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From observations of photon conversions into electron pairs in the 30-in. hydrogen bub-
ble chamber exposed to a 205-GeV proton beam at the National Accelerator Laboratory,
we have measured topological and differential cross sections for the inclusive reaction P
+p -p+anything. Comparison with data on the same reaction at the CERN intersecting
storage rings suggests that r production in PP collisions has reached a scaling limit by
205 GeV. We find that for multiplicities up to about 12, the average number of r 's per in-
elastic PP collision increases with the number of charged particles produced.

Recent results' on photon production at the
CERN intersecting storage rings (ISR) at equiva-
lent proton lab energies of 500, 1100, and 1500
GeV indicate that the invariant cross section is
independent of s, the center-of-mass energy
squared, i.e., the Feynman scaling limit is
reached by 500 GeV. Those data were also found
to be consistent with a factorized interpolation
formula, valid in the ISR energy range, which
estimates the average number of m 's per inelas-
tic pp collision as a function of s. In this Letter,
we present data on photon production which test
for scaling behavior at 205 GeV.

From 15000 pictures of the 30-in. hydrogen
bubble chamber at the National Accelerator Lab-
oratory exposed to a 205-GeV proton beam, we
have processes the V events in which a neutral
particle decays (or converts) into two charged
particles. These events were recorded using
scan rules as described by Charlton et al,. A
rescan for V events yielded efficiencies of (89
+ 2)%%uo and (94+ 2)%%uo, respectively, for the two
sca11s.

Each event was examined after measurement.
Kinematically ambiguous events were classified
according to ionization where possible, opening
angle between charged tracks, and the transverse
momentum between the neutral and the negative
prong. After all selections, ' 138 out of 401 as-
sociated V topology events were classified as
electron pairs. The neutral-strange-particle
events will be discussed elsewhere. '

The y events have been weighted by the inverse
of their detection probability, computed from the
measured potential y path in the fiducial volume,
the minimum y path length required for efficient
detection, and the pair-production cross section,
which is independent of photon energy above 2
GeV. The average y conversion probability in
this experiment is 0.018, and the average weight-
ed y distributions are consistent with the center-
of-mass symmetry of the pp system. We present
in Table I the number of events and the cross
sections as a function of the associated charged-
particle multiplicity.

We discuss the data in terms of the invariant
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TABLE I. Cross sections for P+P y+n charged particles +anything.

n = Num'ber
of Charged
Particles

Number
of y's

Observed

Corrected
and weighted

Number

o n(PP-W
+ Anything)

XIlb

&~op/
Inelas tic pp
Collision

10

12

18

20

22

'Total

17

3f

13

154

657 y 380

1169 ~ 320

2128 y 485

2139 y 418

2811 y 534

13 f4 y 3ZO

1172 y 380

259 y 135

82 y 59

1167Z y 1090

11.7~ 6. 9

20. 8y 5. 7

37. 8y 8. 6

38. 1+ 7. 4

49. 9+ 9 5

23. 3y 5. 7

ZO. 8y 6. 7

4. 6 ~ 2. 4

1. 6y 1. 2

208. 6 y 19. 6

1. 68 y 1. 0

1. 87' 0. 5Z

2. 72 ~ O. 63

3. 37~ 0. 67

5. 66' 1. 1Z

3. .39 y 0. 86

6. 12 y 2. 05

2. 64' 1. 42

3. 17y 0. 32

cross section

2$ dS
E(x,P„s)- ~

where E is the energy of the photon, P~ (P„) its
transverse (longitudinal) momentum, and x= 2P„/
Ks, all variables being computed in the pp center-
of-mass system. We define E~(x) and Ea(P~') to
be the integrals, over P~2 and x, respectively,
of the invariant cross section. Figure 1 shows
E,(x) and E,(P~), as well as do/dx and do/dP~~.
We also show 2P~I'2 as a function of P~. Note that
we have used the pp c,m. symmetry by folding
about @=0 and averaging our data. The curves
in Fig. 1 correspond to the interpolation formula

used by Neuhofer et al.' to parametrize their
data on the same reaction measured at the CERN
ISR. Their interpolation formula was primarily
utilized to represent the data over the region 0
& g & 9.15, 0.1 &P~ & 0.6 and is shown in Fig. 1 as
a solid line over this region. Within these limits,
our data are consistent with their results. Earli-
er data at 24 GeV' were shown by Neuhofer et al.
not to agree with s independence of the invariant
cross section. This implies that the reaction
p+p -y+anything reaches scaling behavior some-
where between 24 and 205 GeV.

Our data are insufficient to test whether E(x,P~,
s) factorises in x and P, . We note, however
[Fig. 1(c)], that our data are not in agreement
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FIG. 1. (a) F&(x) and d&r/dx, (b) F,(P~ ) and da'/dP~, and (c) 2P~F2 versus PJ.,
are given by the ISB interpolation formula as described in the text (c = 1).
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FIG. 2. (a} Average number of s 's produced per in-
elastic PP collision, as a function of 8. The curve cor-
responds to the formula (s ) = 1.51 In(0.512~a), given in
Hef. 1. (b) o'„(so) and c„(x ) as a function of s. (c} The
average number of ro'e produced per inelastic pp col-
lision, @0), as a function of s The .dashed line corre-
sponds to the number of negative tracks per topology.

RQ 1ndependent» data on 7 production pl ovlde

additional constraints on models which predict
multiplicity distributions. In Fig. 2(b), we plot
the cross section for p +p - w'+n charged parti-
cles+ anything, c„(m'), as a function of the charge
multiplicity together with the corresponding in-
clusive cross section82 for producing negative
particles, o„(x ). The similarity between the
two distributions shows that the rates for mo and

for m production are very similar for the in-
dividual topologies. Our 205-GeV data suggest
a rise in (wc) with g up to about 12. This is shown
Hl Fig, 2(c).

This same positive correlation between numbers
of photons and charged particles has been recent-
ly observed in an ISR experiment a and is in con-
trast to the conslusion" reached at 19 GeV that
(x') is almost independent of n. Earlier multi-
peripheral models'4 which predict that (s') de-
creases with increasing g are inconsistent with
both results.

We thank the staff of the National Accelerator
Laboratory and the 30-in. bubble-chamber group
for a remarkably smooth first run, and the scan-
ning and measuring personnel at Argonne Nation»
al Laboratory fox their dedicated work. %e ap-
preciate many enlightening discussions with E. L.
Berger and G. H. Thomas and thank D. Colley for
his help in the final analysis.

with the functional form' exp(-P~/0. 162) for P~
&0,6 GeV/c andE~&0, 1 GeV/c. '

The average values of the photon momentum
components are (g,~))

= 0.53 +0.05 GeV/c and g~)
=0.20 ~0.02 GeV/c. Assuming that the dominant
source of photons at high energy is mo decay, e we
obtain (p~(sc)) = 0.40 +0.04 GeV/c, consistent with
typical values for charged pions at all energiesge
With the same assumption, the total inclusive
cross section (x(p + p ~ s + anything) is 104+ 10
mb at 205 Qev, U81Ilg our 1nelRstlc cross sec-
tion measurement, ~ we find the average number
of ss per inelastic pp collision, (s'), to be 3.17
+0.32. For comparison, the data, of Ref. 2 yield
(s ) = 2.82+0.08 (if kaon emission is neglected).
Figure 2(a) shows the available data "on (m') as
a function of s. The solid line corresponds to the
relation (sc) = 1.51 ln(0. 512v"s) fitted by Neuhofer
eg gl. to their ISR data. x To the extent that our
data, are consistent with theirs in the differential
distributions E,(x) and E,(P~'), our value for (s')
must be consistent with this curve, as is indeed
the case.

Since the rates for p +p - s', s', s + anything are
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measurable V 's as y's, in the ratio of y's over tota1
V 's. This yielded the total of 154 events quoted in
Table I.
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The forward peak in n-P charge-exchange reactions is accounted for by a simp1e Born
model. The value of the peak is shown to be due to u-channel & exchange, whereas its
shape is found to be determined by the interference between the above mentioned m' con-
tribution and a r+ exchange in the t channe1. The agreement with the data is fairly good
for all incident momenta above 8 GeV/c and for a range of momentum transfer 0& It I

& 0.005 (GeV/c} .
Forward-direction n-p charge-exchange scat-

tering exhibits a narrow peak' characteristic of t-
channel pion exchange, i.e., a peak whose width

is about ~„'. One-pion exchange (OPE) calcula-
tions in the Born model yield, however, a vanish-
ing contribution in the forward direction. Possi-
ble elimination of this disagreement is offered by
an absorptive modification of the OPE Born am-
plitude. ' Phillips' has accounted for the forward
peak by a different, though not completely unre-
lated, method, namely, by the addi. tion of a slow-

ly varying background which interferes destruc-
tively with the OPE amplitude. The absorptive
corrections as well as Phillips's background term
are treated phenomenologically and fitted to the
data. Muzinich4 attempted to explain the data by

a single Reggeized p exchange whose parameters
were fitted to the data. Phillips in a further pub-
lication' showed that such a model cannot fit all
the data and must, moreover, possess a rapidly
varying residue function.

Islam and Preist' suggested a Born model in
which the p gnd m are exchanged both. i.n the t pygmy

the g channel. Their p is coupled only electrical-
ly to the nucleon, and the fitted coupling constant
is smaller than the commonly accepted value.
This is probably due to the non-Reggeized treat-
ment of the p. The sharp forward peak is ob-
tained by assigning a steep form factor to the
p-nucleon vertex. Another strange feature of
Ref. 6 is curve 5 in Fig. 2 which shows a very
low pion contribution in the forward direction in


