesting to note that these charge
ratios can only be obtained with —,

' integral charges
since @~+ps =-1. In pursuing this idea further,
we have studied the correl. ation of the charge
distribution in the I'P center-of-mass frame with
respect to the current direction. I.et Q~ be the
total charge in the hemisphere of the fastest m'

(trigger) in the event and let 0 be the angle be-
tween the trigger and current directions. Fig-
ure 5 shows the variation of Qz as a function of
cos8 for m' and n triggers. It is remarkable
that in the direction of the current (cos8 =+1)
Q~ approaches —,

' and ——', , respectively, as ex-
pected from Figs. 1(c) and 1(d). It is of interest
to investigate whether these ratios are dependent
on the quantum numbers of the trigger particle or
only on its charge. We have thus selected events
of the type
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FIG. 5. Total charge in the hemisphere of (a) the x+

trigger and (b) the ~ trigger as a function of the angle
between the trigger and the current directions.

FIG. 6. Charge distributions in, the forward hemi-
sphere for (a) ~+, (b) vr and (c) p triggers. The for-
ward-hemisphere charged-particle multiplicities for
(d), &+, (e) 7t, and (f) p triggers.
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and find that when we trigger on a forward (in
the I'p rest system) p, the ratio

(
Qz
QS p forward = 9.0+ 1.5,

(3) more than just the charge quantum number of the
trigger is important.

In conclusion, the reactions PP-Pw'X have re-
markable similarities to the l.epton-induced re-
actions e P- e n'X. The naive interpretation of
the data in terms of the underlying quark struc-
ture of the hadrons is quite successful.

substantially different from the value quoted above
for the m trigger. To investigate this in more
detail, in Figs. 6(a) and 6(b) we show the charge
distributions in the forward hemisphere for the
w' and m triggers, respectively. Figures 6(d)
and 6(e) show the number of particles in the for-
ward hemisphere (including the trigger) for the
m' and m triggers, respectivel. y. These may
be compared with the analogous distributions
associated with a trigger p shown in Figs. 6(c)
and 6(f). It is clear that the distributions for w

and P triggers are quite different, indicating that
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