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I

Measurements of inclusive scattering in the target-fragmentation region are extended to higher incident

energy. The combined data set shows departures from an approach to the asymptotic scaling limit as

A + Bs " that are significant even at the highest energies. When these departures are taken into account,

the data approach a limit that is consistent with equal cross sections induced by particles and antiparticles

and with Pomeron factorization. The corrections to A + Bs " are so large that detailed tests of Mueller-

Regge relationships are not conclusive.

I. INTRODUCTION

A study of the s dependence of proton fragmenta-
tion by hadrons is extended to Fermilab energies
in this paper. In a previous paper, ' hereafter re-
ferred to as I, measurements of cross sections
6 o (ab - c) for the production of particle c in the
inclusive reaction a+ b - c+ anything where
a=(tt', K', p'), b=p, and c=(tt', K', p), were re-
ported for incident momentaPt~ in the range 4-24
GeV/c. The measurements were made in a small,
fixed region of the phase space of particle c cor-
responding approximately to transverse momentum

pr = 0.3 GeV/c and laboratory rapidity y~= 0.6,
0.4 and 0.2 for produced tt, Z, and p, respective-
ly. In this paper data points at incident momenta

p,'~=30, 75, 150, and 250 GeV/c are added to the
data set of paper I.

The data are analyzed using the Mueller-Regge
phenomenology' which represents each inclusive
cross section as the sum of an "asymptotic" term
with a dependence on s = (p, +p,)' that is constant
towithinpowersof log s, and "secondary" terms
that behave approximately .as s"' '. The asymp-
totic term is the contribution of Pomeron ex-
change and the secondary terms arise from the ex-
charige of the p, to, A„and f Hegge poles. Con-
tributions from other Regge poles and more com-
plicated singularities have an s dependence that
falls much faster than s ' ' and are not expected
to contribute to cross sections at sufficiently high
energy. Such contributions will be referred to as
"lower-lying" terms.

The question of the energy regime for the valid-
ity of this phenomenology is outside the theory and
must be taken from experiment. In the case of
hadron-hadron total cross sections (the inclusive
reaction a+ b - anything) high-energy behavior is

found to begin at incident energies of a few GeV.3'4

In the case of single-particle production, a+ b-
c+ anything, much early work' has drawn opti-
mistic conclusions about the validity of Mueller-
Regge theory at similarly low energies.

The data of I, on the other hand, suggest that
the range 4-24 GeV/c is too low for an extrapola-
tion to the region of asymptotic behavior to be
valid. With the addition of'the higher-energy data
in the present paper, it becomes obvious that
there are large lower-lying contributions to the
cross sections in the range of incident momenta
from 30-250 GeV/c. These appear as significant
departures from the energy dependence

ho =A. + B s ' '.
The magnitude of these contributions at any

given energy is estimated, and an attempt is made
to extract the asymptotic behavior. It is found
with little ambiguity that the high-energy limit
confirms the prediction of equal asymptotic cross
sections for incident particle and antiparticle to
within a mea, surement accuracy of about 15% and

the prediction of Pomeron factorization to about
10%.

The prediction of equal asymptotic cross sections
for incident particle and antiparticle and the pre-
diction of Pomeron factorization are not specific
to the Mueller-Regge phenomenology. The phe-
nomenology does, however, make unique predic-
tions, based on Regge trajectories and residues
determined from fits to the hadron-hadron total
cross sections and exclusive reactions, about the
coefficients & in Etl. (l). We find that the fitted
values of the 0 coefficients have large uncertain-
ties because of correlation with the large contri-
bution of lower-lying terms to the egergy depend-
ence. Although the detailed Mueller-Regge pre-
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dictions are consistent with the data, this consis-
tency is not a stringent test of the phenomenology.
It is shown that ex~en with considerably more ac-
curate data this effective unverifiability of the
MueDer-Hegge phenomenology would continue to
hold true in our kinematic region.

In Sect. II asp'ects of the instrumentation of the
experiment unique to Fermilab are discussed.
Sinct. the same spectrometer was used for the low-
energy measurements at Brookhaven National Lab-
oratory and for the high-energy measurements at
Fermilab, any systematic differences in the mea-
surements would be due to differences in the inci-
dent beam. For details of the reconstruction and
identification of secondary particles, and the ex-
traction of cross sections, the reader is referred
to paper I. The measured cross sections, inte-
grated over the acceptance of the spectrometer,
are presented in Sec. ID. This section also pre-
sents the conclusions of a phenomenological anal-
ysis of the s dependence of the cross sections.

II. EXPE~ENTAL TECHNIQUE

The spectrometer was installed in the 3.5-mrad
MI-~est beam of the Meson Laboratory at Fermi-
lab. The beam had two intermediate foci and a
final focus in both the horizontal and vertical
planes. A coDimator at the first focus defined the
beam momentum. The momentum dispersion at
this focus was 0.4%/cm. This collimator was ad-
justed to obtain a flux of 3' x 10' particles/sec at
the final focus without affecting the beam-spot
size. The momentum-analyzed beam was next
brought to a momentum-recombined focus and
then made parallel for particle identification. The
momentum-recombined beam was brought to a
final focus at a liquid-hydrogen target identical to
the one described in paper I, at a distance of 503 m
from the production target. A coincidence B of
three circular scintillation counters, $1, B2, and
h3, each 0.32 cm thick, and located 30, 4, and
0.0V m, respectively, upstream from the liquid-
hydrogen target, defined a charged particle en-
tering the hydrogen target.

The 19-nsec radio-frequency structure of the
beam at Fermilab required special attention to
avoid intensity-dependent absolute normalization
errors: The signals from each of the three scin-
tillators of the B telescope were split and the sig-
nals were discriminated just below single arid
double minimum-ionizing thresholds, respectively.
Radio-frequency buckets populated by more than
one beam particle produced pulses equal to or
greater than twice minimum ionizing in all three
scintillation counters. The threefold coincidence
of double minimum ionizing beam signals in anti-
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FIG. 1. Production' rate of positively charged particles
at 30' in the laboratory by a negative beam of momentum
75 GeV/c as a function of beam infensity. The empty-
target background has been subtracted.

coincidence with the threefold coincidence of the
signals from the lower threshold discriminators
generated the beam coincidence

To test that the signal B included only singly
populated radio-frequency buckets, +e production
rate of charged particles at 8,'~t= 30"was measured
as a function of beam intensity w'ith all other condi-
tions held fixed. The data in Fig. 1 show that the
production rate was independent of intensity to 1%
sensitivity up to 4 x 106 counts/second. For the
Fermilab data reported in this paper the intensity
was typically 3 x 10' counts/sec. At 3 x 10'
counts/sec approximately 15o/g of the populated
radio-frequency buckets were rejected. Further-
more, the average populations of the four'radio-
frequency buckets immediately preceding and
following an event were monitored by time-to-dig-
ital converters. No correlation in the average
populations was observed.

Simultaneous identification of the three types of
beam particle (11, K, p) was provided by two high-
resolution gas differential Cerenkov counters and

V'

a gas threshold C erenkov counter in coincidence
with the signal 8 from the beam telescope. At 30
and 75 QeV/c the two differential counters were
set to define m and K, while the threshold counter
was set to count both m and K. Protons and anti-
protons were defined to be coincidences of the B
telescope during which no Cerenkov counter re-
sponded. Ai 150 QeV/c the two d1fferent1al coun't-
ers were set to count E and p, respectively, and
Cerenkov light at an angle greater than 5 mrad in
the threshold counter identified pions. At 250
QeV/c, the K flux was too small to be useful in
this experiment, so the differential counters were
set to identify m and p and the threshoM counter



was evacuated. For aQ incident momenta, the ef-
ficiencies of the counters were stable and the total
efficiency of particle identification ranged from 75
to 95%. Misidentificahon of beam particle types,
was negligibl.

Electrons were removed from the bea, m by 0.4
radiation lengths of lead inserted at the first fo-
cus of the beam. At 30 GeV/c' the lead could not
be used because its multiple scattering'resulted
in a large decrease in beam intensity, but at this
momentum the electrons were easily resolved
from pions by the differential Cerenkov counter
that counted the pions.

The muon contamination of the pion signal was
measured for each momentum and polarity by a
crude ionization calorimeter. The calorimeter
was constructed from three 0.61-m-thick blocks
of steel followed by three 0.91-m-thick concrete
shielding blocks. The pulse height in a 2.54-cm-
thick plastic seintQlator located after the second .

0.61 m of steel was examined for all incident
particles identified as pions by the Cerenkov
counters in order to obtain the. 'spectrum of pulse
heights produced by a hadron cascade. A clear
peak [Ilig. 2(a)] in the spectrum corresponding to
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FIG. 2. Representation of pulse- height spectra for
175-GeV/c 7(+ in the calorimeter: {a) spectrum for all
beam particles identified as pions by the Cerenkov coun-
ters, (b) spectrum for all beam particles identified as
pions vrhich regi. ster a penetrating particle in a large
counter behind the calorimeter, .
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FIG. 3. Production rate of positively charged particles
at 40 in the laboratory by a negative beam of momentum
150 GeV/c shov~ing the effect of ynissteering the begm on
the liquid-hydrogen target. The empty -target back-
ground has been subtracted.

muons, pions which had not interacted, and low-
multiplicity events was observed below a continu-
um of large pulse heights corresponding to hadron

- cascade products. The pulse-height spectrum in
the same counter +as then mea, sured for aQ parti-
cles which were identified as pions, and which
penetrated (or had cascade products which pene-
trated) the entire calorimeter. This spectrum is
displayed in Fig. 2(b). It indicates a, minimum
ionizing component due to muons identified as
pions, and a component which was determined, by
varying the size of the counter behind the calori-
meter, to be hadron cascades which punch through
the calorimeter. The procedure was repeated for
incident protons, in which case there was no mini-
mum-ionizing component. The measured p/m
ratio, corrected for pion decay bebveen the liquid-
hydrogen targe& and the calorimeter, was bebveen
1.0 and 2.4%, and was used to correct the incident
pion flux at each incident momentum.

The beam size at the liquid-hydrogen target
varied with momentum from approximately O.v-cm
diameter to 1.2-cm diameter. The production
rate of charged particles was measured at 8',~
=40'with the beam missteered by+0. 5 cm in
either direction. The data in Fig. 3 show that the
measured production rates were independent of
missteering to 3% sensitivity.

III. RESULTS AND ANALYSIS

A. Cross sections and errors

The cross sections measured in this experiment
are differential cross sections integrated over the
acceptance of the spectrometer, A., and integrated
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over all azimuthal angles:

2$' d 0'
4g = de d0dp

d& dp dp
(2)

where P, 8, p are the laboratory momentum and
angles of the produced particle c. The limits of
the acceptance, A, of the spectrometer used to
detect the secondary particle c were the same as
in the lower-energy work reported in paper I:

59.4 & 0',~+3.4 [(Gev/c)/(p', ~- ~P,)j& 64.4 (3 )

0.3 GeV/c &P","-AP, &0.6 GeV/c (3b)

where ~p, = (0.00l5 GeV/c)/P, ' is the momentum
lost by particle c before the momentum measure-
ments, and P, is its velocity

The resolution of the spectrometer was inade-
quate for checking the absolute normalization of
the remeasured cross sections by measuring elastic
scattering cross sections at Fermilab energies.

Consistency between the Fermilab and Brookhaven
data sets was checked by examining the cross
sections which have a weak dependence on s. In
particular, the high-statistics, slowly varying
cross sections for pp-m, m'p- p, and m"P-~'
exhibit no evidence for a shift of normalization .
between the two data sets to a systematic uncer-
tainty corresponding to one standard deviation
(2-4%).

The measured inelastic cross sections defined

in Eg. (2) are tabulated in Table I. Cross sections
for the production of K" and p by m", K, and p
and cross sections for the production of E by K
and p are below the sensitivity of this experiment.
The error for each cross section in the table was

obtained by adding in quadrature the statistical
error and a point-to-point systematic error of

2%. The absolute normalization error is estimated
to be 3% for v and P production, and 15/0 for K
production; this overall normalization uncertainty

TABLE I. Cross sections Do (ap ~ c), integrated over the kinematic region of Eq. (3). The error given is

the statistical error added in quadrature vrith a 2% point-to-point systematic error. An overall normaliza-

tion error of 3% (c = m'-, p) or 15% (c = E') is not included.

lab
~a

(GeV/c)

4
6
8

10
12
15
20
24
30
75

150

s '~

(GeV/c )

0.345
0.287
0.251
0.225
0.207
0.186
0.161
0.148
0.132
0.084
0.060

ho(ap ron )
(pb)

367 + 17
311+ 9
29S + 9
268+ 7
253+ 7
239+ 6
220+ 6

213+ 6
193+ 5
192+ 5

60 (ap ~ m')

(pb)

284 + 13
288+ 9
304+ 9
284+ 8
281 + 7
276+ 7

275 + 7
257+ 10
275 + 7
277+ 7
281 + 7

Do {ap ~ IC')

(pb)

6.1+ 1.5
5.2 + 1.0
6.1 + 1.3
3.6 + 1.0
3.6 + 0.8
7.4 + 1.1
4.7 + 1.0
3,9 + 1,6
5.1 + 1.0
7.4 + 0.9
5.0 + 0.9

Do (ap ~ p)
(pb)

145 + 8
216+ 7
181 + 6
191 + 6
185 + 5
180+ 5
1S4+ 4
154+ 7
150+ 4
149+ 4
143+ 4

6
8

10
12
15
20
30
75

150
250

8
10
12
15
20
75

150

0.345
0.287
0.251
0.225
0.207
0.186
0.161
0.132
0.084
0.060
0.046

0.249
0.224
0.206
0.185
0.161
0.084
0.059

133+ 6
157+ 6
157+ 5
154+ 6
149+ 6
156+ 10
173 + 22
155 + 5
166+ S
160'+ 6
171 + ll

240+ 67
149 + 36
138 + 26
213+ 36
151 + 37
173+ 13
150+ 13

499 + 18
464+ 13
442 + 12
389 + 11
388 + 12
341 + 14
375 + 22
331 + 9
303+ 8
311 + 9
306 + 18

208 + 71
283 + 53
237 + 27
184 + 39
241 + 47
241 + 16
211 + 14

S.9+ 1.9
4.5 + 1.4

. 3.7+ 1.2
6.5 + 1.7
5.3 + 1.8
6.9 + 3.2

5.7 + 1.2
5.7 + 1.3
5,2 + 1.6
9 8 + 4 4

215+ 8
303+ 9
238+ 8
249+ 8
237+ 8
221 + 10
182 + 15
177+ 5
162+ 5
150+ 5

156+ 11

170 + 40
182 + 32
211 + 25
181 + 27
121 + 30
122 + 10
115 + 11
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TABLE I. (continued)

plab
a

(GeV jc)

10
12
15
20
75

150

s
(GeV/c ')

0.249
0.224
0.206
0.185
0.161
0.084
0,059

99+ 19
100 + 2S
98+ 23
79+ 27

210+ 72
132 + 13
159+ 13

Ao (ap ~ w')

(Vb)

314+ 51
202+ 34
251 + 33
244 + 46
220+ 53
236+ 18
220+ 17

D(r (ap ~ E')
(LMb);

60 (ap ~p)
(Vb)

132+ 38
153 + 27
199 + 29
68 + 23

19S + 47
145 + 14
137 + 12

p 8
10
12
15
20
30
75

150

0.243
0.220
0.203
0.183
0.159
0.131
0.084
0.059

937+ 138
654+ 89
644+ 109
532 + .126

395 + 24
334 + 19
314+ 30

937+ 118
562 + 98
810 + 94
445 + 168
792 + 399
S86+ 31
564+ 26
481 + 37

351 + 67
350+ 73
382+ 62
457+ 104,

257+ 19
255 + 16
224 + 21

6
8

10
12
15
20
30
75

150
250

0.325
0.276
0.243
0.220
0.203
0.183
0,.159
0.131
0.084
0.059
0.046

101 + 7
163+ 8
184+ 6
206+ 7
210+ 6
234+ 7
245 + 6
263 + 10
252+ 6
255 + 7
269+ 6

408 + 13
408 + 14
422+ 13
422+ 12
440 + 1.1

450+ 11
460+ 10
457 + 15
451 + 10
453 + 11
444+ 10

5.5 + 2.1

2.9+ 1.7
5.5+ 2.5
7.9 + 1.8
5.1 + 1.2
5.6 + 1.2
5.2 + 0.7
6.8 + 2.3

1 1.4 + 1.3
7.3 + 1.2

'10.6+ 1A

340 +

374+
373 +

317 +

313+
293+
280+
265+
237 +

233 +—

223 +

12
12
12
9
8
8
6

11
6
6
6

is not included in Table I.
The same cross sections are plotted in Figs.

4(a)-4(d) as a function of s ' ' as Suggested by the
Mueller-Beg ge phenomenology. The smooth
curves are Mueller-Begge fits to the data; the
fits are discussed in Sec. IIIE.

B. The energy dependence of the cross sections

It is evident that the data do not, in general, lie
on straight lines in Fig. 4 and thus that there are
large departures from the energy dependence
A. +Bs"' '. To exhibit these departures more
clearly, Figs. 5(a)—5(c) show the same cross
sections replotted for the cases where both the
beam particle a and detected particle c are cho-
sen among the copiously produced particles m

and p'; the data for these reactions have high
statistical accuracy.

There is little theoretical guidance to the kine-
matic range of s, y~, and p~ over which the
Mueller-Regge behavior is expected to apply. If
the departure from A+Bs '~ is due to lower-lying
Regge-pole contributions, we expect terms in s"',
While contributions from Hegge cuts would involve

~~=~+ Bs-~~2+ Cs-~ (4)

over the momentum interval 4&I", ~ 250 GeV/c
are tabulated in Table II and represented by the
solid lines in Figs. 5(a) and 5(b). The data on pion
production by m and p are well represented by
this expression.

The Mueller-Hegge energy dependence should
then be determined by the component A+Bs ' ' of
the fit. This component. is shown in Figs. 5(a) and

5(b) as dotted lines. However, it can be seen from
Table II that the B coefficients are not wel, l deter-
mined because of the correlations between the B
and C terms. Furthermore, the statistical errors
underestimate'the true uncertainty in the coeffi-
cients because the uncertainty in the functional
form of the correction toA+Bs ' ~ leads to an un-

complicated logarithmic functions. Alternatively,
the Mueller-Regge behavior, even with the correc-
tions above, may not hold in all or part of the ki-
nematic region investigated in this work. Since it
is not possible with the present data to distinguish
these possibilities, we have represented the cor-
rections to the expression A+Bs '~' by the term
Cs ' for the production of m' by m and p. Fits to

I



H. WEI SBERG et aI.

0.4—

I

7f p ~7T
7T' p ~7T (a}

0.2—

E
Q

~ 04
I-
(3

02

Q)o Q
CL

I.Q
O
UJ

0.8
CL

z 0.6

I I
I

p ~m'
~ K p~m

O
~ 0.2—
hl
V)

&n 0--
V)

I.O—

C)
tu 0.8—
I—

CL
C9
LLj 0.6—
I-

I I
I

I

o K p~m
K p~sr+

~~4 x11( I-

0.4
m R

M ~ 1~

0.2— 0.2—

0
0

I

O. I

I

0.2
-I/2

( G g-I
)

I

0.3
0

0
I

O. I

'

I

0.2
s-I/2 (GeV-I)

I

0.3

l5—

avr P~K
~ 71 P~K+ +

I

p ~p
Q m. +p ~p

0.2

Ol—

I

~ k
4

IO—

O

LLI
c3 5

0
0 0

O

CC l5—
ILJ
I—
Z'.

ia ~1

@ pp~K

E 1

o K 'p~p
O eK p p

QJ 0~I
V)

CO
(A
O

0.5—
I-I PP ~P

cf 04
4J

z 0.)

O.Z—

f3 g g
f] fP

O. I

0
0

I

O. I

I I

0.2
' 2(Geq I)

I

0.3
I

O. I

I

0.2
~-I/2

( G e q-I)

I

0.3

FIG. 4. Cross sections, integrated over the kinematic region in Eq. (3), for the production of (a) 7t, (b) m, (c)~,
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TABLE II. Fits of Eq. (4) to the data for a = m'-, p and c = n'-.

The fits were carried out over the momentum range 4 4p,""«&

250 GeV/c.

TABLE III. Fits of Eq. (1) to the data. The fits were carried
out over the momentum range 15 ~~ p,""~ 250 GeV/c.

Reaction
A

(pb)
B

(p,b GeV)
C

(pb GeV~)
Reaction (Vb)

. B
(pb GeV) DF

xp ~'Ir
7f p'~ 7l

pp +x
F p~ll'
7fp +F
pp~F

184+ 9
-'162 + 8
251 + 8
281 + ll
291 + 15
442+ 13

-9+ 125
33+ 95

312+ 100
-89+ 135
107 + 191
221 + 173

1630+ 370
-280+ 250

-2370+ 280
420 + 370

1630 + 530
-1110+ 500

3.3
9.0
8.8

- 10.9
12.9
5.1

167 + 7
169 + 7
137 + 23
185 + 22
229 + 47
272 + 6

354
-77
323

-541
1286
—185

+ 53
+ 69
+ 252
+ 234
+ 474
+ 53

2.4
2.4
2.0
3.0
OA

4.6

3

2
2
2
4

known systematic error in the B and C terms. To
represent the uncertainty in tbe B coefficients in
a different way the data have been fitted by Eq. (1)
for p', ~ 15 GeV/c (Table III). With this low-ener-
gy cutoff tbe fit quality is just as high as that in
Table II. The resulting fits are shown in Fig. 5 a,s
dashed lines.

Comparing the dashed and dotted lines in Figs.
5(a) and 5(b), one can see that the intercepts agree
well but the slopes are in general quite different.
Thus, the high energy l-imits of the cross sections
for pion production are zoell determined hy the
data, but the rate of approach to this asymptotic
limit is only poorly determined.

Vfhen particle e is a pion or kaon, the missing
mass m„=[(p,+p, -p,)']'t'is always greater than
2.5 GeV/c in the kinematic region of this experi-
ment. However, when c is a proton and the in-
coming momentum p',~ is below 15 GeV/c, m„
can be in the resonance region where the Mueller-
Hegge theory would not be expected to apply. In-
deed, in Fig. 5(c) there is significant resonant
structure below 15 GeV/c from reactions. such as
mp-pA, and pp-pN~. Therefore, only the A.

+ Bs 't2 fits for P',~ ~ 15 GeV/c [Table III and

dashed lines in Fig. 5(c)] are presented for pro-
duced protons.

C. Asymptotic properties of the cross sections

It is evident from Fig. 4 that the particle- and
antiparticle-induced cross sections, ho(ap c) and
Acr(ap-c), approach, each other in the asymptotic

281 + 9
284 + 12

+25
+30

460 + 60
446 + 10

-51
347
-42
142
967

56

+ 64
+ 106
+ 283
+ 332
+ 602
+ 86

3.5
4.9
3.2
04
3.2
0.9

4
3
2

5.7 + 1.2
5.5 + 2.2

1 1.8 + 1.2

0.2 +

2.0 +

-378 +

9.4
19.9
9.3

8,3
1.1
9.6

4
3

130 + 5

126 + 7
92 + 18

170 + 19
201 +35
200 + 6

201 + 40
421 + 69
371 + 199

-427 + 197
520 + 352
503 ~ 54

13.7
5.1

1.6
5.9
3.9
1.1

limit s - or s '~'-0. Although analogous behav-
ior for the total cross sections is required by the
Pomeranchuk theorem, there is no such a P&'oH
constraint for the single-particle inclusive cross
sections. This behavior will occur if the asymp-
totic cross section, which is related by the
MuelJer theorem to a three-body scattering ampli-
tude, is even under the operation of repla. cing the
projectile, a, with its antiparticle conjugate, e.
On the other hand, if the asymptotic contribution
has a part which is odd under the operation a -a,
the particle and antiparticle induced reactions will
not be asymptotically equal. In the, Mueller-aegge
phenomenology the asymptotic cross section is
determined by Pomeron exchange and is even un-
der the operation a- a.

Quantitative tests of tbe equality of tbe asymp-

TABLE IV. The asymptotic ratios of particle and antiparticle induced cross sections. The cross-section
limits A, and A are taken from Table II for the production of m'-by n'-and p, and from Table III for the
other reactions.

Cross-section ratio

(w'p ~c)/(m p ~c)
(E+p ~c)/(E p ~c)
(pp ~c)/(pp ~c)

0.88 + 0.06
1.35 + 0.28
1.10+ 0.23

1.04 + 0.07
0.96 + 0.17
0.96 + 0.13

0.96 + 0.04 0.97 + 0.07
1.86 + 0.42
0.99 + 0.17
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totic particle and antiparticle induced cross sec-
tions are given in Table 97. In this table the ra-
tios 4,/A. of the fitted asymptotic limits ot the
cross sections are given, where the limits A, and

A. mere taken from Table II for the production of
m' by n' and p, and from Table III for the other
reactions. It can be seen that in every case the
ratio is consistent with unity. For the cases where

TABLE V. Fits of Eq. (1) or Eq. (4) to the data. The intercept A is constrained to be the same for
incident particle and antipar'ticle. For reactions in which the incident particle a is m* or p-' and the
produced particle c is m'-, Eq. (4) has been fitted to the data for 4 «& p,

""&» 250 GeV/c; for the other
reactions Eq. (1) has been fitted to the data for 15 »~p ' &»250 Gev/c.

Reaction (Vb)

8
(pb GeV)

C
(pb GeV') X DF

171 + 6
158 + 87

-73 + 76

1180 + 280

-30 + 210
15.7 16

64 + 187

-314 + 182

pp~x
252 + 8

224 + 363

301 + 99

7850 + 2440

-2340 + 280
1 1.8

Total ap ~ m 34.8 34

A. p ~m'
222 + 19

—132 + 110

184 + 129

0 +227

84 + 240

520 + 310

1430 + 390
24. 1

3.6

17

pp ~7l

Total ap ~ m'

442 + 13
1029 + 459

217 + 172

1360 + 2710

-1100 + 490
15.1

42.8 36

n'p ~ K'

pp ~E'

Total ap ~ K

5.7 + l. .l

11.8 + 1.2

0.6 + 8.4

0.3 + 11.2

-37.8 + 9.3 9.6

19.0 13

Fp~p

x p~p
129 + 4

209 + 34

400 + 45
19.0

Kp~p

K'p ~p
129 + 13

-5 + 154

-44 + 149
16.4

pp p
200 + 6

532 + 120

503 + 53
5.0

Total ap ~ p 40.4 21
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TABLE VI. Tests of Pomeron factorization, Eq. (5).

Cross-section
ratio C=P

Predicted
ratIo

(Ref. 4),

(np ~ c)j(pp ~ c)
%p ~c)/(I p ~c)

0.68+ 0.03
0.64 + 0.07

0.64+ 0.03
0.50 + 0.05

0.48 + 0.11 0.64+ 0.03
0.65 + 0.07

0.6l + 0.02
0.53 + 0.02

both a and c are m' or p, the two standard deviation
accuracy of the test is about 15'%%uo. In the further
analyses of the data, it will be assumed that parti-
cle and antiparticle cross sections are equal at
s '"=0.

Table V gives the coefficients of fits to the data
in which the A parameter is assumed to be the
same for incident particle and antiparticle. In
these fits Eq. (4) has been used to fit the data over
the range 4 «PI~ ~ 250 GeV/o for the reactions
where a= I(* or p' and c= o'; otherwise, Eq. {1)has
been used to fit the data for I",~ ~ 15 GeV/c only.

According to Pomeron factorization

. ' ao(a'p-c) . er(a'p)
g w ko(ap ~c) a ~ 0'r(ap)

(5)

D. Differences behveen cross sections induced by particles

and their antiparticles

At asymptotic, energies, the difference between
particle- and antiparticle-induced cross sections

where or(ap) represents the ap total cross section.
A theoretical ambiguity arises because of the ex-

,perimentally observed' high-energy rise in the
hadron-hadron total cross sections. The observed
amount of rise in 0~ over. the present energy range
is not large, and an equivalent rise in the inclu-
sive cross sections ~0 would not be seen in this
experiment, but an ambiguity arises in the mean-
ing of the high-energy limit. In the analysis of the
total cross'sections, ~4 the rising part of the total
cross section has been, 'parametrized by

D,q =K,q in[(p~ +m, )/5, j, (8)

where A",~, m„and 6, are constants given in Ref.
4. We have evaluated the right-hand side of Eq.
(5) using or{ap) =D,~ and P',~ 250 GeV/c The.
left-hand side, of Eq. (5) was evaluated using the
fits of Table V.

The resulting predictions are compared with ex-
periment in Table VI. The quoted error in the
predictions is statistical only, and does not in-
clude an allowance for theoretical ambiguities.
The two-standard-deviation experimental. errors
areaboutl0%%uofora, c =o' orp. Atthislevelof ac-
curacy, the data agree with Pomeron factorization.

goes to zero:

The specific way in which a,,(c) approaches 2ero
contains information about inclusive interactions
in general and the Mueller-Begge phenomenology
in par ticular.

First, consider the case where particle a is a
proton or antiproton. The PP,interaction has two
components: annihilation (no baryons in the final
state) and scattering. The pp interaction, how-
ever, has no annihilation component. Therefore,
the annihilation process will contribute in general
to h»(c), and indeed it is evident from Figs. 4(a)
and 4(b) that A~~(m') is large. However, the con-
tribution from annihij. ation processes when parti-
cle c is a proton is suppressed or forbidden by
ener@r-momeg. turn conservation for the kinematic
conditions (taI'get fl'ag'111entatloI1) of this experi-
ment. It can be seen in Fig. 4{d) that b~~(p) is, in

fact, small.
Next, consider the case where a= m'. The data

of this experiment determine the cross-section
difference 4,~(o) reasonably well. These differ-
ence cross sections are plotted in Fig. 6 for c
= (I, (I', and p. In the Mueller-Regge model, theee
differences are determined by exchange of, the p
trajectory and have the form

(&) D&atz(o& (8)

In the analysis of total-cross-section data, 4 the
col Iespondlng differ ellce or(II p) - (7r(7('p) is well
described by this form with n, (0) near the value
0.5 which is needed for consistency with Begge
analyses of exclusive reactions su.ch as 7t p- p'n.

The data for m' and p production were fitted to
Eq. (8) for 4 ~p',~ ~ 1.50 GeV/c. [The statistical
errors on h.~(p) are comparable to the resonance
fluctuations in the difference cross section so the
fit can reasonably be extended to 4 GSV/o to get
an "average" s dependence. ] The results of the
fit are displayed in Table VQ. The data are weQ
described by Eq. {8), but with valises of (0(I)

which differ slgnlficantly from 0.5.
These data are described equally well by the al-

ternate expression
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term with n.~(0)=0.5 plus lower-lying cor-
rections, then Fig. 6 indicates that for
pion production at p","= 15 GeV/c these correc-
tions contribute about 10% of the total difference
cross section and atP',~=150 GeV/c they still
contribute about 20%. We also note that from
Fig. 6, the relative correction term. is about 3
times smaller for proton production (y~ = 0.2)
than for pion production (y~= 0.6).

E. Further tests of detailed Mueller-Regge predictions

The Mueller-Begge phenomenology SUggests that
the data of this experiment be described by

I

;yf)s "~ +C„'a'.

0
O.l—

O. l 0.2 0.3
s l'~(GeV l)

0.4

FIQ. 6. Plots of the cross-section differences A„& (g;)

=Qg(7r p @II -4a(vr+p c}for @=A, ~+, andp. The
.solid curves are fits (see Table VD) to Eq. (9) and the
dg. shed lines are the Bs ~/~ component of these fits.
I its of Eq. (8) would be iudistingui. shable from the
solKl curves ' shown.

6,~(c) =Bs '~'+ Cs '.
repxesenting the sum of p-exchange and correction
terms with'the same quantum numbers as the p.
The coefficients of this alternate fit are also given
in Table VQ. The fit is shown as the solid curves
in Fig. 6 and its Bs '~' component is shown as the
dashed lines. The fit to Eq. (6) is not visibly dif-
ferent from the solid curves in Fig. 6; it is essen-
tiaDy impossible to discriminate experimentaDy
bebveen these functional forms.

If we adopt the point of view tha, t the cross sec-
hon differences Rre composed of R leading Begge

This formula follows from Eq. (3) of 1 for o.', (0)
=1.0 and a„(0)= 0.5, with the addition of Cs ' terms
to account for lower-lying corrections. The quan-
tities y~ in E'q. (10) are determined by total-
cross-section measurements. From the total-
cross-section analysis of Bef. 4,' Rnd RssUQDQg p
universality, e universality, f-&o exchange degen-
eracy, and p-A, exchange degeneracy, we find
[in units of (mb)'~']

3.8 3.8 3.3

3.4 3.4 1.6

3.3 6.3

1.6 4.9 4.9

where the rows correspond to I', f, p, ~, and A,
exchange and the columns correspond to m, m',

E, K', p, and p' incident. The Pomeron cou-
plings are obtained from Eq. (6) evaluated at 250
GeV/e.

Coefficients of fits of Eq. (10) to the r, m', and

p production data are presented in Table VHI. In
these fits the Cs ' term was included and the data,
mere fitted over the complete energy range 4

y = 2.3 -2.3 1.15 -1.15 1.15 -1.15 (11)

0.0 0.0 1.6 -1.6 4.9 -4.9
0.0 0.0 1.15 1. .15 1.15 1.15 ~

TABLE VII. Fits of Eq. {8)and Eq. (9) to the cross-section differences 6 (c) = 60 (m' p ~ c)—
%P

60 (m'p ~ c), for c = n'- and p. The fits were carried out over the momentum range 4 4 p~'" ~» 150 GeV/c.

Fit to.Eq. (8) Fit to Eq, (9)
D

(pb GeV' 2 )

940+ 150
-990+ 220
—190+ 50

o. (0)

0.31+ 0.05
0.28 + 0.06
0.39 + 0.08

6.5
6.7

8
(pb GeV).

280+ 60
-270 + 90
-190+ 50

C
(pb GeV2)

1010+ 250
-1060+ 350
-170+ 200

5.8
5.9
6.7

DF
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TABLE VIII. Fits to the data of the Mueller-Regge model Eq. (10) for c = r' and p'. The momentum
range for each reaction over which the fit was performed is discussed in the text.

C =P

Pf; (mb~2 GeV)

0.0420 + 0.0010

0.052 + 0.015

0.0721 + 0.0015

0.048 + 0.023

0.0328 + 0.0007

0.098 + 0.008

p - (mb G 'I/')
PC.

P - (mb~ GeV)
PC

0.056 + 0.012

0.015 + 0.015

-0.074 + 0.018

0.025 + 0.021

-0.042 + 0,007

0.018 + 0.009

C „(pbGeV2)

C +„(IMb GeV2}

C„„.(pb GeV2)

C„„(pbGeV~)

0.024 + 0.056

770 ~ 220

-300 + 160

5920 + 1240

—1940 + 240

-0.123 + 0.070

200 + 250

1030 -~ 330

6200 + 1400

-650 + 400

0.003 + 0.036

47.2 46.2

40

&p, & 250 oeV/c for the reactions with a= n" or p'
and c=m'. For the remaining reactions the Cs '
term was omitted and the data, were fitted for 15
~p',~ ~ 250 GeV/c. The fitted energy dependence is
shown in Figs. 4(a), 4(b), and 4(d) as the solid
curves; for Fig. 4(c) (K' production) the fit of
Table V is used. The resulting fit quality is not
significantly worse than that « th«its to Eqs. (I)
or (4) given in Table V, and thus the data are con-
sistent with the Mueller-Begge theory.

Whether. this consistency represents a signifi-
cant confirmation of the theory depends, however,
on a detailed error analysis. For a given produced
particle e, we have measured and parametrized
the cross sections for reactions with six different
incident particles a. We have already seen that the
data are consistent with Pomeron factorization,
and therefore that the energy-independent part «
the cross sections can be expressed successfully
in terms of a single parameter P~~; of Eq. (10) in-
stead of three independent parameters A.,~, of
Eqs. (1) or (4). In addition, the part of the cross
section that varies as s '~' is expressed in Eq. (10)
in terms of four parameters P~~; instead of six
parameters B,~~, of Eqs. (1) or (4). The two re-
sulting linear relationships for each produced
particle c are the unique features of the Mueller-
Begge phenomenology that are tested by the pres-
ent data.

Detailed error analysis shows, however, that
the resulting tests are not stringent, and that,

with data of the present accuracy, the fit quality
ls not very sensltlve to t e actual energy depend-
ence. That this is so is reflected in the large un-
certainty in the A, residues in Table VIII, and in
the fact that both- the v and the A, residues are
statistically consistent with zero.

The rea.sons for the J.ack of stringency of the
tests of the theory are as follows: (1) The reac-
tions with minority beam particles 0 =K or p
have been measured with poor statistical accuracy
and (2) the presence of large corrections to Eq.
(1) introduces large fitting uncertainties in the
deterQ1lnatlon of the coefflclents of the s ' terms
in the energy dependence. Error analysis of a hy-
pothetical experiment in which minority-beam-
particle reactions are measured as accurately as
the others shows that the sensitivity to the theo-
retical linear relationships is improved by about
a factor of 2, and the test of theory is still not
decisive. Indeed, it appears 'that, in the present
kinematic region, the Mueller-Begge phenomenol-
ogy is effectively unverifiable.

F. Comparison with other experiments

Extensive results on the s dependence of proton
fragmentation by hadrons have been obtained in
bubb" e-chamber experiments. ' To get adequate
statistical accuracy, the data are integrated over
a large region of phase space, for example -0.4
&pc&0.2 GeV/c and 0&p, & ~, so a direct compari-
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son with the present work cannot be made. There
is qualitative agreement, however, on the pres-
ence of nonleading correctioris to the proton- and
antiproton-induced reactions, and on the approxi-
mate validity of Pomeron factorization in the high-
energy limit. Owing to the relatively large sta-
tistical and systematic errors, no quantitative
analysis of the type presented here was given.
Also, the nonleading terms in the pion-induced
reactions were not seen.

G. Summary and conclusions

For single-particle iriclusive scattering in a.

specific part of the target-fragmentation region,
we have demonstrated that corrections to the
simple Mueller-Begge s dependence, Q+Bs ' ',
are required. Nonetheless, the data support two
conclusions about the asymptotic cross sections:
(1) Particle- and antiparticle-induced cross
sections approach the same asymptotic limit, and

(2) the ratios of m, . K, and p induced cross sec-
tions approach the same limits as the ratios of
the m, K, and p total cross sections. The dif-
ferences between particle- and antiparticle-in-
duced cross sections approach their asymptotic
limit in a manner which qualitatively supports the
Mueller-Begge model; quantitative analysis, how-
ever, shows the existence of large correction
terms in the phase region of this experiment.
The data are shown to be. consistent with the
Mueller-Regle. model, but do not put strong con-
straints on the model. Extended studies in other '

regions of (y~, .pr) phase space are in progress.
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