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Quantum-chromodynamic predictions for high-pz baryon production
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Predictions for high-pr hadron production based on lqwest-order quantum-chromodynamic (QCD)
perturbation theory are reexamined in the light of new precise data relevant to the determination of the
parton fragmentation functions. In particular, predictions for both p and p production are given. It is found
that for meson production in pp interactions the lowest-order QCD perturbation-theory predictions become
dominant in the region ~s& 50 GeV and p» 5 GeV/c. On the contrary, for baryon production the lowest-

order predictions do not dominate until significantly larger pT values are reached.

I. INTRODUCTION

Many calculations have now been performed
which attempt to describe high-p~ meson produc-
tion using lowest-order quantum-chromodynamics
(QCD) perturbation theory for calculating the hard-
scattering subprocesses. The results of these
calculations suggest that if the QCD-predicted
scaling violations and running coupling constant
are retained, then the lowest-order subprocesses
can adequately describe the data for sufficiently
high energies and large momentum transfers. ' '
Other analyses have suggested that the range of
agreement can be significantly enlarged if one
invokes smearing corrections attributed to the
transverse motion of the colliding (and fragment-
ing) partons. ' ' However, to date, predictions for
high-p~ baryon production using the full set of
lowest-order subprocesses and including all the
predicted scale-violating effects have been absent
from the literature. This situation has existed
primarily because of the lack of deep-inelastic
baryon production data which are necessary in
order to determine the parton fragmentation func-
tions for baryons. Recently, however, new data
for p and P' production in both electroproduction
and e'e annihilation have become available,
thereby making it possible to extend the high-p~
hadron production predictions into the baryon sec-
tor.

The applicability of perturbation theory to high-

p~ calculations depends crucially on the pheno-
menon of asymptotic freedom found in QCD. ' '
Thus, at sufficiently large energies and high p~
it is expected that the lowest-order QCD subpro-
cesses will dominate. However, at low and inter-
mediate P~ higher-order terms should become
important. Isolating the effects of these higher-
order contributions has historically been rather
difficult since attention has been focused, to a
large degree, only on single-meson p~ distribu-
tions. By varying the species of the produced had.-

ron it should be possible to discern more details
of the underlying dynamical mechanisms.

The analysis presented here must, of necessity,
simultaneously address both meson and baryon
production. The two processes are linked together
by the requirement that the parton fragmentation
functions satisfy the constraints which follow from
momentum conservation. By introducing baryon
fragmentation functions, the normalization for the
mesonic processes will be decreased somewhat.
Considering both processes simultaneously en-
sures that the successful meson production predic-
tions are retained.

The work reported here took place in two dis-
tinct stages. First, it was necessary to determine,
the parton fragmentation functions for baryons.
This necessitated a reanalysis of the fragmenta-
tion functions for mesons as well, since the two
sets of fragmentation functions are jointly con-
strained by the requirement of momentum conser-
vation for the fragmenting parton. Having obtained
a satisfactory set of fragmentation functions, it
was then possible to predict the cross sections for
both meson and baryon production at high p~.

The results obtained here for the meson sector
are similar to the results obtained previously in
other analyses. ' ' They are included here both for
completeness and in order that one may judge the
effect of including baryon production in the analy-
sis of the parton fragmentation functions. These
results show that it is possible to describe the
leptonic data for both meson and baryon produc-
tion, and that the resulting predictions for the
high-p~ production of mesons are essentially un-
changed. Taken together, these two conclusions
indicate that the predictions presented here for
both proton and antiproton production are indeed
representative of the contributions coming from
the lowest-order QCD subprocesses.

Section II contains a review of the formalism
used in this calculation, including a detailed dis-
cussion of the role of parton-transverse-moment-
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um smearing. Included, too, are comments on
the nature of the higher-order terms which appear
in the perturbation-series expansion. In Sec. III
the parton fragmentation functions are determined
and Sec. IV contains the predictions for high-P~
meson and baryon production. A summary and
some conclusions are presented in Sec. V.

II. THEORETICAL PRELIMINARIES

Before addressing the problem of predicting
high-P~ baryon production it is, perhaps, worth-
while to reQeet on some of the progress that has
been made in understanding high-p~ hadron pro-
duction. There are now sound theoretical rea-
sons"' "to believe that at sufficiently large ener-
gies and high pr one can use QCD perturbation
theory to describe the hard-scattering subproees-
ses provided that scale-violating parton distribu-
tion"' "and fragmentation"' "functions together
with the strong running coupling constant n, are
used. In particular, at the leading-logarithm
level these scale-violating functions are process
independent. However, a straightforward applica-
tion of these ideas results in predictions which
fall below the data in the region below pr = 5 GeV/
c. Furthermore, when two-particle correlations
are studied, significant deviations from the expec-
ted planar event structure are observed. " For both
of these reasons, the original perturbative cal-
culations have been modified to allow for the pres-
ence of transverse motion for the colliding and
fragmenting partons. ' ' It is argued" that two
effects must be taken into account for intermed-
iate P~ values. The first is that the confinement
mechanism, operating over a long time scale,
gives rise to an intrinsic (or primordial) compo-
nent of parton transverse momentum. This com-
ponent is, presumably, characteristic of the
colliding hadron and, hence, should not depend on
the various kinematic variables, nor should it de-
pend on specific parton flavors. Second, in high-
er orders of perturbation theory one encounters
more complicated subprocesses than the lowest-
order 2- 2 type. Specifically, in the next order
one finds 2-3 subprocesses involving, for ex-
ample, gluon bremsstrahlung as in qq-qqg. Now,
to leading-logarithm accuracy, the scale-violating
parton distribution and fragmentation functions al-
ready account for those contributions which arise
from the regions of phase space where the gluon
is parallel to one of the guarks. " However, the
contributions where the gluon and quarks are all
distinct, i.e., three-high-p~-jet final states, are
not included. These terms can give contributions
to the single-particle spectra and, in particular,
should modify the predicted planar event struc-
ture.

The calculation in Ref. 6 utilized a moderate
estimate for the average value of the parton
transverse momentum (kr), which was intended
to represent only the intrinsic component. This
resulted in an extension of the region of agree-
ment with the data. This region was increased
further in Refs. 4, 5, and 7, where larger values
of (kr) were employed in an attempt to account
for the effects of the higher-order terms in a
phenomenological fashion. In this manner the
data ean be described successfully over the range
jrk 2 GeV/c for center-of-mass energies Ws

above 20 GeV. This phenomenological type of
smearing calculation has recently been criticized,
however, on the basis that if off-shell kinematics
is used for the colliding partons, then the smear-
ing effects become greatly reduced. "

It has been argued" that in place of large smear-
ing corrections, one should instead include effects
from other higher-order diagrams involving, for
example, initial states with more than two par-
tons, e.g. , (qq) q-(qq)q. Such terms arise in the
constituent-interchange model (CIM) and corre-
spond, in this case, to meson-quark elastic scat-
tering. When interpreted in this manner the CIM
appears as an integral part of the complete QCD
theory. Thus, a complete calculation should in-
volve the scattering of all the possible compo-
nents of the incoming hadronic wave functions.

It has thus far been difficult to discount com-
pletely either the CIM approach or that which in-
vokes large smearing corrections. This is likely
to be due to the fact that there is an element of
truth in both types of calculations. To see this,
consider the three types of tests which have been
most extensively studied. The simplest observ-
able is the P~ distribution at fixed energy. Here
both types of calculations can achieve agreement
with the data. It is possible to go further by study-
ing the P~ dependence at fixed x~ and 0. In a
scale-invariant model the invariant cross section
is expected to behave as

F» the CIM n= 8,"while for the simplestQCD sub-
processes n =4. However, inclusion of all the
predicted scaling violations and the use of the
strong running coupling constant yields n = 6.5.' '
Including large, k~ smearing effects can raise this
value to n= 8 over a limited kinematic range.
Therefore, consideration of the meson data alone,
for which n = 8, is not sufficient to discriminate
between the two approaches. Finally, studies of
two-particle correlation data show that the lowest-
order QCD subprocesses together with substantial
k~ smearing can account for the observed effects. '
Here, too, proponents of the CIM claim to be able
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to understand the data, although quantitative cal-
culations thus far are lacking.

From the above discussion it is clear that one
of the problems in discriminating between the two
types of calculations is due to the fact that their
predictions are rather similar for meson produc-
tion. The CIM scaling behavior (m = 8) is not radi-
cally different from that predicted by QCD (n
= 6.5 in the currently accessible kinematic re-
gion). The difference is small enough to be ac-
counted for by parton k~ effects. Consider, how-
ever, .the corresponding predictions for baryon
production. Here the relevant CIM diagrams pre-
dict n =12 while the predictions of the lowest-or-
der QCD subprocesses remain essentially un-
changed. It is therefore possible that clearer
distinction between the two types of calculations
can be obtained by studying high-p~ baryon pro-
duction. '4

The basic idea that will be pursued here is to
make use of the predictive power of perturbative
QCD calculations. To this end, only the lowest-
order 2-2 subprocesses will be considered at this
time. The expressions for the relevant cross sec-
tions are well known. and can be found, for exam-
ple, in Refs. 1-3. Once the input functions have
been determined using deep-inelastic scattering
data, the remaining large degrees of freedom are
associated with the treatment of the parton k~
smearing and, to some extent, the choice of the
input gluon distribution function. In an effort to
retain the strong predictive power of the pertur-
bative approach, only the effects of the intrinsic
parton k~ will be included in this calculation.
.Thus, the effects of the higher-order terms, ac-
counted for previously in a phenomenological man-
ner by using a large value for ( k~), will not be
included here. Typical uncertainties associated
with the gluon distribution will be assessed by
using two representative forms. Each of these
points will now be discussed in detail.

In order to treat the question of the parton k~
smearing properly, it is necessary to find a
method of estimating the amount of intrinsic trans-
verse momentum which can be associated with the
various hadronic wave functions. One source of
such information is provided by the hadronic pro-
duction of dileptons. A naive interpretation of the
basic Drell-Yan" mechanism for dilepton produc-
tion would suggest that the observed dilepton
transverse-momentum distribution results froin
a convolution of colliding quark and antiquark k~
distributions. However, a study of QCD perturba-
tion theory reveals contributions arising from the
processes qq - p.' p, g and qg- q p. ' p ."" In fact,
in QCD it is only after integration over the dilep-
ton transverse momentum that one recovers the

usual Drell-Yan formula, only now with scale-
violating parton distribution functions. " Now it
is possible to investigate the nature of the intrin-
sic k~ distribution by first calculating the pertur-
bative contribution to (pr') for the dileptons, and
subtracting this from the observed value. This
procedure has been followed using dimuon data"
at 400 GeV/c. The observed value for (pr') lies
about 1.1 (GeV/c)' above the perturbative contri-
bution. " This excess is then defined as being the
contribution from the intrinsic parton transverse
momentum. Assuming a Gaussian form for this
distribution yields ( kr') =0.55 (GeV/c)' and (kr)
=660 MeV/c. Similar values have been obtained
using alternate prescriptions. "'" It should be
stressed that this method defines the intrinsic
component of the k ~ distribution in terms of the
perturbation-series expansion. If effects from
yet higher-order terms were included then the
value of (kr') would be somewhat decreased. It
should also be pointed out that if nuclear target
effects are creating anomalously large values of
(pr') for the dimuon pairs, then the actual value
for the intrinsic portion of the k~ distribution
could be smaller than that obtained here. " Never-
theless, arguments have been given which show
that (k~) - 600 MeV/c is not an unreasonable value
for the intrinsic contribution. "

The k~ smearing for the high-P~ hadron produc-
tion calculations has been performed using the
above value for ( kr). Thus, only the intrinsic
contribution is included and the overall smearing
is less than in other calculations. ' ' ' For the
transverse momentum associated with the final-
state fragmentation process a Gaussian distribu-
tion with ( kr) = 440 MeV/c has been used, as sug-
gested by the analysis of quark fragmentation
given in Ref. 35. Note that since only the intrin-
sic contribution to the various k~ distributions is
being included here, no distinction is being made
between the quark and gluon values for ( kr) in
either the distribution or fragmentation furictions.
This is reasonable for that transverse motion due
to confinement, although some differences should
arise in the effective k~ distributions if higher-
order terms are included. '

With the reduced value of ( kr) used here the
results are insensitive to the use of off-shell
kinematics for the partons. Furthermore, there
is no need to employ model-dependent mass
parameters or cutoffs. The k~ smearing em-
ployed here gives rise to only a modest increase
in the cross section, e.g. , slightly less than a
factor of 2 at v s = 62.4 GeV and jr = 3 GeV/c.

In any test of a theory which relies on absolute
normalization it is necessary to assess the var-
ious sources of uncertainty which may enter. In
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The normalization has been fixed by utilizing the
constraint of momentum conservation in conjunc-
tion with the input quark distributions. The second
form is that used in Ref. 7,

xG(x, Q,') = 2.676(1 —x)' .
In each instance, the distribution functions for
Q'& Q,

' were determined using. the appropriate
Mellin transform techniques. As in the previous
analysis' Q, '=4 (GeV/c)' has been used. The
strong running coupling constant has been taken as
o, = 12m/[251n(Q'/A') J, corresponding to four
quark flavors. For the scale parameter A the
value A =400 MeV/c has been chosen. The same
Q' definition' has been used as before,

Q'= 2stu/(s'+ t '+u'), (4)

where s, t, and u are the Mandelstam variables
for the parton-parton scattering subprocess. The
use of two sets of gluon distributions gives an

estimate of the effect of the single largest source
of ambiguity in this analysis. Additional normali-
zation uncertainties associated with the fragment-
ation functions will be discussed in the following
section.

In summary, this analysis is intended to be an
accurate representation of the predictions of the
lowest-order QCD 2-2 subprocesses. Only the
parton-transverse-momentum smearing associa-
ted with the intrinsic contribution is included. It
is therefore expected that the (incomplete) theo-
retical predictions will lie below the data in the
intermediate-p~ region. The difference between
these predictions and the data will thus provide a
bound on the contributions of the remaining higher-
order terms such as multijet final states, CIM
diagrams, etc. The variation of this bound with

produced particle species should provide useful
information as to the nature of these additional
contributions.

III. PARTON FRAGMENTATION FUNCTIONS

In Ref. 3 a set of parton fragmentation functions
for mesons was presented. These functions were

this analysis the most precise leptonic data
available have been used to determine the input
fragmentation and distribution functions and there
is very little freedom for alteration in them.
However, there is a major source of ambiguity
related to the choice of the gluon distribution
function. The input quark distributions used here
are the same as were used in Ref. 7. For the
gluon distributions, however, two choices will
be used. The. first is proportional to the one used
in Refs. 4 and 5,

xG(x, . Q,') = 0.892(1+9x)(1 —x)'.

constrained by various sum rules and by (broken)
SU(3) symmetry considerations. They were shown
to give a good representation of the data. For
quark fragmentation these functions were based
on a simple picture wherein a valence-sea de-
composition was used. The valence term corre-
sponds to the situation where the initial quark ends
up in the observed meson. The sea term then
describes the case where a quark-antiquark pair
is created during the fragmentation process and
the observed meson does not contain the initial
quark.

New data involving, in particular, K' electro-
production" have shown that this simple picture
is incomplete and that effects due to resonance
decays must also be included. ""'" Therefore,
this model has been updated to include these ef-
fects. The technique used to handle the resonance
decays is the same as that presented in Ref. 35.
Simple two-body decay kinematics is used together
with the parent-child relation to determine the
resulting longitudinal-momentum distribution of
the decay products. For decays involving more
than two mesons, the results are weighted so as
to produce the correct decay multiplicity. " This
approximation procedure correctly describes the
dominant decay modes and is adequate for the
more complicated, though less important, high-
multiplicity final states. The quark distributions
for the parent (or primary) mesons are paramet-
rized in the valence-sea fashion as in Ref. 3. In
this case, however, both pseudoscalar and vector
mesons are produced with relative probabilities
n~ and n~. Following Ref. 35, n~=n~=0. 5 has
been used. It is then straightforward to write
down the independent primary fragmentation func-
tions for the quarks. These are

zD, („(z,Q, ') = axz (c —z) + $,(i —z)',

zD, ,„(z,Q,') = (,(1 —z)',

zD„.,„(z,Q, ') =f Wz(c z)+ t. (1 z)',

zD„)„(z,Q,') = (z(1 —z)',

zD» (,(z, Q,') = ave (c —z) + $~ (1 —z)',

where z is the longitudinal-momentum fraction
of the observed meson. Similar expressions hold
for the production of vector mesons. The other
v and K ( p and K*) functions may be obtained via
the relations found in Ref. 3. However, in order
to determine the q and q' (e and Q) functions, the
relevant mixing angles must be specified. For the
vector-meson case, Hv= tan ' 1/M2 was chosen so
that the quark content of the Q is pure ss. For
the pseudoscalar mixing angle, a value of 8~
= —9.7' was chosen so that both the q and q' have
equal quantities of strange and nonst. 'range quarks. "
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The resulting fra, gmentation functions are (the
z and Q' dependences have been suppressed for
compactness)

zD
/& zDp p/qp zD /q RDpo/q

zD~), --zD~~—-R«avz (c —z)+R», $ (1 —z)',

zDo( zD'~~ zD~(q'zD~(q R» ') (1 z)2

zD&/+ —zD&/+ —zD+g —zD~ /~

= —,
' ave (c —z) y —,

'
$,(1+R»,')(1 —z)',

zD„&, zD„&—= —,'R«, auz (c —z) + —,
'

$,(1+R„,')
x (1 z)2,

where R», =—g«/g, is an SU(3)-breaking factor which
takes into account the relative difficulty of creating
an s quark versus a u or d quark. With the above
choice for the mixing angle 8~, the q and g' frag-
mentation functions have the same form. The
-above expressions completely determine the dis-
tributions for the primary mesons. Adding in the
decay-product distributions for the primary vec-
tor mesons completes the description of the quark
fragmentation functions for mesons.

For fragmentation of quarks into baryons the
situation is considerably simplified by the obser-
vation that in the case of baryon decays the daugh-
ter baryons carry most of the parent baryon mo-
mentum as a result of the small mass of the
daughter pion. Therefore, to a good approxi-
mation, one can simply parametrize the final P,
p, n, and n decay functions without having to take
into account explicitly any intermediate baryon
states. " These. final baryon functions are in fact
the relevant ones for most experiments since no

distinction is normally made, for example, be-
tween direct protons and hyperon-decay products.
Furthermore, modifications to the meson dis-
tributions due to baryon-decay products should be
unimportant since they will dominantly occur at
low z values which are unimportant for the appli-
cations to be considered here. The parametrization
employed here is based on a simple extension of
the valence-sea decomposition

&D&/q =~Dnlq = 'D~r. ='Dn/q-

zD, ) g, (1 —z) '5——, zD«) g«(1 —z) '—~-,

zD„i zD„.i
——g, (1———z) '

zDp ) zD„( zDq (
—— zD„(————g„(1———z)—~

(10)

In each case the power was chosen to be inter-
mediate between the respective valence and sea

I

1.0 l

.ep —7T++X

0.1—

Ux
0.01—

a~, $~, and P are specified. The last parameter,
P, determines the probability of obtaining a me-
son (as opposed to a baryon) from a quark jet.
Several of these parameters can now be con-
strained by various sum rules. '" First, R~,
is taken to be 0.5 as in Ref. 3. This is equivalent
to the SU(3)-breaking factor used in Ref. 35, as
well. For the meson sector the isospin" and mo-
mentum sum rules yield the contraints

b =a/2, a(2c —2/3) =—', ,

$, =12/25(1 —5ac/3+a) .

[n addition, the momentum sum rule for the
baryon sector yields

g&
——1 —32a&/105 .

Therefore, the three parameters c, a~, and P
will completely determine the quark fragmentation-
functions for mesons and baryons. Note, now,
that overall momentum conservation requires
that the meson functions be multiplied by P and
the baryon functions by 1 —P.

Finally, a. parametrization for the gtuon frag-
mentation functions must be specified. The
forms chosen are

D, = D„,= D ,= D„g, —-$ (-1-—)-
where q =u, d, or s. Notice that here the strange
quarks enter into the valence expressions. This
follows from the fact that there are contributions
from hyperon decays for which the strange quarks
appear in-the valence terms.

The meson and baryon parametrizations for the
quark fragmentation functions will be completely
determined once the parameters a, b, c, $,, $»,

0.1—

QQ1 I I I I

0 0.2 0.4 0.6 0.8 1.0
XF

FIG. 1. Result of fitting the fragmentation functions to
data for vr

' and ~ (Ref. 36) as wel. l. as ~0 (Ref. 41)
electroproduc tion.
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K /7r o ———
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IO.O—

-h'+ X

b IO—

0 0.2 0.4 0.6 0.8 I.O

XF

FIG. 2. Fitted results for p, P', K+, and E electro-
production. The data are from Ref. 36.

powers. The various meson coefficients are
assumed to be related by the same SU(3) sup-
pression factors observed in the quark-sea
terms. Thus, g»=R», g, and g„=—,'(1+R», ')g, .
It is assumed that the mesons carry a total
fraction P of the gluon momentum while baryons
carry 1 —P. The momentum sum rules then
yield

g„=0.875(1 —P),

g, =0.4P .
The remaining parameters (c, a~, and P) have

been determined by fitting data from a SLAC-
MIT electroproduction experiment. " Note that
the variable xz ——p, /p, has been used, where

P, is the hadron longitudinal momentum. The
results are

c =1.703, g~ =2.106, P =0.923 .

Equations (8) and (9) then yield

a=0.146, (,=0.351, )~=0.358 .

Notice that only about 8% of the time does a
quark fragment into a baryon. Therefore, the
meson sector is largely unaffected by the in-
clusion of the baryon terms.

In Fig. 1 the fitted results are compared with
data for w' (Ref. 36) and w' (Ref. 41) electroproduc-
tion. The data are presented in terms of

1 2 &' F. do 2f(xz) =
2 dPT d0

+tot ~ pl max dxF@T dp.

O.OI
0 0.2 0.4 O.Io 0.8 1.0

Z

FIG. 3. Predictions for deep-inelastic neutrino and
antineutrino reactions. The data are from Ref. 42
(, O), Ref. 43 (S), Ref. 44 (+, 4), Ref. 45 (~,~), and
Ref. 46 (~).

The z curve falls somewhat more steeply than
the data, but the p' and g comparisons are ex-
cellent. These data have been taken in the kine-
matic region 0.5 &Q' &7.0 (GeV/c)' and 15 &s
& 31 GeV, which corresponds to 0.02 &x & 0.33
where Q, s, and x are the usual electroproduction
kinematic variables. " The reduced x range en-
hances slightly the role of the sea quarks. This
effect tends to flatten the p curve somewhat,
though not quite enough. Figure 2 contains the
results for the p/w', p/w, E'/w', and K /w
ratios. More E' production is predicted than is
apparent in the data. However, the inclusion
of resonance decay effects has resulted in a
significant decrease, especially for low values
of x~. The fitted levels of baryon production are
in good agreement with the available data. Note,
however, that the data do not really determine
the P production level very accurately in the
high-x~ region, and in the low-x~ region there
may be a slight tendency to overestimate the
data.

In order to serve as a consistency check, the
fitted fragmentation functions have been used to
predict the results for various neutrino-induced
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2 x e'e--p+X

OJ

O
CD Io

CU

O
CD

CLx

10

o s=
~ s= 16
o s= 19
~ s= 20
x s=25

s= 4 ———
s= 15
s= 25"' ' ~

Io

s= I

~ ~ ~ ~ ~ ~ ~

I

O.2 O.4 O.6
I

0.8 I.o

1 l

0.2 0.4 0.6 0.8
X

1.0 FIG. 5. Same as Fig. 4 except for K' and K produc-
tion.

FIG. 4. Predictions for e'e p+P'+X. The data are
from Bef. 47 and correspond to twice the p production
cross section. The theoretical predictions are shown
for several energies in order to illustrate the magni-
tude of the scaling violations.

and e e annihilation experiments. In Fig. 3 the
predictions for a variety of neutrino and anti-
neutrino reactions4' 4' are shown. In each case
the agreement is good. In Fig. 4 the predictions
for e'e -(P+P) +X are shown together with data
from DESY.4 The data span a range of energies,
so several curves are shown corresponding to
4 & s & 25 GeV'. These results show that the
scale-violating effects are rather mild and,
further, that the curves underestimate the data.
Note that the scaling variable used here is x~
=2p/V s rather than xz ——2E/v s, which was
used originally. 4' The corresponding predictions
for E' production are shown in Fig. 5. Here,
too, the curves show a tendency to underestimate
the data. 47 Thus, for both the P and K' cases the
fitted results obtained from the electroproduction
data are somewhat high while the e'e predictions
turn out to be slightly low. In the context of the
parton model it is not possible to account for the

.remaining discrepancies. If they are a result
of residual phase-space effects, then data at
higher Q' and. v s will be of some assistance.
on the other hand, the e'e data in the region

above Ms=3.7 GeV may be receiving some con-
tributions from charm decay. These effects
are not included in the model.

The present parametrization strikes a balance
between the electroproduction" and e'e annihila-
tion4' data and, in so doing, should provide a
realistic estimate of the various fragmentation
functions. The good agreement found for the
neutrino data. suggests that this is indeed the
case.

IV. HIGH-pz PREDICTIONS

Predictions for both meson and baryon produc-
tion at high P~ have been made using as input the
parton distribution and fragmentation functions
discussed previously. Unless otherwise specified,
all the curves presented here have been calculated
using the gluon form shown in Eq. (2). The results
for pion production are compared with the data"'"
in Figs. 6 and 7. The predictions are significantly
below the data for values of Ws between 20 and 30
GeV, with the discrepancy becoming less as P&
is increased. In the upper energy range shown
the curves underestimate the data by a factor of
about 3 at pz=3 GeV/c and by pr= 5 GeV/c the
curves have intersected the data. This behavior
is characteristic of calculations which use little
or no parton-k~ smearing and is obtained here
since only the intrinsic k~ component is retained.
It appears that for vs & 50 GeV, lowest-order
2- 2 subprocesses account for at least 50% of
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the observed cross section by jr = 5 GeV/c and
become dominant for P~ values above this point.
In order to check this, precise data at larger P~
values are required. In Fig. 8 predictions are
given at two values of v s for P r & 16 GeV/c. The
upper (lower) curve in each band has been calcu-
lated using the gluon distribution given in Eq. (2)
[Eq. (3)]. These bands thus show the typical
uncertainties associated with the poorly deter-
mined gluon distribution. Some data are avail-
able in this higher P~ range, but, unfortunately,
the different measurements are not in agreement
with each other. Preliminary data" from an
Athens-Brookhaven- CERN-Syracuse- Yale
(ABCSY) experiment agree well with the predic-
tions shown iri Fig. 8 in the region above P&
= 5 GeV/c. It should be noted that these data
agree precisely with data" in the region below
5 GeV/c, thereby lending credence to their
normalization. Data" from a CERN-Saclay-
Zurich experiment, however, generally lie be-
tween a factor of 2-3 higher than the ABCSY
data in the region jr &6 GeV/c. Finally, pre-
liminary data" from a CERN-Columbia-Oxford-
Rockefeller collaboration lie between the two

FIG. 7. Predictions for high-P&pion production. The
data are from Ref. 49. The dashed curve has had the
parton-k &. smearing removed and corresponds to Ws
= 62.4 GeV. For clarity, both the theoretical curve
and the data at v 8 = 53 GeV have been reduced by a factor
of 10.
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other results with a tendency to be closer to the
ABCSY results. Thus, the situation is somewhat
unclear at the moment. However, the trend of
the available data shows that there is reasonable
agreement between the theory and the data in this
larger p~ region.

Figure 9 shows the predictions for the m'/w,
K'/K, and K'/m' particle ratios at& s = 27.4
(Ref. 53) and 53 GeV. '4 In each case the pre-
dicted magnitudes and energy dependences are in
agreement with the data. Therefore, the con-
clusions reached above for the m' data also apply
to the production of other pseudoscalar mesons.
Notice, too, that the inclusion of resonance ef-
fects results in a K'/m' ratio of nearly —,

' for high-

P& meson production in agreement with the data,
while also yielding a much smaller ratio for the
region of x~ covered by the electroproduction data.
This point has been stressed in Ref. 3V.

Figures 10 and 11 show the predictions for
high-Pr P andP production at vs = 27.4 and 53

GeV. It is clear that the discrepancy between
the theoretical predictions and the data"'" is
significantly greater than was the case for the
meson sector. AtPr=3 GeV/c the data exceed
the theoretical curves by factors of 25 and 15 at
vs =27.4 and 53 GeV, respectively, for proton
produition. For p production the corresponding
factors are 8 and 13." These figures are to be
compared with those for the meson case which
are 3.3 and 3 at Pr =3 GeV/c and v s = 27.4 and
53 GeV, respectively. It is clear, then, that the
lowest-order predictions atPr =3 GeV/c lie in-
creasingly below the data as one goes from meson
toP toP production. Data for P andP production
do not exist in the region vs & 50 GeV and Pr
& 5 GeV/c, where the lowest-order predictions
for meson production begin to dominate. How-
ever, Figs. 10 and 11 show that there appears
to be a convergence of the theory towards the
data as P~ is increased. This behavior is ex-
pected, of course, and it is anticipated that at
sufficiently large P& and s values the lowest-order
predictions will become dominant, just as in the
meson sector.

At this point it is reasonable to ask: What fac-
tors exist which could affect the normalization

- of the baryon predictions in the context of lowest-



3288 J. F. 0%EN S 19

IO 51

IO

I 1

pp-p+X
e= so.

o &)
p/77 GeV
o- --Ps=27.4
~ Xs= 55

IOO

10

IO"

LL1 IO 56

0.05—

I I

p (GeV/c)

GeV
o- --Vs=27.4
~ Xs= 55

IO

IO
38

4 5 6 7
p (GeV/c)

5 6
p (GeV/c}

FIG, 11. Predictions for high-P q antiproton production.
The data are from Ref. 53 (a) and Ref. 54 (&). The

dashedcurve isa theoreti. cal. prediction from Ref. 24
corresponding to a lowest-order @CD calculation with

exact scaling.

FIG. l2. Predictions for high-p g p/~ ' and p'/7t ratios
atvs=27. 4 GeV [dashed curves and open symbols (Ref.
53)] and As=53 GeV [solid curves and closed symbols
(Ref. 54)].

order QCD perturbation theory' One such factor
is the larger mass of the produced baryons com-
pared to the meson masses. In this calculation
the external masses have been retained so that
the kinematic variables have the correct mass
dependences. External masses also enter into
the definitions of the scaling variables used in
determining the fragmentation functions. For
example, the electroproduction data used here"
are given in terms of x~ while the e'e annihila-
tion data" are given in terms of x~. In order to
facilitate comparison between the two data sets,
the e'e data have been displayed in terms of x~,
as mentioned above in Sec. III. Although all
three variables are equivalent in the high-energy
limit, at the energies of the present experiments
x~ more closely approximates x~ than does x~.
This change of variables shifts the e'e data to
lower x~ values since x~&x~. Also, the data are
]owered by the amount p/E. This variable trans-
formation has the effect of bringing the theoretical
predictions, obtained by fitting the electroproduc-
tion data, into better agreement with the e'e
data. The slight underestimates apparent in Figs.

4 and 5 would have been much larger had the
variable x& been retained. The results shown in
Figs. 2, 4, and 5 indicate that the present pa-
rametrization gives a compromise between the
electroproduction and e'e data. It seems un-
likely that an alternate choice of scaling variables
-could retain the agreement with the leptonic data
while simultaneously increasing the high-P& pre-
dictions. In this regard, it should be stressed
that the K' predictions are also affected by this
same uncertainty, although to a lesser extent,
and they are in good agreement with the high-P~
data, as is shown in Fig. 9.

Another source of uncertainty concerns gluon-
related effects. The relative normalization be-
tween meson and baryon fragmentation from a
gluon is determined by the probability that a
quark jet produces a baryon, as discussed in Sec.
III. While this is an assumption, it should pro-
vide at least a reasonable estimate for the level
of baryon fragmentation from a gluon. At any
rate, the single-particle cross section results
mainly from quark fragmentation, as a result
of the Qatter s dependence for the quark frag-
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mentation functions. Therefore, minor vari', tions
in the gluon fragmentation functions will not
significantly increase the level of the baryon pro-
duction predictions.

The uncertainty in the gluon distribution func-
tions also affects the baryon-production normaliza-
tion. This uncertainty is also present for the
meson predictions as well, and, therefore, will
largely cancel in the ratios P/v' and P/w . These
ratios are shown in Fig. 12 for Ms=27.4 and 53
GeV. As noted before, the proton data lie up to
an order of magnitude above the predictions, and
the antiproton data exceed the predictions by a
factor which varies between 2 and 3. While this
is comparable to the underestimate observed in
Fig. 4 for e'e annihilatiori, it should be stressed
that the same parametrization yields results
which are slightly above the electroproduction data
shown in Fig. 2. Therefore, unless new electro-
production data indicate a larger degree of anti-
proton production than is now observed, it would
be difficult to significantly increase the predictions
shown in Figs. 11 and 12.

Results similar to those presented here have
recently been obtained by Gunion and Jones, "
who studied the transition from the low-P~ region
to the region where the lowest-order 2- 2 sub-
processes dominate. For comparison, their
lowest-order prediction for P production at v s
=27.4 GeV is shown in Fig. 11. Their prediction
is somewhat. flatter than that presented here,
primarily due to their assumption of complete
scale invariance. Thus, although the calculations
differ in detail, the order of magnitude for the

lowest-order predictions is the same.
At this point it is necessary to seek an under-

standing of why the baryon predictions lie much
further below the data than do the meson pre-
dictions. To understand this behavior one must
first understand the effects on the single-particle
spectra of the phenomenon of trigger bias. Owing
to the steeply falling P& distribution, it is more
likely for an outgoing particle to take a large
fraction of the parent parton's momentum than for
it to take a small fraction. Thus, single-particle
triggers are biased towards large values of z.
Now the fragmentation functions behave as powers
of 1-z as z goes to one. As shown in Eqs. (5)-(7),
these powers are 1-2 for mesons and 2-3 for
baryons. Therefore, the trigger bias present in
single-arm triggers causes a larger suppression
for baryon production than for meson production.
This means that for baryon production a larger
fraction of the cross section at any fixed P~ will
be made up of other competing processes than is
the case for meson production.

A clearer understanding of this pattern can be
obtained by studying the predictions of the CIM
for p and P production in pP interactions.
Here, there are a variety of subprocesses, each
of which is characterized by a scalingj~ "
behavior. For proton production there are large
contributions from "direct" production of protons
as well as from diagrams which are proportional
to valence quark distributions. However, for P
production there is no direct term and the re-
maining CIM diagrams are proportional to small
parton distribu'. ions such as the sea term. There-
fore, one is led to the conclusion that there should
be a large CIM contribution to proton production
which could dominate over the lowest-order pre-
diction. However, for P production the CIM
terms are smaller and the lowest-order predic-
tions should become dominant at a moderate value
of P~. This behavior can be verified by studying
the scaling properties for p and P production. It
has been observed" that p (p) production scales
asPr "(Pr ') at fixed xr and tI, in the region
Pr ~ 6 GeV/c and Ws ~ 27.4 GeV. The CIM pre-
diction is P~ " in each instance, whereas the
lowest-order subprocesses scale as P~ '. In
actual practice, the scaling violations cause the
lowest-order predictions to have a characteristic
P~ power of about 6.5. The CIM prediction for
proton production agrees with the data, but this
is not the case for P production. Apparently, for
P production the effects of the lowest-order terms
are causing the P~ power to drop from 12 to about
8, a value which is intermediate between the pre-
dictions of the two types of subprocesses.

The observation of aP~ "behavior for proton
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production is a crucial one, for the following
reasons. For meson production the predictions
for the P & power were not too different between
the CIM (Pr ') and the lowest-order 2- 2 sub-
processes modified by scaling violations (Pr ").
In particular, parton k~ smearing, assumed to
be coming in part from higher-order diagrams,
can give rise to a P ~

' behavior over a limited
range of P2."' However, for proton production
the lowest-order subprocesses still predict a
P~ exponent of about 6.5. In Fig. 13 the invariant
cross-section predictions weighted by P~' have
been plotted at fixed x~ and 8. The characteristic
rise with P~ is seen here, just as in the meson
case."' There is no way that a behavior of

P&
"can be obtained from these subprocesses.

Therefore, in this particular reaction the trigger
bias effect has resulted in a relative enhancement
of the predictions of the CIM diagrams over those
of the lowest-order diagrams, and this enhance-
ment is made particularly evident by studying the

P~ dependence at fixed x~ and 8.
Thus far, the baryon predictions have all been

made for 0 = 90 . However, additional information
may be obtained by studying, for example, the
dependence on 0 for fixed p~. Alternatively, one
can study the x~ dependence at fixed P 2. In either
case, the behavior predicted by the lowest-order
QCD subprocesses will be qualitatively the same
as for the meson case," since only the frag-
mentation functions have been changed. There-
fore, the cross section will be roughly constant
for 45 ~ 8 & 90 followed by a sharp falloff at
smaller angles. This falloff occurs at a some-
what larger angle for baryons than for mesons
due to the steeper fragmentation functions. This
prediction is in agreement with the observed be-
havior for P production for Hs& 23 GeV (Ref. 54)
in PP collisions. However, for proton production
amuch flatter 0 distribution is observed as a
result of the leading-particle effect. At high p&
values the distribution does exhibit a decrease
at small angles, but it is less drastic than for P
or meson production.

This discrepancy for proton production is not
unexpected and is, in fact, just another indication
of the importance of the higher-order contributions.
This latter category includes the "direct" terms
of the CIM in which the observed proton comes
directly from either the beam or target. It is
interesting to note that these direct terms could
be studied in detail by comparing the beam and
target fragmentation regions for high-p~ proton
production in mP interactions.

The above discussion shows that the 6 dependence
at fixed P~ supports the conclusion that there are
higher-order types of diagrams which can make

significant contributions to the observed baryon
yields. For PP interactions these terms are
largest for proton production, smallest for
meson production, and of intermediate importance
for P production.

V. SUMMARY AND CONCLUSION

The major goal of this analysis was to obtain
predictions for baryon production from the lowest-
order 2-2 subprocesses. In order to accomplish
this, baryon fragmentation functions were re-
quired. Using new electroproduction data for p
and p production, parametrizations of the re-
quired functions were obtained. In the process, a
set of meson fragmentation functions was also ob-
tained which reflected the effects of resonance de-
cays. Using these improved fragmentation func-
tions, predictions for both meson and baryon pro-
duction were made. These predictions were based
on the lowest-order 2-2 subprocesses modified
by the QCD predicted scaling violations and parton
k ~ smearing. In calculating the latter effect, only
the intrinsic parton k ~ component was retained.
This was estimated to correspond to (kr) = 660
MeV/c (using a Gaussian distribution) on the basis
of dimuon production data. The reduced amount
of k~ smearing means that the results are insen-
sitive to off-shell kinematics, mass parameters,
or k~ cutoffs. With these restrictions, no effects
from higher-order diagrams are included other
than the logarithmic Q' dependences of the coup-
ling o.,(q') and the parton distribution and frag-
mentation functions.

As expected, it was found that for moderate
pr values, e.g. , 3 GeV/c; the theoretical pre-
dictions were below the data, thus indicating the
presence of higher-order terms such as 2 - 3 sub-
processes, CIM diagrams, etc. It was further
found that the discrepancies between the lowest-
order predictions and the data become greater
in going from meson (-3) to p (-8) to p (-20) pro-
duction. This pattern can be understood as being
due to two competing effects. First, any subpro-
cess in which the observed hadron is a fragment
of an outgoing parton will suffer from trigger bias.
This suppresses the lowest-order baryon predic-
tions more than those for meson production.
Second, the CIM diagrams for p production are
not too large, being proportional to small parton
densities such as the sea terms. Therefore, in
the intermediate-p~ region the ratio of CIM to
lowest-order terms is largest for p production,
smallest for meson production, and intermediate
for the p case. This pattern is also evident in the
observed p~ dependences at fixed x~ and 8.

It is expected that at sufficiently large p~ the
predictions of the lowe'st-order subprocesses
should become dominant. Indeed, there is evi-
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dence that for meson production this is the case
for ~s& 50 GeV and p r& 5 GeV/c. On the other
hand, this transition is expected to occur at a
somewhat larger p ~ value for p production and at
an even larger value for p production. As these
transitions occur one should observe a change in
the p~ dependence at fixed x~ and 8. The p and p
p~ powers should drop from 12 to about 6.5.
Clearly, high-p r (p r ~ 10 GeV/c) high-energy
(~s~ 50 GeV) data with particle identification
would be desirable in order to verify these pre-
dictions.

The results obtained here support the point of
view that the description of high-p~ hadron pro-
duction becomes less complicated as increasingly-
larger-p~ regions are explored. The point at
which the simplest, i.e., lowest-order, terms
begin to dominate depends strongly, however,
on both the particular beam/target combination'4
as well as the produced particle species. Thus,
the description of single-particle p~ distributions
using only the lowest-order 2 - 2 subprocesses
does not constitute a test of QCD as such. Rather,

it serves as a consistency check on the perturba-
tion techniques usedto obtain predictions from
QCD. As.one progresses from the high-pr to the
moderate-p ~ range, contributions from higher-
order terms and new types of subprocesses begin
to be important. Sorting out these different con-
tributions requires more information than is avail-
able from single-particle spectra. One must ex-
tend the analyses to include two-particle correla-
tion studies, for example. An interesting exercise
along these lines would be to study the effects of
final states with three high-p~ jets."' Such an
extension of the basic perturbative QCD calculation
would allow a further refinement of the estimates
of the role played by more complex subprocesses
such as those found in the CIM diagrams.
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