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In an experiment using the Fermilab 15-foot Bubble
CSa:be:/Two-plane EMI with a 47 percent (atomic) neon-in-
~vrdrogen fill exposed to the quadrupole-triplet neutrino
bean, we have identified some 9600 neutrino charged-current
events. We have measured approximately 4000 of these, one
guarter of which were especially selected for having higher
-qz values. We have undertaken the study of the momentum
distributions of the produced hadrons, comparing them with
a model based on phase space and a model based on the Field
and Feynmann fragmentation scheme. The longitudinal momen~
tun distributions, as parameterized by the fragmentatiqn
functions, are in reasonable agreement with both models.. A
mild softening of these distributions with increasing -qz is
evident, especially in the positive hadrons. Transverse

mementa are reasonably well reproduced by the models at

3

lower values, but. the data exhibit an excess of hadrons at
higher pp not indicated in either model. This high p,
excess is particularly pronounced in the higher -qz or
higher W events; the low —q2 and low W events agree with
the models for all values of Py-

We have examined the transverse momentum distributiozs
separately for the forward jet hadrons and the backward jet
hadrons, where the separation is madé.based on the lonzitu-
dinal momentum fraction determined in the hadronic center-
of-mass frame. We observé that the high p, excess is
clearly associated with thé forward jet hadrons, while tie
backward jet hadrons agree with bhase space for the full p,
range. Fitting exponentials to the p, distributions, there
is a significant change in the "slope" paramcter for the
forward jet hadrons in going from low to high -q2 {cr iow
to high W); no statistically significant change is gvident
in the backward jet hadrons' distributions. This high Py
-~ forward jet correlation is displayeé well in piots of the
average values of pt2 é?d their dependence on —q2 and W; a
rise with rising —q2 or rising W is evident for the forward
jet, but only the rise indicated by phase space is evident
in the backward jet. Plotting average Pt2 versus the longi-
tudinal momentum fraction (in the hadronic center-of-nass),
the "seagull” plot, we observe a definite forward-backward
asymmetry for higher -q2 (W) events. An attempt to separate

the effects of -q2 and W for p, is inconclusive, but the
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majority of the distributions shown favor W as the more .
important of the two variables,

A discussion of these effects in terms of the two
models concludes that the departures of the data from phase
space are not explainable by either of the two models con-
sidered. QCD, however, is in at least qualitative agreement
with all of these results; moreover, a comparison of ouz;.pt

distributions with an analytic calculation based on QCD

gives encouraging agreement,
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CHAPTER 1

INTRODUCTION

“seutrinos, they are very small .
They have no charge and have no mass :
tnd do not interact at 2ll.
The earth is just a silly ball
To them, through which they simply pass,

Like dustnsids down a drafty hall
Or nhotons through a sheet of glass.
T saub the most excuisite gas,

Ignnsre the rmost substantial wall,

Coid shoulder stecl and sounding brass,

Ins:]lt the stallion in his stall,

An3, scorning barriers of class,

Infiltrate you ard me. Like tall

And painless guillotines they fall

Dowmn through our heads into the grass.

At night, they enter at Nepal

AnZ pierce the lover and 'his lass
* Fron underncath the bed - you call

Tt wenderful; I call it crass."{1-1)

This thesis concerns itself with the collection and
analysis of data from an experiment involving neutrino inter-
actions with nuclei. The specific processes of the data
to be exanined are the characteristics of the hadronic system
that results, i.e. what happens to the struck nucleon after
‘the neutrino scatters with it, Moreover, this study will
focus on the depvendence of this hadronic system on the depth
within the nuclecon that the neutrino penetrates when it
scatters. .

te shudy of hadronic physics has been greatly facili-
tated throuch the use of deep inelastic lepton-nucleon
scattering experiments [(I~2]. The primary virtue of such

exceriments is that the behavior of the lepton is well

)

. " 2
understood, and that the lepton is (relatively) identifiaﬁle.
Mcasuring the momentum of the lepton(s) before and aftcr the
scatter tells us the momentum transficrred t¢ the nuclieon,
and the knowledge of leptonic interactions tells us thre
manner in which it was delivered. Collecting data for a
wide range of momentum transfers permits the systematic
study of the behavior of the structure of the nucleon whon
probed in this fashion.

One of the first discoveries of such experirents is that
the entire nucleon is not the target (I-3). That is, vary-
ing the momentum transferred £o-the nucleon in a fashicn
that varies the distance over which the transfer occurs
indicates that the scatter can take place between the loz:zzn
and a substructure within the nucleon., And, in that cthc
result of such a scatter often consists of several hadrons
being produced, the following hypothesis is suggested: the
substructure within the nucleon that scatters with tge.lepton
is not a hadronic entity that typically exists alone,
separate from other hadronic matter; it is usually bound
within a nucleon or other hadron. However, when violently
ejected from the nucleon by the lepton, both this constituent
and the nucleon remnant are driven toward this isolated condi-
tion. This state is avoided because the same forces that
bound the constituent and the nucleon remnant together before
now attempt to rebind them into hadrons, a process that often
produces a collection of hadrons as well as those that now

contain the original constituent and nucleon remnant. The

g 0 - Candal adt Sl it bt o destbe dh e e P oy i e
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energy for producing these several hadrons comes from the
lepton: the momentum transferred is shared among the newly _
created particles as well.

Previous experiments have studied such fragmentation
of the struck constituent and nucleon remnant into the
several hadrons. They have measured the momentum distri-
butiors, and have determined that the hadrons' momenta are
basically collinear. The longitudinal and transverse momen-
tum comgonents have been studied separately, and the
dependence of these distributions on the momentum transfer,
total hadronic energy, etc. has been investigated. 1In this
Astudy, we will continue and éxtend such analyses. We will
exanine the mcmentum distributions of the hadrons in terms
of the ccmponents, and will investigate the dependence on
total hadronic energy, etc. over a wider range of such
varizbles than most previous experiments accessed. We will
irvestizate the correlations between the longitudinal and
trarsverse mementum components, something that only recently
nas received any attention. Moreover, we will perform such
analysis separately for those produced hadrons that are
associated with the struck constituent and for'those asso-
ciat2d with the nucleon remnant, an aspect of this phenome-~
non that has not previously been studied.

The use of a neutrino beam in a heavy liquid bubble
ctamber permits the study of the details of the outgoing
hadrons produced from a scatter in which a measureable amount

of mormentum and energy are transferred to the nucleon.

)

The neutrino beam is vital in that it can yield as high or
higher energy data as can be obtained in other dcep inelas-
tic scattering experiments. Specifically, much harcer
scatters can be observed (harder in the sense of scattering
over very short times and distancés and involvfng high
momentum transfers), than can be obtained in charged lepton
scattering [I-4]}. The use of a bubble charber enables
analysis of the hadronic system more éxtensive than other
data collection sfstems can achieve. This study will, for
example, concentrate on the comparisons of the lower rozen~
tum hadrons with the higher momentum ones, and the ability
of the bubble chamber to measure both with high resolution
is critical. For these reasons these data rermit investi-
gation of aspects of hadronic processes that have previousiy
not been amenable to careful study.

In the following sections we will discuss some of the
details of the data collection and analysis procedures that
resulted in this study. We will then briefly outline sore
of the relevant theoreﬁical topics and models that we will
want to compare with aspects of the data. We will then
present various distributions concerning the manner in which
the available momentum and energy is distributed among the
several final state hadrons. We will conclude by reviewing
the data as they pertain to the theory, investigating how
the results of the analysis may support or refute current

beliefs in the understanding of hadronic processes.




NOTES TO CHAPTER I

I-1 J. Updixe, "Cosmic Gall," Telcphone Poles and Other
roems, Alfred A. Knovof, Inc. (1960)

I-2 The nurber of articles referring to this topic is
enornous; for a discussion of the early studies
of nucleon structure using lepton probes, see
A. DeRujula, et al., Rev. Mod. Phys. 46, 391 (1974)
and rcferernces contained therein; more recent
results on structure functions can be found in
F. Sciulli, talk given at the XX International
Corference on High Energy Physics, Madison (July,
1980); references on the hadronic final state are
cited where appropriate in subsequent sections.

I-3 Again, the number of references that relate to the
general featurces of deep inelastic scattering data
is quite large: however, a rcascnably complete
surnmary of earlier results, relevant to this dis-
cussion, can be found in the vublication by
D. H. Perkins, Rep. Prog. Phys. 40, 409 (1977)

I-4 This is true in a statistical sense only; as described

in Chapter III, the -g¢ distribution in neutrino
interactions is linear in the neutrino energy
(see reference [I-2]), whereas charged lepton
scattering has a 1/g* distribution.
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CHAPTER II
EXPERIMENTAL ARRANGEMENT

Cata Collection

The Qata in this study come from Experiment 546 pétformed
at the Fermi National Accelerator Laboratory by research
groups from the University of California at Berkeley, the
Lawrence-Berkeley Laboratory, FNAL, the University of Hawaii,
the University of Wisconsin, and the University of Washington.
The experiment employed the FNAL quadrupole-triplet neutrino
beant and the 15-foot bubble chamber with the External Muon
xdentifier, which was expandeq and upgraded by this colla=-
boration for this work.

Trhe neutrino beam was produced as follows. Protons
accelerated in the Main Ring to a momentum of 400 GeV/c
ware extracted over a 'spill' period of approximately 2-3
milliseconds and directed at a one meter long aluminum
oxide target. Charged secondary particles emerging from
this target (mostly pions and kaons) are focussed by three
suctessiva Guadrupole magnets, whose currents are set to
optimize the focussing of 200 GeV/c secondaries. These
secondaries then travel down a 400 meter long evacuated
‘decay pipe', permitting many to decay. Between this decay
aipe and tPé detector systems is an earthen berm, approxi-
mately one kilometer in length, which effectively filters

everything that comes from the decay pipe except neutrinos

— - — — - o agg— -— -

)
7
and antineutrinos. The neutrinos, mainly muon tyne neutriros
from the decays at s u+v and k¥ u+v (and a smaller avount
of muon antineutrinos from the charge conjugate decays) thren
pass through the detector systems, where their interactions
can be observed. Figure 2-1 illustrates the general layout
of the Main Ring and neutrino beam. The spectrum of muon
neutrinos and antineutrinos expected from this conficuration
is illustrated in figure 2-2 (I1-11. burinq the data collec-
tion period of this experiment (20 October, 1977 throﬁqh
1 February, 1978), an average of 1013 protoné per acceclcrator
cycle (and thus, per bubble chambér picture) were directed
onto the target, giving a totai of 3.48 * 10,18 protons for
the entire experiment.

The detector system used was the FMAL Hybrid 15-foot
Bubble Chamber/Two Plane EMI, depicted in figure 2-3. <Ths
bubble chamber was filled with a 47 percent (aizcnic) neon
in hydrogen mixture, yielding a 55cm. radiation lencth and
a typical pion absorption length of 1.9 m. The suver-
conducting magnet at the.bubble chambter's eguator was
operated with a 5000 ampere current that vields a 39 kilc-
gauss field at the bubble chamber center. This achieves a
curvature in the trajectory of charged particles which
traverse the chamber, with a radius of curvature preoporticnal
to the particle's momentum (radius of 1 meter = 1 Gav/c).
Three, and sometimes four, cameras with \ssociated €lash
tube systems were operated to permit different perspectives

of the events to be recorded and allow for subseguent three




FIGURE 2-1

Experimental Apparatus; Main Ring, Neutrino Beam Line,
15-foot Bubble Chamber/2 Plane EMI
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FIGURE 2-2

Neutrino energy spectrum for the Quadrapole T:ipleﬁ
beam {II-1)
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FIGURE 2-3

15-foot Bubble Chamber/2 Plane EMI
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dirmensional reconstruction. A total of 350,000 sets of

pictures are taken, with over 326,000 accompanied by EMI
data to form the éata sample from which the subsequent.
analysis proceeded.

Lepton number conservation reguires that there be the
same net lepton content after an interaction as before.
For an incident (muon) neutrino beam, the final state lep-
ton can either be a neutrino again which would be virtually
impossible to detect) or a negative muon. Detecting this
muor permits the identification of these ‘'charged current!
events with a concomitant understanding of the dynamics
Qf the scattering, at least fbr the leptons involved. (If
no muon is detected, then either the event represents
‘neutral current’ scattering, where the outgoing lepton, a

reutrino, has the same charge as the incident lepton, or

a charged current event in which the muon detection appara-

tus and analysis is inefficient.) The outgoing muon will
identify itself by a smooth trajectory through the bubble
chamter, with no large deflections indicative of hadronic ’
scattering. Unfortunately, the bubble chamber is small
enough so that it is not unusual for a hadron to exit the
charber without identifying itself as a hadron, thereby.
mimicking-a muon. However, only the muon will traverse the
several interaction lengths of lead, concrete, etc. that

separate the bubble chamber and the first and then second

planes of multiwire proportional chambers that constitute

)

the EMI (see figure 2-4) (II-2,3). Muons are thus identi-
fiable by extrapolating the trajectories of all smooth,
leaving tracks to both EMI planes and comparing the extra-
polated positions with the actual hit positions in the
appropriate chambers. Details of the EMI, and discussion

of the actual muon selection criteria are given in Appendix A.

Data Reduction

The primary interest in this experiment was analysis
of the charged current neutrino interactions, those in which
a muon is produced. ‘For this reason, the initial scan of
the film was to find all neutral-induced interactions in
which there is a muon candidate, i.e. at least one leng,
smooth, leaving track. All such tracks were measured,
reconstructed (using the geometry programs TVGP or HYDRA),
and extrapolated to the two EMI planes. The relevant ©'I

data were unpacked and reconstructed, and those nuon track

“identified according to criteria requiring two nearly

simultaneous hits (one per plane) that were spatially near
the extrapolated positions. Approximately 12,000 neutrino,
and 2000 antineutrino events were so identified. £ficien~
cies and backgrounds for this identification procedure are
thoroughly discussed in references [11-3,4,5].

Full measurements, of the neutrino events proceed much
like those to identify the muons, except that the full
meagsurements are of all primary vertex tracks and many of

the tracks from neutral induced secondary vertices. More
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restrictive criteria were applied to the selection of the
events for full measurements, as described in Appendix B.
This apperdix describes also the measuring rules employed,

and the kinematic cuts imposed on those measured events

that were used for the analysis.
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CHAPTER III

THEORY

We intend to study the hadronic final state that results

from (charged current) neutrino-nucleus scattering, and so

we will first discuss some of the relevant theoretical topics.

In that the quark-parton model governs the language, if not
the mood, of the current views of hadronic processes, we
will find it convenient to phrase our discussions in this

termirology [(III-1).

Charged Current ileutrino-Nucleon Scattering

~he standard guark-parton model description of deep
inelastic lepton-nucleon scattering is depicted in figure 3-1.
For charged current neutrino scatterirg, the incident
neutrino, with four-momentum k, interacts with a quark
within the nucleon. The scatter results in a charged lep-
ton, (in this study, a muon) with four-momentum k'. The
somentun transferred to the quark, g = k - k', has a correa-
s2nding scuare qz. According to the standard view of weak
interactions {III-2,3), the momentum is transferred via
the exchange of an intermediate vector boson. This boson,

£ rorentun g and virtual mass qz (q2 < 0), will only exist

over tires and distances corresponding to the inverse of
its mass - so the magnitude of q2 measures the deepness of
the scatter. That is, very large (negative) q2 scatters

correspond to only a small volume within the target nucleon
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FIGURE 3-1

Figurative depiction of the scattering process:

Q' (xP+q)—=
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The axis of motion between the quark and the nucleon

re-nant is the only preferred direction in this system, and _.

provides for a natural decomposition into longitudinal and
transverse components for the individual hadrons' momenta.
1f we ignore the transverse components for the time being,
we can describe exclusive hadron production, i.e. the process

.

vii-u” hx, by!{III-S)

63:

2
. 2 2¢= 2, ¢° 0 2
S, = 58 Tatx,eh 170l (z,qY+ 1oy 213 0x,a7) | O (2,07

. (3-2)

e intreoduce the fragmentation functions, Dh (z,qz), as

Q
ar.alogs of the quark distribution functions Q(x,qz). They
represent the probability of a quark of flavor Q fragmenting
into a hadron of type h with a fraction z of the quark's
mormentum. We indicate the possible q2 dependence by analogy
to the distribution functions; the details of the hadronic
system from lepton-nucleon scattering may depend on the
distances over which the scatter takes place. In the above,
«ne sums over flavors Q include‘only those with weak hyper-
charge of -1/2; similarly, the sums over flavor Q° must be

a hypercharge +1/2 quark, and must be weighted by the rela-
tive probability of the Q to Q' transition. Tor examplé,
the sum over Q' in a four flavor model when Q indicates a
'down' gquark as target will include the fragmentation

function for an 'up' quark, weighted by the square of the

)

cosine of the Cabhibbo angle, and the fragmeﬁtation function
for the 'charm' quark, weighted by the sguare of the zine
of the Cabibbo angle. [III-61])

To the extent that transverse and longitudinal momentum
do factorize, transverse momentum can be includéd in equa-
tion 3~2 simply by multiplying the right hand side by the
distribution function for transverse momentum. This distri-
bution is outside the guark-parton model. Phenomenologically,

we find it well represented by an exponential [III-7], i.e.

222 a e-bmt

(3-3;

where m, = /pt! + mz is the 'transverse mass', and th-e
parameter b approximately equal to 6/{(GeV/c}. There are
two important aspects to this parameterization: one is t:aat
it describes transverse momentum in magnitude, not in terTs
of dimensionless variables, and the other is ihat there is
no indicated dependence on qz, W or other variable. This
latter characteristic is significant in that it is razll-
a non-scaling phenomenon (that is, changing cne's Tecasurerznst
units changes the values for this quantity, in cecntrast to,
for example, the fragmentation variable). It indicates that
the source of transverse momentum is related to some charac-
teristic of hadrons themselves, and not the process by which
they are formed.

Vie have heen considering only the fragmentation of the

struck quark so far, and ignoring the nucleon fragment.

wr o M o Lacan a1 " LAt dara R b e o m o
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being sampled, whereas values of q2 nearer to zero correspond
to scatters in which larger structures within the target
participate.

The leptons' behavior is of interest to us only to tell
us how ruch energy and momentum is delivered to the nucleon .
{(g), and the depth of the scatter (qz). We now concentrate
on the target itcelf. The quark that is struck has both the
nomentum given it and that which it had before the collision,
Unfortunately, we do not know the distribution in momentum

of the constituents of a nucleon, so we must rely on the

guark-parton model to approximate the struck quark's

mcmentum.  This approximatioh gives the qguark a momentum xP,
where P is the nucleon's four-momentum, and x is a scalar
that measures that fraction of the nucleon's momentum along
the axis of the lepton-nucleon scatter contained by that
guark. The neglect of quark momentum components transverse
to this axis is permitted only if we view the scatter from
a reference frame in which the nucleon's momentum along
this axis is tremendously large (larée enough so that the
ratio of transverse to longitudinal momentum of a guark is
truly negligible). With this approximation, we can write
the cross section for neutrino-nucleon charged current.

scattering as [III-4}

2 2
2 = 32 [Tead + a-n?g 6(x.q2)]. (3-1)

Here s = (k+?)2 is the total invariant energy (squared),

)

y= (g*P)/(k<P) is the inelasticity of the scatter, ard G th«

5 -

Fermi constant measuring the strength of the weai interactien.

‘The functions  (x, qz) and Q (x, q2) are the distribution

functions for the various flavors of guarks in the nuclecon.
That is, Q represents the probability of finding a cuark
with momentum fraction x within a nucleon, using a probe of
virtual mass qz. The sums are over all flavors of guarks

or antiquarks that have a weak hyperéharge of -1/2, the only
ones that participate in charged current process2s with
neutrinos. (The factor (i-y)z that multiplies the antiguirk
distributions arises from conservation of angular mormerntum,
in that only helicity -1 (+1) fermions (antifermions) gparti-
cipate in charged current weax processes, which resuits in

a spin 1 neutrino-antiquark state. The resulting rmuon ané '
antiquark have a (1 + cos 0)2 distribution, which in the

limit of high neutrino energies is approximated by (l-y)z.)

Hadronic Final State.

Wle now focus our attention on the evoiution of the
final hadronic state that results from this scattering cro-
caess. Viewing the hadronic system from its center of nass
reference frame, we have a quark and the remnants of the
nucleon rapidly separating from each other. The observed
final state, however, consists of several hadrons with
various momenta, so0 our interest is in learning the details
of how the quark-nucleon remnant state becomes the colleciion

of hadrons observed.
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which may be motivated by prejudices about quark-~parton

dynanics and attempt to explain the principles underlying
the data, this model uses general characteristics of the
data as input, and only attempts to illustrate the effects
of well known physical concepts on the final distributions.
Especially as it will be employed in this study, the LPS
rncdel is useful to illustrate what aspects of the various
distributions are not significant. For example, as employed
so far, the quark-parton model indicates that there is no
cornection bet?cen the longitudinal momentum fraction of a
given hadron and its transverse momentum. However, in that
a hadron whose longitudinal fraction is nearly equal to one
virtually defines the total hadronic momentum by itself,
its transverse momentum must certainly be much smaller than
average. The LPS model, embedded in a Monte Carlo, will
illustrate a smooth trend in the average transverse momentum
of large momentum fraction haﬁrons toward zero 1 when the
fraction approaches one, thereby indicating that this aspect
oI the data is purely kinematic. Othef possible correlations
not resultant from tho;; Processes reproduced by the LPS
rodel will then be evident as deviations from the model's

predictions.

field and Fevaman Model

;In contrast to the LPS model, the model of Field and
Feynrnann (FF) makes some rather specific prescriptions for

the various distributions involved in hadronization

) o~

(III1-10, 11, 12}. Not only are algebraic forms given to the
several distributions, but this model also includes the
effects of the production and subsequent decay of reson
resonances, an important fact to consider when one compares
a model to real data. It is partially phenomenological in

that several distributions are given as functions of parometers
that are adjusted to fit available data. As for the LP3
model, a Monte Carlo simulation based on the FF modecl has
been performed, and will be compared to the data. For -:his
model, the objective ©f the comparison will be to see h:aw
accurately the modeliaqrees with our daéa.

The basic concept of this model is thit the eject:id
quark fragments into hadrons by the creation of a guaik-
antiquark pair. This pair is given relative transverse
momentum corresponding to a gaussian distribution. 712
original quark and the newly formed antiquark are comining
to form one of the various vector or pseudoscalar res)as
that have that (valence) gquark content. Tais newly cr-2uted
meson is given a fraction of the original jquark's loniitudirnal
momentum, and the transverse momentum which is the sun of
the transverse momentum of the quark and antiquark that con-
stitute it. The leftover quark, with its transverse morentunm
and the remaining longitudinal momentum, now {ragments i=n
the same fashion. This procedure is iterated until the
remaining energy is too small to form any new mesons. The

phenonenological aspects are the functional form of the

e o L kal hadad b

P

LA e aae e i 2



)

22
Howaver, when we view the hadronic system from its center of
mass refercnce frame, we note very strong symmetry between -
the guark and the nucleon remnant. Resides having equal
and opposite momenta, the two will have complementary quan-
tun nunbers, in that the sum of the two will be the guantum
nutbers of the target nucleon plus the weak boson. Thus,
«e need to consider the fragmentation of the diquark system
as well as that of the guark., With no reason to presume
differently, we anticipate ‘the same description of the di~

.
guarx as for the cuark in fragmenting, other than that the

_functional forms (that of the fragmentation function), will

reflect the distinctions of the qguantum numbers. We shall
be interested in comparing these two systems to see just

how sinmilar their characteristics are.

Models of Hadronization
e will now briefly consider a few models that attempt
to describe the evolution of the separating quark and diquark

into the obscrved final state.

Longitudinal Phase Space

This model is really only a minor extension of the quark-
parton model, in that it only provides exact forms for the
jistributions that we presented above. The main virtue of
this model is that it inputs distributions that reproduce
the observed characteristics of hadronic systems in a very

general way, and is therefore, dominated largely by

: )
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conservation laws, e.g, momentum, energy, charge and barjycn .-
number. Because the general structure of the varicug diztri-
butions aire dominated by the constraints of phase space ard
conservation laws, this model then permits us co;see what
aspects of our data are due to such well known zhysics, and,
by extension, which aspects are due to the actual dynamics
of the hadronic system development.

The use of the term ‘longitudinal phase space’ for this
model refers to the fact that the only real degree of free-
don in producing hadrons in the model is in the selecticn
of the longitudinal momentum combonent. That is, mcmente
for the hadrons are chosen such that the rapidities are
uniformly distributed between the allowed kinematic limits.
(Rapidity is defined as the arcsinh(p/E), where ¢ arnd E are
the longitudinal momentum and the energy of the individual
particle.) Transverse momentum is, of course, mode.ed; it
is selected according to an exponential distribution in the
transverse mass, with a slope parameter corresponding to
known Py distributions from previous results. Hcwever, such
transverse momenta are so small that they are rarely con-
strained by phase space considerations. For the purgcses of
comparison with this analysis, a Monte Carlo simulation based
on a longitudinal phase space model has been verformed.

Details of this simulation can be found in Apperdix C {III-38,9;.

Before leaving this topic, we would like to erphasize the

philosophical aspect of this model. Unlike other models,
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by QCD at prescnt ("non-perturbative QCD") are those that 28
scale, whereas the non-scaling phenomena are within the
realm of perturbation theory applied to QCD. One then
‘calculates'a process as having a non-perturbative ppr£
(that one obtains from the guark-parton model applied in
other kinermatic regions), and adds as many orders of QCD
'corrections' as one wishes to include. The kinematical
variables that one usually considers for identifying the
recdions of validity are measured by q2 and/or W, so variations
in hadronic distributions with these variables may indicate

the onset of QCD processes.

23
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1ongitﬁdina1 momentum sharing, the width of the transverse
momentun gaussian, and the probabilities of forming the
several meson types.

~here is one major shortcoming in comparison of the FF
model with our data. This model, as presented by its
authors, @eals exclusively with the fragmentation of a single
guark. As a result, deep inelastic lepton-nucleon scattering
can be modeled only in terms of the quark jet, in the labora-
tcry reference frame, with no equal status for the diquark
jet. Baryon production is not considered, either as the
£inal hadron in a quark fragmentation function, or as the
product of diquark fragmentation. As a result, comparisons
of the two jets are of little relevance within the context

of this rnodel.

Quantun Chronodynamics

It is rather inappropriate to label quantum chromodynamics,
acp, as a model of hadronic proéesses, because QCD is much
more than a phenomenological model. QCD 'is presently the ;
leading candidate theory for hadronic physics [III-13).
Although its calculation.abilities are still somewhat re-
stricted, it provides a framework for understanding features
of hadronic interactions in at least a gualitative way.

we will not make as full use of QCD as we will of the
mocels in this study. This is primarily because the areas

where QCD is best able to calculate are usually the 'hard*

' )

processes, i.e. those in which the gluon (the analog to QED's
photon) is very virtual [III-14}. These processes, altlzi~s
often quite well identified, are much less likely to ozcur
than the 'soft' processes. That is, the majority of hadrons
that will contribute to the various distributions probably
arose from a process that should be within the domain of QCD,
but is not calculable at present. An attempt to model the
calculable 'hard' processes must be blended with a non-’ 2D
model that will produce the more cormon ‘soft' processszs,
and also dominate the calculation. (One :zan, of course,
search for specific processes and patterns in the éata wiich
qualitatively distinguishes the (CD-relat:d aspect of th:
modeling, but such a specific effort is not a part of this
study.)

Much of the purpose of mentioning QCD in this stucy s
the interest in using it as an extension of thé guark-zaston
model (III-15, 1€). An integral aspect of QCD's limited
calculational ability is that the technigues of perturbation
theory are not available until one considers kincrmatical
regimes where QCD's coupling constant (which measures the
strength of the fundamental interaction) is small, Morecver,
the scaling hypothesis and the quark-parton model have Leen
quite successful in describing hadronic processes that do rot
change significantly wibh different incident energies,
momentum transfers, etc. This suggests the following hypo=-

thesis; characteristics of hadronic processes not calculable
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CHAPTER 1V

DATA ANALYSIS AND PRESENTATION

Event Selection and Measurement

From the sample of events with identified muons; ve
have selected a subsample with well~identified negative
nuors that were in a more restricted volume within the
bubble chamber. Of these 9600 events, approximately 4000
were measured completely. One thousand of these were
specifically chosen for measurement because the muon had
a mementun conponent perpendicular to the incident neutrino's
- direction greater than 4 GeV/c. We chose these high p-perp
muon events to obtain an enriched sample of high --q2 events,

since, with the neglect of the muon's mass,

-q% = %%/ 1-y), (4-1)
The rermaining measured events were selected in an unbiased
fashion.

The specific measurement procedures are discussed in
Appendix B. The objective of these measurements was to
facilitate the study of the final state hadronic system.
This requires careful measurement of the tracks from charged
hacrons, and those from neutral-induced vertices (e.g..photon
rmaterialization, when the photon comes from neutral dion
dacay, 6: neutral strange particle decay into two charged
particles). Since not all the energy from the neutral

hadrons is observed, we will avoid problems with the

j).

incomplete knowledge of the neutral hadrons and concentrate
only on the charged hadrons. The measurement of the pro-
ducts of the neutral hadrons will still be used in deternin-
ing the best estimate for the total hadronic system momentum

vector.

Monte Carle Simulation

The two models discussed earlie{, the LPS model anl the
FF model, have been embedded into Monte Carlo programs :hiat
generate "events" in a similar format to that the data a2ve
in. This permits the results of the two models' sinrulzticas
to be nrocessed in nearly identical fashiosn. Thus, r©uy of
the biases that result from our measuremaeit prccedures a=nd
analysis techniques are mimicked, yieldinj "predicticrns'
for the two models that are suitably mod_fied to periit
direct comparison with the data. We will make considerible
use of these results in the following analysis. ({Th2 3c¢tails

of both of these simulations are discussed in Appendix C.)

Energy Estimation

The energy of the incident neutrino is egual to the sz
of the components of the muon momentun and the total haironic
momentum in the neutrino‘'s direction. The visible hadrenic
system (the charged hadrons and the measured evidence of
neutral hadrons) provides a lower limit to the magnitude of
the total hadronic momentum, and is generally in a different

direction. Several techniques have been developed to
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estimate the truc value for the total hadronic momentum

kascd on the visible momentum and the muon's momentum
(especially the perpendicular component). The one we employ
here scales up the visible hadronic momentum by a factor

'g', which is defined by [IV-1]

g=1+ |5+ I8 I/L IPCI, (4-2)

Here, the sums are over all measured momenta associated with
the hadronic system, either charged hadrons or neutral hadron
induced secondaries. (Note that this estimation technique
alters the magniéude of the momentum only.) The estimate
for the neutrino energy is then the projection in the neutrino
direction of the sum of the muon momentum and the estimated
total hadron momentum.

The distribution of the parameter 'g' for the mgasured
events is displayed in figure 4-1. The mean value of
<«g> = 1.17 corresponds to one's intuition: on average,
17 vercent of the hadronic ene;gy is not observed. The
tail of the distribution, events for which 'g' is rather
large, indicates that fo; some events this procedure results
in more hadronic energy inferred than measured. 1In order to
avoié the potentially large uncertainties that may be intro-
cuced by such events, we restrict our event sample to only
those events for which g < 3.0, The LPS simulation indicates
that' the events excluded by this criterion do not preferen-
tially occupy any particular region of the distributions of

. 2
neutrino energy, q°, etc.
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FIGURE 4-1 .
Distribution of the hadrornic energy correction factor "g"
for all measured charged current events. ’
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Several other criteria are imposcd on the sample of

measured events in order to select only that sample to be
used in the analysis. Such criteria are enumerated and
discussed in Appendix B. The most important ones are that
restriction on the hadronic energy correction factor
{mentioned above), and the requirements that the events have‘
values —q2 > 2,0 (Gev/cz)2 and W > 2,0 (GeV/cz). These last
two restrictions are to eliminate events that will be domin-
ated by resonance production and those events for which the
available phage space is severely restricted. Such cuts are
survived by 2710 events, 964 of which were from that sample
sclccted for large perperdicular momentum muons. The
{(estimated) reutrino energy distribution for this, our
anzlysis sample, is shown in figure 4-2. This can be com-
pared in a general sense to the distribution of neutrino
energies, figure 2-2, although strict comparison is point-
less in that ficure 4-2 cont#ins the effects of the eneray
dcperderce of neutrino cross sections, biases due Eo accept-
ances ard analysis prqcedures, etc. The event energy
distributions from the simulations, i.e. reconstructed,
estimated event energy distributions, are very similar to
that from the data. Onec notices that another effect of the
high perpendicular momentum muon preselection was to select
high energy‘events, as the shaded region in figure 4-2 shows.
The average neutrino energy for this high p-perp muon sample

is 167 GeV; that of the unbiased events (which, of course,
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FIGURE 4-2
Distribution of (corrected) event energy for the analysis
satple. The LPS and FF model distributions {(normalized to
the data) are superimposed.
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contain some events from the high p-perp muon sample) is 95
GaVv, which gives an average event energy of 112 GeV for the
ccrbired sample.

With an estimate of the neutrino enerqy, the calcula-
tions of qz, wz, x, and y are straightforward. These
distributions are shown in fiqures 4-3 through 4-7, respec-.
tivelvy (with LPS arnd FF curves for comparison). The x
distribution favors slightly higher values than one would
axpect from other expcriments' data [I-2), but this is due
to the selection of high -q2 events from our high p-perp
muon enhancement. The deviations from uniformity in y are

"due tec the minimum muon momentum criterion (low y) and the
mirninmum hadronic cnergy requirement (high y). The simula-
tion curves, having the same mixture of high p-perp muon
events and subject to similar constraints (including simu-
lated ZMI acceptance for the muon) reflect these aspects of

the data.

Multiplicities

The simplest hadronic quantity to measure is the multi;
plicity of cherged particles in an event, We plot the
average multiplicities for positive, negative, and all
charged hadrons, as functions of the logarithm of q2 aﬁd.W2
in figure 4-6. These multiplicities include all charged
hadrons produced by the neutrino-nucleus interaction, ex-

cluding protons when they are identified. The excess of

positive hadrons over negative hadrons is of tho size
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FIGURE 4-3

Distribution of 02 = -q2 for the analysis sample, with the

LPS and FF model curves superimposed.
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FTIGURE 4-4 - 3
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Distribution of wz for the analysis sample, with the LPS and ! J !
FF model curves superimposed.
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Distribution of x for the analysis sample, with the LPS and

FIGURE 4-5

FF model curves superimposed.
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FIGURE 4-6

distribution of y for the analysis sample, with the LPS and

FF model curves superimposed.
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multiplicities of charged hadrons, versus the logarithm of
-g2/%? (407a) and versus the logarithm of W./M% (4-7b).

FIGURE 4-7

The curves are from the LPS model.
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FIGUKE 4-8

Sistribution of D' (z) = 1/N-E dn/dz and D (z) = 1/N-E dn/dz.

(Positive and negative hadrons scparate). 4-8a is plotted

using z = 2, 4-8b for z = z_. LPS and FF model curves
superaimposed.
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excected for a positive beam (viewing the interaction as TABLE 4-1
scattering a positive weak boson with the nucleon) and a
rositive target. Linear fits to these data, wheore we use ; Fits of Multiplicities to Linear Equation
2,.2
*
the logarithm -q2/M2 or WZ/M2 as the abscissa (M is the mult = a + b log (—q"/4%)
nuclean mass) are quite good. The parameters of such fits, a b %, 2/5DF
including fits for the simulation results, for comparison Positives (data) 2.5 :0.3 0.86 20.26 14'255
v ; . - ) (LPSMC) 2.7 0.2 0.74 20.16 2.2/5
are listed in Table 4-1. A slight preference for linear (FFNC) 1.6 20.2 0.35 «0.17 71.0/5
@degendence on the logarithm of W is o;served; moreover, the Negatives (data) 1.0 0.3 °'§g :o‘fé 7;_353
; : : - (LPSMC) 2.0 0.2 0. +0. .
lirear fit versus the logafxthm of -g~ may be due to the (FFMC) 0.63 +0.17 0.87 +0.16 15.6/5
correlation between these two variables, as the LPS data .are All (data) 3.9 0.4 1.8 1053 lg'g/s
i Al . . . V. .8/5
generated according to a log(W) dependence, and yet still §g§§Z$) ;.g ;o?g é‘g ;8.§ 15.945
€it a linear dependence on log(-qz) reasonably well, (Note 2 2
- .
that the data for all charged hadrons represent more than mult = a + b log (W /M%)
2 700 pge
just the sum of the positive hadron multiplicities with the a b xé/ue
i This i j - Positives (data) 1.3 0.3 1.4 0.3 6.9/5
necatives. This is because there are some hadrons whq inter (LPSNC) 1.0 :0.2 1.5 :0.% 8.2/4
act early in their trajectory, often making charge determina- (FENC) 0.61 :0.22 1.3 :0.2 64.677
5 : . . . . Negatives (data) -0.23 :0.3 1.4 0.2 7.2,
tican inaccurate. Such hadrons are not included in either 9 (LPSMC) 0.12 =0.19 1.6 =0.. 19,0 °:
. - . 2 14.57
charge multiplicity, but are included in the total.) (FFYC) 0.18 :0.02 1.2 0. id.575
. ; im] et P4 All (data) 1.1 :0.4 3.0 :0.3 8.2/5
We point out that the multiplicity of positive hadrons (DPSMC) 1.1 +0.3 3.1 $0.2 5.3/5
(FFNMC) 0.23 tG.28 2.6 :0.3 13.3/5

exceeds that of the negatives by more than one unit for all
vaices of qz and W, This is due to excess protons, whose
source is related to the spectator nucleons in the neon
nucleus, but whose momenta are large enough to make them
indistinguishable from positive pions or kaons. This phen=-
ormencn is typical for neon-filled bubble chamber experiments

{IV-2, IV-3], and will present difficulties in later analysis.
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Mcmentum Distributions

wa will now examine the momentum distributions of the
charged hadrons. Recalling the discussions in Chapter III,
we will examine the longitudinal and transversc momentum
components separately, and then examine correlations between
the two. For each of these subtopics, emphasis will be
=laced on any dependence of these distributions upon qz, W,
etc.

The separ.ation of momentum into longitudinal and trans-
verse components requires the definition of an axis. The
direction of the struck quark provides this axis, but missing
hadrons (neutrals), measurement uncertainties, etc. will make
determination of this direction imprecise. We chose to use
the direction of the total visible hadronic momentum as our
estinate of the struck quark's direction. Studies have
shown that this visible hadronic direction (VHD) is the

leas: biased estimator [IV-4).

longitudinal Momentum

There are several definitions of the longitudinal momen-
tun fraction, Z, which serves as an argument to the
fractentation functions. We will find it useful to emplo&

z, and z_, defined by
i, = (e:p,l)/(E:Pll) (4~3)
where e, p;l(E, Plp refer to the energy and longitudinal

romentum of the individual hadron (total visible hadronic

)

system). The advantage to z_ and z_ is that, as the ratics

+
of the light-cone momenta (IV-5], they are invariant under
Lorcentz boosts along the longitudinal direction, whizh

means that they have the same form no matter which frame
they are evaluated in. Choosing the hadronic cente! of mass

(CM) frame, we see that z_ (2_) is large for hadrons with

+
a large momentum component in the forward (backward) direcc-
tion, relative to the direction of the struck quark. Sinca
there is a symmetry in the hadronic CM frame beiwzen the
outgoing gquark and the nucleon remnant that has opposite
momentum, we can use z, to paraneterize the guark's fraa-
mentation, and z_ to parameterize that of the diguark systex
or nucleon remnant.

In figure 4-8 we display the distribution of hadrons in
z, and z_, separated by charge. These distributions, which
we will denote D' and D, are equivalent to the sun cf sev~
eral fragmentation functions. These sums are over all
positively charged quarks and antiquarks (because we do not
know the flavor of the struck quark or antiquark), and also
sums over all the same charge hadron species (because parti-
cle identification in the bubble chamber is not accurate

+
enough to permit the separation).i.e.D+= D:

S
o 3 +..0
Focussing on the z, distributions, one sees the
expected excess of positive hadrons over negatives, indica-
tive of the fact that the cutgoing quark has positive charce.

The FF and LPS simulations both reproduce the positive hadron
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distribution well; both are less accurate, in complementary
fashion, in reproducing the negative hadron distribution.
Looking at the z_ distributions, there is an apparent large
discrepancy between the data and both models for thé'positive
hadrons. This difference is due to excess protons. Since
they are relatively low momentum, they will appear at high
z_ values (the diquark fragment hadrons have low momentum
when measured in the laboratory frame). Moreover, z_ is
particularly ;ubject to measurement errors, in that it
involves the differences of quantities that are nearly equal.
These two problems will prohibit us from making use of z_
in any detailed fashion.

ror comparison, we present p" anda D~ as functions of
z, in figure 4-9, where z, is the ratio of the hadron's
lonjitudinal momentum to the total hadronic momentum. These
distributions are quite simi;ar to those using z, as the
argument, indicating that use of T, is equivalent to use of
z, or other more comnon fragmentation‘fraction definitions.
Our results are in reasonable agreement with those of other
experiments [1V-6, 1II-7]).

e row look at the dependence of p" and D™ on qz and W.
In figures 4-10 and 4-11 we show D+(z+) and D-(z+), where
the data have been separated into low -q2 and high -qzsamples
(-q2 = 15 (Gev/czl2 is the separation). Whereas for each z,
bin the low -qz and high -q2 data are nearly equal, the low

-q2 points are consistently above those for high -qz for the

4 O gt it o e SO g 4
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FIGURE 4-9

Distributions D+(z) and D {z) for z = Zyis 7 plotted

separately by charge. LPS and FF model curves superimposed.
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FIGURE 4-10 .

Distribution D+(z+), events separated into low and high -q2

(separated at 15 (GeV/cz)z). LPS and FF model curves

superimposed.
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Distribution D-(z+) , events separated into low and high -q2 N

FIGURE 4-11

LPS and FF model curves superimposed.

2 ‘Lps  FF
-g¢<150 - - = —-—
-q%> 158 — — —
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positive hadrons. For the negative hadrons, there is a slight

tendency for the low -q2 to exceed the high -qz, but this is
not statistically significant. We do the same for low and

high W, dividing at W = 45 (GeV/c?)?, in figures 4-12 and

4-13. As for the previous distributions, there is a tendency

for the higher wz data to exhibit a softer fragmentation
than the low wz. but this is not a strong effect. qz‘depen-
dent fragmentation functions have been reported in similar
experiments previously 1Iv-71.

The LPS model fragmentation functions show virtually no
qz or w? dependence, as one expects from its scalinq origin.
The FF nodel does show both a q2 dependence, and a milder
32 cdependence; however, this model simulates neutrino scat-
tering with antiquarks in the target nucleon, which have an

% distributicn very near zero, which will therefore be more

in evidence in the low —q2 data., That is, we anticipate
+*
L

d
our D° distribution at low -qz.than_at hiqgh —qz. The result

that for the FF mnocdel, there is more D= contribution to

is that, whereas a fragmentation function may not be qzv
cdepencent, the linedr combination of fragmentation functions
that constitute D' and D™ may be q2 dependent in that the
relative contributions from the fragmentation functiéns
depend on qz. The q2, wz correlation could explain the
nilder ¥ dependence.

' In figures 4-14 and 4-15 we display D+ in two qzaamplea

and two “2 samples, but now for only those events where
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FIGURE 4-12 N

Distribution D+(z+), events separated into low and high W2

(separated at 45 (GeV/cz)z). LPS and FF model curvea aro
superimposed.
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FIGURE 4-13

2

pistribution D (z,), events separated into low and high W°. -

LPS and FF models superimposed.
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FIGURE 4-14

Distribution D+(z+), events separated into low and high -q
(separated at 15 (GeV/cz)z), for all events with x > 0.3.

LPS and FF model curves superimposed.
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FIGURE 4-15

Distribution D+(z+). events separated into low and high wz

(separated at 45 (GeV/c“)®), for all events with x > 0.3.
LPS and FF model curves superimposed.
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x > 0.3. Kinematically, this serves to separate the q2 and
W dependence, as the two variables are correlatcd through x.
Physically, this selection enhances the data for which a
valence quark in the target nucleon is struck (the 'down' to
'up' transition), since the sea gquark distribution clusters
near small x. Neglecting the kaon content (the number of
Ko's per event, presumably similar to the number of charged
K's, is 0.15), this x > 0.3 selection permits the approxima=-
tion D’(z*)= D:‘(z’). Again, the q2 separated data show a
reasonably consistent indication of softer fragmentation fbr
tke higher -qzvdata, but the effect is less pronounced than

in the distribution using all x events. (The same analysis,

using z, rather than z,, yields similar results.)

Transverse Yomentum

The plane perpendicular to the VHD contains the two
cemponents of a given hadron's transverse momentum. "We can
systeratically identify these components, because one will
ke perpendicular to the plane formed py the momenta of the
incident neutrino and outgoing muon. In that these lepton's
directions are extremély well measured, transverse momentum
relative to this lepton plane (LP)} is rather unbiased.
Moreover, the average of ptz from the lepton plane should be
half that of ptz from VHD, so we can check the reasonable-
ness of using the VHD in this way.

In figure 4-16 we display the distribution of hadrons

in transverse momentum (squared). Transverse momentum from




FIGURE 4-~16

Distribution in transverse momentum squared for all hadrons,
1/8-E dn/dptz. Transverse momentum is from the VHD and the

LP, with the horizontal scale expanded by a factor of two
for the LP data. LPS model curves superimposed.
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both the VHD and LP are together, with the horizontal scale
for the LP data expanccd by a factor of two to facilitate
comparison. The agreement between the two sets of data is
quite good, testifying to the reasonableness of the choice
of the VHD as the longitudinal axis.

The interesting feature of figure 4-16 is the regioﬁ
of higher transverse momentum, approximately pt2 > 1.0
Gev/er? (p?

t
ficant departure of the data from the LPS model prediction.

> 0.5 for the LP data). Here we see a signi-

The agrecement with the LPS model for low transverse momentum
incdicates that there may be another source of transverse
morentun, that gives a small number of hadrons a larger trans-
verse morecatum component. If we again split the data sample
intc low and high samples in -q2 and W, as we do in figures
4-17 and. 4-18 (VHD only), we see that this high Py excess
occurs orimarily in the high -q2 or high wz events. The low
-q2 and low wz data are well simulated by the LPS model over
the full ranga of transverse momentum. (This high Py with
high -qz or high wz phenomenon is also evident using trans-
verse momeatum from the LP).

Previous neutrino and antineutrino exmeriments have
reported no significant dcparture from phase space expecta-
tions in transverse momentum distributions (IV-8, IV;9,
Iv-10, iv-lll. However, more recent data (from neutrino
experiments [IV-12land muon experiments {(IV-13, IV-14]) with

incident lepton energies comparable to that of this experiment,

—y



FIGURE 4-17 :

pistribution of transverse momentum squared from the VHD for
all hadrons, events separated into low and high -qz. LPS |
model curves superimposed.
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FIGURE 4-18

Cistribution of transverse momentum squared from the VHD for
all hadrons, events separated into low and high wz. LPS
nodel curves superimposed.
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have reported rising transverse momentum corresponding to

rising -qz and wz. The earlier results that show no depar-

62

ture were performed with lower incident neutrino energies,
corresponding to q2 and W values where our data sees little
departure from phase space.

ere we to duplicate figures 4-17 and 4-18 using
smalier ranges of -q24DrH2, the statistical significance of
the data would diminish quickly enough to losec the evidence
of the effect. Instead, we can usc average values of ptﬁand
plct these versus finer q2 and Hz bins. We do this in
figures 4-19 and 4-20, where we see a consistently higher
value of <p5-in the data than the LPS model gives, which
tecomes slightly more pronounced at the higher values of -qz
or w{ Unfortunately, these average values are dominated by
the great majority of hadrons with only a small transverse
rerentum, sc the effect that we are investigating, which is
an eonhancerment in the tail of a distribution, is considerably
diminished in these average value comparisons. Nevertheless,
there is a statistically significant creﬁd in such distributions.

The existence of an excess of high Py hadrons is a bit
0f a éelicate phcnomenon beccause the full effect relies on
orly a small sample of hadrons, which could be particularly
subject to measurement uncertainties, analysis procedures,

etc. Investigations of several of these types of problems

indicate that these hadrons are not significantly different

M

rom those in the low transverse momentum region.
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FIGURE 4-19
2 2 2
Average p, for all hadrons, versus =g ; 4-19%9a is for P,
from the LP, and 4-19b is for ptz from the VHD. LPS modal
curves superimposed .,
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FIGURE 4-20

Average ptz for all hadrons, versus w2; 4-20a is for pt__2 from
the LP, and 4-20b is for ptz from the VHD. LPS model curves
superimposed.

1
3 i

LPS

1 1

w

2

1 1 ] 1 1
16 32 64 128 256

(GeV/c:z)2




)

Measurement uncertainties are recuired to be less than
20 percent in nmomentum determination; whereas this affects
twice as many high Py hadrons as low p, ones, altering this

maximum uncertainty limit within reasonable values does.not

significantly change these results. Moreover, this momentum

determination uncertainty is reproduced in the Monte Carlo
simulations. The use of 19 from the LP argues against ﬁhe
objection that the VHD is too biased. (Use of other axes
£or the longitudinal direction has shown that, although all
transverse meménta seen to be excessively large, there is
still an excess of high P¢ hadrons in the data when compared
to the LPS simulations.) We conclude that any source of
transverse momentum resulting from our measurement inaccura-

cies or analysis procecdures is either well reproduced by

the simulations or is only a small, negligible problem.

Correlations Between Longitudinal and Transverse Momentum
We would now like to examine the correlation between
the transverse momoentum and the longitudinal momentum
fraction. We will do this considering the hadronic system
from its CM frame, as we would like to distinguish the
hadrons from the quark fragmentation from those resulting
from the dicuark fragmentation. The variables z, and z_.
will serve o perform this separation; we will define the
for<ard jet hadrons, those presumably related to the quark

frazmentation, as those hadrons with 2z, > 0.2, and the

+
backward jet hadrons, associated with diquark fragmentation,

as those hadrons for which z_ > 0.2. &althouch tlese éeéi—
nitions undoubtedly reject hadrons that should ke includsqd
in the definition of these jets, the cut at 0.2 cleanly
separates the two jets. Only a very few hadrons have z,
and z_ values both larger than this minimum [IV-15).

Wie now re-examine the transverse mcmentum distritutioas,
this time separating the hadrons according to which jet tiey
are associated. Figures 4-21 (VHD) and 4-22 (LP) displz,
the transverse momentum distributions for the two jets se:ar-
ately, with the distribution for all hadrcas superimgc sed
for comparison. Three characteristics arc immecdiatel-
obvious: the fast forward and f;st backward hadrons have a
much broader P distribution than that for all hadron:; the
high Py region of the distribution for all hadrons is zopu-
lated almost exclusively by the forward jet and backwird 3ot
hadrons; and, finally, the forward jet hacrons have ncre of
a high transverse momentum tail than the kackward jet hadrons.

We now separate the events into low ard hich :qz ané “2
events. In figures 4-23 and 4-24 we display the distripution
in transverse momentum for the forward hadrons, separated
into the two —q2 and two w2 samples.

that the low —q2 or low N2 data are consistent with the

In both cases we see

LPS model, but the high -q> and high W2 data show a signifi-
cant departure from this model in the high Py region. (Tre
FF model curves are also shown, but do not reproduce the

data at all.) 1In figures 4-25 and 4-26 we display the same

WUV TP
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FIGURE 4-21

nistribution of transverse momentum squared from the VHD for
ali hadrons, for forward jet hadrons (z, > 0.2), and for
backward jet hadrons (z_ > 0.2). LPS model curvas (for all
hadrons) is superimposed.
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FIGURE 4-22

Distribution of transverse momentum squared from the LP for
all hadrons, for forward jet hadrons, and for backward jet
hadrons. LPS model curve (for all hadrons) superimposed.
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FIGURE 4-23
Distribution of transverse momentum squared from the VHD for

forward jet hadrons, events separated into low and high -qz.
LPS and FF model curves superimposed.
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FIGURE 4-24

cistribution of transverse monmentum squared from the VHD for

forward jet hadrons, events separated into low and high wl.- ' : I L‘P FFI' M
LPS aand FF model curves superimposed. W2< 45 o ’ S_ o
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FIGURE 4-25
Distribution of transverse momentum squared from the VHD for’
backward jet hadrons, events scparated into low and high -(;2.
. : l l
LPS and FF model curves superimposed. 2 LPS FF
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FIGURE 4-26

Distribution of transverse momentum squared from the VHD for
tackward jet hadrons, events separated into low and high wz.

LPS and FF model curves superimposed. ) . : :
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eistributions, but this time for the backward jet hadrons.

There is only a hint of higher Py in the high -q2 or high
wz data, but as indicated by the LPS model, this is accounted
. TABLE 4~-2
for by the increased available phase space. Thus, the

Fits of Transverse Momentum Distributions

enkancement in the high transverse momentum tail at higher to the Form exp(-b‘mt)
-qz or higher W is present primarily for the forward jet Values of the Parameter "b"
hacdrons. 2 2
» -q~ < 15 ~q <15 all

In Table 4-2 we present several fits to exponential

all hadrons 5.8 1.6 5.5 :1.6 5
forms for these various transverse momentum distributions. z, > 0.2 hadrons - 4.7 1.7 4.1 1.7 4
z_ > 0.2 hadrons 4.2 1.8 4.8 +2.0 4
Althouch each distribution is reasonably consistent with the :
2
sverage {a "slope" to an exponential in the transverse mass . WO <45 :2 < 453
of b = -5.8, for the distribution for all hadrons), there is ) all hadrons 6.3 :1.7 5.3 :1.6
. z, » 0.2 hadrons 5.4 #1.9 3.9 1.7
a consistent trend favoring a broadening of the distributions 2_ > 0.2 hadrons 4.8 1.9 4.2 +1.8

at higher -q2 and Wz, evident in the smaller (magnitude)
"slope® parameters. The forward hadrons even indicate the .
reverse trend in qz. These values can be compared with the
similar ores given in references {[1V-8, 1V-11, III-7], and
to the several distributions in reference (1V-13].

in order to emphasize the q2 and Wz dependence, we dis-
play the average values of Pt2 for the forward and backward
jet hadrons as functions of —q2 and w2, figures 4-27 and
4-28. These distributions provide the strongest indication 1
of the efiect we are examining; the average values of ptz
for the backward jet hadrons are well described by phase
‘space considerations (as evidenced by the LPS model), but

the forward jet hadrons clearly contain larger p. on average
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FIGURE 4-27

Average pt2 versu; -q2 for forward jczet and backward jet_
hacrons; 4-27a p.~ from LP, 4-27b p, from VHD. LPS and FF
model curves superimposed. Data from ref (IV-ll) is
included.
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FIGURE 4-28

Avarage pt2 versus wz for forward jet and backward jet
hadrons; 4-28a pt2 fron LP, 4-28b pt2 from VHD. LPS and
FF model curves superimposed. Data from ref [IV-11] is

inclucded.
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than is expected. Similar results are given in references
{Iv-11, 1v-13, II1I1-7}. -
We explore the forward and backward aspect of this
asymmetry in % in figures 4-29 through 4-32. Here we plot
average pt2 versus -q2 and Hz, but with three different

values of minimum z, and z_. The backward hadrons do show

+
a trend toward higher pt2 with increasingly higher miqimum
z_, but this trend is well accounted for by the LPS model.
The forward hadrons, however, show a significant rise in
average pt2 as the forward requirement is strengthened, ;nd
always much in excess than the expectation based on the LPS
model [IV-13].

Perhaos the most intuitive manner of displaying this
forward-backward asymmetry in Py is via a variant of the
"gcagull® plot [IV-15]). In figures 4-33 and 4-34 we display
<p:2> as a function of z_ and z_, in the two event. samples
separated by q2 and Wz, but with the z_ data plotted inverted
and adjoined to the z daté. The low -q2 and low w2 data are
consistent with symmetry between the forward and backward
hadrons (the usual, §ymmetric seagull), but for higher -q2
and higher wz the forward hadrons have much higher average
ptz values than either the backward hadrons or the LPS model.

It has beer suggested that the <pt2> dependence on the

fragmentation fraction 2z has a form

'<pt2> = <pt2 frag> + 22 * (<pt2 prim> + <pt2 QCD>) {4-4)

(1v-17, 1v-18], where "frag" refers to the contribution to

bl de 10 o d




78
FIGURE 4-29

Average pt2 from the VHD versus -qz, for three values_qf

minimum z, . LPS model curves superimposed.
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Average p,_2 from the VHD versus wz, for three values of

mininen 2+ .

FIGURE 4-30

LPS model curves superimposed.
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FIGURE 4-31

Average p‘:2 from the VHD versus —qz, for three values of
mininum z_. LPS model curves superimposed.

P> VHD  (Gev/e)®

7

! ]
1 1 1 1 1

1
2 4 g 16 32 64 128 256
_qa (GeV/c“'z)2

Y




dunh sl St

LY

diakuidnd sedre i i ikt Pl Atdtniie. i
1 T T T T T
0.4} P
d
0.3 —
- -
0.2 -
. LPS
z2.>02 & —
B z2.>03 0 ——1
2.>04 0 ---
0 1 1 | I N 1
4 8 16 32 64 128 256

W2 (GeV/c:z)2

*Tz urarutw

*posodurxadns S2AIND (apow $d41
3d abeasav

3O sanyea 231yyz 03 'ZM SNSIdA QHA @Y3 woxy z
ZE€-b NNOIA

18



()
(8]

FIGURE 4-~33

Seagull versus -qz. Average pt2 {(VHD) versus z_ and z_,

+
piotted in "seagull” fashion, for low and high -q2 events.

LPS model curves superimposed.
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FIGURE 4-34

Seagulil versus w2, Average pt2 (VHD) versus 2z

. and z_,

plotted in "seagqull® fashion, for low and high W% events.

L?S model curves superimposed.

M e o i s e

i

Pl

W

e e 2-an o bl S A et




84
a hedrorn's transverse momentum from the process of quark

fragmerntation, "prim" refers to that contribution from the
trarsverse monmentum of the quark in the parent nucleon be-
fore the scatter with the lepton, and the "QCD" term comes
from processes calculable by that theory. Both of the 22
terms may have a dependence on qz or W2 or both. We have

¢ried such fits to our data, using both z, and z_. (We note

that the LPS-generated seguls, although forward-backward

this does not arise from either of the two sources mentioned
in equation 4-4.) Unfortunately, the effects of phase space
dominate the seaqull plots to such a degree that such fitting
is unsuccessful; that is, thé chi~-squared values obtained in
rost ¢f these fits is quite large, indicating that the data
really canrot be well approximated by such a quadratic form.
In fact, fcference {Iv-18) suggests that such fitting be
performed for data in which w? > 100 (GeV/cz)z, and such a
restriction wsuld leave us with very little data [IV-19].

As 0f yet, we have said little as to whether the source
of high transverse momentum forward hadrons is dependent on
q° only, W only, or both. We now investigate this, looking
at the average values of pt2 as functions of q2 and wz
(figures 4-35 and 4-36}, but now with the data restrict;d
by the reqﬁirements w? < 45 and -q2 < 15, respectively,.
The q2 data is quite consistent with the LPS model; the H2

data falls somewhat above the LPS curves, but not nearly as
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FIGURE 4-35

hverage pt2 versus -q2 for forward jet hadrons only. All

events with W2 < 45 (Gev/c®)2. 4-3sa p_? from LP, 4-35b

5.2 from ViD. LPS model curves superimposed.
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FIGURE 4-36

verace pt2 versus w? for forward jet hadrons only. All

events with -qz < 1§ (GeVYcz)z. 4-36a p, from LP, 4-36b
ptz from VHD. LPS model curves superimposed.
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pronounced as in the earlier distributions, where thcre was
no restriction on either variable. The data favor the hypo-
thesis that the asymmetry is dependent mostly on W, and less
on qz, but the evidence in support of this is not strong.

In figures 4-37 and 4-38 we show the complementary dat;,

i.e. -qz dependence for high W2 events and w2 dependence of
the high —qz events. Here the disagreement between the data
and the LPS model is large for both, and somewhat larger for
the "2 dependence. Recalling the transverse momentum distri-
butions, and the parameterizations of Table 4-2, we note a
nore pronounced change in the shape of the forward jet
distributions when the data is divided according to the W2
values than when -q2 separatés the data. The seagull shapes
also favor wz as the variable where the high transverse
rcrmentun effect is best evidenced. S0, although each of
these comparisons individually are consistent with q2 being
as irportant as wz, the combined effect favors w? as the

more relevant variable.

Experimental Biases

we need to consider the effects of our measurement
procedures and the peculiarities of the analysis we have
performed as pertains to any possible enhancement or diminu-
ition of the phenomena that we have just discussed, .

The ;reas that we should be most concerned with are
those aspects of the analsyis that will have particularly

strong and/or equitable effects on the data. For example,
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FIGURE 4-37

Average ptz versus wz for forward jet hadrons only. All

events with W2 > 45 (GeV/cz)z. 4-37a 1::t2 from LP, 4-37b

pcz from VED. LPS model curves superimposed.
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FIGURE 4-38

2 for forward jet hadrons only.

All

events with -q° > 15 (Gev/c®)?. 438a p_’ from LP, 4-38b
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our concern is not so much with the uncertainty in determin-

ing the momentun of a hadron from a measurcment of its

curvature as with the possibility that this mcasurement is

significantly more precise for low momentum hadrons than

for the high momentum ones. Thus, we will pattern thls

discussion around the data that we have just displayed.
Before discussing several detail: of the analysis, we

should azain point out that a large fraction of the biases

"

=a% our measurement precision or analysis procedures may

~srcduce are also reproduced by both of the Monte Carlo

o

sirclations. In that these simulations, and particularly
the LPS one, were the basis of comparison for all the experi-
" mental distributions, many of these biases have been
accounted for because they affected data and simulation alike.
Those aspects of the analysis and measurement that could
nct efficiently be reproduced tend to be rather unimportant.
The first topic we covered were the longitudinal momen=
tum distributions, particularly the fragmentation functions.
The analysis here is straightforward, with the momentum
uncartainty the primary area of concern. The criterion
+>at easy hadron must be measured with a precision of 20
perceat eliminates much of the uncertainty in these diséri-
butions; moreover, the simulations reproduced the momentum
uncertainty of the measurement procedures. The z_ distribu~
ticns are more susceptible to poor measurements than the z,

ones, in that z_ involves differences of quantities that

) .

are almost equal, However, for this and other, rcasons
montioned ecarlier, none of the subsequent analysis was
particularly dependent upon the precisr evaluatizsn of z_.

As discussed previously, the major problem in these distri-
butions (both that in z_ and that in z) is the existence
of excess protons., Although an attempt was made to eliminate
protons from those'distributions whencver possikle, the z_
distribution of nositive hadrons indicates that tiis
attempt was not entirely successfuf. Thus, the kest v

to insure that ﬁhe results illustrated ir. the precedi-:
sections are not seriousiy plagued by thec excess protoiue is
to examine only the negative Radrons. Scveral of the :2iti-
cal distributions that explored the hich transverse 1o :rgis
phenomena and the forward-backward asyrmetry were renroduced
using only negative hadrons, and the only observable differ-
ance was the obvious loss of statistics.

Transverse momentum distributions arc¢ also subject to
hadron measurement uncertainties, but the¢ same arguments
used in the above paragraph apply here as well. A possible
concern is the systemétic bias that may be introduced ty
the incorrect choice of a longitudinal axis.

Transverse momentum measured relative to the lep-on
plane is free of this bias, and also tests the utility of
the longitudinal direction that we employ. In figure 4-37
we display the momentum component of the total hadrcric
momentum vector perpendicular to the lepton plane. (lote

that this is the actual component, positive or negative, anrd

DA A 2
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FIGURE 4-39

Cistribution of transverse momentum of the total hadronic
Mean = =0.00017 GeV/c,

system from the lepton plane.
spread = 0.43 GeV/c.

P

Events /0.1 Gev/c

300 — - ;
ZO.OT' | ] -
100 ..‘ .', =
0 -‘ ! | i : !
-1.0 -0.5 0O 05 1.C

‘py from ¥ pu Plane Gev/e)

e



)

not the square or the magnitude,)

93
The mean of -0,00017

GeV/c and width of 0.43 GeV/c indicate that there is no net
bias in using the VHD as the longitudinal axis. Transverse
monentum will also be affected by the measurement of the
angle that the hadron emerges at. However, such measure-
ments are typically quite good, and only become suspect for
those very few hadrons which emerge at very large angles
and often yield very poor stereo angles for reconstruction.
These hadrons are few in number, and in any case, poor angu-
lar resolution will usuvally mean poor curvature resolution,
which results in that hadron being deleted érom the analysis.
Morentum is usually detqrmined from curvature; however,
+»e inverse relationship between momentum and curvature re-
sults in a statistical bias toward an overestimate of the
hadron's momentum that is stronger for high momentum hadrons.
hpzendix B discusses analgorithm that we employ toeliminate
such-a bias. Consequently, when one examines the distribu-
tion of (fractional) momentum uncertainty as a function of
momentun {where the momentum has been evaluated using this
algorithm), there is an erhancement of larger fractional
uncertainty at low momentum values, This enhancement is_not
big, but is unambicuous. We have experimented with reason-
able variations in our hadron acceptance criteria, particu-
larly with the form of this momentum determining algorithm,
and with the value of the fractional momentum cutoff,

and have observed no significant change in any of the

94

Moreover, tho Monte Carlo simulations show similar character-

istics, and so any indirect effects are reproduced there.
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alternative prbcedure for such a separation, relying
on the variable x!|= 2*p||/ W, where pltis evaluated

in the hadronic center of mass frame, has been.
investigated. The difference in this variable,
compared with 2z _ and z_, is small (for x| away from

zero), but reaquires a Lorent2z boost which intro-
duces unavoidable biases into the analysis.

excellent description of the “seagull" effect is
given as one of the appendices in reference [IV-8].
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CHAPTER V

CONCLUSIONS

In this section we will discuss the results presented
in Chapter 1V and review them with respect to their inter-
pretation.

Hadron fragmentation, as parameterized by the sums of
£ragmentation functions that we have presented, can be ‘
understood largely from the standpoint of kinematics and
phase space considerations. This is evidenced by the fact
that the LPS model gives reasonable reproduction of the frag-
rentation functions. (We are referring, of course, to the z,
distridbutions; as discussed previously, the z_ distributions
are not to be given much consideration.) The FF model
describes the positive hadron distribution quite well, as
right be expected whzn the hadron jet generation begins nec=-
esszrily with a positively charged quark or antiquark. The
nzgztive hadron distribution is not so well modelled by the
TF simulation, perhaps because the suppréssion of negative
radron formation in this model is strong. (We should note,
towever, that the disagrécment is most apparent in the high z
region, where even the models are uncertain.) Nevertheles%,
lsncitudinal momentum is distributed via a mechanism which
does not change drastically within the range of the inclusive
va:igbles cf this study, and does not differ much with the

distribution obtained by employing momentum conservation,

98
limiteQ transverse momentum, etc. alrne,

The qz dependence of the positive fragmentaticn functiorn
is not expected based on either of the two models we have
employed. Neither of these models has any such dependence,
other than that very indirect connection based on differing
available phase space [V-1}. The softening of the fragrenta=-
tion function with increasing -q2 is expected, however, frox
QCD processes (III-14, V-2,V-3}. although hadron fracmenta:ion
is one of the least tractable topics for QCD, the qualit:tive
effect is still expected. (Actual calculations perform.:l
predict only the change in fragmentation functions with qz,
or, equivalently, relationships between mom:nts of frac=or+-a-
tion functions.) MNaively, this is because at higher —qz,
when the probability of having a distinct ¢giuon in the fi.al
state is larger, the subsequent (almost) incependent f:ag-
mentation of the two partons will result in hadrons wi-z iess
momentum each than if all the hadronic monerntun were i: a
single fragmenting guark. This consistency of the data is
far from a definitive statement in favor of QCD, however.

We can only state that the data indicate a softening of the
positive hadron fragmentation function with -qz, which is
in qualitative agreement with what one would expect if QCD-
related processes were responsible for fragmentation.

The enhancement of high transverse momentum hadrons is
also outside the realm of either of our models. Both models

attribute P to hadrons based on distributions that depend
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on ;qz or W only in that the Py given nust not excced the
available energy. Again, QCD does predict that this high

2 [V"4 '

P, phenomenon will arise with increasing -qz or W
v-5, V-6, V-7, V-8). This is because large angle emission

0f a gluon by the fragmenting quark is more likely to occur
at large -q2 or large wz. Thus there is a large transverse
momentun between the two partons, which gets transferrcd

tc the hadrons that are subsequently produced when these
partons fragment. Fortunately, QCD can be more quantitative
for this phenomenon. An analytic calculation for deep
inelastic neutrino scattering with neutrinos of our average
energy reproduccs the high Py tail of our transverse momentum
distribution, and reproduces the —q2 and “2 dependence as
wall. Such curves, superimposed on our data, are illustrated
in figures 5-1 and 5-2 [v-9].

Although this calculation has none of the details of our
measurement or analysis procedures included, the agreement is
still significant. .

The final topic, that of the forward-backward asymmetry
in the hadronic transverse momentum distributions, is closely
related to the previous one. Neither model reproduces this
chencrmenon, and in fact, comparison with either model is
mzaningless in that neither model treats the forward and
baczward jets as distinct entities (unless, of course, the
effect were due to analysis procedures, kinematics, etc.).

Both models produce backward jet hadrons via the same

Py
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FIGURE 5-1

Distribution of transverse momentum squared from the VHD for
all hadrons, separated into events with --q2 > 25 (GeV/c2)2
and those with -q2 > 25 (GeV/cz)z. Curves are that depicted

by QCD (V-1).
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FIGURE 5-2

Distribution of transverse momentum squared from the VHD for
21! hadrons, separated into events with wz < 50 (Gev/c:z)2
and those with wz > 50 (Gev/cz)z. Curves are that predicted
by QCD (V-1].
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proccdure that all hadrons are generated, and the classifi-
cation of a hadron as to forward or backward is purcly a
natter of the amount of longitudinal momentum the hadron has.
{The LPS model could be extended to treat the two jets
distinctly; however, such an extension is really outside the
spirit of this model. The FF model also could be extended
to treat the fragmentation of the diquark system distinctly
from the quark. However, in that this model is largely
phenomenological, this would require the parameterization
of dicuark fraémentationd The arguments based on QCD applied
o the general topic of high P, hadrons apply here as well;
_moreovrer, GCD does address the forward-backward comparison
in related ways, which apply at least qualitatively to the
results that we have shown [V-10, V-8]. However, the
caiculations performed are, again, incapable of properly
treating the non-perturbative ('soft') contributions to
transverse momentun, and so wé can only note the qualitative
acgreenent with our data.
in addition to the high transverse momentum forward-
tacrward asymmetry that we have presented here, analysis of
tte shape of these high transverse momentum cvents has been
performed, irdicating a preference for the large transverse
cmentun to align itself in a planar, as opposed to cflin-
drically'symmetric, orientation. This is highly suggestive
of sorme process similar to the emission of a gluon that QCD

describes. (V=~10)

133
Indenendent of any theory, we can coaclude the follow-

ing: we have observed the longitudinal momentum distrihg-
tion of the hadrons, as described by fragmentation functicrs,
and have found them to be quite consistent with dependence
primarily on phase space considerations, and with a mild
softening that depends on -qz; we have found that the trans-
verse momentum distributions are also well described Lty
phase space, except that there is a significant excess ¢ £
hadrons at large values of P¢? the ;ccurrence of these h.zh
Py hadrons increéses with increasing -qz or wz: ané, fi-~alilv,
when wo categorize the hadrons as to association with citner
the forward jet or backward jet (vicwed from the helrc . .c
center of mass frame), it is the forward jzf hadrons t.aat
display the -q2 and Wz rise in transverse romentum, while
the backward jet hadrons behave accerding to the cons:rain<s
of phase space. These results are all in cualitative zc:ee-
ment with the expectations of QCD, and vhere calculat cr is
possible values exist, they are in reasonible quantit: tive
agreement as well.

The uniqueness of this analysis lies in the novel:y cf
the forward jet - backward jet comparis;n. Although pre-
vious experiments have analyzed the correlation tetween
transverse momentum an§ longitudinal momentum, this has bcen
in terms of the forward jet hadrons only. The abilitycf the
bubble chamber to measure hadrons of all momentum well per-

mits us to identify and analyze the backward jet hadrorns.
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This allows a comparison with the results from analysis of
the forward jet hadrons, and enabled our discovery of the
high -q2 (high wz) asymmetry of the transverse momentum

distributions of these two jets. -

NOTES TO THAPTER V .

V-1 The —q2 dependence of p* and D~ is, as discussed in
Chapter 1V, due primarily to the neutrinn scattering
with the antiquarks more freguently at low -g* than

v-2 J.
V-3 T.
v-4 H.
V-5 A.
V-6 A.
V-7 P.
V-8 M.
V-9 F.
V=10 V.

for high -q2. Thus2 the actual fragmentation
functions are not g4 dependent, but the sums of

the fragmentation functions that constitute b* and

D™ are.
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APPENDIX A:

The Two-Plane Extcrnal Muon Identifier

EZxperiment 546 was the first bubble chamber experiment
to enploy the expanded 2-plane EMI [II-2, II-3]. An imﬁrove-
ment over the original, the 2-plane EMI consists of 18 delay
line readout multiwire proportional chambers in the first
plare, 21 in the second, and the associated electronics to
amplify, digitize, and record the MWPC data. In addition,

18 snaller wire chambers were installed in a fledgling
Iaternal Picket Fence [A-1], but this data was not employed
for the experirent.

The layout of the EMI and the bubble chamber is dis-
played in figure 2-2, and a schematic of the EMI system is
displayed in figure A-1. The passage of a charged particle
through the sensitive region of a MWPC can induce pulses
on each of the three delay lines (one vertical, one horizon-
tal, arnd one at a 45 degree angle). The position of these
pulses, which yields the position of the particle passage,
can be determired by recording the time taken for the pulses
to reach the amplifiers at the ends of the delay lines. Such
pulses were amplified and digitized as to time of arrival,
znd recorded on magnetic tape. On-line monitoring and data
acquisition was facilitated through the use of a PDP-11
computer. .

The data s0 recorded corresponds to the times of arrival

of the various pulses from the delay lines of the MWPC's,
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An off-line program, EMIKE, reconstructed the actual times
and positions, using known pulse velocitics of the delay
lines. As many as seven pulses could be recorded for a
given hit in a chamber, to be used for a determination of
the time and position (in the two dimensions of the MIPC).
Thus, reconstruction involved a four constraint fit.
Inefficiencies, random hits, concidenqes, etc. required us
to utilize 3C, 2C, and 1C fits as well in muon identifi-
cation [A~-2],

The major limitation in the EMI for ilentifying miors
is due to the requirement that Fhe muyon candidate pas:
through so much absorptive rmaterial (7-10 absorption
lengths). This limits the minimum moment'an muon that ca: be
identifled to one with approximately 4 Ge?’c in the direc-
tion of the EMI. For muons with momentum higher than this,
the primary limitation is the geometric coverage of the *vo
planes of MWPC's. This resulﬁs in an 85 percent accaptanca
for negative muons. Other sources of losses are neglicible,
and of little concern fér this analysis. Sources of falsc
muon identification can be largely eliminated by a few sin-
ple kinematical constraints placed on the muon candidate.
These are discussed in Appendix B. A thorough discussion of
the EMI, as pertains to the validity of its muon identifi-

cation, can be found in references [II~4, II~S].

T
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NOTES TO APPENDIX A

A-1 M. L. Stevenson, Proccedings of the Topical Conference
on Neutrino Physics at Accelerators, Oxford §1978)

A-2 1In fact, the upgrading of the EMI was not completed for
this experiment; thus, some MWPC's could only
produce a maximum of 6 encodings per hit, or a 3C
fit.




APPENDIX B:

Selection of Event Sample and Analysis Procedures

Charged Current Event Identification

All potential muon tracks found in the scan for neutral
induced interactions were measured. These mcasurements were
reconstructed and extrapolated to the two planes of wire
charbers that constitute the EMI. Comparison between the
extrapolated position and the positions of real hits in the
EXI determined the charged current events. The precise
criteria that nust be met for classification of a chargedu
current event are as follows:

Primary vertex location: the primary vertex must be
located within a restricted volume within the bubble chamber.
This volumz can be generally described as that region within
112 cm. of the chamber equator, greater than 5 cm. from any
wall, and further than 70 cm. from the downstream wall (to
insure room for the mcasurement of the hadron system within
the bubhle chanbter). The event must be visible from all
three caiera angles.

#uon track: the muon candidate must have a trajectory
within the bubble chamher characteristic of a mﬁon, i.e.,
no large scatters or interactions (the loss due to inelastic
mucn-nucleon scattering is negligible), no electromagnetic
showers, etc. This track must have greater than 4 GeV/c
~2mentun in the neutrino direction. The measured length must

exceed 70 cm.

) .
i
EMI Match: The two solutions that are matched to th913
extrapolation positions from the reconstructed track rust
have resulted from at least 4 encodings each (as many as 7
are possible). They must have times within 350 nsec of ore
another. The closeness of the fits between hit and extra-
polated positions are measured by a-4 degree of freedom
chi-squared and a corresponding probability. That is,
p = (1+x%) exp(-1/2 x%)
x4 x? (8-1)
xx2 = (bxr-sz) c(xl,xz) (8X,. sz)
xyz is similar to xxz; the covariance matrix is Qetuir-
mined almost wholly from the uncertainty in the extrapslation
and this is primarily due to Coulomb scattering and the
momentum uncertainty of the reconstructed track. (:Xl‘ :xz)
corresponds to the difference in the EMI hit position aac

the extrapolated position for the (1lst, 2nd) plane. 'lh2

probability, p, that results must exceed 1 percent.

Selection of Analysis Sample

Only a subset of all the identified cnarged current
events were fully measured for this analysis. Those events
fully measured were not always employed, as the interpreta-
tion of some events can either be difficult, or incompatitle
with the processes that are to be investigated. 7The actual
event sample used were selected according to the following

criteria.
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- The projection of the muon's momentum in the plare
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parpendicular to the neutrino direction was reguired to be

reater tnan 30 deygrees from that same projection of the

['s}

total hadronic momentum. This requirement was imvosed to
elininate & small background of misidentified charged
current events, where a hadron masquerades as a muon.

The correction factor, "g", by which the hadronic
encrgy is scaled to compensate for that component of the
raiZrcnic energy lost in undetected neutral hadrons, must be
less than 3. This requirement eliminates those events for
which our estimate of the ncutrino enerxgy, and therefore
-qz, W etc. is too uncertain.

The kinematic region of interest requires that we avoid
events whore the hadronic system is likely to be dominated
by the effects of resonance production or other nonscaling
¢reronena. Moreover, we would like to insure that there is
encuch available energy in the hadronic system to permit
its development without beiné dominated by momentum and energy
consarvation. Thus, we require'

total hadronic energy > 10 GeV

-q2 > 2 (GeV/cz)2

W > 2 Gevsel

Event Measurement

vents were measured using a set of guidelines [B-~1)

ot

that were formulatedon the basis of previous neutrino-nucleus

- )

experiments (B-2]. The emphasis of these rules was to
determine the incident neutrino energy and analyze the
characteristics of the produced hadrons. The charged
hadrons can be easily analyzed; analysis of the ntutral
hadrons is much more difficult, and so the spirit of the
measurement and analysis was to regard the neutral hadron
induced secondaries as important primarily for the deter-
mination of the total hadronic energy. Thus, these mea.:vre-
ment guidelines stated, in brief, as follows.

All charged tracks from the primary vertex are to b:
measured. ‘

All vees, or neutral strange particle decays
(Kos 3" 7 or - pr ), and all neutral haéron interac-
tions that are consistent with the neutral hadron origira-
ting from the primary vertex are to be measured.

All photon materializations (garmna - et e;) within two
radiation lengths of and consistent with pointing to the
primary vertex are to be measured.

All particles originating from a secondary scatter,
interaction, etc. that is the endpoint of a measured track
must also be measured if this secondary vertex occurs so
soon on the length of the track (relative to that track’'s

curvature) that the uncertainty in the curvature of the

track is greater thanm 25 pexcent.
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In the above, the estimate of whether a neutral induced
sezondary vertex is consistent with a primary vertex origin
for the ncutral hadron was a subjective one. Neutral hadroﬁ
interactions, which cannot be proven to originate at any
place, were measured when they fell within a 45 degree
cone of the neutrino direction centered on the primary
vertex. Vees and garmma materializations were measured
liberally, since either kinematic fitting or pointing algor-
ithms would later determine which actually are related to

%e primary vertex.

Analysis Specifications

Detector limitations and measurement imprecision often
require that one estimate quantities of interest. Several
choices have been made for such estimations, discussed below.
Possible biases that would result from these choices are
discussed, as appropriate, in chapter 4. These choices are
as follows.

Cetermination of particle momentuml The magnetic field
that surrounds the bubble chamber bends the trajectories of
charged particles according to the momentum of the particle
and the arngle it makes with respect to that field. However,
the algorithm for reconstructing the track's trajectory and

eter-ining the momentum treats curvature (in units of

[y}

1/rormentun) as the rclevant variable, along with the two
angles., In that the mean value of the inverse of a quantity

is not a large sample of measurements will not be correctly
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determined from the cuxvatures. To minimize this bias, we
have instituted a variation of the usual momentum deterrina-
tion procedure, based on including the next term cf an
expansion of momentum as a function of curvature and its
uncertainty. Specifically, for any charged track whose
momentum is to be determined from curvature, that momentun
value is given by
Pp=V /k: + (ak) (B-2)

where k, Ak are the curvature and uncertainty in curvature,
respectively. For those tracks whose fractional momentum
uncertainty is greater than 25 percent, and thus have the
tracks from its downstream vertex measured, the rormentun
(magnitude) is determined by adding the momenta of the
secondary tracks and scaling this up by 20 percent to
account for the expected loss of neutral hadron enercy. <he
direction, of course, can be determined quite well from a
straight line between the upstream and downstream vertices.
(We note that, in that the emphasis of the analysis centers
on high transverse momentum hadrons, this orocedure wiil
yield an accurate determination of the angle at which the
hadron is produced, and a lower limit to the hadron's momen=-
tum, and therefore oﬁly detract from, and never enhance,
the effects we are congentratinq on.)

Particle identification. 1In general, particle identi-
fication is not possible for this experiment. Muons can te

determined in most cases (see Appendix A and ref {I1I-4, 1I-5}),
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and only events for which precisely one muon exists are
excmined. Whereas electron identification is often impre-
cise, we expect few primary electrons, and misidentifica~
tion of tracks from neutral induced secondaries is not
_important. Separating protons from positive pions and kaons
is usually possible only for low momentum tracks, when the
hadron slows enough to identify itself, either by the '
hzavier bubble formation (due to heavier ionization) or if
the haéron stops within view of the cameras. Using an
approximate rénge-energy relationship,

R = 200 * p3.32

(R in cm., p in GeV/c) {(B~3)
which is an approximation to the range-energy relationship
we have analytically calcuiated B-3 , we see that a 500
¥eV/c proton travels 20 centimeters before stopping, and

a 1 GeV/c proton travels 2 meters. Thus, for any proton
with rmomentum higher than a few hundred MeV/c, visual
identification is unlikely. Previous studies {IV-2, IV-3]
rave also found that above this momentum range proton
identification is very uncertain. Thus, although we do
atterpt to identify prbtons, we are not really capable of
such identification for all but the low momentum'proton§.
Siniiarly, identifying other hadron species, i.e. separating
picns from kaons, is rarely possible. For all exclusive
distributions that we study here, we will only distinguish
the hadrons according to electric charge. (Neutral strange

particles can, in general, be identified in the bubble

1.9

chamber; however, in that we are only concerned with the
charged hadrons, such identification is of no value.)

Inclusive quantities are dctermined in a straight-
forward fashion, with virtually the sole source of error duc
to the uncertainty in determining the neutrino edergy.

Given this gquantity (the estimation Brocedure for the
neutrino enexgy is described in Chapter 4), one defines:
a =k - k9?
W2 = (g + P)2
2 (3-+;
x .= -q“/2*(P-q)
Y = g-P/k-P
where the four vectors k, k', and P refer to the neutrino,
muon, and target, respectively.

The definition of rapidity, transverse momentun, frag-
mentation variables z:, etc. all rely on an estimation of
the direction of the guark after it is struck, which is
presumably that of the toial hadronic system. Here the loss
of neutral hadrons again plagues the analysis. It khzs
been determined (IV-8) that a relatively unbiased estimator
of this direction is given by the sum of the momenta of
all charged primary hadrons with all related neutral-induced
secondary vertices. For the purpose of examining the
transverse momentun distributions, this will yvield an unier-
estimate, as this axis minimizes transverse mcmentum Of the
tracks in an event. The effect on longitudinal distributions

will be small, as the transverse momentum is usually oaly a
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snall fraction of the total momentum and thus not a large
source of error.

For the exclusive distributions, all primary hadrons
that are not positively identified as protons are candidates
for the analysis, Measurement errors, particularly the
vrcertainty in the momentum, are usually ignored, unless
ther are large. Specifically, when the momentum is uncer~-
tain ernouzh (fractional uncertainty in curvature > 20 percent),
or the gecmetric reconstruction for the track yielded an
cvncertain fit (3&5 deviation > 30 microns on film), the
tracr was deleted from the distributions considered. Note
that this is not the same as deleting the track from the
aralysis, as it is still used in determining the inclusive
guantities and the total hadronic direction (presumably the
large fractional momentum uncertainty of a single track
will not induce a large fractional momentum uncertainty in
the total hadronic momentum). We have experimented with
these cuts, observing the effects of changing the wvalues
individually, and have found that our results are relatively
insensitive to rcasonahle variations.

The definition of the fragmentation variable is some~
what arbitrary, in that several definitions have been used,
yieldirng similar results. We have employed z and z_, given
by ezuation (4-3), viz.

z, = (e+p‘i)/(B+P” )
where (e,pp )} and (}:,P.{| ) refer to the hadron, total hadronic

systex= energy and longitudinal momentum, respectively.
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We have also used a definition based on the ratio of longi-
tudinal componcnts of the iadividual hadron's momentur with
the total hadronic system momentum, and found virtaally

indistinguishable distributions with respect to z,.
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LOTES TO APPENDIX B

University of Washington Internal report VTL-ON-78
(1978)

Each of the rcsearch groups participating in this
experiment have previously been involved in one
or more similar experiments using neutrino and/or
antineutrino beams in the FNAL 15-foot bubble
chamber.

G. Swider, University of Washington Internal Report
VTL~HEP~44, .
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APPEUDIX C

Monte Carlo Simulation

Neutrino-nucleon interactions have been simulated via
Monte Carlo technigues according to two different modéls.

One model, which has been termed 'longitudinal phase space',
rinies only very ceneral properties of hadronic jets in
siTulating these interactions. The other, based on the model
of hadronic jets by Field and Feynmann (discussed in Chapter
3), uses that specific {terative hadron generating scheme,’
adapted for this exveriment, to produce its own 'events'

for analysis.

The ceneral structure of both of these simulations is
oriented tcward comparing distributions from these models to
those from our data. For this comparison to be valid, one
must insure that any discrepancies between two versions of
scm2 distribution are due only to the differences between
the way that the model describes the relevant process and the
way that process actually happens in the experiment. This
reans that any effects that our measuring and analysis
srocedures have must either be eliminated or similarly intro-
éuzed in the simulation, We have chosen the latter path by
producing measured events via our simulations, and processing
these ‘events' through the exact same analysis as the data.
Tre primary sources of discrepancies avoided by this procedure

are those that would result from the bias introduced by the

)

2%
acceptance of the EMI and those that would result from the
neutrino energy estimation procedure. (The sclection of
events with muon transverse momentum greater than 4 GeV/c
is also mimicked, so that this effect is present »in the
simulation results as well.)

This procedure in itself is not enough. 1Inventing data
at the post-measurement stage does not exclude all biases
due to the event selection and measyrement procedures. Of
particular impot;ance here are the effects of measurem:2-:
errors and of not observing all of the particles in arn evernt.
To mimic these effects, our simulations include the follow-
ing. The events simulated are actually positioned intre
bubble chamber, with the selection of the primary vertex
according to a uniform distribution. The same routine taat
determines whether an event is within our prescribed 'fiiu-
cial volume' for the real events is also appliéd to the
gimulated ones. Once positioned in the chamber, the same
algorithms used to reconstruct a real event within the
bubble chamber from the three projections that the ceneras
record are now employed in reverse to insure that the siru-
lated event could have come from imaces on fiim that our
scanning and measuring proccdures would process. I this
primary vertex position is established as a valid one, we
use it for further cross-checks. Primary vertex tracks are
assigned a length which is the smaller value between the

distance to the chamber wall and
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the expected distance to an interaction (selected so as to

yield the interaction probability for the neon-hydrogen
mixture and the particle moméntum). As this estimates the
length that a real track would be measured, the momentum
uncertainty can be determined. The values of the momentum
and angles that are actually used are based on the model-
determined momentum and the track length, randomly varied to
simulate the expocted gaussian distributions in curvature
and angles. The simulation of photons produced by neutral
pions uses the Qrimary vertex position to determine whether
the proton conversion occurs within the bubble chamber.
Electron pairs are created and included in the measurement
record when this happens, as are pion pairs from Ko decays
and pion-proton pairs from lambda decays.

In this way, several of the inefficiencies and/or.
sources of error inherent in our event selection, measure-
ment, and processing system aré imposed on the simulated
events. Several other sources, however,' are not. Hadronic
interactions are difficult to model, and.are neglected. Thus
primary hadrons in the simulated events will never be
ascrited a momentum value based on sumwming the momentum of
the secondary hadrons from the primary hadron's downstream
interaction, (which can happen for hadrons from the real
events). Similarly, neutral hadron interactions are never
i:cléded in the energy estimation algorithm for the simula-

ted events. Brensstrahlung for electrons is ignored, so the
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momentum determination for simulatcd events' electrons is
more precise than that of real events' electrons. Morecver,
no unrelated pairs from photons (from bremsstrahlung or
other sources) can be included in the energy estimation
algorithm in simulated events. These differences are rather
small if suitable precautions are taken in the analysis
procedures; their effects, and the precautions taken are
discussed where appropriate in Chapter 4.

We will briefly discuss each of the two simulatiorns
below. A more complete explanation of both is given ir
reference (III-9}. In both, the neutrino spectrunm usen £Or
generation of the events is that calculated for the ccafigu-

ration used in oux data collection run [I1-11.

Longitudinal Phase Space

The LPS model is basically a scaling nodel. The velues
of x (the momentum fraction of the struck quark) are :elzc-
ted according to a parameterization of measured struc'ure
functions. The inelasticity values, y, are chosen to be
uniform, and the values of q2 and W are calculated fron the
neutrino energy and x and y.

The hadronic system is created using three assurptions:
the multiplicity ofzﬁadrons is chosen to follow a lirear
dependence on the logaxithm of W (with one third of the
hadrons neutral an avérage); the longitudinal momenta are
selected such that the rapidity values are uniformly d&is-

tributed within the kinematically allowed range; and the
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transverse momenta are chosen to yield an exponential be-
havior, depending on the transverse mass and having a 'slope
paraneter of b= -6. Of course, conservation of charge, mo- N
mentunm, and energy are enforced, which often significantly
alters the momentum selections made according to the above
specifications.

Cne can see that this model will be useful in distin-
guishing which characteristics of the data are due to the
lirits imposed by kinematics and finite neutrino energy,
coupled with a hadronic system that evolves with only very
genaral jet~like properties. As the term phase space implies
differences between this simulation and real data can be as-
cribed to the underlying dynamics of the process being studied.

The major incfficiencies of this simulation are primar=-
ily thcose involved with measurcment difficulties. In that
real data come fron measurements of film, measurement uncer-
tainties related to stereo angles, film imperfection, and
reccrstruction affect the data in a fashion that is not
easily reproducad. Problems associated with nuclear effects
(the tubble chamber £ill is neon and hydrogen) are not repro-
duccé, either. However, these problems are relatively small,

and can be minimized by more stringent measurement requirements.

Field and Fevnman Model
The nature of this model is discussed in Chapter 3, and
of course, in ref (III-9, III-10, IXI-1l). #Here we will

only discuss the particular fashion in which the model
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was employed.

Implementation of this model is straightforward as cca-
cerns the jet related to the struck quark. Any radrornic
processes related to the remnants of the target nucleon are
beyond the scope of the model, and ?o actual usé requires
that the user develop a method for dealing with the target.
We have employed a simple-minded procedure'here, which in-
volves reforming a baryon using the target remnant and the
very last guark which can no longer fragment according to
the model because of insufficient eneargy. This karyon con-
tains the remaining momentum and energy, and is selcc+ed to
be the simplest baryon that contains that assemblacze of
quarks. Thus, only protons, neutrons, lambdas, positive
sigmas, and the doubly charged 'delta’ resonance (1282) are
formed. (No other resonance nced be considered hecause as
least one ‘up' quark will always rermain.) O¢f course, the
delta is decayed, and the lambda treated in the appropriate
fashion for a neutral strange particle. In the case of an
antiquark scattering with the neutrino, 4 quarks will rersair,
and the final jet-related parton will be an antiguark. =
meson and a baryon are then produced, with quark content
and momentum content of each arbitrarily shared.

Vector mesons are produced in this jet gereration
scheme, as are pseudoscalar mesons that have a short life-
time. The decays of such mesons are handled in a straight-

forward manner, including all final states that have a
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branching ratio of 10 percent or more. Sequential decays
are properly created; e.g. production of a K* requires that
its decay be modcled, which can result in a Kos which must
then be decayed, sometimes yielding two neutral pions- that
then are decayed, etc.

The efficiencies of this simulation are basically the‘
same as those of the LPS simulation. The rather unmoti?ated
fashion employed for terminating the hadron generation
iteration will mean that one should not seriously consider
any distributions or analysis that rely heavily on the low
momentun hadrons. Moreover, the parameters used in the
simulation are those given by the authors. No attempt has
.been made to alter any to them in order to gain better

agreement between the model and the data.
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