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ABSTRACT 

A SEARCH FOR WEAK NEUTRAL CURRENTS 

IN SEMILEPTONIC INTERACTIONS 

Fredric Messing 

Professor Alfred K. Mann, Supervisor of Dissertation 

The subject of this paper is a search for weak neutral currents 

in semileptonic interactions. One of the puzzling aspects of weak 

interactions is the fact that they appear to depend on the electro

magnetic charge of the particles involved. A second puzzle has been 

the nearly identical forms of the weak and electromagnetic Lagrang-

ians. These puzzles have led to considerable speculation that the 

two forces might be related. Such speculations lead naturally to 

the idea that neutral currents should manifest themselves in weak 

interactions. 

Searches for weak neutral currents have been based primarily 

on the decays of K mesons. These have lead conclusively to the idea 

that neutral current interactions cannot be accompanied by a change 

in strangeness. Attempts to search for strangeness conserving weak 

neutral currents by utilizing particle collisions are generally un

satisfactory due to the presence of strong and electromagnetic 

forces. These problems are overcome by the use of neutrino beams 

since the neutrino interacts only via the weak force . 

An experiment was performed in the neutrino beam of the Fermi 

National Accelerator Laboratory to search for weak neutral current 
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interactions. The neutrinos {v ) and antineutrinos (v ) entered a 
µ µ 

target-detector consisting of sixteen modules of ionization calori-

meters filled with liquid scintillator. When a v {v ) interacted 
µ µ 

via a neutral current, the final state v (v) was undetectable. µ µ 

When av CV:) interacted through the chJrged current, the final 
µ µ 

state muon generally emerged from the calorimeter and entered a 

magnetic spectrometer. The muon was recorded in any of five optical 

wide gap spark chambers or any of eighteen scintillation counters 

which it traversed within the spectrometer. Charged current inter-

actions could therefore be distinguished from neutral current 

interactions by the observation of a muon in the spectrometer. 

The data presented here are from two runs of the experiment 

characterized by different energy spectra and different values of 

the parameter a which is the ratio of the number of charged current 

events due to v divided by the number of charged current events 
µ 

due to both v and v . After applying corrections {primarily for 
µ µ 

the acceptance of the spectrometer) it was found that the ratio R 

of events without muons to events with muons was R = .22 ± .04 for 

a = .62 and R = .32 ± .04 for a = .94 where the errors are statis-

tical only. Systematic errors on R are estimated to be about .03. 

Backgrounds are estimated to be at the .01 level. 

While the existence of events without ~uons is strongly 

supported by the data. it is not yet possible to pin down their 

source. Several possibilities have been considered which are con-
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sistent with the data. These include heavy lepton production, 

violation of muon number conservation, and the existence of weak 

neutral currents. For the case of heavy leptons it is shown that 

a mass of 3.1 ± .5 GeV/c2 and a small branching ratio into final 

states with muons would explain the observations. Under the 

assumption that weak neutral currents are the source, the space

time properties of the current are discussed in light of the 

variation of R with the energy transferred to the hadron system. 
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I ·- I. INTRODUCTION 

The subject of this paper is a search for a weak neutral 

current in semileptonic interactions. The motivation for this 

search has its roots in the very earliest studies of the weak 

interactions via beta decay of unstable nuclei. In 1930, W. 

Pauli proposed the existence of the neutrino1 (which he called 

the neutron) to explain the continuous beta emission spectrum, 

i.e., he suggested that the decay reaction proceeded via 

(A,Z) ~ (A,Z+l) + e- + v 
rather than 

(A,Z) ~ (A,Z+l) + e-

which experiment showed would violate energy conservation. Based 

on Pauli's suggestion, E. Fenni composed a theory of weak inter

actions2 in analogy with electromagnetism. He proposed a weak 

Lagrangian density which, in present day notation, is the product 

of two currents3 

t 
L = JH JL 

The currents J are Lorentz covariant bilinear combinations of 

field operators for the various particles involved in the inter

actions. In the case of beta decay discussed by Fenni, 

JL = we el WV = (eve) 
e 

where el and eH are Dirac garruna matrices determining the space

t1me properties of the currents. 

-1-
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The current {pn) corresponds to the destruction of a neutron 

and the simultaneous creation of a proton. The current (eve) 

corresponds to the simultaneous creation of an electron and an 

antineutrino. 

Subsequent discoveries of additional weakly interacting 

particles have resulted in the inclusion of other currents in 

the theory. Today the Langrangian is written L=Jt J where J=JH+JL. 

The current JH contains hadron or quark fields, and the current 

JL contains lepton fields. The lepton current JL has been expand

ed only to include the muon current (µv ). The hadron current, µ 

however, has been modified to account for the many weakly inter-

acting hadrons. With this expansion of the currents, the basic 

form of the interaction and its analogy to electromagnetism have 

remained unchanged. 

One of the puzzling aspects of weak interactions is the 

fact that they appear to depend on the electromagnetic charge of the 

. particles involved. For example, two electrons can interact 

electromagnetically by exchanging a (neutral) photon (Fig. 1). How

ever, two electrons cannot interact weakly {to lowest order) because 

(eve) is a charged current. If two electrons are to interact 

weakly, then the interaction must proceed via a weak neutral current 

(ee) and can be envisioned as the exchange of a neutral boson 

(Fig. l). Similar analogies and the idea that weak interactions 

should be universal suggest the existence of (µµ)t (v v ) and (v ve). 
µ µ e 
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To search for weak neutral currents, one first turns to 

particle decays. The particles most easily produced are n mesons. 

Since muons and electrons are the only charged particles lighter 

than pions, the final state of a charged n decay must contain a µor 
+ + + + e of the same charge, i.e., n + µ + v or n + e + v • These 

1J e 
reactions involve (µvlJ) and {eve). The Tio must decay into a final 

state which is neutral. The decay n° +µ+µ-is forbidden since the 

µ mass is so close to the n mass. The decays n° + v v and 
µ µ 

n° + ve ve would be unobservable and would violate conservation of 
0 + -angular momentum. No attempts to observe the decay TI + e e have 

been reported. 

Since pions provide no avenues for neutral current searches, 

K-mesons were used. Charged kaons can decay into charged pions 

plus a neutral lepton pair. Neutral kaons can decay into neutral 

lepton pairs with or without neutral pions {see Fig. 2 for a list 

of possible decays). Searches have been made for six kaon decay 

modes involving weak neutral leptonic currents. The results are 
0 + -given in Fig. 3. The K L + µ µ decay has yielded a possible sig-

nal with six events observed by a Columbia-CERN-NYU7 group. This 

result is in disagreement with an earlier limit set by an LRL5 

group. Recently the observation of 24 events ascribed to K+-+'JT+e+e

has been reported by a Saclay-Geneva4 collaboration. The observed 

rates for these decays are consistent with higher order electro-

magnetic decay. 

J. ·'l 
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The failure to observe the decays listed in Fig. 3 at rates 

comparable to charged current decay rates does not necessarily rule 

out the existence of weak neutral leptonic currents. Instead, 

some other mechanism such as the absence of a 6S=l 6Q=O hadronic 

current may prohibit these modes. 

Attempts to study weak interactions by utilizing particle col

lisions are generally unsatisfactory due to the presence of strong 

and electromagnetic forces. These problems are overcome in inter

actions of neutrino beams since the neutrino interacts only via 

the weak force. At the very lowest energies (Fig. 4) the Irvine10 

group has searched at the Savannah River reactor for the neutral 

currents (veve) and (ee) through the leptonic interaction vee-+v~e

and the semi-leptonic interaction :Ved+npve. While they have observed 

no signal, they are severely hampered by low event rates (~l event 

per day) and large reactor induced backgrounds. In the GeV range, 

the CERN11 , Columbia-BNL12 , and CERN-Gargamelle13 groups have pro-
+ duced negative results for the neutral channels v p~v p, v p-+v nn , 

µ µ µ µ 

These results depend heavily on poorly known 0 0 v p-+-v pn , v n~v nn . 
~ . µ µ µ 

corrections due to neutron and photon backgrounds and suffer from 

particle recognition problems. The CERN group makes a further cor

rection due to carbon events (as opposed to free proton events) 

in propane equal to 50% of the observed rate. The n° searches are 

hampered by charge exchange in the aluminum target. These problems 

make interpretation of the cross section limitsdifficult. 

Neutrino-nucleon interactions become more tractable when the 
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incident neutrinos attain energies high enough to permit large 

statistics experiments. At these energies one is able to study 

the inclusive reactions v N~v + hadrons and v N~v + hadrons which 
µ µ µ µ 

are analogous to inclusive electroproduction reactions (Fig. 5). 

These experiments make the investigation independent of the various 

backgrounds and corrections which plague the lower energy experi-

men ts. 

Recent results published by the CERN-Gargamelle14 collabora-

tion have indicated a positive signal for the neutral inclusive 

reactions. This experiment was carried out in a heavy liquid 

bubble chamber situated in the CERN neutrino beam (Fig. 4). While 

the evidence provided by this experiment is strong, the interpre

tation of the measurement is affected by several problems. A 15% 

.correction was applied to the data to account for neutral particles· 

other than neutrinos interacting in the liquid. An unknown 

correction must be made to account for particles other than muons 

appearing to be muons by exiting the chamber. Any muon which 

stopped within the physical volume occupied by the hadron shower 

might not be observed to decay. Finally, the kinematic constraint 

of visible energy in the shower ~l GeV provid~s a strong bias since 

the CERN neutrino spectrum lies primarily below 4 GeV. 

The possibility of searching for weak neutral currents in 

the Fennilab energy range provides a completely different experimen

tal environment in which to work. Problems of muon identification 

and neutron and photon backgrounds are handled in a different manner. 

., 
i 
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Kinematic constraints no longer play a significant role. Further

more, with the apparatus described later, it is possible not only 

to measure the magnitude of the neutral signal but to study its 

properties. 



-·-· 
II. PHYSICAL MODEL OF NEUTRINO INTERACTIONS 

The variables of neutrino-nucleon interactions consist of 

the four-vector momenta of the incident neutrino {f_), the target 

nucleon {~),the outgoing lepton (f1), and the hadronic final 

state {~). We define the four-momentum transfer as Q=f-f.1 =~-~

From these momenta we can define only three independent Lorentz 

invariant scalar variables15: ~ ·f.=ME, ~ ·Q=MEH=v, and l.Q:Ql=q
2
= 

2EE1 {1-cose) where: 

M = nucleon mass 

E = incident neutrino energy 

·EH= energy transferred to the hadron system 

E1= final state lepton energy 

e = lepton scattering angle. 

From these, one can define two dimensionless variables: 

y=EH/E and x=q2/2MEH=q2/2v. 

J. D. Bjerken and E. A. Paschos16 have derived the differen-

tial cross section for neutrino-nucleon interactions. They used the 

V-A theory {vector minus axial vector) proposed by R. P. Feynman 

and M. Gell-Mann17• With the approximations that EH>>2M~2 GeV, 
2 2 and q <<EH' the neutrino cross section is 

d2av _ G2M 2 dXdY - -:rr- E F2[L+(l-y) R+2(1-y)S] 

where F2,L,R, and S are functions of q2 and v. The anti neutrino 

cross section is obtained by interchanging L with R. L,R, and S 

are bounded such that O::_L,R,2S~l and L+R+2S=l. The cross section 

was further simplified by Bjorken18 with the introduction of the 

-7-
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scaling hypothesis. The scaling hypothesis states that there are 

no masses associated with the weak interactions. This implies that 

F2,L,R, and S, all of which are necessarily dimensionless, must be 

functions of dimensionless variables, i.e., F2(q2, v)=F2(x), L=L(x), 

R=R{x), S=S{x). With this, one can easily show that the ratio of 
- -v v . v v total cross sections a /a is bounded by 1/3 2_ a /a 23. Actual 

. 19 20 measurements of this ratio ' for charged current interactions 

are consistent with the lower bound of av/av= 1/3 up to E ~so GeV. 

The lower bound implies L=l and R=S=O. The resultant differential 

cross sections can therefore be written 

If the neutral current enters the Lagrangian in the same 

way as the charged, i.e., with coupling constant G2 and structure 

V-A, then these differential cross sections will hold for the 

neutral interactions. On the other hand, one might expect that if 

the analogy between weak and electromagnetic interactions implied 

some deep symmetry, then both neutral currents might be expect.ed 

to have the same form, i.e., V. The resulting weak neutral cross 

sections would be 

d2crv d2av G2M 2 
F2 (x) [l +2{l:lt] 

0 - 0 = nE dxdy - CJXOy 

and av/av 
0 0 

=l. The same cross sections would apply for A. 
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Should the weak neutral current have a V + A structure, then the 

neutrino and antineutrino would switch roles implying 

d2 \) d2 (} \) oo = dxdy Oxdy 

d2o v 
= 

d2o v 
0 Oxdy OxOy 

and ov/ov = 3. 
0 0 



III. DATA COLLECTION 

The data discussed here were obtained during two of a series 

of five experiments21 done by the Harvard-Pcnnsylvania-Wisconsin

Fermilab (HPWF) collaboration. The experiments were designed to 

search for the neutral leptonic current (v v ) via the interactions 
µ µ 

v +N-+v + hadrons and v +N+v + hadrons. The neutrino beams for 
l.I µ µ µ 

these experiments were created by protons extracted from the Fermi 

National Accelerator Laboratory (Fermilab) synchrotron. Hadrons 

(predominantly ~ and K mesons) produced by interactions of the 

proton beam in an aluminum target were then focused to enhance the 

flux of neutrinos or antineutrinos produced by meson decays in a 

340 m evacuated drift region. All particles other than neutrinos 

were then stopped by a 900 m earth and steel shield. The neutrinos 

and antineutrinos entered a target-detector (Fig. 6) consisting 

of sixteen ionization calorimeter modules filled with liquid scin-

tillator. Charged particles entering the detector were vetoed by 

trigger counter A located just upstream of the calorimeter. Inter

actions in the liquid triggered the apparatus when ionization energy 

deposited in the calorimeter by the emerging hadrons exceeded a 

threshold value. The trigger was used to initiate recording of the 

calorimeter pulse height and to fire optical widegap spark chambers 

(WGSC) located downstream of every fourth calorimeter module. The 

hadron shower was then photographed in the WGSC. Any part of the 

hadron shower emerging from calor·imeter module 16 was absorbed by 

a 35 cm thick steel shield before it could reach WGSC4. 

-10-
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When a neutrino or antineutrino interacted through the 

charged current (µv } , the final state muon generally emerged 
}..I 

from the calorimeter and steel shield. The muon then traversed 

a magnetic spectrometer consisting of four iron core toroidal 

magnets each followed by a WGSC. Eighteen scintillation counters 

assembled into three banks (B,C,D} were located within the 

spectrometer. The muon was observed in any of the chambers or 

counters it traversed. Charged current interactions could there

fore be distinguished from neutral current interactions by the 

observation of a muon downstream of the calorimeter. In both 

cases the hadron energy transfer (EH} could be detennined from 

pulse height measurements within the calorimeter. For charged 

current interactions the final state lepton (muon) momentum (f.1} 

was measured in the spectrometer and the incident neutrino energy 

was determined as E=EH+E1. A typical charged current interaction 

is shown in Fig. 7 with the corresponding pulse height distri

bution. Fig. 8 and 9 show neutral current interactions, i.e., 

neutrino interactions with no observed muon. 

The five experiments in this series were carried out during 

the period May 1973 to March 1974. They are distinguished from 

each other primarily by different incident neutrino beams. The 

extracted proton energy was either 300 GeV or 400 GeV. The neutrino 

and antineutrino spectra are shifted towards higher energies for 

the higher proton energies providing the possibility for any 

threshold effects to appear differently for different experiments. 
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Different hadron focusing systems were used to alter the energy 

spectra, increase the flux, and change the mixture of neutrinos 

and antineutrinos incident on the detector. This provided the 

possibi1ity for distinguishing differences between neutrinos 

and antineutrinos interacting through a neutral current. 

The first experiment was done with extracted protons of 

both 300 GeV and 400 GeV but no focusing of the secondary 

hadrons was provided. The result of this beam configuration was 

that the fraction of the charged current events due to neutrinos22 

(a} was cx=.83+.02. An earlier version of the spectrometer was 

used which employed smaller chambers and counters located farther 

from the target (calorimeter). This resulted in a low and poorly 

measured acceptance for the final state muons of charged current 

interactions introducing an uncertain background of charged current 

events with unobservable muons simulating neutral current events. 

The data presented here are the product of the next two 

experiments which were run after modifying the spectrometer to the 

configuration described here. The first of these was run with 

extracted proton energy of 300 GeV. The secondary hadrons were 

focused by a magnetic horn with polarity set to enhance the f1ux 

of negative hadrons. This in turn resulted in an antineutrino 

flux enhanced with respect to the unfocused beam. The fraction of 

charged current events due to neutrinos was cx=.62+.03 for the 300 

GeV horn focused experiment. The following experiment was run with 

extracted proton energy of 400 GeV. Secondary hadrons were focused 
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by the same magnetic horn but with the polarity set to enhance 

positive hadrons. The result of this beam configuration was an 

almost completely pure neutrino beam. The measured value of 

a was a= .94+.01. These two experiments together provide a 

neutral current search in a pure neutrino beam and a mixed neutrino-

antineutrino beam allowing one to measure the results obtainable 

from neutrinos and antineutrinos independently. 

The final two experiments in the series were run with 

extracted proton energy of 300 GeV. Secondary hadrons were focused 

by a series of quadrupole and dipole magnets23 designed to select 

hadrons of one sign. This resulted in beams for the two experiments 

characterized by a= .12+.05 and a= .98+.0l respectively. The magnet 

configuration also reduced the particle flux and restricted the 

neutrino and antineutrino energies to lie primarily in the range 

20 < E < 80 GeV. The sign selection allowed neutral current 

searches to proceed in relatively separated neutrino and antineutrino 

beams but the reduced flux limited the statistics. 

< 
M 
! 



IV. EVENT SELECTION Arm DATA Ar4ALYSIS 

The film obtained with the 300 GeV and 400 GeV horn focused 

beams was scanned with a loose selection criterion to obtain a set 

of event candidates. Any event which produced two or more tracks 

in WGSC 1,2, or 3, was considered a candidate. The tracks were 

then projected upstream to obtain the location of the interaction 

vertex (Fig. 10). Candidates whose vertex could not be located in 

all three stereo views were rejected. For the surviving events, 

the number of tracks in each WGSC was recorded. The further re

quirement that the vertex coordinate along the beam line (Z) agree 

with the pulse height measurements made in the calorimeter modules 

was applied. An additional requirement was applied to insure 

against bias in favor of charged current events. The threshold 

discriminator was found to be fully efficient for energy transfers 

above 4 GeV (Fig. 73). This requirement was therefore applied to 

all the data. 

Film from the 300 GeV run was first scanned by physicists 

and then rescanned by non-physicist scanners. 95% of the events 

found by physicists were also found by scanners. Film from the 

400 GeV run was fir.st scanned by scanners. Each candidate was then 

examined by physicists to check the application of scanning criteria. 

This resulted primarily in identifying sparks which were unrelated 

to the observed events. Unrelated sparks were due to charged 

particles entering the apparatus during the >10 us memory time of 

the WGSC (clearing fields had not yet been installed). These sparks 

-14-
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were easily distinguished from related sparks due to their physical 

displacement from the interaction, lower light output, and non

linearity (due to drifting and recombination of the ions). 

Once a set of events was obtained in this way for each 

experimental run, it was divided into two categories. Events were ~ 

termed charged current (C) if a muon was detected. Events were 

termed neutral current (N) if no muon was detected. Three cor-

rections had to be applied to the data. Low energy muons which 

ranged out before detection, or wide angle muons which missed the 

detector produced no muon signal and tended to shift events from 

C to N. Energetic hadrons which penetrated the absorbers pro

tecting the muon detectors produced a false muon signal and tended 

to shift events from N to C. 

As a check on systematic errors in the application of these 

corrections, the analysis was done in three ways. In one analysis 

(MUl), observation of a muon was determined by a count in counter 

B24• The large size of MUl and its proximity to the target 

minimized the corrections due to low energy and wide angle muons 

but resulted in the largest correction due to hadron penetration. 

In the second analysis (MU2), observation of a muon was determined 

by a count in counter C or a track in WGSCS. The separation of 

MU2 from the target increased the corrections due to missed muons. 

However, as shown below, the 74 radiation lengths and 12 inter-

action lengths provided by the first magnet eliminated the correc

tion due to penetrating hadrons. In the third analysis (MU3), 

j 
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observation of a muon was determined by a track in WGSC4, The 

smaller size of MU3 increased the correction for wide angle muons 

and reduced the number of penetrating hadrons. Also, the ability 

to measure the direction of the momentum vector of particles seen 

in MU3 provided a technique, described below, for separating 

hadrons from muons. 

For the MUl detector, the probability for a hadron to pene

trate was measured by using a sample of charged events detected in 

MUl and MU2. Of these events, the fraction which had more than 

one counter in the B bank trigger or which had an excessively large 

pulse height in B with only one counter in the bank triggering 

was measured as a function of the energy transfer EH {Fig. 11). 

Because of the high probability for hadrons from large EH events 

simulating muons in the MUl detector, a cut was placed on events 

for the MUl analysis of EH<40 GeV. After applying this additional 

constraint we have plotted the penetration probability as a function 

of the vertex location Z in Fig. 12. The events in the MUl analy-

sis must then be corrected according to these measurements. The 

results are shown in Fig. 13. 

A measure of the number of hadrons which penetrate to MU2 

was obtained by searching for events with two or more apparent25 

muons. No events were found. 

For the MU3 detector, penetrating hadrons were distinguished 

from muons by requiring muon tracks in MU3 to extrapolate back 

to the.interaction vertex. A sample of 558 events have tracks seen 

---------
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both in MU3 and WGSCS and are therefore guaranteed to be muons. 

By measuring 306 of these tracks, H was found that . 93±. 02 of 

the muons extrapolate back with projected angular errors in the 

X-Z and Y-Z planes of less than 100 mr (Fig. 14). The width of this 

distribution is due to multiple scattering (20 mr for 4 GeV muons), ~ 

vertex measurement errors (20 mr r.m.s.), and track reconstruction 

errors (30 mr r.m.s.). By measuring a sample of 164 events which 

have two or more tracks in WGSC4, one of which must be a hadron 

(delta rays have been excluded), it was found that only .24±.04 of 

the hadrons artificially satisfy the 100 mr constraint (Fig. 15). 

The C events for the MU3 detector are then divided into two classes. 

Those with tracks also visible in WGSCS are assured of being muons 

and need no correction. The C events without a track in WGSCS were 

all measured and the extrapolation errors calculated. Using the 

measured probabilities for muons and hadrons satisfying the 100 mr 

constraint, these C events were then reclassified as having muons 

(C) or penetrating hadrons (N). The results of analyzing the 

events in this way are shown in Fig. 13. This procedure was re-

peated using a 60 mr angular error constraint. The probability for 

hadrons to satisfy the constraint is reduced to .11±.03. For the 

muons, .75±.03 satisfy the constraint. The corrected numbers of 

neutral and charged events using these values agree with the previous 

ones within less than one standard deviation. 

For the MUl and MU3 analyses, the acceptance (E ) for wide 
µ 

angle muons was purely geometric. Assuming azimuthal symmetry for 

. ·~ 
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the final state muons, the acceptance of MUl and MU3 as a function 

of the polar angle e was calculated for each point within the 

target. The angular acceptance, averaged over the fiducial volume, 

is shown in Fig. 16. The measurements in MU3 discussed in the 

previous paragraphs yield directly the observed angular distribu

tion shown in Fig. 17 and 18. Using the calculated geometric 

acceptance and the observed angular distribution, we obtained the 

corrected angular distribution for e2480 mr, shown in Fig. 17 and 

18. From Fig. 17 and 18, we calculated the probability for 

detecting muons (the detection efficiency) produced at angles 

0<480 mr. For angles 0>480 mr the detection efficiency was too low 

for this calculation. Consequently, a monte carlo calculation (see 

section VI) was done which estimated the fraction of muons produced 

at 0>480 mr to be .06±.005 for the 400 GeV run and .04±.005 for the 

300 GeV run. The resulting detection efficiency over all angles is 

given in Fig. 13 for the various detectors. The monte carlo cal-

culation can be seen to reliably predict the corrected angular 

distribution for 8<480 mr in Fig. 17 and 18. 

For the MU2 analysis, a similar calculation was done. In 

this case, the monte carlo was also needed to estimate the effect 

of the magnetic focusing of the first magnet. This changed the . 
value of the detection efficiency by <.01 when averaged over the 

data. For both analyses, the effect of multiple Coulomb scattering 

on the detection efficiency was calculated to be <.005. 

The correction for low energy muons which ranged out before 

detection could only be made using the monte carlo calculation. 

I 
I 
I 
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This correction, however, turned out to be quite small for two 

reasons. The average range cutoff for MUl and MU3 was 1.2 GeV and 

for MU2 it was 2.4 GeV. The median muon energy, however, was 

measured to be 30 GeV or 25 (or 12) times the cutoff, suggesting 

a small effect. Secondly, all models of neutrino interactions imply 

a strong correlation between the energy and angle of the final 

state muon. This is in large part aided by the kinematics of 

Lorentz transformations which enforce a maximum momentum (and 

therefore energy) at each angle as shown in Fig. 19. Consequently, 

most muons which ranged out were at angles such that they would 

not have been detected anyway. The result is a reduction of <.02 

in detection efficiency which has been included in the calculation 

in Fig. 13. The reliability of this calculation can be seen in 

part by a comparison of the observed muon momentum distribution 

above 5 GeV/c with the monte carlo prediction in Fig. 20 -22. 

After removing penetrating hadrons (none of MU2), and 

correcting for the average detection efficiencies, the resulting 

ratios R of neutral to charged events were calculated. For the 

300 GeV run (mixed v and v ) R =.22±.04 and for the 400 GeV run µ µ 

(almost pure v ) R=.32±.04. Except for the small kinematic 
µ 

constraint EH>4 GeV, the ratio R is the ratio of cross sections 

R=o /o averaged over the mixture of neutrinos and antineutrinos 
0 

(R=aRv+(l-a}Rv) present in the beam. 

To check on the sensitivity of these results to various 

geometric constraints we have plotted in Fig. 23 - 26 the ratios 

. l 
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and detection efficiencies for MU2 computed as described above, as 

functions of the transverse dimension of the fiducial volume and 

as functions of the calorimeter module number (Z). The ratios were 

seen to be independent of these variables within statistical 

fluctuations. Attempts to alter the results by making a large 

increase in the number of muons produced at angles 8>480 mr force 

these muons all to lie. below 7 GeV as shown in Fig. 19. This 

would cause a large discrepancy in the muon momentum distributions 

in Fig. 20 - 22. In addition, since the muons retain so little 

energy, the hadron energy transfer would be large (y~l and EH~E) 

and the R would show a strong rise with EH (Fig. 27 and 28). 

Furthermore, if EH~E the distribution in the observed energy for 

the neutral events (EH) would follow the incident spectrum of 

neutrino energy (E) (see Section VI). In Fig. 29, however, it is 

shown that the observed energy for neutrals falls rapidly above 

20 GeV while the incident spectrum has a broad maximum at 30 GeV 

indicating that large amounts of energy are carried off by f"inal 

state neutrinos for neutral events. 

The use of the three different muon identifiers provides 

a further check on the systematic errors (Fig. 30 and 31). The 

MU2 identifier has moderate detection efficiency but involves no 

hadron penetration correction. The MUl identifier is much closer 

to the target and so has very high detection efficiency but is 

subject to a significant hadron correction. The MU3 identifier 

provides a cross-check by using a different technique for removal 
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of penetrating hadrons with a sacrifice in detection efficiency. 

The fact that these three identifiers produce the same value of 

R within statistics even though the corrections differ greatly in 

magnitude and technique, provides convincing support for the 

validity of this result. We conclude from these various checks 

that systematic errors in R are around .03. 

The two data sets discussed here produce results which 

differ by 2.75 standard deviations. Note, however, that the 4 

running conditions differed significantly. The incident proton 

energies were E = 300 GeV and E =400 GeV. Focusing of secondary p p 

hadrons produced by the protons favored neutrinos in the 400 GeV 

run and antineutrinos in the 300 GeV run and made significant 

changes in the v and v energy spectra. The implications of 
µ µ 

these differences are discussed in Section VII. 

Previous results published by HPWF are in complete agree

ment with these data with the exception of the value Rv=.13±.06 

measured with the sign selected beam which is 3 standard devia-

tions below the value reported here. The number of neutral 

current events for this measurement was sufficiently small (22), 

that this disagreement may only be a statistical accident. 



~ V. BACKGROUNDS 

Backgrounds consist of neutral particles entering the 

detector and interacting without producing final state muons. 

The most likely candidates are machine associated neutrons, 

photons, and electron neutrinos (ve). Cosmic rays do not con

tribute since no events were found in an equal time period of 

running with the accelerator off. 

The radiation length in the liquid scintillator is about 

50 cm or one calorimeter module. Therefore, photons entering 

the front of the detector would be damped by e- 10~10-4 before 

reaching modules 11 and 12. Photons entering the sides of the 

detector would most likely enter at narrow angles to the beam 

~ line substantially increasing the attenuation from 140 cm (3 

radiation lengths). For example, if the photons were incident 

at 20° the effective attenuation would be 9 radiation lengths. 

Sources of neutrons would have similar attenuation. The inde-

pendence within statistical errors of the ratio R with respect 

to vertex location within the detector is evidence that neutrons 

and photons are not the source of the neutral events. In addition, 

since such neutral particles would most likely have low energy, 

the fact that the ratio R remains high at large EH (Fig. 27 and 

28) is further evidence against this background. 

Electron neutrinos interacting within the detector would 

have a unifonn spatial distribution. The electrons would be 

absorbed by the scintillator and the hadron absorbers. In addition, 

since the radiation length is so long and is comparable to the 

-22-
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nuclear interaction length, shower transition curves cannot be 

used to identify the final state electrons. One must instead 

depend on calculations of the production of ve. Charged n 

mesons have branching ratios of 10-4 into v as compared to v e µ· 

so do not contribute to the flux. The branching ratio for ~ 

K~+ireve is .OS and for K~-+neve is about .4 resulting in a ve 

flux on the order of .01 of the v flux. Thus, unless the pro
µ 

0 duction of KL is 

negligible. 

very large, the background due to ve is 

I 
. l 

~ 



VI. THE MONTE CARLO SIMULATION 

Events were generated by the monte carlo at energy E with 

uniform spatial vertex distribution within the volume of the 

calorimeter. The energy transfer to the hadronic final state 

was determined on the basis of a uniform distribution in the 

variable y for neutrinos and a (l-y) 2 distribution. for anti

neutrinos. The polar angle of the muon was then determined using 

the nucleon structure function F2(x) which was obtained from 

measurements of electron-nucleon scattering26 . Azimuthal symmetry 

was assumed. Each muon was then projected through the apparatus 

taking account of ionization energy losses, multiple Coulomb 

scattering, and magnetic focusing. The transverse coordinates 

at which the muon traversed the plane of each counter and WGSC 

were recorded. 

From the events generated in this way, a subsample was 

selected of those events which could be completely reconstructed, 

i.e., those events which traversed three or more WGSC in the 

spectrometer. At each energy, one could therefore determine the 

fraction of final state muons which could not be reconstructed. 

The observed energy spectrum could then be corrected for this 

fraction (Fig~ 32 - 35). The correction is smaller for v since 
~ . 

+ the ~ on average retains a larger fraction of the incident energy 

than a corresponding ~- produced by v . This forces the~+ 
~ 

to exit at small angles e. The corrected energy spectrum was then 

used by the monte carlo to predict distributions for muon momentum, 

-24-
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muon polar angle, and hadron energy transfer. These were compared 

with the actual data in Fig. 20 - 22 and Fig. 36 - 41. In all 

cases, positive muons were attributed to antineutrinos and negativr: 

muons were attributed to neutrinos. 

To obtain the ratio of antineutrinos to neutrinos in the 

beam the corrected distributions of Fig. 32 - 35 were used. The 

observed ratio ofµ+/µ- (Fig. 42) was thereby corrected to a ratio 

of v events to v events of .07±.01 for the 400 GeV run and 
µ µ 

+ -.62±.06 for the 300 GeV run. The µ and µ angular monte car1o 

distributions were then mixed in this ratio to obtain the distri-

butions of Fig. 17 and 18 and the corrections discussed in Section 

IV. Also, from the ratio of events the mixing parameter a is 

dete nni ned. 



VII. POSSIBLE SOURCES OF NEUTRAL INTERACTIONS 

While convincing evidence exists that wide angle muons are 

not the source of the neutral signal (see Section IV), it is still 

worthwhile to discuss possible sources of such wide angle muons. 

The production of a new particle, such as a charged intermediate 

vector boson (W), (Fig. 43), near threshold would distort the muon 

angular distribution. If the W production accompanied muons only 

at very wide angles and the decay mode w~µv were suppressed, then 
µ 

an apparent neutral signal would be the result. Cross sections 

for W+ production have been calculated by R.W. Brown and J. Smith27 • 

These are shown in Fig. 44 as a function of neutrino energy E. 

When averaged over the neutrino spectrum for the 400 GeV run 

(almost no anti-neutrinos) the ratio R =o{v +N+W++µ-)/o{v +N+µ-+X) w µ µ 

(XtW+) as a function of the W mass is given in Fig. 45. If the 

entire neutral signal were due to W production, then R=Rw and the 

w+ mass would be 3.2±.3 GeV. Production of a w0 utilizing its 

electromagnetic moments would involve a weak neutral leptonic 

current (v v ). Calculations of production cross sections as a 
µ µ 

function of the w0 mass have not been made. 

Previous searches for W bosons in neutrino interactions28 

+ + + + . have looked for the decay modes W +µ vµ and W ~ ve, the signature 

being the observation of two leptons of opposite charge in the 

final state. No positive signal has been observed. This places 

a lower limit on the W mass between 1 .5 and 5.0 GeV depending on 

the branching ratio into the final state for which the search took 
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place. The production of a 3.2 GeV W which decays almost ex

clusively into final states without muo~s is in agreement with 

these previous measurements. The question of W production will be 

answered when it is possible to measure the angle and sign of 

very wide angle muons. This will increase the detection proba-

bility for final states with two muons and will extend measure

ments of x and y distributions almost to the kinematic limit 

where W production events will occur. 

Since electrons can not be distinguished from hadrons in 

this apparatus, any neutrino interaction in which the final state 

lepton were an electron rather than a muon would be a source of 

an apparent neutral signal. The possibility of an anomalously 

large v contamination was discussed earlier and is unlikely. If, e . 

on the other hand, the principle of total muon number conservation 

were to break down at high energies then the interaction v +N-+e-+X 
}J 

would be possible (Fig. 43). This could be expressed as a current 

of the type (v e) with an energy threshold associated with its 
}J 

cross section. The question of electrons in the final state will 

be answered in bubble chambers where electrons can be easily 
:i 

identified or in counter experiments where electromagnetic transi- ~ 

tion curves can be distinguished from hadronic transition curves. 

However, since the electron would be absorbed the measured EH would 

be EH=E and Fig. 29 makes this unlikely. 

A third possible source of a neutral signal is the production 

of new heavier leptons (Fig. 43). Some spontaneously broken gauge 
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theories predict the existence of heavy leptons29 • These leptons 

are members of syrrvnetry groups with light leptons of different 

electrical charge but identical lepton and muon charge. Some 

models have charged heavy leptons, and some have neutral. It is 

also possible that the lepton families are just larger than two 

leptons per family and that there are higher mass states with the 

same electrical charge as the associated light leptons. These 

could be produced by currents of the fonn (ll) where l is the new 

heavy lepton with charge +,-,0 and 1 is v , v , e, or µ. 
e 1.1 

Additionally, the heavy lepton currents might have the same trans-

fonnation properties as light leptons (V-A) or they could be any 

linear combination of S,T,P,V, or A. If the current (Lv ) has a 
}.I 

V-A structure, then the differential cross sections for producing 

heavy and light leptons are identical except for the lepton mass 

(ML}. When the lepton mass tenns are retained the cross sections 

are29: 

d2al - G2M M 2 2 
- - - E F ( 1-_l ) dxdy n 2 xs 

M,_22 2 
F ( l -- ) ( l -y) 
2 XS 2 

Ml 
over the kinematic range O<y~ 1-xs and Integrating the 

neutrino cross section we calculate the ratio of total cross 

sections RL=o(v N+LX}/o(v N+lJ-X) as a function of the neutrino 
µ µ 

energy (Fig. 46). Taking into account the mixture of neutrinos 

and antineutrinos and averaging over the energy spectrum, we 
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calculate Rl as a function of the lepton mass (Fig. 47 and 48). 

Heavy leptons would normally be expected to decay via two modes 

l·+-µ+ x 

L+v +X 
µ 

If the muon decay mode were suppressed t~n the decay of the heavy 

lepton would produce an apparent neutral signal. In this case 

R=Rl. From Fig. 47 and 48 we see this implies a lepton mass, 
2 averaging over both data sets, of 3.1±.5 GeV/c • If the muon decay 

mode were not suppressed but had a branching ratio 8, then 

R=(l-B)Rl and a lower mass lepton would be needed to produce the 

entire neutral signal. 

Recent searches for heavy leptons30 have searched for the 

muon decay mode of the lepton. They are able to identify a heavy 

lepton only if it has electric charge opposite that of the muon. 

The signature they search for is a positive muon produced by 
+ + + v +N+l +X, l +µ v v 

µ µ µ 

amongst a sample of negative muons produced by the usual inter

actions v +N+µ-+X. These searches are not able to distinguish the 
µ 

reaction v +N+L-+X, l-..... µ-+X. Also, if the branching ratio B were µ 
+ lower than expected, the l would not be detected as readily. Cal· 

culations of 8 and of the decay spectrum of the L+ are heavily 

model dependent and use the as yet unmeasured asymptotic value of 

K=o(e+e-+ hadrons)/o(e+e-..... µ+µ-). f 

I 

i 
I 
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Another major problem with previous heavy lepton searches 

is the background due to v interactions which produce µ+ final 
µ 

states. Since the level of such backgrounds is hard to measure and 

is always at least a few percent, it will be necessary to distin

guish muon decay modes of heavy leptons by their effect on 

distributions of kinematic variables. If the leptons decay via 

L+µv v then the total observed energy is reduced producing an µ µ 

apparent enhancement at large y31 . If the decay mode is L+µ+ 

hadrons or photons then the observed hadron energy transfer is 

increased producing enhancement at large y. Recent measurements 

of y distributions show such enhancement for anti-neutrino ener

gies E>30 Gev32 and may be signalling heavy lepton production. The 

apparent riseof R for EH>60 GeV (Fig. 27 and 28) may be a compan

ion signal for production of heavy leptons contributing part of the 

observed neutral signal. 

All of the possible sources of the observed neutral signal 

discussed thus far are not true neutral currents (except Lo or w0 

production) but are charged current interactions in which the 

final state lepton cannot be observed. The possibility of a neu

tral current {v v ) occurring as a third current in the weak 
µ µ ' 

Lagrangian is consistent with the observations we have made. If 

the structure of the (v v ) current were V-A and the coupling 
µ µ 

constant G~ were equal to the Fermi coupling constant G2 of the 

charged current (v µ). then the neutral and charged cross sections 
µ 

would be identical. This would imply R=l. The fact that R<l 
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could result from G2;G2=R<l, or it could be that the transo 
formation properties of (v v ) are not (V-A). If, for example, 

JJ JJ 

the neutral current transformed as V+A, then the neutral cross 

sections would be: 

This would mean that for neutrinos the ratio of neutral to charged 

cross sections would be R"=3. If the (v v ) current transformed as 
µ µ 

the neutral electromagnetic current (V) or with opposite parity 

(A), then the neutral cross sections would be: 

2 
E F (x) [l+(l-y) ] 

2 2 

and (assuming G~=G2 ) the ratios would be R"=2/3 and R"=2. 

calculations could be made for S,T, or P. 

Similar 

The observed value of R is a linear combination of R" and 

R" according to R=aR"+(l-cx)R" where ex is the number of charged 

current neutrino interactions divided by the number of charged 

current neutrino interactions plus antineutrino interactions. 

It is determined, as discussed in Section VI, by correcting the 

+ - d observed number of ~ and u . For the 300 GeV run, a=.62±.03 an 

for the 400 GeV run a=.94±.01. In Fig. 49 are shown predictions 

of the various options discussed above with no assumption about G~. 

' ' .1 
i 

. I 
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as well as the one standard deviation regions {statistical errors 

only) derived from the measured values of R and a. V+A seems to 

be in substantial disagreement with the observations. V-A is in 

reasonably good agreement with both data sets. In this case the 

two data sets could be averaged giving a total neutral signal 

R=Rv=Rv=.28±.02=390 (N)/1387{C). 

A further test of the transformation properties of the 

neutral current results from the different do/dy discussed above. 

Since the final state neutrino momentum cannot be measured, the 

only available kinematic variable is the energy transfer EH. For 

any given da/dy, the dependence of R on EH can be calculated. 

Fig. 27 and 28 show the results of this calculation with the 

coupling constant G~ adjusted to produce the observed average R. 

The R dependence on EH tends to favor the V+A cross sections. 

However, the disagreement with V-A, V, or A shapes is not compel-

ling. The best fit to the data would be something in between V 

or A and V-A. To reliably determine the structure would require a 

large increase in statistics on the order of a factor of 40. It 

should be noted that any new particle production including inter

mediate vector bosons or heavy leptons would alter the R variation 

with EH and change the nature of these preliminary conclusions. 

In particular, the R behavior for EH<60 GeV is suggestive of other 

than V-A structure while the rise in R for EH>60 GeV is suggestive 

of new particle production. 

Neutral currents are also predicted by models of weak 

• l 
J 
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interactions employing gauge fields to renormalize the theory. 

The simplest such model, proposed by S. Weinberg and A. Salam33 , 

has only one free parameter 02_w_:.l. L. Sehga1 34 has calculated the 

cross sections for neutral currents (employing the same assump

tions discussed in Section II) within the Weinberg-Salam model 

as: 

d2 " G2M CJo l 5 2 5 2 2 
dxdy = - E F (x) [{- - w + - w ) + - w (1-y) ] 

1T 2 2 g g 

d2 v 
G2M ao = 1 5 2 2 5 2 

Oxdy" - E F2(x) [(2" - w + g w )(1-y) + g w ] 
1T 

Integrating these over x and y and dividing by the total cross 

sections for charged currents yields 

R" = ( l _ w + 2 0 w2 ) 
2 27 

R"= (} - w + ~o w2) 

These ratios exceed only slightly the lower bounds calculated by 

Paschos and Wolfenstein35 , 

In Fig. 49, the allowed values of R" and R" calculated by Sehgal arc • 

shown. Allowing for some systematic errors, the observations agree 

with Weinberg-Salam model predictions for .l<w<.4 within 2 standard 

J 
·~ 
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deviations. The dependence of R on EH (Fig. 50) tends to favor 

larger values of w near w=.9 but. within the statistics, the 

region of small w agrees well with the observations. Values of 

w in the region .42w<.7 are unlikely. 

One further note should be made. There is no evidence 

to preclude the possibility that the observed neutral signal is 

due to a combination of effects. For example, neutral decays of 

4 GeV heavy leptons would result in RL=.13 in the 300 GeV run and 

Rl=.16 in the 400 GeV run. If there also were a V-A neutral current 

with coupling constant G~=.12G2 • then the observed R would be 

R=.28 for E =400 GeV and R=.25 for E =300 GeV which is in agreement 
p p 

with the respective observed ratios R=.32±.04 and R=.22±.04. As 

indicated earlier, this may also prove to be the best explanation 

of the variation of R with EH. 



VIII. CONCLUSIONS 

In the absence of any undiscovered sources of background, the 

observation of 390 neutrino and antineutrino induced interactions 

without muons in the final state is conclusive evidence for the 

existence of new ~hcnomena. While the motivation for this work was 

based on the question of the existence of weak neutral currents, 

the data are not sufficient to distinguish this from all other 

possib{lities. However, certain hypothetical sources can be ruled 

out, such as heavy leptons with masses below 3 GeV/c2, a V-A weak 

neutral current with coupling constant G~ >.39 G2 (95% confidence 

level), or V+A neutral currents. 
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IX. THE BEAM 

The neutrino-antineutrino beam for this research is provided 

by the Fermilab N-0 beamline (Fig. 51). Protons of energies 300 GeV 

and 400 GeV are extracted from the synchrotron by a coherent ex

traction technique. The resulting beam spill lasts from 20 to 

300 ~s. The protons are then guided by the switchyard magnets into 

the neutrino target hall. There the protons strike an aluminum 

target located 1400 m from the experimental apparatus. Particles 

emerging from the target (primarily n and K mesons accompanied by 

surviving protons) are then focused by a magnetic horn. After 

being focused the particles enter an evacuated cylindrical decay 

pipe 340 m long by l m in diameter. A fraction of the mesons will 

decay via 

(~) -+ µ + vµ 

thereby producing the v (v ) beam. At the end of the decay pipe 
µ µ 

is a beam stop which absorbs all hadrons which reach it. Following 

the beam stop is a 910 m earth shield which absorbs the muons pro

duced in the mesonic decays. The shield is interrupted in several 

places for beam enclosures and experimental areas. Compensating 

these gaps are sections of steel which harden the shield. The beam 

emerging from the shield consists primarily of the neutrinos and 

antineutrinos produced in the decay pipe. However, some fraction 

of the neutrinos and antineutrinos interract in the shield producing 

a muon and hadron contamination. The hadrons are absorbed by a 

2 m thick heavy concrete shield immediately upstream of the experi-
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mental apparatus. The muons produce a distinct signature by 

traversing the entire apparatus and are easily vetoed by the 

electronics. 



- x. IONIZATION CALORIMETER 

The calorimeter is composed of four separate tanks each 

containing 1.9 x 104 liters (16 metric tons) of liquid scintil

lator36. Each tank is subdivided into four optically independent 

modules with dimensions .46 m x 3.5 m x 2.9 rn. The optical 

separation is provided by sheets of aluminum suspended from the 

top and bottom of the tanks. The scintillator is viewed by 

twelve phototubes37 , six on each of bm opposing sides. Energy 

deposited in the liquid by charged particles is converted to 

light which passes from the liquid, through a plexiglass window, 

to the phototube. The index of refraction of the window is 

matched to that of the phototube glass by an optical coupling 

011 38 • A cone of flat front surfaced mirrors is used to guide 
~ 

the light to the window. Light collection is further improved 

by coating all inn.er surfaces of the calorimeter with a .3 mm 

layer of Teflon39. The Teflon produces total internal reflection 

into the liquid. 

Signals from the twelve tubes viewing each module are 

passively added by a back terminated daisy chain (Fig. 52). Both 

anode and dynode signals are carried by a single shielded twisted 

pair cable. The.signals for each module are amplified and the· 

dynode signal is inverted and then added to the anode signal. This 

doubles the pulse height and rejects common mode noise. After a 

delay of 300 nanoseconds (so as to be in time with triggering 

logic) the signal is digitized. Simultaneously the signals from 
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all 16 modules are added together forming a single pulse for the 

entire calorimeter. This pulse is fed into a threshold discrimi-

nator and is then used as an event trigger. 

The response of the calorimeter to minimum ionizing 

particles has been measured using cosmic ray muons with incident 

angles less than 18° (300 mr}. A typical response curve for a 

single module is shown in Fig. 53. The uniformity of the response 

over the surface of the module was measured (Fig. 54} by selecting 

cosmic ray muons traversing the liquid at various points along the 

axis of one of the tubes. The response of a single tube is seen 

to be greatly enhanced with respect to a l/R2 variation by the 

reflective properties of the Teflon. The response of twelve tubes 

is seen to be uniform to ±15%. 

The calibration of the calorimeter was performed in various 

beams at Fermilab. High energy muons produced in the earth shield 

by the neutrino-antineutrino beam were used to calibrate the 

calorimeter at low energies. The mean energy of these muons is 

measured to be 20 GeV and 95% are incident at angles less than 7.5° 

(130 mr}. These muons produce a mean energy deposition of 107 MeV 

per module or 1.7 GeV for the entire calorimeter. For higher 

energy calibration, n beams of 15 GeV to 146 GeV were targeted onto 

the calorimeter by the Fennilab N-5 beam line in conjunction with 

the 15 Foot Bubble Chamber magnet. The calorimeter response can be 

parameterized by the form Evis=En/[l + .255 Exp(-En/E
0
)] with 

E
0
=lll.6 GeV (Fig. 55). The widths of the pulse height distributions 
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produced by the pion beams are a direct measure of the intrinsic 

resolution of the calorimeter. These distributions, shown in 

Fig. 56 indicate an intrinsic resolution of ±15% for energies less 

than 150 GeV. 

The pions in the calibration beam are required to traverse 

the first module of the calorimeter without interacting so as to 

eliminate interactions which occurred upstream of the apparatus. 

Most of the pions then interact within the next few modules due 

to the .5 nuclear collision lengths per module. The remaining 

ten to fourteen modules provide a minimum of six collision lengths 

which prove sufficient to fully attenuate the hadronic cascades 

resulting from the pion interactions. Experimentally this is 

observed by the low or zero pulse height in the sixteenth calori

meter module. In this way one can be certain that the corrected 

energy measurement is equal to the incident hadron energy. 

When measuring the energy of hadronic cascades resulting 

from neutrino collisions, the interaction vertices are not con

strained to lie in the first few calorimeter modules. In fact they 

are uniformly distributed among the sixteen modules. For those 

interactions occurring in the more downstream modules a further 

correction must be nrade to the hadronic energy measurement to 

account for energy escaping from the downstream end of the calori

meter. 

To make this final correction one needs to know what 

,,,.-. fraction of the ionization energy is actually observed. This is 
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~asured experimentally by studying neutrino collisions which 

occur in the second module of the calorimeter. All such col-

lisions are observed experimentally to be at least 95% contained 

within the fourteen remaining rnodules. The resulting tran5ition 

curves are then used to calculate directly the shower containment 

as a function of vertex location and hadronic energy. 

i , 



- XI. HIDE GAP SPARK CHAMBERS (HGSC) 

The wide gap spark chambers consist of three conducting 

planes separated by plexiglass spacers. Each plane has dimen-

sions 3.05 m x 3.05 m x 1.27 cm and is made of an aluminum honey-

comb with a solid outer aluminum frame and a 1 rrun thick aluminum 

skin. The plexiglass spacers are 5 cm thick and are polished so 

that the chambers can be used with an optical recording system. 

When epoxied between the conducting planes the spacers form a 

chamber which is filled with a gas mixture of 80% neon + 20% 

helium. The mixture is kept pure by the continual flow into the 

chambers of fresh gas at the rate of 2 cm3/sec. The slight 

overpressure needed to maintain this flow prevents air from en-

tering the chambers. ,,-.... 

When an event trigger is produced, a signal is sent to a 

spark gap driver amplifier40 . The amplifier fires a thyratron41 

which discharges a capacitor bank. This discharge produces a 

9.5 KV pulse which is used to trigger one Marks generator for 

each WGSC. The Marks generator (Fig. 57) consists of three banks 

of capacitors which are charged in parallel to -11 KV. The 9.5 KV 

pulse fires three sets of spark gaps within the generator. This 

puts the three banks in series resulting in a +33 KV pulse to the · 

center plane of the WGSC. The gaps are prevented from firing 

spontaneously by maintaining 1.4 kg/cm2 pressure of nitrogen 

within the Marks generator vessel. 

If the chamber gas has been sufficiently ionized by the 
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traversal of a charged particle, the +33 KV pulse results in sparks 

(referred to as tracks) between the center high voltage plane and 

the two outer ground planes of the WGSC. Small impurities of highly 

electronegative gases such as oxygen will absorb ionization e1ec-

trons so fast that it is impossible to produce tracks. However. 

if the gas is pure the efficiency for producing tracks in response 

to cosmic ray muons incident at angles less than 350 mr is measured 

to be greater than 99%. Recombination of the ionized gas is 

sufficiently slow that the efficiency remains above 90% even if the 

firing occurs more than 10 µs late. This proved to be a problem 

so a static electric field of -200 Volts/cm is used to clear the 

ions from the WGSC. Tests show that the time period during which 

the chambers "remember" a track can be reduced in this manner to 

3.5 µs {Fig. 58). Further reduction is difficult due to the 

velocity saturation of the electrons42 . 
I 
f 
i 
' 1 
I 
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,,-- XII. IRON CORE MAGNET 

The iron core magnet is constructed in four modules. Each 

module consists of six cylinders of iron 20 cm thick with inner 

radius 15 cm and outer radius 183 cm. Each cylinder is assembled 

from four blocks (Fig. 59) with 2.4 mm stainless steel spacers 

maintaining gaps in between. The spacers maintain uniform gaps 

between the blocks for uniformity of magnetic field and for 

insertion of field measuring devices. 

Water cooled copper conductors carry the current to produce 

the field. Each magnet section has 12 coils (7 turns per coil) 

wrapped around it in a toroid. The geometry is sufficiently 

complex that an analytical solution for the magnetic field is 

r'-impossible. However, due to the magnetization effects of the iron, 

the field can be approximated by that of a straight wire. The 

static field equation 
-+ -+ -+ 

4'1T 
VxH=-J c 

has the approximate solution 

where I = 

c = 

R = 

-+ 
e == 

-+ 2I -+ 
H = - e CR 

84 turns x current 

3 x 1010 cm/sec 

distance from wire 

per turn 

unit vector in azimuthal direction 

A more accurate solution requires use of the magnetization 

(i,i) curves (Fig. 60) for the iron and the application of boundary 
../':._ 
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conditions at the gaps. At the vertical gaps the H field is 

approximately normal to the boundary so the requirement is 

-+ 

B. = B = B e 1ron gap 

To solve for B one need only integrate the field equation within 

a circle 43 of radius R and apply the boundary conditions. 

4nl -= 
c 

J (; x ;) • dA 0 f ~H' ;, 0 2nRH. + 2gH lron gap 

Using B - H gap gap 

B. = µH. 
1 ran l ron 

g = gap width = 2. 4 ll1ll 

and solving for B yields 

8=£!1!.( l ) 
cR l gµ 

+ nR 

At the horizontal gaps the field is incident at varying 

angles. In addition each field line crosses four gaps as opposed 

to two for the vertical. The boundary conditions are 

8tan = l 8~an gap µ lron 

X = 61 cm (see Fig. 9) I 
" ,, 

Since µ is larger (µ>100) the tangential component in the gap can · 1 

be ignored. Again integrating the field equation and applying 

boundary conditions 



21 B = µ -cR 
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The field magnitude as a function of R for this circular approx-

imation is shown in Fig. 61. 

The magnetic field can also be found by solving Maxwell's 

equations numerically. This avoids any assumptions as to the 

shape of the field lines. The program TRIM44 was used on the 

Argonne National Laboratory IBM 360/65 computer and the results 

are shown in Fig. 61 to be in substantial agreement with the 

circular approximation45 . 

As previously mentioned, the stainless steel spacers main

tain gaps for the purpose of inserting field measuring instruments. 

For this purpose Hall generators46are mounted on fibre boards and 

inserted into the gaps. The plane of the generators is mounted 

parallel to the plane of the gap. A magnetic field oroduces a 

voltage at the generator terminals which is related to the field 

strength normal to the plane of the generator. Each generator 

was calibrated using a nuclear magnetic resonance technique as a 

reference. In this way the fields normal to the gaps are measured. 

The measured as well as the calculated fields are shown in Fig. 62. 

~ 
i 



-

XIII. TRIGGER COUNTERS 

The experimental apparatus employs two types of trigger 

counters. A, B, and Dare identical counters using liquid 

scintillator and C is an array of plastic scintillation counters. 

Each liquid counter is compose~ of three separate tanks 

(modules) with dimensions 3.6 m x 1.2 m x .10 m. The full counter 

is assembled by stacking the three tanks on top of each other 

(Fig. 63). Each tank is filled with 450 liters of liquid 

scintillator36 . The scintillator is viewed by eight phototubes47 , 

four on each of two opposing sides. High 1ight collection effi

ciency is maintained through the use of Teflon linings, mirror 

cones, and optical coupling oil {see calorimeter discussion). 

Signals (Fig. 64) from the four phototubes viewing one side 

of each counter module are linearly added, amplified, and then fed 

into a threshold discriminator. This results in six pulses for 

each counter48 . Counters B and D are used as muon identifiers. 

To protect against accidental pulses and to provide a precisely 

timed signal, the right and left pulses for each module of Band D 

are fed into mean timing circuits. The timing of the output pulse 

from the mean timing circuit is independent of the position of the 

triggering particle in the module to ±1.5 ns. This is to be con

trasted with the intrinsic ±4.5 ns which would result from the 

physical dimensions49 alone if standard coincidence logic were used. 

The resulting pulses are used for triggering and particle tagging. 

Counter A is used as a veto counter to inhibit triggers produced by 

-41-



-48-

charged particles entering the front of the apparatus. Because 

of its location, counter A is subjected to a high flux of particles 

during the accelerator beam spill. This would tend to overload a 

mean timer so standard coincidence logic is used. Counter C is 

an array of sixteen plastic scintil1ation counters each with 

dimensions .61mx1.2mx1.2 cm (Fig. 65}. Light i~ collected at 

one end using a plexiglass light pipe. A single phototube47 views 

each counter. The sixteen signals are linearly added (Fig. 66) 

and fed into a threshold discriminator. The discriminator output 

is then available for triggering or particle tagging. 



XIV. NOISE 

The inevitable result of discharging 33 KV in the WGSC 

is the production of large amounts of electrical noise. The dis

charge results in sparks between any two nearby conducting surfaces. 

Signal cables located 10 cm from the WGSC have been observed to 

arc to nearby grcund planes. The shields on the Marks generator 

high voltage cables arc through their insulation when placed near 

each other. These sparks produce additional noise signals. The 

result of this noise has been disruption of virtually every phase 

of our data taking procedures. 

In order to reduce the noise levels several steps are taken. 

While the WGSC can operate efficiently when filled with pure helium, 

this requires operation at 48 KV. The use of the much more expen

sive neon-helium mixture allows the reduction of voltage to 33 KV 

resulting in a large reduction in noise. All cables connected to 

the Marks generators are suspended a minimum of 4 cm from any con

ducting material. The Marks generators are all grounded via the 

shortest path to the iron magnet. All cables are kept as far from 

the WGSC as is physically possible. All power supplies associated 

with the WGSC are kept as close to the WGSC and as far from the 

other electronics as possible. 

From the time that the decision is made by the triggering 

logic to fire the WGSC, there is approximately 300 ns remaining 

before the noise signals arrive at the data recording electronics. 

This allows sufficient time for all trigger counter and ionization 
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calorimeter information to be stored in the various electronic 

devices. In addition it provides time to establish a logical 

inhibit in all devices which might otherwise record the noise 

signals as data. After ext~nsive study it was shown that most 

of the commercially available NIM and CAMAC standard electronics 

we use can be successfully protected from WGSC noise by use of 

logical inhibits. Special noise immune circuits were built to 

control the advancing of the camera (Fig. 74 ) and frame number 

{Fig. 67). 

Digitizing the signals from the ionization calorimeter is 

the most delicate problem since the signal levels are as small 

as 100 µv. To deal with this several steps are taken. The tube 
/""'-

base for each phototube is grounded to the iron shield surrounding 

the phototube. This shield is then ~lectrically isolated from the 

calorimeter tank itself. In this way the shield and tube base 

form a Faraday cage around the tube and base, and noise signals 

are not transmitted from the tanks to the electrical ground. The 

phototube signals are carried by shielded twisted 1 pair cables 

insuring that virtually all noise signals are common to the anode 

and dynode lines. Inverting the dynode signal and adding it to 

the anode then eliminates virtually all common mode noise trans-

mitted through the cables. The remaining noise which enters the 

analog to digital conversion units is small compared to the 

amplified phototube signals. 

I 
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XV. OPTICS 

The optics in this experiment are designed so as to view 

the eight WGSC at three different angles and record the images 

with two cameras (Fig. 68). Two views consist of a ±7.5° stereo 

system viewing all eight WGSC with one ca~cra. The third consists 

of the four upstream \\GSC vi ev1ed at 90° by a second camera. 

The 90° camera views the four WGSC 1-4 through an 80 mm 

lens set at f /5.6. The light from each WGSC is brought to the 

camera by two bending mirrors as shown in Fig. 69. The mirrors 

are placed so as to provide approximately equal optical path 

lengths to each WGSC. 

The ±7.5° camera views WGSC 1-8 through a 210mm lens set 

at f/11 . The mirror system (Fig. 70) is divided into two parts. 

WGSC 1-3 provide shower identification. The light from each WGSC 

is reflected by three bending mirrors into the upstream stereo 

mirrors. The two views created by the stereo mirrors are then bent 

into the camera with two small mirrors. WGSC 4-8 are used as muon 

identifiers. Since they typically have only one track they produce 

a much brighter spark then WGSC 1-3 which typically have many 

tracks. To reduce the light output a .8 neutral density filter is 

placed in front of each window of WGSC 4-8. The remaining light is 

reflected by three bending mirrors to the downstream stereo mirrors 

which are viewed directly by the camera. 

Each WGSC has four fiducial marks for each camera which views 

-SJ . 

,,-'' 
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it. The marks are back-lighted ''X''s machined into black opaque 

plexiglass. The fiducial lamps are flashed for four seconds 

after each event. A visual frame number consisting of six gas 

discharge tubes is also flashed after each event. 

Muon tracks are measured using digitizing measuring tables. 

Corrections are made taking into account the distortions intro-

duced by the mirrors and the v:GSC windows. A correction is also 

made to account for refraction of the light passing through the 

windows (Snell's law). Reconstruction resolutions of 2 mn in the 

plane perpendicular to the optical axis (Y) and 6 nm in the plane 

parallel to the optical axis (X) have been measured. This is 

......... comparable to the 5.6 mm projected rms multiple scattering of a 

15 GeV muon traversing one section of the magnetic spectrometer. 

A calibration of the entire system was made using approximately 

monoenergeti c muons produced by pion decays in the N-5 beam 1 ine. 

Since pions were not removed from the beam, the distribution is 

somewhat skewed towards lower momenta. The measured momentum 

distributions are shown in Fig. 71. The resolution is seen to 

vary from 10% to 50% over the range 20 GeV/c to 125 GeV/c. The 

resolution is broadened by the fact that all the calibration muons 

were deflected in the horizontal plane where measurement errors 

are most severe. 



XVI. ELECTRONIC LOGIC AND DATA RECORDING 

An event trigger can be ~reduced in either of two ways. 

The signals from the trigger counters can be required to be in 

coincidence. For example a BCD trigger {counters B,C, and D in 

coincidence) is used to identify muons which leave the calori-

meter and traverse the entire magnetic spectrometer. A second 

event trigger (E} is produced by a minimum energy deposition in 

the calorimeter. For the electronics to accept either of these 

triggers three additional conditions must be satisfied which I 

label experiment on gate, WGSC ready, and computer ready. These 

are described below. 

The trigger rate due to cosmic rays satisfying the AE 

trigger (A counter in anti-coincidence with E} is measured to be 

50/sec. To reduce the trigger rate an experiment on gate is 

established. The 1 MHz clock train which is used to time the 

cycles of the Fermilab synchrotron is provided to each experiment. 

Using these signals we can provide an electronics gate which is 

timed to the beam extraction to within 14 µs. The actual spill 

lasts about 300 µs. For safety we begin our beam on gate 400 µs 

early and end it 300 µs late for a total gate of 1 ms. In 

addition, to provide a normalization for cosmic ray triggers within 

the beam on gate, a beam off gate of l ms is established imme

diately following the beam on gate. The experiment on gate is the 

sum of the beam off and beam on gates. 

Each time the WGSC are fired the Marks generator capacitors 
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must be recharged. For this purpose, immediately following an 

event trigger the electronics are disabled for approximately 4 

seconds after which the WGSC ready condition is re-established. 

During normal operation this has little effect. The cameras 

could not advance fast enough to record a second event during the 

300 µs spill and the accelerator cycle time is at minimum six 

seconds so the generators are always ready by the next pulse. 

While the computer is waiting to receive an event trigger 

interrupt the computer ready condition is established. As soon 

as an event trigger interrupt is received, the ready condition 
. 

is removed and is not reestablished until the entire data record-

~g procedure is complete. 

Once the electronics accepts an event trigger the data 

recording cycle begins. Gates are sent to various electronic 

devices (Fig. 72}. After a delay to permit completion of data 

storage an interrupt is sent to the computer50 which reads the 

electronics output registers via a standard CAMAC dataway, branch 

highway, and electronic interface, and writes the data on magnetic 

tape. The event trigger is also used to discharge the WGSC and 

flash fiducial lamps and visual frame number for recording on the 

film. After all data are recorded the registers are cleared, the 

camera is advanced, the computer ready condition is established, 

and the apparatus is ready to accept another event. 

l 
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38} Dow Corning Silicon Oil. Index of refraction 1.495. 

39} Index of refraction 1.33. 
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Driver Amplifier. 
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