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EBSTRACT

We analyze a sample of about 2000 charged-current neutriro-
prcton interactions wlth neutrino energy greater than 10 GeV
produced in the 15-ft. hydrogen bubble chamber at Fermilab using
a broad band neutrino beam. We study the details of the hadrons
produced and find generally good agreement with the guark-parton
nodel and present parameterizations of quark fragmentation (2}
functions. The D functions are‘found to be independent cf Q2 and
W (total hadronic mass) for W > U4 GeV, in egreement with the zocdel.
The height cf the rapiditi plateau in the quark (current) frag-
mentation region is compared to that of the‘di-quark (target)
fragmentalon reglon and the two are found to agrnee. Detzailed
charge correlation deta are presented and compared to the Fleld-
Feynman model of the D functions, and also to a lcngitudinal Tase
space model, and are found to disagree with both. The mean trenc-
verse monentum PT cf the hedrerns 1is studizc for 1ts Q2 wné Fzrnman-i
dependence. We find a sizeable increase of (Pg) with Feynzan-X
which agrees, however, with our longitudinal phase space mcdel.

We find no statiscally significant dependence of (Pg) on QE, up

to Qe = 64 Geve, although tne highest momentum hadrons ars coasis-
tent with a mild Q2 dependence. The azimuthal angular distribution
of the highest momentum hadrons in high Q2 events 13 exsrcined for
evidence of znisotropy of the type that has been predicted fqr

affects of gluon radisation,
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I  INTRODICTIOR

According to commonly accepted models of the weak inter-
action, tne inelastic process vp + p~ + hadrons occurs via the
exchange of a virtual intermediate W' boson. In the quark-
parton model, the W' can strike a valence d-quark in the proton
and change 1t to a u-quark, which then "fragments" into the
observed hadrons:

W' + d » u ~ hadrons. (1)
The way in which a given quark fragments into hadrons 1s a
fundam=ntal aspect of the quark-parton model which must be

determined from experiment.l

In neutrino charged current inter-
acticns a pure u-quark state is formed (when the Bjorken scaling
variable x is not too small) thereby allowing one to study how
this pure state disintegratés.

It is the purpose of this paper to 1n§est1gate, within the
context of the quark-parton model, the functions which describe
the fragoentation of & u-quark into rE mescns; &and, generally,
to present details about the produced hadronic state. The data
are based on e 150,000 picture exposure of the FNAL 15-foot {
kydrczen buddle chamber to a wide-band neutrino beam. Some of
the g2neral features of an early subset of the data have been

puolisihed .3151=.-'.f:1'1ere.2’26
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We begin with the usual derinition3 of the Qquark fragmenta-
tion functions D:(z) which give the probability that a quark q
will produce a hadron h having a fraction Z of the quark's totel
energy. (We actually define Z as the component of a given hadroa's
momentum in the direction of the total hadronic lab momentum,
divided by that total momentum.) In e given event the total had-
ronic momentum and energy are completely specified by the neutrino
energy E, and the Bjorken .scaling variables x = Q2/2mv and y = wE,
where @ 1s the neutrino-muon four-momentum transfer, v is thelr
energy transfer, and m is the proton mass. We can write the cross
section for the semi-inclusive process vp - %' + h + anything as

a sum over struck (q') and produced (g) quark states:

ac® dg \ .h :

Ty~ L (aedy) g® 2)
4 q'+q

{(We suppress for now the PT dependence of the D functions.) Neg-

lecting strangeness-changing and charm-chenging currents {at most

ten percent of the cross section) the only gquark transformations

induced by the W are d +u and i + 3, Hence we can write

4" - do - do <« p” (Z V.
m m)d-ou D, (2) + m?_)ﬁd 3 {(Z) (3}

Using the charge conjugstion and isospin symmetry of the D7
functions this becomes

"rr’"i -' . | p s : ) v* .
"é%gy_d'l [(‘a%i?,_; (‘%}ﬁ-&]..nz (Z) = F(x,y) + P, (2) (x)
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The factorization property of (4) 1s a result of the quark-parton
rocdel which prelicts that the shape of the Z distribution fer
inzlusive 7 production is independent of x and y, provided, at
least, that the pions are fragments of the struck quark, uncon-
taminated by fragments of the target proton. The-quarknparton
rodel also prediéts that the D functions will be 1ndependent of
Q2 and W} the total hadronic mass. In the remainder of the paper
we will show evidence regarding these predictions and investigate
thhe longitudinal and transverse mom2ntum properties of the DK
functions,
Tne Z dependance of the correlation between the quantum num-

hers of the fregmenting quark and those of the obéerved hadrons

1s subjs2ct to considerable thecretical uncertainty. To investigate
this we will give detrils on how the quark charge 1s distributed
zleng 1ts pomentum directfon and compare the results to model cal-
culations. We will also in#estigage thé transverse momentum and
gziruthal properties of the produced hadrons, as this 1s where the
effects of gluon emisslon are likely to appear. The reader is
referreé¢ to Ref, (1) for the relationship and comperison of electro-

producction resulits to neutrine production results.

II Genéral Features
Wi r23in by selecting events with 2 3 charged prongs which
soial visivle veam-direction momentum =2 lp GeV/e, To obtain
wa2ll-uzeasured events w2 require a minipum distance of 65 cm from
tne event vertex Lo the downstream wzll of the bubble chamber, and
raguire that all tracks have momentum errors < 30%. The above

salzction results in a sample of 2560 events.

Tne treck mcst likely to be the p~ is then selected using the

xinesmztic procedure outlined in Appendix A, We then remove events
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with Ppp< 1.0 GeV/c and with &, o< 60°; where Pnp is the trans-
verse momentum of the p~ with respect to the momentum vector ;VIS
of all the remaining visible particles (including V°'s), and &g
is the azimuthal angle between the p~ and EVIS when projected onto
a plane perpendicular to the beam. Monte Carlo calculations in-
dicate that ~ a u~ 48 correctly identified in about 97% of the
events in our final sample. The Ppp and ¢VIS cuts reject about

85#% of the neutral current background events, while retaining about
854 of the charged-current sample (again, indicated by Monte Carlo‘
calculations and described in detail in Appendix A) and reduce the
sample to 1928 events.

In order to determine the other kinematic varisbles in the
events we must "reconstruct" them, i.e., determine E,, W, Q?, ete.
on an event-by-event basis, For this purpose the incident neutrino
direction 1s well known in this experiment but the neuirino energy
for each event is not. This means that events with unseen neutrals
of unknown mass are underconstrained by one variable, assuming all
vigible particles are correctly identified. About 50-90% of the
events we use fall into this missing-neutrals category. We recon-
struct them in an approximate way by estimating the invisible bezcz-
direction momentum vased on the cenfiguration of the ~izirsla czrolcslss
7,24

cnme ¢f whisn uz: uFzd

There are several methods of doing this,

2

on the earlier data sample. Detalls of our present cethcd zre siv:n

in Appendix B. Uncertainties in the reconstructicn lead tc errcrs

[#1]
n

in the variables Z, XF (Feynman X in the W rest frame, d2fined =3
the longitudinal momentum divided by W/2) and Y, (rapicity in the

quark frame.s'lu) These errors, which we describe in wmcre detall in



Lprondix 2, are not zerious for the present discussion, nor are
tiie corresgonding errors in W, QE, and Ev which we will use pri-
narily to make cuts in the data sample. In any case, we always
rass Jur Monte Carlo events through the same analysis procedures
as th2 real events sc that the same reconstruction errors, etc.,
2prly o both samples, This allows us to assess the average
effexts of tae reconstruction procedure and cuts in the data
3azzple for cach quantity studied.

After the reccnstruction we keep events with Ev> 10 GeV,

x> .95 and ¥y < 0.9. These cuts are used throughout the paper

2nd are wnade to further reduce the background from neutral current
events and v events. The x cut is also made to eliminate events
wiih lazrgse raconstruction uncertaintlies. One further selection is
rajs ty reguiring nyz< 3 (described in Appendix A). This cut has
2 high d2gree of overlap with the y < .9 selection for neutrino -
charzed-current (CC) events and virtually eliminates anti-neutrino
charzed-current (TT) l:‘ackgroum:".j4 These cuts reduce the sample
o 1670 avents. |

The invariant hadronic mass (W) distribution for these 1670
events 1Is shown in Fig. 1. Outside of the prominent peak in the
Strst twe bins, which is due to the reaction vp - u~a*t, the dis-
tyibtuticon is smooth and reflects the approximate x and y scaling
rrcrerties of the interaction. (The detailed properties of the s+
reaction will be discussed elsewhere.5}

In crder to regove the a*" and production of other low-lying
%" In exclusive channels we cut out events with W < 2 GeV. This

reduces the sample to 1474 events, 1154 of which have 2 < Q%< 64

GeV and 2 < W < 10 GeV., In Fig. 2 wé show for these events the
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dependence of the average charged particle multiplicity (I . ) in

the hadronic system as a function of W and Q?. There iz 2 <=l1-
increase of (Nch) with W, as can be seen from the deshed lines: which
give the overall (Nch) for each W bin. ¥ithin each ¥ oin thers Iz
no apparent varlation with Q2. This confirms ccnclusions arrivzsd

at using one-fourth of the present data 2, and has elso teen netsd

in muoproduction of hadrons at lower Q2 and W va.lues.6
In order to investigate the Feynman scaling properties (3
and W independence)of the D functions we wan: to examine redrcns
produced in the "high 2" region. We note thet the D Juncticns
cannot be independent of W over their entire range, 0 < 2 < 1,

1
since J D" 4Z gives the average w multiplicity at that W value,
0

th

and this grows with W, as seen in Fig. 2. We show 1ln Tig. 3 i
number of (%) hadrons per event with Z >.2(2j.1'0 Dz dz)' 83 a

function of W (the total hadronic mass). We choose Z > ,2 &3 the
"high Z" region since for pions Z =~ Xp here, and the pizn
distributions approximately scale (are independent of W) irn tni:
region in hedron-hadron collisions. In the bubble chacter we are
unavle, generally, to distinguish charged kaons from pilons, and
although the overall K/r ratio is about 10%, recent electroproduc-
tion measurements? indicate that the ratio K'/r* gets as larzs es
.2 to .3 in the high-X; reglon (with K™/7~ apcut .10to .15 .) what
we actually measure 18 the sum h* = (y+K)* with the kecns inter-
preted a& pions by assigning the plon mass to them when calculsilng
thelr energles. The resulting shift in XF 18 small and has & neg-
ligible effect on our resulfs.‘ Electroproduction resul:sls
indicate the proton contamination is negligible in the high X
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snd this is coafirmed by comparing cur observed proton spectrum
with our Mcnte Carlo results (see Fig. 4). The D functions for
+% .5 will refer to as D¥. The data of Fig. 3, even for these
hi;h-z tracks, show a marked W dependence for small W values, This
i3 not unexpected, since when W 1s at the prirTe™  threshold one
miust have D” « 0. However for W > 4 GeV there 1s an onset of a
plateau region for both ht and h™ indicating that Feynman scaling
works in the high Z region for events with high W. This confiras
cne of the basic asumptons of the quark fragmentation model. |

The solid lines on Fig. 3 are from a Monte Carlo ecalculsation
described in Appendix C. The hadronic states are. generated, for
a given W, according to longitudinal phase space for produced
wesons plus an approximately flat distribution in xF
for the recoiling nucleon in the interval -.95 > Xp > C. The
i-nte Carlo events are constralined to ccnserve energy, momentum
and charge, but there are no charge-charge or cherge-neutral cor-
relations, resonances, clusters or quark decay functidns bullt in.
For this reason we refer to the calculation as an uncorrelated
Mente Carlo (UMC) and will make frequent use of it throughout the
paper as a benchmark to which we will compare the data. The onset
of hadronic scaling seen in Fig. 3 is apparently in agreement with
the "kirnematic" effect of longitudinal phase space generalted by
the UrL.

We consider Figs. 2 and 3 to be a reasonablie confirmation of
the factorization property of Eq. (4) (for 2 > .2 and W > 4 GeV),
so we proceed to investigate the D functionstts 12 using BU47 events

laft after the W > 4 QeV selection.
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ITIT Determination of the D Functions

In Fig. 4 we show the function D: vs. the varisble X,. We
prefer XF to Z here in order to delineate more clearly the region
xF < .2 which is heavil& contaminated by the recolling proton and
1t§ fragments. (For pions with XF > .2, 2 and XF are essentially
equal when W > 4 GeV.) The UMC calculafion, which is absclutely
normalized, gives a rather good description of the data over most
of the XF range. The effect of recolling protons, some of which
are misidentified as r*, Ean be jJudged from the UMC curves shown
on Fig. 4. The model assumes 50% of the recoiling nucleons are
protons and that these can be reliably identified in the bubble
chamba if their momentum 13 less than 1.0 Ge¥/c. It 1z seer that
the model predicts approximately the correct'obsérved proton dis-
tribution and a negligible contamination from misidentified protons
for XF > .2, ln agreement with electroproduction data.s

Turning to negative hadrons, we show the function D; in Fig.
5b. One notes that doth ht and h™ are slightly asymmetric, favoring
Xp > 0. This is the directicn of the virtual W' boscn in the ¢.z.
of the hadronic system generated by the W+-proton interaction.
This asymmetry is reproduced by the UMC because hadrons are gen-
erated in the rest frame of a system which reccils against the
outgoing nucleon (see Appendix C).

The ratio R of positive to negative hadrons is shown in Fig.
Sa. The fact that R increases rapidly as Xp+ -1 is due, at leest
in part, to the proton plateau observed in Fig. 4. The increase
in R as X, + +1 18 of greater theoretical interest since it is pre-

dicted by models of the D functions. The UMC appears to give a
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good description OJ the high X; {= high Z) region, as do the models
of Fleld and Feynmanl and Osborne.13 It is interesting that three
such widely different approaches give such similar results.l5 In
the UMC calculation the increase in R for high Xp 1s due to the
double positive charge of the hadronlc state (the average charge
of the hadrons, excluding the recoil nucleon, is +1.5 per event)
end the fact that the high XF region is populated significantly

by events with low multiplicity in which the effects of charge con-
servation are important. In the next section we will explore

further how a fragmenting quark distributes its charge,

IV  Charge Distribution and Correlafiona

Fleld and Feynman suggest.(FFE‘)16 that when a high energy
quark fragments 1ts properties will be most strongly_corralated
to those of the highest momentum ("fastest") hadron observed. They
‘have made predictions for the distribution in ZR of the fagtest
positive and fastest negative hadron in each event, where ZR is
the fraction of the total charged hadron momentum carried by the
fastesl charged hadron. These predictions for a fragmenting u-quark
are shown in Pig. 6, and are in good agreemsnt with the data. We
alsc show the UMC calculation. It 1s somewhat surprising that the
UC zodel glves such a good description, since it has no input
charge correlatlions other than those arising from charge conserva-
tion. The difference between the fastest positive and the fastest
negative distribu.ions in the UMC arises solely from the fact that
there are more positives than negatives generated in each event,

and hence the fasteat one 1s more likely to be positive., This
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difference between positives and negatives will diminish at higher
W values but the predicted change with W is slow due to the loga-
rithmic increase in charged particle multiplicity put into the UMC
model. We will say more about this below.

If a leading quark develops into a hadron jet by emitting qf
palrs then one might axpect there to be a correlation in the charge
of the fastest (h;) and second fastest (hy) charged hadrons in an
event. The predictions of FF2 for these correlations are shown in
Table I along with the data and the UMC calculations.

It i apparent from Table I that when hl is (+) there are cor-
relations between the chn.rgei of h; and h, in the data over and
above the "kinematic" correlations predicted' by the UMC. This can
be seen by comparing the ratios (++)/{(+-) in the two cases. We
note that the (4+)/(+-) ratio in the dats falls between the UMC
and the FF2 prediction, indicating that the correlations assumed
by FF2 are too strong. When hl 1s negative, both the UMC and FF2
agree fairly well with the data. Thls may indicate that in such
events information about the parent quark charge has been badly
diluted. For this.rssason we will refer to hy = (+) events as
"Class-A" and hy = (-) events as "Class-B", and subsequently study
the two classes separately. ]

Another longitudinal variable which is useful in the study of
fragmenting quarks is the rapdiity of a particle in the quark's
reat frame. Ve dnﬁmn this as !q_ R AR h‘"eflz) where Y,,, =
.5 ba(ﬁ‘&pl)/(E-p.)) for each particle and m fs the proton mass. In

Fig. 7 we give the distribution of charged hadrons vs. Y., along
with the distribution of net hadronic charge h'-h". The sum n*+h~
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is the average rapidity density cof pesitive-plus-negative tracks,
whereas ht-n~ 1s the difference in the number of positive and
negative tracks at each rapidity value. Naively one expects to
find the guzark's guentum numbers carried in the hadrons which
have rapidity within one or two units of the quark, Thus for a
u-quarX one might hope to see a bump of net hadronic charge = +2/3
(out of the total of +2 per event) concentrated near Yq = 0. In-
stead one sees a smooth rise and plateau in the h*-n~ which closely
parallels nt+n”. It may be that at much higher energles such
charze lcozalization affects will become apparent, but we see no
evidence for them at present.

8:17 one expects the total rapidity “plateau”

Theoretlically
to be of width 2a(Wo/c®), with the quark (current) plateau of width
&AQ?/mg).and the dtlquark (target) plateau of width &(WE/Q?). Hence,
caXing the selection Q2 > 8 Gev2 should separate the target frag-
rents from the current fragments by about twe uniis of rapidity.

The shepe of the current "plateau" for such a Q° selectlon is shown
in Fig. 8b and its height is seen to be quite comparable with that
of the target fragmentation region in Fig. 8a. There is no a priori
reascn why the two reglons should have the same rapidity density

nut apparently they do, at least to an accuracy of about 10%. This

result, as well as the Q2 independence in PFig. é, agrees with the
8

n .

“correspondence tdeas of Bjorken and Kogut , but may be in conflict
with some "widely accepted concepts” aé discussed by Sivers.<’

We now examine the hl ve. h, charge correlations as & functlon
of Yé where hy and h, are the charged hadrons with the largest and

next largest values of Yq. (This choice of hl and hé is practically
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equivalent to "fastest" and "second fastest" used earlier.) In
Flg. 9 we plot the distribution of the charge of h2 for Class~ﬂ
(h; = (+)) and Class-B (hy = (-)) events. For Class-A events the
UMC assigns a considerable portion (+.34) of the remaining +1.0

of charge per event to the second hadron hg, whereas the data give
only {+.194.04) to hy. The FF2 prediction, on the other hand,
gives too much negative charge to h2. For Class-B events the U
and FF2 results are in somewhat better agreement with the data.
The conclusions are simiiﬁr to those from Table I, namely for
Class-A events there 15 a porrelation of the charge of h2 in the
data which 1s stronger (more negative) than the "uncorrelated”

mwe pr;diction, but not as strong as predicted by FF2. Presumably
one could reproduce the data better by putting r%sonances and/or
clusters into the Monte Carlo calculation. The present UMC cal-
culation was designed specifically to také iInto account only direct
w and K pro@uction with uncorrelated charges.

As mentioﬁed earlier the kinematic charge correlations present
1in the UMC decrease with increasing W due to the increase of multi-
plicity. This can be seen in Fig, 10 where we have used W = 5, 50
and 250 GeV in calculating the UMC prediction for the charge of Ny -
To produce W = 50 GeV on a stationary target reguires a minimunm
neutrino energy of 1300 GeV so it may be impractical to eliminate
the low-multiplielity kinematic charge correlation effects by going
to higher energies., On the other hand, the Class-i events show a
significant departure from the UMC (Fig. 9) which clearly establishes
the presence of charge correlations at ocur present enerzy. These '
are in the general direction of, although not as strong as, those
predicted by a particular model (FF2) of fragmenting quarks.
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¥ Transverse Nomentum Properties

Sc¢ far we have suppressed or integrated ovér the transverse
momer:tum PT of the produced hadrons relative to the overall
hadronic (virtual Wt exchange) direction. Based on asymptotic
Treedox, several authorsl8 have concluded that (Pg) should be
an increasing function of Q? and Z (or XF) due to internal quark-

parton momentum in the proton.

If we use all tracks the overall .do/dP% is fairly
well cescribed by the function exp (-bmy), oy, = (P§ + uejl/é,
b =6 (GeV/b)'l, anﬂi#ﬁgifﬁhe particle rest mass. The tracks
in the UMC events were generated with this dependence and &
factorizing flat rapidity function (see Appendix C). The UMC
events, after passing our various cufs and reconstruction pro-
cedures, give rise to the curves shown in Fig. 11 for variocus
slices_of xF > 0. We note, first of all, that the generated
curves agree fairly well with the data, indicating that gross
features cf the uncut original data are alsc reascnably well
described by the above simple generating function.

in Fig, 11
We also note a definite flatlening of the PT dependence

&8s Xp increaces., This manifests itself as an increase or'<P§>

with XF a8 shown in Fig. 12a. The marked increase of <P§> with

X, appears similar to the “seagull effect” long known from exper-
iments with hadro-produced ha.dro.ns.l9 The seagull effect arises

from a2 production function dau/dP$d¥ which is approximately inde-
pendent of c.m. rapidity Y. Hence, it 1s a property of "longi-

tudinal phase space" in which d°g « F(?T) dPng. The ‘reason for this is

described in more detall in Appendix D. The UMC calculation uses

this type of generating function and agrees quite well with the
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data of Fig. 1l2a. Since the data do not show any effect beyond
the UMC calculation they do not appear to tell us anything about
quark-parton transverse momentum inside the proton. This 13 em-

phasized further if we plot (Fig. 12b) the <P$> vs. Y., where we

note slmply a smooth decrease consistent with the phase space

boundary for Y > 0. Date similar to curs on <P$> v3, X, have

20

q F
to extract & value of <kT> = .9 GeV/c for the average

been used
internal quark-parton transverse momentum, but from the above dis-
cussion we believe this to be misleading and therefore do not
attempt such a calculution.:

Next we look for a Q? dependence of <P§> which could arise
from a @7 dependence of the internal transvers; nogentus of the
struck quark, according to asymptotic freedom J.:.ieas.l8 ' We expect
such an effect to show up in those hadrons which are most directly
correlated kinematically to the parent fragmenting quark. For
this reason we choose Class-A events only (hl is (+)) and plot
the <P§> of h, for thoge tracks with 2 > .3 . This is showna LA
Fig. 13, which does indeed indicate a Q° dependence; although
the effect is practically'accounted for by a similnr rise in the
UMC calculation, There is no explicit Q2 dependence in the UMC
model; the rise is due to our reconstruction procediure and cuts,
If we ugse the UMC caleculation as a base line and 2dd to it a fora lhearg
Q% we find <P$> = UMC + .003 Q? (dashed curve). The slope
t:l<1=’.§:»/dQ2 =,003+,003 13?!3: good agreement with .0l as egtimated
by Politzer<! for Z = .5 and Qz = 10 Géve. The most we can say is

that there appears to be a trend in the data in the direction of the

expected effect. . .
A further 1nnpec§10n of the effect shown in Pig. 13 indicates

that the growth of <Pp> with Q7 for these high Z tracks 1s entirely
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- ‘due to the component of thelr ;T which is in the wv-u scattering
plane P-(in). Tha component perpendicular to the plane, Pp(out),
shows no Q° depencence (Fig. 14). The PT(out) component is the
cne that we measure directly, whereas PT(in) depends on the recon-
struction procedure for each event. (The error in reconstructing
PT(in} for tracks used in Fig. 14 is typically # .1 GeV/c). The
only suzcested departure of the data from the calculation 1is

< IPq{in)| > for events in the two highest Q2 vins, and that is
not very significant, particularly since the absolute level of the

UM lines iz scmewhat arbitrary.

VI  Azirmuthal Dependence

ke oxanine the aziruthal dependence of the hadrons in the
vsull Scitfried-Jackson coordinate system in which the z axis 13
=long tﬂe total hadron (5) direction and the y axils is perpendi-
'culnr to the v-i plane in the direction v x I. The azimuthal angle
- is measursd frow the x = y x z axis, with tan ¢ = [PT(out)]/PT(in).
Cur typlcal error in reconstructing ¢ for hi-Z hadrons 1s % 7°
(ze= Appendix B}.

e2 that the p distribution in deep in-

It has been conjectured
eiastic u-p scatitering will te affected by the radiation of hard
giuons from the struck quark-parton. In Fig. 15 we show the dis-
srijutien in u for that subsample of hadrons (same as in Figs. 13, 14)
-net we believe to be most nearly associated with the parent quark. .
~wa v distribution for high Q° is pesked near g = O or 180° in a

mznner which may not ba entirely accounted for in the UMC calcula-

ticn, &lthough the departure from the UMC 1s not large. Recently Cohn28
w235 emphasized tnat one expects an azimuthal dependence in the nalve

crton model even without gluon effects, and hence the interpretation
T z dlstributicns may be quite complicated.
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VII Summary

We have examined the details of the hadron "jet” made by
high energy neutrino-proton charged current interacticns. Thre
production of high-Z hadrons is approximately independent of Q2
and W for W > 4 GeV and Q2 < 64 GeVe, in agreement with the beslic
assumptions of the quark fragmentation model. After making the
selection Q2 > 8 Gev2 to separate the current and target Sreg-
mentation regions, the heights of the rapfdity plateaux in the
two regions are found to be comparable (Fig. 8).

We ﬁave made several tomparisons of the datz witn =rs “ro--
mentation model of Field and Feynman (FFz) a?d wiih an unscrre-
lated longitudinal phase space model {UMC)}. Tae, inclusive 3%:-
tributions of h*‘§u. longitudinal variables, such as X?, arz well
répresented by bcth models, as are the distributicns c? tﬁe fezizz
h? and h™ in each event (Fig. 6). The correlaticns, 1in a given
event, between the charge of the fastest (hlj and second fasz=st
(hy) h#drons are not reproduced by the UMC and therefore are
stronger than "kinematic" in events where hy is (+). The F¥
predictions for these same correlations appear to be too sircng
(Fig. 9).

Turning to transverse variables, there it a sizeable risze cf
(Pg) with Feynman X, but this 1is well accounted for by the U2 '
model (Fig. 12) and we do not, therefore, use it to measure th=
proton's internal quark-parton momentum. For events in whizh R
is (+) and 2, > .3, we find, after correcting for the rise in tre
UNC calculation, only slight evidence for an additional rise in

(P3) of n, vs. @%; with the linear formd (B2)/aa% = .0032.003
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siving a reasonable fit up to Q2 = €5 GeVZ, This rise 1s asso-
clated with the in-plane component of ;T‘ The azimuthal angle
of this same selected sample of hadrons, when an additlional
high—Q2 selection 1s made, shows, at most, & mild anisotropy
(Fig. 15). |

We are indebted to many staff persons at Ferml National
Accelerator Laboratory for contributions in the taking of these
data. We have benefitted particularly from conversations with
J.D. BJorken, R.N., Cahn, S.D. Ellis, R.D. Field, G.L. Kane, and
H.D., Politzer.

This work was supported in part by the U,S, Department of

Ernergy and the National Science Foundatlon.



Table I

Charge correlations of the fastest and 2nd fastest charged
hadrons. A (+} or (-) sign signifies the chargeof a hadron

with Z, > .1. “None" signiffes that Zp 1s less than .1 .
KNumbers in table are percent of events.

hl h2 FF2 Data uMC
+ + 14.2 | 26.22, k1
+ - 20.1 | 24.=2, 20,
+ none | 26.2 | 20,22, 12.
+ any | 60.5 | 70.24. 70.
- + 16.2 | 21.%2. 23.
- - 4.4 [3.0x.6 4 3.3

- none 9.4 2.4%.5 3.0

- any { 30.0 | 26.x2 29.

‘none none 9.5 3.82.7 1.0




Appendix A: Muon Selection and Cut Procedures

In the present paper we make use of a kinematic method to
select the u” in the neutrino charged-current (CC) events. We
do not meke direct use of the External Muon Identifier (EMI)E5
for twe reasons. Although for the first exposure (~ 25% of the
data) the EMI was quite efficlent, its efficlency was lower in
the remainder of the datae due to the significantly higher neutrino
flux and cencomitant background. Secondly, we have found a kine-
matic selection method which our Monte Carlo calculations indicate
is hignly accurate in selecting the u~ for the date sample that
we use in this parper.

Tr.e kinematic method selects a8 the u~ the negative track with
the largest value of the product F = F1F2F3-1- In fhis expression
Fl is the transverse momentuy relative to the bean, F2 is the trans-
verse momgntum relstive to the directiocn §R of all of the rest of
the visiktle particles, and F3 is the square root of the sum of the
sguares of the transverse momenta of the rest of the visible parti-
cles relative to their total momentum ;R' In other words, the.
algorithm looks for & single high momentum, high transverse momentum
pariticle baizrced by & clustered jet of remaining particles.

The distribution of log F for a sarple of Monte Carle events
is shown in Flg. Al. The overlap of the pu~ with the negative hadrons
(h”) £s shown by the dotted curves and is seen tp be quite small.

. =1
Tre individeal factors Fl, F2, F3

have similsr double peaks with
less clean separations. Of the three factors, F3'1 provides the

czst conzributicn to the discrimination. The method makes the

[

wrong muon cholce in only 1.5% of the CC events. Of course, there
is also & neuiral-current (NC) and V charged-current (TT) background.

Taese are greetly reduced by the cuts we make in the data, as we
dascrise btelow.
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In Table AI we show what happens to the various kinds of
events as we successively apply the cutls in order to purify the
cc sample. The selectlon on IP,, the total visible beam-direction
momentum, does not depend on the cholce qr muon. The cuts, PTR

(= Fy for the chosen muon), $1g @nd R depend on the muon cheice,

xy
but not on the reconstruction procedure,. nyz 1s defined by search-
ing the positive tracks for the largest value of the product Fl2
times total momentum, and then dividing by the corresponding product
for the chosen'u'. W, x, y.depend on the reconstruction procegdure
(see Appendix B). The mixture of CC, NC, and TU was chosen acccrd-

26 the

ing to the analysis of the NC/CC ratio published earlier,
running conditions of which were slightly differe&t than those
under which the major part of the present data were taken. However,
since our cuts virtually eliminate NC and cC background our results
are insensitive to the exact amount of such. The cuts also essen-
tially eliminate the few percent neutron and Ki interactions present
after the LP, cut.

Table AI. Monte Carlo study of event survivel under successive cuts.
{Entries are percentage of events.)

‘ Total otal §

Event ccC cc KC [+1f Monte Data
Selection Events |Wrong u |Events |Events | Carloc f| Events &%
IP,> 10 GeV/c T4 (3.4) 19 7.3 100 M 2550 109
Pog> 1 GeV/e 65 (1.6) 4.3 1.4 71 1928 75
oys > 69° 64 (a.z) | 2.7 1.4 68 |f 1888 - T4
W > 3 GeV 52 (1.3) | 2.4 1.2 56 “ 1350 53
x> ,05 47.6 (.9) ) 21 1.2 51 1242 %9
y < .90 46.0 ( .8) 1.9 - .9 49 1201 46 .9
Royz <3 45.6 ( .8) 1.9 .2 48 1139 LE.Y




(1)

(2)
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The main features to be noted from Table Al are as folldws:
The final sample contains (.8/48) x 100 = 1.7% wrong-u CC
events. These are not a troublesome background (see
Appendix B.)

The NC background is (1.9/48) x 100 = 4% and the CC back-
ground is .2/48 x 100 = .4%. ‘The nyz cut is particularly
effective 1n reducing this latter source, which, 1f not
eliminéted, gives & false signal of "h'" (really u+) near

z=xF=1.o.



Appendix B: Reconstruction Method

The momenta that we measure directly in this experiment are
11lustrated as solid lines in Filg. Bl. The dot-dashed line is |
the 1hcoming neutrino direction whieh 1s accurately known;
however, its energy 1s not. "The plane of the diagrnm is deter=-
mined by the outgeing mucn momentum Pu. "The vector Pv iz the
momentum sum of all other visible particles., (This labeling
assumes we have chosen the correct mmon in a neutrino charged-
current event. See Appendix A) Po represento the sum of all
unseen neutral particles, and PH - P +P.v is the total of all cutgolng
particles except the muon, Pv and P hive equal and opposite
-components (Pyyn) out of t.he plane. Hence, Pypm
is measured directly from Pv . We indicate here gust the pro-
Jections in the plane,

%

R
bt}

In order to "reconstruct" the event we cust try to dei:r

f

-$
Pr
this then determines all of the other kinematic variatbles, excspt,

&8 accurately as possible. Since we have a hydrcgen tarze:

-
of course, the individual momentum vectors that make up P, when

there is more than one unseen neutral particle,
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-y
The guantity PH is underdetermined by ocne variable. We
-5 -
attempt to determine P, {and thus Py) from the configuration

- -

of P}L and P_ in each event. If the square of the missing trans-
- 2 2 2

verse momentun (Pgym + P_ ) 1s less than .01 (GeV/c) than we

wsoue there are no missing neutrals and get a solution by put-

-, «

PO Ty T Q (where x iz lhe beam direction and z is perpendicular
<o the bean in the plan.:). This happens in about 10¥% of the events;
in the rest of the events we
must £ind ziacther way to estimate Pox‘ If the total invarlant
mass ”a of the missing neutrals is known, then one can solve for

Pot from the following kinematic equatlon:

- e 2 2

Pox = (mo + PguT + Poz - Do)/2 DO ‘ (Bl1)
Whera'

DO = Eo - Pox = - ?H." Dv 1s determined from

conservation of the que.ntity(E - Px) summed over all particles,
The evaluation of D requires that we identify all the visible
pafticles in order to calculate thelr energy in Dv = Ev'va .
nisidentification of charged K's or protons a&s w's causes us to'
underestimate Dv and overestimate Do' In fact Do is often quite
£mall so that errors in its estimation cause large errors in Pox
frem (Bl). For this reason, and because we ?ave no good & priori

estizste of Mg, we use a modification of {Bl) to obtain only a

1 ¢ im i :
lower it on Pox

_ 2
Py (MIN) = (FS .o+ P5,

2 "N
- D[%)/2 D] (B2)
where D; is determined by assigning the pion mass to all charged
tracks in evaluating D, . (If P, (MIN) 1s negatlve we set it

equal to zero at this stage).
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The remainder of our method to find Pox follows clcsely

24 and described also in

a method originally proposed by Grant
ref. 7. We outline it below,
(1) Determine the minimum neutrino energy eztimate from irs

abeve P_ (MIN):

By = Pux Pyt r"ox(“'m;)

{(2) Determine the maximum neutrino energy esticate frca
EMAX = EMIN » where C is adjusted to give the zcrrzzt

average <Z,> = 0. ‘Z; 1s the "Grant variable" wnlch 1z ine

- -
in-plane component of Pv pervendicular to P

1

-

o

- {Ehevin 2z
dotted line eon Figure Bl. ZG is defined to be regativr:z ia
the configuration shown). The value we use for { in thls
experiment 158 C = 1.50.

(3} Determine Zl and 22 corresponding to Eyq;. and SHAX ang thza
obtain ZG from the simple average ZG = (Zl + Z5)/2 . This
value of ZG 1s then used to obtain Pox- At thils pclnat we
put a celling on Pox by requiring that the mic<sing rsutral:
not carry off more than half of the total team-éirecticn

momentum, i.e,, 1if Py 18 greater than (Pux'+ va) we ses

it equal to the latter. Pox is then used to reconstruct all ths

"]
o
U
o
|
)

other variables in the event. (Note that the usuzl desp-in=l:
variables Ev' W, QQ, X, ¥ .... now follow from mcementuz end znarsy
conservation in hydrogen and do not depend on hadron mess a3zign-

ments, The hadron mass assignments are only used to obtain D

in (B2) ).
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The reconstruction method can be checked directly
frox the data, end the appropriate value of C determlned, by com-
paring the ZG distribution with the POUT distribution for any
group cf selected events. POUT 1s directly measured in each
event and its distribution is shown in Fig. B2, along with the
distritution of the reconstructed ZG for ¢ = 1.50. Increasing
€ will increase ZG and C has been adjusted to give <ZG> ~ 0.

(Tﬁere are 145 no-missing-neutrals events which have g POUT" o}
and which havz not teen plotted in Fig. B2, The 1044 events
plotted satisfy the cuts described in Fig., 1, with 3 < W < 12 GeV.)

Cnz exﬁects the true Z, and F distributions to be identical

ouT

and symzetric around zero. (We neglect possible asymmetries due

to things like gluon radiation from polarized wh bosons, which

we have otherwise been unable to detect; see Sections V and VI.)
The accuracy of the reconstruction procedure can be checked on

.an event-by-event basis by using Monte Carlo events generated

from the UMC program described in Appendix C. Some results on

the accuracy in E_, Qe, W, x1

and y are shown in Fig. BJ (a-c)
whare we have plotted the distribution of the ratios of the recon-
structed va2lue to the true value for each varlable, PFig.B3 1is

a3

tn

28 ecn 1200 Monte Carlo events which obey the same cuts as the

real events of Fig. B2. The dots represent 24 events from the
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sample in which the muon selection procedure yielded the wrong
choice. Cne sees from this that these events have larger errors
than the others, bué;will gf introcduce any appreciable additional
error intc the event sample. (The fractiocnal error in Ev is the

same as that of @, and similarly ¥or x~%

and y, because the
product Xy = Q2/2m Ev is directly measured and therefore independ-
ent of the reconstruction procedure. I.e., xy = (2 P /m)ﬁm?(e/2),
where 6 18 the angle of the muon relative to the beam., This
latter expression neglects the muon rest mass. )

Finally, we show in Fig. B3d the distribution of the anguler
_error 88, that we make In reconstructing the d¢irection of the
total hadronic system EH (= a) in the lab. The errors in the
transverse variables PT(in) and ¢ for individual tracks, discussed
in Sections V &nd VI, are primarily due to the error 66H. Errors
in the longltudinal variables Z, XF, Y

q
-
and partly due to the error in the total hadronic mozentum IPHI‘

are partly due to _aea

Typical errors for tracks with Z > .2 are : ép = = 7° EPT(in) =

+ .1 GeV/ie, 82 = ax, - .1, 6Yq = % .25 .

-



Appendix C: Description of the Monte Carlo Calculation (UMC)

-

The calculation beglns by generating for an event the total
nadronic invariant mass W,and Q?. It does this by picking the
peutrine energy E from a distribution which agrees with what we
ctcerve (using the energy reconstruction procedure described in
Arpendix B). It then picks the Bjorken varlable x with differen-
tianl probabillty proportlonal to (l-x)3'5x‘2 and flat in y for
charged-current v events and (1-y)2 for charged-current v and
neuirzl current background events. Given x, ¥y, E one uses W2 =
*2+2m3y(l-x) and Q2 = 2mExy to get W and Qe.

Given W, the hedrons are generated in the W rest frame as
Tollows: _
(1) The recoil nucleocn 1s chosen to be & proton or neutron with
equal probebility. The distribution in the nuclecn's variable
X = 2Z/W 1z chosen flet between 0 and .9 with its momentum in the
peckward c¢.m. hemlsphere. This determines E of the nucleon and
the remaining energy, ER = W -E, and recoll momentum of the system
to be used for wmeson production.
(2} The numbers of », T, ¥° to be produced are chosen using
(n)) = (n)) = ((r)-Q,)/2, where (n) is the average number of charged
plons and Q 1s their net charge. From hadronle data23 wa take
(n) = 1.5 + 1.2 ta(Zy) + .6 #2(Eg). The actual number of 1~ and 7
in zach event are then chosen from independent Polsson distributions

for n_ and ng,. {Erergies, etc,, are in GeV units). The number of

77 1s then crcsen to conserve charge. This prescription agrees with

what is known about hadro-produced hadrons, except that we do not
p=t in the xnown=” correlation between (no) and n_. (This corre-

lation is rol very significant at cur W values.s)



(3) A fractlon of the r', »~, 7  are changed to k', K

+ Apperdix C
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, K with

only pairs of K mesons being allowed; except we occasicnally

change a neutron to a A° in order to accompany a lonhe K or

K°.

The fractions are adjusted to give the correct number

of K° and A° observed in the present data.

() The transverse momenta P, of all the hadrons are generated

(5)

according to exp(-6m ) where m = J;?+P§ and u is the
particle mass., This feature is also taken from hadro-
produced data. The two components of 3* are picked using

a flat azimuthal (Q) distridbution. Transverse momentum is
conserved by summing the componaits in a2 given direction over
all N particles and then subtracting 1/Nth of the sum from
each value. These conservation constraints have no

effect on the ocutput o, and ¢ distributions.

The longitudinal momentsa Pl of the produced particles are
generated in the rest frame of the system of invariant cass
WR recoiling against the nucleon, already detercined in step
(1). The rapidity (Y) of each particle in this system is
plcked from a flat distribution of total width AY = ah(HR) -
ln(m ). This partially accounts for the kinematic boundary
IYMAXI a,hﬁWR/hL). Pu is then given by Pn = z sinh Y. The
conservation of Pl is determined in the overall W rest frame
by subtracting from each P, a fraction rl of that parti-
cle's energy E, where f, = (EPl)/(EE). This procedure helps
to keep the rapidity distribgtion flat after Pn conservation,

since 8y = ePl/E.
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(6) Energy conservation is sccomplished by multiplying each

P“ by a factor f2 such that the equation EJ(fePu)2+mE =W
1s satlsfied. This is sclved by iteration, starting with
the approximation f = W/EIPHI. A solution which conserves
energy to wlthin 1 MeV is usually found in 2 to 3 ltera-
tions. If the solution does not satisfy .6 £ f2 <2 1t is-
rejected. The output rapidity distribution remaing reason-

ably flat, with small talls, after the imposition of P.

angd E conservation.

Given all the particles in the event, we transform the
hadrens into the lab frame and treat them as we do in the real
events. We assunme 2/3 of_the A° and 1/3 of the K° are visible
and that protons are identified 1f their momentum is < 1 GeV/c.
" The charged keons and remaining protons are treated as 1f they
were pions.

- An appropriate mixture of charged-current, neutral-current,
and v charged-current are generated and the mixture 1s passed
through the same analysis program as the real events, (See

Appendix A.)



APPENDIX D: The Seagull Effect

The “seagull effect®” arises when one plots for individual
particles their average transverse momentum (PT) or (Pi) vs.
the longitudinal variable Xp = ZPH/W in the c.m. of the
hadronic system. M typical (half of a) seagull is shown in

Fig. 12a for X_ > 0. 1If we let Y be the c.m. rapidity and

F
E the c¢.m. energy of a particle; then Yain{ (E+P,!)/mT]. with
m,, = (Pg + p.zll/z and . the particle mass. Because of the

relation (dY) = (dP“)/E = W(dxp)/zs one has that the curve -(Pg)xpvs.xf. :
(P:,}Y ve. ¥, whare the subscript indicates the dongitudinal

variable that ia. held constant during theﬂ integration over P,r.

If particles are produced according to longitudinal phase

space, in which
’ _
do = F(P,) AP 4Y (D1)

then (pv;)Y va. Y ia flat but (p}), vs. X, will show the

X
F
seagull effect. We show below the reason for this,

In general one writes .

(P:)xr-c - I P:("z"/ ap;de)apiﬁ (dz"/ dPidxp)dP-f-

Using the above definition of dc this becomes

P 2 B 4
PEF(P.) F(P,.)
2 - ik P T
(Bodx =c I E "PT/I 3 ”:' (p2)
F o )
where B is evaluated at xp-c. e,

E = (W/2) JC + 4@: . (b2a)

On the other hand, using the assumed form for 49, one gets for

constant Yy
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P p'

2 2 2
= P< F(P.)APS/l F(P_)Aap {(D3)
.]lo T T T/Io T/

The upper limits of these integrals are functions of W and

2
(Prly=c:

¢ (C*) which come from the kinematic boundary. Because of
the rapid exponential fall-off of FtPT) these upper limits
only have an appreciable effect when X, or Y are near their
maximum values., This is what causes the "seagull's wing”
to turn over at X, *® .8 in Fig. 1l2a

The one place where (D2} and (D3) can be compared directly

is alorg the line X_=Y=0:

F
2
/2 PUF(P,) w/2 P(P.)
2 T T 2 T 2.
Py o = | ——= 4P dp, {D4)
. T xF 0 JO mT T IO mT T
or, changing variables, and assuming the upper limits are
effectively infinite, '
2 - 2 /' Flog) 2
{mT) a = F{m_)adm I —_—a (D5)
x =0 = 4 Mg {Bpidiiy
F R [°R Tr "
whereas)
2 ® -
(ng)y oo = | ma Flmy dmﬁ./f P(m) dmy (D6)
R A
so that
, 2 -1
Wy =0 = Mplyao/ By (07)
F

We see from (D7) that, in general, (ﬁi)x -0 o (ﬂi)Y=0- avan
F
though the two averages are computed along the same line

XF=Y=0 in the e.m. If we use the genarating functions
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P{HT)=exp(-me) with b-S(GeV/b)‘l and u=pion mass we obtain

from (D5) and (p6)

2
(PT>Y=0 = .19 (GeV/c)z and (Pi)xrzo = .IO(GeV/b)z.

These are in good agreement with what we obgserve in the data.
The shape of the seagull comes from the growth of

with increasing X., as seen in Fig. l2a, This can be

2
(P'r)xfc F
understood from eqns. (D2} and (D2a) which predict that

2 2 2
(Pp)x _w opPTORChes (Fp)y o if X >> a2/ all during the
P, integration. The fact that, experimental ly, (P:.)x =C

F

becomes larger than (P%}Yso = .19 is due_to some actual

diminuation with increasing Y of the expe;imental

2
d o/dP%.qt * That is to say, suppose instead of (Dl) we have

ao = F(PT X) dp%dy (D1*)

with F being a decreasing function of Y. Then holding XF=Cf0
during the bT integration gives decreasing Y with increasing
PT and prevents P from falling as fast as it does at XF=Y=O.

(The decrease of Y with PT at fixed xF can be seen from the

relation xr=(2mT/W) ginh Y}.

The data do show a decrease of F with Y at fixed PT

and the same is true of the output UMC calculation, even thouch
in the input we assumed no Y dependence. (The generated Y
dependence comesg from our application of energy and momentum
conservations constraints.) Hence, both the deta and the W00
calculations of (P%) vs. Xp show a seagull effect that rises
above the central value (Pg)y-o and then drops te zerc, zs 1t

must, near Kpn +1.
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Figure Captions

Distribution of lnvariant mass of the hadronic system for «
sample of neutrino charged-current events. See text for
ceaning of the euts listed. Typlcal mass resolution is

+15% for the bulk of the events, which have missing neutrals
(see Appendix B}, The peak at the leff is due to the final

state p'AH .

. Average number of charged particles in the hadronic system

s, Q2 for various W slices taken from Fig. 1. The dashed

lines represent the overall average for each W slice,

."The rate of production of positive and negative hadrons with

2 > .2 as a function of W, We take the Feynman scaling
(W-independent) region as W > 4 GeV., The curves are the
result of the Monte Carlo model described in the text.
The D: function vs. Feynhman X in the hadronic rest f{ranpe.
Identified {ID) and the estimated mis-identified protons are
indicated. The normalization of the UMC model 1is absolute and
not adjusted to fit the data (see Appendix C. This is true
on a1l Flgs. except Fig. 15 where we have renormalized to the
observed numbers of low—Q2 and high-Q2 events). In addition
to tne cuts on Fig. 1 ﬁhe selection W > 4 GeV has been made in
Figs. 4 thrcugh 12,

(a) The (positive/negative) hadron retio vs. Xp .

{b) The D; function vs. Xp. The average number of negative
tracks (integrel of the graph) is indicated.

(a} anc (b). The distribution in Zp of the "fastest" positive

and negative tracks in each event. The dashed curves are the



predictions of Fleld and Feynman. Fig. €a includes (- trzzx

[

from events where the fastest track is negative and vizz-rerza

for 6b,

Fig. 7. The total charged hadron rate(h++h')and net charge (h+-h',

w1
(1]
b |

13
i
[11]
'y

event vs. rapldity in the "quark rest frame" (cze texi and
14). The UMC predictions are also shown. The error tars cn
the open circles are the same absolute size as those on zhe
solid circles above them,

Fig. 8. Charged hadron rate for high-Q2 events plotied vs. lap repldicy
and quark-frame rapidity. The approach to and heignt of tae
two "plateaux" are very similar.

Fig. 9. (a) Net charge of the second fastest (hé) particle whn=n the
fastest (hl) 15 negative, plotted vs. rapidity of hy In the guerr
frame. (Class B events)

(b) Same as (&) for eventa in which h, is positivs. (Cless -

events)
.qﬂ;;TE;;;ed curves are the predictions from Fleld and Teyrmun.

The sclid curves are from the UMC calculation. The averzags
charge of the 2nd (ha) particle (integral under the curvs, is
shown in each case.

Fig. ]10. (a) and (b). Predictions of the UMC model for the guantities
defined in Fig. 9 (a) and (b),but for various W values. In
(a) one sees "kinematlc" correlations present (Q..p# C) gvenl
at W = 250 GeV,

Fig. 11. Charged hadron rate vs. transverse momentum squarad for vericus
slices of Feynman X in the positive c.m. hemisphere (current

fragmentation. region). Solid curves are from the Wil model,



Fig. 12.
Mg. 13.
Fig. 14,
Fig. 15,
Fig. Al.

(a) Average transverse momentum squared vs, XF for charged
tracks. The seagull effect, seevhere, 1s discussed in detall
in Appendix D.

(b) Same plotted vs. rapidity in the quark frame. X, >0

F
corresponds roughly to Yq > -2.

o
(Pi) Vs, Q2 for h, tracks with Z > .3 in events where hl is

1
(+). There are 497 events (and 497 tracks) in the plot with
average Z value {(Z) = .45, Events with 3 GeV < W < 12 GeV

are used. The dashed curve is a fit to a linear function of

% which has been added to the base-line curve (solid) calculated
with the UMC model. _

Deta from Fig. 13 is split into its components in and ocut of

the scattering plané. (Note the broken vertical scale.) Solid
curves are the UMC calculation, The Q2 dependence in the UMC

iz not an input but arises from the reconstruction and cut
procedures in the generated events,

Azimuthal angle of tracks from Figs. 13 and 14 plotted for high-
and low-q? events, A track with ¢ = 0 would be in the scattering
plane on the mion side of the total hadron momentum (alab) vector.
{p 1s the standard Gottfried-Jackson azimuthal angle.) The
anisotropy in the UMC curves 13 due to our reconstruction and
cut precedures.

Distribution vs. log F of negative tracks in Monte Carlo events
with % 2 negatives. (F 1s the parameter used to select the muon.)
The events used are pure charged-current and have the selectlons
indicated on Fig. 1, plus W > 3 GeV made . The dashed curves

show the overlap between the hadrons (h”) and the muon.



Fig. Bl. Momentum vectors used in the reconstruction procedure.

Flg. B2. Distribution of data sample vs. Pour (which we measure directly)
and Z. (which results from our reconstruction procedure). In
addition to those listed, the cuts are as in Fig. 1.

Fig. B3, Errors of various quantities due to our reconstruction procedure.
In a, b, ¢ the ratio plotted 1s the reconstructed value divided
by the true value. In @ we plot the reconstructed direction of

*
the hadronic system {Q direction) minus its true direction.
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