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Inclusive single-particle spectra for m+ production are presented for data from m+p interactions at 100
GeV/c. The spectra for the four reactions vr+p ~m++ anything are conipared as a function of.laboratory
longitudinal momentum, Feynman x, center-of-mass (c.m.) rapidity, and transverse momentum squared.
Comparisons are also made between these data and analogous data from 16 and 18.S GeV/c m+p

interactions and the energy dependence is discussed, Average values of the transverse momentum are given as
a function of the longitudinal momentum and charged-particle multiplicity. A comparison of the charge
distributions is presented as a function of rapidity and c.m. energy.

I

I. INTRODUCTION AND DEFINITIONS forms:

Inclusive charged-pion production in n P inter-
actions has been studied extensively at incident-
beam momenta below 25 GeV/ (cRef. 1-3) and a
preliminary analysis of the leading particle effect
in v P interactions at 100 GeV/c has recently been
published. ' In, this paper we present a compre-
hensive study of m' production in 100 GeV/c v'p
interactions as observed in the Fermi National
Accelerator Laboratory (Fermilab) 30-inch hy-
drogen bubble chamber. In order to obtai. n in-
creased accuracy on the momentum determination
for fast forward-going charged particle's we have
made use of the wide-gap optical spark-chamber
hybrid system. This system provides unbiased
detection of charged secondaries in all regions of
phase space.

The data are presented in terms of four common
variables: (a) The longitudinal component of the
laboratory momentum, '

P~; (b) the Feynman re-
duced center-of-mass (c.m. ) longitudinal momen-
tum, +=A/P* =2Pz~/u s; (c) the c.m. longitudi-
nal rapidity, y*=—,

' in[(E~+ P~~)/(E* —P~~) j (where
the superscript asterisk refers to c.m. quantities);
and (d) the square of the transverse momentum,
p~'. In terms of.these variables the invariant dis-
tribution function, or structure function, has the

do . E dg
f(p& ) d3- (1a)

1 ~ do'
7Tp ~ .dXdpz

1 do'
m dy~dp~'

For convenience in discussing the reactions,
m' p m" + anything,

m p- n'+ anything,

m'P- m + anything,

and

m'p -m'+ anything,

(1b)

(1c)

(2)

(3)

(4)

(5)

we follow the notation of Bosetti et al. ' and let f
denote the structure function for the process m'p-n'+ anything, where the first subscript refers
to the charge of the beam particle and the second
subscript refers to the charge of the produced
plOA.

In Sec. II we discuss the experimental details
and data sample used for analysis. In Sec. III the
longitudinal distributions are presented, and from
a comparison with other published data the energy
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TABLE I. Number of-events and cross sections used. ELEVATION VIEW
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inel 2

4
6
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22

Totals
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1
3730
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5.17
4.30
2.50
1.41
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6
2
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dependence of m' production in m'P interactions is
studied. The properties of the transverse-mo-
mentum distributions and the correlation between

Qr) and x (or y) are discussed in Sec. IV. In Sec.
V, we study the charge distributions in these data.
Section VI presents a summary of the main con-
clusions.

II. EXPERIMENTAL DETAILS AND DATA SAMPLE

The data presented in this paper come from four
separate exposures of the Fermilab 30-inch hy-
drogen bubble chamber to 100 GeV/c pion beams.
The first m' and m' exposures of 53 000 and 104000
pictures, respectively, w'ere taken by the CERN'
and Davis-LBL' groups, and, following agree-
merits with Fermilab, the bubble-chamber photo-
graphs were later given' to the present groups in
order to combine the bubble-chamber data with the
information from the downstream spark chambers.
The second exposures of 56000 m P and 83000 m'P

pictures were taken by the present groups. All of
the m'p data in this paper have been measured and
analyzed by the Purdue-Wisconsin group, ' and the
w p data have been obtained by the Michigan State-
Fermilab-Iowa State-Maryland CoLlaboration.
The numbers of w'p events used in this analysis
are shown in Table I along with the cross sections
that have been used for normalization. For both
experiments, the elastic events have been re-
moved after determination by kinematic fitting,
A11 negative particles are assumed to be m, pro-
tons with laboratory momenta less than 1.4 GeV/c
have been identified by ionization in the bubble
chamber, and all remaining positive particles are
assumed to be m'. We estimate that about 70% of
all protons have been identified by ionization. The
remainder comprise about 5% of all unidentified
positive tracks and have a negligible effect on our

TRIGGER:,

2 2'

& & ~
I 4

I

,5, q 5
&

FIG. 1. Schematic view of the 30-inch bubble-cham-
ber and wide-gap spark-chamber hybrid system.

conclusions unless explicitly noted.
The particle identification in the positive beam

was determined by a 34-m-long differential Ceren-
kov counter located 400 m upstream from the 30-
inch bubble chamber. The ratios found were 46%
&', 1 5/o K'., 50% p, and 2.7% p'. ' Each w'p event
used in this analysis ha, s been uniquely 'identified
as a m' interaction using the Cerenkov counter in
conjunction with the upstream proportional-wire-
counter beam-tagging system. For the m p ex-
periment, the contamination due to nonpion inter-
actions is less than a few percent and has been
ignored.

The downstream wide-gap optical spark-chamber
system" is shown schematically in Fig. 1. The
four dual-gap spark chambers were triggered, as
shown in Fig. 1, either by a deflected (interacting)
bea.m track or by a secondary multiplicity trigger
corresponding to two or more particles in a scin-
tillator measuring the energy loss. On typical
secondary tracks this system yields a bP/P
-+(4 x 10 ')p (where P is in GeV/c). Since some of the
forward-going tracks interact in the downstream hy-
drogen or the bubble-chamber windows and since
there is an inefficiericy due to the spark-chamber
dead time, not all events with fast forward-going par-
ticles have spark-chamber information. In order
to obtain the best resolution possible in the beam-
fragmentation. region, we use only those tracks
which have complete bubble-chamber and spark-
chamber information merged together (hooked up).

For the w"p data we have used only those tracks
which have both bubble-chamber and spark-cham-



COMPARISON OF INCLUSIVE CHARGED-PION PRODUCTION. . .

I.O I l

(a) ~ production
c%

d ddddd~ X x
d POOP% ~ ~ Q ~

g Xe, gh

x

I.O )

(b) Tr+ production

I I

$ ~ Oy ~

~&c & 'Q, L~~&& ~.a'

N I-
CL

N )-
CL

b ~~
N

O

O. I—

UJ) b

O.OI—

p m p IOO GeV/c

x Tr+p IOOGeV/c

d Tr p l8.5GeV/c
~ Tr+p I8.5 GeV/c

bl I-
CL

bl )-
CLb~

bl
CL

0. I

0.01

~ 0

p Tr p IOO GeV/c

x Tr+p IOO GeV/c

d Tr p l8.5GeV/c
~ Tr+p IS.56eV/c

O.OOI— O.OOI

I

-0 4 -0.40
I I I I I I ) )

0.4 0.8 1.2 I.6 0 0.4 0.8 I.2 l.6

pL ( lob, GeV/c) p„(lab, GeV/c)
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ber data for values of x ~ 0.55. The normaliza-
tion in this region is obtained by assuming that the
integrated inclusive cross section for x~0.55 is
given by the bare chamber data for x —0.55. Ow-
ing to the limited statistics in this region (=150
hooked-up tracks), this procedure is quite ade-
quate. For the m'p events, we have only, used
hooked-up tracks for x~ 0.2 and each track is
weighted' according to the overall hookup accep-
tance as obtained from a study of 100 GeV/c pp
events from the same exposure and by invoking
the symmetry of the pp interaction in the center-
of-mass system.

III. LONGITUDINAI, DISTRIBUTIONS

I I I I I I I

-0.4 -0.2 0 0.2 0.4 0.6 0.8 I.O

p (GeV/c)
L

I.2 I.4 l.6 In this section we integrate over all transverse
momenta and discuss the data in terms of the de-
pendence on longitudinal variables.

FIG. 5. Ratio of the invariant cross sections for ~ p
and ~'p interactions at 100 GeV/c as a function of the
longitudinal laboratory momentum.

A. Target-fragmentation region

We first consider pion production in the target-
fragmentation region'. It has been suggested by
Benecke et al."that the spectra of produced par-
ticles in the kinematic region where the produced
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particle has a small momentum in the rest frame
of the target should become independent of the
total c.m. energy, Ws, a.s Ws becomes very large.
This is the hypothesis of limiting fragmentation.
A recent study" of m' production in pp interactions
has shown that if such an energy independence does
occur it must happen at energies above those cur-
rently attainable at Fermilab. In order to test this
hypothesis in m p interactions, we show in Figs.
2(a) and 2(b) the n' and v' structure functions, in-
tegrated over all p~' and normalized to the total
cross sections:

"E d'0
p

gg dpi, dpi'

as a function of P~ for r'p data at both 100 and 18.5
GeV/c. ' These plots show that for the beamlike
pion-production reactions, (2) and (5), there is a
strong energy dependence with the low-energy data
showing larger cross sections. For the nonbeam-
like pion production the energy dependence is much
weaker although the cross sections still show a
slight decrease with increasing beam momentum.
This energy dependence is shown explicitly in Fig.
3, where the ratio of the cross section at 100
GeV/c to that at 18.5 GeV/c is plotted as a func-
tion of p~ for the four processes (2-5). The two

reactions in which the produced particle and the
beam particle are identical show a stronger depen-
dence on v s than reactions (8) and (4).

To investigate the functional form of the Ws de-
pendence in more detail, we integrate over the re-
gion —0.4 —p~ —0.2 GeV/e and plot the integrated
cross section versus s ' '. The results are shown
in Fig. 4, where they are compared with all avail-
able data. " Note that the cross sections in Fig. 4
have been normalized by o&, the Pomeron contri-
bution to the total cross section at each beam mo-
mentum as parametrized by Quigg'4:

o~ (p„„)= (15.18 mb)p„»'O755.

Figure 4 shows clearly the effects seen in Figs.
2 and 3, namely that all cross sections decrease
with Ws and that reactions (2) and (5) have the
strongest energy dependence. The data on the
four processes shown in Fig. 4 appear to be com-
patible with a linear dependence on s ' ' as pre-
dicted by Chan et al."and by Miettinen. " In fact,
a recent study" of all the available data on w' pro-
duction in NN, KN, and mN interactions has shown
that these data are in good agreement with the pre-
dictions of Chan et al. The data shown in Fig. 4
clearly demonstrate that if the hypothesis of lim-
iting fragmentation is valid it must be true only
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for energies exceeding those for which data are cur-
r ently available.

Figure 5 shows the ratios of the structure func-
tions, f,/f „and f,./f, at 100 GeV/c as a func-
tion of p~. It is clear that the rates for m produc-
tion at 100 GeV/c are sensitive to the nature of
the beam even for produced pions that are very
slow in the laboratory and that the ratios appear
constant over the range -0.2 —p~ —1.6 GeV/c.

B. Beam-fragmentation region

Figures 6 and 7 show the w' and w inclusive
Feynman x distributions for our 100 GeV/c data
compared to data at 8 and 16 GeV/c (Ref. 1) and
at 40 GeV/c. " Figure 6 shows that the spectra
for beamlike pions are similar in both shape and
magnitude. The dominant feature is the peaking
near x=+1. This peak arises from the diffractive
excitation of the target proton. We have shown
elsewhere4 that the inelastic two-prong events
are the dominant contributions to this peak. It
should be noted, however, that the elastic events
which w'ould also populate this region have been
removed. Figure 7 shows that for the nonbeam-
like pion spectra there is no peak for p„„greater
than 16 GeV/c but that the asymmetry about x = 0
is still a dominant feature of the distribution. The
larger forward-c. m. -hemisphere cross sections
are due to diffractive excitation of the beam pion. "

Other features apparent in Figs. 6 and 7 are the
decreasing cross sections in the target-fragmenta-

~ (IO -6
I I . I I I

-4 -2 0 2 4 6
I|+

FIG. 9. Rapidity spectrum, normalized to the total
~p cross section, for the reactions 7l'p-7l'+ anything
at 100 GeV/c.

tion region (as discussed in detail above) and in
the beam-fragmentation region (x ~ 0.4) as the in-
cident momentum increases. The latter feature
is shown more clearly in Fig. 8. In order to make
a comparison with previously published data at
lower energies" the inclusive single-particle spec-
tra have been integrated over the region 0.4 —x
—0.8 and again normalized to o& as in Eq. (7). In
this region, processes (2) and (5) are dominated
by diffractive excitation of either target or beam
(mostly the latter) and show a strong energy de-
pendence. The reactions (3) and (4) behave in a
manner similar to the target fragmentation data,
i.e. , they fall slowly with increasing energy and .

are consistent with a common cross section at in-
finite energy.

C. Central-region production

For the study of central-region pion production,
the most suitable variable is the c.m. rapidity y .
A well-known feature of m' production in pp inter-
actions is the rise of the cross section at y*= 0."
Central-region pion production may now be studied
in high-energy w'p interactions.

A comparison of the rapidity spectra for reac-
tions (2)-(5) is shown in Fig. 9. In the central re-
gion, the values of the cross section are strongly
dependent on the charge of the incident and pro-
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duced pions. The cross sections for producing
pions with the same charge as the beam ("fa-
vored") are significantly larger than those for
pions produced with the opposite charge to that of
the beam particle ("unfavored" ).

Figures 6 and 7 also show that the m' cross sec-
tions near x= 0 are rising with energy and that the
effect is larger for the nonbeamlike reactions (3)
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and (4) than for processes (2) and (5) where a
strong leading-particle effect can exist. The en-
ergy dependences of these cross sections" are
shown in Fig. 1O (Ref. 20) where the cross-section
dg/dy, evaluated at y*=0, is plotted as a function
of s ' which is the energy dependence expected
from the Mueller-Regge phenomenology. " Note
that the cross sections have again been normalized
by o~, Eg. (7). The dominant features of Fig. lo
are the following:

(a) The cross section for v'p-m rises almost
linearly with decreasing s ' in much the same
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way as pp-~'."
(b) The cross sections for v'p-v' and w p v

appear to fall with increasing beam momentum
from the lowest energy studied (at P„»=3.7 GeV/c)
to about s '/~=0. 27 (P„„=100GeV/c). The high-
est-energy data (for P„»& 100 GeV/c) appear to be
approximately independent of s ' ' and have about
the same magnitude as the m'p-m data.

(c) The trend of the v p- v' data is somewhat un-
clear at the lower energies but this process has
approximately the same magnitude for P„„~100
GeV/c as the other three processes.
The decrease at y*= 0 for reactions (2) and (5) may
be understood in terms of the decreasing contri-
bution of the diffractive-excitation process to the
central-region cross section. As seen in Fig. 6
the diffractive peak near x=+1 appears to
be moving towards the kinematic limit (x
=+1).' Presumably, at higher energies the y*= 0
cross section for these two reactions will begin
to increase in much the same way as observed
for pp-m and m'p m .

D. Comparison of 7t -'p interactions

In Figs. 11 and 12 various ratios are plotted as
a function of the Feynman x variable for reactions
(2)-(5) at 16 (Ref. 1) and 100 GeV/c. Figure 13
shows the ratios at 100 GeV/c as a function of
rapidity. The dominant features of these plots
are the following:

(i) For beamlike (favored) Pion Production:
(a) At 16 GeV/c (Ref. 1) it was found that the

leading-particle cross sections in m'p- m' are
quite similar in the forward hemisphere where

f /f „ranges from 0.9 to 1.0 for 0.16 x 6 0.9
[see Fig. 11(b)]. At 100 GeV/c, f /f. , is con-
sistently above 1.0 for x&0.1 (y~&1.5).

(b) For x &' 0.9, it appears that f /f „rises
rapidly at both 16 and 100 GeV/c [Figs. 11(b) and

13].
(c) In the backward hemisphere, the f„cross

sections are larger than f „at both 16 and 100
GeV/c. This is presumably due to the equal
charges of the m' and target proton. The ratio of

f /f, , is falling with increasing e.m. energy
[Fig. 11(b)].

(d) The ratio of f at 100 GeV/ tocthat at 16
GeV/c shows [Fig. 12(b)] that the cross section is
falling for xs -0.1 and x& 0.7 (as was discussed
above) and is rising near x = 0.

(ii) For nonbeamlike (unfavored) Pion Production:
(a) The ratio of f, /f „is almost independent of

c.m. energy for x ~ 0.4 but rises with increasing
energy for xS 0.4 [Fig. 11(b)].

(b) As a function of energy, f, /f rises for x
~ 0.1, falls slightly for 0.i~ x% 0.6, and is ap-
proximately constant for xZ 0.6 [Fig. 11(a)].
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FIG. 14. Transverse-momentum-squared distributions
for 71~ production at 100 GeV/e.

(c) In the backward hemisphere, f,/f „and f, /
f are both smaller than unity at both energies
[Figs. 11(a) and 11(b), Fig. 13] suggesting that the
charge of the beam still affects the m' production
cross sections in the target-proton-fragmenta-
tion region it 100 GeV/c. ' Both ratios are increas-
ing towards unity as the beam momentum is in-
creased from 16 to 100 GeV/c.

(d) The ratio of f, /f „shows no energy depen-
dence for ~x~ & 0.2, but is increasing for x

~

& 0.2
as the incident-beam momentum increases from
16 to 100 GeV/c [Fig. 11(a)].

(e) The ratio f, /f, shows no energy depen-
dence throughout the entire x range [Fig. 12(a)].

(f) For x& 0.2, the ratio f,/f rises steadily
as x becomes smaller and as the energy increases.
For x & 0.2, the opposite is true, although the en-
ergy dependence is not as strong. The forward
hemisphere data reflect the fact that f, falls more
rapidly with increasing energy than f which is
dominated by diffractive excitation. The conclu-
sion to be drawn from Figs. (11)—(13) for the 100-
GeV/c data is similar to that found at 16 GeV/c
(Ref. 1), i.e. , that the charge of the incident pion
appears to have a longer-range effect than the
charge of the proton.

IV. TRANSVERSE-MOMENTUM DISTRIBUTIONS

Figure 14 shows the transverse-momentum dis-
tributions for the four processes at 100 GeV/c.
All four reactions have a similar shape although
there is some evidence that f„is increasing with

respect to.f, at the higher pr' values. This is
shown in more detail in Fig. 15 where various ra-
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tios are given as a function of p~'. In addition to
the increase of f, If, , f. If, shows a slight
decrease while f If, and f„If appear to be
equal and independent of p~'. It is clear from Fig.
14 that a simple exponential function in p~' cannot
describe these data.

A. Longitudinal- and transverse-momentum correlations

In Figs. 16 and 17 we show the average values
of pr for the four reactions (2)-(5) at 100 GeV/c.
The well-known "seagull" effect is strong in our
data with the decrease in (pr) near x= 0 occurring
in all four processes when (pr) is plotted versus
x. When (pz) is plotted versus y*, Fig. 17, no
such effect is observed. The other main features
of these figures are as follows:

(a) For m p interactions at 100 GeV/c, the values
of (pz) for m' are larger than for m in most of the
backward c.m. hemisphere, and vice versa in the
forward hemisphere.

(b) As a function of the incident-beam momen-
tum, the maximum value for (pr) does not appear
to increase. However, Fig. 17 shows that from 16
to 100 GeV/c, the distribution broadens as a func-
tion of y* but otherwise keeps a similar shape.

(c) The value for (pr) for f, peaks near y = -1.2
while (pr) for f peaks near y=+2. A similar ef-
fect is observed in the 16 GeV/c m p data (Fig. 17).
The f, , data show a definite energy dependence
with the peak in (pr) moving from y =+1 to y = -1
as the beam momentum increases from 16 to 100
6eV/c.

B. Charge-multiplicity dependence of (p~)

The dependence of (pr) on the charge multiplicity
is shown in Fig. 18 where a comparison is made

with data at 8.05 and 18.5 GeV/c (Ref. 2). There
is a clear dependence on the incident-beam mo-
mentum with (pr)„ increasing with higher beam
energy for fixed n, and the decrease in (pz) with
n becoming less strong as the beam energy rises.
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FIG. 18. Average values of the transverse momentum
as a function of the associated-charged-particle multi-
plicity at 8, 18.5, and 100 GeV/c.
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more, one can study the extent to which these
charged fragments behave in an energy, —.indepen-
dent way. Figure 19 shows the average charge
deposited in a given rapidity interval, dQ/dy, as
a function of y* for m"p interactions at 16 (Ref. 22)
and 100 GeV/c. To compute dQ/dy, we have in-
cluded all charged particles, including identified
protons, and then subtracted the rapidity spectra
for negatively charged secondaries from that for
positive secondaries and normalized by the in-
elastic cross section (Table I):

0 ~

0 —.

I

-4 -3 0
y+

2 3 4

FlG. 19 Charge distributions in 16- and 100-GeV/c
r p interactions as a function of the c.m. rapidity.

V. CHARGE. DISTRIBUTIONS

In this section we investigate the distributions of
charge as a function of y* for' m'p interactions at
100 GeV/c. By studying such distributions one
may hope to study the processes of target-proton
and beam-pion fragmentation in a model-indepen-'
dent way. At infinite energies one might expect
the charges carried by the incident projectile and
target to remain in thei, r fragmentation regions
and not to extend into the central region. Further-
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FIG. 20 {a) The difference and {b) the sum of the charge
distributions in ~'p and ~ p interactions at 16 and 100
GeV/c as a function of the c.m. rapidity.

dQ 1 do do—(+) ——(-) (9)
dg 0'g „g 4g dg

With such a normalization we obtain f (dQ/dy)dy
= 0 (+2) for w p (m'p) interactions at any energy.
Figure 19 shows that target and beam fragmenta-
tion are tending to be concentrated at larger !y*!
values as the incident-beam momentum increases.
It also appears that the maximum value of dQ/dy
in the target-fragmentation region is increasing
(decreasing) with increasing beam momentum for
v P (m'P) interactions.

To investigate the separate effects of target and
projectile fragmentation, we next form linear
combinations of the charge distributions for m'p

interactions:

1 dQ (, )
dQ

( ) (10}

From the distributions presented here for in-
clusive m' production in m p and m'p interactions
at 100 GeV/c, and from comparisons with data at
other energies, we find the following:

The distributions for Z as a function of y~ are
shown in Fig. 20, again for both 16 and 100 GeV/c.
Once mote, we note the tendency for the target
and projectile charge fragments to be concen-
trated at larger values of !y*!. The shape of the
m fragmentation IFig. 20(a)] app'ears to be energy
independent, while the target-proton fragmenta-
tion does show a change from 16 to 100 GeV/c;
although it is possible that this is a result of dif-
ferences in the kinematic regions for (slow) pro-
ton identification at the two energies.

Also clearly apparent in Fig. 20 is the fact that
the proton charge fragmentation distribution, Fig.
20(b}, is narrower than the m charge fragmentation
spectrum. A similar effect has been observed in
10 and 16 GeV/c I( p interactions. " Finally, we
note that the extent of the two charge distribu-
tions, with both fragments extending about 2 units
past y*= 0, is such that even at 100 GeV/c there
is no neutral central region observed.

1

VI. SUMMARY OF RESULTS
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(a) Unfavored fragmentation in both the target-
and projectile-fragmentation regions displays a
weaker energy dependence than favored fragmen-
tation, although both reactions. exhibit an s ' ' be-.
havior. We note that in the projectile-fragmenta-
tion region the asymptotic cross sections for f
and f„are not the same, and both are different
from the s=~ cross sections for f, and f,.

(b) Central-region production for f, rises lin-
early with s '~' while f and f„decrease and then
approach the values for f, and f,.

(c) The ratio f, /f „is energy independent in
the backward c.m. hemisphere, others (e.g. ,
f /f„, f,/f ) are energy independent in the for-
ward hemisphere, while f. /f, shows no energy
dependence anywhere.

(d) The Pr distributions are relatively insensi-
tive to the charges of incident and produced pions;
although some increase in the ratio f„/f, is ob-
served as pr' increases.

(e) The correlation between pr and the longitudi-
nal variables shows the seagull effect when (pr) is
plotted as a function of x but not when plotted ver-
sus g

(f) (pr) for fixed charge multiplicity increases
for increasing energy, while the decrease of (pr)
with increasing multiplicity becomes weaker as
the energy increases.

(g) The shape of the charge distribution for pion
fragmentation appears to remain the same as the
incident-beam momentum increases from 16 to
100 GeV/c.

(h) The charge fragmentation distribution from
the target proton is narrower than that from the
fragmentation of a projectile pion.
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