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Inclusive and semi-inclusive cross sections for gp production. in 100, 200, and. 360,:GeV/c m p interactions
are presented; Differential cross' sections for p production as functions of c.m. rapidity and transverse
momentum are compared with the corresponding differential cross sections for pion production. Effects of
various methods of estimating background on the values obtained for p production cross sections are
discussed. About 10% of the final-state charged pions appear to come from p decay. Thus, while p
production and decay is a significant source of final-state pions, other sources must contribute the majority
of the produced pions.

I. INTRODUCTION

The contribution of resonance production to in-
clusive particle production in strong interactions
is currently a subject of great interest. If reso-
nances are the source of a significant fraction of
the observed pion production, they must be con-
sidered a factor in producing the short-range two-
particle correlations found at high energies. Vec-
tor-meson production and decay may also be a
source of much of the lepton production observed
in hadronic reactions. Detailed studies of reso-
nance production at the highest available energies
are necessary for our understanding of these ef-
fects.

In this paper we consider the energy dependence
of po(770) production in m p interactions. In par-
ticular, we concentrate on data from )00-, 200-,
and 360-GeV/c v p experiments performed in the
Fermilab hybrid spectrometer consisting of the
30-in. bubble chamber together with downstream
wide-gap optical spark chambers and upstream
proporti'onal wire chambers. Specifically, we
study inclusive and semi-inclusive production in

the reactions

p p-pa+anything.

In Sec. II the data samples are discussed briefly.
In Sec. III we determine the inclusive and semi-
inclusive cross sections for reaction (1) and con-
sider the energy dependence of the inclusive p
cross sections and the dependence of the semi-
inclusive p cross sections on energy and charge
multiplicity. In Sec. IV we compare reaction (1)
with

e p-m'+anything.

In particular, we study the energy dependence of
(po), the average number of p's produced per
event, and the ratio of po production to g produc-
tion. We also compare the transverse-momentum
spectrum for p' mesons to that for m' mesons. In
Sec. V we examine the energy dependence of p
production in various ranges of center-of-mass
(c.m. ) rapidity yN' of the po, and compare the over-
all rapidity distributions for reactions (1) and (2).
In Sec. VI we summarize our results. In the Ap-
pendix we discuss alternative methods of estimat-
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ing background distributions for use in determining

p production cross sections.

H. EXPERIMENTAL DETAILS

The data used in the following analysis were ob-
tained in experiments utilizing the Fermilab 30- '

in. -hydrogen-bubble- chamber-wide- gap-spark-
chamber hybrid spectrometer. The bubble cham-
ber served as a vertex detector and provided ac-
curate measurements for low- momentum tracks.
The downstream wide-gap optical spark chambers
were used in conjunction with the bubble chamber
to provide improved momentum resolution for fast
forward tracks. Momentum measurements from
the hybrid system were used whenever they were
available. Upstream proportional wire chambers
were used to determine the direction and position
of the beam particle for each event. Protons with
laboratory momenta less than 1.4 GeV/c were
identified on the basis of bubble density. All other
charged particles without visible decays were as-
sumed to be pions. Further details of the experi-
ments are presented elsewhere. '

Our data samples consist of approximately 30000
events at 360 GeV/c, 17000 events at 200 GeV/c,
and 7V00 events at 100 GeV/c. In.determining
mass distributions and cross sections, the events
of each multiplicity are weighted so that the semi-
inclusive topological cross sections correspond to
the published values. '

III. INCLUSIVE AND SEMI-INCLUSIVE p PRODUCTION
CROSS SECTIONS

A. Determination of cross sections

A major problem in determining cross sections
for p production at high energies is the large corn-
binatorial background which dominates multipar-
ticle effective-mass distributions. Typically the
signal-to-noise ratio in the p mass region in w'n

mass distributions is only 'a fern percent at Fer-
milab energies. This can be seen in Fig. 1 where
we show the inclusive z'g mass spectra for each
of our three energies. In each case a shoulder is
observed above a smooth background in the vicinity
of the p mass. It is clear that cross-section esti-
mates for p production can be significantly influ-
enced by the parametrization used for the back-
ground. In order to obtain results which are di-
rectly comparable to published results at other
energies, we have used fitting techniques similar
to those previously used' at Iower energies.

It has been observed4' that to first approximation
the background under the p mass region falls ex-
ponentially with increasing mass. Thus, if the
mass spectrum is multiplied by an appropriate ex-

ponential in mass the strong variation of back-
ground (phase space) is removed and the resonance
contributions may be more clearly observed. De-
pending on the range of mass fitted and the statis-
tical accuracy of the data, it is often necessary to
use exponential terms of higher order in mass to
obtain good fits to the data. Ne find that over the
mass range 0.56 & M(w'v }& 1.5 GeV the back-
grounds in our samples can be well described by
functions of the form A exp(BM+CM2) where the
constants A, 8, and C may vary for different
samples. In determining p production cross sec-
tions me have assumed that the effective phase
space for resonance production has the same mass
dependence as this background.

We have fitted the inclusive mass distributions
in the range 0.56-1.50 GeV with a function of the
form

=A exp(BM+ CM2)+ DF~ exp(BM+ CM'),

where A, 8, C, and D are constants to be deter-
mined and I'~„ is a P-wave Breit-signer function

MM, I
BW (M2 M 2)2 +M 2P2 t

where M, and I are the mass and width of the
resonance. For a P-wave resonance we use I"
=I B(k/kB)' where k is the pion momentum in the
dipion rest frame and k =40 at the resonance mass

Mo After studying the effects of varying Mo
and I'0 we have fixed them at the values Mo =O.V60
GeV and I o =0.160 GeV for the final fits. This
estimate for 1"0 is consistent with adding an aver-
age m'm mass resolution of 0.050 GeV in quadra-
ture with (0.152 +0.003) GeV, the nominal pB

width. ~ Studies of the resolution' in w'g effective
mass show this choice to be reasonable at all three
incident energies. The resulting fits and back-
ground distributions are shown in Fig. 1. The in-
clusive p' production cross sections are given in
Table I.

Proceeding in a similar fashion me have fitted
the semi-inclusive M(w w ) distribution for each
charge multiplicity n with the form (3}. The re-
suIting semi-inclusive p production cross sections
are given in Table I which also lists the sum of the
semi-inclusive cross sections as mell as other de-
terminatiops of the inclusive cross section; Er-
rors quoted in Table I include some allowance for
the observed effects of small variations of the
mass range and resonance parameters on the fitted
cross sections. All fits gave acceptable g' values.
At each energy the agreement between the sum of
the semi-inclusive cross sections and the inclusive
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FIG. 1. Inclusive m+g mass distributions for the pro-
cess g p (w'~ )Xo at (a) 100, (h) 200, and (c) 360 Gev/
c. The solid curves represent fits to the data as de-
scribed in the text. The dashed curves indicate the back-
ground contributions.

cross section is quite satisfactory. In Fig. 2 are
shown the semi-inclusive mass distributions at
each energy for g = 6, 8, 10, 12 together mith the re-
sults of the fits. The background contributions are
shown as dashed lines in the resonance region.

In order to determine the effects of our assump-
tions about the shape of.the background on our
cross-section values, we have tried other param-
etrizations including a simple exponential function
and a variety of polynomia) forms. In general the
resulting p~ cross sections were consistent mithin
errors with those quoted in Table I whenever ac-
ceptable fits mere obtained.

While the average resolution in M(ir's ) at the p
mass is about 50 MeV, the resolution varies great-
ly with the longitudinal momentum of the m'm pair.
This variation increases mith increasing incident
momentum. The calculated variation is sufficiently
small over the entire kinematic range at 100 and
200 GeV/c that use of a constant I', =0.160 GeV in
the fitting does not cause difficulties. At 360 GeV/
c, however, the average M(w'w ) resolution at the

p mass is about 0.220 GeV for m'g pairs having
c.m. rapidities in the range +1 & y* &+3. Thus we
have investigated the possibility that in performing
a single fit to the whole sample me are underesti-
mating the po cross section. We have fitted the
distributions for various regions of y* using differ-
ent values of 1"0 consistent with the calculated res-
olution. Results are discussed in more detail in
Sec. V. The total cross sections thus obtained are

TABLE I. Semi-inclusive and inclusive p production cross sections (in mb). Errors
include some allowance for uncertainties in the fitted parametrization.

(GeV/c) 100 200 360

4
6
8

10
12
14
(-)16
(-)18
20
(~)22

0.77 + 0.16
1.54+ 0,25
2.11+0.46
1.16 + 0,50
1.23+ 0.45
0.83 +0.43
0.22 + 0.20

0.47 +0.11
0.88 + 0.18
2.12+0.2V

1.82 + 0.25
1.89+0.20
1.12i0.20
0.29+ 0.27
0.18+0.18

0.25 + 0.05
0.74+ 0.13
1.14+0.23
1.87+ 0,19
1.5V+ 0,15
1.08 +0.15
1.03 + 0,23
0.36 +0.12
0.24+0.05
0.0 +0.10

Inclusive
A (sum)
B (inclusive fit)
C (sum of y*-region

fits)
D (weighted average of
AP, C) ~

7.86 + 0.99
7.49+ 1.79

7.60 + 0.55

7.65+ 0.46

8.VV +0.63
8.36 +0.80

8.40+ 0.72

8.54 +0.41

. 8.28 +0.48
8.49+0.29

8.65 +0.23

8.55+ 0.17

~In computing D, determinations A, B, and C have been treated as independent. The quoted
errors on the weighted average do not include any additional contribution for systematic
uncertainties.



P. D. HIG GIN S et Nl. I9

(b) Sprongs

IOO

30- 0-

o I I I I I I I

t '6 I.O . I.4 l.8 Q.6 I.Q I.4 l.8

) 30-
CQ

~ 20-
F

IQ-

o~ I I I I

0.6 I.O I.4 I.S

0-

I I I I

0.6 I.Q I.4 I.8

560 60-

20- 0-

IO- 0-

(c) lO prongs
90-

(d) l2 prongs

l00

50- 0-

0-

0 I I I I I I I I

0.2 0.6 I.O l.4 1.8 0.6 I.O I.4 I.8
M(~+~ ) (GeY)

also shown in Table I and agree within statistics
with the other determinations. %'e have also per-
formed fits to samples consisting only of events in
which momentum information utilizing the complete
hybrid system is available for one or more tracks.
The momentum resolution in the sample is con-
siderably improved. Resulting estimates of fast-
forward p production are consistent with those ob-
tained using the whole sample and an increased
value for 10.

As our best estimates of the inclusive p cross
section we use weighted averages of the three val-
ues obtained by the different methods described
above. The resulting values are 7.65+0.46, 8.54
+0.41, and 8.55+0.17 mb, at 100, 200, and 360
GeV/c, respectively.

A recent publication from the Split Field Magnet
group at the CERN ISR describes a completely dif-
ferent method of estimating the background in the
M(v'm ) distribution and of determining resonance
cross sections. Their studies of neutral vector-
meson production in pp collisions at c.m. energy
v s =53 GeV yield values for the number of reso-
nances per event considerably larger than the cor-
responding numbers commonly obtained in analyses
such as we have used at lower energies. Sancso
et gg.~ determine background curves for their two-
particle effective-mass distributions by combining
randomly selected tracks from different events.
We find that background distributions obtained in
this manner do not provide good representations of
our data. However, for comparison and complete-
ness we present results from a study of such back-
grounds in the Appendix.
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B. Variation of inclusive cross section with incident energy

We have collected available data' 8' "on in-
clusive po production in n'p and pp interactions. In
Fig. 3 are plotted the data'7 on inclusive p produc-
tion cross sections as a function of s, the square
of the total c.m. energy. We observe that for both
w'p and pp interactions the cross section appears
to rise linearly with lng, although the rise is more
rapid in the pp case. If we separately fit the z'p
and pp data with a form o(p ) =A+Bins we obtain
for m'p

r I
'

I I I I I I

.2 0.6 I.O I.4 I.S 0.6 I.O I.4 I.8
M(~+~-) (GeV)

FIG. 2. Semi-inclusive 7t+g" mass distributions for (a)
n=6, (b) n=8, (c) n=10, and (d) m=12 in 100-, 200-,
and 360-Gev/c m p interactions. The solid curves re-
present fits described in the text. The dashed curves
indicate the background contributions.

o'(p ) (mb) = (-0.24 + 0.10)+(1.38 + 0.04) lns

with X'/DF =1.2V, and for pp,

e(p ) (mb) = (-9.18 a 1.66)+ (3.31 a 0.50) lns

with X'/DF =0.08. These results are qualitatively
similar to those previously presented by Bartke
et al. , by Chliapnikov, ' and more recently by
%'roblewski. " If, however, we fit only the four
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TABLE H. &p & =—cr„(p )/0„.

(GeV/0 )
/

100 200 360

6
8

10
12
14
16
18
20

0.16 + 0.05
0.30 + 0.08
0.49 + 0.11
0.46 + 0,20
0.87 + 0,32
1.32 +0.73

0.13+ 0.03
0.22 + 0.05
0.51y 0.07
0.55+0.08
0.88 +0.10
1.00 +0.-19
0.47 +0.44

0.08 +0,03
0.21 + 0.05
0.29 +0.06
0,54 +0.06
0.61+0.06
0.66 +0.09
1,06 +0,24
0.70 +0.24
1.13+ 0.26

pression for m'p and pp interactions as well as,
s p interactions. He finds that in all cases a slope
of about 0.05 provides a reasonable description,
independent of the nature of the incident particles.
This again is consistent with the dominance of a
central production mechanism.

While the fits are not quantitatively as good, the
data may be qualitatively described by an even
simpler parametrikation, ( p') „=cn The. single
free parameter c has the values (0.052 x0.00V&,

(0.048+ 0.003), and (0.045 a 0.003) at 100, 200, and

360 GeV/c, respectively with y'/DF =0.55, 4.15,
and 2.5V. The fit to the combined data (dashed
line) yields c = 0.04V a 0.002 with g'/DF = 2.24.

Since (n) rises with lns [in Ref. 2 we quote a fit
for v p inter actions which is (n) = (-1.15 a 0.02)
+(1.52'„"ooss) lns] either of the fits to (p )„described
above is consistent with a rise in inclusive p pro-
duction linear in (n) and hence linear in lns. Thus
the rise in p cross section is consistent with the
same sort of increase observed for the total in-
elastic cross section.

The expressions for ( po)„described above may
be combined with experimental data for O„or with
parametrizations for o„such as the Koba-Nielsen-

I I I

2.0—

b

0~ 1.0-
b

0.5—

I I I I I I' I I I

4 6 8 10 12 14 16 18 20
n

FIG. 5. VaIues of (pa)„= o„(po)/o„as a function of
charge multiplicity e for 100 (0), 200 (0), and 360 (&)
GeV/c m "p interactions. The lines represent fits de-
scribed in the text.

Plesen scaling formula' to provide predictions of
g„(po) at other values of s. If we assume

(s&
" =&(—),

E(n&&
'

where 4'(n/(n)) is determined from available data
for topological cross sections, and use the simpl-
est parametrization

( p') „=c„(p')/c„= cn,

we have

n &n)
(n) &(n)&

We have used our parametrizations of (p')„ to com-
pute values for o„(po& in s p interactions at other'

energies where data are available and obtain quite
satisfactory agreement with published values.

IV. COMPARISON OF po PRODUCTION AND PION
PRODUCTION

It is interesting to compare p and charged-pion
production and to estimate the fraction of final-
state pions which are daughter products from p
decay. In Fig. 6 we plot data as a function of s for
the quantity ( po)/(n, ) where (v, ) is approximately
the number of "non-beamlike" charged pion pairs.
The data for both pp and w'p interactions are plot-
ted, with (v, ) =(s ) —1 in w p interactions and (w, )
=(s ) in pp and n'p interactions, in Fig. 6. It ap-
pears that the data are converging at a value of
about 0.12 at large s, suggesting that about 12% of
all "produced" charged pions come from the decay
of p mesons. Other estimates of this fraction can
be made from our various parametrizations of
(po)„and (po) presented in Sec. III. The fraction
of all final-state charged particles coming from p
decay is just 2(po)/(n). The variation of Q) with s
can be used to estimate a high-energy limit for this
fraction. Our parametrizations of (p')„ lead to
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TABLE XD. Fitted parameters in & p &„=gg +b.

P„joeV/c~ 100 200 360 Combined

a

g '/DF

: -0.078 4:0.009
-O, f46+ 0.034

0.27

0.082 + 0.010
-0.222 a 0.054

1.60

0.064 + 0.003
-0.175+ 0.020

0.69

0.067 + 0.033
-0.153+ 0.033

1.17

estimates that about 1{P/, {'9-14/~) of all charged
pious come from po decay. The parametrizations
of '( pe) and o(pe) based on all the data yield com-
parabl@ limits at. very large s; the parametnza--
tions based on only the high-energy w p data sug-
gest smaller limi. ts.

In Fig. 7 we compare the production of po and n+

mesons in n p interactions as a function of p~, the
squarq of the transverse momentum. The values
of do/dPr' for Pe mesons were determined by fit-
ting M(w'w ) distributions for various intervals of
Pre in the manner described in Sec. II. Again the
values obtained fox the total po production cross
section by summing the contributions for various
p~ intervals are quite consistent with the values
quoted in Table I. Vfe observe that above p~' =0.4
(GeV/c)e the shapes of the p' and w' distributions
appear quite similar. We have fitted the p distri-
butions with the simple exponential function ds/
dp~' =Re'~& . Results of these fits are given in Ta-
ble IV. The combined p data at all three energies
yield

+0.14 in the region 1.0 ~pr' ~2.0 (GeV/c)'. Our
results ai e quite similar to those obtained at much
lower incident energy. e e The pe/w' ratio becomes
larger as p~' increases.

V. po PRODUCTION AS A FUNCTION OF LONGITUDINAL
RAPIDITY

In I'ig. 8 we show c.m. rapidity distributions do/
dy* for p mesons at each of our three energies.
Here

(Eg

L, i
where E* and p~ are the c.m. energy and longitu-
dinal momentum of the p' meson. The values of
the differential cross section do/dy* were deter-
mined by fitting Me(w'w ) distributions for various
y* intervals as described in Sec. II. We also show
for comparison the rapidity distributions for in-
clusive w' production in p p interactions at 360 and
100 GeV/c and for inclusive w production in w p

I '
I

'
I

' I ' I

do/dP„'(p') [mb/Gev/&)'] =(28.0 ~0.8)

&& exp[(-2. 57 a 0.06)pr'] .
The w' distribution for 860 GeV/c is shown on the
figure; distributions for the other energies are
similar. The shape of the m' distribution is more
complicated but above 0.8 (GeV/c)' it can be fitted
with a single exponential,

do/dPr'(w') ~ exP[(-2.48+ 0 04)Pre ] ~

f 00.0

0
C5
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&360 ~ p~p'
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FIG. 6. The ratio (pe)/(w ) {see text) as a function of
s for wep and pp interactions

We also show in the plot the ratio pe/w' as a func-
tion of p~2. This ratio reaches a value of 0.46 Ol

CL
a
6

I.O—

k

T

0 I
& I i I s I s I s I i I

0,2 0.6 l.O 1.4 I.S 2.2
p~[{Gev/c) ]

FIG. 7. Distributions of d(7/dpi' for p mesons in 100-,
200-, and 360-GeV/c 7r p interactions and for x+ mesons
in 360-GeV/c x p interactions. The lines represent fits
described in the text.
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TABLE Pf. Fitted parameters in

do/dpi'

=A. ep .

Para me
(GeV/c) 100 200 360 Combined

20.8 +3 4
-2.48+ 0.11

26.7 +3.5
-3.05 +0.33

22.5 + 2.1
-2.49 + 0.17

23.0 + 0.8
-2.57 +0.06
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FIG. 8. The c.m. rapidity distributions do/dy* for p
mesons at 100 (0), 200 (0), and 360 (&) GeV/c. Also
shownfor comparisonare da/dy*{X0.1)for 7r p m'X at
100 and 360 GeV/c and for n p n X' at 360 GeV/c.

interactions at 360 GeV/c. The y* distributions
for p production appear qualitatively similar to
those for m' production; there is no clear evidence
for a large contribution ta p production from pro-
jectile pion fragmentation. The existence of some
such contribution cannot be ruled out, however, on
the basis of these distributions. It should be noted
that the kinematically allowed range of y* is sig-
nificantly less for po mesons than for pions; ~y*~

=2.89, 3.24, and 3.53 for p mesons produced at
100, 200, and 360 GeV/c, respectively, as com-
pared to (y*~~« =4.58, 4.93, and 5.23 for pions.
There are also experimental difficulties in deter-
mining the p production cross section for fast-
forward p 's. The decays can result in very fast
pions for which momentum resolution is limited in
the 360-GeV/c data even with additional informa-
tion from the hybrid spectrometer. In determining
dc/dy* for po production we have attempted to take
into account the increased resolution by increasing
I'0 by appropriate amounts in the fits for forward

p production. Vfe have also tried fits using only
data from events where hybrid information is
available. The resulting values for do/dy* from
these fits are consistent with those obtained from
the whole data sample by increasing 1"0 so we have
chosen to plot the latter values for consistency.

I ' I ' I ' I ' I ' I

In order to study the variation of do/dy* with s
in various regions of y* we have obtained fitted
values of cr, o(y *) for larger y* intervals. These
values are listed in Table V. First, we have chos-
en to list values for the intervals -3.0 & y* &-1.0,
-1.0 &y* &+1.0, and +1.0 &y* &+3.0 in order to pro-
vide comparisons with the work of other experi-
menters. These intervals have, however, the dis-
advantage that they cannot be clearly associated
with a particular production .mechanism; as s in-
creases, the p' mesons produced via a "central"
mechanism are expected to extend to larger and
larger values of (y*~ while the regions populated
by p mesons from initial particle fragmentation
are expected to separate by larger intervals. To
avoid this difficulty we have also attempted to de-
fine reasonable intervals for fragmentation and
central production which vary with s. Unfortunate-
ly there is no well-defined criterion by which to
separate these regions. We have arbitrarily chos-
en the fragmentation regions to extend 1.17 units
from the maximum y* allowed for p production.
This limit corresponds also to approximately the
maximum y" for a jpo with pr =1 GeV/c and is 2

units less than the maximum y* for a pion with p~
=0.3 GeV/c. (We are using similar limits in a
study of zw rapidity correlations in the central re-
gion. ) With regions chosen in this manner, the
data of Table V suggest a growing central produc-
tion cross section, a small and approximately con-
stant p' production contribution from target proton
fragmentation, and a small and apparently de-
creasing contribution from beam pion fragmenta-
tion. A priori one might expect a somewhat larger
and more constant contribution from the decay of
diffractively produced multipion, states in reactions
such as g p-X* p followed by X~ -p'n . We
note, however, that such production is expected to
be most important for low charge multiplicities.
The data in Table 1 for g„(po) seem to indicate a
decrease in o„(po) at small n as s increases; this
would be consistent with our observations above.

If our data for c(po) in the "central" region are
fitted with the form o,(p') =A +Bins, we obtain
o,(po) (mb) =(0.09+ 0.1V)+(1.25+0.03) lns. This
suggests a rise with lns in the central production
cross section considerably faster than that for the
inclusive cross section discussed in Sec. II. If our
choice of a "central" region is reasonable this may
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TABLE V. p cross section in lnb as a function of y*.

y* regi
(GeV/c)

b
100 200 360

y
)ff

y + ( +1
+1& y*&+3

0.49 + 0,19
3.76+ 0.90
2.83+ 0.55

2.11+ 0.$4
4.16 + 0.40
2.20 + 0.40

2.68 + 0.22
4.93 + 0.25
1.16 + 0.25

Backward '
Central b

Forward ~

0,28 + 0.14
6.56 + 0.51
0.76 + 0.10

0.17+ 0.08
7.96 + 0.71
0.27 +0.06

0.28 + 0.23
8.24+ 0.22
0.13+ 0.07

'y*& -1.72, -2.07, and -2.36 at 100, 200, and 360 GeV/c.

,'ly'I &1.72, 2.07, and 2.36 at 100, 200, aud 360 GeV/c.
y*& + 1.72, +2.07, and +2.36 at 100, 200, and 360 GeV/c.

indicate that, over the available energy range, the
variation in o(p ) is determined by a rise in cen-
tral p production combined with a decrease in p
production from initial particle fragmentation. If
this is the case we may expect to see a somewhat
more rapid rise in c(pe) at larger s than that pre-
dicted by our fit in Sec. II. The variation of the p'
cross section for -1.0 & y* &+1 has been fitted as
oe(pe) (mb) =(-2.2 a3.6)+(1.09 +0.56) lns. It ap-
pears that, in addition to the widening of the pla-
teau expected for p~ production, the differential
cross section near y* =0 may still be increasing.

VI. SUMMARY

We have studied po production in g p interactions
as a function of g and n, using our own data at 100,
200, and 360 GeV/c together with other published
data. We find that both the inclusive o(pe) and

( p') are consistent with an s dependence of the
form o(p') =8+8 lns. Values of ( pe)/(v, ) in both
n'p and pp interactions seem to approach the same
constant value of -0.12. All of our data on ( po)„
= o„(pe)/o„as a function of n are consistent with the
form ( p') „=an+ b. This regularity coupled with

- values for the g„may be used to estimate semi-
inclusive p cross sections at other energies.

The y* aud Prm dePendence of Pe Production seems
qualitatively similar to that of produced pions hav-
ing charge different from that of the beam pion. At
'large pr' values [I.0 & pr' &2.0 (GeV/c)'] the ratio
of p /v' is approximately 0.5.

The observed p production at these energies ap-
pears to be primarily due to a central production
mechanism. Details of the g dependence of the p
crass section for various regions of y* have been
presented.
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APPENDIX: EFFECTIVE@4ASS BACKGROUND
DISTRIBUTIONS USING TRACKS FROM

DIFFERENT EVENTS

Jancso et al.' have determined cross sections
for neutral vector-meson production in pp interac-
tions 'at v s = 53 GeV by a method which involves
construction of background distributions from pairs
of tracks randomly selected from different events.
The resulting M(v'v') distributions are normalized
to their experimental distributions in the mass re-
gion 2 &M(wn} &4GeV where resonance production
is not expected to play a significant role. They
find that the background provides an excellent de-
scription of their (w'v'+w v ) mass distribution.
The excess above the background observed in the
M(v'v ) distribution is.then fitted with a sum of
contributions from &u, p, E* (with the K meson
treated as a pion), and fo decay. The resulting
estimates for p production are considerably larg-
er than estimates obtained at lower energies by
more conventional methods. We have tried similar
methods of background construction in fitting our
data and have not obtained acceptable results.

Our data differ from those of Sancso et al. in that
we have events of exactly known charge multiplicity
with momentum determinations for all charged
tracks. The data from the Split Field Magnet de-
tector at the ISR consisted typically of events in
which some tracks could not be observed or re-
constructed. Exact charge multiplicites were gen-
erally not known and tracks with c.m. momenta
&'0..3 GeV/c or sp/p &0.30 were not used in their
analysis, Background distributions constructed by
combining randomly selected tracks from different
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events are expected to take into account detector
acceptance and combinatorial problems. However,
such backgrounds do not include exactly the effects
of momentum and energy conservation.

We have constructed background dipion effective-
mass distributions both by selecting pairs of tracks
from different events of all multiplicities and by
selecting pairs of tracks only from events of the
same charge multiplicity. . The latter method might
be expected to better approximate the constraints
of momentum and energy conservation. It also al-
lows the construction of background distributions
for the semi-inclusive M(ww) distributions. The
background estimates have been normalized to the
data in the mass region 2.0 &M(ww) & 4.0 GeV.

The backgrounds constructed for the (w'w'+w w )

mass distributions did not provide a good descrip-
tion of the data in the mass region below 2 GeV.
When pairs of tracks randomly selected from
events of all multiplicities are used, the back-
ground curve falls below the data everywhere in
the region M(ww) & 2.0 GeV. When pairs are sel-
ected only from events with the same charge multi-
plicity the background exceeds the data over most
of the region M(ww) & 2.0 GeV as shown in Fig. 9(a)
for 360-GeV/c data. For M(ww) & 0.4 GeV a sharp
peak is observed in the difference between data
and background. We attribute this peak to second-
order interference effects (Bose-Einstein effects)
for pions of like charge. ' When backgrounds for
fixed charge multiplicity are compared with the
data similar results are obtained. The background
exceeds the data for M(ww) & 2.0 GeV/c except near
threshold, where sharp peaks are observed for n
~ 8. Thus the study of backgrounds for like-charge
pairs indicates that this method does not provide
an adequate description of the data.

Backgrounds have also been constructed for the
M(w'w ) distributions in a similar manner. The
difference between the inclusive M(w w ) distribu-
tion at 360 GeV/c and the background constructed
from pairs drawn from events of the same multi-
plicity is shown in Fig. 9(b). The background falls
below the data for M(w'w ) & 1 GeV and a peak can
be seen at the p mass. If all of the excess in the
region 0.60 & M(w'w ) & 0.92 GeV is atI;ributed to po

production, the corresponding cross section is
about 9 mb. At 200 GeV/c the excess is about 5.5
mb. However, a study of M(w'w ) distributions for
fixed charge multiplicity provides further evidence
against the validity of this method for estimating
background. At 360 GeV/c the background esti-
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mates are below the data at all n. However, at 200
GeV/c the background estimates lie above the data
in the resonance region for all n ~ 14. Use of back-
ground constructed from pion pairs selected from
different events of all multiplicities yields much
larger estimates for po production cross sections;
at 200 GeV/c there is an excess of about 16 mb in
the p region. However, if we assume that the
background is underestimated by an amount equal
to the difference observed in the (w'w'+w w ) dis-
tribution, the remaining excess will be only about
3 mb.

We conclude that the technique of constructing
background mass distributions from tracks drawn
from different events does not provide a rehable
method for estimating production cross sections
for vector- meson resonances. Good representa-
tions of mass distributions for pairs of pions of the
same charge cannot be obtained, and the method
clearly fails for z'p distributions at fixed charge
multiplicity.

I I

20 I . I I I I I. I I
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FIG. 9. Distributions of the difference between experi-
mental distributions of M(x ~) and background distribu-
tions of pion pairs constructed from pions selected from
different events of the same charge multiplicity in 360-
GeV/c 7r p interactions. The background distributions
are normalized to the data in the mass region 2.0
&M(~ x) &4.0 GeV. Difference distributions are shown
for pion pairs of like and unlike charge.
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