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LEPTONIC AND HADRONIC SCATTERING 

By Claude David Rees 

Chairper11on or the Supervi11ory Committee: Profesaor H.J .Lubatti 
Department or Physics 

A neutrino-Neon (antineutrino-Neon) 11catterlng experiment u11ing 

the Fermilab 16 foot bubble chamber for analysis 111 compared with a pi 

plu11- (pi minue)- Neon scattering experiment at 30 and 64 GeV /c in the 

CERN BEBC bubble chamber. The compari11on analyies nuclear effects, 

excluding the EMC effect. 

The Fermilab neutrino experiment (E646) used a Ne-H~ (47%atomic 

Ne) mixture at 20.6 degrees KelTin and a density or 0.66 gm/cc. Charged 

current events had the muon identified by the External Muon Identifier. 

The average neutrino energy wu 90 GeV, and the ratio or neutrino to 

antineutrino induced event.a W811 approximately 6:1. All events were fully 

meBSured. 

The CERN pion experiment (WA51) used a Ne-H2 (60%atomlc Ne) 

mixture at 20.16 degree! Kelvin and a deruiity or 0.71 gm/cc. The 36K 

pictures obtained were fully scanned, and positive, negative, Identified 

proton, and •straight• track multiplicitie11 recorded for all accepted events. 

A 11ample or approximately 1200 event.a at 30 GeV /c had all charged 

track11 messured. 

Average multiplicity and dispersion are linearly related. Identified 

proton multi plicitiet agree well with the prediction of the Andersson 

model. Multiplicity correlation11 with identified protona are studied. KNO 

scaling rli11tributions, fits to multiplicities as functions of W2 and Q2 , and 

the behaTior of variou11 moments with energy are presented. Correlations 

between variables are studied, ratios of nuclear to nonnuclear production, 

and inclu11ive distributions are compared for pi- and neutrino-Ne for 

different Q2 . An exce&B or particle11 in the backward11 hemisphere i11 seen 

in both the ratio of nuclear to nonnuclear multiplicities and in two

psrticle rapidity correlation.11, pretumably from nuclear reinteractions. In 

neutrino-Neon, searches for coherent intera.ctioD.1 and a nucleon resonance 

are reported . 

U11ing an l11ospin 11ubtra.ction te<:hnique, protons too f811t to be identified 

by ionir.ation are statistically Identified, their rapidity distribution derived 

and compared with the LUND model prediction. There sre approximately 

0.6 11uch protom per event, with roughly hair from the primary Ter

tex and hair from nuclear effects. Results are consistent with the ftavor 

dependence or neutrino 11cattering, with diquari breakup. 
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CHAPTER 1 

INTRODUCTION 

§ 1.1. Bute Background. 

Thie dissertation deals with the comparison of nuclear effects in 

high energy leptonic and hadronic scattering. When an incident particle 

interacts in a nucleus, the secondary system produced in the interaction 

can then interact with constituents in the remainder of the nucleus . These 

reinteraction effects are our subject of inquiry, as well as effects involving 

the nucleus a.a a whole . 

(The nucleus may have another influence different from such rein

teraction or group interaction effects . Nuclei are ~ually considered to 

be a superpot1ition state of nucleons Ill, described by some wave function 

'il(i'1 , f2, ... , fi, 81, 82, ... , Ii, ... ), where the fi are the coordinates of the 

constituent nucleons and the 8i represent other quantum numbers of these 

2 

nucleona, such as spin, ieoepin, elc. In addit ion nuclear models often in

clude an effective field of exchanged virtual piona as a model of the nuclear 

binding force 121; but the nucleons are considered to be the aame u free 

nucleons . Because nucleonB are composite objects, this is not necessarily 

the case. Squeezing nucleons together in a nucleus might very well alter 

the properties of their constituents. 

(There is recent evidence of just such an effect 131 [4] • Experimental 

results show that the structure function F2 (i:), which can in turn be re

lated to the momentum distributions of constituent quarks, is d ifferent for 

nucleons in nuclei than for free nucleons, and in a manner opposite to any 

difference coming from Fermi momentum alone 151. It has been suggested 

that this effect can be explained by including scattering from the virtual ~ 

field of the nucleus 18 1 ; however, careful calculatiom with realistic models 

for this scenario evidently rule this out 171. Currently there is no good 

explanation of this •EMC" effect (for European Muon Collaboration ISi 1 

the discoverers of the effect) . It seems entirely reasonable, however, that 

some such effect could arise from superposition phenomena of quark wave 

functions. In short, free nucleons and nucleons in nuclei would not be the 

same. 

(Such an EMC effect is outside the scope of this dissertation, and will 

not be dealt with here .) 

Chen that nucleons are coD11tituent objects themselves, and that the 

mechanism of hadronit:ation of constituents is not ver1 well undel'9iood 

even in particle-nucleon scattering, one might well ask, "Why go to the 

added com plication of using a nuclear target 1 Won't it just confuse the 

situation more, and make the interaction hopelessly complex?" 
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Perhaps the first resporuie to auch a question should be that anu 

well- defined problem is a valid subject of 11cientific inquiry; the fact that 

such a problem is not well undeutood perhaps cries for more inquiry, not 

less . Beyond auch a purely philoaopbical reply, there are entirely practical 

reaaons to investigate high energy nuclear interaction phenomena. The 

very complexity of the problem may be a boon in disguise; perhaps some 

overall statistical model become& valid in such a many-interaction picture, 

which can in turn be both simpler and very revealing of the properties of 

the interaction and matter in g~neral {for example, the statistical theory of 

gases). Entirely new effect&, such 88 the EMC effect IVI, can be discovered 

and yield new physical inaigbt. And perhaps most importantly, nuclear 

reinteractiona aerve BB an analyzer of the newly produced hadronic state, 

and u such can provide important information on the badroniz.ation 

mecbaniam, one of the central unaolved problems of modern day physics. 

Prior inveatigations have focused primarily on comparing propertiea 

of different nuclei in high energy scatteringl'°l . Thia inveatigation uaea 

a different tack . Data for the aame nuclewi (Ne) are compared under 

identical circumatanceB but for four different types of incident beam: 

Jr+, Jr-, 11 1 and li. Nuclear effects or neutrinos have not been extenaively 

investigated . 

Having both particle and antiparticle beams permits us to compare 

isospin- rotated final states (the Ne nucleus is iaospin 0), and thus to iden

tify additional baryon& in the final state where they cannot be identified by 

ionization alone (due to high momentum I• 11 ). Differences in the average 

path length traveraed by a Jr- induced aystem and a <vi - induced aystem 

provide a link to the number of reinteractions 1121. Further nuclear rein-

teraction differences may arise from the four- jet pion ayatem and two-jet 

neutrino system, or the different initial quark content of the system (12] _ 

What tools are available in the final state to study nuclear reinterac

tions? Clearly protons in the final state are direcUy linked to nuclear 

reinteractions, and both protons identified by ionization and the isoapin 

technique are extensively studied and used in the analysia. Nuclear rein

tcractions will increase the net multiplicity, and many multiplicity fea

tures are studied and compared for leptonic and badronic aystema in our 

experiment . lncluaive distributions, normalized 88 (l/<1,)d<1,/d8, which 

repreaent the average multiplicity for reaction-type u, per d8 interval, 

are analyzed and compared. Correlation& of the lorentz invsriants of the 

interaction (such 88 %BJ and ~) are conaidered. Two-particle rapidity 

correlation& are analyz.ed. A search for coherent events is carried out, and 

a aearch for a resonance aignal of proton production (.6 j:.,). An algorithm 

(called the NUCTST algorithm) baa been developed to divide events into 

nuclear~nriched and nuclear- depleted categories, and is often uaed to 

analyz.e our data . 

Briefly, the experimental technique used WM 88 folloWB. 

The neutrino experiment took place at Fermilab, near Batavia, Ill ., 

USA . High energy pioDB and kaons focused by a quadrupole train generated 

the neutrino beam uaed from their decay& to lepton and neutrino. lnterac

tioDB on neon were analyzed in the Fermilab 15 foot bubble chamber. 

The muon produced in charged current interactions wss identified by 

the External Muon Identifier 1131 , an array of proportional wire cham

bers separated from the chamber by abaorber, by extrapolating leav

ing tracks from the bubble chamber to the EMI . Interactions with a 
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muon meeting cut criteria were then fully meaaured on preciaion digitiza

tion meaBuring devices, including all neutrals within two radiation length&. 

The result& of these measurements form the neutrino data sample used 

in thia experiment . 

The pion experiment took place at CERN, near Geneva, Switzerland. 

Pions were generated from 200 GeV /c proton& incident on a beryllium 

target, and ir+ or ir- beam& were aelected at 30 GeV /c or 64 GeV /c. 

Interactions on neon were analyzed in the BEBC bubble chamber, with the 

beam line tuned to inject only a few piona per chamber cycle. The picture& 

obtained were fully scanned. Interaction& occuring on accepted beam 

tracks had their charge multiplicity, both positive and negative, recorded, 

and the multiplicity of identified proton tracks recorded. The results were 

corrected for H2 interactiona, coherent interaction&, and had a multiplicity 

cut applied to eliminate acan inefficiencies. In addition a sample or eventa 

for ,...+ and ir- incident at 30 GeV /c had all charged tracks measured. 

The multiplicity acan reaults and the meaaurement &ample form the pion 

data sample used in this experiment. 

Finally, I will briefly describe the physical layout of this disaertation . 

Section l.2 is a gloaaary or symbols used throughout the remainder 

of the dissertation. Chapter 2 provide& theoretical background for the 

analysis, including a ca.11t of character& (elementary particles), a acript for 

their interaction (the ElectroWeak force, the Strong force), a acenario 

(high energy neutrino interactiona), and finally a brief excursion into 

nuclear reinteraction effect& theories. Chapter 3 describe& in detail our 

neutrino experiment, and chapter 4 detail& our pion experiment. Chapter 

5 deals with a few key analysis technique& used, including the NUCTST 
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algorithm. Chapters 6, 7, and 8 preaent the results of the analyais, grouped 

respectively into multiplicity results, kinematic diatribution results, and 

whatever might not flt into the first two categoriea (•other" reaults). 

For a brief summary of the reaulta, aee aectiona 6.1, 7 .1, and 8.1. Theae 

sections, titled "Chapter Overview", provide highlighta of the results 

contained in each respective chapter. 

§ 1.2. Some frequently ued 1ymbols. 

The following is a gloBBary of symbols used in this cli1111ertation. A few 

symbols, by common usage, have more than one meaning, in which caae 

it is usually clear from the context which meaning the symbol carries. Ir 

doubt could remain after considering the context of uBBge, the aymbol 

meaning is explicitly given where it appear& in the text. 

The ordering is alphabetical. Greek symbols are alphabetized by their 

engliah transcription. Generally there is a reference (enclosed in square 

bracketa) to the aection where the symbol ia defined or uaed following the 

brief description given here. 

Glouar11 

A number or nucleons in a nucleus 

gauge Heida or photon field [2.2J 

6 baryon 

6 impact parameter [appendix AJ 

/3 velocity in units where c = I 



cc 

d 

D,. 

E 

laff ... 

12--
pr 

fcoh 

7 

speed of light in ncuum 

speed of sound in nuclear matter !2.61 

the normalized absolute moment in N;,: 
300pt((N;,)')/(N;,)' !8.21 

neutrino Charged Current event 

diquark 

l:J.. ++ --+ p +~with the proton not identified by ionization 

[8.4J 

Kroneker delta 

the variation under a group symmetry G [2.2J 

the dispersion in N;,.: y((N;,)'1')- (N;,)2 !6.21 

covariant derivative 8,. - igA,. [2.21 

electron charge or electron 

energy 

completely anti11ymmetric tensor with values 0 or I (Levi
Civita symbol) 

energy of incident neutrino [2.4] 

Mueller's correlation function in N-,.: 
(N;,(a)N;,(b)) - (N;,(a))(N;,(b)) for a:/= b [6.6J 

correlation function in N;, :((N;, - (N;,))3 ) + 2(N;,) -
3(D;,)2 [6 .6] 

fraction of all events that are coherent events [4.2J 

ratio of nuclear to (nonnuclear + nuclear) events: 
N Nu.:t•t-+2 /(NNuct.t-+2 + N Nucf•t--2) [7.2J 

F; 

g 

G 

GBonn 

1 

8 

fraction of all protons that can be identified by ionization 
[4.21 

weak structure function [2 .41 

the U(l) gauge invariant field combination 8,.~ - 8.,A,., 
12.21 

the extension of F,,11 to a non- abelian group [2 .2) 

coupling constant [2.21 

Fermi coupling constant 

energy correction 8Cale factor for Bonn neutrino energy 
correction method [3.21 

energy correction scale factor for p~°' neutrino energy cor
rection method !3.2j 

lorentz factor I/~ 

.f-dimensional Dirac 1 matrices (see appendix B) 

the product 1112131• 

B or Hi the generators of a compact continuous group [2.2J 

1:,;-;:,,;t Q/inol -Qinitiol = +l,-1,0 weak leplonic currents [2.21 

1:, J-;,, J~ weak hadronic currents [2 .2] 

JP (spin)parity j2.3J 

le,. Fermi momentum [7 .3J 

L lagrangian density [2.2J 

M matrix element [2.2] 



m; 

Mw 

Mz 

ll 

( 11) or 11 

g 

mass or particle .,.,, 

mass or w boson 

mass or z boson 

folding factor . 16.6] 

the energy of the virtual W: E11 - E,. 

11 = the number of interactions in a nucleua, (11) = average 

11 [2.5, etc.J 

number of positive minimum-ionizing tracks 

number of negative minimum-ionizing tracks 

number of minimum-ionizing tracb or uncertain sign 

number of charged tracks 

number of identified protons 

N•"'°•er number or minimum-ionizing tracks 

N;rotl number of negative tracks produced. 

(N;r) = EN--1 N-l1N-/ EN--1 <1N

for incident ~+ ( 11) and 

EN--2(N- - l)<1N - / EN--2 "N

for incident ~-(Ii). [6.2J 

N, .. , the number of P/.aectracks l6.3J 

(Np),,_ 1 the average number of protons produced at one scattering 

vertex in a nucleus [6.3J 

NUCTST the algorithm uaed to create nuclear-enriched and nuclear
depleted event samples in(vlNe [5.2] 

NUC = +2 nuclear enriched events, chosen by NUCTST algorithm l5.2J 

IO 

NUC = 0 all events l5.2J 

NUC = -2 depleted events, chosen by NUCTST algorithm l5.2J 

p 

p 

"' ?/J(z) 

PT 

·P(i) 

n(v) 

q 

r 

R 

four- momentum or magnitude of p 

three momentum 

fermion field 

KNO scaling function [6.5] 

a non- identified proton, due to Pproc > 800 MeV /c 17.5] 

transverse momentum (to incident beam) 

the probability of condition •i" 

the probability or ll interactions in a nucleus [6.3J 

four-momentum transfer in 11 interactions, or a quark field 

momentum density of quark Oavor m l2.4J 

electric charge 

the absolute nlue of the square of the four-momentum 
transfer in neutrino interactions 

the rapidity gap, ie the difference in rapidity of nearest 

rapidity neighbors [8.2J 

space co-ordinate 

radius of Neon 

the ratio tr(e+e--+ hadrons)/tr(e+e--+ µ+µ-) [2 .3J 

the ratio of multiplicity in X + Nudeua(A) to multiplicity 

in X +Nucleon [6.4J 
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RA 

Rv 
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RA evaluated in our neutrino data using the NUCTST al
gorithm 

ratio of production of baryon decuplet states to baryon 

octet states [8.4J 

the efficiency of a /;,. cut [8.4] 

the normalized two-particle rapidity correlation function 

[8.2J 

the square of the hadronic four - momentum in hadronic 
scattering, ie ( ir + p )2 

cross section 

the square of the four-momentum transfer between incident 
current and target in a diffractive process [8.3] 

the four-momentum transfer between incident current and 
target in a diffractive process [8.3] 

tmin the minimum possible value of ltl, given Mx, incident cur
rent ii, and magnitude of the momentum of the X system 

[8.3J 

r or r Ir'' r• Pauli matrices (see appendix B) 

De 

Ow 

ZBJ or% 

Cabbibo mixing angle between quark generations [2 .3] 

Weak mixing angle between SU(2) and U(l) coupling con

stants [2 .2] 

the square of the hadronic four- momentum in hadronic 
scattering, ie (q + p)2 

t ± z, light cone variables [2.5] 

Q2 /2p·q [2.4] 

JI 

II 

l/lcJ. 

I/cm 

z 

z 
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Feynman z , PH /Pmo.z, where Pm&JI i11 the maximum possible 
momentum of a particle 

leptonic variable, JI= q·p/k·p [2.4] 

rapidity, JI= t ln[(E +p~)/(E-p1)], with Pl along incident 
beam direction 

rapidity in lab frame 

rapidity in CM frame 

E/ E,,.u, the fraction of maximum pos11ible energy a par
ticle carries 

z in the lab frame 

z in the CM frame 

atomic number 
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CHAPTER I 

THEORETICAL BACK.GROUND 

See Appendix B for the notational convention med in this chapter. 

§ 2.1. Elementary particles. 

Since Democritus 111 first intuited that there must be some "smalle!t" 

particle of matter, the •atom" 1 the nature of such "elementary particles" 

has been a subject of theoretical and experimental inquiry. One of the 

requirements we might posit for an "elementary" particle is that there 

should be only a few types of such elementary particles, from which we 

could build an arbitrarily complicated reality by using a specified iteration 

scheme, or "theory". 

On this basis of number of types, science h81! been a downhill inquiry 

since the days of Aristotle, who (unfortunately inaccurately) managed to 

reduce all matter to only four basic constituents: Earth, Air, Fire, and 
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Water. With the discovery of elements, or in modern parlance atoms, and 

the enumeration of the periodic table 121 the number of b81!ic constituents 

grew to the size of the periodic table, or something the order of 100, if 

we don't count isotopes 81! anything new. But then a great leap forward 

(or downward, 81! the c81!e may be, to a smaller number of '"elementary" 

particles) occured with the discovery of the electron and the elucidation of 

the structure of the atom 81! a lump of heavy positive charge surrounded 

by orbiting electrons 131. Since atoms are electrically neutral, and all 

electrons have the same charge, the implication follows that the positive 

charge in the atomic nucleus also must come in lumps, with some neutral 

fumps thrown in to account for atomic isotopes. 

Calling the positive lumps •protons" and the neutral lumps •neutrons•, 

science seemed to have at lut caught up with Aristotle and reduced all 

of nature of four constituents: Electrons, protons, neutrons, and someth

ing to carry light around (either an ether or particles of light, •photons"). 

Unfortunately the ability to probe distance scales on the order of atomic 

distances and smaller, while providing an initial simplification, proved 

a mixed blessing and soon the •elementary particle" cat W81! again out of 

the bag. Heavy leptoDB, or muons, which were exactly like electrons except 

for some added weight, were discovered 141. PioDB, lightweight spin-0 par

ticles which act as an effective carrier of the strong force to bind together 

the positive charge in an atomic nucleus, turned up 151. Neutral leptons, or 

neutrinos, were found in varieties to match both electrons and muons 181. 

A veritable plethora of particles associated with distance scales~ 1 

fm came popping out of nucleons as soon u energies appropriate for this 

distance scale became available 171. All together, the elementary particle 
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candy shop WM again ottering on the order of 100 different varieties. Such 

a complicated scenario veritably cried out for a further simplification 

analagous to the periodic table: Finding a few constituents from which 

the complicated list of particles could be built by following some simple 

rules . 

Leptons, which we can define as fermions that do not feel the strong 

force, were poor candidates for having constituents. Tests related to the 

theory of the electromagnetic force (Quantum ElectroDynamics, or QED 181) 

established that electrons had to be structureleBB, pointlike particles, down 

to distances of 10-3 fm, or very much smaller than nucleons 1111 . However 

the puffy nucleons and their associated grab bag of particles were ideal 

candidates for having constituents . In a manner exactly equivalent to 

Rutherford's original experiments finding the heavy nucleus in the atom (to), 

constituents of the strong- interaction mesons and baryons were discovered [t l) 

and their nature slowly ferreted out. 

These constituents, quirkily called •quarks" 1121 from a quote in James 

Joyce's Finnegan• Wake ("three quarks for Muster Mark!", with the 

obscure connection being the "three"), could be used to build up all 

the strong- interaction particles according to a set of combinatorial rules 

called SU(3). Again the number of elementary particles contracted dramati

cally, down to 2 leptons and their neutrinos in the lepton sector and 

3 quarks in the hadronic sector, for a total of 7. (Here we are count

ing antiparticles 88 being part of the "rules" of making particles, and 

we have magically explained away light 88 merely a symmetry trans

formation property of the electrom agnetic t heory, analagously to gravita

tion in General Relativity.1 131) 
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However, the story is not yet closed. AA science probed to enr- smaUer 

distance scales, or equivalently ever- higher masses, new particles on the 

lowest constituent level currently known were discovered. The three old 

quarks, called u, d, and a, for up, down, and strange, were joined by c and 

b, for charm 11 •I and bottom IHil , and a new even heavier lepton called ,. 

(which presumably has an SBsociated neutrino, vr) W88 discovered in e+ e

annihilation experiments 1181. 

To round out this cast of characters there are 12 "gauge fields", 

so called because they appear 88 manifestations of a symmetry property 

of the theory, just 88 gravitation appears as a manifestation of General 

Coordinate Invariance. Of these only four have been observed directly, 

the photon (A,.), the two tl.Q = 1 weak interaction fields (W±), and the 

tl.Q = 0 weak interaction field (Z0), which together are the carriers of the 

electroweak force It 71. The strong force carriers make up the remaining 8 

gauge fields, called gluons. 

Due to the regular arrangement of particles under the rules of the 

electroweak interaction (see Section 2.2), a sixth quark, the t (for top) 

quark is postulated and believed to exist. In addition, the procedure 

for giving the weak interaction gauge field.A a m88s so that the weak 

interaction will be short range leaves behind an artifact, at least one spin-

0 field called a Higgs boson 1181. Currently no experimental indication or 

a Higgs boson has been found. 

This leaves two questions in the list or truly •elementary-9 particles. 

First, no quark ha..s ever been observed in a free state, raising ques

t ions about the VBlidity of having an •elementary pii 1cle" that cannot be 

directly observed, even though u and d quarks can essentially be treated 



as massless objects. AB discWJsed in section 2.3, the strong interaction may 

require a type or inverse vacuum screening, which in turn would imply 

that quarks always come in the multiquark combinations, such as qq or 

qqq. That is, quarks are •confined" inside hadrons, or muJti-quark ob

jects, making the question or direct observation moot. This confinement 

would account for lack or observation or free quarks. 

Secondly, will the list or quark- and lepton- level elementary particles 

continue to fill out indefinitely u prior •elementary particle" li11ts have! 

Two reMsurances that this may indeed be the bottom level are at hand . 

One is that a co11mological argument 1101 puts the maximum number or 

light neutrinos at 4, implying a maximum or one more lepton and quark 

generation. (In any case, a forthcoming measurement of the z0 decay 

rate will determine the number or light neutrinos exactly 1101 ). The second 

is that strong interaction theory establishes a limit or 16 types or light 

quarks in order to retain an observed property or the theory known as 

"asymptotic freedom" 12o). 

The current list or elementary particles, including the projected t 

quark and the artifact Higgs field h, is shown in figure 2. l. l. The quarks 

and leptons are arranged in left-handed doublets and right- handed singlets, 

as is appropriate for the SU(2)i ® U(l)EM electroweak theory. Since 

the masses or the quarks are not eigenstates or the electroweak inter

action hamiltonian, the quark fields appearing in the doublets are actually 

mixtures, with Cabbibo mixing 12 11 shown on the figure (see Section 2.2) . 
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FIGURE 1.1.1. 

Elementary particles. (Arranged according to SU(2)i © U(l).u1, with 
Cabbibo mixing.) 



21 

§ 3.2. The ElectroWeak Interaetlon. 

The electroweak interaction 1221 is described by a unified, renormaliz.. 

able quantum theory of the electromagnetic and weak interactioIUI due 

to S. Weinberg 12111 and A. Salam 1241, who developed the theory indepen

dently. This theory is the simplest realistic model that can be devised 

to unify the weak and electromagnetic interactions using the principle of 

gauge invariance, and is termed the •standard model." ~of this writing, 

the standard model is in agreement with all measurements testing it 1251, 

including the famous prediction of the muses of the W± and Z gauge 

bosoIUI, recently observed for the Brat time at the CERN pp colider [ZG) . 

Quarks couple to all known interactions, whereas leptons do not 

couple to the strong interaction; that is, leptons do not carry a •strong" 

charge. Since neutrinos are electrically neutral, neutrinos cannot couple 

. gnetic interaction and couple only to the weak interaction 

(gravitation is ignored in this discussion). Neutrinos are thus ideally suited 

for isolating weak interaction effects. 

At low momentum tramrers (lql < Mw, where q is the four momen

tum transfer A: - le' and Mw is the mus of the W boson, which mediates 

the weak interaction), the weak interaction is well described by a local 

current X current form, where the currents are evaluated at the same 

space- t ime point, 88 opposed to the electromagnetic interaction . Th.is 

phenomenological form is a result or the large mass of the W boson, 

with the CERN nlues for Mw R1 81 GeV /c2 and Mz R1 93 GeV /c2 . 

Fermi first postulated such a current X current interaction in 19341271 to 

provide a model for nuclear fl- decay. The fi rst-order low energy limit of 

the standard model reduces to the current X current form and the usual 
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electromagnetic lagrangian. 

"Gauge theories" are so called because a symmetry of the lagran

gian provides an invariance under some set or traMformations; if these 

transformations are connected to a space-time symmetry, they provide 

a "gauge". However, there is no reason to restrict this symmetry to such 

geometrical gauges, and the weak interaction gauge 1ymmetry is actually 

an isospin symmetry coupling to weak isopin charges of quarks and lep

tons. Such a symmetry not connected with space-time coordinates is 

ref erred to 88 an "internal" symmetry of the interacting field. 

To derive the rules or calculation or a model we demand that the 

action be stable under arbitrary variatioD.B, i.e. that 

for arbitrary t1 and t2 and where the variation vanishes at ti and t2. L 

is the lagrangian demity and is a function of a set of fields;;, i = l...N, 

and their gradients. The lagrangian must be a Lorentz scalar to yield a 

Lorenti invariant theory . The lagrangian that yields the Dirac equation 

of motion for a free spin-1/2 fermion field ~ is 

(2.2 .1) 

where the 1,., µ = 1...4, are the usual 4--dimensional Dirac gamma matrices 

and m is the mus of the field. 

Any even power of a field, such u the mMs term in equation 2.2.1, 

is invariant under a unitary traW1formation of the field 

1'-+ ti>'= u~ (2.2.2) 
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since fltfl--+ fltutuy, = ftfJ. Thi1111uggests that the full lagrangian may 

be invariant under such a tran11formation, as indeed it is if u 1:- u(x), that 

is if the transformation does not depend on the space- time coordinates. 

Such a transformation is called a global transformation 11ince the field fjJ 

is rotated by the same amount throughout 11pace-time. Ir, however, we 

require the lagrangian to have this symmetry at each point of space- time 

independently' then u = u(z ), and term11 involving the derivative or the 

field gain an added term : 

O,.t/J--+ 8,.-fl' = u(z)O,.'fJ + [O,.u(z)J'fJ. (2 .2.3) 

(This more stringent requirement of independence of z re11ults in "local" 

symmetry). 

Any symmetry haii a1111ociated with it a group G and a group operation 

'*', since a symmetry literally means that there is a 11et of elements that 

map into them11elves under some iterated operation: S --+ S' = S. The 

added term in 2.2.3 causes the lagrangian to lose its group symmetry for 

a local transformation : 6aL 1:- 0. To restore this symmetry we add a set 

of new fielch to compensate for the derivative term: 

(2 .2.4) 

and require the A,. to transform in such a way as to cancel the added term 

in 2.2.3. Terms involving D,. will then transform like Y,, ie 6aD,.'fJ = 

0. These added fields are called gauge fields , and since they have the 

same transformation properties as O,., are always vector fields. D,. is the 

"covariant" derivative . 
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Any unitary transformation u can always be written u e-iH with H 

hermitian; for the suhcase or a continuous compact group we write u = 
- il1z1 .D: h il h "l( e , w ere spans t e group space and ti x) therefore represenlll 

the parameter space of the group. Ir we choo11e G = U(l) (unitary 1-

dimensional), then ii = q, a real constant. In this case we require 

(2.2 .6) 

or 

(2 .2.6) 

which implies 

(2 .2.7) 

that is, 

(2.2.8) 

Since the new fields~ contribute to the 11tres1-energy of the syatem, they 

mu11t appear in L not coupled to f in some term F(A,.), where F(A,.) must 

satisfy 6u(t) F(A,.) = 0 to retain gauge invariance. Since 6u1i1 A,. rv 8,.i, 

the obviou11 solution is to create an operator antisymmetic in derivatives 

to eliminate the 8 dependence: F,.v = 8,.Av - 8vA,. . Then F""F,_ will 

satisfy the requirement or 8 invariance and Lorenh invariance. 

We have arrived at the full U(l) lagrangian : 

(2 .2.9) 

Lagrangians for more complicated symmetry groups are con11tructed in 

analagous fashion. 
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If the generator11 of the group (B) do not commute amongst them-

11elves1 then by the group composition rule [Hi, HiJ = ic;;1iH", where 

the c;;1i are the structure constantll of the group. For each generator we 

introduce a gauge field A~ to compensate for the derivstive term in 2.2.3, 

and D,. in 2.2 .4 becomes D,. = (8,. - igA,. ·R). Then wi before condition 

2.2.5 requires 

(2 .2.10) 

For an infinitesimal transformation (9i(z)-+ fi(J:), so exp(-iO·B)-+ 

1 - i£·H) this becomes 

or 

.A~.ft = (1- ,1.ft~.ft(1 + ,1.ft)- ~(-i(8,.1)·H)(l + ,1.il), (2.2.11) 
g 

(2.2.12) 

to first order in l. The first two terms in 2.2 .12 constitute the comutater 

(2.2 .13) 

where we have written out the vectors in component notation and use 

the convention that repeated indice11 are summed over. Since the Hi are 

linearly independent, this gives the variation in A~ 

(2.2.14) 

~ 11een from the derivation, the new term ~ A,. comes from the non

commuting property of the Hi. In turn this new term implies that the 
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simple form used for F,.., in 2.2.9 is no longer gauge invariant. Ir we can 

find a modified F~ that transforms like the fundamental representation 

of G, then the combination F~.,Fi"" will satisfy 6c F~Fi"" = 0 by 

the antisymmetry of the structure constantll. From the way in which A~ 

transforms (2.2 .14), we see that the term11 from 8,.,A., - 8.,A,., that are 

~ (8,.€)A can be cancelled by adding terms to F~ that are of the form 

Ai A", since 6Ai ~ 8,.,(i. If we add gci;1iA~A! to 8,.A., - 8.,A,.., this exactly 

cancels all terms~ (8,.,c)A and leave11 8,.A., - 8"uA" + gc;;1i£iA~A~"' 

F"'" and therefore this new combination transforms in the required way. 

So defining 

(2.2.15) 

gives 

(2 .2.16) 

and 6c F~u.,Fi,w = 0. By u11ing the kinetic term formed from 2.2.15, 

- ~ F~.,Fi"", and the appropriate covsriant derivitive for G 

D,.. = 8,., - ig.A,..ft: (2.2.17) 

we can form a lagrangian 11uch that 6c L = 0 which will have n gauge 

field11 in it, where n is the dimen11ion of B, or equivalently the fundamental 

representation of G . 

This provides the key to unifying the electromagnetic and weak 

interactions. Since there exist AQ = ±1 (for example, 11,..+p-+ µ-+A++ 

and fl,.+ p --+ µ+ + n) and AQ = 0 (for example, 11,.. + p --+ 11,. + p) 

weak interaction currents and no other weak current&, "•••" = 3. The 

simple11t continuous compact unitary group that can have dimension 3 
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is SU(2) (SU(n) i11 the group of n X n complex unitary matrices with 

determinant =+l, which baa 2n2 - n2 -1 = n2 - l real parameters) . As 

we have 11een electromagnetism is the result of a U(l) symmetric theory. 

This suggests the direct product SU(2) ® U(l) aa the symmetry group 

of the weak interaction, which since it is a direct product can have two 

independent coupling constants g and g', a combination of which will be 

the electric charge a=l/137 (in units of A= e = 1). 

An immediate problem is that any term of the form m(Ai)2 is not 

gauge invariant, 88 can be seen from 2.2.14, so all gauge fields are massless. 

This is fine for the photon, which is indeed massless, but 88 we have 

discuased the weak gauge bosons must be massive. This problem is solved 

by noting that to determine the mMs of a field ;, we expand around 

the ground state of ;, min(;), or (;)v Ac (i.e. the expectation value of 

~ in the vacuum). Generally (;)v Ac = 0, but if (;)v Ac :-:/:- 0, then the 

normal modes will be shifted and it may be necessary, depending on L, 

to consider different combinatiom of fields as the normal modes . This 

can result in what we might term an "effective mass" for a field. This 

technique of adding an additional spin-0 field to the lagrangian which 

acquires a vacuum expectation value, and then through its coupling via 

DI£ gives a ID88S to some subset of the gauge bosons, is called the Higgs 

mechanism. 

The phenomenological current X current form of the weak lagran

gian for purely leptonic proces11es is 

(2.2.18) 

where 

j~ = i L: f1h41:..(l + 1ri)'111, 
I 

1t = i 2.: 1/it,141:..(1+1ri)~, 
I 
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1! = i LIVit, 14911"1>.(l + 1ri)¢11, + •114"1>.(fv + gA1ri)¢1J, 
I 

(2.2.10) 

a11 is well-determined from muon decay and neutral-current neutrino 

scattering. (The superscript refers to the charge in charge Q/inai-Qinitial 

and l refers to lepton type.). The corresponding semileptonic lagrangian 

is 

w _G +- --+ D·O 
L.cmilep- -(1:..J>. +J).]). +J:..h) 

v'2 
(2.2.20) 

where the lower-case j). are the same leptonic currents 88 in L,w and the ep 

upper-case Jx are phenomenological hadronic currents whose vector part 

V:.. satisfies eve, or comerved vector current: 8V:../ 8z:.. = 0. The weak 

interaction is therefore maximally parity violating, or pure left-banded 

V - A for particles and pure right-banded for antiparticles. 

From the structure of the leptonic currents (V -A) and the aBsump

tion of an SU(2) ® U(l) structure, we can find an appropriate represen

tation of the generators ft. To form a 2-dimemional object with 6.Q = 
-1 for the SU(2) left-handed weak interaction take the combined vector 

( ~"') y,, ; then the SU(2) isospin vector of generators is D,21 = ! J y,t(t + 

1ri)r¥i d3 r, where 1 are the Pauli matrices. The matrix that commutes with 

H12) and generates electromagnetic charge is Qd - H~ 1 , where Q.1 

- J ¢ i ~ d3 r, so 

(2.2 .U) 

Thua we see that H111 contains a right-handed piece while ii.(21 is purely 
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left-handed. We can break .p up into left- and right- handed pieces by 

defining -;,L = !(I+ 16)-;, and "11R = i(l -16)-;,; then 

(2.2.22) 

The spin-0 Higgs field should be in an SU(2) doublet; 3 components 

will give a third helicity component to each of the 3 Ai2) gauge fields and 

any remaining components become the artifact Higgs field. The simplest 

way to add the Higgs field is to define 

; = (::) (;1,., complex). (2.2.23) 

The quarks also lend themselves naturally to grouping into ll.Q = -1 

SU(2) left-handed doublets; since all quarks have maiises (unlike neutrinos), 

they will all have right-handed U(l) singlet projections also. Isospin sym

metry puts u and d quarks in the same doublet; thereafter quark doublets 

are basically assigned by charge and maas (see figure 2.1.1) (Quark fields 

are labeled a8 q = Y,9 , so qL = Hl + 16)q, etc.) . 

The isospin triplet of gauge fields corresponding to Ai 2) we call ft,., 
and the R(t) singlet c,.. The structure constants for SU(2) are Cijl& = 

lijlt where lijl& = 1 for i, i, A: = any even permutation of 1,2,3; f.ijl = 

-1 for any odd permutation of 1,2,3; and lijlt = 0 otherwise. Thus for 

SU(2) ci;1tB~B~ =ft,. X ft". (Note: The ft transform liker and do not 

commute.) Then with the gauge kinetic terms Bf"' and C,w constructed 

according t.o 2.2.15 and using D,. from 2.2.17, 

(2.2.24) 

30 

where Q(2) and Qp) are the appropriate SU(2) and U(l) charges of the 

fields acted on, we arrive at the full electroweak lagrangian 

LEw - 1..,2 tc2 .i.t D .J. '""t D - -4 n"" - .f "" - l'L1-t1,. ,at'R - "R1411' ,.f1L 

- qi·w-r,,D,,qR - Qh.c1,.D,.qL - (D~;t)(D,.;) (2·2·25) 

- U(l;J) + higgs-lepton and higgs-quark couplings. 

In LEW, U(l;J) = µ 2 (;t; - p2 ) 2 /4p2 generates the vacuum expectation 

value of ;, < 1;1 > v Ac= pz; and the Higgs- lepton and Higgs-quark 

co.uplings need not concern us at the moment . Terms involving '1 and q 

are taken to be summed over all lepton(quark) generations. 

Since ; transforms like SU(2) ® U(l) and haii 1 arbitrary phaiie, we 

may impose 4 - 1 = 3 constraints corresponding to a choice of gauge. If 

'we choose these 3 constraints so that only 1 real component of ; (= x) 

survives (ie ; -+ ( O ), where x is expanded around the VEY= p), 
P+x 

this is called the Unitary gauge. In this gauge, from 2.2.24 

( 
O ) 1 ( gB• - igB' ) 

n,.; = 8 -i2(P + x) - B"· 'c" · 
,.x g "+ g " 

(2.2 .26) 

From 2.2 .26 we immediately see that the appropriate gauge field combina-

tions to consider in an expansion around the VEY= p are (suggestively 

defined) 

where 

w: = _!_(BS - iB') and 
" ./2 " " 

Z" = cos8w B; - sin tlw c,. 

g' 
tanlw = -. 

g 

(2.2.27) 

(2.2 .Z8) 

tan Ow is the ratio of the U(l) to the S U(2) coupling eoD.Btant, and the 

lower component of 2.2.26 may be written M -g Z,./ cos Ow . We define 



31 

the photon field orthogonal to z,. in 2.2.27 : 

A" = sin 8w B~ + cos 8w C,.. (2.2.29) 

w+ is the conjugate field to w-, so 

(2.2.30) 

(Dlfl)(D"fl), reexpres11ed in terms of W± and Z, gives terms 

1 2 2ur+ 1 2 2 z / 2.i - 2 p g ,,. Ji w; - 2 p g z,. " 2cos vw or 

2 ur+ 1 2 
-Mw"1' w;- iMzZ,.Z,., (2 .2.31) 

from which we see that the W± boson has mass Mw = pg/../2 and the 

Z boson has mass 
Mw Mz= ---. 

cos Ow 
(2.2.32) 

The coupling of the gauge fields to the quarks and leptoDA via the covariant 

derivative 2.2.24 (taking for example a lepton doublet) leach to: 

-1/lh.1,.D"'1L = -'1h.1,.8,.'1i 
i t (gB; - g'C" gB~ - igB: ) L 

+ 2'1L 141" gB; + igB: -gB~ - g'C,. '1 ' 
(2.2.33) 

a kinetic term and the gauge field coupling. Using the definitions for w; I 
z,., and A,. (2.2.27 and following) the gauge coupling term i11 reexpressed 

as 
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Reading off the top (1,2) component we see that thew- field couples 811 

(2.2.35) 

(2.2.36) 

where i! is equivalent to the phenomenological lepton current given in 

2.2. HI. Similarly reading off the photon coupling from the (2,2) component 

of the matrix in 2.2.34, we have 

(2 .2.37) 

(2.2 .38) 

With the addition of another term identical to 2.2.38 from the -•t1.1,.D"1'1R 
term in LEW, this is 

(2.2.39) 

where i!M is the electromagnetic current "1h4 1"~'· From 2.2.39 we see 

that 

e = gsin8w, (2 .2.-40) 

where e is the electric charge. 

From the symmetry of the electroweak lagrangian 2.2.25 between 

quarks and leptoDA, with quarks grouped in SU(2) doublete as in figure 

2.1.1, we see that the hadron currents coupling tow; must have the same 

form 811 the leptonic current in 2.2.35, or that 

(2.2 .41) 
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FIGURE 1.1.1. 

An example of single W-exchange. 
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with 1; defined 88 the conjugate current. The neutral currents, both 

leptonic and hadronic, are more complicated due to the mixing of the 

photon and the Z. 

The second order weak liQ = ± 1 interaction will be from single 

W-·exchange, as shown in the example in figure 2.2.l. Diagrams such 88 

figure 2.2.l will come rrom the contraction or the w; and W! currents 

(evaluated at different space-time points) between the interaction term 

2.2 .36 and an equivalent term with the hadron current 1: given in 2.2.41: 

,2 
M ,.., 8- J~(11)~(11)~(z)j;(J:) . (2.2 .42) 

The W propogator in 2.2.42 is the propagator for a ma1111ive 11pin-l particle: 

.6>.,,. + </>..q,,./ M~ -· q2 + M~ -it. 
(2.2.43) 

In the low energy limit {applicable to E546), q2 < Mfv, this propagator 

reduces to -i6>.,./ M1v and the matrix element reduces to 

,2 + -
J.4,...,8M~J,,.i,., (2 .2.44) 

equivalent to the phenomenological semileptonic lagrangian 2.2 .20. The 

phenomenological lagrangian 2.2.20, with the charged hadron currents 

given by 2.2.41 and ih conjugate, i11 adequate for all weak-interaction 

phenomena studied in this dissertation. 

§ 2.1. The strong lnteraetlon. 

The strong interaction is responsible for binding nucleollll into nuclei , 

and like the weak interaction, this nuclear binding force i11 a short range 
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force. Only quarks couple to the strong interaction. The strong interaction 

is also assumed to bind quarks into hadrons . The fact that no free quark 

bas ever been observed suggests that quarks are permanently "confined" 

in hadrons, and this confinement considerably complicates the problem or 

understanding the strong force . As a result the strong force is much less 

well understood than the electroweak force. 

A candidate theory for the strong force does exist, however . The 

dramatic successes of the electroweak theory and the proven renormali~a

bility or SU(N) gauge theories suggests an SU(N) gauge theory as a 

candidate 1281 • The rank N or the candidate theory can be determined 

from e+ e- scattering: the ratio R = u(e+e- - qq - hadrons)/u(e+ e- -

µ+µ-)is equal to the sum or the quark charges squared (of all quarks light 

enough to be produced for given a), multiplied by a constant scale factor 

CN, 

9-u,O,d, ... 

Because we are just counting the number or quarks that can couple to the 

virtual gamma (1•) in figure 2.3.l, CN counts the number of •types" of 

up quark, down quark, and so on. Experimentally CN = 3 l2PI, implying 

that the rank or the symmetry group (equivalent to the number or types 

of "strong" charge) is N = 3. 

The 3 charges suggest the 3 primary colon, and the SV(3)- invariant 

gauge theory of the strong interactions is called Quantum ChromoDynam

ics, or QCD . An SU(3)- invariant lagrangian is built in exactly the same 

way as in the preceding section, and the retiult is 

(2 3.1) 
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FIGURE 1.1.1. 

e+ e- -+ hadrotl! Tia A virtaal photon. Q9 is the eledric chuge Of quark 

q in unite ore . 



37 

with 

(2.3.2) 

where the A~ are the gauge fletch (there are 32 - I = 8 generators and 

so S gauge field in SU(3), called gluona), the ci;lc are the SU(3) structure 

conatantsj and 

(2 .3.3) 

with the Hi= ~>.'the 8 generators of SU(3). Unlike the weak interaction, 

SU(3) is co111idered to be an unbroken symmetry, so the S gauge fields 

remain massless. 

The origin of confinement is uncertain, but SU(3) does poBBess sug

gestive properties 1301. A perturbation expansion of QCD to order 1~, 

where lo is the unrenormali&ed QCD coupling constant, shows that the 

strong coupling constant scales with length 8813 tl 

11 
~= ~~-.~~~~~-, 

IL I + /:t(l 1 - fn) Inf 
(2.3.4) 

where L and l are two length scales and n is the number of quark flavors 

(the -in term cornea from virtual quark pair charge screening, jUBt aa 

e+ e- pairs screen the bare charge in QED). From 2.3.4 we see that 

2 

lim 11 -O 
l/L-o I{ - ' 

which shows that at ver7 abort d istance 1cales (equivalent to high momen

tum transfers) quarks act like free particles, a property of SU(3) called 
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asymptotic freedom . Experimental results bear out this property up to 

currently accessible momenta. Alternatively, aa l/ L increaaes, so does 

1f /g'f, implying a stronger coupling and ultimately, confinement. This 

increaBed coupling indicates that the QCD VBCuum is antiscreening, pro

vided n < 17 . 

Suppose that the QCD vacuum is perfectly polarit:able. For screening, 

this would correspond to tt -+ oo, where tt is the dielectric constant. But 

for antiscreening, tt -+ 0. The total energy in the field r.J f ~.fi d3r, and E 
(the color electric field) in turn,....., ! , so as tt-+ 0 the energy of an isolated 

color charge -+ oo. This in turn implies that isolated color charges are 

forbidden . But for a color multipole with net color charge 0, we can form 

a small "hole" in the tt = 0 medium . In the hole tt = l; outside tt = 0. If 

we arrange the color electric field so that f is parallel to the surface at the 

surface (see figure 2.3.2), then D = 0 outside and the charge distribution 

has a finite energy. This simple argument implies that quarks only come 

in color charge 0 combinations, called color singlet.a. Thia can occur by 

combining a quark and an antiquark (qq) or three quarkB antisymmetric 

in their color indices (qqq) . Similarly 6-quark combinations are allowed, 

along with higher color multipole11. 

u, d, and 1 are the lowest- lying quarks and the only ones that can be 

produced with any frequency at WA51 and E646 experimental energies. 

Arranging these 3 Oavora in qq and qqq combinations produces the SU(3) 

flavor group SU(3)r . SU(3)r baa a primary 3 representation and a con

jugate 3 representation (which are not equinlent). The qq representations 

form 3 ® 3 =SM ED IA , an octet and a singlet in quark fiavora; the qqq 

representation forms 3 ® 3 ® 3 = IOs $SM ED Su ED IA, or decuplet.a, 
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octets, and singlets. The overall symmetry group with the addition of 

SU(2) spin is SU(8). Hadrons do indeed arrange themselves in these com

binations . 

Mesons arise from qq combinations, baryons from qqq combinations. 

The lowe~t-lying meson octets (JP = o- and JP = 1-) and singlets are 

shown in figure 2.3.3 in standard SU(3) representation . The lowest-lying 

baryon decuplet and octet are shown in figure 2.3.4 . Because the singlets 

have identical quantum numbers to the central states in the octet, all these 

states are mixed states . (Note: if charm quarks are included, SU(4)F must 

be used, producing 4 ® 4 = l&M E9 IA . Because c quarks have me ,...., 2 

GcV /c2 , they are greatly suppressed at these energies and ignored here). 

The process by which quark.A produced in an interaction combine 

themselves into hadronB is only poorly understood . The idea of confined 

color flux discussed above suggests a simple model. After a quark inter

acts, it moves away from other quark.a involved in the interaction. Color 

flux binding the quark to the other quarks is squeeied down to a color 

flux tube by the vacuum dielectric. The energy deruiity in this flux tube 

may create qq pairs, which combine to form mesons, etc . As a second 

order effect, diquark- antidiquark pairs may be created and form baryons 

(a diquark is a qq or qq pair, and is in the a or 3 representation, respec

tively) . Thus a string of mesons and possibly baryons is created with their 

.average momentum along the original quark direction, called a jet. Such 

an effectively 1-<limell!lional picture of hadroniiation is a •string model." 

Lattice gauge theory calculations indicate a string model is a good SU(3) 

color model approximation providing dimensions le88 than the tranaverse 

dimension of the flux tube are not considered 1321. How qq pairs should be 
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created and how the available kinetic energy !lhould be distributed among 

them is unknown; simply distributing them according to the phase space 

available evidently works as well as any method. 

Because quarks are confined objects, one must be careful in deal

ing with their masses, as the maas obtained depends intimately on the 

confinement mechanism, which is not well understood . In addition, quark 

masses are not eigenstates of the weak hamiltonian, and the quarks ap

pearing in the weak SU(2) doublets are mixtures of the strong interaction 

quarks. If we consider only u, d, a, and c quarks, then a unitary mixing 

between quark doublets will fall in U(2), which has 4 real parameters. 

There are 3 arbitrary relative phases between u, d, a, and c, leaving a 

I - parameter transformation. This unitary matrix is [33) 

(cl) ( cos8c sinOc)(d\ 

a' = -11in Oc cos Oc a}' 
(2 .3.6) 

where the mixing angle 8c is the "Cabbibo angle." (If the bottom quark is 

added, then a more complicated model using U(3) [9 - 5 = 4 parameters] 

is needed 1341 ). 

The short range character of the nuclear binding .force is viewed as 

a secondary effect of QCD; qqq color- singlet baryons with "hidden" color 

create a secondary field of qq pairs around them (of which the lowest-lying 

state is the pion), and exchange of these massive virtual pions produces 

the short-range nuclear binding force. 

§ 2.-t. Blgh Ene .. ID' Neutrino Inte .. aetloru1. 

1351 The reaction 
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v+a ~ l+/3, (2 .U) 

where er and fJ are hadronic systems, and the momenta are labeled in 

figure 2.4 .1, is referred to 88 a Charged Current, or CC neutrino interac

tion . For the energies available in E546, it is described by the semileptonic 

lagrangian given in section 2.2. The square of the matrix element (summed 

over the helicities of o, l, and fJ) will be 

(2.4.2) 

which we may group into a lepton tensor for the lepton currents j and a 

hadron tensor for the hadronic currents J: 

(2.4.3) 

In the limit where we can ignore the lepton mUll m1, the leptonic 

current is conserved and 8>.]>.. = 0, or equivalently <1>.i>.. = 0. This implies 

that any component of Ha, involving 'l>. drops out of IM 12 , leaving only 3 

tensor combinations of the hadronic system that can contribute to Ha,: 

(2 .4.4) 

The cross section for reaction 2.4. l will therefore contain 311calar functions 

playing the role of "form factors" which, because of the local nature of 

the interaction, can be functions of q2 and one other Lorentz invariant at 

the hadronic vertex. Two Lorentz invariants that are commonly used in 

neutrino reactions are 

(2.4 .5) 
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FIGURE 1.4.1. 

High energy neutrino charged current (CC) diagra..m. 
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and 

q·p (E., - E1) 11=--= --
lc·p E., LAB 

(2.4.6) 

(ZBJ is hereafter referred to 88 z). In terms of these invariant.a, and adding 

the appropriate phase space factor, the croBB section can be written 

(2.4.7) 

with M the nucleon m88s, v = q0 , G the fermi coDBtant, the upper sign 

of ± for 11 and the lower sign for li. 

If we 888Ume that we are at a large enough q2 that all m8811 scales 

drop out of the problem, then M /v ____. 0 and the Fi become functioDB of 

dimensionless variables only, i.e. only 2:. Thi11 gives the scaling limit 

There is a natural interpretation of z in terms of the nucleus' con

stituent quarks, gluons, and qq ocean. The Mymptotic freedom property 

of the strong interaction lets us treat the quark as a free particle during 

the interaction and worry about hadronit:ation later. Consider reaction 

2.4.l when er is a quark and fJ another quark, and the 4-momenta are 

k +le' ____. p9 + p'
9

, with le - le'= q = p'
9 

- p9 the exchanged momentum. 

Then from 

(2.U) 

we have 

(2.4.10) 



47 

where 11ince we are at a momentum beyond all m&.118 scale11, r/92 = p~. 

From the original definition of z (2 .4.6), we see that 

q·p 
z = ~ or z(q·p) = q·p,, 

q·p 
(2.4 .11) 

where p i11 the momentum of the nucleon. Since all transverse momenta 

are limited by the only traruiverse scale available, the confinement radius, 

we have p9r r.J 0(1/ RN), where RN is the radius of the nucleon . If p is 
along the i axis, then we have 

Po = p .. + o( ~2

) and 

P,o = Pt.s + 0(m~' PtT) 
Pqs Pq.s 

(2.4 .12) 

so that p1 i11 parallel top in the frame j1 - oo. ThWI in this frame relation 

2.4.11 become11 

p, = xp, (2.4.13) 

i.e. z is the fraction of the nucleon momentum carried by the quark. 

Because as z - l for a quark, that quark must carry the full belicity of 

the nucleon, all ocean quarks mu11t be concentrated in the z < l region 

(from their deflnition11 2.4 .5 and 2.4 .6, we see that z and I.' can range 

between 0 and I). Finally, we can rewrite the structure functions F;(z) 

in terms of combinations of quark 11tructure functioDJI qm(z), where m = 

u, d, 1, c, ... , and write down reaction 2.4.l purely in terms of fundamental 

leptons and quarkll . (qm(z)dz is the probabilty of finding an m quark with 

momentum fraction between z and z +dz). In the scaling limit, we find 

that 

(2.4.14) 
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FIGURE 1.6.1. 

Scheme.tic nuclear reinteraction diagram11. (a)(il)Ne. (b) ir±Ne. 



called the Callan- Gross relation 11181 . 

§ 2.6. Nuclear Efl'ect11. 

If the target in a high energy interaction is a nucleus instead of a 

nucleon, then the system produced in the interation has the potential of 

reinteracting with the remaining nucleoll.ll in the nucleus. Nuclear rein

teractions therefore probe the properties of an hadronic 11ystem shortly 

after its creation, ie over distance scales of a few fermis. This can be a valu

able tool for analyzing the hadronization mechanism of quarks, a process 

which is currently poorly understood. Figure 2.5 .l gives a schematic im

pression of how such reinteractions can occur inlvlNe and ,..±Ne. 

If we assume that the momenta involved in these interactions is 

large enough that we can ignore transverse momentum scales relative to 

longitudinal momentum scales, then a high- momentum quark will leave 

behind a string of particles formed from qq pair production in the color 

flux tube. T llia st ring of particles with average momentum along the initial 

quark direction is called a "jet". In neutrino scattering (figure 2.5 . l(a)), if 

there are no rescatters then there are two jets, from the scattered quark 

(qi) and the remnant diquark (di). In pion scattering (figure 2.6. l(b)) if 

there are no rescatten then there are four hadronic jets, one each from 

the two interacting quarks (q1 and q2 ), one from the remnant pion quark 

(q3 in the figure). and one from the remnant diquark (d1 ). (In both cases 

the possibility of hard gluon emmision h88 been ignored. Also it should be 

noted that the momenta involved in our pion scattering experiment are 

too small to resolve four jets.) Nuclear reinteraction11 can, in turn, add 
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arbitrary complication11 to the final 11tate, as 11uggested in the .figure. 

The average number of interactions in the nucleu11 (in this 11ection 

called (11)) is shown in appendix A to be 

(11)=~AN' {2.5.1) 

where A is the number of nucleons in the nucleUB, u i11 the cross section 

for a given reaction, and u N and u A refer to the nucleon and the nucleus, 

·respectively . Using this definition, (11) for,.-± Ne is about 1.5, showing that 

nuclear reinteractions are indeed a significant factor in particle production 

off nuclei . However, nuclei multiply particle production much more slowly 

ihan would be expected in a simple cascade model. In such a model each 

interaction is exactly equiVBlent to a hadron- nucleon interaction, and all 

produced secondarie11 are assumed to have cross sectiona equivalent to 

that type of secondary incident on a nucleon in a laboratory scattering 

experiment. Experimentally we find that u(A) ,..._, A213uN, where u(A),...., 

AuN in a simple cascade model. 

This is a plausible result in terms of quark diagrams, such 88 those 

m figure 2.5.l. The hadroniiation process discussed in section 2.3 will 

occur over significant length 11eales. If a scattered quark i11 unlikely to 

interact until "dressed" 88 a hadron, then we expect little re11cattering if 

the quark hM sufficient energy to leave the nucleus before hadronizing. 

Viewed in another manner, in the 11tring model we 11tretch a tube of 

color flux between the quark and the diquark remnant of the nucleon 

the quark WM scattered out of. If the quark i11 a low energy scatter, the 

flux tube will be mainly contained in the nucleus and qq pairs formed in 

the tube can reinteract. A high energy quark will have most of the flux 
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tube outside of the nucleUB and little reinteraction will occur. The lack of 

a simple cascading picture indicates that few qq paini are formed in the 

reinteraction region. 

These suppression arguments involve a fundamental scale larger than 

the nuclear radius. Typically they can be thought of aa formation-time 

arguments, where some time lag l:t.t must elapse before a reinteraction 

can occur. For high energies this time lag is Lorentz dilated to give a 

characteristic time 

(2.5.2) 

which scales like the energy involved. 

There are several fundamental differences between (ii) Ne and ir± Ne 

scattering relevant to reinteraction effects. Because the(il)N cross section 

is so small (about 10-t mb at the energies of this experiment 1371 ), a{il)Ne 

interaction is equally likely to occur anywhere in the Ne nucleus, and so 

on the average the produced system will traverse f'Ne, the radius of a 

Ne nucleus, before exiting the nucleus. A pion, on the other hand, has 

a significant probability of interacting before the halfway point . Given 

that the ir±N croM section is ~ 21 mb (inelastic) for our experimental 

energies 1381, and treating the Ne nucleus as a dense en.11emble of nucleon 

matter with ro = {l.12 fm)A113 , we calculate that on the average the 

:ir± - incident produced system must traverse roughly 1 l to I~ more path 

length than the neutrino-incident produced system. Assuming that the 

probability of reinteracting ,..._, the pathlength traversed, we expect I l to 

q more reinteractions in "'±Ne than in(il) Ne when compared at identical 

hadronic CM energies. 
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Another fundamental difference of(il)Ne and ,.-±Ne is the remnant 

quark of the pion (labeled i'i3 in figure 2.5.1), which baa no analog in 

(il)Ne. If this quark carries a significant fraction of the pion's momentum, 

it can create a forward jet (relative to the incident beam) where no such jet 

exists in the( vi Ne system . If we assume that partons must be close together 

in momentum space in order to interact, the remnant pion quark will 

frequently carry a large fraction of the pion momentum. We thus expect 

to often see strongly forward particles in ir±Ne that have only minimal 

connection with the interaction (Evidence of this •remnant quark" effect 

is seen in the "' - 11 comparison and discu.ssed in section 7.3). 

Finally, except for the fiavor coupling of the W current, the rem

nant diquark (d1 in figure 2.5.1 for both systems) should have the same 

· properties for both systems. Thu.s both systems are expected to bear 

strong similarities in the backward hadronic CM hemisphere . Becau.se 

reinteraction products in both systems result from quarks with similar 

properties reacting with nuclear constituents, we expect nuclear effects will 

be concentrated almost exclusively in the backwards hadronic CM hemi

sphere, and the resulting reinteraction system will be similar for ,.-±Ne 

and{il)Ne. One should note that reinteractions produce further remnant 

diquarks that will generate more baryons in the final state, some of whkh 

will be protons with significant momenta. These protons, which cannot be 

identified by ionization alone, are identified and studied in this experiment 

via an isospin subtraction technique. 

There exists no good description of nuclear reinteraction effects in 

terms of fundamental quarks and gluoDI!, due to the close tie between 

reinteraction effects and the unsolved confinement problem. Most models 
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of reinteraction effects are phenomenological and describe the problem 

in terms of bulk properties of the nucleus or in terms of some statistical 

average. This can be a meful approach, permitting us to average over very 

complicated initial states and final state evolution equations, to perhaps 

gain some inaight into the statistical properties of the ensemble as a 

whole. To give some Oavor of these phenomenological models, I will briefty 

describe several such models here. 

A. The Hvdrodvnamical Model. 

This model coDJ1iders longer time scales, where 1/r > the mean free 

path in nuclear matter, and is a cla1111ical model. The nucleus is treated as 

an ideal relativistic Ouid. When the collision occurs, the nuclear Ouid is 

first compressed and then expands; this corresponds to a collision with a 

target of mus (v)·Mnudeon· This model is originally due to Landau, and 

will be called the Landau Hydrodynamical Model (LHD) 13111 . 

In the model the incident particle is taken to have some effective 

cross section Jra2 . The amount of nuclear fluid involved in the interaction 

is then that in a tube Jra2d, where d is the Lorentz; contracted length of 

the tube, d = (m/ Eem)d0 where m is the mass of the incident particle, 

Eem is the hadronic CM energy, and do is the rest frame length of the 

tube. The picture is of 1 "blob" of nuclear matter Ouid interacting with 

v "blobs" of nuclear matter in the nucleus, for a total of v + 1 "blobs". 
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Viewed from the equal velocity frame of the projectile and target, 

the sequence of events in a collision is as follows: 

(1) The target is impacted and both projectile and target start to 

compress and beat (the compressed Ouid is stationary) . The compression 

occurs ~ehind a shock wave that spreach out from the contact point at 

a velocity v. = c~, where c0 is the speed of sound in nuclear matter in 

units where c = 1. 

(2) Particle emission begiDJ1 when the rear- going shock wave en

counters the end of the projectile Ouid and when the temperature of the 

fluid ~ Te, the critical temperature (T0 ~ m., the characteristic energy 

of free hadrons) . A rarefaction wave starts forward with velocity co(> v.). 

(3) If the tube has less that Ve •blobs" in it, the forward shock wave 

reaches the end of the tube before being overtaken by the rarefaction 

wave, and particle production proceeds inward from both sides of the 

tube. Io this ca11e the tube will be isothermic before reaching Te and the 

ratio of particle formation to the hadron-nucleon rate will depend only 

on the relative volume of nuclear fluid in hadron-nucleus compared to 

hadron- nucleon: 
1 

R(v < Va)= 2(v + 1). (5.2 .3) 

(4) If v > Ve, then the rarefaction wave overtakes the forward shock 

wave and the isothermal case no longer applies. One must solve the full 

hydrodynamic equations with appropriate boundary conditions, resulting 

in a complicated R of the form 

R(v >Ve),...,. a+ b(v - vo)°, (6 .2.4) 

where a, b, and Cl are functions of Co, and Vo is a function of lie and Co · 
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The critical value of 11 1 lie, is 

1 +co 
lie=-- . 

I - co 
(5.2 .5) 

B. The Dilfr<JctitJe E%cifotion Model. 

The djffractive excitation model (DEM) 1•01 coD.Biders the special C8.8e 

of a c8.8cade model where the secondary interactions are of a ditlractive 

nature . In a simple cucade model, all the interaction products have the 

same probability of interacting at any order of the cascade (ie the cross 

section u is a coD.Btant for all interactions). This leads to a linear growth 

of multiplicity with energy, 

E N,..., -
E•' 

(5 .2.6) 

where E• is the threshold energy for producing a single particle per 

collision (see figure 2.5 .2(a)). 

The DEM suppresses this unacceptable growth with energy by con

sidering a diffractive process. In order for such a ditrractive scatter to oc

cur, the scattered state must haTe a lifetime long compared to the transit 

time of the nucleus, and this necessary formation time suppresses the cross 

section for secondary interactions. (This is a formation time argument, as 

discussed above) . 

In the DEM, the incident particle and the nucleus are excited to states 

with the same quantum numbere (excluding spin and parity) and more or 
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FIGURE l.U. 

Nuclear reinteractions for the CMCade and DitfractiTe Excitation Models. 

(a) CB.Bcade Model picture. (b) Diffractive Excitation Model picture. 
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less the 11ame momentum. We expect that the important excitations will be 

or low m88s, and if the11e excitatiollll haTe lifetimes comparable to observed 

resonances, time dilation in the lab frame will make the beam excited 

state stable while it traverses the nucleUB. Each nuclear excitation decays 

within the nucleUB, but they are a11sumed not to have sufficient energy to 

produce further secondary interactions, since the beam excitation carries 

away most or the energy (in 11hort, the beam excitation undergoes a chain 

or "diffractive" - type colli11ion11, see figure 2 .5.2(b )). 

The DEM result11 in an R(v) or the form 

(2.5.7) 

lo eqtn. 2.5.7 P2 i11 the probability of exciting two beam diffractive states 

instead or one, and N(E) i11 the characteristic multiplicity at energy E. 

Usually P2 is taken as 0.1 ~ P2 $; 0.5. 

The Two-Fireball Model (TFM) is a particular instance of DEM

type models (the excited 11tates are refered to as "fireballs"). Because 

the beam fireball'11 decay to mesons is not a very sensitive function or 

its degree or excitation, one estimates that this fireball's contribution to 

the multiplicity will be HNh-nudeon), and each target fireball excited 

contributes roughly the same (there are v target fireballs) . Then we have 

1 
R(v) = 2(1 + v) (2.5.8) 

in the TFM. 
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C. The Energv Flu:r Caacade Model . 

The Energy Flux CMCade Model (EFC) l·n I bean a strong resemblance 

to the LHD in that it considers the mo11t important characteristics or 

the nuclear interaction proce11s to be described by following the evolu

tion or the stress- energy ten11or and ignores conatituent subprocesses. 

Only the net flux or energy through the nucleus is considered important. 

The EFC considers the question: Ir one evolves the final multi-particle 

state backwards into a compressed 11tate, how does the energy Dux proceed! 

The EFC uses a classical picture because it is coIU1tructed in rapidity 

space, and it assumes that only very short range correlations in rapiclity 

are relevant . In the EFC, particles will be formed when the rapidity

evolution equation indicates a rapidity width comparable to a typical 

hadronic width h!UI been reached; wherea11 in the LHD particles were 

formed when the Ouid cooled to an energy density comparable to that 

or free hadrons, and were broken up according to Bose-Einlltein statistics. 

All calculation11 are done in rapidity space using the light-cone vari

ables i:± = t ± z (e i11 along the beam axis and trannerse motion is 

ignored) . By noting that (E - p)/(E + p) = (t - z)/(t + z), we find the 

·free-particle trajectories to be 

z_ 1 E + p -- = expl(-2)(-)lo --J = e-llr. 
Z+ 2 E- p 

T he characteristic distance in which we are interested is one mean free 

path >. (note that z+ = 2>.). 
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In the EFC we slice the energy flux so that each elice h8.8 a thickness 

appropriate to the hadronic width. Let l/mcu: be the maximum rapidity 

in the lab frame and I/min the minimum in that frame . Then if 111 is 

the rapidity where we take the leading elice we should consider the ap

propriate width for this slice of average rapidity U = (111 + l/mcu:)/2. Let 

To be the rest frame thickness of a hadron. The width in z_ (~z-) will 

be 4 T0 . Then from the fact that z_ trans for ms as 

z'_ = '1(Z- + ,tJ2:_) 

~ 21z-

and the relation of the rapidity to the rest frame (11 = 0) 

II= - ln['1(1 + ,8)] 

R1 - In 21 

from which we see that '1 F::1 !e-•, we have 

(terms of the order 1/'1 have been ignored throughout). 

(2 .5.10) 

(2.5 .11) 

(2.5 .12) 

Equating the ~z- of eqtn . 2.5.12 to the ~z- of the evolution equa-

lions: 
~z_ = l(z-)6a.cA: - (r._)/rontl 

= e- 2t1z+, 
(2.5 .13) 

(where 2.5.13 follows because (z_)/ront is on the light cone), we have 

(2 .5.14) 

Because the characteristic distance ). ~ T0 so that z+ ~ 2T0, we can 

ignore the logarithm term in eqtn 2.5.14 and obtain 

(2.5 .15) 
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We see that the rapidity breakup is eplit 2/3 to 1/3 at each inter

action, with a correeponding breakup into multiplicity of 2/3 to 1/3. 

Assuming that each "1/3" slice will not have enough energy to reinteract, 

every rapidity "chunk" contributing to the breakup adds i{Nnudcon) to 

the multiplicity, resulting in a R(v) of the form 

1 
R(v) = 1 + J(v - 1). (2.5 .16) 

If we had choeen a different breakup in rapidity space, then the R(v) 

would have been parameterir:ed by rr 

1 
R(v) = 1 + 'l(v - 1) where 'I~ 2· 

D. The Coherent (Collective) Tube Model . 

(2 .5.17) 

Model& like the Landau Hydrodynamical Model are •collective" in 

nature . They describe a nuclear interaction in terms of some collective 

response of some portion of the nucleue; for the LHD, the collective 

responee ie that of a perfect relativistic fluid corresponding to v nucleorui. 

The extreme generalir:ation of such collective models is the Coherent (or 

Collective) Tube Model, the CTM 1421. The CTM aseumes that in a nuclear 

interaction a "tube" of v nucleon& recoils collectively from the interaction 

(see figure 2.5.3), and the remaining nucleons are epectatore with no 

part in the interaction . At energies high enough to ignore (mase)2 terms 
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relative to the momenta involved, the square of the hadronic CM energy 

is a ~ 2Mp14r,, with M the mass of the target and Pld the laboratory 

momentum. Thus a "collective tube" interaction of 11 nucleons of mass 

MN occors at an "effective" a of 

{2.5.18) 

In addition the CTM assumes a rigorous scaling law or universality prin

ciple, namely that in the center of mass system this "tube" collision has 

exactly the same characteristics as a collision with a nucleon at an equiv

alent center of mass energy JacTM (this universality i11 assumed to hold 

only for quantities that are independent of the quantum numbers of the 

colliding particles). 

Using the two CTM assumptiom, we see that any distribution in

dependent of the quantum numbers in, for example, h- nucleus , can be 

described a.s a sum over h- nucleon di11tribution11 evaluated at acTM · We 

sum over the probability of finding 11 nucleons in the interaction tube 

(P(11)) to obtain: 

A 

PhA(a, 9(a), ... ) = ~ P(11)PAN(acTM, 9(acTM ), ... ). (2 .5.19) ,,_, 
P(v) can in turn be calculated from flnt- principle assumptions about the 

nucleus; for example, a Woods- Saxon nuclear density, an independent 

particle model of nuclear structure, or a constant density approximation . 

(Note : P(v) is derived for the independent particle model in appendix A). 

The CTM prediction for an average multiplicity from a nuclear target 

in terms of the same multiplicity on a nucleon target is 
A 

(n(a))A = L P(11)(n(acru))N. (2.5 .20) 



Be<:ause multiplicities in hN can be roughly described by a power law 

growth with CM energy, ie (n(•))~N = (a/a0 )a(n(ao)JtN, this leads to the 

prediction 
A 
~ ('CTM)a (n(a))A = L- P(v) -

1 
- (n(a))N. 

v-1 

(2.5.21) 

Because of 2.5 .18 this implies 

A 

(n(a))A = (n(a))N L P(v)va = (n(a))N(va)A, (2.5.22) 
v-1 

which leads immediately to 

_ (n(•))A a 
R(v) = (n(a))N = (v )A, (2.5 .23) 

where a is the exponent of the power law flt (n) N = noa°'. 

If we let p(1, I) be the inclusive rapidity distribution (that is, 8 = 11) 

in eqtn. 2.5.19, sop= (l/uirwil)du/d11, then the CTM predicts that 

1 d<! A A 1 du N 1 
--:- - = L P(v)-.- - - (va, If+ - Inv), 
<!A'"' d11 v-1 u;r' dlf 2 

(2.6.24) 

where the ! Inv derives from the rapidity shift between different CM 

frames: 

Perhaps the most impreHive feature of the CTM is its unreasonable 

effectiveness. Unreasonable because quantum mechanically we expect col

lective reactions only at low momentum transfer because the relevant 

wavelength must be greater than the target size: If ~:r: ,..._, a few fermis, 

then at most ~p ,..._, a few hundred MeV /c . Experimentally we know 

that the bulk of interactions are above this range of momentum trans

fers . Furthermore, it seems unreasonable to expect such a simple sum of 

nucleon distributions to reproduce the vastly more complicated acenario 

of figure 2.5 .1. In short, it is very hard to imagine reconstructing a CTM

type picture from the quark-parton picture . Considering these fundamen

tal drawbacks, the CTM does a remarkably good job of describing nuclear 

interactions. 

E. Quark Modela and Chaina. 

Current nuclear interaction models uaing quark.a and chaiM are also 

largely phenomenological models 1431. These models generally alt.empt to 

describe nuclear scattering in terms of weighted sums over structure func

tions, fragmentation functions, etc., of quarks in nucleon scattering. >J 

previoUBly discussed, quarks participating in an interaction form •strings" 

of color Hux between colored products of the intere.ction, and these string1 

form multi-quark hadrons via qq production. These •strings• of hadrons 

are referred to as •chains• (the 'linking' color flux is broken by 'nodes' 

of pair production). By associating an average multiplicity, a rapidity 

densi.ty, or other measurable quantity with a chain, nuclear scattering 

properties can be described by taking sums over all possible chain config

urations, weighted by the probability of that chain configuration. 

Consider for example the model of Capella and Tran Thank Van for 

pA scattering (herein called the CTTV model IHI) . As shown in figure 
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2.5.4(a), there are four possible types of chain: Chailll I and 2, which 

are equivalent to the chains produced in pp scattering, between nlence 

quarks and valence diquarks; Chain 4, between a sea quark and a nlence 

diquark; And chain 3, between a sea quark and sea antiquark. Assuming 

that each chain fragments in the same way for nuclear and nucleon cases, 

and that the quark momentum fraction distributions are also the same, 

we can immediately write down the nuclear scattering results in terms or 

a sum over these chains . 

Chains I and 2 appear only once in a nuclear interaction; if there are 

v scatters total, there must be v - I occurances of both chains 3 and 4. 

Letting Ni(JI), i = 1...4, be the rapidity dell.8ity (l/<J)d<J/d11 1 and <J., the 

cross section for v collisioll.8 in nucleua A, we have 

· . l d<J 11A ~ <J 
N"A(JI) = ~-d- = L.,, ~[N1(11)+N2(11)+(v-l)(N3(J1)+N•(11))J. 

crP II 11-1 <JI' 
(2 .6.26) 

If we assume that the Ni(ll) are independent of v (a good approximation 

except for a slight v dependence or N1 coming from 4- momentum con

servation) and use 
A 

2: vcr11 ::= (v)<J"A = A<J"" (2.6 .27) 
11-1 

(see appendix A for the expression for (v) uaed in relation 2.6.27), we have 

(2.5.28) 

The Ni(ll) can then be written down in terms or integrals OYer quark 

structure functions and fragmentation functions . 

As a simple approximation in the CTTV model, note that the uniYer

sality assumption indicates that in terms or average multiplicities, giYen 
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that N1 and N2 are the two chainA occuring in pp scattering, 

(2.5.29} 

Taking the simple approximation that sea and valence quark momentum 

fraction distributions are equivalent, we have (N)4 = (N)2 . ThW! 

(2.5.30) 

which, in the limit that O(N3 ) <: O(N1 ), O(N2 ), O(N4 ) (equivalent to 

assuming that at experimental energies a qq chain has low invariant mass 

compared to a qd chain), recovers the familiar R(v) = ~ + &v. 

Note that strongly forward particles (particles with zp ~ I) will 

contain the remnant quark in figure 2.5. l(b), and these forward particles' 

properties will depend only on the momentum fraction of the remnant 

quark (z 1 ). To see this, let z2 be the momentum fraction of the quark 

picked up to hadronite the remnant quark (see 6gure 2.5.4(b)), and z be 

that of the forward meson (z = z: 1 - z2). The momentum of the forward 

meson p will be p ~ z1P1 + z2p2 1 with Pt the momentum of the incident 

meson and P2 the momentum of the target nucleon. Then 

(where second---order maases have been ignored throughout) so that 

m2 
z:1z2 = (z + z2)z:2 = - . 

II 
(2.5 .32) 
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(the definition of z has been used in 2.5.32). From 2.5.32 we see that for 

large a (it m2 /a -+ 0) and high z of the produced meson, z2 -+ 0 and the 

forward meson's properties depend only on the projectile 1•61 . 
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CHAPTER I 

EXPERIMENT E648 

§ 1.1. The experiment run, apparatu•, and event reeonatructlon. 

Experiment E548111 con11i11ted of a high energy mixed v and IJ beam 

incident on a Neon-H2 mixture, and W811 conducted at Fermilab, a U.S . 

national laboratory. The experiment was designed to search for dimuon 

production in vNe (which i11 a signature of charm production in weak 

interactioDJ1), and to generate a large sample of high-(Q2 ) neutrino data 

to study deep-inelutic v interactions in a regime where perturbative 

techniques of gauge theory are more likely to apply. 

The experiment E646 run took place from September 1977 to January 

1978. The neutrino beam was generated using the Quadrupole- Triplet 

neutrino beam line . 400 GeV /c protollll were extracted from the Fermilab 

main ring and directed onto an alumina target, with a total of about 
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1012-1013 protoDJ1 per pulse in a 2 msec spill. Resulting secondaries 

(mainly n and K11) were focwied using a quadrupole train tuned for an 

optimum of 200 GeV /c Jr+. Accepted Jrll and Ks entered s 400 meter 

evacuated decay pipe wherelvl 'Here produced from the decays 1r --+ µv 

and K --+ µv. The decay pipe is followed by a I kilometer earth and rubble 

berm which absorbed all secondary particles except neutrinOB, resulting 

in the final neutrino beam. 

Due to the wide range of generating 1r and K energies, the neutrino 

beam contains a wide range of neutrino energies. The momentum content 

of the final neutrino beam, as calculated from the current of the 1r and 

K decay beam, is shown in figure 3.1.1. The average neutrino energy was 

(E.,) = 90 Gev, and the ratio of v to li induced event.8 wu approximately 

6 : l. 

The target for the experiment wu the 16- foot Fermilab Bubble 

Chamber (FBC), filled with a Ne- H2 mixture. Thi11 mixture wa11 47% 

(atomic) Ne at a temperature of 29.5 °K and a density of 0.66 gm/cm3 . 

Such a mixture provides a radiation length of 63 cm and a pion interac

tion length of approximately ig3 cm. A 3.0 T magnetic field momentum 

analyzed charged particles in the chamber. The ob11e"ed rate of(vlNe 

interactions in the FBC Wal! about l per 10 to 15 accelerator cycles. 

~'ive separate phy11ic11 laboratories participated in experiment E6'48. 

These laboratories were : Department of Physics and Lawrence Berekeley 

~aboratory, University of California, Berkeley, California; Fermi National 

A~celerator Laboratory, Batavia, Illinois; Department of Ph,Y11ics, Uninr

sity of Hawaii at Manoa, Honolulu, Hawaii; Visual Techniques Laboratory, 

Department of Physics, University of Wa11hington, Seattle, WA; and De-
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partment of Physics, University of Wisconsin, Madison, Wiscon.sin. AJI five 

participated in both scanning and measuring phases of data reduction . 

A total of some 326000 pictures were obtained, and all pictures 

were scanned by the collaboration. Candidate charged current neutrino 

interactions were required to occur in a central fiducial volume of 14.6 

m3 , have no incoming track, and to have at least three outgoing tracks, 

of which at least one (theµ candidate) had to leave the chamber through 

t.he exit wall with no visible kinks, interactions, or obvious energy loss. All 

candidate neutrino interactions had all theirµ candidate tracb measured; 

the results of the µ. candidate measurement.8 were extrapolated from the 

FBC and compared with data from the External Muon Identifier (EMI) 

. to determine if the µ.candidate met the muon acceptance criteria. 

The External Muon Identifier (EMI) consisted of two planes of Pro

portional Wire Chambers (PWCs) downstream of the FBC (see figure 

3.1.2). Zinc absorber separates the first plane from the FBC, and lead 

absorber between the first and 11econd planes provides a total of between 

7 to 11 hadron absorption lengths, depending on particle path, to the 

second plane. Since muoll8 do not undergo strong interactions and lose 

energy only through ionization (dE/dz) and multiple coulomb scattering, 

they eBBily penetrate this absorber and are recorded in the EMI PWCs. 

Each PWC had about 1 m2 of active area. There were 18 PWCs in 

the first plane and 21 in the second plane. AIJ.y charged particle traversing 

these PWCs produced an output voltage pulse; the location and time 

for each pulse waA digitized and recorded, where the time clock was 

synchronized with the neutrino beam pulse, and a clock tick was 36 .7 

nsec . The measured electronic efficiency of each F,MJ plane for muons was 
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90%, and the combined electronic and geometric efficiency for both planes 

was 73%. 

In order for a candidate µ to be classified 88 a µ, its extrapolation 

to the EMI had to generate a simultaneoll8 hit in both planes (defined 88 

within 10 clock ticks), had to satisfy a 3- or 4- constraint flt to the two 

planes, and the flt in turn had to have a two- plane EMI confidence level 

Cl~ 10-•. 

Candidate (v) Ne interactions with a µ± identified by the EMI were 

taken as CC neutrino interactions. All CC neutrino interactions were 

fully measured, including all neutrals decaying, converting, or interact

ing within two radiation lengtbA or the event vertex (the momentum of 

a neutral track was reconstructed from the momenta or its decay or con

version products) . Measurements were done on film plane me88urement 

devices. Tracks that did not develop sufficient curvature for a momentum 

determination before interacting had their momentum recollltructed from 

the measured momenta or all tracks from the secondary vertex. 

The resulting fully me88ured CC neutrino sample used in this analysis 

consisted of: vNe, 8479 events; liNe, 1384 events. 

§ a.1. Neutrino energy corl'fftlon. 

. Because the incident neutrino in a!vlNe interaction is neutral there 

is no way to directly measure the incident (vl energy, 88 opposed to an 

experiment with a charged particle beam, such 88 WA6l. Furthermore, 

aa discussed in section 3. l, the E546 neutrino beam covers a wide range 

of neutrino energies E,,. This spread in E,, comes from the spread in 
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energies of the ir± and K± from which the neutrinos are produced . In 

turn this spread in the decay-beam momentum is necessary to generate an 

adequate neutrino Oux in the neutrino beam, since the total cross section 

forlvl N at E546 energies is only r-.J 10-0 mb. 

While the overall momentum spectrum of the neutrino beam is known 

from the momentum profile or the decay-beam, the incidenttvlenergy in 

any individual interaction mwit be determined from the properties or the 

interaction itself. Ir all final state particles were detected and their total 

energy W88 contained in the detector, then we could simply •add up" the 

final state energy to fl.nd the neutrino energy. Unfortunately some neutrals 

are not detected in E646 (VOs that do not decay in the bubble chamber 

or gamm88 that convert outside the gamma meBSurement radius), and so 

this fraction of the total energy will be lost and must be compensated for. 

Techniques to compeDBate for this missing energy generally rely on 

the assumption that the undetected, or •missing", neutral energy will also 

unbalance the momentum transverse to the incidentl;:;l direction (which is 

well known). Clearly if all final state particles are detected, then E iJr = 

0. Once we have a relation between the total amount of missing transverse 

momentum (pTi .. =IE iJrl) and the amount of missing energy (E"'i .. ), 

we can find the correct neutrino energy by Ev = E4et + E"'i .. (p!pi••), 

where E 4.,, is the total detected final state energy. 

The simplest 88sumption to make is that the total neutral momen

tum axis Pneut coincides with the charged momentum axis ilcAarfe or the 

hadronic system. In this case we can just scale the detected energy by 

(l + p~iu/PV') . This is the •pr balance" techniquel21. However, if the 

neutral and charged axes are not parallel, then PT balance can yield un-
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reasonable results. To compensate for such difficulties, a modified method 

was introduced by the Bonn group 131. 

Large values of the correction scale factor GpTb.J = (1 + P°!Fi .. /pr') 
tend to indicate a failure of the method. To compensate the Bonn group 

used the triangle inequality to limit the correction scale factor G: in

stead or taking the actual Ptet = II:hUron• P¥'1, they U!ed Pt"' 
L1a.4 ron• IP~' I· This is the "Bonn method• of energy correction. 

From this we see that any p';iu based correction is inherently depen

dent on the topology of the event: for large topologies it is much more 

likely that PT"' II P'T"°r•• than for small topologies. Small topologies are 

inherently harder to correct for. 

The LUND monte-carlo 141 waa used to study the relative efficacy of 

the two correction techniques in E646. The modified version of the monte

car!o 161 used bas the option of smearing final state momenta according to 

the me88ured E646 error distribution 81 a function of W2, and similarly 

or •railing" final state tracks according to E546 railure rates. In general 

the monte-carlo reproduces the E546 measurements well and, of course, 

gives the option or comparing "actual" and •corrected" energies. 

The results of this study are summarized in table 3.2.1. The results 

point out the difference between theory and experiment. Ir all detected 

tracks (including neutral fits) are measured well, then PT balance mud 

be accurate when averaged over a large aample of events, because in the 

large statistics limit the missing and detected axes are parallel. However, 

·in the monte-carlo comparison, the Bonn method proves more accurate 

ihan the PV' method when track failures and momentum errors are taken 

into account . 
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TABLE 1.1.1. 

Comparison of Bonn and PV' energy correction techniques using the 
LUND moote-carlo. 

Tracks _ _ EP~_llA L / E_~C.~L _ _____ _ E_BONN ( EACT U ~ L_ 

~ e_ lecled Mean IHdth -~~n~lea_n_lol~!!__ _ Skc•w!l_e _s,; 

1. 00 0. l) 0.29 l. 00 0 . 11 -0. I 2 

l. 02 0 . 12 0 . 18 1. 02 0. 11 0.24 

1.02 0. 15 0. I 8 l. 00 0. 11 -0. 11 

1.0) 0. 16 0 . 15 l. 01 0. 12 -0 - 20 

1. 02 0 . 14 0. 19 l. 01 0. 11 -0.)8 

1.04 0. 15 0 . 19 I .02 0. l 0 - 0.24 

l. 05 0. 18 0.24 1.01 0 . 11 - 0 . 29 

1. 06 0.19 0.16 l. 0) 0. 11 -0. 11 

82 

In the cue of "unsmeared" events, (E~Tbal) = (E!"'-'), 88 expected. 

But in the realistic case of "smeared" events (E~onn) ~ (E~tu&l), with 

(E~Tbal) about 35 MeV higher than the actual value and (E~onn) only 

about 10 MeV higher. Furthermore, the normalized Bonn energy distribu

tion. width is about 1/2 that of the normalized p\f' energy distribution 

width, and as expected the Bonn distribution is skewed downward while 

the p}al distribution is skewed upward. 

This change of the optimal technique from p\f' to Bonn when track 

errors are added must come from momentum smearing and not track 

failures, since track failures only add to the p~i .. nlue and do not 

change the relative efficiency of the two techniques. Most of the change 

will come from high momentum tracu with relatively higher measur

ing errors. Since the muon bu a long measurement length and i11 con

strained by the EMI, it is relatively a higher quality me88urement than 

the hadronic tracks. We can thus consider IJ,. fixed . Then smearing the 

hadron tracks effectively move11 pneut away from IJe#urie and increases 

the relative efficiency of the Bonn method. 

Since the quantity actually measured is the curvature k, the errors 

are Gaussian-distributed in k: 

P(6A:),...., exp(-(6A:)2 /2), 

but the errors in the momentum p = 1/ k will go u 

P(6p),...., exp(-(6p)2 /2p4). 

Thus the width of the error distribution in p incre88e8 88 p increases, &nd 

in general tracks will have thei r momentum smeared upward oYer a finite 

p range. This favors the Bonn technique. 
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The conclusion i11 that for data samples where the events meet some 

•quality criteria" indicating they are very well measured, then the P¥'' 
technique is optimal; but for more general data samples with significant 

errors, such as the general E546 sample, the· Bonn technique is optimal. 

In light of this, the Bonn energy correction technique was used for 

all calculations in this dissertation . To summarize: 

where p~ (p~) is the component of the muon (hadronic) momentum 

parallel to the incident lvl direction, ie the longitudinal component; and 

where 

G _ 1 + IP~+ Li-"4dron. P~j 
Bonn -

1 

. 

Li-lluron• Pr I 
In addition, events with G Bonn > 10 were considered uncorrectable, and 

not used in this anal_y1'is . 

l. 

2. 

3. 

4. 

5. 
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Notea for Chapter I 

For a complete li11t of papers from Experiment E54~ and a more 
detailed discussion of the experiment, see E.J . Wolin, •Neutral 
Strange Particle Production in High Energy Neutrino Interactions", 
PhD Thesis, University of Waahington, Seattle, Washington, USA 
(1984) . See also J. Orthel, PhD Thesis, Univer11ity of California 
at Berekely, USA (1979) 

G . Myatt, CERN/EFCA/72-4 Vol. II p . 117 (1Q72) 

H.B. Heilmann, Univ . of Bonn Internal Report WA21 - INT- 1 (1978) 

T . Sjostrand, LU-TP-82-3 (1982) 

see reference 1 for more details 



CHAPTER 4 

EXPERIMENT WA&l 

§ 4.1. The experiment run and event 11eannlng. 

Experiment WA51 CODllisted or a momeotum-11eparated pion beam 

incident on a Neon-H2 mixture, and was conducted at the Centre for 

European Nuclear Research (CERN) . The experiment waa designed with 

two purpose11 in mind: (1) to 11earch for final 11tat.e protoDB with momentum 

~ l GeV /c (which cannot be identified by ionintion techniques becauAe 

of the relativistic dE / dr. plateau) at eoergiea where no prior data wu 

available; and (2) to provide irNe data under condition11 a.11 clo11e a11 po11sible 

to existing1v1Ne data, so that the two data samples could be compared. 

In particular, Yeager et al[ll had reported such fast protons (termed P/a.•t 

tracks in t hi11 dissertation) at a level or about 0 .5 P/••t tracka per event 

for ,.-±Ne at 10.5 GeV /c incident momentum, and it wa.11 desirable to see 
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if such a large number of P/,ut track11 continued to higher CM energies. 

This large number of P/o..t tracks proved difficult to explain U11ing current 

theoretical models. 

The experiment WA51 run occured in April 1979, with another run 

in May lQ79 to gather more data. The incident pion beam WB.8 generated. 

using the S3 beam line from the SPS (Super Proton Synchrotron), from 

200 GeV /c proton11 incident on a beryllium target. There were 0.5 x 1011 

protons per pulse on target for a spill of approximately 2 µs. The beam 

line was tuned to select either ir+ or "'- at momenta of either 30 GeV /c 

or 64 GeV /c, and approximately equal amounts or data were generated at 

each energy and sign. Upstream Cherenkov counters indicated that the 

incident pion beam had ~ 5% total proton contamination. 

· The target for the experiment wa11 the Big European Bubble Chamber 

(REBC), filled with a Ne-H2 mixture. Thi11 mixture wa11 76% (molar) Ne 

at a temperature of 29.16 °K and a den11ity of 0.707 g/cm3 at particle 

injection. Such a mixture provides a radiation length of 41 cm and a 

pion interaction length of approximately 120 cm. A 3.60 T magnetic 

field momentum analyzed charged particle11 in the chamber . To facilitate 

scanning the S3 beam line was tuned 110 that ,....,, 2- 4 beam pion11 entered 

the bubble chamber per frame. 

Experiment WA61 ran paruitically (that is, on alternating bubble 

chamber expaDBions) with experiment WA52121, which WM a neutrino 

beam dump experiment to be analyr.ed U11ing BEBC. 

Three separate physics laboratorie11 participated in experiment WA51. 

Thel!le laboratorie11 were: Visual Techniques Laboratory, Department or 

Physic11, University of Washington, Seattle, WA, USA; Centre de Recher-
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chet1 Nucleaires et Univereitk L. Pasteur, Strasbourg, France; and Institute 

of Experimental Physics, University of Warsaw and Institute of Nuclear 

Research, Warsaw, Poland. All three participated in the scanning phaBe of 

data reduction, but only the Seattle and Warsaw labs provided meaBure

ment data. 

A total or some 36000 pictures were obtained, and all pictures ~re 

scanned by the collaboration. In the scan, legitimate beam tracks were 

required to have the correct sign for the type or incident pion, to traverse 

a minimum distance before any interaction occured, and to match a 

curvature template. Legitimate interactions had to be on a legitimate 

beam and to occur a minimum diatance from the exit wall, so that the 

sign of the charge or all outgoing tracks could be determined. In addition, 

for the 64 GeV /c data one and only one legitimate beam track was 

required on a frame in order to minimize scan inefficiencies from the 

higher multiplicities and more extensive showers or these events. 

The number of poaitive outgoing tracks ( N+ ), the number of negative 

outgoing tracks (N-), the number or protons (Np), and number or tracks 

whose sign could not be decided (N±) - because or close interactions, 

usually - were recorded for each event. In addition, in the Seattle scan the 

interaction vertex was measured to insure that the event wu in the fiducial 

volume, and the number of ahower tracks (N•"ower = N+ + N- + N±) 

was entered independently to check for misentries. 

"Proton" tracks were required to have a minimum length to exclude 

very small 6-rays (electrons ejected from an atomic shell by interacting 

with a charged particle), which can form •blobs" resembling a short stub. 

A proton bad to be 1.5 timea minimum ionizing, with the beam track 
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defined as minimum ionizing; had to have positive charge if the track 

had sufficient curvature to determine its charge; and had to stop in the 

bubble chamber. Special care WBB taken in the scan lo identify protoDJ, 

with physicists initially working with scanners to locate difficult protoD11, 

and with periodic rechecks for proton efficiency. 

All electrons and positrons were excluded from the multiplicity counts. 

Al 75% molar Ne, esaentially all e+(e-) have identifying signatures of 

spiralization, brehmslrahlung, annihilation, or any combination thereof, 

so there is no contamination from asymmetric Dalitz decays in this data. 

Results of each collaboration group were checked agaiD11t other groups 

for consistency. After problems were resolved, all three groups were con

sistent. The final total number of accepted interactioru1 resulting from 

the scan for each type or incident beam were: 

"'+ 30GeV/r.: 

"'- 30 GeV /c: 

,..+ 64 GeV /c: 
,..- 64 GeV /c: 

3868 events 

672g events 

1516 events 

1450 events. 

§ 4.1. Correetlon1 to the tean data. 

After the final sample or accepted event.a WBS usembled, the data 

were corrected for nrious effects. As noted in section .f . I, some eTenta 

contain tracks whose charge could not be determined (N±) due to close 

interactioD11, and these tracks must be corrected for . Although nearly 

all interactions in the Ne-H2 mixture will be on Ne, a small percentage 

will be on H and such events should be statiatically removed from the 
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sample. Also prior experiments have shown that a few percent of Jr-nucleus 

interactions at this energy will be coherent events; that is, the reaction will 

be with the entire nucleUB instead of a nucleon in the nucleus. In order to 

analyte reinteraction efJect.8 these coherent events should be statistically 

excluded . 

To correct for N± track.II, which comprise about 3% of all charged 

tracks in the final sample, all events with no N± tracks were selected 

from the data sample. These events were broken down according to the 

type of incident pion (Jrt0 , "'aoi Jr;i4 , Jr84 ) and the number of shower 

track.II (N•lao•ar) in the event. Because there are 4 types of incident pion, 

and given that the maximum number of shower tracks for any event in 

the entire sample is N:::er, this results in 4·N:,."::er categories, called 

"shower categories". For each incident pion type and shower count the 

probability that any given shower track in that shower category was a 

positive track was computed asp+ = N+ /(N+ + N - ), where N+ is the 

total number of positive shower tracks in that shower category, and N

is the total number of negative shower tracks in that shower category. If 

there were no events for that shower category with N± = 0, then p+ 

was assigned as p+ = 0.5. 

During analysis, any event with one or more N± tracks then had 

those tracks redistributed to the. N+ and N- claasifications according to 

the probability p+ that it was a positive track. 

To correct for pion interactions taking place on Hydrogen instead 

of Ne, the topological cross section for Jr±p _. X were determined for 

30 GeV / c and 64 GeV /c from data in the published literature 131. From 

the topological cross sections, the fraction of "'P events with Nclaarge = 
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0, 2, 4, 6, 8, IO, etc ., for each incident pion type W88 calculated. Corrections 

for more than to prongs were ignored since such corrections are at the 

0.01 event level. 

The resulting expected "fraction of "'1' events" were: 

Ne"= o Nc1' = 2 Ne"= 4 NC" =6 NC"= 8 NC"= 10 --- -
?r3o : 0.007 0.134 0.196 0.325 0.215 0.091 

"''to: 0 0.159 0.382 0.290 0.126 0.036 

"'64 : 0.009 0.148 0.281 0.276 0.167 0.076 

1ft4 : 0 0.099 0.224 0.233 0.164 0.099 

These distributions are of course corrected from observed experimen-

tal distributions to meet total charge con.etraints in Jr±p. To correct the 

"'±Ne data one should technically use either "raw data" distributions or 

smear the above distributions to correspond to observed distributions in 

"'±Ne. However, since the total Jr±p correction is of order 6% for all 

events, the maximum shift in any fractional category would be "'"" 0.75%. 

Since the WA5 l data itself h88 a statistical inaccuracy of a few percent, it 

seems unreasonable to perform such smearing. AIBO, such a smearing cor

rection can not be done with any aasurance of accuracy . For example, if we 

decide that 5% of the Ne"= 4 evenlll should be moved to the Nch = 3 

category, then since this "53• depends on many arbitrary factors such as 

scanning efficiency, mixture density, and very close rescatters, the statis

tical error goes as 1/y-Fi;,p(ffelt. = 4) > 6% for experiment WA61. In 

light of this, the above "unsmeared" distributiorui were used for the H 

correction. 

T he total inelaat ic cro1111 section 131 for all beam types in WA5 l for 

Jr±p is 21 ± 0.5 mb . In addition there is about 3 mb of Jr±p elastic cro1111 
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section, of which about 1 mb might etlect the 11:±p correction by producing 

a visi hie 2 prong event . U11ing the measured total cross section for 11:± Ne at 

these energies I•) c1t~T = 270 ± 10 mb, a value for 11:±p of 22 mb, and the 

BEBC WA61 experimental run mixture of 0.76 molar Ne= 0.60 atomic 

Ne, 5.2% of all interactions are 11:±p interactions. 

Jn correcting the WA51 di11tributions, which are functions of the 

number of identified protons (N,), it is necessary to know how many 11:±p 

interactions in WA51 will have an identified proton. A simple physical 

argument suggests that about 1/3 of all 11:±p interactions will have an 

identified proton at these energies 161. 

We can check this with a simple calculation. At 30 GeV /c in WA51, 

(Ne") ~ 61 so E1-" /(Ne") ~ 6.2. If we usu me that the proton bu 

(E') = 5.2 in the lab and that the distribution in EP ,....., exp(-E'l), 

where l i11 11ome inverse scale length, then setting 

implies that l = 0.44 . AHuming the proton is "identified" if IP, I < 800 

MeV /c, which implies that E~as ~ 1.2 GeV, then the fraction of the 

distribution that bu E' < E~as is 

,E~u I {''° 
/.i., = lo e-VI dE' lo e-E•I dE' 

= 0.41, 

which is indeed of the right order. Repeating this calculation at 64 GeV /c, 

where {Ne")~ 8, yields /.i•p = 0.34. Therefore the value of /.i•p used 

was 1/3. 
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Given these values, the WA51 distributions are corrected for 11:±p 

interactioll.8 by 

NNe onl•(N•hower ) = N"''(N•M••r )(1-/ ·/ (N•"o••') ·J . ) , . . . ,. . . H/Ne H •Hp 

where 
fH/Ne = 0.052 

/H(N•"a.u) is given by "fraction of events" 

/,;,, = u~:) for u J visible p. 

To correct for coherent scattering, the following nlues for the coherent 

cross section (o-.,0
") in 11:C12 at 40 GeV/c are usedl81: 

final O'co1' state 

11:11:011:0 (2.3m6) 

11:11:+ 1f- 3.5 m6 

1f + 2(11:+x--) 0.38 mb. 

(The 11:11:
0

11:0 vslue is not a measured value but derived by i808pin weight.

ing 171 from the ir11:+x-- value .) 

These values are scaled to the corresponding 11:± Ne ml ues by using 181 

0'001'(11:Ne) = ( ~;-r/3 O'co1'(11:C) 

and the known energy dependence 181 of o-col&(ir nucleus). The resulting 

11: Ne expected fractions of coherent ennts f co1' are: 

30 GeV /c 64 GeV /c 
I prong : 0.008 0.011 

3 prong : 0.016 0.021 

6 prong: 0.0014 0.0024 
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or course, a ""±Ne coherent eTent must have no identified protons, ie 

NP =0. 

Given these results, the WA61 distributions are corrected according 

to 

for N•"0 •er E (1, 3, 5) and Nl±) E (l, 2, 3), respectinly, for""(±) incident. 

Finally, beca\llle or the low scanning efficiency for 0 and 1 shower

track events in WA61, the cut N•""•er ~ 2 is required for all analyzed 

events . A corretiponding cut (N•" 0 •er ~ 2 in the hadronic system) has 

been applied in thel;:;l Ne data for identical reuona. The net results or all 

the corrections discus&ed in this section are shown in table 4.2. l. 

§ 4.1. Meuured events. 

From the oTerall WA51 scan sample a representative sample was 

chosen for measurement . Measurements were done by the Seattle and 

Warsaw groups only . The goal of these measurements was to provide a 

representative sample with the incoming beam and all outgoing charged 

tracks measured for both ""+ and ""- incident, so that (1) the inclusive 

distributions ofthe nonidentified protons, or PJut tracks, could be studied 

as per the analysis in section 7.5 ; and (2) to enable comparison withlvlNe 

data under equivalent circumstances . Because or the greater complexity 

and general "messiness" of the 64 GeV /c events, only ""±Ne 30 GeV /c 

data was measured. 
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TABLE 4.2.1. 

Analyzed nents in WA51, showing corrections. 

Hu J t l pl l cl t y Co h e r e n t "2 To t a l 
B_e n in _ _ _ _ T_o ~ a l Cut ,_ __ __ _ _ C_u_t _ _ f~t_________C~r_! ~_Lc d_ 

+ 
n JO GeV/ c J 858 2 7] 6 0 180 ) 34 '> 

-. J O Ge V/ c 5 72 9 283 90 259 4997 

.+64 GeV/ c 1516 64 34 6) 13 55 
-. 64 GcV/ c 14 50 65 32 70 12 8 J 



Events measured by the Warsaw group were proce11sed through an 

offline system, where the event i11 measured and stored on magnetic tape, 

and later reconstructed by a geometry program to te11t the quality of 

the measurement. This unfortunately leads to a series of remeasures of 

remeasures, where sheer bookkeeping problems nearly guarantee that 

some events will have failing tracks. 

Seattle measurements were done on a film-plane measuring device 

which had a setting error or about 3 µ, known as the BRIDE, for BRight 

DEvice (ie, it had an onboard microproce11sor). The BRIDE was interfaced 

to a PDPlO computer, on which an overall supervisory program for the 

BRIDE mea.eurements ran. The program was named ONLINE, since this 

was a full on~ine measurement 11ystem. By "full online", I mean that the 

final results for the measurement were generated at measurement time, 

so that the event reconstruction i11 completely finished at the end or the 

measurement. 

The ONLINE program demanded that all charged tracks in the event 

be measured before the event could be declared finished, and bandied all 

bookkeeping by generating a catalogued output for each event. The raw 

data was also recorded in a separate log file in case any later revi11ions 

or catastrophic losses forced reproce1111ing. For geometry recon11truction 1 

ONLINE used the HYDRA bubbl~hamber geometry program developed 

at CERN, with suitable modifications for the Seattle measuring environ

ment . The order of measurement was (I) flducials, (2) all vertices, and (3) 

all tracks, with reconstruction done after each vertex and each track. All 

track and vertex matching was by band (ie the BRIDE operator), which 

is feasible for the ir±Ne 30 GeV /c data but difficult for more complicated 

event11. 

The recoruitruction requirements tllled by ONLINE were that a fitted 

vertex have at least a 3% probability or being a single point fit, and that 

a fitted track have 6p/p ~ 0.2 for a 1f or a p mass fit, with a minimum 

of 3 views participating in the fit. If a track measurement 11lill failed this 

criteria after 3 measurements, the BRIDE operator was allowed to flag 

the track and proceed; the beet or the 3 measurements was kept for the 

-output structure. 

The total number of measured events in WA51 are: 1f+ Ne 30 GeV /c, 

~95 events; 1f- Ne 30 GeV /c, 683 events. 

Since the multiplicity distribution or the events in the measurement 

sample differs from that of the total scan sample, measured events in 

ir+ Ne and ir- Ne are weighted to meet two requirement11. Firet, that the 

weighted measurement shower track multiplicity di11tribution be the 11ame 

as that for the full corrected 11can sample with the same beam. Second, 

that the 11um or all weighted events be the same as the original number 

of events in the measurement sample (it i11 convenient to retain this 

normaliution because distributions then still give a •reel" or the absolute 

number of events and/or tracks involved). That is, the weight of an event 

with n shower tracks is 

where m label11 the measurement sample, • labels the scan sample, and 

N(n) is the number or events with n shower tracks. 
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CHAPTER 6 

ANALYSIS TECHNIQUES 

§ 6.1. Comparl80n ot (;:;I and ,,± lneldent. 

When comparing(;:;)Ne and ""±Ne 11y11tem111 the two 11ywtem11 11hould 

be at the 11ame hadronic CM energy. Since, a.a diecuued earlier, the E546 

t-111 Ne data cover a wide range of hadronic CM energies, this implies choo11-

ing a band in the l11lNe data to corre11pond to the 30 GeV /c (incident 

momentum) ""±Ne data and 64 GeV /c ""±Ne data. Due to different hi11-

torical developement, the square of the hadronic CM energy is called ~ 

in neutrino interactions, and a in hadronic interactions. Clearly we should 

have~= a. 

The general technique for choo11ing a band width in ~ is to com

promise between taking the narrowest possible band width while leaving 

adequate statistics for the task at hand, choosing a band in ~ of the 
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form (W2) - AW2 /2 ~ W2 ~ (W2) + AW2 /2, where AW2 is the width 

of the band. Since this dissertation is primarily concerned with nuclear 

effects on the scattering system, and since the primary me88ure of level 

of nuclear effects is the multiplicity N, the band for comparison between 

""±Ne and<vlNe is chosen for constant width in (N), iDBtead of coDBtant 

width in W2. 

As is discussed in section 6.6, the multiplicity in both neutrino and 

hadron scattering can be fit by the form (N) = o + b· ln(W2) (in hadron 

scattering there i11 sufficient range and 11u11lcient accuracy that Ullually a 

"scaling violation" term c· ln2 (W2) is also included in the fit). Thus to 

have a coDBtant width in N implies choosing a constant width in ln(W2) 

i netead of W2 . 

The coDBtrainta chosen to determine the W2 band Ulled in comparison 

were: (1) (W2) = 1 1 and (2) AN= 1, that ie, the band is 1 unit wide in 

in multiplicity. Constraint number (2) uses only the slope parameter b in 

the multiplicity fit, which ie the more stable of the two parameters. The 

CM energy, or ./I, for 30 GeV/c ""± i117.66 GeV, and ./I for 64 GeV/c 

"'± is 11.08. Using these rnluee and the slope parameters given in table 

6.6.1, the W2 bands are determined to be: 

30GeV/c: 

64 GeV Jc: 

6.26 ~ w ~ 8.88 

Q.16 ~ w ~ 13.01 

The W2 distribution for the E546 data over these ranges i11 essentially 

fiat, implying that no weighting corrections are neceBBary for data taken 

in these bands. 
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§ 6.2. The NUCTST algorithm. 

The NUCTST algorithm i11 used extensively to obtain the results 

presented in this dissertation. This algorithm places vNe and liNe event.a 

into three categories: (a) nuclear event&, or events that 11how evidence 

of having n_uclear reinteractions; (b) nonnuclear events, or events that 

are compatible with no nuclear reinteraction11 1 ie(vl N; and (c) undecided 

events, or events where some aspect of the event prevents a clear choice 

of nuclear or nonnuclear . The NUCTST algorithm also has an option 

designed to improve statistics, where undecided events are placed into 

either the nuclear or nonnuclear category with a weight corresponding to 

a pseudo-probability that such an assignment i11 correct. 

This section di11cU11se11 the implementation of the NUCTSTalgorithm. 

If any of four criteria are met and if the event i11 not undecided, 

the event is clH.11eified ae nuclear. These four criteria are: ( 1) the event 

contains more than one visible proton, subject to a momentum constraint 

·on the protoDB (see below); (2) the event has any •backwards" protons 

in the lab frame; (3) any non-proton non-gamma track in the event baa 

ZF (Feynman z) lees than or equal to -1.0; and (4) the net charge of the 

event is inconsistent with the type of incident W interacting with n or p. 

Criterion (1) i11 used becaUlle clearly there can be a maximum of 

one visible proton in the event if the interaction i11 on a single nucleon, 

and other protons must come from the Ne nucleus (A similar decision 

criterion could be implemented for neutrons, but neutron identification in 

this experiment is e11Bentially none:xistant. Even in events with a recorded 

neutral star - a "mishmash" of tracks from a neutral vertex, presumably 

due to n +Ne -+ ! - there is no unambiguous way to associate the n 
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with the event.). 

However, even in cue11 where the interaction is on a 11ingle nucleon in 

Ne, and this nucleon then leaves the Ne nucleus without further interac

tion, the absence of the nucleon may leave the nucleus in an excited state, 

from which it then decays to generate visible protons. Since the rermi 

momentum for Ne is leF = 1.35 fm- 1 ~ 270 MeV /c, this establishes an 

absolute upper limit for visible protons from such a case. However most 

protons in this cue will be far below le,., so the limit taken is 200 MeV /c. 

Thus criterion (1) appliet1 only to visible protons with p ~ 200 MeV /c. 

However backward.a proton11 are taken as strong evidence of direct nuclear 

involvement, leading to criterion (2). 

ZF hu the bounds li:,.I :S 1.0, where we evaluate ZF in the CM 

and assume the initial interaction is W± + n(p) - (anvthing). This leads 

to criterion (3), a.e only a nuclear effect can take ZF out of this range. 

This criterion for ZF is used as opposed to taking tracks with backwards 

momenta in the lab because re11onance decays to particles with much less 

mass than the parent resonance (for example, p6 - :ir+ :ir-) can throw a 

decay product into the backwards hemisphere in the lab frame, using the 

available mass energy. 

Clearly charge balance must be consistent with the interaction type 

unless additional charge comes from the nucleus. However, in checking 

charge balance, We are 8.llSUming that the sign of the charge of all charged 

tracks in the event i11 well known . For too high a relative error in the 

momentum (6p/p), or for a failing charged track, this is not the cue. 

From the geometry, we have 
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where le is the track curvature, and so the variance of the cunature (n) 

is D' = 61e . From figure 6.2.1, we see that we mUBt go N,,·D' to revel'le the 

sign of le . Thus the probability the sign of le is wrong is 

f,
00 

- I -s•/2 P.(N,,) - - t dz, 
./fW: N, 

it the area under the gauasian beyond le= 0 away from le (the cr08&-hat h 

area in figure 6.2.1). P. i11 evaluated by noting that this is just 1/2 the 

confidence level (it including the dotted area in figure 5.2 .1 al110). 

The bound chosen for having a "well known" sign or the charge is 

2n, or 95%, which by the above calculation corresponds to 6p/p ~ 0.6. 

Ir an event contains a track that exceeds this limit, it i11 placed in the 

undecided category; otherwise, charge balance is applied. 

Applying the NUCTSTalgorithm to the E546 11Ne data, for example, 

33% or all events fell in the nuclear category, 54% fell in the nonnuclear 

category, and the remaining 13% were undecided. Of those events 88-

signed to the nuclear category, 43% were aasigned because of a backwards 

proton, 15% for more than I visible proton, 5% for having ZF ~ -1, 

and 37% for failing charge balance (Some care is nece11sary because these 

numbers are contingent on the order of evaluation of the criteria. For 

the numbers cited, the order of evaluation wa.e the same u the order in 

which the percentage11 are given .). To check that no systematics were in

troduced by the proton cuts (through choice of the visible proton 11ample, 

say), (Wl} and (Q2 } were plotted as function11 of t he number of visible 

protons (N,) in the nuclear sample. No variation i11 seen. 
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.. 

FIGURE 6.1.1. 

Computing the probabilit1 the sign of the charge is wrong from a GaURian 

error distribution in curvature. (See text) 
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In the option where the undecided events are entered into a nuclear or 

nonnuclear category with a weight corresponding to a psuedo- probability, 

the weight is assigned as follows. All charge track.a failing the 6p/p re

quirement are ordered according to the probability that the sign of their 

charge is wrong, ie according to P • . Let n be the number of tracks needed 

to bring the event into charge balance correspondence with the category 

to be assigned (either nuclear or nonnuclear). If n is less than or equal 

to the number of indeterminate tracks in the event, we take then tracks 

with highest P., and the weight is then 

n 

w = 1 - lJ(l - P,(i)). 

Ir n is greater than the number of indeterminate tracks in the eTent, the 

weight is 1.0 or 0, depending on the category . 

Clearly this weight has the correct behavior. If a large number of 

tracks must change sign to meet the event criteria, the weight is small, 

even if the probability for all tracks is large . The weight can only be 

large if a single track is coD.Bidered, and if the probability for that track's 

sign to be the correct sign for the category considered is also large. A 

study of distributions with weighted events compared to distributioDB 

without weighted events found no significant differences, other than some 

improvement in statistics. 

The goal of the NUCTST algorithm is not to assign all individual 

events correctly to the three categories, but to divide the data into samples 

of events wb08e overall comparison give11 insight into nuclear vs. non

nuclear proce88es. Some contamination of events from the wrong category 

will be present in other categories, but we are trying to determine only in 
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what manner the quantities under investigation change if we enrich the 

nuclear content or the sample, or enrich the nonnuclear content or the 

sample. For this purpose the algorithm is adequate . 

Finally, a matter or notation . In reference to the manner in which 

the NUCTSTalgorithm is actually coded, in figures and tables the nuclear 

category is often referred to 81 • NUCTST = +1!', the nonnuclear category 

as "NUCTST = -1!', and the entire data sam pie as • NUCTST = (J' . 

These categories are not purdv nuclear or nonnuclear, but only enriched 

samples aa decided by the NUCTST algorithm. 

§ 6.1. W2 weighting. 

When comparing vNe and VNe data in E546, if the range of com

parison is over a broad range in W'l (for example, the entire data sample), 

then the W2 distributions of the two BBmplee can be significantly different . 

Since nuclear effecl8 and indeed properties or the final state hadronic sys

tem in general are a strong function of W2, spurious differences may be 

introduced into the comparison because or the different W2 distributions. 

(As discW!sed in section 6.6, other leptonic variables have little effect on 

the final state hadronic system for the quantities examined in this disser

tation .) 

To overcome this problem, a system or W2 weighting was used to 

guarantee that two data samples with a large width in W2 would have the 

same W2 distribution. This section describes the system or W2 weight

ing used . (It should be stre11sed that such weighting is nece11sary onl11 for 

very large AW2 samples, which in practice nearly always mean11 for com-

106 

parisons or the entire data sample. Whenever W2 weighting has been used, 

notation to that effect is made.) 

Assume that the two samples are divided into ; bins each, all or 

constant width AW. Then each one or these AW birui will contain Ni 

total events and ni total tracks ("i" is the bin label, and i runs from 1 

to j). Let the weight assigned to each bin be w, . Then there are three 

obvious weighting conditions: 

w'; N': = .,~N~ (i = l...j) 

~w~N· = 1 
L- ' ' 

(5 .3.1) 

(5 .3.2) 

(5.3.3) 

In these conditiona, a labels aample no. 1, and b labels llBmple no. 2 

(uilualiy vNe and VNe) . Condition 5.3.1 forces the W2 distributions to be 

equivalent for the two samples. Conditions 5.3.2 and 5.3.3 expre1111 the fact 

that the '°i are normalized weights, that is E w1n1 = (n).,, where the 

sum runs over all tracks. The weights are taken to be normalized weights 

because the weighting is done for inclusive distributions, and normalized 

weights are appropriate for distributions of the form 1/a da/d8, where 8 

is any kinematic variable . 

There are 2j total weights and j + 2 constraints, so for any practicle 

AW this constitutes an underconstrained system. One can invert 2; -(; + 

2) constraints to find a weight set, but this carries with it the possibility 

of biasing the sample: for example, one could weight a bin so that it had 

a negative number or events in it. Also ideally one would like to have the 

Ulj independent or the ni. 

The solution adopted here is to preserve the total number or evenl8 in 
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each combined bin Ni= N1 + N! by weighting the events so that there 

is an equal number of events in a given i bin for both a and b samples. 

Then in the total 11ample a+ 6 exactly half the total events N = EN; 

are in the a 11ample, and the other half are in the 6 sample. Then the 

normalit;ed weights are found by dividing out N /2 from each sample. 

The final weights are: 

and w! i11 given by interchanging a and 6. 

For the actual implementation of W2 weighting, the W-width ~W 

W811 1 GeV. Since the weighting technique requires prior knowledge of the 

W di11tribution of the event11 (which can change 811 cuts, etc., change), 

for calculation11 involving weighted data the W di11tribution of the events 

selected was accumulated. After all events had been accumulated, the final 

W distribution W811 required to agree with the input W distribution used 

to calculate weights. If the distribution11 did not agree, the analysis was 

discarded, and a new W di11tribution was recorded for U11e in subsequent 

analysis. 

CHAPTER 8 

MULTIPLICITY RESULTS 

§ 8.1. Chapter Overview. 

This chapter deal11 with multiplicity-related resulu and their com

pa.ri11on between the (;:;l Ne 11y11tem and the ,.-±Ne 11ystem at equiTB.lent 

hadronic CM energies. Multiplicitie! are strongly affected by nuclear rein

teractions and provide a key mea11ure of the importance, effect.a, and 

mechanism of such reinteractions. In view of the important role multi

plicities play in analyzing nuclear reinteraction11 1 the WA5 l scan phaae 

was specifically designed to take great care with multiplicity features in 

"±Ne. The compari11on of these multiplicity results for "±Ne with those 

for(v)Ne probes differences between hadronic and weak interaction sys

tems shortly after their formation. 

Section 8.2 studies various feature! of shower (ie minimum ionizing) 
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track di11tribution.s in the two 11y11tem11. A linear relationabip between the 

dispersion in N;,, D;,, (11ee 11ection 6.2 for the definition of N;,.), and 

{N;,) is found, but tbelv)Ne 11lope and intercept differ from the universal 

hadron- hadron values. c~;- momenlll are studied, and the ratio of average 

N with a nuclear target to a nucleon target (RA.) is presented for ""±Ne 

and Iv) Ne. The R,.... dependence on the badronic CM energy is found, and 

R,.... for Iv) Ne is considerably below R,.... for ""±Ne at equivalent energies . 

Section 6.3 presents features of identified and non-identified proton 

distributions (non-identified protona have 11ufficient momentum to be min

imum ionizing, and are called P/Ht track.II). The 11ection includes a deriva

tion of the Anderaaon model l•I of proton production and comparison to 

the data. We find about 0 .6 P/Ht track.II per event, with slightly more in 

I;:;) Ne than ""±Ne. There is no evidence of correlation between identified 

proton and p,,,.., production, but this may be a saturation effect in Ne, 

with larger nuclei possibly showing a correlation. 

Section 6.4 deal11 with correlations between nuclear reinteractions and 

the number of identified protons, N,. Clearly N, provides a measure of the 

average number of nuclear reinteractions, (11) . N;, and n;,. ri11e linearly 

with N,. The 11lope of n;,(N,) is compared for(i/)Ne and ir±Ne, and the 

relation between (11) and N, i11 plotted for both ay11tems . This relation 

is, as we might expect, evidently a universal function. C!;- momenta are 

presented as a function of N, (or equivalently (11)). 

Section 6.5 studies K NO scaling 121 for many different BS pee ts of ,.-±Ne 

and I;:;) Ne system11, and discusses 11ome of the caveats involved with the 

idea of KNO 11caling. In particular, there i11 strong evidence that KNO 

scaling bas its origin in 11tatistical properties of production systems, as 
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opposed to dynamical propertie11. KNO scaling is found to hold at leaat 

as well when comparing evenlll with no nuclear reinteractiona to events 

with nuclear reinteractions as in other types of compari11ona. 

Section 6.6 looks at the relation11bip between multiplicity features and 

primary event variables inlvlNe, such as Q2 , W2, 11 1 %BJ, etc. The only 

important variable is found to be W2, 88 oppo11ed to 11ome prior paper11131 . 

The behavior of many type11 of multiplicity momenta, such as the skewness 

and the integral of the two- particle correlation function, are presented as 

a function of W2. Several types of multiplicity distribution are 11bown to 

obey the scaling law (N) =a+ b· ln(»'2) well, and the parameters a and 

b a"re compared for many types of scattering system11. A detailed search 

for any Q2 dependence 11bows no dependence whatsoever. 

§ ft.!. Shower track multlpllelt)' dlatrlbutlon1. 

This section presents various feature11 of the multiplicity di11tributiona 

measured in experiments E546 and WA51. As discussed in Chapter 2, the 

increa11e in multiplicity for interactions on nuclei aa oppo11ed to interac

tions on nucleons is a direct me88ure of reinteractiona in the nucleus . Tbu11 

studying multiplicity distributions can 11hed light on the mechani11m of 

reinteraction. Comparing di11tributions between ir±Ne and lv)Ne provides 

yet another probe of nuclear reinteraction11, 11ince the probability of rein

teraction in ir±Ne i11 roughly t l to q that of reinteraction inlv)Ne . 

Many of the following multiplicity results are pre11ented in the YBri

able N;,. . This eliminates any contamination by non-identified protons 

and compensates for the different initial charge present when comparing 
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incident-particle and incident-antiparticle. (N;,) is defined as 

for incident ,..+ ( v) and B8 

for incident ,..-(Ii). Taking the 11ummation over N- ~ 2 for incident 

negative charge and over N- ~ 1 for incident positive charge eliminates 

contamination from quBBi-elaatic interactions. 

Similarly n;r i11 defined a11 

Other moment!! Wied in thi11 chapter are given in section 1.2. 

Figure 6.2.1 show11 the dispersion D;r plotted agairu1t the aTerage 

multiplicity {N;r)· It ha11 long been recognized that the disper11ion is a 

universal linear function of the average multiplicity for all energies for a 

given interaction type 14! . (However, different slopes and intercepts may 

be needed for different type9 of incident particle. For example, different 

straight lines may be needed for e+e- compared to hadron-hadron scat

tering.) 

Thia result is expected in the limit where KNO scaling holds. If one 

plots P(n) versus n, where P(n) is the probability of observing n tracks, 

then the normalii:ation condition f P(n)dn = I fixes the area under the 

curve to 1. Rescaling then axis by (n)- 1 and the P(n) axis by (n) preserves 

the normalii:ation. Then the half- width of this curve ,...., D /(n). If all the 

I .._ 
a. 

0 

2 
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FIGURE U.1. 

The di11per11ion n;r nr11u11 average multiplicity (N;r)· The w Ne dat.a are 

at 10.6 '1°1, 26 I• •I, 30, 601 11 1, and 64 GeV /c . The 110lid line repre11enta a 

parameterization of "'P and pp data 191. The 11Ne and liNe data are from 

E546, extrapolated to zero bin width. The 30 and 84 CeV/c .-Ne data are 

from WA51. 
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scaled curves are to be identical, 811 KNO auerts, they must have the same 

width, so D /(n) = Conlt. Thus deviations from the linear relationship 

measure deviation! from KNO scaling. 

Figure 6.2 .1 shows that ""Ne, ""P, and pp data all fall on the 11ame 

straight line to within a few percent. 11Ne and VNe fall on straight lines 

on the plot, but these lines are different from the hadron-Ne line, and 

also different from each other, having different slopes. The ti Ne line bas 

the same slope as the hadron-Ne line within errors; the 11Ne line has a 

significantly smaller slope. Thi11 result is similar to the result obtained in 

<11lp 151. 

Average multiplicities and di11persiom for ""±Ne and(illNe are shown 

in table 6.2.l. Averages for N+ (positive minimum-ionir;ing tracks with 

identified protons excluded) and N- (negative minimum-ionizing tracks) 

are given, as well aa the average, dispersion, and their ratio, in N;r. Values 

for pNe at 28 GeV /c 1111 and 300 GeV /c [7) are included for comparison. 

(N+) and (N-) tend to be about 0.4--0.5 lower for vNe than for KNe. 

(N;,) tends to be about 0.6 lower for vNe while n;r is much closer to 

the KNe values. 

In addition to the dispersion, in the limit of exact KNO scaling the 

normaliied higher-order moments, defined as 

Bre identical for all energies for the same scattering system. (The C!; 
are assumed to determine the KNO scaling function '1(z) via an integral 

expansion f ¢(z)z1dz = C!;-. For a complete discussion of KNO scaling, 
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TABLE 8.1.1. 

A'lerage multiplicities and dispersions. 

,,+30{This cx pt . ) 3.86•.03 2.41!.03 2.51!.02 1.40!. 02 l.80!.0) 

v 30 

~ 30 

+ • 64 

v 64 

~ 64 

/10 . 5 (10) 

.-10.5 (10) 

n -25 { 11] 

p 28 

p 300 

(11) 

16) 

[71 

3.68.•.04 2.06!.03 2.03 1 .01, 1.31 ! .04 l.55 .!. 06 

3.09!.03 3.19! . 02 2 . 4)! . 02 l.44!.02 1.68!.03 

2.61•.08 2 . 70~.08 1.86!;11 1.47• .. 09 1.26! . ll 

4 .55• .06 3.17!.05 3.24!.05 1.87 ! .04 1.78!. 05 

4.12 L04 2.52+.0S 2.63!.05 1.54!.04 1.71!.05 

J.87! . 06 4.06!.05 3.26! . 05 1.86! .04 1.75!.05 

3.32!.11 3.38! . 10 2.42!.14 l.61! . 14 1.50!.16 

2.86! . 0i, 1.37!.02 1.77!.07 0 . 92! . 07 1.92!.02 

1.83; .02 2.08!.02 1.69! .07 0.86! .07 1.96! .01 

2.60!.07 2.29!.07 1.16•.05 1.97•.0 7 

3.41! . 07 2.R5•.06 l.6)! . 05 1.75!.05 

2.33!.08 l.)l! . 06 1.77! . 07 

5.40• .04 3. 55! .04 1. 52! .Ol 
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TABLE II.I.I. 

C!; momenta for N;~diatributiona in Jr±Ne andl;;lNe. Thel;;lNe values 

are extrapolated to zero bin width. 

-Pr -pr 
- p LAB (<-:_,~v~ > _ ____ _ c_2 ______ ~--~3 

-pr 
c4 

+ . 30 (This expt.] 1. 31 ! 0.01 2. 10 .!. 0.04 3.92 ! 0 . 11 

v 30 1. 41 ! 0 . 02 2 :54 ! 0.11 5. 53 ! 0. 50 

-. 30 1. 35 ! 0.01 2. 30 ! 0.04 4. bl ! 0.11 

-
v 30 1. b3 ! 0.07 3. 41 0. 33 8. 4b ! ). 38 

. + 
b4 l. 31 0.01 2. 12 0.06 4. OS ! 0. 2~ 

v b4 1. 34 0. 62 2. 2 3 ! 0 . 08 4 . 41 ! 0. 29 

-
11 64 1. 33 ! 0.01 2. IS ! 0. 06 4 .00 ! 0. 20 

-
v b4 1. 44 0.06 2. 66 ! 0. )} 5. 95 ! I. 34 

+ 
TI )0.5 I IO] 1. 27 0.01 1. 98 ! 0 .02 3. 63 ! u . 07 

-. 10 . 5 ( 10] l. 26 ! 0.01 1. 93 ! 0. 02 3. 46 ! 0.07 

-
TI 2'.> (II] 1. 26 ! 0. 02 1. 8 7 ! 0.07 ). 14 ! 0. 21 

. - 50 (JI) 1. 32 ! 0. 02 2. 12 ! 0. 07 ) . 93 ! 0. 21, 

ln N 
pr 
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see section 6.5. ). The C!;- moments are given in table 6.2.2. These 

moments for ""±Ne are remarkably similar for different energies, but 

differ considerably from the(il)Ne moments. The(;;) momenta also show 

considerable variation among!t themselves, with the V moments greater 

than the v moments at equivalent energies. 

The ratio of an average multiplicity in nuclear scattering to the 

same average multiplicity in nucleon 8Cattering can only be sensitive 

to differences due to nuclear effects, provided there are no systematic 

differences in the two measurements. Thus the ratio 

R - (N)N. 
A - (N), 

plays a key role in analyzing nuclear effects. 

Table 6.2.3 compares RA for ""±Ne and(;;) Ne . RA(minua) is com

puted using (N-) and RA(all) is computed using (N•"°•er). The values 

for (N),,, are computed uaing an interpolation given in 181. Two sets of 

values for RA~;;) Ne) are given; one set is calculated using BEBC Hts 161 

tolvlp, the other is called .R~ 1 and is calculated using the NUCTST al

gorithm. The assumption i11 that NUCTST = -.f events represent a good 

. . I-) k t" . I I u . R-( 2)h approx1mat1on t<tv p events, ta en as a 11ta 1st1ca samp e. smg A as 

the advantage of avoiding any systematic or normalization differences 

between BEBC and E546 (the BEBC data have been adjusted using results 

of a Monte Carlo based on a theoretical model, which may skew their 
- (2) 

results relative to E546). RA is defined ae 

R~l = [ (N) J . 
{N)NUCTST--2 ;;l Ne 

RA is clearly greater for ""±Ne than forl;;l Ne, as expected from the 

arguments of Chapter 2. More surprising, while RA(minus) is about 0.1 
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TABLE I.I.I. 

RA for ~±Ne and(ii)Ne at 30 and 6-4 GeV /c. See text for discUBsion. 

_wl ~l! _ _B_F_!IC _f_l_ts_l_n __ v_ _ 

P LAii (C c V /c) l<A (min11s) RA (all) 
-+ --- ----- - -
• )0(1h1s l'Xpl.) 1.)4 ! 0.02 1 .2 0 ! 0.02 

\) 30 1.14 ! 0.01 l .1 5 ! 0. 02 l. 25 ! 0.06 1. 2) ! 0 . 07 

-
n 10 1. 31 ! 0.02 1. 24 ! 0.02 

v )0 1. OJ ! 0.05 1.1) ! 0 . 05 1. 16 ! o.os 1. 14 ! 0.06 

• \4 1. 37 ! 0. 04 I. 2 J ! 0.0) 

\) 64 1. 31 ! 0.09 1. 21 ! 0.06 1. 22 ! 0 . 02 1. 24 0 . 02 
-

n 64 1. 40 ! 0 . 0) 1. 29 ! 0. 02 

v 64 1. 26 ! 0. 14 l. J 7 ! 0.14 1. 2 1 ! 0.0) 1. 26 ! 0 . 0) 
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greater than RA(all) for :ir± Ne, RA(all) is greater than or approximately 

equal to RA{minua) forlv)Ne . Naively one would expect the two definitions 

of RA to give the same results . Proton11 included in the shower track 

multiplicities for ~±p may contribute to the difference for the :ir± RA. 

For example, the average number of slow (p,_. < 0.8 GeV /c) protons 

in 7f"-P interactions at 16 GeV /c l"I is meaaured to be approximately 0.26 

per event . Reducing the hydrogen multiplicities by 0.26 raises RA(all) 

for 7f"±Ne by roughly 0.04. The larger differences inlv)Ne at 64 GeV/c 

may arise from the fact that the BEBC fit is at the limits of the BEBC 

phase space in this regime, and from smaller statistics than in ~±Ne. 

ID any case, the iz~ 1 
values, which are free from all normalization and 

systematic differences, agree within errors. R~)seems to cluster strongly 
-(2) 

around RA ~ 1.23 at these energie11. 

Figure 6.2.2 shows the evolution of RA with energy_ RA is increasing 

rapidly for(il)Ne and slowly for ~±Ne. This is probably because RA(:irNe) 

has nearly saturated at these energies, while RA~V) Ne) is still approaching 

saturation. Clearly there must be some upper limit to the number of 

rescatters that can occur in the nucleus; that is, some (11),..as . Since the 

probability of a rescatter is roughly I! times 811 great in :ir± Ne than in 

111) Ne, this limiting value of RA will be reached at lower energy for ~±Ne 

than Iv) Ne . 

§ 8.J. Proton multlpllelty distributions. 
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FIGURE 8.1.1. 

The ef'olution of RA with energy for ir±Ne and(il)Ne. All RA are calcu

lated using {N;,). The(;:;)Ne values are k~ 1 (see text). 
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A. Identified proton11 

The identified proton multiplicity distribution in E646 differs radi

cally from the equivalent distribution in ir± Ne, and, indeed, d0et not 

have the characteristics expected for such a distribution . Since the main 

thrust of E646 during the scanning and me8.8uring process was to ac

curately reconstruct most of the energy flow in the event, the efficiency 

for identified protons in experiment E546 is relatively low. Therefore the 

identified proton distribution in E546 ia coDBidered inherently unreliable 

and will not be reported here. However, there is considerable evidence 

that the properties of events with some number N, of identified protoDB 

re~ains unbiased in E646. That is, while the ratio (N, = l) : (N, = 0) 

may be unreliable in E646, the average shower multiplicity of events with 

l proton (N} N,- 1, for example, is still comparable to the same quan

tity in other experiments. This is equivalent to saying that the succeaful 

identification and measurement of a proton in E646 is totally uncorre

lated to the me88urement of the remainder of the event, which is an en

tirely reasonable statement considering the VB.Ht differences between an 

"identified proton" track and any other kind of track. A check of this 

reveals that the ratios (N)N,-o : (N)N,-I : (N)N.-'i are identical for 

the ir± Ne experiment and the( vi Ne experiment. 

The average number of identified protons produced at 30 and IM 

Ge V /c in ir± Ne is given in table 6.3. l. Values at 10.51101 , 25111 I , 60 (ll I , 

and 200 GeV /c 1121 are included for comparison. The (N,) at 10.6 GeV /c 

and 200 GeV /c are considerably larger than the other values in the table; 
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TABLE 8.1.1. 

Average multiplicity and cilspersion for identified protons N,in ir±Ne. 

"__! ,~R( ~. c'!__~ c_) ----- ---
<N , D 

·--- . . P ... _. _ __ . __ _p _ 

• +JO [Th 1 a expt.] l. J l ! 0 . () 2 I. 4 7 !O . 0 2 
-. 30 I . 2 I ! 0 . 02 I. 4 0 !O. 02 

• +64 1 . 29 !0 . 04 I. 4 4 ! 0 . 0 1, 

-
" 64 l . 2 2 !0.04 I. 4) !0.04 

•+I 0. 5 ( 10] I . 71 !0.09 1 . 84 ! 0 . O'J 

-
n 10 . 5 ( 10) I. so !0 . 08 I . 77 ! O. 08 

-
n 200 I 1 2 I I. 77 !O. 10 

-
11 25 (11) ( . ) 2 !O . 07 

-. so [ 11] l. :l 7 •0 . 05 
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excluding these, it would seem that (N,) for Ne dependt only on the 

incident particle type and not on the incident energy. This could be a 

saturation effect, since nuclear effects can add a maximum of 10 protoOB 

to the final elate. The higher (N,) values may possibly be explained by 

the lower density of the H2 - Ne mixture used for these experiments. A 

lower density allows the detection of protons with a smaller minimum 

momentum than that in WA5 l . 

Figure 6.3.1 gives the multiplicity distribution for N,. Al110 11hown on 

the figure ie the predicition of the Andersson model l•I, which de11eribee 

the multiplicity distribution of proton11 in nuclear interactions. 

The Andersson model can be derived from two simple UBumptions . 

We consider the picture of nuclear 11eattering where there are v (no relation

ship to the v of neutrino scattering) interactions in the nucleus. In this 

picture we 3.88Ume: 1) Each of the v interactions are totally indepen

dent and any one interaction can be interchanged with any other, and 

2) each of the n protons produced at any one of the v interactions 

are aleo independent and interchangable. From this we deduce that if 

the probability of producing one proton at one vertex is z , then the 

probability of two protons is z2 , and eo on . The probability of some

thing happening (0 protoDB to oo protons) must be one, eo the condition 

00 

a 2:: z" = 1 
n-0 

determines the normalization constant a = (I - z ), and the probability 

of producing n protoOB at one vertex ie (1 - z)z". 

We can calculate the average number of collieione in the nucleus from 

a Glauber formalism (impact parameter representation + Wood- Saxon 
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- - - .,,.+ 30 GeV/c 

0 2 4 6 

FIGURE cu.1. 

{ b) 

- - - .,,.+ 64 GeV/c 

0 2 4 6 

Normalited multiplicity distribution of identified protoDll (N,). (a) .-±Ne 

at 30 GeV /c and (b) ir±Ne at 64 GeV /c. The points 11how the theoretical 

pred iction11 of the A nder1111on model It I (see text) . 
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nuclear density), yielding (v) independent of experimental resulta. Jr on 

the average there are (Np) protons observed, then by usumption (1) the 

average number of protons produced at one vertex is (Np).,_ 1 = (Np)/(11). 

We lhen solve for x from the equation 

to obtain 

(Np).,_. = (1 - .z) L Np.zNP 
NP-o 

.z 
= (I - .z) (I - z )2 

Now if we produce n total protona at v vertices, we mUJt make 11ure 

we count ea.ch way of distributing the protona among the vertices such 

that the sum i11 n (11ee figure 6.3.2). Thus the probability for n protons 

with v vertices is 

Pv(n) = ~(.ft/••) where L n; = n 
eom• 

Taking all combinations of Np things in v boxes = (Np;J'-1) we arrive 
p 

at the result 

P.,(Np) = (Np~:- 1
}1 - .z)" zNP. 

Given the P., we calculate the total probability by summing oTer all 

v that are relevant: 

P(Np) = L TI(v)P11 (Np) 
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3 COLLISIONS 

FIGURE 8.1.1. 

An example of proton product.ion in t.he Andeuson model 111 P' = 
proba bility of producing i prot.0111. We must hBTe n 1 + n 2 + na = n ,ie 

E~-• ,., = n . 
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where TI(v) is the probability of 11 interaction&, calculated from the Glauber 

forrnaliem. Thus we see that the two assumptions produce a model with 

only one experimental parameter, (N,), which only playe the role of a nor

malization constant. 

Previously the Andersson model has been compared to data from 

emulsion experiments, involving a mixture of heavy and light nuclei. Since 

the ,..-±data presented here involve only Ne nuclei, they constitute a cleaner 

test of the Andersson model. Using the parameters (11) = 1.6, TI{v = 

I) = 0.59, TI(v = 2} = 0.30, TI(v = 3) = 0.11, {TI{v > 3) are 

ignored) and (N,)"_1 = 0.78±0.04, the model yields the points shown in 

tfgure 6.3.1 . Agreement between the model and the ,..-±Ne data is excellent. 

8. Faat (nonidentified) proton• 

By using the isospin eymmetry of the Ne nucleUA we can deduce that 

the number of fast (nonidentified) protone in the final state for ,..-±Ne and 

(v>Ne is given by 

{6.3.1) 

or alternatively by 

(6 .3.2) 

where the •+• eubscript refers to either ~+Ne or 11Ne, and the ._,, sub

sc ript then ref ere to either ,..- Ne or DNe, respectively. The two definitioDA 
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fair to say that current model11 cannot explain fa11t proton production . 

§ 8.-t. Multiplicity correlations between Identified protons and 

shower tracks. 

AA di11cus11ed in 11ection 6.3, the number of observed proton11 Np 

is directly related to the number of •effective 11eatterings" (v) in the 

nucleus. Since this i11 the case, any aYerage multiplicity 11hould increase 

monotonically with Np. Indeed, figure 6.4 . l 11hows that (N;r) ri11e11 linearly 

with Np. Evidently the rate of increase i11 greater for ,.-±M GeV /c than for 

,...± 30 GeV /c, indicating the slope i11 energy dependent. Although there 

i11 more 11catter in thelvl Ne points due to poorer stati11tics, they are also 

consistent with a linear ri11e. ThelvlNe points are about 0.5 units below 

the correspondini "'±Ne points, but their slope is consistent with being 

the same a.a that for ,.-±Ne. 

Figure 6.4.2 show11 the di11per11ion D;r versus N,. Scatter due to poor 

statistics in the{il) Ne points i11 too severe to extract the trend of the( ii) Ne 

data, but it would seem that although N;, is 11igni6cantly lower for( ii) Ne 

than ,.-±Ne at equivalent energie11, D;, is approximately equivalent . Thi11 

implies that the difference shown on the v;, VB . N;, plot (figure 6.2 .l) 

for(i/lNe and ,..±Ne, withlvlNe above ,.-±Ne, cornea from a decrease in 

N;, for 1v1 Ne, with v;, remaining e11sentially CODBtant . 

D;,, like N;,, is linear in NP for ,..±Ne, with the slope of D;, vs. 

Np increaaing for higher energies. However, D;, does not rise as quickly 

as N;,, implying that the multiplicity distribution i11 becoming more 

"bunched" as (v) increases. 
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Anrage multiplicity of produced negati..-e particles (N;,) as a function 

of the identified proton.11 NP. Errors are statistical only . 
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o 11 Ne, all data 

.o. 11 Ne, all data 

0 

FIGURE 8.4.1. 

3 4 

The· dl1per1lon In N;, (D;,) tor all neutrino data. The two solid lines 

abow~\he linear Afew\h of D;,(,.-±Ne) for 30 GeV/c and 84 GeV/c. The 

dashed line11 a.re linear fits to the neutrino data (the N, = 3 point for 

VNe i1 excluded from the Ht). Errors are 11tati&tical only. 
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are equivalent to first order. For connnience in reference, definition 6.3.1 

is refered lo, for example, 88 •(N') in "'+ 30 GeV /c" for 30 GeV /c inci

dent"'± beams, and definition 6.3.2 as •(N') in "'- 30 GeV /c". N+ and 

N- refer lo the minimum - ionizing positive and negative tracks, respec

tively, with identified protons excluded. (For a more complete discussion 

of isospin subtraction, see section 7.5.) 

Table 6.3.2 shows the average multiplicity and percentage of min

imum-- ionizing positive tracks for fast (nonidentified) protons in "'±Ne 

and Iv) Ne, obtained from table 6.2.l. All the values are roughly consis

tent except for vNe, which is high, and the "'- values al 10.5 GeV /c and 

200 GeV/c, which are slightly low.lv)Ne lends lo be slightly higher than 

x-± Ne. There appears to be ~ o.e - 0.7 fut protons per event. This is 

about 20% of the positive charge multiplicity. 

There will be some contribution to the average fast proton multi

plicity (N , •• ,) from Ka.one since K+ is not the ieospin partner of K-. 

This contribution is, however, negligible; both experiment1• 01 and the 

Lund Monte Carlo calculations show any such contribution < 5% of the 

total charge difference al the most . In addition the observed fast protons 

cannot be due to baryon-antibaryon production since any such pairs are 

subtracted out in laking (N+) - (N-). 

In addition to "'±Ne andlvlNe, Ar.imov el al.171 estimate (Nt••') = 

0.6 ± 0.1 for pNe al 300 GeV /c, consistent with the values given in table 

6.3.2 . This suggest.8 the (N, .. ') can depend only weakly on the incident 

energy or the incident particle type. 

We can obtain a rough estimate of the number of fast protons ex

pected from scattering on individu1;1I nucleons in the nucleus, ie not com-
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TABLE 8.1.1. 

A'ferage multiplicity and percentage of minimum- ioni1ing positl'fe tracb 

for fast protons for "'±Ne and(;;;) Ne. Values for "'±Ne al 10.6 GeV /c and 

200 GeV /c are added for comparison. 

~!J-1~ ~~~ I ~2 
F " I < N + > < N > <N > 

__ _E_ _ _ _ _ 

+ 
n JO (This c x 11 r . I o. 6 7 ! 0. 04 O. I 7 ! 0 . 01 

v 30 o . 98 ! 0 . 09 0. 2 6 ! 0 . 02 

n 30 o. 6 7 ! 0. 04 0 . 22 ! 0 . 01 

v 30 o . 54 1 o . 09 o . 2 I ± 0 . 0) 

.+64 o. 4 9 :! 0- 08 0. 11 1 0. 02 

v 64 0 - 74 1 o. 11 o. 18 ! 0. OJ 

. 64 0.10 ! 0- OB 0. I B ! 0 . 02 

-
v 64 o . 7 s • o . 12 o . 23 ! 0 . 0) 

.+10.s I 101 o. 78 ! o . 04 0.26 :! 0 . OJ 

n 
-

10 .S I LO] o . 4 6 ! 0 . 03 o . 2 s 1 0 . 02 

. - 200 I 1 2 I o . 4 4 • o _ 10 
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ing from nuclear efJech (a more detailed study of this wiing the Lund 

Monte Carlo is given in Chapter 7). Since Ne contains equal numbers of 

protons and neutrons, there will be approximately 0.6 recoiling protons 

per interaction. The average number of slow protons expected is obtained 

using the momentum 11pectra of ohBerved protons in 1rp at 16 GeV /c 1111 

and in 1f'n at 21 GeV /c 1131. Averaging the11e (N,) value11 for 1rp and 1f'n 

and subtracting from 0.5 yield11 approx.imately 0.33 ± 0.05 fast protons 

per event. Thie indicates that much of the fast proton exce88 is as11ociated 

with production in the Ne nucleu11. 

As11uming that 0.33 fast proton11 are produced at each collision in the 

nucleus, then the total (N , .. ,) = 0.33(11). This would imply that (11) ~ 

1.6 - 2.2, which i11 consi11tent with the re11ults given in Section 6.4. Since 

it is also true that (N,) "' (11) 1 one expects that (N,) "' (N, .. '), ie N, 

and N , .. , 11hould be correlated. 

Such a correlation can be tested by as11uming that charge 11ymmetry 

also holds for each value of N,, and computing (N,4
.,) for each N,. 

Figure 6.3.3 gives (N , .. ,) ver11u11 N, for 1f'± Ne and(;;) Ne. The similarity 

of the results for + incident and - incident gives some confidence that 

charge symmetry can indeed be applied in this way. The 11(v)Ne results 

at 30 GeV /c show some variation; however, this is where the poorest(;;) 

statistics occur, tending to produce variations in any case. 

No significant correlation i11 11een in figure 6.3.3, contradicting the 

hypothesis that (Nt••') and N, are correlated through scattering in the 

Ne nucleus. It is possible that such a correlation is prohibited by the limits 

for Ne for (11) and (N,)mas. It baa been reported 1141 that larger nuclei do 

show evidence of a correlation between (N , .. ,) and N,. Still, it seems 
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A nrage number or fut. proton11 (N , .. ,) u a function of N, for •±Ne and 

(;:;lNe. (a) 1f'-(ii)Ne at 30 GeV /c, (b) 1f'+(11)Ne at 30 GeV /c, (c) 1f'-(ii)Ne 

at 64 GeV /c, (d) 1f'+(11)Ne at 64 CeV /c 
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To improve the statistics for D;r( (µ)), figure 6.4.3 plots D;r for 

all W2 in the neutrino data. The trends for ir± Ne are shown at 30 

GeV /c and 84 GeV /c. With the improved statistics an excellent linear 

relationship between D;r((ii)Ne) and N, is revealed. The slope for liNe 

parallels that of ir± Ne at 84 GeV /c, while the vNe slope parallels the 

30 GeV /c line. Since the (W2) for vNe is considerably higher than the 

(W2) for vNe, and D;r is an increaaing function of the CM energy, this 

would seem to indicate that D;r increaaes faater with (v) for antineutrino 

than for neutrino (Note that (v) is a monotonically increasing function 

of N,) . However, the comparison of two data samples over large ranges 

of W2 entails intrinaic difficulties of normalization which may strongly 

affect multiplicity distributions, so this conclusion should be considered 

tentative at best . 
-(2) 

RA(•) and RA (v) are shown in figure 6.4.4. The irNe data are averaged 

for ir+ and ,..- at each energy to improve statistics, since no significant 

differences were observed for the ir+ and lf- samples. To improve statis

tics, all W2 for (µ)Ne are included in the plot. The " and V data are 

averaged aa the ir data for the black dots; the black triangles represent 

vNe only. RA(ir) is derived from a parameterization of irp data18 1; k~1 (v) 
uses the NUCTST algorithm - for a discu11Bion of both, see Section 6.2. 

The vNe points track the irNe points well except for the N, = 4 

point, which is probably a fluctuation due to poor statistics. The lf 64 

GeV /c points tend to be slightly higher than the ir 30 GeV /c points. The 

Ii data are lower than the " data. 

Berl ad et al 11 5 I have derived the Collective Tube Model prediction for 

RA(N,) (see section 2.5 for a discussion of the Collective Tube Model) . 
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RA(•) and k~1 (11) nrsus N, for lf±Ne and(illNe. The lfNe data are 

averaged for ir+ and ir- at each energy. The " and V dat.a are similarly 

averaged for the black dots; the black triangles represent vNe only. All W2 
forlvl are included in the plot. RA("°) i11 derived from a parameteriaation 

of irp data 18 1; k~1 (v) uses the NUCTST algorithm - for a discuasion of 

both, see Section 6.2. The solid curve i11 the CTM model prediction ll 51. 
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They assume that the average multiplicity TBries with CM energy B8 

(n(E)) ,...., CE 1 1~, llo that the exponent a in eqtn. 2.6 .23 is a = 1/4. 

Then since in the CTM (v) ill the number of nucleons in the "tube", 

and assuming that on the average, for NP protons observed, there are 

[(A- Z)/ Z]Np neutrons in the tube, eo that the total number or nucleons 

in the tube is v =(A/ Z)Np, they derive 

(
AN )i/~ 

RA.(Np) = T 
Thie prediction ill included on figure 6.4.4. In Tiew or the fact that this 

relation has no adjustable parameters, it agrees remarkably well with the 

data ror 2 identified protons and greater. 

GiTen RA as a function or NP•. as in figure 6.4.-4, the average number 

or interactions (v) can be extracted 88 a function or Np if we have a 

parameterization or RA in terms or (v). In view or the fact that (N;,) 

increases linearly with Np, (v) should also increaae linearly with Np . Since 

many models predict a relationship or this form [tnl, the parameterir.ation 

used for RA in terms of (v) ie 

RA = C + 0.5(v), 

where the constant C is fixed by normalir.ation to our data aa C = 0.-4. 

Using this parameterir.ation, (v) is obtained as a function of NP in 

figure 6.4.6. (v) rises linearly with Np from about 1.5 for Np = 0 to about 

3.0 for the highest values of N,. 

The c:; versus NP are shown in figure 6.4.6 for K±Ne (thelvlNe 

data are not shown due to poor statistics) . These moments show a small 

but systematic decrease with increasing NP . Similar behavior has been 
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observed in pNe interaction.a at 300 GeV /c 171. Since (11) is a linearly in

creasing function of N,, and the c:;- moments by definition determine 

the shape or the KNO function in N;r, this suggeats that multiple acafr 

tering in the nucleus produce& a slight violation of KNO acaling. 

§ 9.6. KNO Scaling. 

In 1972 Koba, Nielsen, and Olesen 121 proposed a acaling law for 

multiplicity distributions b88ed on the idea or Feynman scaling. The KNO 

scaling law states that 

P.(•) = (:) .iC:i) + oC:)') where 

Pn(a) = Un{a) 
Uinel(I) 

• = CM energy squared and 

t/J = a univeral (unction . 

KNO acaling is only expected to hold to order l/(n) 2 , or equiTBlentl1 to 

O(l/(ln1)2
). Th.is reault holds for any given type or produced particle, 

or any given mixture or types of produced particles . Further, this acaling 

law should be •invariant under resonance decay" (that ia, still hold nlid 

even when including decay products or resonance& in a given particle

speciea multiplicity), provided all resonance production contributing to a 

particle species grows with energy in the same way . In short, the ratioa 

of resonance types produced (for exa.mple, (n,)/(n~) ) should remain 

constant with energy, which will be the c88e if the energy is high enough to 

avoid threshold effect.a. This is an important exception, because a.t typical 
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experimental energies some baryonic resonances are still in the threshold 

regime and this may lead to KNO violations. 

The form or the KNO scaling function ¢(z), where z = n/(n), is to 

be determined by experiment. In the limit • -+ oo, the absolute momenta 

c"' defined 88 c" = (n)" /(n'), determine '1(z) via 

l 00 

z"'1(z)dz = c". 

KNO speculated that fJ(z) W88 independent of incident particle type; 

however, they b88ed this speculation on results of a Regge- type model 

with pomeron exchange. While such a model may have its regions or ap

plicability, it is not viewed 88 fundamental in the modern QCD approach, 

and so there is no strong reuon to believe KNO scaling should be in

dependent of particle type. Experiment has since shown that different 

scattering systems do indeed follow different KNO scaling curves (in the 

seD11e of e+ e- vs. hadron-nucleon, say). The initial quark content of the 

system would seem to be the important factor here. 

In general, KNO scaling is obeyed surprisingly well considering the 

relatively low 1 and (n) available to experimentalists. It would seem that 

KNO scaling is obeyed to the level of 10-20%, but evidently not at the 

level of 3%. Different schemes exist for improving this discrepancy: One 

may exclude the energy necessary for baryon conservation in hadron

nucleon interactions, and consider only an "effective" energy Ee// avail

able for particle production; since events coming from a diffractive process 

are a special case and clearly do not scale with energy, one may wish to 

exclude these events; since leading particles may be viewed aa carrying 

some memory of the original "quarkineas" of the system, these may also be 
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excluded 1171. In general, KNO enthuaiaata attempt to remove any "non

thermal" processes from the multiplicity, where by non-thermal I mean 

any proceBS not following some type or statistical distribution- for ex

ample, Bose-Einstein statistics. Not surprisingly, such approaches do in

deed increase agreement with KNO scaling. It is my feeling, however, that 

Ruch deviations as are seen from KNO scaling are still within theoretical 

(in the sense or approximating a sum by an integral) and experimental 

uncertainties (systematic and other difficulties), so attempting corrections 

reveals little new knowledge . 

What determines the underlying nature or the scaling distribution 

Y,(z) itself is unknown. The interesting question is whether fJ(z) is deter

mined by fundamental properties of high energy physics or whether '1(z) 

is .determined only by statistics - equipartition of energy into final states, 

say. Due to the wide range of scattering systems where KNO applies, 

one might be tempted to say that a statistical mechanism has more to 

do with the result than any detailed dynamical reauJt . Carruthers and 

Shih 1181 have recently noticed that the generalized Bose-Einstein distribu

tion (or negative binomial distribution) given by 

p(lc) - (n +le - I)!( (n)/k )" l with 
n - n!(k - I)! 1 + (n)//c (1 + (n)/k)" 

k = 3 to 4 (for KNO scaling) 

does a good job of describing KNO scaling (here k is the number of 

"cells") . Thia distribution describes photoelectron counts from thermal 

sources, coherent light transmitted through liquids at their critical point, 

and, evidently, the probability of finding n galaxies in a Zwicky cluster. 

Carruthers and Shih therefore suggest that the generaliied Bose-Einstein 
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distribution describes counting from any physical system with le cells 

with rapidly varying emitting fields at the emitting surface (ie, Gaussian 

distributed). 

They also note that there exists a 1mooth interpolation between 

Poisson counting and K NO scaling (Poisson distributions do not scale) . 

This implies there may be some Poisson component in KNO di1tributions, 

hidden by the scaling properties of KNO. In any calle, the argument for 

a general statistical origin of K NO scaling would seem to be persuasive. 

For low (n), violations of KNO scaling also arise from the approxima

tion of a sum in computing the C" by an integral. Even given a univer

sal ,P(z), in the experimental cue where we choose from a finite set n E 

{l. .. Nmu} then when we evaluate 

we evaluate "1(z) at different z and the C1 moments may not be constant. 

Further obscuring any information contained in KNO scaling plots is the 

fact that we evaluate z over a very limited range (for small, ie accessible, 

(n)). Thm if P(n) is any fairly smoothly varying function, when we trans

form to z we would expect to see something like "scaling• in any Calle. 

Figure 6.5.l shows the KNO scaling curve for ""±Ne at 30 and 64 

GeV /c and for all the(i/)Ne data. 

Figure 6.5.2 compares KNO results for the nuclear, non-nuclear, and 

mixed algorithm (NUCTST = +t!, NUCTST = -t!, NUCTST = 0) in 

(ii). Ir observed nuclear effects come strictly from re interactions in Ne, with 

each interaction being more or less likJ°vlp, then KNO scaling will not be 

affected by nuclear effects; alternatively, if there is a modification of the 
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quark 11tructure function11 in nuclei as opposed to nucleom, 88 the EMC 

effect [Ill! 11uggests, then the KNO distribution11 could vary. However, if 

KNO is an essentially statistical effect, then modification or the structure 

function11 would not alter KNO . The figure shows that all curves are 

compatible . Furthermore, KNO plots or v and Ci data at different W'2 

show no evidence or any variation with W'2 in(vlNe . 

Finally, figure 6.5.3 compares the KNO scaling curves for ir± Ne and 

(ii) Ne at equivalent hadronic CM energies, and al110 with(ii) Ne evaluated 

over the full experimental J¥'l range . Again all curves a.re consistent with 

following a universal curve. 

§ n.n. Features of multlpllclty dletrlbutlone u tunctlone of lep

tonlc and hadronlc event variables ln(li). 

As discus11ed in Chapter 5, the experimental dynamics of creating 

a neutrino beam necessitate that a relatively broad range of neutrino 

energies will be present in the beam. Also the virtue.I momentum tran11fer 

to the target in deep inelastic lepton- nucleus scattering may vary over 

a considerable dynamic range. As a result E546 covers a broad range of 

W2, equivalent to a in hadronic scattering, and also a broad range or Q2
, 

the absolute value or the mass or the spacelike four-momentum tran11fer. 

It is perhaps more accurate to view E546 as an ensemble of experi

ments carried out under identical conditions, but with different virtual 

w+ and w- beams. Given this ensemble, it becomes possible to 11tudy 

experimental results over the full E546 range of hadronic system CM 

energies . 
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The c:; are extrapolated to tero bin width . 
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In figure 6.6.1, the behavior of the C!; momenta with Wl is shown. 

The C!; are extrapolated to iero bin width by taking aucceaive bands of 

successively smaller width and extrapolating linearly to r;ero width . All 

the c!; fall from a sharp peak at low Wl and level off for w-i > 50. 

As discussed in section 6.5, this would indicate some violation of KNO 

scaling, particularly at low W2 . The C!; moments show lees variation 

in v than in fi. Thia may be due to the incident w- in fi tending to 

spread the negative charge produced over a larger region of the accessible 

phase space (that ie, to larger values of Feynman x) than ie the case in v, 

where there ie no incident negative charge . C!; seems to be approaching 

an asymptotic value of approximately 1.5 at high W2 for both v and Cl . 

The other C!; are still showing some variation, although C~;- may be 

approaching the asymptotic value of about 2.3- 2.5. 

Other moments in N;r are shown in figure 6.6.2 88 functioDB of W2. 

D;r ie identical for both v and fi and ie rising 88 ln(W'l), just 88 N;r 

does and 88 we expect from the existence of the relationship D;r= A+ 

B·N;r for all energies. The skewness in N;r1 1;r1 ie essentially constant 

at 1;r ~ 1.0, with the fiNe values perhaps slightly above this. Since the 

skewness ie a mea11ure of how much the distribution ie "skewed" to one 

aide or the other, with positive values of 1;, meaning that the "tail" of 

the distribution ie for greater N;r, this indicates that 88 N;r growe with 

w-i it ie essentially scaling upwards, retaining a tail of constant relative 

area. 

/~;-- ie the integral of the two-particle distribution function in N;,, 
ie 1;;-- = J C(111, l12)d111 d112, and provides a meaeu re of the "clumpineae" 

of produced negative particles in rapidity epace U!;-- = O for a Poisson 

o ii Ne 

6 v Ne 
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FIGURE 8.8.1. 
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distribution). Similarly I!;--- is the integral of the three-particle rapidity 

distribution function G(111 .lf2df~). 1:;-- is negativ-e at low W2 for both v 

and Ii, but becomes convex and positive for Ii, while becoming concave and 

remaining negative for v. This parallel11 the behavior of I!;-- inlv>pl61. 

Evidently the net negative charge carried into the interaction by the w
in Ii Ne i11 enough to provide a correlation in N;r where no such correlation 

is created in vNe. This would show up aa a clu.atering of negative charge 

in the projectile region of rapidity space for C>, whereas no 11uch clu.atering 

would be present in v. This is also consistent with the behavior of the 

c~;- momenta diecusaed above. 

1:;--- also appears to incre&l!e as ln(W'2) with v and P following the 

same trend, as in the caae of D;r. Since it is hard to imagine an effect 

that would have this property in both vNe and liNe, this is probably only 

a manifestation of phase space constraints: It is harder to distribute three 

particles uniformly in a small phase space than to have some clumping 

of the three. If N;r grows more rapidly with W'2 than lfmas does, where 

lfmcu: is the maximum possible rapidity for a given W'2, then 1:;--- will 

just increase as N;r. That is, I!;--- ....v ln(W2). 

Tables 8.8.l, 6.6.2, and 8.6.3 give the results of fitting (Ne"), (N-), 

and (N+) to the form (N) = a+ 6· ln(W2). Table 8.8.l gives results of 

a fit of this form for (Ne") to a number of different scattering systems 

for comparison; tables 6.6.2 and 8.8.3 in (N-) and (N+) in lvlNe give 

comparisons only tc:Ji/lp. 

The bin width chosen for these fits is l GeY2 and a smoothing al

gorithm consisting of a running average has been used to smooth fluctuations. 

The degree of smoothing is indicated by "width = n1•, where n1 is 
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TABLE e.e.1. 

Results of Ota to the form (N"") = a+ 6· ln(W2) for nrloua 1eatterlq 

sptems. (N.ltower), which excludes identified protoD.11, is also shown for 
E648. 

W range T .. Hal llaJroul c 

~~_!_J!1_n_ -~.\'.)- . _C_l~~C).<:_f_f _________ a ___ _ _ _ .£.__~f~1:.£_n.£_t: 

vNe 2-lO 4/) Nch 0 . 0)!0 .2 0 1 . 60•0 . 06 

NHh -0.25!0 . J8 1.48•0.05 This 
) . )-11 

Nell 0.60!0 . 26 1.44!0.07 

---- -----------~~--22 1.45!0.06 

vNe 2-10 

) . J - 11 

-1/J 
Nc h 

Nsh 

Nch 

0.22!0.)4 1.44!0.10 

0 . 09!0. )I l. 30+ 0. 09 

0 . 71.•0 .52 L 30!0.14 

-0.02•0.45 l.JJ!0.12 
- - - - ----- - --- ----~'?.h ------- - --vp 2-10 

) . )-11 
1. 35!0.15 

-0 .05!0. I l !. 43!0.04 

----~2-:_1_5 ______ ___ _ _ _ _Q J!._'i •_O.Oll 1.42·_~ 
vp 2-10 -0.44!0 . l) 1.48!0.06 

) . )-11 
-0.56!0.25 1.42!0.08 

expt . 

This 

expt. 

20 

_2_1_ 

22 

~,_Bl__ ------ . ___ O ._o_2_ ~·J_D__J_,]_B~O..:...O.!l___j]_ __ 
+ -

e e )-18 

------ - -
+ 

• p )-14 

pp )-20 

~ p )-27 

pp(a1rnll1) J-10 

0. 40 l. 39 24 

--- - --- - - --- ---- ---
0. 74•0.07 l. I0•0.02 25 

-0. )0! 0. 04 I. 2 7 ! 0. 0 l 

-0 . 82•0.0S l .4b•O.Ol 

0. 44 I . 61 

25 

26 

27 
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TABLE 8.8.1. 

_ Rea c c l~~~~~g!.._ _ 

vNe(1Jidth -2) 2 -10 - 1. 11 0.08 

vNe ( 1J l d th • 5) - 1. 06 0.05 

vNe (w ltl th •2) ). 3-11 -1. 04 0. 12 

v Ne(wldth • 5) - 1. 02 0 . 08 

vp I 5 J 3. J-11 -1 . 0) 0.06 

vNe(wldth ·2) 2 - 10 -0.24 0 . 2) 

vNe(wldch • 5) -0.22 0. 1 5 

vNe (1J 1<1 ch •2) ).) - 11 - 0.4) 1 0 . )4 

vNe(width •5) - 0.)9 0 . 2) 

vp ( 5 J ). J-11 -0. 2 8 0 . 12 

0 . 7 8 

0. 77 

0 . 7 6 

0. 7 6 

0. 7 2 

o. 7 2 .+ 

0 . 7 2 

0. 76 

0 . 76 

0 . 71 

----' - _!{_ea r I l o n 

vN e (\JI tit h ~ 2) 

0 . 02 
~ 5) vNe(1JiJLh 

0 . 02 
v Ne(wldLh ~2) 

0.0) 
vNe ( 1J Id th E 5) 

0.02 
( 5 I vp 

0 . 02 
v Ne(1Jltlth a2) 

0 . 07 
vNe(1Jidrh • 5) 

0.05 
vNc ( 1J I ti L h ·2) 

0 . 09 
vNe(wldth • 5) 

0.06 
Is I vp 

0 . 04 
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TABLE tu.a. 

~- R~~C <: ___ 

2-10 0.79 

0 . 81 

).) - 11 0.87 

0 . 88 

) . )-11 0.95 

2 - 19 0.)6 

0.34 

] . ) - 11 0.41 

0 . )8 

) .J-11 0 .28 

0. 20 0. 71 0. 0() 

0. 1) 0.71 0.04 

0.2) 0.69 0.06 

0. 15 0 . 69 0.04 

0 . 06 0 . 7) 0.02 

0.25 0 . 5 5 0 . 08 

0.17 0.57 0.05 

0 . :)6 0.5) 0 . 10 

0.24 0 . 56 0.06 

0. 10 0 . 7 2 0.0) 
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the smoothing folding factor. This smoothing algorithm worb aa follows: 

A W2 smoothing width, A W2, is chosen independent of the number of bins 

in the original histogram of (N) versus W2, provided only that A W2 > 

the original bin width. Since in this cue the original bin width waa 1 

GeV:;i, A~ is equivalent to the folding factor n1 1 where n1 is the number 

of bina or the original histogram "folded" into a smoothed bin . Ir K'!enler 

is the central value of a bin in the histogram, that bin is accumulated if 

where "W! .. ne is the W2 of a given event. 

Thus a single event actually appears over the width A W2 in the 

histogram, giving a folding factor of AW2 /bin width . (The folding factor 

is the number of times a single event contributes to the histogram). 

This effectively averages nearest neighbors in the histogram but does not 

distort the histogram shape, if we are aasumiog that all nriations are 

only statistical fluctuations around a function that changes slowly with 

respect to the ftuctuationa. This is certainly the case here, since (N) varies 

only as ln(W2). 

Near the boundaries of the histogram the effective folding factor will 

be smaller and a slight distortion will occur because averaging will be in 

one direction only: upward for the low edge and downward for the high 

edge . However these "edge effects" are compensated for by the increased 

error bars due to the lower effective folding factor or these edge bins, 

providing appropriate weighting for the fit. 

In table 6.6.1, values are given for(ii)Ne for both Nela and N•"°••r. 

Nd' counts all charged tracks, including identified protons. N•li..ower counts 
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only "shower" tracks (identified protoOA are excluded) and so is a better 

quantity to compare to !1:11 Ne if one wants to exclude nuclear boil-off 

protons and other low energy protons. The fit for the data in E54'6 ex

tends over two W ranges : 2- 10 GeV and 3.3- 11 GeV, in order to compare 

with similar energy ranges in other experiments. The fits for E54'6 have 

a folding factor n1 = 6 in table 6.6.l. Comparison of fits with different. 

folding factors indicates that a, the intercept, increaaes by about 6-

10% for large n1 , and that the slope 6 is quite stsble under changes in n1 . 

Comparison of N•Aower in(i/)Ne with the corresponding values 161 in 

lvlp shows that the two are similar. This might. seem surprising, since one 

expects higher multiplicities from nuclear rescattering, until the effective 

net charge Qe/f involved in the react.ion is taken into account . Since the 

w+ produced in v Ne charged current only couples to / 3 = -! quarks 

and the ocean should be symmetric between p and n, v reactions are twice 

as likely to occur on n than on p. Therefore Q.11 for vNe is <t/3 instead 

of 2 in vp, and so multiplicity multiplication is indeed evident. 

Table 6.6.2 for fits of (N-) = a+ 6 ln(W2) shows that the slope 6 is 

about 0 .05 greater for both vNe and vNe, compared to<vlp. The intercept 

a is evidently comparable in both systems. In cont.rut, the slopes given in 

table 6.6.3 for (N+) are evidently lower fo/iilNe than fo~vlp, significantly 

lower in the caae of ii incident. This is reaaonable since the Q.11 of table 

6.6.l is relativel11 negative for both vNe compared to vp and for liNe 

compared to lip. Some interplay is Tisible between a and 6; 6 should be 

considered the more strongly determined parameter. 

There have been some reports that multiplicities are correlated with 

the leptonic nriables Q2 , z, JI, 88 well 81 the hadronic variable W. First, 
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TABLE e.e .•. 

Result.a of fit.a to the form (N•"°••') = a+ 6-Q2 forlvlNe. The fits are 

for 0 ~ Q2 ~ 40 and for W ranges 2 ~ W ~ 6 , 6 ~ W ~ 8, and 

8 ~ w ~ 11. 

__ R_!:~tlon w Ran (' _ _ a _ _ _ 

vNe(wldth •I)_ 2-5 4. 2 0 . 2 0 . 04 0 . 04 

vNe (w!d th •2) 4.2 0.2 0.05 1 0.0) 

vNe(wldth • l) 5-8 6.2 0.2 -0.02 0 . 01 

vNc(widrh • 2) 6.1 0.1 -0 . 01 0.01 

vNc(wldth •l) 8-11 7 . 1 1 0.2 -0.01 0.01 

vNe(width •Z) 7 . 1 0 . 2 -0.01 0 . 01 

vNe(width • l) 2-5 4.0 0,4 0.09 0 . 08 

vNe(widrh • 2) 4.0 0.) 0.04 0 . Oh 

vNe(width - 1 5-8 6. 0 1 0.3 -0.09 0.02 

vNc(wldrh b2) 6.0 0.2 -0.08 0.02 

vNe(wldth • l) 8-11 7. 0 1 0 . 5 -0 . 07 0.0) 

~Nc(width •Z) 6.9 0, I, -0.04 ! 0.0? 
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such a leptonic correlation does not take into account kinematic correlB

tion.s between the event variables (discussed in Section 7.2); Second, there 

is no evidence of any such correlation of (N) with leptonic variables in 

E546. Results of fits of the form (N•ho•er) =a +b·Q2 for three W ranges 

(2 ~ W ~ 5 , 5 ~ W ~ 8, and 8 ~ W ~ 11) inlvlNe are presented in 

table 6.6.4. Q2 was taken over the range 0 ~ Q2 ~ 40; results are given 

for both unsmoothed di11tribution11 (n1 = I) and minimally smoothed 

distributions (n1 = 2). 

From the table it is evident that all slopes are consistent with b = 0, 

and the more events entering into the Q2 -W2 slice, the more strongly 

the slope is determined to be 0. In conclusion, there is no evidence of any 

correlation of multiplicities with leptonic event parameters in(vlNe in our 

experiment. 
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CHAPTER '1 

KINEMATIC DISTRIBUTION RESULTS 

§ '1.1. Chapter overview. 

Thia chapter deals with nrioua incluaive distribution.a, the elects or 

nuclear reinteractions, and their comparison between lv>Ne and ir±Ne. 

The variable ~la.ii the laboratory rapidity, is used extensively to avoid 

uncertainties in the Center or Maas correction. Other inclusive variables 

used are p, the magnitude of the three-momentum P; PT, the momentum 

transverse to the incident beam momentum (in neutrino this i11 ii); %F, or 

Feynman z, the fraction of maximum possible longitudinal momentum a 

particle carries; and z, the fraction of maximum po1111ible energy a particle 

carries. The rapidity i11 the Lorenh velocity parameter, that i11, rapidities 

add, unJike normal velocities. 

Section 7.2 compares the W2' Q2 , and II di11tribution11 or eTente 
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that 11haw eridence of nuclear reinteractiollB, events that 11how no such 

evidence, and the full data sample. The NUCTST algorithm claASifies 

about 1/3 of all events aa •nuclear", and there is no deviation in the 

nuclear events from the nonnuclear events for these distributions . There 

is some indication that nuclear events exceed nonnuclear events at low 

W2 (except at the lowest »'2), which would be expected. The deviation 

at lowest ~ may be a kinematic limitation of the NUCTST algorithm . 

Also studied are correlations between the event variables in the neutrino 

data. In particular, a very tight correlation between ~ and v in our data 

has the interesting implication that the "'f to the hadronic CM is "'fem ~ 

0.65W for all the E546 data. 

Section 7.3 compares inclUBive distributions in(v)Ne and ,..±Ne. A 

theorem by Adler ft! baa established that the combination of m8118less neu

trinos, CVC (Conserved Vector Current) and PCAC (Partically Conserved 

Axial Current) are enough to guarantee that in the Q2 --+ 0 limit, final 

state systems forlv)(anything) and ,..±(anything) are identical for equiv

alent hadronic CM energies. This section studies how they differ as Q2 

grows from 0. MOBt striking is an excess or tracks at high rem and 'ZF for 

,..±Ne relative tolv)Ne; this i11 interpreted aa a leading particle effect for 

""±Ne not present inlv)Ne. Other differences are also seen . Differences in 

the PT distribution are unlikely to come from nuclear re11catter effects, as 

i11 explained in the text. 

Section 7.4 studies RA 88 a function or r in vNe and liNe using 

the NUCTST algorithm. RA indicates that there is a depletion of tracks 

at high rapidity (relative to(il)(nucleon)) and an excess at low rapidity, 

an effect expected in atring and formation-time model&, as explained in 
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section 7.4 . However this depletion occurs only for low~. which is where 

we expect nuclear reinteraction effects to be important. Asymptotically (it 

in the double limit ~ - oo and Q2 
- oo) there is no difference between 

nuclear and nucleon scatter; that is, R,.. -t I. 

Section 7 .5 i11 a study of unidentified proton (p1 .. c) production. Uaing 

an isospin subtraction technique explained in the section, rapidity dis

tributions are derived for the PJ••t track& in both ,..±Ne and(il)Ne, and 

compared between the two systems. The distributions agree well. These 

are added to the identified proton rapidity distribution to obtain the total 

.Proton distribution. The P/Ht distributions are compared with predic

tions or the LUND model 121, compared between nuclear and nonnuclear 

events, and examined as functions or ~. There is evidence in the dis

tributions for a separation between protons produced at the primary ver

tex and protons coming from nuclear reinteractioWI. The evolution of the 

P/a.c distribution with ~ is interpreted aa a phaae--space effect, aince 

the maximum possible rapidity grows with ~ in the 11ame way. 

§ 7 .2. General Klnematlc Dlstrlbutlon1 and Correlatlon1 between 

Kinematic Variables. 

The queation ariaes whether events that show evidence of nuclear 

effects (NUCTST = +f) show any different trend in the basic kinematic 

event variables than all events taken as a whole (NUCTST = 0) or those 

events that are claMified aa non-nuclear events (NUCTST = -.e) . Figure 

7.2.l shows the trend of the three classes of event.8 aa a function of~ in 

vNe and vNe and figure 7 .2.2repeats thi11 for Q2 . These plots also serve 
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to 11how the buic E646 di11tributiona or Wi and Q2 (the NUCTST = O 

points). 

It i11 clear from these figures that there i11 no difference in the W2 or 

Q2 dependence of the three categories. Some dispersion does develop at 

low W2 with non-nuclear events rising over nuclear-type events; this may, 

however, be due to low CM energies constraining particle production in 

such a way that multiplicities must fall the in NUCTST =-.!category. For 

example, at W2 = 20 there is only about 2 GeV for each hemisphere in the 

CM. Subtracting the minimal rest mas11 for the baryon in the backwards 

hemisphere where we expect to 11ee strong nuclear effects leaves only about 

l GeV to be split between particle production and kinetic energy, so we 

are unlikely to produce more than, 11ay1 1 pion. 

Conversely, ir we accept thi11 splitting at low W2 as real (since it 

occurs in both vNe and PNe at roughly the 11ame magnitude and there 

i11 no evidence for a similar effect in Q2 ), then it is in disaccord with 

expectations of either string or formation time models. 

For example, in formation time models, a "formation time" At mu11t 

elapse before a re11catter can occur (for a discussion, see chapter 2) . From 

the uncertainty principle we expect At "" 1/ E, where E is the relevant 

energy involved . Thu11 for large E we would expect to 11ee few nuclear 

rescatten since mo11t produced particles will leave the nucleus before At 

elapt1e11. Since we would expect E ,....., W'2, we would expect to see nuclear 

effects enriched, not depleted, at low W2. Al110 we would not expect a 

correlation with Q2 in thi11 model. Similar arguments apply ror string 

models. (For more on thi11 point, see Section 7.4) . 

Figure 7 .2 .3 11how11 the ratio of nuclear-type events to nonnuclear-type 
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events plWI nuclear-type events, 

NNUCTST-+2 
Jnu,c ~ ~.,.-,--,--~=-~~~~~=-cc=-~ 

= N NUCTST-+2 + N NUCTST--2 · 

/"u,c ia given 88 a function of W2, 11, and Q2 • /nuc ia conaiatent with 

being ! throughout all range&, except for very low value& of W2 and 11 

(W2 and 11 are highly correlated; see below). The NUCTST algorithm 

essentially divide& the E646 eventa into NUCTST = +f: NUCTST = -f: 

unaasignable in the ratio& 1:1:1, ie about 1/3 of all event& show evidence of 

nuclear effect&. Thia is large compared to the canonical value of 10- 20% 

nuclear effect events; however as many aa A:$ ! of the NUCTST = +f 

event& may be claaaifled 81 auch because of having more than 1 identified 

proton, and many of these events may ahow no other evidence of nuclear 

elJecta. In other worch, the disintegration of the Ne nucleWI can be largely 

decoupled from the original deep inelSBtic scatter and come mainly from 

the removal of a nucleon from the nucleua. 

To fully underatand the propertiea of neutrino events as function& 

of the basic event variables W2, Q2 , ZBJ, ti, and 11 1 it is important 

to underatand the correlation& among theae variable&. In particular, a 

functional dependence on one variable may only be a reflection of a 

correlation with another variable. From the definition W2 = (q + p)2
, 

where q and p are respectively the four-vectors of the virtual momentum 

transfer and target, it immediately follow& that 

W2 = -Q2 + m! + 211m, . 

Then from the definition& of the remaining event parameters it follows 

that knowledge of any three of the parameters E.,, ZB J, ti, W2, Q2 , 11 is 
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enough to calculate the remaining three, excluding the W2, Q2 , v com

bination. 

Correlation11 between all possible combinations of %BJ.fl, W'2,Q2 ,v 

are shown in figures 7.2.4 and 7.2.6 for tbelvlNe data in our experiment. 

For clarity, these correlations are presented in two ways. Figure 7 .2.4 

consists or proportional dot plots where the number or dots in any given 

area on the plot is proportional to the number of events in that area, with 

s~perate event parameters on each axis. Figure 7.2.5 show& the average 

or one variable plotted as a function of another variable; the shaded area 

shows the dispersion D in the average - large dispersions indicate poor 

correlations. The figures are for vNe only since vNe has better statistics 

than iiNe. Correlations in PNe are similar. 

Figures 7.2.4 and 7.2.5 demonatrate that e1111entially all variables are 

correlated to some extent in E646, with the exception of ZBJ and W2 

(or equivalently ZBJ and v), which evidently are totally uncorrelated . 

Particularly striking is the correlation between W2 and v, which are 

essentially linear functions of each other. v and Q2 are highly correlated, 

as are W2 and u and v and U· u and ZBJ show a slight correlation but 

are largely independent. 

The linear relationship between W'2 and v lea.els to an interesting 

observation. The boost to the hadronic center-of-mas11, 1""'' is given by 

or in terms of W2, Q2 

W'2 + Q2 + m: 
1c"' = - --- - --. 

2m,.W 

(7.2.1) 

(7.2.2) 



179 

Then the linear relationship between 11 and W2 (v) ~ 0.65(W2) observed 

in our data implies that 

m, 
'7em ~ 0.65W + W . 

Since W > m, for nearly all the data, we have be,,.) ~ 0.65W or (Pe,,.) ~ 

yl- (2.4/W2) for essentially all the E546 data. 

§ 7.1. Comparison of lneluelve dlatrlbutlons ln(vlNe and w±Ne. 

Thie section compares incluaive distributions (1/u)da/d8 for 8 =!Pl, 
PT, ZF, z1u, z,,,,., VI_., and Verrs, between ir+Ne and vNe and between 

,r;-Ne and liNe. The distributions presented here are in N•liaver; equiv

alent distributioOB in N- have been studied and no significant differences 

were seen . Therefore the N•1t. .. er distributions are presented due to their 

increased event statistics. 

A theorem by Adler 111 baa established that in ascattering configuration 

he calls the "parallel configuration", 11'Ne and vNe CC scattering give 

identical results in terms of inclusive distributions. The parallel con

figuration holds when 

(or equivalently Q2 ~ 0), 

where jJ,, is the incoming momentum or (ii),. and iJ,.. is the outgoing 

momentum of the µ±. To stay below the order of lepton mus correc

tion effects in the theorem, one should require Q2 ~ m!, ie Q2 ~ 

0.02 GeV
2
/c

4
. There is the additional constraint .112 /m! > 1, but this is 
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satisfied for all E546 data. The limit Q2 ~ m; is, or course, unrealizable 

in our data. 

Given th~ above constraints, Adler derives for the squared spin

averaged matrix element inlvl" 

(l ..Ml2) = 4m~ k1ok..zo_g2[1 - m! ]2 j..M(ir +a-+ P)l2. 
g~ v2 • 2(m;A::l0 + m!v) 

(7.3.l) 

where fa is the axial vector beta-decay coupling constant and g, is the 

renormalized ir- nucleon couping constant (for the definition or other quan

tities in eqtn. 7.3.1, see figure 7.3.J). From eqtn. 7.3.1 it is evident that 

inclusive distributions for W2 = a (weighted to the total cr011s section) 

for th~ produced particles of P must be equivalent inlv>Ne and ir±Ne. 

The only inputs to this proof other than the standard Dirac formalism 

for weak interactions are CVC (Conserved Vector Current) and PCAC 

(Partially Conserved Axial Current), so the proof holda for any V- A 

interaction . The key feature to note in the proof is that in the double 

limit Q2 -+ O and m, -+ 0, k1 and k2 mUAt be null vectors and so k1 is 

propo~tional to t 2 . Then by symmetry all antisymmetric terms in k1k2 

drop out or the squared spin- averaged lepton current, leaving only terms 

~ t 1",t2" in the matrix element . These can be rewritten as proportional 

t 
'
·• q q 1Had19Had Once written in this form (that of a divergence), 

oq, .. "" " " . 
PCAC immediately lets us extrapolate and establish the theorem . 

It is interesting that in this case Adler's use of the old notation, 

it pre- Standard Model , proves useful and suggestive. It is doubtful that 

this theorem would ever suggest itself using the standard variables and 

formalism o( the gauge- theory picture of weak interactions (although or 
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course the gauge-theory formali1m i11 far more fundamental and renaling 

of what i11 actuall.,(?) happening in weak interactions). 

Having eatabli11hed that w±Ne and(il)Ne are identical In the Q2 --+ 0 

limit, we look to 11ee where they differ for finite Q2 . lnclusiTe dl11tributlon11 

were compared for four Q2 rangee: 0 ~ Q2 ~ 2, 2 ~ Q2 ~ 10, 10 ~ 

Q2 ~ 30, and Q2 2'. 30 {where the units are GeV2, and W'l 111 constrained 

to the wp 30 GeV /c equi'fBlent band). 

All di11tributlon11 are con11i11tent with the Adler theorem, with t.he 

nriation between JI'± Ne and(.ii)Ne in all inclutin di11trlbutions decreasing 

u Q2 decreue11, 811 expected if the di1t.ributiona o•erlap in the limit 

Q2 --+ 0. The moat aigniftcant differencee between w±Ne andfvlNe occur 

in (1/tr}dtr/dv, (l/tr)df!/dz,, and (l/f!)dtr/d.r0 ,,. . Theae three di11tribut.ion11 

are given·in flgurea 7.3.2-7.3.6 (Wcm), fi1ure117.3.a-7.a.g (r., ), and figures 

7.3.10--7.3.13 (•om) for the four Q2 rangee. 

We expect that tran11formation1 along the rapidity axi11 from one 

Lorenh frame to another will not alter the 1hape of the rapidity di1trlbu

tion. The rapidity i11 the Lorentl velocity parameter along this axis and 

110 this Lorentz tramformation corre11pondJ to a global addition of a con-

11tant, or a net ahift of the distribution. (l/t1)dt1/dV1d and {l/t1)dd/dve .. 

compared between w±Ne andfvlNe do indeed retain their relative form 

provided we account for the rapidity ahift between l11l Ne and JI'± Ne due 

to the 1pacellke mull or the w propagator. 

In comparing.,,_. di11tribution11 it can be important to note that the 

neutrino distribution11 can have a net 11hift relative to the Jr di11trlbuti0Il!. 

Thi11 11hift originate11 from the 11pacelike mas11 of the W- propogator and 

changea the boo11t tot.he hadronic CM for neutrino11. The "'few. for neutrine>11 
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h81! already been calculated in eqtn. 7.2 .2. To calculate 1cm for :ir incident 

note that 
• Eiu E. + m, 

1cm = .,/i = .,/i 

Ignoring the 1r maaa, from a= (ir+p)2 it follows that E. = (a-m~)/2m, 

and that 
a+m2 

,. = __ , (7 .3.2) 
cm 2m,y'a" 

Now if two 11ystem11 have a relative {J, then the rapidity shift between 

the two systems is 1/ = - In [1(1 + fJ)J, with fJ positive in the direction of 

increasing rapidity . Then v',,-11' .. =In 1:,,./'J':,,. 1 where I take P:,,./P~m ~ 

l, ie considering only relativistic systems, and thus we have 

a+ m 2 

v',, - v'. =In W2 + iJ2·: m~ 

= -1n(1 + _9__
2 

) · 
W2 +m~ 

(7.3.3) 

Therefore the 'Vlu(v) distribution ia shifted to higher Jll&IJ relative to the 

Jl1 4 &(1r) distribution by the absolute value of the amount. given in eqtn . 

7.3.3. 

Whereas this shift may be appreciable in the case or high Q2 and 

low ~, for the parallel configuration it is zero . To see how this shift 

affects the l/l&IJ distributions studied here, note that for the 2 ~ Q2 ~ 10 

band, the maximum possible shift is given by taking the low edge of the 

~ = 30GeV2 bin uaed and the high edge of the Q2 bin used: 

Avm&S(Q2 < 10) = 0.22 

Av,,. .. (Q2 < 2.6) = 0.06 

and the average shift (taking the centers of the bi.rui) is 

(A11(Q2 <:: to))= 0.08 

(Av(Q2 < 2.5)) = 0.03 . 
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These 11hift11 Ate I or course, absent for llcm. 

The rapidity shift ia still largely negligible for Q2 :S 10, but cAn be 

significant for Q2 greater than 10. 

If the ( 1 /u)d<! / d111u distribution ia compenHted on an event-by-event 

baa is for the Q2 a hi ft, then ( 1 / r1 )da / dJlcm and ( l/ <!)du/ dviu compared 

between K± Ne and <;;l Ne are identical except for a net a hi ft, and only 

(l/r1)dr1/d110 ,,. will be presented here. (If no compenaation ia performed, 

then using the lab frame fixes the lower edge or the (1/r1)dtt/d111&1J dis

tribution at Pl = 0 or JI"''" = 0 for a stationary target; with a pos

sible backwards fermi momentum in Ne of R:1 200 MeV /c, 11"''" ~ -1. 

Uncompensated 1/1&6 distributions do overlap at the lowest rapidities for 

all Q2 , with a 'Vmin ~ -1.) 

For the 110 ,,. plots, note how (1/r1)d<!/d11e,,. in vNe behaves a.a a func

tion or Q 2 . At the highest Q2 , the lleM plot ill symmetric in the forwards 

and be.ckwarda hemispheres; but a.a Q2 decreases an exce111 or particles 

developea in the backwards hemisphere, which ia aaaociated with target 

production effects. At the moet forward edge of I/cm, which is aaaociated 

with projectile production, the distributions are similar or overlap, show

ing that production &.11110Ci&ted With the projectile or fut quark is inaenai· 

tive to Q2 effects. The increasing relative particle production in the target 

hemisphere as Q2 decreaaea evidently indicates greater nuclear contribu

tions at these low Q2 . 

Comparing (l/r1)d<!/d110 ,,. between K±Ne and(ii)Ne, we see that It.II Q2 

increaae11 the peak of the di11tribution in(P)Ne ia pushed to lower llo• and 

the exce1111 of "'±Ne relative to(v)Ne in the forward hemisphere becomes 

more pronounced. Even in the Q2 < 2 band, there ia a leading particle 
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FIGURE '1.I·-'· 

(1/<J)dt1/dfJc,,. for 10 < Q2 < 30. (a) ~+Ne and vNe and (b) ~-Ne and 

PNe. W2 = 30 GeV /c eqoiT. 
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189 

effect for Uc"' > 2 in K±Ne not present in (ii) Ne, as expected from the 

different quark content of the two 1ystems (see section 2.5) . 

(1/u)du/dzcm is equivalent within errors forlvlNe and ,..±Ne when 

Q2 < 2. As Q2 increases tbe(vl Ne distribution loses its symmetry around 

Zcm = 0 and developes an excess of particles in the backwards hemisphere 

both relative to the forward hemisphere and relative to ,..±Ne. The dis

tribution is also depleted at the highest Q2 • The shift to the backwards 

hemisphere is expected from QCD ocean scattering. 

(1/u)du/dzF again demonstrates the leading particle effect of K±Ne 

relative to(ii)Ne aa Q2 increases. 

For the distributions not explicitly shown here, (l/u)llcr/dliJI is equiv

alent within errors for ,..±Ne and(v)Ne for all Q2 banch . (l/u)du/dz1u 

is also equivalent for the two systems except for a long tail that develops 

for ,..±Ne relative tolvlNe aa Q2 increaaes. 

The PT distributions show that ,..±Ne baa an excess of particles rela

tive to(ii)Ne at the peak of the clistribution and below, that is, below about 

200 MeV /c. One might attribute this exceSB to the increased amount of 

nuclear interactions expected in ,..±Ne relative to( ii) Ne. To make a rough 

estimate of the amount of additional PT expected from nuclear rescatter

ing, consider the nuclear Fermi momentum for Ne: tF = l .36rm- 1 R1 

270 MeV /c. At each reacatter a particle gains an average additional pr 

of (lc.F_i) = /sin8 A:,.dS/ f d8 = 2/c.F/K (I am assuming that (P_i) = 0 

from other sources because of the symmetry of the Ne nucleus). Then 

the (11) scatters in the nucleus can be considered a random walk in two 

dimensions away from the original pr=O, with a step length of (/c.F J_) 

and for (11) steps. 
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The mean distance after n steps in a random wa\k with step length 

Lis (a:)= nL2
. Thus in Ne we have 

. I 2kF 
y(Pl)ruc:atter = ..fV 11' 

R1 ..fV 170 MeV /c . 

If we assume that (v) r-v pathlength, then the exceH in ir±Ne compared 

to(vlNe will be 0(./2) times the reacatter pr, or about 200-250 MeV /c. 

Assuming 10- 20% of events involve nuclear rescatters, this effect is r-v 

20- 50 MeV /c, probably too small to be detected in this experiment. 

Therefore it is unlikely that any PT difference seen in this experiment i11 

due to nuclear effects . 

All these effects for inclusive distributiona are consistent with the 

leading particle effect in ,..±Ne, whose counterpart in(il) Ne is suppressed 

at high Q2 • 

§ 7.-'. Nuclear particle production u a function of rapidity. 

Morrison 131 bas previously studied RA(ll) in Ii Ne, that is, the ratio of 

the number of negative tracks in Ne to the number of negative tracks in 

hydrogen as a function of rapidity . His definition of RA (11) waa 

(The averages are evaluated in N- to avoid problems with misidentified 

protons.) His data came from CERN experiments WA21 {Vp) and WA69 

(DNe). He also divided his data into a number of narrow slices in v, the 

0- component of the virtual W's four - momentum. 
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Hi11 results are shown in figure 7.4 .1 for the variable 111 ... To sum

marite, his resuJts indicate that there is a depletion of particles at high 

lllca.6 and a strong enhancement at low lll.b · Although the amount of en

hancement at low lllca.6 seems to be roughly constant for different v slices, 

the amount of depletion at high lllu is a strong function of v. The data 

for low v shows a large amount of depletion while the data for high v 

shows a much smaller amount of depletion. Evidently as v increases by a 

factor of 16, the value of RA(ll) increases by approximately a factor of 4 

at the highest lllca.6 · 

A similar analysis of our data ha1 been performed . Several important. 

improvements can be made using the E646 dat.aj the analysis can be 

extended to vNe (where our experiment has good statistical accuracy) 

· in addition to liNej and much larger values of v are acceBBible. 

The NUCTST algorithm has been used to divide our Iv) Ne data 

samples into "nuclear" (NUCTST = +t) and "nonnuclear" (NUCTST = -
2) categories . Using these categories, we define Rnuc(ll) in a manner similar 

to the Morrison RA(ll) · (N-) is used to eliminate misidentified protons, 

and lltca.b is used. Let ~II be a given rapidity interval. If N"Nuc-+2 (~11) is 

the number of negative tracks in rapidity interval ~II in the NUCTST = 

+f category, Niuc-+ 2 is the total number of events in the NUCTST 

= +f category, and equivalent symbols are adopted for the NUCTST = 

-f category, then 

R (~II)= ~"Nuc-+2(~~).L_Nil!._c;_~+2 
nuc: - N"Nuc--2(~11)/ N~uc--2 

1 

or equivalently 
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Using Rm .. c(lf) eliminates any normalir.ation or systematic differences 

between experiments. ~shown in sect. 7.2, there are no significant differ

ences between the nuclear and nonnuclear categories in terms or W2, Q2 
I 

or 11 distributions, except possibly at low W2. An important difference 

between RA(lf) aa used by Morrison and Rnuc(lf) used in analyr.ing our 

neutrino data is that the net valence charge in the hadronic system after 

a lip interaction is Qelf = 0, while for an averaged nuclear interaction 

ti{p + n) it is Q•ll = -1/3. Thus there is a net negative charge balance 

in RA(lf). There is no such charge difference in Rnuc(lf ), ie Rnuc(lf) is 

effectively normalized to deuterium. Thus as r --+ oo we might expect 

Rnuc(lf)--+ l. 

The results for Rn"C(lf), divided into various 11 slices for neutrino 

Neon and anti neutrino Neon, are presented in figure 7.4 .2. 

Our results are very similar to the CERN results . The 11Ne and liNe 

data are very similar, although there is perhaps some tendency for the 

11Ne data to be slightly above than the !iNe data at large 1fl4 b and large 

11. lt is clear from the figures that Rnuc(lf) is approaching an asymptotic 

value of 1.0 88 II--+ 00 and lffab-+ 00 . 

The same qualitative features are observed for Q2 and W2 slices, as 

shown in figures 7.4.3 and 7.4 .4. In Q2 there ie evidently a slight rise above 

Rnuc(lf) = 1 for lffall > 3 before trending to 1 at the very highest lflah· W2 

and 11 are expected to be the same because of the tight correlation shown 

in section 7.2. Q2 a.nd 11 are also correlated, but much more weakly . 

The overall results have a simple interpretation . One expects a deple

tion at large Jlf4 b because some of these large lftah tracks reinteract in the 

Ne nucleus, losing rapidity in the process . Since there is no source to 
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replenish the highest "'•" tracb, they mwit be depleted relative tolvlp. 

Conversely, the rescattered particles and any produced secondaries at a 

rescatter contribute to lower rapidities, causing an excess or particles at 

small 111o11 . 

String models or formation- time models predict the observed energy

transrer (11) dependence: a high-energy string will be a "long" string in 

momentum ph88e space. Ir the string fragments to qq pairs at a roughly 

constant interval in momentum space, then the long high-energy string 

will produce most qq pairs far from the target and such pain will not rein

teract, so the highest momentum produced mesons will not be strongly 

depleted. Conversely a "short" low-energy string will produce its highest 

momentum pairs close to the nucleus and there will be more re-interactions. 

Similarly in formation- time models high energies imply long formation 

times and rew re-interactions; short times and increaaed re-interactions 

result rrom low energy interactions. 

§ 7 .o. Study of fut proton (p /a.t) production. 

Alt discussed in Section 6.3, there are approximately 0.~.7 fast 

protons (p/ut) produced per event (a P/•.t proton has IPI? J.O GeV /c 

and so cannot be identified by ionisation) . Some of these protons originate 

at the primary vertex in the nucleus and some originate at rescatters. 

This .relatively large number or pt .. t protons per event ia difficult to ex

plain qsing current models. To gain more information on the production 

mechanism and properties or P/oet proton&, the isospio subtraction tech

nique has been used to obtain their rapidity distribution . 



Since Ne is an i808pin 0 nucleW1, the norm of the amplitude for any 

distribution in vNe should be the same aa the norm of the isospin-rotated 

amplitude in liNe . A similar equality must hold for :ir+Ne compared to 

:ir- Ne. That is, 

ld ... +,ll(p + - 0 K+ KO )1-
'I' ,n,:ir •"' •"', , , ... -

1
., ... - 11( - + o Ko K- )I 
'I' ' n,p,jl' 17(' 11f' I I I' ' ' I (7.5 .1) 

where we understand that w+ is to be compared to "'- and v to Ii, but 

not :ir+ to 11 or other combination.a. Consider the difference distribution 

in 9, 

where 9 is any kinematic variable and all other kinematic variables a are 

held constant. Relating the difference distribution to the cross section we 

define 

A<l>(l) = ! oo+ I - ! du-, 
C1 d9 .,+,11 U d9 .,-,D 

(7 .5.2) 

(the meaning of the argument to A<I> will become clear later). The isospin 

invariance expressed in eqtn . 7 .5. l guarantees that the :ir+ and "'- con

tributions to A<I> cancel and only proton production and any difference 

between K+ and K- production can contribute to A<I> . Any contribution 

from Ks will be negligible since they are < 5% of all minimum- ionizing 

tracks . AJso, although K+ is not the isospin partner of K-, we still ex

pect N"(K+) ~ N°(K-) (studies with the LUND monte-carlo verify this 

assertion) . 

By using this isospin subtraction technique we can obtain distribu

tions for P/eut in a kinematic variable 9 for both the purely hadronic 

210 

w± Ne system and the weak(t/) Ne system, and compare the two systems. 

Note that if P/euc production is mainly associated with rescattering in 

the nucleus, then we expect w± Ne and( ii) Ne distributions to be similar or 

the same; if P/s.t production is intimately associated with the production 

vertex, then the two systems may vary. Also note that if isospin invariance 

holds, we can use the alternative form of the isospin difference to obtain 

1 oo+ I 1 du-1 A<l>(2)= - - - - -- . 
C1 d9 .,-,D C1 d9 .,+,v 

(7.5.3) 

(Note that the difference between A<l>(l) and A<l>(2) is that the in

cident particle is exchanged with incident antiparticle, and vice versa. 

In the w±Ne system, there is nothing in the interaction that couples to 

flavor, and we expect A<l>(l) and A<l>(2) to yield similar amounts of PJeut 

production. In the<"vl Ne system there is an explicit Oavor dependence and 

A<l>(l) and A<l>(2) may differ.) 

In calculating the isospin subtraction distribution rol;:;l, events llft!re 

required to have a minimum of two minimum-ionizing tracks because 

of large uncertainties in the Bonn energy-correction technique for fewer 

tracks. All identified protons with p ~ 1.0 GeV /c were excluded from the 

distributions. Tracks were required to have a relative momentum error 

6p/p < 0.31 (Thia relative momentum error is placed at a convenient 

shoulder in the data and accepts ~H% of all minimum ionizing tracks. 

There are no systematic differences introduced between 11 and V by this 

cut). Similar cuts were applied to w±Ne. AJso in ,..±Ne, because the 

fufl multiplicity scan determines the unbiased topological distribution of 

w±Ne at 30 GeV/c, events in the measurement sample were given weights 

such that their relative multiplicity density in N•lt.ower was the same a.a 
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that in the full multiplicity scan, and such that the sum of all weighted 

events yields the same number of events as in the measurement sample 

(for a discussion, see Chapter 5) . 

The mass given to all tracks in calculating~· W81 the proton m88s 

m,. This amounts to a fixed transformation of 8 which is equivalent 

by isospin symmetry for v (,.-+) and V ("'-), so all non-proton charge 

tracks st.ill cancel in the subtraction and we are left with the correct P/tu1 

distribution . Note that the isospin subtraction technique does not detect 

protons from baryon- antibaryon production, such as observed by the 

EMC, because sueh bb pain cancel in the subtraction. The number of such 

pairs is in any case small due to baryon m88s effects; the LUND monte

carlo (see below) predicts that the bb contribution to baryon production 

in our experiment is negligible. 

For the p,, = 30 GeV /c equivalent sample, there were 1879 neutrino 

events, 362 antineutrino events, 6U5 ,.-+ events, and 583 ,.-- events. The 

relative error distributions 6 p/p between( ii) Ne and ,.-±Ne are approximately 

the same. 

Figure 7.5.l(a) presents the ¥tali distribution of P!••t calculated using 

definition 7.5.2 (~+(1)) and figure 7.6.l(b) uses the alternative definition 

7.5.3 (~+(2)). Distributions are shown for both ,.-Ne and vNe. The P/ut 

¥14'> distributions are remarkably similar for the two scattering systems, 

the only discernable difference being that ~· evidently extends to lower 

¥1s11 in neutrino interactions than in "' interactions by about ! a unit of 

¥14'1 (in ~+(I)). This difference may only be a result of different scanning 

and measuring efficiencies for E546 and WA51: Due to increased attention 

to protons in WA51 scanning and measuring, protons near the border of 
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The fut proton lflai distribution . Calculated using (a) ~+(1) and (b) 

~+(2). (See text) . 
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identifiability (p ~ 1 GeV /c) are much more likely to be called •identified" 

protons in 11'±Ne (and thus removed from the P/aet plot) than inlvlNe . 

The difference does occur in the region of the rapidity plot where identified 

protons occur . 

The large difference in the identified proton scan/mea1mre efficiency 

between WA61 and E646 is clear from figure 7.6 .2, the inclusive Vt411 

distribution for identified protons. Although the efficiency for proton 

identification is comiderably greater for WA51 than E546, the two dis

tributions have qualitatively the same shape: they peak at Vtd~o and 

drop symmetrically to zero at lv1_.I ~ 0.6. 

The identified proton and P!••• Vtd distributions are combined in 

figure 7.5.3 for the two definitiom of A4>. Again there is remarkable 

agreement between Pf••• distributions comparing 11'± Ne to (ii) Ne. After 

including identified protons, the low Vld tail (Vtd <O) is higher for 11'± Ne 

than for(i/)Ne, particularly in ~4>(1) (figure 7.5.3(a)) . There is a break 

in the A4>(1) distribution and none evident in the A4>(2) distribution . 

Furthermore the A4>(1) Vt_. distribution reaches a maximum of about 

3 .0-3.5, whereas the A4>(2) Vt411 distribution only goes out to about 

Jlla6=2 . 

The integrated contents of A4>(1) are significantly larged than the 

integrated contents of A4>(2) when eVBluated in(v)Ne, but are equivalent 

within errors for 11'± Ne. This difference i11 expected for (i/)Ne because of 

the explicit Huor dependence of neutrino scattering. 

We define R, M the ratio of proton production given by Acl>(l) to 

that given by A4>(2) : 
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R,,= I ~4>{l)d6/ I 64>(2)d6. 

Nuclear proton production from reinteraction effects cancels out of R, to 

first order since we expect equal amounts of nu~lear production in 64>{1) 

and 64>(2). Furthermore, the isospin subtraction technique is senBitive 

only to valence quark scattering, because the u +-+ d symmetry of the 

ocean implies that production from ocean scatters cancel in the subtrac

tion . 

R,, provides, in some sense, a measure of diquark breakup in(vlNe. 

For neutrino scattering, in the limit where diquark breakup is forbidden 

we expect R,, = 2 : 1, or an upper bound on R, of 2. If we allow an 

arbitrarily large amount of diquark breakup then R,, = 1 : 1, or a lower 

hound on R,, of 1. All our data fall in this range. Our average value for 

R,, for W2 over the range 4 ~ W2 ~ 100 is R,, = U4 ± O.H. 

Because by u +-+ d symmetry ud breakup does not enter into ~4>, only 

the uu and dd diquark breakup probabilities need be known to compute 

R,,. ABBuming that these two probabilities are the same and iterating 

to two breakup levels, we can produce a crude estimate of the breakup 

probability Puu of uu diquark breakup by simply counting final states . 

This estimate gives p"" = 0.88 ± 0.17. 

The data have been compared to the LUND model predictions. The 

LUND monte-carlo was run under conditions as closely approximating 

F.546 as possible, including an equivalent neutrino energy spectrum, smear

ing tracks in momentum according to the mea.11ured E546 6p distribu

tion, with 6p taken as a function of W2, generating track failures ac

cording to the measured E546 failure rates, and calling final state protons 
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•identified" only if they have p < 800 MeV /c, with a linear extrapola

tion to 100% "nonidentified• (ie treated 1U1 if they had a Jr mass) at 

p = 1 GeV /c. The resulting data were analyzed to extract A<I» ex

actly IUI in the E546 case . 

The LUND monte-carlo UBed 1U1 a target an isospin 0-weighted nucleon 

(ie (p + n)/2) and included no nuclear effects. The LUND prediction 

appears in figure 7.5.4, compared with the(vlNe data, for both A<l»(l) 

and A<l»(2). In A<l»(l) LUND misses the tail for I/id< 1 but matches 

the high I/Id tail for lfld > 2 well. In A~(2) LUND again matches the 

high I/Id tail for I/Id> 1.5, but totally misses the lfld distribution for 

values below this. LUND predicts less than 5% Kaon contamination in 

the A~, and that the isospin subtracted distribution is essentially iden

tical with the P/a.t distribution. 

The LUND results evidently support the conclusion that Pl••' for 

111a1i ~ 1.5 are mainly primary- vertex production products and not. in

volved with nuclear effects (except possibly through energy degredation by 

rescattering) and that P/ .. c for 111a1i;S 1.5 are mainly protons scattered out 

of the nucleus. The ratio of the two production mechanisms from figure 

7.5.4 is roughly 1:1, consistent with the rough calculation of Section 6.3. 

Further evidence for this conclusion is presented in figure 7 .5 .5, which 

compares the I/Id P/ .. c distributions for those events classified as non

nuclear (NUCTST = -f) and those evenli! claAsified as nuclear(NUCTST 

= +2) in A<l»(l) (for a discussion of the NUCTSTalgorithm, see Chapter 

5). There is a clear excess of p fut for nuclear events for 111.11:S1.5, whereas 

the nonnuclear p ft,.., are greater than or com parable to the nuclear p /a.c 

for l/ld~l.5. 
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ll is of interest to see how P/aet production varies as a function of 

the event energy W'l. Figure 7 .6.6 shows the extracted I/lab distribution 

for p /a.r for three W'l ranges: 4 ~ W2 ~ 26 , 26 ~ W'l ~ 64 , and 

64 ~ W'l ~ 121. Both 44>(1) and 44>(2) are shown. 

The low I/lab tail for l/td ~0.5 stays essentially constant as W2 in

creases, strong evidence that these P/aet are nuclear effect protons. The 

total integrated number of P/ael produced decreases very slowly as W2 

increases, decreasing only about 10--20% as W2 increases by roughly a 

factor of 10. Given that the number of p fa.• produced stays roughly the 

same as W2 increases, the predominant effect is that the 1/1"6 peak is 

pushed down and flattened out and the maximum value of I/lab reached 

grows by about 1 unit of rapidity. As W2 -.. 100 Ge V2 / c~ the 1/1"6 dis

tribution develops a long tail out to 111,u,RS3.0-3.5. 

This is probably mainly a phase space effect. ~ W2 grows, the highest 

possible value of rapidity that can be reached (Simas) also grows. Figure 

7.6 .7 gives 11ma2 as a function of W2, where I/mas waa calculated aa follows. 

The energy available in either hemisphere in the hadronic CM is W /2, and 

llmu occurs when PT=O. Assume that the produced proton gets all the 

energy in the backwards hemisphere, then in the CM 

1 w+JWi~~ 
llmcu = 2 In _ ru;;-_- - . 

W-yW2-4m~ 

But the trarurl'ormation to the lab frame depends on Q2 , or alternatiYely v, 

which are not determined by fixing only W2 . However wiing the 'Jcm given 

in eqtn . 7.2.2 and below, and using the empirical relationahip between 

~ and v given in Section 7.2, the transformation can be calculated. The 
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result of the transformed u,,._ from CM to lab is the Umu plotted in 

figure 7.5.7 . 

The highet1t nlues of u1u reached for given W2 in figure 7 .5.6 closely 

follow the behavior of U.-s given in figure 7 .5.7, indicating that protons 

tend to be produced nearly 'up to the edge of the available phase space. 

The integrated contents of each ~-slice (ie the average number of 

P/Get in1vlNe per event) are as follows: 

~: 4- .25 25-64 64-121 

.6cl>(l) : O.QO 

~cl>(2): 0.77 

O.Q3 

0 .62 

0.7Q 

0.54 

1. 

2. 

3. 
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CHAPTER 8 

OTHER RESULTS 

§ 8.1. Chapter Overvlew. 

This chapter deals with other 88pects of nuclear reinteraction effects 

. H N d ±N S 'fl 11 h . . . ID 11 e an "' e. peel ca y, t e topics dealt with are two-particle 

rapidity correlations, coherent scattering processes in(;:;INe, and a search 

for a ~(1232) resonance signal expected to be present due to the presence 

of non identified protons, or p /us traclui. 

Section 8.2 studies two- particle rapidity correlations in (il)Ne and 

lf'±Ne; that is, the tendency of produced particles to "bunch up" in certain 

regions of rapidity, or where the presence of one particle tends to exclude 

others from a region of rapidity . Clearly nuclear reinteractions will affect 

such correlations: Excess particles created in the target region of rapidity 

should create a strong correlation there, and in turn particles in the far 
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forward or projectile region of rapidity will be depleted, leading us to 

expect a negative correlation in this area. This effect is indeed observed, 

and the full two-particle rapidity correlation matrix is compared between 

""±Ne and lv1Ne. In addition the rapidity gap distribution, where the 

rapidity gap is the 1~111 between nearest neighbors in rapidity space, is 

presented for both systems. Unlike prior results for hadron nucleon 111, 

these rapidity gap distributions can be fit well with a single exponential. 

.Section 8.3 presents results for coherent scattering in( vi Ne. In coherent 

scattering, lhe incident virtual W± interacts with the Ne nucleus as 

a whole 121. A small signal is found in both 11Ne and VNe for I - prong 

(witti neutral tracks) events and 1-prong (without neutral tracks) events . 

The observed signal in VNe is comparable to the reported BEBC ob

servation 131 of coherent scattering, with corrections. Results for the E546 

11Ne data, however, give a rate an order of magnitude smaller than either 

BEBC or E546 VNe. This difference is possibly due to the different Q2 

distributions of these samples, with the E646 11Ne data specifically chosen 

for high Q2 . Distributions in !ti, It - tminl, and invariant masses of the 

produced systems are presented. 

Section 8.4 concerns a search for ~ ++ in the E546 11Ne data. The 

proton for these ~ ++ decays would be a Pl••• track, and so not identified 

as a proton . Such a signal is termed a ~i.+.e signal. Although calculations 

with the LUND monte-carlo l~I indicate that such a signal should be visible 

after applying a series of specially-designed cuts to the data, the E546 

11Ne data does not have an observed signal, although a small •hint" of a 

signal is eventually found . The most likely reason for the non--0bservation 

of a ~ j .. +,t signal is that nuclear reinteractions are altering observed 
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multiplicities, and P/••t tracks due to nuclear reinteractionB generate 

spuriowi /j,, ;:., combinations, ma11king the signal. (The LUND monte-carlo 

does not incorporate any mechanism to simulate nuclear reinteractions .) 

I 8.1. Two partlele rapidity eol'l'elatlon1. 

This section studies two-particle rapidity correlations in Jf± Ne and 

lvlNe. Rapidity correlation.s are relevant to understanding •cluster" produc

tion and u such may be particularly relevant to understanding the dynamics 

of nuclear particle production. For example, the rapidity gap distribu

tion (see below) has been found to depend on the target size 151 ; that 

is, A. Aleo, to the beet knowledge of the author the rapidity gap dis

tribution has not been studied in neutrino-nucleus interactions before . 

Analyzing the 11y11tem in rapidity space breaks the reaction into three 

regimes: projectile, central, and target regions . The projectile region is 

at the most forward rapidities and presumably ha.a properties aasociated 

with the beam; in like manner the most backwards rapidities define the 

target region, which baa properties associated with the target. The central 

region is considered to be all rapidities in between and is also known as the 

"pionization" region - which indicates that it is an area where particles 

are produced by statistical equipartition of anilable energy, and therefore 

do not have much •memory" of the original properties of either the target 

or the beam . In light of this, we expect that nuclear effects will be strongly 

concentrated in the backwards hemisphere, and nearly absent from the 

far forward rapidity region . 

A rapidity correlation exists if when we find a particle in some region 
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or rapidity space, there is a greater chance of finding another particle 

in that same region of rapidity space than that we would expect from 

a uniform distribution of particles throughout the available phase space. 

Similarly anticorrelations exist when production of a particle in some 

volume tends-to exclude other particles from that volume. Clearly in the 

finite energy world of experimentation, one often implies the other: If 

particles are forced out of some area of rapidity space, they clump up in 

some other area. 

One can imagine several measures of rapidity correlation.a; the most 

commonly wied one is the normalized two-particle correlation function 

where Nr is the total number of event.a in the analysis, N 1 (v) is the 

number of particles with rapidity v, and N<J(V1 , v2 ) is the number of 

particle pairs with rapidities Vt and V2. If there are no particle pairs in 

some volume, then R(v1 , v2) = -1. If all particles are distributed evenly 

in rapidity space, and we choose a rapidity interval size /j,,V from total 

rapidity volume Y, then of n total particles per event there are Nr ·n6v 

particles in N 1 (v1 ) and in N 2(v2 ), where 6v = /j,,v/Y. 

Now two possibilities arise . Assume all particles we are studying are 

drawn from the same set; for example, all negative particles (in which cue 

we call these particles •identical"). Then of n particles per event, there 

are ~ E?.:: i = n(n - l) possible pairs per event, or Nrn(n - 1)6i/2 pairs 

in in~erval /j,,V for the experiment . In this cue the Nr and 6v2 factors 

cancel, as they should, leaving R(v1 , v2 ) = n(n - l)/n2 - l = -1/n. 

This non-1ero R(v1, v2), even though we have excluded any correlation, 
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is sometimes referred to aa the Goldhaber identical particle effect . If we 

select a particular multiplicity channel, 11uch 88 all events with n negative 

tracks, we can compeDBate for· this effect by forming a new R'(r11, 112) = 

R(111, V2) + l/n. 

Suppose alternatively the particles studied are drawn from two different, 

nonintersecting sets (such 88 positive tracks correlated with negative tracks). 

Then there are n1 n2 pairs, given uniformly distributed particles, and 

R(111, 1f2) = 0 BB we expect. 

For the identical particle caae with a coDBtant number of particles n 

produced per interaction, and given that all n particles fall in the same 

A1f interval, then all n(n - 1) pairs fall in this interval and 

1 
R(lf1,112) = 1- -. 

n 

We Bee thst R(1f1 I v2) - 1 811 n - oo, ie R(r11, v2) approaches 1 for perfect 

correlation and large multiplicity (R'(vti 112 ) = 1 for perfect correlation 

in multiplicity channel n in any case.) 

Unusual events - events which are statistical ftuctuatioDB or which 

occur near the edge of rapidity phase space - may generate two-particle 

correlatiorui greater than 1. Assume that there is only one ~vent with a 

particle pair in some rapidity interval Av, and BSaume that no other event 

b88 any particles in this Alf interval. Then because the factor of Nr in 

the numerator is not cancelled in the denominator, R(r11 , 112) diverges as 

Nr for this interval. 

The rapidity gap distribution also provides information on rapidity 

correlations. The rapidity gap r is defined as the absolute value of the 

difference in rapidity between neighboring final-state particles, where the 
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particles are ordered in rapidity. Clearly if all particles are distributed 

uniformly in rapidity then the rapidity gap distribution is a delta-function; 

if short range correlatioDB are more important, the rapidity gap dis

tribution will peak for small r; long range correlatioDB peak for large 

r. From the general principle of locality we expect that short range cor

relations will dominate. 

Erwin et at.181 have studied R--(1f1, 1f2) and R+-(1f1, 1f2) for 1fP and 

pp al 100 GeV /c, both for specific multiplicity channels with no multi

plicity cut. They find that in all individual multiplicity channels a.II cor

relations with a central particle region particle a.re coI111istent with being 

zero, for both R-- and R+-. We also find the central correlation in both 

R-- and R+- in any given multiplicity channel is consistent with aero 

in both ""±Ne and(v)Ne. There is some evidence of negative correlation 

between central-target and central-projectile regions in individual multi

plicity channels, although statistics are marginal. 

The following presentation of R(1f1, 1f2) is for charge-charge correla

tions (Rec); that is, ignoring any distinction between identical and non

identical particles . Equivalent analyses of our data for R+- and/{- have 

been carried out, and both have a similar structure of the resultant cor

relation matrix 88 Rec. Because we are mainly interested in establishing 

trends within the correlation matrix, we use the large statistics JlCc. 

. Figures 8.2. l and 8.2.2 present Bllpecta of the rapidity correlation 

matrix R(lf1 , 1f2). Clearly R(1f1, 1f2) is a function of the rapidity interval A1f 

chosen. Too small a Alf and there will not be any correlations; too large a 

A1f may not show correlations that exist on a smaller scale but are washed 

out when averaged over. Thia study wies a relatively tight correlation scale 
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of ~II = 0.25, uses l/Cah as the rapidity variable to avoid any problems 

with CM transformations in neutrino interactions, and bas the range 

-1 ~l/1 6b~ 5. To smooth out ftuctuations for such a tight ~II. and to 

reduce the 576 correlation values resulting to a manageable number, the 

16 values for each square unit of rapidity in (111 , 112) space are averaged to 

a single value for that region . 

Figure 8 .2.1 gives several distributions in R(111, 112 = 11.), ie the 

diagonal of the rapidity correlation matrix where the important short 

range correlations are manifested. Figure 8.2.l(a) compare• •+Ne at 30 

GeV /c and vNe at equivalent~. and figure 8.2.l(b) compares the an

tiparticles. Both plots show a significant correlation in the backwarm 

hemisphere where nuclear effects are expected, and drops to an anticor

relation in the most forward rapidities . •±Ne shows stronger short range 

correlatioll.8 than lv)Ne; the trenm and nluea in particle- and antipar

ticle- incident are essentially identical. The trend is clearly linear. 

Such a result is not unexpected. Re11cattering in the target nucleus 

should produce excess particles in the target region of rapidity, introduc

ing a positive correlation. Particles far enough from the nucleus are qq 
pair production at esaentially random z and 110 we expect them to have 

R(111
1 

112 = 111) ~ 0. The highest rapidities come either from the most 

forward quark or a "lea.ding particle" quark. The most forward quark 

must be anticorrelated by energy con11ervation, and there can be only one 

leading particle quark contributed from the original sy11tem so it is by 

definition anticorrelated . The linear falloff might be construed BA evidence 

for a 11tring model with high tension at the nucleus end (a great deal of 

energy density) and low tension at the leading quark end . 
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This linear falloff on the diagonal from target to projectile regioDB 

differs from the 7rp and pp R(r1 , r2 = rd. The 7rp and pp diagonal 

is convex downward into both target and projectile regions, peaking in 

the central region 171 (as expected from the symmetry). The backwards 

hemisphere correlation baa been seen previously in p- Nuclewi scattering 

in emulsion 161. Our observation of this effect in the single-nucleus 7r± Ne 

and(ii)Ne systems, which are cleaner systems than an emulsion mixture, 

confirm the backwards hemisphere correlation as a nuclear effect. 

Figure 8.2.l(c) compares R(r1 , V'2 = 111) for nuclear events (NUCTST 

= +t) and nonnuclear events (NUCTST =-!)in ttNe, where statistics are 

strongest1 for all W2, (Such a plot for all W2 should not be compared with 

other plots, since it represents an ensemble average over many different 

rapidity ranges, the net effect of which is unclear. However comparison 

with an event sample that has undergone the aame ensemble average 

should be meaningful. This warning also applies to figure 8.2 . l(d).) The 

figure shows that the correlation values are identical for the two samples 

in the forward region 1 where we expect the nucleus to have no effect, 

but differ in the most backwards region where the nucleus can play an 

important role. 

Figure 8.2.l(d) compares ttNe and VNe for all data. The distributions 

are similar with the VNe parabola perhaps slightly broader than the ttNe 

parabola. In the figure, " and V have been weighted to have identical W'2 

distributions so that the same ensemble average will be performed for 

both systems (see chapter 5 for the weighting technique) . 

Figure 8.2.2 gives the full rapidity correlation matrix for 7r± Ne at 

30 GeV /c and for (ii) Ne at equivalent W2 . For low value11 of rapidity 
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(lftd < 2) the peak of the correlation distribution tracks ri = r2 M 

expected from short range correlations, falling off away from the diagonal. 

As lftd increases above 2, R(111, r2 ) flattens out and indicates euentially no 

correlation. At the highest values there is some anticorrelation. For( ii) Ne 

R(111 , 112) evidently flattens out sooner than for ir±Ne, and is generally 

lower than in 7r± Ne. This behavior is consistent both with the increased 

"interaction length" expected in 7r± Ne compared tolii)Ne, and having an 

"extra" two quarks in ir± Ne that can contribute to rapidity correlations. 

The rapidity gap distribution is presented in figure 8.2.3 for 7r± Ne 

and the corresponding(il)Ne (in figure 8.2.3(a), the 7r+Ne r distribution 

has been scaled by 2 in order to fit on the plot) . The rapidity gap dis

tribution peaks at small r aa expected for short range correlations and 

falls off exponentially . The slope for ttNe is identical to that for vNe, and 

the slope for 7r+ Ne is identical to that for 7r-Ne, but the slopes for 1ii) Ne 

and 7r±Ne differ considerably. Fits of dn/dr to the form n(r) = ae~ are 

given in table 8.2.l. 

As can be seen from the table, acceptable fits to the single exponential 

are obtained for all plots, and excellent fits for vNe and 7r-Ne. This differs 

from previous results in hadron-nucleon l•I which have required fits to a 

double ex1,, 0 11ential 

dn A -Br C -Dr - = e + e 
dr 

because of a steeper peak at r "S 0.5 . Values of the slope for pp scattering 

at 200 GeV /c are ,.._,_3 for the small - r peak and ,...., _l for the tail region, 

so the ,..-±Ne values are consistent with this tail region in pp. The(il)Ne 

values are intermediate. 
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TABLE 11.1.1. 

Fit.II of rapidity gap di1tribution11 to n(r) = ae''. 

rl'.~ ~t _ 1 o_n_U_~~<; _ ____ _ L x 2 /NQF 

v Ne (I fl 7 9) 69 5 12 -1. 79 ~O.OJ Jl . 2/38 

v N<· ( 362) 120 t - I . 77 !0 . 07 40 . 8/Jl 

+ Ne (595) . 35 - 1. 01. !0 . 07 49.0/39 

Ne (58 J) 59 t - I . 08 ! 0. 06 J8.J/J8 

p ~ () !?_ 

0. 77 

0 . 11 

0 ' l l 

0 . 46 

240 

The absence of a small-r peak in these data is unexplained, although 

it should be noted that in experiments that use pseudorapidity '1 u 

opposed to rapidity 11, the pseudorapidity di11tribution will be pushed 

down and broadened with respect to the rapidity distribution, which could 

conceivably generate a tail of larger r than would be 11een in a rapidity 

distribution. 

§ 8.1. Coherent Scatterln1. 

Coherent scattering is a proce111 that has been exten.11ively 11tudied 

in hadronic interactions 181, however it bu only recently been ob11erved in 

neutrino interactions 131 (in the interaction Ii Ne). This 11ection analyzes the 

E&46 neutrino data for evidence of coherent scattering (The WA5 l ir± Ne 

measurement data do not have adequate 11tatistic11 to detect coherent 

scattering. Since coherent interactions typically account for a few percent 

of a given low multiplicity topological channel, and there are only ,...._,50 

events per incident pion sign per relevsnt topological channel for the ir± Ne 

measurement sample, coherent procell8es are unobservable in the WA61 

measurement sample.). 

In coherent scattering the target remaiDA in the 119.me internal 11tate 

both before and after the interaction. When the target is a nucleus, this 

means that the nucleus recoils as a whole and does not di1entegrate 

or decay after recoil. Coherent 11cattering is clo11ely related to elastic 

scattering; it i11 the 11ame as the elastic process k1 + P• --+ k2 + P2 except 

that the beam k1 i11 allowed to "diffract" into a different particle or a 

multiparticle system. 
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In neutrino coherent scattering the incident virtual W'± with (our 

momentum q is treated as the beam and diffracts to hadronic system X 

by exchanging four- momentum t with the Ne nuclewi. Due to it's spin

parity, the W± can couple to a vector meson (p) or an axial- vector meson 

(Ai), and via its divergence and PCAC to a pseudoscalar meson(~). Since 

the interaction occurs as a whole on a large target, we expect coherent 

events to have low Q2 and low ZBJ . The square o( the four-momentum 

transfer from current to nucleus (t) is called t and is the relevant kinematic 

invariant for the proce88. (For definition of the variables used in this 

section, see figure 8.3.1 ). 

J . Lys 1°1 baa previously performed a search (or coherent events in the 

E546 vNe data. This analysis extends that search to llNe, compares our 

resQlts to the recent BEBC coherent observation, and extends the analysis 

somewhat in form . 

For the target to interact aa a whole the relevant wavelength must 

be greater than the size or the target, ie p ~ 1/rNe· Since rNe ~ 3 

rermis, and taking a safety factor or three times this, this implies p ~ 

200 MeV /c for the Ne nuclewi, or t ~ 0.04 Ge~ /c4 for coherent events. 

Charge coll8ervation requires the X system to have the same charge 

as the incident W±, and since low momentum trand'er implies low X 

multiplicity, X should have N'' 0
"- = 1, 3, or 5. Events with an identified 

proton are excluded since Ne must remain intact, and events with an 

associated A or A are excluded because the heavy baryon must come from 

the nucleus. 

To guarantee that the sign of the charge for charged tracks is correct, 

the cut 6p/p ~ 0.6 is applied to all charge tracks (this corresponds 
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to a 5% max probability of misaasignment of the charge, see Chapter 

5). Reconstructed neutral tracks must decay leBB than six lifetimes 1fJcr 

away from the vertex and be in an adequate constraint claas. Jr an event 

contains a failing track for one of these reasorui, the event is not used in 

the analysis. All tracks are 8.88umed to be detected. 

To compute t, note that for p ~ 200 MeV /c, the kinetic energy or 

the Ne nucleU11 (TNe) is two orders or magnitude less than terms of order 

PNei and so can be safely ignored in comparison. Then 

t = (p'Ne - PNs)2 =(EN. - mN.)2 - IPNel
2 

= ri • - Pl N s - p} Ne 

~-Pl Ne - p} Nei 

where p Ne has been split into its longitudinal and perpendicular parts 

relative to the incident neutrino direction . Then 

ltl =Pl Ne+ P~ Ne 

= (E" _ p';,x )2 + (p;,x )2 

= (E,.x -p'[,X)2 + ~)2 

where momentum conservation p'[,x + p~ Ne = PL = E" has been used 

and again TN. has been ignored relative to the momenta involved. µX 

refers to the µ + X system, ie all observed final state particles . The Ne 

nucleU11 is unobservable at these energies. 

Also the quantity tmin = min(ltl) is U11eful. t"';n is the minimum 

value ltl can assume for fixed current q, mass of the X system mx, and 

momentum of the X system IP xi (in a given frame). We have 

(8.3.1) 

so ltl ha.a its minimum for 9 = 0 for -t (8 = 1f for t) . Here an interesting 

difference occurs with a normal hardronic scatter; first, -m; is now a 
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positive quantity, and second, there is no - t,..;n if we keep only the current 

and mx fixed, but let IP xi vary. Since the masses are fixed, only the term 

in parentheses or eqtn. 8.3.1 is minimir:ed . Jr we define Ex= kmx with 

the constraint k > I, and also 

then this term is of the form 

c = lill 
E' 

9 

(8.3.2) 

(8.3.3) 

Now in normal hadronic physics we have the constraint C ~ 1, in which 

ca8e k grows raster than c~. and a term or the form 8.3.3 does 

·have a minimum for varying .4:. But for the virtual current W± 1 C > 
and 8.3.3 h38 no minimum for varying .4: . 

To compute -t,,.;n for the case or fixed IPxl, use the fact that 8 = 

0 for -tmin· This implies if we compute ENe in the hadronic CM and 

boost with a linear Lorenh boost to the lab frame (no rotations), then 

this gives (ENe)min in the lab frame, from which -tmin = min(P~e) is 

immediately calculated via E = m + p2 /2m. 

E~!' can be written as a function of the particle m38ses and one 

energy (or equivalently jpl) variable alone because of the hadronic CM 

constraint E p = O; the IPI variable is eliminated by rewriting it in 

combination with the particle m8.88es to form a system m888 . This gives 

where 
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and where E11 and li\12 
are obtained from E 11 

IPv - Pvl2
· 

The boost from the hadronic CM to the lab frame has 

1
= ~Id= E,+mNe

1 

fflcm mNeX 

where N eX refers to the Ne + X system, and 

The resulting ltl and It - t111inl distributions are shown in figure 

8 .3.2 for vNe and in figure 8.3.3 for JiNe . Also shown are mass plots for 

It - tminl ~ 0.04 appropriate for W± --+ p± in a coherent process. 

Figure 8.3.2(a) shows the ltl distribution for the number of charged 

hadronic tracks = 1, 3, and 5 and no neutral tracks in the event; figure 

8 .3.2(c) is the equinlent plot for the It - tminl distribution . The 1- prong 

no neutral distribution is appropriate for W coupling to 11:, the 3--prong 

no neutral distribution is appropriate for W coupling to A1, say . The 

I-prong no neutral distribution seems to show a peak at ltl ~ 0.04 

of approximately 4 events, however this peak vanishes in the equivalent 

It - tmin\ distribution, so there is no strong evidence for it. Both the 3-

and 5- prong distributions show dips at low ltl, so there is no evidence 

in this data or W± --+Ai . All the It - t111inl distributions are compatible 

with exponential falloff, as they should be. 

Figures 8.3.2(b) and 8.3.2(d) show the same distributions but for 

events with neutral tracks (ie 1s) present. In particular, the 1-prong with 

neutrals distribution is appropriate for w+ --+ p+. This p+ channel shows 

peaks in both the !ti and It - tminl distributions at ltl ~ 0.04. The 3- and 

.I .2 .J ,4 

ltl (Ge~) 
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FIGURE I.I.I. 

Diatrlbutiom in ltl and It - t"''"l ln vNe. (a) The It! dJatrlbutlon for 1- , 

3-, and 6- prong channels, eventa with no neutrals. (b) The ltl distribution 

for 1-, 3--, and 6- prong channels, events with neutrals. (c) The same u 

(a) for It - t,..,,.I. (d) The same as (b) for It - tminl· 
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FIGURE 8.1.1 continued. 

(e) The mx distribution for I- prong events with neutrals and It - t,,.in I ~ 
0 .04. 
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(b) The combined 1-'-prong dist. compared wiLh the equinlent BEBO di1t. 

(e) The mx distribution for I - prong evenls with oeutrah1 and It - t.inl ~ 
0.04. 
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5- prong channels with neutrals show dips at low ltl and are compatible 

with exponential decline for It - tminl. although there may be a slight 

excess in the three-prong with neutrals It - tminl channel. For the p+ 

channel, the excess in both ltl and It - twain I is 4 ± 2 events. 

The mass or the X system (mx) is plotted in figure 8.3.2(e) for 

the coherent It - tminl bin. There is indeed an excess or 4 events at the 

p+ mass. Since after momentum and other cute there are 5578 events 

in the 11Ne sample, this corresponds to a rate w+ _. p+ coherent in 

11Ne or (0.07 ± 0.035)% uncorrected for scan/measure inefficiencies. The 

ecan/mea.Bure corrected rate with a p efficiency of 0.6 and a 1fo efficiency 

or 0.4 is (0.3 ± 0.2)%. Ir one takes the 4 "excess" events in the I- prong no 

neutral channel as a coherent signal, then the w+ _. Jr+ coherent rate in 

11Ne is (0 .07 ± 0.07)%. 

Since there are only 981 events in the !iNe mea.Burement sample after 

cute, statistics are extremely limited. Therefore only the I- prong with 

neutral and without neutral channels are plotted in figure 8.3.3 (the 3-

and 5- prong channels in ltland It - tminl show no evidence of any coherent 

interactions, but this is statistica-limited, and so not a constraint on the 

w- Ne system). The BEBC observation or coherent events was in the 

I - prong !iNe system (neutral and no neutral categories combined) . 

Figure 8 .3.3(a) shows that there is indeed a large excess of events 

at ltl ~ 0.05 in the E546 !iNe data in the no neutral I- prong category. 

There is no equivalent excess in the I- prong with neutrals category. The 

combined (neutral + no neutral) ] -- prong distribution is compared with 

the equ ivalent BEBC distribution in figure 8.3.3(b), where the BEBC 

distribution (with much greater statistics) has been normalir:ed to have 
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the same area as the E546 liNe distribution. The exces11 or event.a in the 

coherent event bin for E546 VNe is 8±3 events . Ar. shown in figure 8.3.3(c), 

there are 3 ± I p- events in this bin, and correcting for scan/measure 

inefficiencies as above this corresponds to 12 ± 7 actual p- events . This 

gives a w- ~ (NP•ong = I) coherent rate in !iNe of (17 ± 10)/981 = 

(I . 7 ± 1.0)% for the E546 data. The equivalent quoted BEBC rate is 

(1.4±0.1)%. 

Marage et al 131 argue that there is little evidence of W± diffraction 

off a quasi - free nucleon in the Ne nucleus 1101. They note that in cases 

where more than 300 MeV /c nucleons are generated in the recoil, the Ne 

nucleus would break up, leading to a "coherent" signal in events with 

identified protons, where no such signal i11 observed (in either BEBC or 

E546 data). Since such events con11titute 11uch a 11mall percentage of all 

events with identified proton11, thi11 i11 not necesearily the case . They also 

note that the slope at low !ti is about 30/GeV2 , incompatible with the 

photoproduction value or about rt-8/GeV2 off nucleona. Thia is a more 

serious argument (the E546 data are not adequate to determine a slope) . 

An analysis equivalent to the above for ~vi Ne has been carried out 

assuming that the scatter occun diffractively off a quasi-free nucleon in 

the Ne nucleus. In this case we expect that ltl ~ 0.3. As figures 8.3.4(a) 

and 8.3.4(b) show, there i11 a clear excess in the It - tmin I di11tribution 

for· I - prong, both with and without neutrals. The 3- prong distribution 

is compatible with exponential falloff . Furthermore, the Jt - tminl ~ 0.3 

I -prong with neutral11 dietri bution 11hoWB a clear p peak for both 11Ne and 

ii Ne (figure 8.3.4(c)), although there is a background feature at mx ~ 0.4 

GeV /c2
. 
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In light of the extreme similarity of the two types of distributions, 

it would seem to be extremely difficult to disentangle coherent from 

diffractive-nucleon scattering in lvlNe. I agree that the coherent inter

pretation is preferred, however. 

The vast difference in u.,0 ,. between the E546 vNe and liNe samples 

may be a Q2 effect . The E546 vNe data are specifically selected for high 

Q2
, and (Q2

) in the Ii Ne sample is significantly lower than in the vNe 

sample . This higher (Q2) may be suppre88ing coherent interactions in 

the vNe sample, since it is clearly necessary to have low Q2 for coherent 

interactions _ (Q2 ) for E546 vNe is 14.0 and only Q.I for liNe. Furthermore, 

the skewness in Q 2 for vNe ie 1.01 compared to 1.86 for liNe, indicating 

that the Q2 distribution is significantly more skewed toward lower Q2 

relative to its mean in liNe than in vNe. 

§ 8.4. Search for A;.+., ln 11 Ne. 

Conservation of baryon number dictates that at leMt one baryon will 

be present in the final state for deep inelastic neutrino scattering; other 

baryons may be produced in pairs via 66 production, but becawie lowest

lying baryons have m&Aes an order of magnitude larger than lowest-lying 

mesons, 6b production is relatively rare at our experimental energiea . If 

available energy is merely distributed according to the number of states 

available, then the phase space for meson production is at least two 

orders of magnitude greater than that for 6b production. The upshot ia 

that essentially all final--11tate baryons come directly from the initial--state 

baryon. 
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Of cour11e, in(;:;l Ne scattering, the nucleu11 provide11 a 11ource of addi

tional flnal-1tate b&ryon1via1econdary interactioDll, ae di11cu1111ed in prior 

11ection11. In the charge track distribution the11e p I••• track!! will all be 

protons. 

However final 11tate baryons from the initial interaction vertex can 

be any of the baryon states in figure 2.3.4. Ignoring charmed baryoDIJ ae 

energetically forbidden at the11e experimental energie11, there is 11till no 

a priori way to decide how these produced baryons will be distributed 

between the twenty-1even qqq = 10 EB 8 EB 8 EB 1 po1111ible flavor combina

tion11. The 11imple11t 1U11umption i1 that produced baryons are di11tributed 

according to the number of i11011pin ® 11pin 11tate11 available (called SU(6) 

weighting), but experimental re1ulte indicate this Is far from the cMe and 

far fewer baryon• wind up in the decuplet compared to the octet than the 

SU(6) 2:1 prediction. Again thi11 may be primarily an energy limitation, 

since decuplet baryons are more mM11ive than octet baryons. 

Since 11traoge quark production i11 11uppre1111ed 1°1 by the additional 

mat111 of the a relative to the u and d, the most frequently produced 

baryon11 for the octet and decuplet will be the nucleon N and the ~(1232), 

re11pectively. Ir it i11 po1111ible to identify the ~(1232) produced, then a 

mechani11m exi11ts for directly analyzing which P/Ht come from the initial 

interaction vertex and which P/•et are nuclear rescatter11, since the As 

come only from the initial vertex. 

~(1232) production wae 11tudied u.eing the LUND monte-carlo 141, 

which has been customized to 11imulate the observed E646 momentum 

error and track failure rates ae a function of w2 and to simulate the 

incident E., spectrum. All trackJ that don't have identifying signatures 
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in the bubble chamber are aasigned a pion maas; thus, proton.s with 

p > I GeV /c are treated 88 pione, protoD.11 with p < 800 MeV /c are 

treated as "identified" protons, and protons with intermediate momentum 

are linearly interpolated. All K± are treated 88 ir±, and resonances are 

decayed according to the appropriate Bright-Wigner distribution. The 

target for the monte-carlo was taken to be an ieoepin 0 nucleon, (p + 

n)/2. Other than these E546--specific modifications, the standard LUND 

algorithms are used to generate events, the key feature of which is an 

equiprobable distribution in ZcM for creating qq pairs. 

To determine the ratio of decuplet final- state baryoD.11 to octet final-

11tate baryons in E546 (which, a11 discU88ed above, will depend on the 

w2 and Q2 distributions of the experiment and so must be adju.eted 

from experiment to experiment), the LUND monte-carlo wsa tuned to 

reproduce relative rates of neutral 11trange particle production into octet 

and decuplet 1121 . Neutral 11trange particles can be reliably identified in 

the bubble chamber and experimental rates can be reliably corrected to 

actual distributions, so they provide a good meaaure of the decuplet to 

octet ratio, Ro. In addition, 11uch particles can only be produced at the 

initial vertex, 110 they meS11ure (Ro)initieJ, which is the quantity of interest 

here. 

Ro measured in this way is approximately 1/3. Since the goal of 

thi11. analysis is to attempt to identify A{l232) in the E546 11Ne data, 

in simulation.s for this analysis the LUND monte-carlo wa11 run at the 

"conservative" Ro of about half again this value, or about 1/6. 

The key features determined for A{l232) production in E546 11Ne 

from the LUND monte-carlo are as follows : (1) The four Delta charge 
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states are produced in the ratio A++ : A+ : A0 : A- = 8 : 5 : 3 : 1, 

(2) protoDA constitute about 16% of total stable final-state particles, (3) 

only about 10% of the final-state protons are •identified", the remainder 

having too high a momentum, and ( 4) about 1/5 of all final-state protons 

are decay products of a A++. 

Since A++ is the m~et frequently produced A(1232), and since it 

decays solely to charged particles(•++ p), which are much more reliably 

detected than neutral particles in E546, A++ was selected for the search. 

The difficuJty in detecting A++ is that it's mass occurs just above the 

threshold mass for p•, and so A++ production just tends to push up 

the initial threshold peak without producing a noticeable bump on the 

background mau distribution, as it would on a smoother background . 

Due to the large number of nuclear protons produced in E546 and 

the general poor efficiency for •identified" protons in E546, identified 

protons can not be used in this experiment to detect A++ . lnVBriant mass 

distributions for p•+ in E646 vNe show no trace of any contribution 

from A++, and indeed tend to have a perfectly flat distribution after 

threshold, where one would expect a falling distribution if A production 

were a strong component in the plot. The flat background is an indication 

that any A++ signal is buried beneath random contributions from nuclear 

protons 1131 . 

However only about 10% of the A++ signal is accessible by using 

identified protons, and the vast bulk of the signal lies in minimum-ioniiing 

.. ,... .. assigned tracks. The presence of such a large signal raises the follow

ing possibility: If we form all possible unique invariant mass combinations 

of the ",...+,. assigned tracks taken two at a time, reassigning one of the 
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•,...+ .. tracks 88 a proton, then in the A++ region, the correctly assigned 

A++ tracks will peak out on the background and form an identifiable 

bump. This assumes the background is well- controlled enough in this 

region for the bump to show. 

A++ identified by this technique are called A/:.,, •rut• bees~ the 

proton from the A++ is non-identified, or a p1 • ., track. 

Analyzing this system in the LUND monte-carlo indicates that the 

A /a+.c signal is present, but still buried in the background; that is, there is 

no clean separation of the A j:., signal from the background shape. Using 

the monte-carlo as a guide, a series of cnta were devised to enhance the 

A ia+.c signal. If we define 

R =(Number of A++ combinatioDJ) 
'°' All combinations after cuta 

then R.a. provides a measure of the efficiency of the cute. 

The R.a. for the uncut data in the LUND monte-carlo using the A/.+., 

technique was 0.175, evaluated over the mus interval 0.75 GeV /c2 $ 

m $ 1.76 GeY /c2 (All 1iubsequent analysis is performed in this interval). 

The three final cuh used were: (1) N•"ow" E (4,6,8), with an R.a. of 

0.264, (2) requiring that the momentum of the candidate reconstructed 

A ia+.t satisfy p < 5.0 GeV /c, with an R.a. of 0.272, and (3) requiring that 

the momentum of both tracks used to reconstruct the A j.+.c BBtisfy p < 
3.0 GeY /c, with an R.a. of 0.279. The R.a. of all three cuts in combination 

was 0.361, or a total increase in signal to noise of about 2 for all cuts. 

Using these cuts the LUND monte-carlo predicts a clearly visible 

bump in the Aja+.c distribution, shown in figure 8.4.l. The figure also gives 

the background distribution, defined 88 those combinations not coming 
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from an actual fl ]a+,,, . An important feature to note is the linear tail in 

the mass region 1.3 GeV /c2 :$ m :$ 1.75 GeV /c2 . Extrapolating this tail 

under the fl]:., signal is a reaaonabl~ estimate or the background for 

fl fa+,,t; events above the extrapolation are taken as the ~ fa~t signal. 

When the E546 vNe data is analyzed with similar cuts, no deviation 

is seen from the linear background . A strong poHible reason for this is 

that excess tracks generated by nuclear rescatters are altering the event 

characteristics. Nuclear rescattera will contribute extra multiplicity, and 

P/Ht coming from nuclear rescatters will contribute spurious combina

tions tending to smear out the fl j.+,,, signal. To check this poHibility the 

NUCTST algorithm was used to select out nonnuclear events from the 

total vNe sample, and these events were analyzed for~;:., using all cuts . 

The result is shown in figure 8.4 .2. Two bins are now clearly above the 

linear tail extrapolation and provide at least a hint of a signal. However 

this "hint" certainly is not strong enough nor of the right width to term 

thie an observation or~;:. •. 

There is some evidence that there is some substance to the "hint": A 

sixth- order Legendre polynomial was used to fit the background distribu

tion of the LUND prediction. The distribution in figure 8.4.2 was also fit 

by a sixth-order Legendre polynomial for two conditions: (a) excluding 

the two high bins, and (b) including the two high bins . For condition 

(a), the slope of the LUND background prediction and the 8 .4.2 distribu

tion agree exactly in the linear tail region; for condition (b), there is a 

significant mismatch of slopes. 

If we use the condition (a) background, then the "hint• con.sista of 

38.3 events aboYe background. Ir we scale this by the LUND efficiency 
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in these two bins, there are 83 A ia+.t in this interTSI. LUND predicts 

that the maM range of thetJe two bill! accounts for about 1/4. of all 

A /~t produced, and 11caling again this corresponds to 328 A/.~t· Finally, 

since LUND predicts that A++11 account for about 1/5 of all primary 

vertex protons, scaling again yields a total of 1600 non-nuclear- generated 

protons . Since there are 4248 events in the event 11ample after UBing the 

NUCTST algorithm to select nonnuclear event&, this corre11pond11 to 0.38 

primary protons per event. Using the i11011pin 11ubtraction method on this 

same sample of events after weighting to insure that the vNe and liNe 

sample11 have equfV1llent W'l di11tributi0Il8 gives a value of 0.68 proton11 

per event . These numbers are con11i11tent with the earlier 88!1ertion that 

PJut are divided roughly 1:1 between primary- vertex PJ .. t and nuclear

r.escatter P/a•t · 

Clearly the above calculation can not be taken very seriously in view 

of the questionable signal from which it 11tarted. In conclusion, no definite 

A j.+.t 11ignal i11 observed, although there i11 a small •hint" that a signal 

might be present. The probable reMon for thi11 i11 that nuclear effects mask 

the A j.+.c 11ignal via multiplicity alteration and nuclear Pt .. c generating 

spuriou11 A++ mus combination11. An alternative reason could be that 

A++ production i11 far below the LUND prediction, but since thi11 analysi11 

was performed with a very conservative value of Ro, this 11eem11 unlikely. 

In addition, although the cut efficiency may not be aa great 811 LUND 

predict&, the cuts used in the analysis are perfectly reasonable on general 

physical grounds, and 110 are expected to be effective in any circumstance. 
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ll. ++ production baa been observed in vp interactiona uaing ident-
ified protons . See J.P. Berge et al., Phys. Rev. DU, 1043 (1Q80) 
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APPENDIX A.. 

Calculation of (v) ln the impact parameter 

repreeentatlon. 

We use the approximation where we can treat the nucleus aa an in

dependent 1uperpo1ition of nucleon wave function•, ie we take l"'I~ = 
n:_ 1 p(Fi) 1 where Iii is the nuclear wave function and p(f;) is the probability 

density for any given nucleon 1 normaliz.ed so that f p(1) d3 r = 1. Let 

u(b) be the nucleon crou aection for a given reaction at impact parameter 

b. Then the corresponding nuclear croas section uA(b) is III 

cr4(b) = / d3
r1 ... d3

r A JI p(fi)[l - IT (1 - u(b - t,-))] ·-· ,_. (A.1) 

= 1 - / d3
r1 ... d3

rA ft p(fi) ft (I - u(b -1;)) 
i-1 ;-1 

(A.2) 

= 1 - / d3
r1 ... d3

r A IT [p(f i) - p(Pi)u(b - f,)] 
•-1 

(A.3) 

= 1 - U [1 - J d3
ri p(1';)u(b -1,)] 

•-1 
(A..t) 

= 1 - [1 - if(C)JA (A.5) 

where we have defined «l(b) = f d3 r p(P)u(b -1), and f is the component 

or., J_ z. 
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Eqtn. A.5 can be expanded by noting that given p + q = 1, then by 

using the binomial expansion 

1- (1 - p)A = 1-q" = t (~)p11 q"- 11 -<t 
11-0 

= t (:)pllq"-11 + q" -'I" ..,_, (A.6) 

= t (~)v11q"-11. 
11-1 

Using A.6 in A.6 gives 

uA(b) = t (~)(a(b))11 (l -a(b)yt-11 . 
11-1 

(A.7) 

From eqtn. A.7 we aee that if(b)11 is the probability or v hit.a and 

(1 - a(b))A- 11 is the probability of A - 1.1 miaes, so that in A.7 v plays 

the role of the number of interaction.a in the nucleus. To compute (v) 1 we 

take 

1 I A (v) = uA d26 L vP(v, b) 
11-1 

(A.8) 

where 

P(v) = e)a(b)11 (l - a(b))A- 11 . (A.g) 

To evaluate A.8 1 note that defining 

(A.10) 

then 
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so that 

d~1 A 
dz = L 11P(11) ·-· .,_. 

= dd [(1 - «l) + (}.z1AI 
i: ·-· =Aa, 

(A.11) 

(A.12) 

(A.13) 

where the definition of the binomial expall!ion has again been U.Bed in 

A.12. Finally, substituting A.ll-A.12 into A.8 

yielding 
ALT 

(11) =A 
" 

where the normalization of «7(6) must be such that r <Pb u(6) = "· 
Eqtn. A.14 is the desired result. 

(A.14) 

APPENDIXB. 

Notation Conventlom. 

This appendix describes the notation connntion for four-Teetors 

~in chapter 2. 

Four-vector indices are represented by Greek letters (for example, 

A1,.). Vector or tensor indices of other dimensionality (in particular, three 

vectors) are represented by lower c88e Roman letters (for example, Pi)· 

Four- vector indices take on valuea from 1 to 4, where 1, 2, and 3 are the 

usual space components and 4 is the time component. The time component 

is always imaginary; ie ~ = i~ . In short, we chooae a Euclidean metric 

with an imaginary ~omponent to generate a Lorentr. norm . 

Repeated indices are summed over. For example, A11~ = A1A1 + 

A2A2 + A,,A3 + (i)2 ~~. 

The Pauli matricet are the 3 generators of SU(2). They are 2--dimen

sional, traceleBB, orthogonal, Hermitian matrices. They may therefore be 

represented as a three-vector 1 = (r1 , r2 , r3 ) = (r, r•, r•), where 

( 
0 i) 

~= . ' 
-•0 

~ = (1 0 )· 
0 -1 

(A.I) 



The Pauli matrices Htisfy 
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f'i = f'! 
[f',, f';] = 2i£1;111i 

{r1, r;} = 261;, 

where [o,6] = 06 - 60 and {o,6} = 06 + ba. 

(A.2) 

The '1 matricee are a higher--Oimension representation formed from 

the Pauli matrices by taking products of matrices in the direct product 

space of the Pauli matrices and the two dimensional unit matrix, / . In the 

representation choeen here they are 

-( 0 -ir1) '71 -
fr1 0 

-( 0 -iT>i) '72 -
i12 0 

'la= 

The '1 matrices Htisfy 

( 
0 -i~) 

if) 0 
14 =(I 0 ). 

0-/ 

1,. =1~ 
bi, 1;] = 2i£ij1'11 

{'7,.,,"} = 26,.", 

where the '1; are defined as the direct product u1 = r1 ® /. 

(A.3) 

(A.4) 

Both the Pauli and Gamma matrices 11ati11fy (r1)2 = I and (1,.)2 = 

I@ I . 

VITA 

Claude David Reee 

Born: 1 Dec. 1Q62, Rifle, Colorado, to Humbert and Eleanor Reet 

High School: Glenwood Springs High School, Glenwood Springe, CO 

Bachelor of Art.a, Colorado College, Colorado Springs, Colorado, Hl71~ 

Muter of Science, UniTenity of Waahington, 1978 

Doctor of Philosophy, University of Washington, 1984 


	fermilab-thesis-1984-13_Page_001
	fermilab-thesis-1984-13_Page_002
	fermilab-thesis-1984-13_Page_003
	fermilab-thesis-1984-13_Page_004
	fermilab-thesis-1984-13_Page_005
	fermilab-thesis-1984-13_Page_006
	fermilab-thesis-1984-13_Page_007
	fermilab-thesis-1984-13_Page_008
	fermilab-thesis-1984-13_Page_009
	fermilab-thesis-1984-13_Page_010
	fermilab-thesis-1984-13_Page_011
	fermilab-thesis-1984-13_Page_012
	fermilab-thesis-1984-13_Page_013
	fermilab-thesis-1984-13_Page_014
	fermilab-thesis-1984-13_Page_015
	fermilab-thesis-1984-13_Page_016
	fermilab-thesis-1984-13_Page_017
	fermilab-thesis-1984-13_Page_018
	fermilab-thesis-1984-13_Page_019
	fermilab-thesis-1984-13_Page_020
	fermilab-thesis-1984-13_Page_021
	fermilab-thesis-1984-13_Page_022
	fermilab-thesis-1984-13_Page_023
	fermilab-thesis-1984-13_Page_024
	fermilab-thesis-1984-13_Page_025
	fermilab-thesis-1984-13_Page_026
	fermilab-thesis-1984-13_Page_027
	fermilab-thesis-1984-13_Page_028
	fermilab-thesis-1984-13_Page_029
	fermilab-thesis-1984-13_Page_030
	fermilab-thesis-1984-13_Page_031
	fermilab-thesis-1984-13_Page_032
	fermilab-thesis-1984-13_Page_033
	fermilab-thesis-1984-13_Page_034
	fermilab-thesis-1984-13_Page_035
	fermilab-thesis-1984-13_Page_036
	fermilab-thesis-1984-13_Page_037
	fermilab-thesis-1984-13_Page_038
	fermilab-thesis-1984-13_Page_039
	fermilab-thesis-1984-13_Page_040
	fermilab-thesis-1984-13_Page_041
	fermilab-thesis-1984-13_Page_042
	fermilab-thesis-1984-13_Page_043
	fermilab-thesis-1984-13_Page_044
	fermilab-thesis-1984-13_Page_045
	fermilab-thesis-1984-13_Page_046
	fermilab-thesis-1984-13_Page_047
	fermilab-thesis-1984-13_Page_048
	fermilab-thesis-1984-13_Page_049
	fermilab-thesis-1984-13_Page_050
	fermilab-thesis-1984-13_Page_051
	fermilab-thesis-1984-13_Page_052
	fermilab-thesis-1984-13_Page_053
	fermilab-thesis-1984-13_Page_054
	fermilab-thesis-1984-13_Page_055
	fermilab-thesis-1984-13_Page_056
	fermilab-thesis-1984-13_Page_057
	fermilab-thesis-1984-13_Page_058
	fermilab-thesis-1984-13_Page_059
	fermilab-thesis-1984-13_Page_060
	fermilab-thesis-1984-13_Page_061
	fermilab-thesis-1984-13_Page_062
	fermilab-thesis-1984-13_Page_063
	fermilab-thesis-1984-13_Page_064
	fermilab-thesis-1984-13_Page_065
	fermilab-thesis-1984-13_Page_066
	fermilab-thesis-1984-13_Page_067
	fermilab-thesis-1984-13_Page_068
	fermilab-thesis-1984-13_Page_069
	fermilab-thesis-1984-13_Page_070
	fermilab-thesis-1984-13_Page_071
	fermilab-thesis-1984-13_Page_072
	fermilab-thesis-1984-13_Page_073
	fermilab-thesis-1984-13_Page_074
	fermilab-thesis-1984-13_Page_075
	fermilab-thesis-1984-13_Page_076
	fermilab-thesis-1984-13_Page_077
	fermilab-thesis-1984-13_Page_078
	fermilab-thesis-1984-13_Page_079
	fermilab-thesis-1984-13_Page_080
	fermilab-thesis-1984-13_Page_081
	fermilab-thesis-1984-13_Page_082
	fermilab-thesis-1984-13_Page_083
	fermilab-thesis-1984-13_Page_084
	fermilab-thesis-1984-13_Page_085
	fermilab-thesis-1984-13_Page_086
	fermilab-thesis-1984-13_Page_087
	fermilab-thesis-1984-13_Page_088
	fermilab-thesis-1984-13_Page_089
	fermilab-thesis-1984-13_Page_090
	fermilab-thesis-1984-13_Page_091
	fermilab-thesis-1984-13_Page_092
	fermilab-thesis-1984-13_Page_093
	fermilab-thesis-1984-13_Page_094
	fermilab-thesis-1984-13_Page_095
	fermilab-thesis-1984-13_Page_096
	fermilab-thesis-1984-13_Page_097
	fermilab-thesis-1984-13_Page_098
	fermilab-thesis-1984-13_Page_099
	fermilab-thesis-1984-13_Page_100
	fermilab-thesis-1984-13_Page_101
	fermilab-thesis-1984-13_Page_102
	fermilab-thesis-1984-13_Page_103
	fermilab-thesis-1984-13_Page_104
	fermilab-thesis-1984-13_Page_105
	fermilab-thesis-1984-13_Page_106
	fermilab-thesis-1984-13_Page_107
	fermilab-thesis-1984-13_Page_108
	fermilab-thesis-1984-13_Page_109
	fermilab-thesis-1984-13_Page_110
	fermilab-thesis-1984-13_Page_111
	fermilab-thesis-1984-13_Page_112
	fermilab-thesis-1984-13_Page_113
	fermilab-thesis-1984-13_Page_114
	fermilab-thesis-1984-13_Page_115
	fermilab-thesis-1984-13_Page_116
	fermilab-thesis-1984-13_Page_117
	fermilab-thesis-1984-13_Page_118
	fermilab-thesis-1984-13_Page_119
	fermilab-thesis-1984-13_Page_120
	fermilab-thesis-1984-13_Page_121
	fermilab-thesis-1984-13_Page_122
	fermilab-thesis-1984-13_Page_123
	fermilab-thesis-1984-13_Page_124
	fermilab-thesis-1984-13_Page_125
	fermilab-thesis-1984-13_Page_126
	fermilab-thesis-1984-13_Page_127
	fermilab-thesis-1984-13_Page_128
	fermilab-thesis-1984-13_Page_129
	fermilab-thesis-1984-13_Page_130
	fermilab-thesis-1984-13_Page_131
	fermilab-thesis-1984-13_Page_132
	fermilab-thesis-1984-13_Page_133
	fermilab-thesis-1984-13_Page_134
	fermilab-thesis-1984-13_Page_135
	fermilab-thesis-1984-13_Page_136
	fermilab-thesis-1984-13_Page_137
	fermilab-thesis-1984-13_Page_138
	fermilab-thesis-1984-13_Page_139
	fermilab-thesis-1984-13_Page_140
	fermilab-thesis-1984-13_Page_141
	fermilab-thesis-1984-13_Page_142
	fermilab-thesis-1984-13_Page_143
	fermilab-thesis-1984-13_Page_144
	fermilab-thesis-1984-13_Page_145

