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ABSTRACT 

A comparison of neutral and charged CIJrrent deep inelastic neutrino 

interactions is made in an experiment utilizing the Fermilab 15 ft. 

bunble 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 ~C in a new 

variable called uvis' 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 

Ni: y distribution of the form (l-r,J i 3n(l-y) 2, n = .12 ± .32. The 

ratio PNc(Pcc)Of neutron to proton cross sections in NC (CC) is studied 

and the quotient PNc/Pcc = 0.7 t 0.2. The distribution of hadrrr, .. in 

zvis' the scaled hadron]c momentum, is given. The CC hadrons fit the 
+ -

pr~dictions of the. quark fragmentation functions o: (z) and o: (z) 

as given by Field and Feynman. The neutral current events fit the form 
} . + + .,. .. 

·c1.:>.) D~ (z) +,;1. D~ (z) for positives and (1->.) o:(z) + >. D~- (z) for 

negatives with ;\ = b.56 ± 0.10 and a fit confidence level of 4%. 
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I. INTRODUCTION 

Inelastic neutrino interactions can be divided into two processes, 

the charged current reaction {CC): 

and the neutral current reaction (NC): 

v f p) -> v (x;) 
p\n µ x 

+ ++ 
µ )\. ,x 

H 
vµ n,p 

v 
µ 

\_A~z:_~ 
v ~vvv~n o 

µ • 

(l) 

(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 

y1aphs to the right of each reaction represent the process pictorially. 

On the 'left hand side the leptons (particles without strong interactions) 

forin a current vµ -+ µ- (CC) or vµ ..,_ vµ (NC)_ The hadrons (particles 

with strong interactions) similarly form a current Lhat is either 

charged (~) -+ (~:+) or neutral (~) ..,_ (~6). The two currents interact 

with the exchange of a weak vector boson w+ for CC and z0 for .• NC. The 

vertex where the weak vector boson joins the hadronic current is shaded 

to indicate the incomplete knowlecge of the interaction. In contrast, 

',< 
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th~·· l.epton vertex is well understood and therefore not shaded. The 

process of lepton-nucleon scattering is often thought of as probing 
, . 

the unknown ~adronic current with a. known leptonic current . 

. The understand.ing of the NC has proceeded in two steps. The first 

step was to,esta'blish the existence of the NC. Until the early 197D's 

the weak force was studied by obs~rving the decays of otherwise st~ble 

. particles_. Neutral current effe~•s that could be investigated were 

1 possible strangeness changing neutral current decays of some strange 

particles. In particular, an extensive study was made of 

~·~ 
Ko u 

L 

This stran'geness changing neut_ral current process was found to be 

considerably less probable than the usua I str·angeness changing charged 

· current. 1. with tr.e availability of accelerator produced neutrino beams 

the neutral current -process (2), which does not change strangeness, was 

.firstobserved, and the ra':e was found to be comparable to·cc. 2 The 

mere ex'istence of the neutral current was a fundam,~ntal step in 

understanding the weak force •. 

The study of the neutral current has proceeded ~ow to the second step: 

.f.. ,: understand1ng haw the neutral current couples to known particles. In 

,: the reaction, : (2) ·understanding the neutral current coupling amounts 
· •• •. . • . 0 

··cto unders~anding the shaded region where the Z couple? to the hadronic 
~ ·, 

·'.-~. -~ Curren~:. The generally complicated be ha vi or of the coupling is greatly 
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simplified by the quark parton model, which is applicab~e at the high 

neutrino energies availabl(l at Fermilab. According to th:: model, nadrons 

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 ca~.be 

expressed in terms of momentum distributions of the quarks within the nucleus. 

Within the quark purton 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 th·, proton or neutron except in the 

quark-anti-quark sea. 

Previc>us experiments3 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 i ndi vi dua 1 hadroni c particles in th<! fi na 1 state at 

Fermilab energies. 

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

Neutrino nucleon inelast.ic scattering can be describe(! with a simple 
. . 4 

quark parton model. Th!! main results of the model are summarized below. 

Consider the CC process of scattering a neutr1no from ali unpolarized spin 

1/2 lepton (R.) 

- I vl + 11 .e. (3) 

The matrix element may be written as 

(4) 

where the usual V-A coupling has been assumed for the particle fields 

1jlµ-' l)Jv , 1li.e.• and l/J.1, and GF is the Fermi coupling constant. Conventional 
µ 

techniques may be used to derive the cross-section 

(5) 
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where e is the center of mass scattering angle and s is the center of 

mass ener~y squared. Similarly for the anti-neutrino process 

(6) 

The i;ross-section is given by 

(7) 

Ir the parton model the scattering angle G is conventiondlly replaced 

by the variable 

Y = ~ = l cosG 
s 2 (8) 

where q = (k-k') is the onomentum transfer and k,k', and pare the 4-momenta 

of'the incoming neutrino, outgoing muon, and target lepton respectively. 

Thus (7) becomes 

(9) 

\ 
\ 

\ 
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Similarly it can be shown that the scattering of I, the anti-particle of 

£, is described by (9) for neutrino scattering and (5) for anti-neutrino 

.scattering. 

The NC cross-sccti9n 

(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 ti1e form: 

with CV-CA and Cv+CA constants which describe the relative strengths of 

the two terms. The constants CV lnd CA w1ll, in general, bu different 

for differe~t particles. For lef·t-handed neutrinos the second term on 

the right vanishes because (l+y5) is the projecti.Jn operator for r-ight

handed neutrinos. Right-handed neutrinos are not required by any ex

.:~erimenta l data and are therefore norma 1 ly assumed not to be present. 

Thus, for neutrinos (11) reduces to the same V-A coupling found for CC, 

bu·t for othe_r partkles Cv+CA may not be zero. The cross-section for 

the NC process is then: 
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(12) 

Similarly anti-neutrino scattering is given by: 

( 13) 

The parton hypothesis modeh the proton as a collection of spin 

1/2 particles. In the limit • ~ w the partons behave like free, 

structureless fermions and therefore scatter from neutrinos according 

to the cross-sections given above. The quark model i den ti fies 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 thew and other quark 

flavors, however, is straightfurward. To compute the inelastic cross-

section all that need be known is the momentJm distribution of the quarks 

in the nucleus. In the v-quark center of mass, where the proton has high 

momentum P, the probabi l Hy of finding a LI quark with momentum between xP and 

(x+dx)P is defined dS u(x). The functions u(x), d(x) and d{x) 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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do xsG2 · 
_1.IC. = _F [d(x) + u(x) (l-yi2J dxdy 11 

(14) 

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

of the rolliding parton and neutrino .• The normalization of the functions 

is: 

f[u{x) - u(x)] dx = 2 

( 15) 

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

In neutr~l current processes neutrinos can scatter from either u or 

d quarks. ihe cross~section for NC on a proton target is: 

dcr xsG2 
~ = _F [d(x) f(y) + u(r.) f' (y) + d(x) f(y) + u (x) f' (y)] (16) d_xdy .11. · 

where 
2 • 2 2 

f(y) = (Cv-CA) + (Cv+CA) (1-y) 

f(y) = (Cv+CA)2 + (Cv-CA)2 (l-y)2 

f' (y) = (C!t·CAf + (c.:,+c;,)2 (1-y)
2 

11 (y) = (C\,+CAJ 2 + (C\,-CA) 2(1-YJ 2 · 

(17) 



9 

The neutron is related to the proton by an I-spin rotation. This 

_rotation transform!> u quarks into d quarks and vice versa. Thus, the 

function u(x) describes d quar~;s in the neutron and d(x) describes u 

quarks in the neutron. It then follows that the cross-sections for 

sc~ttering from neutrons are just (14) and (16) wiih 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 

dovd;" x;~F [(u(x) + d(xl) + (ufx) + d(x)) (l-y) 2J (18) 

and for NC .. 

? 

::~~ ~ ~:F [(u(x) + d(xl) (f(y) + f' (y)) + (u(x) + d(xl) (t(y) + f' (yl)] 

( 19) 

The quark model may also be used to describe the fragmentatirn of 

the quarks into the hadrons which are experimentally observed. The 

function D~(z) is the probability that an energetic quark q of momentum 

_r will fragment into a hadron, h, of momentum between zP and (z + dz) P. 

The normalization of D~(z) is 



. ·~ . 

10 
··.,., 

(20) 

where Nh is the average number of hadrons of type h and zmln N Mr/W wherE< 

W is the mass of the hadrons produced and ~ is the nucleon mass. The 

behavior D~(z)Nl/z .as z...O wil·~ this provide a hadronic multipli- · 

city_ which rises logarithmically with IN. The inclusive cross-section 

for production of a h.:idron h from protons via CC, for example, is 

h 2 
. dcrvµ- _ xsGF r. h h 2] 
dxdyCJl. - -·;;-- Ld(x) Du(z) + u(x) Da"(z) (1-y) (21) 

·Relation~ between the D functions fol low from I-spin and charge conjuga

tion syrmietry. For example: 

~ . - - + 
o~· (z) = D~ (z) = D~ (z) = ~ (z) {22) 

, . ...... 
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+ + 
D~ (z) = o: (z) = Di (z) = ~ (23) 

Using these relations the inclusive pion production CC cross-sections 

from targe"ts containing equal numbers of neutrons and protons may be 

written a:;: 

For NC 

+ 
do~v xsG~ [ + + ) 
Clxdydz = 2iT (u(x) + d(xl)(f(y)D~ (z) + f'(y) D~ (z) , 

or, equivalently, 

+ 
d TT G2 . ·). + 
d:~~dz = x;/ [((u(x) + d(xl) f(yl+(u(x)+a(Jd)f'(y) D~ (z) 

+((u(x) + d(x)) f'(y) +(u(x) + if(x·.) f(y))o:+(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: averag~ trans

verse momenta are approximately 300 MeV/c for TT's and 400 MeV/c for 

k's and p's. 

(24) 

(25) 

(26) 
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. ~II~ EXPERIMENTAL ARRANGEMENT 

The ~xperiment described in thi~ .work is Fennilab Experiment 28. 

·Other results from this experim~nt have been reported previously. 5 

T.he 300 GeV/c prc,ton beam was extracted from the accelerator and 

impinged on an aluminum target 1 mean free path in length. The positive 

. secondaries w~re focused {r:iegatives were defocused) by the horn. 6 

The horn i's a pulsed magnet which prcduces a toroidal magnetic field 

about the axis defined by the jncoming proton beam. The horn design 

provides a large aperature {301cm)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 11 ·+ µ '\i and K -+- µ "µ, 

the K+ decays producing the.higher energy neutrinos. At the end of the 

decay tunnel the decay.muons are completely absorbed by l Km of earth 

shielding while the neutrinos pass through the shielding with no 

·.appreciabl e"attenuat ion. The neutrino beam produced is a wide band 

beam--the observ~d energy spectrum is shown in figure 1. The method 

used t~·obtain fig~re l will be described later. 

T~e .detec;tor for this experime11t was the Ferm_ilab fifteen foot 

bubble chambe~7 and t.he External Muon Identifi~r (EM!). The bubble 

chaniber·was. fii1eJ with a. 21% ·atomic mixture of neon in· hydrogen. ' . 
(hi.s mixturf?, a so~~a]Jed light. mixture, had a density of 

0.28 g/c~3 and a coll.ision length of 210 cm. Jhis relative-. ' .. , 

ly sho.r'I; collision length, comparable to the bubble chamber 

'.radiu/of .J..9 meters;~· al.lowed some. of the hadrons to be iden

tified by their 'interac,tions in the bubble chamber. The 
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magnetic field at the center of the bubble chamber was 30 Kg. The 

riidiation length in this mix was 110 cm. This r"diation length provides 

.modest TI
0 iclentification -- bothy's from the decay TI

0 ~ yy ~re 

converted about 1/3 of the time. The energy loss for a minimum ior.izing 

particle was.2/3 MeV/cm. 

Figure 2 1s a schematic of the 15' bubble chamber and EMI. Details 

of the operation and calibration of the EM1 have been published previously. 9 

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 

ti.rough the magnetic field to the proportional chambers. If tre 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 wil 1 not generally agree. These expectations can 

be made quantitative by defining Cµ' the probability that a muon would 

have a wor$~ ·match between the extrapolated position and the pos1tion 

determined from the proportional chamber data. Explicit formulas for 

the calculation of Cµ and distributions in Cµ for hadrons and muon's 

are. given in refe;ence 9. 
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•IV. ANALYSTS 

1. Scanning 

. The bubble chamber fllm was scanned for all interactions with two 
»' • 

or more ot•tgoing tracks produced by ;;in incident neutral particle. The 

major.problem 1n scanning for these events is that any given event 

, topoi,.ogy can be considered as an event with an incident ne,1tral particle 

.o; an event w1th·an incident charged particie and one fewer outgoing 

charg.ed particles. Events were classified as having an inci.dent charged 

parti.c.le . .:.nd, were rejected if an,Y one of the following criteria was met: 

l.. One of the tracks was shown to be incident by 

one or more energetic recoil electrons (o-~ays). 

The direction o.f the o-ray is required by kine

. ·matics .;o. be,in the direction of motion of the 

track .and thus unambiguously defines the track 

·, direction. The projected radius of curvature 

of the a-ray was ·required to be greater than 

3 mm which corresponds to a momentum of about 

3 MeV. 

2. · One of the t.~a~ks was headed upstream (if 

. interpreted as coming from the int.eraction 

vertex) and had a radius of· curvature on the 

s.cann,ing t.abJe greater than 90 cm . .'Since the 

demagnification of the 15' bubbl·e chamber 

optic.al system is not constant. but varies 

'.· with dep~h~ ai.st.ances on th,e scann.ing table 

a-ray 
direction 

v beam 

radius > 90 cm 
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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° or more. This criterion eliminated many 

charged particle elastic scatterings from 

protons. 

> 90 

> 175° 

All events which met the scan criteria were recorded for measurement. 

The scan rules required the inclu~ion ~f many events which did not have 

an incident ryeutral track. The rules, however, were not eJ<pected to 

reject a significant number of neutrino events. Criteria 1) and 2) 

cause no loss of neutrino ever.ts. Criteria 3) and 4) are unlikely to 

be satisfied by n.:> :trino events because the hadrons generaily emerge 

from the reaction in th? forward direction in a narrow cone due to the 

1 imited 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 estimJted that the 

efficiency of the first scan was 91%. The scan inefficiency may 
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have been partly due to tile. fact that portions of the clTamber wa 11 were 

coated:with ice or other solids. The ice coating had the effect of 

de.creasing the contrast between tracks and the background and thereforf' 

reducing event visibility. 

2. Measuring 

Recorded events were measured. on a .film plane' digitizing device 

called a Francke~stein. All charged tracks at the primary vertex were 

measured. Downstream vees (including y' s conve.rted into e+e- pairs) 

were measured if they could have i:ome from the primary vertex, i.e., if 

they "pointed" to the primary Jertex. The pointing test consisted of 

. a judgement made during the scanning as to whether the hypothesized line 

of flight of the neutral tl'ack passed between the two charged tracks 

forming the vee. Downstream neutron or KL interactions were measured 

as separate events if they satisfied the scanning criteria. Other 

· interactions·were not measured. 

Au important feature of the measurement process was that every 

track was given a label describing its fate. A track was called 

•i.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 no't ]eave the bubble chamber and''i f no other label was 

applicable. ·A· track was called "elec'tron" if it spiralled 

'·· · .. to <i"°p'ciilit (implying min·imum energy loss at low momentum -- say below 

JO .MeV/c--h'enceideritjfying the particle as an electron). A track .was 

~l ~b. called_ ,;~iectro'n;' if it showed.\igns of energy loss due to 

.. or~nisstr~hlu~g_: a sudden change ir; 'track curvature or a. y converted 
. ,. 
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into an e+e- pair with the line of flight of they tangent to the.track 

i~ question. Decays of 11 mesons from rest were labe,led if the track had 

a kink followed by a short track (a µ with a range of about 0.4 cm in 

space) and electron which spirelled to a point. Possible muon decays 

were also labeled, but the category "ll decay" included both JJ dec.ays and 

n decays where the 11 -• JJ 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 ob~cured, out of the field of 

view in some view, or badly focused. Other events were unmeasurable 

because of a secondary interaction or ·a converted I' 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. 10 The data from thP EM! proportional chambers was 

processed through the progrdm SID. 11 A modification to TVGP allowed the 

El-11 information to be integrated with the bubble chamber information. 

The measured vees were fitted with the program SQUAw. 12 

Events were required to pass successfully through the geometry 

program TVGP. This requirements produced a 14% event· 1 ass. Those 

events whose total visible momentum in the direction of the neutrino 

beam (l:Px) was less than l GeV/c were eliminated. The events with 

EPx < l GeVfc are expected to comprise 4% of all neutrino events. 
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. However, no eve~ts were lost w this cut which would not havl'! been lost 

·.by the cut in. visible energy of 5 GeV which was made later. The purpose 

of this cut was .to .el'iininate most of the events which had an incoming 
I • , . . 

charged particle but had not been rejected by the s~annfng criteria. 

Eve~ts in. a fi'du~ial vo.lume of 21 m3 were selected for further analysis. 

Thfs fiducial: volume required that the primary vertex of the event bP. 

furt'hiir 'than 5 cm from the nearest portion of the wal 1 and further than 

35 cm .'from the downstream portion of the wal 1. Events where [Ml 

information·was not available ~ere also eliminated, causing a 3.5% 

loss of events. A summary of the preliminary event selection criteria 

is g{ven in Table II. 

4. Charged cu-;J~ent Selection 

The EM! 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 hadro'nic state X contains one or more muons. Such 

muons are ,expected from the production of charmed particles, but the 
, , p 

expected rate (,;.:.].% of. total neutral current cross-section) ~ is 

sufficiently small as to t·ave no influence on the conclusions drawn in 

this work. 

The decays of nor K·mesons is not a problem either because of 

their ·long, decay lengths,· On the ·aver.age there. is one leaving negative 
.<· •• 

hadron per neutrino event. 'A't 3 GeV/c the n has a decay length of 170 
-. ~-~ - -. ,. " ~ -·. ' 

·meteri/ The ·probability ~f a decay in the· space of 2 meter~ between 

;:;fhe: 6iibb.1e chamb~r· and the EM! is 1%. ·Below 3 GeV/c a much larger 
.,-;.J 

fra~tion 9f the. n's decay 'but they do TJ.ot create a problE.m 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 n decay will 

cause a n;omentum change in the trac.k so the trajectory will. in general, 

not correspond closely to the trajectory expected from the extrapolation 

o'f the bubble chamber track. 

The most serious problem in the identification of charged currents 

ls the proper interpretation of the EM! data. The separation of hadrons 

and muons by the EMI is far from comp'lete due to SPveral inadequacies 

in the EM!. First., the absorber is thin: 5% of the hadrons pass through 

the absorber without ~cattering. Serond, the proportional chambers Are 

only 95% efficient. The inefficiency is due largely to cases where many 

tracks -- ubout 5 or more cross tne proportional chamber in a s-ingle 

pulse. The third problem is that tracks unrelo.ted to the neutrino <!Vent 

may traverse the propor~ional chambers and match the extrapolated posi

tions of some track in the neutrino event. Reference 9 describes how 

these effects am incorporated into the definition of Cµ. By definition 

the distribution of muons in C ·will be flat. Hadrons will be cor.cen-
11 

trated at small values of Cµ. However, for a sample of tracks considered 

in reference 9 the fraction of hadrons with Cµ > 0.1 was 16%. Thus the 

separation of hadrons and muons is rel iablt! 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• 4., any give~1 sample. 

A method has been developed that defines an estlma 

The ti>; average to l for muons and to O for hadrons. 

for thE ith track. 

Thus E.Pi is a measure 
i 

of the muon content of the sample. 

in the Appendix. 

The deta i 'ls of the method are given 
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The geometric acceptance of the EMi is 86% for the neutrino 

spectrum observed. Half of the 1c•s occurs at low muon energies where 

.~ tha muons 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 proportionai chambers. The geometric accentance has 

been calculated by Monte Carlo. The •results of the Monte Ca•·ln may be 

parameterized by: 

l
( o. 95 -

A -

(1.13 -1.25 

{. )3.5 
1.78 sin

2
e) exp ,-~· 6 sine < 1/2 

sinA) exp (- lp. 6 y· 5 
(27) 

sine > 1/2 

where A is .the acceptance averaged over position within the bubble chamber, 

and p and e are the track momentum in GeV/c and angle with respect to 

the neutrino beam. Each track was weighted by ~i times the 

reciproc l of the acceptance. As is apparent from (27) A decreases 

rapidly beiow a momentum of 3 GeV/c. Because of the large corrections 

t~at would have been requir.ed, no attempt was made to identify muons 

below 3 GeV/c. To correct thP. distributions for undetected muons below 

3 GeV/c a Monte Carlo program was employed . 

5. Monte Carlo 
. ., 14 

.. The "4nnte Carlo generates events in neutrino e•,ergy Ev according 

·· · to the observed .neutrino beam spectrum (figure 1 ). Then the muon (or . . ·.-·. . . 
outgoing _neutrino in NC} energy and angles are generated accordi11g to 

._;·· 
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to the x and y distributions for neutrino events \equations 15 and 16) 

with: 

~ (u(x) + d(xl) 2.61 /X(l-x) 3 -2.51 rx (l-x) 5 + 15.60 x 0 · 85 (l-·x) 9 

(28) 

and 

x(u(x) + (f(x)) 0 (29) 

where the x distribution is a fit by Barger 15 to high energy neutrino 

data. For NC the possibilities f(y) + f' (y) 1 and f(y) + f' (y) = (l-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-

fonnly 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 totaJ cross-secti.in ratios for neutrons and protons quoted in this 

work. 
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The variables Ev,x' and'.y determine the momentum and mass of the 

hadron system. Howevea·, the nu111ber, type, and momenta of the 

hadrons mu be specified. The Monte Carlo generates the 

number of pal'ticles n according to a probability distribution P(n) 

proposed by Czyzewski and Rybicki. 16 

- .141 (l.8)3.6d t 6.48 
P(n) - -- - - for 1 ~ n < 15 (30) 

.Bn r (l.8d t 4.24) 

where 

d = 2.5 n-n 

" 
n = 3/2 ('1.09 t l.09 ln 1~2 } (31} 

and\' is th~· standard gamma function. The mean multiplicity, n, is 

3/2 times the charged.multiplicity observed by Chapman, et. al~, 17 in 

,,'a high en~_rgy neutrino scattering experiment with a hydrogen target. 

· The factor 3/2 is intenclecj to account for neutral particles. 

= ... ': 

\c Ea.ch final hadr.onic state' contains either a neutron or a proton 

and pidns·: Since the.~ajor 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 

importimt to generate the relatively smBll number of J(; and A that are 

observed. The baryon is chosen to be a neutron or proton with equ;il 

probability except for the reactions of the type: 

vp -> vB ( 32) 

and 

(33) 

where the baryon, 3, must be a proton to sJtisfy charge conservation. 

After the baryon charge is selected, the 11's are initially assigned the 

sign of ch&:ge required to conserve the total charge. If, after 

balancing the charge, an o~d niimber of n's remain, one 11 is assigned 

charge zero. The even ni;mber of 11's that then remain are divided 

between 11+11- and 11°11° 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 
-bpt 

a e x phase space 04) 
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. ~ith b = 6·.2s·!1~ 1 (GeV/ci-2 where n .is the number oLpa~ticles in the 
~ "" . . 

.. h!drbific final: sta·~e·; and Pt ill the transverse momentum relative to 'the 

total ~ailron dfrection; ,,_A method for 'the. Monte Carlo 'generation of this 

".-diStributio~ . .has. been given by Vu.n HDV!l. 18 

6. Ev' ~vis' ·v and Yvis Distributions for CC Oata 
I• 

To produce a distribution of CC events the following steps are 

followed: 

Interpret each non~interacting :1egative track with momentum 

greater than· 3 GeV/c as a muon and find the weight i/Ji as 

described in the Appendix. 

2. Calculate the variable of interest interpreting that track 

as the muon. Make a histogram of the variable with weight 

i/Ji for each possible muon. Calculate the errors as described 

in the Appenili x. 

3. Correct·each bfo of the.histogram for Pµ < 3 GeVic, where 

the corrections are determined by the Monte Carlo. 

The distri'bution in neutrino energy (Figure 1) was obtained using 

the above and the Myatt method19 to determine the neutrino energy. The 

Myatt meth?d estimates the energy of the missing neutrals using the 

assumption that .the momentum vector of the neutral particles is in 

·.the same ·direction. as the charged hadronic particles. The hadron 
,/ . .. - . 

· moinentllll vector is 'projected into the plane defined by the incoming 
' " ... ' ., 

neig;r,inc'i and outgoing muori. The pro57cted hadron moment·Jm is then 

.scaled so that it .balances the muon momentum perpendicular to the . . . . .. ; -
- 1.: > ~· ' • 

- • ; neut.dno beam dfrec~ion. If the scale factor is roeyative it is a 
•• ;l 

. ,_,, .... 
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"failure" and is not considered further. For neutrino events which are 

not failures the neutrino moment~~ ;" given by the vector sum of the 

muon momentum and the scaled, projected hadron mortl(:!ntum vector. The ob

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

an iterative one because figure 1 itself requires Monte Carla cor

rections for p < 3 GeV/c. 
. µ 

It would be ideal 1f this experime11t could measurP E
11

, x and y 

directly. However, because some neutral particles are not detected 

the total energy is not observ~d. For CC events several methods, such 

as the f-lyatt method, have been devised to estimate the missing energy. 

H~ever, no reliable method of estimating the missing energy in neutral 

currents is known. For this reason, this work .will from 'now on use 

variables which may be calculated from observed quantities without 

assumptions. 

The distribution in Evis 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, Evis is defined simply as 

Evis E p. + E (" p2 + M2 - M ) 
1 k k p p 

(35) 

~1here pi and pk a;·e the lab momenta of the ith ar.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 Sllll of (35) avoids an over-estimate 

of ''the neut rind en.ergy E' in some events having a 1 arge number of low 
• ' ' . . \I " 

momentu!" 'protons ·due to the· bre:~kup of a neon nucleus .. The distribution 

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

{solid line on. figure 3) is satisfactory~ The x2 is 13.6 for B degrees 

of freedom. 

·The variable Yvis is defined in.a way analcgous toy: 

-'. ~' ·. 

Y~is 
E : - P ·' VlS µ 

Evis 
( 36) 

where Pµ is the 1atioratory 'muon momentum. Its distribution is given 
.J- \ 

in figure:·4. It is possible tg' determine they di~tr1bution f(y) for 

char9ed c4rren.ts fromtheyvi's distribution. To do so, however, requires 

heavy reliance on the Mont"e Carlo. Tlie Monte Carlo has been used to 

generat~" distributions for both f(y) = 1' (appropriate for quarks) and 

ffy,)· = {J-y) 2 (appropriat~ for anti-quarks) and these. distributions 

·!Ire the solid curve~ on figure 4. The best fit to. dlhe data with the 

form. J ·- e: .+ Je:· (l - y) 2 is given by e: = .16 ± .• 04 with a x2 of 25 

for 8. degrees of freedom; 'The d~shed c4rve is the best fit to' the 

data. 

the ·confidence level of the fit is 0:1%, a value which suggests 

that systematic errors are important. . One possible interpretation is 

that \~he d;.t: aJ'E! systematically low at large Y~{s·. Th.is could be 
. " ' ' 

because·,:· 1) -~~on, identificatidn is biased ·at low muon momentum 
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(which corresponds to large Yvis) 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 ± 2% for mu'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
11 

(see Appendix 

·'and reference 9). Th.e 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 vis iblc energy may be overestimated 

2) they detection efficiency may be overestimated (largely becausP.· 

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 compore 4 directly with the charged current events. The 

Monte Carlo is used to make modest (25%) corrections to the CC data 

for low energy muons (P
11 

< 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 

is good (x2 = 13.7 for 11 degrees of freedom). 

rt 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 ~orrect for the loss of low energy muons (p
11 

< 3 GeV/c). 

Equivalently, the CC distr1outions agre·e with the known propertitJS 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 el illiinate. the known sources 'of backgrounds 

and to attribute' the residual events t'o NC. In addition to several minor 

backgr~unds,' there are two potentially very serious backgrounds in the 

sampl~,, of ·NC: CC and events due to the inter3ction of neutral hadrons. 

a. cc background 

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

nu111erous (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 enerQY will be visible i,n the final state of a cc, but 

some~hat'less than half the energy will be visible in a NC. The 

·difference, of cours~, is that in NC the outgoing neutrino carries 

away a l.arge fraction of the ener•gy. The fact that NC have a con-

siderably smaller fr~ction of ener',J that is visible mearis that 

the ratio of CC to NC will be considerably larg~r than 3 at the 

higher visible energies and considerably smailer at the lower visible 

energies. As ~il 1 be discussed later, the neutra 1 hadron background 

is .. very large at the Jower energies, so it is necessary to study . . ';• ~ .. '. . 

neutral, currents a~ the highe·r visible energies, where the CC background 

is.potentially large. 

The sel~ction u~ed to ·reject CC is that the negati~e track with the - .. . ',· 

highest transv.erse mol)lentum with respect to the neutrino beam 
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must interact or decay in the bubble chamber. This criterion is 

effective because the muon in CC events is nearly always the negat.ive 

particle with the highest transv~rse mcr11entum. To clarify this point 

the 
0

following argument is made. As_ can be seen from figure 6, the muon 

typical'ly has 1-2 GeV/c momentum transverse to the neutrino bdam 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 ~mall (-300 Mev) transverse momentum relative 

to the average hadron direction, the transverse 11c1nentum 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 Evis > 

10 GeV). 

The res
0

idual CC contamination is difficult to eliminate. Hhen the 

muon is not the highest in transverse momentiJm, H is generally also very 

low in momentum (below 3 GeV/c wh.ere 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 Gey/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~ mu!Jn 9reater than 3 GeV/c and 25.1 

± 9.7 are observed with the EMI. 

In NC the negative with the highest transverse momentum wi·l l always 

be a hadron, but it may not interact. The ~C 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 
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· fj~ure 7. This figure was .obta.ined ~Y taking negative hadrons from 

charged current interaction and ~ounting the fraction that interacted. 

Note .that this. procedure automatfcalJy takes into account scanning 

efficien.c):' if tcanning for interactions has the same efficiency for CC 

·a~d NC. The probabil,ity' in f1 gure 7 depends strongly on momentum, not 

so much because of the variation in ·cross-section as in potential path 

·length.· .At _the lower momenta the particles tend to be trapped in the 
. 1"' t,'. ._.,·· \. 

magnetic field and' therefore have very long path lengths. 

b. Electron neutrino background 

Th~re·,are several miscellaneous source~ of background for NC. Events 

induced by e_lectron neutrinos "e or anti-neutrinos v
8 

are a negligible 

·.·/ contaminant •. 11.pproximately 1% of the'heam is ve and 0.1% is ve. 21 In 

., . .--;./ 

.the case of the ve events the electron will be identified by bremsstrahlung 

losses (about 40% of the time) or will leave without interacting. In 

either case v 's will not be selected as neutral currents (the highest . e . , 
transverse momentum negative track will nearly always be the e- and the 

"e- will not interact}. The ve's are too small a component of the beam 

·"to constitute an important background. 

c; •. ·'Charge.a hadron background 

·There is a s~all background due to interactions with incoming charged 

hadrons, even after the requirement. EP > 1 GeV/c is imposed. These. events 
. .. . . . x 

":are due either t~: .l} badly measured tracks or 2) hadrons travelling 
'." . ' "," . . . ' 

upstream when they_ J nteracted. . . : . For t~is·reason, events are eliminated if 

the s'um of. tb~ .momentum of a 11 but one of the tracks i ~ the event is between 
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20 and 100% (allowing for errors) of the momentum of the re~aining track. 

More specifica7ly events were e1iminated if 

(37) 

for any j. The momentum Pl (P~) 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 1% of the NC. 

d. Antineutrino background 

Anotf.er background of some importance is events due to vµ interactions. 

For these events the highest transverse momentum negative partic7e will 

frequently 1nteract and these events would be in the NC sample unless 

eliminated by some other m~ans. The charged current v background is 
µ 

eliminated by using the EM! to identify the outgoingµ+. Specifically, 

an event was classified as an antineutrino if Yvis < Q.5 and L > 3 where 

Lis the EM! likelihood ratio. 22 The likelihood ratio is the ratio of the 

probability that a muon would have a confidence level Cu to the probability 

that a haaron woula have a confidence level C The two criteria require µ. 

some explanation. The choice L > 3 was made because it is less subject to 

negative fluctuations than the statistical estimator ~i(~i is sometimes 

negative). The cut in Yvis was made to take advantage of the difference 
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between anti•rieutrinos which occ~r. mostly at small Yvis because of their 

" (1-y)~ dfstri~utfon, and NC wfth a hadron with L > 3, which normally occur 

at la~ge Yvis wh~n the hadron is fnt~rpreted as a muon. Ten percent of 

the'anti-neutrinas .have.yvis > 0.5 and 5% of those with Yvis < 0.5 fail to 

.be identified by the EMI. By performing the same test on hadrons in 

·chargecj current events, ft is estimated that 1% of the NC are lost by 

. this criterion. · Jhe NC cuts discussed thus far are sw1Jm1rized in Table 

III. Aner these cuts 923 events remain, of which 280 are above 5 GeV/c 

in Visib.le energy. 

e. Neutral hadron background 

The most severe background in this axperiment f s due to the inter

actions of neutral hadrons .. The num~er of events with EPx > l GeV/c 

~~kh are not neutrino ind.uced is comparable to the number of neutrino 

i.nduced events. Fortunately, the background falls rapidly with increasing 

. energy. The best measure of the hadron contamination comes from the events 

w1th evidence of upstream interactions. Hadronic particles must have been 

produceq within the last few hadronic collision lengths of the material 

i!l front of the. bubble chamber. Neutrinos, on the other hand, come from 

the· ~.or K ·deca~ ~.O - 1.4 Km away. In the case of the hadrons evidence 

'of the upstream in,terac~ion which produced the hadron may be seen, but 

·. i~ 'the case of,_~eutrino intera_i:tions all particles from the production ... . . 
-.- . ,pro.ces.s 'ii're absorbed by the muon absorber (except of course for. the neutrinos 
e,; 

themselves). The evidence of an upstream .interactlon may be direct: an 

.. ·-iiltera'ction in t~e bubble chamber liquid of some other neutral or charged .... :·.·:;,'·. ~ . 
parti~le.' -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 th~ events. Using this direction the scanner looked for 

another event {including events ·j.r1 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 "associilted" and "not associated", but the 

distinction was a qualitative one. 

In figure 8, the r.umber of neutral current canoidates as a. function of 

energy are shown. ThosE: events which v1ere called associated have been shaded. 

The associated events fall more rapidly with increasing energy than do the 

unassociated events, imelying that the importance of hodron background 

jecreases with increasing energy. 

With some simplifying 0ssumptions the associated events may be used 

to evuluate the hadron hackground. The number of associated events, 

NA' is giv1m by 

(38) 
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where r is the probability that a hadron will be associated, f is the 

pt'obability that a n,eutrino will be accidentally as,ociated, and NH and 

N,J are ~he. nuirber of hadron events and neutrino events respectively. 

The nUI1ber of unassociated events is: 

'\ 

If rand fare known.(30) and (39) may be inverted to find NH and 

NV. 

( 39) 

The probability, r, that a hadron ~/ill be associated is found from 

the lowest energy bin in figure B. )n this bin there are expected to 

be onl~ a few neutrino events. Assuming that the 431 events f.rom 

1-3 GeV in figure 8 .are due to hadron backgrounr one obtains the average 

hadror. association probability by dividing the ~umber of associated evenls 

by the· t1Jtal': 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 a~sumption is that hadronic 

cross-sections.are quite constant above l 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 !llaterial in fron.t of the chamber. The source of the 10 GeV/c 

ha'dron will then be equally 1 ikely to be visible as was the source o·f 

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 

this expe.r.ir.ent. 
;' . ·.- ' '• . 
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The false association probability, f, is evaluated with CC and is 

assµmed to be the same for N:. Figure 9 shows the fraction of r.harged 

current events which appear to be associated as a function of Evis· 

Down to 5 GeV the fraction of events which uppear to be associated Is 

small. There is an apparent, but small, energy dependence to the charged 

current associations. To approximate the data, a ;alse ass~ciotion 

probability of 0.1 below 20 GeV and 0.05 above 20 GeV was used for the 

NC rate as a functfon of energy. For samples in which al 1 ener·gies 

are used the average value of O.Q67 ·• .009 was used. Using (3B) 

and (39) to solve for Nv 

N + ( r-1) N 
u Tr-fT A (40) 

The procedure for· using (40) is probably best explained by the example 

which follows. 
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V. COMPARISON OF CC AND NC 

""' l. ·Neutral Current Rate 

. Table IV gives the details of the calc~lation of the number of NC 

as_a,,tunction of energy. The first column (N) contains the 280 events 

above 5 GeV that remained after the cuts enumer3ted in Table Ill. Each 

event .1~s weighted by the probability that the highest transverse momentum 

negative track would be identified as a hadron. The next two columns (Nu 

and NA) contain the breakdown of .events into unassociated (Nu) and as

~odated (NA). The next column (CC) is the number of charged currents 

detected by the EM! in' the unassociated events. These CC events are sub

tracted from Nu to give Nu'. Using (40) with Nu' substitut.ed for Nu' the 

number of neutrino events, Nv,is evaluated using r = 0.6. Finally the 

charged current contamination with Pµ < 3 GeV/c, as.determined by the 

Monte Carlo, is subtracted. The last two columns give Nv for other values 

of r (0.5 and 0.7) ~~d show a lack of sensitivity (except for the lowest 

. erier.gy bin) to r. · 

The rlata are displayed in figure 10. The errors shown are statisti

cal cinly, 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 n~mber of neutrino 

_events, N", is nc.t reliable. For tnis reason, the visible hadronic energy, 

Eh,,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 ~o the data .. NC and purely hadronic events were identified because a 

. nagat)ve track:·inte:-acted in the bubble chan;lier. 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 ln the original sample. 

The ratio of·NC to CC, Rv (Eh), is obtained from figure 10, and is 

shown in figure l l .. 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 h~ estimated from the numb"!rs in Table III that 2% of the NC 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

neutrinos. For a neutral current rate Rv = 0.4, 23 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 O and 1-prong reactions: 

vn-+ vn + rr0 's 

vp + vp + n°' s 

·These two reactions are expected to contribute ~% of· the NC crosv-sec

tion for Eh > 10 GeV. To partially cancel the foss of~ 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 Eh< )O GeV .. 

The effects 1 isted above amount to a net correction of less tban 1%. · 
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~o; 'Ei,.::: 10 GeV on 'the hydrogen-neon target .the· ratio of· NC to cc ls 
. • . ~ .. ~ ~, , I· '. .. , 

found to be. !\,(.Eh > 10) =. ,35. ± .06. 

Jhe ra t~.o of NC to CC w~ th~ut the. requirement Eh.> 10 GeV depen_ds 

on they .distribution o~.NC.,· The expected NC to CC rat.lo as a function 

of energy is 1nd1c,at'~d. by the curve.s on f'igure 11 for flat and (1-y) 2 

. distribu~ions •. for a flat. Yrd1strlbut1on 40% of the NC have Eh > 10 Ge,V 

b~~ f~r a. (1-Yl.
2 distr~bution .. on1y . 20% of NC have Eh > 10 GeV. For 

predom~~ant)y flat·y d1~tr1,b~tions the correction to obtain R" without 

·:res~ri~tiqn ·on' i:h is. ··~~ai1; .· '.or example. for they 
0

distr,ibution 

.9 .~ .,3 (1-y) 2 .~se~ discussion in section on uvis below) the correction 

'is on1y 5%; . 

The NC to CC ratio also depend.~ on ,the relative,numbers of neutrons 

a'!d protons in the target because th·e. ratio of cross-section on n and p 

ta11gets is pr~bab·ly diff,erent for NC a~d. c.c .. If it is assumed that the 

'.!-atio of'CC ~ross~sections on neutrons to CC cross-section on protons 

is .1.9, a.number that fol,lows from the x distributions of Field and 

Feynman24 , then the ratio of, cross-secti,ons for NC is 1 .27 ± .36 as 

determin~d ·1ater in this wprk. The NC to CC ratio for a target with 

e~ual·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 
: . : . .::.· -~ . ,) . ' 

·negJigible· so the ·rat'i'o should be comparable to that observed in other 
•. 1_;· . . . . . 

:" '' 'exp~rimen{s. The .compariso'n:· is made in Table V,. wh.ich shows that the 

) -~ -

· · .r~tici -observed .in thiS''~xperiment is higher than; but ·compatible with, 

that observed by 'other'~xperiments . 
. ;/.: .. , ' 
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2, ~omentum 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 

momen"um imbalance perpendicul~r 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 imbalancci 1~ould be zero (except for measurement 

errors). The outgoing neutrino (in ahalogy with the outgoing muon in CC) 

is expected to carry, on the average, larger transverse momentum than 

the hadrons (n, 11°, K0
), so NC are expected, on the average, to hav.e 

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 

PT = 1 GeV/c consists of misidentified CC. 

3, uvis Distribution 

In NC the usual variables Ev• x and y can be detennined if the 

energy of tr.,~ 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 Ev~~. is 

u = x (1 - y) (41) ' 



•. 
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and is anaJogous tc>. v =;· xy; ·which depends oniy. on the muon momentum and 
- : .. ~ 

, angle •. T~,e· \ 1r~~bJe.}~ can be expre~sed .in terms :f)f h~dronic quantities 
with th~· h~lp of ... ~· .. • . · . . 

. ~ ' 

(42) 

... 

and 
. ' ·~ 

2 . 2ME .x(l-y) - M2/y 
··sin 9 = __ v_~---

H y E2 + 2 ME x v . v 

where Mis the nucleon· mass, and ~Hand SH are the energy and angle of 

the hadr.onic system in the lab1)ratory frame. 

:i-

In th~ limit E • • 
\) . 

.- ,. 

(44) 

(45) 

~ 

~~=-~...::::;;:::-,;--;.'00.-;:.-;:.-:::-··-.... ;•. 

" 
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as (46) 

This experiment. does not observe the full hadronic system but only a 

portion of it. Therefore the variable uvis is defined: 

E . 2 
h sin eh 

. 2M (47) 

where the lower case h, which denotes visible quantities, distinguishes 

(46) from (47). In f,igure 13 the distribution in uvis is shown for both 

NC and CC. The curve labeled "flat" was obtained by drawing a smooth 

curve through the CC data and normalizin~ it to the NC data. The curve 

lab~led "(l-y) 2" is the "flat" curve divided by th~ 1·atio of th~ uvis 

distributfon expected for f(y)+ f'(y) = l (i:.f. eqn 19)to that expected for 

f(y} + f' y) = (l-y) 2 .. 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 . 2 

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

ar~ scaled by the ratio of uvis distributions of "flat" to (J-y) 2. 

The best fit to.the linear combination f(y) + f'(y) =I - ~ + 3n(l-y) 2 yields 

n = 0.08 ± .21 with i = R.O. In interpreting this result and the results 



.. 
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.·. 
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w~1ch follow it is. 1mpor~ant to. r.ecall that a cut in visible energy 

has .. been· mad11 and the neutra 1 current acceptance depends on ttie y 

dli:,trfbut1on ... For.· a fl~t. y di std but.ion ·~~e ~cceptance is AL = .59 

. ~nd. for a. (1-.:Y)2 distribut1?n .. it is AR .; .J7. After correcting for 

the bias fn acceptance: .f(y} + f'(y} = 3n~l-y} 2 +(1-n'} with n' = .12 

.32. The result should be.compared with. CITF (ref. 24), who obtain 

a result equivalent tor(~ .09 ± .03 

4. p and n cross-sections 

. The tot.!J-1 cross-sections on neutrons and proton5 separately can be 

·thought of equivalently as measurements of the total cross-sections on 

· .~ and d q~rk~. For CC th~ ratio of neutron to proton cross-sections 

Pee is. 

lice 
/x['AL u(x) + 1/3 AR d(x)J dx 

/x[AL d(x) + li3 AR u(x)J dx 

·whi'c.h"fol1ows from {14) and (19). ·For NC it is' 

i':., 

(48) 

~-------~-----~ .. --r,.--_- ----~ r-·-~.------ r, 
•t' ..• 

-~ ~ ; .. · -
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,,·• 

+ ~L (Cv-CA) + AR(cv;ci1~)d(x) 

+ 0R(Cv;CA~ + AL (C:+CA~ u (x) + ~R(\CA) + AL (Cv+CA~ d(x)] 

;1-.,, [ ~L tc,-c,1 ",\v;'•~o(•l 
(49) 
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· whi~h follo~s from (i6} and '(19). AL and AR are. the acceptances for the 

f.la,~'~ 'dist~ibut1on and (l~y) 2 distribut1on as defined above. - . ... ' ' . . .. 

~he events with target neutrons are separated from events with target 
·" 

· P,r~tons by looking at the event charge. The event charge is defined as 
!.' \' ' 

, ·the sum C·f ·the c;harges ·Df the tracks at the primary vertex. In the ab-
• ' I ' ' ' ,,.., ' 

S'ence of complicat1ons d4!! to final state nuclear interactions, the neutron 

events wo.uld pave charge 0 and the proton events would have charge I. The 

nuclea~. ef.f7cts of the neon. nucleus, howevet", smear the expected charged 

distributions c.onsiderably." Most often the extra charge is positive in-. ~ . ' . 
dicating the presence Of additional µrotons. Occasionally the extra charge 

).S ·negative, indicating a proton that was too short to be visible. Other 

'less important effects include 11- charge exchange close to the primary ver-
: , . . 
tex and tracks measu'red so inaccurately that ·the .sign ot the ·charge is in-

C()r~ect. s·ince extra protons are most often responsible for the extra 

charge; neglecting stopping protons wheh determining the event charge has 

the effect of shortening the long tail towards positive e>~nt charge while 

increasing slightly 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 deca." products and whose length is 

pi'nsisten.t with the range of a proton of the measured momentum. If the 

track is short, the' momer:tum is poorly measured, so short deuterons and Ct 

__ particles/may_ nieet the stopping proton definition). The charge distribu

tion (witli~u1: stopping pi'otons) is. given in figure 14. Two things are 

evident. Ffrst, .~he majority of events have ch~rge 0 or 1. Second, NC 

are different from.CC. It is qualitatively clear t.hat the neutron cross

section is larger for CC than for NC: In order to be more quantitative, . . = ---=,=---=-=--=---:o:::oo.=·· 

.,/ .. ;' . 

) 
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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

lo~ical model is ·constructed. First some definitions: the probability 

th~t an event from a neon nucleus wil 1 have charge 10~1er than the 

target particle is p_. Similarly P+ Is the probability that the charge 

will be higher. It Is assumed that P+ and p_, which depend only on 

interactions in or near the nucleus, are the same for both neutron and 

proton targets and for both NC and CC. The accuracy of the assumed 

equality of P+ and p_ for neutron and proton targP.ts 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 +l, 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 wi 11 rarely have a charge greate:· than 1 but that they wi 11 

have charge O with probability fH if the final state baryon 1s a stopping 

proton (which was eliniinated before determini~g the charge) .. The rel-

ative numbers of neutrons, protons in neon, and protons in hydrogen J'P 

Kn, KP, and KH' which are numerically equal to .425, .417, and .i58 

respectively. The number of events from neutrons is given by 

neutrons p Kn T 

where 

(50) 
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·: .. and NT .j·s the to~al number. q'f events and ~ .has ·the subscript NC or CC as 

, appropriate·: S1mi.lar:1y/ the number of events from protons in 'neon is 

proto,1s in Ne = K~ T 

" 
arid from ·protons in hydrogen it is 

protons in H = KH 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 . . 
·fou'nd •. 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 l.owered by 2 or more. The latter is small 

as tan 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 negatJ ve .. charge, 

(51) 

. ' 
.:Wh.!!,l'e"P_)s. th~.Pr~bability .:of 'lowering the charge ·and p Kn T is 

.,; • · '" •the, number of event.s .with a neutron .t~rget. 

~c~~~iot:U~-~J!arg·e .Q1s:, . 

The number of events, N , . 0 

. .. ~ 
r.. _-.' 

', 
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NiT = ( l - pi - p _) pKn + p _ KP + f H KH (52) 

where (l - P+ - p_) is the probability that the charge is neither raised 

nor lowered, and fH 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 oe the probability of lowering 
p 

the charge by exactly 1, but that coefficient is nearly equal top_ since 

the probability of lowering the charge by more than 1 is small. Similarly 

wiiP.re N+ and N++ are the number of events with charge +l, and more than 

+l, respectively, and f
0 

is the probability of raising the charge of a 

neutron event by exactly one. If (51 )-(54) are used for p =PNC and also 

for o = Pee with the same P+• p_, fn and fH' a total of 8 equations with 

6 unknowns fs obtained. Furthermore, it has been determined from a 

similar experiment in hydrogen that fH = 0.07. 27 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 mi.x. A Monte Carlo estimate, which depends 

en the proton spe..:trum yields fH ~ .09. However, the results are not 

sensitive to the value of fH. 

A series of fits to the data has been performed with the para

metrization (5l) - (54) with p_, P+• occ' and oNC parameters of the 

fit and fH and fn held constant. The value of f n 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 Pee and PNC may b'e obtained depending on the assumed value 

'of fn,' To redu6e the error on PNC' Pee is held fixed at 1.9 in the 

·fits in Table VIb. The value Pee = 1.9 can be obtained from fhe x 

d1str1but1on' 'of Field and Feynman (ref. 24). The rat1o of neutron 

to proton err ss-sections for neutral currents is t.hen PNC = 1.27 ± .36. 

'.he last two fits vary fH showing that the result i> not sensitive to 

sman variat' ans in fH' No high energy neutrino e~.periment has deter-

. mined Pee a ,1ou9h Pee = 1.9 is consistent with a deuterium bubble cham-

ber experime · t at Ev = 4 GeV. 28 Hung and Sakurai 29 , however, give PNC for 

several mode s bas~d on r.c'c = 1.56. In view of the uncertainty of the cor

rect value for·pcc Table Vic presents the result ul several fits for various 

assumed vah. > of Pee· In all these fits the ratio of PNclPcc is approximately 

constant anc is equal to 0.7 ± 0.2. The final two columns in Table Vic give 

RP and Rn, t e predicted neutral rates (NC/CC) for purely proton and neu-v ·V ' 

tron targets respectively. 

~ stribution 

The quark fragmentation functions D~(z) provide a means of probing 

: the neutral cJrrent if the functions are known. Jn CC (see eqn. 21) 

Duh(z) is ju~t the multiplicity of hadron type hat z. = E./v, where E. 
' , , , 

is the hadro1 energy and v is the energy transferred to the hadron 
' . h 

-~ystem. Th~s the charged current data determine Du(z). 

''.·'. 
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Experimentally there are two problems. First, the type of hadron 

{n, K, 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 zvis is 

defined: 

(55) 

The D functions exhibit a singularity (l/z) as z-. O, 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 11 (z) for positives and zD 11 (z) 
u u 

for negatives and are normalized to the data for zvis > 0.2, where the 

fragmentation functions are expected to be valid. There is only on~ 

normalization 

magnitudes of 
+ 

constant for both positives and negatives; the relative 
+ o: (z) and o: (z) are significant. The parameterization 

of D~ (z} and o: (z) is due to Field and Feynman (ref. 24). For zvis > 
? 

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 < zvis < .6 but increases to 5.0_2. 5 for 

zvis > .6 and for zvis > 0,7 is greater than 8.0 at 68% confidence level. 

The increase in the ratio of positives tn negatives as zvis + 1 can be 

understood in t~rms of the quark fragmentation picture. The u quark 

emerging from a neutrino interaction 1·1il 1 fragment into: 
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or • u .... ( uu) + u ( 11°. n) + u 

but not: 

u ~ 1r" + quark. 

Since the leading parti Jes com• from the fragmentation of the initial 

quar.k the large positiv< 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. 11 any given everit the sum of the z 's of all the 

hadrons must equal one. Therefore, if one hadron is at z ~ l the~ the 

other hadrons must be near z ~ 0, and, unle>s the energy is very large, 

thete cannot be too many hadrons. Since the overall hadron state charge 

is +l (struck neutron) or ~2 (struck proton) the leading particle at 

z ~ 1 will be positive muc• more often than negative - just from charge 

conservation. 

·In the following, howe er, the quark fragmentation picture will be 

considered valid and therefcre a useful probe .of the neutral current. In 

NC the positive hadrons will come from the fragmentation of both u and d 

qu.arks .. Th~. ~ultipl icity of 1ositives (N+) is of the form 

+ . + 
N+(z) a (1-A o: (z) + A D~ (z) 
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and for negatives 

Where A is a parameter describing the relative strengths of u and d 

quarks in NC (compare with eqn. 2S). The data for neutral currents are 

shown in .figure 16. The best fit to the parameter A is A = 0.56±0'. 10 

and the x2 for the fit is 24.6 for 14 degrees of freedom. The curves 

for the best fit are also shown on figure 16. Nei~her 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 had.rans in NC. The corresponding value of A 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 1 ess model ·dependent approach to the data may be taken. The data 

show evidence for leading negatives in NC. For zvis> 0.6 the ratic of 

positives to negatives is O. 1 ~gJ. Any difference between the 1/. 
and n- distribution in z in NC from an isoscalar target requires that 

the neutral current has both I = l and I = O components of I-spin. In 

this case, the target is not isoscalar (15% hydrogen), and the particles 

are r t known to be n's. However, neither the excess of hydrogen nor 

the contamination of other particles (K,p) provides an easy explanation 
for learlinq negatives. 
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Transverse Momentum· 

,The transverse moll]entum'distribution in CC and NC js given in 

': figure 17, The .transve".Se momentum' ~s the momentum of each hadron per

'P,enclicu~ar to the momentum ~~ct~r- of .the. observed hadronic particles. 

T)ll! fall.':with. transverse momentum seems ·i:o be near'ly the same in cc and 

N~·:. 'the".hypothesis .that c'c .and NC come: from the same distributions 

. .. yields i = 1S.9 for 1.7 degrees of freedom . 
... .. 

·:· ,: . . 

._;,.• 

... "~. 

,i'' 

· .. 
:· 

···.; 

~·. - ... 
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VI. CONCLUSION 

Neutral current events have been observed at a rate 0.35 ± 0.06 of 

the charged current ra.te for Eh > 10 GeV. This measurement confirms the 

now well established existence of the: weak neutral current. The distribu

tion of NC in a new variable uvis'which depends on both x and y,has been 

presented. From· this distribution it has been concluded that for a 

neutral current y distribution of the form 1-n + 3n (l-y) 2 n = 0.12 ± 

0.32. The result is consisten~ with but less precise than the CITF result 

n = o. 09 ± o. 03, which was obtained by a different method. The r·esults 

'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 zvis distribution with the quark-TI fragmentation 

functions D~(z) yields a best fit with the fractional strength of d 

quarks, ). = .56 ± .10. These two results suggest that the u and d quarks 

couple to the neutral current !"ith approximatEly equal strengths. 

.. .. 
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'", . APPENDIX 
' ... : .. 

... .. -....~·· ;To detenn1 ne ~~e ri·umber of muons 1 n a sample. of 1 ea ving tracks, 

·the. fonnalistn dev!!loped ,in ref.·~ 15 used. For every track passing 

through the EM! a confi'den.ce leveJ c for.-.a muon hypothesis and a 
' ·~I • .' '. . ' ' . • , JI 

. confi~~nce Jev~l .ch for il'; ~adron hYr.:ithes1s are defined. c11 is the 

proba~·11 ity. tha.t a muop would have a worse match between the extrapolated 
,• '~ • ' , I 

. P?sitipn and"~he position measured 1n the proport1onal chamber, and Ch 

'.-.1.~ the ,i5robab~lltY th!lt a hadron would hav•! a better !!'.atch. cµ'is a 

fµnctiqn -Of: 

, -iJ:,1 .T_he ,x2 of the .m~tch between the extrapola~~d position measurPd 

.·in the proportional chamber. 

2). The predicted. horizontal and vertical errors (crx and cry) 

3). The density of background hits in the EMI (pJ 

4) · The propo·rtion chamber inefficiency (EJ 

· .5) : ,The ailgle of .the match tan tl = (A ·cr )/(A cr ) where A and A .. . yx xy x y 
ar~ .the 'hor.l.zontal and vertical di.fferences between extrapolated 

' ... ' ', :· . ~ . ... 

.. :·· ~ni:I _measured positi.ons. 

Ch is a function of all of the above and also the number of 

. -:_~lisorpti:°n lengths in the absorber (9,/'J..). The deper ,nee of Cµ and ch 

<· ?n·:thes<v~riables is below, but a knowledge 01 exp'iicit 

.~onnula~. for Cµ and _ch w'ill not be required for what follows. 

.. ! 

' ; 
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C ,. [(1 -E )((1-o) exp(~ l) 
µ . . c \ 2 

where 

and 

+ e-'l,/"A C 
11 

2 2 
2_/ix +0_ x - 2 -2 

ox oy 

0 '2 = 0 2 ·+ E,2 
x x 

0 '2 = 0 2 + E,2 
y y 

(1) 

(2) 

(3) 

(4) 

a.~d t; and o are constants whose va 1 ues are given in reference 9 as 

E, = 1.7 cm and 6 = 0.1. To simplify the notation, the set of parameters 

(except/) on which ell and Ch depend will be labeled as a. Thus 

(5) 

(6) 

For fixed a (1) and (2) define a set of parametric equations and, in 

principle, x2 may be elimi.1a.ted. Jn what follows Cµ will be considered 

to be the independent variable and Ch a dependent variable 

(7) 
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The· rfght ,·ha~d sid~ 'carries a prime to emphas'ize that the functional 

Jonn is different from, that in (2), ~ut in what follows the prime will 

be·~ropped'to simpl·ify notat~on •. To begin, a is taken to be 
0

fixed . 
.. 

. Since no two,, tra~ks !"ill have prec1Sely' the. same a, .it will be necessal'y 
. . , 
to.sum over all pOss1tile a later. It 1s an important feature of the 

meth~cl that· an expl1cft: expression for th~ .estimator Is derived and that 

, · ,the SUlllll!ltio~ over a is therefo~e possible. 

The parametrip equations for fixed a define a curve in'the Cµ-Ch 

piane. Each muon with the given a wiii occur at some point aiong the 

curve. Some typic~l curves are shown in. figure 18. A statistical en

siimb.le of muons win populate the curve such that the density of points 

is uniform when p·rojected on the Cµ axis. Similarly a statistic'!l en

semble of hadrl?ii·s will.populate the curve such that the dens1ty of po1nts 

. is uniform l'!hen·'projected on the ch_ axis.' 

:r~e distr'ibution of muons in Ch is 

(8) 

.~ :: Equatfon,8 follows from the fact that the distribution of muons is uni

t~rm in' cµ and' that t.he derivative (8) transforms distributions in cµ to. 

•.c' Clistr_ibutions in ch.-

.. The ·geometric interpretatior, of L is that it is the absolute value 
'l, . . 

. of .. the -inverse of'ttie slope of the curve on figure 18. L depends on the 
. .. ·. " ~ 

se~··of p~rameters ai figur~ lS' ~hows th'e variation of the cu,rv~s with one 

_Jiara~te{ in -the set ·a, namely pc; The curve pc .: 2 is a typical curve 
- ' ' < • .. 

for m"uons with a momentum of about 5 GeV/c. For this curve L is large .. · 
... --.· 

. ' - ~ . 
'1 ,• •• , 
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for most muons (95% of the muons will occur above C\.I = 0.05 where 
ac 

L = - (~)a is large), Simila~ly L is small for most hadrons (95% of 
h 

the hadrons wi 11 ha ye ch > 'o. 05 where l is smal 1). However, L is 1 arge 

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 EM!. As pc, the number of background hits, becomr.s larger, the 

hadron-muon separation becomes worse. The lack of separatfon i5 seen 

geometrically in figure 18 where L approaches a constant equal to 1 

independent of Cµ as pc ~ 00 • 

To count the number of muons in a sample of tracks passing through 

the EM!, a function G(C\.l,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 

- L G - GT (9) 

This fur.ction .has the property that it is "' l for most muons antJ "'0 for 

most ~1adrons. 

C1nsider the muon estimate 

(10) 

where N is the number of tracks in the sample and <G\ and(G\ are the 

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

serves as the definition of ~i and Nµ. If the sample contains only muons, 
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(11) 

If tile. s_ample'contafris only hadrons then the average value of Nµ fs · 

(G\ -<G\ 
. IN \ . = N = 0. 

\ lYhadrons \G\µ - \ 6\ 
(12) 

Since any subsample ca~ be consider~~ as the sum of a sample that con

sists only of muons and a sample that consists onl/of hadrons, N is an 
-· µ . .· . 
unbiased estimate of the number of muons in any sample with fixed Ct. If 

ther;·is a sample with different values of Ct, an estimate N (Ct) can be 
. µ 

·found for· each value of Ct. The muon estimate, N is just the sum of the 
• . • µ 

N~(a). ~owever, this procedure is identical to applying (10) without 

restriction on Ct. Thus N is an unbiased estimate of the number of mu.ons µ . 

__ in any.sample. 

The average values of G for muons and for hadrons are 

' .. ~· 

and 
. ·,''• ... .~ 

G(C ,Ct) d C 
µ µ 

(13) 
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l 

= f G(Cµ,a)~: ~:)Id cµ 
i) 

1 

f 
G(C ,a) 

= _:__jL_ d c 
L 11' 

0 

The error in Nµ can be estimated by defining fi• by 

The error in N is then 
\J 

N = f N 
11 \J 

(14) 

(15) 

(16) 

since f
11 

and ~ are statistically independent. If N is not too small: 

(oN) 2 = N (17) 

and 

where 

(Of )
2 

= ft -il!N 
\J 

- N 
2 l'"' (.' 

<P = N ""-' <P; 
i=l 

substituting (17) and (18) into (16) the result 

(iSN )2 
= N l 

\J 

(18) 

(19) 

(20) 
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. i's :.obtain~il! Equations .(10) and (20) constitute an estimate of the 

nu~ber of muons and erro.r in the. number of muons. 

for ttiis 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 
. µ 

.. -course, .that functions for which · (G)µ "(G)h are not allowed. However, 

s~me functions will result in larger statistical errors (eqn 20) than 
'• ' ' 

·other functions. The particular choice for G ~as made from the results 

of comparing the relat!·i.ve sizes of the statistic'11 errors for several 

· c.hoices 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-

act)ng tracks passing throug~ 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 c.uts the sample was known to consist of 99.'i±0.5% 

muons." The statistical estimate of· the number of muons in the sample 

~as 444 ± 9 (99 ± 2% muons). 

A sample of hadrons was obtained from CC after removing the iden-

. , , 'tifieq muon. The sample of 461 tracks contained 99 ±1 % hadrons. The 

statistical estimate of the number of muons in the sample was 7±13 

(9S ±'3% hadrons). 
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TI decay 

µ decay 

Leaving 
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TABLE I 

TRACK LABELS 

Meaning 

"''''"'' '"''''''''~ Track produces a 

Endpoint within the bubbie chamber. 
Could be a stopping proton or u-, K
charge exchange 

Electron identified by spiralization 
or bremsstrahlung losses 

n decay at rest followed by a µ decay 

µ decay rest or TI decay with the µ not 
visible 

None of the above labels apply 
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TAB~E II 

SUMMARY OF MEASURED EVENTS ELIMINATED BY PRELIMINARY CUTS 

Unmeasurable Events 

Geometry Program (TVGP) failures 

l:Px < l GeV/c 

Outside fiducial volume 

EMl not working 

Selected for further analysis 

Total number of events 

670 

1255 

4102 

470 

120 

3276 

9893 

'i 



Cut ·Intended to 
Eliminate 

.ll· Electron Neut~i~o 

2)' Charged Hadron Interactions 

3) Muon anti-neutrino 

4) .K0
, A' decays 

5) CC - high transverse 
momentum negative 
interacts 

Remaining neutral 
current candidates 

TABLE lll 

SUMMARY OF NC CUTS 

Events Eliminated Fraction of Specific 
Evis>5 GeV in ( ) Background Eliminated 

9 (8) .40 

22 (14)" .80 

37 (35) .85 

268 (50) .99 

2017 (1736) .95 

923 (280) 

Fr:action of 
NC Lost . 

.000 " 

.001 
. ~ .. 

.012 

.01 

.51 

... ~. ' 

' "' °' I' 



TABLE IV 

NC BACKGROUND SUBTRACTION 

Evi~(GeV) N N NA CC(pir ,3GeV/c) N' N CC(p <3Gev/c) NC NC NC 
µ u \) µ 

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

5-10 278.9 189. l 89.8 -2.2 186. 9 152.4 -9.3 143.l 112. l 163.9 

10-15· 113.3 93.3 20.0 -6.4 86.9 88.3 -10.3 78.0 . 73.3 81. i 

1!5-20 66.9 57.B 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 -;-i 
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TABL~)· Coinparfson of Neutral Current Rates from Various Experiments 

Experiment 
Gargamelle (ref.25) 

.• HPWF (rei.23) 

CITF .(ref .26) 

CDHSB (ref.30) 

· This experimen'!: 

Rate 
0.28±0.oil 

0.29±0.04 

0.28±0.03 

0.293.t0.010 

0.35±0.06 

Coninent· 
CERN heavy liquid 
bubble .chamber <E"> - e GeV 

Eh>l GeV 

FNAL counter 
<E"> - 50 GeV, Eh 4GeV 

FNAL.counter 
<~"> - 50 GeV, Eh 12 GeV 

CERN counter 
<E"> - llOGeV, Eh> 12 GeV 

FNAL.H-Ne bubble chamber 
<Ev> -35 GeV, Eh > 10 GeV 
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TABLE VI. Fitted ratio of neutron to proton ~ross sett ions, 

------- ------- ------ ----------- ________ , 

p~ p f fH x2 qp n** 
Pee PNC n v RV 

--------- ------- --·------
a) * * l. 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 1.09!0. 29 0.22±0.02 0.12±0.02 0.10 0.09 4.84 

* * 1. 72±0.25 1.18 1:0. 32 0.25!0.02 O. ll.•0.02 0.15 0.09 4.59 

* * 2.02 10.33 l.31!0.38 0.29 1,0.02 0.11"'0.02 0.20 0.09 4.29 

* * 3.3610.87 '1.81 10.61 0.3810.02 0.09 10. 1 0.30 0.09 3.66 

* b) J. 90 * l. 2 7 I 0, 36 0. 2 8 I 0. 0 3 0, 11 I 0, 01 0, 19 ' 0, 05 0, 09 4 , 38 

* 1. 90 * 1.28•0.36 0.27•0.03 0.11 •0.01 0.18•0.05 0.05 4.37 

* * 1. 90 1.25 10.37 0.29 10.03 0.11 10.01 0.21 1 0.05 0.15 4.40 

e) * * 1. 30 l.00•0.25 0. 18•0.04 0. 13'0.02 0.04 10.07 0.09 5. 14 . 39 ,o.08 . 30!.07 

* * 1.40 1.04 1 0.27 0.20•0.04 0. 12+0.02 0.07•0.06 0.09 4.99 .40'.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 .30t.07 

* * l. 60 1.13'0.31 0.24•0.04 0. 12•0.020.13 10.06 0.09 4. 7l .41 o.09 .30±.07 

* * 1. 70 1.1810.33 0.25':0.04 o. ll•0.020.15•0.05 0.09 4.58 .42±.09 .29±.07 

* * 1.80 1.22•0.35 0.27+0.04 0.11 1 0.01 0.17 10.05 0.09 4.48 .430:.09 .29±.07 

* * 1.90 l ,27'0.37 0.28•0.03 0.11•0.0l 0. 19±0.05 0.09 4. 38 .43±.0~ . 29±.07 

* * 2.00 1.31·0.38 0.29W.03 O. ll'0.01 0.20±0.05 0.09 4- 29 .44±.09 .29±.07 

* Held fixed during fit 
, __________ , - ___ , __ , ______ ,, ____________ ------------
** These numbers use ,the value R" 0.3510.6 measured in this experiment. More precisE;? 

numbers can be obtained using'-'1nore precise values of R as measured by other experi-, 
ments. · v 
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., FIGURE CAPTIONS 

F~g. 1 .. , · Neufr1no CC: energy spectrum. 

F1g. 2 Plan nnd eleyat1on views of.the 15-ft. bubble chamber and EMI. 

The propor~(onal ~hambers are mounted directly on the vacuum 

·tank to maximize solid angle coverage. The ;;1agnet coils and 

zfnc inside the vacuum tank const1tute the hadron absurber. 
") 

F1g. ·3. Distribution of CC fn visible energy. The c'Jrve is the 

Monte Carlo·predict1on. 

Fig.' 4. Distribution o~ CC 1n Yvi.~ ~(~vis - Pµ)/Evis' The solid curve 

"flat" is the distribution predicted by the Monte Carlo for a 

distribut'ion which is flat in y. The solid curve "(i-y) 2" 

Fig. 5 

. F1g. .6 

:Fig: 7 

,fig. 8 

i '' 

is the distribution predicted by the Monte Carlo for a distri

bution proportional to (l-y) 2. The dashed curve is a fit to 

a linear combination of the two solid curves for they 

distrib~t1on l ~ E + ~E (l-y) 2 with E = 0.16 ± 0.04. 

Distribution of CC in v = x,i.·. The curve is the Monte Carlo 

prediction • 

Distribution of CC in transverse muon momentum with respect 

to the neutrino beam. 

·The probability that a hadron.will be ident1.fied by an 

. interaction or decay in the bubble chamber as a function of 

. its moment'um .p. 

Distribu~fon of the NC candidates in. visible energy. The 

shade~Leye'.nts are associated ~::f th ether events seen in 

the c.harrber or on the tia 1.l • 
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Fig. 9 The fraction of CC which appear to be associated as a 

function o'f 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, 

a y distribution proportional to (l-y)2. 

Fig. 12 Distribution of CC and NC in event transverse momentum balance 

(PT). 

Fig. 13 Distribution of NC and CC in uvis = Ehsin2oh/2Mp. The curve 

labeled "flat" is a smooth curve drawn through the CC data and 

normalized to the NC data. The durve labeled "(l-y) 2" is the 

"flat" curve scaled by th~ ratio of the Monte Carlo predictions 

for (l-y) 2 to flat y distributions. The hest fit f(y) + f' (y) 

(1-n) + 3n(l-y) 2 with n = 0.12 i 0.32 was obtained diret tly 

from th~ data points and did not make use of the curve~. 

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

protons excluded. 

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

where zvis P/Eh and Pt is the momentum of the hadron. 

N(zvis) is the number of positive or negative hadrons. Upper 

limits (68% confidence level) are given for points below the 

zvis axis. 
n+ TT-

The curves are Du (z) and Du (z) from.Field and 

Feynman (ref. 24) and are normahzed to the data for zvis > 0.2. 

Fig. 16 Distri.bution in zvis of positive and negative tracks for NC. 

Upper limits (68% confidence level) are given for points 'below 
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the zvis axis.' The curves are the linear combinations 

. (l.:A)D~+ Cz) ; ;. D~~(~) and !-IJ~+ (z) + .(1-:i.) o~- (z) with 

... A= 0.56 ± ;10 normalized to, tho data for zvis > 0.2. 
' ' ~' ! 

·'Fig. 17 Distributi°<?n hadron transverse momentum in NC and CC. The 

transverse' 'momentum 1 s taken with respect to the sum of the 

momenta of the visible hadronic particles. 

Fig, 18 Typi ca 1 curves of Ch vrs c\J. 

-· ... 

"'·."::•'' 
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