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ABSTRACT 

A comparison of neutral and charged current deep inelastic neutrino 
interactions is made in an experiment utilizing the Fermilab 15 ft. 
bubble chamber. The ratio of neutral current events (NC) to charged 
current events (CC)'is 0.35 ± .06 when the visible hadronic energy 

• is greater than 10 GeV. The distributions of NC and CC in a new 
variable called u -s. which depends only on the observed hadrons, are 
given. From these distributions and the assumption that the x 
distribution is the same for NC and CC, it is concluded that for a 

' NC y distribution of the form (l-'j ̂  3n(l-y) Z, n = .12 + .32. The 
ratio p N C ( p c c ) o f neutron to proton cross sections in NC (CC) is studied 
and the quotient p N r / p r r

 = °- 7 *- 0-2. The distribution of hadroiv, in 
z . , the scaled hadronic momentum, is given. The CC hadrons fit the 
predictions of the quark fragmentation functions D" (Z) and D" (Z) 
as given by Field and Feynman. The neutral current events fit the form 

• (1-A) D* (z) + .X D* (z) for positives and (1-X) D*(z) + X D] (Z) for 
• negatives with X = 0.56 ± 0.10 and a fit confidence level of K. 
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I. INTRODUCTION 

Inelastic neutrino interactions can be divided into two processes, 
the charged current reaction (CC): 

11 \n O (1) 

n,p 

and the neutral current reaction (NC): 
X°,X + 

•$"*G0 _VVAKA^ (2) 

The target is either a proton (p) or a neutron (n) and the final state 
is a system of particles x with the charge indicated. The Feynman 
yiaphs to the right of each reaction represent the process pictorially. 
On the left hand side the leptons (particles without strong interactions) 
form a current v -»• u- (CC) or v -*- v (NC). The hadrons (particles 
with strong interactions) similarly form a current that is either 
charged [JM •* I + J or neutral ( M •* [to)- The' two currents interact 
with the exchange of a weak vector boson W for CC and Z for NC. The 
vertex where the weak vector boson joins the hadronic current is shaded 
to indicate the incomplete knowledge of the interaction. In contrast, 



2 

the lepton vertex is well understood and therefore not shaded. The 
process of lepton-nucleon scattering is often thought of as probing 
the unknown hadronic current with a known leptonic current. 

•The understanding of the NC has proceeded in two steps. The first 
step was to,establish the existence of the NC. Until the early 1970's 
the weak force was studied by observing the decays of otherwise stnble 
particles. Neutral current effects that could be investigated were 

, possible strangeness changing neutral current decays of some strange 
particles. In particular, an extensive study was made of 

This strangeness changing neutral current process was found to be 
considerably less probable than the usual strangeness changing charged 

' current. With the availability of accelerator produced neutrino beams 
the neutral current process (2), which does not change strangeness,was 

2 
first observed, and the rate was found to be comparable to-CC. The 
mere existence of the neutral current was a fundamental step in 
understanding the weak force. 

.' - The study of the neutral current has proceeded now to the second step: 
••'• understanding how the neutral current couples to known particles. In 
the reaction: ; (2) understanding the neutral current coupling amounts 

..to understanding the shaded region where the Z couples to the hadronic 
V current; The generally complicated behavior of the coupling is greatly 

Mswvu^ 
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simplified by the quark parton model, which is applicable at the high 
neutrino energies available at Fermilab. According to the model, hadrons 
consist of parts (partons),which are identified as the usual quarks. 
For example, the proton consists of two u(up) quarks and one d(down) 
quark and a sea of quark-anti-quark pairs. In the quark parton model 
lepton-nucleon scattering is described as simple lepton-quark elastic 
scattering. The complicated hadronic structure of the nucleon can.be 
expressed in terms of momentum distributions of the quarks within the nucleus. 
Within the quark piirton model, the goal of the study of NC is to determine 
how neutrinos scatter elastically from quarks. For each type (or flavor) 
of quark two constants are required to describe the elastic scattering. 

This thesis will place some restrictions on possible values of 
the constants for the u and d quarks. The results will hot be sensitive 
to the neutral current couplings of the s (strange) and c (charm) quarks 
since these quarks do not exist in th1; proton or neutron except in the 
quark-anti-quark sea. 

3 Previous experiments have studied the neutral current most 
successfully by measuring its rate compared to CC in both neutrino 
and anti-neutrino reactions. This experiment examines the nature of 
the final hadronic state with the detailed information available from 
the Fermilab fifteen foot bubble chamber and is the first experiment 
to study the individual hadronic particles in the final state at 
Fermilab energies. 

http://can.be
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II. THEORETICAL DESCRIPTION- QUARK PARTON MODEL 

Neutrino nucleon inelastic scattering can be described with a simple 
quark parton model. The main results of the model are summarized below. 
Consider the CC process of scattering a neutrino from art unpolarized spin 
1/2 lepton U ) 

vv<t + u"Jt , (3) 

The matrix element may be written as 

j-"i v^'-v^'^-v** (4) 

where the usual V-A coupling has been assumed for the particle fields 
t|) , ty ,i|)., and i)i. and G F is the Fermi coupling constant. Conventional 
U- V * x r 

techniques may be used to derive the cross-section 

d t V . G F S (5) 
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where 8 is the center of mass scattering angle and s is the center of 
mass energy squared. Similarly for the anti-neutrino process 

V |/' - /«. (6) 

The cross-section is given by 

do: 

dTcoie' 
\iu+ . G F S [ l +cose l , , , 
i i e y " T ? \ 1—/ ( 7 ) 

In the parton model the scattering angle B is conventionally replaced 

by the variable 

2q-p 1 - cose 
s = 2 — (8) 

where q = (k-k') is the momentum transfer and k.k'.and p are the 4-momenta 
of the incoming neutrino, outgoing muon, and target lepton respectively. 
Thus (7) becomes 

^ y ± , i s
 (1 . y )2 0) 

dy TT w y' 
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Similarly it can be shown that the scattering of I, the anti-particle of 
H, is described by (9) for neutrino scattering and (5) for anti-neutrino 
scattering. 

The NC cross-section 

Ml •* V l (10) 

is not as well known because of the uncertainties in the form of the 
neutral current. The current is usually taken to be of the form: 

Ja " ̂  (CV"CA> M a ^ V h + W \ V1+V H (,1) 

With C..-C. and C..+C. constants which describe the relative strengths of 
the two terms. The constants Cy and C^ will, in general, bu different 
for different particles. For left-handed neutrinos the second term on 
the right vanishes because (1+Y5) is the projection operator for right-
handed neutrinos. Right-handed neutrinos are not required by any ex
perimental data and are therefore normally assumed not to be present. 
Thus, for neutrinos (11) reduces to the same V-A coupling found for CC, 

but for other particles C v+C f t may not be zero. The cross-section for 
the NC process is then: 
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d % v . G F S ( C V - C A ) Z + (C v +C A) 2(l-y) 2 

Similarly anti-neutrino scattering is given by: 

d o — GcS r VV _ r 
dy " 11 

(C v-c/(l-y) 2 + (C V +C A) 2] 

(12) 

(13) 

The parton hypothesis models the proton as a collection of spin 
1/2 particles. In the limit ? • <*> the partons behave like free, 
structureless fermions and therefore scatter from neutrinos according 
to the cross-sections given above. The quark model identifies the 
partons as the usual four quarks: u,d, s and c. The proton consists of 
two u quarks, one d quark, and a sea of quark-anti-quark pairs. Because 
this experiment is not sensitive to the types of quarks in the sea, s and 
c quarks are neglected. The generalization to include their and other quark 
flavors, however, is straightforward. To compute the inelastic cross-
section all that need be known is the momentum distribution of the quarks 
in the nucleus. In the v-quark center of mass, where the proton has high 
momentum P, the probability of finding a u quark with momentum between xP and 
(x+dx)P is defined as u(x). The functions 7J(x), d(x) and 31x) are similarly 
defined but for u anti-quarks, d quarks and d anti-quarks respectively. 

Neutrino charged currents raise ,the quark charge by one and there
fore scatter from d quarks (charge -1/3) and produce u quarks (charge 
+2/3) or scatter from u quarks (charge -2/3) and produce d quarks 
(charge +1/3). . The cross section for inelastic neutrino proton 
scattering may then be written as 
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da . xsGc , 
tf$-a-rt4M +u(x) (1-y) 2 ] (14) 

where s in (5) has been replaced by xs, the center of mass energy squared 

of the coll iding parton and neutrino.. The normalization of the functions 

i s : 

J[uM - u(x)] dx = 2 

(15) 

/ [ d ( x ) - d(x)] dx = 1 

In neutral current processes neutrinos can scatter from either u or 
d quarks. The cross-section for HC on a proton target is: 

-^ - ^ . [ d t x ) f(y) + u(x) f'(y) + d(x) f(y) + u (x) f'(y)] (16) dxdy 

where 
f(y) = « y c A ) 2 + (c v+c A) 2 (i-y) 2 

?(y) = (C V+C A) 2 + (C v-C f t) Z (1-y) 2 

fly) = <4-cAf+ (4+cA)2(i-y)z ° 7 ) 

f'(y) = (C{,+cA)2 + (4-c A) 2(i-y) 2-
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The neutron is related to the proton by an I-spin rotation. This 
rotation transforms u quarks into d quarks and vice versa. Thus, the 
function u(x) describes d quarts in the neutron and d(x) describes u 
quarks in the neutron. It then follows that the cross-sections for 
scattering from neutrons are just (14) and (16) with u and d interchanged. 
The scattering of neutrinos from targets with equal numbers of neutrons 
and protons Is the average of the two: for CC 

2 

and for NC 

2 

dW ' 7 T K u ( x ) + d ( x ) ) ( f W + f ' ( y ) ) + ("(x) + 5 ( x ) ) ( ? ( y ) + T ' ( y ) ) ] 
(19) 

The quark model may also be used to describe the fragmentation of 
the quarks into the hadrons which are experimentally observed. The 
function o!J(z) is the probability that an energetic quark q of momentum 
P will fragment into a hadron, h, of momentum between zP and (z + dz) P. 
The normalization of Djjfz) is 
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. / 
1 

Dq (z) dz = Nh (20) 

where Nh is the average number of hadrons of type h and zmJn~M„/W where 

W is the mass of the hadrons produced and M,. is the nucleon mass. The 

behavior DJ](z)~l/z as z-»0 wi l l thjs provide a hadronic mul t ip l i - ' 

c i ty which rises logarithmically with W. The inclusive cross-section 

for production of a hadron h from protons via CC, for example, is 

« T = ~ ? H Dj)(2) + U(X) 4(Z) (1-y)2] (21) 

•Relations between the D functions follow from I-spin and charge conjuga
tion symmetry. For example: 

D u + ( z ) = Dd*< z> " D-u-"<z> = ^ + ( z ) ( 2 2 ) 

,.and • 
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o f (z) = D*~ (z) = o( (z) - 02* . (23) 

Using these relations the inclusive pion production CC cross-sections 
from targets containing equal numbers of neutrons and protons may be 
written as: 

S o T !f'[(«(x)td(x)) +(u(x) +d( X))(l-y) 2] Df <z). (24) 

For NC 

^ _ = ^ E [ ( u { x ) + d ( x ) ) ( f ( y ) D 3 + ( z ) + f(y) o f ( Z ) ) -

+ (u{x) +a"(x))(r(y)D^+(z) + f'(y)DH-+(z))J 

or, equivalently, 

(25) 

*£ _ XSG2 
£[/(u(x) + d(x)) f (y)+(u(x) + a-(x))f'(yyD^ (z) 

fru(x) + d(x)) f(y) +(iT(x) + K x ) f ( y ) V (z)j . 

The parton model does not describe the distribution of hadron 
momenta perpendicular to the direction of motion of the fragmenting 
quark. However, the transverse momentum is limited: average trans
verse momenta are approximately 300 MeV/c for ir's and 400 MeV/c for 
k's and p's. 



III. EXPERIMENTAL ARRANGEMENT 

The experiment described in this work is Fercnilab Experiment 28. 
•Other results from this experiment have been reported previously. 
The 300 GeV/c proton beam was extracted from the accelerator and 
Impinged on an aluminum target 1 mean free path in length. The positive 
secondaries were focused (negatives were defocused) by the horn. 
The horn is a pulsed magnet which produces a toroidal magnetic field 
about the axis defined by the incoming proton beam. The horn design 
provides a large aperature (30icm)and focuses in both the horizontal 
and vertical planes in a single element. After being focused by the 
horn the mesons produce neutrinos in a 400 meter long decay tunnel 
predominantly through the decay modes IT •-»• u v and K •* y v , 
the K decays producing the higher energy neutrinos. At the end of the 
decay tunnel the decay.muons are completely absorbed by 1 Km of earth 
shielding while the neutrinos pass through the shielding with no 
appreciable attenuation. The neutrino beam produced is a wide band 
beam—the observed energy spectrum is shown in figure 1. The method 
used toobtain figure 1 will be described later. 

The .deteqtor for this experiment was the Fermilab fifteen foot 
bubble chamber and the External Muon Identifier (EMI). The bubble 
chamber-was, filled with a Z\% atomic mixture of neon in hydrogen. 
This mixture, a so-called light mixture, had a density of 

'•- • 3 • •' 

0.28 g/cm and a collision length of 210 cm. This relative
ly short;, collision length, comparable to the bubble chamber 

" " 8 
'radius of 1.9 meters', • allowed some of the hadrons to be iden
tified by their interactions in the bubble chamber. The 
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roagnetic field at the center of the bubble chamber was 30 Kg. The 
radiation length in this mix was 110 cm. This radiation length provides 
.modest it0 identification -- both y's from the decay ir° + rr "re 
converted about 1/3 of the time. The energy loss for a minimum ionizing 
particle was.2/3 MeV/cm. 

Figure 2 is a schematic of the 15' bubble chamber and EMI. Details 
of the operation and calibration of the EMI have been published previously. 
The EMI consists of a thin 3-5 absorption length hadron absorber down
stream of the bubble chamber followed by a single plane of multiwire 
proportional chambers. To use the EMI, the trajectory of a muon candi
date which has been measured in the bubble chamber is extrapolated 
through the magnetic field to the proportional chambers. If the track 
is a muon, the extrapolated position will usually match closely with the 
position reconstructed from the proportional chamber data. Hadrons, 
however, will usually scatter in the absorber and the positions extrap
olated from the bubble chamber measurements and the positions observed in 
the proportional chambers will not generally agree. These expectations can 
be made quantitative by defining C , the probability that a muon would 
have a worlV'match between the extrapolated position and the position 
determined from the proportional chamber data. Explicit formulas for 
the calculation of C and distributions in C for hadrons and muons 
are given in reference 9. 
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IV. ANALYSTS 

1. Scanning 
.; The bubble chamber film was scanned for all interactions with two 

or more outgoing tracks produced by an Incident neutral particle. The 
major, problem 1n scanning for these events is that any given event 
topology can be considered as an event with an Incident neutral particle 
or an event with an incident charged particle and one fewer outgoing 
charged particles. Events were classified as having an incident charged 
particle and were rejected if any one of the following criteria was met: 

1. One of the tracks was shown to be incident by 
one or more energetic recoil electrons (6-rays). 

5 
The direction of the 6-ra.y is required by kine-

' matics co. be^in the direction of motion of the 
track and thus unambiguously defines the track i"ray^-

,. direction 
i direction. The projected radius of curvature 
of the 5-ray was required to be greater than 
3 nm which corresponds to a momentum of about 
3 MeV. 

2. One of. the tracks was headed upstream (if 
interpreted as coming from the interaction 

,i vertex) and had a radius of curvature on the 
" scanning table greater than 90 cm. ' Since the 

demagnification of the 15' bubble chamber 
-:-"""• optical system is not constant but varies radius > 90 cm 

•. with depth, distances on th.e scanning table 
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vary between 1/2 and 1/8 of the corresponding 
distance in space. The radius of curvature of 
90 cm therefore corresponds to a projected 
momentum of 1.6 - 7.2 GeV/c depending on the 
depth in the chamber. 

3. The event had 2 prongs and the opening angle 
was greater than 90". This criterion eliminated 
many charged particle scatterings from neutrons. 

4. The event had 3 prongs, including two tracks of 
opposite charge which were longer than 5 cm on 
the scanning table and had an opening angle of . 

> 175 (,-
175° or more. This criterion eliminated many 
charged particle elastic scatterings from I 
protons. 

All events which met the scan criteria were recorded for measurement. 
The scan rules required the inclusion if many events which did not have 
an incident neutral track. The rules, however, were not expected to 
reject a significant number of neutrino events. Criteria 1) and 2) 
cause no loss of neutrino events. Criteria 3) and 4) are unlikely to 
be satisfied by no ;trino events because the hadrons generally emerge 
from the reaction in the forward direction in a narrow cone due to the 
limited transverse momentum distribution. The loss due to rules 3) 
and 4) is estimated by Monte Carlo to be less than 1%. 

A second scan on a portion of the film estimated that the 
efficiency of the first scan was 91%. The scan inefficiency may 

90 
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have been partly due to the fact that portions of the chamber wall were 
coated with ice or other solids. The ice coating had the effect of 
decreasing the contrast between tracks and the background and therefore 
reducing event visibility. , 

2. Measuring 
Recorded events were measured on a film plane'dlgitlzing device 

called a Franckensteln. All charged tracks at the primary vertex were 
measured. Downstream vees (including Y'S converted into e e" pairs) 
were measured if they could have come from the primary vertex, i.e., if 
they "pointed" to the primary vertex. The pointing test consisted of 
a judgement made during the scanning as to whether the hypothesized line 
of flight of the neutral track passed between the two charged tracks 
forming the vee. Downstream neutron or K? interactions were measured 
as separate events if they satisfied the scanning criteria. Other 
interactions were not measured. 

An important feature of the measurement process was that every 
track was given a label describing its fate. A track was called 
"Interacting" if it had visible interaction in the bubble chamber with 
one or more outgoing prongs. A track was called "ending" if the 
track did not leave the bubble chamber and'if no other label was 
applicable. "A track was called "electron" if it spiralled 
.to a point (implying minimum energy loss at low momentum -- say below 
30 ,M'e'V/c—henceideritifying the particle as an electron). A track was 
also.called."electron" if it showed signs of energy loss due to 
bremsstranlung; a sudden change in track curvature or a Y converted 
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into an e e" pair with the line of flight of the y tangent to the^track 
in question. Decays of IT mesons from rest were labeled if the track had 
a kink followed by a short track (a u with a range of about 0.4 cm in 
space) and electron which spiralled to a point. Possible muon decays' 
were also labeled, but the category "u decay" included both u decays and 
TT decays where the TT -• p decay was not seen. Tracks which did 
not satisfy any of the above criteria were called "leaving." No track 
was given more than one label. The labeling is summarized in Table I. 

Seven percent of the events were judged unmeasurable. Some of them 
were unmeasurable because the vertex was obscured, out of the field of 
view in some view, or badly focused. Other events were unmeasurable 
because of a secondary interaction or a converted T close to the primary 
vertex. Often a combination of factors was responsible for events not 
being measured. 

3. General Analysis Procedures • 
The measured events were processed through the geometry computer 

program TVGP. The data from the EMI proportional chambers was 
processed through the program SID. A modification to TVGP allowed the 
EMI information to be integrated with the bubble chamber information. 

12 The measured vees were fitted with the program SQUAW. 
Events were required to pass successfully through the geometry 

program TVGP. This requirements produced a 14% event loss. Those 
events whose total visible momentum in the direction of the neutrino 
beam (EP X) was less than 1 GeV/c were eliminated. The events with 
£P < 1 GeV/c are expected to comprise 4% of all neutrino events. 
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However, no events were lost Ijy this cut which would not have been lost 
. by the cut in visible energy of 5 GeV which was made later. The purpose 
of this cut was-to eliminate most of the events which had an incoming 
charged particle but had not been rejected by the scanning criteria. 

' • P 3 

Events in a fiducial volume of 21 m were selected for further analysis. 
This fiducial volume required that the primary vertex of the event OR 
further 'than 5 cm from the nearest portion of the wall and further than 
35 cm'from the downstream portion of the wall. Events where EMI 
information was not available were also eliminated, causing a 3.5% 
loss of events. A summary of the preliminary event selection criteria 
is given in Table II. 
4. Charged Current Selection 

The EMI was used to identify CC reactions (1) by the presence of 
a- muon in the final state. Some confusion between CC and NC reactions 
may arise if the hadronic state X contains one or more muons. Such 
muons are expected from the production of charmed particles, but the 

1 ° expected rate (<-4/6 of.total neutral current cross-section) is 
sufficiently small as to rave no influence on the conclusions drawn in 
this work. 

The decays of IT or K mesons is not a problem either because of 
their long decay lengths;' On the average there is one leaving negative 
hadron per neutrino event. 'A't 3 GeV/c the IT has a decay length of 170 
metersf:- The probability of a decay in the'space of 2 meters between 
Vthe bubble chamber and the EMI is 1%. - Below 3 GeV/c a much larger 
fraction pV theTt's decay "but they do not create a problem because no 
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attempt is made to identify muons below 3 GeV/c. In fact, the 1% 

contamination is an upper limit because: 1) 3 GeV/c is the lower limit 
on the tracks considered for identification, and 2) the TT decay will 
cause a momentum change in the track so the trajectory will, in general , 
not correspond closely to the trajectory expected from the extrapolation 
of the bubble chamber track. 

The most serious problem in the Identification of charged currents 
1s the proper interpretation of the EMI data. The separation of hadrons 
and muons by the EMI is far from complete due to several inadequacies 
in the EMI. First, the absorber is thin: 5% of the hadrons pass through 
the absorber without scattering. Second, the proportinnal chambers are 
only 95% efficient. The inefficiency is due largely to cases where many 
tracks -- about 5 or more -- cross tne proportional chamber in a single 
pulse. The third problem is that tracks unrelated to the neutrino event 
may traverse the proportional chambers and match the extrapolated posi
tions of some track in the neutrino event. Reference 9 describes how 
these effects are incorporated into the definition of C . By definition 
the distribution of muons in C ' will be flat. Hadrons will be concen
trated at small values of C . However, for a sample of tracks considered 
in reference 9 the fraction of hadrons with C > 0.1 was 16%. Thus the 
separation of hadrons and muons is reliable on a track by track basis 
only to 80-90%. 

It is, however, possible to use the statistical description of the 
EMI to make an accurate count of the number of muon"- •'n any given sample. 
A method has been developed that defines an estima for the ith track. 
The <j>. average to 1 for muons and to 0 for hadrons. Thus Stfii is a measure 

• l 
of the muon content of the sample. The details of the method are given 
in the Appendix. 



-20-

The geometric acceptance of the EMI is 86% for the neutrino 
spectrum observed. Half of the loss occurs at low muon energies where 
the inuons are swept out of the EMI acceptance by the bubble chamber ' 
field {30 Kg) while the other half is'due to muons passing above or 
below the array of proportional chambers. The geometric acceptance has 
been calculated by Monte Carlo. The'results of the Monte Ca>-lo may be 
parameterized by: , 

(0.95 - 1.78 sin 20) exp 1 ^ 1 sine < 1/2 

3.5 
(1.13-1.25 sine) exp [—-) sine > 1/2 

(27) 

where A is the acceptance averaged over position within the bubble chamber, 
and p and 6 are the track momentum in GeV/c and angle with respect to 
the neutrino beam. Each track was weighted by ^ times the 
reciproc 1 of the acceptance. As is apparent from (27) A decreases 
rapidly below a momentum of 3 GeV/c. Because of the large corrections 
that would have been required, no attempt was made to identify muons 
below 3 GeV/c. To correct the distributions for undetected muons below 
3 GeV/c a Monte Carlo program was employed. 

5. Monte Carlo 
14 The Monte Carlo generates events in neutrino energy E according 

to the observed neutrino beam spectrum (figure 1). Then the muon (or 
outgoing neutrino in NC) energy and angles are generated according to 
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to the x and y d i s t r i bu t i ons for neutr ino events (equations 15 and 16) 

w i th : 

x(u(x) + d(x)) = 2.61 / x ( l - x ) 3 -2.51 R ( 1 - x ) 5 + 15.60 x ° - 8 5 ( 1 - x ) 9 

(28) 

and 

x(u(x) + d(x)) = 0 (29) 

15 where the x distribution is a fit by Barger to high energy neutrino 
data. For NC the possibilities f(y)+f'(y) = 1 and f(y) + f (y) = (1-y) 2 

are considered separately, the more general case being a linear combina
tion of the two (compare with eqn. 19). The events are generated uni
formly throughout the fiducial volume. From Monte Carlo calculations of 
the beam spectrum the neutrino flux is expected to be very nearly uni
form throughout the fiducial volume, and the observed distribution is con
sistent with this expectation. The target nucleon is chosen to be a neu
tron 1.6 times more often than a proton for charged currents and 1.1 
times more often for neutral currents. These numbers are consistent with 
the total cross-sectim ratios for neutrons and protons quoted in this 
work. 
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The variables E ,x, and'y determine the momentum and mass of the 
hadron system. However, the number, type, and momenta of the 
hadrons mu be specified. The Monte Carlo generates the 
number of particles n according to a probability distribution P(n) 
proposed by Czyzewski and Rybicki. 

where 

U ] , , „,3.6d + 6.48 
P ( n ) = J i J - L L H for 1 <S n « 15 (30) 

.8n r (1.8d + 4.24) 

if 
n = 3/2 (1.09 +1.09 In W2) (31) 

and r is the standard gamma function. The mean multiplicity, n, is 
3/2 times the charged-multiplicity observed by Chapman, et. al., in 
a high energy neutrino scattering experiment with a hydrogen target. 
The factor 3/2 is intended to account for neutral particles. 
/,.*•.' Each final hadronic state contains either a neutron or a proton 
and pidns. Since the.major use of the.Monte Carlo is to model the 
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fraction of energy that appears in the charged particles, it is not 
important to generate the relatively small number of K| and A that are 
observed. The baryon is chosen to be a neutron or proton with equcil 
probability except for the reactions of the type: 

vp -- vB (32) 

and 

vp -* B-rry- - (33) 

where the baryon, 3, must be a proton to satisfy charge conservation. 
After the baryon charge is selected, the IT'S are initially assigned the 
sign of charge required to conserve the total charge. If, after 
balancing the charge, an odd number of n's remain, one TT is assigned 
charge zero. The even number of IT'S that then remain are divided 
between TT TT~ and TTCTT0 pairs in the ratio 2:1. 

The momentum of the individual hadrons is given by phase space 
times a distribution which limits transverse momentum. Specifically 

2 
dN " b p t —*- a e x phase space (34) 
"pi 
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with b « 6.25 -~ (GeV/c)" , where n is the number of particles in the 
'hsdrbnic final state', and p t is the transverse momentum relative to'the 
total hadron direction; '.A method for the ftonte Carlo generation of this 

-distribution has been given by Van Hove. • 

6. • E v > E y l s , v and y y i s Distributions for CC Data 

To produce a distribution of CC events the following steps are 
followed: -

1. Interpret each non-interacting negative track with momentum 
••. greater than 3 GeV/c as a muon and find the weight $. as 

described in the Appendix. 
;, 2. Calculate the variable of interest interpreting that track 

as the muon. Hake a histogram of the variable with weight 
$.. for each possible muon. Calculate the errors as described 
in the Appendix. 

3. Correct each bin of the histogram for p < 3 GeV/c, where 
the corrections are determined by the Monte Carlo. 

The distribution in neutrino energy (Figure 1) was obtained using 
19 the above and the Hyatt method to determine the neutrino energy. The 

Hyatt method estimates the energy of the missing neutrals using the 
assumption that the momentum vector of the neutral particles 1s 1n 

•the same direction as the charged hadronic particles. The hadron 
momentum vector is 'projected into the plane defined by the incoming 
neujtn'nb and outgoing muon. The projected hadron momentum is then 
scaled so that it balances the muon momentum perpendicular to the 
neutrino beam direction. If the scale factor is neyative it is a 
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"fai lure" and is not considered further. For neutrino events which are 

not failures the neutrino momente ii given by the vector sum of the 

muon momentum and the scaled, projected hadron momentum vector. The ob

served beam spectrum served as Input to the Monte Carlo. The process was 

an i terat ive one because figure 1 i t se l f requires Monte Carlo cor

rections for p < 3 GeV/c. 

I t would be ideal i f this experiment could measure E , x and y 

directly. However, because some neutral particles are not detected 

the total energy is not observed. For CC events several methods, such 

as the Myatt method, have been devised to estimate the missing energy. 

However, no reliable method of estimating the missing energy in neutral 

currents is known. For this reason, this work wi l l from now on use 

variables which may be calculated from observed quantities without 

assumptions. 

The distribution in I . depends on the neutrino energy, the 

charges of the hadrons and, to some extent, their masses. Since the 

masses of the particles are not normally known, E is defined simply as 

Evis -* Pi +1 fai + i - M

P ) <3 5> 

where p. and p. are the lab momenta of the ith ai.J kth particles 
respectively. The second sum extends over all protons which stop in 
the bubble chamber while the first extends over-all other particles. 
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The-use of the form in the second sum of (35) avoids an over-estimate 

of"the neutrino energy E v in some events having a large number of low 

momentum "protons due to the breakup of a neon nucleus. The distribution 

1n visible energy is given in figure 3. The agreement with the Monte Carlo 

(solid l ine on figure 3) is satisfactory. The x is 13.6 for 8 degrees 

of freedom. 

• the variable y , is defined in-a way analogous to y: 

•"'""' E : - p > 
,/• V I S VV , , K l 

•Vis " ~T~. ( 3 6 ) 

VIS 

where p is the laboratory muon momentum. Its distribution is given 

in f igured . I t is possible to,' determine the y distribution f(y) for 

charged currents from they .. distr ibution. To do so, however, requires 

heavy reliance on the Monte Carlo. The Monte Carlo has been used to 

generate distributions for both f(y) = 1 (appropriate for quarks) and 
' 2 
f(y)'= O-y) (appropriate for anti-quark's) and these, distributions 
are the solid curves on figure A. The best fit to 4he data with the 

2 7. 

form T - E.+ 3e (1 - y) is given by E = .16 ± .04 with a x of 25 
for 8 degrees of freedom: ' The dashed curve is the best fit to'the 
data. 

the confidence level of the fit is O.'ISS, a value which suggests 
that systematic errors are important. One possible interpretation is 
that vhe cluto are systematically low at large y v j s - This could be 
because': 1) nuion, identification is biased at low muon momentum 
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(which corresponds to large y v J S ) or 2) the Monte Carlo overestimates 
the amount of hadronic energy that is visible. The method of muon 
identification is known to be accurate to 1 t 1% for tnu'on momenta above 
10 GeV/c. It has not been possible to test the method directly below 
momenta of 10 GeV/c, but the number of muons counted is not sensitive 
to a variation of the parameters in the expression for C (see Appendix 

-'and reference 9). The Monte Carlo is much more suspect. Possible 
problems with the Monte Carlo are that: 1) the ratio of charged to 
neutral particles and hence the visible energy may be overestimated 
2) the Y detection efficiency may be overestimated (largely because 
of scanning inefficiency), or 3) nuclear effects, which have been 
neglected, may affect the .fraction of energy that is visible. To 
avoid dependence on the details of the Monte Carlo, the neutral current 
events are compare'' directly with the charged current events. The 
Monte Carlo is used to make modest (25SS) corrections to the CC data 
for low energy muons (P < 3 GeV/c), which are not detected. 

While both x and y depend on the neutrino energy, the variable 
v = xy does not.The variable v depends only on the muon momentum and 
angle. The v distribution is shown in Figure 5 and should be compared 
with the Monte Carlo curve. The agreement between Monte Carlo and data 

2 is good (x =13.7 for 11 degrees of freedom). 
It can thus be concluded that the Monte Carlo provides a satis

factory description of the data and that it is reasonable to use the 
Monte Carlo to correct for the loss of low energy muons (p < 3 GeV/c). 
Equivalently, the CC distributions agree with the known properties of 
neutrino interactions since these properties were the input to the Monte 
Carlo. 
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7. Selection of Neutral Current Events 
The selection of NC is very different from the selection of CC. 

For NC the approach is to eliminate the known sources of backgrounds 
and to attribute the residual events fo NC. In addition to several minor 
backgrounds, there are two potentially very serious backgrounds in the 
sample of NC: CC and events due to the Interaction of neutral hadrons. 

a. CC background 
The CC are a serious background not only because they are more 

numerous (by a factor of 3), but also because of their distribution 
in visible energy. From present data the ratio of NC to CC appears 
to be independent of neutrino energy but does depend strongly on 
visible energy for the following reason. Typically, most of the 
neutrino energy will be visible in the final state of a CC, but 
somewhat less than half the energy will be visible 1n a NC. The 
difference, of course, is that In NC the outgoing neutrino carries 
away a large fraction pf the energy. The fact that NC have a con
siderably smaller fraction of enerv that 1s visible means that 
the ratio of CC to NC will be considerably larger than 3 at the 
higher visible energies and considerably smaller at the lower visible 
energies. As will be discussed later, the neutral hadron background 
is. very large at the .lower energies, so it is necessary to study 
neutral currents at the higher visible energies, where the CC background 
is. potentially large. 

• The selection used to reject CC is that the negative track with the 
highest transverse momentum with respect to the neutrino beam 
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20 must interact or decay in the bubble chamber. This criterion is 

effective because the muon in CC events is nearly always the negative 
particle with the highest transverse momentum. To clarify this point 
the following argument is made. As can be seen from figure 6, the muon 
typically has 1-2 GeV/c momentum transverse to the neutrino bc>am direction. 
The hadron system must have an equal but opposite transverse momentum, 
but it is spread over several (typically 5) hadrons. Since each of 
these particles will have small (~300 Mev) transverse momentum relative 
to the average hadron direction, the transverse Ticinentum of a typical 
hadron is substantially less than that of the muon. Even with this 
selection the CC contamination remains substantial (25% of NC for E . > 
10 GeV). 

The residual CC contamination is difficult to eliminate. When the 
muon is not the highest in transverse momentum, it is generally also very 

low in momentum (below 3 GeV/c where the EMI is not effective). 
The procedure employed was to use the EMI to subtract events with muon 
momenta above 3 GeV/c and use the Monte Carlo program for events with 
lower muon momentum. Of course, the Monte Carlo program should agree with 
the data when the muon momentum exceeds 3 GeV/c. For the charged current 
sample of 1580 events, the Monte Carlo predicts 72 events in which the nega
tive track with the highest' transverse momentum is not the muon. Of these 
72 events, 30 are expected to have a muon greater than 3 GeV/c and 25.1 
±9.7 are observed with the EMI. 

In NC the negative with the highest transverse momentum wvll always 
be a hadron, but it may not interact. The NC events must be weighted 
by the reciprocal of the probability that that negative track would have 
interacted. This probability is shown as a function of momentum in 



' figure 7. This figure was .obtained by taking negative hadrons from 
charged current interaction and counting the fraction that interacted. 
Note that this procedure automatically takes into account scanning 
efficiency if scanning for Interactions has the same efficiency for CC 
•and NC. The probability' In figure 7 depends strongly on momentum, not 
so much becaus'e of the variation in cross-section as 1n potential path 

, 'length.- At the lower momenta the particles tend to be trapped in the 
magnetic field and therefore have very long path lengths. 

b. Electron neutrino background 
There are several miscellaneous sources of background for NC. Events 

induced by electron neutrinos v or anti-neutrinos v are a negligible 
' -J ' '• — 21 
" > contaminant. Approximately 1% of the beam is v and 0.1% is v . In 

the case of the v events the electron will be identified by bremsstrahlung 
losses (about 402 of the time) or will leave without interacting. In 
either case v 's will not be selected as neutral currents (the highest 
transverse momentum negative track will nearly always be the e" and the 

' ••• e" will not interact). The \>„'s are too small a component of the beam 
.to constitute an important background. 
c. -.' Charged h.adron background 

'.•• There is a small background due to interactions with incoming charged 
hadrons, even after the requirement.XP > 1 GeV/c is imposed. These events 

• .>--are.flue either to:,1) badly measured tracks or 2) hadrons travelling : • 
;'•' upstream when they..interacted. For this reason, events are eliminated if 

the sum of. the momentum of all but one of the tracks in the event is between 
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20 and 100% (allowing for errors) of the momentum of the remaining track. 
More specifically events were eliminated if 

«' > -A'-

for any j. The momentum F + ( F ) is the momentum of the jth particle 
raised (lowered) by one standard deviation. The direction of all 
particles is taken to be away from the primary vertex. By performing 
the same test on hadrons in CC, it is estimated that this criterion 
loses less than U of the NC. 

d. Antineutrino background 
Another background of some importance is events due to \j interactions. 

For these events the highest transverse momentum negative particle will 
frequently interact and these events would be in the NC sample unless 
eliminated by some other means. The charged current v background is 
eliminated by using the EMI to identify the outgoing u . Specifically, 
an event was classified as an antineutrino if y . < 0.5 and L > 3 where 

22 L is the EMI likelihood ratio. The likelihood ratio is the ratio of the 
probability that a muon would have a confidence level C to the probability 
that a hadron woul'd have a confidence level C The two criteria require 
some explanation. The choice L > 3 was made because it is less subject to 
negative fluctuations than the statistical estimator <t>-U- is sometimes 
negative). The cut in y . was made to take advantage of the difference 
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between anti-neutrinos which occur, mostly at small y * because of their 
O-yr distribution, and NC with a hadron with L > 3, which normally occur 
at large y , s when the hadron is interpreted as a muon. Ten percent, of 
iihe'antl-nfeutrlnos have y v 1 s > 0.5 arid 5!! of those with y . < 0.5 fail to 
be identified by the EMI. By performing the same test on hadrons in 
charged current events, it 1s estimated that 1JS of the NC are lost by 
this criterion. The NC cuts discussed thus far are summarized in Table 
III. After these cuts 923 events remain, of which 280 are above 5 GeV/c 
in visible energy. 

e. Neutral hadron background 
The most severe background in this experiment 1s due to the inter

actions of neutral hadrons. The number of events with IP > 1 GeV/c 
which are not neutrino induced is comparable to the number of neutrino 
induced events. Fortunately, the background falls rapidly with Increasing 
energy. The best measure of the hadron contamination comes from the events 
With evidence of upstream interactions. Hadronic particles must have been 
produced Within the last few hadronic collision lengths of the material 
in front of the bubble chamber. Neutrinos, on the other hand, come from 
the it or K decay 1.0 - 1.4 Km away. In the case of the hadrons evidence 
of the upstream interaction which produced the hadron may be seen, but 
in the case of,neutrino interactions all particles from the production 
.process 'are absorbed by the muon absorber (except of course for. the neutrinos 
themselves). The evidence of an upstream interaction may be direct: an 
-interaction in the bubble chamber liquid of some other neutral or charged 
particle. •• But the evidence may very well be indirect: a concentration 
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pf tracks emanating from a localized point on the wall, indicating an 
interaction in the wall, coils, support structure or elsewhere upstream. 
To take advantage of this difference a second scan was performed after 
the events had been measured. The scanner determined the direction of 
the momentum vector of the incoming neutral particle from the fastest 
tracks in the events. Using this direction the scanner looked for 
another event (including events in the wall) that could have produced 
the neutral. If a source for the neutral was found, it was called 
"associated". Otherwise, it was "not associated". The events were not 
usually ambiguous between "associated" and "not associated", but the 
distinction was a qualitative one. 

In figure 8, the r.umber of neutral current candidates as a. function of 
energy are shown. Those events which were called associated have been shaded. 
The associated events fall more rapidly with increasing energy than do the 
unassociated events, implying that the importance of hadron background 
decreases with increasing energy. 

With some simplifying pssumptions the associated events may be used 
to evaluate the hadron background. The number of associated events, 
N., is givim by 

h - rtiH + f N v (38) 
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whe're r is the probability that a hadron w i l l be associated, f is the 

probability that a neutrino w i l l be accidentally associated, and N., and 

N., are the.number of hadron events and neutrino events respectively. 

The nutvber of unassociated events i s : 

% = (1 - r) NH + (1 - f )N v (39) 

If r and f are known>(3B) and (39) may be inverted to find N„ and 

The probability, r, that a hadron will be associated is found from 
the lowest energy bin in figure 8. Jn this bin there are expected to 
be only a few neutrino events. Assuming that the 431 events from 
1-3 GeV in figure 8 .are due to hadron background one obtains the average 
hadron association probability by dividing the number of associated events 
by the total': r = 258/431 = .60 + .02. Although this experiment does 
not observe the energy dependence of r, it is assumed that the energy 
dependence is small. The basis for this assumption is that hadronic 
cross-sections.are quite constant above 1 GeV/c and that source of a 
2 GeV/c hadron and the source of a 10 GeV/c hadron will be equally deep 
in the material in front of the chamber. The source of the 10 GeV/c 
ha'dron will then be equally likely to be visible as was the source of 
the 2 GeV/c hadron. However, it should probably be emphasized that the 
assumption that r does not depend on energy is not verified directly in 
tfris exper.ii.ent. 
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Th e false association probability, f, is evaluated with CC and is 
assumed to be the same for N;. Figure 9 shows the fraction of charged 
current events which appear to be associated as a function of E . . 
Down to 5 GeV the fraction of events which appear to be associated is 
small. There is an apparent, but small, energy dependence to the charged 
current associations. To approximate the data, a ,'alse association 
probability of 0.1 below 20 GeV and 0.05 above 20 GeV was used for the 
NC rate as a function of energy. For samples in which all energies 
are used the average value of 0.067 > .009 was used. Using (38) 
and (39) to solve for N 

»<•- (r-ir) \*\0>h w 

The procedure for using (40) is probably best explained by the example 
which follows. 
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V, COMPARISON OF CC AND NC 

) . Neutral Current Rate » 
Table IV gives the details of the calculation of the number of NC 

as a,functfon of energy. The first, column (N) contains the 280 events 
above 5 GeV that remained after the cuts enumerated in Table III. Each 
event'i/as. weighted by the probability that the highest transverse momentum 
negative track would be identified as a hadron. The next two columns (N 
and Ntf.) contain the breakdown of events into unassociated (N ) and as
sociated (N A). The next column (CC) is the number of charged currents 
detected by the EMI in'the unassociated events. These CC events are sub
tracted from N to give N '. Using (40) with N substituted for N , the 
number of neutrino events, N ,is evaluated using r = 0.6. Finally the 
charged current contamination with p < 3 GeV/c, as determined by the 
Monte Carlo, is subtracted. The last two columns give N for other values 
of r (0.5 and 0.7) and show a lack of sensitivity (except for the lowest 
energy bin) to r. 

The data are displayed in figure 10. The errors shown are statisti
cal ohly, but the systematic errors are much smaller with the possible 
exception of the 5-10 GeV point. Below 5 GeV, the. subtraction for hadron 
background is so large that the determination of the number of neutrino 
events, N , is not reliable. For this reason, the visible hadronic energy, 

V 

E h> will be. required to be greater than 5 GeV for all data presented below. 
... • It is- now possible to make a check on the corrections which have been 
made to the data. NC and purely hadronic events were identified because a 
nagative track-interacted in the bubble chamber. CC were independently 
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identified using the EMI. Both the neutral and charged current data have 
been corrected for detection efficiency using Monte Carlo methods. An 
independent check on the procedures used is that the sum of CC, NC, and 
hadronic events should be equal to the number of events in the original 
sample. Above 5 GeV, the methods described above yield 1539 CC, 352 NC, 
and 143 hadronic events. Their sum is 2034±35 and is, within errors, 
equal to the 2016 events above 5 GeV which were in the original sample. 

The ratio of NC to CC, R y (E^), Is obtained from figure 10, and is 
shown in figure 11. There are a number of small corrections and qualifi
cations to the NC data wnich should be enumerated. First, the cuts 
listed in Table III lost some NC and did not eliminate all the background. 
It 1u estimated from the numbers in Table III that 2% of the MC are lost 
by cuts 2)-4) and that 3% of the NC sample is background from the 
sources 2)-4). A further background is neutral current events from anti-

23 neutrinos. For a neutral current rate R— = 0.4, the anti-neutrino 
neutral current events constitute a background of 6%. Most of these, 
however, are below 10 GeV; above 10 GeV the background is 2%. Also, 
this experiment does not observe the 0 and 1-prong reactions: 

vn •»• vn + 7r0,s 
vp -»• vp + TT 's 

These two reactions are expected to contribute 5% of-the NC cros^-sec-
tion for E. > 10 GeV. To partially cancel the loss of 0 and 1 prong NC 
events 2 prong CC events are eliminated when comparing NC and CC. The 
2 prong CC constitute 2.6% of all CC with E h < 10 GeV.. 

The effects listed above amount to a net correction of less than 1%.' 
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For'E h> 10 GeV on the hydrogen-neon target .the ratio ofNC to CC is 
. found to be. ̂ (.Ejj > 10) = ,35 ± .06. ..: 

Jhe ratio of NC to CC without the. requirement E h > 10 GeV depends 
on the y distribution of NC./ The expected NC to CC ratio as a function 

. of energy is indicated by the curves on figure 11 for flat and (1-y) 

. distributions. For a flat y;distribution 40% of the NC have E h > 10 GeV 

.but for a (l-y) Z distribution only Z0% of NC have E h > 10 GeV. For 
predominantly flat'y.distributions the correction to obtain R o without 
'restriction-on'E^ 

v 
S 'small. For example, for the y distribution 

9 

.9 ± ,:3 (1-y) (see discussion in section on u v i s below) the correction 
•is only 5%. . 

The NC to CC ratio also depends on the relative.numbers of neutrons 
and.protons in the target because the ratio of cross-section on n and p 
targets is probably different for NC and CC. If it is assumed that the 
ratio of "CC cross-sections on neutrons to CC cross-section on protons -
is 1.9, a.number that follows from the x distributions of Field and 
Feynman , then the ratio of cross-sections for NC is 1.27 ± .36 as 
determined later in this work. The NC to CC ratio for a target with 
equal•numbers of neutrons and.protons is then 3% less than observed in 
this experiment. 

The net effect of the corrections' to. the ratio of NC to CC is 
negligible'so the ratio should be comparable to that observed in other 
experiments. The comparison is made in Table V, which shows that the 

• rdtid-observed .in this experiment is higher than; but compatible with, 
that observed by other'experiments. 
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2, Momentum Imbalance 
Thus far no evidence has been presented that there is a neutrino in 

the final state or even that the NC selected are different from CC. The 
momentum imbalance perpendicular to the neutrino beam provides a test, 
although a weak one, that there is a r.eutrino which carries a large 
transverse momentum. If there were no neutral particles at all in the 
final state the momentum imbalance would be zero (except for measurement 
errors). The outgoing neutrino (in analogy with the outgoing muon in CC) 
1s expected to carry, on the average, larger transverse momentum than 
the hadrons (n, n°, K c ) , so NC are expected, on the average, to have 
greater momentum imbalance than CC. This expectation is borne out by 
the data shown in figure 12. The data in figure 12 rules out the possi
bility that a substantial portion of the neutral current sample above 
P T = 1 GeV/c consists of misidentified CC. 

3, u . Distribution 

In NC the usual variables E , x and y can be determined if the 
energy of trie incoming neutrino and the masses and momenta of all the 
particles in the final hadronic state are known. However, in this 
experiment, the neutrino energy is not known and many of the neutral 
particles escape the bubble chamber. A useful variable, which depends 
only on the hadronic momentum and angle in the limit E •*•«>, is 

u = x (1 - y) (41) 
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and is' analogous to. v =' xy; which depends only on the'mubn momentum and 

angle.. Th.e variable,i£can be expressed in terms of hadronic quantities 

with the help of ' 

and 

E„ » (ME^ +.MZ)/M (42) 

- 2ME x(l-y) - M2x2y. 
sin BM = — — — 5 

H y [J + 2 MEvx 

where M is the nucleon mass, and F and 8,, are the energy and angle of 

the hadronic system in the laboratory frame. 

in the l imi t E v * » 

E H - y E v (44) 

si^eHTf^A (45) 

'", >fn<l 
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2 . , E H sin e H M u • H
 m

 H as f-,0 (46) 

This experiment does not observe the full hadronlc system but only a 
portion of it. Therefore the variable u . is defined: 

E. sin 2e. 
u v i s = J T J l <4'> 

where the lower case h, which denotes visible quantities, distinguishes 
(46) from (47). In figure 13 the distribution in u . is shown for both 
NC and CC. The curve labeled "flat" was obtained by drawing a smooth 
curve through the CC data and normalizing it to the NC data. The curve 
labeled "(1-y) " is the "flat" curve divided by the ratio of the u . 
distribution expected for f(y)+ f'(y) = 1 (c.f. eqn 19)to that expected for 

2 f(y) + f y) = (l-y) •• This ratio was determined from the Monte Carlo 
using the assumption that the x distributions are the same for NC and 
CC. The hypothesis that the NC and CC data are the same distribution 

2 ? 
yields x = 8.2 for 9 degrees of freedom, but x = 16.C if the CC data 

o are scaled by the ratio of u ̂  distributions of "flat" to (1-y) . 
2 The best fit to the linear combination f(y) + f'(y) = 1 - n + 3n(l-y) yields 

ii = 0.08 ± .21 with x = R ' ° - I" interpreting this result and the results 
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which follow it 1s important to recall that a cut in visible energy 
has,been made and the neutral current acceptance depends on the y 
distribution.- Fora flat y distribution the acceptance is A. = .59 

' 2 • and for a (1-y). distribution ..it is A„ = .37. After correcting for 
the bias in acceptance: f(y) + f'(y) = 3ntl-y) 2 +(l-n') with n' = .12 i 
.32. The result should be compared with, CITF (ref. 24), who obtain 
a result equivalent to n' = -09 ± .03 

4. p and n cross-sections 

.The total cross-sections on neutrons and protons separately can be 
thought of equivalently as measurements of the total cross-sections on 
u and d quarks. For CC the ratio of neutron to proton cross-sections 
Pf'r 1 s ' cc 

fxibLuM -hi/3 AR3"(x)] dx 
t c = _S!2 ^ _ J = ^ «_: (48) 

c c %p,_ /x[A L d(x) + 1/3 AR u(x)] dx 

whicfv'fonows from (14) and (19). 'For NC i t Is'-
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MNC = /"xdx ( A L I 
VCA V V ' M - V V ^ K ) 

+ h l c i - c V + *RPT*}}<M 

+ (^Pl^) + AL{Cv+Cfl)J G(x) + ( A R ( ^ ) + A L ( W j J(x 

/ / x d x ( A L ( C v - C f l ) + A R ( ^ j j d ( x ) 

( A J - M - ) + A, (C„+C„)l d(x 



:. • . ' • > ,' • * ' " • ..' " -M- ' 

which follows from (16) and "(19). A, and AR are the acceptances for the 
2 f l a ^ y distr ibut ion and (l.ry) distribution as defined above. 

. : " The events with target neutrons are separated from events with target 

• protons by looking at the event charge. The event charge is defined as 

t the sum cf the charges of the tracks at the primary vertex. In the ab-

,- sence of complications due to f inal state nuclear1 interactions, the neutron 

events would have charge 0 and the proton events would have charge 1. The 

nuclear effects of the neon, nucleus, however, smear the expected charged 

distributions considerably. " Most often the extra charge is positive in 

dicating the presence of additional protons. Occasionally the extra charge 

is negative, indicating a proton that was too short to be visible. Other 

less important effects include TT" charge exchange close to the primary ver

tex and tracks measured so inaccurately that the sign oi the charge is in

correct. Since extra protons are most often responsible for the extra 

charge, neglecting stopping protons wheti determining the event charge has 

the effect of shortening the long ta i l towards positive e^ent charge while 

increasing sl ight ly the number of events with'negative charge. (A stop-

ping proton is a positive particle whose track ends inside the bubble 

chamber without producing'any visible decay products and whose length is 

..consistent with the range of a proton of the measured momentum. I f the 

track is short, the momerturn is poorly measured, so short deuterons and a 

_ _partitiesjihay. nieet the stopping proton definit ion). The charge distr ibu

t ion (without stopping protons) is. given in figure 14. Two things are 

evident. First,. the majority of events have charge 0 or 1. Second, NC 

are different from CC. I t is qualitatively clear that the neutron cross-

section is larger for CC than for NC: In order to be more quantitative, 
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however, it is necessary to understand the charge distribution. 
No model which can be derived from first principles exists to 

describe the charge distributiorr." In lieu of such a model a phenomeno-
loi-'cal model is constructed. First some definitions: the probability 
that an event from a neon nucleus will have charge lower than the 
target particle is p_. Similarly p + is the probability that the charge 
will be higher. It 1s assumed that p + and p_, which depend only on 
interactions in or near the nucleus, are the same for both neutron and 
protpn targets and for both NC and CC. The accuracy of the assumed 
equality of p + and p_ for neutron and proton targets depends on the de
tails of the wave function for the neon nucleus. The equality of p + and 
p_ for NC and CC depends on their hadronic states being of the same mul
tiplicity and energy. The CC have net charge t2 in the hadronic state while 
NC have net charge +1, but it is assumed that this difference is unimportant. 
The hydrogen in this mix presents a special case. It is expected that hydro
gen events will rarely have a charge greate.- than 1 but that they will 
have charge 0 with probability f„ if the final state baryon is a stopping 
proton (which was eliminated before determining the charge). The rel
ative numbers of neutrons, protons in neon, and protons in hydrogen WP 

Kn> K . and KM, which 3re numerically equal to .425, .417, and .158 
respectively. The number of events from neutrons is given by 

neutrons = p K T 
where 

T = NT/(p K n + K p + K H) (50). 
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and N T is the to£al number p'f events and p has the subscript NC or CC as 
appropriates Similarly,' the number of events from protons in neon is 

protons in Ne = K' T 

and from protons 1n hydrogen it is 

protons in H = Kj. T 

With the numbers of events from the various nuclei and the probabilities 
that the.charge will be raised or lowered the charge distribution can be 
•found. Let N_ be the number of events with negative charge. The events 
with negative charge are due to either neutron events with charge lowered 
or proton events with ;harge lowered by 2 or more. The latter is small 
as can be inferred from the small number of CC events (1.4%) with charge 
^2 or less. Neglecting the contribution of proton events the number 
of events, with negative,-.charge, 

N./T = p_ p K n ' (51) 

cWh.gre p_-.1s the probability ;of lowering the charge and p K n T is 
• the,number of events with a neutron .target. The number of events,N 
J!-}th_charg'e_D_1si..,' 
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V 7 =- ( 1 _ pi * p > K n + p- Kp + f H KH ( 5 2 > 

where (1 - p + - p_) is the probability that the charge is neither raised 
nor lowered, and f H is the probability that a proton from a hydrogen 
event stops and thus is not counted in determining the charge. In (52) 
the coefficient of K should logically be the probability of lowering 
the charge by exactly 1, but that coefficient is nearly equal to p_ since 
the probability of lowering the charge by more than 1 1s small. Similarly 

V T = f n p K n + ( 1 - p + - p - ) K p + ( 1 - f H ) K H ( 5 3 > 

V T = P + k p + <p +-f n)p K n (54) 

where N, and N.. are the number of events with charoe +1, and more than 
+1, respectively, and f is the probability of raising the charge of a 
neutron event by exactly one. If (51)-(54) are used for p = p N - and also 
for o = P C C with the same p + > p_, f and f„, a total of 8 equations with 
6 unknowns is obtained. Furthermore, it has been determined from a 

27 similar experiment in hydrogen that f.,-0.07. Since the energy loss 
in the hydrogen-neon mix is 2.7 times the energy loss in pure hydrogen, 
more protons will stop in the mix. A Monte Carlo estimate, which depends 
on the proton spectrum yields f H - .09. However, the results are not 
sensitive to the value of f... 

A series of fits to the data has been performed with the para-
metrization (51) - (54) with p_, p +, 0 ( ; c, and p H ( . parameters of the 
fit and f R and f n held constant. The value of f is varied in the fits 
as shown in Table Via. As can be seen, acceptable fits with a wide 
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variety of p c c and p N C may be obtained depending on the assumed value 
of f .' To reduce the error on p,,,., p c c is held fixed at 1.9 1n the 

•fits 1n Table VIb. The value p- c = 1.9 can be obtained from the x 
distribution^ of Field and Feynman (ref. 24). The ratio of neutron 
to proton errss-sections for neutral currents is then p.,- = 1.27 + .36. 
The last two fits vary f,, showing that the result Is not sensitive to 
small variations in f„. No high energy neutrino experiment has deter
mined p c c a riough p c c = 1.9 is consistent with a deuterium bubble cham-

28 29 
ber experime t at E = 4 GeV. Hung and Sakurai , however, giveP^f. for 
several mode s based onryV. = 1.56. In view of the uncertainty of the cor
rect value for-p r r Table Vic presents the result uT several fits for various 
assumed van, s of pC(.. In all these fits the ratio of P N C / P ( X i s a p p r o x i m a t e l y 

constant anc is equal to 0.7 + 0.2. The final two columns in Table Vic give 
R'3 and R", t e predicted neutral rates (NC/CC) for purely proton and neu
tron targets respectively. 

5. z . o stribution —zJs 

The ouark fraamentat-inn functions (1 (7) nrnyide a means of orobinq 
: the neutral cjrrent if the functions are known. In CC (see eqn. 21) 
O z ) is just the multiplicity of hadron type h at z. = E./v, where E. 
is the hadroi energy and v is the energy transferred to the hadron 
"system. Thus the charged current data determine n

u ( z ) . 
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Experimentally there are two problems. First, the type of hadron 

(it, "., p, etc.) is not generally known. Second, z is not measured but 
rather the particle momentum and some estimate of the hadronic energy 
based on the charged particles only. Therefore, a variable z . is 
defined: 

< W i = VEh < 5 5 > 

The D functions exhibit a singularity (1/z) as z •+ 0, so it is more 
convenient to work with z D (z) instead. The multiplicity, N(z), weighted 
by z is shown in figure 15 for positives and negatives from charged current 

+ 
interactions. The curves shown are zD" (Z) for positives and zD11 (z) 
for negatives and are normalized to the data for z . > 0.2, where the 
fragmentation functions are expected to be valid. There is only one 
normalization constant for both positives and negatives; the relative 

+ 
magnitudes of d" (z) and o" (z) are significant. The parameterization 
of D" (Z) and D^ (z) is due to Field and Feynman (ref. 24). For Z v i s > 

o 0.2 the x" is 12.3 for 15 degrees of freedom. The ratio of positives to 
+5 negatives is 2.3 ± 0.3 for .2 < z . < .6 but increases to 5.0- 5 for 

z" . > .6 and for z . > 0.7 is greater than 8.0 at 68% confidence level. 
The increase in the ratio of positives to negatives as z . •* 1 can be 
understood in terms of the quark fragmentation picture. The u quark 
emerging from a neutrino interaction will fragment into: 
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U •* (ul) +_d r it+ + d 

or , u •+'• (ulf) + u = (ir0,n) + u 

but not: 

u - it" + quark. 

Since the leading parti les comt from the fragmentation of the initial 
quark the large positive to negative ratio observed is explained. However, 
the large positive to nrgat'.ve ratio is also easily explained by charge 
conservation and the fact that a limited amount of energy is available 
to the hadron system. H any given event the sum of the z's of all the 
hadrons must equal one. Therefore, if one hadron is at z = 1 then the 
other hadrons must be near z a 0, and, unless the energy is very large, 
there cannot be too many hadrons. Since the overall hadron state charge 
is +1 (struck neutron) or <-2 (struck proton) the leading particle at 
z s 1 will be positive muci more often than negative - just from charge 
conservation. 

In the following, howe er, the quark fragmentation picture will be 
considered valid and therefore a useful probe of the neutral current. In 
NC the positive hadrons will come from the fragmentation of both u and d 
quarks. The multiplicity of positives (N ) is of the form 

; N +(z) a (1-A D^ (z) + A D* (z) 
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and for negatives 

N"(z) a (l-X).Dj + X D* (z) 

Where X 1s a parameter describing the relative strengths of u and d 
quarks in NC (compare with eq'n. 25). The data for neutral currents are 
shown in figure 16. The best fit to the parameter X is X = 0.56+0.10 

2 and the x for the fit is 24.6 for 14 degrees of freedom. The curves 
for the best fit are also shown on finure 16. Neither the positives nor 
the negatives follow the predicted curves particularly well, but more 
accurate data are needed to judge whether the'quark fragmentation model 
describes the leading hadrons in NC. The corresponding value of X for 
a target with equal numbers of protons and neutrons is calculated to be 
0.58±0.10 using the x distributions of Field. 

A less model dependent approach to the data may be taken. The data 
show evidence for leading negatives in NC. For z . > 0.6 the ratic of 
positives to negatives is 0.1 jj-?. Any difference between the IT 
and IT" distribution in z in NC from an isoscalar target requires that 
the neutral current has both I = 1 and 1 = 0 components of I-spin. In 
this case, the target is not isoscalar (15% hydrogen), and the particles 
are r t known to be it's. However, neither the excess of hydrogen nor 
the contamination of other particles (K,p) provides an easy explanation 
for leading negatives. 
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Transverse Momentum . ' . 

• The transverse monjentum distribution in CC and NC is given in 
: figure 17. The transverse momentum is the momentum of each hadron per
pendicular to the momentum vector of tlie observed hadronic particles. 
Tjie fall'with transverse momentum seems to be nearly the same In CC and 
NC.. 'the hypothesis that CC and NC come from the same distributions 

2 • ' 
.yields x = 18-9 for 17 degrees of freedom. 
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VI. CONCLUSION 

Neutral current events have been observed at a rate 0.35 ± 0.06 of 
the charged current rate for E h > 10 GeV. This measurement confirms the 
now well established existence of t.ho weak neutral current. The distribu
tion of NC 1n a new variable u ., ,which depends on both x and y.has been 
presented. From this distribution 1t has been concluded that for a 

p 
neutral current y distribution of the form 1-n + 3ri (1-y) n = 0.12 i 
0.32. The result is consistent with but less precise than the CITF result 
n = 0.09 t 0.03, which was obtained by a different method. The results 
that depend on measuring the charge and momenta of the particles in 
the hadronic state are a new contribution to the study of the neutral 
current. It has been shown that the ratio of the ratio of neutron to 
proton cross sections in NC to that in CC is 0.7 ± 0.2. A model 
dependent fit to the z . distribution with the quark-ir fragmentation 
functions D^(z) yields a best fit with the fractional strength of d 
quarks, X = .55+ .10. These two results suggest that the u and d quarks 
couple to the neutral current with approximately equal strengths. 
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•:::, .;•.'' '•' ' . .- • . APPENDIX 

. . •_;.: To determine the number of muons 1n a sample of leaving tracks, 
the formalism developed 1n ref. 9 1s used. For every track passing 
through the EMI a confidence level C for .a muon hypothesis and a 
confidence/level ,Ch for a; hadron hypothesis are defined. C is the 
probability, that a muon would have a worse match between the extrapolated 
.position and' the position measured 1n the proportional chamber, and C. 
.. 1.5 .the probability that a hadron would hav! a better match. C 'is a 
function flf: . 

p , 1): The x of the match between the extrapolated position measured 
, in the proportional chamber. 

2) The predicted, horizontal and vertical errors (a and a ) 
A y 

3). The density of background hits in the EMI (o) 
4)' The proportion chamber inefficiency (ej 
5) ;.The angle of the match tan & = (Ap )/(Ao ) where A v and A, 

y x x y x y 
. . , are the'horizontal and vertical differences between extrapolated 

-. and measured positions. 
C. is a function of all of the above and also the number of 

^absorption lengths jo the absorber U / X ) . The deper jnce of C and U. 
on-.these variables is below, but a knowledge oi explicit 
formulas,for C and Cu will not be required for what follows. 
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• 2 

- [(l.-ec)(n-«) exp(-|) (1) 

+ 6 exp{- J ( ^ j + % - } ) ) + e l exp(-TroxoyP X
2 ) 

1-Ch = (l-e- V A) expf-^oyp^ 2) (2) 

+ e"* / X
 C ) ( 

where 

2 2 
2 Ax .Ay „i o a x u y 

'2 ? ? 
and o x = ax"'+ T 

and 5 and 6 are constants whose values are given in reference 9 as 
£ = 1.7 cm and <5 = 0.1. To simplify the notation, the set of parameters 

2 
(except x ) on which C and C. depend will be labeled as a. Thus 

C p = ^ ( x 2 , a) (5) , 

C h = C h(x 2, a). (6) 

For fixed a (1) and (2) define a set of parametric equations and, in 
principle, x may be elimi.iated. In what follows C will be considered 
to be the independent variable and C, a dependent variable 

C h = Cf, (C p > a). (7) . 
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The right hand side carries a prime to emphasize that the functional 
.form is different from that 1n (2), t)ut in what follows the prime will 
bedropped'tb simplify notation. To begin, a 1s taken to be fixed. 
Since no two. tracks wil 1 have precisely thesame a, it will be necessary 
to sum over all possible o later. It Is an Important feature of the 
method that an explicit expression for the estlmatbr Is derived and that 
.the summation over a 1s therefore possible. 

The parametric equations for fixed a define a curve in''the C -C. 
plane. Each muon with the given o will occur at some point along the 
curve. Some typical curves are shown in. figure 18. A statistical en
semble of muons will populate the curve such that the density of points 
is uniform when projected on the C axis. Similarly a statistical en
semble of hadrohs will populate the curve such that the density of points 
is uniform when projected on the Cu axis. 

The distribution of muons in C h is 

VCJa (8) 

.Equations follows from the fact that the distribution of muons is uni
form in C and that the derivative (8) transforms distributions in C to 

."distributions in C h. 
:" Tiie geometric interpretation of L is that it is the absolute value 

. of the inverse of the slope of the curve on figure 18. L depends on the 
set'of parameters o; figure 18'shows the variation of the curves with one 
parameter^in the set a, namely p : The curve p - 2 is a typical curve 
for unions with a momentum of about 5 GeV/c. For this curve L is large 
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for most muons (95% of the muons will occur above C =0.05 where 
3C y 

L = - (-Tr̂ -) is large). Similarly L is small for most hadrons (95% of 
3C h a - ^ 

the hadrons will have C. > 0.05 where L is small). However, L is large 
for some hadrons and small for some muons. This situation is merely a 
reflection of the fact that the hadron-muon separation is not perfect in 
the EMI. As p , the number of background hits, becomes larger, the 
hadron-muon separation becomes worse. The lack of separation is seen 
geometrically in figure 18 where L approaches a constant equal to 1 
independent of C as p •* ». 

To count the number of muons in a sample of tracks passing through 
the EMI, a function G(C ,a) is defined such that G, on the average, has 
some value for muons and another average value for hadrons. Such a func
tion could be L itself. Another function (the one which was eventually 
chosen for this work) is 

a.-LTT- W 
This function has the property that it is * 1 for most muons and * 0 for 
most hadrons. 

Consider the muon estimate 

N N G /G\ 

\ E *i =E ?k-^£ ' no) 
i = l i = l y N / n 

where N is the number of tracks in the sample and /G^ and^G\ are the 
\ u •• •• h 

average values of G for muons and hadrons respectively. Equation 10 

serves as the definition of <(>. and N . I f the sample contains only muons, 
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then'the average value of N is 

" If tht sample'contains only hadrons then the average value of N is 

(GV -<G\ 
• / » \ , = N ,-.h N

r . h = 0. (12) 
\ "/hadrons \ G\> ' \ G \ 

Since any subsample can be considered as the sum of a sample that con
sists only of muons and a sample that consists only'of hadrons, N is an 
unbiased estimate of the number of muons in any sample with fixed a. If 
there is a sample with different values of a, an estimate N (a) can be 
found for each value of o. The muon estimate, N is just the sum of the 
N u(a). However, this procedure is identical to applying (10) without 
restriction on a. Thus N is an unbiased estimate of the number of muons 

?'• • in any.sample. 

The average values of G for muons and for hadrons are 

* 

'0 
and 

(e)~f w.*)icv (13) 
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J 
(G>h = { G < V a > d S 

•VI 

dc . u 

The error in N can be estimated by defining f by 

N = f N (15) 
V V 

The error in N is then 
M 

since f and H are statistically independent. If N is not too small: 

(17) 
and 

(18) 

where 

(19) 

( 6 N ) Z = 1 ̂  

(6f/ - (7 - * 2 ) / N 

_ N 

•HE 
1=1 

•? 

in to (16) the resul l 

(SN^) 2 = l\ i 7 (20) 
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is .'obtained. Equations (10) and (20) constitute an estimate of the 
number of mudns and error in the number of muons. 

•For this work G was chosen to be the. function (9). Any choice of 
G will, give an unbiased estimate of the number of muons, N , except, of 
course, thai functions for which Y G V = ( G \ are not allowed. However, 
some functions will result in larger statistical errors (eqn 20) than 
other functions. The particular choice for G was made from the results 
of comparing the relative sizes of the statistical errors for several 
choices of G. It is not known whether some better choice of the func
tion G might have been made.. 

Test of the Method 

A sample of muons. was obtained by selecting a sample of noninter-
acting tracks passing through the bubble chamber. After requiring the 
track momentum to be greater than 10 GeV/c and within 2.5° of the beam 
direction in both dip and azimuth, a sample of 450 tracks was obtained. 
With these kinematic cuts the sample was known to consist of 99.0 ±0.5% 
muons. The statistical estimate of the number of muons in the sample 
was 444±9 (99 + 2% muons). 

A sample of hadrons was obtained from CC after removing the iden
tified muon. The sample of 461 tracks contained 99+1% hadrons. The 
statistical estimate of the number of muons in the sample was 7 + 13 
(98+3% hadrons). 
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TABLE I 

TRACK LABELS 

Label Meaning 

Interaction Track produces a hadronic interaction 
Ending Endpoint within the bubble chamber. 

Could be a stopping proton or ir, K" 
charge exchange 

Electron Electron identified by spiralization 
or bremsstrahlung losses 

it decay • IT decay at rest followed by a u decay 
V) decay v decay rest or it decay with the u not 

visible 
Leaving None of the above labels apply 
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TABLE II 
SUMMARY OF MEASURED EVENTS ELIMINATED BY PRELIMINARY CUTS 

Unmeasurable Events 670 
Geometry Program (TVGP) failures 1255 
EP X < 1 Gev/c 4102 
Outside fiducial volume 470 
EMI not working 120 
Selected for further analysis 3276 

Total number of events 9893 



". : TABLE III 
. ' SUMMARY OF NC CUTS •- > 

Cut Intended to EveVits Eliminated Fraction of Specific - Fraction of 
- Eliminate , E . >5 GeV in ( ) Background Eliminated NC Lost 

.40 .000 

.80 .001 

.85 .012 

.99 .01 

.95 .51 

Remaining neutral 923 (280) 
current candidates 

.1) Electron Neutrino 9 (8) 
2) Charged Hadron Interactions 22 (14)' 
3) Huon anti-neutrino 37 (35) 
4) ,K°, A decays 268 (50) 
5) CC - high transverse 2017 (1736) 

momentum negative 
interacts 



TABLE IV 

. NC BACKGROUND SUBTRACTION 

E v i s (GeV) N N NA CC(p >3GeV/c) K N 
V 

CC(P <3Gsv/c) 
V 

NC NC NC CC(P <3Gsv/c) 
V 

( r= .6) ( r= .5) fr=.7) 

5-10 278.9 189.1 89.8 -2.2 186.9 152.4 -9.3 143.1 112.1 163.9 

10-15 113.3 93.3 20.0 -6.4 86.9 88.3 -10.3 78.0 . 73.3 81.1 

15-20 66.9 57.8 9.1 -1 .2 56.6 60.6 -6 .6 54.0 52.8 54.9 

20-30 45.9 43.2 2.7 -6.7 36.5 37.8 -8.5 29.4 .29.1 29.6 

30-50 37.7 32.8 4.9 -3.6 29.2 28.3 -5 .0 23.3 22.0 24.2 

50-90 24.4 24.4 0 -1.9 22.5 24.5 -1.5 23.0 23.5 22.7 



TABLE. V,. Comparison of Neutral Current Rates from Various Experiments 

Experiment 
Gargamelle (ref.25) 

Rate 
0.28±0.t)4 

Comment' 
CERN heavy liquid 
bubble chamber <E V>~2 GeV 
E h » GeV 

HPWF (ref.23) 0.29±0.04 FNAL counter 
<E V>~50 GeV, E h 4GeV 

CITF.(ref.26) 0.28±0.03 FNAL counter 
<E v >~50 GeV, E h 12 GeV 

CDHSB ( re f .30) 

This experiment 

O.293iO.O10 

0.35+0.06 

CERN counter 
<E > ~ llOGeV, E h> 12 GeV v n 

FNAL H-Ne bubble chamber <E >~35 GeV, E. > 10 GeV v n 
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TABLE VI . F i t ted ra t i o of neutron to proton T O S S sections: 

pNC P 4 P - f n f H X ' i 

a) 1.36±0.17 1.02±0.26 0.19*0.02 0.12+0.02 0.05 0.09 5.07 

1.51+0.20 1.0910.29 0.22+0.02 0.12*0.02 0.10* 0.09* 4.84 

1.7210.25 1.18+0.32 0.25+0.02 0.11*0.02 0.15* 0.09* 4.59 

2.02+0.33 1.31*0.38 0.29+0.02 0.11" 0.02 0.20* 0.09* 4.29 

3.3610.87 1.81*0.61 0.3810.02 0.09'0.1 0.30* 0.09* 3.66 

b) J.90 1.27*0.36 0.28*0.03 0.11*0.010.19*0.05 0.09 4.38 

1.90* 1.28*0.36 0.27*0.03 0.11*0.010.18*0.05 0.05*4.37 

1.90* 1.25*0.37 0.29*0.03 0.11'0.01 0.21 .'0.05 0.15* 4.40 

Held f ixed during f i t 

c) 1.30* 1.00*0.25 0.18*0.04 0.13*0.02 0.04*0.07 0.09*5.14 .39...08 .30*. 07 

1.40* 1.04*0.27 0.20*0.04 0.12*0.02 0.07*0.06 0.09* 4.99 ' .401.08 .30 + .07 

1.50* 1.09*0.29.0.22*0.04 0.12*0.02 0.10+0.06 0.09*4.48 .41'.09 .30'..07 

1.60* 1.13*0.31 0.24'0.04 0.12*0.02 0.13*0.06 0.09* 4.71 .41*.09 .30.1.07 

1.70* 1.18*0.33 0.2510.04 0.11*0.02 0.15*0.05 0.09* 4.58 .42*.09 .29±.07 

1.80* 1.22*0.35 0.27*0.04 0.11*0.01 0.17*0.05 0.09* 4.48 .43*.09 .29+.07 

1.90* 1.270.37 0.2810.03 0.11*0.010.19+0.05 0.09*4.38 .43+.09 .29+.07 

2.00* 1.31*0.38 0.29*0.03 0.11+0.01 0.20*0.05 0.09* 4.29 .44±.09 .29±.07 

These numbers use .the value R = 0.35*0.6 measured in th is experiment. More precise 
numbers can be obtained using''Bin re precise values of R as measured by other experi-. 
mpnts ments. 
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FIGURE CAPTIONS 

Fig. 1,-, Neutrino CO energy spectrum. 
F1g. 2 ' Plan and elevation views of the 15-ft. bubble chamber and EMI. 

The proportional chambers are mounted directly on the vacuum 
tank to maximize solid angle coverage. The ,,iagnet coils and 
zinc Inside the vacuum tank constitute the hadron absurber. 

F1g. 3. Distribution of CC in visible energy. The cwve is the 
Monte Carlo prediction. 

Fig.'4. Distribution of CC in y y i s = ( E v i s - P )/E v 1 s. The solid curve 
"flat" is the distribution predicted by the Monte Carlo for a 
distribution which is flat in y. The solid curve "(1-y) " 

' is the distribution predicted by the Monte Carlo for a distri-
bution proportional to (1-y) . The dashed curve is a fit to 
a linear combination of the two solid curves for the y 
distribution 1 - e + 3e (1-y) 2 with e = 0.16 + 0.04. 

Fig. 5 Distribution of CC in v = xy. The curve is the Monte Carlo 
prediction. 

F1g. 6 Distribution of CC in transverse muon momentum with respect 
to the neutrino beam. 

Fig. 7 The probability that a hadron,will be identified by an 
interaction or decay in the bubble chamber as a function of 
its momentum p. 

Fig. 8 Distribution of the NC candidates in.visible energy. The 
chA/fari o\«s|n£c gpa associated v.'ith other events seen in 
the chamber or on the wal.l. 
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Fig. 9 The fraction of CC which appear to be associated as a 

function of visible energy. 
Fig. 10 Distribution of CC and NC in visible hadronic energy. 
Fig. 11 Ratio of NC to CC as a function of visible hadronic energy. 

Curves are shown for the energy dependence for the ratio if 
the NC have a y distribution which is flat or, alternatively, 

n 

a y distribution proportional to (1-y) . 
Fig. 12 Distribution of CC and NC in event transverse momentum balance 

(P T). 
Fig. 13 Distribution of NC and CC in u . = Ehsin 0h/ZMp. The curve 

labeled "flat" is a smooth curve drawn through the CC data and 2 normalized to the NC data. The durve labeled "(1-y) " is the 
"flat" curve scaled by the ratio of the Monte Carlo predictions 
for (1-y) 2 to flat y distributions. The best fit f(y) + f'(y) = 
(1-n) + 3n(l-y) Z with n = 0.12 i 0.32 was obtained directly 
from tho data points and did not make use of the curver. 

Fig. 14 Distribution of NC and CC in event charge with stopping 
protons excluded. 

Fig. 15 Distribution in z . of positive and negative tracks for CC, 

where z . - p-/E. and p. is the momentum of the hadron. vis l n i 

N(z • ) is the number of positive or negative hadrons. Upper 
limits (68% confidence level) are given for points below the 
z - axis. The curves are D^ (z) and o" (z) from'Field and 
Feynman (ref. 24) and are normalized to the data for z • > 0.2. 

Fig. 16 Distribution in z y i s of positive and negative tracks for NC. 
Upper limits (68% confidence level) are given for points'below 
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the 2 j. axis.' The curves are the linear combinations 
.0-X)D* + (Z) + A 0j"(z) ind X0* + (Z) + ,(1-A) D*" (Z) with 

._ X = 0.56 ± .10 normalized to, the data for z y i s > 0.2. 
'Fig. 17 Distribution hadron transverse momentum in NC and CC. The 

f transverse momentum is taken with respect to the sum of the 
momenta of the visible hadronic particles. 

Fig. 18 Typical curves of C. vrs c . 
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