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A model for particle production is presented in which the features recently observed in
inclusive distributions can be reproduced. The calculation emphasizes the role of resonance-
like objects which are diffractively produced and decay mainly through cascade emission of
pions. The cross section for producing these objects which we call novas is diffractive and
does not depend on energy. As a function of nova mass it rises to a low mass maximum
(below 2 GeV) and falls off in a way which is controlled by Regge behavior and duality. We
then construct a zero-parameter model for the inclusive distributions which also gives
many predictions about exclusive reactions. Among the many features which can be obtained
in terms of this picture are: the rapid approach of scaling for secondaries with relatively
large center-of-mass momentum; a slower approach for soft secondaries and the pseudo-
scaling observed at present machine energy in certain reactions; a simple connection be-
tween the transverse-momentum distribution, the longitudinal-momentum distribution, and
the average multiplicity of secondaries; charge effects which should not vanish asymptoti-
cally; and a marked difference between meson and baryon distributions. The approach to
scaling is connected to the rise of the diffractive cross section as inferred from the behavior
of the K+P total cross section. One also obtains an understanding for the "quark frame"
results and the center-of-mass isotropy of slow secondaries.

I. INTRODUCTION

Recently much effort has been devoted to obtain-
ing systematic surveys of inclusive cross sections. '

Enough reactions have now been analyzed over the
entire kinematic region to allow a comprehensive
analysis. ' ' For pions, which are by far the domi-
nant secondaries, the key features of their inclu-
sive distributions appear to be a strong maximum
around zero center-of-mass momentum, and a
rapid approach to a scaling limit for some medi-
um values of ~x ~,

' the Feynman scaling variable. '
The distributions of secondary baryons differ from
the meson distributions. Here the invariant cross
section is much flatter, or even rises for increas-
ing values of ~x(, whereas itdrops sharply with ~x(
for pions. The kaons exhibit an intermediate be-
havior. In the cases where the observed second-
ary is identical to one of the initial particles, a
strong leading-particle effect is observed, and
has been known for a long time. These and other
prominent features of inclusive cross sections
have already been discussed and reviewed in sev-
eral papers. '

One feature of these distributions which has at-
tracted much attention is their slow variation with
energy. In fact, some reactions appear energy-
independent around x =0, which could be taken as
evidence that an asymptotic scaling limit' "has
already been reached there at present machine
momenta" (10 to 30 GeV/c). For example, the
invariant cross section" for n'1 (v") varies little

between 8 and 16 Gev/c at x =0,' and m p (m )
shows little change between 8, 18, and 24 Gev/c. '
The observed ratio of the 24-GeV/c to the 18-GeV/c
distributions around x =0 is 1.10 +0.05. However,
often the data show marked energy dependence
and other behavior which indicate that the asymp-
totic limit has not yet been reached. For example,
the m'p(w ) cross section at x =0 rises by a factor
of 1.2 between 8 and 16 GeV/c. ' Moreover, this
cross section is a factor of 0.6 times that of
v'p(v') at x=0. Similarly, the ratio of m P(v ) to
m P (r') is 1.4 at 18 GeV/c and x =0.' However,
one expects asymptotically the average multiplici-
ties of m"s and m 's to become equal in m - or @'-
induced reactions, which implies that these ratios
of invariant cross sections go to one, provided the
distributions do not vanish at x =0.

Another important fact is the great energy de-
pendence observed in the topological cross sec-
tions at present machine energies. Although the
strong 4-prong cross section is fairly flat in the
10-30-GeV/c region, the inelastic 2-prong one
decreases, while the 6-prong cross section rises.
This can lead to obvious compensating effects in
reactions like m P(m ) or v'P (v'), and an apparent
scaling may result which might fail at higher en-
ergies. This phenomenon, which we call pseudo-
scaling, will be further discussed. The 2-prong
events cannot contribute to m p(n') or v'p(n -),
and for these reactions energy dependence at x =0
is observed.

On the other hand, for intermediate values of
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FIG. 1. Experimental 7(+ and x distributions,

~x~ some reactions show an impressive scaling
property which may indicate a low-energy onset
of limiting fragmentation. " One finds striking
correlations between the initial particles and the
observed one. Even though the x distributions
associated with secondary particles of the same
isomultiplet show similar shapes, their values
sometimes differ by a factor of order 2. For ex-
ample, w p(w') is about 1.5 times larger than
w p(w ) at@ =-0.4 (baryon fragment), even though

w p(w }and w'p(w }are compatible within error
bars here. Similarly for positive x values around
0.4, the w p(w ) cross section is twice the one ob-
served for w p(w'}. (This ratio must, of course,
be taken below the onset of the leading-particle
peak. } These charge ratios in the intermediate-x
regions do not seem to change with energy. The
data showing these systematics are gathered to-
gether in Fig. 1, which sketches the available re-
sults at 16 GeV/c for pion production in pion-
induced reactions. " This connection between one
of the initial particles and the observed particle

x= dkf( )=

obtained from 7t++ and x -p collisions at 16 GeV//'c, inte-
grated over all k z2. Units are pb. The curves which
are drawn through the histogram structure of Ref. 2 il-
lustrate the similarities and differences obtained when
the charge of an incident or observed particle is changed.

is also found in baryon distributions.
The theoretical pictures used to interpret these

data have so far been extrapolations of asymptotic
models to present machine energies. Perhaps the
two most popular models have been the multiperiph-
eral model" with its multi-Regge-exchange
generalization, "and the limiting-fragmentation
diffraction model. ' These models have both been
rederived as different asymptotic limits of a com-
mon Regge-like theory. " The multiperipheral
model is intended to give a description of particle
production at low center-of-mass momentum,
whereas limiting fragmentation is appropriate for
secondaries which follow either the beam or tar-
get particle.

One major success of the multiperipheral model
is its prediction of a logarithmic increase of aver-
age multiplicity" with energy, which appears to
be correct experimentally. " Nevertheless, around
x =0 the ratio of the invariant distributions for
w'p(w ) and w'P(w') should be very close to unity,
since the correlation of the middle of the multipe-
ripheral chain with the end particles vanishes.
Moreover, the rapidity distribution implied by
this model is much flatter than that which is ob-
served experimentally and which shows rather a
Gaussian shape. " A way out of these difficulties
is to group the secondaries into clusters which
are themselves produced in a multiperipheral way.
However, the number of clusters inferred from
the observed multiplicity is much too small not
to violate the spirit of the model when applied to
inclusive analyses at present machine energies. '
Other modifications intended to explain the ob-
served structure function are very complicated. "
Such features suggest that the model, if applicable
asymptotically, is not quite suitable for present
energies.

At the same time, a purely fragmentation pic-
ture seen also as an asymptotic one taken literally
would predict a dip at zero center-of-mass rapid-
ity, when present pion data show a maximum.
Nevertheless, the charge ratios shown in Fig. 1

strongly suggest that a picture which emphasizes
the diffractive excitation of the beam and (or) tar-
get particles should be relevant at presently ac-
cessible energies. "' A superposition of both parti-
cle fragmentation and multiperipheral pionization
does explain qualitatively most of the observed
features, t

"but this is so flexible that decisive
checks or quantitative predictions have not been
possible so far. This situation is somewhat frus-
trating in view of the fact that inclusive experi-
ments involve so much averaging that one might
expect a simple picture to hold as long as the de-
mand for accuracy is not too stringent, which is
certainly the case at present.
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The purpose of this paper is to propose a de-
tailed answer to this tantalizing problem. We
develop a simple model, intended to work at pres-
ent machine energy, which accounts for most
aspects of the data very easily. The model leads
to many predictions about inclusive and exclusive
distributions which appear satisfied experimental-
ly, or await check. The model has been briefly
described in a letter. " We proceed here with a
more systematic account, together with a survey
of many predictions and experimental checks.

Present machine momentum is considered to
range from 10 to 30 GeV/c. In this momentum

range, we suggest that the dominant inelastic pro-
cess is the diffractive excitation of e&~@e~ the beam
or target particle. "' As a result, the main features
of the inclusive distributions are determined by
the diffraction excitation spectra (and by kinemat-
ics), and a strong leading-particle effect is ex-
pected. These excited states, or combination of
states, will decay mainly through pion emission,
and after a bright mesonic flare will return to a
hadronic ground state. We call this flare a nova.
Although the exact nature of the nova and its de-
cay mechanisms are not really needed at the pres-
ent level of accuracy, there is one feature which
is extremely important. Due to the weakness of
the triple-Pomeranchon coupling, " the diffractive-
ly excited novas will behave as resonances. " A
nova is a very special "fireball, " and its reso-
nance nature will lead to specific properties re-
garding the energy and the multiplicity of the de-
cay pions which almost determine the shape of
the inclusive distributions. The quantum numbers
of the beam or target particle are furthermore
kept by the nova. This has many direct conse-
quences. Thus, we see the nova as a combination
of resonances decaying through cascade emission
of pions. " Of course other decay modes are pres-
ent, but it is well known that pion production
dominates by nearly an order of magnitude.

The two primary features of diffractive excita-
tion in this model are, first, the cross section
for the production of a nova of mass M is inde-
pendent of energy as long as it is kinematically
allowed, '4 and second, it is a process which does
not change internal quantum numbers and conse-
quently yields strong constraints on the branching
ratios of the novas as long as the multiplicity of
secondaries is not too large. " This second fea-
ture leads to a simple explanation of the charge
ratios of Fig. 1, including the impressive cross-
over effect. We suggest then that the main in-
elastic process is the diffractive excitation of ei-
ther the beam or target particle into a nova corre-
sponding respectively to the two graphs of Fig. 2.
Of course this is not the only production process.

FIG. 2. Single-nova excitation of either beam or
target particle. Owing to the intricate nova decay, the
two cross sections may be simply added up incoherently
to obtain the inclusive cross section.

However, as the dominant process (about —', of the
inelastic cross section), it should be adequate for
understanding most of the features of the inclusive
distributions. 2'

It is obvious at this stage that a crucial point in
this approach is specifying the cross section for
producing a nova of mass M. This is just the dif-
fractive excitation spectrum of resonances, and
the features of nova production are just those of
the production of single diffractive resonances. "
The cross sections for each individual resonance
are well known to be small (&1 mb), so we have
to consider the excitation of relatively high-mass
objects. Then the number of states may compen-
sate the low individual yield and consequently build
up the observed inelastic cross section. " However,
the production cross section of very heavy novas
should decrease with mass in order to give a
bounded total cross section. As later discussed,
the absence of triple-Pomeranchon coupling leads
to a I ' decrease of the excitation cross section.
The mass spectrum we expect should show a sharp
rise, jagged with resonance peaks, followed by
a decrease with mass, the maximum being around
2 GeV for baryons and somewhat less for mesons.
The shape of the spectrum is further discussed
in Sec. II, but the presence of this maximum is an
important feature of the model. Because the most
prominent nova masses are so high, we are led
to consider single excitation as the dominant ef-
fect, rather than double excitation, at least at
present machine energies. Indeed, there is a
kinematical preference for single-nova production
if one follows the usual notion that diffraction ex-
citation is associated with low momentum trans-
fer squared. For single excitation the minimum
value of ~t I goes down with s as s ', but decreas-
es only as s ' for double excitation. If one 2-GeV
nova is produced, the momentum transfer can be
kept small only for quasielastic scattering of the
other particle. " Of course a low-mass resonant
state could be produced, but this cross section
should be relatively small. " If the momentum-
transfer argument does not apply, and double ex-
citation of two relatively heavy novas is dominant,
then as estimated later, one would expect an av-
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erage multiplicity at present energies which
would be higher than the observed one.

There appears to be increasing evidence" "for
the importance of single diffractive excitation,
found in the exclusive analysis of particular final
states. Single diffractive excitation is by far the
most prominent mechanism in producing 4-parti-
cle final states in mp and Kp collisions around 10
GeV/c. These data also provide evidence for rela-
tively strong cross sections for diffractively pro-
ducing high-mass novas. However, it should be
noted that these final states total at most 20% of
the possible configurations. Furthermore, an
analysis of 4-prong rather than 4-particle final
states is really needed to ascertain the dominance
of single-nova production, since double diffractive
excitation would then be generally possible when

it is not possible for 4-particle states studied in
meson-baryon collisions. Evidence for the domi-
nance of single excitation has indeed been reported
for pp collisions, "at least for some configura-
tions.

One can use the available exclusive analyses'
to obtain some information about the nova excita-
tion spectrum. The observed baryon missing mass
clusters around 1.'7 or 1.8 GeV. Keeping single
excitation for higher multiplicities, the distribu-
tion should shift slightly upward when all multiplic-
ities are included. Another piece of evidence for
the strength of single excitation is the strong
leading-particle effect, which would be reduced
to the extent that double-nova production and other
processes are important. "

The relatively high mass of the most likely novas
allows us to avoid a standard difficulty encountered
in single diffractive models. In particular, single
excitation seems to imply far too many low-mo-
mentum recoil protons (a leading particle effect)
when the projectile particle is excited. " As later
discussed, we do not find this, but are able to
reproduce rather well some available data.

Let us again emphasize that single-nova produc-
tion is not the only mechanism for particle produc-
tion. At low energies, quantum-number exchange
is of some importance, "although information
from exclusive experiments still indicates diffrac-
tion to be stronger (at about 10 GeV/c). '0 Never-
theless, corrections to the basically diffractive
picture will be necessary. For fixed nova mass,
we further expect quantum-number exchange to
decrease with energy. Quantum-number exchange
is also known to give double as well as single ex-
citation. Very high-energy corrections to the
model may also appear, when the production of
two relatively heavy riovas is no longer unfavored
kinematically. "'" These high-energy and low-
energy corrections to the model appear to be close-

ly related, as discussed in Sec. III. As the energy
is even further increased, a multiperipheral pic-
ture might also become accurate. However, at
present machine energies, single-nova excitation
seems to be the dominant process, and the beauti-
ful agreement with experiment' makes it worth
extrapolating the model to National Accelerator
Laboratory (NAL) and CERN Intersecting Storage
Rings (ISR) energies, even though some modifica-
tions should, in principle, be necessary there.

Nova excitation may thus be justified as long as
the nova mass is relatively small, M«&s. This
includes masses around the maximum nova cross
section, I about 2 GeV. As later emphasized,
decay pions from novas around this mass dominate
the intermediate values of ~x ~

(0.2& (x ( &0.6), and

consequently the distributions in this region are
easily interpreted and found to scale quickly. How-
ever, as the nova mass approaches the limit of
phase space (M about vs ), the rationale for dif-
fractive excitation in the usual sense is lost, and
also there is no reason to prefer single over dou-
ble excitation. Even so, essentially all the par-
ticles are slow in the center-of-mass frame, and
in the limit, separation between beam and target
novas becomes experimentally impossible. There-
fore, we formally extrapolate the single-nova pic-
ture to the edge of phase space simply because
this will give the correct slow increase in the av-
erage multiplicity. We then expect the predictions
around x =0 to be more general than the model it-
self. As energy increases, higher-mass novas
contribute, which decay into large numbers of
pions. These pions continue to build up the meson
inclusive distribution around x =0, even though
the nova cross section decreases with mass. The
extension of diffractive excitation to high-mass
objects leads to a peak at x =0,""rather than
the dip usually associated with particle fragmenta-
tion. This peak eventually scales, but we expect
an increase of the slope of the invariant cross sec-
tion as a function of x for small ~x ~

values between
conventional machine energies and ISR energies, "
while the shape of the rapidity distribution remains
almost flat. Although this result does not satisfy
Feynman's scaling hypothesis, if'applied at 30
GeV/c, one finds a scaled limit at higher energies
to the extent that a logarithmic increase of the
multiplicity is imposed.

In summary, we propose that single-nova diffrac-
tive excitation is the dominant production mecha-
nism at present machine energies. The pion inclu-
sive spectra are determined by relatively low-
mass novas, where the model is most solidly
grounded. Although the extension of the model to
high-mass novas is somewhat formal, it does re-
produce the slow increase of multiplicity observed
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in inelastic collisions. '6 In any event, the model
should have some phenomenological value in under-
standing the small-x behavior. Corrections to the
proposed picture may be as much as 30%%uo at 20
GeV. Nevertheless, in view of the complexity of
these production processes, finding a dominant
mechanism is at least useful for analyzing experi-
mental information as it becomes available.

The. model itself is presented in Sec. II, where
we provide a detailed prescription for its practical
application and a discussion of its basic features.
Obvious corrections to the single-nova diffraction
model are discussed in Sec. III. Section IV in-
cludes a survey of predictions and experimental
comparisons for production of pions and nucleons. "
The predictions of the model for NAL and ISR are
also given there.

II. THE NOVA MODEL

This section is divided into four parts, dealing
respectively with the nova excitation, nova decay,
the calculation of the inclusive cross sections,
and the determination of the model parameters.
Our main emphasis in this section is on setting up
the model for practical applications. We also dis-
cuss some qualitative features of the model.

A. Nova Excitation

The most important ingredient of the model is
the excitation spectrum, p(M), which is defined
to be the cross section for producing a nova of
mass M. We first separate the cross section for
beam excitation from the one for target excitation,
and write the total inelastic cross section as a
sum of two terms,
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FIG. 3. Single diffractive excitation spectra observed
in the channel E p E: m+vr P at 10 GeV/c, taken from
Ref. 30.

rapidly with M as the density of states which can
be diffractively excited increases. The more
prominent diffractive resonances will be superim-
posed on this curve, but each resonance neverthe-
less contributes only a small fraction of 0 . As
an example, the missing-mass spectrum of an
exclusive analysis shown in Fig. 3 provides evi-
dence for this behavior of p(M)."

If s is large enough, it is possible to explore
p(M) for larger M, but we still restrict M/vs«1
in order to avoid threshold questions. Here, the
spectrum should decrease with M, at least fast
enough to avoid an unbounded total cross section,
that is, faster than M '. However, a stronger
bound on p(M) and an interpretation of the nova
can be obtained by appealing to the triple-Regge
behavior which has been justified in this limit, M
large with M/Ws«1. " To the leading power in s,
the triple-Regge cross section for production of
novas of mass M is

where n labels beam or target, depending on which
has been excited. The integration extends from
the threshold for diffractive excitation to the edge
of phase space (asymptotically v s ). As defined,
p(M) includes an integration over momentum trans-
fer whose limit depends on s and M. However, ex-
cept for threshold factors which depend on the de-
tails of the excitation mechanism, p(M) is practi-
cally independent of s.

We first focus on values of M/Ws«1, where we
can neglect threshold effects. For each nova mass,
we assume a constant cross section such as those
observed for single-resonance diffractive pro-
duction. ' ' This is what we mean by diffractive
excitation, and it should be contrasted to the more
usual assumption that the total cross section re-
mains constant with increasing energy. For low
nova masses, p(M) should be small, but increase

( M2) &(0)+ 1/2

dM d,t s AP
(2)

This contribution to a„ is obtained by summing
over all graphs of the type Fig. 4(a}, which is
equivalent to Fig. 4(b}, which is approximated as
Fig. 4(c). The leading trajectory, o.~, is the Po-
meranchuk trajectory" which describes diffrac-
tion [n~(t) =1], and o. (0) is the leading trajectory
contributing to the "Pomeranchon-particle total
cross section. " Vfe assume now that the triple-
Pomeranchon coupling vanishes, "so that o.(0) is
the intercept of the leading secondary trajectory
with n(0) =-,'. We then integrate over t (still with
M/vs «1), and conclude that p(M) decreases as
M '. If we apply the ideas of duality, the nova,
which is associated with the secondary Regge tra-
jectories, should be considered as a superposition
of resonance states. " Thus, as the energy is in-
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(a)

(b)

R

FIG. 4. Triple-Regge picture of the nova excitation
spectrum: (a) inelastic amplitude for single-nova pro-
duction; (b) cross section for single-nova production;
(c) Regge approximation to single-nova production cross
section for large M and M/vs «1; (d) particle excita-
tion with quantum-number exchange.

creased, it is possible to excite higher-mass res-
onances, but with a decreasing cross section. The
resonant nature of the diffractively excited objects
is extremely important. The resonance interpreta-
tion of the nova is directly connected to the absence
of the triple-Pomeranchon coupling, whose exis-
tence, as is well known, would lead to many in-
consistencies. "

We now attempt to extend this spectrum to larger
values of M. We assume that the nova continues
to be a sum of resonance states, which will usually
cascade decay into one another through pion emis-
sion. The number of secondaries is therefore ex-
pected to be proportional to M, as contrasted to
the slow (logarithmic) increase which should be
expected from "background. " The higher-mass
novas should contribute to the multiplicity as M '.
If we extend this behavior all the way to the edge
of phase space (M = v s ), we then obtain a logarith-
mic growth for the average total multiplicity of
secondaries, a feature which we consider impor-
tant. The M ' decrease of p(M), justified for low-
er M values, can be extended to the edge of phase
space if we accept this phenomenological motiva-
tion.

Some further comments on the high-mass novas
are needed. Since the minimum value of the square
of the momentum transfer, t -, suddenly increas-
es from a very small value as the nova mass ap-
proaches the limit of phase space, one might ex-
pect threshold effects to distort strongly the excita-
tion spectrum near this limit. However, whether
or not p(M) should be cut off by, for example,

exp[-P J(M —M )]=C„, (3)

where M is the mass of the particle which be-
comes a nova, and c, also depends on the specta-
tor particle. The parameter P „is determined by
the location of the maximum at M =M „in p(M} by

P „=2(M —M„). (4)

A more accurate form of p(M), including partic-
ularly strong resonances, and a more accurate
behavior. for very small M could be used. How-

ever, the rough form, Eg. (3), turns out to be

exp(-Bt ) is an open question. This again re-
flects the incomplete picture offered by diffraction
analogies for high-mass nova production. Having
there only the multiplicity increase Bs a guide,
we assume that the M ' behavior is effective up
to the limit of phase space, and disregard the,
analogies with ordinary diffraction scattering
which are no longer valid there.

Of course the high-multiplicity events could re-
sult from the production of two moderately heavy
novas, rather than one very heavy nova. Aside
from very detailed measurement of leading-parti-
cle effects, it is impossible to distinguish the two
cases, since one or two slow novas in the center-
of-mass frame will give essentially the same dis-
tributions at present machine energies.

Production by Regge-trajectory exchange, Fig.
4(d), as opposed to diffractive excitation requires
further discussion, which is found in Sec. III. In
summary, we interpret the increase of multiplicity
with energy as due to the weak production of high-
mass novas, which subsequently decay into a large
number of particles. Thus the multiplicity con-
tinues to rise with s, while the total cross section
is bounded, Of course, since we have neglected
extra logarithmic factors in this analysis, the
low-mass-nova contribution might eventually de-
crease like lns. However, for present machine
energies, we take p(M} to be an energy-indepen-
dent function.

At intermediate values of nova mass, between its
increase and M ' decrease, the nova spectrum
shows a maximum jagged with individual resonance
peaks. Information from quahielastic scattering"
and from available exclusive analyses' leads us
to locate this peak at about 1.9 GeV for nucleons
and 1.3 GeV for pions. Since the individual reso-
nances have such small cross sections, and the
inclusive cross section involves averaging over
p(M}, we can attempt to approximate the spectrum
by a smooth analytic form. All calculations in
this paper have been carried out using an ad hoc
for mula4':



adequate for reproducing the present inclusive
data+

Once p(M) is determined, the model immediately
connects the total inelastic cross section, the
multiplicity of pions, and the average Q values of
the pions in nova decay. The numbers obtained
are reasonable, but more experimental informa-
tion could help refine p(M) or the model itself.

The presence of the maximum in p(M) is an
important feRtUI'8 of the QOVR model Rs lt .Conta1ns
enough information to interpret many features of'

the meson inclusive distributions at intermediate
x values (0. . :(x~ &0.6), where Feynman-Yang
scaling is ODserved at surprisingly low energies at
18Rst ln some reactions. On the othex' hand, ouI'

px'edictions for x =0 Rre controlled by Ke high-
mass novas which merely reflect the logarithmic
increase of multiplicity. The importance of high-
mass novas implies a relatively slow approach to
the scaling limit. 20

An interesting prediction vrhich follows from
Eqs. (1) and (3) concerns the contribution of dif-
fx'Rctive px'ocesses to the totRl cl'oss section.
Ignoring momentum-transfer cutoffs, we integrate
Eg. (3) to the limit of phase space. This yields
a constant asymptotic value for the total inelastic
cross section which is approached from beIO~ as

e~„(s)= Pe„,P„'exp[-P j(&s-M, -M„)],
C (5)

where 34, is the mass of the spectator particle.
This energy behavior, which depends on our inter-
pretation of diffraction~ may well partially com-
pensate a decreasing Regge behavior. This fast
increase is just a consequence of the nova excita-
tion spectrum. It couM explain the energy behav-
ior of the K'p and E' p total cross sections recent-
ly observed at Seryukhov. " The compensation of
this increase and the decrease of the Regge con-
tribution would hold for the E p total cross sec-
tion, Rnd the Z'p cross section would be predomi-
nantly diffractive between 20 and 50 GeV/e (Ref.
42) with a 5% increase over this range if we use
the model parameters computed below.

8. Nova Decay

We have already seen that the nova should be
consldex'ed Rs R supex'posltlon of resonances~ since
it is dual to the leading secondary trajectories.
The problem of nova decay is theI'efore that of
resonance decay, and therefore one might expect
to observe a sequential decay px'ocess. The de-
cay chain may be described in the nova rest fra,me,
where the nova for rather the resonances it is
made of) performs a random walk as it cascade

decays through a series of resonant states. (This
model of the decRy ls intended to describe in R

rough way most of the decays. Although less com-
mon mechanisms are easily included in the model,
they will be neglected in this payer. ) If the number
of secondaries is large enough, asymmetries due
to polarization average themselves out and the
decay distribution in the IK-0 I'est fx'Rme ls bRsl-
cally isotropic. ~~ " The random-walk picture of
the nova suggests a Gaussian'6 distribution in
which the mean value of momentum E is I'elated
to the typical Q value of the cascade decay by

Qo =2K +p,
(6)

where p, is the pion mass. We have'. neglected the
recoil energy of the heavy nova. The key point is
that reasonable Q values lie between 300 and 400
M8V, which give similar values for E.47 It fol-
lows that, on the average, 2.5 pions are emitted
per GeV of nova mass. If we then use p(M) as
given in Eq. (3), we obtain the observed average
multiplicity of 4 to 5 secondary pions at 16 GeV/e.
%'8 also reproduce the asymptotic in@ increase of
the multiplicity, "though this is not a specific fea-
ture of the model.

From these statistical considerations, an approx-
imate pion distx'ibution in the nova, rest frame can
be written as

=N, exp[-(q~'+q, ')/Z(M)'].

This distribution will be normalized to the average
number, X,(M), of observed pions (w' or v ) into
which the nova of mass M decays. The transverse
(qr) and longitudinal (q~) momenta are separated,
Rnd gz is measured Rlong the QovR momBntum Rs
seen in the center-of-mass frame. One crucial
feature of Eq. (7) is that the average pion rapidity
is the same as the nova rapidity. ' This alone deter-
mines much of the be11Rvlor of the'inclusive dis-
tributions.

This -decay picture may be contrasted with ther-
modynamic descriptions, "even though there are
statistical features in our distribution. In con-
trast to equilibriumlike states, we view the nova
decay as a highly corI'elated process, where the
momentum distribution is inferred from a cascade-
decay yicture. This yicture can be used in the
absence of triple-Pomeranchon coupling. ~a

The simplest assamption for the M dependence
of K ie that K is constant. Although this allows
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(q') =~K'. (8)

One then expects that the mean proton transverse
momentum should increase with multiplicity and
nova mass, whereas the pion transverse momentum

d'D/d'q to be factored, the factorization is only
approximate when the distribution is transformed
to the center-of-mass frame. (The center-of-mass
longitudinal momentum depends on qr. ) For con-
constant K, the q~' distributions are sharpened
around x =0. There are two compensating effects
that suggest that K constant may be a relatively
good approximation at least for the.x distribution.
On one hand, the higher level density of high-mass
novas might suggest a sharper q~' distribution,
since K(M) might decrease slightly at large M.
On the other hand, high-mass novas include high-
spin resonances which in the single-excitation
approximation would be polarized normal to their
production plane. These novas would therefore
tend to give more pions in the beam direction,
even though they would depolarize during the de-
cay chain and give relatively isotropic distribu-
tions in their rest frame. This effect would tend
to widen the x distribution, at least if one tries
to obtain K(M) from an analysis of the transverse-
momentum distributions of inclusive spectra. This
suggests, however, that the decay of low-mass
novas is not quite isotropic in the nova rest frame,
although we neglect this effect in this paper.

This picture eliminates coherence effects in the
region where the distributions of the beam and tar-
get novas overlap. We simply add the two distribu-
tions after calculating separately the two-nova
formation and decay process.

The simple picture of nova decay holds only for
the largest fraction of decay pions. Smaller ef-
fects will be due to long jumps, whi. ch will contrib-
ute large-qr pions no longer satisfying Eq. (7},4'

and to rarer decay modes. In particular, higher-
mass novas can lead to strange-particle produc-
tion. As an example, high-mass nucleon novas
will obviously favor decay into K' over K, which

is a feature clearly seen in the inclusive K dis-
tributions. Many relations between inclusive
cross sections for different strange particles, in-
duced by non-strange-hadron collisions, can be
derived following our considerations.

A nucleon nova "contains" a baryon left over as
a hadronic ground state. It can furthermore be
uniquely specified to the extent that BBpair pro-
duction is small. Thus, during the cascade-decay
process, the nova nucleus performs a random
walk, collecting momentum in a statistical fashion.
The average momentum squared should increase
with the number of decay steps as

remains approximately constant. This trend is at
least compatible with present data. " The mean
pion transverse momentum should not depend on
the multiplicity while the mean proton momentum
should increase with increasing multiplicity, this
of course as long as they are not cut off by obvious
phase-space limits.

C. Inclgsive Distributions

For fixed nova mass, the momentum distribution
of pions in the nova rest frame follows Eg. (7). To
find the contribution of the decay pions of this
nova to the inclusive cross section, it is necessary
simply to Lorentz transform the distribution from
the nova rest frame to the reaction center-of-mass
frame.

As viewed from the center-of-mass frame, we
expect the cross section for nova production to
have a sharp (exponential) f dependence"" since
this is a key feature of diffractive processes.
Therefore, the mean transverse momentum of
both the nova and of the recoil or leading particle
is around 300 MeV/c. Since the emitted pion has
the same average transverse velocity as the nova,
its average transverse momentum is only slightly
corrected by the transverse motion of the nova.
(The correction is about 10%%uo for v novas of 3 GeV.}
Consequently the transverse motion of the nova
can be neglected for computing the distribution of
the decay pions, and the nova cross section can
be immediately integrated over t. This implies
that. k~ =q~ and the k~ distribution in the center-
of-mass frame is given approximately by the q~
behavior in Eq. (7). The choice made for K gives
distributions in agreement with present experi-
mental results, and K ' is typically 9 (GeV/c) '.' "
However, for the leading-particle effect and for
the inclusive distributions of heavier particles,
the transverse-motion of the nova should be in-
cluded. Nevertheless, in the latter case the
center-of-mass distribution in k~ is not tremen-
dously different from the q~ distribution in the
nova rest frame.

In sharp contrast to the transverse momentum,
the longitudinal distribution is greatly modified
when transformed to the center-of-mass frame.
Thus, to compute the center-of-mass distribution,
we must write the center-of-mass momenta k~ and

k~ of the observed particle in terms of the nova-
rest-frame momenta q~ and q~ for fixed nova mass
M.

A simple convention for the orientation of the
nova rest frame is the helicity frame where qr is
perpendicular to the nova direction a6 seen in the
center-of-mass frame. Thus, the nova rest
frame is reached by a pure boost from the center-
of-mass frame. A short calculation gives
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/PD, (q(k)) d'q
d3q d'0

(12}

As already discussed, for the pion distributions,
cos8„can be set equal to 1, and the integration
over cos8~ ignored. However we shall include
this integration for the baryon distributions. The
distribution from the leading-particle effect will
be discussed later.

Energy and momentum are conserved in Eq. (12)
only on the average. " Although messy in practice,
one could impose energy-momentum conservation
on each decay of the nova. Instead, me have im-
posed simple 8-function cutoffs in Eq. (12) when
energy and momentum conservation are manifestly
violated. The two conditions. are that the maximum
invariant energy of the nova decay products must

kr =[Q„(qr'+q~'+M*)~'+ (Q s*+hP)~'qz] sin8„/M

+qz cos8p y

(9a)

k, = [Q„(q,*+q,'+hP)"'+ (Q '+M')"q, ]cos 8„/M

-qz sine~,

The inverse relations, qr, and q~ in terms of k~
and k~ are also very useful,

qg = kg cosON —kr, sinOp

(Sb)

q~ = (Q„'+hP)~'(k~ cos 8+ kr sin 8)/M

Q„(k—z'+ kr'+ p,')'/'/M,

where Q„ is the center-of-mass momentum of the
nova,

Q„=[s' —2(M' + M, ')s + (hP —M ')'] /'/2&s,

(1o)

M, is the mass of the spectator particle, the one
which does not form the nova in our single-excita-
tion approximation, &„ is the 8,ngle at which the
nova (or spectator particle) scatters in the center-
of-mass frame, and p, is the mass of the observed
secondary. Also needed for the transformation is
the Jacobian

(qI. +qr +p )
d3k (k 2 + k 2 + p2)1/2

It is nom straightformard to write down the con-
tribution to the inclusive distribution coming from
nova production. One simply weights each M and
cos O„value with the nova production cross section
p(M, cos8„). Combining Eqs. (1), (2), (I), (9b),
and (11), we obtain

not exceed the nova mass, and the maximum value
of the sum of the center-of-mass energies of the
nova products and the recoil particle do not ex-
ceed s~'. The first of these conditions is impor-
tant only for large k~. This is accurate enough for
pion distributions, and if necessary better thresh-
old factors can be easily introduced for baryon
and strange-particle distributions, "where larger
~x ~

values are more important. The averaging
over M in Eq. (12}tends to correct this crude
treatment of phase-space constraints, especially
for pions.

It is easy to evaluate Eq. (12) and the steps lead-
ing to it on a computer. " Results of such calcula-
tions are given in Sec. IV, using the choice of
parameters given later in this section. There are,
however, some prominent features of Eq. (12}
which are obtained in detailed calculations. These
can already be seen from an approximate form
of Eq. (12}which is valid for intermediate values
of ~x~. These are characteristic features of the
model which provide an understanding of some of
the observed properties of the data which have
only been noticed so far. This approximation holds
for large vs, where the nova center-of-mass
rapidity, z, is given by In(vs/M), and where kz is
a finite fraction of Ws. Then the relation between

q~ and k~, Eq. (9a), reduces to

q~ =k~exp( z) = k~-M/vs =-,'xM.

We have also neglected the transverse motion of
the nova, so that q~=k~, and assumed that inter-
mediate x values correspond to novas emitted
along the nova center-of-mass momentum.

The pions obtained from the decay of a nova of
mass M give a distribution that peaks at

~
x

~

= m/M,
where m is the average transverse mass of the
pion, and independent of energy. For smaller [x ~,
the distribution falls off very sharply. The distribu-
tion is energy-dependent here and falls off even
more sharply as s increases. However, for ~x~

greater than m/M, the distribution is energy-inde-
pendent. From Eqs. (I) and (13), the x distribu-
tion in the center-of-mass frame associated with
a nova of mass M is

„»= nN, M exp(-x'hP/4'') exp(-kr'/Ifz),
da

(14)

where we have used the appropriate approximate
form for the Jacobian. For these ~x~ values the
k~' dependence factors out, '4 and the contribution
to the invariant distribution of a nova of mass M
is (x'=2(u/vs)
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y„(x}=x'— pp(m' )

=PsN, K'~ x
~
M p„(M) exp(-x'M'/4K') .

(15)

This is suitable for intermediate positive x for
the beam nova, and intermediate negative x for the
target nova.

It is easy to deduce several important properties
of the inclusive pion distributions from these ap-
proximate formulas.

(i) Higher-mass novas produce meson distribu-
tions which peak toward lower values of ~x ~. With
the Gaussian decrease of Eq. (15), only low-mass
novas can contribute significantly at intermediate
values of ~x ~. In most situations, phase space re-
stricts the pions from low-mass novas from larger
values of ~x~. Consequently, the high-mass novas
concentrate their pions around x =0, and also give
a diffractive contribution near

~
x

~
= 1 which, how-

ever, must compete with quantum-number-ex-
change peripheral-collision contributions. Since
the nova mass is closely related to the mean num-
ber of secondaries into which the nova decays, we
expect the inclusive distributions restricted to a
definite number of prongs to fall off more steeply
with

~
x

~
as the prong number is increased. This

effect is clearly present in the 28-GeV/c data
shown in Fig. 5.4

One might try to argue that the clustering of
pions from high-multiplicity collisions around
x =0 is due to the lack of available energy. How-

ever, these results represent a slow increase of
multiplicity compared to the available energy, and
the average center-of-mass energy of these pions
could easily have been larger than that found ex-
perimentally. Also there is no variation of the
mean transverse momentum with increasing multi-
plicity except close to the phase-space limit. It
is also interesting to note the difference between
the 4-particle and 4-prong distributions in Fig. 5.
The 4-particle distribution shows a typical nova
distribution with a mass readily associated with
the diffractive excitation of the N*(14'l0), but the
4-prong distribution gets contributions from higher-
mass novas, which build up the distributions down

to x =0. Indeed, the N*(14'70}production cross
section is small compared to the contributions of
the higher-mass novas (around 2 GeV). These
novas typically yield three or four pions including
m" s, in accordance with our cascade-decay pic-
ture, and can also contribute many 4- and 6-prong
events.

(ii} The intermediate ~x ~
region is dominated

by the pions from relatively low-mass novas, the
pions from higher-mass novas being sharply sup-

10

0.2 0.4 0.6 0.8

FIG. 5. Total and topological invariant distributions
for pp (m. ) at 28 GeV/c taken from Ref. 4. The histogram
is the total invariant distribution for pp(x ); the solid
curves are the topological cross sections (distributions
for m ) for 4, 6, and 8 prongs, respectively; the dashed
curve is the distribution of 7(. inpp pp7t+7t . Note the
faster falloff with x as the prong number increases.
Units are mb.

pressed according to Eq. (15). The low-mass
novas can already be excited at relatively low en-
ergies, and their diffractive cross sections re-
main constant. Thus, integrating Eq. (15) over
mass, we find that the great majority of pions con-
tributing at intermediate ~x ~

already contribute
at relatively low energy. As a result, the distribu-
tion should approach a scaled limit very quickly,
neglecting secondary trajectory effects which are
discussed in Sec. III. Even though the upper limit
of integration over the nova spectrum increases
as Ws, the pions from the high-mass novas so rare-
ly diffuse to intermediate ~x ~

values that the ap-
proach to scaling is extremely fast. No specific
high-energy features are important in order to
understand the x behavior and rapid. scaling for
these x values.

A crude estimate of the x behavior of the invari-
ant cross section can already be obtained if one
assumes that p(M) is very sharply peaked at aboutI=2 GeV for baryons and M =1.3 GeV for pions,
which are the values inferred from available miss-
ing-mass spectra. This gives Gaussian-like dis-
tributions which fall like x exp(-10x') in the baryon
fragmentation region and x exp(-5x') for meson



fragmentation, which are already reasonable esti-
mates of the observed values. "" %'hen the inte-
grals over the mass spectrum of Eg. (3) are per-
formed (Sec. IV), one obtains a distribution with
more exponential appearance and the rapidity plot
is more of a Gaussian shape. Such a distribution
is shown Rs an example in Fig. 6."'"

(iii) A rationale for the quark-frame result' "'
follows from the feature that the nova excitation
spectra peak Rt different values of QovR mRss fox'

mesoQS and baryons. In this x'esult, pion-induced
inclusive spectra are approximately symmetrical
1f measured 1Q R Lorentr f1 RIIle where the meson
momentum is —', of the baryon momentum, so that
the magnitude of the momenta of the quarks com-
posing the hadrons would all, be equal in this
frame. %'8 obtain. this result simply by noting that
the most symmetrical distribution is found in, a
frame where zero rapidity is near the halfway
point between the rapidN88 of the peak valu88 of
the meson and baryon distributions. The rapidity
of a beam nova of mass Ms is Ss =in(&s/Ms).
Thus, to transform the rapidity from the center-
of-mass frame to the frame of symmetry, we
must subtract —,'(Zs —gr) = —,

' ln(Ms/Mr) from the
beam™nova x'Rp1dlty Rnd Rdd the same amount to
the target-nova rapidity, where Ms and Mr are

Al
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FIG. 8. Rapidity distributions for pp(s ) at 19 GeV/c.

The soDd curves are the zero-parameter prehction of
the modeI. The data are taken from Ref. 56.

the values of the nova mass whex'e the beam- and
target-nova cross sections have their peak values,
respectively. Converting the rapidities back to
momenta, the ratio of the nova momenta in this
frame ls

The momenta of the incoming particles are the
same in this frame if Ws is much larger than ei-
ther of these typical nova masses. This ratio is
1.5 for the values M~=2 GeV and M~=1.3 08V
used fox the maxima of the two distributions.

As discussed below, the production cross sec-
tion fox' meson novas seems to be about double
that fox' nucleon novas. If taken mto aeeount, the
fx'anle of maximum symmetry will move somewhat
faster in the center-of-mass frame than the one
computed above. This effect gives R value for
qr/qs a little larger than 1.5.

This rRt1o 18 decreRsed if we nleRsux'8 the dis
tribution due to the high-mass novas, for example,
by requiring large prong number in the measure-
ment. 'This effectively raises M~ and Ma by the
same Rmount, so that th81r ratio 18 decx'8Rsed.
We do not expect the ratio qz, /qs to remain con-
stant for distributions due to different prong num-
bexs, but to go to unity as the prong number is
increased. This is exactly the effect which is ob-
served experimentally.

(iv) Although the intermediate )x~ part of the in-
variant cross section reaches its asymptotic fox'm
very tluickly, the low Lx) (x =0) and large x (~x ( =1)
are expected to appx'oaeh theix' asymptotic values
much more slowly. The calculations of See. IV
show a definite increase of f at x =0 between 30
and 200 GeV/c, where it is already near its as-
ymptotic limit. As the energy increases, it be-
comes kinematically possible to create heavier
novas %'hich contr1bute many pions around' s 0
without appreciably changing the total cross sec-
tions. The pions build up the distribution around
g =0, which becomes more peRked as the energy
1s 1nc18Rsed, The asymptotic limit ls RpproRched
fx'om below. Contrary to the previous discussions,
this prediction is based on the behaviox of high-
mass novas which 1nvolve R phenomenological
extrapolation from the better-motivkted lower-M
behavior EveQ so& this effect& which is localized
in the 0& ~x) &0.1 region, is worth checking. As
already mentioned a single- ox' double-nova pic-
ture is not easily distinguished in this limit, and
SG the effect is likely to be moxe general than a
single-nova model, provided the multiplicity con-
tinues to 1ncx'8Rse. ' This could eveQ be Rsso-
ciated with an entirely Qew production mechanism
However this peaking Ls not expected 1Q the Qlult1-
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peripheral model, where the x distributions flatten
at x =0 as energy increases, or in the double-
Pomeranchon-exchange scaling limit, "where the
asymptotic value can be approached either from
above or below, depending on the reaction.

Scaling should also be slow for ~x ~ =1, if pres-
ent at all, in those cases where diffraction might
provide a dominant contribution there. Heavy
novas contribute very little [see Eq. (15)], but
the pions from low-mass novas are restricted
from ~x

~
near 1 by energy-momentum conserva-

tion. However, this is the domain where second-
ary trajectory exchange is likely to dominate,
and therefore, diffractive processes may be quite
irrelevant. Of course these considerations are
greatly modified when a leading-particle effect
is possible, which we discuss in (vii) below.

(v) The pseudoscaling behavior in the 15- to 25-
GeV/c region which was mentioned in the Introduc-
tion can also be partially understood using simpli-
fied kinematics. Equation (15}was derived under
the assumption that the pion is emitted in the di-
rection of the nova motion. If the pion goes against
the nova motion another approximate formula
holds,

f„(x)=wNM ( x ) p(M) exp(-x's'/4K'M ) . (17)

This expression fails near x =0, but it does give
the general trend of the small ~x ~

side of the dis-
tribution of pions from a nova of mass M. We see
that near x =0, the contribution of a low-mass
nova decreases as s is increased. This effect
slows the increase of f(x) near x =0 due to the in-
creasing contribution of high-mass novas. The
partial compensation of the increase of pions
from high-mass novas and decrease from low-
mass novas is largest when the lower-mass novas
can contribute most strongly, such as in reactions
like w p(w ) or w'p(w') where all prong configura-
tions are collected. In reactions such as w'p(w'),
numerous 2-prong reactions are excluded and low-
mass novas are discriminated against. The effect
is also borne out by the quantitative calculations
of Sec. IV using Eq. (12). The effect is further
enhanced by the decrease of charge-exchange pro-
cesses, which is especially apparent in the 2-
prong inelastic events.

(vi) The charge ratios observed in Fig. 1 can be
understood in terms of the masses of the novas
which give pions dominating certain x regions, and
the knowledge that the excitation is diffractive. "
With the Q values of the nova decay previously
discussed, an average of 2 to 3 pions per GeV of
excited nova mass is expected. This is also the
value inferred from the branching ratios of high-
mass resonances. The very high-mass novas

should then decay into approximately equal num-,
bers of w', m, and m, since there are many de-
cay pions and total charge must be conserved.
Therefore N, (M) should tend to R(M -M„) where
It =0.8+eV, and i refers to the charge state of
the observed pion. However lower-mass novas
decay into few pions, so that one expects a strong
correlation between the pion charges and the
charge of the riova. Low-mass proton novas yield
more x' than m, and meson fragmentation should
show a strong charge asymmetry even before the
leading-particle effect sets in around x = 0.6.
Simple estimates typically lead to ratios of w'/w

of order 2 (or ~) for charged novas producing 2 to
3 pions. This asymmetry slowly vanishes at lower

~
x

~
and high energy, where high-mass novas be-

come important"'; but at machine energies the
low-mass novas still make an important contribu-
tion of pions around x=0, which diminish as s in-
creases according to Eq. (17}.

A simple example of these considerations is the
crossover effect of w P (w }and w p (w') at x = -0.1."
On the proton side (x &0), the cross section for
low-mass proton novas to produce m' is larger
than it is to produce n . However, for positive x,
the probability that a w nova produces a w ex-
ceeds that of producing a m+. Therefore, the
w P(w ) should rise above the w p(w') for positive
x. The crossover is at negative x simply because
the meson nova couples more strongly than the
proton nova, as we discuss later. A quantitative
calculation, shown in Fig. '7, reproduces the data
quite well. This is a good piece of evidence for
the dominance of diffractive processes.

Several other examples are that PP (w') at inter-
mediate ~x

~
should be about a factor of 1.5 greater

thanPP(w ), and the pp(Z') distribution should be
much larger than the pp(Z ) distribution. '

(vii) The dominance of single-nova production
implies the presence of a strong leading-particle
effect. When a relatively low-mass nova is pro-
duced (M «v s ), then the quasielastically scattered
particle is quite fast in the center-of-mass frame.
Besides the obvious implications for exclusive
reactions, the inclusive distributions in which the

observed particle is identical to one of the initial
particles are also affected. For example, in the
reaction w p(w }the formation of a proton nova

leaves a fast forward n corresponding to the inci-
dent m . This mechanism will provide the large
majority of w- near x=1. The normalization of
this quasielastic peak is determined by the distribu-
tion of the recoil nova, and a comparison of the
distribution of, for example, w P(w-). at x=0.9 and
x=-0.2 gives a definite check on the importance
of single-nova excitation. Although the experi-
mental determination of this peak for leading beam
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IO da ))sk dp
dk~dk~e M dt ' (19)

where ~ is the center-of-mass energy of the re-
coil particle, and M and t are written as

M2 —s 2~@(k 2 +k ~ + t(2) t2 + p2

(2o)

t =2p,' —2(k'+p')~'(k'+ k '+ pP)~'+2kk

vr p(

IO '-
where p. is the mass of the quasielastically scat-
tered particle.

For the calculations of this paper, we have as-
sumed

dp M, t) = Bexp[B(t —~)]p(M), (21)

IO -I
I. i I . t l I

0 I

Ms

FIG. 7. The invariant distributions for m p(7t ~) at
16 GeV/c compared with the data of Hef. 2. This is a
zero-parameter calculation, with the normalization
obtained from total and total-inelastic cross-section
data. Charge-exchange corrections have been neglected
in the calculation, but they would raise m p (x+) on the
proton fragmentation side. The slightly better fit of
Ref. 20 used a slightly higher pion multiplicity and an
arbitrary. normalization. The large-x contribution of
the m p (~+) distribution can be traced to p production.

where p(M) is given by Eq. (3) and B is a constant
whose value for diffractively produced resonances
is measured to be between 3 and 8 (GeV/c) '.

Thus for each value of k~ and k~, the leading-
particle cross section is immediately related to
p(M), and is therefore comparable to the spec.trum
of particles coming from the nova. Distribution
(19) is simply added to the distribution in Eq. (12)
when the leading-particle effect is possible.

The energy dependence of the leading-particle
effect on the x &0 side of the leading-particle peak
is quite prominent. The higher-mass novas con-
trol this part of the distribution so p(M) is con-
trolled by its M ' decrease With .p~(M) = c„,M '
[see Eq. (3)], Eqs. (19) and (20) give

v(~)=64, ~, I& l (t))I', t (18a)

where k is the center-of-mass momentum of the
incoming particle. This allows us to identify

dp(M, t) I&.(t)i'
dt 64m'4 s ' (18b)

Then, transforming from an M and t distribution
to k~ and k~, the center-of-mass momenta of the
recoil particle, we obtain

particles is difficult, recoil-proton spectra can be
measured and provide a substantial check on the
approximation. It should be stressed though that
even a sizable fraction of double excitation would
not drastically change our result for the part of
the inclusive distribution not corresponding to the
leading-particle peak. This is in particular the
case for nova resonance (double excitation) produc-
tion as opposed to quasielastic scattering. This is
why the model works so well.

In order to compute the leading-particle (or re-
coil) spectrum, we write the nova cross section,
p(M), as

do' I 40' c~,~ x
( —)"' (22)

In meson spectra, this leads to a deepening valley
between the leading-particle peak and the. peak
around x =0 as the energy is increased. ' The peak
itself is determined by the peak in p(M), and as
the energy increases the leading-particle peak be-
comes narrower and moves toward x =1.

The leading-particle effect is more easily ana-
lyzed with a slow recoil proton. For instance, we
may study da/dP, where p is the modulus of the
laboratory proton momentum. With the nova ex-
citation spectra in Eq. (3}, we find a cross section
peaked at around P= 0.4 GeV/c, and a negligible
flux of protons with P& 100 MeV/c, Fig. 8. This
reflects the mean value of the momentum transfer
in a single-nova excitation. Furthermore, not too
much emphasis is placed on the low-mass excita-
tions, with a mass spectrum showing a maximum
around 2 GeV instead of simply falling with M.

(viii} The Mueller analysis" of inclusive reac
tions is extremely general, and the model de-
scribed here does not conflict with it. Neverthe-
less, to the extent that all secondaries are attached



1&60 M. JACOB AND R. SLANSKY

da
d ~LAB

/
/

/
l

I
t

I
I

I

I

r

r

I

r

r

/A I

0.2
I

0.4
I

0.6
I

0.8

p {6eV/c)
LAB

FIG. 8. Typical low-energy spectrum {in arbitrary
units) of recoil protons computed for K p {p) at 12.7
GeV/c and compared with some data from the Yale
bubble-chamber group {Ref.66). The shape of the proton
spectrum in 7tp {p) is given by the dashed line. The
K p {p) distribution is normalized to the experimental
results. The histogram which contains about 3000 events
includes only 4-prong events.

to either a beam or target nova, one might not ex-
pect single-Pomeranchon exchange to be a good
approximation to the absorptive part of the three-
body elastic amplitude until very large energies.
This is inferred as follows:

Consider as an example target fragmentation
[Fig. 9(a)] where s„- is large and s~-, is relatively
small. Invoking a multiperipheral picture, one
expects many secondaries to have rapidities be-
tween those of particles a and c, with only a few
between c and b [Fig. 9(b}]. For the absorptive
part, one readily introduces a Pomeranchon-ex-
change approximation for the shadow of the many
secondary pions associated with the large s,—, en-
ergy [Fig. 9(b}]. The same approximation does
not hold for s,—, unless s;, is also large which

then gives the double-Pomeranchon approximation. "
In a model which gives most secondary rapidi-

ties close to that of e, few secondaries span the
ac rapidity interval. The single-Pomeranchon ex-
change might not be a good approximation to the

{a)

FIG. 9. {a) Ladder picture for single-Regge exchange.
{b) Model of fragmentation of particle B. In the nova
model at present machine energies most of the rungs of
the ladder in {a) are clustered around C. Although this
suggests that the single-Pomeranchon-exchange approx-
imation, seen as the shadow of particle production,
could not be accurate until very high energy, Mueller's
analysis~5 could still apply. We thank Dr. L. L. Wang
for clarifying this point.

absorptive part until energies are so large that
many secondaries will in any event have rapidities
between a-and c. This is, however, a specific
mechanism for generating single-Pomeranchon
exchange when the Mueller analysis applies to
more complicated singularities. Following our
picture the relevant contribution to the absorptive
part of the three-body elastic amplitude could be
calculated in terms of our single-Pomeranchon-
exchange production amplitude. Pomeranchon ex-
change, as shown on Fig. 9(b), would then simply
indicate the energy independence of the fragmenta-
tion cross section. Such Pomeranchon exchange
should not be confused with the one shown on Fig. 2.
They both summarize the same energy behavior.
In any case, we obtain a quick scaling from the
shape of the excitation spectrum which is theoreti-
cally connected to the weakness of the triple-Pome-
ranchon coupling.

D. The Model Parameters

The equations of the nova model have all been
presented, and it remains to fix the values of the
paxameters appearing in these formulas. These
parameters are the shape and strength parame-
ters of the excitation cross section, P „and c
appearing in Eq. (3}; the branching ratios or multi-
plicities of observed final particles, N, (M) found
in Eq. (7); the parameter Kin Eq. (7}, which is
also closely related to the average number of de-
cay particles per GeV of nova mass; and B, the t
dependence of the nova cross section, Eq. (7}.
Rather than attempting a best fit to the inclusive
data, we stress that these parameters are already
quite weB deterxnined from other experiments or
by other considerations. As a result, , we can ap-
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FIG. 10. The nova excitation spectrum (in arbitrary
units), p(M), for pion and nucleon novas, Eq. (3). The
parameter P is adjusted so that the proton spectrum
peaks at 1.85 GeV (P = 1.8 GeV) and the pion spectrum
peaks at 1.3 GeV g = 2.1 GeV). The ratio, C„/C~, is
2.3. Compare with Fig. 3 where only low-mass states
are dominant in the exclusive analysis limited to 4-
particle final states.

proach the inclusive spectra with basically a zero-
Paranzeter model.

The parameter p determines the general shape
of the distribution, Fig. 3, and in particular the
location of the maximum of p(M). Although there
are not yet enough data to conclude positively, the
exclusive analyses of diffractively produced final
states give good indications that the maximum of
the proton excitation should be around 1.9 GeV for
protons and 1.3 GeV for pions. We have chosen
P„=1.8 GeV and P, =2.1 GeV [Eq. (4)], which give
the nova-excitation spectra shown in Fig. 10.
Cross checks on these values are offered by the
location of the leading-particle (or recoil) peak,
and the rise of K'P total cross section. As al-
ready stressed, the value of P is most important
for fixing the intermediate ~x~ behavior of the in-
clusive distributions.

The parameter c, is the strength of the nova-
formation cross section, and depends both on the par-
ticle which becomes a nova and the recoilparticle.
For reactions with identical beam and targetparti-
cles, suchas pp(v), c onlydetermines the over-all
normaliiation of the distribution, and canbe deter-
mined through the model from the total inelastic
diffractive cross section. [See Eq. (5).j However,
at machine momenta (-20 GeV/c) the diffractive
part may be only -70%%uq of the total inelastic cross
section, and one may wish to keep this over-all
normalization as a free parameter for reasons
discussed in Sec. III. If c is normalized by the

total inelastic cross section, then the multiplicity
does take on the correct value. Therefore we shall
normalize c in this manner.

For reactions with different targets and projec-
tiles, the ratio of the two c's does affect the shape
of the distribution, and is of importance in under-
standing the shape of the distribution in the region
-0.4 &x &0.4. In the np(v) reactions, best results
are obtained when c„/c~ is near 2. The dominance
of meson nova production is already clear from
Fig. 1. However, two other estimates are easily
made. A rough estimate can be made from the
exclusive analyses, "which show that excited me-
son production dominates by a factor 2. Or, we

may assume that factorization" holds approximate-
ly for Pomeranchon exchange with nova production,
and estimate these ratios by comparing total in-
elastic with total elastic cross sections. The total
area under the excitation curve is c„,P „'. For
instance, using the rough values o~~'=-40 mb, o~~
=10 mb, 0,"'=24 mb, and a,'~ =4 mb, and calculat-
ing the cross sections according to Eqs. (3) and

(5), we find c,~/c~, =2.3. The values used in the
calculations of Sec. IV are c» =47 mb GeV, c~,
=19 mb GeV, and e» =44 mb GeV." Thus, the dis-
tributions are normalized to the total and total-
inelastic cross-section data.

The value of K, which is a measure of the mean
momentum of the pion in the nova rest frame bas
already been discussed. We take %=330 MeV/c.
Future refinements obtained from experimental
information on resonance decay, or from an anal-
ysis of dual-resonance models, can be easily in-
corporated. This value of K further fixes the av-
erage charged multiplicity at 20 GeV/c to be 4 in
mP collisions, which is in agreement with experi-
ment. This value of K also determines the aver-
age multiplicity of decay pions per unit of nova
mass to be 2.5/GeV, and together with p(M) deter-
mines the correct x distribution.

Next, we need to divide this total multiplicity
among the possible pion charge states, and eventu-
ally other decay particles. This should require
detailed branching ratios not available for daughter
and higher-mass states. However, for low-mass
novas, the multiplicity is low and isospin con-
servation together with an equal average branch-
ing ratio for isospin-& and isospin-~ baryons
can be used to constrain N, ( ).MThis leads to the
charge effects at intermediate jx~ already dis-
cussed. For example the probabilities of obtaining
a m' or a n' from proton nova giving two pions and
a nucleon are around 0.5 and 0.25, respectively.
On the other hand, the probabilities of getting a m+

or a m from a w nova decaying into three pions
are 0.15 and 0.5, respectively. Now, as the mass
of the nova is increased, the multiplicity of pions
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increases, so that statistically we expect the ratios
of m' to x to m to become unity. This eventually
gives identical asymptotic m' and m distributions
at x =0. For intermediate M values we join smooth-
ly the different values. Of course this entails some
arbitrariness, and some forms may fit better than
others, although without any qualitative change in
the fits.

For baryon distributions, we assume that only
one nucleon emerges from a proton nova. For low-
mass proton novas, a proton is favored, but for
high-mass novas, the probability of a proton or a
neutron becomes equal. Rarer decays such as
associated with strange-particle production will be
discussed in a later paper.

Our description of nova decay conserves energy
and momentum only in an average way. Of course
energy-momentum conservation is, in principle,
easily imposed at each step of the decay, but it
appears not needed at the present level of accuracy
for reasons previously mentioned. We have simply
used 8-function cutoffs when energy and momentum
conservation are manifestly violated.

The t dependence of the nova production cross
section is controlled by B. We have taken B=.8
GeV ' in this paper, although apparently B does
depend on the nova mass.

All the parameters being thus determined, the
formulas which are given can be used to calculate
any distribution and, in particular, those given on
Figs. 6 and 7. The nova model may of course be
looked at as a specific version of a fireball pic-
ture. " The key properties of the novas which dis-
tinguish them from "usual" fireballs are the pres-
ence of low-mass maxima in the excitation spectra
and the resonancelike behavior of the excited ob-
jects which is related to their diffractive produc-
tion.

III. CORRECTIONS TO THE NOVA MODEL

As is obvious from Fig. 1, the baryon fragmenta-
tion distribution depends on the charge of the in-
coming pion. If considered too large to be blamed
on inaccurate normalization or on the lack of fac-
torization of diffraction, it must be interpreted as
evidence for quantum-number -exchange contribu-
tions to the proton excitation. Even if most of the
diffractive contribution corresponds to single exci-
tation, there is reason to expect sizable charge-
exchange corrections, since Eq. (5}, taken at 16
Gev/c, indicates that only 70%%uo of the wp total
cross section would be diffractive. Exclusive
analyses which grant a dominant role to diffrac-
tion also leave a reasonable cross section for
quantum-number exchange. '

For fixed and relatively low excited mass, we

again consider the triple-Regge limit, Eq. (2), .

with n~ replaced by the leading secondary trajec-
tory. This leads to a cross section which decreas-
es with energy as s' ' ', up to logarithmic
terms. " This contribution therefore vanishes
with increasing energy as 1js,37 but it should af-
fect the various distributions in a selective man-
ner. In the proton fragmentation regions of w'p(w')
and w p(w }, the former distribution is more
strongly corrected than the latter since charge
exchange in w'p(w') can produce baryon states
with charge +2. Therefore, there should be more
w" s from w'P (w') than w P (w') due to the charge-
exchange corrections. Similarly, the w p(w ) dis-
tribution should be above w'p (w ) in the proton
fragmentation region. At least a small charge-
exchange contribution may be present in w p(w ).
In our picture, the w+p(w ) distribution should be
the one least affected for negative intermediate x.
Interestingly, this is just the channel with exotic
ABC quantum numbers. "

In the meson fragmentation region, charge ex-
change leads to neutral mesonic states which will
affect the w' and m distributions in the same way.
Therefore, the equality between the distributions
shown in Fig. 1 is not evidence for the absence of
quantum-number exchange in meson excitation. In
fact, the pion distributions extend all the way to
x =0.8, even when the leading-particle effect is
absent. This implies appreciable p production,
since only p's are light enough to produce a pion
with large x, whi. le the other decay pion has x = 0.'

We now examine the kinematical region where
the mass of the excited object is large, but still
much less than Ws. The triple-Regge formula,
Eq. (2), is valid, except n~ has to be replaced by
the leading secondary trajectory, n(t) =-,'+ n't,
and n(0) in Eq. (2} can now be the Pomeranchon
intercept. For this kinematical region, the cross
section for producing an excitation of mass M
grows linearly with M. Therefore, if the missing
mass is allowed to grow proportionally to Ws, the
inclusive distribution scales and the rationale for
expecting quantum-number exchange to decrease
with energy is lost." At first sight it would ap-
pear that these processes, if present, mould give
a too-rapid rise in multiplicity. However, it
should be stressed that the "excited" object in

Fig. 4(d} is no longer a nova, since in the triple-
Regge picture it may be dual to the Pomeranchon
instead of the leading secondary trajectory. As

background, its "decay" mechanism will be very
different from the nova decay. Indeed, we can con-
sider that this contribution corresponds to a Po-
meranchon exchange between a Reggeon switched
into a mass-shell meson and an actual nova [Fig.
11(a)], or to the Reggeon giving the nova, on a
quasielastically scattered target particle [Fig.
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FIG. 11. Dual interpretation of charge-exchange
excitation of high-mass objects. Diagram (a) is a
charge-exchange contribution that can eventually lead
to double-nova excitation. Diagram (b) simply gives
back the single-nova excitation in the dual approxima-
tion.

11(b)}. Thus, we would conclude that this picture
still leads to an over-all logarithmic increase of
multiplicity, even if we carry the increase of
cross section for producing an object of mass M
all the way to the edge of phase space.

It should now be noted that the second process,
Fig. 11(b), is nothing but single-nova production,
provided that it is looked at in a dual way. " On
the other hand, the first process is the beginning
of a two-nova-excitation process, provided that
double-Pomeranchon exchange is forbidden. " A
more detailed analysis of this diagram could lead
to a good understanding of the onset and impor-
tance of double-nova production at higher energies.
Here, we emphasize that our picture of inclusive
distributions is quite stable to quantum-number-
exchange corrections, because of the kinematical
properties of the model. In the large-M 1imits,
the pion distributions will be little affected by the
production mechanisms, provided that the over-all
multiplicity increase is kept the same (i.e., loga-
rithmic). It is just this stability which allows us
to adjust the normalization of c„, to the total
cross section (not just the diffractive cross sec-
tion) and still obtain such good agreement. It
should be stressed that we certainly do not forbid
two-nova production as the energy increases. We
even see how they might become important.

The rapid scaling at intermediate
~
x

~
followed

from the constant cross section for producing
lower-mass novas. As the energy is increased,
and double-nova production becomes possible,
this stability remains only if the fragmentation
of the target (or projectile) does not depend appre-
ciably on whether or not the other particle scatters
or fragments. With this attitude toward double-
nova production, diffraction production cannot be
a factorizable process, even though some proper-
ties derivable from factorization, such as the

asymptotic equality of the v+p(v ) and m p(s ) dis-
tributions in the proton fragmentation region or
the proportionality between pion- and proton-
induced inclusive distributions can easily be main-
tained. Instead of factorization, we have sum
rules similar to Eq. (5) which require the sum of
the total fragmentation cross sections to add uy
to the total inelastic cross section. Another fea-
ture of a factorized Pomeranchon in our model
would be a sizable increase in the total cross sec-
tion, which doe not seem to be present experimen-
tally.

We have seen that the predictions for the impor-
tance of secondary trajectories in the rp(v) reac-
tions agree with those obtained from Regge analy-
sis. This is not the case for K'p(n) in the proton
fragmentation region for which both AB and ABC
have exotic quantum numbers. " Just as for v+p(v ),
we expect negligible effects for K'p(v ), as charge
exchange gives doubly charged baryons with de-
cays into m unfavored. On the other hand, such
objects could contribute easily to X'p(v'), and we
expect K'P (m') to show an energy dependence
similar to that observed for w'p(v') for interme-
diate negative x. We expect this violation of the
"exoticity rule" to occur at relatively low energy
(&20 GeV}. It is readily connected to the opening
of the aK*-like channels (or with Z*'s), which is
known to be a large correction to diffractive excita-
tion in E-induced reactions.

The dual analysis should, of course, become
correct at very high energies, but secondary-tra-
jectory effects might no longer be very relevant.
Another type of example is the mp(R} reactions at
negative x. The production of Z's from excited
protons requires a very heavy nova mass, which
implies energy dependence in the diffractive forma-
tion. At the same time, K production from F* de-
cay is also energy-dependent.

In summary, we note that although diffractive
excitation is not the only mechanism of particle
production, it appears to be an interesting guide-
line for defining and studying secondary effects.
This is particularly true for quantum-number ex-
change at relatively low momenta (&20 GeV/c).

IV. COMPARISON WITH EXPERIMENT

In Sec. II(d), we have estimated the parameters
of the nova model from considerations other than
the inclusive spectra. Although the values of these
parameters can be further refined using a wider
selection of data and the inclusive spectra, we
leave detailed fits plus any improvements to the
discretion of the reader. Our attitude here is only
an exploratory one.

The simplest distribution from our point of view
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PIG. 12. Pion inclusive distribution in pp collisions.
(a) The solid curve is the computed curve for pp (x ).
The curve is normalized to the total and total-inelastic

pp cross sections, so that this is a zero-parameter
calculation. The histogram is experimental data from
H,ef. 4. Thepp(m ) distribution is the simplest one from
the point of view of our model. (b) Calculated distribu-
tions for 10, 28, 200, and 1700 GeV/c.

is pp(v ), not because it is a Prio~ simpler theo-
retically, but simply because of the low mass of
the pion and the identity of the initial particles.
As discussed, even the corrections should be weak
in this case. The parameters from Sec. II are P~

=1.8 GeV, c» = 4V mb GeV, K = 330 MeV/c, and

the number of pions per GeV of nova mass is 2.5.
c» was determined from the totaI inelastic cross
section. In general, one might expect this pro-
cedure to give too Iarge normalizations. However,
charge exchange makes virtually no correction to
pp(w ), so this contribution to the pp total cross
section should be well described without any adjust-
able parameter. Of course, this last comment
does not apply to relatively low-energy pp(w').

In Fig. 12 we show the predictions of the model
for both pp(v ) and pp(v') at 10, 28, 200, and I'T00

GeV/c. Quantum-number corrections have not
been applied to pp(w'), nor are they made to any

other predictions in this paper. pp(s') is greater
than PP(m ) at intermediate ~x

~
because m"s should

dominate over m-'s in proton nova decay. The
scaling property at intermediate ~x~ should be
noted: There is little change between 10 and 1'700

GeV/c. On the other hand the distribution varies
much at x = 0 between 10, 28, and 200 GeV/c, but
shows approximate scaling between 200 and 1700
GeV/c. Thus, we predict scaling for all ISR en-
ergies compared to the energy variation between
30 and 200 GeV/c.

The n' and n' distributions should eventually
tend to the same x = 0 limit at very high energy.
The rapidity distributions for PP(n ), already
shown in Fig. 6, have the typical Gaussian shape.
It should flatten with energy. It should be stressed,
however, that the only clue whi. ch we have about
such a behavior is the increase of the multiplicity
which has been built into the model (heavy-nova
contribution). The rapidity distribution around
zero center-of-mass rapidity may stay f1at or
develop a wide saddle behavior. ~ The model as
so far built has but little predictive value there.
The peaking of the x distribution around x =0 is,
however, much more general than the exact be-
havior at x =0. Our results may be compared
with the data in Ref. 17, which. Were taken at. E9
GeV/c. The observed Gaussian shape should be.

contrasted to some versions of the multiperipheral
model which predict a dip at x =0."

Our predictions for PP(K') will be reported else-
where. " We briefly discuss their basic features.
They scale more slowly than pp(u ') because it
takes a heavier p nova to produce, a E. The K
distributions are much flatter around x =0 than
the m distributions for 2 reasons: Proton novas
very rarely decay into two K's of the same charge,
whereas they can often decay into two m's of the
same charge. The second effect is kinematical.
Due to the heavier mass of the K, the nova must
be very heavy before the E is likely to- have- a
small ~x ~

value. These two effects far offset the
suppression of the low-mass nova. contribution.
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Similar effects are found in the pp(p) distributions
analyzed below. Finally the K' distribution is
expected to be much larger. than the E distribu-
tion (except at x =0 at asymptotic energy }.This
is a simple consequence of the dominance of dif-
fractive excitation of the proton.

The pion-induced reactions involve more param-
eters, which we evaluate in Sec. II. The values
c~,= 19 mb Ge V and c,~ = 44 mb GeV followed from
a simple factorization argument and the mp and pp
total and total-inelastic cross-section data. Al-
though we do not expect the Pomeranchon-exchange
term to factor, this should still be a fairly reli-
able way of estimating these parameters. The
ratio c,~/c»=2. 3 is particularly important for
understanding the shapes of the distributions.
This is indeed the ratio also suggested by the ex-
clusive analyses which are available. ' We again
emphasize that our model, as it is used to confront
the inclusive distributions, has zero adjustable pa-
rameters. All its parameters can be determined
or at least estimated from other sources. Many
of the features of these distributions have already

IO

been discussed in Sec. II.
Figures 7 and 13 give the results of the model

for all four vp(v) distributions evaluated at 16
GeV/c. These should be compared with the data
sketched in Fig. 1. Present data are available in
Refs. 2 and 3. As in Ref. 20, our prediction is
too high in the leading-particle-peak region near
x =1. Further information would help to separate
the dominant single excitation from the many other
possible mechanisms leading to similar proton
fragmentation.

The pseudoscaling phenomenon is shown in Fig.
14. In Fig. 14(a), the nova distribution for n+p(w ')

at 8 and 16 GeV/c is compared with the data, ' and

in Fig. 14/), v p(m ) at 18 and 24 GeV/c is com-
puted and compared with Ref. 3. It is seen that
the remarks of Sec. II are borne out by explicit
calculation. The pseudoscaling effect, which oc-
curs in reactions with a leading particle (i.e.,
those in which the lowest-mass novas, or 2-prong
events, contribute}, such as v p(r ), is clearly
present. The breakdown of this apparent scaling
is discussed below. See Fig. 15.

The nova predictions for n'p(x ) and n P(w') dis-
tributions fall off much faster than the data for
x ~0.5, after the distributions have already fallen

m+p(w )
(a)

IQ '—

IO-
p(m )

IO -I 0
2q

X=

FIG. 13. Pion distributions in pion-induced reactions
mth proton targets at 16 GeV/c. The x+p (x+) and

m+p (x ) data are from Ref. 2, and the solid lines are
the model predictions for these distributions. Since
quantum-number exchange is absent from our model,
m+p(n+) and m p(r+) are equal for x&-0.2, as are ~+p(n )
and vr p(~ ). On the other hand, for x & 0.1, x+p (n+) and
m p(m ) are equal and above n+p(~ ) and ~ p(m+), which
are also equal. The crossover region is shown with the
dotted lines. Deviations of the predictions from the
experimental results can be traced to quantum-number
exchanges which are particularly important in the
m+p (m+) distribution in the proton fragmentation region.
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FIG. 14. Examples of selective pseudoscaling in
m+p(m ) (no pseudoscaling) and m p(x ) (pseudoscaling):
(a) The m+p(m ) distribution does not pseudoscale around
x = 0 between 8 and 16 GeV/c in the model. This is due
to the suppression of lower-mass novas (2-prong events).
The distribution does scale for x & 0.2. (b) The m p(7r )
distribution does seem to scale around x = 0 between 18
and 24 GeV/c. However, the model predicts the value
of f (x) at x = 0 to almost double between 24 and 200
GeV/c. Only at much higher energies does f (x) scale
around x = 0.
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FIG, 15. Behavior of x p(x ) distribution as a function
of energy. No correction for quantum-number exchange
has been made. This could greatly modify the 8-GeV/c
curve+ The model caIcuIations for 24 and 200 GeV/c are
also given. Distributions fox any fixed value of q~~ can
l3e easQy obtained fx'om the forDlula and parameters
given in the text.

by about Rn order of magnitude. It is easy to as-
sociate these pions with a quantum-number-ex-
change effect ignored in our calculations. A short
kinematical calculation shovrs that p mesons pro-
duced with large center-of-mass momentum can
easily provide these yions. (The w distribution
from longitudinally polarized p'8 peaks Rt large
and smail x when it peaks at intermediate

~
x [

values for transversely. polarized p's. 45) Quantum-
number exchange can also be used to obtain better
agx'cement ln the px'oton fragmentation» Rs dis-
cussed in Sec. DI. Nevertheless, diffx'action still
gives the leading contribution to the total cross,
Sectloll The novR model %'ith further empllRsls
on single diffractive excitation, ls able to repro-
duce the key featux'88 of these dlstx'ibutlons. 'Fhe

obvloU8 corx'8ctloQS agx'88 in sign, Rnd R semi-
quantitative analysis provides even better agree-
ment with experiment.

Figure 15 shows the characteristic approach to
scaling for m p(v ) at 6, 16, and 200 GeV/c. This
is similar to the behavior observed for pp(s)
around x=0, but inn p(v ) we also predict the
Sharpening of the leading-particle peak, vrith the
va, lley bebveen the peaks deepening as 8 ~' until-

it reaches the nova contx'ibution ox' that of second-
ary effects. The latter effect appears px"esent
in the 6- and 16-GeV/c v'p(v+} data of Ref. 2,
vrhich nicely fit the decxease shown in Fig. 15.

It has recently been noted that the center-of-
mass m distributions are isotropic in cosg.~ Al-
though a thermodynamic role has been attributed

FIG. 16. Isotropy of the differential cross section in
the reaction center-of-mass frame for x+p (x ) at 16
08V/c. Curve (a) is the integx'al of 4 0'/4k d cos8c~
over cos8~ froGl cos8~ =1 0 to cos&c~ =0.6» (b) froxn
0.6to 0.2, (c) from 0.2 to -0.2, (d) from -0.2 to -0.6,
and (e) fxom -0.6 to -1.0. This is the Same kind of be-,
havior noted by Ko and Landex' in X p (x) distributions. 58~

to thia behavior, we note that the nova model,
with its highly cox'x'elated decRy mechanism Rlso
leads to such isotropy. Typically, the n' distribu-
tions are isotropic out to 350 MeV/c. In our mod-
81 this effect 18, however, Strongly coQnected to
the x elatively slow motionof novas, a feature which

couM be disputable as the energy increases. More
dRtR on the quR8181R8tic peak would be vex'y val-
uable, but vrill be difficult to collect. A model
calculation for v+p(v ) at 16 GeV/c is shown in
Fig. 16» Rs RD example.

The normalization of the lead~-particle peak
px'ovides a clean test of single-nova dominance.
A precise determination of this peak in vp(v} colli-
sions vrould also allow access to the proton-nova
distribution, Rnd to the other excitation mecha-
nisms, since varying K and N gives little flexibil-
ity in connecting the normalization of the proton
fx'RgmentRtlon to the leading-particle peak On

the othex' hand. , the behavior of the peak is quite
sensitive to the exact form of p(M).

Sucll effect8 are more easily analyzed ln x'eac

tions like Fp(p) or vp (p), by looking at quasielas-
tic p's which are slow (&1500 MeV/c) in the lab.
We have compared the distribution of recoil pro-
tons in 12.7-6eV/c K p collisions made available
to us by the Yale bubble-chamber group'6 Rnd find
the satisfactory agreement in shays shown in Fig.
8. Furthex' inforxnation on these distributions
%'ould be very interesting, since they provide a,

sensitive measure of. Secondary effects.
With this in mind, we yresent the pp(p) distribu-

tions. Here we use Eg. (12), integrating over the
momentum tran8fer to the proton nova. This 18

necessary because of the large mass of the proton.
These distributions sho~ a slow approach to seal-.
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FIG. 17. The distributions for pp (p) at 19 GeV/c.
The dashed lines are the 12.5-, 20-, 30-, 40-, and
50-mrad data of Ref. 6. The model calculation is the
average value of d2o/dp dQ over the ranges: (a) 0 to
10 mrad'; (b) 10 to 20 mrad; (c) 20 to 30 mrad; (d) 30
to 40 mrad; and (e) 40 to 50 mrad. It shows that the
model correctly reproduces the trend of the data.

ing because of the overwhelming leading-particle
effect. As anexample, we compare the novadistribu-
tion at 19 GeV/c with the results of Ref. 6 in Fig.
17. In Fig. 18 we show the invariant distributions
at 10, 25, and 200 GeV/c.

The emphasis which we put on single-nova pro-
duction leads to obvious constraints for exclusive
distributions. We expect that the prominent con-
tribution, at least for relatively low nova mass
or relatively low multiplicity, should come from
events where one particle is a leading particle
and there is a cluster of secondaries which are
expected to come from the nova. These should
generally have momenta of order K in the nova
rest frame, and the invariant mass of the cluster
should be relatively small. Large invariant mass-
es should be associated with the leading particle
unless associated with nonoverlapping sets of par-
ticles, which would indicate multiple excitation.
This behavior should help to separate single-nova
production from other production processes. As
previously emphasized, single diffractive excita-
tion seems to dominate for the 4-particle final
states which have been analyzed, but further in-
formation is, of course, needed.

In conclusion, we again note that distributions
at intermediate ~x~ mainly depend on low- and
medium-energy features. Scaling is expected to be
approached relatively quickly and the observed fea-

2qx=

FIG. 18. Invariant distribution for pp (p) as a function
of energy. The slow scaling is due to the strength of
the leading-proton peak. Because of the large proton
mass, secondary effects at low energies and double, or
more intricate, excitations at higher energies could
change the shape of these distributions in a noticeable
way. For intermediate values of x (0.2& x & 0.6) the
200-GeV and ISR-energy predictions almost coincide.
Distribution for any fixed value of qz, can be obtained
in terms of the formula and parameters given in the
text.

tures appear to be understood. It would be interest-
ing to study in more detail quantum-number ex-
change at energies less than 20 GeV but the de-
tailed phenomenology is intricate. The most inter-
esting aspects of the distributions at high energies
should be looked for at x =0 and ~x~=1 and, in
particular, at low center-of-mass rapidity. The
diffractive excitation of either the beam or target
particle appears to be an important process which
alone reproduces many features of the observed
inclusive distribution. It may therefore be used
as a guide in the analysis of many-particle phenom-
ena. Having a leading process should greatly
simplify the study of secondary effects and has led
us to an understanding of many reported, but hith-
erto puzzling, phenomena. .'
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