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An experiment using the Fermilab Single Arm Spectrometer (SAS) facility and an asso-

ciated nonmagnetic vertex detector studied the reactions a+p~c+X, where a and c
were n. —+, E +—, p, or p. Extensive measurements were made at 100 and 175 GeV/c beam

momenta with the outgoing hadrons detected in the SAS covering a kinematic range
0.12 &x & 1.0 and p~ & 1.25 GeV/c. Additional data covering a more restricted range in

x were also gathered at 70 GeV/c incident momentum. In this high-statistics experiment,
the identification of both the incoming and outgoing charged hadrons were made with a
total of eight Cerenkov counters. New and extensive single-particle inclusive data for
charged-particle production in low-pq hadronic fragmentation are presented. The average
associated charged-particle multiplicity and pseudorapidity distributions are also given.

I. INTRODUCTION

Inclusive scattering results from hadronic in-

teractions have yielded a great deal of information
on the basic physical processes involved. In a
manner which is complementary to the study of
complete hadron jets by calorimetry, models which
describe inclusive scattering within the quark-
parton framework have provided information
about the substructure of hadrons. In such models
of inclusive scattering the identification of the pro-
duced particles provides indirect information on
the flavor of the participating quarks.

This paper is a data-summary report of a high-
statistics inclusive scattering experiment with com-
plete particle identification of the incoming and
outgoing charged hadrons. This experiment, desig-
nated E118, was performed using the Single Arm
Spectrometer facility' at Fermilab. The associated
charged-particle multiplicities and angular distribu-
tions were measured simultaneously using a non-
magnetic vertex detector. The reactions studied
were 0+pic+X where a and c were charged
pions, kaons, protons, or antiprotons. Most. of the
data were taken at two beam momenta, 100 and
175 GeV/c. The kinematic range covered by the
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TABLE I. M6 beam species ratios for 400-GeV in-

cident protons.

Beam
momentum

(GeV/c)

100
100
175
175

Polarity

(+)
(—)

(+)
(—)

0.60
0.93
0.10
0.96

0.04
0.04
0.01
0.03

0.36
0.03
0.89
0.01

outgoing hadrons in Feynman x was 0.12 &x & 1.0
and in transverse momentum was pT & 1.25 GeV/c.
A small amount of additional data was taken with
a positive 70-GeV/c beam spanning an x range
0.75 &x &0.97, with the same pT limit. Within
these ranges, data were taken at more than three
hundred separate kinematic settings. Previous pub-
lications report on the importance of resonance
production via one-pion exchange in reactions
yielding m for large values of Feynman x, on the
power-law behavior in (1—x) for the cross sec-

tions, and on the determination of the pion and
kaon structure functions. New analyses of triple-
Regge parametrizations, and of the associated
charged-hadron multiplicity ' in hadron reactions
are discussed here.

The apparatus used for this experiment is
described in Sec. II and the analysis procedures are
described in Secs. III and IV of this paper. The
spectrometer data are presented in Sec. V together
with fitted parametrizations of the x and p~ depen-
dence and triple-Regge representations. In Sec. VI,
the vertex-detector data are presented giving the
associated charge multiplicities and their angular
distributions. Finally, a summary of results and
conclusions presented here and earlier appear in
Sec. VII.

II. THE APPARATUS

The apparatus for this experiment, much of it
previously described in detail, ' consisted of the
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TABLE II ~ Hodoscope properties.

Name

BP
BO
BP
Bx
By
SP

position
(ft)

1032
1397
1398
1450
1450
1555

Element
size (mm)

2.5
3
3
3
3
3

Decode
sense

Horizontal
Horizontal
Vertical
Horizontal
Vertical
Vertical

No. of
elements

30
8
8

11
8

16

M6E beam line in the Meson Laboratory together
with the Fermilab Single Arm Spectrometer (SAS)
augmented by a nonmagnetic vertex detector. In
this section, the major features will be outlined
with special emphasis on modifications made for
this experiment.

spanned the usable beam phase space, and a coin-
cidence between them formed the primary beam

trigger. B3J and BTO were adjustable hole
counters that were used to veto halo around the in-
cident beam. The beam trigger for data taking was

BT=BT1 BT2.B3J BTO .

A. The beam

TABLE III. Beam dimensions at the hydrogen tar-
get.

68
bP
hx
Ay

+0.5%
+0.2 mrad
+0.2 mrad
+5 mm
+2 mm

The M6E beam line had a production angle of
2.7 mrad relative to the primary proton beam and
could transport up to 6)(10 hadrons/pulse into
the experimental area. The momentum could be
centered in the range from 20 to 175 GeV/c with a
1% momentum bite. With 400-GeV primary pro-
tons incident upon the S-in.-long beryllium produc-
tion target, the observed pion, kaon, and proton ra-
tios at the hydrogen target are listed in Table I.

A schematic drawing of the beam is shown in

Fig. 1. See Ref. 1 for detailed phase-space and op-
tics contours. Scintillation-counter hodoscopes
were placed at the appropriate positions in the
beam to determine the momenta, angles, and posi-
tions of the transmitted particles. The properties
and element sizes of the hodoscopes are given in
Table II. In all cases, the elements were over-

lapped by —, counter widths to give finer position

resolution.
The beam trigger counters BT1, BT2, B3J, and

BTO were plastic scintillation counters located in
the last stage of the beam line. BT1 and BT2

The beam dimensions at the hydrogen target are
given in Table III.

Elements BGASO, BGAS, BDIF, and BDISC
were pressurized gas Cerenkov counters in the
beam. " Their properties are summarized in
Table IV. BGASO and BGAS were the beam pion
threshold detectors, while BDIF and BDISC were
differential counters pressurized to detect protons
and kaons, respectively. With this system of
counters, the beam particle type could be deter-
mined on an event-by-event basis for )95% of the
incident particles at normal operating intensity.
This allowed data to be taken simultaneously for
incident m's, E's, and protons. Unidentified or am-
biguous beam particles were discarded from the in-
cident flux samples. The lepton content of the
beam was always less than 0.5 /o.

The scattering angle between the beam and spec-
trometer axes was varied by changing the vertical
pitch of the beam as it passed through the target. '

This was accomplished by a set of three angle-
varying bend (AVB) magnets. This is shown in

Fig. 2, which also defines the coordinate systems
used. Several targets were located on a rotating
turntable, shown in Fig. 3, which could also be tilt-
ed to rnatch the beam angle. The target was rotat-
ed and tilted by remote control between data runs.
The data reported on here were taken with the 20-
in. -long liquid-hydrogen-filled target cell and a
complementary 20-in. empty cell. A typical data
point had contributions from target-full and -emp-

ty runs each with the beam pitched alternatively

up and down to minimize systematic offsets.
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TABLE IV. Beam and spectrometer Cerenkov counters.

Name

BGASO
BGAS
BDIF
BDISC
SDIF
SGAS1
SGAS2
SGAS3

Ref.

11
9

10
9

11
11
11

Effective
length

(ft)

82
59
34
16.4
34

103
46.5
22.5

'V

Cerenkov
mode

threshold
threshold
differential
differential
differential
threshold
threshold
threshold

V'

Cerenkov
angle (mrad)

&10
10
24.5+0.25
10 or 8.5

&8
&10
&14

B. The spectrometer

The Single Arm Spectrometer as shown in Fig. 4
was a separate magnetic-transport system which
was used to analyze fast forward particles scattered
from the target. Measurements were made of the
momentum, angle, position, and identity of one
particle resulting from each interaction in the tar-
get. ST1 and ST2 were the spectrometer trigger
counters located, respectively, at the momentum
focus and at the end of the spectrometer. A coin-
cidence was required between these counters to in-

dicate the presence of a charged particle within the
spectrometer aperture. A spectrometer event (SEV)
trigger (ST) was then defined as

ST=ST1.ST2.BT .

On each trigger, the coordinates of the scattered
particle were measured using multiwire proportion-
al counters which were positioned at four locations
along the spectrometer. The properties of these
chambers are given in Table V. Momentum and
spatial coordinates at the target were decoded from
the x,y position information measured by these
detectors. The resolution of these measurements
and the aperture of the spectrometer are given in
Table VI. Here the fractional momentum (bp/p)
is the fractional deviation of a particle's momen-

turn from the spectrometer setting.
The spectrometer optics were slightly modified

with respect to those described in Ref. I to in-

crease further the angular acceptance. To reduce
point-to-point systematic errors, a single spectrom-
eter tune was employed over the entire range of
momentum from 20 to 175 GeV/c.

The determination of the fractional-momentum
deviation from the central spectrometer setting,
(bp/p), was independent of the position and angle
of the scattered particle at the target. The first
wire planes H11 and H12 were used to measure the
particle position in front of the spectrometer bends,
and wire planes H21, H22, H3, and H4 to measure
the angle and position of the particle after it left
the bend magnets (see Fig. 4). The momentum of
the particle could then be determined from the
change in trajectory angle caused by the bending
magnets.

As in the beam line, the spectrometer had
several gas Cerenkov counters '" for identifying
particle type. These were SDIF, SGAS1, SGAS2,
and SGAS3 (see Table IV). SDIF was a dual-
channel differential counter and the three SGAS
counters were threshold counters. At momenta
above 100 GeV/c, the SGAS counters were used to
identify pions. Light falling on the coincidence
ring mirror of the SDIF differential Cerenkov

SPECTROMETER COORDINATES

(Elevation View)

Xb eb

Spectrometer
'

I )-) (

Beam scattering
Xa ea

FIG. 2. The angle the spectrometer subtended relative to the incident beam direction was adjusted using an angle-
varying bend (AVB) magnetic system bending in the vertical plane of the incident beam. The three magnets of the
AVB are shown here in relation to the target and the spectrometer.
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FIG. 3. Plan view of the target turntable assembly. The turntable contained 10- and 20-in. -long targets each of hy-

drogen, deuterium, and empty-target cells.

counter signaled the presence of a proton. In the
absence of a pion signature, a signal in the veto
mirror of SDIF defined a kaon. For increased ef-
ficiency at spectrometer momenta below 100
GeV/c, SGAS2 was pressurized to count kaons as
well as pions. Appendix A contains a discussion
of the spectrometer Cerenkov-counter particle-
identification strategy.

Electromagnetic and hadronic shower counters
and a 15-foot-long steel-loaded counter telescope at
the end of the spectrometer were used to tag events
with leptonlike triggers. This information was

helpful in determining corrections for pion and
kaon decays in flight in which daughter particles
were emitted within the spectrometer-trigger aper-
ture.

Periodically, the spectrometer was set at zero de-

grees and tuned to the beam momentum. The in-

cident beam then passed through the spectrometer
providing verifications of spectrometer tune, align-

ment, and transformation coefficients as well as a
calibration of the detectors.

C. Vertex detector

The 20-in. liquid hydrogen (0.06 absorption
length) target was surrounded by a nonmagnetic
vertex detector. The primary purpose of this
detector system was to measure the associated
charged-particle multiplicities and pseudorapidity
distributions for single-particle inclusive events
triggered by the SAS. The vertex detector and
liquid-hydrogen target were mounted on a tilt
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FIG. 4. The Single Arm Spectrometer instrumentation. The quadrupole polarities are indicated for the nonbend,
vertical plane.
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TABLE V. Spectrometer wire chambers (2 mm wire
spacing).

Name

H11
H12
V1
H21
H22
V2
H3
V3
H4
V4

Z

position
(ft)

1639.7
1641.1
1640.4
1733.6
1734.3
1732.4
1845.0
1745.7
1925.5
1926.4

No. of
wires

64
64
32
64
64
32

160
64

160
64

frame to maintain alignment along the incident
beam while the beam was pitched vertically to vary
the pT of the trigger reaction. A schematic layout
showing the relative positions of the vertex-

detector components is shown in Fig. S.
Three separate detector systems, all with hexago-

nal geometry were used to cover the full angular
range: the forward multiplicity Cerenkov counters
(MC's), the mid-range multiwire proportional
chambers (PC's), and the wide-angle target-recoil
hodoscopes (MT and MB). Two adjacent detector
regions allowed substantial overlap for tracks ori-

ginating from any vertex within the hydrogen tar-

get. Table VII lists the detector properties.
The multiplicity Cerenkov counters, ' MC, com-

posed of six —,-in. -thick (0.02 absorption length)

Pilot 425 lucite wedge-shaped members, detected
charged particles within 1.8' of the incident beam.
The incident beam and spectrometer trigger parti-
cle also passed through the MC's. This required
short resolving times and high-rate capability. The
Cerenkov-light output was independent of the velo-

city for particles with P) 0.9 allowing detection of
multiple particles in a single MC by pulse-height

analysis.
Multiwire proportional chambers' (PC's)

covered the angular range 1.5 to 24'. In addition

to track counting, the PC array was used to recon-
struct the interaction-vertex position for each
event, since knowledge of the vertex position is
necessary for studying angular distributions for an
extended target. The nine sense planes were ar-

ranged in three packages providing three wire hits
for each track in each of three projections rotated
120' between views. There were 2600 sense wires
of 0.080-in. spacing in the entire vertex detector.
Hexagonal kapton plugs of 0.002-in. thickness were
used to deaden the beam region of the PC's, which
corresponded to the active region of the MC's.

The hexagonal target hodoscope (MT and MB)
counters covered the region beyond 22'. The dou-
ble layer of scintillators discriminated against 5
rays while maintaining sensitivity to stopping pro-
tons. A coincidence between the inner (MT) and
outer (MB) counters signaled a penetrating particle.
Stopping recoil protons were detected by requiring
a 6-times-minimum energy deposition in the inner
MT layer without requiring a MT.MB coincidence.
The MT counters formed three hexagonal barrels
along the beam. Each set of three MT counters
was backed up by a single MB counter for a total
of eighteen MT and six MB counters.

The overall resolving time of the vertex detector
was determined by the 40-nsec charge-collection
time of the multiwire proportional chambers. Ac-
cidental rates and PC wire currents limited the
luminosity to 1.S g 10 interactions/second or
3)& 10 incident hadrons/second.

The performance of the vertex-detector com-
ponents was monitored by the off-line analysis of
frequent runs with an interaction trigger which
was decoupled from the SAS. The trigger for
these runs was BT IT, where IT was a ring-shaped
scintillation counter with a hole for the beam
which was located immediately downstream of the
MC array.

D. Electronics

To trigger an event it was required that a
charged particle be observed in both the beam and

TABLE VI. Spectrometer aperture and resolution.

Resolution Aperture

0 horizontal angle

P vertical angle
x position

y position
(Ap/p) fractional rnornentum

+0.09 mrad
+0.10 mrad
+0.9 InIIl

+0.9 mm
+0.12 lo

+ 1.3 mr ad
+0.8 mrad
+10 rnm

+10 rnm

+3.25%
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V

CERENKOV

HODOSCOPE
INCHES

FIG. 5. The arrangement of the apparatus in the tar-
get region showing the target hodoscope and the down-
stream vertex detector.

type, along with the various trigger rates. These
scalers were gated on only when the computer was
ready to take data, thus doing away with dead-time
corrections.

A prescaled sample of beam particles without
spectrometer trigger was also selected during each
beam pulse. These beam events (BEV's) gave the
phase space, detection efficiencies, and resolutions
for beam particles, whether or not they scattered
into the spectrometer. The mixture of m's E's, and
p's could also be independently checked using this
beam-event sample.

III. SPECTROMETER DATA ANALYSIS

spectrometer. When a spectrometer-event (SEV)
trigger occurred, the status of all the detectors was
latched in a CAMAC system and read into a
PDP-11 computer. The complete event buffer was
written onto magnetic tape; part of the information
was saved for on-line analysis and monitoring.

In addition to forming the trigger, the fast elec-
tronics provided extensive sealer information on
the Aux of each beam and spectrometer particle

The first step in the analysis of the spectrometer
data was a selection of those spectrometer events
that could be decoded without error and also oc-
curred in the region of uniform spectrometer ac-
ceptance. Next, the yield of good spectrometer
events and the corresponding incident beam flux
were used to calculate and store run-by-run cross
sections. Finally, the various runs were combined,
full-minus-empty-target subtractions were made
and AVB up and down averages were taken over

TABLE VII. Vertex-detector characteristics (all measurements in inches).

Counter

MC1 —6

MT1 —6
MT7 —12
MT13 —18
MB1 —6
IT

z position'

67.9

—5.0
+ 5.0

+ 15.0
+ 5.0

68.4

Multiplicity detectors
Type of light detected

Cerenkov

scintillation
scintillation
scintillation
scintillation
scintillation

Element size

2.0 (on a side,
equilateral
triangle)

8.5 X10.0
8.5 X10.0
8.5X10.0
8.5 X 30.0
hole trigger
counter

Multiwire proportional chambers

Sense plane

PC11
PC12
PC13

z position'

25. 1

24.5
23.9

Plug size

1.5 X 1.8
1.5X1 8

1.5X1.8

Coordinate
measured

Ui

U2

U3

PC21
PC22
PC23

45.8
45.2
44.6

1.0X 1.2
1.0X1.2
1.0X1.2

Ul
U2

U3

PC31
PC32
PC33

63.6
63.0
62.4

3.3X3.8
3.3 X 3.8
3.3 X 3.8

Ul

U2

U3

'All z positions are given relative to the center of the 20-in. hydrogen target.
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FIG. 6. The acceptance of the spectrometer for the

two analyses performed on the data.

similar runs. The procedures used in carrying out
the analysis are described here.

A. Event selection

For spectrometer events, the coordinates of the
beam and spectrometer particles were calculated
and the particle types in the beam and spectrom-
eter were determined from the recorded Cerenkov
patterns. The event was discarded if the require-
ments for a good particle track in the spectrometer
wire chambers, an unambiguous beam Cerenkov
pattern, and a good beam hodoscope pattern were
not all met. All spectrometer Cerenkov patterns
were given particle assignments; corrections were
later made to resolve ambiguities. If the spectrom-
eter particle coordinates were within the good ac-
ceptance region, the event was binned in spectrom-
eter production coordinates 8,$, (bp/p) as shown
in Fig. 2, and stored for the cross-section calcula-
tion.

The yields of two different classes of events were
saved. The acceptance regions for these classes are
illustrated in Fig. 6. The first class of events came
from the central uniform spectrometer acceptance
region with aperture b, Q((bp/p) =14.1 IMsr%. The
second acceptance class took advantage of the full
spectrometer size. For this class, events were ac-
cepted from a parallelpiped in the 8,$, (bp/p)
space whose size was 25 psr /o. Comparisons be-
tween these classes for high-statistics processes
validated the second acceptance class. These re-
sults agreed with a second independent analysis us-

ing a Monte Carlo calculation' of the larger spec-
trometer acceptance.

Final cross sections were determined using the
data from each spectrometer kinematic setting as a
single bin. Finer-grained information was used for
acceptance cuts and for resolution corrections,
which compensated for nonlinear variation of the
cross section over the spectrometer acceptance. In
this case, the event yields were integrated over 8
and P in Fig. 6, but were separated into seven

4p/p bins. This allowed systematic study of over-

lapping data between adjacent x bins in the region
x g 0.8. The fine binning procedure was also used
in triple-Regge fits to leading-particle channels
a +p~a +X where there would be rapid variation
of the cross section across a single coarse data bin.

For beam events (BEV's), coordinate and particle
type information was decoded using the same
Cerenkov and hodoscope criteria employed for the
SEV sample. This determined the respective frac-
tion of good beam triggers for pions, kaons, and
protons. The beam phase-space distributions were
checked to verify that all acceptable beam particles
of one type had nearly equal probability to scatter
into the spectrometer.

Finally, the beam fluxes of pions, kaons, pro-
tons, and total beam triggers were accumulated.
These fluxes were saved along with the event yields
for the calculation of cross sections.

B. Cross-section calculation

Using the stored yields and fluxes the cross sec-
tions were calculated for the 3 (beam particles) X3
(spectrometer particles) =9 (different reaction chan-
nels) simultaneously for each run. The invariant
cross section for the reaction ap —+cX is given by

d cr(a, c) E d cr(a, c)

dp p dp dQ

Y'(a~c) E
F(a) p3 bQ(hp/p)Xopl

'
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where EQ(hp/p) is the acceptance of the spec-
trometer, No is Avogadro's number, p is the densi-

ty of hydrogen in the target, I is the length of the
target, Y(a —+c) is the yield, F(a) is the flux, A is
the atomic number of hydrogen, and E,p are the
energy and momentum of the scattered particle c
in the laboratory frame.

Normalized empty-target subtractions were
made. Next, data with opposite scattering angles
(AVB polarity) were averaged, producing cross sec-
tions indexed by reaction type, beam momentum,
Feynman x, and transverse momentum pT,
representing the uncorrected cross sections.

To calibrate the aperture, it was first established
through a set of studies that the physical aperture
stops (magnet pole faces, etc.) were not shadowing
the good acceptance region. Then it was necessary
to find the transformation between the true scatter-
ing coordinates 8, P, and (bp/p) (two angles and
fractional momentum) and the spectrometer exit
coordinates measured by the spectrometer wire

planes. For this purpose, the program TRANSPORT

(Ref. 14) was used. This program provided a
second-order description of the transformation be-
tween x,y, 8,$, (hp/p) (production coordinates at
the target) and xp,yp, 8p, fp, (bp/p)p (coordinates
measured in the spectrometer) with (hp/p)p
=(bp/p). Using this transformation, the sys-

tematic uncertainties in alignment, magnetic exci-
tations, and resolutions were combined to yield an
estimated 7% total systematic uncertainty in the
spectrometer acceptance. This is the largest source
of systematic error for the cross sections.

As an independent check of the acceptance, both
elastic and inelastic cross sections were measured
where experimental data from other groups existed.
The elastic-differential-cross-section data for in-
cident beam momenta 70 GeV/c positive polarity,
100 GeV/c both polarities, and 175 GeV/c nega-
tive polarity agreed in both slope and intercept to
within 10% of the Ayres et al. ' data. This is con-
sistent within the combined error of these two ex-
periments. Inelastic data at 100 GeV/c in the
channel pp —+pX were compared with data from
Johnson et al. ' and Sannes et a/. ' The data
agreed within the estimated 7% systematic normal-
ization uncertainty.

C. Systematic corrections

There were several important corrections applied
during the analysis. They are listed here in de-
creasing order of importance. The residual uncer-
tainties in these systematic corrections are listed in
Table VIII.

Transport and acceptance

TABLE VIII. Systematic uncertainties.

7% overall
3% point to point

Transmission and decay loss
protons
pions
kaons

aspect )50 GeV/e
l%%uo

1%
2%

Multiple scattering in

spectrometer at low momentum
)50 GeV

30 GeV
20 GeV

& 0.5%
3%%uo

4.5%

Particle misidentification
Beam
Spectrometer ap ~aX
Spectrometer ap ~bX

0.1%
0.5%%uo

1 —30%%uo

Spectrometer-wire-chamber loss
Double-scattering correction
Radiative corrections
Double rf bunches
Electrons in beam
Muons in beam

&0.5%
1.8%%uo

1.3%%uo

0.5 —1%
&0.5%
&0.5%
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1. Transmission and decay loss in the spectrometer

Over the 500-foot length of the spectrometer,
there was a significant probability for particle de-

cay, absorption or scattering out of the acceptance.
The fractions of particles transmitted at various
energies were determined experimentally to +2%
accuracy from special runs in which an incident
beam was run directly into the spectrometer at
various energies. The results are shown in Fig. 7.
The transmitted fraction was lowest for kaons,
ranging from 36% at 30 GeV/c to 90% at 170
GeV/c. Pion and proton transmissions were com-
parable and were near 70% and 95%, respectively,
for these momenta. Decays into either muons or
electrons within the spectrometer aperture could be
tagged and vetoed on an event-by-event basis using
the calorimeter and transmission counters down-
stream of ST2.

these ambiguities. The probabilities of misidentify-
ing pions or protons in the spectrometer were typi-
cally less than 1%, whereas the misidentification
probabilities for kaons were typically 7% above
100 GeV and 11% below 100 GeV.

3. Spectrometer-umpire-chamber tracking loss

A few percent of the spectrometer events could
not be properly tracked because of inefficiencies in
the wire chambers and because of ambiguities aris-
ing from interactions in the spectrometer. These
interactions led to the detection of more than one
particle in some of the wire chambers. This track-
ing loss was measured using runs in which the un-
scattered beam passed directly through the spec-
trometer, and was found to be 2% at 20-GeV/c
spectrometer momentum, gradually increasing to
3% at 175 GeV/c.

2. Particle misidentification in the spectrometer

V'

The four gas Cerenkov counters in the spectrom-
eter gave five independent signals; thus, there were
2 =32 Cerenkov patterns. However, some of the
Cerenkov patterns were ambiguous and could be
produced by more than one particle type. Never-
theless, each spectrometer event was initially classi-
fied as ~, E, or proton on the basis of its Cerenkov
pattern. The particle misidentification correction
(Appendix A) rectified cross-section errors due to

lOO

90—

4. Double scattering

The hydrogen target was 20 in. long, corre-
sponding to about 6 lo of an absorption length.
The probability that a particle that scattered more
than once in the hydrogen target and would be
detected was calculated' and the resulting small
correction was parametrized as a function of x and
pT. The average magnitude of this double scatter-
ing correction was less than 2% over most of the
kinematic range studied. At low spectrometer mo-
menta, the correction increased to as much as 6%
while the uncertainty in this correction was es-
timated to be less than 2%.

80—
~O0 70—
C
O 60—
E

p 50—

40—

I I I I I I I I I I I I I I I I I

20 40 60 80 too l20 (40 )60 l80
Momentum in GeV/c

FKJ. 7. The spectrometer transmission for m, E, and
protons as a function of spectrometer momentum.
These curves include the effects of nuclear and multiple
scattering as well as decays.

5. Radiative corrections

During the scattering, either the incident or scat-
tered particle may radiate photons in the brems-
strahlung process. The photon emission will affect
the kinematics of the emitting particle and, there-
fore, the cross section as a function of the kine-
matics. The radiative correction' to leading-
particle reactions due to the elastic radiative tail
averaged 2%%uo. The inelastic radiative corrections
also averaged 2%.

6. Other effects

Several other effects that might affect the cross-
section results have been considered. In each case,
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these effects were shown to be small. They are as
follows.

(a) Simultaneous presence of ttoo beam particles
These events were effectively rejected by their am-
biguous signature in a beam hodoscope or the
beam Cerenkov counters or large pulse heights in
the beam trigger counters. The residual error was
less than 0.5%.

(b) Electron contamination in the beam. Direct
lepton production from the meson target was
small, so that most electrons that entered the beam
line came from m gamma conversions. The elec-
tron flux in the primary beam was measured with
a shower counter at the end of the spectrometer
and was found to be less than 0.5% of the hadron
flux at 100 GeVic.

(c) Muon contamination in the beam Few.
muons were produced directly at the production
target. Muons were produced quite copiously from
decays of pions in the primary beam line. Howev-
er, due to the 1% momentum acceptance of the
beam line, most decay muons were swept from the
beam by the bend magnets. The measured muon
contamination at the hydrogen target was less than
0.5%%uo.

IV. VERTEX-DETECTOR DATA ANALYSIS

A. Event selection

For those spectrometer-event triggers which were
completely reconstructed, were within all aperture

V'

and software cuts, and had unambiguous Cerenkov
particle identification, the vertex-detector data-
analysis processing was invoked. It was further re-
quired that there be no other beam particle in-
cident within +3 rf bunches (+55 nsec) of the
spectrometer trigger to minimize background due
to out-of-time tracks from events in nearby rf
bunches. Events were discarded if there were more
than one beam particle in. an rf bunch as detected
by ambiguous beam Cerenkov patterns or large
pulse heights in beam trigger counters. The stand-
ard scattering up/scattering down, target-full, and
target-empty data cycles were followed to mini-
mize scattering angle offsets and to perform
empty-target subtractions.

In addition to normal spectrometer triggers, the
vertex-detector data were also analyzed for nonin-
teracting beam triggers (BEV, for beam events) and
special total-cross-section, or minimum-bias,
triggers described below. These subsidiary triggers
were primarily used for monitoring and calibrating
the vertex detector.

B. Analysis

The tracking algorithm for the multiwire pro-
portional chambers first found a vertex by extrapo-
lating hits in each projection back to the target. A
fit combining all three projections determined the
x„y,z coordinates of the interaction vertex. Tracks
were discarded until an acceptable 7 mas attained,
and the discarded tracks were examined for a
second vertex. Using thin nuclear targets, the PC
vertex resolution was measured to be o.,=1.8 cm.
For low-multiplicity events, if no vertex was
found, the center of the target was used to com-
pute the track coordinates. The three PC packages
were analyzed beginning with the downstream one.
The most probable set of points was then found,
each point having a hit in all three projections.
Lines were drawn from these points to the vertex
including three-dimensional hits in other packages
within a 4-mm width. The found tracks were
scanned, deleting those ambiguous tracks which
shared too many common projections. Two PC
tracks within 6 mm were treated as a single track.

Multiple particles could be identified in a single
MC by pulse-height analysis. For a set of events,
the average number of prongs in each counter was
determined by fitting the summed pulse-height dis-
tribution with spectra expected for 0,1,2,3, . . . par-
ticle events. To get the multiplicity in each MC
on an event-by-event basis, the pulse-height cut be-
tween n and n +1 particles was chosen such that
the number of events with n particles misidentified
as n +1 particle events equaled the number of
events with n +1 particles misidentified as events
with n particles, thereby preserving the average
multiplicity for that set of events. In those cases
where a single MC appeared to have more than
three particles detected, it was assumed that a
secondary interaction occurred in the lucite counter
and the true multiplicity for that counter was set
to one. The percentage of good events with more
than three particles in a single MC was estimated
to be appreciably less than 1%.

Wide-angle particles were detected by a coin-
cidence between the inner MT counter and the cor-
responding MB counter. A coincidence was not
required for particles stopping in the inner counter
provided there was at least a six-times-minimum
energy deposition in the MT counter.

The overall multiplicity and angular distribution
for each event were then determined by combining
the results from the three vertex-detector systems.
Coincidences between the overlapping regions of
the individual detectors were checked to prevent
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double counting. The charged-particle distribution
was integrated over azimuthal angle and stored in
six polar-angle bins for each reaction channel and
kinematic setting. Empty-target subtractions were
performed on all distributions at this point.

C. Corrections

For each reaction type, the raw charged-prong
count No; was measured. To extract the true
charged-prong count NTJ. , there is a linear transfor-
mation

&o =Q~J&TJ
J

where M J is the probability of an event with j
charged prongs being measured as having i charged
particles. The elements M,J were determined using
a Monte Carlo method which simulated events
with both charged and neutral particles, including
the vertex-detector response. '

In the Monte Carlo calculation, two related
methods were used to generate the outgoing hadron
distribution. Reconstructed Fermilab 30-in.
bubble-chamber events for 100 GeV pp interac-
tions' were used for the charged tracks. Extra
neutral tracks were generated using a pT-limited
phase-space Monte Carlo method to balance
momentum. The number of extra neutrals was
generated as a Poisson distribution using the aver-

age number of K, ~, and A measured in bubble-
chamber data. '

The second method involved generating both
charged and neutral particles using the pT-limited
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I
'
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phase-space Monte Carlo program. This method
also generated simulated events which were trig-
gered by the detected spectrometer particle. The
recoiling hadrons were generated for the appropri-
ate missing mass M~ and recoil momenta. The
overall single-particle distributions generated were
constrained to reproduce the inclusive data mea-
sured by the spectrometer. The two methods were
found to be in good agreement with each other and
with data taken using a total-cross-section trigger
(see subsection D).

The generated events of a given multiplicity j
were then propagated through the vertex detector
taking the following effects into account: two or
more particles in the same MT MB counter, 5
rays, multiple scattering, ionization energy loss,
elastic and inelastic scattering, y-ray conversion,
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FIG. 8. Multiplicity correction matrix M~J for the
100 GeV, x=0.6, pT ——0.3 GeV/c kinematic setting. M;~
represents the probability of an event with j charged
prongs being detected as an event with i charged prongs
as calculated by Monte Carlo methods. The efficiency
for detecting the spectrometer trigger particle by the
vertex detector is also included, giving j=even prong to-
pologies.

0 Jx
2 6 t0 l4 t8 22

X
FIG. 9. Associated-charged-prong distributions n&

for m+p —+m —+X at 100 GeV, x=0.6, pT ——0.3 GeV/c.
=raw observed prong distribution No;,' )( =corrected
prong distribution NT,. divided by a factor of 2 to ac-
count for odd-even prong normalizations; the histogram
is the fitted prong distribution g.M;JXr;.
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TABLE IX. Corrections for average inelastic charged multiplicity. Uncorrected a p~X
average =7.43+0.10. Final corrected ~ p ~X average =6.79+0.11.

Correction type

(A) Physics effects
5-ray production

y conversions in target region

&s decays
A decays
Secondary interactions

Correction

—0.70
—0.29
—0.10
—0.07
—0.70

Uncertainty

0.10
0.03
0.05
0.02
0.05

(B) Equipment-response correction
MC efficiency' and
pulse-height errors
Wire-chamber efficiency
and tracking-algorithm failure

MT and MB efficiency'
and backward loss of solid angle

0.10

0.52

0.15

0.02

0.10

0.03

(C) Other sources
Elastic-cross-section subtraction
Inelastic two-prong loss

0.48
—0.03

0.06
0.03

Total correction —0.64 +0 17"

'Note that these corrections include y-ray conversions in the counters.
'Total correction uncertainty is the uncertainty in each correction added in quadrature.
Note that the final quoted error does not include the 0.17.

and the decays of neutral particles. The measured
detector inefficiencies, misalignments, and
responses were also included in the analysis. The

distribution in the number of the particles detected
by the vertex detector produced the transform ma-
trix

number of j-prong events detected as i prongs
number of simulated events with j prongs

(3)

As an example, the matrix elements for 100 GeV, x =0.6, pr ——0.3 GeV/c are shown in Fig. 8. The
charged-prong distribution Nrj was calculated by least-squares minimization of

TABLE X. Total cross sections in mb.

Channel

p
7T p
E+p
E+p
pp
pp
7T p

p
E p
E p
pp
pp

Momentum

(GeV)

100
175
100
175
100
175
100
175
100
175
100
175

This experiment

23.4+0.9
22,9+1.2
18.4+1.7
18.2+1.8
38.7+1,3
39.6+1.1

23.9+0.7
23.4+0.8
20.8+1.2
21.4+1.1

40.4+1.2
41.2+1,7

Reference 23

23.3+0.1

23.6+0.1

18.9+0.1

19.6+0. 1

38.4+0. 1

38.8+0. 1

24.0+0.1

24.2+0. 1

20.4+0. 1

20.7+0. 1

42.0+0.2
41.6+0.5
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TABLE XI. Mean inelastic charged multiplicity.

Reaction

Incident
beam

momentum

(GeV/c)
This experiment

Mean Dispersion Mean
Other experiments

Dispersion Ref.

m.+p
7T p
7T p

p

100
100
175
175

6.75+0.16
6.79+0.11
7.55+0.21
7.83+0.14

3.33+0.12
3.15+0.08
3.67+0.14
3.81+0.10

6.62+0.07
6.79+0.08

3.19+0.05
3.39+0.04

24
25

E+p
K p
K+p
E p

100
100
175
175

6.95+0.25
6.76+0.18
7.61+0.37
7.56+0.18

3.33+0.18
3.17+0.10
3.85+0.21
3.63+0.11

6.6S+0.31

7.33+0.21

3.34+0.19

3.51+0.15 27'

pp
pp
pp
pp

100
100
175
175

6.44+0. 17
6.52+0. 11
7.54+0. 15
7.36+0.24

3.24+0. 13
3.13+0.09
3.71+0.10
3.81+0.17

6.37+0.06
6.74+0.05

3.26+0.05
3.26+0.OS

24
28

'Results at 147 GeV/c.

($0;—QMJSTJ. )

J

0 2
(4)

where o.; is the statistical error on the number of
events No; of apparent multiplicity i. A problem
regarding the oscillation of the fitted charged-
prong coefficients in the high-multiplicity tail was
solved by smoothing the low-statistics bins with
the formula

XT.——ae b'
J

for j greater than twice the average multiplicity.
For rare channels, such as pp —+@+X,with less
than 100 detected events, a correction ratio of (fit-
ted (n ) /raw(n ) ) was determined for a much-
higher-statistics process measured simultaneously,

such as m p —+m+X. A similar least-squares ma-
trix approach was used to correct the pseudorapidi-
ty distributions. Examples of the raw, corrected,
and fitted charged-prong distributions are shown in
Fig. 9.

Three data sets were used to calibrate the Monte
Carlo and detector models. Noninteracting beam
particles produced 5 rays in the hydrogen target.
By studying the vertex-detector response to these
beam triggers, the difficult to model major back-
grounds due to production, absorption, multiple
scattering and transport of very low energy elec-
trons through the hydrogen target and detector
were determined. Elastic-scattering data were used
to calibrate the response of the MT and MB
counters to slow recoil protons. Finally, as dis-
cussed in the next subsection, good agreement of

TABLE XII. Inelastic charged-topology cross sections in mb at 100 GeV/c.

Charged m. +p

prongs This expt. Ref. 24
pp

This expt. Ref. 24 This expt. Ref. 25 This expt.
pp

Ref. 28

2
4
6
8

10
12
14
16
18
20
All

2.5+0.9
4.2+0.5
4.4+0.6
4.0+0.8

2.5+0.8

1.6+0.5
0.5+0. 1

0.2+0. 1

0.1+0.1

20.0+0.9

2.4 +0.2
4.7 +0.2
4.8 +0.2
3.6 +0.2
2.6 +0.2
1.3 +0. 1

O.S +0. 1

0.13+0.03
0.04+0.02
0.02+0.01

20.2 +0.2

3.7+0.9
8.9+0.9
7.0+0.9
4.3+1.0
4.4+0.8
1.7+0.2
0.7+0.2
0.3+0.1

0.1+0.05

31.3+1.2

4.9+0.3
7.3+0.3
7.0+0.3
5.6+0.2
3.7+0.2
1.7+0. 1

0.8+0. 1

0.2+0.04
0.1+0.02
0.1+0.1

31.4+0.2

1.9 +0.6
4.8 +0.4
5.0 +0.5

3.9 +0.6
2.8 +0.6
1.7 +0.4
0.5 +0. 1

0.12+0.10
0.03+0.01

20.7 +0.7

2.0 +0.3
4.8 +0. 1

5.2 +0. 1

4.3 +0. 1

2.5 +0. 1

1.4 +0. 1

0.6 +0.04
0.13+0.03
0.05+0.01
0.01+0.018

21.0 +0.2

4.6 +0.6
8.0 +0.7
8.3 +0.9
4.9 +1.1

4.4 +1.1

3.0 +0.7
0.8 +0.4
0.2 +0. 1

0.06+0.06

34.2 +1.1

3.6 +0.3
8.1 +0.2
8.3 +0.2
6.9 +0.2
4.1 +0. 1

2.2 +0. 1

0.9 +0. 1

0.4 +0.04
0.12+0.02
0.04+0.01

35.6 +0.4
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TABLE XIII. Inelastic charged-topology cross sections in mb.

Charg
pron gs

2
4
6
8

10
12
14
16
18
20
22

m momentum
(GeV/c) 100

K+p

1.7+0.9
3.5+0.5

3.8+0.6
3.2+0.6
2.3+0.5
1.1+0.5
0.5+0. 1

0.2+0. 1

0.1+0.1

2.1+0.5
3.8+0.5
4.9+0.7
2.9+0.7
2.8+0.7
1.3+0.4
0.4+0.2
0.1+0.1

0.05+0.05

175
7T p

1.9+0.8
3.7+0.7
4.2+0.9
3.6+1.0
2.5+1.0
2.7+0.7
1.0+0.5
0.4+0.3
0.1+0.1

175
K+p

2.1+1.6
2.6+0.9
3.4+1.1

3.6+1~ 3
2.3+1.2
1.5+0.7
0.5+0.5

175

pp

3.7+0.8

5.4+0.8

6.5+1.0
5.9+1.0
4.2+1.0
3.7+0.8
1.5+0.2
0.6+0.2
0.3+0.1

0.1+0.06

175
7T p

2.2+0.5
3.7+0.4
3.6+0.5
3.7+0.6
2.9+0.4
1.7+0.3
1.0+0.3
0.6+0.2
0.4+0. 1

0.2+0. 1

0.13+0.07

175
E p

1.5+1.0
3.7+0.5

3.4+0.7
3.7+0.8

2.7+0.5

1.5+0.3
0.8+0.3

0.5+0.2
0.2+0. 1

0.1+0.1

175

pp

4.0+2.0
6.8+1.2
6.9+1.7
7.0+2.3
3.5+1.5
3.3+1.5
1.7+0.5

0.9+0.3
0.5+0.3
0.3+0.2

Total inelastic
cross section 16.4+ 1.6 18.4+ 1.1 20.2+ 1.1 17.1+1.7 31.7+1.0 19.9+0.7 18.1+1.1 34.9+1.6

the corrected multiplicities and charged-prong dis-
tributions with those observed in previous bubble-
chamber experiments verified the validity of these
calibrations.

D. Correction-procedure verification

A simple transmission trigger was developed
which was sensitive to the total hadronic cross sec-
tion. This allowed the properties of the particles
measured with the vertex detector using a
minimal-bias trigger to be compared with similar
bubble-chamber results. A small scintillation
counter was placed at the rnomenturn-dispersed
focus of the spectrometer. The scattering angle
was set to zero degrees and the spectrometer was
tuned to the beam momentum. Particles that met
the criteria for beam particles, but failed to fire
this scintillation counter, were candidates for in-
elastic interactions and produced a trigger for the
vertex detector. The largest loss for such a total-
cross-section measurement was from low-t, high-x
scatters that struck the transmission veto counter.
False triggers due to scattering or absorption in the
spectrometer were removed by subtraction of
empty-target runs.

There are two sources of systematic error for the
total inelastic multiplicities and topological cross
sections. Uncertainty in the elastic-event subtrac-
tion can contaminate the two-prong topology and
shift the average multiplicity by about 0.06 of a
charged particle. The other source of systematic
error is in the modeling of the detector system and
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FIG. 10. KNO scaling
cross-section trigger. The
30) for pp —+X reactions.
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data for negative beam, total-
curve is the KNO fit (Ref.

in the parametrization of neutral-particle produc-
tion and background used in the Monte Carlo pro-
gram. The set of physical effects considered and
the detector-system modeling are summarized in
Table IX, together with the actual corrections ap-
plied to the 100-GeV a p data. For all reactions,
the systematic uncertainty from these effects in the
average charged multiplicity is (3% of the multi-

plicity. The understanding and treatment of this
source of error are directly applicable to the associ-
ated multiplicity data.

The total cross sections measured in this experi-
ment are listed in Table X. These were corrected
for elastic events vetoed by the spectrometer'
(-20% and 50% at 100 and 175 GeV/c, respec-
tively) as well as for the loss of low-t (

~

t
~

(0.04
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TABLE XIV. Complete data set of inclusive cross sections F. d'o/dp' in mb/(GeV /c') at 100 and 175 GeV/c at
constant Feynman-x values. The errors shown below each entry include both statistical and estimated systematic errors
in quadrature. In addition, there is an overall 7%%uo absolute normalization uncertainty. The notation for reactions is

a, c =a +p~c +X.

pr
(GeV/c) 0.100 0.200

(a) 100 GeV/c
0.300 0.500

x =0.200
0.100 0.200 0.300 O.SOO

p, 7T

p, K+

p~p

11.37
0.68
1.22
0.38
1.13
0.24

11.43
2.63
5.24
3.02

17.88
1.10
1.11
0.44
3.40
0.61

10.90
0.41
0.98
0.23
0.71
0.13
7.04
1.29

12.33
0.58
0.73
0.26
4.06
0.35

9.17
0.29
0.66
0.17
0.68
0.10
5.74
1.06
2.61
1.55
9.37
0.39
0.76
0.24
3.74
0.30

4.92
0.43
0.49
0.36
0.24
0.18
4.08
2.32

3.22
0.47

2.17
0.46

1T,p

p~p

11.25
1.23
1.16
0.59
0.33
0.28

11.20
5.60

27.80
11.88
13.99
10.34

8.96
0.50
0.94
0.22
0.39
0.14
8.65
2.12
5.98
2.65
9.54
3.58

7.50
0.29
0.55
0.14
0.57
0.08
5.04
1.06
4.47
1.94
9.01
1.74

3.23
0.29

0.36
0.10
4.78
1.48

pr
(GeV/c) 0.100 0.150

(b) 100 GeV/c
0.200 0.250

K =0.300
0.300 0.400 0.500 0.625 0.750

m+,p

z+,~+

ac+,z+

p, 7T

p, E+

p~p

p, 7T

p~p

8.42
0.44
0.82
0.20
0.70
0.14
4.20
2.37
5.28
1.71

12.91
0.75
0.77
0.26
7.12
0.60
8.38
0.27
0.80
0.12
0.61
0.07
4.35
1.92
4.28
1.26
8.29
1.96
7.04
1.55
5.04
0.22

8.93
0.27
0.95
0.14
0.80
0.09
4.80
1.17
5.34
1.29

11.69
0.41
0.79
0.17
7.37
0.36
7.47
0.26
0.53
0.11
0.47
0.07
4.95
1.20
4.S6
1.21
9.59
1.52
4.41
1.43
4.61
0.16

7.71
0.24
0.94
0.14
0.69
0.08
6.53
1.55
3.56
0.80
8.74
0.35
0.61
0.14
6.63
0.34
7.67
0.21
0.60
0.09
0.45
0.05
7.59
1.43
2.96
0.90
9.59
1.38
6,84
1.26
4.29
0.15

7.10
0.23
0.74
0.12
0.55
0.08
5.43
0.71
3.03
0.95
6.73
0.31
0.71
0.14
6.35
0.32
6.85
0.15
0.61
0.07
0.48
0.04
3.93
O.S9
4.09
0.68
7.00
0.86
5.51
0.87
3.96
0.15

6.37
0.22
0.66
0.12
0.65
0.08
3.71
0.61
2.59
0.85
5.50
0.27
0.96
0.16
5.62
0.29
6.02
0.13
0.43
0.05
0.42
0.04
3.99
0.51
2.92
0.61
5.61
0.70
4.50
0.67
3.52
0.14

5.17
0.18
0.45
0.10
0.51
0.06
2.72
0.61
2.59
1.27
3.49
0.22
0.44
0.13
3.95
0.24
4.52
0.11
0.38
0.05
0.35
0.03
3.11
0.41
1.33
0.53
3.47
0.61
3.44
0.55
2.80
0.13

3.58
0.15
0.35
0.08
0.43
0.05
2.88
0.57
1.16
0.73
2.44
0.16
0.44
0.12
2.90
0.18
2.98
0.13
0.28
0.05
0.22
0.04
2.14
0.51
0.84
0.65
2.35
0.69
2.78
0.73
1.76
0.11

2.30
0.13
0.19
0.07
0.26
0.05
0.84
0.46
1.29
0.81
1.69
0.15
0.16
0.10
1.77
0.16
1.92
0.08
0.17
0.03
0.14
0.03
0.89
0.36
1.35
0.47
1.77
0.49
2.51
0.59
0.90
0.07

1.18
0.11
0.12
0.07
0.11
0.05

0.80
0.13

0.82
0.14
0.95
0.07
0.13
0.03
0.07
0.03
0.41
0.31
0.74
0.53
0.88
0.53
1.05
0.58
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TABLE XIV. (Continued. )

pr
(GeV/c) 0.100 0.150

(b) 100 GeV/c x =0.300 (continued)
0.200 0.250 0.300 0.400 0.500 0.625 0.750

0.45
0.13
0.40
0.06
2.69
1.20
4.45
0.28
0.25
0.08
0.13
0.04
4.37
0.31
0.59
0.16
0.46
0.13

6.25
1.63

0.58
0.10
0.34
0.05
3.55
0.57
3.90
0.20
0.17
0.06
0.10
0.03
4.64
0.28
0.58
0.15
0.32
0.13
3.99
1.26
3.52
1.63

0.41
0.08
0.30
0.04
3.08
0.52
3.28
0.17
0.24
0.07
0.10
0.03
3.93
0.27
0.72
0.13
0.52
0.10
8.64
2.24
5.13
1.68

0.63
0.09
0.27
0.05
2.17
0.51
3.07
0.17
0.18
0.06
0.06
0.03
4.10
0.23
0.52
0.11
0.64
0.08
3.52
1.14
3.01
1.45

0.40
0.07
0.26
0.04
2.83
0.48
2.71
0.16
0.19
0.07
0.09
0.04
3.48
0.19
0.44
0.11
0.53
0.08
2.01
0.81
3.25
1.34

0.24
0.07
0.21
0.04
1.99
0.53
1.99
0.14
0.20
0.10

2.83
0.16
0.27
0.08
0.32
0.07
2.31
0.74
2.39
1.10

0.15
0.06
0.16
0.04
0.96
0.50
1.33
0.12

1.77
0.12
0.18
0.06
0.26
0.05
1.03
0.57
2.06
1.02

0.15
0.05
0.06
0.03
0.61
0.40
0.80
0.08

0.77
0.06
0.10
0.04
0.18
0.03
0.75
0.42
1.05
0.65

0.38
0.04
0.06
0.03
0.06
0.02

0.97
0.45

pr
(GeV/c) 0.200

(c) 100 GeV/c x =0.600
0.300 0.400 0.500 0.625 0.750 1.000 1.250

K+,E+

p, m+

p, K+

p~p

vl, p

p, K

6.06
0.20
0.35
0.06
0.22
0.04

1.67
0.65
0.90
0.12
0.13
0.05

14.15
0.46
5.79
0.14
0.23
0.04
0.11
0.02

2.72
0.55
0.68
0.46

10.91
1.16

4.34
0.09
0.24
0.03
0.17
0.02
1.34
0.19
1.45
0.28
0.81
0.05
0.13
0.02

10.00
0.20
4.12
0.06
0.19
0.02
0.10
0.01
1.16
0.24
1.93
0.25
1.38
0.20
8.05
0.52

0.55 1.58
0.08 0.04
0.16 Q. i6
0.03 0.02
0.17 0.14
0.02 0.01
0.48 0.51
0.18 0.11
1.12 0.98
0.29 0.16
0.53 0.35
0.05 0.03
0.13 0.09
0.03 0.02
6.67 4.37
0.18 0.10
2.59 1.52
0.07 0.05
0.17 0.12
0.03 0.02
0.09 0.08
0.01 0.01
0.75 0.26
0.20 0.14
1.03 0.80
0.28 0.21
0.81 0.58
0.23 0.19
6.66 3.76
0.60 0.42

0.95
0.03
0.11
0.01
0.12
0.01
0.23
0.08
0.74
0.13
0.21
0.02
0.04
0.01
2.60
0.07
0.91
0.03
0.08
0.01
0.05
0.01
0.26
0.10
0.56
0.14

2.69
0.31

0.01
0.00

0.04
0.01

0.37
0.02
0.18
0.01
0.02
0.00
0.02
0.00
0.05
0.05
0.20
0.08

0.55 0.18 0.06
0.2 0.01 0.01
0.08 0.02
0.01 O.oi
0.07 0.03
0.01 0.01
0.12
0.06
0.43
0.09
0.13
0.01
0.04
0.01
1.50
0.05
0.53
0.02
0.06
0.01
0.04
0.01
0.14
0.08
0.52
0.12
0.12
0.10
1.33 0.42
0.19 0.11
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TABLE XIV. (Continued ).
pr (d) 100 GeV/c

(GeV/c) 0.300 0.400 0.500
x =0.920
0.625 0.750 1.000 1.250

m+, E+

x+,ac+

p~p

p~p

6.11
0.12
0.23
0.02
3.83
0.42

15.01
0.27
5.77
0.09
0.15
0.02
3.73
0.35

13.16
0.67

4.33
0.11
0.13
0.02
3.35
0.40
9.19
0.23
4.34
0.10
0.09
0.02
3.19
0.39
9.88
0.50

2.80
0.05
0.07
0.01
1.89
0.21
5.17
0.10
2.70
0.06
0.06
0.01
2.00
0.27
5.29
0.42

1.54
0.04
0.04
0.01
1.38
0.18
2.48
0.07
1.44
0.04
0.02
0.01
1 ~ 18
0.17
2.17
0.27

0.83
0.02
0.02
0.00
0.78
0.11
1.15
0.04
0.76
0.03
0.01
0.00
0.38
0.10
0.75
0.15

0.23
0.01

0.26
0.09
0.25
0.02
0.20
0.01
0.00
0.00
0.20
0.05
0.22
0.07

0.06
0.01

0.03
0.01
0.05
0.00

pr
(GeV/c) 0.150

(e) 175 GeV/c x =0.300
0.225 0.300 0.400 0.500 0.625 0.750 0.850

~+,E+

E+,E+

p, 7T

p,E+

p~p

p, 1T

p~p

8.60
0.37
0.70
0.15
0.82
0.14
4.58
1.17
3.70
0.80

10.39
0.21
0.77
0.08
6.81
0.17
7.45
0.22
0.55
0.09
0.41
0.06
8.84
1.50
6.28
1.36

12.25
2.37
5.14
1.95
4.76
0.25
0.48
0.10

7.42
0.30
0.90
0.13
0.82
0.10
4.10
1.15
3.11
0.85
7.25
0.18
0.66
0.08
5.78
0.16
6.75
0.21
0.51
0.09
0.43
0.06
5.74
1.37
3.33
0.99
7.37
2.19
5.89
1.49
3.61
0.22
0.53
0.10

6.22
0.29
0.63
0.11
0.61
0.10
3.41
0.85
4.01
0.84
5.11
0.16
0.54
0.07
5.24
0.16
6.20
0.12
0.61
0.06
0.42
0.03
3.85
0.57
3.00
0.62
5.12
0.95
5.17
1.01
3.86
0.22
0.29
0.09

4.85
0.23
0.40
0.08
0.38
0.08
4.14
0.78
1.87
0.77
3.91
0.17
0.41
0.07
3.97
0.17
4.87
0.09
0.41
0.04
0.34
0.03
2.86
0.46
2.65
0.49
4.02
0.73
3.03
0.68
2.78
0.18
0.36
0.10

3.70
0.18
0.39
0.08
0.32
0.06
2.08
0.60
1.33
0.69
2.45
0.09
0.32
0.04
2.86
0.10
3.45
0.07
0.33
0.04
0.29
0.02
2.21
0.40
1.68
0.45
3.16
0.65
1.46
0.70
1.85
0.15
0.29
0.08

2.10
0.12
0.26
0.05
0.15
0.04
1.11
0.34
1.86
0.48
1.50
0.06
0.19
0.03
1.68
0.06
2.16
0.05
0.22
0.02
0.17
0.01
1.34
0.24
0.90
0.25
1.72
0.44
2.05
0.45
0.78
0.08
0.16
0.05

1.21
0.07
0.17
0.04
0.18
0.03
0.68
0.23
0.45
0.27
0.83
0.03
0.12
0.02
0.99
0.04
1.14
0.04
0.12
0.02
0.12
0.01
0.63
0.22
0.55
0.29
0.68
0.51
0.74
0.47
0.43
0.05
0.05
0.03

0.69
0.06
0.07
0.03
0.07
0.03
0.50
0.24

0.50
0.03
0.05
0.02
0.60
0.03

0.24
0.06
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TABLE XIV. (Continued. )

pg (e)

(G~V/c) 0.150
175 GeV/c x =0.300
0.225 0.300 0.400

(continued )

0.500 0.625 0.750 0.850

p, 7T

p,E

vl, p

K-,m+

p, 7T

0.46
0.08
3.74
0.79
3.95
0.08
0.24
0.03
0.14
0.02
4.01
0.12
0.68
0.07
0.44
0.04
4.99
0.66
5.24
1.27

0.52
0.08
3.59
0.63
3.08
0.10
0.24
0.03
0.11
0.02

0.25
0.07
2.72
0.70
2.40
0.11
0.24
0.04
0.10
0.02
3.21
0.10
0.54
0.06
Q.37
0.04
2.62
0.60
3.17
0.95

0.31
0.07
1.50
0.71
1.69
0.09
0.19
0.03
0.05
0.02
2.73
0.08
0.42
0.04
0.26
0.03
1.85
0.40
2.24
0.67

0.18
0.08
2.05
0.79
1.28
0.08
0.09
0.03
0.04
0.02
1.77
0.06
0.35
0.03
0.25
0.02
1.10
0.27
1.33
0.55

0.08
0.03
0.87
0.48
0.81
0.04
0.05
0.02
0.03
0.01
0.88
0.03
0.15
0.02
0.15
0.01
0.79
0.18
0.98
0.37

0.08
0.03

0.41
0.03
0.05
0.01
0.02
0.0'.
0.42
0.02
0.10
0.01
0.10
0.01
0.31
0.11
0.71
0.28

0.08
0.06

0.27
0.03
0.03
0.02

pr
(GeV/c) 0.200

(f) 175 GcV/c x =0.600
0.300 0.400 0.500 0.625 0.750 0.850 1.000 1.250

77 qp

K+,~+

K+,E+

p, K

p, E+

p~p

p~p

3.86
0.13
0.28
0.04
0.28
0.03
1.60
0.41
1.97
0.31
0.96
0.06
0.10
0.03
9.39
0.18
3.89
0.07
0.28
0.02
0.11
0.01
1.45
0.31
1.98
0.24
0.68
0.25
9.44
0.80

2.60
0.08
0.20
0.03
0.20
0.02
0.66
0.17
1.26
0.23
0.54
0.02
0.09
0.01
6.29
0.06
2.49
0.05
0.22
0.02
0.09
0.01
0.77
0.14
1.27
0.18
0.71
0.21
6.84
0.64

1.53
0.07
0.19
0.03
0.18
0.02
0.45
0.12
1.14
0.18
0.35
0.02
0.08
0.01
4.26
0.07
1.41
0.04
0.1

0.02
0.08
0.01
0.45
0.13
0.95
0.17
0.39
0.21
4.05
0.54

0.82
0.04
0.11
0.02
0.11
0.01
0.27
0.07
0.70
0.11
0.21
0.01
0.05
0.01
2.58
0.03
0.85
0.03
0.08
0.01
0.05
0.01
0.37
0.10
0.27
0.17

1.73
0.44

0.55
0.02
0.08
0.01
0.09
0.01
0.17
0.04
0.30
0.06
0.13
0.00
0.03
0.00
1.50
0.01
0.43
0.03
0.07
0.01
0.03
0.01
0.25
0.13
0.48
0.17

1.08
0.51

0.27
0.02
0.04
0.01
0.03
0.01
0.10
0.05
0.27
0.06
0.06
0.00
0.01
0.00
0.71
0.01

0.01
0.00

0.18
0.11

0.86
0.29

0.13
0.01
0.02
0.01
0.02
0.01
0.05
0.04
0.11
0.05
0.03
0.00
0.01
0.00
0.32 0.02
0.01 0.00
0.15 0.06
0.02 0.01
0.01 0.01
0.01 0.00
0.02
0.01
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TABLE XIV. (Continued. )

pr (f) 175 GCV/c ~ =0.600 (continued)

(GeV/c) 0.200 0.300 0.400 0.500 0.625 0.750 0.850 l. .000 1.250

7T,p

p, 7T

1.47
0.08
0.12
0.03
0.08
0.02
1.19
0.23
0.31
0.02
0.02
0.00

0.83 0.54
0.05 0.05
0.10 0.14
0.02 0.02
0.04 0.03
0.01 0.01
0.46 0.34
0.13 0.08
0.26 0.17
0.01 0.01
0.01 0.01
0.00 0.00

0.41
0.04
0.09
0.02
0.02
0.01
0.12
0.09
0.12
0.01
0.01
0.00

0.26
0.03
0.05
0.01
0.02
0.01
0.08
0.05
0.08
0.01

0.12
0.01
0.02
0.01
0.02
0.01
0.13
0.06
0.04
0.01

0.06
0.01
0.01
0.00
0.01
0.00
0.03
0.02
0.02
0.00

0.01
0.00

0.02
0.01

pT (g) 175 GCV/c x=0.920
(GeV/c) 0.500 0.625 0.750 1.000 1.250

(h) 175 GeV/c x =0.940
0.500 0.625 0.750 1.000 1.250

p~p

2.59
0.04
0.06
0.01
1.88
0.16
5.02
0.37

1.40
0.03
0.03
0.01
1.03
0.14
2.27
0.30

0.73
0.02
0.02
0.00
0.34
0.08
1.05
0.18

0.20
0.01

0.14
0.04
0.17
0.07

0.06
0.00

0.08
0.04

p~p

3.70
0.04
0.09
0.01
2.97
0.19
7.46
0.08

2.34
0.08
0.05
0.02
2.49
0.32
3.67
0.08

1.27
0.03
0.02
0.01
1.26
0.14
1.67
0.03

0.35
0.01

0.33
0.06
0.30
0.01

0.10
0.01

0.09
0.03
0.06
0.00

GeV ) inelastic diffractive events. The quoted er-

rors are statistical only, The systematic error is es-
timated to be about 3%. The largest source of er-
ror is the uncertainty in the spectrometer accep-
tance for the elastic cross section ( (1.5 jo). The
excellent agreement with the data of Carroll
et a/. indicates that the simple transmission
trigger provided a good total-cross-section trigger.

A comparison of the mean multiplicities of
charged particles measured in this experiment us-

ing the minimum bias trigger, with those measured
with bubble chambers appears in Table XI.
The quoted errors are only statistical. It is evident
that these measurements are in quite good agree-
ment with the bubble-chamber measurements. Al-
though intended as a calibration, for some channels
these data represent the first multiplicity measure-
ments at these energies.

The charged topological cross sections for m
+—p,

pp, and pp at 100 GeV/c are listed ' ' 8 in Table
XII, also indicating good agreement with bubble-
chamber measurements. Charged topological cross
sections of the remaining channels are given in
Table XIII. It has been shown that charged topo-
logical cross sections obey Koba-Nielsen-Olesen
(KNO) scaling. As an example of this, the 100
and 175 GeV/c negative-beam topological cross

sections have been plotted as (n )o„/o.;„,~„„,vs

n/(n ) (Fig. 10). The data are in good agreement
with the curve, which represents a KNO fit to pp
data over the range 50 to 300 GeV/c.

The excellent agreement with the bubble-
chamber results both for the average multiplicities
and for the charged-prong distributions verifies
that the detector modeling and correction pro-
cedure are capable of producing accurate associated
vertex data.

V. SINGLE-PARTICLE INCLUSIVE RESULTS

The inclusive data include 36 possible reactions
of the type a +@~c +X, where a and c are any of
~-+, E-+, p, or p at beam momenta of both 100 and
175 GeV/c. They span a kinematic range of
0.12 &x & 1.0 and pz & 1.25 GeV/c. Because of
the rather small acceptance of the spectrometer, a
grid of independent measurements was made;
specifically, for each spectrometer momentum (or
x) setting data were taken for several values of pT.
In this section, the x and pT dependence of the
data will be presented, and simple fitted parametri-
z@ions of the data will be given. For complete™
ness, all the measured points are given in Tables
XIV and XV, displayed as a combination of x and
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TABLE XV. Complete data set of inclusive cross sections E d o/dp in mb/(GeV /c ) at 100 and 175 GeV/c at
constant p& values. The errors shown below each entry include both statistical and estimated systematic errors in quad-
rature. In addition, there is an overall 7% absolute normalization uncertainty. The notation for reactions is
a,c =a /p~c+X.

,p

p, 77

p, E

p~p

0.300

4.29
0.15
0.41
0.08
0.30
0.04
3.08
0.52
3.28
0.17
0.24
0.07
0.10
0.03

0.400

2.62
0.22
0.32
0.10
0.11
0.06
3.88
0.88
2.43
0.23
0.21
0.09

{a) 100 GeV/c
0.500

1.98
0.15
0.17
0.06
0.10
0.03
2.11
0.55
1.21
0.13
0.07
0.06

pq ——0.200 GeV/c
0.600

1.54
0.11
0.15
0.04
0.06
0.02
1.29
0.38
0.33
0.06

0.700

1.47
0.13

0.03
0.02
0.70
0.25
0.12
0.04

0.800

1.28
0.07
0.05
0.02
0.01
0.00

0.840

1.15
0.07
0.04
0.01

x 0.200 0.300 0.400
(b) 100 GeV/c

0.500 0.600
pq ——0.300 GeV/c

0.700 0.800 0.840 0.880 0.920 0.940 0.960

7T,p

E+m+

z+,ac+

p, s'

p, E+

p~p

7T,p

p, 7T

p~p

9.17
0.29
0.66
0.17
0.68
0.10
5.74
1.06
2.61
1.55
9.37
0.39
0.76
0.24
3.74
0.30
7.50
0.29
0.55
0.14
0.57
0.08
5.04
1.06
4.47
1.94
9.01
1.74

6.37
0.22
0.66
0.12
0.65
0.08
3.71
0.61
2.59
0.85
5.50
0.27
0.96
0.16
5.62
0.29
6.02
0.13
0.43
0.05
0.42
0.04
3.99
0.51
2.92
0.61
5.61
0.70
4.50
0.67
3.52
0.14
0.40
0.07

5.15
0.19
0.49
0.08
0.45
0.06
2.91
0.62
2.21
0.69
2.34
0.19
0.38
0.09
6.41
0.33
4.64
0.13
0.35
0.05
0.30
0.03
3.06
0.45
2.08
0.55
4.35
0.65
5.45
0.86
2.02
0.07
0.33
0.04

4.50
0.18
0.38
0.07
0.33
0.05
2.44
0.52
2.05
0.62
1.78
0.17
0.16
0.07
8.51
0.39
4.18
0.07
0.26
0.03
0.17
0.02
1.70
0.27
2.34
0.29
2.00
0.29
7.75
0.53
1.11
0.04
0.16
0.02

4.34
0.09
0.24
0.03
0.17
0.02
1.34
0.19
1.45
0.28
0.81
0.05
0.13
0.02

10.00
0.20
4.12
0.06
0.19
0.02
0.10
0.01
1.16
0.24
1.93
0.25
1.38
0.20
8.05
0.52
0.97
0.04
0.10
0.01

4.29
0.09
0.22
0.03
0.11
0.02
0.62
0.19
1.74
0.27
0.37
0.03
0.05
0.02

10.72
0.21
4.26
0.05
0.20
0.02
0.05
0.01
0.89
0.13
1.87
0.18
0.48
0.11
9.83
0.40
0.83
0.03
0,07
0.01

4.35
0.07
0.19
0.02
0.04
0.01
0.27
0.13
2.52
0.23
0.06
0.01
0.02
0.01

11.75
0.17
4.25
0.08
0.15
0.02
0.02
0.01
0.81
0.17
2.20
0.29

10.79
0.73
0.65
0.03
0.03
0.01

4.78
0.10
0.19
0.02
0.05
0.01

4.94
0.11
0.19
0.02
0.03
0.01

2.07
0.30
0.06
0.02

2.98
0.36
0.02
0.02

2.99
0.28

0.52
0.03
0.01
0.01

10.71
0.54
0.46
0.02
0.01
0.00

12.54 13.61
0.24 0.28

4.86
0.08
0.12
0.02

6.11
0.12
0.23
0.02

3.83
0.42

15.01
0.27
5.77
0.09
0.15
0.02

3.73
0.35

13.16
0.67

0.20
0.02

13.14
0.24
0.15
0.03

7.83
0.97

29.34
0.47
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TABLE XV. (Continued. )

x 0.200
(b) 100 GeV/c

0.300 0.400 0.500
p& ——0.300 GeV/c (continued)

0.600 0.700 0.800 0.840 0.880 0.920 0.940 0.960

p, 77

p, K

,p

p, 7T

5.35
0.31
0.65
0.16
0.68
0.12
2.82
1.27
8.71
2.47

0.26
0.04
2.83
0.48
2.71
0.16
0.19
0.07
0.09
0.04
3.48
0.19
0.44
0.11
0.53
0.08
2.01
0.81
3.25
1.34

0.16
0.02
1.11
0.21
1.31
0.07
0.10
0.03
0.03
0.01
1.82
0.10
0.32
0.05
0.29
0.04
1.20
0.42
0.98
0.41

0.09
0.01
0.66
0.16
0.48
0.04
0.03
0.01

1.27
0.04
0.20
0.02
0.16
0.02
1.26
0.20
1.02
0.19

0.04
0.01
0.57
0.11
0.25
0.02
0.02
0.01

1.05
0.03
0.13
0.01
0.09
0.01
0.58
0.09
0.40
0.09

0.03
0.00
0.26
0.08
0.08
0.01

0.83
0.02
0.08
0.01
0.04
0.01
0.35
0.06
0.18
0.05

0.01
0.00
0.16
0.06
0.02
0.01

0.70
0.03
0.05
0.01
0.02
0.00
0.17
0.06

0.52
0.02
0.02
0.01

,p

p, vl

p, K

0.200

5.69
0.26
0.71
0.18
0.29
0.10
3.70
0.92
4.65
0.32
0.42
0.22
0.11
0.10

0.300

4.52
0.11
0.38
0.05
0.35
0.03
3.11
0.41
1.33
0.53
3.47
0.61
3.44
0.55
2.80
0.13
0.24
0.07
0.21
0.04
1.99
0.53
1.99
0.14
0.20
0.10

2.83
0.16

(c) 100 GeV/c
0.500

2.62
0.14
0.18
0.04
0.16
0.04
1.04
0.48
1.23
0.70
0.78
0.64
6.03
1.14
0.84
0.05
0.15
0.02
0.06
0.01
0.49
0.18
0.42
0.04
0.04
0.03

pz- ——0.400 GeV/c
0.600

2.59
0.07
0;17
0.03
0.09
0.01
0.75
0.20
1.03
0.28
0.81
0.23
6.66
0.60

0.700

0.43
0.02
0.04
0.01
0.01
0.00
0.21
0.05
0.05
0.01

0.43
0.02

0.880

0.19
0.02
0.01
0.00

0.19
0.02

0.920

4.34
0.10
0.09
0.02

3.19
0.39

9.88
0.59



26 EXPERIMENTAL STUDY OF SINGLE-PARTICLE INCLUSIVE. . . 1519

7T,p

p, 7T

0.200

TABLE XV. (Continued. )

(c) 100 GeV/c p&
——0.400 GeV/c

0.300 0.500 0.600

0.27
0.08
0.32
0.07
2.31
0.74
2.39
1.10

(continued)
0.700

0.07
0.01
0.07
0.01
0.10
0.06

0.880

0.02
0.01

0.920

0.200 0.300 0.400
(d) 100 GeV/c

0.500 0.600
p~=0. 500 GeV/c

0.700 0.800 0.840 0.880 0.920 0.940 0.960

m+, m+

m+, K+

,p

K+,~+

K+,K+

p, 77

p, K+

p~p

m, K

7p,p

K,K

m+,p

p, 7T

4.92
0.43
0.49
0.36
0.24
0.18
4.08
2.32

3.22
0.47

2.17
0.46
3.23
0.29

0.36
0.10
4.78
1.48

2.97
0.58

6.90
4.13
2.95
0.83
1.60
0.15

3.58
0.15
0.35
0.08
0.43
0.05
2.88
0.57
1.16
0.73
2.44
0.16
0.44
0.12
2.90
0.18
2.98
0.13
0.28
0.05
0.22
0.04
2.14
0.51
0.84
0.65
2.35
0.69
2.78
0.73
1.76
0.11
0.15
0.06
0.16
0.04
0.96
0.50
1.33
0.12
1.77
0.12

2.66
0.10
0.30
0.05
0.33
0.03
0.92
0.29
1.79
0.49
1.27
0.09
0.22
0.06
3.90
0.17
2.27
0.06
0.20
0.02
0.20
0.02
1.17
0.24
1.77
0.34
1.59
0.32
3.17
0.42
1.41
0.18

0.26
0.12

0.57
0.21
1.03
0.06

1.91
0.06
0.20
0.03
0.19
0.02
0.76
0.17
1.13
0.23
0.65
0.04
0.09
0.03
3.79
0.12
1.66
0.06
0.15
0.02
0.13
0.02
0.83
0.19
0.97
0.25
0.41
0.22
3.48
0.49
0.68
0.04
0.10
0.02
0.05
0.01
0.32
0.12
0.23
0.03
0.66
0.04

1.58
0.04
0.16
0.02
0.14
0.01
0.51
0.11
0.98
0.16
0.35
0.03
0.09
0.02
4.37
0.10
1.52
0.05
0.12
0.02
0.08
0.01
0.26
0.14
0.80
0.21
0.58
0.19
3.76
0.42
0.35
0.05

0.12
0.05
0.36
0.02

1.44
0.04
0.14
0.02
0.07
0.01
0.20
0.11
1.03
0.15
0.14
0.02
0.04
0.01
4.14
0.10

0.24
0.02
0.04
0.01
0.01
0.01
0.09
0.08
0.03
0.01
0.22
0.02

1.60
0.03
0.07
0.01
0.05
0.01
0.21
0.06
0.85
0.10
0.04
0.01
0.03
0.01
4.13
0.06
1.66
0.04
0.08
0.01
0.02
0.00
0.23
0.11
1.34
0.19

3.36
0.33
0.14
0.02
0.01
0.01
0.01
0.01
0.19
0.13
0.01
0.01
0.18
0.01

1.85
0.04
0.10
0.01
0.03
0.01

1.24
0.14
0.01
0.01

4.34
0.08

0.10
0.02

2.08
0.04
0.08
0.01
0.02
0.01

1.61
0.18
0.01
0.01

4.49
0.10
2.04
0.05
0.06
0.02

1.50
0.32

3.54
0.39
0.08
0.01

0.10
0.01

2.80
0.05
0.07
0.01

1.89
0.21

5.17
0.10
2.70
0.06
0.06
0.01

2.00
0.27

5.29
0.42

0.03
0.00

6.04
0.09
0.07
0.01

4.70
0.43

10.38
0.17
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'll, p

E-,~+

p, 7T

x 0.200

0.30
0.09
0.20
0.08
1.68
0.74
3.02
1.10

(d)
0.300 0.400

0.18 0.18
0.06 0.03
0.26 0.14
0.05 0.03
1.03 1.09
0.57 0.29
2.06 0.80
1.02 0.48

TABLE XV. (Continued. )

100 GeV/c pT ——0.500 GeV/c (continued)
0.500 0.600 0.700 0.800 0.840 0.880 0.920 0.940 0.960

0.12 0.08 0.06 0.02
0.02 0.01 0.01 0.01
0.09 0.06 0.03 0.01
0.02 0.01 0.01 0.00
0.34 0.29 0.13
0.15 0.08 0.06

0.18
0.11

(e) 100 GeV/c pT ——0.625 GeV/c
x 0.300 0.500 0.700

(g) 100 GeV/c p =1.000 GeV/c
0.600 0.800 0.840 0.880 0.920 0.960

p, 7T

77,p

p, &

0.90
0.07
0.15
0.05
0.06
0.03
0.61
0.40
0.80
0.08
0.77
0.06
0.10
0.04
0.18
0.03
0.75
0.42
1.05
0.65

0.38
0.03
0.07
0.02
0.04
0.01
0.17
0.12
0.14
0.03
0.42
0.04
0.07
0.02
0.05
0.02

0.12
0.02
0.01
0.01
0.01
0.01

0.03
0.01
0.16
0.01
0.02
0.01
0.02
0.01

p~p

0.18
0.01
0.02
0.01
0.03
0.01

0.04
0.01
0.37
0.02

0.11
0.01
0.01
0.00
0.01
0.00
0.12
0.03
0.00
0.00
0.23
0.01

0.14
0.01
0.01
0.00
0.00
0.00
0.20
0.09

0.23
0.01

0.16
0.01
0.00
0.00
0.00
0.00
0.16
0.06

0.21
0.01

0.23
0.01

0.26
0.09

0.25
0.02

0.46
0.01

0.47
0.05

0.33
0.01

0.300 0.400
(f) 100 GeV/c pT ——0.750 GeV/c

0.500 0.600 0.700 0.800 0.840 0.880 0.920 0.960

m+,p

z+,x+

p, 7T

p, E+

p~p

1.18
0.11
0.12
0.07
0.11
0.05

0.80
0.13

0.82
0.14
0.95
0.07
0.13
0.03

0.96
0.05
0.11
0.03
0.13
0.02
0.40
0.21
0.40
0.30
0.48
0.04
0.06
0.04
1.29
0.07
0.88
0.03
0.08
0.01

0.73
0.03
0.06
0.02
0.08
0.01
0.19
0.12
0.37
0.17
0.29
0.03
0.04
0.02
1.47
0.07
0.63
0.02
0.05
0.01

0.55
0.02
0.08
0.01
0.07
0.01
0.12
0.06
0.43
0.09
0.13
0.01
0.04
0.01
1.50
0.05
0.53
0.02
0.06
0.01

0.45
0.02
0.04
0.01
0.05
0.01
0.09
0.06
0.43
0.10
0.05
0.01
0.02
0.01
1.35
0.06
0.44
0.02
0.05
0.01

0.48
0.02
0.04
0.01
0.02
0.00

0.52
0.07
0.02
0.00

1.01
0.03
0.47
0.01
0.03
0.01

0.54
0.02
0.03
0.01
0.02
0.00

0.37
0.07
0.01
0.01

1.06
0.03

0.61
0.02
0.02
0.01
0.01
0.00

0.63
0.12

1.00
0.03

0.83
0.02
0.02
0.00

0.78
0.11

1.15
0.04
0.76
0.03
0.01
0.00

1.90
0.03
0.01
0.00

1.65
0.16

2.02
0.05



26 EXPERIMENTAL STUDY OF SINGLE-PARTICLE INCLUSIVE. . . 1521

0.300 0.400

TABLE XV. (Continued. )

(f) 100 GeV/c pT
——0.750 GeV/c (continued)

0.500 0.600 0.700 0.800 0.840 0.880 0.920 0.960

p, 7T

0.07
0.03
0.41
0.31
0.74
0.53
0.88
0.53
1.05
0.58

0.06
0.01
0.39
0.12
0.46
0.16
0.61
0.19
1.07
0.22

0.05
0.01
0.21
0.08
0.41
0.10
0.45
0.12
1.28
0.20

0.04
0.01
0.14
0.08
0.52
0.12
0.12
0.10
1.33
0.19

0.02
0.00
0.12
0.06
0.26
0.09
0.13
0.13
1.46
0.18

0.01
0.00

0.35
0.08

0.68
0.13

0.38
0.10

0.75
0.15

(h} 175 GeV/c p =0.150 GeV/g
K 0.120 0.200 0.300

(i) 175 GeV/e pT ——0.200 GeV/e
0.400 0.500 0.600 0.700

x+,~+

z+,x+

p, m+

p, K+

p~p

p, 7T

15.08
1.85
2.10
1.05
1.01
0.54

16.19
5.35

10.87
9.69

22.69
1.32
1.22
0.53
2.97
0.51

16.14
1 ~ 35
1.02
0.53
0.81
0.33

64.96
23.04

11.77
0.85
1.02
0.33
1.12
0.29
4.89
3.56
3.49
2.28

17.02
0.81
1.45
0.36
4.34
0.42

11.50
0.55
0.99
0.21
0.60
0.14
6.52
3.69
3.18
2.03

32.35
7.69
6.68
3.88

8.60
0.37
0.70
0.15
0.82
0.14
4.58
1.17
3.70
0.80

10.39
0.21
0.77
0.08
6.81
0.17
7.45
0.22
0.55
0.09
0.41
0.06
8.84
1.50
6.28
1.36

12.25
2.37
5.14
1.95

p, 7T

p, E

p~p

2.55
0.17
0.29
0.07
0.15
0.05
1.28
0.66
1.76
0.08
0.10
0.02

1.83
0.13

0.11
0.03
1.13
0.45
0.91
0.05

0.01
0.01

1.47
0.08
0.12
0.03
0.08
0.02
1.19
0.23
0.31
0.02
0.02
0.00

1.37
0.07
0.10
0.02
0.02
0.01
0.58
0.16
0.09
0.01

0.120
(j) 175 GeV/c pT=0. 300 GeV/c

0.200 0.300 0.400 0.600

7T,p

13.00
1.15
1.05
0.82
0.74
0.44

9.68
0.47
0.98
0.24
0.85
0.17

6.22
0.29
0.63
0.11
0.61
0.10

4.96
0.16
0.49
0.06
0.42
0.05

4 54
0.16
0.27
0.05
0.34
0.04

3.86
0.13
0.28
0.04
0.28
0.03
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TABLE XV. (Continued. )

(j) 175 GeV/c
0.120 0.200

pT ——0.300 GeV/c
0.300

(continued)
0.400 0.500 0.600

x+,ac+

p, K

p,E+

p~p

7T,p

p, 7T

p~p

m+,p

E+,m-

p, K

p,E

p~p

7T,p

p, m+

8.31
4.23

13.33
0.75
1.24
0.50
2.15
0.32

11.80
0.69
0.55
0.21
0.65
0.20

11.35
3.51

9.80
0.76
1.06
0.57
0.59
0.22
7.63
2.48

10.79
0.55
1.28
0.36
0.36
0.10
8.25
0.59
0.73
0.25
0.57
0.22

11.24
3.46

4.42
1.29
3.30
1.76
9.94
0.35
1.33
0.21
3.19
0.21
9.63
0.27
0.72
0.10
0.48
0.07
7.61
1.26
3.27
1.22

10.85
2.56

7.02
0.43
0.66
0.23
0.39
0.13
2.83
1.27
5.29
0.24
0.48
0.11
0.19
0.06
6.44
0.25
0.78
0.13
0.57
0.09
4.54
1.20
5.45
2.62

3.41
0.85
4.01
0.84
5.11
0.16
0.54
0.07
5.24
0.16
6.20
0.12
0.61
0.06
0.42
0.03
3.85
0.57
3.00
0.62
5.12
0.95
5.17
1.01
3.86
0.22
0.29
0.09
0.25
0.07
2.72
0.70
2.40
0.11
0.24
0.04
0.10
0.02
3.21
0.10
0.54
0.06
0.37
0.04
2.62
0.60
3.17
0.95

2.33
0.38
2.44
0.38
2.91
0.06
0.39
0.03
6.66
0.09
4.69
0.10
0.43
0.04
0.33
0.03
3.30
0.48
2.62
0.46
2.19
0.69
6.04
0.99
1.87
0.11
0.17
0.05
0.17
0.04
1.52
0.27
1.22
0.03
0.09
0.01
0.02
0.01
1.93
0.07
0.36
0.04
0.24
0.02
1.00
0.33
1.54
0.48

2.25
0.44
1.81
0.36
1.65
0.05
0.23
0.03
7.77
0.10
4.09
0.09
0.29
0.03
0.17
0.02
1.25
0.39
1.50
0.32
1.78
0.37
6.21
0.76
1.17
0.08
0.13
0.03
0.10
0.02
0.74
0.19
0.63
0.02
0.04
0.01
0.00
0.00
1.09
0.06
0.18
0.03
0.15
0.02
0.61
0.22
0.47
0.35

1.60
0.41
1.97
0.31
0.96
0.06
0.10
0.03
9.39
0.18
3.89
0.07
0.28
0.02
0.11
0.01
1.45
0.31
1.98
0.24
0.68
0.25
9.44
0.80
0.83
0.05
0.10
0.02
0.04
0.01
0.46
0.13
0.26
0.01
0.01
0.00

0.91
0.03
0.10
0.01
0.07
0.01
0.43
0.15
0.47
0.15

0.300

2.78
0.18

0.500

0.89
0.06

175 GeV/c
0.600

0.54
0.05

pq ——0.400 GeV/c
0.300

1.69
0.09

0.500

0.42
0.01

0.600

0.17
0.01
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0.300

TABLE XV. (Continued. )

(k) 175 GeV/c pT ——0.400 GeV/c (continued)
0.500 0.600 0.300 a.50o 0.600

m+,p

0.36
0.10
0.31
0.07
1.50
0.71

0.14
0.03
0.08
0.02
0.70
0.15

0.14
0.02
0.03
0.01
0.34
0.08

p, E 0.19
0,03
0.05
0.02

0.03
0.00
0.00
0.00

0.01
0.00

0.200 0.300 0.400
(1) 175 GeV/c pT ——0.500 GeV/c
a.Sao 0.600 0.700 0.800 0.880 0.895 0.920 0.940

~+,p

E+,m+

E+,EC+

p, 77

p, E+

p, K

p~p

p, 7T

p, E

5.44
0.37
0.38
0.22
0.30
0.14
2.74
1.41

4 44
0.22
0.72
0.14
1.58
0.15
5.10
0.29
0.43
0.13
0.22
0.08
3.90
1.72

5.20
3.89

2.70
0.21
0.39
0.12
0.28
0.08
2.07
0.67
2.72
0.12
0.21
0.05
0.13
0.03

3.70
0.18
0.39
0.08
0.32
0.06
2.08
o.6o
1.33
0.69
2.45
0.09
0.32
0.04
2.86
0.10
3.45
0.07
0.33
0.04
0.29
0.02
2.21
0.40
1.68
0.45
3.16
0.65
1.46
0.70
1.85
0.15
0.29
0.08
0.18
0.08
2.05
0.79
1.28
o.a8
0.09
0.03
0.04
0.02

2.50
0.11
0.30
0.04
0.34
0.04
1.23
0.22
1.39
0.26
1.40
0.04
0,26
0.02
3.79
0.06
2.59
0.07
0.18
0.02
0.22
0.02
1.71
0.36
2.09
0.38
1.14
0.48
3.56
0.71
1.12
0.10
0.18
0.04
0.14
0.04
0.85
0.22
0.67
0.02
0.04
0.01
0.01
o.ao

1.81
0.07
0.18
0.03
0.25
0.03
0.63
0.16
1.18
0.21
0.72
0.02
0.15
0.02
4.21
0.05
1.60
0.06
0.13
0.02
0.12
0.02
0.67
0.22
1.26
0.32
0.72
0.37
4.03
0.87
0.57
0.07
0.12
0.03
0.06
0.02
0.42
0.16
0.29
0.02
0.02
0.01
0.01
0.00

1.53
0.07
0.19
0.03
0.18
0.02
0.45
0.12
1.14
0.18
0.35
0.02
0.08
0.01
4.26
0.07
1.41
0.04
0.14
0.02
0.08
0.01
0.45
0.13
0.95
0.17
0.39
0.21
4.05
0.54
0.41
0.04
0.09
0.02
0.02
0.01
0.12
0.09
0.12
0.01
0.01
0.00

1.41
0.04
0.14
0.01
0.11
0.01
0.23
0.08
0.92
0.12
0.14
0.01
0.03
0.01
4.16
0.04
1.42
0.02
0.11
0.01
0.06
0.00
0.38
0.06
0.97
0.08
0.12
0.07
3.S1
0.23
0.24
0.02
0.04
0.01
0.01
0.01
0.10
0.04
0.03
0.01

1.54
0.05
o.1a
0.02
0.08
0.01
0.28
0.08
0.91
0.17
0.03
0.01
0.01
0.00
3.93
0.05
1.48
0.02
0.08
0.01
0.01
0.00
0.18
0.06
1.02
0.09
0.09
0.05
3.72
0.22

1.99
0.03
0.07
0.01

01.15
0.14

4.41
0.34

2.10
0.03
0.08
0.01

1.49
0.11

4.55
0.05

2.59
0.04
0.06
0.01

1.88
0.16

S.02
0.37

3.70
0.04
0.09
0.01

2.97
0.19

7.46
0.08
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TABLE XV. (Continued. )

(m) 175 GeV/c pT ——0.625 GeV/c
x 0.300 0.400 0.500 0.600 0.700

(o) 175 GeV/c pT ——1.000 GeV/c
0.600 0.895 0.940

K+,m-

p, 7T

p,E

p~p

0.78
0.08
0.16
0.05
0.08
0.03
0.87
0.48
0.81
0.04
0.05
0.02
0.03
0.01

0.58
0.07
0.11
0.04
0.07
0.05
0.45
0.30
0.43
0.03
0.05
0.01

0.37
0.05
0.07
0.03
0.05
0.02
0.25
0.14
0.19
0.01
0.01
0.00
0.01
0.00

0.26
0.03
0.05
0.01
0.02
0.01
0.08
0.05
0.08
0.01
0.00
0.00

0.13
0.02
0.03
0.01
0.01
0.01
0.14
0.09
0.02
0.01

7T,p

E+,m+

ac+,x+

p, K

p, E+

p~p

0.13
0.01
0.02
0.01
0.02
0.01
0.05
0.04
0.11
0.05
0.03
0.00
0.01
0.00
0.32
0.01

0.16
0.01
0.01
0.00

0.19
0.07

0.21
0.00

0.35
0.01
0.00
0.00

0.33
0.06

0.30
0.01

0.300 0.400
(n) 175 GeV/c

0.500 0.600
p~ ——0.750 GeV/c

0.700 0.800 0.895 0.920 0.940

m+,p

sr+, ~+

r+,z+

p, K

p,E+

p, K

p~p

1.21
0.07
0.17
0.04
0.18
0.03
0.68
0.23
0.45
0.27
0.83
0.03
0.12
0.02
0.99
0.04
1.14
0.04
0.12
0.02
0.12
0.01
0.63
0.22
0.55
0.29
0.68
0.51
0.74
0.47

0.93
0.06
0.08
0.03
0.15
0.03
0.59
0.17
0.61
0.20
0.52
0.02
0.08
0.01
1.36
0.03
0.98
0.04
0.10
0.02
0.10
0.01

0.54
0.23
0.57
0.43
1.36
0.47

0.73
0.04
0.11
0.02
0.08
0.01
0.32
0.09
0.47
0.10
0.29
0.01
0.05
0.01
1.59
0.02
0.66
0.03
0.06
0.01
0.05
0.01
0.13
0.12
0.43
0.18
0.72
0.30
1.86
0.40

0.55
0.02
0.08
0.01
0.09
0.01
0.17
0.04
0.30
0.06
0.13
0.00
0.03
0.00
1.50
0.01
0.43
0.03
0.07
0.01
0.03
0.01
0.25
0.13
0.48
0,17

1.08
0.51

0.46
0.02
0.05
0.01
0.05
0.01
0.08
0.04
0.31
0.07
0.04
0.00
0.01
0.00
1.29
0.02
0.42
0.02
0.03
0.01
0.02
0.00
0.08
0.05
0.25
0.09

1.19
0.26

0.43
0.02
0.03
0.01
0.02
0.00
0.05
0.03
0.27
0.05
0.01
0.00
0.01
0.00
1.00
0.02
0.40
0.01
0.02
0.00
0.01
0.00
0.05
0.05
0.46
0.08

0.90
0.18

0.58
0.02
0.03
0.00

0.60
0.06

1.01
0.01

0.73
0.02
0.02
0.00

0.34
0.08

1.05
0.18

1.27
0.03
0.02
0.01

1.26
0.14

1.67
0.03
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pT sweeps, paralleling in part the data acquisition
procedure.

A. Feynman-x dependence

The dependence of the inclusive cross sections
on x was investigated for several different values
of pT. In Fig. 11, the x dependence of the data at
100 GeV/c incident momentum is displayed at
pT

——0.3 GeV/c, for the various incident-particle
types. In each case, there is a rather flat cross sec-
tion with a diffractive peak near x =1 for the
leading-particle channel, a +p ~ a +X. The five
other channels, with the outgoing particle different
from the incoming one, show a decrease in cross
section with increasing x. The falloff tends to be
steepest for those channels with the greatest change
in quantum numbers between incoming and outgo-

— IQQ.—

ing particles. The solid curves shown for the non-
leading channels are fits to a (1—x)" parametriza-
tion which are discussed below.

Figure 12 shows the same reactions, but for a
larger value of the transverse momentum, pT ——0.75
GeV/c. The data are very similar in shape to
those in Fig. 11, but reduced in magnitude. In
fact, separate fits to the form (1—x)" for the two
different values of pT yield values of n which are
consistent within errors. The major difference at
larger pT is a relatively smaller leading-particle
peak near x =1.

The 175-GeV/c incident-momentum data for
pT ——0.3 GeV/c are shown in Fig. 13. Within er-
rors, these data are equivalent to those in Fig. 11
from 100 GeV/c, demonstrating Feynman scaling
for all the reaction channels at these energies.

All of the x "sweeps" at constant pT for non-

leading reaction channels have been fitted to the
functional form C(1—x)". Here C is a different
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FIG. 11. The invariant differential cross section is
shown as a function of x, for an incident energy of 100
GeV and a transverse momentum pT of 0.3 GeV/c.
There is one subfigure for each incident-particle type.
Only those data are plotted for which the error was
smaller than the value of the cross section. Compar-
isons to a functional form C(1—x)" are shown.

K'.
00.— .001 .

— 'P
~K

m'.
0.00 .20 AO .60 .80 100 Q00,2O 40 .60 .80 l00

X X

FIG. 12. The invariant differential cross section is
shown as a function of x, for an incident energy of 100
GeV and a transverse momentum pT of 0.75 GeV/c.
There is one subfigure for each incident-particle type.
Comparisons to a functional form C(1—x)" are shown.



1526 A. E. BRENNER et al.

GO- '

I.O.—

O.I-

OOI
n

~ IOO.—

(D

IO.—

n CL
Qn
am

Ol

IOQ- '

IO-

—IOQ- '

lo.—

O.I-

OOI
I

' I

—. IOO.—

I.O-

K
I . t, QI . i . I

IO.—

where n~ is the number of quark spectators in the
incident hadron not participating in the gluon ex-
change and nII is the number of spectators partici-
pating in the gluon exchange. The data of Table
XVI are compared with these predictions in Fig.
14. Reference 32 contains a more complete com-
parison of all available fragmentation data with the
counting-rule phenomenology. It is to be noted, in
addition, that many other processes can occur,
specifically, forward resonance production and sub-

sequent decay which may limit the useful kinemat-
ic range for the application of this phenomenology.
Such behavior has previously been seen at the
CERN ISR where the channels pp~ m

+—X and

pp~ K+X required a two-component fit in (I —x)"
and where the component dominant at high x was
consistent with a single-baryon-exchange-trajectory
triple-Regge fit.

O.I.— O.I-
B. Transverse-momentum dependence

& K'
o P

.OI- ~ 7T

K

P— . . P ~ p

.00 .20 40 .60 .80 I.OO Cj0 .20 40,60 .80 I.OO

X X

Ol.—

FIG. 13. The invariant differential cross section is
shown as a function of x, for an incident energy of 175
GeV and a transverse momentum pT of 0.3 GeV/c.
There is one subfigure for each incident-particle type.
Comparisons to a functional form C(1—x)" are shown.

parameter for each sweep, but the same parameter
n is used for all sweeps for a given reaction at a
given beam momentum. The results of these fits
are given in Table XVI and are shown as the solid
curves in Figs. 11—13. In general, this form gives
an adequate representation of the data between
0.2 &x &0.7. However, in a few cases noted in the
table, the x range of the fit has been limited to
avoid contamination from resonance decay prod-
ucts at large x. The exponents n of these fits have
been previously related to the quark-parton pic-
ture via the quark-counting rules of Brodsky and
Gunion. '

Since these previous publications, the counting
rules have been modified to accommodate the
two-particle fragmentation correlation data,
which indicated the dominance of gluon rather
than quark-exchange graphs. The new general rule
1s

dg
( l )zn„+nPI

dx x~1

Figures 15 and 16 show the pT dependence at
several different values of x for reactions with in-
cident 100 GeV/c m+ and m, respectively. It can
be seen that the corresponding m+ and m induced
reactions have essentially equal cross sections. Fig-
ure 17 displays the pT dependence of reactions
with incoming protons at 100 GeV/c.

The functional form of the pT dependence could
be determined at those values of x where detailed

pT sweeps were taken. In general, the data were
sufficiently precise to allow discrimination between
exponential and Gaussian behavior. However, in
most cases, a generalization to the functional form
exp( —BpT"), where n is variable could not be justi-
fied.

Individual fits to the pT dependence of each re-

action at each x value were made. The resulting
values indicated a clear separation into regions

of Gaussian and exponential transverse-morn, entum
behavior. The reactions in which both the incom-

ing and outgoing particles are mesons show Gauss-
ian behavior for x (0.4 and exponential behavior
at higher x. This is also true for p —+p and p —+p
where the transition in functional form is at a
slightly higher value of x. Channels with an in-

coming proton and an outgoing meson show ex-
ponential behavior in pT over the entire x range
where fits could be made. The two channels
m+ —+p and m ~p show Gaussian transverse-
momentum dependence over the entire x range ob-
served. Finally, the two charge exchange channels
m+~ p and m ~p had statistics which were
inadequate to allow a determination of the func-
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TABLE XVI. The differential cross section at several values of p~ and the integrated cross section are fit to the
functional form C(1—x) . The coefficient C is a function of p~, while the exponent n is constrained to be independent

of p&. The full x range at which data were taken is used for all reactions except those indicated by an asterisk. In
those cases, values of x only up to 0.5 are used. Units for C(pq) are mb/(GeV /c'), while units for C;„, are mb.

n C(0.3) C(0.5) C(0.625) C(0.75) C;„,

~+ ~K+
~p

~+ ~m
~+ K-
7T ~p
K+ ~+
K+
p ~77
p —+K+

p ~7T
p ~K

~++
K+

K ~m
p ~77
p —+s'

1.55+0.40*
1.73+0.06
3.37+0.09*
2.10+0.12
2.98+0.18
2.16+0.19
2.29+0.25
3.39+0.05
2.56+0.20
4.39+0.10
4.59+0.92
2.65+0.11*
1.76+0.10
2.43+0.11
1.S4+0.30*
2.29+0.08
2.31+0.25
2.58+0.37*
3.56+0.43
3.00+0.19

1.07+0.10
0.94+0.05

11.47+0.25
0.78+0.05
0.74+0.05
9.03+0.69
4.17+0.39

18.09+0.44
1.41+0.14

12.17+0.40
0.92+0.16
8.08+0.19
0.72+0.04
0.89+0.04
0.88+0.06
0.86+0.03
5.27+0.45

10.19+0.78
10.72+ 1.22
17.7 +1.1

100 GeV/c
0.62+0.06
0.71+0.03
6.45+0.25
0.40+0.06
0.44+0.07
3.82+0.41
1.74+0.47
7.52+0.23
0.82+0.09
5.98+0.40

3.90+0.13
0.41+0.03
0.52+0.04
0.53+0.04
0.62+0.03
2.39+0.37
4.97+0.59
5.84+ 1.43
6.3+0.9

3.59+0.33

2.18+0.14
0.21+0.04
0.36+0.05

0.20+0.03
0.33+0.02

0.97+0.28

2.91+0.14
0.32+0.06

0.19+0.02
0.25+0.02

1.32+0.30

2.95+0.50

1.49+0.06
1.69+0.04

12.80+0.14
1.12+0.04

9.73+0.44
4.91+0.26

23.18+0.28
2.56+0.14

18.57+0.32

8.87+0.13
1.08+0.04

1.26+0.04
1.34+0.03
6.19+0.41

11.27+0.50
18.0 +1.8
21.81+0.93

175 GeV/c

~+ K+
7T ~p
77 ~7T
~+ K-
77 ~p
K+~m+
K+
p ~77
p —+K+

p ~7T
p ~K
p p

—+m'+

K+

K ~m
p
p ~77

2.11+0.38*
1.36+0.09
3.56+0.12*
2.07+0.20
3.28+0.25

2.37+0.25
2.84+0.31
3.50+0.03
2.77+0.10
4.36+0.05
5.48+0.24
8.03+0.44
3.75+0.13'
2.85+0.22
2.87+0.22
2.06+0.25*
2.21+0.07
4.33+0.77
3.32+0.45*
3.72+0.87
3.59+0.37

1.37+0.11
0.92+0.06

13.48+0.38
0.61+0.07
0.87+0.10
8.77+0.85
6.34+0.69

18.49+0.25
1.59+0.09

12.50+0. 18
1.60+0.10
1.19+0.14

13.25+0.24
1.44+0.08
1.04+0.05
1.20+0.06
0.88+0.04

12.3 +1.5
14.7 +1.2
10.9 +1.8
18.9 +2.0

0.83+0.07
0.62+0.03
6.44+0.28
0.53+0.05
0.57+0.09
4.02+0.43
3.23+0.50
8.54+0. 14
1.00+0.05
6.36+0.14
0.67+0.08
0.71+0.12

0.58+0.04
0.64+0.02

7.7 +0.9

9.8 +1.5

3.17+0.22
0.32+0.05
0.33+0.08

1.64+0.49

3.96+0.13
0.43+0.07
0.58+0.21

0.37+0.05
0.26+0.02

1.65+0.22

3.15+0.05
0.33+0.02

0.26+0.03
0.27+0.02

1.85+0.62

3.7 +1.4

2.01+0.08
1.33+0.04

13.88+0.22
1.04+0.05

11.06+0.53
S.21+0.46

24.7 +0.2
2.38+0.06

16.77+0.14
2.21+0.09
1.70+0.12

1.52+0.04
1.37+0.03

16.96+0.86

28.8 +1.9

tional form.
The fits also indicated that all channels have an

average transverse momentum squared which is
typically between 0.25 and 0.30 (GeV/c) . The

only exceptions are the baryon-induced leading-
particle channels at high x, namely, p —+p and

p —+p. Here the average transverse momentum
squared shrinks to about 0.15 (GeV/c) .



1528 A. E. BRENNER et a1. 26

K+
~=K
K+-~+

I l I 1
I

'
I

GO.-oo
dQ

8
d

Q d O

I
'

1

o X~.$
d X ~ .6
O X~gg

7r' 7r'

100.-

0

10-

0

o X~,5
d X~ .5
0 X$7

-K
m+- m

w+

w+-K
w —K+

K+-~
m'+

0 I 23456789
FIG. 14. The fitted exponent n for the differential

cross sections fitted to the form x do. /dx =C(1—x)".
The plotted value of n represents the average for 100-
and 175-GeV data runs. The vertical bars represent the
values predicted by quark counting rules; see Ref. 32.
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FIG. 15. The invariant differential cross section for
~+-induced reactions is shown as a function of trans-
verse momentum pT. The incident energy is 100 GeV.
The values of x for which the transverse-momentum
dependence is shown are those at which the most
thorough pT sweeps were made.

the functional forms of the differential cross sec-
tions so that the integrated cross section is 3 for
both functional forms. Since the data were cen-
tered around the average value of the transverse
momentum, pT-0. 5 GeV/c, the fitted parameters

C. p~-integrated cross sections

do. do. " d o
x =E =2m. E pTdpT .

dx dp~ dp

In the x region where exponential pT behavior
was observed the functional form used was

(7)

d o 3 —BpT
~8

dp 2mB

The determination of the functional form of the
transverse momentum dependence of the invariant
cross section allows computation of the integrated
cross section
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In the x region where behavior was Gaussian in pT
the form used was 001, 1 . 1 . i. . . 001, (
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FIG. 16. The invariant differential cross section for
m -induced reactions is shown as a function of trans-
verse momentum pT. The incident energy is 100 GeU.
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FIG. 17. The invariant differential cross section for
proton-induced reactions is shown as a function of
transverse momentum pz. The incident energy is 100
GeV.

A and B were essentially uncorrelated.
A global fit was made for each reaction in those

regions where the cross section showed a particular
functional form. Thus, for reactions with both
Gaussian and exponential regions, two fits were
made. If, within a given region, there existed two
or more values of x at which a detailed pT sweep
was made, the value of B was allowed to vary
linearly with x in that region. Thus, the pT depen-
dence from the detailed sweep could be used to in-

terpolate the B values at other points. Reactions
which supplied enough data to allow a linear varia-
tion of B with x were the leading-particle channels
and a+~ E+ in the higher-x region, and
proton —+ meson+-for all x. For other channels, 8
was taken to be a constant, independent of x.

The coefficients A were then obtained separately
for each value of x. The integrals and their errors
are listed in Table XVII and are shown in Figs. 18
and 19 at 100 and 175 GeV/c, respectively. The
curves shown have the functional form C(1—x)".
The value of n used is that obtained in the global
fit of the differential cross sections. The value of
C was detemined by a one-parameter fit to the in-

tegrated cross sections. For a given reaction, the
fit was made over the same x range as was the glo-
bal fit to the differential cross sections. The
parameter C for the integrated cross sections is
also shown in Table XVI for all cases where the
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FIG. 19. The integrated cross section x do/dx
function of x for incident energy of 175 GeV.
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FIG. 18. The single differential cross section
x do/dx is shown as a function of x. It is obtained by
integrating the invariant cross section over transverse
momentum. The incident energy is 100 GeV. There is
one subfigure for each incident-particle type.
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TABLE XVII. Cross sections x do. /dx in millibarns integrated over pT. The errors shown below each entry include
both statistical and estimated systematic errors in quadrature. In addition, there is an overall 7% absolute normaliza-
tion uncertainty. The notation for reactions is a,c =a +p ~c +X.

x 0.200 0.300 0.400 0.500
100 GeV/c

0.600 0.700 0.800 0.840 0.880 0.920 0.940 0.960

w+, E+

z+,ac+

p, 7T

p, E+

7T,p

P,K

p~p

m+, K-

p, s'

p,E

p~p

p, m+

10.91
0.24
0.89
0.13
1.11
0.12
6.38
0.72
3.44
1.45

10.83
0.30
1.37
0.28
4.09
0.22
8.48
0.25
0.84
0.14
0.73
0.09
6.3S
0.89
5.65
1.76

11.60
1.88

8.11
0.36

5.44
1.29

11.53
0.78

4.52
0.23
0.66
0.12
3.29
1.04

11.24
2.57

7.91
0.10
0.79
0.05
0.99
0.05
4.40
0.33
3.49
0.41
7.32
0.13
1.20
0.11
6.56
0.13
7.00
0.07
0.63
0.03
0.60
0.02
4.19
0.27
3.46
0.34
7.39
0.43
6.16
0.42
3.77
0.06
0.43
0.03
2.45
0.20
4.06
0.09
1.54
0.22
0.06
0.01
3.52
0.08
0.46
0.04
3.09
0.44
5.27
0.72

6.i(i
0.11
0.80

. 0.06
0.74
0.05
2.87
0.35
3.65
0.53
3.42
0.16
0.68
0.12
8.20
0.23
5.82
0.07
0.50
0.03
0.43
0.03
3.26
0.26
3.47
0.36
5.17
0.59
6.84
0.62
2.14
0.05
0.43
0.04
1.31
o.a4
1.97
0.09
0.29
0.07

2.16
0.06
0.45
0.04
1.78
0.28
1.88
0.65

5.71
0.12
0.58
0.06
0.46
0.03
2.48
0.38
3.29
0.52
2.06
0.10
0.29
0.07

11.15
0.26
5.09
0.07
0.38
0.03
0.27
0.02
2.08
0.25
3.18
0.32
2.37
0.31

10.77
0.59
1.37
0.03
0.29
0.02
0.86
0.13
0.72
0.03
0.06
0.02

1.50
0.04
0.35
0.03
1.38
0.21

4.89
0.05
0.42
0.02
0.34
0.01
1.37
0.15
2.61
0.22
0.98
0.03
0.26
0.02

12.23
0.13
4.72
0.05
0.31
0.02
0.17
0.01
1.26
0.18
2.63
0.22
1.49
0.18

10.73
0.42
1.02
0.03
0.18
0.02
0.62
0.10
0.29
0.02

1.15
0.03
0.24
0.02
0.72
0.10
0.74
0.16

4.64
0.08
0.33
0.03
0.19
0.01
0.69
0.17
2.82
0.27
0.44
0.03
0.12
0.02

12.47
0.18
4.94
0.05
0.30
0.02
0.08
0.01
1.05
0.15
2.44
0.23
0.65
0.14

11.69
0.46
0.85
0.02
0.10
0.01
0.34
0.06
0.09
0.01

0.86
0.02
0.15
0.01
0.35
0.06

4.79
0.05
0.23
0.01
0.11
0.01
0.45
0.11
3.00
0.19
0.11
0.01
0.05
0.02

12.86
0.13
4.87
0.06
0.22
0.02
0.03
0.01
0.88
0.17
3.10
0.28

10.85
0.58
0.69
0.02
0.05
0.01
0.18
0.07
0.02
0.01

0.70
0.02
0.07
o.oa

5.39
0.07
0.26
0.02
0.08
0.01

5.92
0.08
0.22
0.02
0.04
0.01

3.14
0.25
0.06
0.02

4.29
0.32
0.03
0.02

3.83
0.33

0.57
0.02
0.03
0.01

11.52
0.53
0.40
0.02
0.02
0.00

0.47
0.02
0.03
0.01

13.87 14.66
0.17 0.20

5.73
0.08
0.17
0.02

7.87
0.08
0.23
0.02

5.73
0.30

17.18
0.18
7.26
0.07
0.12
0.01

5.02
0.29

15.49
0.51

0.14
0.01

16.97
0.15
0.17
0.02

11.73
0.62

32.93
0.32
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TABLE XVII. (Continued. )

x 0.120 0.200 0.300 0.400

175 GeV/c

0.500 0.600 0.700 0.800 0.895 0.920 0.940

7T',p

E+,m+

E+,E+

p, 7T

p,E+

p~p

77,p

p, 7T

p, 7T

p,E

m, m+

E-,m+

p, m+

15.21
1.09
1.72
0.74
1.09
0.44

13.26
3.76

17.48
0.71
1.77
0.54
2.77
0.31

15.00
0.72
0.82
0.26
1.02
0.25

11.58
0.40
1.09
0.20
1.07
0.16
5.52
1.32
4.04
1.68

12.87
0.32
2.04
0.23
3.86
0.18

11.64
0.26
1.00
0.11
0.70
0.08
7.89
1.19
3.49
1.13

13.98
2.32

6.58
0.32
0.86
0.20
3.96
1.05
8.11
0.26
0.92
0.16
0.25
0.05

7.79
0.14
0.82
0.06
0.80
Q.Q5

4.66
0.45
3.96
0.44
7.00
0.08
0.80
0.04
6.35
0.08
7.53
0.07
0.71
0.03
0.61
0.02
4.75
0.34
3.78
0.36
7.58
0.65
5.46
0.57
3.66
0.09
0.52
0.05
3.43
0.38
3.41
0.05
0.32
0.02
0.11
0.01
3.56
0.05
0.63
0.03
2.93
0.25
4.54
0.60

6.01
0.10
0.76
0.05
0.67
0.05
3.08
0.24
3.60
0.29
3.90
0.06
0.62
0.03
8.32
0.08
6.30
0.07
0.54
0.03
0.51
0.03
3.96
0.34
4.30
0.38
3.48
0.83
7.73
0.92
2.17
0.06
0.31
0.03
1.74
0.18
1.76
0.03
0.13
0.01
0.02
0.00

5.56
0.13
0.57
0.06
0.51
0.04
2.29
0.32
3.10
0.36
2.18
0.04
0.37
0.02

11.29
0.09
5.04
0.09
0.40
0.03
0.27
0.02
1.62
0.36
2.67
0.41
3.78
0.67

10.72
1.03
1.49
0.05
0.25
0.03
1.06
0.15
0.84
0.02
0.05
0.00
0.83
0.15

4.47
0.08
0.47
0.03
0.39
0.02
1.40
0.16
2.75
0.20
1.04
0.02
0.18
0.01

12.81
0.07
4.51
0.05
0.40
0.02
0.17
0.01
1.57
0.17
2.60
0.21
3.02
0.65

12.07
0.66
1.06
0.03
0.16
0.02
Q.64
0.08
0.32
0.01
0.01
0.00

4.53
0.11
0.40
0.03
0.26
0.02
0.65
0.20
2.57
0.29
0.39
0.02
0.08
0.01

15.18
0.12
4.21
0.05
0.32
0.02
0.13
0.01
1.06
0.17
2.75
0.23

10.66
0.67
0.86
0.04
0.11
0.01
0.38
0.08
0.08
0.01

4.66
0.12
0.25
0.03
0.15
0.02
0.57
0.1e
2.35
0.30
0.11
0.01
0.05
0.01

14.58
0.15
4,45
0.05
0.21
0.02
0.03
0.00
0.51
0.15
3.18
0.25

12.27
0.68

6.21
0.08
0.27
0.02

4.53
0.27

17.64
0.12

8.39
0.08
0.14
0.01

5.77
0.39

19.90
1.18

11.64
0.11
0.25
0.02

9.18
0.45

29.35
0.23



1532 A. E. BRENNER et al. 26

data were sufficiently good to derive such a param-
eter.

D. Triple-Regge parametrizations

The cross section for the reaction channel
ap~ cX in the kinematic range s/Mx g&1 and
large M~ can be described by triple-Regge
phenomenology ' as shown schematically by the
Feynman diagram in Fig. 20. The form of the in-

variant cross section is given by the sum over the
exchanged trajectories,

FIG. 20. Triple-Regge-exchange diagram for the pro-
cess a +p —+c +X for s/M~ &g1 and s~ 00.

d tr s d o' ak(0) a;(t) a—t(t—) a&(0)—)

dp ~ dtdM»

and

M» =(p +pb —p ) =s(1—x) . (12)

In addition to the 100 and 175 GeV/c data, runs
were also made at 70 GeV/c with positive beam to
cover the kinematic range 0.75 &x &0.97 and

where at(t) is the Regge trajectory of the ex-
changed particle and where G,/k(t) is the product
residue functions at the four vertices. In this sim-
plified formulation G,jk also includes the effect of
the signatures of the exchanged trajectories. The
invariant momentum transfer t and the missing
mass squared Mz are defined, along with their
high-energy approximations, by

t =(p —p0)
2

=M, (1—x)+M, 1 ——
X X

I

0.2&pT &1.25 GeV/c . The data for the reactions
m+p —+ ++X, m p ~ m X, and pp —+pX were fur-
ther broken down into seven Feynman-x bins for
each spectrometer setting. The lower-statistics
data accummulated for the E+—and p leading-
particle reactions were left in a single bin per set-
ting.

For these leading-particle reactions, the invariant
cross section data were fit using a triple-Pomeron
(PPP) and the leading Reggeon-Reggeon-Pomeron
(RRP) terms. The Reggeon form incorporates a
linear combination of p, f, co, and A2 exchanges,
which share a common trajectory an't(t) = —,+t,
where t is in GeV . In addition, for the pp —+pX
channel, n.m.P and mwE. contributions were added.
The strength and form of the ~~P and meR terms
were taken from the analysis by Field and Fox.
The t slope for the Pomeron was taken as a free
parameter, except for the lower-statistics E+-p

IOO- I I I

wP mX
I I )

KP —KX
I I

PP PX

0

C9

E

b
U

UJ

0.5I-
; 0.75

0 I
l.o

O.OI
075 QSO 085 0.90 0.95

X

P,
. 0.3

= =0.5

" 0.75

~ 70 GeV/c

IOO GeV/c

l75 GeV/c

0.80 Q85 0.90 0.95
X

—-03
05 ~

l.oo

I I I I

0.80 0.85 090 095
X

FIG. 21. Data and triple-Regge fits to m+p —+++X, E+p ~X+X, and pp ~pX at 70, 100, and 175 GeV.
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I I

8 — ~P &X
l00 GeV/c

pT =0.
~ ~&

CJ
OI 60

C9

4
E

b A

~o 2-
UJ

I I

0.75 080 085
I I

0.90 0.95

RRP
I

I.OO

FIG. 22. Fine-binned data for m+p ~m+X at 100
GeV/c and pT ——0.5 GeV/c with PPP and RRP contri-
butions to the triple-Regge fit.

~E—+X and pp~ pX channels where it was con-
strained to zero. This simplified form of the cross
section was thus

d 0 —1 —2ar, tE (x&t&s) =Gppp(t)( 1 —x )
dp

+Ggiip(t)( 1 —x )

+(mmP+mmR. ) . . (13)

A single triple-Regge fit was made for all x, t,
and s values simultaneously for each reaction chan-
nel. Residue functions of the form G(t) =Ae '

+Ce ' were used. The leading-particle reaction

data, along with the triple-Regge fits are presented
in Fig. 21. The contribution of the PPP and RRP
terms are shown for the fine-bin data for
n+p~ m+X in Fig. 22. The parameters of the fits
are summarized in Table XVIII; complete tables of
the parameters and their error matrix can be found
in Ref. 5.

To permit comparison between reaction channels
without the complication of residue functions, the
contributions of both the PPP and RRP terms were
integrated over the t range covered by the data.
Integration over this t range is estimated to contain
80—90% of the cross section at a given x. These
integrated cross sections are listed in Table XIX.

The leading-particle cross sections change by less
than 12% over the 70—175 GeV/c beam momen-
tum range studied. Good fits are obtained without
the use of nonscaling PPR terms. To check the
sensitivity of the data to a nonscaling PRR in-
terference term, the leading-particle data for parti-
cle and antiparticle beams were simultaneously fit
to a form PPP+RRP+PRR since only the PRR
term changes sign between a+p~ a+X and
a p ~ a X interactions. The contributions of the
t-integrated nonscaling terms for a+-,K—+, and p+-

beams at x =0.88 are (3+1)%, (10+5)%, and
(3+2)%, respectively.

Using these data, two simple tests of factoriza-
tion may be performed. Neglecting kinematic
terms, the cross section for leading-particle inelas-
tic reactions a-+p~ a+-X at high x may be written
as a product of vertex functions:

TABLE XVIII. Triple-Regge fits to ap ~aX.

Ed 0. I

=[(Cie +C4e ' )(1—x) +(C6e ' +Cse ' )(1—x)
dp

+(Field and Fox m m P and m mR for pp ~PX only) ]

=PPP +RRP +(mmP+nmR) .

Parameter

o.~ (GeV )

Cq (mb/GeV )

C3 (GeV ')
C4 (mb/GeV )

C5 (GeV ~)

C6 (mb/GeV )

C, (GeV-')
Cs (mb/GeV )

C (GeV-')

0.01+0.03
0.36+0.04
4.52+0.67
0.10+0.05
1.73+0.40
4.93+0.67
7.16+1.94
1.62+0.35

—0.54+0.26

0
0.32+0.02
2.57+0.11

1.41+0.41
1.50+ 1.01

0.14+0.03
1.00+0.04
4.53+0.40
0.10+0.05
1.29+0.35
7.46+6.38

12.44+6.75
2.83+0.26

—1.02+0.10

0.40+0.04
0.32+0.08
2.26+ 1.10
0.11+0.09

—0.03+0.57
5.37+0.52
3.65+0.44

0
0.42+0.05
4.47+0.38

0.84+0.28
1.95+0.60

0
1.11+0.14
4.77+0.34

2.87+ 1.05
—0.61+0.76
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TABLE XIX. Integrated cross sections do. /dM (10 mb/GeV ) (t integrated from —0. 1 to —1.0 GeV/c ).

Reaction TC&11 x

PPP
RRP
PPP
RRP
PPP
RRP
PPP
RRP
PPP
RRP
PPP
RRP

0.8

1.191+0.08
1.804+0.18
0.721+0.05
0.984+0.05
0.717+0.03
0.312+0.06
1.188+0.08
1.284+0.22
0.962+0.06
0.658+0.04
0.491+0.04
0.666+0.27

0.84

1.485+0.11
1.524+0.10
0.901+0.07
0.853+0.03
0.896+0.04
0.273+0.06
1.486+0.11
1.085+0.18
1.120+0.07
0.591+0.04
0.614+0.05
0.544+0.20

0.88

1.970+0.16
1.246+0.05
1.199+0.09
0.718+0.02
1.195+0.05
0.232+0.05
1.981+0.14
0.886+0.15
1.367+0.08
0.517+0.03
0.819+0.06
0.427+0.11

0.92

2.920+0.25
0.961+0.02
1.796+0.13
0.574+0.006
1.792+0.07
0.188+0.04
2.971+0.21
0.682+0.12
1.818+0.11
0.433+0.03
1.228+0.10
0.312+0.05

0.96

5.618+0.50
0.652+0.004
3.580+0.26
0.409+0.001

2.944+0.18
0.325+0.02

do(t)
dt

ccp„p (t)pppp (t) .
elastic

Dividing these terms and canceling the beam-

dependent p p (t) coupling, the ratio

d o(t)
dMx dt;„ i ), pppp(t)p p(0)

do(t)

elastic

(15)

(16)

d o(t)
p p (t)pppp(t)p (0) ~ (14)X';.d..t,.

In the same spirit of neglecting all exchanges ex-

cept for the Pomeron, the coupling for the elastic
cross section a +—

p —+ a +—

p can be expressed at the
same t value as

is independent of the beam particle species. The
inelastic data for 100 GeV, pT ——0.3 GeV/c,
x =0.92, t = —0.098 GeV is divided for each
leading-particle channel by the corresponding elas-
tic cross section as parametrized in Ref. 1. The ra-
tios are presented in Table XX. Although the data
still contain substantial non-Pomeron contributions
at x =0.92, the constancy of the ratios indicates
that factorization holds to better than 10' for this
test.

Although the particle-changing data are some-
what sparser, a similar factorization test can be
demonstrated for the reactions ~+p~ X+X
(rt p~ K X). The cross sections may be ex-
pressed as products of the n+K+K" (m . K K' )

coupling constants squared times the exchanged
K*

p
(K* p) total cross section, and thus

d 0'
(m p~K X)

dt dM»

d CT

, (~+p E+X)
dt dMx

I p x tt. (t)
I
'«o-~'Ã-crt=(1 —x)E~ 1

~P + +-,(t)
~

o«, P[E,ff —(1 x)Em+]— (17)

The coupling constants cancel by charge symmetry
and the E*p to E' p cross-section ratio should be
the same as the K+p to E p total-cross-section ra-
tio at equivalent energy. The inelastic ~—+p —+ E+-X
data at 100 GeV, pz. ——0.3 GeV/c, and x =0.92,
0.88, and 0.80 are used to find the ratio of
o,(K' p)/o, (K p) and compared in Fig. 23 with
the ratio of o,(K+p)/o, (K p) as measured in

I

Ref. 37. The agreement of the cross-section ratios
again indicates agreement with the factorization
hypothesis.

Because of limited statistics or contamination
from forward resonance production ' other
particle-changing reaction channels at high x in the
data set are inadequate for further apphcation of
triple-Regge phenomenology.
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TABLE XX. Ratio of inelastic cross section for
a +p —+a +X at x =0.92 and elastic cross section (Ref.
1) for a+p —+a+p for a common beam momentum of
100 GeV/c and t = —0.098 GeV .

d 0' do'

p
p

K+
K
m-+

Weighted average

0.57+0.02
0.46+0.03
0.45+0.05
0.42+0.04
0.52+0.02
0.49+0.02
0.51+0.01

VI. ASSOCIATED-MULTIPLICITY RESULTS

In addition to the behavior of single-particle in-

clusive cross sections for the process a +p~ c +X,
this experiment also studied the charged-particle
multiplicity and pseudorapidity distributions of the
charged-particle secondaries which comprise the
recoil state X. Such additional information can
shed new insight into the systematics of multiparti-
cle production by correlating the measured distri-
butions with the identities and kinematics of the
trigger particles.

Data for this experiment were taken in sweeps of

'0 I I

lO IS

=eff (Gev)

20 25

FIG. 23. The ratio R of o.«,(K p)/cr„, (K p) as cal-
culated from m. —p ~K—+X-inclusive scattering. The
curve is the u«, (K+p)/O. tpt(K p) ratio from data of Ref.
37.

transverse rnomenta pT and Feynman x. The na-
tural variable for the study of multiplicities is the

missing mass squared of the recoiling system
Mz —(I —x)s. Since the longitudinal phase space
available for particle production varies as lnM~, it
is to be expected that the produced particle multi-
plicity should vary as (n(x) ) =A+BlnMz . Here
the coefficient 3 represents the multiplicity of the
two fragmentation regions and B represents the
height of the central plateau in rapidity space. In
models where the central region is uncorrelated
with the fragmentation region production, the coef-
ficient B is expected to be independent of the parti-
cipating particle identities.

This experiment can also investigate whether the
associated multiplicities further depend on the pz
or the invariant momentum transfer t between the
particles a and c. It might be expected that as pT
or t increases, the interaction involves scattering at
shorter distances. This is possibly associated with
an increase in the multiplicities.

The average charged-particle multiplicities as a
function of Feynrnan x and pT are listed in Table
XXI. Complete tables of the charged-prong distri-
butions and pseudorapidity distributions are avail-
able in Ref. 7.

A. Associated charged-particle multiplicities

The average charged-particle multiplicities for
the reactions a+p~c+X are shown as a function
of x at constant pz in Fig. 24. The multiplicity
for each beam species a is nearly independent of
the detected spectrometer species c. An exception
to this rule is evident in comparing pp~ pX and

pp ~ ++X associated multiplicities. The pion pro-
duction channel multiplicities are systematically
lower than the multiplicities for the leading, proton
channel. Production of m+ at high x may be due
to decays of forward nucleon resonances. In the
decays of charged resonances, often most of the in-

cident momentum is carried away by undetected
neutrons, thereby lowering the energy available for
charged-particle production. Leading protons, on
the other hand, are often associated with inelastic
target fragmentation leading to relatively higher
charged-secondary-particle multiplicities.

The dependence of the individual charged-prong
cross sections as a function of x are displayed in
Fig. 25, for the leading-particle m.+p~ ~+X and

pp —+pX channels and for the charge-changing re-
actions m+p~ m X and pp~ m X. The leading
particle enhancement at high x is observed to con-
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TABLE XXI. Average associated multiplicity as a function of Feynman x and pz for all reaction channels. The er-

rors shown below each entry are statistical only. There is an overall systematic error estimated to be +0.17 not includ-

ed in the listed errors. The notation for reactions is ac —=a gp ~c +X.

(a) 100 GeV/c a +p —+c +X

0.920

0.920

0.920

0.920

0.920

0.920

0.920

0.880

0.800

0.700

0.700

0.700

0.600

0.600

0.600

0.600

0.600

0.600

0.600

0.600

0.500

0.500

0.500

0.500

pz
(GeV/c)

0.300

0.400

0.500

0.62S

0.750

1.250

0.300

O.SOO

0.750

0.300

0.500

0.750

0.200

0.300

0.400

0.625

0.750

1.200

0.300

0.400

0.500

0.750

3.21
0.05
3.22
0.06
3.23
0.08
3.22
0.05
3.23
0.10
3.24
0.12
2.96
0.20
3.67
0.08
4.52
0.10
4.56
0,10
4.33
0.05
4.76
0.10
5.10
0.13
4.47
0.09
4.67
0.07
4.70
0.08
5.09
0.14
5.28
0.14
5.21
0.15
5.48
0.22
5.38
0.23
4.92
0.07
5.17
0.20
5.46
0.14
5.48
0.18

3.11
0.41
3.22
0.29
3.38
0.34
2.2S
0.74
3.19
0.53

3.20
0.44

4.SS
0.28
4.62
0.52
5.34
0.50
5.31
0.34
S.28
0.22
5.20
0.31
5.25
0.41
5.81
0.47
5.10
0.42
6.32
0.75
6.03
1.52
4.98
0.18
4.92
0.85
5.25
0.48
5.68
0.45

3.78
0.42
4.15
0.33
3.33
0.36
4.00
0.28
4.49
0.42
4.98
0.49
4.57
0.23
4.96
0.39
5.20
0.42
3.94
O.SO

4.79
0.37
5.94
0.71

5.44
0.27
4.67
0.69
4.69
0.28
5.67
0.38

2.81
0.46

3.41
0.50

3.83
0.41
3.87
0.54
4.66
0.88

4.89
0.42
3.84
0.58
4.52
1.17
4.81
0.74
6.38
1.66

3.60
0.28

4.84
0.91
4.93
0.72

3.05
0.23
3.44
0.20
3.87
0.26
3.76
0.28
3.66
0.42
3.31
0.36

4.50
0.24

4.S7
0.30
5.21
0.68
4.70
0.57
5.97
0.83
4.07
0.28
4.70
0.52
5.21
0.66
4.76
0.71
4.83
0.47
5.80
0.84

5.85
0.45

6.90
0.94
7.35
0.86

3.72
0.36

5.10
0.55
5.35
0.63

5.40
1.21

4.82
0.59
4.55
0.59
4.39
0.93
3.39
1.04

4.08
0.77

3.55
2.34
4.38
0.58

pp

3.40
0.27
3.39
0.13
3.67
0.20
3.38
0.24
3.24
0.30
4.04
0.43

3.93
0.19
5.21
0.33
4.89
0.62
4.38
0.15
4.90
0.20
5.08
0.28
4.38
0.26
5.08
0.20
5.59
0.31
5.44
0.36
4.41
0.31
5.77
0.42
5.45
0.58

5.69
0.24
4.92
0.51
5.47
0.43
6.46
0.39
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pr
(GeV/c)

TABLE XXI. (Continued. )

(a) 100 GeV/c a +p~c +X (continued)

pp

0.400

0.400

0.400

0.300

0.300

0.300

0.300

0.300

0.300

0.300

0.300

0.200

0.200

0.200

0.200

0.300

0.500

0.750

0.100

0.150

0.200

0.250

0.300

0.400

0.500

0.625

0.750

0.100

0.300

0.500

5.20
0.08
5.76
0.11
5.94
0.15
5.46
0.22
5.46
0.11
5.57
0.10
5.74
0.14
5.61
0.10
5.82
0.10
5.79
0.19
6.23
0.17
6.28
0.24
6.77
0.91
6.28
0.22
6.36
0.15
7.32
0.39

5.39
0.28
6.31
0.40
6.91
0.55
6..84
0.83
6.16
0.58
6.37
0.43
6.14
0.35
6.34
0.34
5.74
0.44
5.48
0.81
5.41
1.12
5.95
0.57

8.83
1.50
8.72
1.00

5.52
0.26
5.46
0.26
5.87
0.89
6.37
0.56
5.27
0.30
5.96
0.32
5.32
0.23
6.66
0.41
6.23
0.35
6.82
0.50
6.66
0.78
6.88
1.69

6.75
1.17
7.05
0.55

4.56
0.50
5.67
0.59
8.18
2.27
5.73
2.35
4.36
0.44
4.32
0.44
4.47
0.67
5.22
0.46
6.52
0.51
5.86
0.70
5.75
1.23

4.31
1.98
7.66
0.94

6.11
0.73
7.04
0.69

4.16
1.00
4.69
0.83
7.62
1.42
5.71
0.51
7.06
0.86
5.70
0.62

7.00
0.93

6.34
0.82

6.20
0.53
4.43
0.53
3.75
1.58
5.19
0.84
4.69
0.33
5.20
0.32
5.75
0.45
5.71
0.62
6.12
0.82
5.66
1.21
6.71
1.13

5.99
0.99

5.94
0.33
6.91
0.51
5.48
0.59
6.44
0.93
6.85
0.89
5.97
0.51
6.68
0.52
6.36
0.59
7.10
0.66
6.50
0.69
8.19
1.24

pr
(Gev/c)

(b) 100 GeV/c a +p~c++&

0.880

0.880

0.880

0.700

0.700

0.700

0.300

0.400

0.500

0.300

0.500

0.300

0.500

0.625

3.05
0.06
2.96
0.17
2.64
0.22
3.92
0.10
3.71
0.13
4.21
0.10
4.22
0.13
4.07
0.18
4.22

3.55
0.35

3.98
0.32
4.00
0.39
4.46
0.17
4.60
0.52
4.83
0.43
5.06

3.24
0.40
3.68
0.39

4.67
0.32
4.45
0.59
5.01
0.25
4.93
0.29
5.54
0.61
5.21

1.96
0.29

3.89
0.38

4.15
0.52
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TABLE XXI. (Continued. )

(b) 100 GeV/c a +p ~c++X (continued)

pr
(GeV/c)

0.600

0.600

0.500

0.500

0.500

0.400

0.400

0.300

0.300

0.300

0.300

0.300

0.300

0.300

0.300

0.300

0.200

0.200

0.300

0.300

0.500

0.625

0.300

0.500

0.100

0.150

0.200

0.250

0.300

0.400

0.500

0.625

0.7SO

0.300

0.500

0.22
4.72
0.09
4.62
0.14
5.29
0.11
5.40
0.21
4.87
0.28
5.51
0.11
5.10
0.16
5.28
0.24
6.01
0.25
6.11
0.26
6.22
0.20
5.92
0.17
5.92
0.17
6.19
0.21
6.32
0.23
9.08
0.47
6.60
0.19
6.66
0.27

0.56
4.99
0.20
4.98
0.38
5.58
0.35
6.18
0.51

5.09
0.24
5.97
0.55
8.06
1.51
5.96
1.23
5.56
0.65
7.10
1.18
6.72
0.67
7.28
0.83
6.79
1.16
6.58
1.68

7.04
0.90

0.84
5.52
0.21
5.55
0.42
6.33
0.32
4.78
0.93

6.39
0.29
5.21
0.87
7.86
1.31
6.54
1.34
7.87
0.92
6.88
0.49
7.58
0.55
6.63
0.77
7.21
0.64
7.70
0.68

7.15
0.86
5.84
1.84

4.38
0.40
4.09
0.55
4.53
0.30
3.97
0.65

4.93
0.54
4.81
0.51

5.05
1.93
3.89
1.67
4.71
2.49

6.39
1.08

4.33
2.56

5.21
0.55

5.67
0.70

6.81
1.20

4.71
0.92

6.47
1.13

pr
(GeV/c)

(c) 100 GeV/c a+gp~c-gX

0.880

0.880

0.880

0.840

0.800

0.700

0.300

0.400

0.500

0.300

0.300

0.300

3.82
0.09
3.38
0.14
4.20
0.26
3.93
0.10
3.88
0.13
4.51
0.12

3.97
0.75

4.40
0.58
4.70
0,81
4.56
0.53

4.76
0.48

3.89
0.48
2.23
0.43
3.91
0.56

4.65
0.55
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TABLE XXI. (Continued. )

pr
(GeV/c)

100 GeV/c a++p ~c +X (continued)

0.700

0.700

0.600

0.600

0.500

0.500

0.500

0.500

0.400

0.400

0.300

0.300

0.300

0.300

0.300

0.300

0.300

0.200

0.400

0.500

0.625

0.300

0.500

0.300

0.400

0.500

0.625

0.300

0.500

0.100

0.150

0.200

0.250

0.300

0.400

0.625

0.400

4.44
0.12
4.66
0.25
4.45
0.24
5.01
0.11
5.05
0.47
5.36
0.11
5.30
0.19
5.31
0.16
4.91
0.23
5.68
0.13
5.59
0.46
6.35
0.28
6.06
0.15
6.45
0.14
6.06
0.15
6.23
0.15
6.15
0.17
6.69
0.28
7.00
0.20

4.64
0.34
4.63
0.38

4.90
0.39

4.65
0.27
6.20
0.52
6.18
0.49
4.92
0.59
5.55
0.34

6.27
1.18
7.82
0.91
6.09
0.42
5.96
0.41
7.21
0.43
8.29
1.11
5.60
0.68
6.94
0.55

5.29
0.37

5.23
0.35
6.07
0.78
4.40
0.33
4.06
0.36
6.12
0.42

6.25
0.73
6.92
0.43
5.53
0.32
6.24.
0.47
6.44
0.45
7.44
0.64
6.71
0.72
6.92
0.66

3.98
0.40

5.05
0.51

4.51
0.34
4.86
1.50

4.58
0.50

8.75
3.62
5.21
0.56
6.57
0.76
6.01
0.72
5.55
0.52
6.09
0.62

8.62
1.74

4.55
0.40

4.41
0.47
4.59
0.20

5.46
0.22
4.71
0.24
4.82
0.33
4.92
0.71
5.64
0.19

5.64
0.32
6.26
0.67
5.67
0.17
5.90
0.21
6.01
0.21
5.71
0.15
6.32
0.37
6.81
0.34

6.36
0.86

4.78
0.46

6.12
0.82

6.77
1.34

8.37
1.12

6.87
1.14

pr
(GeV/c)

(d) 100 GeV/c a++p —+c++X

pm' pE pp

0.960 1.000

0.920 0.300

0.960 0.300

0.960 0.500

0.960 0.750

2.24
0.08
2.18
0.09
2.15
0.06
2.10
0.08
3.23
0.07

2.61
0.24
2.15
0.46

3.24
0.33

2.12
0.21
2.52
0.29
2.20
0.17
2.19
0.32
3.08
0.48

2.18
0.31

3.58
0.42

2.27
0.06
2.21
0.11
2.20
0.06
2.21
0.16
3.17
0.05
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TABLE XXI. (Continued. )

100 GeV/c a++p —+c++X (continued)

pr
(GeV/c) ~K mp Em KE pm pE pp

0.920 0.400

0.920 0.500

0.920 0.625

0.920 0.750

0.920 1.000

0.920 1.250

0.880 0.300

0.880 0.500

0.880 0.750

0.880 1.000

0.840 0.300

0.840 1.000

0.800 0.300

0.800 0.500

0.800 0.750

0.800 1.000

0.700 0.300

0.700 0.500

0.700 0.750

0.600 0.200

0.600 0.300

0.600 0.400

0.840 0.500

0.840 0.750

3.23
0.11
3.18
0.06
3.23
0.07
3.11
0.10
3.35
0.15
3.20
0.27
3.43
0.10
3.54
0.11
3.47
0.10
3.82
0.22
3.89
0.11
4.30
0.08
4.43
0.16
4.72
0.10
4.14
0.11
4.49
0.07
4.52
0.08
4.72
0.13
4.38
0.10
4.60
0.08
4.79
0.20
4.59
0.10
4.69
0.14
4.97
0.10

3.45
0.44
3.72
0.33
3.85
0.69
3.61
0.80

3.03
0.30
3.24
0.30
2.79
0.30

4.01
0.34
4.06
0.37
3.67
0.30
5.19
0.75
4.52
0.37
4.74
0.21
5.42
0.25
4.68
0.41
4.32
0.34
4.87
0.21
4.86
0.40
5.26
0.38
4.94
0.21
4.90
0.28

4.48
0.64

5.29
0.62
4.42
0.56

4.63 0.00
1.15 0.00
4.80 3.67
0.32 0.45
4.33 4.43
0.35 0.58
4.30
Q.S3
5.02 4.71
0.74 1.12
5.04 4.56
0.35 1.21
5.20 0.00
0.56 0.00
5.94
0.51
5.04 3.50
0.22 0.30
5.05 5.87
0.41 1.00

3.01
0.34
3.34
0.29
3.48
0.30
2.53
0.30
2.82
0.35
0.00
0.00
3.91
0.32
3.83
0.32
2.52
0.54
3.37
0.47
3.74
0.49
4.38
0.43
4.58
0.39
4.51
0.82
5.02
0.48
4.46
0.25
5.39
0.27
5.73
0.49
4.22
1.10
4.14
0.37
0.00
0.00
5.53
0.90
5.36
0.77
6.09
0.88

3.12 3.24
0.76 0.87
3.07 4.47
0.53 1.02

3.91 4.28
0.40 0.80
3.26
0.47

3.58
0.32
4.00 4.47
0.30 0.41
4.37
0.53
3.07 6.46
0.27 1.06
3.66 4.87
0.15 1.14
3.67 5.72
0.22 0.64

3.18
0.07
3.24
0.05
3.22
0.07
3.25
0.10
3.18
0.21
2.80
0.33
3.52
0.09
3.54
0.12
3.51
0.11
3.76
0.22
3.93
0.15
4.11
0.07
4.41
0.10
4.32
0.19
4.30
0.09
4.47
0.06
4.55
0.10
4.63
0.11
4.64
0.09
4.75
0.07
4.74
0.10
4.86
0.12
5.15
0.10
5.17
0.09
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TABLE XXI. (Continued. )

pv
(GeV/c)

100 GeV/c a++p ~c++X (continued)

pp

0.600 0.500

0.600 0.625

0.600 0.750

0.600 1.000

0.600 1.200

0.500 0.300

0.400 0.300

0.400 0.500

0.400 0.750

0.300 0.100

0.300 0.150

0.300 0.200

0.300 0.250

0.300 0.300

0.300 0.400

0.300 0.500

0.300 0.625

0.300 0.750

0.200 0.100

0.200 0.200

0.200 0.300

0.200 0.500

0.500 0.500

0.500 0.750

5.09
0.11
5.34
0.12
5.22
0.18
5.26
0.15
5.42
0.28
4.98
0.14
5.45
0.15
5.59
0.16
5.29
0.16
5.62
0.13

6.09
0.16
5.74
0.30
5.91
0.19
5.59
0.18
5.81
0.13
5.99
0.14
5.94
0.20
6.23
0.18
6.03
0.20
6.36
0.33
6.16
0.30
6.66
0.20
6.19
0.16
9.64
0.42

4.65
0.23
5.43
0.44
5.36
0.36
5.44
0.71
0.00
0.00
6.12
0.53
5.70
0.38
5.38
0.50
5.28
0.60
6.14
0.52

5.61
0.64
5.27
1.13
5.68
0.72
5.69
0.46
7.26
0.72
6.95
0.62
6.66
0.86
6.59
0.63

6.38
0.66
6.48
0.55

4.75
0.21
5.11
0.27
4.63
0.29
5.53
0.75
6.44
1.20
6.11
0.40
5.89
0.37
6.45
0.55
5.49
0.57

6.20
0.34
6.62
0.52
5.96
0.99
7.06
0.52
6.58
0.45
6.60
0.68
6.63
0.45
7.39
0.54
7.27
0.41
5.77
0.64

9.73
3.20
8.62
0.83
6.37
0.77

5.50
0.64
5.12
0.86
4.91
0.71

4.14
0.52
6.34
0.68

4.23
0.48
5.40
0.74

4.89
1.40
6.22
1.28
7.68
3.23
4.59
0.42
6.68
1.09
5.99
0.86
6.16
0.91

7.44
2.67
5.62
0.84
6.78
0.70

4.71
0.64
5.70
0.60
6.28
0.67

5.15
1.09
5.31
0.59
5.56
0.85
6.19
1.30
5.95
0.82

6.25
0.97
4.26
0.51

5.27
1.04

4.27
0.19
3.67
0.25
4.49
0.30
4.25
0.59
5.06
0.54
4.07
0.32
4.66
0.24
5.55
0.54
4.60
0.25

5.18
0.29
4.58
0.24
4.79
0.25
4.93
0.19
5.04
0.19
5.13
0.18
5.69
0.19
5.57
0.22
5.84
0.29
5.34
0.25
5.41
0.46
5.24
0.31
5.83
0.17
6.16
0.18
8.07
0.70

4.88
0.51
5.94
0.50
5.19
0.52

6.62
1.01

5.43
0.67

5.02
0.66

3.85
0.72
6.78
0.93
7.12
1.03
7.61
0.71
7.89
1.07
7.40
0.89

6.65
0.99

5.42
0.09
5.48
0.10
5.33
0.11
5.29
0.19
6.11
0.23
5.88
0.15
6.00
1.11
5.97
0.15
6.29
0.17

6.20
0.16
6.35
0.17
8.16
0.68
7.02
0.20
6.71
0.19
7.23
0.22
7.47
0.20
7.33
0.30
7.11
0.22
6.86
0.29
6.84
0.61
8.83
1.43
7.03
0.32
7.67
0.24

10.58
0.74
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pT
(GeV/c)

TABLE XXI. (Continued. )

(e) 175 GeV/c a +p~c +X

mK mp Kn. KK Kp pm pp

0.920 0.500

0.920 0.625

0.800 0.500

0.800 0.750

0.600 0.400

0.300 0.1SO

0.300 0.225

0.300 0.300

0.300 0.400

0.300 0.500

0.300 0.625

0.300 0.750

0.200 0.150

0.200 0.300

0.200 0.500

0.700 0.500

0.600 0.300

3.86
0.12
3.87
0.11
4.88
0.10
4.60
0.09
5.50
0.10
S.26
0.12
5.26
0.11
6.10
0.14
6.28
0.14
6.44
0.10
6.41
0.12
6.70
0.11
7.11
0.11
7.45
0.15
6.87
0.21
6.99
0.20
7.13
0.15

4.78
0.18
4.48
0.29
5.26
0.26
5.54
0.22
5.93
0.31
6.97
0.56
6.19
0.57
6.05
0.22
7.22
0.32
6.87
0.32
7.22
0.41
7.55
0.81
6.66
0.84
7.79
0.41
5.22
1.10

4.12
0.46
3.27
0.67
3.55
0.65
4.99
0.43
5.84
0.39
6.63
0.46
6.66
0.45
6.89
0.33
6.94
0.26
7.23
0.24
6.69
0.23
8.40
0.52
7.35
1.15
9.00
0.48
9.01
1.36

4.64
O.S5
0.00
0.00
4.52
0.59
5.35
1.19
6.85
0.80
4.72
0.72
6.61
0.91
5.82
0.53
6.26
0.47
6.98
0.66
7.06
0.82
8.27
0.94
4.10
1.11
6.60
0.89

3.74
0.31
3.85
0.38
4.98
0.34
5.15
0.40
5.28
0.36
5.26
0.42
5.56
0.44
7.33
1.08
7.88
1.25
6.91
0.75
7.75
1.03
6.54
0.98
6.22
1.19

7.16
1.01

7.87
1.13

3.86
0.30
4.41
0.32
4.91
0.32
0.00
0.00
5.35
0.48
5.85
0.52
6.71
0.34

5.49 7.89
0.56 0.92
4.68 6.79
1.06 1.00
7.50 9.07
0.85 0.52
5.23 8.64
0.67 0.84
7.32 8.24
0.89 2.42
6.18 7.63
0.63 0.81

6.93
0.92
6.85
1.09

pr
(GeV/c)

(f) 175 GeV/c a +p~c++X

0.300 0.150

0.300 0.225

0.300 0.400

0.300 0.500

0.300 0.625

0.300 0.750

0.200 0.300

6.59
0.16
6.62
0.17
6.48
0.11
6.71
0.12
7.28
0.15
7.63
0.20
7.75
0.18

6.35
0.62
6.59
0.43
6.95
0.37
6.81
0.44
6.35
0.49
7.50
0.46
9.50
0.75

8.35
0.69
8.03
0.63
8.35
0.36
7.53
0.32
7.54
0.35
8.44
0.49
8.92
0.74

6.77
0.99
7.23
1.50
6.14
0.59
6.67
0.65
6.49
0.81
7.94
0.91
7.67
0.94

7.98
1.24

6.24
0.98

5.52
0.62
7.62
1.30
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pr
(GeV/c)

TABLE XXI. (Continued. )

(g) 175 GeV/c a+pic +X

pp

0.700

0.600

0.600

0.600

0.600

0.600

0.500

O.SOO

0.500

0.500

0.400

0.400

0.300

0.300

0.300

0.300

0.300

0.300

0.300

0.300

0.200

0.200

0.120

0.500

0.300

0.400

0.500

0.625

0.300

0.500

0.625

0.300

0.500

0.150

0.225

0.300

0.400

0.500

0.625

0.750

0.850

0.300

0.300

4.89
0.20
5.21
0.17
5.37
0.25
5.00
0.20
5.06
0.27
5.75
0.41
5.85
0.15
6.01
0.22
5.19
0.25
6.04
0.42
6.38
0.19
6,40
0.28
6.67
0.22
6.52
0.15
6.60
0.15
6.15
0.19
6.69
0.37
6.64
0.39
8,52
0.50
8.71
0.49
7.51
0.27
7.83
0.32
8.03
0.35

4.51
0.42
5.24
0.52
6.30
0.55
6.02
0.54
S.42
0.65

6.01
0.48
6.55
0.52
7.26
1.02

6.67
0.47
7.39
0.69
7.73
1.08
6.96
0.78
6.28
1.13
7.13
0.71
5.14
0.83

7.72
0.85

10.80
1.23
9.18
1.52

4.62
0.95
5.36
0.79
5.88
0.92

6.40
0.50
4.71
1.20

8.65
1.36
8.72
0.83

4.91
0.72
5.09
0.68
5.35
0.67

5.38
0.74
5.16
0.45
5.74
0.93

6.86
0.83
5.66
0.58
6.71
0.70
7.50
0.65
6.62
0.96
6.11
1.66

10.73
2.43
6.24
0.74
8.94
0.91

5.14
0.37
5.07
0.14
5.24
0.13
5.24
0.16
5.51
0.20
5.77
0.31
5.69
0.12
6.02
0.12
5.64
0.16
6.21
0.25
6.57
0.10
6.69
0.14
6.38
0.12
6.64
0.13
6.87
0.15
6.90
0.19
6.36
0.18
7.82
0.29
8.37
0.40
9.63
0.58
7.83
0.20
7.85
0.23
8.73
0.30

4.13
0.38
4.50
0.49
4.07
0.62

5.51
0.29
6.05
0.40
6.29
0.58

6.27
0.26
8.05
0.58
7.00
0.42
6.94
0.41
5.50
0.95
7.56
0.50
6.91
0.95
5.35
0.92

4.41
1.99
8.43
0.94
9.75
1.38

6.54
0.81

8.17
1.26
6.32
0.64
7.23
1.92
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TABLE XXI. (Continued. )

PT
(GeV/&)

{h) 175 GeV/c a +p~c +X

0.940 0.500

0.940 0.625

0.940 0.750

0.940 1.000

0.940 1.250

0.895

0.895 0.750

0.895 1.000

0.800 0.500

0.800 0.?50

0.700 0.500

0.700 0.750

0.600 0.300

0.600 0.400

0.600 0.500

0.400 0.300

0.400 0.500

0.600 0.625

0.600 0.750

0.600 0.900

0.600 1.050

0.600 1.200

0.500 0.300

0.500 0.500

0.500 0.750

3.53
0.05
3.42
0.06
3.46
0.06
3.53
0.10
3.48
0.20
4.44
0.06
4.49
0.05
4.68
0.11
5.36
0.06
5.23
0.13
5.61
0.16
5.91
0.14
5.21
0.13
5.46
0.12
5.67
0.13
S.88
0.14
5.98
0.19
6.38
0.28
6.75
0.40
6.50
0.49
5.46
0.16
6.20
0.14
6.64
0.25
6.14
0.12
6.43
0.17

3.32
0.38
3.63
0.34
3.38
0.57

4.98
0.30
4.59
0.28
4.51
0.43
5.78
0.36
5.20
0.31
5.2S
0.50
6.34
0.58
5.65
0.34
6.03
0.43
5.61
0.39
6.70
0.51
5.53
0.62
5.84
0.59
6.40
0.86

6.29
0.44
6.49
0.46
5.99
0.47
7.01
0.45
7.71
0.64

373
0.31
2.99
0.28
3.60
0.37

5.33
0.41
4.92
0.62

5.39
0.31
5.12
0.40
6.23
0.54
5.99
0.71
6.21
0.41
5.56
0.34
6.19
0.49
6.54
0.47
5.83
0.33
4.94
1.16
5.54
0.80

7.26
0.41
5.89
0.40
6.15
0.52
7.35
0.40
8.04
0.43

3.43
0.48

3.86
0.52
5.39
0.76

4.49
0.52
5.18
0.55
5.71
0.63
5.39
0.78
5.14
1.02
6,24
0.74
5.88
0.79
6.85
0.68
6.91
0.68
6.15
0.88

5.55
0.71
6.08
0.77
8.77
1.89
6.12
0.60
6.87
0.69

3.70
0.18
3.79
0.24
3.48
0.19
3.71
0.24
5.07
0.67
4.66
0.16
4.28
0.20
5.08
0.31
5.81
0.28
5.06
0.31
6.50
0.63
5.75
0.45
4.83
0.36
6.48
0.52
5.75
0.38
5.47
0.50
5.20
0.57
7.20
0.82

5.25
0.54
5.73
0.47
6.61
0.73
5.43
0.37
6.90
0.64

3.48
0.48

4.87
1.19

7.62
0.89

4.63
0.83

9.63
1.93

1.70
0.70

4.74
0.24
4.04
0.55
4.55
0.18
4.96
0.24
4.54
0.27
4.84
0.14
5.00
0.21
5.23
0.14
5.28
0.14
5.16
0.16
5.67
0.23
5.48
0.48
5.12
0.20
5.78
0.17
5.62
0.16
6.06
0.21
6.23
0.12

4.48
0.79
3.38
0.34
3.30
0.32

5.51
0.88
4.30
0.46

6.09
0.61
4.25
0.40
6.46
0.57
4.96
0.95
6.27
0.60
5.91
0.25
5.79
0.33
6.03
0.28
6.30
0.24
5.96
0.59
6.76
0.89
6.85
0.60
6.20
0.18
6.26
0.28
6.92
0.25
6.63
0.21
6.86
0.25

3.61
0.09
3.58
0.04
3.57
0.07
3.65
0.09
3.90
0.17
4.63
0.07
4.66
0.04
4.74
0.08
5.41
0.07
5.28
0.07
5.80
0.09
5.94
0.08
5.76
0.11
5.96
0.07
6.12
0.07
6.17
0.06
6.26
0.05
6.50
0.06
6.81
0.11
6.84
0.12
6.53
0.09
6.76
0.09
6.96
0.08
7.30
0.10
7.44
0.09
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TABLE XXI. (Continued. )

Pr
(GeVrc)

(h) 175 GeV/c a++p~c++X (continued)

Km. KE Kp pm pE pp

0.400 0.750

0.300 0.1SO

0.300 0.225

0.300 0.300

0.300 0.400

0.300 0.500

0.200 0.300

0.200 0.500

0.120 0.150

0.120 0.300

0.300 0.625

0.300 0.750

0.300 0.850

0.200 0.150

7.04
0.34
6.34
0.21
6.27
0.21
6.21
0.18
6.46
0.23
6.88
0.19
6.42
0.22
6.59
0.21
6.97
0.42
6.65
0.28
7.09
0.18
7.73
0.33
7.24
0.60
8.06
0.51

6.04 7.72 6.55 6.30
0.82 0.57 1.25 0.87
7.69 6.94 6.14 5.44
0.60 0.45 1.12 0.76
6.94 7.32 5.66 7.12
0.55 0.63 0.61 1.20
6.49 7.19 6.27
0.63 0.91 0.62
8.41 6.43 6.78
0.87 0.61 1.02
7.17 7.88 7.54 5.12
0.64 1.41 0.78 0.67

11.28 11.19 10.71
1.37 1.01 1.27

7.25
0.84

8.17 11.94 7.47
0.88 3.04 1.87
8.81 7.81 5.68
0.82 0.66 0.68
7.40 7.75
1.27 0,89

5.90
0.20
5.56
0.14
5.68
0.13
6.14
0.19
6.59
0.21
6.75
0.17
6.82
0.18
6.78
0.20
7.05
0.26
6.79
0.23
7.14
0.17
7.07
0.19
6.94
0.32
7.23
0.25

7.59 7.75
0.70 0.13
7.03 7.46
0.38 0.14
6.69 7.84
0.29 0.11
6.67 7.69
0.39 0.13
7.76 8.09
0.81 0.19
6.54 8.06
0.65 0.15
7.13 8.43
0.55 0.16
7.97 10.48
0.83 0.21
8.31 8.46
2.13 0.26
8.18 8.33
1.07 0.46
8.21 8.46
0.55 0.32
7.66 9.82
0.76 0.44
0.00 9.36
0.00 1.25
8.03 7.95
1.19 0.58

sist almost entirely of one- and three-prong contri-
butions suggesting the diffractive nature of these
topological cross sections in the low-mass region.
The contributions of five-, seven-, and nine-prong
processes for pp —+m X and m+p~~ Xare simi-

lar, falling steeply with increasing x. The one-

pion-exchange high-x shoulder in n-+p~ m X is
due predominantly to an x-independent associated
three-prong contribution where one associated
prong arises from the decay of a forward-produced
vector meson, and where the low effective energy
~+p vertex produces predominantly two-prong
states.

The associated-charged-particle multiplicities for
leading-particle reactions are displayed in Fig. 26
as a function of invariant momentum transfer t at
fixed x or Mz . Similar multiplicities for high-
statistics particle-exchange reactions are displayed
in Fig. 27 as a function of transverse momentum

pz at fixed x. There is a definite increase of the

associated multiplicities with increasing
~

t
~

or pr
for x &0.8 for all channels with sufficient statis-
tics.

The leading-particle data have been fit to the
form

(n(x,
~

t
~
)) =a(x)+P(x)

~

t
~

(l8)

at a constant x or M& . Results of this fit are
displayed in Fig. 26. For the high-statistics chan-
nels the term P(x), shown in Fig. 28, is positive,
indicating an increase in the average multiplicity
with increasing scattering angle. P(x) is indepen-
dent of x except for x ~ 0.8, where it falls to zero
as x~ 1.

Both bubble-chamber ' and counter ' experi-
ments have also studied the M~ and t dependences
of associated multiplicities for leading-particle re-
actions. Most of the pp~ pX experiments find
very little dependence of the multiplicity on the
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I

6&

100 GeV/c
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X
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(c)
I . I

I I

l00 GeVit, P=0.3 m+ p-w+X
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.2 .4 .6 .8 1.0 .2 4 .6 .8 1.0

FIG. 24. Average associated-charged-particle multiplicities for a +p ~c+X as a function of x for fixed p T.

momentum transfer t. However, the ARGO spec-
trometer group found a definite increase in the
associated multiplicity with increasing t with a
form

n=a(x)+P(M» —Mz) I
t

~

. (19)

This functional form is consistent with the behav-

ior of the presently fitted p(x) at comparable M»
for x & 0.8. The Fermilab Proportional Hybrid
System Consortium ' has also found a form
=n( a)x+pI t

I
for the reaction np~m X wit.h

the t coefficient, p=1.2+0.2, independent of x or
M», over the range 0.5&x &0.93 (20&M» &140
GeV ). An average of the present ~ p —& n X
data for x &0.8 with a constant p produces a
smaller t slope, p=0.6+0.1.

The parameters a(x) in the fit, which represent
the average multiplicity at t =0, are plotted for
pp~ pX, and m+—p —+ ~+—X in Fig. 29. Also plotted

are the total-cross-section multiplicities discussed
in Sec. IV D at common Mx ——s. Also indicated
are fits to the world-average total multiplicity
data and the associated multiplicities for pp~ pX
and ~ p —+ ~ X. As has been previously noted,
the pp —+pX associated multiplicities are systemati-
cally higher than the corresponding pp~ X total
multiplicities. Comparing the s dependence of the
fits to the associated multiplicities, it appears
that the associated multiplicities at a fixed Mz in-

crease with increasing s. In comparison, the
m—+p ~m—+X multiplicity data are systematically
lower than for the total-cross-section multiplicities
at comparable s or M& . Assuming a single ex-

change trajectory for hp —+ hX at high x or low

Mz, one would expect identical behavior for asso-
ciated multiplicities for all hadrons h, since all tar-
get fragments arise at the Pomeron-proton vertex.

The average multiplicities for the reactions
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FIG. 28. Parameter P(x) for fits of the form

(n(x, t)) =a(x) —P(x)t for leading-particle a+pea+I
channels.
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FIG. 27. Dependence of the associated-charged-
particle multiplicity for particle-changing reactions
a +p~c+X on the transverse momentum of particle c
at fixed x.

The pseudorapidities of charged particles pro-
duced in m.+p —+ A, +-X reactions are shown in Fig.
31. The angular distributions associated with lead-
ing m+p~ m+X processes as a function of x at
pT ——0.3 GeV/c show that the width of the pseu-
dorapidity distribution increases as ln Mx as ex-
pected. For x &0.4, a central rapidity plateau ap-
pears. This is similar to the pp —+ hX data present-
ed by the CHLM group ' which were consistent
with many of the detailed predictions of longitudi-
nal or pz--limited phase-space models.

There is very little dependence of the associated
angular distributions on the identity of the particle
detected in the single-arm spectrometer. The rise
in the multiplicity with increasing pz as seen for
example in ~+p~ m+X at moderate x is due to an
increase in the number of particles produced in the

central rapidity region as shown in Fig. 13(c). The
number of target or beam fragments is independent
of pg.

The process m.+p~ m X at high Feynman x ex-
hibits features not described by phase space. The
associated charged-particle pseudorapidity distribu-
tions are shown in Fig. 32. As the spectrometer
trigger ~ increases in momentum above x =0.3,
the phase-space plateau narrows and a very large
positive correlation emerges at g=4. At x =0.88,
the integrated number of associated particles above

g) 3.5 is one, representing the m.+ from the decay
of the forward-produced vector meson.

VII. DISCUSSION AND SUMMARY

This experiment provides new data on charged-
particle production in low-pT hadronic fragmenta-
tion for m. —+, K-+, p and p beams. Compared to
bubble-chamber ' and spectrometer' ' ' experi-
ments, it extends the kinematic range for complete
identification of the charged secondary particles.
The major contributions of this experiment to
understanding production processes are discussed
below.

Over most of the fragmentation range, the in-
clusive spectra are well represented by a power-law
dependence such as (1—x)". This form qualita-
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FIG. 30. Pseudorapidity distribution for associated
particles in pp~pX compared with pseudorapidities for
pp ~X (Ref. 47), and pp —+X (Ref. 48) at a common
s =M~ ——190 GeV .
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FIG. 29. Parameter a(x) for fits of the form

(n (x, t) ) =a(x) P(x)t for leading—-particle m —+p ~a+I
and pp —+pX channels. Also plotted are the multiplici-
ties for the m

—+
p —+X and pp ~X total-cross-section

trigger of Table XI at a common s =M& . The solid
curve is a parametrization of Ref. 44, for ap ~X total
multiplicities. The dashed curve represents fits of Ref.
40 for ap —+aX associated multiplicities as observed in
bubble-chamber experiments.

tively agrees with quark-counting-model predic-
tions of Brodsky and Gunion. ' Since the earlier
publication of this data, this production model has
been modified to differentiate between hadronic
and gluon bremmsstrahlung spectators in the
counting rules to better represent the powers n for
the large numbers of observed channels. The

modified model yields predictions in still better
agreement with the data.

The pion and kaon data have been analyzed in
the recombination and valon ' models. The
meson structure functions may be derived from the
data using this formulation. The pion structure
function determined in this manner agrees well
with that derived from Drell-Yan dimuon produc-
tion. However, the kaon valence structure function
so derived using the recombination model is
steeper than those found from dimuon or high-

pT ~ production by kaon beams. This disagree-
ment is most likely due to uncertainties in the ex-
act formulation of the recombination model and
large resonance production backgrounds at high x
for channels which determine the kaon structure
function. Amiri and Williams have studied the
relative resonance and direct contributions to these
channels and find reasonable agreement with the
present data using the kaon structure functions of
Ref. 53 and the valon phenomenology. The
single-particle inclusive fragmentation data may
also be well represented by the Lund model as
discussed in Ref. 17.

At high x, the leading-particle spe"tra may be
well fitted using only scaling PPP+RRP triple-
Regge terms. The projectile-particle independence
of the ratio of inelastic a+p~ a+X to elastic
a+p~ a+p interactions at comparable t values is
indicative of factorization of the aaP vertex from
the ppP and PPP verticies. The agreement of the
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particle-changing reactions with sufficient statis-

tics, there is also an increase of associated multipli-

cities with increasing pT. The angular distribu-
tions of the associated particles indicate that this
increase in the multiplicity is due to an increase of
production in the central region.
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production-cross-section ratio for (m p~E X)/
(m+p~ %+X) with the the total-cross-section ratio
of E+p/K p gives strong evidence of factoriza-
tion for E-exchange channels.

The average associated-charged-particle multipli-
cities increase with lnM~ as the total-cross-section
multiplicities increase with lns. However, there are
absolute differences in comparing the multiplicities
for ay~ aX and ap —+X at comparable M~ and s
values. For leading-particle channels, the multipli-
city increases as

~

t
~

increases at constant x, ex-

cept as x —+ 1 where there is no t dependence. For
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APPENDIX A: CERENKOV
PARTICLE IDENTIFICATION

V'

The properties of the eight Cerenkov counters
used in this experiment are given in Table IV.
Any event within the spectrometer acceptance
which has a valid beam Cerenkov pattern is as-

sumed to be the result of one of the nine hadronic
processes (nEp +mE'p ). The b.eam—identification
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is the easier to deal with because any events with
V'

ambiguous beam Cerenkov patterns have been el-
iminated from both incoming flux and spectrome-
ter rate, incurring no change in the measured cross
section and only a small loss in statistics.

1. Beam identification

2. Spectrometer identification

Each event with valid beam and spectrometer
particles reconstructed within the spectrometer
aperture by fitting the multiwire proportional
chamber data was assumed to correspond to a
valid hadron scattering event regardless of the
spectrometer Cerenkov pattern. A preliminary
spectrometer identification was made for all possi-
ble spectrometer Cerenkov patterns. For each
kinematic setting, a fitting program then solves for
the efficiency and interference between spectrome-
ter coun'ers and corrects for those spectrometer
particles mislabeled in the preliminary assignment.

A total of 32 Cerenkov patterns was available
using the five spectrometer signals SDIFR, SDI-

TABLE XXII. Particle identifications associated
with spectrometer Cerenkov signals.

SGAS1
SGAS2
SGAS3
SDIFR
SDIFA

) 100 GeV/c & 100 GeV/c

Valid beam particles used in the analysis re-
V'

quired an unambiguous Cerenkov identification.
The Cerenkov assignments used were

n =(BGAS+BGASO).BDISC BDIFR,

IC =BDISC.(BGAS+BGASO).BIDFR,

p =BDIFR BDIFA (BGAS+BGASO).BDISC .

Events not satisfying these criteria were discarded
from further analysis due to ambiguous identifica-
tion. Usually, the ambiguous signatures were
caused by two particles in the same rf bucket or by
Cerenkov-counter inefficiencies. Requiring strict
beam-particle identification and readjusting the
measured incident fluxes was more desirable than
attempting to use all the fiux and later applying
corrections. The loss of events from application of
this was 4% at 100 GeV and 8% at 175 GeV.

FA, SGAS1, SGAS2, and SGAS3. The nominal
settings of the Cerenkov pressures corresponded to
the indentification in Table XXII. There are four
important momentum-dependent efficiency
changes. The first is a decrease in efficiency of
SGAS1, SGAS2, and SGAS3 at high momentum.
The second efficiency change is due to the proxim-
ity of the kaon and proton light in SDIF at high
momentum, and the finite acceptance of the spec-
trometer. These circumstances lead to an overlap
of the kaon and proton light at the edge of the
SDIF ring. The third-effect is caused by the
dispersion of Cerenkov light at low momentum.
For momenta less than 50 GeV/c, the proton ring
of light is wider than the SDIF ring, and protons
count on both SDIFR and SDIFA. Finally, as the
momentum becomes small, the light from pions
and kaons, is emitted at very large angles in the
SDIF counter. Therefore, the SDIFA efficiency
for pions and kaons becomes quite small for low
momenta.

For each spectrometer momentum, a fit was
made for the efficiencies of each spectrometer
Cerenkov counter for detecting m's, E's, and pro-
tons. The fitting program is applied to scattering
data, using the identity of the beam particles,
determining the reaction probability for a beam
particle to produce a ~, E, or proton in the spec-
trometer. Thus, 15 efficiencies E;, and 9 reaction
probabilities B„are fit where i = the spectrometer
Cerenkov counter (SDIFR, SDIFA, SGAS1,
SGAS2, SGAS3), a = the beam-particle type (vr,

E, or p), and c= spectrometer particles (~, K, or
p). The sum of the reaction probabilities for each
beam particle is constrained to be 1. That is,

Thus, there are 15+9—3 =21 free parameters.
The input to the fitting program is an array of

the number of events recorded for each spectrome-
ter Cerenkov pattern. This is a 3&&32 array where
we have 3 beam-particle types and 32 spectrometer
patterns. We then minimize X with respect to the
21 free parameters and calculated a complete set of
efficiencies and reaction probabilities. From this
we construct the "misidentification matrix" M„
which gives the fraction of spectrometer particles c
that are identified as c'. This matrix is applied
during the run combination program of the
analysis to correct the cross sections. For op~ mX
and pp~ pX reactions this correction is less than
1%. The correction for the Ep —+ EX cross section
is typically 9%.
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