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Abstract

An experiment is proposed to utilize high energy neutrinos in-
teracting in liquid neon in order to search for a)- the intermediate boson,
b) production of lepton pairs (pe) and (up), and c) to study the proper-
ties of the deeply inelastic reactiomns. 'An exposure of 106 pictures in the
NAL large bubble chamber filled with 70% neon and 307 deuterium with an in-
serted plate, should allow for both the detection of the W if its mass is
less than 9 GeV (13 GeV for 500 GeV acceleration)-as well as yield ~ 150

lepton pair events,
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I. INTRODUCTION

We propose to study the interaction of high energy neutrinos in
liquid neon for the following purposes: 1) ~detection of possible produc-
tion of the intermediate boson (W) with sensitivity up to a mass of 9 GeV
(up to 13 GeV if the accelerator can run at 500 GeV), 2) search for lepton
pair production, and 3) general study of deeply inelastic reactions. An
exposure of 106 pictures in the NAL large bubble chamber filled with 70%
neon and 307 deuterium with an inserted plate should make such a study
possible, The justification of such an investigation need hardly be re-
peated here since discussions of the above have appeared at length in the
literature. Suffice it to say that the W seérch will be extended by a
factor of 5 in mass (the present upper limit being ~ 2 GeV); any measure-
ment of lepton pair production by.neutrinos has enormous impact to the
basic understanding of the structure of weak interactions; and finally, the
deep inelastic region Has ramifications concerning ''scale invariance'" and

consequently on dynamical models of the nucleon such as that of the parton.
II. EXPERIMENTAL RATES

In calculating event rates we have used the neutrino fluxes cal-
culated by F,. Nezriék}since thesé are based on the latest available data
on 7 and K fluxes. It should be noted however that ;hese estimates are
substantially larger than previous extrapolations especially at higher v
momenta. A primary proton beam intemsity of 2 x 1013 proton/pulse at 200
GeV and 4 x 1012 proton/pulse at 500 GeV haé also been assumed. The flux
has been averaged over a radius of 1.35 m, and the diameter of the decay
tunnel has been taken as 1 meter, decay length 600 m, and shield thickness

300 m. The fluxes were calculated assuming a perfect focussing system and
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then reduced by 50% to allow for the finite focussing of the horn system.
The resultant v fluxes are shown in Figs. 1 and 2., 1In order to calculate
the expected number of events in a million picture exposure, we have assumed
a relevant fiducial volume in front of the plate of 15,000 liters (approxi-
mately one half of the total volume)., The partial density for the 707 neon
was taken as 0,84 gm/cm3 and a value of 0.036 gm/cm3 for the 30% deuterium.

The relevant reactions for the study are:

A) VM+Ne-Ne+p,-+W+ 1)

the main contribution coming from the incoherent production.

-, o+
B) v + Ne = Ne + + B 4+ v
b W (]
N (2)
vu + Ne~=Ne+p +e + Ve
where the coherent production dominates, and
C) <vp + (porn) »pu +Q (3)

where (p or n) indicates a proton of neutron in neon and Q represents an
assemblage of hadrons of large effective mass.

In estimating the yield we have used the célculation of A.C.T. Wu
for the cross section for W pro uction (reaction (1)), and the calculation |
of Czyz, Sheppy, and Walecka3 for the four Fermion interaction cross sec-
tion (reaction (2)). These are both shown in Fig. 3. Experimentally the
total inelastic cross section (reaction (3)) has been found to depend lin-

38 E

early on the lab neutrino energy,4 oc=10.8x10 cm2 with E in GeV.

The evidence for this dependence is not overwhelming and furthermore, the
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error in the 0.8 coefficient is * 0.2, so that a 2 standard deviation dis-
placement on the low side will decrease the expected inelastic event rate
by a factor of 2. Using the above fluxes and cross sections, we have cal-
culated the expected yield of a) total number of intermediate bosons (sum
of all decay modes) assuming several possible mass values, b) lepton pair
events (coherent production only), and ¢} total inelastic events, for 10

pictures produced by neutrinos in neon. These are shown in the following

table.
200 GeV at 2.10"3 500 Gev at 4.10'2
W.production MW = 5 GeV 8 x 104 2.5 x 105
W production MW = 8 GeV 3.2 x 103 2.5 x 104
W W production MW = 10 GeV 170 6.2 x 103
W production MW = 15 GeV - 100
(2) v+Ne'—*Ne+p¢'+y,++v 40 45
(3) V+Ne-Ne+p +6 + v 100 100
(4) Inelastic 7.ld6 6.4 x 106

Fig. 4 shows the distribution in energy of the boson and lepton
pair events and Fig. 5 gives the number of W's produced as a function of W mass.
It is clear from the numbers of inelastic events, 7 events per pic-
ture, that proton intensities higher than those specified are not desirable.
We note that the numbers of lepton pair events are approximately the same
for the 200 and 500 GeV operating energies despite the reduction in required
proton flux by a factor of 5. We note that the W production is much higher
at 500 GeV, again despite the reduction in.required intensity.
As a result of these considerations, we request
1., That at least 10% of the pictures should be taken at the highest

possible energy even if the repetition rate at this energy is low.
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2. For the balance of the pictures we would accept a lower energy
providing the rate of lepton pair events can be maintained.

3. We would accept a quadrupole system instead of the horn sys-
tem providing that a sufficient increase in proton intensity
is available to offset the approximately three times lower
efficiency of such a system. The use of a quadrupole system

would allow the simultaneous study of V and Vv cross sections.
III, EVENT IDENTIFICATION AND BACKGROUND

A. Identification and Background for the u-M+ Pair Production

These few muon pair events have to be distinguished from ~ 7 x 106

neutrino interactions that will occur in the same exposure (assuming a total
. -38 2

v cross section of 0.8 x Ev x 10 cm” /nucleon). The topology of the muon

pair events is two outgoing 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 u  with a p or n* from the reactions

\)u+n""p. + p (4)
- )

T I &)

ap o+ (6)

vu +p - M- +p+ ﬂ* (p invisible) (N

The Q+ can be distinguished from a p or n+ by inserting a thick
plate (~ 6 interaction length) in the path of the particle, and requiring
that the particle pass through the plate without interacting. The most
desirable location of such a plate is inside the visible region of the cham-

ber,5 as shown on the sketch of Fig. 6.
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This signature can unfortunately_be faked by a n+ which decays

into a p+ before reaching the lead plate. The probabiiity of a ﬁ+ decaying

in a given distance dg in the liquid is
dN = -1/A dg

where A = p/m ToC* The n+‘can also interact in the neon before reaching

the lead plate; the probability of interacting in a given distance d4 is
dN = -1/L dg

where L ~ 85 cm, the interaction length in liquid neon. Then the fraction
of pions which will decay in the neon is approximately L/A (as long as
A>>1). For a 2 GeV/c 1, A a 110 meters; thus 0.85/110 = 3/4% of the m
will decay and fake a u+. Thus the most serious background is reaction (6)
with a 7 decay. (The cross section for reaction (7) is ~ 3 times that of
reaction (6) but the proton will usually be visible, reducing the back-
ground due to (7) to.a small fraction of that due to (6).)

The cross section for reaction (6) is expected to be6

38

c(vpn - u_nn+) ~ 0.24 x 10” cmz/nucleon

independently of Ev' We calculate the expected number‘of events due to
this reaction to be 100,000. Making some reasonable assumptions about
the ﬂ+ momentum spectrum in these events, we madera rough estimate of the
number of these events which will fake a muon pair due to 1 decay. Their
total number is ~ 800 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 ~ 20% of the vn = p-nﬁ+ will have more than two charged
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tracks leavihg the vertex. These additional prongs are due to the fact
that the neon nucleus is Broken up when the Vv interacts witb a neutron in
the nucleus.

2. The decay angle in the n+ - p+vdecays will probably be too
small (~ 5 to 30 mrad) to be detected with confidence in liquid neon. How-
ever, there will be a substantial momentum change in the decay (the u+ mo-
mentum will be evenly distributed between ~ 1/2 and 1 times the n+ momen tum) .
Since there should be on the order of 1/2 meter of ﬁ+ track on the average
before decay, the momentum change can be used to confidently eliminate
vroughly hélf of the background events with ﬂ* - u+ decays.

3. Since the interaction length in neon is ~ 85 cm, 70% of the
neutrons produced in the reactions V + n = b+ n+ ﬁ+ will interact within
~ 1 meter in‘the chamber. If the neutron interaction is detected, the
direction of the n can be measured. Assuming that the incident V direction
is known, and using the ﬂ+ direction (but not the momentum, since the ﬂ*
decays in the relevant backgréund events), we have a 1 constraint kinematic
fit to reaction (6), neglecting the Fermi motion of the target neutron.

This fit may be used to ellmlnate possibly 1/3 of the background events.

4. The angular and momentum distributions of the ﬁ from the re-
action v+ n — p- + ﬁ+'+ n from the CERN heavy 1iquid bubble chamber v ex-
periment are shown in Fig. 7. These ﬁ+'s are relatively slow and their
angular distribution is quite broad. The angular and momentum distribution
of the p's from the coherently produced u+p_ pairs have been calculated by
Fujikawa;7 they are extremely sharply forward peaked as shown in Fig. 8. A
cut on the laboratory production angle of.the p+ will reduce the u+ from ﬁ*
decay background by probably a very large amount, while losing very few of

the u+p- pair events. However, since the CERN events shown in Fig. 7 were
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produced by v's of much lower enmergy than the ones considered here, we only
assume a factor of 30 in background reduction due to kinematic selectionms.

The above considerations will reduce the background to

800 x 4/5 x 1/2 % 2/3 x 1/30 ~ 7 events

to be compared with the expected signal of 40 muon pair events.

These remaining bagkground events are a subset of a parent sam-
ple of ~ 100,000 vn - u-nn+ events. A study of this large parent sample
should make it possible to estimate the number of background events and to
do a background subtraction, with a systematic uncertainty of possibly
some fraction of the size of the background.

B. Background for the gfe+ Pajir 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 M- which is identified by the fact that the track passes through
the ~ 6 interaction length lead plate without interacting; the positron
will be unambiguously identified by its characteristic appearance in liquid
neon (radiation length ~ 40 cm). The main, and probably the only, back-

ground will be due to the reaction
- o
V+n=-U +p+T (8)

when a) the proton is too slow to be visible, b) the ™ produces a
Dalitz pair which is so asymmetric that the e is undetectable.
_ 6 -
The cross section for reaction (8) is expected to be ao(vn - pwo)

38

~ 0.32 x 107 cm2/nucleon. We thus expect a total of ~ 140,000 events

of reaction (8) to be produced in the experiment. Of these, ~ 1/30 will
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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% of these
will be sufficiently asymmetric to look like a single positron. This pro-

" duced a background of
(140,000 x 1/30 x 1/80 x 1/100) < 1

or less than one event, compared to the expected 100 u-é+ events.
The u-é+ pairs should thus be very clean.

C. W Production Events

The W production and decay into lepton pairs will look very simi-
lar to the direct lepton pair production reactions (2a) and (2b), assuming
that the W+ has a short lifetime. Thus the detection of the W and the
background problems are as discussed above for the lepton pairs. One hun-
dred W events should be distinguishable from background. Assuming that the
W+ decays into leptons (uv and ev) 25% of the time, we expect (see Fig. 5)
800 events at MW = 8 GeV and 40 events at Mw = 10 GeV using 200 GeV primary
protons. Thus this experiment should be a sensitive search for the inter-
mediate boson up to a mass of approximately 9 GeV. With 500 GeV primary
protons, the range of sensitivity extends up to ~ 13 GeV boson masses. As
mentioned above, a 1afge fraction of the nonleptonic decay modes of the W
should also be detectable in the bubble chamber. Thus, even if the leptonic
modes are much less than the 257 assumed above,‘as may well be the case,
this experiment should still be a semsitive search for the W.

D. Inelastic Events

For the analysis of the inelastic interactions we require a knowl-

edge, for each event, the parameters, Ev’ the neutrino energy, Vv = Ev - EH’

the lepton energy difference and q2 = 2 Ev Eu (L - cos®), the four momentum
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transfer, where © is the angle of the lepton in the lab system.
The expected mean angle 0, assuming scale invariance, and the

CERN results is given approximately by

b~ g
Y
where Ev is in GeV. _At 50 GeV this gives a mean angle of 8°. We thus
expect that a high percentage of the muons will pass through the plate and
thus be identified.
The total hadron energy can be obtained by measuring the energy
of all visible tracks and then correcting for the missing neutrals. In 707
neon, with a radiation length of 40 cm and a fiducial volume about 2 meters
diameter, 2 meters long, we expect to miss only 157 of the ﬂo's, corre-
sponding to only about 5% of the total hadronic energy. With an interac-
tion length of 1 meter, about 407 of all neutrons will interact and be ob-
served and allow correction for the loss of energy due to those that are
unobserved. The neutrons are, however, expected to bé slow and the correc-
tion, therefore, to be small. Measurement errors, in particular those of
the electron pairs, are, in fact, expected to dominate the uncertainty in
total neutrino energy. We expect total errors in Ev,.v, and q2 to be of
the order of 20%.
With these parameters it will be possible to check scaleinvariance,
the linear rise in cross section, and to make an attempt at separation of

the three structure factors W , and W

1’ W2 3°

Further study of the inelastic interactions is possible in the
bubble chamber because the hadrons will be visible and the outgoing proton
will often be identified by its ionization. 1In particular, the angle ¢ be-

tween the lepton and nucleon planes can then be measured and its- angular

distribution used to check the predictions of Pomeron exchange theory.



53~/
- 11 -

IV, DETERMINATION OF THE v SPECTRUM

In order to fully interpret the results of this experiment,
a knowledge of the v spectrum is necessary. It seems very desirable to
measure the spectrum in the experiment itself. For this reason, the addi-
tion of 30% deuterium is requested to enable the neutrino spectrum to be
determined by observing the elastic interaction whose differential cross
s . 10 2 . . .
section is known at low q , and whose total cross section is, assuming

locality, constant at high ehergies.
\)+n-p+p,‘— 9

On the assumptions outlined above, the number of such events would be 10,000

at 200 GeV and 2 x 1013 p/p or 6000 at 500 GeV and 4 x 1012

p/p. The sep-
aration of this reaction from the background of interactions in neon is ex-

pected to be similar to the separation of hydrogen events from carbon events

‘ 11
in propane. This was done in the CERN  experiment where the reaction
- +
V+p-pu +p+m (10)

was separated with a background of less than 20%. The limit on the back-
ground was set by track measurement errors, and it can be shown that the
effect on the separation due to Fermi motion in deuterium would be
negligible.

The observation of the elastic reaction (9) in a deuterium-neon
mixture would, besides providing a calibration of the spectrum, also allow
the study of the polarization of the final froton. Approximately 10% of
the protons would be expected to scatter elastically on neon and provide a
polarization determination to better than 10%. This determination is not
listed as a primary object of the experiment, since it is recognized that it

might not be possible for logistical or other reasons to run with a 30%
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deuterium-neon mixture. If this were the case we could use a 30% hydrogen-

neon mixture and separate the reaction

*
V+p~N A + [

= p+ T

Assuming locality, the cross section for this reaction is constant over
the region of interest; its absolute value could be taken from other ex-
posures in deuterium at BNL., If even.this mixture were not possible, we
would accept pure neon and rely on muon counters in the shield or data

from other exposures to give the spectrum.
V. CONCLUSION

We do not need to dwell on the theoretical importance of the re-
actions (1) and (4). They are of sufficient importance that they merit
study by more than one method. We would, however, like to list some of
the particular advantages of the method here proposed.

In the search of lepton pairs, either from W production or from
the four Fermion intéraction,the bubble chamber allows, by observation of
the vertex, the exclusion of background from highly inelastic events in
which one of the many pions decay to form a muon. It allows the exclusion
of the muons from pion decay when the momentum change in the decay is ob-
served in the chamber. It is believed that the elimination of such back;
grounds is likely to play a more important role in the observation of such
reactions than pure statistics.

With these advantages, the following conclusions seem justified,
depending of coﬁrse on the assumption that the background events at the

high energies of this experiment are not too different from our expectations
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based on lower energies:

1. The production of the W boson should be dete;table if its
mass is below 9 GéV (up to 13.GeV if the accelerator energy
is 500 GeV). If the leptonic decay modes of the W should
be anomalously small, this experiment should be still sen-
sitive to its production since the hadronic decay modes
should be detectable in the bubble chamber. The fact, -even
if the W should be discovered prior to this experiment, the
study of its hadronic decay modes and other properties would
justify this experiment.

2. If the u-u+ pairs are produced with rates larger than those
predicted by the universal point interaction, this experi-
ment should be able to detect such a deviation with some con-
fidence. If the rate is lower than predicted, an upper limit
of the order of the predicted rate can probably be set in this
experiment.

3. The u-e+ pairs can be detected relatively background free.

4. This experiment is sensitive to both u;u+ and M-e+ pairs, as
well as hadronic decays of the W. This could turn out to be
crucial in interpreting the results. The W is expected to de-
cay equally into v and ev, while a breakdown of universality
in lepton pair production would lead to differences between
the u‘u+ and u-e+ rates.

5. In the analysis of the inelastic events, the neon allows esti-
mation of the total neutrinernergy to approximately 20% and
would allow observation of the rise of the total cross section,

the q2 dependence, and allow simple study of the multiplicity
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and momentum distribution of the hadrons produced. 1If a
quadrupole system were used, the difference between neutrino
and antineutrino cross sections could be determined.

If 30% deuterium can be used, then the polarization of the
quasi-elastically produced protons can be measured without
recourse to large arrays of carbon plates and can use elastic

events distributed throughout the volume of the chamber.
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Search for the Intermediate Boson, Lepton Pair
Production, and a Study of Deeply Inelastic Reactions

Utilizing High Energy Neutrino Interactions in Liquid Neon

C. BALTAY

Columbia University

‘R.B. PALMER, N.P. SAMIOS

Brookhaven National Laboratory

ABSTRACT

An experiment is proposed to utilize high energy neutrincs
in order to search for: (a) the existence of the intermediate
vector boson W; as well as the scalar boson W, (b) the
production of lepton pairs (u—e+) and (u—u+), and (c) to study
the properties of the deeply inelastié reactions. Anh
exposure of 900 K pictures in the NAL'15~ft cryogenic chamber
filled with neon and conﬁaining an inserted plate should
allow for: the detection of W, if its mass is less than
14 GeV énd W, if its mass is less than ~ 6 GeV, ~ 150 lepton
‘pair events and innumerable inelastic events with muon
identification and v energy measurement. An additional
exposure of 100,000 pictures in hydrogen with a double plate
should serve to both normalize the vy flux -and complement the

~deep inelastic study in neon.



I. GENERAL DISCUSSION

We propose to study the interactions of high'energy
neutrinos for the following purposes: (1) detection of
possible production of the intermediate vector boson Wl
and/or the scalar boson W (2) measurement of the rate for
(u—e+) and (u—u+) lepton pair producﬁion, and (3) general
study of deeply inelastic reactions. The method invélves
utilizing the NAL 15-ft cryogenic chamber and the broad
band neutrino beam with most of the exposure run at the
highest possible accelerator energy and intensity. The
Ehamber should be filled with neon for 900,000 pictures with
an inserted thick plate for muon detection. An additional
exposure of 100,000 pictures with the chamber filled with
hydrogen and containing the aforementioned plate as well as
a thin (1 1/2 radiation length) plate for ©y detection is
also requested. This latter run will serve as a v flux
normalization as well as augment the deep inelastic study
by providing for the identification of the hadronic component
of these reactions. We would like to have 250,000 of the
neon pictures at the earliest time possible, even if for
some reason the plate can not be inserted in the chamber
.for such an early run. As will be discussed later in the
Vsection on muon identification, a chamber full of neon
without a plate provideé sufficient muon selection to make
such an early run worthwhile.

The justification of the proposed investigation

need hardly be repeated here since discussions of the
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above have appeared at length in the literature. Suffice
it to say that the W search will be extended by a large
factor in mass (the present upper limit is ~ 2 BeV), with
good sensitivity to all of its possible decay modes; the
search for the scalar boson, whose decay into lepton pairs
is inhibited, is unique to this experiment; any measurement
of the four fermion lepton pair production process has
enormous impact on the basic understanding of the structure
of the weakvinteractions; and finally, the deep inelastic
region probes the nucleon at very small distances and thus
provides sensitive tests of the dynamical models of the
structure of the nucleon.

We‘will now discuss each of these physics objectives with
respect to the above noted means of detection. The chamber
filled with neon, which has a 24 cm radiation length and 79 cm
interaction length, allows for both | and electron identification.
The addition of an 85 cm‘(S interaction length} stainless
steel plate further improves the muon identification by an
order of magnitude. Thus, both leptonic decay modes of the

W, are clearly identifiable. In addition, the neon chamber

1
is the best, and probably the only tool to detect the possible
hadronic decay modes of the Wy which are probably significanf,
and could be dominant, at large W masses. As such this
exploration complements the spark chamber search for the Wl

with respect to the u'decay mode and expands it with respect

to its possible decay into ey and hadron states such as

multiple pions. The strength of this visual technique is

further illustrated in the case of the possible scalar boson
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Wo’- The scalar boson decay into lepton pairs is inhibited
by helicity conservation:‘sensitivity to its hadronic decay
modes is thus crucial. Furthermore, if both a vector and
a scalar boson exist, and the vector boson is heavier, then
its dominant decay mode is expected to be Wl+ - Wo+ + ¢, which
would make the search for the vector meson via its leptonic
decay modes more difficult. The existence of such a particle
has been recently discussed, pointing out the rather plausible
decay scheme Wl+ - WO+ + v WO+ - KOW+ where the W+ is produced
via the standard reaction y + N - N + = + Wl+' Such a
sequence is ideally suited to this proposed experiment in that
the W~ is clearly identified; the ¥ ray converts and the decay
K° - W+W- would be clearly visible.and detectable in the
chamber. One notes that this conjecture appeared after the
first presentation of this proposal and, in our opinion,
represents one of the multitude of surprising and exciting
new physical phenomena that may occur and be detectable in
this type of experiment. In this experiment, we would observe
an intermediate vector boson Wy with mass up to 14 GeV (accelerator
run at 500 GeV) or up to 12 GeV (accelerator run at 350 GeV)
and a scalar boson with mass approximately half of the above
values. |

The measurement of lepton pair'production, vy - u_u+v

1L

d
an \)u'

different problems. While the vector and scalar boson search

- + ) .
- L e Ve 1In the coulomb field of a nucleus, poses

is mainly one of exceeding the threshold whereupon their cross
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sections increase enormously, the comparable lepton pair

—42 cm2) and

cross sections are expected to be small ( ~ 10
only increase relatively slowly with neutrino energy. As

such, one requires maximum v flux and massive targets. The
broad band y beam and a fiducial volume of 10 tons of neon
serve this purpose. Since the reactions are coherent and

go as Zz, the use of neon (Z=10) increases the rate considerably
in comparison with hydrogen, and the ability to observe the
charge multiplicity in the bubble chamber and reject events
with more than two charged particles should greatly reduce

the background. In addition, the precise angular measurements
of the leptons and their positive identification .make

the background problem, manageable. We expect a total of

50 u—u+ events and 100 u-e+ events if their production rates
are as predicted by the universal point interaction. There

are some theoretical conjectures that the u-u+ process could

be greatly enhanced over the u_e+ process; it would therefore
be very useful to set an upper limit on the rate for the u—u+
process even if its actual detection proves to be too difficult.
It should be pointed out that the sensitivity to both ppt

and u_e+ pairs could turn out to be crucial since the W

is éxpected to decay equally into By and ev, while a

breakdown of universality would lead to differences between
M—M+ and u—e+ rates. Again, this experiment complements

the search for those reactions to be undertaken by other
experiments; furthemore, the importance of the physics results

as well as the different systematic difficulties in these

two approaches certainly calls for more than one endeavor.



The electron scattering studies as well as early v
explorations have indicated the importance of studying the
deeply inelastic reactions. fhis involves the total cross
section measurement as well as detailed studies of the q2

(momentum transfer) and y = (Evf Eu) lepton energy loss
distribution at nearly all energies. Difficulties associated
with detecting O, involve both the-lack of knowledge of the

v energy and the y flux. The former can be achieved by
either utilizing a "monochromatic beam" or by detecting all
the reaction products and thereby obtaining the negtrino
energy via energy conservation. The monochromatic approach
suffers in that it is not Qery monochromatic; it provides a
10% knowledge of Ev' at the cost of an enormously reduced
tate'of events (more than an order of magnitude) . One can
achieve similar v energy resolution with neon and still
retain large event rates. The  flux difficulty is common to
all experiments and can be attacked via detailed knowledge

of the 7 and K production spectra with subsequent calculation
of v flux, or via the measurement of reactions with "known"
cross sections such as the elastic:in deuterium,N* production
in hydrogen,or some subset of the-inelastic events themselves
in’neon. Again, this.experiment complements other endeavors
with comparable accuracy but different systematic difficulties.

The study of the deeply inelastic reactions involves
investigation of q2. Y distributions which depend only on
the leptonic, as well as other parameters that depend on the

hadronic components. Needless to say, the identification of
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the muon is of crucial importance and is non-trivial in these
higher multipligity events. As noted above, the Vv energy is
derived from a measurement of the total final state energy
with an estimated accuracy of 10%, using in essence the neon
as a high resolution calorimeter. This, in combination with
the measurement of the muon angle and momentum allows a
determinafion of q2 and y to similar accuracy. The nuclear
effects arising from interactions in neon certainly complicate
the analysis of details of the hadronic component; however,
their effect should be very small on the leptonic parameters
q2 and y at all but very small qz,

The proposed hydrogen exposure of 100,000 pictures in the
same broadband beam serves to normalize the vy flux and to
augment the deep inelastic study. The insertion of the thick
plate for muon identification is essential in this study.

A thin plate, 1 1/2 radiation length thick, mounted 20 cm in
front of the thick plate, affords ° energy determination and
thereby gives the neutrino energy to £ 10%. Thus with the
knowledge of the vy flux. one can measure the total cross section
and the q2 and v distributions of the inelastic events on

free protons. Comparing these distributions with those on
neon (50% neutrons, 50% protons) allows us to extract neutron-
' proton differences.

| Since in this case the target is free protons, one is now
in a position to study the details of. the hadronic component
of these inelastic reactions unhampered by nuclear effects

encountered in neon.
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Finally, a measurement of the N* production on hydrogen,
where the cross section is constant with a magnitude which
should be well known, will serve to calibrate the absolute
neutrino flux és well as its energy dependence. Therefore
this exposure should be conducted under the same beamn
conditions as the neon run.

II. DETAILED DESCRIPTION OF THE EXPERIMENT IN NEON
A. Event Rates
The relevant reactions for this study are the W

production processes

+
1

'L% u+ + v

' 3
+

L* e + Ve

\# hadrohs

i + Ne - Ne + 0~ + W

L Wo+ + v (1)

C e +
v,, T Ne - Ne + 4 + W0 »

1
Lﬁ% hadrons (2)
+ . . ' .
where Wl is the hypothetical intermediate vector boson and

s
Wo is the recently proposedl scalar boson.

The four fermion processes are

vu + Ne = Ne + u  + u+ + vy, (3a)
vy * Ve = Ne + T+ et + (3b)
-where the coherent production dominates.
The inelastic reaction can be written as
v, * (p or n) - B~ + hadrons (4)

L
where p or n indicate a proton or neutron in the neon

nucleus.
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In estimating the yield, we have used the calculation
by Brown and Smith2 for the W production, proceés (1), which
includes both coherent and incoherent contributions. ‘These
'~ Ccross sections;are shown in Figs. 1 and 2. The cross section
for the direct production of the scalar boson via reaction (2)
is a function of both the scalar and the vector boson masses.
These croés sections,3 which include coherent and incoherent
processes on neon, for several possible masses are shown in
Fig. 2. They are typically a factor of 30 smaller than the
vector boson cross sections. For the four fermion processes
(3), we have used the cross section calculation by Czyz,
Sheppy, and Walecka,4 taking only the coherent part of the
cross section (see Fig. l). For the total inelastic cross
section, we have assumed a linear dependence of the cross
section on the neutrino energy, as found in the CERN y

38.EV cm2, with EV in BeV. The

experiments, ¢ = 0.8 x 10~
experimental evidenée for the linear energy dependence is

not very strong, and either the existence of the W or a
breakdown of scale invariance could damp the total cross
section significantly. -Thus, the total number of inelastic
events we calculate may well be an overestimate.

In calculating event rates, we have used the y fluxes
calculated by F.A. Nezrick et a15 for the wide band, basic
focused v beam. The decay length and the earth shield have
been fixed at 400 m and 1000 m respectively. The v flux
has been averaged over the area of the bubble chamber fiducial

volume, 1.35 m radius. The flux curves for 200, 350, and

500 BeV primary accelerator energies are shown in Fig. 3.
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We have used a fiducial volume of 10 m3 in front of the

plate, and a density of 1.2 for the liquid neon. The

event rate for é chamber filled with neon without a plate
would be comparable since one must restrict the fiducial volume
in this case also to allow room for muon identification.

The numbers of events for a lO6 picture run with 2 x lO13
protons on the target, and an effective one interaction
length target, are shown in Table I. The number of vector
and scalar bosohs produced as a function of their masses
is shown in Figs. 4 and 5. It is clear from the table and
these figures that there is an overwhelming advantage to
running at the highest accelerator energy possible. The
distribution of the four fermion eﬁents and the total
inelastic events in the incident v energy is shown in
Figs. 6 and 7.

B. Identification and-Analysis of Events and

Discussion of the Backgrounds

- +
1. The Process VH+ Ne - Ne.+  +pu + vy

These 'expected 50 muon pair events have to be distinguished
from ~ 6 x lO6 neutrino interactions that will occur in the
same exposure (assuming a total y. cross section of 0.8 x Ev X

10—38

cmz/nucleon). The topology of the muon pair events

is two outgoing charged prongs with no incident charged tracks
(the recoil nucleus Z will be invisible if the leptons scatter
coherently on the whble nucleus). The background events with

two charged tracks in the final state will contain a L with

+ .
a p or 7 from the reactions
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vytn-p +tp (5)
| apTtp (6)

- 4+ n + w (7)

>vu +p-opu +p+ F+ (p invisible) (8)

Thé u+ can be distinguished from a p or W+ by inserting
a thick plate (~ 6 interaction iength) in the path of the
particle, and requiring that the particle pass through the
plate without interacting. A detailed discussion of the
muon identifier is given in Sec. V.

This signature can unfortunately be faked by a v* which
decays into a u+ before reaching the lead plate. The probability
of a T decaying in a given distance d4 in the liquid is

aN = -1/x daz
where A = p/m ToC* The w+ can also interact in the neon before
reaching the lead plate; the probability of interacting in a
given distance di is

dN = -1/L a4
where L ~ 79 cm, the interaction length in liquid neon. Then
the fraction of pions which will decay in the neon before
interacting is approximately L/\ (as long as )\ >> L). This
fraction, as a function of the pion momentum. is shown in
Fig. 16. For a 2 GeV/c 7, A ~ 110 m; thus 0.80/110 =~ 3/4%
of the v+ will decay and fake a u+."Thus the most serious
background is reaction (7) with a 7 decay. (The cross section
for reaction (8) is ~ 3 times that of reaction (7) but the
proton will usually be visible, redu&ing the background due

to (8) to a small fraction of that due to (7).)
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-12-
The cross section for reaction (7) is expected to be®
o(vun - u—nv+) ~ 0.24 x 10738 cmz/nucleon

independently of EV. We calculate the expected number of
events due to this reaction to be 32,000 at 500 Eev, less

at lower primary proton energies. Making some reasonable
assumptions about the W+ momentum spectrum in these events,
we made a rough estimate of the number of these events which
will fake a muon pair due to T decay. Their total number is
~ 240

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

a. The decay angle in the WT - u+ decays will probably
be too small (~ 5 to 30 mrad) to be detected with confidence
in liquid neon. However, there will be a substantial momentum
change in the deqay (the u+ momentum will be evenly distributed
between ~ 1/2 and.l times the v+ momentum) . Since there
should be on the order of 1/2 m of W+ track on the average
before decay, the momentum change can be used to confidently
eliminate rdughly half of the background events with W+ - u+
decays.

b. The angular and momentum distributions of the W+ from
the reaction vy + n - p~ + T+ n from the CERN heavy liquid
bubble chamber y experiment are showﬁ in Fig. 8. These W+‘s
are relatively slow and their angular distribution is quite
broad. (95% of the 77 have lab angles over 10°.) Loveseth
and Radomski7 have pointed out that the transverse momentum
distribution of the u+ in the lepton pair events may not be

very different from that of the background events. A
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selection on the lab angle of the u+ can however, be used
to select the lepton pair events. The angular
distribution of-the fL's from the coherently produced u+u—
pairs have been célculated by Fujikawa;6 they are extremely
sharply forward peaked, nearly all u+ being within 2 1/2°,
as shown in Fig. 9. A cut on the laboratory production angle
of the u+ will reduce the u+ from W+ decay background by
é‘very large amount, while losing very few of the
u+u- pair events. However, since the CERN events shown in
Fig. 8 were produced by v's of much lower energy than the
ones considered here, we assume only a factor of 30 in
background reducticon due to kinematic selections.
The above considerations will reduce the background to
240 x 1/2 x 1/30 ~ 4 events
to be compared with the expected signal of 50 muon pair events.
These remaining background events are a subset of a
parent sample of ~ 32,000 yn - u~nv+ events. A study of this
large parent sample should make it éossible to estimate the
number of background events and to do a background subtraction,
with a systematic uncertainty of possibly some fraction of the
size of the backgroungd.

- +
2. The Process vu + Ne -~ Ne + L + e + Ve

The characteristic appearance bf these events, reaction
(3), in the bubble chamber will be a vertex with two charged
prongs; the negative being>a L~ which is identified by the
fact that the track passes through the ~ 6 interaction length
plate without interacting; the positroh will be unambiguously

identified by its characteristic appearance in liquid
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neon (radiation length ~ 24 cm). The main, and probably the
‘only; background will be due to reaction (6)

v+n-p +p+7°
when a) the proton is too slow to be visible, b) the 7° produces
a Dalitz pair which is so asymmetric that the e is undetectable.

The cross section for reaction (6) is expected to be®

38 cmz/nucleon. We thus expect a

olvn » wpr°) ~ 0.32 x 10~
total of ~ 45,000 events of reaction (6) 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% of
these will be sufficiently asymmetric to look like a single
positron. This produced a backgrouhd of

(45,000 x 1/30 x 1/80 x 1/100) < 1
or leés than one event, compared to the expected 100 u_e+ events.

- +
The L e pairs should thus be very clean.

3. Leptonic Decays of the W

The W production and decay into:u+v and e+v will look
very similar to the lepton pair production reactions (3a) and
(3b). The e+v events should be very clean, as discussed
above. For the u+v decays, the main background is the 240
events of reaction (7), followed by T H+v decay, as
‘discussed above. The kinematic distinction in the case of
the W decay is however based on the transverse momentum
distribution of the u+. The W+ from reaction (7) is

_P /0.3 :
expected to fall off as e as deduced from the CERN data.

. . . +
The transverse momentum distribution of the W from W decay
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will be very large, peaking near 1/2 M- The expected
distribution for the backgroundvand_lo BeV W decays are
shown in Fig. 10. A cut at Py rans >~ 1 BeV will reduce the
background by a factor of ~ 1/30, to ~ 8 events, while
losing only 6% of the W events. As the W mass gets higher,
the kinematics become even more favorable. A signal of 100

W decays should thus be quite convincing.

4. Hadronic Decays of the W

A very massive’vector boson will probably have substantial,
and possibly dominant, hadronic decay-modes. A scalar boson
cannot decay into a lepton pair, and is thus expected to have
dominant hadronic decays. In a neon chamber, we can measure
the momenta and angles of the charged hadronic decay products,
detect and reconstruct neutral hadrons decaying into ¥'s, with
high efficiency Kradiation length ~ 24 cm), see KSO decays,
and possibly even detect a lérge fraction of the neutrons
by their interactions (collision length ~79 cm). We can
thus calculate the effective mass of any combination of
hadrons produced along with a L ; the W should manifest
itself as a peak in the effective mass distribution at the
mass of the W. The large backgrourid of inelastic events can
be eliminated to a very large ektent by making use of the
very different distribution of these events in q2 and y-

The inelastic events are expected to be distributed over a
large range of these variables, thle.the W events will be
concentrated at very small q2 and large v. Selecting the

region where the W's are concentrated should reduce the
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inelastic background by a factor 100 or so. These remaining
events will be spread out over a large range of hadron
effective mass, and a W peak of 100 events should be easily
recognizable. A neon bubble chamber is the best, and probably
the only way to identify individual hadronic decay modes and
branching ratios.

+ o+

5. The Decay Wl o

If both a vector and a scalar boson, Wl+ and Wo+’ exist,
and the vector boson is heavier, then the dominant decay of
the vector boson would be intc a scalar boson and a 7y, followed
by hadronic decay of the scalar boson. This would make the
search for the vector boson via its léptonic decay modes
very difficult. In a neon chamber, this decéy can be
deteéted since the v will convert into e+e— pair with very
high efficiency (radiation length in neon is ~ 24 cm, average
path length in chamber is ~ .l'm). ‘The hadronic decay products
of the WO can be detected, as discussed above, and the WO + v

effective mass can be then computed.

6. Analysis of the Inelastic Events

As is indicated in Table I, the inelastic events will,
unless the intermediate boson mass is less than 5 CeV, form
the vast majority of all events seen in the chamber. Their
analysis can be divided into two parts: a) the study of their
distribution in variable that depends only on the four momenta
of the leptons (Ev' qz, v as defined Eelow), and b) thg
study of these reactions including yariableswhich depends

on the observation of the distribution of the hadrons.
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In the first case, we require ideally to know the
spectrum of neutrinos, the neutrino energy E for each
event and the angle 6 and energy E' of the outgoing muon.
The identification of which track is the muon is obviously
crucial and to this end éither the plate or a neon filling,
or an external muon detector is essential. The estimation of
the neutrino energy can be made in ﬁeon to about 10% up to
neutrino energies of 200 GeV. The error at the higher momenta
is dominated by measurement error on the fastest outgoing
track, in general the muon. The error at lower momenta is more
effected by the ability in neon to estimate the energy given
to 1°'s. However, as will bé discussed in more detail when
we consider the hydrogen filling, the fraction of energy going
to 7°'s is not likely to be large and thus an error of as
much as 20% in the estimation of 7° energy is not likely to
effect the error in E by more than 4%. The energy given to
neutrons is expected to be small since at high energy the
interaction will have a peripheral character (pomeron exchange
is often discussed) and the nucleon should be left with a low
momentum. Even if this were not the case, the high nuclear
cross section in neon will allow thé observation of fast
neutrons in some cases and thereby establish a correction.

The second variable q2 is given by

q2 = 2EE' (l-cosf)

which for small angles 6 can be expressed approximately.

q=E'9«[§.
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E' and @ are the energy and angle of the observed and
identified outgoing muon and bothAare determinea with
accuracy better than 10% up to neutrino énergies of the
order of 200 GeV. ‘The dependence on the total neutrino
energy is seen to be relatively weak.

The third variable vy is equal to the difference in
energy between the muon and neutrino and thus equal to the
total hadronic energy. With the good 7° conversion efficiency
in neon, we expect this to be determined to about 5% up
to neutrino energies of 200 GeV.

We will thus be able to obtain the distribution of events
in the variables Ev' qz, and y. Since the number of events
is very large, we will be able to explore the dependence of
the cross section on each of these variables in detail. The
adequate statistics are necessary to separate the contributions

to the cross section from the three structure functions Wl’

W2, and W3 defined by
o . 6% 1y w0s8 + a.sin28 4 EXEL 5020
202 o LV2C08 3 1510 2 m 35t 3
g dv

Wy W., and W, are each functions of q2 and v. If the v

2 3
spectrum is known, then for all fixed values of q2 and v,
the contributions of each of the three structure functions
~can be separated by their different energy dependences. If
the spectrum is not known its shape can be deduced from the
experimental distribﬁtions at all but very low energies (see

Sec. IV). 'The structure functions can then be separated at

all but the low values of q2 and v. Scale invariance can
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be checked separately for W), W, and W, and their values can
be compared with the'predictions of various modéls of nucleon
structure. The importance of such a study is well known.
Scale invariance implies pointlike behavior within the nucleon
which can be probed to ever smaller distances by exploring
at ever higher momentum transfers. In this experiment, q2 up
to 400 (GeV/c)2 are accessible and details of the cross section
at such momentum transfers will prdvide very sensitive tests
of the different models.

7. W Search Using the Total Cross Section

Of particular interest in the study of the deep inelastic
y interactions is the dependence of the total cross section
Ttot on Ev' the y energy. Assuming scdle invariance and

locality, is expected to increase linearly with E -

Stot
This prediction is modified by a factor of (l—qz/mwz)_2 if

the W exists. This effect of the W on the total cross section
is shown in Fig. 1ll1. A measurement of the total cross section
is thus a sensitive search for the intermediate boson with
masses possibly up to 20 or 30 BeV. The total number of
inelastic events in neon is shown in Fig.7; there are ~ 5000
events/iO BeV bin all the way up tc 300 BeV. The main problem
in this search is thus systematic-mainly the knowledge of the
v spectrum and the measurement of Ev. It is however possible
to cancel out the uncertainties due to the vy spectrum by
looking at the energyvdependence of the cross section at fixed
_q2 and vy, since we have this information for all events. The

curves of Fig. 1l are averaged over x and y; at high x and v
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the sensitivity on the existence of heavy W's is much greater.
Of course, if the cross section turns over, it ﬁay either
be due to the W, or breakdown of scale invariance; either
possibility is of great interest. However, if Otot keeps
rising linearly with Ev up to 300 Bev, it is a meaningful
negative result.
ITI. THE HYDROGEN RUN

We are requesting 100,000 pictures with the chamber filled
with hydrogen with both the thick plate described above and
also a thin (1-in. stainless steel) plate placed 20 cm in
front of the thick plate (see Fig. 17). It would be
important that the beam conditioens should be the same in this
and the neon run, since the object'of this run is to allow
somevcalibration of the neutrino spectrum and also to determine
neutron proton differences in the inelastic interactions.
The heavy plate will allow identification of the outgoing
muon and the thin plate will allow a determination of the
neutrino energy to * 10%, by conversion of ¥ rays from °'s
produced in the interactions.

The thick plate and its efficiency as a muon detector
is discussed in Sec. V. - The efficiency of the thin plate
in aiding in the neutrino energy determination arises in
_part because on average only a fraction of the neutrino
energy will go into m°'s. From experience at CERN, we
estimate that the enérgy from a given high energy inelastic
event will be divided roughly as follows:

1/2 the initial energy to outgoing muon.

2/6 the initial energy to charged pions.

1/6 the initial energy to neutral pions.
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Negligible fraction of the initial energy to nucleons.
In any case, it is unlikely that a large fraction of the
initial energy will be given to neutral pions. If then we
can estimate this part of the energy to even a low accuracy
like 20%, the resultant contribution to the total energy
will be small. If as proposed here, a single 1 1/2 radiation
length plate is inserted 20 cm in front of the thick plate,
then 80% of all vy radiation will be converted in that plate.

" If the neutrino energy is 200 GeV, the mean 7° energy would
be of the order of 40 GeV for one 7°. If the wo's are
converted, then four electrons of energy about 10 GeV each
would be observed and each could be measured to about 40%
(for ~ 4 L accuracy on film), or = 4 GeV.

Since four measurements are involved, their contribution
to the uncertainty in neutrino energy would be /4 x 4 = 8 GeV
or only 4% of the total neutrino energy. Another contribution
of 4% would come from the failure of the plate to convert all
Y rays. But the total error from determination of 7° enerqgy
would still be of the same order as that arising from errors
in measurement of the fast muon (~ 5% for 2 m of track).

Note that the measurement can be made through the plate, the
coulomb scattering in the plate introducing an error of only
5%. We conclude therefore that the addition of the 1 in.
plate will allow estimation of the neutrino energy to the
order of 10% at energies of the order of 200 GeV. This is
at least as good as that provided by monoenergetic beams

up to this energy.
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We will now consider the rates. The events of special

interest here are:

- *
\)'l'p—op, +N+

+
~p+tT (9)
and the inelastic interaction

v + p - i + hadrons . (10)

A run of 100,000 pictures with 2 x'1013¥protons on the

target is assumed, with 67% target. efficiency. The horn
beam is assumed and the fiducial volume taken as 10 m3.

The number of events produced at various primary proton

energies are:

200 BeV 350 BeV 500 BeV
N Production 550 900 1300
Tnelastic 7000 16000 32000

This exposure, although small, would provide larger
numbers of events than would be obtained with 106 pictures
in a monoenergetic beam, with a knowledge of the neutrino
energy as good at 200 Gév and better at lower energies.
Since the experiment would be run under the same conditions
as the neon run it would allow:

1. The calibratién of the absélute neutrino flux given
a knowledge of the N* production cross section.~ Such know-
ledge should be avai lable from runs in deuterium at BNL

and Argonne as well as from propane runs at CERN.
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2. Some knowledge of the shape of the neutrino spectrum
assuming the flatness of the N*vcréss section, which follows
directly from locality and the existence of some reasonable
form factors.

3. A determination of the total yp cross section, which
with the neon run will allow a determination of the Gvn/ovp
ratio and other studies of the neutron proton differences
which have great significance.

4. Allow a study of the details of the hadronic components
of the inelastic interactions without the complications of
secondary interactions in the neon nucleus and at the same
time allow an estimation of these efféacts by comparing the
results with those in the larger and statistically much
better neon sample.

In conclusion, we would emphasize that the hydrogen run
is requested as an éncillaryvto the neon exposure, to be
analyzed along with that exposure. The use of the thick plate
will mean that the muon detection in the two experiments will
be similar. The use of the thin plate will provide adequate
detection of 7°'s and again assure that the analyses are
similar.

IV. DETERMINATION OF THE v SPECTRUM

The spectrum can be determined either by calculationsl
from observations on the beam, including production distri-
butions from the target, Ktomw fatids, observations of

distributions in the decay tunnel and observation of the
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distribution of muons in the shield; or 2) from observation

on the distribution of events in the chamber. 1In the first
category, the best would appear to be the observation of the
separate distribution of pioné and kaons in the decay tunnel
by the use of the bubble chamber charged particlé beam and

its proposed Cerenkov detectors. To this end, we request 1.
that a magnet be placed in the target area at the end of the
decay region such that particles passing through the hole in
the beginning of the shield are deflected down the charged
particle beém. This magnet should be capable of deflecting
momenta up to a minimum of 200 GeV. 2. A magnet be placed
immediately after the horn system such that particles produced
at different angles can be deflected into the hole. The magnet
should be able to deflect 200 GeV through at least 1 mrad.

The second means of determining the spectrum depends on
the observation of known cross sections or cross sections
whose energy dependence is known. In deuterium, the elastic
Cross section(v+n;u—+p) at small q2 is known from W decay and
can provide an absolute calibration of the flux in such an
exposure. In the same exposure N*++ (V+p~u—+p+7+) production
can be observed and thus its cross section accurately
established. This will be done at both BNL and Argonne. The
observation of N* production on hydrogen can thus be used to
calibrate spectra at NAL. This then is one reason why we
prepare a short run with hydrogen under identical beam conditions.
The proposed-run will'allow determination of the absolute rate
of N* production to better than 5% and thus normalize the

absolute flux to approximately this accuracy.
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The detailed shape of the neutrino svectrum can then be deter-
mined _
with minimal assumptions, from the inelastic events themselves.
Assuming only the locality of the weak interaction at the

current hadron vertex we can write

2
do___ _g° E' 2 6 . 2 0 , E+E' . 28
dqzdv e E—-[chos 5 * 2W;sin® 5 + m W,sin ‘2] .

For events with small vy and q2 then

do g a’ a ]

S (w., + - W,+ w .

qudv 2T 2 2Em 3 2E2 1

wrﬁﬂz and W3/W2 are bounded and so we note that for fixed vy and q2

and E > g2/2m then dc/dqzdv is independent of E.

The derivation here isAexactly analagous to that which
holds to the prediction of the energy independence of the
elastic or N*++ production cross sections. Neither scale
invariance, nor the non-existence of a vector boson is
assumed and thus the method prévides a powerful method of
determining the spectrum shape which is entirely practical with
the numbers of events available in the neon run.

V. MUON DETECTION

Muons can be distinguished from hadrons by inserting a
large amount of material in the path of the particle, and
making use of the fact that the hadrons will undergo strong
interactions in the material, but the muons will not. We
have considered three possible variations of this technique:

a) making use of the liquid neon in the chamber, with no

additional material, b) inserting a thick metal plate into
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the sensitive region of the chamber, éo that particles
emeréing from the plate are visible in the chamber, and
c) placing the hadron absorber extérnal to the chamber,
followed by sdme electronic particle detection system.

In our calculation, we used the interaction length
deduced from the experimentally measured interaction
cross section of pions in various ‘materials.9 We define
the interaction length as the distance in which a fraction
equal to (1-1/e) of a beam of particles suffers a strong
interaction. However, in any particular application, not
all of the interactions are detectable; it is therefore
relevant to calculate an "effective interaction length"
as the distance in which a fraction equal to (1-1/e)
of the beam suffers interactions which can be recognized
as such. We find the interaction length in liquid neon,
steel, and lead to be 79 cm, 17 cm, and 18.1 cm, respectively.
For our application, we estimate the respective effective
interaction lengths to be 87 cm, 18.7 cm, and 18.8 cm.

a. Neon only. Figure 13 shows the fraction of pions
escaping a detectable iﬁteraction—in liguid neon, using
87 cm as the effective interaction, length. For an average
path of 2 m, about 10% of the pions will fake muons. However,
 if the fiducial volumé were restricted to the front half of
the chamber, the average path is 3 m and only 3% of the pions
will fake muons. As can be seen from Fig. 13, the background
remaining after using neon only is too large for the four

fermion process or the largest mass W's detectable.
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b. Plate inside chamber. After consulting with the
group building the chamber, stainless steel was picked as the
most desirable material for the plate (the chamber body is
stainless steel). Lead is possible, but it would have to
be somewhat thicker and more than one and a half times
as heavy for the same number of interaction lengths.

The configuration éf the platé in the chamber is
shown in fig. 14 . The diameter is 2.6 m, with an average
thickness of 85 cm. The plate is tapered slightly so that
3 cameras can see the region in front of the plate;

2 cameras can see behind the plate.

The dashed line on Fig. 14 indicates

the 10 m3 useful fiducial volume in front of the plate.
There is approximately 50 cm of visible region behind the
plate. This region can be used to measure the angle and
the momentum of tracks emerging‘frgm the plate. This is
very important in discriminating against hadrons that interact
preducing a single small angle secondary.

Muons below 1.1 BeV/c momenfum will be stopped in the
plate. However, these muons will usually not even reach the

plate because of their deflection in the chamber magnetic



-28- 735
field. These very’low_momentum muons, however, will be
trapped in the chamber and can be identified by their range.
Even above 1.1 BeV/c, some fraction of the particles do not
make it through the plate because of the deflection in the
magnetic field. A rough estimate of the fraction of the
particles that are trapped or go through the plate as a
function of momentum is shown in Fig. 15. With this
arrangement, we have a sizeable efficiency for muon identifi-
cation over the entire momentum range.

Averaged over our fiducial volume, 0.4% of the hadrons
will transverse the plate without having a detectable
interaction in the plate or the neon in front of it. The
fraction of the pions that decay before interacting is shown
as a function of the pion momentum in Fig. 16. From this
figure, we see that generally less than 1% of the pions
(hadrons) fake p's, and the fraction is below 1/2% above
2 1/2 BeV/c.

The cost for the stainless steel plus fabrication has
been estimated to be around $50,000.

c. External Muon Identifier. The feasibility of external
muon identifiers has been considered by a number of groups.

In order to satisfy the requirements of this experiment, i.e.
approaching 99% reliable | identification, at least 6
interaction lengths of material is required, and at least
two planes of exterﬁal particle detectors. The cost for
such a system has been estimated to be more than 10 times

the cost of the plate, and even then it would have some
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disadvantages compared to the plate for this particular
experiment.

We summarize some of the advantages and disadvantages
of using an internal plate.

Advantagesﬁ
a. Hadron rejection better than 99‘1/2% for most momenta
(external identifier is at best 95%-98%.)
b. Has finite geometric efficienc? at all momenta (external
identifier Qould not be useful below 4 BeV/c, which is a
very useful region in this experiment).
c. Plate is relatively inexpensive.
d. Simplicity of operation during run.
e. More reliable correlation of tracks before and after
plate (with external detector, particles pass through coils
and fringe field of the chamber, and it is not clear how
reliable the correlation will be).
f£. Muon identification can be made on the scan table. Thus,
reducing greatly the number of events to be measured to find
the muon pair events.

Disadvantages of Plate:
a. Cuts the useful fiducial volume of the chamber by a
factor of two.
b. Hurts momentum measuring preciison on moderate energy
tracks. Forvthe high energy muons .traversing the plate,
however, the coulomb scattering in the plate is negligible
compared to the measuring errors, and the full length of the
track before and after the plate cén be used.
é. Logistics of iﬁserting and removing the plate.

d. 5 cameras are required instead of 3.
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TABLE I

v Event Rates in Neon

‘Total number of events produced in a fiducial volume of 10 m
of neon in 109 pulses with 2 x 1013

Wideband beam.

Reaction

Total Inelastic

Elastic
Wl Production
mW = 3 BeV
5
8
10
15

Wo Production
mo/ml = 2.5/5 BeV

5/10
7.5/15

- +
vtNe -~ NeHi + +y

-, +
ytNe - Nety +r +y

4.1x%10

2.lx104
1.6x10

1.0x10

200 BeV

6

1.4x10

4

5

720
60

3

5

8

18

Primary Proton Energy
350 Bev

3. 2x10°

6.6x10%

7.9%x10°

9.0x104

8.7x103

1.6x103
6

3.6%x10°

6l
5

20

44

55~80

3

protons on target per pulse,

500 BeV

6x10°

9.6x10%

2.1x%10°

2.8x105

2.3x104

8.7x103
160

104
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FIGURES

1. Cross Sections

2. WO Cross Sectién

3. v Fluxes

4. W, Production

5. WO Production

6. Four Fermion vs Ev

7. Total Inelastic vs Ev

8. Angle and Momentum of v+ from CERN Events
9. Angular Distribution of 4 Fermion Events
10. RL for W and Background

'11. W Search In Total Croés Section

12. Background with and without Plate

13. Fraction of w's Escaping Detection,

1l4.  Plate in Chamber

15. Plate efficienty vs P

16. Fraction of 7 Faking W's
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Search for the Intermediate Boson, Lepton Pair
Production, and a Study of Deeply Inelastic Reactions

Utilizing High Energy Neutrino Interactions in Liquid Neon

C. BALTAY

Columbia University

R.B. PALMER, N.P. SAMIOS

Brookhaven National Laboratory

ABSTRAECT

An experiment is proposed to utilize high energy neutrinos
in order to search for: (a) the existence of the intermediate
vector boson W, as well as the scalar boson W_, (b) the
production of lepton pairs (u—e+) and (u—u+), and (c) to study
the properties of the deeply inelastic reactions. An
exposure of 900 K pictures in the NAL 15-ft cryogenic chamber
filled with neon and containing an inserted plate should
allow for: the detection of Wy if its mass is less than
14 GeV and W_ if its mass is less than ~ 6 GeV, ~ 150 lepton
pair events and innumerable inelastic events with muon
identification and v energy measurehént. An additional
exposure of 100,000 pictures in hydrogen with a double plate
should serve to both normalize the v flux and complement the

deep inelastic study in neon.



‘1. GENERAL DISCUSSION

We propose to study the interactions of high energy
neutrinos for the following purposes: (1) detection of
possible production of the intermediate vector boson W1
and/or the scalar boson Wo’ (2) measurement of the rate for
(u—e+) and (u"u+) lepton pair production, and (3) general
study of deeply inelastic reactions. The method invdlves
utilizing the NAL 15-ft cryogenic chamber and the broad
band neutrino beam with most of the exposure run at the
highest possible accelerator energy and intensity. The
chamber should be filled with neon for 900,000 pictures with
an inserted thick plate for muon, detection. An additional
exposure of 100,000 pictures with the chamber filled with
hydrogen and containing the aforementioned plate as well as
a thin (1 1/2 radiation length) plate for v detection is
also requested. This latter run will serve as a v flux
normalization as well as augment the deep inelastic study
by providing for the identification‘:-of the hadronic component
of these reactions. We would like to have 250,000 of the
neon pictures at the earliest time possible, even if for
some reason the plate can not be inserted in the chamber
for such an early run. As will be discussed later in the
section on muon identification, a chamber full of neon
without a plate provides sufficient muon selection to make
such an early run worthwhile.

The justification of the proposed investigation

need hardly be repeated here since discussions of the



above have appeared at length in the literature. Suffice
it to say that the W search will be extended by a large
factor in mass (the present upper limit is ~ 2 BeV), with
good sensitivity to all of its possible decay modes; the
search for the scalar boson, whose decay into lepton pairs
is inhibited, is unique to this experiment; any measurement
of the four fermion lepton pair production process has
enormous impact on the basic understanding of the structure
of the weak'interactions; and finally, the deep inelastic
region probes the nucleon at very small distances and thus
provides sensitive tests of the dynamical models of the
structure of the nucleon.

We will now discuss each of these physics objectives with
respect to the above noted means of detection. The chamber
filled with neon, which has a 24 cm radiation length and 79 cm
interaction lengfh, allows for both B and electron identification.
The addition of aﬁ 85 cm (5 interacfion length} stainless
steel plate further improves the muon identification by an
order of magnitude. Thus, both leptonic decay modes of the
Wl are clearly identifiable. 1In aadition, the neon chamber
is the best, and probably the only.tool to detect the possible
hadronic decay modes qf the Wl which are probably significant,
and could be dominant, at large W masses. As such this
exploration complements the spark chamber search for the Wl
with respect to the | decay mode and expands it with.respect
to its possible decay into ey and hadron states such as
multiple pions. The strength of this visual technique is

further illustrated in the case of the possible scalar boson



-Wo. The scalar boson decay into lepton pairs is inhibited

by helicity conservation; sensitivity to its hadronic decay
modes 1is thus‘crucial. Furthermore, if both a vector and

a scalar boson exist, and the vector boson is heavier, then
its dominant decay mode is expected to be Wl+ - WO+ + ¢, which
would make the search for the vector meson via its leptonic
decay modes more difficult. The existence of such a particle
has been recently discussed, pointing out the rather plausible
~decay scheme Wl+ - Wo+ + v; Wo+ - K°w+ where the W+ is produced
via the standard reaction y + N - N + p~ + Wl+. Such a
sequence is ideally suited to this proposed experiment in that
the i~ is clearly identified; the ¥ ray converts and the decay
K® - 7777 would be clearly visible and detectable in the
chamber. One notes that this conjéctUre appeared after the
first presentation of this proposal and, in our opinion,
represents one of the multitude of surprising and exciting

new physical phenomena that may occur and be detectable in
this type of experiment. 1In this experiment, we would observe
an intermediate vector boson W, with mass up to 14 GeV‘(accelerator
run at 500 GeV) or up to 12 GeV (éccelerator run at 350 GeV)
and a scalar boson with mass approximately half of the above
values.

The measurement of lepton pair production, v, =~ u_u+v

i i

- + . ,
and vu -~ ke Ve in the coulomb field of a nucleus, poses

different problems. While the vector and scalar boson search

is mainly one of exceeding the threshold whereupon their cross



sections increase enormously, the comparable lepton pair

—42 cmz) and

cross sections are expected to be small ( ~ 10
only increase relatively slowly with neutrino energy. As

such, one reqdires maximum v flux and massive targets. The
broad band vy beam and a fiducial volume of 10 tons of neon
serve this purpose. Since the reactions are coherent and

go as Zz, the use of neon (2=10) increases the rate considerably
in comparison with hydrogen, and the ability to observe the
.charge multiplicity in the bubble chamber and reject events

with more than two charged particles should greatly reduce

the background. In addition, the precise angular measurements
of the leptons and their positive identification make

the background problem, manageable. We expect a total of

50 u~u+ events and 100 p e’ events if their production rates
are as predicted by the universal point interaction. There

are some theoretical conjectures that the u_u+ process could

be greatly enhanced over the u—e+ process; it would therefore
be very useful to set an upper limit on the rate for the u—u+
process even if its actual detection Proves to be too difficult.
It should be pointed ouf that the sensitivity to both Q_u+

and u-e+ pairs could turn out to be crucial since the W

is expected to decay equally into py and ev, while a

breakdown of universality would lead to differences between
u—u+ and u"e+ rates. Again, this experiment complements

the search for those reactions to be undertaken by other
experiments; furthemore, the importance of the physics results

as well as the different systematic difficulties in these

two approaches certainly calls for more than one endeavor.
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The electron scattering studies as well as early v
explorations have.indicated the impoftance of studying the
deeply inelastic reactions. This involves the total cross
section measurement as well as detailed studies of the q2
(momentum transfer) and v = (Evf EH) lepton energy loss
distribution at nearly all energies. Difficulties associated

with detecting o, involve both the lack of knowledge of the

t
v energy and the y flux. The former can be achieved by
either utilizing a "monochromatic beam" or by detecting all
the reaction products and.thereby obtaining the neutrino
energy via energy conservation. The monochromatic approach
suffers in that it is not very monochromatic; it provides a
10% knowledge of Ev' at the cost of an enormously reduced
fate'of events (more than an order of magnitude) . One can
achieve similar v energy resolution with neon and still
retain large event rates. The flux difficulty is common to
all experiments and can be attacked via detailed knowledge
of the 7 and K production spectra with subsequent calculation
of v flukx, or via the meésurement of reactions with "known"
cross sections such as the elastic in deuterium,N* production
in hydrbgen,or some subset of the'inelastic events themselves
in neon. Again, this experiment complements other endeavors
with comparable accuracy but different systematic difficulties.
The study of the déeply inelastic reactions involves
investigation of qz,'Q distributions which depend only on
.the leptonic, as well as other parameters that depend on the

hadronic components. Needless to éay, the identification of



the muon is of crucial importance and is non-trivial in these
higher multiplicity events. As noted‘above, the v energy is
derived from a measurement of the total final state energy
with an estimated accuracy of 10%, using in essence the neon
as a high resolution calorimeter. This, in combination with
the measurement of the muon angle and momentum allows a
determinafion of q2 and v to similar accuracy. The nuclear
effects arising from interactions in neon certainly complicate
the analysis of details of the hadronic component; however,
their effect should be very small on the leptonic parameters
qz and vy at all but very small qz.

The proposed hydrogen exposure of 100,000 pictures in the
same broadband beam serves to normalize the y flux and to
augment the deep inelastic study. The insertion of the thick
plate for muon identification is essential in this study.

A thin plate, 1 1/2 radiation length thick, mounted 20 cm in
front of the thick plate, affords ° energy determination and
thereby gives the neutrino energy to + 10%. Thus with the
knowledge of the v flux, one can measure the total cross section
and the q2 and v distributions of the inelastic events on

free protons. Comparing these distributions with those on

neon (50% neutrons, 50% protons) allows us to extract neutron-
proton differences.

Since in this case the target is free protons, one is now
in a position to study the details of the hadronic component
of these inelastic reactions unhampered by nuclear effects

encountered in neon.
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Finally, a measurement of the N* production on hydrogen,
‘where the cross section is constant with a magnitude which
should be well known, will serve to calibrate the absolute
neutrino flux as well as its energy dependence. Therefore
this exposure should be conducted under the same beam
conditions as the neon run.

II. DETAILED DESCRIPTION OF THE EXPERIMENT IN NEON

A. Event Rates
The relevant reactions for this study are the W

production processes

+
1

Lyt o+
K vu
+

Lé e + Ve

h\ hadrons

vy, + Ne - Ne + 4 + W

Ly Wo+ + oy (1)
vy, * Ne = Ne +p o+ WO+
,Lﬁb hadrons (2)
where Wl+ is the hypothetical intermediate vector boson and
Wo+ is the recently proposedl scalar boson.
The four fermion processes are
vy FNe w Ne +p” 4t 4y (3a)

o

- +

i
‘where the coherent production dominates.
The inelastic reaction éan be written as

Vi + (p or n) - K + hadrons (4)

where p or n indicate a proton or neutron in the neon

nucleus.
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In estimating the yield, wé have used the calculation
by Brown and Smithz-for_the W production, proceés (1), which
includes both coherent and incoherent contributions. These
cross sections are shown in Figs. 1 and 2. The cross section
for the direct production of the scalar boson via reaction (2)
is a function of both the scalar and the vector boson masses.
These cross sections,3 which include coherent and incoherent
processes on neon, for several possible masses are shown in
Fig. 2. They are typically a factor of 30 smaller than the
vector boson cross sections. For the four fermion processes
(3), we have used the cross section calculation by Czyz,
Sheppy., and Walecka,4 taking only thé coherent part of the
cross section- (see Fig. 1). For the total inelastic cross
section, we have assumed a linear dependence of the cross
section on the neutrino energy, as found in the CERN

experiments, o = 0.8 x 10738

Ev cmz, with Ev in BeV. The
experimental evidence for the linear energy dependence is
not very strong, and either the existence of the W or a
breakdown of scale invariance could damp the total cross
section significantly. Thus, the fotal number of inelastic
events we calculate may well be an overestimate.

In calculating event rates, we have used the y fluxes
calculated by F.A. Nezrick et al5 fbr the wide band, basic
focused vy beam. The decay length and the earth shield have
been fixed at 400 m and 1000 m respectively. The v flux
has been averaged over the area of the bubble chamber fiducial

volume, 1.35 m radius. The flux curves for 200, 350, and

500 BeV primary accelerator energies are shown in Fig. 3.
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We have used a fiducial volume of 10 m3 in front of the

plate, and a density of 1.2 for the liguid neon; The

event rate for a chamber filled with neon without a plate
would be comparable since one must restrict the fiducial volume
in this case also to allow room for muon identification.

The numbers of events for a 10° picture run with 2 x 1013
protons on the target, and an effective one interaction
length target, are shown in Table I. The number of vector
‘and scalar bosons produced as a function of their masses
is shown in Figs. 4 and 5. It is clear from the table and
these figures that there is an overwhelming advantage to
running at the highest acdelérator energy possible. The
distribution of the four fermion events and the total
inelastic events in the incident y energy is shown in

Figs. 6 and 7.

B. Identification and Analysis of Events and

Discussion of the Baékgrounds

- - +
1. The Process vH+ Ne - Ne + L + L + vy

These expected 50 muon pair events have to be distinguished
from ~ 6 x lO6 neutrino interactions that will occur in the
same exposure (assuming a total y. cross section of 0.8 x EV X
10738 cmz/nucleon). The topology of the muon pair events
is two outgoing charged prongs with no incident charged tracks
(the recoil nucleus 2 will be invisible if the leptons scatter
coherently on the whdle nucleus). The background events with

two charged tracks in the final state will contain a W~ with

+ .
a p or 7 from the reactions
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Vg Foowt +p (5)
~u +p + 7@ (6)
~ T+t (7)
v tp- ﬂ‘ +p + r (p invisible) . (8)

The u+ can be distinguished from a p or W+ by inserting
a thick plate (~ 6 interaction iength) in the path of the
particle, and requiring that the particle pass through the
plate without interacting. A detailed discussion of the
muon identifier is given in Sec. V.

This signature can unfortunately be faked by a v+ which
decays into a u+ before reaching the lead plate. The probability

of a ™ decaying in a given .distance d4 in the liquid is

i

aN -1/) daz
where A = p/m ToC+ The v+ can also interact in the neon before
reaching the lead plate; the probability of interacting in a
given distance di4 is

an = -1/L d2
where L ~ 79 cm, the interaction léngth in liquid neon. Then
the fraction of pions which will decay in the neon before
interacting is approximately L/\ (és long as )\ >> L). fhis
fraction, as a function of the pion momentum, is shown in
Fig. 16. For a 2 GeV/c T, X ~ 110 m; thus 0.80/110 ~ 3/4%
of the ﬂ* will decay and fake a u+. Thus the most serious
background is reaction (7) with a 7 decay. (The cross section
for reaction (8) is ~ 3 times that of reaction (7) but the

proton will usually be visible, reducing the background due

to (8) to a small fraction of that due to (7).)
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The cross section for reaction (7) is expected to be®

38

cmz/nucleon

olun = pTnrT) o 0.24 x 107

W
independently of EV. We calculate the expected number of
events due to this reaction to be 32,000 at 500 BevV, less

at lower primary proton energies. Making some reasonable
assumptions about the W+ momentum spectrum in these events,

we made a rough estimate of the numher of these events which
will fake a muon pair due to 7 decay. Their total number is

~ 240. |

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

a. The decay angle in the W+ - u* decays will probably
bé too small {(~ 5 to 30 mrad) to be_detected‘with confidence
in liguid neon. However, there will be a substantial momentum
change in the decay (the u+ momentum will be evenly distributed
between ~ 1/2 and 1 times the T momentum) . Since there
should be on the order of 1/2 m of W+ track on the average
before decay, the momentum change can be used to confidently
eliminate roughly half of the background events with W+_~ u+
decays-

b. The angular and momentum distributions of the*Tr+ from
the reaction y + n - ufv+ ﬁ+'+ n from the CERN heavy liquid
bubble chamber v experiment are shown in Fig. 8. These W+'s
are relatively slow and their angular distribution is quite
broad. (95% of the 7" have lab éngles over 10°.) Loveseth
and Radomski7 have pointed out that the transverse momentum

+ .
distribution of the | in the lepton pair events may not be

very different from that of the background events. A
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selection on the lab angle of the u+ can however, be used
to select the lepton pair‘evepts. The angular
distribution of the p's from the coherently produced u+u_
pairs have been céléulated by Fujikawa;6 they are extremely
sharply forward peaked, nearly all u+ beiﬁg within 2 1/2°,
as shown in Fig. 9. A cut on the laboratory production angle
of the u+ will reduce the u+ from ﬁ+ decay background by
é very large amount, while losing very few of the

u+u— pair events. However, since the CERN events shown in
Fig. 8 were produced by v's of much lower energy than the
onesgs considered here, we assume only a factor of 30 in
background reduction due to kinematic selections.

The above considerations will reduce the background to

240 x 1/2 x 1/30 ~ 4 events
to be compared with the expected signal of 50 muon pair events.

These remaining backgroﬁnd events are a subset of a
parent sample of ~ 32,000 yn - Lnm events. A study of this
large parent sample should make it possible to estimate the
nunmber of background events and to do a background subtraction,
with a systematic uncertainty of possibly some fraction of the
size of the background.

+

2. The Process i + Ne » Ne +u +e + vy

e

The characteristic appearance of these events, reaction
(3), in the bubble chamber will be a vertex with two charged
prongs; the negative being a W~ which is identified by the
fact that the track passes through the ~ 6 interaction length
plate without interacting; the positroh will be‘unambiguously

identified by its characteristic appearance in liquid
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neon (radiation length ~ 24 cm). The main, and probably the
only, background will be due to reaction (6)

v+tno-op +p+7°
when a) the proton is too slow to be visible, b) the 7° produces
a Dalitz pair which is so asymmetric that the e is undetectable.

The cross section for reaction (6) is expected to be®

o(vn - L pr°) ~ 0.32 x 10738 cm2/ndcleon. We thus expect a
total of ~ 45,000 events of reaction (6) 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% of
these will be sufficiently asymmetric.to look like a single
positron. This produced a background of

(45,000 x 1/30 x 1/80 x 1/100) < 1
or less than one event, compared to the expected 100 u_e+ events.

- 4 .
The . e pairs should thus be very clean.

3. Leptonic Decays of the W

The W production and decay into H+v and e+v will look
very similar to the lepton pair production reactions (3a) and
(3b). The e+v events should be very clean, as discussea
above. For the u+v decays, the main background is the 240.
events of reaction (7), followed by T M+v decay, as
discussed above. The kinematic disfinction in the case of
the W decay is however based on the transverse momentum
distribution of the u+. The W+ from reaction (7) is

-B /0.3

expected to fall off as e as deduced from the CERN data.

. . , . +
The transverse momentum distribution of the i from W decay
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will be very large, peaking near 1/2 m.- The expected
distribution for the background and 10 BeV W decays are
shown .in Fig. 10. A cut at'Ptrans = 1 BeV will reduce the
background by a factor of ~ 1/30, to ~ 8 events, while
losing only 6% of the W events. As the W mass gets‘higher,
the kinematics become even more favorable. A signal of 100

W decays should thus be quite convincing.

4. Hadronic Decays of the W

A very massive vector boson will probably have substantial,
and possibly dominant, hadronic decay modes. A scalar boson
cannot decay into a lepton pair, and is thus expected to have
dominant hadronic decays. In a neon chamber, we can measure
the momenta and angles of the charged hadronic decay products,
"detect and reconstruct neutral hadrons decaying into v'!s, with

high efficiency (radiation length ~ 24 cm), see K © decays,

S
and possibly even detect a large fraction of the neutrons
by their interactions (collision length ~79 cm). We can
thus calculate the effective mass of any combination of
hadrons produced along with a i : the W should manifest
itself as a peak in the effective mass distribution at the
mass of the W. The large background of inelastic events can
‘be eliminated to a very large'extent by making use of the
very different distribution of these events in q2 and y.

The inelastic events are expected to be distributed over a
large range of these variables, while the W events will be

-concentrated at very small q2 and large v. Selecting the

region where the W's are concentrated should reduce the
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inelastic background by a factor 100 or so. These remaining
events will be spread out over a large range of hadron
effective mass, and a W peak of 100 events should be easily
recognizable. A neon bubble chamber is the best, and probably
the only way to identify individual hadronic decay modes and
branching ratios.

+ o+

. - +
5. The Decay Wl WO 4%

If both a vector and a scalar boson, Wl+ and W0+, exist,
and the vector boson is heavier, then the dominant decay of
the vector boson would bhe 'intc a scalar boson and a 7y, followed
by hadronic decay of the scalar boson. This would make the
éearch for the vector boson via its leptonic decay modes
very difficult. 1In a neon chamber, this decay can be
deteéted since the < will convert into e+e_ pair with very
high efficiency (radiation length in neon is ~ 24 cm, average
path length in chamber is ~ 1 m). The hadronic decay products
of the Wo can be detected, as discussed above, and the Wo + oy

effective mass can be then computed.

6. Analysis of the Inelastic Events

As is indicated in Table I, the inelastic events will,
unless the intermediate boson mass is less than 5 GeV, form
the vast majority of all evenﬁs gseen in the chamber. Their
analysis can be divided_into two parts: a) the study of their
distribution in variable that depends only on the four momenta
of the leptons (Ev' qz, v as defined below), and b) the
study of these reactions including variableswhich depends

on the observation of the distribution of the hadrons.
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In the first case, we require ideally to know the
spectrum of neutrinos, the neutrino energy E for eaqh
event and the angle 6 and energy E' of the outgoing muon.
The identification of which track is the muon is obviously
crucial and to this end éither the plate or a neon filling,
or an external muon detector is essential. The estimation of
the neutrino energy can be made in neon to about 10% up to
neutrino energies of 200 GeV. The error at the higher momenta
is dominated by measurement error on the fastest outgoing
track, in general the muon. The error at lower momenta is more
effected by the ability in neon to estimate the energy given
to 7°'s. However, as will be discussed in more detail when
we consider thé hydrogen filling, the fraction of energy going
té 7°'s is not likely to be large and thus an error of as
much as 20% in the estimation of 7° energy is not likely to
effect the error in E by more than 4%. The energy given to
neutrons is expected to be small since at high energy the
interaction will have a peripheral character (pomeron exchange
is often discussed) and the nucleon should be left with a low
momentum. Even if this were not the case, the high nuclear
Cross séction in neon will allow the observation of fast
neutrons in some cases and theteby establish a correction.

The second variable q2 is given by

q2 = 2EE' (1l-cosb)

which for small angles 6 can be expressed approximately.

q=E'9~/§.
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E' and 6 are the energy and angle of the observed and
identified outgoing muon and both are determined with
accuracy better than 10% up to neutrino energies of the
order of 200 GeV. The dependence on the total neutrino
energy is seen to be relatively weak.

The third variable v is eQual to the difference in
energy between the muon and neutrino and thus equal to the
total hadronic energy. With the good 7° conversion efficiency
in neon, we expect this to be determined to about 5% up
to neutrino energies of 200 GeV.

We will thus be able to obtain the distribution of events
in the variables EV, qz, and v. Since the number of events
is very large, we will be able to explore the dependence of
the cross section on each 6f these variables in detail. The
adequate statistics are necessary to separate the contributions

to the cross section from the three structure functions Wl'

W2, and W3 defined by
a%o =93[w 20 4 ow gin28 + ETEL o (.20 4
5. 5o ,cos"5 18in™s 3sin”s .
dgdv

Wl, W2 and W3 are each functions of q2 and v. If the v
spectrﬁm is known, then for all fixed values of q2 and v,
the contributions of each of the three structure functions
can be separated by their different energy dependences. If
the spectrum is not kndwn its shape can be deduced from the
experimental distribﬁtions at all but very low energies (see

Sec. IV). The structure functions can then be separated at

all but the low values of q2 and v. Scale invariance can
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be checked separately for Wl,_W2 and W3 and their values can
be compared with the predictions of various modéls of nucleon
structure. The importance of such a study is well known.

Scale invariance implies pointlike behavior within the nucleon
which can be probed to ever smaller distances by exploring

at ever higher momentum transfers. In this experiment, q2 up
to 400 (GeV‘/c)2 are accessible and details of the cross section
at such momentum transfers will provide very sensitive tests

of the different models.

7. W Search Using the Total Cross Section

Of particular interest in the study of the deep inelastic
y interactions is the dependence, of the total cross section

on Ev' the y energy. Assuming scale invariance and

Ttot
locality, Otot is expected to increase linearly with E .

This prediction is modified by a factor of {l—qz/mwz)—2 if

the W exists. This effect of the W on the total cross section
is shown in Fig. 11. A measurement of the total cross section
is thus a sensitive search for the intermediate boson with
masses possibly up to 20 or 30 BeV. The total number of
inelastic events in neon is shown in Fig.7; there are ~ 5000
events/10 BeV bin all the way up tc 300 BeV. The main problem
in this search is thus systematic-mainly the knowledge of the
Y spectrum and the measurement of EQ; It is however possible
to cancel out the uncertainties due to the y spectrum by
looking at the energy dependence of the cross section at fixed
q2 and v, since we have this information for all events. The

curves of Fig. 11 are averaged over X and y; at high x and vy
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the sensitivity on the existence of heavy W's is much greater.
Of course, if the cross section turns over, it hay either
be due to the W, or breakdown of scale invariance; either
possibility is of great interest. However, if Otot keeps
rising linearly with Ev up to 300 BeVv, it is a meaningful
negative ;esult.
III. THE HYDROGEN RUN

We are requesting 100,000 pictures with the chamber filled
with hydrogen with both the thick plate described above and
also a thin (l-in. stainless steel) plate placed 20 cm in
front of the thick plate (see Fig. 17). It would be
‘important that the beam conditions should be the same in this
and the neon run, since the object of this run is to allow
some calibration of the neutrino spectrum and also to determine
neutron proton differences in the inelastic interactions.
The heavy plate will allow identification of the outgoing
muon and the thin plate will allow é determination of the
neutrino energy to + 10%, by conversion of ¥ rays from m°'s
produced in the interaqtions.

The thick plate and its efficiency as a muon detector
is discussed in Sec. V. The efficiency of the thin plate
in aiding in the neutrino energy determination arises in
‘part because on average only a fraction of the neutrino
energy will go into m°'s. From experience at CERN, we
estimate that the energy from a given high energy inelastic
event will be divided roughly as follows:

1/2 the initial energy to outgoing muon.

2/6 the initial energy to charged pions.

1/6 the initial energy to neutral pions.
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Negligible fraction of the initial energy to nucleons.
In any case, it is unlikely that a lérge fraction of the
initial energy will be given to neutral pions. If then we
can estimate this part of the energy to even a low accuracy
like 20%, the resultant contribution to the total energy
will be small. If as proposed here, a single 1 1/2 radiation
length plate is inserted 20 cm in front of the thick plate,
then 80% of all v radiation will be converted in that plate.
If the neutrino energy is 200 GeV, the mean 7° energy would
be of the order of 40 GeV for one 0. If the Wo's are
~converted, then four electrons of energy about 10 GeV each
would be observed and each'could be measured to about 40%
(for ~ 4 p accuracy on film), or + 4 GeV.

' Since four measurements are involved, their contribution
to the uncertainty in neutrino energy would be /4 x 4 = 8 GeV
or only 4% of the total neutrino energy. Another contribution
of 4% would come from the failure of the plate to convert all
Y rays. But the total error from determination of 7° enerqgy
would still be of the same order as that arising from errors
in measurement of the fast muon (~ 5% for 2 m of track).

Note that the measurement can be made through the plate, the
coulomb scattering in the piate introducing an error of only
5%. We conclude therefore that the addition of the 1 in.
plate will allow estimation of the neutrino energy to the
order of 10% at energies of the ofder of 200 GeV. This is
at least as good as that provided by monoenergetic beams

up to this energy.
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We will now consider the rates. The events of special
interest here are:

v+p"u_+N*++
~p o (9)
and the inelastic interaction

v + p -~ + hadrons . (10)
A run of 100,000 pictures with 2 x 1013~protons on the

target is assumed, with 67% target.efficiency- The horn

3

beam is assumed and the fiducial volume taken as 10 m
The number of events produced at various primary proton

energies are:

200 BevV 350 BeV 500 BeV
N Production 550 300 1300
Inelastic 7000 16000 32000

This exposure, although small, would provide larger
numbers of events than would be obtained with 106 pictures
in a‘monoenergetic beam, with a knowledge of the neutrino
energy as good at 200 GéV and better at lower energies.
Since the experiment would be run under the same conditions
as the neon run it would alléw:

1. The calibration of the absolute neutrino flux given
a knowledge of the N* production cross section.. Such know-
ledge should be available from runs in deuterium at BNL

and Argonne as well as from propane runs at CERN.
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2. Some knowledge of the shape of the neutrino spectrum
assuming the flatness of the N* crossvsection, which follows
directly from locality and the existence of some reasonable
form factors.

3. A determination of the total yp cross sectién, which
with the neon run will allow a determination of the cr\)n/o\)p
ratio and other studies of the neutron proton differences
which have great significance. |

4. Allow a study of the details of the hadronic components
of the ineiastic interactions without the complications of
secondary interactions in the neon nucleus and at the same
time allow an estimation of these effects by comparing the
results with fhose in the larger and statistically much
better neon sample.

In conclusion, we would emphasize that the hydrogen run
is requested as an éncillary to the neon exposure, to be
analyzed along with that exposure. Tﬁe use of the thick plate
will mean that the muon detection in fhe two experiments will
be similar. The use of fhe thin plate will provide adeguate
detection of 7°'s and again assure that the analyses are
similar.

IV. DETERMINATION OF THE vy SPECTRUM

The spectrum can be determined either by calculationsl
from observations on the beam, including production distri-
butions from the target, K teo 7 ratios, observations of

~distributions in the decay tunnel and observation of the
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distribution of muons in the shield; or 2) from observation
on the distribution of events in the chamber. In the first
category, the best would appear to be the observation of the
separate distribution of pions and kaons in the decay tunnel
by the use of the. bubble chamber charged particlé beam and
its proposed Cerenkov detectors. To this end, we réquest 1.
that a magnet be placed in the target area at the end of the
decay region such that particles paésing through the hole in
the beginning of the shield are deflected down the charged
particle beém. This magnet should be capable of deflecting
momenta up to a minimum of 200 GeV. 2. A magnet be placed
immediately after the horn system such that particles produced
at different angles can be deflected into the hole. The magnet
should bé able to deflect 200 GeV through at least 1 mrad.

The second means of determining the spectrum depends on
the observation of known cross sections or cross sections
whose energy depéndence is known. In deuterium, the elastic
cross section(ytn-p +p) at small q2 is known from | decay and
can provide an absolute calibration of the flux in such an
exposure - In the same exposure N*++ (v+p~u—+p+w+) production
can be observed and thus its cross section accurately
established. This will be done at both BNL and Argonne. The
observation of N* production on hydrogen can thus be used to
calibrate spectra at NAL. This then is one reason why we
prepare a short run with hydrogen under identical beam conditions.
The proposed run will’allow determination of the absolute rate
of N* production to better than 5% and thus normalize the

absolute flux to approximately this accuracy.
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The detailed shape of the neutrino smectrum can then be deter-
mined , :
with minimal assumptions, from the inelastic events themselves.

Assuming only the locality.of the weak interaction at the

current hadron vertex we can write

do 2

dqzdv

5%

26
2

No

B! .
= [chos + 2W151n

For events with small v and q2 then

do 93 ﬂi 93
s [(w, + W+ w, ] .
a 2 N 2T 2 2E 3 2E2 1

_WI/W2 and W3_/W2 are bounded and so we note that for fixed v and q2

and E > g2/2m then dc/dqzdv is independent of E.

The derivation here is exactly analagous to that which
holds to the prediction of the.energy independence of the
elastic or N*++ production cross sections. Neither scale
invariance, nor the non-existence of a vector boson is
assumed and thus the method provides a powerful method of
determining the spectrum shape which is entirely praétical with
the numbers of events available in the neon run.

V. MUON DETECTION

Muons can be distinguished from hadrons by inserting a
large amount of material in the path of the particle, and
‘making use of the fact that tﬁe hadrons will undergo strong
interactions in the material, but the muons will not. We
have considered three possible variations of this technique:

a) making use of the liquid neon in the chamber, with no

additional material, b) inserting a thick metal plate into
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the sensitive region of the chamber, so that particles
emerging from‘the'plate are visible in the chamber, and
c¢) placing the hadron absorber external to the chamber,
followed by some electronic particle detection system.

In our calculation, we used the interaction length
deduced from the experimentally measured interaction
cross section of pions in various materials.9 We define
the interaction length as the distance in which a fraction
equal to (L-1/e) of a beam of particles suffers a strong
interaction. However, in any particular application, not
all of the interactions are detectable; it is therefore
relevant to calculate an "effective interaction length"
as the distance in which a fraction egual to (1-1/e)
of the beam suffers interactions which can be recognized
as such. We find the interaction length in liquid neon,
steel, and lead to be 79 cm, 17 cm, and 18.1 cm, respectively.
For our application, we estimate the respective effective
interaction lengths to be 87 c¢m, 18.7 cm, and 18.8 cm.

a. Neon only. Figure 13 shows the fraction of pions
escaping a detectable iﬁteraction-in liquid neon, using
87 cm as the effective interaction length. For an average
path of 2 m, about 10% of the pions will fake muons. However,
if the fiducial volume were restricted to the front half of
the chamber, the average path is 3 m and only 3% of the pions
will fake muons. As can be seen from Fig. 13, the background
remaining after using neon only is too large for the four

fermion process or the largest mass W's detectable.
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b. Plate inside chamber. After consulting with the
group buiiding thé éhamber, stainless steel was picked as the
most desirable material for the plate (the chamber body is
stainless steel). Lead is possible, but it would have to
be somewhat thicker and more than one and a half tiﬁes
as heavy for the same number of interaction lengths.

The configuration of the plate in the chamber is
shown in Fig. 14 . The diameter is 2.6 m, with an average
thickness of 85 cm. The plate is tapered slightly so that
3 cameras can see the region in front of the plate;

2 cameras can see behind the plate.

The dashed line on Fig. 14 indicates

the 10 m3 useful fiducial volume in front of the plate.
- There is approximately 50 cm of visible region behind the
plate.. This region can be used to measure the angle and
“the momentum of tracks emergihg from the plate. This is
very important in discriminating against hadrons that interact
producing a single small angle secondary.

Muons below 1.1 BeV/c momentum will be stopped in the
.plate. However, these muons will usually not even reach the

plate because of their deflection in the chamber magnetic
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-field. These very ldw momentum muons, however, will be
trapped in thé chamber and can be identified by their range.
Even above 1.l BeV/c, some:-fraction of the particles do not
make it through the plate because of the deflection in the
magnetic field. A rough estimate of the fraction of the
particles that are trapped or go through the plate as a
function of momentum is shown in Fig. 15. With this
arrangement, we have a sizeable efficiency for muon identifi-
cation over the entire momentum range.

Averaged over our fiducial volume, 0.4% of the hadrons
will transverse the plate without having a detectable
interaction in the plate or the neon in front of it. The
fraction of the pions that decay before interacting is shown
as a function of the pion momentum in Fig. 16. From this
figure, we see that generally less than 1% of the pions
(hadrons) fake p's, and the fraction is below 1/2% above
2 1/2 BeV/c.

The cost for the stainless steel plus fabrication has
been estimated to be aroﬁnd $50,000.

c. External Muon Identifier. ' The feasibility of external
muon identifiers has been considered by a number of groups.
In order to satisfy the requirements of this experiment, i.e.
‘approaching 99% reliable | identification, at least 6
interaction lengths of material is reguired, and at least
two planes of exterﬂal particle detectors. The cost for
such a system has been estimated to be more than 10 times

the cost of the plate, and even then it would have some
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disadvantages compared to the plate for this particular
experiment.

We summarize some of the advantages and disadvantages
of using an internal plate.

Advantages:
a. Hadron rejection better than 99 1/2% for most momenta
(external identifier is at best 95%-98%.)
b. Has finite geometric efficiency at all momenta (external
identifier Qould not be useful below 4 BeV/c, which is a
very useful region in this experiment).
c. Plate is relatively inexpensive.
d. Simplicity of operation during run.
e. More reliable correlation of tracks before and after
plate (with external detector, particles pass through coils
and fringe field.of the chamber, and it is not clear how
reliable the correlation will be).
f. Muon identification can be made on the scan table. Thus,
reducing greatly the number of events to be measured to find
the muon pair events.

Disadvantages of Plate:
a. Cuts the useful fiducial volume of the chamber by a
factor of two.
b. Hurts momentum measuring preciison on moderate energy
tracks. Forvthe high energy muons traversing the plate,
however, the coulomb scattering in the plate is negligible
compared to the measuring errors, and the full length of the
track before and after the plate can be used.
c. Logistics of inserting and removing the plate.

d. 5 cameras are required instead of 3.



REFERENCES

T.D. Lee, Phys. Rev. Letters 25, 1144 {1970).

R.W. Brown, J. Smith, Phys. Rev. D3, 207 (1971).

We would like to thank Prof. T.D. Lee and Dr. W.A.
Cooper for théir help in calculating the cross sections
for the scalar boson production process.

W. Czyz, G.D. Sheppy, J.D. Walecka, Il Nuovo Cimento
34, 404 (1964).

D. Carey, Y. Kang, F. Nezrick, R. Stefanski, J. Walker,
NAL Report TM—265; F. Nezrick, ¥Y. Kang, private
communication.

We would like to thank Dr. K. Fujikawa of Princeton
University for making these xesults available to us.

J. Loveseth, M. Radomski, Phys. Rev. D3, 2686 (1971).
The cross sections for single pion production processes

by neutrinos have been calculated by Adler, Annals of

Physics 50, 189 (1968), using a value of 0.71 for MAZ,
the axial vector form factor mass sqguared:

c(yn - uanw+) = 0.12 x 10—38 cmz/nucleon

o(yn = ppr°) = 0.16 x 10738 cmz/nucleon

o(vp - u_pw+) = 0.44 x 10738 cu?/nucleon

In view of the higher cross section obtained for the

third of the three reactions in the CERN neutrino experiment,
we have éssumed the cross sectibﬁs for all three processes
to be twice the calculated value.

G. Cocconi, Proceedings of the 1960 Rochester Conference

on High Energy Physics, p. 804.



TABLE I

v Event Rates in Neon

3

‘Total number of events produced in _a fiducial volume of 10 m
of neon in 106 pulses with 2 x 1013 protons on target per pulse,

Wideband beam.

Reaction

Total Inelastic

Elastic
L Production
mw = 3 BeV
5
8
10
15

Wb Production
mo/ml = 2.5/5 BeV

5/10
7.5/15

: . - +
viNe - Nel +Huo +y

-+
v+Ne - Ne+p_ +r +y

200 Bev

1.4%10°

4.1x10%

2.lx102
1.6%10
720
60

18

Primary Proton Energy
350 Bev

3.2x10°

6.6x10%
7.9%10°
9.0x104
8.7x103

1.6x%103
6

3.6%10°

6l
5

20

44

500 BeV

6x10
9.6x10
2.1x10
2.8x105
2.3x10%

8.7x103
160

9.5x10

257
23

50

104



FIGURES
1. Crosé Sections
2. Wo Cross Section
3. v Fluxes
4. Wy Production
5. Wo Production
6. Four Fermion vs Ev
7. Total Inelastic vs Ev
8. Angle and Momentum of v+ from CERN Events
9. Angular Distribution of 4 Fermion Events
10. p

e
11. W Search In Total Cross Section

for W and Background

12. Background with and without Plate
13. Fraction of 7's Escaping Detection
l4. Plate in Chamber

15. Plate efficienty vs P

16. Fraction of 7 Faking Uu's

17. Double Plate
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ABSTRACT
We have observed the production of the p° meson by
neutrinos followed by the decay p° «IKSO + v+ + 7.
Correcting for detection efficiencies and K° decay
branching ratios, we find that the production of the D°

+ -
followed by decay into Kor 7 corresponds to (0.7 + 0.2)%

of all charged current neutrino interactions.

* Present address: Fermi National Accelerator Laboratoxry.



The hadronic quantum number charm was postulatedl’2 to

explain, among other things, the absence of strangeness
changing weak neutral currents. The recently discovered

J/4 (3100}, and the associated {' and x states3 possess the
attributes of hidden charm. The first direct observation of
a charmed meson, the D(1865), was in e+e— collisions at
SPEAR.4 In this paper, we report the only other direct
observation of the D meson, produced in this case in neutrino
hadron interactions. The decay mode observed is p° - Ksov+v—
with X °'> m'r -

The experiment was carried out at the Fermi National
Accelerator Laboratory using the two-horn focused wideband
muon neutrino beam,5 and the 15 ft chamber filled with a
heavy neon-hydrogen mixture (64 étomic % neon). A total of

150,000 pictures with an average of 1013

400_Gev protons per
pulse on the neutrino target has . been taken. The results
presented here are based on the analysis of the first 80,000
pictures, which correspond to approximately 50,000 charged
current neutrino interactions.

The interaction length for hadrons in the heavy neon
mix is ~ 125 cm, so'thaf hadrons typically interact, while
rmuons leave the chamber without interaction, and can thus be
identified on the scan table. Neutral strange particles
were detected via their decays, such as K2 - F+ + 71 and

A® - p + 7. The film was scanned, and partially double



scanned, for events with a possible neutral strange particle
decay (vee). BAll such events were measured, geometrically
reconstructed and the decays kinematically fitted. Any
event with a leaving negative track was considered to be a
charged current event and the muon was defined to be the
fastest leaving negative track. For the present analysis,
charged éurrent events with muon momentum (PH) greater
than 2 GeV/c were used in order to reduce the background
from pion punchthrough.

In the sample of 46,000 charged current events with
Pu > 2 GeV/c, 2,913 events had one or more vees.that made a
satisfactory 2 or 3 constraint kinematical fit o KS0 - v+v_,
A > pTr or A - §j+. Kinematical ambiguities between Kso, A

or A were resolved using the decay angular distributiohs.
This resulted in 1,815 charged current events with a Kso.
Approximately 89% of these were unambiguous KSO decays.

The Ks°#+w— effective mass distribution with two different
bin sizes is shown in Figs. la and 2a (events with two vPrs
héve been removed). Thexre is a peak in the KSOW+T_ spectrum
in the D° mass region. The best fit to a polynomial background
plus a gaussian, shown by the curve in Fig. 2a gives the
following parameters:6

mass = 1850Li 15 MeV; o0 = 20 + 8 MeV ,
corresponding to 64 events above a background of 180 events,

with a statistical significdance in excess of 4 standard



deviations.7 Since the mass is consistent with the D°
measured at SPEAR,4 the width is compatible with our
experimental mass resolution of 20 MeV, and there are no
narrow K*'s in this mass region, we interpret this peak
as the production of a p° meson followed:by the decay,
p® - Ko7 v .

No corresppnding peak is apparent near the D mass in
the events without a i (Fig. 2b).  This is consistent with
the prediction of the GIM model that the charm changiqg
neutral current interactions are absent. If the peak were
due to K* production, then one might expect it to be
present in both events with and without a TN

We have investigated the substructure of this decay
using the KOW+F— Dalitz plot distribution. There is no
statisfically significant evidence for a larger fraction of
K*W, Kp or K*(1420)7 in the p° region than in the adjacent
bands. ‘

The Ksov+ effective mass distribution is shown in
Fig. 1lb. No_significant peak is aéparent near the D+
mass in the K?v+ distributiqn. The best fit to a polynomial
background plus a gaussian, yields 11 + 8 pt events,
using a mass of 1868 MeV and a width equal to our mass
resolution.

In order to estimate the rate of D° production followed
by decay into KSOW+W“, we correct the number of observed

events above background for the K o 7w branching ratio

(0.34), the vee scan and detection efficiencies (76%) and



other efficiencies in/the measurement and track reconstruction

A

(76%), and obtain428§.i 90 for the corrected number of p° o
+ - . .

r T decays. Comparing this to 46,400, the total number

of charged current v, events with PH > 2 GeV/c in the same

amount of film, we obtain the ratio
- + -
v, * Ne - p~ +D° + ..., D° o %
s = (0.7 + 0.2)% .

Y + Ne - + ...
" V2

— . + . .
A similar calculation for D production gives -

- + + +
\)u'l'Ne--lJ. +D +o-.' D "“’KoTr

e = (0.1 + 0.1)% .
Vu + Ne - B + ...

These rates are not sensitive to the handling of the K°/p\°
ambiguities or to the muon momentum cut.

The D° rate can be compared with our previously measured
. N - + '
rate for vu + Ne - 1 + e

(0.5 i_'O.lS)%.8 We cannot obtain an exact value for the

+ "'/Vu + Ne - |t + ... of

ratio of simileptonic to e decays of the D since we

do not know what fraction of the u—é+ events come from Do
decays- If we assume that.all of the u—e+ events are due

to semilepionic p° decays, D° - e+ + ..., then we cbtain a
ratio R = (0% » e + ...)/(®° - K°77r7) of R = 0.7 + 0.3.

if, on the other hand, only a fraction of the u_e+ events

is due to D° decays, which is more reasonable since-there

is likely to be some D+ and charmed baryon decays contributing

- + .
to the 1 e events, then the value for R is less than that

given above. Recent measurements at SPEAR yielded the



branching ratios of (4.0 + 1.3)% for p° - Kov+v_,9 and

(7.2 + 2.8)% for D - e+ + ..., 10 which cofrespond to a
value of R = 1.8 + 0.9, assuming equal semileptonic
branching ratios for the D° and the D+.- Our values, with
any assumption about the D° contribution to the u~e+ events,
are lower than the SPEAR value for R. Howevex, the errors
on all of these numbers are rather large at the present.

All of the decay products of the DO are measured in
the K0W+W— decay mode. Thus the energy and momentum of
the Do can be reconstructed and we can study the production
properties of the p°. In Fig. 3, we show the distribution
in z, the fraction of the hadronic energy carried by the p°

).ll The solid lines represent all of the

(z =.ED/Ehadronic
events in the D° region of the Kor+v~ maSS'distribution,_

1820 < M(Knw) s 1900 MeV.' The distribution for the non-D°
background in this region, obtainéd by averaging the_control
regions below and above the p°® region, 1is shown by the
dashed lines.l These distributions are relevant to the

behavior of the charmed quark fragmentation function.

.We would like to thank the people at Fermilab and the
scanning and measuring staffs at Brookhaven and Columbia

whose efforts made this experiment possible.
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11 The measured energy consists of three parts, E =
_ measured
EM" + Eqo + Eother hadrons . The hadronic.energy used in
the calculation of z has been corrected for neutral
particles, which were not measured in this sample, and
charged tracks that interact and are too short for a
measurement of their energy, by the formula E . dronic =
Epo + (Eother hadrons/0.75). The distributions of Fig. 3
are not sensitive to the details of this correction.
FIGURE CAPTIONS
Fig. 1 Distributions of the a)_KO1T+7r~ and b) KO
effective masses in the reaction vu + Ne -» pu  +
KSO + pions. The curve on Fig. la is a poly-
nomial fit to the mass region.near the p°.
Fig. 2 Distributions of the KOW+W— effective mass in
20 MeV bins for a) events with a L with Pu > 2
GeV/c, and b) for events with no i in thé final
state. The curves are the best fits to the mass
distributions using a pplynomial background plus
.a gaussian shape for the p°.
Fig. 3 Distribution of z of the D°, where z = EDO/Ehadronic'

The solid lines are all of the events in the D°
region; the dashed lines are the estimate of the

background under the p°.
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