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In an experiment using the Fermilab 15-foot Bubble 

Cha.-.:Oc=/T1oo-Plane E~:I with a 47 percent (atomic) neon-in

~:idroger. f.:.11 exposed to the quadrupole-triplet neutrino 

be:a::i, ·.·e have identified some 9600 neutrino charged-current 

events. We have mP.asured approximately 4000 of these, one 

~uarter of which were especially selected for having higher 

-q2 va.~;.:cs. l\e hav.:: 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 Feynnann fragmentation scheme. The longitudinal momen

t~~ distributions, as para.~cterized by the fragmcntati~n 

functions.' are in recJsonable agreement with both models •. A 

mild softening of these distributions with increasing -q2 is 

evident, especially in the positive hadrons. Transverse 

mo~enta are reasonably well reproduced by the lllOdela at 
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lower values, but. the data exhibit an excess of h.:.dror.s at 

higher Pt not indicated in either model. This high Pt 

excess is particularly pronounced in the higher -q 2 or 

higher W events: the low -q 2 and low W events agree with 

the models for all values of Pt• 

we have examined the transverse momentum distributio~s 

separately for the forward jet hadrons and the bacl:..,ard jet 

hadrons, where the separation is made.baaed on th~ lo~;itu-

dinal momentum fraction detcrr.'lined in the hadronic ce~ter-

of-mass frame. we observe that the high Pt excess is 

clearly associated with the forward jet hadrons, while the! 

backward jet hadrons agree with phase space for thP full Pt 

range. Fitting exponentials to the Pt di~tributior.s, there 

is a significant change in the "slope" parc:...-:-.e::er for t!'",e 

forward jet hadrons in going from low to high -q~ (er iow 

to high W); no statistically significant change is evident 

in the backward jet hadrons' distributions. This hiqh Pt 

- forward jet correlation is displayed well i~ p~ots of c~e 

2 · l · ·· a average values of Pt a~Cl their dependence on -q .. na •'• 

rise with rising -q2 or rising W is evident for the forward 

jet, but only the rise indicated by phase space is e>ident 

in the backward jet. Plotting average Pt
2 vers~s t~~ lo~gi

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 se?arate 

the effects of -q2 and w for Pt is inconclusive, but the 

u::s• ¥ I Pi . $ i U bl WWW $4 > .. 
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rr.ajority of the distributions shown favor W as the more 

i:'.:portant of the two variables, 

A disc~ssion of these effects in terms of the two 

rr.odels concludes that the departures of the data frorn ph~se 

S?ace are not explainable by either of the two models con-

&idered. QCD, however, is in at least qualitative agreement 

with all of these results1 moreover, a comparison of our Pt 

distributions with an analytic calculation based on QCD 

qives encouraging agreement. 
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Clll\PTER I 

INTRODUCTION 

•:;eutrinos, they <tre very snall 
Th•:?Y ha·Jo:? no ci1arge ancl have no mass 
And do not interact at all. 
The earth is just a silly ball 
To then, through which they simply pass, 
Like dustniids down a drafty hall 
Or ~~o~ons throu9h a sheet of glass. 
7~0~ sn~~ tho ~ost cx~uisita gas, 
Ignore the ~ost substantial wall, 
Cold shoulder steel and sounding brass, 
Ir.i~lt the stallion in his stall, 
An~, scorning barriers of class, 
Infiltrate you ar.cl ne. Like tall 
A:id painless guillotines they fall 
:Jo>m through our heads into the grass. 
~t night, they enter at Neoal 
An~ pierce the lover andbls lass 

· Fro~ unf.crneuth the bed - you call 
:t wonderful; I call it crass."!I-11 

This thesis conce-rns itself with the collection and 

analysis of data from an experiment involving neutrino inter

actions ···ith nuclei. The specific processes of the data 

to be exa~ined 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 

foc~s on the dependence of this hadronic system on the depth 

within the nucleon that the neutrino penetrates when it 

scatters. 

•te stud¥ of hadronic physics has been greatly facili

tated through the use of deep inelastic lepton-nucleon 

scattering experiments II-21. The primary virtue of such 

experiments is that the behavior of the lepton i• well 

) ) 
2 

understood, ancl that the lepton is (relatively) id~ntifiahlc. 

Measuring the momentum of the lepton(s) before and af~cr the 

scatter tells us the momentum trans~crrcd to the n~=lcor., 

and the knowledge of leptonic interactions tells us th£ 

manner in which it was delivered. Collecting data for a 

wide range of momentUlll transfers pel'lllits the systematic 

study of the behavior of the structure of the nucleon when 

probed in this fashion. 

One of the fi.rst discoveries of such experic:ents is t!-1.at 

the entire nucleon is not the target (I-3). That is, vary~ 

ing the momentum transferred to ·the nucleon in a fashion 

that varies the distance over which the transfer occurs 

indicates that the scatter can take place bet,.•a.:n t:-,c k=:.:;:-: 

and a substructure within the nucleon. A.,d, in that ~~~ 

result of such a scatter often consists of several h~drons 

being produced, the following hypothesis is sugg.:stcd: t~e 

substructure within the nucleon that scatters with the .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 isol~ted co~ci

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 o~ten 

produces a collection of hadrons as well as those that now 

contain the original constituent and nucleon remnant. The 

_ . ..,....._. ____.,....._.,..__....., ............ PC."""'!"'¥1\1"4-i¥-~-.,.-.----~~~~"""""""'----~--__....,..~--,. ..... ,•'T"-. :---· ... ·r.-.~ ... ~.~ q ... ~-. -..--..-· ... _ -.*514 • #F SL. ;;; I s;ez:;:ck f4' j M , 4-PC: Z I k I 44 4!!. a >Ai .. <W. ¢ 4 p o 4 .. z ; ;p J 4 p 4 ------·-.---
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energy for producing these several hadrons comes from the 

lepton: the mo~entUJ!I 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

b~tior.s, and have determined that the hadrons' momenta are 

basically collinear. The longitudinal and transverse momen

t~-. co~ponents have been studied separately, and the 

dependen~e of these distributions on the momentum transfer, 

total hadronic energy, etc. has been investigated. In this 

study, we will continue and extend such analyses. We will 

ex~-.ine t~e mcnentwr. distributions of the hadrons in terms 

of the ccnponents, and will investigate the dependence on 

total hadronic energy, etc. over a wider range of such 

variables than most previous experiments accessed. We will 

ir.•1estiq'lte the correlations between the longitudinal and 

t=a~5verse ~c~entu.~ conponents, something that only recently 

~as 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

ciated 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 

chamber permits the study of the details of the outgoing 

hadrons p=oduced from a scatter in which a measureable amount 

of mor.:entum and energy are transferred to the nucleon. 

-
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The neutrino beam is vital in that it can yield as high o= 

higher energy data as can be obtained in other dee!) inelas

tic scattering experiments. Specifically, much harder 

scatters can be observed (harder in the sense of scattering 

over very short times and distances and involvf ng high 

momentum transfers), than can be obtained in charged lepton 

scattering II-41. The use of a bubble chcurber enables 

analysis of the hadronic system more extensive than oth£c 

data collection systems can achieve. This stu:!y will, ft::1r 

example, concentrate on the comparisons of the lower ~o~en

tum hadrons with the higher momentum ones, and the abilit;

of the bubble chamber to measure both with high resolut.:.on 

is critical. For these reasons these data perr.:it ir.\·est.:.-

gation of aspects of hadronic processes that ha\'e p=ev.:...,::~l:: 

not been amenable to careful study. 

In the following sections we will discu~s so~e of the 

details of the data collection and analysis procedures that 

resulted in this study. We will then brie~ly outline so~e 

of the relevant theoretical topics and rnoccls that we ~:ia 

want to compare with aspects of the data. We will then 

present various distributions concerning the ~anner in which 

the available momentum and energy is distributed ar..ong the 

several final state hadrons. We will conclude by =eviewir.g 

the data as they pertain to the theory, investigating how 

the results of the analysis may support or refute cucrent 

beliefs in the understanding of hadronic processes. 
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1;on:s TO CHAPTER I 

I-1 J. Updi;.-:e, "CosMic C.:ill," Telephone Poles and Other 
i'oe::-,s, ,Ufred A. Knopf, Inc. (1960) 

I-2 The nur.,bcr of articles referring to this topic is 
enou;:ous; for a discussion of the early studies 
of nucleon structure using lepton probes, see 

s 

A. DeRujula, et al., Rev. Mo~. Phys. ~6, 391 (1974) 
ar.d rcf~rer.ces contained therein; more recent 
res~lts on structure functions can be found in 
F. S~iulli, talk given at the XX International 
Cor.ference on lligh Enerqy Physics, M-'ldison (July, 
1980); references on the hadronic final state are 
cited where appropriate in subsequent sections. 

I-3 Again, the r.u.~ber of references that relate to the 
general features of deep inelastic scattering data 
is quite large: however, a rcason;ibly complete 
sur.;;::~ry of ~arlicr results, relevant to this dis
cuss ior., can be fou.nd in the oublication by 
o. H. Perkins, Rep. Prog. Phys. 40, 409 (1977) 

I-4 ~his is true in a statistical sense only; as described 
in Chapter III, the -a2 distribution in neutrino 
interactions is linear in the neutrino energy 
(see re!erence [I-2Jl, whereas charged lepton 
scattering has a l/q~ distribution. 
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CHAPTER II 

EXPERIMENTAL ARRANGEMENT 

Cata Collection 

The data in this study come from Experiment 546 performed 

at the Fermi National Accelerator Laboratory by research 

qroups frorn the University of California at Berkeley, the 

Lawrence-Berkeley Laboratory, FNAL, the University of Hawaii, 

the ~~iversity of Wisconsin, and the University of Washington. 

The experiment employed the FNAL quadrupole-triplet neutrino 

b~a~ and the 15-foot bubble chamber with the External Muon 

Identifier, which w~s expanded and upgraded by this colla

!x>ration for this work. 

Tr.e neutrino bear.i was produced as follows. Protons 

accelerated in tte Main Ring to a momentum of 400 GeV/c 

were 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 (nostly pions and kaons) are focussed by three 

suc.:e s s i ve quac!rupole magnets, whose currents are set to 

opti~ize 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 

:>ipe and the detector systems is an earthen berm, approxi

mately one kilor.1eter in length, which effectively filters 

everything that comes from the decay pipe except neutrinos 

) 
--- ---
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and antineutrinos. The neutrinos, mainly muon fy~e neutrir.o~ 

from the decays w+ + ~•v and x• + ~+v (and a smaller a~ount 

of muon antineutrinos from the charge conjugate dec~ys) tten 

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 confi~uration 

is illustrated in figure 2-2 1rr-11. During the data collec

tion period of this experiment (20 October, 1977 through 
13 1 February, 1978), an average of 10 protons per accelerator 

cycle (and thus, per bubble chamber picture) were direct-:.<l 

onto the target, giving a total of 3.48 • 1018 protons for 

the entire experiment. 

The detector system used was the FNhL Hybrid 15-foot 

Bubble Ct.amber/Tl~o Plane E!!I, dep:.cted in figure 2-3. ':'i".·:? 

bubble chamber was filled with a ~7 percent (atc~ic) ~eo~ 

in hydrogen mixture, yielding a 55cm. radiation length and 

a typical pion absorption length of 1.9 rn. The super-

conducting magnet at the bubble cha~ter's cq~ator ~~s 

operated with a 5000 ampere current that yields a 30 kilc-

gauss field at the bubble chamber center. This ac~ie,•es a 

curvature in the trajectory of charged particles ~hich 

traverse the chamber, with a radius of curvature proportic~a! 

to the particle's momentum (radius of 1 meter = ! G~':/c) • 

Three, and sometimes four, cameras wit~ 1ssociated ~lash 

tube systems were operated to permit different perspectives 

of the events to be recorded and allow for subsequent three 
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FIGURE 2-1 

E;:;;eri::iental Apparatus1 Hain Ring, Neutrino Beam Line, 

15-foot Bubble Chamber/2 Plane EHI 
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FIGURE 2-2 

Neutrino enerqy spectrum for the Quadrapole Triplet 

beam (II-lJ 
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FIGURE 2•3 

lS-foot Bubble Chamber/2 Plane EMI 
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dinensional reconstruction. A totnl of 350,000 sets of 

pictures ara taken, with over 326,000 accompanied by EMI 

data to for.:i the data sample from which the subsequent 

analysis proceeded. 

Lepton nUl':'lher conservation requires that there be the 

sa.~~ net lepton content after an interaction as before. 

11 

Fo:- an incident (1111:on} neutrir.o beam, the final state lep

ton can either be a neutrino again which would be virtually 

ir-possible to detect) or a negative muon. Detecting this 

nuon permits tt.e identification of these 'charged current' 

events with a concomitant understanding of the dynamics 

of t~.e scattering, at least for the leptons involved. (If 

no muon is detected, then either the event represents 

'neutral current' scattering, where the outgoing lepton, a 

neutrino, 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 

cha::lber, with no large deflections indicative of hadronic 

s~attering. Unfortunately, the bubble chamber is sMall 

enou~h so that it is not unusual for a hadron to exit the 

cha::-.ber without identifying itself as a hadron, thereby.· 

rr.i~icking·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 

I l ) 

the EIU (see figure 2-4) III-2,31. Muons arc thus ic!enti

fiahlc by extrapolating the trajectories of all s~ooth, 

leaving tracks to both EMI planes and conparing the extra

polated positions with the actual hit positions in the 

appropriate chambers. Details of the E~I, and discussion 

12 

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

Data Reduction 

The primary interest in this experiment lo'as analys~s 

of the charged current neutrino interactions, those in lo'hich 

a muon is produced. ·For this r~ason, 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 lcng, 

smooth, leaving track. All such tracks were measured, 

reconstructed (using the geometry progra:r.s 'I'VG!' or HYO~ll) , 

and extrapolated to the two EMI planes. The relevant ;::::::: 

data were unpacked and reconstructed, an~ those ~uon·tra=~s 

identified according to criteria requiring tlo'O r.c.:rly 

siMultaneous hits (one per planP.) that were spatially near 

the extrapolated positions. Approximately 12,000 neutrino, 

and 2000 antineutrino events were so identified. Efficien

cies and backgrounds for this identification procedure are 

thoroughly discussed in references (JI-3,4,5). 

Full measurements.of the neutrino events proceed much 

like those to identify the muons, except that the full 

measurements are of all primary vertex tracks and ~any of 

the tracks from neutral induced secondary vertices. More 
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restrictive criteria were applied to the selection of tho 

events !or full measurements, as described in Appendix B. 

~his a??cr.dix describes also the measuring rules employed, 

and the kinematic cuts imposed on those measured events 

tha~ were used for the analysis. 

14 
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CHAPTER III 

THEORY 

:·:e intend to study the hadronic final state that results 

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

~e 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 

te:rr.ii~ology IIII-lJ. 

C!iarged Current ::eutrino-Nucleon Scattering 

7he standard quark-parton model description of deep 

inelastic lepton-nucleon scattering is depicted in figure 3-1. 

For ctarged current neutrino scattering, the incident 

~e~tri~o, with four-momentu.~ 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 

:-:::i~"'~tu:n transferred to th<! quark, q ,. k - k', has a correa

;:::i~ding scuare q2• According to the .standard view of weak 

i~teractions [III-2,3J, the momentum is transferred via 

the exchange of an intermediate vector boson. This 'boson, 

of :-:or..entun q and virtual mass q 2 (q 2 
< 0), will only exist 

O\"er ti:r.es 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 process1 
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The axis of :notion between the quark and the nucleon 

rc:-~ant is the only preferred direction in this system, and 

provides for a natural decomposition into longitudinal. and 

transverse components for the individual hadrons' momenta. 

If we ignore the transverse components for the time being, 

we can describe exclusive hadron production, i.e. the proceas 

2 'h 2 2- 2 •h 2 
}'.IJ(x,q >I Do.-<z,q )+(1-y) Io<x,q >I no-<z,q) 

(3-2) 

~e introduce the fragrnentati9n functions, D~ (z,q2), as 

a~3logs of the quark distribution functions Q(x,q2). They 

represent the probability of a quark of flavor Q fragmenting 

into a hadron o~ type h with a fraction z of the quark's 

:::o:-.enti;."!I. ~~e ir.dicate the possible q 2 dependence by analogy 

to th~ distribution functions: the details of the hadronic 

system from lepton-nucleon scattering may depend on the 

distanc-?s over which the scatter takes place. In the above, 

:::-. .,, s·.:.:'.'.s over flavors Q include only those with weak hyper-

charge of -1/2: similarly, the sums over flavor.O' must be 

a hypercharge +l/2 quark, and must be weighted by the rela

tive probability of the Q to Q' transition. For example, 

t~e su." over Q' in a four flavor model when Q indicates a 

'do•-n' quark as target will include the fragmentation 

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

I 
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cosine of the Cabibbo angle, and the fra<Jl!lentation fun<: ti<,:• 

for the 'charm' quark, weighted by the s~uare of the sin~ 

of the Cabibbo angle. IIII-61) 

To the extent that transverse and longitudinal moment~" 

' do factorize, transverse momentum can be included in equa-

tion 3-2 simply by multiplying the right hand side by the 

distribution function for tr~nsverse momentum. 7his distri-

bution is outside the quark-parton model. Phenonenolo9ically, 

we find it well represented by an exponential !III-71, i.e. 

do a e-b:1't 
-2 

dpt 
(3-3i 

where mt /pt 2 + rn2 is the 'transverse mass', and t~e 

parameter b approximately equal to 6/(GeV/c). There are 

two important aspects to thiR parameterization: one is t~at 

it describes transverse momentum in :na;nitudc, not ir. t·~r.·'° 

of dimensionless variables, and the other is that there is 

no indicated dependence on q 2 , t·: or other variable. This 

latter characteristic is significant in that it !s r~~!:·· 

a non-scaling phenomenon (that is, changinq enc' s ::'.'c;;s;;re:-~~.-: 

units changes the values for this quantity, in ccntrast ~o. 

for example, the fragmentation variable). It indicates that 

the source of transverse momentlll'I is related. to some charac-

ter is tic of hadrons themselves, and not the process b~· ""hi cl". 

they are formed. 

tTe have been considering only the fragmentation of the 

struck quark so far, and ignoring the nucleon fragr.ient. 

~--~--~"p....,., ..... __ ....,._,....,._ ......... ~.~q ................ ~, •• ~. ~·~·~·~·~ ............... G .... ""l""'••~··~.-·~·~.WW~i~,~@.~,~·~·~""""·f~.'"""' ....... ~.~'~-~ .• ~(~i#~O~l•~.)•n•~*~-~-~,..., ••• ~-~·~14 ..... i» .......................... ~w~ ............ : ........................ ,~ ••• ~PA ... UG9"'$~h ....... ~.~ ................ ~ .................... --......... ~--...... -------. 
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being sampled, whercus values of q 2 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 nuch energy and momentwn is delivered to the nucleon 

(q), and the depth of the scatter Cq 2). We now concentrate 

on the target it~elf. The quark that is struck has both the 

nor.entum given it and that which it had before the collision. 

Cnfortunately, we do not know the distribution in momentum 

o: the consti_tuents of a nucleon, so we must rely on the 

quark-parton model to approximate the struck quark's 

~cNentu.~. This approximation gives the quark a momentum xP, 

..-~~re P is the nucleon's four-momentum, and x is a scalar 

t?':at nea:iures t.hat fraction of the nucleon's momentum along 

the axis of the lepton-nucleon scatter contained by that 

quark. The neglect of quark momentwn components tr·ansverse 

to thb axis is permitted only if we view the scatter from 

a reference fr~~c in which the nucleon's momentum along 

this axis is tremendously large (large enough so that the 

ratio of transverse ~o longitudinal momentwn of a quark is 

truly negligible). Uith this approximation, we can write 

the cross section for neutrino-nucleon charged current. 

scattering as [III-41 

(3-1) 

Heres 2 (k+?l 2 is the total invariant energy (squared), 

) 

I ..... A , .. , 144 ¥IA .. •PC •• ·····'**"' ;:. ¥.P:.:;;ew;;uz 

) 

y• (q•P)/(k•P) is the inelasticity of the scatter, a~J G =~c 

Fermi constant measuring the strength o! tt.c ..-cal; inter.:icticn. 

'The functions O (x, q2) and O (x, q 2l are the distribution 

functions for the various flavors of quarks in the nuclcvn. 

That is, O represents the probability of finding a cua=k 

with momentum fraction x within a nucleon, using a probe of 

virtual mass q2 The sums are over all flavors of ~uarks 

or antiquarks that have a weak hypcrcharge of -1/2, tr.c cnl: 

ones that participate in charged current process.;os \.' ~ t:-. 

neutrinos. (The factor 1i-y1 2 that multiplies the anc~q~s=k 

distributions arises from conse'rvation. of angular mo::-.er:.tu."'.'., 

in that only helicity -1 (+l) fermions (antifer~ions) parti-

cipate in charged current weak processes, which r£sults in 

a spin l neutrino-antiquark state. The result:ng r.uon Gr:.d 

antiquark have a (1 +cos el 2 distribution, which in the 
2 limit of high neutrino energies is approxinated by (1-yl .) 

Hadronic Final State. 

We now focus our attention on the evolution of the 

final hadronic state that results from this scattering 9ro-

cess. Viewing the hadronic system fron its center of nass 

reference frame, we have a quark and the rennants of t~e 

nucleon rapidly separating from each other. The observed 

final state, however, consists of several hadrons with 

various momenta, so our interest is in learning the details 

of how the quark-nucleon remnant state becomes the collection 

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

dynanics and attempt to ex:>lain the principles underlyin9 

the data, this model uses 9eneral characteristics of the 

data as input, and only attempts to illustrate the effects 

of well known ph1sical concepts on the final distributions. 

Especially as it will be employed in this study, the LPS 

r.cdel is u5eful to illustrate what aspects of the various 

distributions arc not significant. For example, as employed 

so far, the qu!rk-parton model indicates that there is no 

cor.ncction bet·~cen the lon9itudinal momentum fraction of a 

9iven hadron a~d its transverse momentum. However, in that 

a hadron whose lon9itudinal fraction is nearly equal to one 

virt~ally defines the total hadronic momentum by itself, 

its transverse momentur.i must certainly be much smaller than 

average. The LPS model, embedded in a Monte Carlo, will 

illustrate a sMootil trend in the avera9e transverse momentum 

o! large mo~enturn fraction hadrons toward zero o when the . ·t 

fraction approache5 one, thereby indicatin9 that this aspe~t 

of the data is purely kinematic. Other possible correlations 

not resultant from those processes reproduced by the LPS 

~oce! will then be evident as deviations from the model's 

pred ictio:ls. 

Field and Fcvn~an Model 

· In contrast to the LPS model, the model of Field and 

reyn.•ann (FF) makes some rather specific prescriptions for 

the various distributions involved in hadronization 

) ) 
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[III-10, 11, 12J. Not only are algebraic forms given to t~c 

several distributions, but lhia model also incluGcs the 

effects of the production and subsequent decay of rneson 

resonances, an important fact to consider when one co~pares 

a model to real data. It is partially phenomenological in 

that several distributions are given as functions of pa1·.J!:',eters 

that are adjusted to fit available data. As for the LP3 

model, a Monte Carlo simulation based on the FF model h1~ 

been porformed, and will be compared to tl:c data. For ·:I.is 

model, t:he objective of the comparison will be to see h.~1: 

accurately the model agrees with our data. 

The basic concept of this r.iodel is that the eject:·cl 

quark fragments into hadrons by the creation of a qu-a~·l:

antiquark pair. This pair is given re la ti ve transvez <;·~ 

momentum correspondin9 to a 9aussian distribution. 1 l~ 

original quark and the newly formed antiquark are co1r. 1i:1ing 

to form one of the various vector or pseudoscalar r.'es J~!; 

that have that (valence) quark content. 1':1is nc-.<ly c · ~ ·~".!:! 

meson is 9iven a fraction of the original •iUilrk's lon 1ituc!io.al 

momentum, and the transverse momentur.i whic~ is the s~~ of 

the transverse momentuM of t.he quark and antiquark that con

stitute it. The leftover quark, with its transverse r.1or-.e::ti;r.1 

and the. remainin9 lon~itudinal mo~entum, now fracr.:ients i~ 

the same fashion. Th"is procedure is iterated until the 

remaining energy is too small to form any new mesons. The 

phenomenol09ical aspects are the functional form of the 
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Hc..,.:?ve::-, 10hen ,..e view the hadronic system from its center of 

;:-.ass ::-efcrcnce fra::ie, •:e note very strong symmetry between 

the quark and the nucleon remnant. Resides having equal 

and opposite momenta, the two will have complementary quan-

t~, n~":lbe::-s, in that the sum of the two will be the quantUJI) 

nu::-~ers of the target nucleon plus the weak boson. Thus, 

... e need to consider the fragmentation of the diquark system 

as 10ell as that of the quark. With no reason to presume 

differently, we anticipate ·the same description of the di-

q~ar% as for the 9uark in fragmenting, other than that the 

fur.ctional for.:is (that of the fragmentation function), will 

reflect the distinctions of the quantum numbers. We shall 

be interested in comparing these two systems to see just 

ho~ similar their characteristics are. 

~lodels of lladronization 

1·1e will no1o1 briefly consider a fe1o1 models that attempt 

to ~escribe the evolution of the separating quark and diquark 

into the observed final state. 

~or.crit~dinal ?hase Spa~e 

'i'his model is really only a minor extension of the quark

parton model, in that it only provides exact forms for the 

distributions 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. mor.ientum, energy, char3e and !::>ar;·cr. 

number. Decause the general structure of the v<.r.:.c·..:s c.:.::~.::i-

butions a1:e dominated by the constraints of phase space ar.d 

conservation laws, this model then permits us to see what 
I 

aspects of our data are due to such ~e 11 kno..-n ?hys ics, and, 

by extension, which aspects arc due to the actual dyna.~ics 

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-

dorn in producing hadrons in the model is in the selectic~ 

of the longitudinal momentu.11 corij?onent. 'i'hat is, ;r,c::-.c::. ::a 

for the hadrons are chosen such that the rapiditi~s 3re 

uniformly distributed between the allowed kinematic li~its. 

(Rapidity is defined as the arcsinh(p/E), 10here p ~r.d E a::-e 

the longitudinal momentu."11 and the energ;· of the i:lc::.·:~l;;;il 

particle.) Transverse momentum is, of course,· i:'.Ocle:ed; ::.t 

is selected according to an exponential distribution in the 

transverse mass, with a slope parameter correspondinc;i to 

known pt distributions fron previous results. Hc..-eve::-, such 

transverse momenta are so small that they are rarely cor.-

strained by phase space considerations. For the purposes cf 

comparison with this analysis, a Monte Carlo simulation based 

on a longitudinal phase space model has been !'e::-forrr.cd. 

Details of this simulation can be found in Ap?er.dix c i!~:-a,9i. 

Before leaving this topic, we would like to emphasize the 

philosophical aspect of this model. Unlike other ~odels, 

QSW 'f'¥W P 'fSFllCG ? S"J 11 :; -~' ... ;:c. ;» \i, c;;c t F• . w .rw:.c q Siif*i .. >+zc •?#a:;P; ,4 o .1 au;; w. _ *' s ct :.s. a ;oc _ z ·4!f*·*'f+•; >¥ I .q. w.q .a ec 
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by QCO at present ("non-perturbative QCO") are those that 

scale, whereas the non-scaling phenomena are within the 

realm of perturbation theory applied to OCO. One then 

'calculates'a process as having a non-perturbative p~rt 

(that one obtains from the quark-parton model applied in 

other kiner.atic regions), and adds as many orders of oco 

'corrections' as one wishes to include. The kinematical 

variables that one usually considers for identifying the 

re<,?ions of validity are measured by q 2 and/or W, so variations 

in hadronic distributions with these variables may indicate 

the onset of OCD processes. 

•> ;p .. # C,i I P4 .. ;uszep z;1 4+ •WI. #« z.t¥ ... tP44wo; 
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lo~gitudinal nomcntum sharing, tho width of the transverse 

r..c:'.".e:it<:."'.'I gaussian, and the probabilities of forr.iing the 

several meson types. 

7here is one major shortcoming in comparison of the FF 

mojel with our data. This model, as presented by its 

a·.Jthors, ce.:.ls exclusively with tho fragmentation of a single 

~uark. 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 diquar~ 

jet. 3aryon production is not considered, either as the 

final hadron.in a quark fragmentation function, or as the 

?roduct of diquark fragmentation. As a result, comparisons 

of the two jets are of little relevance within the context 

of this nodel. 

Quantu.~ Chromodynamics 

It is rather inappropriate to label quantum chromodynamics, 

QCD, as a model of hadronic processes, because QCD is much 

nore than a phenorr.cnological model. Qco·is presently the 

leadir.s candidate theory for hadronic physics (HI-13). 

Altho~gh its calculation abilities are still somewhat re-

stricted, it provides a fra.~ework for understanding featu~es 

of hadronic interactions in at least a qualitative way. 

•-:e will not r.iake as full use of QCD as we will of the 

rnoceis in this study. This is primarily because the areas 

where QCD is best able to calculate are usually the 'hard' 
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processes, i.e. those in which the gluon (the analog to OED's 

photon) is verr virtl!al [III-14J. These procc~;~s, alt~.s:;-:~. 

often quite well identified, are much less likely to o=c~r 

than the 'soft' processes. That is, the majorit1 of hadrotts 

that will contribute to the various distributions probably 

arose from a process that should be within the comain of QCD, 

but is not calculable at present. An attempt to model t~~ 

calculable 'hard' processes must be blended with a non-·'. :::> 

model that will produce the more conman 'soft' process~s, 

and also dominate the calculation. (One =an, of course, 

search for specific processes and patterns' in the data ·."1ich 

qualitatively distinguishes the QCD-rclat ?d aspect of th·~ 

modeling, but such a specific effort is n<1t a part of this 

study.) 

Much of the purpose of mentioning QCu in this stuc'.~ •s 

the interest in using it as an extension of the quark-pa~ton 

JTIOdel IIII-15, 1£). An integral aspect of QCD's limited 

calculational ability is that the techniques of perturbation 

theory are not available until one considers kin~r.atical 

regimes where QCD's coupling constant (which measures the 

strength of the fundamental interaction) is snall. ~:oreo•:er, 

the scaling hypothesis and the quark-parton model have been 

quite successfu.l in describing hadronic processes that co r.ot 

change significantly wibh different incident energiE3, 

momentum transfers, etc. This suggests the following hy?O

thesis1 characteristics of hadronic processes not calcula~le 

- j 

I 
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CHAPTER IV 

OJ\Th Mll\LYSIS MIO PRESENTJ\TIO?I 

Event Selection and Measurement 

From the sample of events with identified muons, we 

have selected a subsample with well-identified negative 

muor.s t~at were in a more restricted volume within the 

bu~~le cha.":!~er. Of these 9600 events, approximately 4000 

were rneasured completely. One thousand of these were 

specifically chosen for measurement because the muon had 

a r.c~cntu.~ con9onent perpendicular to the incident neutrino's 

· directio:i greater than 4 GeV/c. We chose these high p-perp 

~uon eve:its to obtai:i an enriched sample of high -q2 events, 

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

2 \I 2 -q - (p,,.J /(1-y). (4-1) 

The rcr.aining 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. 

T~is requires careful measurement of the tracks from charged 

hadrons, and those from neutral-induced vertices (e.g •. photon 

rr.a'::erialization, when the photon comes from neutral p
0

ion 

decay, or 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 

) ) 
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incomplete knowledge of the neutral hadrons an4 concentrat~ 

only on the charged hadrons. The measurement o~ the pro

ducts of the neutral hadrons will still be used in cetcr~i:i-

ing the best estimate for the total hadronic system moment\O.~ 

vector, 

Monte Carlo Simulation 

The two models discussed earlier, the LPS rnodcl a~.I the 

FF model, have been embedded into f".pnte Carlo progra:::s :::1at 

generate wevents" in a similar format to that the data .!·:e 

in. This permits the results of the two ":!Odels' si1~u·_at ~c:is 

to be rirocessed in nearly identical fashi:>n .. 7hus, ;. ~:.y o: 

the biases that result from our rneasurc-:n'~ 1t prccec1cr(·:; l!:--.d 

analysis techniques are mimicked, yieldi113 "preC.ictic);-.;' 

for the two 1110dels that are suitably mod:.fied to perio.it 

direct comparison with the data. We wil!. make co:isider<.ble 

use of these results in the following an;1:~·sis. ('i'h·? 3, t1~ls 

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

Energy Estimation 

The energy of the incident neutrino is equal to the s~-:: 

of the components of the muon momentu.":1 and the tota~ hil~~o~~c 

momentum in the neutrino's direction. The visible hadrcnic 

system (the charged hadrons and the measure~ evidence of 

neutral hadrons) provides a lower limit to the magnitude of 

the total hadronic momentum, and is qenerally in a ci!~e~e~~ 

direction. Several techniques have been developed to 
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esti~ate the true value for the total hadronic momentum 

ba:;e;d on t:ie visible momentum and t:ie 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-11 

g ~ l + IP~ + ! ~ l!E IP:I (4-2) 

Here, the sums are over all measured momenta associated with 

the hadronic syste~, either charged hadrons or neutral hadron 

induced secondaries. (Note that this estimation technique 

alters t:ie magnitude 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 mo~entum. 

T.he distribution of the parameter 'g' for the measured 

events is displayed in figure 4-1. The mean value of 

<g> • 1.17 corresponds to one''s intuition: on average, 

17 percent of the hadronic energy is not observed. The 

tail of the distribution, events for which 'g' is rather 

large, indicates that for some events this procedure results 

in ~ore hadronic energy inferred than measured. In order to 

avoid the potentially large uncertainties that may be intro-

cuced by such events, we restrict our event sample to only 

those events for ~hich 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 

neutrino energy, q 2 , etc. 

) 
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FIGURE 4-1 

Distribution of the hadror.ic energy correction factor 
for all measured charged current events. 
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Several other er i ter ia are imposed on the s.1mple of 

::-.easurcd events in order to 5elect only that sample to be 

used in the annlysis. Such criteria are enumerated and 

35 

discussed in Appendix B. The most important onPs are that 

=est=iction on the hadronic energy correction factor 

(i::entioned above), and the requirements that the events have 

vall!cs -q2 
> 2.0 (GeV/c2 l 2 and N > 2.0 (GeV/c2 l. These last 

t40 restrictions are to eliminate events that will be domin-

ated by resonance production and those events for which the 

available phase space is severely restricted. Such cuts are 

s·..::.-v~·1ed b;· 2710 events, 964 of which were from that sample 

selected for larg~ perpcr.dicul~r momentum muons. The 

(esti~ated) neutrino energy distribution for this, our 

analysis sanple, is shown in figure 4-2. This can be com

pared in a general sense to the distribution of neutrino 

e~crgies, figure 2-2, although strict comparison is point

less in that figure 4-2 contains the effects of the energy 

dcpendcr.ce of neutrino cross sections, biases due to accept

a~ces and analysis procedures, etc. The event energy 

distributions from the simulations, i.e. reconstructed, 

es~:~ated event energy distributions, are very similar ~o 

that fro~ the data. One notices that another effect of the 

high perpendicular i::omenturn muon preselection was to select 

high energy events, as the shaded region in figure 4-2 shows. 

7:-.e average n<:iutrino energy for this high p-perp muon sample 

is 167 GeV; that of the unbiased events (which, of course, 

) 



FIGURE 4-2 

Distribution of (corrected) event energy for the analysis 
sa~plc. 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 

G;,V, 1<!-,ich gives '1!"1 average event energy of 112 GcV for the 

1·:ith an estimate of the neutrino enerqy, the calcula

tions of c:;
2 , w2, x, and y are straightforward. These 

distributions arc shown in figures 4-3 through 4-7, respec

ti•ely (with LPS and FF curves for comparison). The x 

discribution favors slightly higher values than one would 

expect from other experiments' data [I-21, but this is due 

to the selection of high -q2 events from our high p-perp 

muon ~nhancement. The deviations from uniformity in y are 

d~e to the minimu.~ muon momentum criterion (low y) and the 

illi~i~i;..~ hadronic energy 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 '~I acceptance for the muon) reflect these aspects of 

the data. 

~ul tiplici ties 

The simplest hadronic quantity to measure is the multi

plicity of charged particles in an event. We plot the 

average multiplicities for positive, negative, and all 
2 .. 2 

charged hadrons, as functions of the logarithm of q and W 

in fisure· 4-S. These multiplicities include all charged 

hadrons produced by the neutrino-nucleus interaction, ex-

eluding 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 o2 • -q2 for the analysis sample, with the 
LPS and FF model curves superimposed. 
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FIGUnE 4-4 

Distribution of w2 for the analysis &ample, with the LPS and 
FF 111<>del curves superimposed. 
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FIGURE 4-5 

Distribution of x for the analysis sample, with the LPS and 
FF model curves superimposed. 
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FIGURE 4-6 

~i~tribution of y for the analysis sample, with the LPS and 
FF model curves superimposed. 
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FIGURE 4-7 

~~ltiolicities of charqed hadrons, versus the logarithm of 
-q2/~2 (407a) and versus tho loqarithm of w2/M2 (4-7b). 

The curves are from the LPS model. 
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FIGUl<E 4-8 

Distribution of D+(z) • l/~-E dn/dz and D-(z) • l/N-E dn/dz, 
(?ositive and negative hadrons separate), 4-8a is plotted 
using z • z+, 4-Bb for z a zT. LPS and FF model curves 

superimposed. 
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expected for a positive beam (viewing tho interaction as 

scattering a positive weak boson with the nucleon) and a 

positive target. Linear fits to these data, ~l"Llre we use 

the logarithm -q2/M2 or w2/M 2 as the abscissa (M is the 

nucleon mass) 3re quite good. The parameters of such fits, 

including fits for the simulation results, for comparison 

arc listed in Table 4-1. A slight preference for linear 

depe~=ence on the logarithm of W is observed1 moreover, the 

lir.ear fit versus the logarithm of -q2 may be due to the 

cor~elatio~ between these two variables, as the LPS data.~re 

ge~erated according to a log(W) dependence, and yet still 

!it a linear C.cpendence on log(-q2) reasonably well. (Note 

that the data for all charged hadrons represent more than 

just the sum of the positive hadron multiplicities with the 

ne~atives. This is because there are some hadrons who inter-

act e~rly in their trajectory, often making charge determina

ticn inaccurate. Such hadrons arc not included in either 

charge ~ultiplicity, but are included in the total.) 

We point out that the :nultiplicity of positive hadrons 

e;cceeds that of the neg.:itives by more than one unit for all 

val".;es of 2 and ~·:. This is due q to excess protons, whose 

source i~ related to the spectator nucleons in tho neon 

nucleus, but whose mo~enta are large enough to make them 

indistinguishable fro~ positive pions or kaons. This phen

o~encn is typical for neon-filled bubble chamber experiments 

[IV-2,IV-3J,and will present difficulties in later analysis. 

I 

) ) 
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TABLE ~-1 

Fits of Multiplicities to Linear Equation 

mult • a + b * 109 (-q2/M2) 

a b \ 2 /'.;OF 

Positives (dn ta) 2.5 !0.3 0.86 !0.26 14.2/5 
(LP SMC) 2.7 !0.2 0.74 !0.16 2.2/5 
(FFMC) 1. 6 !0.2 0.35 !0.17 71. 0/5 

Negatives (data) 1.0 !0.3 0.90 !0.23 4.5/5 
(LP SMC) 2.0 t0.2 0.60 ±0.16 72.7/5 
(FFMC) 0.63 ±0.17 0.87 t0.16 15.6/5 

All (data) 3.9 t0.4 1. 8 !0~) 10.0/5 
(LPSMC) 4.5 t.02 1.5 t0.2 2.8/5 
(FFMC) 2.0 !0.2 2.0 ~O.l 15.9/5 

mult • a + b * log (li/M2) 

a b x2/::l'J' 

Positives. (data) 1. 3 ±0.3 1. 4 ±0.3 1).9/'i 
(L?S~lC) 1.0 i0.2 1. 5 !O.~ 8.2/i 
(FD1C) 0.61 !0.22 1. 3 !0.2 6.;.f./'i 

Negatives (d<Jta) -0.23 ~0.3 1.4 !O.;. 7. a.·. 
(LPS:'-!C) 0.12 !0.19 1. 6 ~a.:. l!J.?,'; 
(Fn:cl -0.18 !0.02 1.2 !O.;; i~.5/5 

All (data) 1.1 t0.4 3.0 t0.3 8.2/5 
(DP SMC) 1.1 t0.3 3.1 t0.2 5.3/5 
(FFMC) 0.23 t<i.28 2.6 ±0.3 13.3/5 
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Mc~cntum Distributions 

~·:e i.:ill now examine the momentum distributions of the 

charged hadrons. Recalling the discussions in Chapter Ill, 

we will ex~~ine the longitudinal and transverse momentwn 

co~ponents separately, and then examine correlations between 

the two. For each of these subtopics, emphasis will be 

placed on any dependence of these distributions upon q
2

, W, 

etc. 

The separation of momentum into longitudinal and trans-
• 

\•erse components requires the definition of an axis. The 

direcl~on of the struck quark provides this axis, but missing 

ha=rons (neutrals), measurement uncertainties, etc. will make 

ceter.:iination Of this direction imprecise. We chose to use 

the cirection of the total visible hadronic momentwn as our 

esti~ate of the struck quark's direction. Studies have. 

shown that this visible hadronic direction (VHD) is the 

leas~ biased estimator (IV-4). 

Longitudinal ~:om,1ntum 

There are several definitions of the longitudinal momen-

tu.~ fraction, z, which serves as an argument to the 

frac;:::entation functions. lie will find it useful to employ 

z+ anc z_, defined by 

(4-3) 

...-here e, p II (E, P Ill re fer to the energy and longitudinal 

~Dnentum of the individual hadron (total visible hadronic 

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

of the light-cone momenta IIV-5 J, they are inv;.riant und•?r 

Lorentz boosts along the longitudinal direction, whi~h 

means that they have the same form no matter which f rar.ie 

they are evaluated in. Choosing the hadronic cente~ of mass 

(CM) frame, we see that z+ (z_) is large for hadrons with 

a largo momentwn component in the forward (backward) direc

tion, relative to the direction of the struck quark. Since 

there is a symmetry in the hadronic CM frame beti.:~en the 

outgoing quark and the 'nucleon remnant that has O??OSite 

momentum, we can use z+ to para.~eterize the quark's frag

mentation, and z_ to parameterize that of the diguark i;;·ste::: 

or nucleon remnant. 

In figure 4-8 we display the distribution of hadrons in 

z+ and z_, separated by charge. These distribution3, which 

we will denote D+ and D-, are equivalent to the su.~ of sev

eral fragmentation functions. These su.~s are over all 

positively charged quarks and antiquarks (because we do not 

know the flavor of the struck quark or antiquarkl , and also 

sums over all the sar.ie charge hadron species (because parti

cle identification in the bubble ch~~ber is not accurate 
+ ..... J(+ -+ 

enough to permit the separation), i.e. D "' Du + Du + °a' + ••• 

Focussing on the ~ distributions, one sees the 

expected excess of positive hadrons over negatives, indica

tive of the fact that the outgoing quark has positive charge. 

'l'he FF and LPS simulations both reproduce the positive hadron 

---------------------------·-----
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distribution wellr both are less accurate, in complementary 

fashion, in reproducinq the neqative hadron distribution. 

Lookir:g at the z_ distributions, there is an apparent larqe 

discrepancy betw~en the data and both models for the ·positive 

hadrons. This difference is due to excess protons. Since 

they are relatively low momentum, they will appear at hiqh 

z_ values (the diquark fragment hadrons have low momentum 

when measured in the laboratory frame). Moreover, z_ is 

particularly subject to measurement errors, in that it 

involves the differences of quantities that are nearly equal. 

These two problems will prohibit us from makinq use of z_ 

in any detailed fashion. 

<or co~parison, we present D+ and D- as functions of 

zv in fiqure 4-9, where zv is the ratio of the hadron's 

lon3itudinal l!lO::lentum to the total hadronic momentum. These 

dist~ibutions arc quite similar to those usinq z+ as the 

argi::::ent, indicating that use of z+ is equivalent to use of 

zv or other more co:Tl:'lon fragmentation fraction definitions. 

Our results are in re~sonable agreement with those of other 

experi~cnts llV-6, III-7J. 

t·:e r:ow look at the dependence of D+ and D- on q2 and w. 
+ -In figures 4-10 and 4-11 we show D (z+> and D (z+), w~ere 

the dat~ have been separated into low -q2 and high -q2samples 

(-q2 • 15 [GcV/c212 is the separation). Whereas for each z+ 

bin the low -q2 and high -q2 data are nearly equal, the low 

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

.. 4#44444 WWW, JSJ¥.f44.l,WfPOQ ;wqq 

) ) 
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FIGURE 4-9 

D~s~ributions D+(zl and D-(z} for z • zvis , plotted 
se?arately by charge. LPS and FF model curves superimposed. 
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FIGURE 4-10 

oistribution o•cz+>• events separated into low and hiqh -q2 

(separated at 15 (GeV/c2>2>. LPS and PP model curves 

superimposed. 
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FIGURE 4-11 

Distribution 0-(z+), events separated into low and high -q2 : 
LPS and FF model curves superimposed. 
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positive hadrons. For the negative hadrons, there is a slight 

tentlency for the low -q2 to exceed the high -q 2, but this is 

not statistically significant. We do the same for low and 

high W, dividing at w2 • 45 (GeV/c2>2, in figures 4-12 and 

4-13. As for the previous distr'ibutions, there is a tendency 

for the higher w2 data to exhibit a softer fragmentation 

than the low w2, but this is not a strong effect. q 2·depen-

dent fragnentation functions have been reported in similar 

eY.perirr.ents previously [IV-7J. 

The LPS model fragmentation functions show virtually no 

q 2 or w2 dependence, as one expects from its scaling origin • . 
~!le FF ~odcl does show both a q 2 dependence, and a milder 

:>2 ce:;::endence; however, this model simulates neutrino scat-

tering with antiquarks in the target nucleon, which have an 

x distribution very near zero, which will therefore be more 

in evidence in the low -q2 data, That is, we anticipate 
+ 

that for the FF r.iocel, the.re is more o& contribution to 

o~r o• distribution at low -q2 .than at hi~h -q2 , The result 

is t!iat, whereas a frag;::entation function may not be q 2 

cepencent, the linear conbination of fragmentat°ion functions 

that constitute D+ and 0- may be q 2 dependent in that the 

relative contributions from the fragmentation functions 

dc;:iend on q2• 'i'he q2 , w2 correlation could explain the 

nilder W dependence. 

In figures 4-14 and 4-15 we display o+ in two q 2samples 

and two w2 samples, but now for only those events where 

)/ 
I 
I 
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FIGURE 4-12 
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Di.s'.:.r:.bution O+(z ), events separated into low and high w2 
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FIGURE -4-13 

Distribution D-<z+>' events separated into low and high w2
• · 

LPS and FF models superimposed. 
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nr;uRE 4-14 

Distribution D+(z+l• events separated into low and high ~q2 

(separated at 15 (GeV/c2J2J, for all events with x > 0.3. 
LPS and FF model curves superimposed. 
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FIGURE 4-15 

Oistributio~ O+(z+>• events separated into low and high w2 

(separated at 45 (GeV/c2>2>, for all events with x > 0.3. 
LPS and FF model curves superimposed. 
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x > 0.3. Kinenatically, this serves to separate the q
2 

and 

w de?er.dence, as the two variables are correlated through x. •· 

Physically, this selection enhances the data for which a 

valen~e q;Jark in the target nucleon is struck (the 'down' to 

'up' transition), since the sea quark 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-

ti on Again, the q2 separated data show a 

re~sor.a~ly consistent indication of softer fragmentation for 

tte higher -q2. data, but the effect is less pronounced than 

in the distrib~tion using all x events. (The same analysis, 

~sing zv rather than z+, yields similar results.) 

Tra~sverse ~o~entum 

The plane perpendicular to the VHD contains the two 

cc::-i:;o::e:-.ts of a given hadron's transverse momentum. We can 

s;·ste:::atically idc·ntify these components, because one will 

be perp<?ndicular to the plane formed by the momenta of the 

incide~t neutrino and outgoing muon. In that these lepton's 

d~rections are extre~ely well measured, transverse momentum 

relative to this lepton plane (LP) is rather unbiased. 

~oreover, the average of 2 
Pt from the lepton plane sho~ld be 

half that Of 2 from VHD, check the reasonable-Pt so we can 

ness of using the VHD in this way. 

In figure 4-16 we display the distribution of hadrons 

in transverse momentum (squared). Transverse JnOmentum from 

) 
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FIGURE 4-16 

Distrib~tion in transverse momentum squared for all hadrons, 

l/~-E dn/dpt2 • 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 c:.;::rnnC:cd by a factor of two to facilitate 

co~parison. The agreement between the two sets of data is 

quite good, testifying to the reasonableness of the.choice 

of the VnD as the longitudinal axis. 

The interesting feature of figure 4-16 is the region 
2 of higher transverse momentum, approximately pt > 1.0 

2 2 (GeV/cl (pt > 0.5 for the LP data). Here we see a signi-

ficant departure of the data from the LPS model predictio~. 

~he agreenent with the LPS model for low transverse momentum 

i~dicates that there may be another source of transverse 

r-.-:>r.entu..,, that gives a smal.l number of hadrons a larger trans

verse :::or-.cntu.'TL co:n!'.Jonent. If we again split the data sample 

into lo-.; <ind high samples in -q2 and W, as we do in figures 

4-17 and. 4-18 (VHD only), we see that this high Pt excess 

occurs primarily in the high 2 high w2 events. The low -q or 

2 a::d low 1·72 
-:; data are well simulated by the LPS model over 

the full ra~ge of transverse momentum. (This high Pt with 

high -q2 or high w2 phenomenon is also evident using trans-

verse rnomentu.~ from the LP). 

Previous neutrino and antineutrino experiments have 

re?orted no significant departure from phase space expecta

tions in transverse momentum distributions (IV-8, IV~9, 

IV-10, IV-llJ. However, more recent data (from neutrino 

experiments IIV-12Jand muon experiments CIV-13, IV-14J) with 

incident lepton energies comparable to that of this experiment, 

) 

. . • #wq . OU .4#¥.lAUffS,$0 ¢ 4.Q# .. ! $¥4.iWChfA I¥£ 

) 
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FIGt:RE 4-17 

Distribution of transverse mo~entum squared frOlll the VHD for 
a!l hadrons, events separated into low and high -q2• LPS 

model curves superimposed. 
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FIGURE 4-18 

Cistribution of transverse momentum squared from the VHD 
all hadrons, events sep~rated into low and high w2• LPS 
~ocel curves superimposed. 
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have reported risinq transverse momentum corresponding to 

rising -q2 and w2• The earlier results that show no depar-

ture ,..ere performed with lover incident neutrino energies, 

corresponding to q 2 and ff values where our data sees little 

departure from phase space. 

Were ,..e to duplicate fiqures 4-17 and 4-18 using 

s:r.aller r<snges of -q2 or w2, the statistical significance of 

the data would dirninish quickly enough to lose the evidence 
2 of the effect. Instead, we can use average values of pt 1 and 

pl ct tt.ese ver.sus finer q 2 and w2 bins. We do this in 

~igures 4-19and 4-20, where we see a consistently higher 

value of <p 2. in the data than the LI'S model gives, which 
t 

bec~:::es slightly more pronounced at the higher values of -q2 

or w~ ~nfortunately, these average values are dominated by 

the ~reat rnajority of hadrons with only a small transverse 

:::c~.c:r.ti.;."!l, so the effect that we are investigating, which is 

an <.?ohance:".:er.t in the tail of. a distribution, is considerably 

di:::inishe:d in these average value. comparisons. Nevertheless, 

there is a statistically significant trend in such distributions. 

~he existence of an excess of high pt hadrons is a bit 

of a delicate phenomenon because the full effect relies on 

only a s:r.all sa~ple of hadrons, which could be particularly 

subject to :r.easure~ent uncertainties, analysis procedures, 

etc. Investigations of several of these types of problems 

in~icate that these hadrons are not significantly different 

fro::: those in the low transverse momentum region. 

) ) 
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FIGUHE 4-19 

Average pt2 for all hadrons, versus -q2
1 4-19a is for pt2 

from the LP, and 4-19b is for pt2 from the VHD. LPS model 
curves superimposed • 
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FIGURE 4-20 

2 2 2 Averaqe Pt for all hadrons, versus W ; 4-20a is for pt from 
the LP, and 4-20b is for Pt2 from the VHD. LPS model curV•s 

superimposed. 
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Xeasurc~cnt uncertainties are reouired to be less than 

20 percent in nornentum determination; whereas this affects 

t~ice as many high Pt hadrons as low Pt ones, altering this 

maximu.• uncertainty limit within reasonable values does.not 

significantly change these results. Moreover, this moment\1111 

determination uncertainty is reproduced in the Monte Carlo 

si:i:.ilatior.s. The use of pt from the LP argues against the 

objection that the VHD is too biased. (Use of other axes 

for the longitudinal direction has shown that, although all 

tr~~sverse momenta seem to be excessively large, there is 

still an excess of high Pt 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 procedures is either well reproduced by 

t~e simulations or is only a small, negligible problem. 

Correlations Between Longitudinal and Transverse Momentwn 

l\e would now like to examine the correlation between 

the tra~sverse momcntu.~ and the longitudinal momentum 

fraction. ~e will do this considering the hadronic system 

from its C.~ frame, as we would like to distinguish the 

hadrons from the quark fragmentation from those resulting 

from the diquark 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 

fragr.ientation, as those hadrons with z+ > 0.2, and the 

backward jet hadrons, associated with diquark fragmentation, 

) 
) 

(,{, 

as those hadrons for which z > 0.2. Although t!:C,se c<:~i-

nitions undoubtedly reject hadrons that should be i~clMd~d 

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 minimu.-n (IV-151. 

We now re-examine the transverse mcner.tu."11 distril.;:.itions, 

this time separating the hadrons accordir.~ to whict'. jet t 1ey 

are associated. Figures 4-21 (VHD) aqd 4-22 (LP) displ !,· 

the transverse momentum distributions for the t,.o jets !;e:ar

ately, with the distribution for all hadr~ns su?erirn~=··~ 

for comparison. Three characteristics ar<i ir..;::eciatel:· 

obvious: the fast forward and fast backw<..rd hadrons 1:.v .... a 

much broader pt distribution than that ·fo1 all hadron:;; the 

high Pt region of the distribution for all hadro~s is ?O?M

lated almost exclusively by the forward jet and bac;.;...-;rc j~t 

hadrons1 and, finally, the forward jet hacrons have mer~ of 

a high transverse momentum tail than the tackward jet hadrons. 

We t th t · · ' 2 · -2 now separa e e even s into lo·.r ar.d high -q a:-.c. t·. 

events. In figures 4-23_ and 4-24 we display the cistributio~ 

in transverse momentum for the forward hadrons, separated 
2 2 into the two -q and two W samples. In both cases we see 

that the low -q2 or low w2 data are consistent with the 

LPS raodel, but the high_ -q
2 

and high w2 data show a signi!i

cant departure from this model in the high Pt region. (The 

FF model curves are also shown, but do not reproduce the 

data at all.) In figures 4-25 and 4-26 we display the sar.ie 



' 
FIGURE 4-21 

~is~~ib~tion of tra~sverse momentum squared from the VHD for 
al~ hadrons, for forward jet hadrons <z+ > 0.2), and for 
back~ard jet hadrons Cz_ > 0.2). LPS model curves (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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FIGURf; 4-23 

Distribution of transverse momentum squared from the VHD for 
for,.1ard jet hadrons, events separated into low and hiqh -q

2• 
LPS and FF model curves superimposed. 
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FIGURE 4-24 

:ist=ibution of transverse mo~enturn squared from the VHD for 
tc=ward jct ~adrons, ev~nts separated into low and high W~. 

L?S a:id FF model curves superimposed. 
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FIGURE 4-25 

Distribution of transverse momentum squared from the VHD for· 
backward jet hadrons, events separated into low and hiqh ~q2 • 

~PS and FF model curves superimposed. 
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FIGURE 4-26 

uistribu~ion of transverse momentum squared from the VHD for 

~ackward jet hadrons, events separated into low and hiqh w2 • 

LPS and FF model curves superimposed. 
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clistribution!>, but this time for the backwnrd jct hadrons. 

There is only a hint of higher Pt in the high -q2 or high 

1·:2 data, but as indicated by the LPS model, this is accounted 

for by the increased available phase space. Thus, the 

enhan=ement in the high transverse momentum tail at higher 

-q2 or higher W is present primarily for the forward jet 

haC.rons. 

In Table 4-2 we present several fits to exponential 

forms for these various transverse momentum distributions. 

n!~~o~gh each distribution is reasonably consistent with the 

a·:":::!-:;e (a "slor.c" to an exponential in the transverse mass 

of b s -5.8,for the distribution for all hadrons), there is 

a consistent trend favoring a broadening of the distributions 

.. · .. 2 cl w2 
"d i h 11 < i d > at .. 1g1.er -q an , ev1 ent n t e sma er magn tu e 

"slope" parameters. The forward hadrons even indicate the 

d 
. 2 reverse tren in q • These values can be compared with the 

similar ones given in references (IV-8, IV-11, III-7J, and 

to th~ several distributions in reference (IV-13]. 

!n order to em?hasize the q 2 and w2 dependence, we dis-
2 play the average va~ues of Pt for the forward and backward 

jet hadrons as functions of -q2 and w2, figures 4-27 and 

4-28. These distributions provide the strongest indi~ation 

of the effect ~e are examining; the average values of pt 2 

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 pt on average 

) 

TABLE 4-2 

Fits of Transverse Momentum Distributions 
to the Form exp(-b*mt) 

Values of the Parameter "b" 

all hadrons 
z+ > 0.2 hadrons· 
z_ > 0.2 hadrons 

all hadrons 
z+ > 0.2 hadrons 
z_ > 0.2 hadrons 

2 -q 

5.8 
4.7 
4.2 

li2 

6.3 
5.4 
4.8 

< 15 

±1. 6 
±1. 7 
±1.8 

< 45 

!l. 7 
±1.9 
:tl.9 

-q 2 
< 15 

s.s 1.6 
4.1 1.7 
4.8 2.0 

1-;2 
~ ~" 

5.3 1.6 
3.9 l. 7 
4.2 1.8 

all 

5.8 
"· 5 4.6 
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-g:2 ,:,2 

tl.6 
±1. 7 
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FIGURE 4-27 

;;·:erage Pt 2 versus -q2 for forward jet and backward jet 
2 2 

h3cro~s; 4-27a Pt fro.~ LP, 4-27b pt from VHD. LPS and.FF 
~ocel curves superir.lposed. Data from ref IIV-111 is 

included. 
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FIGURE 4-23 

;;.·.-~rage pt 2 •rersus w2 for forward jet and backward jet 
2 2 

hadro~s: 4-28a Pt froD LP, 4-28b Pt from VHD. LPS and 
FF ~odel curves superi~posed. Data from ref [IV-lll is 
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than is expected. Similar results are given in references 

IIV-11, IV-13, III-7J. 

;·:e ex?lore the forward and backward aspect of this 

as:fh.".etry in pt in figures 4-29 through 4-32. llere we plot 

2 2 2 average pt versus -q and W , but with three different 

values of rnini.Jllum z+ and z_. The backward hadrons do show 

a trend toward higher pt2 with increasingly higher minimwn 

z_, but this trend is well accounted for by the LPS model. 

The forward hadrons, however, show a significant rise in 
2 average pt as the forward requirement is strengthened, and 

al~a1s much in excess than the expectation based on the LPS 

mode:l ! IV-13 J. 

Perhaps the most intuitive manner of displaying this 

forward-backward asymmetry in Pt is via a variant of the 

•seagull• plot !IV-15). In figures 4-33 and 4-34 we display 

2 function of "?t > as a z+ and z _, in the two event.samples 

se;:iarated b7 2 and w2, q but with the z data plotted inverted -
and adjoined to the z+ data. The low 2 and low w2 data -q 

consistent with symmetry between the· forward and backward 

hadrons (the usi:al, _syll'.rnetric seagull), but fo.r higher -q
2 

ar.:i hi:;!-\er \·: 2 the forward hadrons have much higher average 

are 

2 ?t values than either the backward hadrons or the LPS model. 
2 It has beer. suggested that the 'Pt > dependence on the 

frag~entation fraction z has a form 

2 2 2 2 2 
"'Pt > = <pt frag> + z * (<pt prim> + <pt QCD>) (4-4) 

IIV-17, IV-18), where •fraq• refers to the contribution to 

) ) 



, 

78 

FIGURE 4-29 

~verage pt2 from the VHD versus -q2, for three values.of 

minimum z+. LPS model curvea auperimposed. 
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FIGURE 4-30 

- 2 2 Ave~age Pt from the VHD versus W , for three values of 

~i~inu.~ Z+· LPS model curves superimposed. 

0.11 
N 

(.J 

....... 
> 0.9 
QI 
(!) ..... 
0 

0.7 
:c: 
> 
/\ 0.5 
"'-
~ 

I • 

Z+> 0.4 
z+>0.3 

Z+>0.2 

) 

LPS I 0 
I 

0 I 

~ 

I r 
ti J~ ]A 
~ j 

8 --
16 32 64 128 256 

w2 (GeV/c2 ) 2 



, 
80 

FIGURE 4-31 

Average pt2 from the VHD versus -q2 , for three valuos of 
::!ininu.-ii z_. LPS model curves superilnposecS • . . 
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FIGURE 4-33 

2 2 
s~ag~ll var3us -q • Average Pt (VHO) versus z+ ;nd z_, 
plotted in ~seagull" fashion, for low and high -q events. 

LPS ~oeel curves superimposed. 
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FIGURE 4-34 

Seagull versus w2 • Average pt2 (VHD) versus z+ and z_, 
p!otted in "seagull" fashion, for low and high w2 events. 
L?S ~odel curves superimposed. 
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a ~edror:'s transverse rncmnnt~~ from the process of quark 

fra~cr:tation, "prim" refers to that contribution from the 

trar:sverse noncntum of the quark in the parent nucleon be-

fore the scatter with the lepton, and the "OCD" term comes 

fro:'.: processes calculable by that theory. Both of the z2 

terws may have a d~pendcnce on q 2 or w2 
or both. We have 

tried such fits to our data, using both Z+ and z - (We note 

that the LPS-generated seguls, althouqh forward-backward 
2 sy:=.:etric, still have z dependence to <pt > 1 and, of course, 

this does not arise from either of the two sources mentioned 

in equation 4-4.) Unfortunately, the effects of phase space 

do::iinate the seagull plots to such a degree that such fitting 

is unsuccessful; that is, the chi-squared values obtained in 

~est cf these fits is quite large, indicating that the data 

really cannot be well approximated by such a quadratic form. 

In fact, reference IIV-181 suggests that such fitting be 

performed for data in which w2 > 100 (GeV/c212 , and such a 

rest::ictio:-; •.:.;uld leave us with very little data [IV-191. 

As of yet, we have said little as to whether the source 

of high transv~rse momentum forward hadrons is dependent on 

q2 only, W only, or both. We now investigate this, looking 
2 2 2 at th~ a·1erage values of Pt as functions of q and w 

(figures 4-35 and <-36), but now with the data restricted 

by the req~irements w2 < 45 and -q2 
< 15, respectively. 

The q 2 data is quite consistent with the LPS model1 the w2 

data falls somewhat above the LPS curves, but not nearly as 

) 
) 
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FIGURE 4-35 

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

ev~~ts with w2 
< 45 (GeV/c2>

2 4-35a pt
2 

from LP, 4-35b 

?t2 ~=o~ V:iD. LPS model curves superimposed. 
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FIGURE 4-36 

A·:e::-age pt 2 versus w2 for forward jet hadrons only. All 
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pro~ou~ced as in the earlier distributions, where there was 

no restriction on either variable. The data favor the hypo-

thesis that the asymmetry is dependent mostly on W, and less 
2 on q , but the evidence in support of this is not strong. 

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

i.e. -q2 dependence for high w2 events and w2 dependence of 
2 the high -q events. Here the disagreement between the data 

and the LPS model is large for both, and somewhat larger for 

tl':e 1·:2 -:!ependence. Recalling the transverse momentum distri-

b~tions, and the parameterizations of Table 4-2, we note a 

more pronounced change in the shape of the forward jet 

distri~utions when the data is divided according to the w2 

2 va!ues than when -q separates the data. The seagull shapes 

a!so fa·;or w2 as the variable where the high transverse 

rr.c~entu.• effect is best evidenced. so, although each of 

these corr.?arisons individually are consistent with q2 being 

as i~?ortant as w2 , the combined effect favors w2 as the 

~~re relevant variable. 

Experimental Biases 

\\e need to consider the effects of our measurement 

procedures and the peculiarities of the analysis we have 

perfor:r.ed as pertains to any possible enhancement or diminu-

ition of the phenomena that we have just discussed. 

The areas 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, 

•., ;u •1•• .1. '"''· pee 1• ez wee s ""' .+P.4.WS r: m;;so;p 9;::;; gs >.44 P?R. 

) ) 
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2 -q > 15 
FIGURE 4-38 

Z+ > 0.2 
0.4 

rt·~·c:age pt 
2 versus w2 for forward jet hadrons only. All 

eve:its with -q2 
> 15 (GeV/c2) 2• 2 4-38b 

2 
438a pt from LP, 0.3 

I 
Pt fro:n VHD. LPS model curves superimposed. 

Q.. "' ...J _.. 

i u 
I A' 0.2 

i N ~ 
ci C> 

I I v-
0.1 I LPS 

I 
0 

0.8 

ON 
0.6 I J: 

_.. 

> u i ...... 
A ~0.4 

f 
f 

"'- C> f 
~ - I f v 0.2 LPS 

.. -····-~--......... ---·---..-·--------------..----.,.,.,.-..... _____ ~ __ _... _________ ,._ _______ ~-----·· ·-. 



) 
90 

our concern is not so much with the uncertainty in determin-

ing the moment~~ of a hadron from a measurement of its 

cu:::-vat:.irc as •.dth the possibility that this measurement is 

significantly more precise for low momentum hadrons than 

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

discussion around the data that we have just displayed. 

Be!o:::-e discussing several detailn of the analysis, we 

sr.oi:ld again poir1t out that a large fraction of the biases 

t~a~ our rneasure~ent precision or analysis procedures may 

i:-.t:::-c~uce are ·also reproduced by both of the Monte Carlo 

s!~~lations. In that these simulations, and particularly 

the Ll'S 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. 

T~ose aspects of the analysis and measurement that could 

::ct cff iciently be reproduced tend to be rather unimportant. 

~he first topic we covered were the lonqitudinal momen

ti.:.~ distributions, particularly the fragmentation functions. 

The analysis here is straightforward, with the momentum 

i:nc~rtainty the pri~ary area of concern. The criterion 

::-.?.t each !':adron must be measured with a precision of 20 

Fercent eli~inates much of the uncertainty in these distri

bu~ions; moreover, the simulations reproduced the mom~ntum 

i:ncertainty of the measurement procedures. The z_ distribu

tic~s are rr.o:e susceptible to poor measurements than the z+ 

ones, in that z_ involves differences of quantities that 

) ) 
are almost equal. However, for this and other. rcaso:i·s 

mentioned earlier, none of the subsec;u~nt analysis <.";is 

particularly dependent upon the precis,.. c·1aluati~:: o! 2 

As discussed previously, the major problem in these distri

butions (both that in z_ and that in z+l is the existence 

of excess protons. Although an attempt was made to eliminate 

protons from those distributions whencvt>r possih::.c, the ;: 

distribution of ~ositivc hadrons indicates that t~!s 

attempt was not entirely successful. ThLs, the t:ei:t ~;: 

to insure that the results illustrated ir. the precedi~.:; 

sections are not seriously plagued by the excess prot ,:,i; is 

to examine only the negative f:adro:ls. Scn·eral of t!1r :: i~i-

cal distributions that explored the hi;-h eransverse t'.~.7. ,.-. -::·..;..":'. 

phenomena and the forward-backward asyrnr.mtry were reproc.!i:ced 

using only negative hadrons, and the onl~· observable di ff er-

ence was the obvious loss of statistics. 

Transverse momentum distributions an· also subjl'ct to 

hadron measurement uncertainties, but the• same 11rgur.1ents 

used in the above paragraph apply here as ~ell. A possible 

concern is the systematic bia5 that may be introducej ty 

the incorrect choice of a longitudinal ixis. 

Transverse momentum measured relative to the lep~on 

plane is free of this bias, and also t£;ts the utility of 

the longitudinal direction that we c~ploy. In figure 4-3~ 

we display the momentum co~ponent of the total hadrc~~c 

momentum vector perpendicular to the lepton plan~. (:;ote 

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

~~~~·--~~._._. .... ~ .......... ..-_...,..~..-...,., ...................... ~ ............... ,.." ...... ._ ................ ""'~·"'~"''""""'"'·~··llll"'!t~.··· ... '~-~ .......... ~.~;o~41"1~•·q"""p~;;~.1~· ..... ·~:"'"'.--·"··~· ..... ~·"*"""--.............. "~·~· .... .-~-~·--~0?~l .......... ,~."·"""'·"~··'"'"'·~"~'~"~·ft"--,_.~"~-,....~ ........... --~~~~----··-
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FIGURE 4-39 

~istribution of transverse momentum of the total hadronic 
system from the lepton plane. Mean • -0.00017 GeV/c, 
spread • 0.43 GeV/c. 
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not the square or the magnitude.) The mean of -0.00017 

GcV/c and width of 0.43 GeV/c indicate that there is no net 

bi~s in using the VHD as the longitudinal axis. Transverse 

~o~~nturn 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 ver1 ~e~ hadrons which emerge at very large angles 

and often yield very poor stereo angles for reconstruction. 

~hese hadrons are few in number, and in any case, poor angu

lar resolution'will usually mean poor curvature resolution, 

which results in that hadron being deleted from the analysis. 

:·:o::-.e:-.t.u.-n is usually det~rmined from curvature; however, 

t.::e in·;erse 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. 

h;:.:;:endix B discusses an algorithm that we employ to eliminate 

such· a bias. Consequently, when one examines the distribu

tion nf (fractional) momentum uncertainty as a function of 

~ornentur:i (where the momentum has been evaluated using this 

a!gorith.~), there is a~ enhancement of larger fractional 

~~certaint1 at lo~ rnornentu.~ values. This enhancement is not 

big, but is una.~biguous. We have experimented with reason

able variations in our hadron acceptance criteria, particu

larly with the form of this momentum determining algorithm, 

a~d ~ith the value of the fractional momentUJ11 cutoff, 

and have observed no significant change in any of the 

) 
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Moreover, tho Monte Carlo simulations show similar character

istics, and so any indirect effects are reproduced t~cre. 

--- ______ ..,..,._~_,.~,_._,..,..._.~_..,....,.....,_,,....,_,. ....... ,_..,....,..~;~w_.,,,_.q ..... o-..•N ..... "'!'IJ~@~?,.... .... '!"'l,..,..\4~1~¥~i~4fC .... ~j"""*~J~.i--~1"""lf~f4•.~¥~+~N"""~.WN .... ,IP..,,.)4 ... ...,P ........ ,,_,,_~~J~l ... $ ..... 0...,,0~µ~1~=------.... ~ .... .,_....,,_.,... .... ,._ __ ~~~~-



) 
93 

NOTES TO CHAPTER IV 

!'.'-1 R. neil;:ian, Ci:R?I \~J\21-int-l (1978) 

IV-2 B. s. Yulcashev, et al., Acta Phys. Pol. B9, 513 (1978) 

IV-3 T. H. Burnett, ct al., Phys. Lett. 77B, 443 (1978) 

IV-4 v. J. Stenger, Proceedings of the Tooical Conference 
on ~eutrino Physics at Accelerators, Oxford (1978) 
9~· 99 

!V-~ J. Kogut, L. Susskind, Phys. Rep. 8, 75 (1973) 

IV-6 F. Ii. Brasse, talk given at the XX International 
Con!crence on High.Energy Physics, Madison (1980) 

IV-7 J. Bli'ctschau, et al., Proceedings of the International 
Cc;mference on 1:eutrinos, Weak Interactions, and 
Cos:r.ology, Bergen (1979) pg. 499 

:v-a J. Bell, ct al., Phys. Rev. 019, l (1979) 

!V-9 M. Derrick, et al., Phys. Rev. 017, l (1978) 

IV-10 J. P. Berge, et al., Phys. Rev. 018, 3905 (1978) 

~V-11 J. 1·:. Char>man, et al., Phys. Rev. 014, 5 (1976) 

IV-12 P. Bosetti, et al., Nucl. Phys. Bl49, 13 (1979)and 
~. OGden, ct al., CER~ preprint CERN/EP 80-66 (1980) 

IV-13 C. Tao, et al., Phys. Rev. Lett. 26, 1726 (1980) 

IV-14 J. J. Aubert, et al., CERN preprint CERN/EP 80-119 
(1980) 

IV-15 An alternative procedure for such a separation, relying 
on the variable xii• 2*9ll I W, where pll is evaluated 
in the hadronic center of mass frame, has been. 
!n·1es':iga ted. The difference in this variable, 
co~pared with 2+ and z_, is small (for xii away from 
zero), but requires a Lorentz boost which intro
duces unavoidable biases into the analysis. 

IV-~6 An excellent description of the "seagull" effect is 
given as one of the appendices in reference (IV-BJ. 

) ) 

IV-17 M. Gluck, E. Reya, Nucl. Phys. Bl45, 24 (1~78) 

IV-18 M. Gronau, Y. Zarmi, Phys. Rev. DlB, 2341 (1973) 

9,; 

IV-19 We should point out that, because o;.:r lo:.:it·~1.:.:-:,.: 
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However, this does not affect the fitting proce
dure, and only indicates that the motivation (fer 
reference IIV-1811 for performing such tests is 
perhaps not relevant to our data. 
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CllAP'rER V 

CONCLUSIONS 

In this section we will discuss the results presented 

in Chapter IV and review them with respect to their inter

pretation. 

Hadron fragmentation, as parameterized by the sums of 

f=ac;:::entation fu:ictions that we have presented, can be 

u:iderstood 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

r.:cntation functions. (We are referring, of course, to the z+ 

distrib~tions; as discussed previously, the z_ distributions 

are not to be given much consideration.) The FF model 

d~scribes the positive hadron distribution quite well, as 

:::igh': be ex?ectcd wh~n the hadron jet generation begins nec

essarily with a positively charged quark or antiquark. The 

ne;~tive ha=ron distribution is not so well modelled by the 

FF si:::ulation, perhaps because the suppression of negative 

hadron !orr.:ation in thi~.rnodel is strong. (We should note, 

r.o·h·ever, that the disagrec:::cnt is most apparent in the high z 

re3:.on, -...·here e•1en the models are uncertain.) Nevertheless, 

longitudinal :::o:::cntum is distributed via a mechanlsm which 

does not change drastically within the range of the inclusive 

\'a=ial::~es of this study, and does not differ much with the 

distribution obtained by employing momentum conservation, 
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limited transverse momentum, etc. alone. 
2 The q dependence of the positive fragrncntaticn 

is not expected based on either of the two r.iodels we h:we 

employed. Neither of these models has any such dependence, 

other than that very indirect connection based on dif ferinq 

available phase space (V-lJ. ~he soft · f • ening o the fraq~enta-

tion function with increasing -q2 is expo_cted, h 01o:ever, fro::: 

QCD processes (III-14, V-2, V-31. Although hadron frag::ient.J: ion 

is one of the least tractable topi'cs for OCD, the qualit~Live 

effect is still expected. (Actual calcula"tions perform.,d 

predict only the change in fragmentation ft:'.lctions with q2, 

or, equivalently, relationships between no:r .?r.ts o: frac; ~·•!r ':a

tion functions.) Naively, this is because at higher -c;2, 
' 

when the probability of having a distinct crluon in the f i:.al 

state is larger, the subsequent (almost) iucependent f·:ai;i. 

mentation of the two partons will result i11 had=o:is ~.-i ·:~ less 

momentum each than if all the hadronic r.:o:::(:;: tu.-:i were i: a 

single fragmenting quark. 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 -q2 , which is 

in qualitative agreement with what one would expect if QC~

related processes were ~esponsible for fraqr.lentation. 

The enhancement of high transverse monentu.~ hadrons is 

also outside the realm of either of our models. Both :::odels 

attribute Pt to hadrons based on distributions that depend 
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2 on -q or W o:1ly in that the pt given must not exceed the 

av~ilable energy. Again, QCO docs predict that this high 

pt phcno~enon will arise with increasing -q
2 

or w2 
[V-4, 

v-S, V-6, v-7, V-SJ. This is because large angle emission 

o: a gluon by the fragmenting quark is more likely to occur 

at large -q2 or large w2 Thus there is a large transverse 

mornentu.~ between the two partons, which gets transferred 

to t!':e hadrons that are subsequently produced when these 

parto:is frag::'.ent. Fortunately, QCD can be more quantitative 

for this Fheno~enon. An analytic calculation for deep 

in~lastic neutrino scattering with neutrinos of our average 

energy re~roduccs the high pt tail of our transverse momentum 

distribution, and reproduces the -q2 and w2 dependence as 

well. Such curves, superimposed on our data, are illustrated 

in figures S-1 and 5-2 ;v-9J. 

Although this calculation has none of the details of our 

~easurernent or analysis procedures included, the agreement is 

still significant. 

The final topic, that of the forward-backward asymmetry 

i~ the hadronic transverse momentum distributions, is closely 

related to the previous one. Neither model reproduces this 

;:!':~nc:'.'.~non, and in fact, comparison with either model is 

~e~nir.gless in that neither model treats the forward and 

ba=%~ard 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 

) 



) 

lCO 

FIGURE 5-1 

Distribution of transverse momentum squared from the VHD for 
all hadrons, separated into events with -q2 

> 25 (GeV/c
2

)
2 

and those with -q2 
> 25 (GeV/c2>2• Curves are that depicted 
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FIGURE 5-2 

Dis~ribution of transverse momentum squared from the VHD for 

all hadrons, separated into events with w2 c 50 (GeV/c
2

)
2 

and those with w2 
> 50 (CeV/c2 l 2• Curves are that predicted 

by OCD [V-1). 
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proc~dure that all hadrons are generated, and the classifi-

cation of a hadron as to forward or backward is purely a 

matter 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 r.-.odel. The FF model also could be extended 

to treat the fraC]!llentation of the diquark system distinctly 

from the quark. However, in that this model is largely 

pheno~enological, this would require the parameterization 

of diquark fra~entation.) The arguments based on QCD applied 

to the general topic of high pt hadrons apply here as wellJ 

:r.oreo·1er, QCD does address t;he forward-backward comparison 

in related ways, which apply at least qualitatively to the 

results that we have shown [V-10, V-8). However, the 

calculations performed are, again, incapable of properly 

treating the non-perturbative ('soft') contributions to 

tra:is'lerse mornPntu."11, and so we can only note the qualitative 

aqreernent with our data. 

!n adjition to the high transverse momentum forward-

bacf:·,;a:d asymmetry that we have presented here, analysis of 

t~e shafe of these high transverse momentum events has been 

perforr.i'.!d, ir.dicating a preference for the large transverse 

~a~ent~" to align itself in a planar, as opposed to cylin

drically sy;:-.::ietric, orientation. This is highly suggestive 

of so"'e process similar to the emission of a gluon that QCD 

describes. rv-101 

.. ; ? ( O!' .sew GPOJ¥ 1?4 .¥•• 
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Inde:>endent of any theory, we can conclud~ the follo'W

ing: we have observed the longitudinal 1T.o~cnt·.:r.: dis:::~=·•

tion of the hadrons, as described by fragr.;entation functicr.s, 

and have found them to be quite consistent with dependence 

primarily on phase space considerations, and with a rnild 

softening that dopcnds on -q2; we have found that the tra~s

verse momentum distributions are also well described by 

phase space, except that there is a significant excess c! 

hadrons at large values of pt; the occurrence of these h~;h 

h d . 2 2 Pt a rons increases with increasing -~ or w ; and, fi~ally, 

when we categorize the hadrons as to association ·,;ith c-:~-~ .. ::

the forward jet or backward jet (viewed fr :>rn the ha:!rc ... c 

center of mass frame) , it is the forward j ?t hadrons t..~.11 

display the -q2 and w2 rise in transverse · norr:en tu.":!, •.rh 1 ~" 

the backward jet hadrons behave acccr<ling to the cons :r:i 1 ;:-:s 

of phase apace. These results are all in ~ualita-:ive a~:ee

ment with the expectations of QCD, and \·:h1•re calculat .er is 

possible values exist, they are in reason<.t.le quantit; tiv~ 

agreement as well. 

The uniqueness of this analysis lies in the novel:( c! 

the forward jet - backward jet comparis1n. Although pre

vious experiments have analyzed the correlation bet~een 

transverse momentum and longitudinal mornentur:i, this has been 

in terms of the forward jet hadrons only. The ability c! th.? 

bubble chamber to measure hadrons of all momentum ~ell per

mits us to identify and analyze the backward jet hadrons. 

1. 4 , a 4 I » OF. ·' • . .. 
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This allo~s a comparison with the results from analysis of 

the forward jet hadrons, and enabled our discovery of the 

high -q2 (high w2> asymmetry of the transverse momentum 

distributions of these two jets. 
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NOTES TO :J!hPTER V 

V-1 The -q 2 dependence of D+ and D- is, as discussed in 
Chapter IV, due primarily to the neutrinn scatterin; 
with the antiquarks more frequently at lo~ -q2 than 
for high -q2. Thus the actual frag~cntation 
functions are not g~ dependent, but the su.•s of 
the fragmentation functions that constitute o+ and 
o- are. 

V-2 J, F. Owens, Phys. Lett. 85B, 67 (1978) 

V-3 T. Uematsu, Phys. Lett. 79B, 97 (1978) 

V-4 H. D. Politzer, Harvard Preprint HUTP-77/ao38 (1971) 
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AP£>ENDIX A: 

The TWO-Plane External Muon Identifier 

~xperir.:ent S46 was the first bubble chamber experiment 

to e~ploy the expanded 2-plane EMI III-2, II-31. An improve

ment over the original, the 2-plane EMI consists of 18 delay 

line readout multiwire proportional chambers in the first 

plar.e, 21 in the second, and the associated electronics to 

a.~pli!y, digitize, and record the MWPC data. In addition, 

18 s~aller wire chambers were installed in a fledgling 

Internal Picket Fence [A-1), but this data was not employed 

for the experirrent. 

The la~·out of the EXI and the bubble chamber is dis

pla;·ed 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 Cone vertical, one horizon

tal, ar.d one at a 4S degree angle). The position of these 

pulses, which yields the position of the particle passage, 

can be determined by recording the time taken for the pulses 

to reach the amplifiers at the ends of the delay lines. Such 

pulses were ar:.plified and digitized as to time of arrival, 

and recorded on magnetic tape. On-line monitoring and data 

acquisition was facilitated through the use of a PDP-11 

corr.puter. 

~he data so 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 ti~cs 

and positions, using known pulse velocities of the delay 

lines. As many as seven pulses could be recorded for a 

given hit in a chamber, to be used for a deternination of 

the time and position (in the two dimensions of the r.l·:PC). 

Thus, reconstruction involved a four constraint fit. 

Inefficiencies, random hits, concide:ices, etc. required · .. 1s 

to utilize JC, 2C, and lC fits as weLl in muon identifi-

cation IA-2 I. 

The major limitation in the EMI for i :lentifying ir.mrs 

iG due to the requirem~nt that the muon ca:1diclate pas~ 

through so much absorptive rr.aterial (7-10 .1bsorption 

lengths). This limits the minimum mornent·m muon that ca:. b~ 

identified to one with approximately 4 Ge'l.'c in the direc

tion of the EMI. For muons with mo::ientu.-:1 higher tha:i this, 

the primary limitation is the geometric coverage 

planes of MWPC's. This results in an BS percent acc.:i?ta;:c.; 

for negative muons. Other sources of losses are negli~i~!e, 

and of little concern for this analysis. Sources of false 

muon identification can be largely elL~i~ated by a few si~

ple kinematical constraints placed on the muon candidate. 

These are discussed in Appendix B. A thorough dis~ussio:i of 

the EMI, a& pertains to the validity of its muon identifi

cation, can be found in references III~C, II-SJ. 

____ _.._~..,_,.,....-~~--------.at~-----------------···· .... 
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1:0TES TO APPE:-IDIX A 

A-1 ~. L. Stevenson, Proceedings of the Topical Conference 
on Neutrino Physics at Accelerators, Oxford ~1978) 

A-l In fact, the upgrading of the EMI was not completed for 
this experiment; thus, some Y.WPC's could only 
produce a maximum of 6 encodings per hit, or a 3C 
fit. 
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lll>l'E~:DIX 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 measurements were 

reconstructed and extrapolated to the two planes of wire 

ch~~bcrs that constitute the EMI. Comparison between the 

extrapolated position and the positions of real hits in the 

:::-::;: detcr:r.i::ed the charged current events. The precise . 
crit~ria th~t must be met for classification of a charged 

current event are as follows: 

Pri~ary vertex location: the primary vertex must be 

~ocated within a restricted volume within the bubble chamber. 

T:-.~s volu.":1n can be generally described as that region within 

11·) c::1. of the chanber equator, greater than 5 cm. from any 

wa~l. an~ further than 70 cm. from the downstream wall (to 

i::sure room for the measurement of the hadron system within 

t:-.e: !Y~bb:i.e c!-.a:::?::erl . The event t0ust be visible from all 

t~.::ee ca::.~ra a:l<;les. 

Xuon track: the muon candidate must have a'trajectory 

within the bubble chamber characteristic of a muon, i.e., 

no large scatters or interactions (the loss due to inelastic 

i:-.ucn-n;;cleon scattering is negligible), no electromagnetic 

stowers, etc. This track must have greater than 4 GeV/c 

:-.:i:-.cntun in the neutrino direction. The measured length must 

exceed 70 cm. 

I ) 
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EMI Match: The two solutions that are ~atched to t~e 

extrapolation positions from the reconstructed track "-USt 

have resulted from at least 4 encodings e.:i.ch (as :-.:my as 7 

are possible). They must have times within 350 nsec of one • 
another. The closeness Of the fits between hit fnd extra-

polated positions are measured by a·4 degree of freedom 

chi-squared and a corresponding probability. That is, 

p • (1 + x2
> exp(-1/2 x2

> 

2 2 + 2 
X • XX Xy (B-1) 

2 Xx ,. (bXl' 6X2l C(X1 ,x2) (AX1 , tiX2) 

xy2 is similar to xx2; the covariance matrix is d~-~r

mined almost wholly from the uncertainty in the extrai:;:>l.:.tion 

and this is primarily due to Coulomb scattering and tl1e 

momentu.-n uncertainty of the reconstructed track. (.:.x1 . :::2> 

corresponds to the difference in the EMI hit position a.1c 

the extrapolated position for the (lst, 2nd) pl'a:ie. '[h? 

probability, p, that results must exceed 1 percent. 

Selection of Analysis Sample 

Only a subset of all tho identified c.1argcd 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 inco~~atible 

with the processes that are to be investigated. The actual 

event sample used were selected according to the following 

criteria. 
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· 7he projection of the muon's momentum in the plaPe 

?"!"?endicular to the neutrino direction was required to be 

gr~ater than ~O degrees from that same projection of the 

total hadronic moment~~. This requirement was imposed to 

elL~inate & small background of misidentified charged 

current events, where a hadron masquerades as a muon. 

The correction factor, "g", by which the hadronic 

en~rg/ is scaled to compensate for that component of the 

r.~=rc~ic energy lost in undetected neutral hadrons, must be 

less than 3. This requirement eliminates those events for 

which our ~stimate of the neutrino energy, and therefore 

-~ 2 , ~ etc. is too uncertain. 

The kinc~atic region of interest requires that we avoid 

events w:-.cre the hadronic srstem is likely to be dominated 

by t:-.e e!fects of resonance production or other nonscaling 

~:·.c:r.on~na. Moreover, we would like to insure that there is 

enough available energy in the hadronic system to permit 

its dcvelop:nent without being dominated by momentum and energy 

conservation. Thus, we require 

total hadronic en~rgy > 10 GeV 

-q2 
> 2 (GeV/c2J 2 

l'1 > 2 GeV/.:. 2 

Event ~"as~re~ent 

Ever.ts were measured using a set of guidelines IB-11 

tl:at were formulated on the basis of previous neutrino-nucleus 

) ) 

experiments (B-2 ). The emphasis of these rules ~:as to 

determine the incident neutrino energy and analy~e the 

characteristics of the produced hadrons. The charged 

hadrons can be easily analyzed; analysis of the n~utral 

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~~rc

ment guidelines stated, in brief, as follows. 

All charged tracks from the primary vertex are to b: 

measured. 

All vees, or neutral strange particl• decays 

+ .... II or A .. pw-), and all neutral hadron interac-

tions that are consistent with the neutral hadron origina

ting from the primary vertex are to be measured. 

All photon materializations (gamma • e + e -) within t,.·o 

radiation lengths of and consistent with pointing to the 

primary vertex are to be measured. 

All particles originating fro:n 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 than" 25 percent. 

·-~-~~~-------------,,_.------~----._..,..._....__.....,__..--a, __ .,_ __ ~-------------------------------~-----~~ 
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In the above, the estimate of whether a neutral induced 

s~·::or.dary vertex is cor.sistent with a primary vertex origin 

!or the neutral hadron was a subjective one. Neutral hadron 

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. Vces and gal'U!la naterializations were measured 

liberally, since either kinematic fitting or pointing algor

it~=-s .... ould later determine which actually are related to 

~.e pri~ary vertex. 

Analrsis 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 ~ould result from these choices are 

discussed, as appropriate, in chapter 4. These choices are 

as follo...-s. 

Cete.r.:iination of particle momentum. The magnetic field 

that surrounds the bubb.le chamber bends the trajectories of 

charged particles according to the momentum of the particle 

and the angle it makes with respect to that field. However, 

t~,e algorithm for reconstructing the track's trajectory and 

cc~~r:-.ir.in'.J the r..ornentum treats curvature (in units of 

1/:-.o:-.(!ntun) as the relevant variable, along with the two 

a~1les. In that the mean value of the inverse of a quantity 

is not a larqe sample of measurements will not be correctly 

) 
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doterl'lined from the curvatures. To minimize this bias, . .,,,. 

have instituted a variation of the usual morncntu;:: dctc!':-.:~:~-

tion procedure, based on including the next term cf att 

expansion of momentum as a function of curvature and its 

uncertainty. Specifically, for any charged tra~k whose 

momentum is to be determined from curvature, that momentu.~ 

value is given by 

IB-2) 

where k, Ak are the curvature and uncertainty in curvature, 

respectively. For those tracks whose fra'ctional mo:r.ent\;.:n 

uncertainty is greater than 25 percent, and thus have t~e 

tracks from its downstream vertex measured, the ~o~entu., 

(magnitude) is determined by adding the momenta of t~e 

secondary tracks and scaling this up by 20 percent to 

account for the expected loss of neutral hadron encr~y. :~e 

direction, of course, can be determined quit~ well fro~ a 

straight line between the upstream and downstreai:i vertices. 

(We note that, in that the emphasis of the analysis centers 

on hiqh transverse momentum hadrons, this ~rocedure \.'i:i.l 

yield an accurate determir.ation of the angle at ~hich the 

hadron is produced, and a lower limit to the hadron's rno~er.

tum, and therefore only detract from, and never enhance, 

the effects we are con~entrating on.) 

Particle identification. In general, particle iccnt~-

fication is not possible for this experiment. ~:uons can l::e 

determined in most cases (see Appendix A and ref !II-4, II-SJ), 
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and only events for which precisely one muon exists are 

e>:<:.~in.-?d. 1·:hcre:is electron identification is often impre-

cise, ,..e ex.,ect fc-.1 primary electrons, and misidentifica-

tion of tracks from neutral induced secondaries is not 

L"?Ortant. Separating protons from positive pion& and kaons 

is us~ally possible only for low momentum tracks, when the 

hadron slows enough to identify itself, either by the 

heavier bubble formation (due to heavier ionization) or if 

tt.e t.acron stops within view of the cameras. Using an 

ap?roxirnate range-energy relationship, 

Rs 200 * p 3 · 32 (R in cm., pin GeV/c) (B-3) 

which is an approximation to the range-energy relationship 

,..e have analytically calcu~atcd B-3 , we see that a 500 

!'.cV/c proton travels 20 centimeters before stopping, and 

a l Ge\'/c proton travels 2 meters. Thus, for any proton 

with co~entum higher than a few hundred MeV/c, visual 

ide~tification is unlikely. ·Previous studies (IV-2, IV-3) 

t.ave also found that above this momentum range proton 

identification is very uncertain. Thus, although we do 

attec?t to identify protons, we are not really capable of 

such identification for all but the low momentum. proton~. 

Si~i~arly, identifying other hadron species, i.e. separating 

pic~s fro~ kaons, is rarely possible. For all exclusive 

distributions that we study here, we will only distinguish 

tt.e hadrons according to electric charge. (Neutral strange 

particles can, in general, be identified in the bubblo 
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chamber1 however, in that we are only concc;rncd ·~·ith the 

charged hadrons, such identification is of no vnluc.) 

Inclusive quantities are d~ter.nincd in a st•aigt.t-

forward fashion, with virtually the sole source of error du~ 

to the uncertainty in determining the neutrino e~ergy. 

Given this quantity (the estimation procedure for the 

neutrino energy is described in Chapter 4), one defines: 

q2 (k - k')2 

W2 • (q + P)2 

x.• -q2/2*(P•q) 

y • q•P/k•P 

(5-~; 

where the four vectors k, k', and Prefer to the neutrino, 

muon, and target, respectively. 

The definition of rapidity, transverse rnonent~,, fraq

mentation variables zt, etc. all rely on an estimation of 

the direction of the quark after it is struck, which is 

presumably that of the total hadronic syste~. Here t:.e loss 

of neutral hadrons again plagues the analysis. !t t.as 

been determined !IV-81 that a relatively unbiased estinator 

of this direction is given by the sum of the mo~enta of 

all charged primary hadrons with all related neutral-induc.-?d 

secondary vertices. For the purpose of exa~ining the 

transverse momentum distributions, this will yie:d an u~~~r

estimate, as this axis minimizes transverse rncrnent~~ of tt.e 

tracks in an event. The effect on longitudinal distributions 

will be small, as the transverse momentum is usually only a 
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sr..a11 ·fraction of the total momentum and thus not a larqe 

soarce of error. 

For t~e exclusive distributions, all primary hadrons 

that are not positively identified as protons are candidates 

for the analysis. Xeas·.irement errors, particularly the 

ur.=ertainty in the nomentum, are usually ignored, unless 

t!-.i:~· are larga. S;..ccifically, when the momentum is uncer-:-

tain er.ou~h (fractional uncertainty in curvature> 20 percent), 

or the geometric reconstruction for the track yielded an 

i.;ncertain fit (RMS deviation> 30 microns on film), the 

tra~r. was delet~d from the distributions considered. Note 

that this is not the same as deleting the track from the 

ar.alysis, as it is still used in determininq the inclusive 

quantities and the total hadronic direction (presumably the 

large fractional momentum uncertainty of a single track 

~il: not induce a large fractional momentum uncertainty in 

t~e total hadronic mo~cnt~~). We have experimented with 

these cuts, observing the effects of changing the values 

individually, and have found that our results are relatively 

inser.sitive to rcasonah~e variations. 

T~e definition of the fragmentation variable is some-

what arbitrary, in that several definitions have been used, 

yieldir.9 similar results. We have employed z+ and z_, given 

by equation (~-J), viz. 

z~ • (e+pll)/(E+Pll 

·..-::ere (e,?:• ) and (E,i'H ) refer to the hadron, total hadronic 

syste~ energy and longitudinal momentum, respectively. 
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we have also used a definition based on the ratio of longi-

tudinal components of the individual hadron's momentur;; with 

the total hadronic system momentum, and found virt~ally 

indistinguishable distributions with respect to z+. 
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B-1 University of w.1shi119ton Internal report VTL-ON-78 
(1976) 
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B-2 Each of tl!e research groups participating in this 
ex~c~iment have previously been involved in one 
or ~ore similar experiments using neutrino and/or 
antineutrino beams in the FNAL 15-foot bubble 
cha::-.ber. 

B-3 G. Swider, University of Washington Internal Report. 
VTL-KEP-44, 
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APPEllDIX C 

Monte Carlo Simulation 

~leutrino-nucleon interactions have been simulated via 

Monte Carlo techniques according to two different models. 

One ~odel, which has been termed 'longitudinal phase space', 

r.i~ics only very ~eneral pro~erties of hadronic jets in 

si::-ulating these interactions. The other, based on the model 

of ~acronic jets by Field an~ Feynmann (discussed in Chapter 

3), uses that specific iterative hadron generating scheme,· 

adapted for this experiment, to produce its own •events' 

!or anal:.rsis. 

;he general structure of both of these simulations is 

oriented toward co~paring distributions from these models to 

those !ro~ our data. For this comparison to be valid, one 

~;.;st insuie that any discrepancies between two versions of 

sc~~ distribution are due only to the differences between 

t~e ~ay th3t the ~odcl describes the relevant process and the 

... ·ay that process actually happen·s in the experiment. This 

~cans that any ef ~ects that our measuring and analysis 

;:::::-occd'..lres ha•:c ~·..:st either be eliminated or similarly intro

d;.;:::ed in the simulation. We have chosen the latter path by 

producing ~easured events via our simulations, and pro~essing 

ti:ese 'ev.ents' through the exact same analysis as the data. 

7r.e primary sources of discrepancies avoided hy this procedure 

are those that would result from the bias introduced by the 
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acceptance of the EMI and those that would result frc:n t::e 

neutrino energy estimation procedure. (The selection of 

events with muon transverse momentum greater than 4 CeV/c 

is also mimicked, so that this effect is present un the 

simulation results as well.) 

This procedure in itself is not enough. Inventing data 

at the post-measurement stage does not exclude all biases 

due to the event selection and measurement procedures. o! 

particular importance here are the effects of rneasureo:-.·?-· : 

errors ;i.nd of not observing all of the particles in ar. e·!~r.t. 

To mimic these effects, our simulations include the follow

ing. The events simulated ar~ actually positioned in tt.e 

bubble chamber, with the selection of the primar)' vertex 

according to a uniform distribution. The same routine t.1at 

determines whether an event is within our prescribed 'fi!u

cial volume' for the real events is also applied to the 

simulated ones. Once positioned in the cha:nber, ttie sa::-.<? 

algorithms used to reconstruct a real event within the 

bubble chamber from the three projections that the ca~eras 

record are now employed in reverse to insure that the s:.:-u

lated event could have come fro:n images on !i~"" that o;.;r 

scanning and measuring procedures 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 tho s~aller value between tr.e 

di!ltance to the chamter wall and 

------------........----~--~.,,___--....---------·---·-.. ---·- --·--. 



) 

125 

the expected distance to an interaction (selected so as to 

yield the interaction probnbility for the neon-hydrogen 

wixture and the particle momentum). As this estimates the 

length that a real track would be measured, the momentum 

uncertainty can be determined. The values of the momentum 

3~d an~les that are actually used are based on the model

detcr::-.ined mornentu.~ and tho track length, randomly varied to 

simulate tho expected gaussian distributions in curvature 

and angles. The simulation of photons produced by neutral 

pions uses the primary vertex position to determine whether 

the p~oton conversion occurs within the bubble chamber. 

Electron pairs arc created and included in the measurement 

record ·..-hen 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

~ent, and processing system ar~ imposed on the simulated 

e·rer.ts. Several other sources, however,· are not. Hadronic 

interactions are difficult to model, and are neglected. Thus 

pri~ary hadrons in the simulated events will never be 

ascrited a mo;nentu.~ value based on summing the momentum o! 

t~e secondary hadrons from the primary hadron's downstream 

interaction, (which can happen for hadrons from the real 

e\·e:its). Similarly, neutral hadron interactions are never 

i~clcdcd in the energy estimation algorithm for the simula-

teo:! events. Brensstrahlung for electrons is ignored, so the 
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momentum determination for simulated events' elcctro~.s is 

more precise than that of real events' electrons. ~:orecver, 

no unrelated pairs from photons (from bremsstrahlung or 

other sources) can be included in the energy esti~ation 

algorithm in simulated events. These differences are rather 

small if suitable precautions are taken in the analysis 

procedures1 their effects, and the precautions taken are 

discussed where appropriate in Chapter 4. 

we will briefly discuss each of the t"•'O simulatior.; 

below. A more complet.e explanation of both is given ir 

reference [III-9J. In both, the neutrino ~pectru..~ use~ f~: 

generation of the events is that calculate~ for the ccnf.iqu

ration used in our data collection run 111-11. 

Longitudinal Phase Space 

The LPS model is basically a scaling model. The .,,., tues 

of x (the momentum fraction of the struck quark) are 1 el·?C

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 froc. tho 

neutrino energy and x and Y• 

The hadronic system is created using three assur::ptions: 

the multiplicity of .hadrons is chosen to follow a linear 

dependence on the logarithm of W (with one third of the 

hadrons neutral an average); the longitudinal mo~onta are 

selected such that the rapidity values are unifor::il~· dis

tributed within the kinematically allowed range; and the 
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tr<insvcrsc mo:-1ent:a are chosen to yield an exponential be-

havior, depending on the transverse mass and having a 'slopd 

p<ir~•et:er of b= -6. Of course, conservation of charge, mo

~entu.~, and energy are enforced, which often aignificantly 

a!ters the momentum selections made according to the above 

specifications. 

one can see that this model will be useful in distin

guishing which characteristics of the data are due to the 

lir.its imposed by kinematics and finite neutrino energy, 

cou?led wi-th a hacronic system that evolves with only very 

general jet-like properties. As the te.nn phase space implies 

differences between this simulation and real data can be as

cribed to the underlying dynamics of the process being ~tudied. 

The major inefficiencies of this simulation are primar

ily t:h~~c involved with measurement difficulties. In that 

real data co::ie from measurements of film, measurement uncer

tainties related to stereo angles, film imperfection, and 

reccr.struction affect the data in a fashion that is not 

~asily re;.:>rod·.ic•~d. Problc::is associated with nuclear effects 

(the tubble chw"ber fill is neon and hydrogen) are not repro

d;;ccc, either. However, these problems are rel'atively small, 

and car. be minimized by more stringent measure111ent requirements. 

Field a:-.c! Feyn:::an l~odcl 

7he nature of this model is discussed in Chapter 3, and 

o! co:1rsc, in ref IIII-9, III-10, III-11 I. ilere we will 

only discuss the p~rticular fashion in which the lllOd~l 
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was employed. 

Implementation of this model is straightfon.-ard as c~~

cerns the jet related to the struck quark. Any l"adror.ic 

processes related to the remnants of the target.nucleon arc 

beyond the ~cope of the model, ar.d so actual us~ requires 

that the user develop a method for dealing with the t:~rg~t:. 

We have employed a simple-minded procedure here, ~hich 4~

volves refo.nning a baryon using the target remnant and the 

very last quark which can no longer fragment accordir.g to 

the model because of insufficient energ~·. T~is bar,-o:'! con-

tains the remaining momentu.'TI and energy, and is selcc':-:?t! t:) 

be the simplest baryon that contains that: assemblage o! 

quarks. Thus, only protons, neutrons, lambdas, positive 

sigmas, and the doubly charged 'delta' resonance (1282) are 

formed. (No other resonance need be considered beca~se a~ 

least one 'up' quark will always re~ain.) Ot course, the 

delta is decayed, and the lambda treated in the Clf?ropriate 

fashion for a neutral strange particle. In ~he case of an 

antiquark scattering with the neutrino, 4 qu;irks ,..ill ::e::-:iir., 

and the final jet-related parton will be an a:itiq:iar!;. .-. 

meson and a baryon are then produced, with quark content 

and momentum content of each arbitrarily shared. 

Vector mesons a~e produced in this jet generation 

scheme, as are pseudoscalar mesons that have a short lif~

time. The decays of such mesons are handled in a straight

torward manner, including all final states that have a 
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branching ratio of 10 percent or more. Sequential decays 

arc pro;:ierly created; e.g. production of a K• requires that 

its decay be nodclcd, which can result in a Kos which must 

then be dcca:i•.:id, sometimes yielding two neutral pions. that 

then are decayed, etc. 

The efficiencies of this simulation are basically the 

sa::ie as those of the LPS simulation. The rather unmotivated 

fashion emplo1ed for terminating the hadron generation 

iteration will mean that one should not seriously consider 

any distributions or analysis that rely heavily on the low 

mo~cntu.~ hadrons. Moreover, the parameters used in the 

si~ulation are those given by the authors. No attempt bas 

been maje to alter any to them in order to gain better 

aqreement between the model and the data. 
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