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LETTER OF INTENT FOR AN EXPERIMENT AT TEVATRON WITH WIDE EAND
NEUTRINO AND ANTINEUTRINO BEAMS IN THE 15' CHAMBER FILLED WITH
DEUTERIUM (OR LIGHT NEON) ,AND WITH AN INTERNAL ELECTROMAGHMETIC
CALORIMETER.
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University College - LONDON, UNITED KINGDOM

With light ligquids (light neon, hydrogen or deuterium) a
major limitation on neutrine analysis is the loss of y-rays and pcor detec—
tion of electrons. A calorimeter, as described below, would remedy this.
Some success has been achieved in developing the solid~argon ionisation
chamber with a view to designing a large area calorimeter for the 15' chamber.
When these tests have been successfully completed {(May-June 1980) we intend
to submit a detailed proposal for an experiment using this technique. The

physics interest in such an experiment is summarised below.

P — PROPERTIES OF AN INTERNAL ELECTROMAGNETIC CALORIMETER.

The two purposes for which a calorimeter is desirable are
the detection and measurement of y-rays and the identification of electrons.
With a hydrogen or deuterium filling in the chamber only about 70% of the
hadron energy is measured. If y-rays can be converted then more than 90%
of the energy is accessible. A similar, though smaller, improvement can be
gained with Light neon. But it is not enough to catch only those v-rays
in the forward direction which carry the highest energy. The direction of

a hadron shower is as important as its energy, since much cf neutrinc ana-



lysis depends upon transverse momentum balance. A study of all the y-rays
detected in a sample of hydrogenevents in the WBB hydrogen TST experiment
in BEBC(WA. 24) : shows that 52% of them are emitted at greater than

10°, 24% at more than 20° and 12% at more than 30°. Weighting the events
according to the Tevatron energy spectra does not change these numbers by
very muchsrespectively 41%, 18% and 9%(fig. 1A). There is an average of

3.5 gammas per event in the high energy events. The large angle y-rays have
lower average energies but they carry similar transverse momentum to the
small angLe'Y's(fig. 1b). Another study in the same experiment has shown
that a non negligeable part of the events in hydrogen which appear from

the charged tracks to have no missing longitudinal or transverse momentum
are in fact accompanied by gamma-rays. Thus, without Y detection, serious
errors Wwill be made in correcting the kinematic variables. It would there-
fore be desirable that a calorimeter should have two zones. The inner zone
would cover the neutrino beam area of ~ 1.2 x 1.2 m2 with good spacial
resolution (v * 1.5 cm) to measure Y angles and separate Y's from hadrons.
It would also have good energy resolution (v + 10% VE) to improve the over-
all hadron energy measurement. The outer zone would wrap about the back

of chamber, giving overall coverage of 2.4 x 3.6 m2 with spatial resolution
to = 5 cm and energy resolution to ~ = 15% vE. Here the area covered is more
important than the precision. The results from similar calorimeters (ref. 1)
indicate that there would be only 10—3 punch through of charged pions
msidentified as electrons by comparing thé track curvature with the calori-

meter measurement.

The Ecole Polytechnique and U.C.L. groups have carried out
tests which show that a solid argon chamber can work at liquid hydrogen tem-
perature and further tests are under way to investigate the efficiency of such
a chamber. It is proposed to continue this program of testing in order to
provide the basis for a calorimeter design which could be mounted inside the
15' bubble chamber.

B. PHYSICS AIMS.

If an electromagnetic calorimeter can be used it should
L}

be helpful for any kind of filling of the bubble chamber, but the more at-



tractive liquid to be used is a Llight liquid, where the target is simple
and the measurements are accurate. Nevertheless the problem of statistics
is crucial, which makes deuterium more attractive than hydrogen. The yields

quoted in all what follows have been computed for deuterium.

In a wide band beam with 800 GeV protons, for a run of
100.000 pictures with 2.5% 10'3ppp in D2, ~ 50 000 v events can be expected

in a volume of v 10 m3, and v 15 000 V. in similar conditions (4). The main
subjects of interest that can be seen so fer are the following :

1 - STUDY OF HADRONIC FINAL STATES.

Bubble chambers are the only place where each individual
hadron can be investigated. Each track has to be measured accurately, which
can be performed in light liguid and the largest possible part of the energy
has to be seen, since most of the feasible tests rely on the fraction of
hadronic momentum taken by each hadron : the presence of an electromagnetic

calorimeter is essential.

First results on the properties of factorisation and
invariance of fragmentation functions in charged particles have been obtai-
ned in the BEBC hydrogen experiment, the scaling failure being observed
only for hadronic system masses below 4 GeV, which is unexpected. With a
calorimeter the total hadronic momentum would be evaluated more accurately,
with much smaller corrections, and so would be the evaluations of the D(Z)
functions. With the higher Q2 available at the Tevatron, it should be pos-

sible to test the QCD predictions in a more reliable way.

In addition, fragmentation functions for neutral pions should

be obtainable.

QCD predicts that due to gluon bremsstrahlung, the mean

transverse momentum for single hadrons with respect to the total hadronic



2. Effects have been observed

momentum, < p? > should increase with Q2 or W e
in BEBC and 15' experiments in heavy neon, for lLarge values of Q. Heavy

neon is not suitable for this kind of events at the tevatron energy, because
of their complexity. In a light liguid, the calorimeter i; necessary to deter-—
mine the total hadronic momentum witn-accuracy,. which is essential for a goo(
determination of < Py > - This analysis is very interesting to be performed

at the Tevatron, since high values of Qz are requested.

In the study of hadronic final states in deep inelastic

scattering, QCD effects appear in two ways :

- scaling violations in structure functions, related to the emission

of gluons colinear to the initial quark.

- modifications in the energy emission antenna pattern with respect

to the parton model, characterizing hard gluon emission.

Bouchiat, Meyer and Mezard (2) have proposed the choice
of inclusive observables connected with the angular distribution of

Light~-cone energy :

Xn - 2: %5 ivil
i=1

The sum is taken over all the final hadrons associated
to the fragments of the struck quark, V is the transverse light-cone ve-
locity in the Breit frame v = pl/p+) and z = p+/P+ , P being the total

energy~momentum of the final hadronic system.

. These observables receive their main contribution from
the fragmentation of the quark which has interacted with the intermediate

boson. The non pertugbative contribution is computed semi-empirically



using the known values of fragmentation functions, and does not depend,
at a given Qz, on the x Bjorken scaling variable. On the contrary, the QCD
perturbative contribution appears as a rapidly decreasing function of x,

as shown in fig.2A, where the x dependence of < X2> is shown for Q2 = 10 Gevz.

Experimental tests of these predictions need the individual

measurement of all emitted hadrons. Of course, bubble chambers are well

suited to this kind of analysis, provided all hadrons emitted forwards in

the Breit frame (IVZI < 1)are measured. Consequently, it is essential that

m°'s are efficiently detected.

The use of a light Lliquid (HZ' D2 or Light neon) in the
chamber equipped with an electromagnetic calorimeter will give simultaneously
the necessary accurate measurement of charged particles and the detection

of m°'s.

The choice of the best liquid is dependent on conflicting cri-

teria :

- in order to avoid secondary interaction which would disturb the
angular and energy distributions, hydrogen would be very desirable.

- high statistics are needed to check significantly the theory which
is relevant only for "hich" Q2 events. Events with Qz < 10 GeV2 will
have to be fejected, representing v 70%Z of the total statistics. The
best way of analysis should be to measure < X > at given values of
X and QZ, but the rapid fall-off of the QZ digtribution will probably

lead to integrate over Qz. In that case, the non-perturbative contri-
bution shows a x—dependence which will make harder the separation
with the QCD contribution. The expected values of < XZ >, for

E = 70 GeV and QZ > 10 Gevz, are shown in Fig.2B.

The analysis of 10% events in a wide band beam from 800 GeV pro-,
tons would provide an accuracy between 0.005 and 0.02 for < x2> integrated

over Q2 and measured inside 0.1 width bins of x.



2. INCLUSIVE REACTIONS.

Structure functions could of course be determined for a
large range of q2. ALl what is specific to deuterium (on/op, Adler sum rule
etc...) could be performed at high energy, with the advantage of a good

determination of the v energy.

3. NEW PARTICLES.

In spite of the statistics more reduced than in counter
experiments,some properties of the new particles, or means of discovering

them, can be achieved only in bubble chambers.

In v production, large statistics have been obtained so far
only for leptonic modes and essentially in counter experiments, where the
possible investigations of their properties are limited. The hadronic modes
have been seen in very small numbers, most of the time with only charged
particles in heavy liquid experiments. In a rather light Liquid, with
accurate measurements and with a good observation of neutral pions with

the calorimeter, it should be possible :

- to compute invariant masses for the hadronic modes.

- for Leptonic modes, to detect uu's with the EMI, and ue's with the
calorimeter .”In case of no missing baryons, the missing ngutrino could
perhaps be reconstructed (0C fit) and the charmed particle identified
(> or A®).

- for hadronic modes and some leptonic modes,to be able to compute
the space—-time characteristics of the produced charmed meson or
baryon.

This should allow to investigate their production as a function of
energy, in particular to determine their fragmentation function.
With a rate of 5.10_2 of the normal charged current events,
2500 charmed events 80uld be expected, 250 of them appearing like u_u+ events,
about half of which being identified with the EMI, and 250 Llike u~e+ events



which could be identified with the calorimeter most of the time.
The 2..000 hadronic decays could be seen in case of a visible strange particle

being present.

If high resolution cameras can be provided, it should be
possible to see some of the decays :a 10 GeV/c charm with a time of flight
-13
of 5.10

a not so bad accuracy on the lifetime should be obtainable. For such an

s should leave a track of 750 um. With a resolution of 200 um,

identified charged event, the calorimeter would be especially useful for

measuring the decay products.

Beauty should be searched for in antineutrino pictures
(5 + u " + b). Rates estimated by Phillips ( 3. to~ 107> at 70 GeV
lead to v 15B events. The only hope to see them should probably be their
direct observation. A 20 GeV/c B particle with a time of flight of 10_135
gives a 100 u long tract. Some events can be expected with a time of
flight greater than the optical resolution. In addition, since most of
them should decay in charmed particle, two successive scatters at the
beginning of a track or an event with three vertices could sign a b > ¢
event. Observing them is a matter of luck....

4. v
_.e"

physiecs.

If the ve(;e) rate in the horn beam is the same as at

&CI

present energies for the same running time more ve's(% 1000) should be
expected in this beam than in specific ve(KE) beam or in beam dump. Light
Liguid with calorimeter would be ideal for this kind of analysis; the e~
lectron could be well measured in the Liquid, then would be identified in
the calorimeter without possible confusion with pions : the ve spectrum
is harder than the vu's so the electron is much more energetic than any

of the pions. In v they can differ by an order of magnitude.



So all the Vo physics for charged currents can be cleanly per-
formed in this experiment. For neutral currents the \)e/\)u ratio would be

too low and the analysis can be done only in a specific ve beam.

5) NEUTRAL CURRENTS IN HYDROGEN

Most of the analysis of neutral currents have been performed on
isoscalar targets. An analysis with hydrogen is the only way to distinguish
couplings w{th u and d quarks. If an experiment with the 15' foot B.C. filled
with hydrogen could be performed at the Tevatron, a calorimeter would be
highly desirable to get a reliable analysis on neutral currents (if all the
hadronic momentum is seen, in principle it is possible to compute completely

the characteristics of the events (0C fits).

V. BRISSON , P. PETIAU (Ecole Polytechnique)
F.W. BULLOCK, D.J. MILLER (U.C.L.)
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Mean transverse momentum of a yY-rayas a function of emission angle 6

with respect to beam direction in a Tevatron wide band beam.
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A 15' Bubble Chamber Experiment w1th a solid
Argon or Neon Calorlmeter

Ecole Polytechnique, Illinois Institute of Technology, Tufts
University, University College London.

INTRODUCTION  Since the proposal was first submitted members of our
collaboration have continued to work on the solid neon and solid argon
technique. We have alsc been engaged in the analysis of current bubble
chamber neutrinoc experiments. This note will give a brief reminder of
some of the advantages of a calorimeter, give further details of how a
calorimeter could be built and list desirable improvements to the 15°
neutrino facility.

A. Calorimeter Development

1. Fermilab Tests. Since it is not yet clear whether solid argon or
solid neon will be the simplest filling for a calorimeter (see below)
we have been working on both techniques. As part of the solid neon
programme it was shown that neon frozen from a neon-hydrogen mixture
(as available in large quantities at the 15' chamber) performs in a
small ionisation chamber as well as does pure neon(l),This will lead to
a saving of around $100,000 if neon is used,since a new filling of
clean neon will not be needed.

2. Calorimeter Tests. A test calorimeter with 40 readout channels

has been built at Ecole Polytechnique in order to study the performance
of solid Ar and solid Ne in a large unit. The area of the electrodes
is 30cm x 60cm. There are 30 gaps, each with 3 mm of solid, separated
alternately by Pb ground electrodes and by printed circuit boards
carrying the positive high voltage electrodestrips. The strip patterns
run in the up-down direction in the front and back layers of the
calorimeter and are inclined at * 45° in the middle layers. Each channel
is connected via a charge-preamplifier (2) to an ADC in CAMAC. The
calorimeter is 14 centrimetres thick, with more than eight radiation
lengths of Pb and other material. It is now installed in a beam at
CERN and a programme of tests is scheduled during February and March.

The pirpose of these tests is to show :

a) That large blocks of Ar and Ne, at a suitable temperature for

operation inside a bubble chamber, will give reliable and uniform
sensitivity to beam particles; both electrons and hadrons.

b) That the pulse-height data from such a calorimeter fits the performance
predicted from a Monte Carlo programme. Thus the performance of the larger
calorimeter in the 15' chamber (energy resolution, position resolution,
ambiguities) can be infered from the same program,

In a preliminary test of the calorimeter and its cryogenics at the Ecole
Polytechnique in January 1982 the pulses due to Cosmic Ray partlcles

in solid Ar were very clearly resolved.

3. Design for inside chamber. We have benefited from a continuing
dialogue with the BEBC engineers at CERN and they are giving support to

* Spokesperson D.J.Miller, U.C.London
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our current tests. In particular, one of them has done a heat-transfer
study on the problem of cooling-down and freezing the calorimeter for
either an argon or a neon filling. With argon there is a problem that
the boiling and freezing points are in the 80°K range where hydrogen
cooling~loops cannot be efficiently controled, With neon the only
problem is that the liquid freezes at about 25°K (triple point 26.19°9K),
so that the calorimeter would have to be kept a few degrees colder than
the chamber liquid and insulated from it.

It is anticipated that the internal structure of the calorimeter for the
15' chamber would be similar to that of the current test calorimeter, but
with at least one layer of square pad electrodes, instead of strips, to
help resolve ambiguities. There would also be copper plates to act as
thermal pathways during the coolirgand freezing periods.

The outer wall of the calorimeter must withstand the full shock of the
chamber expansion. It is proposed that the services to the calorimeter
should be brought in through a single pipe from the top of the vacuum
vessel, through the chamber wall and intc the central module. The other
two modules would be connected inside the chamber. Within the service
pipe as it passes upwards through the vacuum space there will be a
temperature gradient from calorimeter temperature to room temperature. To
protect against failure of the room temperature plate and feedthroughs on
the end of this pipe the walls of the calorimeter itself need to be able
to withstand the same overpressure as the chambier. To keep the average
front wall thickness down to half a radiation length it will be necessary
to place support-rods between the front and back walls of the calorimeter
box at 30 cm intervals. These will pass through holes in the electrodes
and will help to support the Pb plates. Only a small fraction of the
useful area is lost in this way (c.f. BBQ rods in a scintillator calorimeter).

In order to achieve the required granularity, to give both spatial

resolution and electron identification, we estimate that at least 3000 channels
of readout will be needed. If the pre-amplifiers are kept outside the

bubble chamber then there will need to be approximately 5m of twisted pairs
between each electrode and its pre-amplifier, adding ~0.5nF to the channel
capacitance and increasing the noise threshold accordingly. 3000 twisted
pairs will also add a considerable conductive heat locad to the chamber. A
system of cold pre-amplifiers and cold CCD multiplexers has been proposed and
some tests have been made at Ecole Polytechnigue and UCL. This shows

promise and may allow us to reduce the number of readout connections to

axound 200. i
Special cooling loops will be needed inside the calorimeter to cool and
freeze the contents, to carry away heat from cold electronics and to
‘intercept heat conducted along the high-voltage and signal leads.

B. Advantages of Calorimeter for Physics Programme

1. Exposure

We are asking for 2.5 x 1018 protons divided equally between v and v, with
a deuterium filling in the bubble chamber. For the study of hadronic

final states in CC events a neutrino beam will give better statistics.

For NC -studies the V data will be particularly valuable. We prefer a wide
band beam to give better statistics for neutral current studies, but a

a quadrupole triplet beam would be acceptable.

2. Quality of Data

Monte Carlo studies of the performance of a calorimeter have shown that it
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will make substantial improvements on the determination of the hadron enerqgy
in neutrino events. In hydrogen experiments only 73% of the hadron energy
is seen. BAbout 20% goes in lost y-rays. We calculate that only 3% will be
lost in y-rays with a calorimeter. These calculations have been checked by
comparison with the results of the WA24 (H, T.S.T. + Neon) experiment at
CERN and with E 545 in the 15' chamber.

The deuterium filling is a compromise between event rate and measurability.
Already in E546 and WA24 it has become clear that the highest energy events
in neon have too many badly measured fast tracks. This effect will be even
worse at the Tevatron and it will make the measurement of the highest energy
events in P 632 extremely difficult.

3. Charged Current Studies

a) Despite the difficulties of measuring energetic hadrons in neon, ES546

has had some success in establishing an excess of transverse momentum in

the forward hemisphere of events at large Q9 and W. This has been interpreted
as the observation of gluon bremsstrahlung (3). With 1.25 x 1018 protons

we expect 25,000 CC events from a wide band beam (c.f. 5433 in ref.3) of which
5,000 will have E, > 100 GeV. This last number would be unchanged if a
quadrupole triplet beam is used. These events will be much better reconstructed
in deuterium. The calorimeter will addd significantly to the precision with
which the hadron direction is defined and the transverse momenta of the

fast secondaries will be better resolved.

b) There has been recent interest in the diquark and other higher-twist
components of neutrino-hadron scattering. In particular, one would like to
know the fragmentation functions for proton production(4). The variable
which is used to identify final-state protons in these studies is (E—pz).
both components of which will be better measured with the calorimeter.

Both v and ¥V data will be needed, the range of W must be large and the
cleanliness of deuteriumevents is important.

c) BAs well as these two topics there remains an extensive programme of
studies to be carried out on CC events; correlation between hadron and Q
Pdirections, sphericity,planarity,. multiplicity; structure functions
with reduced smearing due_to better hadron measurement and with the large
Tevatron range of v and Q°; pion fragmentation functions from p and n
with both v and VvV incident; n to p cross-section ratios as a function of

.; semi inclusive hadron resonance production in current and target
fragmentation (improving upon the E 545 results in D, without calorimeter (5)).

4. Neutral Current Studies

The present concern in WA24 is to improve the determination of the u and 4
quark NC couplings by comparing the cross-sections on neutron and proton,
and by looking at semi inclusive pion production. Both of these could be
done better in deuteriumwith a calorimeter. The WA24 collaboration is

now achieving a significant improvement in precision (compared with their
earlier results(G)) by applying a cluster analysis to the neutral current
candidates. This makes use of all the information available for each
event, including y-ray measurements in the neon outside the TST. It would
be even more effective in deuterium,witha calorimeter to give precise y-ray
measurements and to reconstruct 7°s. An upsteam picket fence (see below)
would also help substantially.
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C. Improvements to the 15' Neutrino Facility

1. Beam Flux Monitoring

With the calorimeter and deuterium one is in a position to do careful
cross-section measurements for both charged and neutral currents as a
function of beam energy. This will require better beam monitoring data
than has previously been used in 15' WBB experiments. As well as muon
counters in the shield and a system of sensors around the horn and target,
it would be verg useful if pulse-by-pulse data were available on the E.M.I.
magnetic tape o,

2. High Resolution Optics

In the original proposal we pointed out the advantages of using deuterium
and a calorimeter for the detection of charm (and beauty). We anticipate
that a significant number of charmed decays will be fully reconstructed
and if the short lived track (or gap) is well resolved by high resolution
optics or holography then each event will be even more valuable.

3. Upstream Internal Picket Fence

The downstream IPF worked very poorly during the 1980/8L run. The
calorimeter would in fact perform most of the tasks of the downstream IPF,
but we reiterate the need for an upstream IPF in neutral current studies.
In WA24 one of the main sources of confusion in identifying neutral current
events is the background due to neutron interactons. An upsteam IPF

will measure the timeslot for most (vB0%) of the events occuring outside
the chamber which cause neutron interactions in the liquid. Neutral
current candidates can be rejected if they fall into the same timeslot as
an event in the upstream IPF. Such a system is now working in BEBC.

4. ‘E.M.I. and Computer

The existing two-plane E.M.I. will be adequate for this experiment if it
has been set up and debugged in good time before the exposure begins.

The addition of our calcrimeter would mean a major change to the

computer program and it is anticipated that other modifications mentioned
in ref. 5 would be included in a completely rewritten system incorporating
E.M.I., calorimeter and beam monitoring (plus upsteam IPF,if available).
Hardware modifications to improve the reliability of the E.M.I. would
certainly be welcome.
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a) That large blocks of Ar and Ne, at a suitable temperature for

operation inside a bubble chamber, will give reliable and uniform
sensitivity to beam particles; both electrons and hadrons.

b) That the pulse-height data from such a calorimeter fits the performance
predicted from a Monte Carlo programme. Thus the performance of the larger
calorimeter in the 15' chamber (energy resolution, position resolution,
ambiguities) can be infered from the same program.

In a preliminary test of the calorimeter and its cryogenics at the Ecole
Polytechnique in January 1982 the pulses due to Cosmic Ray particles
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* Spokesperson D.J.Miller, U.C.London
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our current tests. In particular, one of them has done a heat-transfer
study on the problem of cooling-down and freezing the calorimeter for
either an argon or a neon filling. With argon there is a problem that
the boiling and freezing points are in the 80°K range where hydrogen
cooling-loops cannot be efficiently controled. With neon the only
problem is that the liquid freezes at about 25°K (triple point 26.19°K),
so that the calorimeter would have to be kept a few degrees colder than
the chamber liguid and insulated from it.

It is anticipated that the internal structure of the calorimeter for the
15' chamber would be similar to that of the current test calorimeter, but
with at least one layer of square pad electrodes, instead of strips, to
help resolve ambiguities. There would also be copper plates to act as
thermal pathways during the coolirgand freezing periods.

The outer wall of the calorimeter must withstand the full shock of the
chamber expansion. It is proposed that the services to the calorimeter
should be brought in through a single pipe from the top of the vacuum
vessel, through the chamber wall and into the central module. The cther
two modules would be connected inside the chamber. Within the service
pipe as it passes upwards through the vacuum space there will be a
temperature gradient from calorimeter temperature to room temperature. To
protect against failure of the room temperature plate and feedthroughs on
the end of this pipe the walls of the calorimeter itself need to be able
to withstand the same overpressure as the chambzr. Tc keep the average
front wall thickness down to half a radiation length it will be necessary
to place support-rods between the front and back walls of the calorimeter
box at 30 cm intervals. These will pass through holes in the electrodes
and will help to support the Pb plates. Only a small fraction of the
useful area is lost in this way (c.f. BBQ rods in a scintillator calorimeter).

In order to achieve the required granularity, to give both spatial

resolution and electron identification, we estimate that at least 3000 channels
of readout will be needed. If the pre-amplifiers are kept outside the

bubble chamber then there will need to be approximately 5m of twisted pairs
between each electrode and its pre-amplifier, adding "0.5nF to the channel
capacitance and increasing the noise threshold accordingly. 3000 twisted
pairs will also add a considerable conductive heat load to the chamber. A
system of cold pre-amplifiers and cold CCD multiplexers has been proposed and
some tests have been made at Ecole Polytechnique and UCL. This shows

promise and may allow us to reduce the number of readout connections to
axound 200.

Special cooling loops will be needed inside the calorimeter to cool and
freeze the contents, to carry away heat from cold electronics and to

intercept heat conducted along the high~voltage and signal leads.

B. Advantages of Calorimeter for Physics Programme

1. Exposure

We are asking for 2.5 x lO18 protons divided equally between v and v, with
a deuterium filling in the bubble chamber. For the study of hadronic

final states in CC events a neutrino beam will give better statistics.

For NC studies the vV data will be particularly valuable. We prefer a wide
band beam to give better statistics for neutral current studies, but a

a quadrupole triplet beam would be acceptable.

2. Quality of Data

Monte Carlo studies of the performance of a calorimeter have shown that it
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will make substantial improvements on the determination of the hadron energy
in neutrino events. In hydrogen experiments only 73% of the hadron energy
is seen. About 20% goes in lost y-rays. We calculate that only "3% will be
lost in y-rays with a calorimeter. These calculations have been checked by
comparison with the results of the WA24 (H, T.S.T. + Neon) experiment at
CERN and with E 545 in the 15' chamber.

The deuterium filling is a compromise between event rate and measurability.
Already in E546 and WA24 it has become clear that the highest energy events
in neon have too many badly measured fast tracks. This effect will be even
worse at the Tevatron and it will make the measurement of the highest energy
events in P 632 extremely difficult.

3. Charged Current Studies

a) Despite the difficulties of measuring energetic hadrons in neon, ES546

has had some success in establishing an excess of transverse momentum in

the forward hemisphere of events at large Q° and W. This has been interpreted
as the observation of gluon bremsstrahiuag (3). With 1.25 x 1018 protons

we expect 25,000 CC events from a wide band beam (c.f. 5433 in ref.3) of which
5,000 will have Ev > 100 GeV. This last number would be unchanged if a
quadrupole triplet beam is used. These events will be much better reconstructed
in deuterium. The calorimeter will addd significantly to the precision with
which the hadron direction is defined and the transverse momenta of the

fast secondaries will be better resolved.

b) There has been recent interest in the diquark and other higher-twist
components of neutrino-hadron scattering. In particular, one would like to
know the fragmentation functions for proton production(4). The variable
which is used to identify final-state protons in these studies is (E—pi),
both components of which will be better measured with the calorimeter.

Both v and ¥V data will be needed, the range of Wmust be large and the
cleanliness of deuteriumevents is important.

c) As well as these two topics there remains an extensive programme of
studies to be carried out on CC events; correlation between hadron and ®
$directions, sphericity,planarity,. multiplicity; structure functions
with reduced smearing due_to better hadron measurement and with the large
Tevatron range of v and Q°; pion fragmentation functions from p and n
with both v and V incident; n to p cross-section ratios as a function of

+; semi inclusive hadron resonance production in current and target
fragmentation (improving upon the E 545 results in D, without calorimeter (5)).

4. Neutral Current Studies

The present concern in WA24 is to improve the determination of the u and 4
quark NC couplings by comparing the cross-sections on neutron and proton,
and by looking at semi inclusive pion production. Both of these could be
done better in deuteriumwith a calorimeter. The WA24 collaboration is

now achieving a significant improvement in precision (compared with their
earlier results(6)) by applying a cluster analysis to the neutral current
candidates. This makes use of all the information available for each
event, including y-ray measurements in the neon outside the TST. It would
be even more effective in deuterium,witha calorimeter to give precise y-ray
measurements and to reconstruct 7%s. An upsteam picket fence (see below)
would also help substantially.
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C. Improvements to the 15' Neutrino Facility

1. Beam Flux Monitoring

With the calorimeter and deuterium one is in a position to do careful
cross-section measurements for both charged and neutral currents as a
function of beam energy. This will require better beam monitoring data
than has previously been used in 15' WBB experiments. As well as muon
counters in the shield and a system of sensors around the horn and target,
it would be verg useful if pulse-by-pulse data were available on the E.M.I.
magnetic tape 7y,

2. High Resolution Optics

In the original proposal we pointed out the advantages of using deuterium
and a calorimeter for the detection of charm (and beauty). We anticipate
that a significant number of charmed decays will be fully reconstructed
and if the short lived track (or gap) is well resolved by high resolution
optics or holography then each event will be even more valuable.

3. Upstream Internal Picket Fence

The downstream IPF worked very poorly during the 1980/81 run. The
calorimeter would in fact perform most of the tasks of the downstream IPF,
but we reiterate the need for an upstream IPF in neutral current studies.
In WA24 one of the main sources of cconfusion in identifying neutral current
events is the background due to neutron interactons. An upsteam IPF

will measure the timeslot for most (v80%) of the events occuring outside
the chamber which cause neutron interactions in the liquid. Neutral
current candidates can be rejected if they fall into the same timeslot as
an event in the upstream IPF. Such a system is now working in BEBC.

4. E.M.I. and Computer

The existing two-plane E.M.I. will be adequate for this experiment if it
has been set up and debugged in good time before the exposure begins.

The addition of our calorimeter would mean a major change to the

computer program and it is anticipated that other modifications mentioned
in ref. 5 would be included in a completely rewritten system incorporating
E.M.I., calorimeter and beam monitoring (plus upsteam IPF,if available).
Hardware modifications to improve the reliability of the E.M.I. would
certainly be welcome.
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I. INTRODUCTION

In‘l981 this collaboration submitted a Letter of Intent to carry out
neutrino-deuterium physics in the 15-foot bubble chamber equipped with
a solid argon (neon) calorimeter; this letter, which became Proposal
P651 was followed in February, 1982 by an addendum of a few pages, and
in May 1982 by detailed answers to questions from the PAC. The purpose
of this revised and completed version is to bring all the earlier
documentation into one coherent whole, while adding new material and
expanding on some of the previous . It is our contention that there
is little point to carrying out further large neutrino-deuterium (hydrogen)
vexposures without effective detection of neutral particles and electrons.
Present experiments have, or will soon have, reached the point where
the limitations due to this lack prevent the accumulation of much further

knowledge.

We are proposing a 2.5 x 1018 proton quadrupole triplet neutriné exposure,
half Vv, half V, on deuterium, in order to study vn, Vp, vn and Gpinteractions
as well as interactions-on an isoscalar target. To sharpen Vp physics,that is to
eliminate any nuclear effects, we:propose following this wih a comparable neutrino-
hydrogen exposure. We envision the bubble chamber facility becoming an almost
complete hybrid vertex detector system by the inclusion of high
resolution optics (HRO), a completed internal picket fence (IPF), an
improved external muon identifier (EMI) and the solid neon calorimeter
(SNC). 1In addition to the detection of short decay tracks, timing
information, muon identification, and the detection of photons and
electrons which this system makes possible, we show that the calorimeter
will also enable us to achieve a substantial amount of proton

identification and the detection of neutrons and Kg.

The main physics aims of these experiments will be:

a) To measure sinzew in semileptonic interactions to an experimental
precision of about 0.005.

b) To determine the neutral current couplings of the u and & quarks
with greatly increased precision.

c) To determine the charged-current structure functions, and hence
the quark distributions,of the proton and neutron using hydrogen
and deuterium; without "EMC effects".

d) Tc_sfudy QCD effects taking advantage of the highest available range
of Q2 valﬁes.

e)- To study charmed final states and to look for beauty, putting



tighter constraints on the Kobayashi-Maskawa couplings.
f)To investigate the hadronic final states as a function of guark

flavour, with good resolution in the z variable.

See Sections V and VI of this document for some of the other worth-

while physics which can also be done.

That a solid neon (or argon) calorimeter works at the operating
temperatures of hydrogen bubble chambers has now been demonstrated on
three occasions. Small modules were built and tested in particle beams
at Saclay and at Fermilab(l). More recently a large module, constructed
at Ecole Polytechnique, was tested in a beam at CERN and showed all the
properties necessary for good calorimetry; long term stability, good
pion-electron separation, and resolution qomparable to that obtained in
liguid argon calorimeters(Z). The prelimiﬂary results of these tests

were presented at the PAC open meetings of April 1982.

In the following sections we state our proposal, review the
particle identification properties of the calorimeter, the advantages
which lead us to consider deuterium as probably the first bubble
chamber £ill, and discuss the physics to be doné on the assumptions
that in addition to the SNC, the EMI, IPF and HRO will be part of the
15-foot facility. Technical details on the célofimeter are given in

the final section.



II. PROPOSAL

We propose to begin the calorimeter programme with a 2.5 x lO18

proton exposure of the deuterium filled 15-foot bubble chamber,
equally divided between Vv and V at the highest available Tevatron
energy, the bubble chamber to be equipped with an EMI, IPF, HRO and,
in particular, the so0lid neon calorimeter (SNC) which is the vital
part of this proposal. This would be followed by a comparable
neutrino-~hydrogen exposure. We would use a quadrupole triplet beam

for both exposures.

The expected event rates for the deuterium exposure are 25,000 CC

events and 7500 NC events for neutrinos, and 8000 CC events and 3200 NC
events for antineutrinos. The Q2 and W2 distribution of the CC neutrino
events is shown in Table I. It is noteworthy that more than 2/3 have

W-> 5GeV, where separation of target and current regions becomes

very good. The number with‘W2 > 1OOGeV2 and Q2 > SOGeV2 is 1352.
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III. THE SOLID NEON CALORIMETER - ENERGY DETECTION AND PARTICLE
IDENTIFICATION

The solid neon calorimeter will detect photons and electrons coming
from neutrino interactions in the bubble chamber. It is also capable
of detecting the substantial fraction of the neutrons and Kz produced in
those interactions, which interact in the calorimeter material. These
properties make it possible to achieve an enormous improvement in the
measurement of neutrino energies on an event-by-event basis, to identify
individual neutral particles such as ﬂo, n and neutrons or K; , and

furthermore, to achieve a substantial amount of proton identification.

Using a calorimeter arrangement as indicated in Figure 1, we have
carried out Monte-Carlo calculations to study these questions using
data from both the E545 vd experiment and the WA24 TST experiment as
input. We find that 90% of all y's either enter the calorimeter or
convert in the chamber liquid, and only 10% escape. However, those
which escape tend to be low energy y's, and we find that 98% of all
Y energy is deposited in either the calorimeter or the liquid. For
80% of ﬂé's both Y's are detected, whereas for only 5% do both Y's
escape. We find that Vv 60% of all neutrons and K; produced in neutrino
interactions will give visible interactions within the calorimeter,
in addition to about 20% which will produce secondary interactions

within the chamber liquid.

. In charged éurrent interactions in a hydrogen or deuterium

experiment in the bare chamber "~ 73% of the hadronic energy is seen.

Some 20% is lost in 7y rays and the rest in neutrons and other hadronic
particles (I%(:, A~ nJTO, etc.). The standard procedure for determining

the neutrino energy of a CC event is to assume the ratio of neutral
hadronic to charged hadronic longitudinal momenta is the same‘as the

ratio of transverse momenta. This leads to a considerable smearing in

our knowledge of neutrino energy and therefore in all the kinematic
guantities that depend on it. This is illustrated in Fig.2, where we show
the energy smearing for a bare hydrégen experiment,and a Monte Carlo calcu-

lation for the calorimeter, and in Fia.3, where we show the transverse

momentum ratio Pg/?; for bare H,, BEBC with TST and the calorimeter.

"In Fig. 4 we show a plot.of Yy invariant masses from Monte-Carlo

. . . o
generated neutrino events. We see a clean.m peak over a combinatorial



background. The full width of the peak at half height is about 60 MeV.
However, this does not take into account any fitting process used

with CC events (v 40% will be fittable), which will improve the
identification and measurement of the 1°'s greatly. A similar result

is obtained for n's, but the width of the peak is broader, Vv 110MeV.

We now turn to the question of neutron (or Kg) detection. We expect
R, 20% of neutrons from neutrino events to produce visible secondary
interactions in the bubble chamber liquid. Using timing information from the
track hitting the calorimeter itself or the IPF, it will be possible to
associate these secondaries with primary neutrino interactions. Of the
remaining neutrons our Monte-Carlo shows that v 3/4 will interact in
the calorimeter material producing a detectable pulse. Again, using
timing information from the IPF and the SNC, we will be able to associate
these neutrons with neutrino primaries. Although we will not be able to
measure the neutron-—energy, the location of thepulse in the calorimeter
will give us the neutrédn direction. In some cases this will enable us
to fit an event; in all cases it will enable us to improve the
determination of the neutrino energy. This is illustrated in Fig.«i

where a reduction in the tails of the smearing distribution is noted.

Next, for CC events, we consider the guestion of proton identification
with the SNC. We remark that the lack of proton identification in
éarlier experiments has lead to serious digtortions in ﬂ+ fragmentation
functions and ih charge flow measurements, and produced false Q2 and W2
dependences. It has not been possible to address a number of interesting
questions concerning baryon production except using A particles, in
which case low statistics are a limiting factor. On the other hand, the
detettion of a large fraction of the neutral hadronic energy makes
the situation quite different. We propose to use the same method recently
employed by the BEBC TST collaboration (in which two~of our groups

participate).
The core of this methdd is the longitudinal quantity

e=)§ (Ei-PLi) - my

where the sum is over the outgoing partiéles. For a neutrinc interaction,

if all outgoing particles are detected € will be zero. However, if a

+

proton is identified as a T ¢ will be negative. The method then is to

try cach positive particle in an event as a proton, and to choose as the
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proton that which makes € most nearly zero. If no positive particle
makes € zero within a predetermined amount (110 MeV in the TST
experiment) then it is assumed the event contains a neutrdl baryon.
In the TST experiment, of all protons below 1 GeV/c which were
identified by other means (ionization, stopping), 90% were successfully
identified by this method. For all momenta, it was possible to determine
statistically the fraction of events with protons;which was 75 * 5%.
Howeverj;of those tracks chosen as protons 26% were actually ﬂ+. Using
the selected protons, and correcting for the known ﬂ+ contamination, it
was possible to determine Xp and z distributions and to obtain a clear
At signal.

The chief limitation on this method in the TST experiment was that
only 60% of the Y's were detected. Thus a correction had to be made
to each event for missing E-PL which leads to a smearing in €. With
the SNC in the 15-foot chamber we will detect Vv 90% of all y's as well
as ~ 80% of neutrons and ngs. Thus the corrections to £€ will be much

smaller resulting in even better proton identification.

In the case of neutral current events the energy determination is
naturally not as good, but still quite reasonaﬁie. The method is to
assume that the calorimeter deteuts all the neutral hadronic energy and
momentum, and to do a zero constraint fit to the event. This
gives the incident neutrino energy as well as the energy and direction
of the outgoing ;eutrino. In Fig.6 we show a Monte-Carlo distribution
of the ratio of the ehergy obtained by this method to the true energy.
It is seen that_62%.of the events afe within 20% of the true energy.
s we shaii Beanie 1or ohioindede BB TIZNEY RPeve Pris el
Q2 and W2 dependenées to a level which will enable us to check
theoretical ideas concerning neutral currents (SeeSectionVI). It will also
be possible to study thé hadronic final state-in much the same way
as is done for charged current events. Such a study.is impossible
without the estimate of the hadron energy which can only be obtained

by using the calorimeter.

Another unique feature of the calorimeter with deuterium or
hydrogen is superb electron identificaﬁion and measurement. The
alternative bubblé chamber techniques are much poorer. A neon-filled
chamber can identify electrons quite well but cannot make reliable
measurements on electrons above 20 GeV/c because of. bremsstrahlung.

A bare hydrogen or deuterium chamber does not recognise most of the



electrons. Counter experiments also have great difficulties with

V_ events.
e

Our calorimeter will be divided into a number of longitudinal
sampling layers so that it will be possible to observe the difference
between the buildup of electromagnetic and hadronic showers. On the
basis of our CERN test we expect a pion rejection of better than
1000 : 1 at about 5 GeV/c. This will be sufficient to pick out
electronic charm-decay candidates withxless than 50% background before

cuts.

At higher energies there are fewer background pions so the high
energy electrons from V and Ge events will be very cleanly identified
and well-measured in the calorimeter. This experiment will probably
accumulate the best sample of clean ve and Ge events that has ever

been analysed (See Section V.D below).
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IV. DEUTERIUM AND HYDROGEN TARGETS - RESCATTERING AND FERMI MOTION

The main physics advantages of the deuterium target come from the
opportunity to study Vv and V reactions on the ideal isoscalar target
while at the same time studying the reactionsvn, Vp, vn and Gp. One
gets automatic flux normalization between vn and vp and between vn
and Vp. While measurement accuracy is comparable to that in hydrogen,
one gains a factor of three in event rate for neutrino and 3/2 for
antineutrinos. In comparison with heavy liquids, such as neon-
hydrogen mixtures, the event rate is lower, but measurement errors
are smaller, vertices are clearer, which is important with HRD, and it
is possible to fit individual events. With the SNC added to the bubble
chamber, the ability to detect Yy's and ei will be even better than in
the heavy liquids. Furthermore, recent results from the European
Muon Collaboration, which indicate important nuclear effects when
structure functions are measured in heavy nuclei, seem to indicate that
neutron and proton structure function measurements can only be made on

neutron and proton targets, that is on hydrogen and deuterium.

In this section we consider two disadvantages usually associated
with deuterium experiments;rescattering cnthesecond nucleon and Fermi
motion. We shall show that the former can be largely eliminated and
discuss where the latter may be important. We also discuss the reasons

for complementing the deuterium experiment with a comparable hydrogen ones

The:methdd of separating neutron from proton reactions in a neutrino-
deuterium experiment is simply to separate the events into even and odd
prong categories (where even includes odd prong events where one prong
is interpreted as a spectator proton). This in fact gives a very
clean sample of Vn events. However, since the probability of a
rescattering in the deuteron is v 10%, and since such double scattered
events are odd prong, the Vp sample is contaminated by about 25%
double scatters in the neutrino case and about 13% in the antineutrino
case. The Fermilab E545 vd collaboration (including two of the groups
on this proposal) has developed a method to deal with this based again
on the longitudinal quantity.

e=2% (E.,-P_ ) -
i 1Ly N
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where the sum is over visible outgoing particles. Missing neutral varticles
and treating protons as pions both have the effect of reducing €,
which would otherwise have the value O for single scatters and my for
double scatters. Thus € varies from “my to O for single scatters and
from oy to mg for double scatters (See Fig.7). A comparison of the
distribution of € for odd prong events with the distribution from
neutrino-proton interactions shows that " 85% of double scatters have
€ > 0. By cutting out these events the contamination of odd prong
events by double scatters is reduced to Vv 5%. With the SNC's high
efficiency for detecting neutral outgoing particles we estimate that
v 95% of the double scatters will have € > O, This will reduce the
contamination of the Vp sample to the order of 1%. Present estimates
of the fraction of events which rescatter are v 10 + 3%. With the
SNC the error will be Vv %%, This is particularly important for
determining NC/CC ratios, since this fraction must be known well in

order to properly correct the odd and even prong NC events.

With the calorimeter then the problems connected with double
scattering in the deuterium can be dealt with very well, which brings
us to the question of Fermi motion effects and the benefits of high

resolution optics.

Fermi motion is a problem only when the spectator nucleon, or
nucleons, is not seen, Thus, in a counter measurement of structure
functions in a heavy nucleus such as iron, there is essentially no
reliable way to account for distortions due to Fermi motion. However,
for the case of deuterium in a bubble chamber the situation is quite
different. For vn interactions the spectator protons are either seen
and measured or their range is too short to be seen. With HRO this
situation is improved for it may be possible to see stubs due to
spectafors down to a range of v 200 microns, which corresponds to
~ 50 MeV/c. Thus one expects to be able to see and measure 40 - 50%
of spectators from vn events, and those which are too short to measure
are just those which have the least effect. For Vp interactions in
deuterium the situation is rather different. Spectator neutrons cannot
be seen and therefore the proton is treated as if it were at rest.
Smearing in the measured variables can be guite large in some cases. The
Bjorken variable.x, for example, can vary by as much as 20% from its

true value, although the average is about 4%. We note that deuterium is
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the one nucleus where we have a good knowledge of Fermi motion. Thus
one can improve measured distributions by unfolding the Fermi motion
using, for example, the Bulthén distribution. Event fitting, which
we expect to carry out on a relatively large scale, should be quite

good for vn events with visible recocils but may be only modest for vp.

If nuclear effects in structure functions are’important, as
suggested by the EMC experiment, then they would be expected to show
up as a difference between neutrino measurements made in deutexium and
hydrogen. If such a difference exists it may be small enough” that
one would need the accuracy provided by the SNC to detect it.
Since such nuclear effects may be complex, a comparison between hydrogen
and deuterium is undoubtedly the best hopekfor understanding them

(see Section V 3a).
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V. CHARGED CURRENT PHYSICS

A. Structure Functions and Parton Distributions

Neutrinos and antineutrinos are ideal probes for studying the
distributions of quarks in the nucleon. The neutrino interacts only with
d, u and s quarks,whereas the antineutrino interacts with u, d and
s . Experiments to measure structure functions with V and V have
been carried out at both CERN and Fermilab. with large statistics
counter experiments on heavy nuclei, and with lower statistics bubble
chamber experiments on hydrogen and deﬁterium. In the heavy nuclei one
is..not separately measuring the u and d valehce quark distributions in the proton
{or neutron)but one has believed that the results still reflected these
distributions as would be expected from an isoscalar target. However,
the recent measurements,using muons, of the ratic of the structure
function in Fe to.that in D, reported by the EMC collaboration (Fig. 8
make this doubtfulf3)Fermi motion cannot explain the narrower
distribution in iron, and it seems likely that what one is observing
is a basic nuclear effect, perhaps the internucleon parton distribution.
Therefore, if we are going to "photograph the nucleon" it will have to be
done in experiments using hydrogen and deuterium. The 15-foot bubble
chamber with the SNC is certainly the best available tool for doing
this at the Tevatron with neutrinos. In the foliowing we discuss some of

the major points in this area.
p -
a) n'Op for v and v

In the naive quark-parton model of the nucleon, where only valence
quarks are taken into account, the neutron-proton ratio is exactly
R&2 for Vand R = 0.5 for V. Sea quark contributions and QCD effects
will change these values. For example, using quark structure functions

deduced by Field and Feynman(4'5)

gives values R = 1.89 and R = 0.58.

To avoid nuclsar effects the best way to make this ﬁeasurement would be
with a deuterium target (assuming nuclear effects in deuterium are small)
since one gets automatic flux normalization between vn and vp. The

results of the measurements in present D, experiments are the following :

15-foot va 5 2.03 £ 0.08 = 0.27 0.51 * 0.15 = 0.07

BEBC va,%d ®  2.22 * 0.12 + 0.25 0.51 * 0.01 * 0.03
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The dominant error is the systematic error associated with lack of
knowledge of the rescattering fraction in deuterium. With the SNC,
using the method described in Section IV, the rescattered events

will be removed except for a very small number whose amount is
measured. The errors will be predominantly statistical n + 0.03 for

R and v £ 0.01 for R.
b) The uark densities d(x) and u(x) in the proton

The quark distributions d(x) and u(x) tell us something about
how nucleons are made from quarks. In principle, a fundamental theory
of the strong interaction would yield these functions, as well as
ﬁ(x), d(x), s(x), etc. While such a calculation has not as yet been
possible some interesting features, particularly as x -+ 1, have been
noted. The naive quark-parton model predicts d(x)/u({x) = 0.5 for
all x. In the limit x + 1 QCD requires that d/u - 0.2 (7), isospin

arguments(s) and SU(6) symmetry breaking effects ©

10) pave d/u = o,
and a model in which scattering from diquarks accounts for all scale

breaking effects (1¥12) has a/u + ~ 0.27.

Two methods have been used to measure these distributions on single

nucleons, and we propose a third. 1In the valence gquark region, x > 0.2,

FOP

5 = 2 x d(x)
F;n = 2 x u{x)
and FZ:UP = g-u(x) + %-d(x)

The methods which have been used are

1) Measuring ng/an as a function of x in deuterium.

Vp
F2
rescattering and Fermi motion effects.

from a hydrogen measurement with F;:UP to avoid

2) Comparing
We propose also

vn Vp

3) Comparing F2 from deuterium with.F2 from hydrogen.

Method 1) can be repeated as soon as we have our deuterium data,
taking advantage of the reduced smearing with the SNC, as explained below.
Method 2) can also be used with Vp events from either our deuterium

or our hydrogen exposure.
However, method 3) could eventually be better than both, since %t needs no

input from ep or Up experiments and it uses the Vp data from hydrogen which is

less smeared than vp from deuterium.
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Thermain limitations in a bubble chamber experiment in the region
X > 0.6 are first, statistics are lowest there; second, resolution in x
due to the smearing in neutrino energy is worst; and third, in deuterium
Fermi motion effects are largest.

Myatt(l3) has recently shown Monte-Carlo results on the effect an

SNC would have in reducing the smearing corrections on neutrino—Hz. Fig.9
shows the corrections in the bare chamber (a) and in the chamber with SNC(b).
Figure T0shows the uncertainty in smearing corrections as well as
statistical errors for a 30,000 event experiﬁent. - The reduction in smearing
in Fig.® is seen to be a factor zZ.S for x 50.7. Thus in Fig.l0 we see

that the smearing uncertainties become comparable to the statistical errors,
or less. It will be possible to make measurements to v 10-15% accuracy

at x = 0.8 which may enable us to choose between a QCD model in which d/u
goes to 0.2 at x = 1 and the Feynman - Field model in which d/u goes to zero.
(Since Myatt's Monte-Carlo did not take into account the detection of
neutrons by the SNC the situation will actually be somewhat better than he
calculated.)

With regard to Fermi motion we have already pointed out that for the
vn sample in deuterium the effects are small because the spectator
protons are observed (especially well with HRO).a The éffects of smearing
should only be in the few percent range. On the other hand, for vp
in deuterium one would have to rely on an unfolding using a hypothetical
distribution such as the Hulthén. For this réason we have suggested

. V. .
an eventual third alternative: an from deuterium and sz from hydrogen.

c) The quark densities u(x), d{x), s(x)

There has been some evidence from the BERC Ga experiment that the total
d content in the proton is greater than the u content. A large asymmetry
in the sea is not expected and the possibility of it makes a study of
the sea distributions even more interesting. The best way to do this,
as in the BEBC experiment, is with V on deuterium. The differential

cross-sections on proton and neutron are (assuming charge symmetry)

2 Vp -2
d o - -
axdy - & ﬁE 2x [%(x) (l—y2) + [d(x) + s(xfj]
2 Gn 2
_ GME _
dxdy - T % [%(X) (1-y %) 4 [a(x) + s(x)i}

One takes advantage of the decrease in the valence quark distribution at hlgh Y.
-The BEBC vd(14) result was (integrating over x)
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0.034 * 0.004 from Vp
0.021 * 0.003 from Vn

a +

wl
]

ni
L]

u +

This result, though interesting, suffers from two defects. The
proton sample includes contamination from all the double scatters, and
the smearing in y is important. As we have already noted, both these

factors are greatly improved with the SNC.

d) QCD Effects

It is now believed that Q2 dependences of structure functions in
deep inelastic lepton-nucleon scattering have been observed. Although
the counter experiments may not be observing nucleon (as opposed to
nucleus) structure functions, the Q2 observations remain valid, and
those experiments will always enjoy a large statistical advantage
over light liquid bubble chamber experiments, except in certain reglons
more accessible to the bubble chamber, namely low Q , high x. The Q
dependences seen seem to be consistent with the predictions of leading
order QCD However the value of the parameter A is still not precisely known
and the situatlon concerning non-perturbative, or higher twist, QCD terms
remainsunclear. In fact, it is just the low Q , high x range which is

crucial for seeing higher twist effects, which go as gl/Q )"

0f course, the wider range‘of Q2 available at the Tevatron is going
to be an enormous advantage to these studies, and it is our intention
to analyze the structure functions over the entire range available to
as, taking advantage also of the -improvement in QZ resolution we will

have in comparison to past bubble chamber experiments.

Eventually, a Vvp experiment may be best for'this analysis, since
Fermi motion effects, lérgest at.high x, would hamper a moments analysis
in any other nucleus. From the point of view of ever understanding higher
twist contributions we quote a remark of J.Morxrfin made at the Neutrino '82
Conference‘lS). "The ideal higher twist experiment would have minimal high
x smearing (Fermi motion) corrections, a large sample of high x events and
good hadron energy resolution down to O (1GeV). This would suggest an
enormous amount of running time using a hydrogen target within a detector
which, considering the required hadron energy resolution, has yet to be
developed." The 15-foot bubble chamber with the SNC may very well be
that detector.

e) The EMC Effect

We have mentioned this effect with frequency in this Section and now

turn to the question of what might be contributed to an explanation by
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a comparison of deuterium and hydrogen data.

We feel intuitively that the effect is somehow connected with nucleons
being densely packed together in a nucleus. However, several possible
explanations as to the source of the effect have been offered. We mention
some here - higher twist effects in which the incident particle
interacts with several quarks coherently; nucleons being distorted within
the nucleus, that is changing their mass and radius, and thus their quark
distributions; multiquark states of 3, 6 or 9 quarks within the nucleus;

a modification of the pion cloud in the nuclear environment, that is, in
addition to the valence and sea quark distributions within the nucleon,
which remains basically unchanged, there is an additional sea quark

distribution in the internuclear space.

Some experiments suggested to investigate the effect further, in
addition to studying A dependences are the following (16)
- Drell Yan Effect comparing pp with pA in the same experimental
setup
- J/{¥ muon production on P,D,, F,
BN o

va
Fy

- Measurement of

We are concerned with this last. On the assumption that F;n = sz
the ratio should be flat except for Fermi motion effects in the
deuterium, which one can consider unfolding using the Hulthén distribution,
buﬁ which in any event oppose the EMC effect. How large the EMC effect
is in deuterium is, of course, unknown. On the basis of the difference
in nucleon densities between deuterium and iron one might guess the effect
may be an order of magnitude smaller. In any case, it is clear that one
will need the maximum resolution if it is to be observed, and the SNC

is therefore a crucial element , and both deuterium and hydrogen experiments

will be needed.

We point out that the ability of the SNC to separate vn from vp very
well, and the ability of HRO to observe spectators may make a more detailed
analysis of the EMC effect possible in deuterium. That is, the former
will enable us to separately compare vn and Vp from deuterium with 5p and

(17)events

vp from hydrogen. If the effect comes from internucleon pions
in which a neutrino scatters from one of these pions will leave the two

nucleons as spectators, in some cases both protons,
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B. Production and Decay of Charm and Beauty

The combination of HRO and the SNC provides a powerful tool for
charm detection and analysis. In the following we discuss the questions
of charm and beauty production and charmed particle properties.

Hadronization of charmed quarks is discussed in the next Section.

a)Charm Production Rates in CC Reactions

It is only in V(V) interactions that we can study flavour changing
processes at high energy. Measuremente of the rates of such processes
are crucial input, for example, for determining the mixing angles of
the Kobayashi-Maskawa 6-quark model. In the neutrino case single
charm production takes place on valence as well as sea quarks, whereas
in the antineutrino case only on sea guarks

Vv + (d,s) > U + c with couplings (Ucd’ ch)
vV + (d,s) » ﬁ++ ¢ with couplings (Ucd’ U )

cs

Charm production rates have been measured in the CDHS counter
(18)
experiments (op9051te sign muon pairs), in the Fermilab emulsion
experiment E53( %observation of decays), and in bubble chamber

eXP"rlments(zc)(e decays and hadronic modes). The former two methods
find overall rates of V10%, whereas the bubble chamber finds
n13% from et and suggests even higher rates from

hadronic decay modes. Furthermore two bubble chamber experiments

(21,22)
find 2 4 1% for A:-+AA X production rate times branching ratio, which
when K° decay modes are taken into account suégests an overall charmed
baryon rate of ¢5%. On the other hand, the counter experiment assumes
only D+'o produetion. Clearly, the knowledge of charm production rates
is still rather crude, and.more precise and detailed data are needed.
We must also point out that the use of these counter data to obtain

the amount of strange sea in the nucleon may be misleading, since the

experiments are done on nuclei.

In the proposed neutrino part of this experiment, assuming a 13%
production-rate, we will produce v 3300 charmed particles, n2500 of which
are D-mesons. Assuming lifetimes of 4 x 10‘13sec. and 9 x 10’l3sec. for D°
and D respectlvely, gnd an average D-meson energy of NS GeV, we find
a mean length of 300 U for p° and V700 ﬂ for D In order to estimate
the fraction which will be observable with holography we will be
optimistic and assume that HRO will cover most of the fiducial volume
and reach a resolution of Sou We would then expect to see W30%(+10%) 6f
p° apd %60% of D , that is v375 b° and 750 D+. The question then becomes

how many of these will be identifiable as D's. The clearest identification
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would come from a fit to the decaying particles. The fraction of D's
decaying into final states with only charged particles or K°'s is "V 15%.
Thus v 160 events could be identified in this way. It would also

be possible to identify as D's those which decay into a u+, giving

a total rate of Vv 20%, or v 200 events. With the SNC we would in
addition be able to fit all the modes with a single 7° and to identify
the e+ decays as well. A rough estimate is that we would identify ~50%,
or v 550 events. This should allow a determination of the overall

D production rate to 5 - 10% accuracy.

The average path lengths for Fi and Ac will be Vv 200 Y and 150 u
and we would expect to see v 15% and 10% respectively. If AC rates
are in the 3-5% range we will produce 750 - 1250 of them, and we will be
able to see v 100, Of these, with the SNC, we should be able to analyze
)Y 50,+and determine the Ac éroduction rate to an accuracy of ~ 15 - 20%.
For F~ a rough. estimate of the rate is 340 events, of which we would

see Vv 50 and reconstruct v 25,

We have been conservative in determining the fraction of particles
we can see, assuming a minimum path length of 5-10 times the resolution
will be necessary. The fact that vertices will be very clean in deuterium

and measurements very good will also be a great advantage.

b) Properties of Charmed Particles

1) Lifetimes

The ability to analyze a large fraction of charm decays gives us
momentum information which will allow lifetime measurements to be made.
The measurement of these lifetimes is not one of our primary objects
since this may be done better in smaller high resolution chambers (of
the type of LEBC, BIBC, SLAC). Nevertheless, a lifetime measurement will

be a very important check on the validity of our methods.

2) Masses

The ability, with the SNC, to fit a large number of complete events,
will allow very accurate mass measurements to be made. This will be more
important in the case of the charmed baryons, where world data is still
meager. It is worth noting that the best A: mass value comes from just

a few complete Vp events in a bubble chamber.
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3) Branching Ratios

The calorimeter will enable us to obtain branching ratios into ei
and into hadronic final states with one or more T°'s. The EMT will
detect ui decay modes. A glance at the Particle Data Book tables

shows that much of this information hardly exists at present.

4) Charmed Resonances

With the detecﬁion of almost all the hadronic final state particles
we can use the events with a visible D or F or A: to search for
mesonic and baryonic resonances. Once.again the event fitting should
lead to more accurate mass values than could be obtained with simple
invariant mass plots. One advantage neutrinos have is that charm
production is single, whereas in hadro - or photc —production, or in

+ - . .
e e , it is in pairs, which certainly complicates the fitting process.

€)Beauty and Charm in V Interactions and the Strange Sea

The detection of bare beauty in present antineutrino experiments
is extremely difficult because of the large number of final state
particles resulting'from the prevalent decay éhain b+*c¢c+s. This
situation could be dramatically changed in the/is—foot chamber (plus
HRO, SNC and EMI) with the ability to simultaneously detect charm
decays, ei, ﬁi and wo‘s. The V events with viSible chaxrm decays

provide an enriched sample from which to search for beauty.

To give an idea of what we can accomplish we make some rough
estimates. In.a récent paper it is shown that the counpling parameter
[Uubiz < 0.03 from the u+ﬁ+ rate in V reactions, and [Uublz = .004%.004
based on the relation ‘Uublé 1- [Uudl2 - [Uus|2 where ,IUudlz and |Uus|
come from B-decay and strange particle decay. Let us assume a B-production
rate of 1%. Then froﬁ SOOO'E'CC events in this experiment we expect
n 80 B's, half B ~ and Half B®. ‘The branchiné ratio into leptons is n 25%‘24)
(half e , half 1 ).

BY - D."‘-> [ARY) A 20 events

Using the numbers for D identification in part (@) of this Section we ought
to clearly see v 10 of these events. These are events-withacandidate D
decay and a ﬁ- or e from the VU interaction vertex. In " 5 of the 10 cases
the D would be clearly analysed. If no candidates are seen this would

2
correspond to am upper limit lU ‘ :p,OOl or I l é 0.03 to be

Yab
compared to IU l <0.18 and IU I < 0.1 from the two results mentioned above.
: ub ub
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Of the remaining 60 B's, which decay hadronically, v 12 will have
clearly analyzed D's. One could combine these with particles from the
V vertex to look for B masses. Background D's would come from DD pair
production , so whether one could see a B mass peak would depend
on how large this process is. This also suggests to us another
method for obtaining a limit on B production, namely finding the

difference between D and D production in the non-sea region.

Finally we note that a measure of D production in the low x region

detects the strange sea and determines §(x)|chI2.

C. The Hadronic Final State

—— " —— s S —— o — oy, S U T Ul T T S S O i U S .

There are a large variety of very interesting topics to be studied
in the hadronic final state, and there are several features which make
the proposed experiment partidularly"well suited. First, there is
the higher Tevatron energy which gives about 75% of all events having
W > 4 Gev. This value of W is needed to get good separation between
current and target regions. Sgcond, the ability to identify protons,
as discussed earlier, avoids serious distortions which can be caused
when protons are treated as ﬂ+ mesons and pfovides crucial information
on baryon production. Third, the detection of most of the neutral
energy allows a substantial’increase in the resolution of the
fragmentation function parameters,'xF and z; . of the W boson direction;
and also allows the reconstruction of T°'s and thus resonant states

decaying to them. In the following we discuss some selected topics of

special interest and simply list some others.

a). Fragmentation functions

Fragmentation functions are the wvital input into understanding
the question of how gquarks turn into hadrons, usually referred to as
hadronization or fragmentation of quarks. This is just the reverse
of the question} how are hadrons made of quarks, described by structure
functions. In principle. it is equally fundamental, but because of
the complexity one has had to rely on empirical models, of which there are
noﬁ'several,(25426'27) the earliest being that of Field and Feynman, and
perhaps the most popular at present being the Lund model. These models

make a large number of predictions and involve several parameters which
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must be determined empiracally. Among the predictions are the
fragmentation functions, Dq(z) ox FE(XF) of the particles observed in
the hadronization process: T mesons, K mesons, baryons,charmed particles
and even beauty. In order to test these models the functions should be
determined for every identifiable outgoing particle, since, among other
things their shape is mass dependent. F(XF) is a sharper discriminant
than D(z), since it separates the current and target regions.

One of the great advantages of V and V experiments is that with a
suitable cut (xB 2 0.2) the outgoing quark is uniquely identified. In
fact there is no other way of observing d quark hadronization except
‘from antineutrino interactions. In present experiments fragmentation
functions for"lT+ and T have been determined for both vV and Vv
interactions. These are contaminated by K+, p and K, 5 respectively,
the most serious contamination being the p in the ﬂ+ distribution
(a backward proton treated as a ﬂ+ often ends up in the forward direction).

The only attempt to correct for this(28)

involved using a model (the Lund
model), but it is not very desirable to correct the distribution using

a model which is to be tested by that same distribution.

With the SNC it will be possible to remove the protons from the W+
sample, to obtain the proton fragmentation function itself, to obtain the
° fragmentation function,possibly that for neutrons, and, based on n 500
D's the charm fragmentation functions. These latter will provide very good
tests of models because of the large mass of the D's. It is worth
noﬁing that while'theseAare available from the flavour changing v (V)

interactions, they are not available from muon experiments, except via pair productio

- In addition to making more fragmentation functions available the
SNC will significantly improve the resolution, just as in the case 6f
structure functions. A comparison of h++h’ fragmentation functions from an
H experiment and Ne—H2 experiment, where the fractioﬁ of hadronic

2
(
energy detected was 70% and 87% respectively shows a systematic difference

29)
(see Fig. 11 ). There are two possible explanations: Inadequate

corrections for neutral energy in the hydrogen, or internal scattering in

the neon. With the SNC detecting > 93%.0f the hadronic energy this will

no longer be a problem. This improved resolution will be particularly
important in testing for QOCD effects in fragmentation, since the

fragmentation function must, according to QCD, have a Q2 dependence, D(Z,Qz).
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In connection with this we remark that by a careful comparison of singlet

and non-singlet fragmentation functions

-

l,n,+

1 T
== (D + 2D
DS 3 ( u u )
nt -
DNS"_ Du - D

(30)
it is possible to extract gluon fragmentation moments

Clearly, to study QCD effects we need the wide Qz range the Tevatron
gives us, but to take full advantage of it we need the resolution which the

SNC will bring.

b). Resonance Production

If the fragmentation function Dg is to represent the fundamental’
process of hadronization it should describe hadrons h which arise directly
from the fragmentation of quark gq. For the meson fragmentation functions
discussed in the previous section, namely pionic, but also DKO#KO, this
is not the case. It is very likely that most of the pions arise from
the decay of vector mesons which are produced directly in the hadronization
process. In fact the models uéed to describe hadronization include a
parameter which is just the ratio 0 of vector to pseudoscalar meson
production. This parameter is usally determined by fits to the shape
of the pionic fragmentation functions. Values found in this way vary from
1 to 3 and depend on which model 'is being used. What would settle the
matter is obviously a direct measurement of vector meson production.

This would allow a straightforward determination of 0, the removal of
pions arising from resonance decay from pion fragmentation functions,
thus giving fundamental fragmentation functions, and the determination

of the resonant fragmentation functions.

o * '
In present experiments only the p and K° production has been

measured and the z distributions determined. Indirect evidence for
resonance production of w® and z has come from an E545 study of the At

: - 4 31
invariant mass distribution( { With the SNC we shall be able to

. : s +,-,0 0 _*+,0
determine production rates for all the vector mesons; p ' ', KO,

=%=,0

K and even -¢: For the pseudoscalars we shall be able to measure

+,- = + _- + - : s . + -
nand T ' ,o' K°+K°, but not K ,K (¢~ K K is identifiable since K K
+ -
treated as T T will show the $ at a lower mass with a broader peak).
+ - _ .
With the reasonable assumption that K +K = K°+K° we shall be able to

determine o separately ﬁor'nonstrange and strange particles .
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and determine fragmentation functions for all particles except K# and X .

These results will allow excellent tests of the fragmentation

predictions of the models.

c). Diguark Studies

As Sukhatme has pointed oué32)

the digquark is the only example of
an extended coloured hadron which we have a chance to study. Neutrino
and antineutrino interactions are ideal for this in that the diquark

system emerging in the target region is uniquely defined if we operate

in the valence range (xB > 0.2).

vp>r (au)
vn,Vp~> (ud)

vn +  (dd)

Interestingly enough the study of digquark fragmentation may shed light
on nucleon structure, particularly as to whether a diquark-quark
structure is predominant. A variety of analyses which investigate
this(33}conclude that if such a model holds the nucleon consists

primarly of an I = O, S = O(ud) diquark core plus an outer quark.

The I = 1 diquark contribution is zero or very small. If we assume

this model, then,since the neutr#no interacts with a 4 quark, in a proton
the (ud) core is always broken up and the recoiling uu system would

noﬁ be expected to be highly correlated. In the vn case the core would be
broken up half the time, but in the other half,'when the outer d quark

is struck, a tightly bound (ud) would emerge in the target region. 1In

the V case we have a similar situation with the roles of proton and

neutron reversed.

Now the fragmentation of the diquark may take placé in two different

modes, known as coherent and independent fragmentation (see diagrams)

Divvff——fff—f* s pi —;Effj:?
<s —

a |
coherent independent

M

Di
pi > B + g DL + M+ D

In the former the diquark goes directly into a leading (fast backward)
baryon, while in the latter the baryon will be formed further down the
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hadronization chain, with a less hard distribution.

If the diquark-quark model described above were to hold then
we might expect the ud diguark to show considerably more coherent
fragmentation than the uu or dd. It is also clear that one needs
to be able to identify baryons.

In present experiments the only identifiable baryon is the A particle.

(34)shows that the uu

One interesting result from the E545 experiment
diquark undergoes about 50% coherent and 50% independent fragmentation.
- This comes from comparing A to vt production in Vp interactions. The
A's which do not arise from Y*+ or A: decay must come from independent
fragmentation. However very little can be said about the ud diquark

from vn interactions.

With the SNC a variety of new studies involving baryons from diquarks
O e s . .
becomes possible. A comparison of I +Ay production to A production is a

measure of (ud) S. (ud)I=o production. If the ud emerges primarily

v
in the I=0 statz ie would expect to see very little A+'° production in vn
interactions in comparison to Vp . To identify AC+ P, NS pﬂo and
A+++ pﬂ+ we must have the power to identify p and ﬂo. A comparison of
the hardness of the Xp distributions of the baryons will also be

related to the relative rates of coherent and independent fragmentation.
This cannot be done well with fi's because of limited statistics, and

thus requires proton (and neutron) identification (proton rates are

"V 10-15 times A rates).

We see that how a digquark f:agments depends on how the two quarks
emerge from the nucleon. Since we consider these two quarks as
spectators to the V(V) interaction, how they emerge presumably reflects
how they were moving in the nucleon before the collision. Thus the
diguark ffagmentation' process will also contribute to "photographing the
nucleon”.

d). Distribution of PA2

If OCD effects are important it is expected that due to gluon
emission the current region jet in VN interactions will have a broader
Pi distribution than the target region jet. The advantage of neutrino
interactions ‘is that the jev axis is unique}y defined as the y boson
direction and éoes not depend on the final state particles. In present
experiments this jet widening has been observed in plots of <Pt>2“ vs W

where the current jet shows a clear increase in width over the target jet
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as W increases above 8 GeV.

There are important reasons for redoing - this analysis at the
Tevatron with the SNC. First, it is important to extend the range
of W, which will also more cleanly separate target and current jets,
and to look at Q2 dependences. Second, the observation of neutral
energy in the SNC will significantly reduce smearing in the
determination of the jet axis, which smearing contributes to the

2

measured <Pt‘>,

e). Higher Twist Effects

The role of higher twist (non—perturbative) terms in the QCD
expansion remains an enigma. These are usﬁally searched for by
looking for (1/g?)n dependences in the structure functions. If these
terms exist it would seem that one is looking for a very small effect
on top of the larger leading (perturbative) term, which in itself
has been hard work to find. We propose here a simple way to look for
one higher twist term, the so-called twist-4, and to separate it from
the leading term. The twist-4 term correspondg to the interaction of
the neutrino coherently with a‘diquark in the nucleon. This will
produce forward going diguarks which will give rise to forward going
baryons. The rate of production of forward baryons as a function of Q2
would then enable us to identify the twist-4 term, if it is there,
and to measure its magnitude. The backgrounds to be dealt with are
1) baryons from the backward region leaking forward and 2) baryon-
antibaryon pairs produced by a single current quark. The first can be
dealt with by going to sufficiently high W to well separate current
and target regions, the second by determining the rate of antibaryon
production. In any evept, the backgrounds would not give rise to the

dramatic l/Q4 dependence of the twist-4 term.

With the SNC, although we cannot identify individual forward protons,
we can statistically determine their rates. The same method could be
tried to find antiprbtons from the second background. Whether any
effect will be seen will depend on its size, but in any case, we should

be.able to determine an upper limit.
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f). Some other Topics

There are so many topics involving the hadronic final state that
we feel obliged only to list a few others:
1. Charge flow in current and target regions.
2. Angular energy flow to study QCD effects.
3. Pt balance within events to check primordial Pt effects.
4. A polarizations - Lund model predictions.
5. Fragmentation of 4-quark target remnants left whenasea quark
is struck.

6. Azimuthal dependences of final state hadrons for QCD effects.
7. Multiplicity studies, particularly for large W.

D. Electron Neutrino Physics

The quadrupole triplet beam will have a "contamination" of
electron neutrinos from K decays of between 1 and 2%. These events are
at a higher average energy than the vu events so their cross-section
should be greater. Thus, corresponding to 25,000 vﬁ CC events we
should see Vv 500 ve CC events. There should also be Vv 150 Ve cc

events in the V half of the run.

As mentioned above, the SNC gives the only known method for cleanly
identifying and measuring ve events over the whole final-state
electron spectrum. With these statistics it will be possible to obtain
reasonable (x,y) distributions and to test univérsality by comparing them
with the vﬁ distributions. If differences are seen then there will

be sufficient clean data for the ve structure-functions to be extracted.
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VI. NEUTRAL CURRENT PHYSICS

The discovery of neutral currents in VN scattering in the Gargamelle
bubble chamber (35) was the first step toward confirmation of the unified
theory of electromagnetic and weak interactions which has come to be known
as the Standard Model. Sinceithen a variety of experiménts has tested the
predictions of this theory without finding any clear contradictions. Now,
with the possibility that the charged intermediate vector bosons have been
detected, the next major test of the theory may be at hand. However, disco-
very of the Wi and Z and the measurement of their masses will still not
conclusively establish SU(2) x U(l) as the true electroweak theory. To go
further in distinguishing thés theory from others with similar leading
order behavior it will be necessary, and require a new level 6f precision,
to test the predictions of second order effects. In discussing these matters

(36)

in a recent paper , Llewellyn Smith has given’ four examples to indicate

. - Do .2 .
what the required precision is in measurements of sin 6 Summarized

W'
briefly these are the following :

1) Radiative corrections change sin2 ew as determined from
Rv = o (VN +‘vx)/c(vN -+ uX) from thebaverage.value 07220 + 0.015 to
sin~;; 6, = 0.215 % 0.015. In ed scattering the chﬁﬁge isffrom"
0.223 %+ 0.015 to 0.215 £ 0.015. The radiative correction is Vv 0.008. One would

like to measure these with a precision which is about half this value.

2) Since R 1is sensitive to different radiative corrections from
Rve = c(vue -> vue)/c(sue > Gue) it should be measured to a precision
giving é(sinzew) to the same accuracy as may be achieved in vue experi-

ments, - v0.005.

+2.2

3) Lowest order theory gives, based on the value of R M, =89.0_, o Gev,
+2, . iy
Mw = 78_3 ; GeV. Radiative corrections and the second order mass formulae
. - +2.5 _ +3.1 .
give MZ = 93.8 2.2 Gev, Mw = 83.1 -2.8 GeV. An improvement of a factor

of three in the errors would provide a clear distinction between the two.
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4) Consider a fit of Rv and R; to two parameters, sin29W and p2
(the NC/CC strength parameter). Radiative corrections give sin2 e(Mw) =
sin’ Bexp ~ 0-004 and 02=1 - 0.016 + 4 x 10-3(Mt/Mw)2.

All of the above criteria, Llewellyn Smith concludes, indicate that
a precision of ~0.005 in sin2 ew would permit really significant tests of
SU(2) x U(l). He then considers theoretical uncertainties in the interpre-
tation of sinzew. The error due to possible deziations from the QCD parton
.model is shown to be less than 0.002 when sin ew is measured on an isos-
calar target. The largest error is due to ignorance of the couplingIch]
and the strange sea. Using present limits gives an uncertainty of *0.008.
However, accepting the common view that |ch|&1reduces this to +0.004.
Given that improvements in lch‘ or in S(x) will eventually occur, the
conclusion is that there are no theoretical obstacles to tests of second

2
order effects if sin GW can be measured to an accuracy of 0.005.

In addition to sin2 ew a measurement of the neutral current coupling
constants from NC/CC ratios in vn, vp, vn and Gp will be of great interest,
as well as the determination of x and y distributions of neutral current
events. In fact, the observation of strange particle production in NC
events together with the measurement of x, provides a way to determine

S(x) directly (in CC measurements it is the product S(x)[UCsL2 which is

measured) .

Other tests of the standard model which we should be able to carry out
in this experiment involve w+/w_ and ﬂ°/ni ratios in NC final states and
coherent m° and p®.production. These will not give the precision discussed
above on _sin2 ew but will provide useful information on coupling constants.
In addition, we shiould be able to establish some limits on flavor changing NC

procedses.
. . , 2
Bs-Determination of sin 6

Assuming only u,d,a,a quarks and Cabibbo angle equal to zero, for an

isoscalar target one has
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- 2 - 2 w(v)
sV Ql -z 4+ 2% gV, 3% + small corrections where
nc 2 9 cc 9 cc

Z = sinzew; The small corrections, which are dealt with in detail in
the paper by Llewellyn Smith referred to above, take into account contri-

butions from strange quarks, charmed quarks, K-M mixing angles and devia-
tions from the QCD parton model. For our purpose in this section;,.which
. . . s . : . 2

is to discuss the precision with which sin ew can be measured, we can

ignore them.

In terms of ratios the above equation is equivalent to :

2 2
v_1_ ., _52° 52
RO=5-Z-F-+r
and
oL, 22, 521
T2 "9 9 r
v _ v, v oY Y
where R°*"" =g *7 / o/ and'r = C__ /o(.-

37
A world average of r based on a recent summary( )gives r=0.49 = 0.02.

Since r (or 1/r) is multiplied by a small quantity in the above equationms,
its contribution to the error in s'1n26W is Quite small in comparison to that
v(v)

due to R . ‘The question then becomes how well can we measure R ? It is

just here where the SNC makes a dramatic difference from what is possible

(38,39)

in the bare bubble chamber. In present experiments measurements:

of R are severely limited by systematic efrors due to the following factors :

(1) Hadronic background in NC.

(2) Unidentified muons (affects NC and CC).

(§) ve-background in NC

(4) v background in NC

(5) ﬁadrons identified as muons (affects NC and CC).

The corrections due to all these effects together are™ 57 on the number
of CC events and V207 on NC events. The precision with which those correc-

tions,are known is such that systematic efrors in the numbers of events are
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~17 for CC and~ 57 for NC. The severe cuts which are used to achieve this
also increase the statistical error in the experiments and introduce biases
for which further corrections must be made.

We propose to use a new method developed by Van Doninck(4o)

for the
WA24 BEBC TST experiment, a method which will only work with neutral parti-
cle identification. This is known as the multivariant diseriminant analysis,
or more simply, the cluster analysis. The method makes use of the different
behavior of outgoing particles from hadron induced events, CC events and

NC events. One chooses a variety of kinematic quantities (which describe
outgoing particles) as the coordinates of an n-dimensional space, and one
finds the three classes of events cluster in different regions of this
space. Figure 12 shows an example of this using data from the TST experiment.
Not only does the method separate the three classes of events well, but it
does not require cuts (there%ore preserving statistics and avoiding bins)
nor does it require muon identification to separate CC from NC events, Thus
items (1), (2) and (5) above are no longer sources of systematic error.
Item (3) is not a large effect but is beautifully handled using the SNC,
which will detect veCC events. NC events from v, and from V (item 4) can

be removed using known (to first approximation) NC/CC ratios.

Van Doninck has scaled the WA24data to a 30.000 event Vp experiment and
finds that R; can be determined toyI.ZZ accuracy. We expect to do better
than this for two reasons : first, the SNC is a considerably better neutral
particle detector than BEBC with TST, and second, the IPF will detect a
large fraction of the hadronic events. This not only removes these events
from the sample to which the cluster analysis will be applied, but also
provides a clean sample of hadronic events whose properties will provide
imput to the cluster analysis, thus improving its efficiency. In fact,

Van Doninck's work shows that the error in R will be little more than the
statistical error. In our case this means ~1.5% for R’ and ~2.8% for RV,
corresponding to errors in sinzew of ~0.008 and 0.014 respectively, or
0.007 combined. We.have assumed here that the cluster method will work as
well at Tevatron energies as at CERN energy. Based on this we conclude that
in the proposed experiment, we can very nearly meet the criterion for accu-

racy in sin26W suggested by Llewellyn Smith to test second order effects of
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electroweak theory. Of course, increasing the exposure would reduce the

error further.

By measuring the NC/CC ratios, not on an isoscalar target, but on n
and p separately it is possible to obtain a great deal of information on
the neutral current coupling constants. Using the form introduced by

Sehga1(41) :, R; and R° allow a determination of

, measurements of R;, R
the values of the squares of the four constants ui, di, ui and di. In the

standard model these are precisely defined in terms of sin“@

2 _ 2 .2 2 2 1 .2 .2 2 1 _1_.2 .2 2
up = (gsmew) s dR— (3 smew) , Uy = (5 381n6W) > dp

Any variation from the standard model leads to different values. In the

W 2.2
_ .1 . 2
= (= 3sin Sw) .
present v-d experiments such analyses have been carried out. These are based

on the four relations :

v_ .k 2. k.2 Xk 2 .k 2
Re=fwy+ti) 4 +f3u+f, 4
vV _ ok 2 k 2 k 2
R, =8 u *8d +g3up +g, &

where k = p,n and the coefficients f? are ratios of integrals over quark
density distributions in the nucleon. In addition to the systematic errors
listed in the previous sections, which contribute to the..errors in measuring
R{ and R; , there is also the systematic error from the rescattering in the

deuteron which contributes an:additional uncertainty of ~37Z.

With the calorimeter{ as pointed out in the last section, we essentially
eliminate the former, and as we have discussed‘earlier, the rescattering
error is reduced to ~1/2%. Thus the errors on the NC/CC ratios will be pre-
dominantly statistical, 27 on R’ énd 37 on R.\7

p,n p,n’

The present results on ui and di are shown below :

2 2 2 2
o 9 . S
554548 0.19 £ 0.06 0.13+0.04

WA25(42) 0.145+.027+.012. 0?1831.025iiﬂ7' 0.031+.018+,005 ~0.08+.018+.005
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One sees the errors are still quite large, not even quite sufficient to
test the standard model prediction di > ui, let alone the predicted values.
It must be pointed out however that the errors come not only from the sta-
tistical and systematic errors discussed, but also from errors in the
coefficients f? which come from uncertainties in our knowledge of the
quark distributions (the uncertainty in fg,‘for example, is ~107)., With

the SNC these may become the dominant uncertainties, however the impro-
ved measurements on quark distributions discussed in section V will re-
‘duce these too. We would expect to reduce the errors on ui and di from

the 15-307%7 range of present experiments to the 5~107 range, and to achieve
comparable improvements for u2

R
constrained from measurements of final state particles as discussed in

and d;. The values obtained may be further
section E(a) below.

D. Distributions in_x and y

We expect to be able to measure x and y on an event by event basis for
neutral current events. The method used is to assume that all hadronic
energy is seen and do a zero-constraint fit to obtain the incident neutrino
energy and the outgoing neutrino energy and direction. Naturally the smearing
will be considerably worse than in CC events, and will depend very much on
how much neutral energy is lost irn the form of neutronsg, Ki's, and strange
particles which decay into neutral modes. The ability to detect neutrons
(although not to measure their energy) will be very helpful in this réspect.
We are continuing our Monte-Carlo calculations to study the smearing effects

in detail.

The x and y distributions, as in the CC case, depend on the form of
the current and on the parton distributions in the nucleon. The technique
will also give quantities such as W, Q2, Z and Xp

E. Final state particles; the strange sea; flavor changin NC.

+, - . * _
a)m /v ratio ; ©°/7 ratios

: +, - . - .
-The m /m ratios in NC events depends on the relative rates of

. . - . - > . + - k4 3
interaction on u, d, u and d quarks. Since m and v fragmentation functions
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If neutral currents contain flavor changing components,
|aS| = 1 or |aC| = 1, these would lead to events in which a single strange
or charmed particle is produced. Because of the inability to identify K
and the indistinguishability of K° and E°decays, it will not be possible
to put a useful limit on single strange particle production. On the other
hand the situation is better in the case of charm. The rate of charm pair
production from the sea and from fragmentatioﬁ is expected to be only a few
percent. Assuming it to be 57 and assuming, with HRO and the SNC, an overall
rate of 207 for identifying charm decays (as in section V) we would be able

to set an upper limit of ~2-37 on single charm production.
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VIY THE SOLID NEON CALORIMETER (SNC)- TECHNICAL CONSIDERATIONS -

Sufficient tests have ncw been done for us to be able to describe the
qalorimeter to be built for the 15° chamﬁer in some detail. Bubble chamber
engineers at Fermilab, CERN and elsewhere have contributed advice but no
complete design has been made. A number of the details mentioned below
will surely be changed before the calorimeter is finally Built, but a

calorimeter with these features can be constructed and would work..

S s e . Gty s e Tt s B e S P e o o i o S S o B Sl . o s ot Mt e S et e v S T

The calorimeter must be mounted close to the back wall of the chambex
inside the chamber liquid. Because it.will be inserted tﬁrough the piston
hole each module must be less than 180cm wide. We wish to cover a large
solid angle in the forward direction, over the whole cross-section of
the neutrino beam; SO we proposé to have three separate modules, each 150cms
across, 240 cnshigh and 70 cms thick (see TFig. 1 Y; The modules will be
weldad togetﬁer in situ to ensure the smallest possible dead region where

they meet.

The services fo’the modules will be brought in through stainless steel
trunks that pass through the_chamber wall and go veftically through the
vacuum space above the chambe¥, emerging through-the vacuum tank in between
the camenapofts.4 [}revious plans envisioned one trunk’.serving all three
méduleg, but the 15' technical team advised thét we should try to avoid
making inter-module connections for services inside the chamber. The

solution with three separéte trunks was suggested by thenu]

' The services include three separate filling and venting lines (see below
for details), upper and lower cooling loops for freezing the calorimeter
and keeping it at a steady temperature, fesistance—ghermometer cables, high
voltage cables for the detector eléctrbdes, twisted pair signal cables from
the electrodes,and test-pulse cables. We anticipate having V1700 signal
lines from each module. These will require feedthroughs to the external
world. 2All the feedthroughs will be mounted on foom-tempgraturé boxes
outside the vacuum tank. There will be a teﬁperature gradient over the
'vertical—iength of tﬁe service trynks, in'tﬁe vacuum tank, from chamber
temperature at the bottom to room temperature at the top. The heat load

due to conductiétn will be a few tens of watts; not a serious problem.
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In the worst conccivable failure-mode the service trunks could provide
a diyect dump line ffomwthe chanber to~étmosphere if thevcalorimeter were
to rupture, so the calorimeter box itself must be built to full pressure-
vessel safefy specifications. This impiie; either a very thick front face,
presenting'many radiation—lengthé to particles from the liquid, or a net-
work of stiffening connections between the front and back faces. The BEBC
engineexs have calculated that the front wall can be kept: to an acceptable
‘thickness if it is fabricated from a stainless steel or an aluminium plate,
with a grid of .square section beams welded to the inside, and with glass-~
reinforced ‘plastic rods carrying compre931ve 1oads from the front face
to the back wall, through holes in the electrode structure. (see Fig. 13).
It can be seen from the table on Fig.-13 that the front face of a steel
box will have 3,8 times as many radiation—iengths as the front face of an

aluminium box. .

The trunk-connections inside the chamber will also need to be con-
structed and tested to the full pressure-veséel safety standard. The
estimated overall.weight of the'qalorimeter will be about 28 tons divided
into three .roughly equal modules. This;wéigﬁt qillbbe supported by flanges
which must be welded to the‘inside of the‘chamber body-in the region of
the supporting cone ‘(see fig, 1) which takes the weight 6f the chambér.down
to the legs.

B. Thermodynamlc Con51deratlons

‘1) Why Neon?

We‘are quite définite in our préference for solid neon over solid argon.
This is based on our experience with the calorimeter test-module in 1982
where we saw electrical breakdowns in both solids if they were cooled to
far below their freezing pdints. These breakdowns were eliminated by
substantially reducing the high Vvoltage on the elect;odes.' It was then
sfill possible to see particle pulses, but they-were of reduced size. Solid-
stafé physicists report that the rare-gas solids are extremely ductile just
bélow their freezing points and Pecome increasingly brittle as they are
cooled. They also have very large coefficients of thermal expansion; much

bigger than any containing structure. Thus, when the test calorimeter was
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running at maximum powex. Cooling loops at the top of the calorimeter
would be run at 26°K to condense boil-off. Once the calorimeter is
fuil of liquid, a cooling loop at the bottom of each module will be
turned on at the lowest possible temperature (N 23°K) and freezing will
begin slowly from‘beloﬁ. The elecf:ode—séndwich (sec bélow) will contain
a number of 1Omm and l3mﬁ thick copper plates which Qill act as thermal
pathways for freezing; The lower cooling loops will be brazed directly
onto these plates. The_filling and freezing process will take about two
days and use up to 1 Kwatt of cooling power in the calorimeter. Faster
freezing than this should be avbiaed'since it is poséible to trap liquid
under a plug.of solid and then create voidé when the trapped liquid shrinks

and freezes.

As the liquid freezes the neon will expel the liquid hydrogen from
the mixture (44) This hydrogen-xrich fraction must be syphoned off from
the top of the calorimeter through extraction-lines and replaced by more

of the neon-rich mixture through the filling‘lines.

The service-trunks will be open to the inside of the calorimeter
boxes at all times and will be connected into them about 50cms below the tops
of the boxes. The trunks will £i11 up with Yiquid for a-short distance
as the‘célorimeter is filled, and will ha§e a thermal. gradient in hydrogen-
rich gas from the liquid surface’uﬁ to wﬁére.;hey reach the vactum tank
at room temperature. The extraction, filling and emptying lines will all
be vacuum~jacketed lines coming down the trunks. The extraction Iines will
then rise againh inside the‘podules at the very tops of the calorimetei boxes.
The fil;ing—lines.will empty into the calorimeter boxes at a slightly lower
level. The emptying lines will'go to the very bottom of each module. The
sensitive volume of solid neon will extend up to the level of the fillirg
lines, but there will be a ﬁydrogen—rich'liquid layer at the very top of

each module, in the region between the filIing and extraction lines.

~ C. Electrode Structure

In 6ur tests with the calorimeter module at CERN we used the -sandwich
st}ﬁcture given in Table II, with alternative lead sheets as ground
electrodes and with two-faced printed circuit boards (p.c.b.s) as high

voltage electrodes. The solid neon layers were 3mm thick and the charge was
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collected fron the neon by a patte}n of copper strips on the printed
circuit boards.

45)

Some liquid argon calorimeters have used a similar system( , but
others have segmented their lead plates to make strip or square high
voltage electrodes(462. This latter ap@roach has the advantage of

packing more radia@ipn—lengths into a given thickness but it is

extremely delicate to assemble and could give trouble if strong shrinkage
forces in the solid cause individual small plates to break free from their

mountings.

We therefore propose to use the more robust structure, with alternative
lé;d.(or copper) and p.c.b. electrodes, as before. The copper plates
will extend the'whole height of the calorimeter tb'give continuous thermal
pathways from the lower freezing loops. The lead plates and p.c.b.s will
be cut into smaller areas in order to avoid differential contraction
problems and will be supported by the glass-reinforced plastic rods
that connect éhe front faces to_the back walls of .the boxes. Small
plastic séacexs will be stuck to the plates to ensure an even 3mm

thickness of solid neon.

Five major requirements can be placed upon the pertormance of the

calorimeter.

i) It must have good energy resolution for electromagnetic showers -
ﬁ?l3%JET . Our tests, and liquid argonvexperience, show that
this reguires. twenty radiation-lengths of "lead plates with thickness of

about 3mm, and solid layers about 3mm thick.

ii) It must be capable of resolving muon signals.ﬁrom noise in all
channels, in order to give a r;nning check on the pulse—height
calibration. This can.be achieved if the capacitance per :solid layer,
iﬂ‘the.set of layers surmed on one preamplifigr,'is less than about
566 pF (We cannot uge'cdupling~tran!brmers in the bubble chamber field).
Aliowing (say) SOO'pF for the twiéted—pair connection and (say) 6
layers per. channel, with € = 1.7 for solid neon, this limits the area“

‘df each electrode to less than about 1000 cm2.

.iii) It must have sufficiently good spatial resolution to be ‘able to
separate the two gammas from most 1°s-and to give good separation
betwecen most of the charged and neutral particles from a fast hadron

jef.from the middle of. the bubble chamber - i.e. 1.5 metres away.Our Monte
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Carlo studies have shown that the resolution needs to be better than
* 2cm if the confusion at Tevatron energies is to be kept at an

_ (47)
acceptably low level |

iv) Multiple sampling over the depth of a shower is needed for particle
didentification. This is particularly important for electron-pion
separation, whgre the longitudinal development of the shower can give
more than gn extra order of magnitude of pibn.rejection._ We will also
use it to identify neutral hadron inéeractions (neutrons and Ki? see

.v) below) . It will, in addition, allow us to make measurements of

electromagnetic shower directions.

v) Recent Monte Carlo results have shown that catching the neutrons and’
Kg in the calorimeter will make a worthwhile‘imérovement-to the
measurementrof Ehadron'(see Fig. 13) . It is therefore proposed to:
increase the number of inelastic collision-lengths in the calorimeter from
about 1.0 (including the front face, 2OXo of lead etc.) ‘to about 1.8, by

adding thick copper plates at the back.

Bearing in mind these considerations, we propose a structure with

five sampling 1layers :—~ a) Tracking region
b),c),g) Electrbmagnetié'calorimet;y region
e) Extra hadron detection region'

In layer a) there will be ‘(see Tiables IIrand Iv)l cm wide vertical electrode
strips (@ strips) each of which runs half the height of the dete;tdr.
These will give good resolution cn clear tracks and on early conversions.
The next two layers will have three sets of electrode strips 2cm wide.
The set of z strips will run horizontally over the whole 1.5 m width of
a-moduié. The other two sets are near vertical, but in small—angie
séérgo to resolve ambiguities (¢ and g'). Laye%ld) is gimilar, but has
3mm strips,more gapé and thicker. lead plates to contain and measure the
lérgest part of ‘an electromagnetic showefcat high energy. Layer e)
-préﬁides the extra hadron conversion efficiency, with a similar strip pattern
to layer d). 1In 21l cases there will be two sets of ¢ and @' striﬁs each

covering half the height of the calorimeter.

Thié scheme requires 1700 readout ¢hannels per module (see table 1v)

(Some groups who have reconstructed jets in calorimeters have suggested that
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at least one layexr of square pads would be advisable, instead (say) of the
strips in layer c) (quo to 8Xo). These .would give a clearer starting
point for pattern recognition,but would not give the same position-

.resolution as strips unless a very large number of channels were vprovided.)

D. Electronics

— s e o e S e i i, T o

1. Preamplifiers

- All of our tests have been carried out using charge pre—-amplifiers
of the Willis-Radeka type(48)h borréwed from various European liquid-
argon groups. They have an intrinsic noise level of about 700 electrons
with zero input capacitance ,and the €ffective noise increases with the
detector capacitance. We plan to use similar preamplifiere with the SNC,
taking advantage, if pessible, of more recent developﬁents in noise

reduction (49L

An alternative, which we discussed earlier, is to build cold pre-
ampllflers which can be ‘mounted 1n31de the calorimeter, thus eliminating
500 PF per channel of tw1stedvpa1r capacitance {and noise-pickup).

But our experlence in the test at CERN shows that this -is not essential.
It will not beagood idea to bury 1700 preamplifiers per module in an
almost totally inaccessible place unless a clear benefitAcan-be'obtained

in return for the risk taken..

‘2. Readout

A new kind of readout system will have to be developed for the
caloriméter. The standard Fermilab "wormbox" will not do because of its
dead time. The neutrino beam spill lasts about 2 nseconds and the system
must be able to record every hit euring that period with a time-
resolution of about Iﬁs (typical preamplifier shaping time).- The analogue
to-digital converters, at least for layers c) and 4) (see Table I} (>1000) will.
need a wide dynamic range so that they can digitise either a single muon,
fof calibration puréoses, or the peak of a 300 GeV electron shower.
Genulne hits will be very sparse both in posmtlon (V10 to 500 channels hit
out of % 5,100} and in time (Vv 200 events per burst, most of them muons)
so the readout system will need to reject noise pulses and suppress zeros
inﬂhardware before reading out the channel coordinates, pﬁlse heights and

hit times.
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This specification is not met by any existing readout system that we
are aware of but it certainly can be achieved by variants of existing
systems. Tﬁe Ecole Polytechnique.group,.for instance, is investigating
a technique with flash - A.D.C.s and fast microprocessors- in CAMAC.

The problem of large dynamic range may be overcome by ruﬁning a number
of cheap ADCs in parallel with different input gains, rather than by

making one super 12 bit unit per channel.

After on-line zero suppression,time sorting and pulse-height
digitisation, it can be estimated that'the calorimeter readout hardware
will hand on to the E.M.I. computer a total of 36,0QO words of information
per frame (assuming consérvatively:- a) 200 muons per picture, each
giviﬁg 20 hits in the calorimeter; plus b) 10 v interactions in walls,
chambexr and calérimeter, each giving the equivalent of 40 muon tracks;
and ¢ eaCﬁ hit is encoded with 12 timing bits, 13 address bits and

12 pulse-heiéht bits into three 16 bit words).

E. Cost .

— . S e e

We estimate the cost of the complete -calorimeter to be $1,700,000.
This is based on an estimate made .bvy the BEBC engineérs, with adjustments
.for differenpés between their assumptions antd those outlined above. It.
is increased from the estimate—givén'last year(SO) because we have added an
extra layer of copper plates to convert more neutral hadrons. In principle,
a significant fraction of this cost might be borne by the grant-awarding
authorities in the U.K., France and other (potential) collaborating .
countries, but it is imposéible to guarantee such contributions at this

stage. These authorities are aware of our proposal but cannot make

any commitments until the programme is more clearly defined.’
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TABRLE I
0?_vs_W2_for_25,000_WBB_Neutrino_Events_
69 52 35 | 26 17
400
338 312 355 87 43
200
1604 676 572 | 165 52
100
4594 1274 468 : 87 (o]
50
12517 1368 277 9 o)
0 T 25 50 100 200



Unit-thicknesses

Thickness

Thickness
Thickness

Thickness
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"TABLE 1I

Structure of Calorimeter Sandwich

Material in each Zome

,zl zone

u-v zZone

22 zone

X,

of lead plates 2om = 0.36 X,
4dmm = 0.72. X%
of stainless steel plates bmm = 0.33“X°
of a solid Ar or Ne layer 3mm = 0.02"X,
of printéd circuit Soard 2mm = 0.06" X»
.1 stainless-plate émm = 0.33 X,
4x2mm lead plates 8mm = I.44.Xo
10 layers Ne or Ar 30m = 0.2 X,
5 pebs 10m = 0.3 X,
‘Total 'yl ' S54mm - =2,37 X,
5x2mm lead plates 10mm = 1.8 X,
11 layers Ne or Ar 33mm = 0.22. X,
6 pcbs 12mm = 0.36 X,
Total u-v . "55mm ='2;38LX°
5x4mm lead plates 20mm = 3.6 X,
10 Layers Ne or Ar 30mm '=.0.22.
5 pcbs \}Omm = 0.3.&X°
Total y2 60mm = 4-1.-X°

Total sensitive thickness

169mm =.8.75 X,

Zones
yl & u—v
vyl & y2

all
all
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Tablerrr Thickesses of Neon and Electrodes

cumulative

Region a) Tracking (@ only) Thickness Radiation  Thickness Radiation

{mm) " Lengths {uum) Lengths
6 x mm gaps of solid. Ne 18 0.71
2 x 2mm Pb electrodes 4 0.12
3 x ¥T'p.c.b.s and initial 8. 0.24
plain ground p.c.b. - -
30 1.07 30 1.07
Region b) E.M. Calorimetry
12 x 3 mm gaps of solid Ne 36 0.24
1 x--10 Copper electrode{first) 10 0.7
5 x 2mm Pb electrodes 10 1.8
6 x HI*p.c.b.s (22,28,28") 12 0.36
68 3.1 98 4.17
Region 'c) E.M.Calorimetry
Same as b),but with 5 x 3mm
Pb platés 73 4.0 171 8.17
"'Region d) E.M.Calorimetry
Same as c),but with 40 gaps,
19 x 3mm Pb plates and
20 x HT* p.c.b.s 227 12.9 398 21.07

Region e (Extra Neutral Badron Detection

12 x 3mm gaps of solid Ne . 36 0.24
6 x 13mm copper electrodes 78 5.45
6 x BTt p.c.b.s. (2%,28,2¢") 12 0.36
126 6.05 524 27.0

i.e. Total Active Thickness = 52.4 cms

Number of Radiatién lengths =27



Table jyy Electréde Patterns and Capaciténces

. Area of one Number of Capacitance.per
Region a) Tracking elecfrgde channels channel (pF)”
) - ' {cm) <. '
% electrodes, lcm wide x 1.2m high 120 300
. X 6 gaps per channel 908
Region b) E.M.Calorimetery
Z Electrodes,'2cm‘high x 1.5m across 300 120
x 4 gaps per channel 1180
¢ and @ eléctroaes,Zcm wide 240 300
x X.2m high
X 4 gaps each per channel 1044
Region c) E.M.Caiorimetry
Z electrodes similar to b) 300 120 1180
@ and @' electrodes similar to b) 240 300 1044
Region d) E.M.Calorimetry
Z Electrodes, 3cm high x 1.5m across 450 80
x 14 gaps per charnel 4070
@ electrodes, 3cm wide x.1.2m high 360 100° )
x 14 gaps per channel . . 3356
@' electrodes, 3cm wide x 1.2m high 360 100
% 12 gaps per channel 2948
Region e) Extra Hadron Detection
Z electrodes, 3cm high x 1.5m across 450 8o
x 4 gaps per channel ' 1520
@ and @' electrodes, 3cm wide x 1.2m 360 200
x 4 gaps each per channel 1316

Total Channels = 1700 per module

o

*Including 500 pF  twisted pairs.
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FIGURE CAPTIONS

The 15-foot bubble chamBer with calorimeter.

Monte Carlo distributions of the ratio of estimated hadronic energy to true

hadronic energy for the bubble chamber without and with the calorimeter.

The ratio of the transverse momentum of the hadrons to that of the muon in a

bare hydrogen bubble chamber, in the BEBC TST experiment, and from a Monte Carlo

‘study of the bubble chamber with calorimeter.

Monte Carlo study of v invariant mass spectrum for bubble chamber with calori-

meter. A ;° peak over combinatorial background is seen.

Monte Carlo studies of the ratio of visible hadronic energy to true hadronic
energy for (a), the bare bubble chamber and the bubble chamber with calori-

meter but no neutron detection; and (b) the bubble chamber with calorimeter,

without and with neutron detection.

Monte Carlo of the ratio of neutral current event energy(determined from a

zero—constraint fit)to true energy .

Distribution of ¢ = I (E-—PL)i-mN for odd prong events ("vp") from deuterium
experiment E545 and from a hydrogen experiment. The two distributions are

normalized for.€ <- 0.5,

The ratio of the structure function F2 of iron to that of deuterium from the

EMC experiment.

The smearing correction on x: (a) bare bubble chamber and (b) bubble chamber

with calorimeter.

The uncertainty in smearing in the bare chamber (solid curve), and statistical
error on a 30,000 event experiment (dashed curve). The reduction of smearing
with the calorimeter would bring the solid curve down to the level of the
dashed one. Also shown are SLAC and EMC uncertainties for electron and muon

experiments.

- Comparison of the z "distributions for h+ + h~ for a hydrogen and a neon-hydrogen

experiment,

Clusters of CC, NC and hadron induced events formed using the Van Doninck
Multivariant Discriminant Analysis.

Detail sketch and section through front face of calorimeter box.
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Detail Sketch and Section Through Front Face .of Calorimeter Box

Square Suoport Rods
Beams

% BN \\@6 &1‘% -
TN B }A

L] \

\
. \

Thin Face

—y

e

Support Rod
(Fibreglass-Epoxy)

Beams

Some Allowed Dimensions (stress calculated by G.Passardi,BEBC)

Material Aluminium ] Stainless
Beam spacing b cms 50 30 20 50 30. 20
Beam thickness s cms 10 6 4, . 8.6 5 3.3
Thickness of face t cms 4 2.5 1.6 3.2 1.8 1.3
Diameter of rods 4 cms 7 57 3.5 7 5 3.5
Fraction of area.with beam 36% 36%  36% 31%  31%  31%
Fraction of area with rod 1.5% 2.2% 2.4% 1.5% 2.2% 2.4%
Mean thickness(face + beam)cms 7.6 4.7 3.0 5.9 3.3 2.3
Mean number of radiation-lengths | 0.83 0.52. 0.34 3.4 1.9 1.3
Mean collision-lengths (inelastic)| 0.19 0.12 0.08 0.35 0.2 0.14.

Fig. 13





