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ABSTRACT 

The study of the lepton pair production processes v + Z - Z + fl + fl+ + v 
+ fl fl 

and v + Z - Z + fl- + e + v in liquid neon in a 25-ft bubble chamber is considered. 
fl e 

It is concluded that this experiment is very difficult but feasible. This experiment 

is also sensitive to the production of the intermediate boson if the mass of the boson 

is less than about 9 BeV. 

I. INTRODUCTION 

The four-fermion current-current point reaction--a phenomenological recipe 

devised by Fermi in 1934--is an excellent tool to describe the muon decay interaction 

and other low-energy weak interactions (if supported by hypotheses dealing with the 

weak hadron structure: CVC, PCAC, and hadron symmetry; SU and Cabibbo angle).
3 

An essential assumption of this theory is locality, i. e., that the lepton current 

acts at a single space-time point. This assumption inevitably leads to unphysical 

predictions at very high energies: v -e scattering which is pure s-wave scattering 
. . 4G Z Z . Ide f .with a cross section a = E Yle s for lJ center-o -mass energIes> 300-GeV event 

v 
2

rates inconsistent with unitarity (requiring a < ,- /2). 

A refined theory has to take into account higher order weak interactions. The 

non-locality due to the intermediate boson only shifts the unitarity catastrophe to 

higher energies. 1 Higher order weak-interaction theories so far lead to divergences, 

whereas at least one observed higher order weak interaction, the K
S

o
-K

L
0 

mass 

difference, is finite. 

In a recent approach to the weak-interaction theory, 2 the singularity difficulty 

for the non-diagonal part of the weak-interaction Hamiltonian is removed by trans

ferring the singularity to the diagonal interactions. This makes all presently 

observed reactions in lowest order finite and the higher order corrections small. 
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However, the universality between diagonal and non -diagonal weak interactions is 

lost, i. e. , this form of the current-current intermediate vector boson theory does 

not predict the magnitude of the self-coupling terms. Such terms have already been 

looked for in the neutron-proton case, 3 but the experimental results seem to be in

conclusive. Other diagonal terms are (vII) (vII) , I = e, fJ.. These terms could be 

studied in principle in neutrino -lepton scattering experiments, v + e - v + e or 
e e 

v fJ. + fJ. - v fJ. + fJ.. But in the case I = fJ., there is no physical target available, and in 

the case 1 = e very special beams are necessary (to enrich the v - flux) on the one 
e 

hand, and the background problem due to stray Compton electrons seems to be 

unsolvable on the other hand. 

An alternate way to look at these diagonal interactions is via the reactions 

+ v 
(1 )fJ. 

v +Z-Z+e
+ 

+e +v	 (2)
e	 e 

i. e., lepton pair production by a high -energy v beam with one of the leptons scattering 

coherently	 in the coulomb field of the nucleus Z. 

We have considered the study of the muon pair production process, reaction (1), 
- + 

as well as the non -diagonal fJ. e production process 

- + 
v +Z-Z+J.L +e +v	 (3)

fJ.	 e 

in the 25-foot bubble chamber proposed for NAL. 

It seems desirable to design an experiment to obtain on the order of 100 muon 

pair events, assuming that the diagonal and non-diagonal interactions have the same 

strength. A deviation from universality could then be measured with roughly a 10% 

statistical accuracy. 

II. EXPECTED YIELD OF EVENTS 

The cross sections for reactions (1), (2), and (3) have been calculated by 

Czyz, Sheppey, and Walecka. 4 These crOSs sections are extremely small. Using 

hydrogen for the target nucleus, the 25-foot chamber filled with liquid hydrogen, 
6

exposed to the v fJ. beam at NAL, would yield a few events in a 10 picture run. It is 

therefore clear that a heavier target nucleus has to be used. The heaviest filling 

that the 25-foot chamber will probably operate with is liquid neon, so we have 

assumed a pure neon filling in the following. The cross sections for reactions (1) 

and (3), as a function of the neutrino energy E ' interpolating the results of Ref. 4 
v 

for neon" are shown in Fig. 1. 
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We assume the v energy spectrum from the 200-BeV accelerator as estimated 
fJ 6by Nezrick, 5 shown in Fig. 2. We have calculated the expected yield for 10 pictures, 

13 3
with 2 X 10 protons per pUlse, assuming a fiducial volume of 50 m in the	 25-foot
 

- +

chamber (approximately 50 tons of neon). The distribution of the expected fJ- fJ- and
 

- +
 
fJ- e events in E is shown in Fig. 3. The total number of coherently produced 

v 
- + - + 

events, summing over E , is - 40 fJ- fJ- events and - 120 fJ- e events. The incoherent 
v 

production of lepton pairs is approximately a factor of two less than the coherent 

production. 

III. BACKGROUND 

- +
A.	 Background for the fJ- fJ- Pair Production 

6
These muon pair events have to be distinguished from - 12 X 10 neutrino inter

actions that will occur in the same exposure (assuming a total v cross section of 
38 2

0.8 x E x 10- cm /nucleon). The topology of the muon pair events is two outgoing 
v 

charged prongs with no incident charged tracks (the recoil nucleus Z will be invisible 

if the leptons scatter coherently on the whole nucleus). The background events with 
- + 

two charged tracks in the final state will contain a fJ- with a p or 1T (with the ex

ception of possible W productions) from the reactions 

v +n - +p	 (4)fJ
fJ

0 
fJ +p +1T	 (5) 

+ 
fJ + n + 1T	 (6) 

+ 
P - fJ-V + P + 1T (p invisible). (7) 

fJ-

The fJ- + can be distinguished from a p or 1T + by inserting a i-meter thick lead 

plate ( -7 interaction length) in the path of the particle and requiring that the particle 

pass through the plate without interacting. 

This requirement can unfortunately be simulated by a 1T+ which decays into a fJ-+ 

before reaching the lead plate. The probability of a 1T + decaying in a given distance 

d I in the liquid is 

dN -1/>" dl,0 

where >.. (p/ m) T Oc. The 1T+ can also interact in the neon before reaching the lead0 

plate; the probability of interacting in a given distance d I is 

dN -1/L dl,0 
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where L " 60 cm, the interaction length in liquid neon. Then the fraction of pions 

which will decay in the neon is approximately L/ >.. (as long as >.. > > L). For a 2. BeV/ c " +. 

>.." 110 meters; thus 0.6/110" 1/2."/0 of the"+ will decay and fake a f.L+. Thus the 

most serious background is reaction (6) with a " decay. [The cross section for 

reaction (7) is - 3 times that of reaction (6) but the proton will be usually visible, 

reducing the background due to (7) to a small fraction of that due to (6 ).] Two 

possible placements of this lead plate are sketched in Fig. 4. A lead plate of about 

7 interaction lengths for f.L± identification could be placed either inside the 2.5-foot 

chamber or outside of it (see Fig. 4.) It could be used in this and possibly many 

other v experiments. There are three disadvantages in placing the lead outside: 

1. Due to the large magnetic field in the chamber and its fringe field, many 

particles to be identified will be deflected far from the forward direction. Therefore, 

the lead plate has to go half way around the outside of the chamber, about 15 m, and 

be about 4 m high vertically, to subtend a decent solid angle. The plate inside the 

chamber could be -1. 8 m radius. 

2.. 1£ the plate is outside the chamber, two sets of counters are needed, on 

both sides of the plate, to correlate the particles in the f.L detector with tracks in the 

chamber. This means many hundreds, possibly a thousand, counters, which gets 

quite complicated and expensive. Even so. if a dozen or more tracks leave the 

chamber, ambiguities may arise in correlating these tracks. This problem is elim

inated if the plate is inside the chamber. 

3. The most serious background in this and possibly other experiments is 
+ +

going to be" - f.L decays. Placing the f.L detector outside of the chamber doubles 

the distance in which the" decays can occur. Furthermore, if the plate is inside the 
+ +

liquid, the 1T - I-l decay point is observable and ITlay be detected some fraction of 

the time.
 

For these reaSons we propose to place the lead, or possibly a copper, plate inside
 

the chamber.
 

Pion Production Cross Section 

The cross sections for single pion production processes by neutrinos have been 

calculated by Adler, 6 using a value of 0.71 for M~, the aXial vector form factor mass 

squared: 
- + 

a(vn - f.L n" ) 0.12. x 10- 38 cm 2. / nucleon 
- 0 10- 38 

o(vn - f.L p" ) 0.16 x cm2. / nucleon 

o(vp - f.L 
-
p" 

+
) = 0.44 x 10- 38 cm 2. / nucleon 

In view of the higher croSS section obtained for the third of these reactions in the 

CERN neutrino experiment, we have assumed the cross sections for all three 

processes to be twice the calculated value. 
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The cross section for reaction (6) is then 

- + - 38 2 
a(vfJ. n - fJ. n1T ) '" 0.24 x 10 cm /nucleon 

independently of E. We can calculate the expected number of events due to this 
v	 + 

reaction. Making some reasonable assumptions about the 1T momentum spectrum in 

these events, we made a rough estimate of the number of these events which will fake 

a muon pair due to 1T decay. This is shown by the upper curve on Fig. 3. Their 

total number is - 900 compared to -40 muon pair production events. 

The number of these background events may be further reduced in the following 

ways: 

1. Using the CERN heavy liquid bubble-chamber neutrino results, we estimate 

that about 200;0 of the vn - }J. - nTr+ will have more than two charged tracks leaving the 

vertex. These additional prongs are due to the fact that the neon nucleus is broken 

up when the v interacts with a neutron in the nucleus. 
+ +

2. The decay angle in the 1T - fJ. decays will probably be too small (-5to 30mrad) 

to be detected with confidence in liquid neon. However, there will be a substantial 
+ 

momentum change in the decay (the fJ. momentum will be evenly distributed between 

about 1/2 and 1 times the 1T+ momentum). Since there should be about 0.5 meter of 

1T+ track on the average before decay, the momentum	 change can be used to confidently 
+ +

eliminate roughly half of the background events with 1T - fJ. decays. 

3. Since the interaction length in neon is - 60 cm, 99'10 of the neutrons pro
- +

duced in the reactions v + n - f'- + n + 1T will interact within about 2. 5 meters in the 

chamber. lf the neutron interaction is detected, the direction of the n can be mea

sured. Assumming that the incident v direction is known, and using the 1T+ direction 
+

(but not the momentum, since the 1T decays in the relevant background events) we 

have a i-constraint kinematic fit to reaction (6), neglecting the Fermi motion of the 

target neutron. This fit may be useful to eliminate pOSSibly half of the background 

events. 
+

4. The angular and momentum distributions of the 1T from the reaction 

v + n - fJ.- + 1T+ + n from the CERN heavy liquid bubble -chamber v experiment are 

shown in Fig. 5. These 1T+ are relatively slow and their angular distribution is quite 
+ 

broad. The fJ.' s from the coherently produced fJ. f'- pairs are expected to be fast and 
+ +

forward peaked. A cut on the momentum and angles of the fJ. will reduce the fJ. from 

IT+ decay background by probably a very large amount. However, since the CERN 

events in Fig. 5 were produced by v's of much lower energy than the ones considered 

here, we assume a rather pessimistic factor of 4 in background reduction due to 

kinematic selections. 
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The above considerations will reduce the background to 

900 x 0.8 x 0.5 x O. 25 ~ 45 events, 

or roughly equal in number to the expected muon pair events. 

These remaining background events are a subset of a parent sample of 
- +

-150, 000 vn - fJ. nrr events. A study of this large parent sample should make it 

possible to estimate the number of background· events and to do a background sub

traction, with a systematic uncertainty of possibly some fraction of the size of the 

background. 

- +
B. Background for the fJ. e Pair Production 

The characteristic appearance of these events [reaction (3)] in the bubble 

chamber will be a vertex with two charged prongs, the negative being a fJ.- which is 

identified by the fact that the tr ack passes through the - 7 interaction length lead plate 

without interacting. The positron will be unambiguously identified by its charac

teristic appearance in liquid neon (radiation length - 30 cm). The main, and probably 

the only, background will be due to the reaction 

v+n-fL +p+1T
o 

when (a) the proton is too slow to be visible, (b) the ,,0 produces a Dalitz pair which 

is so asymmetric that the e is undetectable. 
7

The cross section for reaction (8) is expected to be a(vn - fJ.-p"o)
 
38 2


0.32 x 10- cm /nucleon. We thus expect a total of -200, 000 events of reaction 

(8) to be produced in the experiment. Of these, -1/30 will have an invisible proton 

(this number is based on the CERN results). Only 1/80 of these will produce a 

Dalitz pair, and much less than 1"10 of these will be sufficiently asymmetric to look 

like a single positron. This produces a background of 

(2.000,000 x t/30 x 1/80 x 1/100) < 

or less than one event, compared to the expected 120 fJ.- e + events. 
- + 

The fJ. e pairs should thus be very clean, and the rate can be measured with a 

roughly 100/0 statistical error if the rate is as predicted by the universal point inter

action. 

IV. BEAM REQUIREMENTS 

We have assumed in these calculations the v energy spectrum calculated by 

Kang and Nezrick (Ref. 5) using a bOO-meter meson decay path. lt is apparent from 

Fig. 3, however. that 40% of the f-L+ f-L- pairs are produced by v between 15 and 40 BeV, 

while only 100/0 of the background events come from this region. We can thus improve 

the signal-to-background ratio by a factor of 4 if the spectrum below 15 BeV were 
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eliminated. The loss of jJ.+ jJ.- events could be regained by lengthening the pion decay 

path to - 2, 000 meters. This would boost the v yield between 15 and 35 BeV by about 

a factor of 2, as shown in Fig. 6. The curves for Fig. 6 are calculated for perfect 

focusing of the pions and are only meant to show the relative increase of v flux 

between 15 and 35 BeV due to increased decay path. 

V. CONCLUSIONS 

It is clear that the above background considerations are quite tenuous in view 

of the briefness of the present study and out incomplete knowledge of the detailed 

properties of the background reactions at the relevant neutrino energies. However 

the following conclusions seem justified: 

1. If the fJ.+fJ.- pair production rate is equal to or less than predicted by the 

universal point interaction, this experiment will possibly not demonstrate the exis

tence of the process with a high degree of confidence. It will, however, set an upper 

limit on the rate which is probably two or three times the predicted rate. 
+ 

2. If the fJ. fJ. pairs are produced at more than two or three times the rate 

predicted by the universal point interaction, this experiment should be able to detect 

such a deviation with some confidence. 

3. The jJ. - e + pairs should be essentially background free. 

4. An excess of lepton pairs over the number predicted by the universal point 

interaction could be explained by the breakdown of universality in direct lepton pair 

production, or by the existence of the intermediate boson (W) in the reactions 

The lepton pairs from W decay would tend to obscure the directly produced lepton 
+	 + +

pairs. However, the W is expected to decay equally into fJ. v and e v. Thus, a 

large deviation from the predicted value for the directly produced fJ. 
-

fJ.
+ 

pairs due to 
- + - +

non-universality would show up as an inequality between the fJ. fJ. and the fJ. e rates. 

The W would presumably also have some non-Ieptonic decay modes, some of which 

should be detectable in the bubble chamber. These should provide an extra handle in 

distinguishing W production from direct lepton pair production. Thus the sensitivity 
- + - +

of the bubble chamber to both fJ. fJ. and fJ. e pairs, as well as non-Ieptonic final states, 

could prove crucial in interpreting the results. 

5. This experiment, which searches for lepton pairs down to the universal 

point interaction level, should be also a very sensitive search for W production in 

reaction	 (9) listed above. We have calculated the number of WI S produced in this 
6 13

experiment (10 pulses at 2 x 10 primary protons per pulse, with a fiducial volume 
3

of 50 m of neon) as a function of the W mass. These results are shown in Fig. 7. 
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We have used the W production cross sections, extended to boson masses and vener
7

gies relevant at NAL, by A. C. T. Wu, as passed on to us by S. L. Meyer. The W 

production and decay into lepton pairs will look very similar to the direct lepton pair 
+

production reactions (1) and (3), assuming that the W has a short lifetime. Thus the 

detection of the Wand the background problems are exactly as discussed above for 

the lepton pairs. A signal of 100 Wevents should be distinguishable from the back

ground. Assuming that the W+ decays into leptons (fJ- v and ev) 250/0 of the time each, 

we expect (see Fig. 7) 400 events at M =8 BeV and 100 events at M = 9 BeV.
W W 

Thus this experiment should be a sensitive search for the intermediate boson up to a 

mass of approximately 9 BeV. As mentioned above, a large fraction of the non

leptonic decay modes of the W should also be detectable in the bubble chamber. Thus 

even if the leptonic modes are much less than the 25% assumed above, as may well be 

the case, this experiment should still be a sensitive search for the W. 
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Fig. 3. Numbers of events expected in t0 pictures assuming 2 x tOt3 protons/pulse.
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( a) 

Lead or Copper 
~=---+-Plate 

L8m Radius 

Side View 
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Top View 

Fig. 4. Two possible configurations for the ... detector. 
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Fig. 7. NU'fbers of intermediate bosons produced as a function of the boson mass, 
in 50 m of liquid neon, with 106 accelerator pulses at 2 x 1013 protons/pulse. 




