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In this paper we present results on hadronic production in antineutrino-proton interactions. The data sample,
which consists of 2033 charged-current events with antineutrino energy above 5 GeV, comes from exposures of the
15-foot hydrogen bubble chamber to the Fermilab broad-band antineutrino beam. The results are discussed in terms
of both their exclusive-channel components and the deep-inelastic part of the data, for which the total hadronic mass
Wand the lepton four-momentum transfer Q' are large. The current-quark fragmentation shows properties in good
agreement with the simple quark-parton model. In particular, the data show no evidence for scaling violations or
breakdown of the factorization hypothesis when the selections appropriate to obtaining the current-quark fragments
are used. The jetlike features of the events and the energy and charge correlations in the quark fragmentation region
are in reasonable agreement with the standard jet model of Field and Feynman. However, these features and the
transverse-momentum properties of the current-quark fragments also follow phase-space predictions. The
characteristics of the spectator-diquark (target fragmentation) system are presented. These features are compared to
those of the current-quark system and to some predictions of quark-fusion models for proton fragmentation.

I. INTRODUCTION

The generally accepted framework for discussing
the production of hadrons in such processes as

vp- p, '+hadrons

is the quark-parton model (QPM). ~ In its simplest
form, this model considers the charged-current
reaction to be mediated by the exchange of a vir-
tual boson ~, which interacts with one of the
quarks in the nucleon target. The transverse
momentum of the quarks iri the nucleon is neglect-
ed. Thus hadronic production through exclusive
channels such as

This simple parton model describes the main
features of the existing data from leptoproduction
reactions quite well. ' ' The hadronic system re-
sulting from quark fragmentation is generally
independent of the production variables at the
lepton vertex, as expected. However, with the-

recent availability of more precise data and the
opportunity to explore higher values of the hadron-
ic mass W and the lepton four-momentum trans-
fer Q', some deviations are found. Modifications
to the simple QPM are certainly expected from
effects such as an intrinsic quark transverse
momentum inside the nucleon, the collision of the

vp~pA~p P& (2)

involves a rearrangement of the quark configura-
tion, transforming the nucleon to a b, (1236). In
a deep-inelastic iriteraction, the ~ strikes a
valence'z quark changing it to a d quark, which
then fragments independently of the other quarks
in the nucleon target to produce hadrons called
the curr ent-quark fragments,

W +g- d- hadrons.

The residual diquark, in this case a (ud) combina-
tion, acts as a spectator and itself breaks up into
hadrons, the target fragments, as shown sche-
matically in Fig. 1.

CURRENT
FRAGMENTS

TARGET
F RAG MENTS

FIG. 1. Schematic representation of d-quark fragmen-
tation following the interaction of a virtual g weak bo-
son with a u quark from a proton target.
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boson with a gluon. constituent, and gluon radi-
ation by the struck quark. Such effects are pre-
dicted by quantum chromodynamics (QCD) to ap-
pear as scaling violations and nonfactorization in
quark fragmentation functions and would result,
for example, in a dependence of the hadron mean
transverse momentum on Q' and W. Thus, a de-
tailed study of the properties of hadrons produced
in leptoproduction reactions is important in pro-
viding quantitative tests of this theory.

A striking feature of the hadronic system re-
sulting from deep-inelastic quark transitions in-
duced by hadron or lepton beams should be the
presence of jets of hadrons. In both v and p pro-
cesses, the flavor of the struck quark is known,
aside from small contributions from the nucleon
sea. Thus neutrino probes present some advan-
tages in studying such jet properties as leading-
particle effects and momentum and charge corre-
lations, as well as in comparing to models of
quark hadronization. Moreover, particle produc-
tion in (pp)-nucleon processes are related to those
in (e, p, )-nucleon interactions, to e e annihilations
and to high-transverse-momentum hadronic inter-
actions through the QPM. 6 ' In the (e, p, )-nucleon
interaction, the coupling goes via the quark charge,
so that the u-quark fragmentation contributes —',
of the cross section for a proton target. Thus,
the characteristics of these reactions should be
similar to the pp case. In g e annihilations, ~,
d, z, z, andb quarks all contribute, weighted
by the square of the quark charge, once the ap-
propriate threshold has been passed. So pp reac-
tions provide a unique tool for studying d-quark
fragmentation.

The data presented in this paper come from a
bubble-chamber experiment which provides the
advantages of complete kinematical coverage and
some neutraL-particle detection but also Suffers

the drawbacks of limited charged-hadron identifi-
cation and statistical precision. In contrast, the
experiments using charged-lepton beams generally
have good statistical precision and particle identi-
fication, but have restricted kinematical cover-
age."Nevertheless, it is important to compare
the characteristics of-the hadrons produced in
these different processes in order to search for
the regularities predicted by the QPM.

II. EXPERIMENTAL DETAILS

VP~+H

vP~+ H

(4)

(5)

The data sample was obtained from three sep-
arate exposures of the Fermilab 15-foot hydrogen
bubble chamber. Most of the 226000 pictures
were obtained with a 400-GeV proton beam and
two focusing horns to provide a broad-band anti-
neutrino beam. The neutrino background flux
was at the 10% level except at the highest ener-
gies.

The scanning process'selected all events for
which the total momentum in the forward hemis-
phere exceeded 2 GeV/c. Because of the diffi-
culty in finding one-prong events, they are not in
the data sample. Since this paper deals primarily
with charged hadrons, this omission introduces
no serious bias. All charged-current events con-
taining a P' are included. The overall scanning
and final average event reconstruction efficiencies
were - 90 and 95 /q, respectively. Multiplicity-
dependent corrections for scanning and measuring
losses were applied.

The vp charged-current (CC) events are ex-
tracted from a raw sampling comprising contribu-
tions from both CC and neutral-current (NC) reac-
tions
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FIG. 2. The distribution in hadronic mass 5 for the
system of charged hadrons in Tp —p, h X events. The
event subsample, which is assigned as the JLf, pz or
p pg 7t. 7t. final states, is shown shaded.

FIG. 3. The distribution in lepton four-momentum
transfer, Q, in the pp p, 'fg X events. The event sub-
sample, which is assigned to the p, pv or p'p7(. 7f 7t. final
states, is shown shaded. The events with Q ~ 15 (GeV/
c) are shown in an overflow bin.
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vp» vH p

vp» vH

Backgrounds from %~0 mesons and neutrons are
small and by requiring the charged tracks to have
a total momentum ~ 5 GeV/c can be ignored. "

Empirical muon-selection criteria for the separ-
ation of CC and NC events have been developed
in a Monte Carlo simulation of the experiment.
Any track with Pr& 1 GeV/c relative to the beam
and which had at.least twice the momentum of
any other track was called the muon. In events
not satisfying this selection, the track with highest
transverse momentum (Pr) relative to the total
momentum vector of the remaining charged parti-
cles was called the muon, provided Pr ~ 1.2 GeV/c.
Otherwise, the event was classified as a NC can-
didate.

The measurement of the beam energy for events
with missing neutrals was made using a modifica-
tion of a method due to, Grant in which the energy
is parametrized in terms of the transverse mo-
mentum of the missing-neutral system relative

to the total-hadron direction. The antineutrino
energy resolution, as calculated from the Monte
Carlo simulation, is a 9%. A further check on
the technique is obtained by taking events with
no neutral particles, such as the final states
p, +pII and p+pv IT+v (identified by kinematical fit-
ting) and computing the energy after deleting one
or more hadrons. The resolution estimated in
this way is + 12.5/0. The resolution in the total
hadronic energy ~ is about three times worse
than that for the antineutrino energy.

Results are given for three or more charged
particles, and we apply the selection 0.1& 7& 0.8
throughout, where 7 is the usual scaling variable.
In general, no cut on the Bjorken variable XQJ
is made unless indicated. Hadrons with laboratory
momentum less than 1 GeV/c, which are identified
as protons by ionization density in the chamber,
are called protons; all other charged hadrons
are assigned the pion mass.

In order to present distributions where the ef-
fects of instrumental smearing from measurement
uncertainties, muon selection and neutrino energy
determination are minimized, we again employ
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FIG. 4. The single-particle distribution in rapidity,
Y&, in the hadronic c.m. system for vp —p'h X events
with geo 4 GeV and 1.0 ~Q &45 (GeV/c) for (a) positive
hadrons and (b) negative hadrons. In (c), the net charge
per event, defined as positive minus negative, is also
shown as a function of F&. The peak near F&=—1.5 in
(a) corresponds to the identified protons.
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FIG. 5. The single-particle rapidity distributions in
the hadronic c.m. system for vp —p, h X events with W'
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as a function of Y&.
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the Monte Carlo simulation of the experiment. "
The program is run first with no measurement
uncertainties on the tracks and with known muon
identity and neutrino energy, and then it is run
with these uncertainties included so as to simulate
the experimental conditions. Comparison of the
results from the two runs allows the correction
function for a given variable to be derived. The
program incorporates known data to specify the
distributions inXM, 7, and p~ of the secondary
hadrons and the multiplicity distributions of
charged and neutral secondaries. However, such
details as jet and resonance production are not
input to the program. The nucleons are generated
according to the &~ distribution observed in the
experiment. These corrections are generally
smaller than 15%% and, unless otherwise indicated,
all distributions shown have been corrected.

III. DEFINITION OF VARIABLES AND EVENT
SAMPLES

0.01=

Ko

We use the conventional deep-inelastic scatter-
ing variables Xs, =Q'/2M v and Y'= v/E „, w-here Q
is the lepton four-momentum transfer, p is the
energy transfer between leptons, and ~ is the
proton mass.

In the @PM, the cross section for the semi-
inclusive reaction pp- p, +g'X is expressed in
terms of the elementary scattering of the ex-
changed current on a constituent quark (q') fol-
lowed by the fragmentation of the produced quark
(q) into hadrons (It), each of which takes a frac-
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FIG. 6. Normalized Lorentz-invariant cross sections
I'(Xz) for positive and negative hadrons in vp- p, O'X

events. The ordinate scale applies to the negative dis-
tribution. The data points for positive hadrons are dis-
placed down by two decades.

FIG. 7. Normalized Lorentz-invariant cross sections
E(Xz) for protons, A hyperons, and Its mesons in vp—p, (p, A, K&)X events. The neutral-particle cross sec-
tions include corrections for neutral decay modes. The
protons have been identified either by visual inspection
or by kinematical fitting.



HADRON-PRODUCTION MECHANISMS IN. . .

tion Z of the quark energy:

d(r~ ( do
dXdFdZ ~ i~dXdF) ~

where the sum extends over the different quark
flavors taking part. In the simplest model, the
transverse momentum of quarks in the nucleon
is ignored so that the fragmentation or D function,
which gives the probability of a scattered quark
to produce hadron jg, is independent of transverse
momentum. In pp reactions, the dominant Cabib-
bo-allowed quark transitions are g +I-4 and
W" +d -H. Our studies of the X» distribution of
the inclusive sample indicates that - 8% of the
events come from d g transitions. " The strange-
ness and charm-changing transitions (I- s, s- c)
account for less than 10% of the cross section.
The hadron-production cross section is expected
to factorize with D,"(Z) being independent of the

production variables X», F, Q', etc. , provided
that the observed hadrons are indeed only frag-
ments of the struck quark.

At a given hadronic mass g' and lepton four-
momentum-transfer squared Q' the hadronic sys-
tem occupies a rapidity range proportional to
in~'. The raw distributions in W and Q' for our
charged-current data sample are shown in Figs.
2 and 3, respectively. The median value of QI

is 3.7 GeV, so that only a small interval of rapidity
is available. As is well known, ' the overall
charged-hadron multiplicity shows little depend-
ence on Q' but grows logarithmically with ~.

The hadrons associated with the more easily
identifiable constrained channels vp- p. pm and
vp- p.'pm m'm tend to occur at the lower values
of W and Q', as seen by the hatched areas .in Figs.
2 and 3. This is expected since N* and ~ produc-
tion are important in these channels. '4
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FIG. 8. Norxnalized Lorentz-invariant cross section
E(Xz) for positive hadrons in Tp p, g X events for the
different selections on g and Q shown. The ordinate
scale applies to the lower set of data. The upper set of
data is displaced upwards by two decades.

FIG. 9. Norxnalized Lorentz-invariant cross section
&{X+)for negative hadrons in Tp —p'h X events for th' e
different selections on S' and Q shown. The ordinate
scale applies to the lower set of data. The upper set of
data is displaced upwards by two decades.
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The deep-inelastic events which contain the frag-
ments of the current quark and the diquark sys-
tem can, in principle, be selected by appropriate
cuts on W and Q'. A clean separation of the cur-
rent quark and the target fragmentions, however,
requires that each have available at least two
units of rapidity, the value typical of rapidity
correlations in hadron physics. " Such a separa-
tion begins to be possible for 5 ~ 4 GeV. This
is illustrated in Fig. 4, where the distribution of
rapidity, Yz= —,

' In[(E*+P~)/(E*-P~)] in the ha-
dronic center-of-mass (c.m. ) system is shown
for events with W ~ 4 GeV and 1 & Q'& 45 (GeV/c)'.
The single-particle distributions, defined as

ev
(9)

are shown separately for positive and for negative
hadrons in Figs. 4(a) and 4(b), respectively. We
also show the difference between these distribu-
tions in Fig. 4(c). This difference measures the
net charge as a function of rapidity. There is a
net negative (positive) charge in the forward (back-
ward) hemisphere which is the expected behavior.

At low g, W& 4 GeV, there is no evidence for
a rapidity plateau and no clear separation of charge
between forward and backward hemispheres seems

possible as seen in the equivalent plots of Fig. 5.
The selections W ~ 4 GeV and 1 & Q'& 45 (GeV/c)'

are therefore applied as minimal requirements
to separate current and target fragments. These
kinematic selections also reduce the contamination
from exclusive reactions. After these cuts, 566
(704.3) raw (weighted) events remain to study d-
quark fragmentation. Since W and Q are related
by the expression

W'= M'+q'
XM )' (10)

the W and Q' cuts effectively restrict X» ~ 0.05.
In studies of the properties of the current-quark

fragments, we use the hadronic c.m. system and
require also that Feynman X, X~ =2'/W ~ 0.
This definition is in accord with that used by other
groups and so facilitates comparison with their
results. ' The energy fraction carried by any indi-
vidual hadron is Z~ = (p h)/(p q) =E„~/v in terms
of laboratory four-momenta p, @, and q for the
target, hadron, and momentum transfer, respec-
tively. In the limit of high energy, the fragmenting
quark has energy W/2 in this frame. Occasionally,
it will be useful to utilize the Breit frame in which
the exchanged current has zero energy and where
the struck quark has momentum Q/2. In this case,
the momentum fraction is ge = 2P~/Q, where P~
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FIG. 10. The rapidity distribution E(Y&)= (1/N~)dN &/
d Y& for all charged hadrons in vp p, h X events with Q
&45 (GeV/c) for (a) 1~ 8'&3 GeV, (b) 3» %&5 GeV,
and (c) 5 ~ 5 GeV.

FIG. 11. The rapidity distribution E(YI ) = (1/N, )dNz/
de for all charged hadrons in Tp- p, 'A,~X events with 4
& W& 12 GeV. Protons identified by ionization have been
removed. The line shows the equivalent data for the had-
ronic reaction pp 7r X at 24 GeV/c.
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is the hadron momentum along the Q direction
in the Breit frame. At the low energy of our ex-
periment, the results are sometimes frame de-
pendent. "

IV. INCLUSIVE DISTRIBUTIONS AND CHARGE
SEPARATION

The normalized I grentz-invariant cross section

is shown in Fig. 6 for the complete data sample
of 2567 events separately for positive and for
negative hadrons. These distributions also ex-
hibit the asymmetry observed in the exchanged-
particle-target rest frame for other lepton- and
hadron-induced processes. " The invar iant dis-
tributions for the protons, identified either by
ionization or by kinematical fitting to the final
states p'p~ and p'pm ~'~, for A.

' and for Ks are
shown in Fig. 7 from the complete data sample.
The proton and A" distributions are large in the
backward hemisphere, but they also extend sig-
nificantly into the region Xz ) 0. Since the hadronic

system has zero net change, one may guess that
the proton multiplicity is about 0.5, so that the
sample of 2567 events would include 1283 pro-
tons." The number of protons identified and plot-
ted in Fig. 7 is 628. The substantial number of
protons not identified are thus analyzed as pions
and represent a contamination in some of the dis-
tributions considered later. The significance of
this contamination is, however, much reduced
by the ~ cut at 4 GeV, which allows a wide enough
rapidity range for current and target fragments
to partially separate. "

We again show the invariant X~ distribution for
positive hadrons in Fig. 8, but now separated into
the two intervals of ~ specified on the figure.
The complete range of Q' is used in the lower set
of data, while the cut l (Q'( 45 (GeV/c)' is used
to remove the resonance-region events for the
upper data set. There are no obvious differences
between these distributions and, in both cases,
the scaling or limiting fragmentation requirement
of 5' independence is reasonably well satisfied.
The same selections and comparisons are made
for the negative hadrons in Fig. 9.

In order to study the behavior of the central
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FIG, 13. The ratio of positive to negative hadrons for
Pp —p h X events with lV & 4.0 GeV and W) 4.0 GeV as a
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region, we show the single-particle cross section
F(Fz) for all charged particles as a function of
rapidity P~, for three different intervals of ~ in
Fig. 10. In the lowest g interval, 1 ~g & 3 QeV
in Fig. 10(a), the proton contribution may be dis-
cerned as a shoulder below rapidity zero. A cen-
tral plateau only develops for the highest ~ selec-
tion (W ~ 5 GeV) shown in Fig. 10(c).

In order to compare our rapidity distribution
with that observed in pp interactions, we select
equivalent c.m. energies using the available ener-
gy, defined as (W —M~) in vp interactions and

(vs —2M~) in pp interactions. In Fig. 11, we com-
pare, for the same available energy, the distri-
bution (I/v „)do/dF„ for the reaction" pp m'g

with that for our experiment. For the pp and pp
data of Fig. 11, the available energies are 4.8
and 4.9 QeV, respectively. Protons recognized
as such by ionization are removed from both sam-
ples of data. This procedure is somewhat less
efficient for the pp case than for the pp experi-
ment. However, we see from Fig. 11 that the
plateau is much higher for pp than for pp, while
the integral of the pp distribution is only 1.15

times that of the pp distribution. A small correc-
tion to the pp sample is needed for the missing
one-prong events. Our estimate shows that after
this correction, the charge multiplicites are equal
in the two cases, but the plateau is still higher
for the pp case than for the pp data. This differ-
ence may be connected with the fact that the neu-
trino data covers a range of c.m. energies, where-
as the pp data is at a fixed c.m. energy.

We define the charge ratio to be (lg' —h )/(0'+ h )
and show its variation with XF for two different g
selections in Fig. 12. Although the invariant gF
distributions are asymmetric about zero, the net
charge distribution is well centered on zero for
the data with the higher W selection. The relativ-
istic oscillator model of lepton-nucleon reactions
suggested by Osborne would predict symmetric
distributions in the invariant cross section for m+

and for n ." Moreover, the n would exceed the m+

in the backward hemisphere. This is not sup-
ported by the data of Fig. 12.

To see if the charge ratio, now taken to be posi-
tive divided by negative hadron number, shows
the influence of the fragmenting quark, we plot
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FIG. 14. The distribution in P& for charged hadrons
in vp —p'j'g X events for (a) all hadrons, (b) hadrons with

XF & 0, and (c) hadrons with XF~ 0. The ordinate scale
applies to the data, sample (c). The data points (b) for
XF &0 are displaced upwards by a decade. The data
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FIG. 15. The distribution in P& for charged hadrons
in pp —p, 'fg X events with 5'~4 GeV and 1 & Q ~45 (GeV/
c) for (a) all hadrons, (b) hadrons with XF &0, and (c)
hadrons with X+~ 0. The ordinate scale applies to the
data sample (c). The data points (b) for XF &0 are dis-
placed upwards by a decade. The data points (a) for XF
~ 0 are displaced upwards by two decades.
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TABLE I. 'The distribution in P& fitted to the forms {a) A[exp{—BPz )+C exp{-DP& )] and
{b) A exp{—BPz -CPz ) . For {a) f(b)], the units of B and C below are (GeV/c) f(GeV/c)
and dimensionless f(GeV/c) +], respectively.

Fit
A

f{GeV/c) ']
D

[(GeV/c) 2] X'/NDF

(a)

{a)

(a)

(b)

All

)0 0

& 0.0

22.9 + 0.75

13.9 + 0.6
9.5 + 0.6

All " 49.6 + 0.6
29.3 + 1.7
19.0 + 1.1

14.8 + 2.9
15.9 + 1.8
4.5+ 0.08

4.5+ 0.3
4.1 + 0.15

0.34 + 0.06

0.39 + 0.11

1,5 + 0.15

1.7 + 0.15

2.1 + 0.3

W&4 GeV 1 Q 45 (GeV/c)

W&1 GeV Q 45 {GeV/c)

15.2 + 1.5 0.38 + 0.03 4.4 + 0.15

4.4 + 0.35

4.6 + 0.56

55
26

43
19
31
17

39
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NI. DK RRICK ef el.

this ratio as a function of X~ in Fig. 13. There is
no sign of any change in the charge ratio for XQJ
& 0.2, where the sea quarks are known to contri-
bute, for any of the data selections used in Fig. 13.

Before presenting the transverse-momentum
properties of the events, some technical prob-
lems must be discussed. For neutrino reactions,
momentum components normal to the lepton plane,
P~"', are better determined than those in the plane
since the latter reflect uncertainties in the Q di-
rection introduced by uncertainties in the neutrino
energy estimation. An alternative to selecting
the hadron transverse momentum relative to the Q
direction is to define it with respect to the vector
momentum of the charged hadronic system. We
find no significant differences between distributions
in these two quantities, so we use P~ relative to
the Q direction. These distributions also show
the expected relationship to P~'.

In lepton production, it is well known that the
distribution in P~',

N dP''Pf,V -dP~

is not described by a simple Gaussian form. ' 4

This is clearly seen for all charged hadrons in
the complete data sample shown as the upper set
of data in Fig. 14. It is also true for charged
hadr ons with X~ & 0 and those with X„o0.0, in
data samples 14(b) and 14(c), respectively. The
distributions 14(b) and 14(a) have been displaced
upwards by one and two decades, respectively.
The corresponding distributions for events with
W& 4 GeV and 1 &Q'&45 (GeV/c)' are shown in
Fig. 15. These P~ distributions have been fitted
using two different functional. forms with the re-
sults given in Table I. The best fit is obtained by
fitting to Aexp( BPr —-CPr ). However, no strik-
ing difference appears between the results for the
forward and backward systems in the hadronic
c.m. system.

V. FRAGMENTATION OF THE d QUARK

The hadronic system resulting from deep-in-
elastic quark transitions should show the presence
of jets of hadrons; jets resulting from both the
single-quark parent and also possibly the diquark
system may be expected. In a previous publica-
tion from this experiment, "the properties of p-
induced hadronic jets were studied in terms of
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standard jet model, the solid line for positive hadrons,
and the broken line for negative hadrons.
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sphericity, thrust, and energy flow. A description
in terms of jets was seen to be reasonable only
for the higher values of g, where the longitudinal
momentum exceeded the transver se momentum.
The general features were found to be in agree-
ment with those observed for jets resulting from

annihilation. This agreement is perhaps for-
tuitous since the current experiments are done
at low energy. In neutrino interactions, the struck
quark suffers a major acceleration and so may
radiate gluons, whereas the spectator -diquark
system is relatively unaffected by the primary
hard collision. So some differences may be ex-
pected between the e+e and the p data.

The size of the jet in simplest terms may be
described by the ratio of the average value of the
transver se to the longitudinal momentum. The
(Pr) and (P~) are shown as a function of W for
charged hadrons with X~& 0 and those with X~ ~ 0
in Figs. 16(a) and 16(b), respectively. In Fig.
16(b), the lines show the corresponding results
from 8+8 annihilation, "the solid curve being
for P~ and the dashed for P~. In that case, the
(Pr) is measured relative to the thrust axis which
may explain the somewhat lower values observed

/

in these data as compared to our neutrino experi-
ment. The (P~) only begins to exceed (Pr) for
~a 4 GeV, emphasizing again that the jet concept
is only meaningful for large ~.

lt has been suggested that in first-order QCD,
the jet associated with the spectator diquark should
be narrower than the single-quark jet." The (Pr)
and (P ) for the hadrons in the backward hemis-
phere of the hadronic c.m;, shown in Fig. 16(a),
suggest that at high ~, the diquark jet is wider
than the quark jet in this system. However, in
Fig. 17, this comparison is made in the Breit
frame and here the diquark jet is narrower. This
is an example of how the low energy of the present
experiments make the results of such studies
difficult to interpret.

We now present further properties of the jets
resulting from d-quark fragmentation and compare
them to the "standard jet model" of Field and
Feynman. ' Comparison will also be made between
the properties of the single-quark and the diquark
jets.
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A. Fragmentation functions

The fragmentation function for a quark of type
q to produce hadron-type h is defined to be

i.e. , the hadron density per unit of Z per event.
The resolution in the energy-sharing variable Z
is worst for high Z where 5Z/Z=0. 1. The first
moment of the fragmentation function is then the
multiplicity of hadron h. The charge ratio h'/h
is just the ratio of the corresponding fragmenta-
tion functions.

In the simple @PM, the functions D,"(z) are in-
dependent of the interaction producing the quark,
so, as emphasized by Sehgal, ' the same functions
should apply in leptoproduction, e e annihilation,
and high-P~ hadronic interactions, where it is
claimed that quark jets have been observed.
Moreover, the assumptions of charge-conjugation
invariance and I-spin symmetry relate the dif-
ferent D~ functions so that the rates for charged-
pion production, for example, in the above pro-
cesses, should be related in a straightforward

way.
With the selections W&4 GeV/c, 1 ~ Q'&45

(GeV/c)' and Xz ~ 0, our fragmentation functions
D"'(Z) and D" (Z) are shown in Fig. 18. The lines
show, for comparison, the predictions of the
standard jet model generated according to the
Q and Wdistributions observed in this experi-
ment. The agreement with our data is quite good
for Z~ a 0.2. We note in passing that data are
usually compared to the prediction of the standard
jet model calculated for 10-GeV quarks. '

In Fig. 19(a) we show the ratio of the fragmen-
tation functions for positive and negative hadrons
compared to the predictions of the standard model
calculated for a 10-GeV quark (broken line) and
for the kinematics appropriate to this experiment
(full line). The differences between the two pre-
dictions at large Z are attributable to the conse-
quences of resonance production and the large
resonance Q values compared to the low jet en-
ergy. However, in all model comparisons of
this kind, it is important to recognize that the
constraints of charge and energy balance operate
to produce similar effects."

In Fig. 19(b), we show the corresponding dis-
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FIG. 23. The g distribution for negative hadrons in pp
p'h X events compared to those for positive hadrons

from pp {Ref. 4) and pN {Ref. 3) reactions, and to z'
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tribution for events with W&4 GeV and 1 & Q'&45
(GeV/cP. The charge asymmetry previously ob-
served for the higher Z range in Fig. 19(a) is no
longer apparent. Figure 20 shows the individual

Z~ distributions for positive and negative hadrons
with these same selections on W and Q~.

The average charged-hadron multiplicity as-
sociated with the current jet, defined as hadrons
with X~ -0.0, is small as indicated in Fig. 21(a),
where (n,g is shown versus W/2. At the low
values of W encountered in present neutrino ex-
periments, there is often only one charged hadron
associated with the current jet. These data are
compared to a parametrization of (n,g for one
hemisphere at Ws/2 in e'e annihilation, "shown
as the solid line. The neutrino data are in approx-
imate agreement with the e'e result- but. lie some-
what higher. The backward c.m. hemisphere
data of Fig. 21(b} have somewhat lower values of
(n,g consistent with the rapidity distributions of
Fig. 10. However, these results depend'strongly
on whether the hadron c.m. or the Breit frame is
used to define the jets."

The Z~ distributions, shown in Fig. 18, may be
compared to the corresponding distributions
measured in vP- p hX and eP-ew'X experiments.
In both the vP and the vP data, no correction is
made for the kaon contribution. However, since
m' should dominate, agreement is expected be-
tween the D(Z} measured for vp- I),'h X, vp
—p, h'X, and the electroproduction reaction'
ep - ew'X. Similar agreement is expected between
vp - p, h'X, vp - p. h X, and ep - em X. These
comparisons are made in Figs. 22 and 23, re-
spectively. The factor of 2 agreement is quite
good in view of the slightly different data selec-
tions and the different definitions of the Z variable
employed. At low Z, one also sees differences
attributable to target fragmentation in the complex
nucleus as compared to that for hydrogen.

The total charged-hadron rate per event from
'

vp and vp interactions, and the e'-e annihilation
rate for one hemisphere below charm thres-
hold, "are compared in Fig. 24. The agreement
with the e+-e data is quite good except, perhaps,
at the highest Z values.
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FIG. 25. The ratio of Z& distributions for charged had-
rons in vp p,'A~X events with X&~ 0 in the two Q inter-
vals; 1&@~ &4 (GeV/c) and 4&@2 &45 (GeV/c) for (a)
g & j. GeV and (b) 8'~4 GeV.
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FIG. 26. The ratio of Z& distributions for charged had-
rons in vp- p, 'h X events with X&&0 in the two Xzz in-
tervals, Xzz &0.3 and 0.3 &Xzz &1.0 for (a) W&1 GeV
and 1 «Q &4 (GeV/c)~, (b) W~ 1 GeV and 4~@2&45
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B. Scaling, factorization, and higher-twist effects
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Although the overall features of the data are
well described by a simple quark-fragmentation
model, at some level one may expect the D func-
tions to exhibit scaling violations and lack of
factorization, e.g. , D~(Z, Q', Xsz) Such effect. s
have been reported in vP interactions, although
the effects appear to be confined to the low-8'
data. " The scaling deviations in the Z distribu-
tion of secondary hadrons were seen as a III'

dependence in the nonsinglet moments of the
fragmentation function, consistent with the first-
order QCD predict'ious. Our experiment does
not show such behavior" and, in fact, for the
same cuts as used in the vp experiment, the
nonsinglet moments become negative in some
regions of It}'.

Rather than showing the nonsinglet moments,
we choose to compare the shapes of the Z~ dis-
tributions, corrected for smearing, directly for
different intervals of III'. We use 1 ~ I}},'&4
(GeV/c)' and 4 ~ Q,' &45 (GeV/c)' and compute
the ratio of fragmentation functions
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also shown.
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g~' z
R(Z Qh) = ( Z~@x

g)h+(Z Q 2)

(14)

for hadrons with X~ & 0 excluding identified pro-
tons. Since we observe no significant difference
between positive and negative hadrons, we com-
bine them for this purpose.

The ratio is shown as a function of Z~ for the
selections g& 1 GeV and F& 4 GeV in Figs.
25(a) and 25(b), respectively. There is no evi-
dence in the latter data for any Q' dependence
of the fragmentation for W~ 4 GeV. The Q' de-
pendence seen in Fig. 25(a) for W~ 1 GeV, as
pointed out in our previous publication, " is pro-
bably connected with the lack of separation of
current and target fragments at these low S'
values.

We have shown, ' using moments of the ~~ dis-
tribution, that factorization of the fragmentation
function in terms of X» is satisfied. One may
also compare the shape of the fragmentation func-
tion for different intervals of X»,

Dh'&Z X
(15)

D"'(Zi»sz)
Again, it is reasonable to combine positive and

negative hadrons, and we use the selections XpJ

&0.3 and 0.3~X~J&1.0. The ratio is shown as a
function of &I for S'& 1 GeV and both low- and
high-Q' selections; 1 & Q'& 4 (GeV/c)' and 4 ~ Q'
& 45 (GeV/c)' in Figs. 26(a) and 26(b), respec-
tively. In Fig. 26(c), we show the ratio for events
with W& 4 GeV and 4 &Q'&45 (GeV/c)'. There
is no compelling evidence for breakdown of the
factorization hypothesis for ~"& 4 GeV. However,
there is a clear falloff in the data of Fig. 26(a),
which have low W and low Q'.

We have also searched for a correlation between
the variables Zl and ~. Such a correlation would
be expected as a result of higher-twist effects in
the quark fragmentation. As pointed out by Ber-
ger,"the effects would appear at relatively low Q'
and would add a (1 —Y') term to the cross section
so the total F dependence would be

o( vP —Ih'II X) ~ D(Z)(1 —E')'+ —,(1 —Y) (16)

where C is a constant. Observation of such effects
in vP interactions, where they may be more
easily observable than in vp interactions, was
recently reported. "

In order to look for any Z~-F correlation, we
have directly compared the shape of the frag-
mentation function for different intervals of F.
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FIG. 29. The Zl distribution for hadrons with X&~ 0
in pp p, 'Jg~X events with W~ 4 GeV and 1.0 ~ Q2 &45
(GeV/c) for (a) the highest-momentum charged hadron,
(b) the second-highest-momentum charged hadron, (c)
the highest-momentum negative hadron, and (d) the high-
est-momentum positive hadron. The curves are the pre-
dictions of the standard jet model.

FIG. 3p. The distribution Z&=Z&/p~Z& for charged
hadrons with X&&0 in vp p'&~X events with S'~ 4 GeV
and Q ~ 1 (GeV/g) for (a) the highest-momentum had-
ron, (b) the second-highest-momentum hadron, (c) the
highest-momentum positive hadron, and (d) the highest-
momentum negative hadron. The line represents the pre-
diction of the standard jet model. The points above Z&
=1.0 measure the relative frequency of jets with but a
single charged particle.
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The effect is expected to appear only for the
- leading charge, in this case the m from the d

quark. The phase-space effects are divided out

by comparing the z directly to the z'.

ft(z r ) = ~ " ' ~ )

u~ (z„F„q2)
(17)

We use all events with W~ 1 GeV and low Q',
1 «Q'& 4 (GeV/c)', comparing the ratio for the
subsamples with 0.1 ~ ~y+Q 3 and 0.3 ~ F,&0.8
in Figs. 27(a) and 27(b), respectively. The cor-
responding comparison for the high Q' range,
4 ~Q'& 45 (GeV/c)', is shown in Figs. 27(c) and
27(d). While in comparing Figs. 27(a) and 27(b),
the dependence of the ratio on Z~ does differ be-
tween low- and high-~ selections, the same pat-
tern is seen in comparing Figs. 27(c) and 27(d),
i.e. , we see no difference between the low and
high Q' ranges.

We compare in Fig. 28 the mean value of F for
positive and negative hadrons as a function of Z~
using hadrons with X„&0 in events with %'& 1 GeV.
The ratio of positive to negative hadrons is also
shown. In Fig. 28(a), the comparison is made for
low Q, 1 ~ Q' & 5 (GeV/c)'. No difference is seen
between distributions for the positive and negative
hadrons. The same comparison is made for 5
~Q'&45 (GeV/c)' in Fig. 28(b). Again, no dif-
ferences appear, and so our experiment shows

no evidence for higher-twist effects. The vP
reaction allows a more sensitive search for the
higher-twist effects through a direct comparison
of the shape of the F distribution for different
Z~ intervals.

C. Energy correlation

We define the d-quark jets by the event sample
with W&4 GeV and 1 ~Q'&45 (GeV/c)', selecting
only hadrons with X~ - 0. The distribution in Z~
for the charged hadrons with the highest and with
the second highest momentum amongst the cur-
rent-quark fragments are given in Figs. 29(a) and
29(b), respectively. It has been pointed out that
the gross features of these distributions are well
described by phase space."However, reasonable
agreement is also obtained with the standard jet
model generated for the conditions of our ex-
periment, as shown by the curves. The normali-
zation difference, seen in Fig. 29(b) for the se-
cond-highest-momentum charged particle, is
related to the higher fraction of single-charged-
particle jets predicted by the model as compared
to our data. Similarly, good agreement with the
standard jet model is seen for the Z~ distributions
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FIG. 31. The distribution in Zs=Z&/QZz for charged
hadrons with Xz &0 in vp —p &~X events with 5 ~ 4 GeV
and 1 ~ Q~ &45 {GeV/c) for (a) the highest-momentum
hadron, (b) the second-highest-momentum hadron, (c)
the highest-momentum positive hadron, and (d) the high-
est-momentum negative hadron.
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FIG. 32. Distribution in Zs= Zzi/QZ+ for all charged
hadrons with Xz &0 in vp p, h X events with g ~ 4 GeV
and lan &45 GeV. Shown for comparison in the histo-
gram is a similar distr ibution measured in high-Pz, had-
ron production in pp collisions at vs =53 GeV.
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of the highest-momentum negative and positive
hadrons in the current-quark jet fragments, shown
in Figs. 29(c) and 29(d), respectively.

As pointed out by Field and Feynman, these
distributions may also be presented in terms of
the variable Z~=Z~/ZZ~. The distributions
given in Fig. 29 are plotted as a function of Z~
in Fig. 30. The peak at Z„=1 shows that it is
quite common- for these low-energy jets to contain
only one charged particle. 'Our results show that
the highest- a.nd second-highest momentum charged
hadrons carry, on average, (34+2)% and (l8+&)%
of the jet energy, respectively. Using the neutrino
events resulting from the background neutrinos in
the broad-band exposure of this experiment, we
obtain similar data for the u-quark fragmentation,
as shown in Fig. 31.

In Fig. 32, we compare the Z~ distribution for
elE charged hadrons in the current jet in vp in-
teractions with the similar distribution for jets
produced in high-P~ proton-proton collisions at
4 s =53 GeV measured at the CERN Intersecting
Storage Rings" and shown as the histogram. The
agreement is quite striking.

D. Charge correlation

Field and Feynman have stressed the importance
of studying charge properties to confirm that the
jets actually arise from quarks. A comparison
of our mea. sured net-charge distribution with the
prediction of the standard jet model is shown in
Fig. 33; as a function of lnX~ in the hadron c.m.
frame in Fig. 33(a) and as a function of lnZs in
the Breit frame in Fig. 33(b). The agreement with
the model, calculated for the kinematic condi-
tions of our experiment, is reasonable in both
cases. The dashed line shows, for comparison,
the prediction from our Monte Carlo program to
illustrate the phase-space restrictions. The
Monte Carlo prediction is, of course, constrained
by the way in which the protons are generated
and the net charge is predicted to change little
with 8'. The forward charge distribution for the
u quark, made using the vP data, , is shown in
Fig. 34(a). Undoubtedly, the difficulty of the
separation of current-quark and target fragments
is less important for this test in vp than for the
vp case.
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The problem of obtaining the true net forward
charge in the high-energy limit of good separation
between current and target fragments has been
handled by extrapolating the net forward charge to
high W versus 1/W. A simple linear extrapolation
is shown for our v and I data in Figs. 34(b) and

35, respectively. The net forward charge ex-
trapolated to 1/W =0 is -0.25+0.10 and —0.69
+0.16 for vP in the Breit frame and hadron frame,
respectively. This frame dependence is not seen
in a recent vp experiment that has better statisti-
cal precision than our experiment and where the
net forward charge was observed to be frame
independent. ' Using our vP data, we find a for-
w'ard charge of 0.4 +0.17 in the hadronic c.m.
frame in agreement with the result of 0.55 +0.06
measured by the vp experiment at CERN. '

As previously discussed by Schmitz, ' these
experiments do not measure the quark charge
itself, but rather the result of extracting u, d, or
s quarks from the qq sea in the quark-dressing
process.

E. Mean-P& properties of quark fragments

In the naive QPM, the Iluarks have no trans-
verse momentum within the struck hadron, and
the fragments acquire a P~ ~ with respect to the
struck quark from the hadronization process. The

0.0—

average transverse momentum (Pr') of the
hadrons will then be independent of variables such
as Xsz, Y, Q', W, etc. , apart from trivial kine-
rnatic constraints and any instrumental effects.

However, in a perturbative QCD picture, the
quark acquires an additional transverse com-
ponent, (Pr')cn, as a result of gluon processes. "
The quark itself may also have a primordial
(Pr')"I inside the nucleon. The observed trans-
verse momentum of the hadron will then result
from folding the contributions from all these
sources with appropriate weighting:

(P 2) [(P 2)QcD +(P 2)yrf~ ]@2+(P 2)fraN

Dependencies of (Pr') on the variables Xez, F,
Q2, W, Z, etc. , are introduced through the QCD
term. In addition to the above dependence on Z,
some calculations" suggest that the dependence
of (Pr')~cD on Q' and W should vary like W'/
lnQ'. In these models, there should be a clear
difference between the I'~ dependence on the cur-
rent-fragmentation region, particularly at high
Z, and that of the target-fragmentation region
where the QCD effects will be absent since the
diquark system acts as a spectator.

We first look for a dependence of (Pr) on Q'
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and use the data with 8'~ 4 GeV. In Fig. 36, we
show (Pr) versus Q' for all charged hadrons and
also for those with X~~ 0 and X„&0 separately.
Little or no dependence on Q' is observed in these
distributions. However, a weak but significant
dependence of (Pr) on W is seen in the similar
data of Fig. 37. The latter effect is similar to the
slow (Pr) dependence on v s seen in hadron phy-
sics, and it implies that any check for Q' de-
pendence of (Pr) should be done at fixed W. Our
data show no (Pr) variation with Q' in different
5' intervals.

As is well known, (Pr) increases with in-
creasing X (Xz=Z at high Xz) with a shape
called the seagull effect.' '"'" This is a kine-
matical effect familiar from hadron physics,
which stems from the lack of factorization of the
inclusive cross section into X~ and I'~'. Our data
of Fig. 38 show that the seagull effect becomes
more pronounced as W increases. This behavior
is also reflected into other distributions as dis-
cussed below.

The explicit dependence of (Pr) on Z~ for the
hadrons with Xz & 0 in events with l & Q' &45 (GeV/
c)' is shown for W&4 GeV and W& 4 GeV in the

lower and upper parts of Fig. 39, respectively.
The variation is accounted for by the phase-space
prediction shown as the solid line. The variation
of (Pr) with W is much more extreme than for the
total sample shown in Fig. 37 if the high-Z ha-
drons are selected. This is seen in both the for-
ward and backward hemispheres of the hadronic
c.m. system in Figs. 40(a) and 40(b), respectively.
However, the trend is again quite well described
by the phase-space prediction as illustrated by
the lines in Fig. 40. In Fig. 41, the corresponding
plot is given for (Pr) as a function of Q'. All of
the (Pr) dependencies are well understood in
terms of the seagull effect and phase-space re-
quirements.

The question of factorization in the P ~ depen-
dence of the fragmentation process has been
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show the corresponding distributions from the reaction
pp vr X at 200 GeV. The ~ data (solid line) are scaled
by 0.75 and the z data (dashed line) by 1.5 in order to
compare the leptonic and hadronic data to the model pre-
dictions.
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X~~ 0.0 and X~&0.0, respectively, at S'~ 4 GeV.
In neither case is there any significant depen-
dence on X». The same conclusion holds for
W&4 GeV as shown by Figs. 42(c) and 42(d).
Overall, (Pr) does not depend significantly on
X» at fixed W.

We have also looked at the dependence of (PP
on Xsz at fixed Q'. In Figs. 43(a) and 43(b) we
show (Pr) as a function of Xsz with the selections
1 &Q'&6 (GeV/c)' and 6&@'&45 (GeV/c)', re-
spectively. Events with W&1 GeV are used, and
we only show the data with X~~ 0. Again, there

studied for vP interactions, using nonsinglet
moments of the P~ distribution. ' The results
show nonfactorization in X» and Pr at fixed Q'.
To study this dependence, we use the complete
Q' range, l & Q'&45 (GeV/c)', and compare the
forward and backward hemispheres of the ha-
dronic c.m. system at low and at high W. Fi-
gures 42(a) and 42(b) show (Pr) versus Xsz for

100

10=

H v — p
x v- p PLUS v —p

TABLE II. Invariant xz distribution fitted to the func-

tionn

(2E"/W) (1/N~~) dN/dx& A(1 -
~ x&~ )" . ——

0.1=

None
None
None
None
00.2
~0.2
00.2
00.2

& —0.05
0..05

~& -0.05
0.05

& -0.05
0.05

& -0.05
0.05

2.9 +0.3
2.5 + 0.2
2.8 + 0.3
1.9+ 0.2
3.0 + 0.3
2.0 + 0.2
3.3 + 0.5
1.6 + 0.2
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FIG. 49. The diquark (gd) fragmentation function for
negative mesons D(~Xz~ ) = (1/N„)/dN" /d ~Xz~ for X+ &0
from the reaction vp p'h X for W~ 4 GeV and 1 & Q2

&45 (GeV/c) . The upper set of data is the sum of the g-
and d-quark fragmentation functions for the same ranges
of W and Q but selected with X+ &0 from vp —p h X and

vp p, 'h X events, respectively.
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is no obvious variation of (Pr) with Xsz. In Figs.
43(c) and 43(d), we repeat the test for W~ 4 GeV,
where the selection criteria now limit the available
range of X». We conclude that our data show no
significant variation of (&r) with Xsz at either
fixed W or fixed Q'. Furthermore, there is no
dependence of I'~ on the scaling variable F, for
either current or target fragments or for high
or low S', as seen in Fig. 44.

Somewhat related to these transverse properties
are the azimuthal dependencies of the hadrons. "'"
The coordinate frame used to study this employs
the s axis along the Q' direction and y axis normal
to the lepton plane, y=vx p. Then p is measured
from x to y. For this study, events with 8'~ 4
GeV are selected, the data are not corrected,
and the small P variations seen in Fig. 45 are
consistent with the instrumentation effects ex-
pected and as demonstrated by the Monte Carlo
simulation shown as the curve in Fig. 45. In Fig.
45(a), we select events with 1 & Q' ~ 5 (GeV/c)'
and in Fig. 45(b), events with 5 & Q' ~ 45 (GeV/c)'.

We conclude then that our experiment shows
no significant differences from the expectations
of the simple QPM. In order to see such effects in
neutrino interactions, either higher -statistics
data or data for higher values of W and Q' are
required. Recent results"'" from neutrino in-
teractions have shown an increase in (I'r') with
W for W&10 GeV for the forward as compared
to the backward jet. The data from these ex-
periments agree with our results for 8"g10 GeV.
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hadron-induced reactions at low transverse mo-
mentum. A specific prediction is that v'/v =1
in the -proton-fragmentation region in vp -p'gX,
whereas v'/v y 1 for vp-p vX.'"" Here the
proton-fragmentation region is defined as Xz
& -0.5 and large X~ is selected in order to ensure
that the W boson removes a valence quark leaving
a diquark system to fragment. In Fig. 46, we

VI. TARGET FRAGMENTATION

Attempts have been made to relate particle
production in the target-fragmentation region for
reactions initiated by pointlike probes to those for
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FIG. 52, The proton-. pion effective mass in vp p, 'pmX
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are shown hatched; (b) 7r'p combinations with X& &0, and
(c) all z p combinations with X& &0. Events with effec-
tive mass &3 GeV are shown in an overflow bin.
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show the single-particle-invariant distributions
for positive and negative hadrons from events
with X»~ 0.2. The identified protons have been
excluded so that for the region X„&—0.5, we
are comparing w' to m . The rates are seen to be
very similar although the statistics near X~
= —1.0 preclude any firm conclusion.

Pion production in the proton-fragmentation
region for hadron-induced breakup can be related
to that using neutrinos. " It is suggested that

(I/o„„)do/d X~ for P - v' in hadronic processes
should be equal to —,(I/o r)(do/dX~)(vP - v 'm'X).
Similarly, (1/o„„)dp/de for p- v in the ha-
dronic process should equal & (1/or)(da/de)
(vp-p'v'X). In Fig. 46, we compare our results
to data on pion production in proton-proton in-
teractions. ' The m' rate is multiplied by 0.75
and shown as the solid line, while the g rate is
multiplied by 1.5 and appears as the broken line.
The prediction is satisfied quite well for z' but
less well for n .

The pion charge ratio in the target-fragmenta-
tion region, X~ close to —1.0, has been con-
jectured to depend strongly on X», since at low

X», the W probe primarily removes sea partons
from the proton leaving a (uud) fast core, whereas
at high X», a u quark is selectively removed leav-
ing a (ud+ sea) core. The suggestion is that fast
pions in the target-fragmentation region are then
made by the fusion of a valence u (d) quark with a
sea 2 (u) quark for a w' (m ).

At large X~ in the target-fragmentation region,
the m'/m ratio for low Xsz should be large,
falling to unity at high X~&." The charge ratio,
after removing all identified protons, is shown

for the complete sample with the X» selection
indicated in Fig. 47(a). While the ratio is larger
for small X» than for large X», the difference
is small. However, the region of interest at
large ~X~ ~

is statistically limited. Because there
may be complications associated with the re-
sonance production, we also show the isotopic
ratio for W & 2 GeV and 1 & Q' & 45 (GeV/c)' in
Fig. 47(b); the conclusion is essentially unchan-
ged. For comparison, we show the expected ratio
from Ref. 36 for Xsz =0.1 (dashed line) and Xsz
=0.3 (dot-dashed line). The solid line shows the
charge ratio measured in high-energy proton-
proton interactions. 4' These data are much larger
than the ratio measured in the present experiment.

The invariant distributions discussed above
express the fragmentation function of the (ud) di-
quark into pions (X~ & 0.0) and the d quark into
pions (Xz~ 0.0). These fragmentation functions
have been calculated neglecting quark spin effects '
with the prediction that the invariant distributions
expressed in the form
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Z(X,) =~(1 —~X, ~)" (19)

should reflect favored and unfavored fragmenta-
tion. Thus, for d -g, g', n = 1 and n =2, re-
spectively, while for (ud)-m, w', n=2. In order
to test this prediction, we exclude identified
protons from the data sample and fit the invariant
distribution to the equation (19) with the results
given in Table II. While the results qualitatively
agree with the predictions, the quantitative agree-
ment is less good. Testing these predictions re-
quires precise data at high ~X~ ~

and high W.
The fragmentation function for the (ud) diquark

may also be expressed in the form D( ~X~ ~)
= (1/N„) dNr/d ~Xz ~

for X~ & 0. This is shown
in Figs. 48 and 49 for positive mesons (identified

I

protons removed) and negative mesons, respec-
tively, using events with W& 4 GeV and 1 & Q'
&45 (GeV/c)'. We also show for comparison the
fragmentation function constructed by summing
the corresponding distribution for X~ 0.0 in vP,
from our experiment, and vp. ' Such a construc-
tion, which would be appropriate if the u and the
d quark fragmented independently, is a poor re-
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presentation of the data.
In the deep-inelastic process, the d-quark and,

presumably, the diquark fragmentation can result
in resonances as well as the usual stable parti-
cles. In the "standard jet" model for quark frag-
mentation, specific assumptions are made re-
garding the fragmentation into resonances, and
the inclusive p' production observed in this ex-
periment agreed broadly with these assumptions. "
The p . production was correlated with the current-
quark fragmentation products. Baryons and
baryon resonances are presumably more in-
timately connected with the target or diquark

fragmentation.
The most obvious target fragment to look for

is the proton itself. The distribution in X~ for
those protons identified by either ionization or
fitting is shown in Fig. 7. This distribution is
biased since not all protons are detected, but
even so, the proton and A' distributions of Fig.
7 are rather similar. Both depend on the (Md)

core picking up a sea quark, u, or s, respectively.
Proton production for X~& -0.5 results mainly
in protons identifiable by ionization and, in Fig.
50, we compare such proton production in vP
reactions to similar vp data. 4 In each case, the
distribution in (I/N„)dNr/dXz for events with
W) 4 GeV is compared. The (uu) diguark system
from the vp reaction is perhaps more efficient
in producing protons with high momentum in the
hadron c,m. system. Overall, there are 0.10
+0.01 (0.14 +0.01) identified protons per event in
vP. (vP) for W)4'GeV.

The production of A in vP and vp reactions44
might be expected to differ significantly according
to these simple ideas, and Fig. 51 shows that A'
production is somewhat higher for the vP case at
large negative X~. No selection on W, Q', and

XpJ is made on either the vP or vP data. Since
the mean value of W is higher for the vp than in
the vP case, and since A' production increases
with W, one would expect the vp rate to be about
40% larger than that for vP from this effect alone.

By similar arguments, the 4"(1236), which is
a (uuu) state, is not expected to be seen in the
vP process, where the core is (ud), although the
& (1236) may be expected. The observation of

4(1236) is complicated by the difficulty of iden-
tifying a sufficient fraction of the protons. In
fact, in this analysis, unless definitely identified
as a proton, all positive hadrons are tried both as
proton and as m'. The complete distribution in
v-P mass, shown in Fig. 52(a), shows little evi-
dence for & production. Requiring X» ~ 0.2 to
both enhance the valence-quark contribution and
to suppress background does not improve the
signal to noise for & as seen in the hatched his-
togram. If only (Pv) pairs with X~(0 are used,
one sees no evidence for &" in Fig. 52(b), but a
small signal for &0 is apparent in Fig. 52(c). In
contrast, the production of both 4" and 4' in vp
interactions is larger as seen in Fig. 53, and this
difference between vP and vp is reasonable in
terms of the simple-minded quark transitions.

VII. SUMMARY

Some properties of the hadronic system in vp
charged-current reactions have been presented.
For the current-quark fragments, the predictions
of the naive QPM in terms of the behavior of
charge ratios, Z distribution, and mean trans-
verse momentum are generally satisfied. After
selections on W, Q', and Xz, the details of the
quark jets are in reasonable agreement with the
predictions of the standard jet model of Field and
Feynman. No outstanding differences are ob-
served between the properties of the quark and
those of the diquark systems for the range of W
and Q' available in our experiment.
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