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ABSTRACT 

We propose here an experiment, using neutrinos in the 

energy range 10 - 100 GeV, that will permit us to: (1) search 

for an intermediate vector boson W through the reaction 

V +Z-+j.L +W++Z, up to a W mass of """ 10 Gev/c 2 at
j.L 

200 GeV operation of NAL; both the leptonic and hadronic 

decay modes will be detected; (2) measure the cross section 

for the diagonal 'point' four-fermion interaction V +Z-+j.L-j.L+v Z;
j.L I.! 

(3) measure d20/dq2d(E - E ) in the region l-+very large,
V j.L 

(E - Ej.L) -+very large, i.e., the deeply inelastic scattering
V 

2 2
region; (4) measure d O'/dq d(E - Ej.L) and O'tot(E ) for the v V

reaction II +P-+j.L-+ (anything). The device that will be used 
I.! 

to accomplish these experiments consists of a large hydrogen 

target, a heavy metal, fine-grained total absorption calori 

meter and a large iron core magnet. 

*In alphabetical order: E. W. Beier (P), D. Cline (W), A. K. Mann (p) 

J. Pilcher (H), D. D. Reeder (W), C. Rubbia (H), plus at least 3 


post doctoral people and several graduate students. 
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I. 	 INTRODUCTION 

We propose here an experiment, using neutrinos in the energy range 

10 -	 100 GeV, that will permit us to: (1) search for an intermediate 

- +vector boson W through the reaction V +Z-+~ +W +Z, up to a 
~ 

W mass of """ 10 GeV /c 2 
at 200 GeV operation of NAL; both the leptonic and 

hadronic decay modes will be detected; (2) measure the cross section for the 

diagonal I point' four-fermion interaction V + Z-+~ -~+V Z; (3) measure 
~ ~ 

d20'/dq2d(EV- E~) in the region l-+very large, (E - E ) -+very large, Le.,
V ~ 

2
the 	deeply inelastic scattering region; (4) measure d 0'/dld(E - E~) andv 

O'tot(EJ for the reaction v~+p-+~-+(anything). 

It is a fortunate aspect of high energy neutrino physics that all 

of these experiments can be accomplished at the same time in the same 

relatively simple apparatus without compromising anyone of them. The 

apparatus, which will be described in detail later, consists of a 

multi-ton liquid hydrogen target followed immediately by a modular 

arrangement of liquid scintillator-lead plate counters and spark chambers 

which form a fine-grained ionization calorimeter and, finally, an iron 

core magnet. A sketch of the apparatus is shown in Fig. 1. The ioniza

tion calorimeter serves two functions: (i) It is the massive target for 

the reactions (1), (2) and (3) above, and (ii) it detects and measures 

the energy Eh of the hadronic-electromagnetic cascades produced in the 

inelastic reactions (3) and (4). The solid iron magnet determines the 

charge and the momentum of high energy muons originating in neutrino 

reactions in the targets. 

The principle aim of all of these experiments is to search in 

completely unexplored regions for fundamental structure in both the 

weak 	and strong interactions. These exciting searches become possible 
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because neutrinos with energies in the 10 - 100 GeV region provide a unique 

probe for both the weak and the strong interactions. 

For the weak interactions high energy neutrinos open the possibility 

of studying pure leptonic processes other than muon decay, which is 

imperative if the basic nature of the weak interaction is to be understood. 

Thus, in the not unlikely event that the W boson does not exist or is 

inaccessible to NAL energies, the study of the point four-fermion reaction 

V +11 .... V +11 (on Z) will tell us definitively whether or not a self current
11 11 

interaction does in fact exist and accurately determine its coupling 

1
strength. Furthermore, it may be possible in that reaction to search 

for 1eptonic neutral currents in a purely 1eptonic process. 

For the strong interactions high energy neutrinos allow us to 

extend the results on deeply inelastic scattering obtained at SLAC to 

higher momentum and energy transfers and thus to probe deeper into 

2hadronic structure. This comes about, if we assume that evc holds at 

these large momentum transfers, because neutrino inelastic scattering 

processes do not have the overall 1/q4 suppression that is present when a 

photon is exchanged and because the high energy neutrinos available at 

NAL permit large values of (E - Ell) to be reached. Of course, a breakv 
down of cve at high momentum transfer might occur and might limit the 

cross section for high momentum transfer inelastic neutrino scattering, 

but that would in itself be of considerable interest. 

There is also the possibility that the very large momentum and 

energy transfers in deeply inelastic neutrino scattering may probe the 

lepton vertex more deep1y2,3 than is possible in any other process if 

some hitherto unsuspected structure is present in the weak interaction. 
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We proceed now to discuss in somewhat more detail the measurements 

propose 1at~ons4 concern~ng tdba ove. Present specu " "he W suggest t hat t he 

W mass may be below 10 GeV. An early exploration of at least this mass 

range at NAL is particularly desirable. The principle difficulty in 

observing high mass W production or the point four-fermion interaction 

arises from the enormously more probable rate of inelastic events in the 

same target. For example, if the total neutrino cross section continues 

to rise linearly with energy, the yield of inelastic events will exceed 

the dimuon events from high mass W production and decay or the point 

4 5four-fermion interaction by a factor of order 10 - 10 • The experimental 

technique proposed here is designed to distinguish the coherent or quasi-

coherent dimuon events in which a nuclear cascade is absent from the more 

common inelastic events with energetic hadrons. We refer to the former as 

'quiet' events and the latter as 'noisy' events. We shall show that the 

noisy events which begin with only one muon in the final state can be 

cleanly separated from the quiet events with two muons of opposite 

electric charge in the final state. The separation relies on absorbing 

energetic pions in the noisy events before they can decay in flight and 
1 

on detecting electronically and visually the presence of hadronic-electro

magnetic showers in the noisy events. We shall present numerical esti

mates of dimuon event rates and differential distributions in sections III 

and IV. We note here, however, that the large transverse momentum of the 

~+ from the decay of a W+ permits us to distinguish relatively clearly 

W production from the point interaction, as will be shown in section V. 

The principle difficulty in measuring the inelastic processes lies 

in the determination of the incident neutrino energy which is necessary 

to specify the momentum and energy transfers in a given event. The same 



- 4 

technique that serves to distinguish the quiet dimuon events from the 

noisy inelastic ones will also measure the incident neutrino energy 

with a precision sufficient to delineate the basic characteristics of the 

inelastic events; this technique obtains Ev by the separate and inde

pendent measurements of E~ and E •h 

There is nothing new in the use of counter-spark chamber techniques 

to study neutrino interactions; they were used in 1962 in the beautiful 

exper1menta. 1 d·1scovery5 a f two d . 1fferent neutr1nos.. In that case, 

however, only minimal (but crucial) information concerning the identity 

of muon versus electron was needed. Attempts to study neutrino inter

actions at low energy in greater detail with spark chamber detectors 

did not yield much additional information and indeed made clear that 

such detectors are not well suited to low energy neutrino experiments. 

It is our contention that, for certain measurements at considerably 

higher neutrino energies, massive electronic-spark chamber detectors will 

again be useful. It is possible to design a system that exhibits many 

of the favorable properties of counter-spark chamber detectors, i.e., 

(i) a very large quantity of target material of appropriate Z, 

(ii) operation in a triggered electronic mode with fast timing and both 

coincidence and anticoincidence requirements, (iii) relatively clear and 

direct distinction between muons and pions that either do or do not decay 

in flight, and (iv) good angular resolution and measurement of particle 

multiplicities. It is also possible to approach in that design the 

sensitivity of a bubble chamber to low energy particles by making the 

detector sufficiently fine-grained so that a minimum of information 

is lost within it. 
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The ionization calorimeter that we propose is such an apparatus. It 

is designed to meet three specific requirements. (1) It should be a 

massive enough target of high Z to provide a rate of tri1epton production 

+ 
(V +Z"'jJ. +jJ. + V + Z) adequate to measure the coupling constant and tojJ. jJ. 

+determine the jJ. and jJ. energies and angles. To the extent that it 

meets this requirement it is also a satisfactory target and detector with 

which to search for W production and decay. (2) It should be sensitive 

to low energy hadrons and electromagnetic showers to distinguish noisy 

events from quiet ones and so to suppress the copious background of 

inelastic scattering in the search for dimuon events. To optimize this 

sensitivity we have chosen Ph as the material of the calorimeter primarily 

because, per radiation length, there is about 2.8 times more ionization 

loss in Fe than in Pb and thus information which is lost in an Fe 

calorimeter is not lost in a Pb calorimeter. For example, a neutrino 

interaction involving the momentum transfer of 0.3 GeV/c to a bound proton 

will probably free that proton which will then have a range 1.5 times 

greater than 0.5 radiation length of Pb; this roughly sets the grain 

size of our calorimeter. The range of a proton of the same momentum in 

Fe is less than 1/2 of 0.5 radiation length. (3) It should provide 

adequate measurement of the neutrino energy and of the momentum transfer 

from the incident neutrino to the outgoing muon over a wide range of 

neutrino energies and momentum transfers. In this connection, we expect 

that the fine-grained nature of the calorimeter we propose here will show 

better resolution than coarser grained spectrometers, especially in sampling 

the electromagnetic part of showers. 

We believe that the calorimeter does indeed satisfy these requirements 

and is. therefore adequate to explore the general features of neutrino 

interactions at high energies. It is not clear that a large bubble chamber 

possesses any advantages over this method in performing the experiments 
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described here. 

II. THE EXPERIMENTAL ARRANGEMENT 

1. Neutrino Beam 

There are several neutrino beam designs that have been thought of 

in connection with neutrino scattering experiments. Two of the leading 

designs involve focussing of the secondary charged hadrons with either 

(a) 	 a pulsed magnetic horn or (b) standard d.c. magnetic quadrupole 


6 

magnets. The neutrino energy spectrum calculated for magnetic horn focus

sing Is shown in Fig. 2. It is useful to compare the spectrum obtained 

with no focussing with that for horn focussing; this is done in Fig. 3. 

It is also useful to note that the dependence of the integrated neutrino 

flux distribution on the length of pion and kaon decay space D, on the 

length of the muon shield S and on the radius of the hadron tunnel is 

weak) as is indicated in Figs. 4 and Sa) b which also shows the neutrino 

spectrum above 100 GeV. We conclude that the exact nature of the focus

sing technique, of the drift space, of the muon shield and the tunnel 

are not critical factors in the design of the experiment we propose. It 

seems probable that, initially at least, the properties of the neutrino 

beam will be determined to a large extent by cost and time constraints 

and possibly the desire for simultaneous running of a counter-spark 

chamber arrangement and a bubble chamber. 

The experimental technique described in the next section can 

utilize the maximum neutrino flux over the broadest energy band or any 

narrow band focussing system. It will function equally well on beam 

spills of short or long duration and hence is compatible with simultaneous 

runnin~ with a bubble chamber; since it requires 60 microseconds to empty 
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the NAL synchrotron of protons for 3 turn extraction, we assume that the 

shortest beam spill will have a flat-top at least that long. If it turns 

out to be desirable we might also make use of the wings of the current 

pulse in the horn by recording the current in the horn at the time a 

neutrino interaction takes place in the detector. 

For the purposes of this proposal we use the calculated neutrino 

spectrum from a real magnetic horn focussing system shown in Fig. 5, ,mich 

bas Lhe added important advantage of providing relatively pure neutrino or 

antineutrino beams. 

One finds from that spectrum the following values which are useful 

for orientation purposes. 

dI,/EJ 	 3 2 6 
d dE = 2.2 x 10 Vl(m - 10 inc. protons)

Ev V 

and 
100 

2 2 6
1.4 x 10 vi (m - 10 inc. protons)S20 

= 

13
For 10 protons incident on target per second (the design figure for the 

13
accelerator is 1.5 x 10 per second), one obtains 

I (E < 20 GeV) = vi (m2 
- sec.)V V 

and 

vi (m2 
- sec.) 

2. Targets and Detectors 

We consider here in greater detail the experimental arrangement 

described earlier and shown schematically in Fig. 1. 

(a) 	 Hydrogen target. Behind the main muon shield is located a 

2 2
liquid hydrogen target for the measurement of d (T/dq d (Ev - Ell) and O'tot (EJ 

on hydrogen. We envision this target as the NAL liquid hydrogen storage 

"I" 7f-ac~ ~ty and discuss it further in Appendix I. For a container 3m in 
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m in useful length, the target contains 3.5 metricuseful diameter and 7.5 

in thetons of liquid 	hydrogen (Le., about 83% of the useful hydrogen 

7.5 m of liquid hydrogen isproposed 25 foot bubble chamber) • Observe that 

radiation length; the range of a2 collision lengths and 0.9 of a 	 it is 

0.25 GeV pion or a 0.45 GeV proton. Since the collision length as usually 

calculated includes diffraction scattering, it can be estimated that more 

than 1/2 of all charged pions, kaons and protons will emerge from the 

hydrogen target without having undergone a deteriorating collision. Scin

ti11ation counters in front and behind the hydrogen target (and possibly 

along its sides) signify that an interaction has occurred in the hydrogen 

and not elsewhere in the apparatus. 

(b) Ionization Calorimeter. Immediately following the hydrogen 

target 	there is an ionization calorimeter or total absorption spectrometer 

2of area 3 x 3 m and overall thickness along the neutrino beam of 8.2 meters. 

It contains a very large number (~ 700) of very thin (~ 3.0 mm) lead plates. 

The space between the plates which are about 5 mm apart is filled with 

liquid scintillator. The calorimeter is about 25 collision lengths (t)
c 

deep and it contains approximately 225 metric tons of lead. We expect that 

2
measurable interactions occur only in the central area of 2.5 x 2.5 m so 

that the calorimeter consists of 155 tons of potentially useful Pb target. 

Because of its 	large size, the calorimeter has to be constructed 

in modular form as shown in Fig. 6. Each module consists of 46 lead plates, 

2
has an active area of 1 x 3 m and a thickness of approximately 44 cm. In 

order to increase the structural strength of the large lead plates, thin 

(0.5 mm) aluminum foils are glued on both faces of each lead plate. A full 

size lead-aluminum sandwich plate has been manufactured and it is shown in 

Fig. 7. As a result of these tests we conclude that this technique provides 

an increased rigidity adequate to the purpose. 

We have chosen to use liquid rather than plastic scintillator 
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because of the prohibitive cost of the latter. Furthermore, since 

conventional solvents such as toluene or xylene dissolve most plastic 

materials and conventional glues, other liquids have to be found. Two 

solvents, SHELLSOL A and DECALIN can be held easily in 1ucite containers 

8and have been used extensively by a CERN group. These liquids are cheap 

(1 - 2 dollars/liter) and easily obtained in large quantities. When used 

with the standard solutes P-TERPHENIL and POPOP, the light output of SHELLSOL A 

o].wne. DECALIN has intrinsically a 1mver light output, 

but less absorption of its own radiation which makes it competitive 'vith 

SHELLSOL A in large containers of the size presently under consideration. 

In order to achieve a satisfactory light collection efficiency 

the reflectivity of the surfaces should be as close to unity as possible. 

This is essential in our case since the thickness of each scintillator slab 

is only a few millimeters, i.e., several hundred times smaller than the 

other two dimensions. Hence one has to rely almost completely on a very 

large number of mUltiple reflections. In practice this can be achieved 

only with total internal reflection. The liquid scintillator for each 

module is contained in separate 1ucite containers with good outer surfaces. 

Total reflection occurs at the outer 1ucite surface since the refractive 

indices of the 1ucite and of the liquid are practically the same. We 

visualize at present each container as consisting of a 3 m x 1 m rectangular 

1ucite 	frame 4 mm thick and 10 cm wide. Two very thin (0.5 mm) transparent 

2
3 x 1 m 1ucite windows are glued on both sides in order to close the box. 

We have built several small scale models of such 1ucite boxes and we find they 

have excellent optical as well as mechanical properties. (See Fig. 8). 

8There exists extensive information on the performance of large 

counters made of 1ucite containers filled up with SHELLSOL A, P-TERPHENIL and 

POPOP. Volumes and shapes of some of these counters are quite comparable 

to the ones of our present modules. However, the main difference is that 
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in the present application the scintillator is subdivided into 46 thin 

layers while the counter of referenceS is a single large container. 

In order to establish a more direct comparison we have built 1/5 scale 

models using lucite plates wrapped in aluminized mylar foils. The model 

and the corresponding full size counter have the same solid angles and 

an equal number of (total) reflections. The lengths of the light paths are 

to be scaled according to size. Since, however, the scaling factor is the 

same for all models, this effect is irrelevant when comparing different 

types of counters. 

The results of the measurements of the test model show that 

the multiplate counter gives 30~ to 50~ less light output than a single 

container of the same size. Two additional points are relevant and should 

be mentioned. First, the light output for relativistic muons of a 2 m x 1 m 

x 14 cm thick counter viewed by 4-5" photomultipliers has been measured and 

is shown in Fig. 9. The distribution is very close to the theoretical 

Landau distribution. If the differences in volumes and the effects of many 

thin plates are taken into account, we estimate that 6-5" photomultipliers 

are required for each of the modules in order to reproduce that result. 

Second, the efficiency of the light collection of the same 2 m x 1 m counter 

as a function of the distance from the photomultiplier is shown in Fig. 10. 

The uniformity of light collection is greatly improved if the counter is 

vie,ved from both ends rather than from one end only. The extrapolated 

light collection efficiency for our proposed counter is shown in Fig. 11 and 

a summary of the parameters of a module is given in Table 1. 

There are 9 optical wide gap spark chambers interspersed 

throughout the calorimeter as indicated in Fig. 6. Each of the chambers 

consists of 2 - 5 cm gaps to provide good mUltiple track efficiency even at 

moderately large angles. 



TABLE 1. List of Parameters of the Fine-Grained Calorimeter 

Item Thickness 
mm 

Radiation 
Length 

Collision 
Length 

Ionization loss 
relate particle 

(MeV) 

Weight 

I , 

Single lead plate 3.0 .517 (95. 69~) .0217 (62. 7l~) 3.84 (72. O~) 102.15 kG (1.56~) 

Aluminum cladding 1.0 .0112 (9.82~) .0034 (9.82%) .437 (8.l9~) 8.10 kG (6.46~) 

Liquid Scintillator 4.0 .0097 (1. 79%) .0076 (21. 96~) .856 (16.05%) 
I 

12 liters (9.68~) 

Lucite Container 1.0 .0024 (. 44~) .0019 (5.49~) .200 (3.75~) 3.0 kG (2.39~) 

Total for one unit 
(Lead + Scintillator) 

9.0 .540 .0346 5.33 125.28 kG 

Total for one module 
(46 units) 

-_._...... --....... -

44.0 
(packing 
factor .94) 

24.84 1.59 245.18 

-_....... --.......-

5.761 tons 

-

I-" 

I-" 


Average parameters: dE = 5.57 MeV/cm, t d = 1.77 cm, t = 27.67 cm, critical energy = 9.87 MeV- dx ra c 
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(c) Behavior of the Ionization Calorimeter. As stated earlier, 

the calorimeter serves two functions. (i) It is the target for the W-search 

and point four-fermion interaction experiments and also for the deeply 

inelastic neutrino scattering study. (ii) It detects and measures the 

energy Eh of combined hadronic-e1ectromagnetic showers produced in the 

reactions V +Z-+I-l+(anything) , and it measures part of the energy of the I-l;
I-l 

the energy E of the neutrino initiating the reaction is obtained from the 
V 

sum 

The design of the calorimeter has been chosen to optimize its 

functions in the point four-fermion interaction measurement because that is 

intrinsically the most difficult oneo We choose Pb as the material of the 

calorimeter because it is about 1.35 times more effective per ton than Fe 

1
in producing tri1eptons and because its stopping power is 0.76 times that 

of Fe while its radiation length is about 0.33 times that of Fe. Thus, 

apart from requiring 1.35 times as many tons, the substructure of an Fe 

calorimeter is less favorable than one of Pb because per radiation length 

there is about 2.8 times more ionization energy dissipated in the Fe (as 

opposed to the scintillator) than in Pb. 

The latter is a very important feature in distinguishing 

electronically noisy events from quiet ones. Quiet events are those with 

two muons present in the calorimeter and, possibly, in the event of 

W production, a low energy (~ 0.5 GeV) nucleon released in the calorimeter. 

Noisy events will in general contain only one muon and a hadron-e1ectro

magnetic shower. It is particularly necessary to discriminate against 

those noisy events which are only mildly noisy and which simulate the two 

muon property of quiet events through the decay in flight of an energetic 

+n meson. The Pb plate thickness of 0.5 radiation length (plus aluminum 

cladding) corresponds approximately to the range of a 0.05 GeV proton; 

hence the calorimeter has the sensitivity to select a class of events that 



- 13 

show two muons and either no or a very soft hadron shmver. We estimate 

that the calorimeter will detect with high efficiency hadron showers with 

as little as (0.1-0.2) GeV energy content and that more than'" 95 percent 

of the noisy events in which a n+ decays in flight will in fact be identified 

as noisy. This will be discussed in greater detail in sections III and IV. 

A neutrino interaction in the hydrogen target will give rise 

to one or more hadrons and an energetic muonmcident on the front of the 

ionization calorimeter. These are distinguished from useful neutrino 

interactions in the calorimeter by scintillation counters at the front of 

the calorimeter. In either case the hadron cascade will be completely 

absorbed within the calorimeter. One muon from any interaction is required 

to emerge from the downstream end of the calorimeter before the event is 

considered useful. 

It is useful to define the elasticity coefficient k of a 

neutrino interaction by k = Ell lEv' so that (1 - k) = Eh/Ev' Both k and Ev 

and also the mUltiplicity may vary widely from event to event. Nevertheless, 

is indicated by the work of Runge who studied the properties of iron 

it is likely that almost all events can be measured with AEv/E ~ 
v 

± 0.1 over 

the entire region 30 GeV ~ E
V 
~ 100 GeV for any value of k. This conclusion 

9 an 

plate calorimeter at CERN. The calorimeter consisted of 20 Fe plates 

40 cm x 40 cm x 4 cm thick and 20 scintillator plates also 40 cm x 40 cm but 

of 1 cm thickness. The calorimeter was calibrated with protons in narrow 

momentum intervals of 6p/p ~ l~. Two methods were tried: (i) protons 

were forced to interact in an iron slab in front of the calorimeter or 

(ii) any proton hitting the calorimeter was accepted for pulse-height 

analysis; both methods gave identical results for linearity and resolution. 

Runge IS. results are, shown in Fi~. 12 and 13 which show the pulse height 

distributions and momentum resolution of the calorimeter. 
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As an illustration of the use of Fig. 13 consider the interaction of 

a 50 GeV neutrino to yield a ~- with k = 0.5 and a hadron cascade of 25 GeV. 

Assume for the present that E can be measured with 6E IE = ± 0.13; we shall 
~ ~ ~ 

discuss this measurement briefly in the next section and in more detail 

in Appendix III. From Fig. 13 we obtain 6Eh/~ = ± 0.12 so that 6EJE = ± 0.09. 
v 

This work is substantiated by similar work at the AGS l ? by experience 

. . h' 11 db~n cosm~c ray p ys~cs an y recent successful use of an ionization calori 

' t t . . 12
me t'eX" ~n a neu rUll cross sec ~on exper~ment. , It is consistent with detailed 

calculations by Ranft. 13 

We believe that the fine-grained Pb calorimeter that we propose 

will have better energy resolution than the coarser grained Fe calorimeters. 

This, however, will soon be investigated in tests of a small scale model. 

In any case, events in which only one muon emerges from the calorimeter and 

the energy content of the hadron shower is bet\veen two empirically 

determined, preassigned values will not be allowed to trigger the system; 

they will in the main result from lo\v energy (;E; 20 GeV) neutrino interactions. 

We estimate that hadron showers with energies bet\veen '" 0.5 and rv 15 GeV 

will be prevented from triggering the system. 

From these considerations we see that there are three primary event 

selection or trigger arrangements permitted by the ionization calorimeter. 

(i) A neutrino interaction in the hydrogen target is signified by charged 

particles emerging from that target and entering the calorimeter; one of the 

particles, presumably a muon, is required to penetrate 2S~ of material; the 
c 

total energy of the remaining particles is required to be greater than 

(10 - 15) GeV. (ii) A noisy neutrino interaction in the calorimeter is 

signified by absence of other charged particles incident on it; by one of 

the product particles on average traversing 12 ~ of material; by the , c 

total energy of the remaining partic les being greater than (10 - 15) GeV. 
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(iii) Alternatively, a quiet neutrino interaction in the calorimeter is 


signified by the absence of incident charged particles; by two of the 


product particles on average traversing 12 t of material- by the absence 

c ' 

of other charged particles with total energy ~ 0.5 GeV. There will be an 

additional trigger mode for quiet low momentum transfer quasielastic events 

which will be used to determine the neutrino and antineutrino fluxes. We 

discuss this in Appendix II. The event rates for these processes will be 

higil euuugh La allow appropriate discrimination levels to be set empirically 

early in the experiment. Furthermore, the construction of the calorimeter 

makes it possible to explore the effects of varying the cut-off on the muon 

energy. 

Finally, the relative compactness of the ionization calorimeter 

is important in reducing the number of charged pion decays in flight in 

hadron showers produced in it. On average the pions will undergo a nuclear 

interaction in traversing 1.5 t of material, Le., about 0.5 m of length
c 

in the calorimeter. For example, the mean decay length of a 4 GeV pion is 

225 m and thus less than about 1 in 700 such pions will decay to give a 

muon of energy greater than 3 GeV before interaction. That fraction 

decreases linearly with increasing pion momentum. We present in Table 2 

208the flux factors and parameters of the Pb target. 

3. The Iron Core Magnet. There are three techniques for measuring 

momentum: by range, by magnetic deflection and by multiple Coulomb scattering. 

At NAL energies, single muons in the 100 - 300 GeVIc momentum interval can be 

produced in neutrino collisions. Dimuon production will sometimes give 

muons in the 10 - 50 GeV/c momentum interval. Momentum measurement by range 

at these high momenta would require either hundreds of meters of iron or 

an earth range device. In either case the size of the detectors would be 

enormous. The only practical method to measure both the momentum and 

sign of the charge is to use magnetic deflection. Two techniques are 
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TABLE 2 

208Flux Factors for a 90 Ton Pb Fiducial Volume 

(Tunnel Radius .75m, Real Focussing, 200 GeV/c) 

Ev(GeV) <p(V) 
V 

2 m - GeV 
Interacting 

<P(v) 

6.25 

x 10 GeV 

2 m = B(V) 

13
B(V) x 2 x 10 

prot/pulse = a 

a(V) x F 

Protons 

10 3 x 10-4 
1.9 x 10- 2 

3.7 x 1011 1.1 x 10
36 

15 2.4 x 10-4 1.5 x 10-2 3.1 x 1011 0.8 x 10
36 

20 1.2 x 10-4 
0.8 x 10- 2 

1.4 x 1010 4.0 x 10
35 

25 3.8 x 10- 5 2.3 x 10- 3 4.8 x 1010 1.3 x 1035 

30 1.5 x 10-5 1.0 x 10-3 
L9x 1010 5.1 x 1034 

40 4.2 x 10- 6 2.6 x 10-4 
5.3 x 109 1.4 x 1034 

50 L8x 10- 6 1.1 x 10-4 2.3 x 109 6.1 x 1033 

60 1.5 x 10- 6 
0.9 x 10-4 1.7 x 109 5.1 x 10

33 

70 7.8 x 10- 7 
4.9 x 10- 5 LOx 109 2.6 x 10

33 

80 3.9 x 10- 7 2.4 x 10- 5 4.9 x 108 1.3 x 1033 

90 2 x 10- 7 1.25 x 10-5 2.5 x 108 6.7 x 10
32 

100 8.1 x 10-8 5.1 x 10- 6 1.1 x 10
8 

2.8 x 
32 

10 

120 2.4 x 10-8 
1.5 x 10-6 

2.8 x 107 
0.8 x 10

32 

140 6.7 x 10-9 4.1 x 10- 7 
0.83 x 10

7 
5.1 x 1031 

160 1~5 x 10-9 0.9 x 10- 7 1. 9 x 10
6 5.1 x 1030 

events/pulse/en: 

2F is the number of Ph nuc1ei/cm
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available, iron core and air core magnets. The advantage of the iron core 

magnet over the air core magnet for a given magnetic volume is primarily 

. 14 15 one of initial cost and operating power, which is smaller for the 1ron core. ' 

In addition the iron core magnet can be used as a muon filter. The major 

disadvantage of the iron core magnet is due to the presence of mUltiple 

Coulomb scattering and plural or Moliere scattering;6 The momentum estimate 

for tracks that have undergone MOli~re scattering can vary considerably 

from the true momentum. 

Plural scattering is particularly dangerous with neutrino 

experiments since the V flux (and therefore the rate for al1 process.es) 

falls very fast with increasing neutrino energy. Thus an iron core magnet 

must be built to allow recognition of events for which plural scattering 

occurs. For this reason the magnet proposed here is to be made in three 

sections with spark chambers inserted between each section. 

The effect of mUltiple Coulomb scattering is to decrease the 

energy resolution of the magnet. The calculation of the magnetic deflection 

and multiple scattering uncertainty are given in Appendix III. The energy 

resolution increases as the ~ of the magnet. The area of the magnet is 

fixed by the desired angular acceptance to be 4 m x 4 m, and the length of 

the magnet is fixed by the desired energy resolution. The length (and hence 

the cost) of the magnet increases as the inverse of the square of the 

desired energy resolution; it is therefore very expensive to over-design 

the magnet. The optimization of the design is based primarily on the study 

of the deep inelastic scattering events. In neither the W search nor the 

trilepton production is the muon energy resolution a crucial parameter. The 

major uncertainty in the study of inelastic scattering comes from the neutrino 

energy \Y'hich must be estimated by adding EjJ and Eh • 
It makes little sense 

to meas~re 6E~/E~ «6E /E since the estimate of the neutrino energy would
h h 

only change by a factor of ",,[2. 

http:process.es
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A reasonable choice for the magnet length comes from choosing 

~ /E ~ ± 0.1. As shown in Appendix III, a magnet that is 3 m deep will 
IJ. IJ. 

give 6E /E = ± 0.13. 
IJ. IJ. 

There is an additional reason for keeping the magnet small 

because more than 100 V interactions will occur in a 3 m Fe magnet per horn 
(~ 60 microseconds); 

spill/ this rate also increases inversely with the square of the energy 

resolution. By breaking up the magnet into three parts the V interactions 

in the iron can be separated from the penetrating muon coming from the H2 

target or the calorimeter. 

Following the last module of the calorimeter is placed an 

2
iron core magnet three meters in length and 4 x 4 m in area. The magnet 

is broken up into three parts of approximately one meter length, each with 

four spark chambers located at appropriate places. A perspective drawing 

of one section of the magnet is shown in Fig. 14. The magnet is to be 

constructed in pancake fashion using pieces of iron 4 m x 4 m x .15 m. 

The corners of the magnet are cut off to better approximate an ideal 

cylindrical geometry. The magnetic field will be cylindrically symmetric 

around the center of the magnet. A water cooled hole in the middle of the 

magnet carries the conductors that then wrap around the magnet. The power 

dissipated in the magnet will be ~ 120 kw. The magnet also serves as a 

range device for low energy muons. A 50 GeV/c muon will be deflected by 

6.5 cm and a 500 GeV/c muon by 0.65 cm. The latter deflection is easily 

measured 	with the spark chambers. 

The approximate parameters of the magnet will be: 

1. weight: 375 tons 

2. 	 15 em diameter central hole 

5
3. 10 amp-turns 
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4. 	 - 120 kw power consumption with - 30 kw dissipated 

in the hole. 

5. 	 B '" (17 - 18) kG from the center to the outer edge 

of magnet. 

The B field in the magnet will be measured by drilling small 
and 

holes in the iron'inserting probes. Because of the symmetry and approximate 

two dimensional geometry it will be possible to calculate the field at each 

point in the magnet to a i:ew percellL, using programs such as TRIM and LINDA. 

The direct flux measurements will serve as a calibration for these computer 

calculations. 

A scale model magnet will be constructed and detailed Hand 

B flux measurements will be made to optimize the final design. In addition 

it will be possible to test the accuracy of the computer calculations of the 

field in the magnet. 

1. 	 Rates 

The total cross section for W production as a function of W mass, 

target material and neutrino energy are given in Tab les 3 - 8. and as an 

illustration in Fig. 15 for MW = 5 GeV. These are the results of a detailed 

study and numerical calculations by R. W. Bro'loTn and J. Smith}8 It is 

clear that at NAL neutrino energies and W masses above 3 GeV the production 

of Wls is largely incoherent. Using these values and the neutrino beam 

and target described in Section II one finds the rates of production given 

in Table 9. 

It is much more difficult to determine accurately the number of 

W's that will be observed. This is primarily because the branching ratio 
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Table 5 Wc 

cr per prqton on Aluminum with Fermi Nuclear Form Factor (Units of 10-38 cm2 ) 


~M w 

-
1 

3 0 
-1 

1 
4 0 

-1 

1 

5 0 
-1 

1 
6 0 

-1 

1 

7 0 
-1 

1 
8 0 

-1 

,.--- '---'---

20 30 40 50 60 70 80 90 100 200 400 600 800 1000 

----"- "----_. --
.01 .13 1.41 5.60 13.6 25.4 4007 59.0 79.5 349 909 1390 1800 ~157 

.01 .12 1.31 5.17 12.4 23.0 36.6 52.6 70.5 296 741 1108 1413 1675 , 

.01 .11 1.24 4.82 11.5 21.2 33.5 47.9 64.0 264 656 982 1260 1502 

.02 .09 .48 1.58 3.76 7021~ 12.1 123 466 811 1126 1412 

.02 ,09 .45 1.49 3.53 6.75 11.2 110 400 679 928 1150 

.02 .08 .43 1.41 3.33 6.35 10.5 100 359 608 830 1030 

.02 .04 u14 .40 .95 36.7 230 470 708 934 

.02 .04 .13 .38 .91 33.9 205 408 605 788 

.02 .04 012 .36. .86 31.6 187 370 546 710 

.01 002 .05 8.5( 107 265 440 615 

.01 .02 .04 8.0 98 237 387 534 

.01 .02 .04 7.6 91 218 353 485 

.01 1.3r 45.4 144 268 401 

.01· 1.3 42.2 131 241 356 

.01 1.2t 39.8 122 222 327 

.11 17.0 74.c 158 256 

.11 16.0 68.5 145 231 

.1L 15.3 64 .. E 135 215 

I-' 
(Xl 
n 

Continued next page. 



Table 5. (Aluminum) Continued 
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Table 6 -38 2 a per proton on Iron with Fermi Nuclear Form Factor (Units of 10 em) 
- c------ r----

M I~ 20 ~o 40 ,0 60 70 80 qo 100 200 400 hon 800 Iloon 
w-

. -" e--....._..... , ·..~_n_w.___ • 

1 .02 .25 2.81 11.2 -27.2 50.8 81.4 118 159 697 1817 2780 3600 4316 

3 0 .02 .24 2.63 10.~ ,24.8 . 46.0 73.1 105 141 592 1483 2216 2827 3351 
-1 .02 .22 2.47 9.6~ 23.0 42.4 67.0 97.8 128 527 1312 1965 2520 3004 

1 .04 .1E .95 3.16 7.52 14.5 24.2 246 932 1623 2253 2824 
4 0 ,.04 .1~ .90 2.98 7.05 13.5 22.5 219 799 1358 1856 2300 

-1 .04 .1e 086 2.82 6.66 12.7 21.1 200 718 1216 1661 2060 

1 .0 .06 .09 .27 .80 1.90 73.4 461 940 1416 1867 
5 0 .0 .03 .08 .26 .76 1.81 67.7 410 816 1209 1575 

-1 .0 .03 .08 .25 .72 . 1.73 63.3 375 740 1092 1420 

1 .01 .03 .05 .09 17.0 214 531 881 1230 
6 0 .01 .03 .05 .09 16.1 195 474 774 1068 

-1 .01 .03 .04 .08 15.0 182 436 707 972 
1 .02 2.73 9O. r 288 536 802 

7 0 002 2.61 84.; 263 481 712 
-1 .02 12.51 79.t 245 445 654 

1 .30 340 148 316 512 
8 0 .29 32.1 137 289 463 

-1 .28 30.6 129 270 430 
.
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cr per 	proton on Lead with rermi Nuclear rorm ractor (units of 10-38 cm2)Tab1e 	7
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TABLE 9. W+ Production and Detection Rates for 150 Tons of Pb 208 Fiducial Volume 

Flux/day*EV(GeV) ~ = 5 GeV ~ = 7 GeV ~ = 9 GeV 
x 10-38 


38 2
 38 2
38 2

Ev/day~~O'(x 10 cm ) 0'( x 10 dm ) Ev/day* O'(x 10 cm) Ev/day* 

30 
 22.1425.49 564. 


40 
 848.3 


50 


6.99 121. 36 


740.2242.79.05 18.0 54.9 
~ 
0:>,...

60 
 2.54 127.0 


70 


428.0 1087.1 50.0 

1.30 632.2 821.86 154.7 4.1 5.33 


80 


119. 

143.6844.6 549.0 221. 12..65 
 7.8 


90 
 .33 
 1016.8 335.5 348. 114.8 10.2 


100 


31. 

1262.8.14 
 176.8 490. 68.6 65. 9.1 

Production Totals 5123. 633.7 32.46 
for 30-100 GeV 

**Detected dimuons/ 35.288. 1.8 
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4 13
*Assuming 3 x 10 pulses/day with 2 x 10 interacting protons/pulse 


'';-i<Assuming (W+-+~++v)/(W+ -+a11) = 0.1 and a lower energy cut-off on E~+ of 1.5 GeV 
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of the W into leptons is not easily estimated. There have been a number of 

attempts to 	calculate the lepton branching ratio which have been summarized 
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by Yamaguchi and also by Marshak et al. We take the suggested lower limit 

1 2(W.... fl+ V )1 (W .... all) ;;:, 10- , for M_ 5 GeVIc . fl --W 

and emphasize the large uncertainty in it. Estimates of the probability of 

. 21 . 1 . . h' 11 1decay 0 f W 	. or ~nto mu t~p~on resonances ave g~ven sma va ues.~nto p~ons 

In the near future, hO"Ylever, the ratio of leptonic to hadronic cross sections 

+in e -e collisions may provide through eve additional empirical information. 

However, the value of (W.... fl +v. ) I (W .... all) given above appears now to be a
fl 

reasonable estimate of the order of magnitude. We shall show, however, in 

section VII that our detection method allows the W search to be made 

independently of the relative hadron to lepton branching ratio. 

There are shown in Figs. 16 - 21 the calculated distributions 

d
2

0/dEfl d cos Sfl and d20'/d~ d cos 9 for various W masses and neutrino w 
energies when the target is a proton. The basic features of these distri 

. I' l' Th . ffbut~ons were ant~c~pate.. d'~n ear ~er ca1cu at~ons: 17 e W+ carr~es 0 most 

of the incident energy essentially in the same direction as the incident 

neutrino; the fl has a wide spread in energy and is emitted at somewhat 

larger angles. If we take a cut-off of about 1.5 GeV on muon energy we 

will lose less than about 0.8 of all the fl produced in the association 

+with a W. There are no losses of fl from solid angle limitations. 

The detailed energy and angular distributions of the fl+ from the 

+decay of the Ware not yet available to us but should be forthcoming soon. 

It has been predicted, however, that the W+ will be produced with strong 

'II' . 22. I h ' 'd ' c~rcu ar po ar~zat~on ~n tle same sense as t e ~nc~ ent neutr~nos. For 

pure W+ circular polarization the angular distribution of the fl+ (neglecting 

+ + 2its mass) from the decay W .... fl +V is (1 - cos El) in the rest system of the 
fl 

W+, where e = 11: is the direction of the W+ spin. We show in Fig. 22 that 
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about 0.7 of all ~+ from these decays will have laboratory energy ~ MW 

lab <
if Y

W 
~ 10 and make an angle e ~ 17

0 
with respect to the incident 

+ 0 +neutrino; these are the ~ emitted at e::;; .143 in the W center of mass 

system. Of course, for less than complete W polarization the situation is 

more favorable experimentally. 

In summary, the number of dimuon events that we can expect to 

observe from W production and decay is ~ 0.056 of the W production rate 

for MW ~ 3 GcV; these minimum expected rates are shown in the bottom row 

Table 9. 

2. Event Signature and Background 

From the earlier discussion it is apparent that the basic signature 

of a dimuon event whose origin might have been W production and decay is: 

(i) the appearance of two muons of opposite charge with energies greater 

than about 1. 5 GeV and (ii) the absence of a hadron shower of energy greater 

+than about 0.5 GeV. To these we add: (iii) the requirement that the ~ 

(unlike the ~-) exhibit a large transverse component of laboratory momentum, 

p~l.~ 0.3MW, which for Mw = 5 GeV, for example, is large compared to the 

transverse component of momentum ~ 0.35 GeV/c usually observed in a high 

energy reaction; (iv) the requirement that the observed total and differential 

rates scale properly with changes in the density of the ionization calori

meter \-lhich would reduce the total rate but increase the probability of 

n decays in flight before absorption; and finally (v) that the energy and 

angular distributions compare favorably with the MOnte Carlo distributions 

calculated from the exact differential cross sections (as in Figs. 16 - 21), 

our measured neutrino spectrum and the structure of the calorimeter. 

These criteria are essentially similar to those used in the inter

23
pretation of neutrino induced events in earlier experiments at lower 

energies. We expect that their application will be easier and less ambiguous 

at highe~ neutrino energies. In particular, the distinction between muons 
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and pions that do not decay in flight is considerably more direct at higher 

energies as we have shown in discussing the behavior of the calorimeter. 

And, equally important, the rates of observed events up to ~ ~ 9 GeV are 

sufficient to permit statistically significant comparisons to be made 

between the expected and observed distributions. 

The primary source of background in the W search and also in trilepton 

production arises, as we have indicated, from single pion production by neutrinos, 

i. e., through 

V +n.... J.l +n +n:
J.l 

and 

A discussion of these background reactions was presented by Wachsmuth and 

24Baltay in considering trilepton production by neutrinos in a 25-ft. liquid 

neon bubble chamber. We follow their treatment here. 

The cross sections for single pion production have been calculated 

25
by Adler' who obtains 

38 2= 0.12 x 10- cm /nucleon 

and 

- + -38 2O'(Vp--tJ.l p:n:) = 0.44 x 10 cm Inucleon, 

+independent of Ev' Then the total number of:n: produced in the pb target 

4 
per day by neutrinos with E > 7 GeV is about 1.3 x 10 , where all but a 

V 

few percent are produced by neutrinos with Ev < 25 GeV. 

These background :n:+ are reduced by the following factors. 

31. Approximately 1.7 x 10- for decay in flight of :n:'s with 

E ~ 3 GeV.
:n: 
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-	 + - +2. 	 Most of the product nucleons from Vn-+).l nn: and Vp-+).l pn: 

will be detected in the calorimeter, as will the energy 

deposited in those cases when the Pb nucleus is broken up 

by the neutrino interaction with the nucleon. We estimate a 

-2factor of 5 x 10 for this, which we believe to be somewhat 

conservative in view of the high sensitivity of the ioniza

tion calorimeter to small energy losses within it. 

3. 	 '1'he angular and momentum distributions of pions from the 

CERN heavy liquid bubble chamber neutrino experiment show 

that the n:+ are relatively slow and their angular distribution 

is very broad (see Fig. 23). Since 75 percent of the back

+ground n: in our estimate above are produced by neutrinos 

with Ev < 15 GeV, use of the CERN data is not unreasonable. 

We 	 note that in Fig. 23 there is only one event out of 32 

with (transverse) momentum greater than 1 GeV/c. 'Since the 

transverse momentum distribution appears to be independent of 

energy. as will be discussed in section V, we assume the same 

rejection factor, 1 in 10 with 90% confidence, at the higher 

V energies. 

One obtains then a calculated net background rate due to single 

pion production which is about 0.1 event/day and which we believe to be 

a gross overestimate for high mass W's. We believe that a raw background 

rate an order of magnitude larger than the calculated rate would not be 

serious because details of the good event signature, e. g., comparisons of the 

shapes of the PJ... distributions of the 1-1+ fromw+ decay and of the).l+ from n:+ 

decay, will further decrease the raw background substantially. 

Similar considerations apply to the background of inelastic 

-38 2multi-pion events. Even assuming CT
tot 

(V) 0.8 Ev x 10 cm /nuc1eon up 
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to 100 GeV, one finds again that about 90 percent of this background is from 
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neutrinos with Ev < 25 GeV. This leads us to make use of a study by B. Roe· 

who has surveyed the CERN low energy neutrino data and suggests that the 

mU1tipion characteristics are similar to those observed in ~-nuc1eon 

collisions in the appropriate energy range. We can reasonably assume that 

this will hold at somewhat higher neutrino energies. Pion-nucleon inter

actions have been measured up to 25 GeV which covers the range of our 

interest. In Table 10 we list the neutrino induced mu1tipion final states 

and the analogous ~-N final states. We do not expect close agreement between 

the low mUltiplicity states.since forward meson production has no analogous 

V-induced process and have therefore used the theoretical estimates of 

Adler in those cases. Our concern is again that some mu1tipion events 

- +will have a configuration in which the ~ and ~ take essentially all the 

energy away, leaving too little energy to be detected in the calorimeter. 

Such configurations are very unlikely as indicated in the laboratory 

energy distributions for ~ produced in n-p collisions at 25 GeV with 4 to 

27
6 prong final states. 

5
The calculated total rate of mu1tipion events is ~ (4-6) x 10 events/day, 

Le., about 50 times the single pion rate. The probability of pion decay in 

-3
flight is again 1.1 x 10 • Here, however, we expect that the efficiency for 

detection of hadron showers will increase at least to 98~ for the reason 

given above and also because the observed energy distribution of the hadron 

showers in the CERN heavy liquid bubble chamber experiment shows that Eh/Ev 

is uniformly spread between the values 0 and 1. These data are presented in 

Fig. 24 and although the authors of that experiment admit to some bias 

against small Eh (small x), it is apparent that most mu1tipion events will 

result ~n appreciable values of E
h 

, Furthermore, we expect that the 

probability of pions with large transverse momentum will certainly be less 

-2
than 10 here, We obtain then ~ 0.1 event/day for this raw background rate 
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TABLE 10 

Comparison of V Induced and 

n Induced Mu1tipion Production Final States 

V Induced Multipion nN .... Multipion 

V +n.... 11 +p n p-+n p
11 

...n-
o

p* 

- + - - 0V +p.... 11 +n +p n p-+n n p
11 - +-+n n n 

n n-+n n p. 
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11 - 0 


.... 11 +n +p 

- + n p-+n n n p 
- 0 0 

-+nnnp 
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- 000 
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-+nnnnn 
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which is not a serious problem in view of the total signature of W events. 

- +
IV. THE DIAGONAL POINT FOUR-FERMION INTERACTION IJ + Z.... 1-1 +1-1 +IJ + Z 

1-1 ~ 

The study of 'pure' weak interaction processes in which hadronic 

corrections are not present has hardly progressed since the muon decay 

parameters were established a considerable time ago. The V-A theory of 

Fermi-Feynman-Gell-Mann predicts a self coupling or diagonal interaction 

between leptons which leads to elastic scattering of IJ neutrinos on 1-1 
1-1 

mesons. There is now no direct evidence for these diagonal weak interactions 

although some very indirect evidence exists from astrophysics considerations. 

Using this theory it is possible to calculate the rate of trilepton pro

2 2 
duct ion in a Coulomb field exactly to order Ga. Recently it has been suggested 

by Gell-Mann et 1. I that the diagonal interaction may have an appreciably 

different coupling from the nondiagonal. Thus it becomes very interesting 

to establish and measure the coupling constant for the diagonal interaction. 

The existence of leptonic neutral currents would modify the rate and 

angular correlations. To be specific) a recent speculation of Glashow et ~~.28 

suggests the existence of leptonic neutral currents of coupling such that 

the trilepton production cross section would be increased by 50~. The 

existence of this process would also strongly modify the angle-energy 

correlations from those expected for point four-fermion predictions. 

In other words, if the experimental rate and/or angular-energy 

correlations for the trilepton production disagree with the point four

fermion predictions there must be some profound modification of our weak 

interaction picture such as the nonuniversality of diagonal-nondiagonal 

couplings, or primitive neutral lepton currents, etc. 
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There are 5 measurable parameters for the trilepton production process 

in this experiment if the incident neutrino momentum is unknown: E _, e_,
11 l-1 

E +, ~,+, (~_ - ~ +), as illustrated below.
11 ~ 1111 

At present, calculations have been performed for the two-variable distri

butions of (E -, e _) and (E +, e +).29 Calculations are in progress for 
11 11 11 11 

+ the 11 11 invariant mass spectrum and other two-variable distributions such 

as (E +, E -), etc. The salient features ,of these calculations are shown 
11 11 

in Fig. 25-32. In Figs 25 and 27 the E - spectra for 10 GeV and 40 GeV 
11 

208
incident neutrinos on a Pb target are shown for a variety of angles 

between the incident neutrino and outgoing 11-. The 11 spectrum is peaked 

very strongly in energy and angle. This is due to the tendency for the 11 

to take away the helicity of the incident neutrino. The corresponding 11+ 

energy distributions are shown in Figs. 26 and 28. It is apparent that 

+the 11 energy spectrum is peaked at a lower energy and that the cross 

section falls off slower with the (V, 1-1+) angle. The 11 
:I: 

angular distri

butions integrated over all E for Ev = 10 and 40 GeV are shown in
11 

11 + 
Figs. 29 and 30. Figs. 31 and 32 show the 11 and 11 energy-angle distri

butions for production on hydrogen with Ev = 10 GeV. These distributions 

Pb208 d' . 

In summary, the expected important characteristics of the trilepton 

final state are a high energy 11 produced at very small angle with respect 

are qua 1~tat~ve · . 1y very . '1 to t he ~strL'butLons.s~mL ar 



Z = 82 
E... : 10 GeVIc,. 

I Cos 8 ••99950 

2 :5 4 ~ 9 

700 

o 
..b 

~ 

..:I., 

8 
(/) 

~ 

+:1., 
1&.1 

~ 
..b 
~ 

1!50 

Up. + Z - fL- + fL++ Up. + Z 
80 11-+ SPECTRU'i1 -44 

ITo = 3xIO-44 2 
0- • 3x 10 emE",. • 10 GeVIe 0 	 Z = 82 

Elf 10 GeVic:0,. 
Cos 8 -'.000p.- SPECTRUM 

z. 1 

234567891011 2 :3 4 5 6 7 8 9 10 

Ejl (GeVielEp. (GeWe) 

800 	 11-+ SPECTRUM 

234567891011 

E,.,.+ (Ge VIe)
Ef' + (GeY/c) 

200 

175 

150 

125 

100 

75 

50 

25 

E" =10 GeVIc,. 
f'+ SPECTRUM 

. Z = I 

;\ 

700 

100 

Elf : 40 GeVic,. 
cr: :: 3 X 10·44cm z 
o 

Z :: 82 

3000 11-- SPECTRUM "'l T 
ITo = 3XI0-44"",1 

p.- SPECTRUM 
Z : 82 

Elf = 40 GeVle,. 

10 	 10 15 20 25 30 35 40 45 

E~ (GeVlc) 	 E,.,.- (GeVlc) 



500 

400 

300 

Laboratory 

CT 

Z 

10,000 

3000 

2000 

o 

Ell = 40 GeV/c 
CT: = 3 X 10-44cm 2 

o 

Z = 82 

2 4 6 8 10 12 14 16 18 20 22 24 
120 mrj 

40 mr 
[ I - cos 8 ] x 104 

41,060 
17,827 

bO 
N 

N 
.......... 


Q) 


(f) 

8 
"0 
.......... 


b 
"0 

20mr 

J-L± Laboratory Angular Distri butions 

[ I-cose ] 

Angular Distri butions 

Ell = 10 GeV/c 
2= 3 X 10-44cmo 

=82 

40 50 60 70 80 9060 mr 

F \(\ ?>o 

(60 mr) 

xI04 



- 26 

to the Y and a ~+ with considerably lower energy produced at somewhat 
~ 

larger angle. These characteristics, as well as the trilepton production 

cross section, form the basis of our search for departures from the point 

V-A theory. 

The experimenta 1 detection of trilept'on production is made difficult 

by the relatively large cross section for single ~- events with single or 

mUltiple pion production. Fig. 33 shows the expected cross sections for 

"total Y interactions and single pion production as well as the trilepton 
~ 

208
production on Pb • The total cross section and the tri1epton production 

cross section differ by approximately four - five orders of magnitude~ 

- +The calculated rates as a function of E for Y +Pb.... ~ +~ +Y +Pb are 
Y ~ ~ 

presented in Table 11. The total production rate of 13. 7events/day is 

obtained for a 155 ton fiducial volume in the Pb calorimeter. This rate is 

+decreased by the loss of low energy ~ due to the energy cut-off of the 

calorimeter which excludes ~ 1/4 of the events produced at Ey ~ 10 GeV and 

a negligible number (within the accuracy of the calculation)above E '" 10 GeV. 
Y 

This brings the total expected useful rate down to ~ 13 events/day which we 

believe will make for an interesting experiment even if the event loss were 

increased by as much as an additional factor of 3; we seek initially a 

rate measurement good statistically to (10 - 20)4. 

The technique of estimating the raw background rates for trilepton 

production is similar to that of section III. However, there are important 

differences in rate and in event signatures and it is necessary to explore 

the background in detail again. In order to estimate the various backgrounds 

from high energy multipion and single pion production by neutrinos we have 

30
obtained the available data from the CERN Y experiments We have plotted 

the transverse momentum distribution of the pions for the data in which 

Ey > 2 GeV for different longitudinal momenta of the pions. For rr .... ~ 
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TABLE 	 11 

20B 20BRates 	for V + Pb .... I-t - I-t+V Pb
I-t 	 I-t 

20B
<t:1 > 	for Pb Events/day* Detected events/day4f

-1+0
10-1.5 L 1. ){ 	 ]0 3.9 '" 3.3 


10-40

15-25 3.1 x 5.2 '" 5.0 


10-40

25-35 6.3 x 1.9 	 '" 1.9 

35-45 1.1 x 	 10-39 O.B '" O.B 


10- 39

45-55 1.9 x 0.6 '" 0.6 


10-39

55-65 2.7 x 0.7 '" 0.7 


10-39

65-75 3.4 x 0.4 '" 0.4 


10-39

75-B5 4.2 x 0.2 '" 0.2 


10- 39

85-95 4.B x 0.1 '" 0.1 


10-39

95-105 5.3 x 0.06 '" 0.06 


10-39

105-ll5 6.0 x 0.03 	 '" 0.03 

13.7 	events 13.0 events 

4
*Assume 3 x 10 pulses/day 
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decays in flight, p of the decay JJ. will follow that of the parent re. These 
ol 

data are shown in Fig. 34. It is evident that within the limited statistics, 

the data appear to follow the same p distribution as is commonly seen in
ol 

hadronic collisions. This suggests, by analogy, that the same behavior will 

be observed at all neutrino energies. In addition the single pion production 

events might be expected to follow a similar distribution. In Fig. 34 we also 

show the upper limits on the transverse momentum expected for the coherent 

trilepton events. Although the intrinsic transverse momentum is of order 

o - 50 MeV /c for these events, the multiple scattering of the muons in the 

high Z material will spread the distribution out to the order of 100-MeV/c. 

In Fig. 23 we compare the angle-energy distribution for the CERN single pion 

events with that expected for trilepton production. Clearly the Pol distri

bution for the coherent trilepton events is sufficiently different from that 

of the hadron events to establish the trilepton process if the trilepton 

signal and background are of comparable magnitude. 

We now turn to a detailed estimate of the background problems. The 

probability for a re~JJ. decay in flight of a 3 GeV/c re is ~ 1.7 x 10-
3

• 

This gives an appreciable suppression of the hadronic processes that could 

fake the trilepton production process. We expect in the case of the multi-

pion production events an additional suppression factor of greater than 

2
10- coming from the detection of the additional energy release in the 

calorimeter. The net suppression of the background, therefore, at the 

trigger level is ~ 10- 5 which reduces the background to a level that is 

comparable or less than the trilepton production rate (see Fig. 33), In 

order to further separate the background and signal the JJ.+ and JJ. trans

verse momentum distributions will be used. The trilepton events are 

characterized by both a JJ.+ and JJ. with transverse momentum of less than 

~ 100 MeV/c, whereas the JJ.+ (re+ decay product) in the background is expected 
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, 
to fall off as '" e -pol /.3 and the IJ. is expected to falloff as _______l~____~~ 

[l+(p /0.8)2 J2
ol 

+The probability that both the IJ. and IJ. background events have p < 100 MeV/c 
ol 

is then (.1/.3) x (.1/.8) 0.04. Thus the application of the p cut will
ol 

give another factor of '" 24 rejection, leading to a signal to noise ratio of 

~ IS/I. By plotting the Pol distributions, the background contamination can 

be estimated and subsequently subtracted. The background that arises from 

single f) ion F(hh it on ;,:!.TniLii. rdgrJ:lL to noi ~c ratio. Although 

these events are intrinsically more 'quiet' than the multipion events and 

therefore harder to reject in the calorimeter, fortunately the production 

rate is expected to be down by a factor 'of'" (50 - 100). Without allowing 

for rejection factors coming from the energy deposited in the calorimeter 

by the nucleon in the final state, but using the other rejection factors the 

signal to noise ratio in this case is expected to be = IS/I. Estimation 

of the background contamination from the p distribution as well as the calori
ol 

meter rejection will increase this factor considerably. 

Several checks will be made to test further that the trilepton events 

have been separated from background. The linear density of the target can 

be decreased thus allowing more :rr .... 1J. decays in flight. For a clean tri

lepton signal the rate should not be affected by this change whereas the 

rate for a badly contaminated sample will scale as the inverse of the 

density. In addition, we estimate that perhaps 10% of the background events 

coming from the multipion process should consist of IJ. 11 pairs, which 

would give a clean signature as background events. 

In summary we feel that the trilepton process can be separated from 

background with adequate event rate to obtain a ~ 10~ cross section 

measurement in a running time of (30 - 60) days. The background level we 

expect will probably be comparable to or less than the statistical 

uncertainty. 
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V. 	 SEPARATION OF DIMUON EVENT TYPES 

This is a convenient place to summarize the characteristics of the 

different dimuon event types. It is necessary to discuss the separation 

of high mass W production from the coherent trilepton production. We 

limit the discussion to quiet dimuon events. As was noted earlier the W 

production rate will become comparable to the trilepton rate for W masses 

in excess of ~ 9 GeV. Fortunately, the trilepton production, W production 

and background generated dimuon events all have considerably different 

transverse momentum, energy and angle characteristics for their product 

muons. These characteristics are summarized in Table 12. It is apparent 

from this Table and the discussions in the previous sections that W 

production can be separated from the trilepton production even if the 

trilepton signal were considerably larger. This remark is of significance 

for operation of the accelerator at 400- 500 GeV indicating that the interval 

of W mass search Can probably be extended considerably in that case. 

In Fig. 35 we attempt a graphical summary of the p characteristics 
~ 

of the different dimuon events. We draw four important conclusions from 

this graph. 

1. There is very little overlap between the p distributions of the 
~ 

trilepton events and W events. 

2. 	 The W events can probably be separated from the hadronic background 

up to W masses at which the W production rate runs out; the character

istic shape of the p distribution coming from W decay provides a 
~~ 

unique signature. 

3. 	 If W production is detected, the event rate and the p distribution 
~~ 

can 	be used to obtain independent estimates of the W mass. 

4. 	 The trilepton events can be separated from the hadronic background 

through a combination of discrimination factors of ~lich p provides 
~ 

a factor of ~ 24. 



TABLE 12. Characteristics of Dimuon Events 

Process 

Trilepton (coherent) 

W Production 
(incoherent) 

Background from 
single rt production 

Background from 
multiple 

rt Production 

Pol+ 

0-50 MeV 

"'" Mw/ 2 

"" 300 

"" 300 

Pol

0-50 MeV 

0-100 MeV/c 

'" 500 

'" 500 

6+ 
f..l 

Small 

Large 

Small 

e _ 
I.l 

Small 

Small 

Med. 

Small 

to 

Large 

Pf..l+ 

Small 

>~Mw 

Small 


Small 


Pf..l- Remarks 

"-'E
V Pol::!::, 61.l::!:: 

are mUltiple 

scattering limited 

Moderate 
Vi> 
o 

>~Ev 

>~E
V 
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VI. 	 DEEP INELASTIC V SCATTERING 

A striking result of the SLAC electroproduction studies was the observa

tion 	of smooth, relatively large cross sections for high momentum transfer and 

32 2 
energy transfer to the hadronic system. The scattering region where q ~large 

and Rh~large is called the deep inelastic. The observed smooth behavior of 

2the cross section in this region as a function of Eh and q allows a detailed 

exploration of the analogous process for neutrinos using the device proposed 

here. While the resolution of this device does not compare favorably with 

that obtained with the SLAC spectrometers, our resolution is still expected 

to be adequate to explore this exciting scattering region. 

1. Kinematics 

Before discussing the detection of the deep inelastic scattering 

process it is necessary to discuss the kinematics of inelastic neutrino 

scattering as shown below 

~(fr)g}f) 

~-(Ek )f:}~) 
The momentum and energy transfer are given by 

q2 =-t = 2E,,(E - PI! cos e ) - M2 ::>< 4E 	 E sin2 e /2
IIv ~ ~ f..I. f..I. V f..I. f..I. 

and 

The 	 laboratory direction of the hadron center of mass motion is denoted by e •h

It is useful to describe the allowed kinematic regions of plotting q2 versus V 

as shown in Fig. 36. In this figure the kinematics for EV = 50 GeV are shown. This 

plot also shows the values of the hadron invariant mass as a function of q2 and 

As shown by Bjorken the 'natural' unit for scaling in the deep inelastic 

33region is 
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2lJM 
ill ::: --E.::: l/x

2 
q 

It is also useful to define 

As will be shown below the deep inelastic scattering cross section can be 

2
expressed as d a/dxdy. 

1 , 

In terms of the conventional inelastic form factors WI' W2 , W3 the 

1differentia cross section can 
34,35,36

be written as 

+ sin2 e /2
J.l 

(1) 

As e-+o this 
J.l 

expression becomes 

d
2 
a 

dq
2

d 
::::: 

G
2 

2rc 

E , 2
-L W2 (Vl ,q )
MpEv 

and therefore for small angles only one form factor is dominant. In order 

to unravel the form factors a considerable range 2E , e and q
V J.l 

is required. 

The use of a heavy nuclear target is not expected to compromise the 

experimental study of the deep inelastic V scattering since neither the 
J.l 

incident neutrino nor the outgoing muon will be appreciably affected by the presence of 

nuclear matter. The measurement of ~ is likewise essentially unaffected. The large 

mass of the device proposed here makes possible the collection of large event 

rates provided the total cross section of V scattering continues to rise 
J.l 

approximately linearly with energy. 

Since the energy of the muon is measured with the magnet, the magnet 

aperture therefore determines the J.l angular range that can be studied. The 

laboratory angular range for which the detection efficiency is approximately unity 
o 

in our apparatus extends to approximately 30 • In Fig. 36 it is shown that the events 
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2
that are not detected fall in a small area of the q -v plot. The angular 

range of A detected is sufficiently large so that a unique separation of 

the form factors using equation (1) will be possible. All present theoretical 

speculation suggests that the event rate for muon angles of greater than 
o 

30 for all the V energies considered here will be very small. These 
IJ. 

considerations have in fact determined the dimensions of the iron core 

magnet. 

In Fig. 37 a more detailed examination of the kinematics is shown 

with the expected configuration of the events at various points on the 

2 q -v plot being shown for a typical v energy_ This figure also shows a 

guess for the laboratory angular width of the meson shower that will come out 

of the hadron vertex. The transverse momentum of the muon is also listed. 

The question naturally arises as to how uniquely the (q2_V) of a given 

event can be obtained. In particular, can low momentum transfer events 

be misinterpreted as high momentum transfer events? p - will be measured 
IJ. .L 

to about ± 10% and, as can be seen from Fig. 37, for a given lJ the expec ted 

values of p - will vary by much larger percentages in going from small 
IJ. .L 

to large momentum transfers. Since the angular spread of meson secondaries 

is small it may be possible to measure the mean angle of the hadrons in 

the spark chambers. In this case the events will be of the class of a 

weak 3c fit. This additional analysis would provide an important check on 

the correctness of the (q
2 

, V,EJ assignment for the events. 

2. 	 Theoretical Speculation 

For the purpose of estimating event rates and discussing various 

theoretical 	models it is useful to rewrite the differential cross section 

34,36
for 	V scattering as 

M Ev [V 13] [1 - yJ [1+-.L (L) - y(R)]
1-y 
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where (L) and (R) refer to the appropriate combinations of aL, a and as;
R 

the cross sections for the interaction of left handed, right handed and longi

tudinal W mesons on the nucleon. (L) and (R) are expected to depend only 

on q2 if locality holds (this is more fully discussed in a later section). 

Many papers have been written indicating the interesting physics 

of the deep inelastic scattering. It is sufficient for the purpose of this 

proposal to record the more interesting arguments and to point out the capa

bility of measuring the associated parameters. 

There are three kinds of explanation that have been advanced in 

response to the SLAC data. We record the theoretical ideas and the quali

tative consequences here. 

() 1· 36 , 37 . 1 . k . f 'f hIa. The par t on mode : po~nt- ~ e scatter~ng rom parts 0 t e 

nucleon for spin 1/2 partons, a = as = 0 and
L 

and [v ~J = f(x) only, giving scale invariance. One expects V and V cross 

sections to be different. 
38 

(b) The diffraction model or pomeron exchange model: a = a ; as = 0
L R

G2 2 
- M E[V ~J [1 - y +y ]

1\ 

This model does not predict [V ~J = f(x) only, but accepts 

this as empirical input from the SLAC data. One expects V and ~ cross 

sections to be the same. 
33,39 

(c) Current algebra: If current coupling to the hadrons is a 

meaningful concept, then 'point-like' behavior is indicated since currents 

couple at points. This suggests scale invariance and one expects that 

V and V cross sections will be different. The Adler sum rule also follows.33 

A more detailed look at present theoretical speculations 

http:follows.33
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indicates that the above ideas give more or less unique predictions in 

selected regions of the (q
2 -V) plot. Fig. 38 shows an attempted summary of 

40
the predictions of the various models. 

We show this plot not because we believe that three years hence all 

of these ideas will have survived, but in order to show the undoubted richness 

of the physics available if a high statistics study of deep inelastic scatter

ing is made with the device proposed here. 

It J.s clear that to check the interesting theoretical speculations 

2 
a detailed comparison on the (q -V) plot must be made between V and V 

11 11 

inelastic scattering. The device proposed here is particularly useful for 

such a study in the lower energy range ('" 10 - 40 ReV), since the V and V 
I.l !J. 

fluxes are directly measured with good statistics in this energy range. In 

fact, we can collect V and V interactions simultaneously since the sign of 

the I.l charge is measured for each event, and this part of the experiment can 

be done without any focussing of the hadrons forming the incident neutrino 

beam and with a small number of protons on target. 

It 	should also be possible to measure the total cross section for 

208
V and V scattering on Pb Nuclear effects should not appreciably hurt 

this measurement at these large neutrino energies. Again the direct V and V 

208
flux measurement (see Appendix II) will be crucial. Since pb is neutron 

rich, this total cross section measurement will be weighted toward a measure

ment on neutrons. This measurement will complement the total cross section 

measurement in the H2 target making it possible to unravel the four total 

cross sections 

O(Vn); O(Vn); O(Vp); O(Vp). 

Again there are many interesting theoretical ideas to check with these 

measurements. Two in particular are 
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Parton Model: O'(Vp) :f O'(Vn) 

O'(Vp) :f a(vp) 

Diffraction Model: O'(Vn) = cr(vp) 

O'(vn) = O'(iip) 

3. 	 Rate and Event Distribution 

Assuming that the total cross section continues to rise as 0.8 E,41 

the 	ratE: of inelastic event production has been calculated using the V flux 
IJ. 

predictions discussed previously. For this calculation a reduced fiducial 

volume of 90 tons of Pb was used as the target to contain the whole of any 

nuclear cascade within the calorimeter. In Table 13 the results of this calcu

lation are given. These event rates are adequate to explore the EV > 100 GeV 

region with a modest run lasting ~ 30 days and to make detailed measurements 

for 	the 30 - 100 GeV range. 

The distribution of the events on the (q
2-V) plot has been estimated 

using two of the models discussed in part 2, namely the parton model with 

spin 1/2 partons and the diffraction model. In Figs. 39 and 40 these event 

distributions are shown for the assumption of a one day run in our apparatus 

for the neutrino energy band 45 - 55 GeV. A comparison of Fig. 36 with Figs. 

39 and 40 indicates that the detection efficiency will certainly exceed 90%. 

On the basis of these models we estimate that there will be greater 

than 50 events per day with Ev > 100 GeV and q2 > 100 (Gev/c)2 and greater 

2 2than 800 events/day with E > 50 GeV and q > 50 (GeV/c). Clearly the 
V 

prospect of observing such high rates of extremely high momentum transfer 

events is very exciting. Even if the more mundane diffraction model is able 

to account for the large cross sections for deep inelastic scattering and, 

therefore, little new information is obtained about the nucleon constituents, 

these events will still be valuable as a probe of the locality of weak 

interactions and possibly of the behavior of nature at very small distances. 
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TABLE 13 


Estimated Number of Inelastic V 


Events per Day in the Pb Fiducial Region 


6EV O'v(assumed) x 10 
35 

Flux x F Events/pulse Event s/ day~':' 

1.7 x 10
515-2_» 2.4 5.2 x 1035 12.3 

25-35 3.6 9 x 10
34 

3.2 45,000 

35-45 4.8 2.2 x 10
34 

1.0 14,700 

45-55 6.0 9.5 x 1033 
.57 8,000 

55-65 7.2 7.2 x 10
33 

.52 7,300 

65-75 8.4 3.8 x 10
33 

.32 4,500 

75-85 9.6 1.8 x 10
33 

.17 2,400 

85-95 11.0 9 x 10
32 

.096 1,350 

95-105 12.0 4 x 10
32 

.048 670 

105-115 13.2 2 x 1032 .026 350 

115-125 14.4 1.1 x 10
32 

.016 220 

125-135 15.5 8.5 x 1031 .013 182 

135':'145 16.8 7 x 10
31 

.011 155 

145-155 18.0 3.2 x 1031 .006 81 

155-165 19.2 7.2 x 1030 .0013 19 

5-10 1.2 1.4 x 10
36 17 

5
2.4 x 10 

4
*Assumes 1.4 x 10 pulses/day. 

2F is the number of nucleons/em in the fiducial volume. 
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4. Locality Tests Using Deep Inelastic Scattering 

The possible occurrence of very high momentum transfer events in 

the deep inelastic scattering region suggests the possibility of a very 

sensitive probe of locality of the weak interaction at the leptonic vertex. 

We must distinguish two kinds of nonlocality in this regard. 

by Lee and Yang. These tests take on a particular significance when high 

(a) Type 1. In the (V-~) system an orbital angular momentum of > 0 

is observed. Tests for this kind of nonlocality were pointed out long ago 

1+2 ItO
' 

momentum transfer collisions are studied. The most general expression for 

the differential cross section for inelastic neutrino scattering, if locality 

holds, is of the form 

2
d 0' 2 2

dxdy = G(q ,x) f (y;x ,q ) 

with F = L: 
n=O 

(b) Type 2. This is the type of nonlocality that comes from a 

meson propagating from the leptonic vertex to the hadronic vertex. The 

mesonic propagator is then expected to modify the differential cross section 

2
for deep inelastic scattering. If scale invariance holds it WDuld then be 

possible to write the differential cross section as a product of three 

38
functions (taking the diffraction model) 

2 2 
= ME [Vf3] [l-y+y ] [f(q)J 

where, in particular we take the meson mass to be the W mass, 

This might allow us to search well above the mass range covered by the direct 

production of W1s by neutrinos. If scale invariance is badly broken it would 
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be difficult to use deep inelastic scattering to probe this form of nonlocality. 

In Fig. 41 is shown graphically the type of measurements that would 

be used to test for a breaking of the two types of locality. In one case 

(q , x) would be fixed and the behavior of the resulting cross section with 

y would be studied. If y3 or higher powers of yare needed to explain the 

data, evidence for nonlocality of type 1 would be obtained. In the second 

case (x,y) would be fixed and the resulting q2 behavior of the cross section 

will be studied. 

In Fig. 41 is also shown the possible sensitivity of this probe of 

locality. Present tests of type 1 locality have reached the level of 

-13 
~ 10 cm (in K-decay) whereas the experiment proposed here offers the 

15possibility of studying distances of the order of 10- cm. An increase of 

two orders of magnitude in the locality check would clearly be of great 

interest. 

VII. DETECTION OF W PRODUCTION BY HADRONIC DECAY HODES 

There is another way to detect the production of a W+ meson with the 

device proposed here, which we realized after having written most of the 

proposal. This technique is based on the direct measurement of the recoiling 

+W total energy and the event rate for the processes 

208 - +
V +Pb ..... 11 -+w + (low energy nucleons). 


11 Lhadrons 


+ +This measurement, when combined with the W search via the ~ +V decav mode 
tJ. 

discussed in section III,makes the overall search for the W+ meson indcnendent 

of any assumptions concerning the leptonic to hadronic branching ratio. 

The basic ideas of the method are summarized as follows: 

1. The measurement of the total hadronic energy from the W decay, 

plus the total 11 energy gives the neutrino energy; the neutrino energy and 

angle, the 11 energy and angle give the momentum transfer to the 11 • 
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2. The characteristic kinematic features of W+ product (see 

section III) are that the neutrino energy is essentially all transferred 

to the Wand that the ~ receives a very small momentum transfer. Thus 

there will be a clustering of events coming from this process on the 

(q
2

-V) plot as shown in Fig. 42. 

3. The background inelastic events are expected to be smoothly 

distributed over the (q2_V) plot in the area "1here the W production events 

cluster. Thus an enhancement is observed in a predetermined region of the 

2
(q - t/,l plot. 

4. The Ev dependence and absolute cross section for the production 

of events in the W enhancement region are known from theoretical calculations. 

Comparison of the data with these calculations gives a consistency check and 

allows a mass determination. 

In order to estimate the magnitude of the background for Wproduction 

coming from the inelastic V interactions we use the results summarized in 

the previous section •. We use the less controversial diffraction model but 

also note that identical conclusions would be obtained if the parton model 

is used. At any incident neutrino energy the W+ production events are 

characterized by 

2 2 	 2 
y > 09 and q P - rv <.3 GeV / c) 

.L~ 

For Ev in the interva1 	of 50 - 100 GeV the W events will be produc ed with 

2 -3 
x = q /2V ,:;;;. 2 x 10 

The inelastic differential cross section for V scattering on Pb (assuming 
~ 

equal (V n) and (V p) 	cross sections) is 
~ ~ 

2J -36 2 = 4Ev [1 - x J [1 - y + y x 10 cm 
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The resulting cross section integrated over the (x,y) interval where W+ 

prediction occurs is 

2 -38 cm = 6.7 x 10 at Ev = 100 GeV. 

In contrast the W production cross section in the same interval will be 

(at 100 GeV) 


10-35 2

1.1 x cm for 5 GeV~= 

10-36 2
4.9 x cm for 7 GeVMw= 
6.5 x 10-37 

cm 
2 

for 9 GeV.~= 

Thus the W events will stand out above background. For appreciable 

hadronic branching fractions, the W production is by far the most efficient 

method of transferring a large amount of energy to the hadronic system for 

low momentum transfer to the p-. In other words these events are quasi-

coherent events but with an enormous energy release to the hadrons. 

The EV dependence of the W production is also characteristically 

different from that expected for the background. This is illustrated by 

comparing the cross section for ~ = 9 GeV at 75 and 100 GeV with that 

of the hadronic background in the same interval. This comparison is (for 

the W decaying predominantly into hadrons) 

37 38Ow "'" 1.2 x 10- at 75 GeV/c; . "'" 5 x 10aha dronl.C 

10-37 -38a ~ 6.5 x at 100 GeV/c;O'h d . "'=< 6.5 x 10 
W a ronl.C 

The W production cross section is rising rapidly in this energy range '07hereas 

the inelastic cross section (if the linear energy dependence assumption 

holds) rises more slowly. 

We believe, therefore, that the W production events for which the 

W subsequently decays into hadrons can be uniquely separated from background 

through the observation of a bump in the cross section for inelastic 

scattering in a predetermined region of the (q
2-V) plot. If the rate of 
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W decay into hadrons were known the absolute cross section for the 

W production would give the mass directly. 

In the apparatus proposed here, both leptonic and hadronic decay 

modes of the Ware detected with high efficiency. If the W were discovered, 

the leptonic to hadronic branching fraction would be obtained. In addition 

for any division of the branching fraction into hadrons and leptons, a 

W signal would be observable if the W+ mass were below the mass of ~ 11 BeV. 

Thus by using all decay modes the mass range of the W can be extended and 

the question of the existence of the W meson below this mass can be 

answered without ambiguity. 

The event rate for W production assuming an 0.8 hadronic to leptonic 

branching fraction will be ~ 30 times that calculated for the leptonic 

decay in section III. 

2 2
VIII. d O'ldg dEh and O'tot..u;.J ON HYDROGEN 

Almost all that has been said in section VI about the theoretical 

implications of deep inelastic scattering on Pb in the calorimeter is appli

cable to the inelastic scattering on hydrogen and need not be repeated here. 

The differences bet·ween the two measurements lie in the absence of nuclear 

effects in the hydrogen target and in the basic nature of the total cross 

section of neutrinos on protons O'tot(Et?, which again needs no elaboration. 

The primary difference, hmvever, is one of technique in that the hydrogen 

measurement requires a large Dewar (see Appendix I) and the products of the 

interaction must traverse the hydrogen container before entering the calori

meter for measurement. These are not serious complications since the total 

2thickness of the hydrogen is only 45 gm/cm and therefore very little hadron 

energy will be lost in it. Furthermore, the forward directed cone of the 

product hadrons will contain more than ~ 95~ of the shower energy and these 
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particles will enter the calorimeter if they are included in a half angle 
o 

less than ~ 50 . 

The rates of neutrino interactions in the hydrogen target t'le have 

described are as follows. There are about 1450 interactions per day pro

duced by neutrinos with energies between 25 and 100 GeV. About 370 inter

actions per day are due to neutrinos above 45 GeV. These rates are evidently 

sufficient to do a good statistics experiment. The detailed relative rates 

follow the same trend as in Table 13. 

The angular and energy resolutions of the detector is sufficient 

2 
to determine q and Eh = V with reasonable accuracy for each event. 

Normalization of the neutrino flux to find crtot(Ev) absolutely will come 

from the neutrino flux measurement through quasi-elastic scattering as 

described in Appendix II. 

It should be emphasized that if the hydrogen Dewar were not available 

when the neutrino area is ready for running, we would proceed without it. 

Initial measurements utilizing the calorimeter as a target will permit us 

to become familiar with the technique and to acquire exciting information. 

The hydrogen measurement might then come at a later stage. 
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IX. SUMMARY OF PARAMETERS 

I. 	 Hydrogen Target (storage container) 

1. 	 Target dimensions 

3 a. 	 volume 63 m (3.8 tons) 

b. 	 diameter 2.3 m 

c. 	 length 8.5 m 

2. 	 Container dimension 

a. 	 diameter 3.3 m 

b. 	 length 3.10 m 

c. 	 wall thickness '" 3 cm A-t 

II. Fine Grain Calorimeter 

A. 	 Principal Parameters 

1. 	 Total sensitive weights 

a. 	 lead plates 225.5 tons 

3b. 	 liquid scintillator 26.6 m 

c. 	 Aluminum plates (strengthening plates) 17.9 tons 

d. 	 lucite reflecting plates 6.62 tons 

2. 	 Total target weights in lead 

a. 	 W-search and V ~ scattering 155.0 tons 
~ 

b. 	 Deep inelastic collisions 90.0 tons 

3. 	 Thickness 

a. 	 whole sensitive volume 3072 • 5 gr / c m 
2 

b. 	 single lead plate 3.404 gr/cm2 

2 
c. 	 single scintillator plate 0.4 gr/cm 

4. 	 Energy loss for a relativistic muon 

a. 	 To traverse the whole detector 3922.5 HeV 

b. To traverse a 	 single lead plate 3.84 MeV 

c. 	 In the liquid scintillator, for 629.5 HeV 
the whole detector 
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5. 	 Nuclear collision lengths 

a. 	 To traverse the whole detector 25.44 

h. 	 To traverse a single lead plate 0.0251 

6. 	 Radiation lengths 

a. 	 To traverse the whole detector 397.44 

h. 	 To traverse a single lead plate .529 

7. 	 Sensitive volume, including spark chambers 

a. 	 length 8.2 m 

b. 	 height 3.0 m 

c. 	 width 3.0 m 

8. 	 Number of double gap spark chambers 9 

9. 	 Number of groups of lead-scintillator 8 

counters 


10. 	 Number of units in each group of lead 6 
scintillator counters 

11. 	 Lead scintillator unit, dimensions and weights 

a. 	 depth, in beam direction 44 cm 

b. 	 height 100 cm 

c. 	 length 300 cm 

d. 	 total weight 5.76 tons 

12. 	 Spark chamber unit 

a. 	 type doub Ie wide gap 
optical chamber 

2
b. 	 sensitive area 3 x 3 m 

c. 	 gap width 50 mm 

13. " 	Energy resolutions 

a. 	 for hadronic cascade Eh '" 20 GeV s: 101 (s.d.) 

b. 	 energy loss for relativistic muons ~ 10~ (+ Landau tail) 
traversing one lead scintillator unit 

c. 	 minimum detected (hadron) energy loss '" 2.50 MeV 

in addition to one relativistic muon 

in liquid scintillator (15 plates) 
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14. 	 Total number of photomultipliers 

15. 	 Total number of independent pulse 
height analysis channels 

B. 	 Lead-scintillator unit 

1. 	 Sensitive volume 

a. 	 depth in beam direction 

b. 	 height 

c. 	 width 

2. 	 Lead plates 

a. 	 number 

b. 	 size 

c. 	 thickness 

d. 	 strengthening 

3. 	 Liquid scintillator slabs 

a. 	 number 

b. 	 size 

c. 	 thickness, incl. container 

d. 	 Material of container 

e. 	 volume liquid scintillator 

f. 	 type of scintillator 

4. 	 Photomultipliers 

a. 	 number 

b. 	 type 

c. 	 number of slabs viewed by each 
photomultiplier 

d. 	 number of independent pulse 
height analysis circuits 

288 

144 

44 cm 

100 cm 

300 em 

46 

3mm 

At plates glued 

at each side 


46 

1 x 	 3 mm 

5mm 

lucite 

12 liters 

SHELLSOL A + P-TERPHENIL 
+ POPOP 

6 (3 on each side) 

54 AVP or EHI, 5" 

15(16) 

3 
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C. Spark Chamber unit 

1. 	 Sensitive area 

2. 	 gap width 

3. 	 optics 

4. 	 Pulsing system 

5. 	 Operating voltage (Ne-He) 

III. Iron core Magnet 

1. 	 size 

a. 	 length 

b. 	 height 

c. 	 width 

2. 	 weight 


ao iron 


b. 	 copper 

3. 	 field strength in the iron 

4. 	 Power dissipation 

5. 	 momentum resolution (5 - 500 GeV muons) 

50 Imll 

o 

~ 30 stereo angle, 
two views 

Marx generator 

50 -	 80 K volt 

3 m 

4 m 

4 m 

375 	 tons 

16 - 18 K gauss 

120 kw 
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x. 	 CONCLUSIONS 

We believe that the experiment we have proposed here is particularly 

suitable for the early exploration of neutrino interactions at NAL. Our 

reasons are as follows. 

1. 	 One weak interaction measurement that we are proposing will settle 

in a definitive way the question of the existence of a charged W 

2
boson in the mass interval 2 - 10 GeV/c • We emphasize once more 

that our technique makes this measurement independent of the 

relative hadron to lepton branching ratio. 

2. 	 The other primary weak interaction measurement that we propose 

will settle definitively the magnitude of the coupling strength 

for the diagonal interaction (JI ,11) (V ,11) and will permit us to 
11 11 

explore with relatively good statistics the energy and angular 

correlations of the product muons. Our experiment is sensitive 

to any significant deviation of the experimental data from the 

predictions of the point (V-A) theory such as the existence of 

neutral 1eptonic currents or an anomalous diagonal interaction. 

This measurement is made possible only by the high Z and large 

mass of our detector coupled with its extremely fine-grained nature. 

3. 	 The third measurement of basic interest is the exploration of 

the 	local nature of the weak interaction down to a distance of 

-15the 	order of 10 cm, which will become possible provided the 

deep inelastic 	cross sections at high momentum transfers remain 

large. This measurement is possible again because of the large 

mass of the detector, its good energy and angular resolution and 

the 	wide aperture of the iron core magnet. 
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4. 	 The experiment proposed here may provide an early exploration 

of deep inelastic scattering and a crucial test of the scale 

invariance concept because it is possible to cover such a large 

range of momentum and energy transfers. We note that the cross 

section for deep inelastic scattering with neutrinos does not have 

. . h d 1 the overall 1/q4 suppress10n present 1n c arge epton experiments. 

In addition, comparison of neutrino and antineutrino reactions is 

particularly significant. Such a comparison can be made reliably 

since the trigger system we propose is designed to permit simul

taneous determination of the incident fluxes. 

5. 	 In addition to the experiment we describe above the properties 

of the detector (fine-grained nature, large mass and large 

aperture for momentum measurements) make it sensitive to a 

broad range of hitherto unsuspected phenomena that might occur 

in this new energy range. 

The experimental technique proposed here can utilize the maximum neutrino 

flux over the broadest energy band or any narrow band focussing system. It 

can run simultaneously with a bubble chamber using a short beam spill. It 

will run simultaneously on neutrinos and antineutrinos in the absence of 

horn focussing. If initially the proton beam current is lower than antici

pated or if no hadron focussing device is available, a detailed study of 

deep i~elastic scattering and a W search can be performed with little 

sacrifice in the quality of those experiments. 

We end on an optimistic note: if the machine runs at 400 - 500 GeV 

the W search and deep inelastic scattering will be done in our apparatus 

with increased sensitivity and efficiency. 
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XI. COSTS AND FUNDING 


We have roughly estimated the costs of the apparatus of this experiment 

as follows. 

A. Calorimeter 

Pb, 225 tons 	 $45,000 

Liquid 	scintillator, 30 tons 30,000 

Aluminum, 20 tons 
75,000 

Reflecting containers for liquid 
scintillator 

Labor for calorimeter fabrication 45,000 
3 technicians for 1 year 

Photomultipliers, 300 slow, 5" 60,000 

Photomultiplier bases, etc. 15,000 

Electronics. 150 units 15,000 

Light pipes 30,000 

Labor for photomultiplier and 30,000 
electronic fabrication, 
2 technicians for 1 year 

Spark chambers, 10, and optics 100,000 

Steel structure to mount calorimeter 50,000 

TOTAL FOR CALORl}lliTER••••••••••••••$495,000 

B. 	 Solid Iron Magnet, 3 meters thick $150,000 


Spark chambers for magnet 50,000 


Labor for magnet spark chambers 15,000 

1 	technician for 1 year 

TOTAL FOR MAGNET •.•••••••••••••••••$2l5,000 

CONTINGENCY, 20% OF ABOVE ••••••.••• $142,000 

ESTIMATED GRAND TOTAL FOR APPARATUS •••••••••••.•••••••••••• $S52,000 
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The estimated total cost of the apparatus corresponds to the expenditure 

of ~$l00,OOO per year for 3 fiscal years by each of the 3 universities 

concerned. This yearly expenditure for equipment is not out of line with 

previous allocations of equipment funds to these universities, although it 

is somewhat higher than the allocations of the last two years. It is our 

contention that the provision of supplementary equipment funds to the 

3 universities, specifically earmarked for this experiment, is a desirable 

way in which to pay for the apparatus of the experiment, in the event that 

the experiment is approved. 

We see this method as involving relatively small perturbations in the 

funding of high energy physics at Harvard, Pennsylvania and Wisconsin. In 

addition, it brings the advantage of flexibility of approach and operation 

and it places the responsibility for the construction of their apparatus 

directly on the university physicists who seek to do the experiment. 

We believe that the other costs of the experiment should come from 

the operating funds of the present AEC high energy physics contracts at our 

universities and from university contributions. 

It nrust be emphasized that certain of the novel features of the ioniza

tion calorimeter we have proposed will require extensive model tests before 

the full scale calorimeter can be completely designed. If this experimental 

proposal receives favorable recognition it will need funds for work on 

prototypes which must start in, say, November 1970, if the experiment is to 

be ready by January 1973. We estimate the following costs for this work: 
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PROTOTYPE WORK 


1. Construction of a deep, small scale calorimeter 

for tests in a 25 GeV proton beam to optimize 

grain size and resolution of the calorimeter 30,000 

2. Construction of one (the first) full size 

6 ton module of the calorimeter to develop 

the technique, check light collection, etc. 50,000 

3. Contingency, 20% of above 16,000 

TOTAL FOR PROTOTYPE WORK••••••.•••••.••••• $96,000 

The funds for work on the prototypes are included in the original 

estimate of $852,000. We list them separately to point out that they will 

be needed as early as possible after a go signal is received for the experi

ment. In that way firm orders for parts of the calorimeter can be sent out 

by November 1971, i.e., a year after the prototype work begins. 

Prototype work on the solid iron magnet will be done by us with funds 

now available, as will a number of other small tests. 

Finally, we point out that the calorimeter and magnet together occupy 

a floor area about 16 m x 5 m. The calorimeter is quantized in 6 ton units 

and we shall devise a method of inserting them in or removing them from the 

calorimeter structure that does not need a large permanent crane facility. 

It will be necessary to use a large crane to put the magnet in position 

but this can be done with a mobile crane and rolling techniques. The 

magnet requires only 120 kw of power and relatively low cooling water 

capacity. All other power requirements are small (~50 kw). In short, the 

essential needs of this experiment can be satisfied by an experimental area 

of modest size and capability. 
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APPENDIX I 

B2 Target 

It has been suggested to us by Bill Fowler that the NAL liquid hydrogen 

storage Dewar could easily be placed horizontally in front of our device. 

This Dewar would adequately serve the function as an H2 target of large 

dimensions for the device proposed here. The parameters of this device 

have been summarized in a previous section. The separation of the events 

produced in the walls and in the H2 target would be accomplished by 

extrapolation of the muon and hadronic shower tracks back to a common 

vertex. 

In Fig. 43 we show a picture of such a Dewar supplied to us by 

Bill Fowler. This particular Dewar is now situated at BNL. It is clear 

that the dual use of such a device for H2 storage and for V experiments 

would be in keeping with the present trend in elementary particle physics. 
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APPENDIX II 

(V, V) FLUX MEASUREMENT 

The simplest but slightly theory dependent measurement will utilize the 

2
quasi elastic scattering process for very small q • A measurement of the ~ 

energy in the iron core magnet then gives the corresponding V energy. 
~ 

This cross section is expected to be energy independent and, therefore, the 

event rate for producing a forward ~ or ~+ with energy E will be directly 
~ 

proportional to the (v, V) flux. These events can be distinguished from 

inelastic events by the requirement of a fonvard ~ and that the event be 

quiet (i.e. no additional energy deposited in the calorimeter). The cross 

section for quasi elastic V scattering on free neutrons can be written as 
~ 

o 
and in the limit e ~ 0 ,(E = E) this gives

V ~ 

For Pb,neglecting screening and the Pauli exclusion principle 

= 

2 2
and taking q < 0.1 (GeV/c) the resulting cross section is 2.5 x 10-37 

cm 

which is adequately large to measure the tJ flux by this technique.
j.l 

The Pauli exclusion principle forces the q2 = 0 cross section to go 

to zero. Although the forward cross section is suppressed, slightly away 

from the forward direction the suppression factor is considerably reduced. 

It is a straightforward nuclear physics problem to calculate the cross 

section over a small angular interval. Relative flux measurements and 

2 
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comparison between V and V fluxes can be made without theoretical estimates 

of the forward cross section. Assuming a factor of .2 for Pauli suppression 

the event rate has been calculated for Ev = 10 - 100 GeV and is given in 

Table AlI-1. We remark in this connection that in muon capture which 

involves q2 = 0.005 (Gev/c)2 the suppression factor is known to be only 5. 

The rate is sufficiently large so that very accurate flux measurements can 

be made. 

Since there may be a beam stability problem as well as the need to 

take events outside of the horn flat top it is essential to monitor the 

V flux simultaneously. This technique has the advantage of making the 

experiment independent of changes in the neutrino flux. 

Of course, the standard flux measurements must be made with muon 

detectors in the shield and accurate meson production spectra measurements. 

We plan to help implement one or more of these other methods. 

The 	measurement of total V cross sections in the high energy region
J.l 

where the V flux is expected to falloff fast with Ev depends crucially on 

two features of the experiment. 

1) Stability of Ev dependence of the vJ.l flux. 

2) 	 Negligible systematic errors in the measurement of Ev 

(Le. from SO - 100 GeV the V flux is expected to fall 
J.l S 

like ~ l/ES which gives Ocr/cr ~ SOE/E and thus a 5% 

systematic error in Ev produces a 40% shift of cr. In 

the 10 - 40 GeV region the flux will fall even faster with 

EV whereas in the 40 - 60 GeV region the flux will fall more 

slowly with EJ. 

By monitoring the V flux using the method given above and by continuously 

calibrating the calorimeter we hope to reduce substantially these problems. 
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TABLE AII-l 

Forward Quasi Elastic Event Rates 

.6.ElJ 
. 2 

(Tel (.6.q < 0.1) Events/day 
2

.6.q < 0.1 

Events/day 
2

.6.q < 0.3 

15-25 """ 1.2 x 10-37 2 
cm 1000 3000 

25-35 1.2 x 10- 37 
"'" 

2 cm 150 450 

35-45 1.2 x 10-39 
"'" 

2 
cm 35 106 

45-75 1.2 x 10- 39 
::,., 

2 
cm 35 106 

75-125 1.2 x 10-39 
"'" 

2 
cm 6.2 19 

The separation of the quasielastic, low momentum transfer events in 

th~ presence of large numbers of inelastic events is made possible by the 

identification of energy release in the calorimeter. 
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APPENDIX III 

THE IRON CORE MAGNET 

The use of iron core magnets for momentum measurements is wide spread 

in cosmic ray work. At NAL this technique should be equally useful for 

experiments where the ~ beam covers an appreciable aperture. Such magnets 

are inexpensive compared to air gap devices, require negligible power and 

have adequate ("'" 15 - 18 kg) magnetic fields. The primary drawback for such 

magnets is the mUltiple scattering due to the high density of matter in the 

magnet. At constant field over a trajectory of length L the magnetic 

deflection increases as L and the rms angle of multiple scattering increases 

1- . r:- 14 15 
as ~L ; the momentum resolution goes as l/~L. therefore thick magnets are 

required for adequate momentum measurements. At low energies the corrections 

due to energy loss in the magnet become appreciable. 

To estimate the deflection produced by our magnet we approximate 

it as a single piece of iron meters thick. 

--.....:)OO~ .... j.. --4> 
a muon entering :I.th angle el , is.6d = 0 + -f.,l (92  Ell)The net 

+ (Multiple Scattering deflection). We now estimate the various contributions 

to this deflection. 
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1. Magnetic deflection (P. > 10 GeV/cj energy loss is a neglibible
1. 

correction). The deflection at the end of the iron and the angular 

change are 

3B-t? e _e ':= 3Bt o= ~ cm, 2 1 P.· 
1. 1. 

The net deflection at the detector is 

(cm) with (B) in kG, (t) in m and (Pi) in GeV/c. 

The resulting deflection for B = lB kG, t:= 3m, tl = l m is 

Lld = 324/P cmi 

Thus, for p. := 100 GeV/c the displacement is still 3.2 cm. Since 
1 

tracks can be located to better than 0.1 cm spark chambers, the 

uncertainty in momentum due to track location is negligible up 

to 300 GeVIc. 

2. Multiple Scattering Displacement (P, > 10 GeV/c - energy loss is a 
1. , 

14
negligible correction). 

3 2 2 2 
:= J0 (t + tl - Z) < de > ; < dfl > := K2/2P.2 dz/x

1. 0 

giving 


(K/P,) 
2 

• 

1. 

Using the values, 


K = 21 MeV/c, x := 1.B cm (for iron)

o 

gives a deflection due to multiple scattering of 

g- := 42/P. (em) 0fl/Clms 1. 

The resulting uncertainty in the momentum measurement is therefore, 

K:
Op/p:= ms = * 13% 
Lld 
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3. Magnetic deflection and multiple scattering with energy loss 

Q. :;; 5 - 10 GeV/c) 14 
~ 

2 
o = 3B-t {I + 1/3 <6}?/l::;x.)jand e _ e "'" 3B-t ~l _ i 	(6}?/l::;x.)-t}

2P -! 	 P. 2 1 P. P. .... ~.. 	 ~ ~ 

For Fe, ,6pit",x rv 1.1 BeV/m, and Laking l'i 5 GeV/c one obtains 

therefore the energy loss corrections are on the order of 10% of the 

deflection. The energy loss corrections to multiple scattering are 

comparably small. 

4. Suppression of Moli~re Scattering. It is well 	known that the 

mUltiple 	scattering distribution is a non-Gaussian distribution and that there 

6is in fact an exponential tail on the distribution: The effects of this 

tail can be detrimental in neutrino experiments because of the large rate 

of decrease of beam flux with increasing energy. The net effect is that 

an occasional low energy ~ can suffer a large angle scatter thus appearing 

to be of considerably higher energy. Since there are fewer high energy 

events this 'feed up' process could cause significant contamination and 

misestimation of the high energy scattering process. In order to suppress 

the tail it is essential to break up the deflecting magnet into several 

cells between which the particle position is well measured. Any deflection 

in a given cell that is considerably different from the average of the 

others would be eliminated from the momentum measurement. By cutting out 

events with a deflection in one magnetic section that is greater than 

g- this plural scattering problem should be essentially eliminated.'\} Dms 2 
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5. Use of magnetic deflection and multiple scattering information. 

The measurement of a muon's momentum can be obtained from either multiple 

scattering information or from magnetic deflection. The multiple scattering 

technique which has been widely used in emulsion experiments consists of 

measuring a series of angular deflections of the track as it passes through 

several radiation lengths of material. In the device considered here 

multiple scattering measurements should be possible in both the latter half 

of the calorimeter and in the magnet sections. It should be possible to 

obtain a slightly smaller error on the momentum measurement by correctly 

including both magnetic deflection and multiple scattering in the analysis. 
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A. PURPOSE AND 	 SCOPE 

A number of important factors have changed since the neutrino experi

ments were first approved at NAL. In particular, the machine intensity and 

energy expected for the first few months of operation will probably be some

what lower than initially anticipated. Accordingly, we have reconsidered 

the prospects for doing neutrino physics during the period of early running 

at NAL. 

It is our conclusion, which we justify in detail below, that signifi 

cant and exciting neutrino physics can realistically be done by experiment 

ElA in a new, essentially unexplored energy region if NAL operates with a 

11proton energy between 100 and 200 GeV and an average current of about 10 

protons/sec. With a broad band neutrino beam and using our 96 ton pure 

liquid scintillator ionization calorimeter and l2-foot diameter iron core 

magnet, we can do the following physics. 

1. Search for charged intermediate vector bosons W in the mass range 

extending to ~J = 5 GeV. At that value of Mw and at 200 GeV proton energy 



2. 

with no focussing there would be produced ~20 Wls per day in the detector; 

assuming r(w-.l-1u) tr(W .... all) = 0.3, this leads to ..v(j observable dimuon events 
2 

per day and about 8 events per day falling in the region of low x(= ~) I 
fnd high ~=(Ev-EI-1)/EvJ which should be detectable through the techniq~e 
we have described in PRL~, 1309 (1970) (apperded). Observe that the 

present lower limit on ~ is not much, if any, higher than 1.5 GeV. 

2. Measure the total neutrino cross section with an accuracy of about 

:1::20% at various reutrino energies between about 5 and 50 GeV, and perhaps 

higher if E .... 200 GeV (see Fig. 1 for current ..y available data). The all 
p 	

I 
I 

liquid scintillator calorimeter permits us to .:10 this even without detailed 

study of the incident neutrino spectrum by measuring the ratio of inelastic 

production to quasie1astic neutrino scattering at small q2 which we know to I
be energy independent to a good approximation. We need only distinguish 

quasie1astic events with a more or less forward going muon in which E ~ E IV I.l. 

from inelastic events in which Ev = Eh + EI.l.; the ratio of the two event Itypes in the interv.al 6E at a given E is just the ratio of the cross sec
1) v 	 ~ 

j
tions. The total count rate is shown in Fig. 4 for various broad band beam 

conditions. For example, at 200 GeV, we expect an inelastic event rate of i 
~3 events per hour with no hadron focussing; the quasie1astic rate is of or

der 0.5 per hour for the same conditions. 

23. 	 Measure the q and v dependence of the neutrino cross section, 


2
i.e., d2a/dq d and da/dq2, to check scaling in the region in which SLAC has 
v 

worked and also at higher q2 and v; crudely check the Adler sum rule. Ob

2 serve in Fig. 4 that we can expect ~10 events/day under favorable conditions 

which is superior to the rate in the new large CERN HLBC Gargame11e. 

4. The technique mentioned in item 2 above leads directly to a limited 

study of quasielastic scattering and hence to a crude measurement of the 

http:interv.al
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axial vector form factor. 

S. Observe anything new that may occur in this unexplored energy 

region. 

We emphasize that these measurements are possible under the relatively 

modest operating conditions of NAL that have been assumed for two reasons. I
j

First, a broad band neutrino beam, which can be straightforwardly accom- ~ 

plished through t 11e options we discuss below, makes the most efficient use 

of the initial proton beam and the secondary h~drons at whatever energy the I 
machine operates. Second, the characteristics of our initial target-

detector ionizatjon calorimeter lend themselve~ to experiments over a wide I 
range of incident neutrino energies and especi~lly for neutrino energies I 

j 

between, say,S and 50 GeV. Neither of these conditions is met by the use 1 

of a narrow band neutrino beam in conjunction with a poor resolution high 

energy neutrino detector. 

The detector is massive (96 tons of liquid scintillator), exceptionally 

sensitive and capable of the accuracy required of it to do the physics we 

have discussed. The detector consists of 4 modules, each of useful area 

9 ft. x 9 ft. and of length 6 ft. along the beam. There are wide gap spark 

chambers of area 9~ ft. x 9~ ft. in front of and behind the calorimeter and 

between each pair of modules. The large area of the calorimeter and the 

correspondingly large area of the iron core magnet makes possible the accu

rate measurement of energy in the final state of an inelastic interaction 

especially at lower neutrino energy where secondaries at large angles are 

common. Finally, all of the energy produced in a neutrino interaction in the 

calorimeter is observed and should provide clear distinction between quasi-

elastic and inelastic events and between quasicoherent W-production and in

elastic scattering. This detector is, it seems to us, particularly suited 
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to exploration, unlike a heavy plate ionization calorimeter in which much of 

the 	information relating to an event is unavailable. 

The ionization calorimeter has been tested with cosmic ray muons and 

has a pulse height uniformity of ±15% over the entire area. The calorimeter 

is very sensitive, giving by measurement 1 photoelectron in the photomulti 

plier tubes for eV1ry 50 kev energy loss in the liquid. 

B. 	 COMPARISON OF THE LARGE LIQUID SCINTILlATOR - SPARK CHAMBER CALORIMETER 

WITH OTHER DET~CTORS 

The ultimate ~road band detector for high energy neutrino interactions 

must combine (1) large mass, (2) good energy resolution, (3) spatial in

formation and (4) magnetic analysis of the reaction products. In general, 

existing spark chamber-counter detectors have only achieved large mass where

as bubble chambers have done better on the latter two aspects, spatial infor

mation and magnetic analysis of the .reaction products. We note that large 

heavy liquid bubble chambers in principle can obtain adequate energy resolu

tion at the expense of extremely difficult measurements of all the shower 

products; this becoming more difficult at higher energies. In calorimeters 

these measurements are made electronicaily with higher efficiency and better 

resolution. 

The all liquid scintillator calorimeter for ELA provides an excellent 

combination of the first two of the above aspects and, in some cases, will 

be adequate for the third. Of course magnetic analysis (4) will be accom

plished for muom emitted in the collision by the large iron core magnet. 

The useful mass of the target depends on the experiment being carried 

out. For example, for W production a fiducial mass of 70 tons can be used; 

for angular distribution measurements in deep inelastic scattering, elastic 

scattering and in any experiment with a small amount of energy given to the 
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70 ton 

v' hadronic system, almost all th~mass can be used. For total cross section 

measurements and tests of scale invariance a restricted fiducial volume of 


about 30 tons is more desirable. 


The energy resolution of the detector is expected to be excellent. For 

example it may be possible to study the details of quasi-elastic scattering 

by observing the e,utgoing muon (angle and energy) and the energy given to 

the proton (no angle information). The resulti'lg information provides a 


lc fit to the elastic scattering hypothesis. We estimate that this informa

tion will be adequate to study elastic scatteri.lg to a momentum transfer 

, 

It I ~ 0.6 (GeV/c)". Beyond this the proton becomes energetic enough for the 


event to be confuf.ed with single pion production. Likewise, nearly coherent 


events can be obs~rved where all the energy is given to the muon or muon 

pairs. 


The spatial resolution of the detector should be adequate to provide an 


early look at the dynamics of deep inelastic scattering processes. Events 


produced within an interaction length of a spark chamber should provide this 


information. The wide gap spark chambers are especially suited to record 


very high multiplicities. For example, if 'jets' of particles are emitted 


in deep inelastic collisions the resulting spatial distribution may be ob

served in this detector. 


We believe that this apparatus is well suited to the study of low en

ergy (above 5 GeV) as well as high energy neutrino interactions. Since the 


only well-studied energy range of neutrino collisions is below 2-3 GeV/c 


(using bubble chambers), this detector can be used to fill in the gap from 


5 GeV to the highest energy available at NAL. The lower part of this energy 


range overlaps the SLAC energy where scale invariance was discovered and is 


essentially unexplored with neutrinos as projectiles. Note also that neu

http:confuf.ed
http:scatteri.lg
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trino interactions may be distinguished from antineutrino interactions by 

the sign of the charge of the observed muon. 

E. MULTI QUADRUPOLE FOCUSSING 

A recent Serpukhov report (IllEP 70 - 93) has described a clever focus

sing scheme made with parabolic current sheet lenses. The principle can be 

also exploited with quadrupoles. The idea follm's from the momentum depen

dence of the focal length of a magnetic lens. One can show in general that I 
a system of n magnetic lenses perfectly focusse~ n momenta. At momenta I 

1intermediate to the perfectly focussed values there is also substantial 

!focussing. Figure 5(a) shows a 3 lens system anc the rays for the perfectly 1 

j 
!focussed momenta. In Fig. 5(b) the ratio of exit angle to incident angle 

is shown for the system as a function of momentum. The Russian solution 

gives higher yield than a horn focussing system. 

We have investigated the effect of using quadrupole pairs and triplets 

as lenses, following the Russian idea. Such a system would offer DC opera

tion, and thus be compatible with the muon beam and also focus both positive 

and negative hadrons thereby yielding both neutrinos and antineutrinos. A 

system of six quadrupoles with reasonable apertures and pole tip fields has 

given the flux spectra shown in Figs. 2 and 3 and the event rate curve of 

Fig. 4. The system, designed for 100 GeV machine operation, has not been 

fully optimized, but nonetheless gives a factor of 5 increase in rate over 

no focussing at 100 GeV and is only 40% below the yield of a horn system at 

that energy. Figure 6 shows the ray diagram for the quadrupole system and 

Fig. 7 shows the ratio of exit angle to entrance angle versus momentum for 

the horizontal and vertical planes. Note that for the momentum band 15 GeV 

to 50 GeV, this system reduces the exit angle to 30% or less of the incident 

angle. (The solid angle gain is the square of this factor.) Also shown is 
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the curve for a one quadrupole 	doublet. The standard doublet gives effec

tive focussing over only 25% of the range of hadron momentum focussed by the 

6 quad system. 

C. PARAMETERS FOR INELASTIC SCATTERING RATE CALCULATIONS 

Since neutrino physics is virtually unexplored above incident energies 

of 5 GeV we consider all interactions above this threshold to be of potential 

interest. We ascume that the total cross sect ..on rises linearly with energy 

as is indicated bV the present data shown in Fjg. 1, which also indicates 

the lack of data above about 6 GeV. 

A detector fiducial volume of 30 tons is Lsed to be realistically con

servative. 

The rate calculations assume lOll protons per second on a 1 collision 

length target and have been done for a number of machine energies. The 

Hagedorn-Ranft hadron production model (strongly favored by recent ISR re

sults) was used. However, at the energies considered here, the CKP model 

gives an integrated neutrino flux above 5 GeV which agrees to about 10% with 
. 

the Hagedorn-Ranft prediction. The spectra for 100 and 150 GeV machine op

eration are shown in Figs. 2 and 3 for the several focussing schemes dis

cussed below. 

D. RATES WITH NO HADRON FOCUSSING 

Figure 	4 shows the yield of events per day as a function of machine 

11 energy. For 200 GeV operation at 10 protons/sec., we expect 60 events per 

day with no hadron focussing. 

While such a rate is above the threshold of 1 event per hour at which 

it is worthwhile to begin data taking, there is little room for contingencies 

such as unstable machine operation or equipment failure which might reduce 
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11 
average intensity below 10 protons/sec. Accordingly, we have tried to 

estimate the gains from simple focussing systems as well as horn focussing. 

F. HORN FOCUSSING SYSTEM 

We mention horn focussing primarily to reemphasize that it provides the 

smoothest neutrino spectrum (Figs. 2 and 3) and the largest count rates 

(Fig. 4). In view of the progress already made hy the Laboratory in acquir

ing a magnetic horn system that system might well be available to follow im

mediately after a Imderate length period of non-focussed broad band neutrino 

running. This is <iscussed more concretely in the next section. 

G. CONCLUSIONS M;D SPECIFIC REQUESTS 

We have shown that, even if the neutrino flux at NAL is initially two 

orders of magnitude less than it ultimately will be, it is nevertheless 

possible to obtain a neutrino event rate of a few per hour or more in the 

detector of experiment EIA with a broad band neutrino beam. Furthermore, 

the ElA detector will detect medium energy neutrino events with good resolu

tion and sensitivity. We show in Fig. 8 that the neutrino count rate under 

these conditions compares favorably with other current or planned neutrino 

experiments. 

The progress of construction and assembly of our experiment is such 

that we expect to have the liquid scintillation ionization calorimeter (in

eluding the wide gap spark chambers) operational by the end of April, 1972. 

The iron core magnet and a temporary complement of narro\v gap spark chambers 

are in operation now. We require only continuation of the already effective 

cooperation of NAL to complete the detector. 

It is particularly desirable to modify the present neutrino target 

station train load to provide for a non-focussed broad band neutrino beam 
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for early running. This can probably be done by transporting the proton 

beam completely through the present magnet arrangement to a target at the 

end of the train; provision for a target of ~1 interaction mean free path 

and an appropriate mount would be necessary. A primary beam current of 1011 

protons/sec. (or several times that value) would need only an elementary 

beam dump at the end of the hadron decay tunnel. Hence the requirements for 

non-focussed broad band running are quite modest and effective imp1ementa

tion can be wor~~d out in conjunction with thp Experimental Facilities 

Group. 

The choice between the two alternatives for broad band focussing de

pends more on pructica1 considerations than o~ physics. The relative count 

rates are clear from Fig. 4. The horn system is scheduled for July, 1972. 

Modification of the present train load and installation of a working mu1ti

quad focussing system can possibly be done somewhat more rapidly. If, how

ever, work on the multi-quad system were to divert appreciable effort from 

the horn system, the quad system would be a questionable compromise solution; 

it might be preferable instead to put extra effort into the horn system to 

insure that it is ready on schedule or perhaps earlier. This is the essen

tia1 decision relating NAL resources to early focussed broad band neutrino 

beam physics thab is posed by the plan presented here. We urge the Labora

tory to make provision for an initial broad band focussing system to be 

available directly after experience with a non-focussed beam is obtained. 

We believe that the measurements we have outlined can profitably begin with 

the non-focussed neutrino beam as soon as the Accelerator is operational 

under conditions approximating those assumed here and that a vital neutrino 

physics program would soon thereafter be established with the initial fo

cussed broad band beam. 
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FIGURE CAPTIONS 

FIGURE 1: Present data on neutrino total cross section. 

FIGURE 2: Neutrino flux spectra for various focussing schemes at 100 GeV i
; 

machine operation. I 
FIGURE 3: Neutrino flux spectra for various focussing schemes at 150 GeV 1 

machine operation. 

FIGURE 4: 	 Total neutrino event rate per day as a function of machine 

energy. Note that the multi-quad sy;;tem has been optimized for 

100 GeV operation. 

FIGURE 5: 	 (a) Ray diagram for Serpukhov focuss:'.ng scheme. 

(b) 	Effective focussing as a function of hadron momentum. F is 

the ratio of hadron angle at the exit of the focussing system 

to the angle at entrance. 

FIGURE 6: Ray diagram for a possible quadrupole system. 

FIGURE 7: Focussing as a function of hadron momentum for the quadrupole 

system. 

FIGURE 8: Event rate per hour of experiment 1A with a simple quad focussing 

system, as compared to other neutrino experiments. 

http:focuss:'.ng
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Detection of the Weak Intermediate Boson Through its Hadronic Decay Modes* 
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and 

C. Rubbia 
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(Received 24 July 1970) 1 

1 
It is shown that the hadronic decay modes of the weak intel"Taediate boson W produced 

by high-energy nentrinos provide a unique and unambiguous experimental signal of the 1: 
production and dec ay of the W, even.in the absence of any inf(Jrmation about the number, !' 
the configuration, ')r the momenta of the decay products. Th· s method of detecting the 
hadronic decay mGjes of the W, in conjunction with previously utilized methods for de
tecting the leptonic decay modes, should allow a search for the w to be made which is 
independent of any assumptions about the hadronic-to-leptoni~ branching ratio of the W. 

The weak intermediate vector boson1 W, if it duction and decay of the W, even in the absence 
exists, is expected to deca~l into hadrons as well of any infor:nation about the number, the configu' 
as leptons. A number of au~hors2.3 have tried to ration, or the momenta of the decay products. 
calculate the hadronic-to-Ieptonic branching If the hadronic branching ratio is large, Le., 
ratio hll, but there still exists a large, probably hll.2: 10, the signal we discuss below will be the 
order of magnitude, uncertainty in these esti easiest, and possibly the only one available, in 
mates. Previous experimental searches4.5 for hunting for the W. If on the other hand hll :s 0.1, 
the W have been hampered by lack of knowledge then searches based on the leptonic decay modes, 
of that branching ratio and have usually given e.g., searches for dimuon production by incident 
their results as a single number representing neutrinos or protons, will allow a definite con
the upper limit of the product of the cross sec elusion to be drawn. For hiI"", 1, the choice is 
tion for W production by the branching ratio for moot. Hence, using the method described here 
a particular leptonic or hadronic decay mode, for detecting the hadronic decay modes of the W, 
depending on the detection device employed in in conjunction with previously utilized methods 
the experiment. for detecting the leptonic decay modes, it ap

The present lower limit 6 of roughly 2 GeV on pears that a comprehensive search for theW 
the mass of the W is already sufficient to pro can be made in a single experiment which is in
vide adequate phase space for multipion decay dependent of any assumptions about the ratio 
modes of the W Furthermore, recent prelim h/l. 
inary data? on e+ and e- collisions with s "",4 Neutrino production of W's and their subse
GeV2 indicate that, contrary to expectations, the quent decay into hadrons is a very efficient meth
probability of producing multipion final states od of transferring a large amount of energy to 
is apparently not inhibited by a small form fac the final hadron system. Such events appear to 
tor at the hadron vertex. These facts and the be deeply melastic neutrino interactions and it 
imminent availability of particle beams of very is relevant, therefore, to describe them in terms 
high energy and mtensity, at Serpukhov and at of the variables x q2/2J1pEh' with q2 (Pv-PiJ)2 
the National Accelerator Laboratory, enhance and E h the approximate energy of the final hadron 
the need for either a more accurate estimate of system, and \' Eh/E r,. commonly used in dis
h/l or a method of searching for the W that is cussing deep inelastic processes. 9 Now, the 
independent of II It. basic idea for recognizing the hadronic decay 
lt is the purpose of this note to point out that modes of the W, independent of their detailed 

the hadronic decay modes of W's produced by, properties, is as follows: The large energy re
say, high-energy neutrinos8 provide a unique lease to the hadrons in W events is accompanied 
and unambiguous experimental Signal of the pro- by a low momentum transfer to the associated 
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FIG. 1. Kinematics of W production by high-energy 
neutrinos. The calculations are from Ref. 10 and show 
contours of constant cross section. 
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muon; the W events are quasicoherent but, nevertheless, exhibit enormous values of En. On a plot 
of x vs E ~, there will be a characteristic tight clustering of W events that will make them stand out 
against the background of inelastic events which will be smoothly distributed over a much larger re
gion of x and E •v 

The kinematic features of W production by high-energy neutrinos io are illustrated in Fig. 1 for the 
typical cases of lvI w = 5 GeV /ez, E" = 50 GeV and Mw =8 GeV/c2

, E <' '" 80 GeV. One sees (a) that the in
cident neutrino energy is largely transferred to the W, and (b) that both the energy and angle of the 
associated muon are relatively small. If the W decays into hadrons, one finds from Fig. 1 and simi
lar results that, over the entire interval 50 s; E" ,,:; 200 GeV and for any value of iV1 w> 2 GeV, most W 
events are contained within the region x.$3 x 10-2 and y;:: 0.85. 

To estimate the backgrc und from inelastic neutrinD_.interactions in that (x, y) region, we assume 
that cross sections for II,:J and lI,n are equal, and with s =2MpE", we write ll

•
I2 

· 

22 
d (Jinel =C Mp E (l-X)(I-y,,- .\,2) (1..-_s )-2._xy

dxdy 1T lJ 2 Mv/ 


In Eq. (1) we have made t'se of the diffraction model I2 of deep in~lastic scattering, partly because it 
is less controversial and nartly because it (as well as the partor model I3

) is likely to be an overesti 
mate of the magnitude of I he deeply inelastic cross section. It should be emphasized that none of the 
details of these models is of importance to the estimates preserted here. Furthermore, for lvIw large, 
Eq. (1) has (Jinel rising lmf'arly rather than logarithmically with Ell; hence, we take ivlw =00, which is 
again likely to overestim,_te the background. Integration of Eq. 'I) over the intervals 0 S;x":; 3 X 10- 2 

: 

and 0.85 ,,:;y S; 1, which characterize W production and decay, yields 

Observe that integration of Eq. (1) over the com
plete range of x and \', i.2., 0 S; x s; 1 and 0 s; y s; 1, 
gives u(totaO = 0.80 E" x 10- 38 cm2/nucleon, 
which is the observed 14 total neutrino cross sec
tion as a function of neutrino energy, and which 
is 146 times larger than Uinel(X, y). Thus, W 
events occupy about 0.7% of the total (x, y) re
glon available to inelastic neutrino interactions. 

We show, in Table I as a function of E", a com
parison of the cross section for W production 10 

for several values of Mw with the inelastic croSS 
section Uinel(X,y), taken over appropriate inter
vals in (x, y). W production by neutrinos is 
largely incoherent lO for :vl w i?: 5 GeV / c2 and E v 

~ 200 GeV, and the cross section on neutrons is 
not negligible with respect to the cross section 
on protons; therefore, to be specific, we have 
calculated Table I for a Pb208 nucleus. 15 We have 
not included the cross section for the inelastic 
production of real bosons (i.e., for the process 
in which the virtual photon emitted by the 11 or 
W diSintegrates the nuclear target) because that 
cross section has been calculated l6 to be less 
than one-half the value for elastic R' production 
in the neutrino ener~y interval 40-200 GeV. It 
is apparent from Table I that the cross section 
for W production up to a W mass of about 7 GeV / 
c2 is appreciably larger than U,oel(X,y) in the in
terval 0":;x,,:;3xI0- 2 and 0.85s;y~l, even for 
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Table I. Comparison of the cross section for W production aw for several values of Mw with the inelastic cross 
section ainel(x,y) over appropriate intervals in (x,y). Ev is in GeV. Mw in GeV/c2, a's in 10-38 cm'/Pb nucleus. 
The values of aware obtained from Ref. 10. See also Ref. 15. 

1 

j 

E" 50 60 70 80 90 100 150 200 IInterval Process 
I 
10~x~3:x10-2, aw- 3M w=5 360 613 882 1159 1433 1701 3022 5165 1 

0.85~y ~1.0 

all" 1I1w=7 18 50 119 221 348 490 1232 1992 
all" M,.,=9 4.1 12 31 65 422 915 
O"lnel 58 69 80 92 104 115 172 230 
0"51alr>J 6.2 8.9 11.0 12':6' 13.8 14.8 17.6 22.4 
a1/a lr>!\ 0.31 0.73 1.5 2.4 3.3 4.3 7.2 8.7 
a/airel 0.051 O.B 0.30 0.57 2.5 4.0 

3 x 10-2 ""x,c::;. 6 x 10 -2, ainel 58 69 80 92 104 115 172 230 

0.85""y "" 1.0 

alncludes coherent contributi.m for Ev ~ 80 GeV. 

Ev "100 GeV. To obtain a ..:orrespondingly high 
value of (J9/O"inel requires lal ger E v because of 
the threshold nature of the W cross section. For 
neutrinos with energies up to 200 GeV as in 
Table I, the cross section (Jw for lvl w ::!: 10 GeV/e2 

will exceed O"iner(X,Y) suffiCiently to permit a W 
in that mass range to be recognized. We list 
also in Table I the values of O"inel(X,y) in the re
gion 3x 10-2 ~x" 6X 10- 2, 0.85 ~y" 1 to indicate 
that O"inel(x,y) is constant in equal intervals of 
x, while Fig. 1 shows that 0"111 falls off rapidly 
with increasing x. 

We have attempted to illustrate these results 
in the three-dimensional plots of Figs. 2 and 3 
which show the dependence of the cross section 
(Jv '" (Jinel(x, y) + (Tw on x and Ell for J'vl w= 7 and 9 
GeV/ez, respectively. The plots are arbitrarily 
cutoffatE"=200GeVandx,,,,10XlO- z• No 
attempt has been made to reproduce accurately 
the detailed form of the decrease of (Jw with In

creasing x. The sharp structure in (J v shown 
in Figs. 2 and 3 will produce corresponding 
structure on plots in which each neutrino event 
i is indicated by its value of the observables Xi 

and EVi(=E IIi +E hi ). The event plot will also 
include the effect of the energy spectrum of the 
incident neutrinos which falls off rapidly with in
creaSing E v' The event plot will, as a conse
quence. extibit a peak whose location on the Ev 
axis is related to the value of Mw in a calculable 
way. 

Finally, we note that the experimental resolu
tion in x and E II that is necessary to observe a 
peak in the x-E" plot is easily attainable in either 
a large heavy-liquid bubble chamber or some 
form of an ionization calorimeter. In such de
tectors, the largest uncertainty will probably 
occur in the measurement of x due to multiple 
scattering of the muon, but that is unlikely to 
increase D..x/x above ±O.25 for any event and 

200 

10 
B 
6 
4 

2)(16' 

(leV 

FIG.2. Plot of a"e =ainel(x,Y) +(Jw for M w=7 GeV/c 2
• FIG. 3. Plot of av =airel (x,y) +aw for M w=9 GeVIc 2

• 

The cross sections are for Pb206
• The c ross sections are for Pb208 • 
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will therefore not appreciably spread the peak 
in x. 

One of us (A.K.M.) wishes to acknowledge many 
fruitful discussions with R. W. Brown and 
J. Smith. 

*Work supported in part by the U. S. Atomic Energy 
Commission. 
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3A useful summary is g ven in R. E. Marshak, Ria
zuddin, and C. P. Ryan, Theory of Weak Interactions 
(Wiley, New York, 1969). 

4R• Burns et fll., Phys. Rev. Lett. 15, 42 (1965). 
50. Bernardini et al., lIuovo Cimento 38, 606 (1965). 
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et al., Phys. Rev. Lett. 23, 729 (1969). 
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working at Adone, Laboratori Nazionali del Comitato 
Nazionale per I' Energia Nucleare, Frascati, Italy. 
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Abstract 

We propose here a neutrino experiment using neutrinos ;n the energy 

range 20 - 100 Ge-V,. that will permit us to simultaneously: (1) search for 
I _ + 

an intermediate vector boson W through the reaction v + Z ~ ~ + W + Z up
jJ 

to a W mass of ~ 10 GeV/cL ; (11) measure the cross section for the diagonal 

·point' four - fermion interaction v + Z ~ u - jJ 
+ 

v Z, if W production is not 
jJ jJ 

observed; (111) measure d2a/dq 2d(Ev - E~) and 0tot (Ev) for the reaction 

v +'p ~ u- + (anything) for E up to the maximum energy available at NAL; 
~ v 

elY) measure d2o/dq2d(Ev-Eu) ;n the region q2 ~ very large, (E -E ) ~ very
v ~ 

large, i.e., the deep inelastic scattering region. The device that will be 

used to accomplish these exper"iments consists of a large hydrogen target, 

a heavy metal total absorption calori~eter and a large iron core magnet. 



" 

.. \ 

.. 

INTRODUCTION 

We propose here the design of an apparatus for neutrino 

scattering experiments that will permit us to carry out 

simultaneously: (I) Measurements of d20'/dq2d (E - E ) and 
II /.L 

O'tot (Ell) for the reactions II/.L-t-p-+/.L- + anything, for Ell up to the 
I 

maximum available at NAL; (II) a search for the production of 

, - +an intermediate vector boson W through the reaction II +Z~ ~ +z 
/.L2 . '. 

up to a W mass of about 8 GeV/c ; and (III), in the event that 

the W mass is beyond the energy limit of NAL, an exploration' 

of the "point" four-fermion interaction II +Z..u.-+I.L++11 +Z' , 
/.L /.L 

where Z, may be the same as Z or a hadron shower of nucleons 

and mesons. 

The principal aim of all of these experiments is to search 

for structure in the weak 'interacdonin a completely unexplored" 

region. To accomplish this aim it would be preferable to study 

reactions involving only leptons or reactions in which the 

internal structure of the target nucleus remains essentially 

unchanged (coherent scattering). The calculated cross section 

for the coherent production of w's (II above) with a mass 

approaching 8 Gev/c2 does indicate that an adequate rate and 

a satisfactory signal to background ratio can be obtained to 

allow that process to be studied in detail, if W's exist. 

Unfortunately, the cross sections for most other purely leptonic 

or coherent reactions are quite low and it may be necessary 



. 

1 - 2 .'. t 
I, 

to make the best use of inelastic (meson production) processes. 

Thus, the coherent reaction under III above which was discussed 

by one of us in NAL 1968 Summer Study (report B-168-76) may not 

'" be distinguishable from background, while the more abundant 

inelastic reactions might be more easily observed. It is 

difficult to obtain weak interaction information from such 
" '.' .p '\,' ' ••:' •• .' ' " ',' , • 

inelastic neutrino processes but there may not be a superior 

alternative. For this reason among others we regard the 

measurement (I) also as an integral part of a study of the 

weak interaction at high.neutrino energies. 

There is, of course, other interesting information that 

follows directly from the experiments we propose but we will 

not elaborate on it here. 

DISCUSSION 

1. THE APPARATUS 

Consider the experimental arrangement shown schematically 

in Fig. 1. 

First in line along the U beam behind the main muon 

shield there is a liquid hydrogen target 3m in diameter and 
" 22· 

7.5m long for the measurement of d a/dq d(E ~ EIJ.) and, O'tot(E ).u u

The target contains 3.5 metric tons of liquid hydrogen (i.e., 

about 83~ of the useful hydrogen tonnage in the proposed 

----------------------------""""--""""--"- "" .--"""""----~ 
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25-foot bubble chamber). Observe that 7.5m of liquid hydrogen 

is 2 collision lengths and 0.9 of a radiation length. Scinti11a

.	tion count'ers in :front of and behind the ,hydrogen . target ". (and . 


p~ssib1y along its sides) signify that an interaction has 


occurred in the hydrogen and not elsewhere in the apparatus. 

I 

Immediately following the hydrogen target is placed an 

ionization calorimeter of area, say, 4m x 4m and total compressed 

length about 2.5m, of which 1.3m is iron plate. The calorimeter 

serves two functions. (i) It measures the energy ~ in the 

combined hadron-electromagnetic shower produced in the reactions 

11 +p-t\.L- +anything, and part of the ener"gy of. the IJ. -; the energy
J.L 


E of 11 initiating the interaction is obtained from the sum 

11 

. ~+EJ.L. (ii) The calorimeter is the target for the W-search 

experiment and for the point four-fermion interaction experi

ment. 

For the area and length specified the calorimeter consists 

of 160 metric tons, a total of 10 collision lengths of iron, 

which is divided into about 15 sections, each about 8 cm of 

iron, spaced apart by a scintillation counter and a 2-gap 

spark chamber. Spark chambers which precede the calorimeter 

. provide information on the multiplicity of the initial hadron 

shower and on the transverse momenta of the particles in it. 

Also the spark chambers before and in the calorimeter help 

to distinguish between the coherent (or at least semi-coherent) 
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processes and the deeply inelastic (pion producing) reactions. 

Notice, too, that 1.3m of Fe is the range of a 1.6 GeV mUon; 

hence most of the muons produced by neutrinos with E > 10 GeV 
II 

will escape from the calorimeter. It is important that the 

linear density of the calorimeter be variable in order to. 

evaluate the background from pion decays in flight; a varia

tion from 2.5m to 25m is adequate. 

Finally, following the ionization calorimeter (at 25m 

distance) there is required about 30m - 40m of Fe to measure 

the range of the energetic muons produced in any of the reactions 

above. The range measurement provided by this thick absorber 
, 

will be satisfactory if the absorber is divided into about 

30 sections of graded thickness with scintillator after every 

section and a 2-gap spark chamber following every other section. 

It is imperative that the first few sections of the thick 
. 

absorber b~ magnetized with a field integral sufficient to tell 

the sign of the charge of the most energetic muons to be detected. 

We want to emphasize the high probability that any moderately 

high energy neutrino experiment will require a muon range 

detector more or less similar to that we have just- described. 

We assume therefore that such a device will be a part of the 

neutrino facility at NAL, neither attached to nor specifically 
I ' 

charged to the complexity of a given experiment. 
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4. Expected Counting Rate 

In the 3.5 ton target of liquid hydrogen there 

should occur about 350 neutrino interactions per day produced 

by neutrinos with energies between 25 and 100 GeV. About 95 ... 
interactions per day are due to neutrinos above 45 GeV. In 

calculating these numbers it has been assumed that atot(E~) 

0.6 x 10.38 E cm2/nucleon to the highest E for want of a 
II , 	 II 

better assumption. Furthermore, we have assumed in this and, 

all subsequent rate calculations that the proton beam on 
12 . 

target is 5 x 10 protons/sec and that the neutrino yield 

at any energy is 1/2 of the values given by the curve in Fig. 24 

of the paper "Neutrino Beam Design" by Y. Kang and F. Nezrick 

! '" •(Appendix IX in the "Summary of NAL DesignU
; 1969). 

b. 	 Resolution 

It is useful to define an elasticity coefficient k 

Both k and E and 
II 

also the multiplicity may vary widely from event to event. 

Nevertheless, it seems likely that almost all events can be 

measured with 6Etot/Etot - 6E /E ~ Z 0.15 because we can achieve 
II II 

t~ values 6Eh/Eh - 6E~/E~ - z 0.15 over the entire region 

10 GeV ~ E ~ 100 GeV for 0.2 ~ k ~ 0.8. For k outside those
II I 

limits the required accuracy on the smaller contributor to 

E is less while in general the accuracy quoted above on thetot 
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larger contributor is not more difficult to achieve. 

We are encouraged to believe that the ionization calori 

meter will behave as we describe because the theory of fluc


tuations underlying such devices has been intensively studiedl , 

. 2 
and the actual use of an ionization calorimeter in an applica

tion similar to the one we have in mind has'been highly success

ful. In addition, it is possible to check the results of 
, 

reference 2 and to study empirically the detailed response of 

a scale model ionization calorimeter to various known types and 

quantities of incident particles. We intend to carry out such 

a quantitative model of study at the AGS as par~ of this proposal. 

The angular resolution of the apparatus is good. The 

.uncertainty in the angle of the incident neutrino is determined. 

by the muon shield length L and the length of the hadron drift 
s 


space Ld • For L - Ld - 300 m, 69 ~ =2 mrad. The error in 
s v 

the angle of any muon reaching the main muon range device is 


again a few milliradians. Hence we can expect to determine 

with reasonable accuracy for each event. (The p's are momentum 

4-vectors and Pfh refers to the final state hadron 4-momentum). 

This yields directly the invariant mass of the hadron system 

produced in the interaction. We need moderate angular resolu

tion'on the primary hadron shower to determine the'multiplicity 
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of an event. The spark chambers at the entrance of the ioniza

tion calorimeter will provide sufficient resolution for this 

pllrpose. 

3. 

a. 	 Rate 


One of us h~s described a neutrino experiment to 


search for the W in NAL 55-16(2020) which did not explicitly 


. specify the target (except as high Z material) or the detector. 

Most of the calculations3 in that note are relevant here. The 

2salient results are the rates at which W's and ~ - 5 GeV/c 

and ~ 	=8 GeV/c2 would be produced in the iron of the ioniza

tion calorimeter; these are 440 per day and 8 per day, for Mw - 5 

and 8 Gev/c2 , respectively. These rates do not include con

trubutions from incoherent W production. 'Ass~ming Oi~+v)/ 

Oi~ll) 	- 0.2 and a detection efficiency of 0.5, we would 

observe about 45 events/day for MW - 5 GeV/c2 and 1 event/day 

2
for ~ 	- 8 GeV/c • 

b. Event 5ignature and Background 

The event signature and the background for W events 

are also discussed in NAL 55-16(2020); those considerations are 

directly applicable here. The background from inelastic 

processes occurring in the iron'of the ionization calorimeter, 

i.e., the target for W production, constitutes the primary 

difficulty in the W search and, as we shall see, in the study 

of the point four-fermion interaction. Assuming again that 
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'atot(E ) increases linearity with E ' it follows that 1.6 x 104 
V v
 

inelastic events per day due to ,neutrinos above 25 GeV will 


occur in the iron target~ Roughly, in about 10-2 of those 

+events an energetic v will decay in flight to give an energetic 

+ + ~ and so simulate W production and decay. Furthermore, it 

is possible to recognize the inelasticity of an event in a large 

number of cases, say, 90 percent of them. Hence this background 

2will not be serious at ,~ - 5 GeV/c but it mayor may not be 

2overwhelming at ~ - 8 GeV/c , depending on the discrimination 

factors that can in practice be achieved. Observe, however, that ,! 

. + 
the background due to v decays in flight can be empirically 

evaluated by varying the linear density of the iron target, as 

mentioned earlier. For a ratio of 10 in linear densities and 

a run of moderate duration at the small density this method 

should be sensitive to less than 1 dimuon event/day arising 

from coherent W production. 

Finally, it is worth noting 'that,. since ~ ~ 2Ip~, the 

mass of a W can be estimated with good accuracy from knowledge 
. + 
of the range and angle of the ~ , assumed to originate from the 

+ .
decay of a W , in each dimuon event, as well as from the magni

tude of the production cross section. 

4. THE POINT FOUR-FERMION INTERACTION, v +Z-#L- +JJ.++v +Z' 
~ ~ 

The total cross section for this process (not including the 

2deeply inelastic contribution) has been calculated to order G2a • 

The angle and energy distributions of the two muons have also 



- 9 

been calculatedS and show significant.:differences from the 

muon distributions resulting from W production and decay. 

Integrating over neutrino energy one obtains an event rate of 
~ 

O.S/day from the 160 ton iron target, which is similar in 

2magnitude to the rate expected for Wls of 8 GeV/c • Conse

quently, similar remar~s on background discrimination apply 

in the two cases. 

We can expect that deeply inelastic dimuon production will 

have an appreciably larger cross section than the coherent 

production; from the deeply inelastic e-p scattering we 

anticip8~e very roughly a factor of 20 which would indicate the 

order of 10 events/day with two energetic muons and a hadron 

shower in the final state. Recognition and selection of these 

events from the large single muon inelastic background will 

depend on finding non-overlapping regions of the Dalitz plots 

of the muons from the real and the spurious processes. 

OONCLUSIONSI
I, 

It is, perhaps, useful to stress that the technique we 

have proposed here is particularly suited to high energy ne~

trino physics where the distinction between muons and'hadrons 

is considerable more direct and attended with less ambiguity 

than at lower energies. A liquid hydrogen (or deuterium) 

target and an ionization calorimeter provide a relatively cheap, 

----------.._-- ...• 



-	 10 0; 
" .. 

simple and accurate means of studying the fundamental differ

ential cross section for neutrino scattering, d2a/dq2d(E -E).
V ~ 

The advantages of the ionization calorimeter as both target and 
." '.: 	 .: .' . . ( . 

. 	 detector in a search for massive W's are apparent: the useful 

target tonnage is high; the target can be as compact as possible 

and also variable in density to minimize and to determine 

quantitatively the background from pion decays; selection of 

coherently produced two-muon events can be made electronically 

with good discrimination by the detector against inelastic 

events so that the sensitivity of the search should extend at 

2least to ~ a 8 GeV/c ; finally, the flexibility of the combined 

target-detector permits it to be tailored to exploit the kine

matics of W production and decay. Similar considerations 

apply to the detection of the point 4-fermion interaction 

leading to dimuon production. The sensitivity required to_ 

observe this interaction is the same as that required to search 
2

for W's of mass about 8 GeV/c • 

We believe that this method is more than ade.quate to explore 

the gross features of neutrino interactions at high energies. 

It is not clear that a large bubble chamber wi~h or without a 

track sensitive target possesses any'advantages over this .-
method in performing the experiments described above. 
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