
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 ELECTROMAG~ETIC 
CALORIMETER. 

Ecole Polytechnique - PALAISEAU., PRANCE 
Um:versity CoUege - LONDON., UNITED KINGDOM 

With Light Liquids (light neon, hydrogen or deuterium) a 
major Limitation on neutrino analysis is the Loss of 1-rays and poor detec-
tion of electrons. A calorimeter, as described below, would remedy this. 
Some success has been achieved in developing the solid-argon ionisation 
charr.ber with a view to designing a Large area calor·irneter for the 15' chnmber. 
When the~e tests have been successfully completed (May-June 1980) we intend 
to submit a detailed proposal for an experiment using this technique. The 
ohysics interest in such an experimen~ is summarised below. 

A - 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 .~ mcas~red. 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 y-rays 
in the for~ard direction which carry the highest energy. The direction of 
a hadron shower is as important as its energy, since much cf neutrino ana-
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Lysis depends upon transverse momentum balance. A study of all they-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 much:respectively 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 will 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 (~ ± 1.5 cm) to measure y angles and separate y 1 s from hadrons. 
It would also have good energy resolution (~ ± 10% ,IE) 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% IE. 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 
~sidentified as electrons by comparing the 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 
' be helpful for any kind of filling of the bubble chamber, but the more at-
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tractive liquid to be used is a light 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" 1013ppp in o2, 'v SO 000 v events can be expected 
in a volume of 'v 10 m3, and 'v 15 000 ~- in simi Lar conditions (4). The main 
subjects of interest that can be seen so far 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 Liquid 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. 

a) Fra9mentation_functions_-.QCD_tests. 

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 mu·ch 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 o btai nab le. 

b) Transverse_momentum_of_sin9le_hadrons. 

QCD predicts that due to g l1wn bremsstrahlung, the mean 
transverse momentum for single hadrons with respect to the total hadronic 
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momentum,< p~ > should increase with Q2 or w2. Effects have been observed 
in BEBC and 15 1 experiments in heavy neon, for Large values of Q2. Heavy 
neon is not suitable for this kind of events at the tevatron energy, because 
of their complexity. In a Light Liquid, the calorimeter is necessary to deter-
mine the total hadronic momentum with-ciccuracr~ which is ~ssential for a gooc. 
determination of< Pr>. This analysis is very interesting to be performed 
at the Tevatron, since high values of Q

2 are requested. 
i 
) 

c) QCD_tests_with_angular_variables. 

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: 

The sum is taken over all the final hadrons associated 
to the fragments of the struck quark, tis the transverse Light-cone ve-

-+ Locity in the Breit frame (v = pi/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 perturbative contribution is computed semi-empirically 

' 
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using the known val~es of fragmentation functions, and does not depend, 
at a given Q2,. on the x Bjerken scaling variable. On the contrary,. the QCD 
perturbative contributi6n appears as a rapidly decreasing function of x, 
as shown in fig.2A, where the x dependence of< ~2> is shown for Q2 = 10 Gev2 . 

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 <Iv~!< 1)are measured. Consequently, it is essential that 

1 
TT 0 's are efficiently detected. 

The use of a Light Liquid <H 2, 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 TT 0 's. 

The choice of the best Liquid 1s 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 "high" Q2 events. Events with Q2 <, 10 GeV2 will 
have to be rejected, representing~ 70% of the total statistics. The 
best way of analysis should be to measure< X > at given values of n 
x and Q2, but the rapid fall-off of the Qz distribution will probably 

Lead to integrate over Q2. In that case, the non-perturbative contri-
bution shows ax-dependence which will make harder the separation 
with the QCD contribution. The expected values of< X2 >, for 

2 2 E = 70 GeV and Q > 10 GeV, are shown in Fig.28. 

The analysis of 104 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. 
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2. INCLUSIVE REACTIONS. 

Structure functions could of course be determined for a 
large range of q2. All what is specific to deuterium Can/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. 

a) Charmed_earticles. 

Inv 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 µµ's with the EMI, and µe's with the 

calorimeter: ln ca-se- of no missing baryons, the missinQ neutrino could 
perhaps be reconstructed (OC fit) and the charmed particle identified 

(Dor Ac). 
- 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 ~ould be expected, 250 of them appearing likeµ-µ+ events, 
about half of which being identified with the EMI, and 250 like µ-e+ events 
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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 
of 5.1o-13s should leave a track of 750 µm. With a resolution of 200 µm, 
a not so bad accuracy on the lifetime should be obtainable. For such an 
identified charged event, the calorimeter would be especially useful for 
measuring the decay products. 

Beauty should be searched for in antineutrino pictures 
(v + u ➔ µ+ + b). Rates estimated by Phillips ( 3_) to~ 10-3 at 70 GeV 
Lead to~ 15 B 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 1o-13s 
gives a 100 µ 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 ab ➔ c 
event. Observing them is a matter of luck .... 

4. ~~~physics. 

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

present energies for the same running time more v 's<~ 1000) should be 
e 

expected in this beam than in specific ve(K~) beam or in beam dump. Light 
liquid with calorimeter would be ideal for this kind of analysis; thee-
lectron could be well measured in the liquid, th~n would be identified in 
the calorimeter without possible confusion with pions : the v spectrum e 
is harder than the v 's so the electron is much more energetic than any µ 
of the pions. Inv they can differ by an order of magnitude. 
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So all the v physics for charged currents can be cleanly per-e 
formed in this experiment. For neutral currents the v Iv ratio would be e µ 
too low and the analysis can be done only in a specific v beam. e 

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 with 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 (OC fits). 

V. BRISSON~ P. PETIAU (Ecole Polytechnique) 
F.W. BULLOCK, D.J. MILLER (U.C.L.) 
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ADDENDUM TO PROPOSAL 651 

A 15' Bubble Chamber Experiment with a solid 
1 • * Argon or Neon Ca orimeter 

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 ha.ve also been engaged in the analysis of current bubble 
chamber neutrino experiments. 'l'his 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{1),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 prograITu~e of tests is scheduled during February and March. 

The p::trpose 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 
Polytechilique in January 1982 the pulses due to Cosmic Ray particles 
in solid Ar were very clearly resolved. 

3. Design for inside chamber. We have benefited from a continuing 
dialogue v.rith 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 contra led . 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 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 reso.lve ambiguities. There would also be copper plates to act as 
thermal pathways during the coolir.gand 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 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 chamber. 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 th.rough 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 least3000 channels 
of readout will be needed. If the pre-amplifiers are kept outside the 
bubble chamber then there will need to be approximately Sm of twisted pairs 
between each electrode and its pre-amplifier, adding l\,().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 
a:r:ound 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 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 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 '1.,3% will be 
lost in y-rays with a calorimeter. These calculations have been checked by 
comparison with the results of the WA24 (H2 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, E546 
has had some success in establishing an excess of transverse momentum in 
the forward hemisphere of events at large Q2 and W. This has been interpreted 
as the observation of gluon bremsstrahhmg (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-pQ,), 
both components of which will be better measured with the calorimeter. 
Both v and 'ij data will be needed, the range of W must 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 Q 

~directions, spherici ty, planarity,. multiplicity; structure functions 
with reduced smearino due to better hadron measurement and with the large 
Tevatron range of v ;nd Q2 ; pion fragmentation functions from p and n 
with both v and 'ij incident; n top cross-section ratios as a function of 
~-; semi inclusive hadron resonance production in current and target 
frlgmentation (improving upon the E 545 results in n2 without calorimeter (5)). 

4. Neutral Current Studies 

The present concern in WA24 is to improve the determination of the u and d 
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, with a calorimeter to give precise y-ray 
measurements and to reconstruct n°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 ve(7 useful if pulse-by-pulse data were available on the E.M.I. 
magnetic tape ( ). 

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 t..he need for an upstream IPF in neutral current studies. 

\ 

In WA24 one of the main sources of confusion in identifyi.ng 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 cha~.ber which cause neutron interactions in the liquid. Neutral 
current candidates can be rejected if they fall into the same tL~eslot 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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1 Background 

Proposal for the Design and 
Construction of a Solid Neon Calorimeter for 
Installation in the 15 ft. Fermilab Chamber 

An international team of high energy physicists from Ecole Polytech-
nique, Illinois Institute of Technology, Tufts University, and University 
College London is proposing a neutrino experiment (P-651) in the Ferm.ilab 15 
ft. bubble chamber at tevatron energies. An important feature of this 
experiment would be the introduction of an electromagnetic calorimeter into 
the bubble chamber. When operated with deuterium filling of the chamber, 
this solid neon calorimeter would be capable of precise measurements of the 
electromagnetic as well as the charged particle component of the neutrino 
interaction. Dr. David Miller of University College who is the lead physicist 
of the collaboration visited ANL on November 2, 1982 and discussed briefly the 
calorimeter development. Dr. Miller is aware of ANL cryo~enic bubble chamber 
expertise and he was also directed here by Fermilab who cannot commit them-
selves to the engineering development at this time. 

The present schedule for this experiment is as follows: engineering 
test of one full size module in the 15 ft. bubble chamber in Spring of 1984 
and start the physics run with three modules in January of 1987. Dr. Miller 
believes that a more realistic date for the engineering test may be January, 
1985. 

Some initial conceptual work has already been done by G. Passardi at 
CERN on the construction and cooling of the calorimater. Tests of a small 
calorimater immersed in a static cryostat have been successfully carried out 
at Ecole Polytechnique. Dr. Miller inferred that the results of these studies 
would be made available to ANL at appropriate time. 

The physics collaborators have submitted a proposal to Fermilab. The 
initial phase of the program requires design, construction, installation 
and test of a single module of the calorimater. Dr. Miller has requested 
A. Thomas to prepare a proposal that would address the entire design and 
construction phase with an option to stop after the conceptual design studies. 
This proposal represents the initial response to the request. 
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2 Objective 

Provide cryogenic bubble chamber expertise and assistance to the 
international high energy physics collaboration in the conceptual design, 
d~tail design, fabrication, and test planning of a solid neon calorimeter. 
The calorimeter will be installed and operated in the 15 ft. Fermilab bubble 
chamber with liquid deuterium filling. As presently conceived the final 
calorimeter would consist of three modules installed through the piston 
opening. The present proposal addresses the engineering of the calorimeter 
modules and the construction of a single full size test module. 

3 Scope of Work 

The work to be performed under this agreement will be under the 
direction of A. Thomas of the Energy and Environmental Systems Division at 
ANL. The principal spokesman for the physics collaboration is Dr. David 
Miller, University College London. 

The initial requirements of the calorimeter development program are 
as follows: 

Conceptual Design 

a) Collect and review all specific technical background 
information 

b) Study selected design options in consultation with high 
energy physics researchers 

c) Prepare an interim report suitable for safety and design 
review 

Detail Design 

a) Specify the final design requirements 
b) Conduct detail mechanical design 
c) Design cooling system and specify components 
d) Prepare fabrication plan 
e) Prepare installation and cooldown instructions 

Construction of Prototype Module 

a) Order materials and parts 
b) Fabricate calorimeter structure 
c) Install calorimeter internals 
d) Complete assembly and leak check 

,/\ 
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4 Work Plan 

ANL will accept technical and program guidance and direction from 
Dr. D. Miller or his designated representative and provide the required 
engineering and related services to carry out the tasks. It is ANL under-
standing that the actual installation of the calorimeter in the bubble 
chamber, the optics (including the attachment of Scotchlite), the cooldown and 
the operation will be handled by Fermilab. The calorimeter electronics will 
be designed and supplied by others to ANL. 

ANL will perform the following tasks: 

Conceptual Design 

Task 1 Collection of Specific Technical Background Information 

There has been experimental and engineering, work performed both at 
CERN and at Ecole Polytechnique related to the development of the calorimeter. 
Written information will be furnished to ANL by Dr. Miller: this will be 
reviewed and where appropriate utilized in the conceptual design study. If 
telephone conferences or correspondence do not yield the necessary informa-
tion a trip to visit these research centers may be required. Preliminary 
discussions will be held with Fermilab to discuss the chamber related con-
straints. 

Task 2 Study Selected Design Options 

This task must be initiated quite early. The physicists will need 
to establish specific design goals and options to be studied. It is essential 
in this kind of support arrangement to focus sharply on very specific goals 
in order to avoid inefficiency and dilution. The establishment of the 
specific study goals will require at least one or two iterations between 
engineers and physicists. 

Once the study goals are established ANL will provide layouts, weight 
estimates, preliminary stress calculations, conceptual installation and 
attachment methods, fabrication and assembly study, cooldown and warmup 
concepts, and temperature control. These studies will interface with appro-
priate Fermilab personnel in order to take into account the chamber limita-
tions on static and dynamic load distribution, installation accessibility, 
optics, parasitic boiling and optical turbulence, and mechanical fatigue 
considerations. 

,--
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Task 3 Prepare an Interim Report 

At the end of Task 2 all the significant information will be collected 
into an Interim Report. The contents of the report will be sufficient for a 
design and safety review. The Interim Report will also contain cost estimates 
for the final design and fabrication for each option studied. Submission of 
the Interim Report will be a point for the high energy physics research ~roup 
to decide on whether to continue with the calorimeter development. This 
decision could conceivably be influenced by a variety of factors technical, 
programmatic, and scientific. 

Detail Design 

Task 4 Specify the Final Design Requirement 

The final design requirement may not necessarily be identical to those 
studied during the conceptual design phase but the additions or deviations 
should be of small engineering impact. It is expected that once agreed upon 
the final design specifications will remain unchanged throughout the detail 
design. ANL will take action to assure that definitive input information is 
obtained from both the physics group and the Fermilab bubble chamber group. 

Task 5 Conduct Detail'Mechanical Design 

Mechanical fabrication drawings will be made, stress calculations will 
be finalized, and attachment method will be specified. The det~il design will 
take into account all the safety requirements, parasitic boiling considera-
tions, and the calorimeter/chamber interactions; (thermally, mechanically and 
optically.) A significant amount of interfacing with Fermilab will be required 
during this task. 

Task 6 Design Cooling System and Specify Components 

A cooling system will be designed based on the concepts developed 
during the conceptual design. The system will allow proper control of the 
calorimeter during cooldown, operation and warm.up of the bubble chamber. The 
cooling system will include purging and pressure relief provisions. All 
components of the cooling system will be designed to withstand required full 
internal and external pressures so that no breach due to pressure will occur. 
Flow and temperature control method will be selected in consultation with 
Fermilab. 

,r 
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Task 7 Prepare Fabrication Plan 

A fabrication plan will be prepared which will include a schedule 
and identify the sequence in which the assembly will proceed. Instructions 
for the calorimeter internals will be needed during this task. The plan will 
contain critical checks and tests to be made during assembly The plan will be 
submitted to the physics group for comment. 

Task 8 Prepare Installation and Cooldown Instructions 

Written instructions for installation and cooldown will be prepared. 
The instructions will 
not be of sufficient 
operating procedures. 
level may be required. 

be suitable for a safety review. The instructions may 
detail to be incorporated directly into job lists or 
Additional effort by Fermilab to detail them to that 

Construction of Prototype Module 

Task 9 Order Materials and Parts 

All materials and parts required for the construction and assembly of 
the calorimeter will be ordered. Arrangements will be made for shipment of 
calorimeter parts made by other organizations to ANL. 

Task 10 Fabricate Calorimeter Structure 

The calorimeter structure will be fabricated in accordance with the 
fabrication drawings. Engineering supervision will be provided to assure that 
the workmanship meets the required standards and specifications. 

Task 11 Install Calorimeter Internals 

Calorimeter internals will be installed and checked in accordance with 
instructions furnished by the organization responsible for the calorimeter in-
strumentation design and the fabrication plan generated in Task 7. Particular 
attention will be paid to the mechanical supports and electrical lead attach-
ment and insulation, especially their susceptibility to cyclic fatigue loads. 

Task 12 Complete Assembly and Leak Check 

The unit will be completed and the entire assembly will be vacuum leak 
checked prior to shipment to Fermilab for installation. 
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5 Deliverables 

ANL will submit the following deliverables during the course of the 
entire calorimeter development program: 

-• 
a) Interim report at the end of the conceptual design 
b) Fabrication plan at the beginning of the construction phase 
c) Installation and cooldown instructions, at the end of the 

construction phase 
d) A package containing fabrication and assembly drawings and 

stress and cooldown calculations at the end of the detail 
design phase. 

e) One prototype module of the calorimeter ready for shipment 
and installation in the Fermilab 15ft bubble chamber. 

6 Effort 

Maximum estimated staffing requirements in person-months for this 
project are as follows: 

Lead Engineer 
Design Engineer 
Designer 

Total Staff 

Secretary 
Technician 

Total Weekly 

7 Cost Estimate 

Conceptual Design Detail Design 

2 2 

5 ( d<.uk-<i 6 
~ 3 wid. 4.n . 6 

10 14 

1 1 

1 1 

Construction Total 

1 5 
3 14 
2 11 

6 31 

1 3 
5 5 

6 8 

The cost estimates in this proposal cover all three phases of the 
calorimeter development. The assumptions used in preparing the cost estimate 
are as follows: 

a) The conceptual design will be limited to a small number of 
design variations from the basic concept. 

b) The entire development program will be carried out in a 
continuous manner so thab no reassignment of manpower is 
involved. 

c) Only the fabrication but not material costs need to be 
included for the lead plates in the calorimeter. 

d) The cost estimates for the detail design and construction 
are stictly preliminary since the entire question of the 
final design is open. The final costs for these two 
phases will be made in Task 3 of Conceptual Design. 
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Task No. 

1 

2 

3 

Task No. 

4 

5 

6 

7 

8 

Task No. 

9 

10 

11 

12 

7 

Conceptual Design 

Task 

Collection of Specific Technical Background 
Information 

Study Selected Design Options 

Prepare an Interim Report 

General and Administrative Cost 

Detail Design 

Task 

Specify the Final Design Requirements 

Conduct Detail Mechanical Design 

Design Cooling System and Specify 
Components 

Prepare Fabrication Plan 

Prepare Installation and Cooldown 
Instructions 

General and Administrative Cost 

Construction of Prototype Module 

Task 

Order Materials and Parts 

Fabricate Calorimeter Structure 

Install Calorimeter Internals 

Complete Assembly and Leak Check 

General and Administrative Cost 

Total estimated cost of calorimeter design 
and fabrication of one test module 

Estimated Cost 
(xl000) 

14 

41 

10 

65 
15 

$80 

Estimated Cost$ 
(xl000) 

7 

44 

17 

9 

13 

90 

20 

$ 95 

Estimated Cost 
(xl000) 

37 

40 

27 

19 

123 
27 

$150 

$340 
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8 Schedule 

It is estimated that the work described in this proposal can be 
accomplished in about 16 months, provided no major changes in requirements 
surface during the design stages. Upon initial agreement the work would 
proceed as follows: 

Phase 

1. Conceptual Design 
2. Detail Design 
3. Construction 

Completion 

5 months after agreement 
6 months after ~pproval 
app. 6 months after detail 
design depending on the 
features of final design 
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I. INTRODUCTION 

In 1981 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) 
exposures without effective detection of neutral particles and electrons. 

Present experiment~ have, or will soon have, reached the point where 

the limitations due to this lack prevent the accumulat~on of much further 

knowledge. 
18 We are proposing a 2.5 x 10 proton quadrupole triplet neutrino exposure, 

half v, half V, on deuterium, in order to study Vn, Vp, Vn and Vp interactions 

as well as interactions •·on an isoscalar target. 'Ib sharpen \Jp 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). In 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 
0 identification and the detection of neutrons and Ki,· 

The main physics aims of these experiments will be: 

a) To measure sin20 in semileptonic interactions to an experimental w 
precision of about 0.005. 

b) To determine the neutral current couplings of the u and d quarks 

with greatly increased precision. 

c) To determine the cha!ged-current structure functions, and hence 

the quark distributions,of the proton and neutron using hydrogen 

and deuterium; without "EMC effects". 
_ d) To study QCD effects t;.king ndvnntage of the highest ;,vail:nble rnnge 

• 2 
of Q v;,lues. 

e)• To study chn.rmed final stntes and to look for beauty, putting 
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tighter constraints on the Kobayashi-Maskawa couplings. 

£)To investigate the hadronic final states as a function of qaark 

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 comparable to that obtained in 

liquid argon calorimeters(2). The preliminary 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 

wn±ch lead us to consider deuterium as probably the first bubble 

chamber fill, and discuss the physics to be done 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 calorimeter are given in 

the final section. 
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II. PROPOSAL 

We propose to begin the calorimeter programme with a 2.5 x 10 18 

proton exposure of the deuterium filled 15-foot bubble chamber, 

equally divided between V and V at the highest available Tevatron 

energy, the bubble chamber to be equipped with an EMI, IPF, HRO and, 
in particular, the solid 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!. It is noteworthy that more than 2/3 have 

w>> 5GeV, wnere separation of target and current regions becomes 
2 • 2 2 2 

very good. The number with W > lOOGeV and Q > 50GeV is 1352. 

I 
' 

L t 
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III. THE SOLID NEON CALORIMETER - ENERGY DETECTION AND PARTICLE 

IDENTIFICATION 

The solid neon calorimeter will detect photons and electrons corning 

from neutrino interactions in the bubble chamber. It is also capable 
0 of detecting the substantial fraction of the neutrons and Ki, 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 TI0 , n and neutrons or~, 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 
6 80% of TI 's bothy's are detected, whereas for only 5% do bothy's 

escape. we find that~ 60% of all neutrons and~ 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 current interactions in a hydrogen or deuterium 

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

Some 20% is lost in y rays and the rest in neutrons and other hadronic 
particles (~,A+ nTI0 , 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 
quantities that depend on it. This is illustrated in Fig.2, where we show 

the energy smearing for a bare hydrogen experiment,,md a ~ante Carlo ci'llcu-

lation for the calo:d.meter, ;:inn in Fia. 3, where we show the transverse 
momentum ratio p~;p11 for bare H2 , BEBC with TST and the c;:ilo:rimetP.r. . 

.1 - T 
In Fig. 4 we show a plot.of yy invariant masses from Monte-Carlo 

gen~rated neutrino events. We see a clean.n° peak over a combinatorial 
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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 event§(~ 40% will be fittable), which will improve the 
0 identification and measurement of the TT 's greatly. A similar result 

is obtained for n's, but the width of the peak is broader,~ llOMeV. 

We now turn to the question of neutron (or~) detection. We expect 

~ 20% of neutrons from neutrino events to produce visible secondary 
interactions in the bubble chamber liquid. Using timing information from the 

~rack 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~ 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 the,pulse in the calorimeter 

will give us the neutron 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.~ 

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

Next, for CC events, we consider the question of proton identification 

with the SNC. We remark that the lack of proton identification in 

earlier experiments has lead to serious distortions in TT+ fragmentation 

functions and in charge flow measurements, and produced false Q
2 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 

detection 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 method ~s the iongitudinal quantity 

E: = ~ (E. -P . ) - Ill__ 
i i Li N 

where the sum is over the outgoing particles. For a neutrino interaction, 

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

proton is identified as a TT+ e:: will be neg~tive. The method then is to 

try each positive particle in an event as a proton, and to choose as the 



-8-

proton that which makes E most nearly zero. If no positive particle 

makes E zero within a predetermined amount (110 MeV in the TST 

experiment) then it is assumed the event contains a neutral 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 proton~;which was 75 ± 5%. 

+ However7of those tracks chosen as protons 26% were actually TI. Using 
the selected protons, and correcting f~r the known TI+ contamination, it 

was possible to determine xF and z distributions and to obtain a clear 
"++ . u 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 E. With 

the SNC in the 15-foot chamber we will detect I'\., 90% of all y's as well 
0 as I'\., 80% of neutrons and ~_'s. Thus the corrections to E will be much 

smaller resulting in even better proton identification. 

In the case of neutral current events the energy determination is 
r 

naturally not as good, but still quite reasonable. The method is to 

assume that the calorimeter defim:t::s all the neutral hadronic energy and 
momentum, and to do a zero constraint fit to the' event. This 

gives the incide.nt neutrino energy as well as the energy and direction 
'-. 

of the outgoing neutrino. In Fig.6 we show a Monte-Carlo distribution 

of the ratio of the energy obtained by this method to the true energy. 

It is seen that 62% of the events are within 20% of the true energy. 
(Neutron detection is not included, but should iJUprova this to ~SQ%) 
Thus we shall be able to obtain distributions or x anct y and examine' 

2 2 Q and w dependences to a level which will enable us to check 

theoretical ideas concerning neutral currents (See Section VI). It will also 

be possible to study the 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 :t:he calorimeter. 

Another unique feature of the calorimeter with deuterium or 

hydrogen is sup~rb electron identification and measurement. The 

alternative bubble 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 
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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 with.less than 50% background before 

cuts. 

At higher energies there are fewer background pions so the high 
-energy electrons from V and Ve events will be very cleanly identified 

and well-measured in the calorimeter. This experiment will probably 

accumulate the best sample of clean V and V events that has ever e e 
been analysed (See Section V.D below). 

( 
I 
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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 V and V reactions on the ideal isoscalar target 

while at the same time studying the reactionsVn, Vp, Vn and Vp. 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 y's and e- 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;:i::escattering ontlesecond 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 one~ 

The~."'lileth6d 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~ 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_. 
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where the sum is over visible outgoing particles. Missing neutral ~articles 

and treating protons as pions both have the effect of reducing E, 

which would otherwise have the value O for single scatters and mN for 

double scatters. Thus E varies from-~ to O for single scatters and 

from-~ to~ for double scatters (See Fig.7). A comparison of the 
distribution of E for odd prong events with the distribution from 

neutrino-proton interactions shows that~ 85% of double scatters have 
e > o. By cutting out these events the contamination of odd prong 
events by double scatters is reduced to~ 5%. With the SNC's high 
efficiency for detecting neutral outgoing particles we estimate that 

~ 95% of the double scatters will have 6 > 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~ 10 ± 3%. With the 
SNC the error will be~½%. 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 BRO this 
situation is improved for it may be possible to see stubs due to 

spectators down to a range of~ 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 quite 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 Hulthen distribution. Event fitting, which 

we expect to carry out on a relatively large scale, should be quite 

good for Vn events with visible recoils 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 m~asurements made in deuterium 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 ef.fects may be complex, a comparison between hydrogen 

and deuterium is undoubtedly the best hope for understanding them 

(see Section V A) . 
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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 ands 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 deuterium. In the heavy nuclei one 

is .. nbt separately measuring the u and d valence quark distributions in the proton 

(orneutron)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 ratio of the structure 

function in Fe to_t.hat in D2 reported by the EMC collaboration (Fig.~ 

make this doubtful.( 3 )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 
t 

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 following we discuss some of 

the major points in this area. 

a) fJ /J for V and V n P 
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 V and R = 0.5 for v. Sea quark contributions and QCD effects 

will change these values. For example, using quark structure functions 

d d d b • ld d F (4 15 ) • 1 R 1 89 d R- 0 58 e uce y Fie an eynman gives va ues = . an = · .. 
To avoid nu.cl9ar effects the best way to make this measurement 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 2 experiments are the following 

15-foot 
BEBC 

Vd 5 

Vd,Vd 6 

V 

2.03 ± 0.08 ± 0.27 

2.22 ± 0.12 ± 0.25 

V 

0.51 ± 0.15 ± 0.07 

o.51 ± 0.01 ± o.o3 
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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 

m:easured. The errors will be predominantly statistical~± 0.03 for 
Rand~± 0.01 for R. 

b) The quark 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 

u(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 (i), isospin 
arguments(B) and SU(6) syrmnetry breaking effects ~,lO)have d/u + o, 
and a model in which scattering from diquarks accounts for all scale 
breaking effects (ltl2) has d/u + ~ 0.27. 

Two methods have been used to measure these distributions on single 

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

FVn 
2 

= 

= 

2 X d(x) 

2 x u(x) 

and F;' µp = : u (x) + ; d·(x) 

The met.hods which have been used are 

1) Measuring F~p/F~n as a function of x in deuterium. 

2) Comparing F~p from a hydrogen measurement with F;,µp to avoid 

rescattering and Fermi motion effects. 

We propose also 

F
vn 3) Comparing 2 from deuterium with F~p 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 b~ better than both, since ±t needs no 

input from ep or µp experiments and it uses the Vp data from hydrogen which is 
less smeared than Vp from deuterium. 
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The:·1main 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 (l. 3) has recently shown Monte-Carlo results on the effect an 

SNC would have in reducing the smearing corrections on neutrino-H2 . Fig.9 

shows the corrections in the bare chamber (a) and in the chamber with SNC(b). 
Figure 1Dshows the uncertainty in smearing corrections as well as 
statistical errors for a 30,000 event experiment. • The reduction in smearing 
in Fig.~ ±s seen to be a factor >2.5 for x >0.7. Thus in FigJOwe 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 whi.ch 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). The effects 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 Hu:lthen. For this reason we have suggested 

an eventual third alternative: F~n from deuterium and F~p from hydrogen. 

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

There has been some evidence from the BEBC Vd 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 Von deuterium. The differential 

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

= Qx [u (x) 

d2crvn G2ME G 2 • 0 -- = 2x a (x) (1-y ) + [u (x) + s (x)] dxdy 7T 
one.takes advantage of the decrease in the valence quark distribution at high y. 

-The BEBC vd(l4) result was (integrating_over x) 
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d + s = 0.034 ± 0.004 

u + s = 0.021 ±. 0.003 

-from Vp 
from \Jn 

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 regions 
more accessible to the bubble chamber, namely low Q

2
, high x. The Q

2 

dependences seen seem to be consistent with the predictions of leading 
order QCP.Ibwever the value of the parameter A is still not precisely known 

and the situation concerning non-perturbative,or higher twist, QCD terms 
remainsunclear. In fact, it is just the low Q2 , high x range which is 
crucial for seetng higher twist effects, which go as (1/Q

2
)n. 

Of course, the wider range ~f 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 

us, taking advantage also of the ~mprovement in Q~ resolution we will 

have in comparison to past bubble chamber experiments. 

Eventually, a Vp experiment may be best for:th'is analysis, since 

" Fermi motion effects, largest 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.Morfin 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 (lGeV). 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 withpA in the same experimental 

setup 

- J/¢ muon production on ~,n2 , Fe 
pVP FVp 

2 + 2 - Measurement of------
Fvd 

2 

We are concerned with this last. Vn On the assumption that F2 
the ratio should be flat except for Fermi motion effects in the 

deuterium, which one can consider unfolding using the Hulthen distribution, 

but 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 smalier. 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 Vp and 

h ff f . • l . (17) Vp £rem hydrogen. If tee ect comes rom internuc eon pions - events 

in which.a ne~trino 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. Measuremen~s 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 quarks 

V + (d, s) + µ~+ c with couplings (U , ca u ) 
cs - c;I, s> + 

(Ucd' ) V + ➔ 11 + c with couplings u cs 

Charm production rates have been measured in the CDHS counter 
( 18) . 

experiments (opposite sign muon pairs), in the F~rmi·lab emulsion 
. (19) . . experiment E53 (_observation of decays), and in bubble chamber 

expqriments( 20) (e + decays and hadronic modes). The former two methods 
find over~ll rates of 'vl0%, whereas the bubbl~ chamber finds 
~13% from e+ and suggests even higher rates from . 
hadronic _decay modes. Furthermore two bubble chamber experiments ( 21 ·, 22 ) 

find 2 ± 1% for A+ + A X production rate times branching ratio, which C • . 
-o when K decay modes a~e taken into account suggests an overall charmed 

baryon rate of 'v5%. On the other hand, the counter experiment assumes 
only D+,o production. 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, 'v2500 of which 

• • 1 • f • f 4 10 ..... 13 9 1 ""13 f o are D-mesons. . Assuming i etimes o x sec. and x O sec. or D 
+ . (23) and D respectiv~ly, and an average D-meson energy of ~5 GeV, we find 

3 ° 7 ~f + d • a mean length of 'v 00 µ for D and 'v 00 µ or D. In or er 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 Soµ. We would then expect to see '\:>3b:%(±10%) 6f 

D0 and ~0% of D +, that is 'v37 5 n° 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 D1 s 

decaying into final states with only charged particles or K01 s is~ 15%. 

Thus~ 160 events could be identified in this way. It would also 
+ .. be possible to identify as D's those which decay into aµ , giving 

a total rate of~ 20%, or~ 200 events. With the SNC we would in 

addition be able to fit all the modes with a single TT
0 and to identify 

+ the e decays as well. A rough estimate is that we would identify ~50%, 
or ~ 550 events. This should allow a determination of the overall 
D production rate to 5 - 10% accuracy. 

+ 
The average path lengths for 

and we would expect to see~ 15% 

F- and A will be~ 200 µ and 150 µ 
C 

and 10% respectively. If A rates 
C 

are in the 3-5% range we will produce 750 - 1250 of them, and we will be 

able to see~ 100. Of these, with the SNC, we should be able to analyze 

~ 50, and determine the A 'production rate to an accuracy of~ 15 - 20%. 
+ C 

For F- a rough. estimate of the rate is 340 events, of which we would 

see~ 50 and reconstruct~ 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 Cha:tmed Particle·s 

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 resoiution 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 

meager. It is worth noting that the 

a few complete Vp events in a bubble 

baryons, where world data is still 
+ best A mass value comes from just 
C 

chamber. 
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3) Branching Ratios 
± The calorimeter will enable us to obtain branching ratios into e 

and into hadronic final states with one or more n°'s. The EMI will 
+ 

detectµ- 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 detection of almost all the hadronic final state particles 

we can use the events with a visible Dor For A+ to search for 
C 

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 photo -production, or in 

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

e)Beautv and Ch~r.m in V Interar.tions 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 chain b ➔ c ➔ s. This 
t 

situation could be dramatically changed in the 1 15-foot chamber (plus 

ERO, SNC and EMI) with the ability to simultaneously detect charm 
± + 

decays, e , µ- and n° 1 s. The V events with visible charm decays 

provide an enriched sample from which to search for beauty. 

To give an idea of what we can accomplisq we make some rough 

estimates. In a recent paper it is shown that the coupling parameter 
2 • ++ 2 [·uub f < O. 03 from the µ µ rate in V reactions, and I U b I = 

1
2 2 2 u 2 

based on the relation juub ~ 1 - Juudl - luusl where _ juudl 

.004±.004 

and ju 1
2 

us 
come from S-decay and strange particle decay. Let us assume a B-production 

rate of 1%. Then from 8000 V CC events in this experiment we expect 

~ 80 B's, half B • and lialf B0
• 

(half e-, halfµ-}. 

• (24) 
The branching ratio into leptons is~ 25%' 

~ 20 events 

Using the numbers for D identification in part(cl.) of this Section we ought 

to clearly see ~_10 of these events. These are events·withacandidate D 

decay and aµ ore from the V interaction vertex. In"-' 5 of the 10 cases 

the D would be clearly analysed. If 

correspond to an1upper limit juubl
2 

compared to juubl <o.18 and luubl < 

no candidates are seen this would 

<0,001 or ju- I < 0.03 to be 
~ ub '\, 

0.1 from the two results mentioned above. 
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Of the remaining 60 B's·, which decay hadronically, I\, 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 i5. production in the low x region 
detects the strange sea and determines•· S (x) I U 12 . cs 

C. The Hadronic Final State 

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 particularly well suited. First, there is 

the higher Tevatron energy which gives about 75% of all events having 

W > 4 GeV. This value of Wis needed to get good separation between 

current and target regions. Second, the abili9 to identify protons, 

as discussed earlier, avoids serious distortions which can be caused 
when protons are treated as 7T+ mesons and provid~s 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 7T01 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 vital input into understanding 

the question of how quarks 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 
now several,(25.,26,27) the earliest being thnt of Field anc. Feynman, r.1nd 

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 
h h 

fragmentation functions, D (z) or F (xF) of the particles observed in q q 
the hadronization process: TI 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 ~ 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·rr+ and TI have been determined for both V and V 

interactions. These are contaminated by K+, p and K-, p respectively, 

the most serious contamination being the pin the TI+ distribution 
+ (a backward proton treated as a TI often ends up in the forward direction). 

The only attempt to correct for this(2S) 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 TI + 

sample, to obtain the proton fragmentation function itself, to obtain the 
TI0 fragmentation function,possibly that for neutrons, and, based on~ 500 

D's the charm fragmentation func~ions. These latter will provide very good 

tests of models because of the large mass of the D's. It is worth 

noting that while.these.are available from the flavour changing V(V) 

interactions., they are not avail.able from muon experiments, except via pair p:-oductior 

In addition to making more fragmentation functions available the 

SNC will significantly improve the resolution, just as in the case 0f 
+ -structure functions. A comparison of h +h fragmentation functions from an 

H2 experiment and Ne-H2 experiment, where the fraction of hadronic 
(29) 

energy detected was 70% and 87% respectively shows a systematic difference 
(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%.of the hadronic energy this will 

no longer be a problem. This improved resolution will be particularly 

important in testing for QCD effects in fragmentation, since the 
2 2 fragmentation_function must, according to QCD, have a Q dependence, D(Z,Q ). 
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In connection with this we remark that by a careful comparison of singlet 

and non-singlet fragmentation functions 

1 TT+ TT 
(D' + 2D 3 u u 

+ = DTT 
u 

(30) 
it is possible to extract gluon fragmentation moments 

2 Clearly, to study QCD effects we need the wide Q 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 Dh is to represent the fundamental· q 
process of hadronization it should describe hadrons h which arise directly 

from the fragmentation of quark q. For the meson fragmentation functions 
a-

discussed in the previous section, namely pionic, but also DK +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 qirectly in the hadronization 

process. In fact the models used to describe hadronization include a 

parameter which is just the ratio a 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 us~d. What would settle the 
matter is obviously a direct measurement of vector meson production. 

This would allow a straightforward determination of a, 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. 

In present experiments only the p0 and K0 * production has been 

measured and the z distributions determined. Indirect evidence for 
. 0 + -resonance production of w and z has come from an E545 study of the 7T 7T 

. . .. . . . . ( 31) invariant mass distribution . With the SNC we shall be able to 
. ~ +,-,o o *+,o determine production rates for all tue vector mesons; p , w ,K , 

K*~,o and even•~~ For the pseudoscalars we shall be able to measure 
+,-,o o-o + - ,.1, +- +-n and TT , K +K , but not K ,K ('I' ➔ K K is identifiable since K K 

+ -treated as TT TT will show the¢ at a lower mass with a broader peak). 

With the reasonable assumption that K++K- = K0 +K0 we shall be able to 

determine a separately for nonstrange and strange particles 
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and detennine fragmentation functions for all particles except K+ and K-. 

These results will allow excellent tests of the fragmentation 

predictions of the models. 

c). Diquark studies 

As Sukhatme h • d ( 32 ) h d' k • h 1 as pointe out t e iquar is t eon y 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). 

\) p + (u U') 

Vn , v p + (ud) 

-Vn + (dd) 

Interestingly enough the study of diquark fragmentation may shed light 

on nucleon structure, particularly as to whether a diquark-quark 

structure is predominant. A variety of analyses which investigate 

this(331 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 neutrino interacts with ad quark, in a proton 

the (ud) core is always broken up and the recoiling uu system would 

not 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. In 
the V case we have a similar situation with the roles of proton and 

neutron reversed. 

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

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

B 

c:; q 

. M 

~z,n•i 

coherent independent 

Di+B+q Di+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 diquark 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. 

f h 545 • t( 34) h th h One interesting result rom t e E experimen sows at t e uu 
diquark undergoes about 50% coherent and 50% independent fragmentation. 

This comes from comparing A toy*+ production in Vp interactions. The 
*+ + A's which do not arise from Y or A decay must come from independent 

C 

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 
becomes possible. A comparison of r, 0-+Ay production to A production is a 

measure of (ud)I=l vs. (ud)I=O production. If the ud emerges primarily 
• h ld 1 ' l "+ 'o • • int e I=O state we wou expect to see very itt·e u production J.Il Vn 

interactions in comparison to Vp. To identify ~0 -+ prr-, ~+-+ prr0 and 
++ + ' 0 

~ -+ prr we must have the power to identify p and rr. A comparison of 

the hardness of the~ distributions of the baryons will also be 
related to the relative rates of coherent and independent fragmentation. 

This cannot be done well with A's.because of limited statistics, and 

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

~ 10-15 times A rates). 

We see that how a diquark fragments 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 

diquark fr;,gment;,tion process will also contribute to "photographing the 

nucleon". 
2 d). Distribution of P 

If QCD effects are important it is expected that due to gluon 

emission the current region j"et in VN interactions will have a broader 

P! ~istribution than the target region jet. The advantage of neutrino 

interactions is that the jet axis is uniquely defined as thew boson 

direction and does not depend on the final state particles. In present 
experiments this jet widening has been observed in plots of <P >2 vs W t 
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, 
2 and to look at Q 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 usually searched for by 
looking for (1/if)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 correspond~ to the interaction of 

the neutrino coherently with a diquark in the nucleon. This will 

produce forward going diquarks which will give r~se 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 backgrounqs 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 event, the backgrounds would not give rise to the 

dramatic l/Q4 dependenc~ 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 antiprotons from the second background. Wheth.er 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 when a sea quark 
is struck. 

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

!?.:. __ Electron_ Neutrino_ Phys-ics 

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 vµ events so their cross-section 

should be greater. Thus, corresponding to 25,000 Vµ CC events we 

should see~ 500 V CC events. There should also be~ 150 v CC e e 
events in the V half of the run. 

As mentioned above, the SNC gives the only known method for cleanly 

identifying and measuring V events over the whole final-state e 
electron spectrum. With. these statistics it will be possible to obtain 
reasonable (x,y) distributions and to test universality by comparing them 

with the Vµ distributions. -If differences are seen then there will 
be sufficient clean data for the V structure-functions to be extracted. e 
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VI. NECTrRAL CURRENT PHYSICS 

A._Physics_Considerations. 

The discovery of neutral currents in vN scattering in the Gargamelle 

bubble chamber ( 35 ) was the first step tow a.rd confirmation of the uni£ied 

theory of electromagnetic and weak interactions which has come to be known 

as the Standard Model. Since i·.then a variety of experiments ha.s tested the 
predictions of this theory without finding a.ny clear contra.dictions. Now, 

with the possibility that the charged intermediate vector bosons have been 

detected, the next tjinjor test of the theory may be at hand. However, disco-
+ 

very of thew- and Zand 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 this theory from others with similar leading 

order behavior it will be necessary, and require a new level of precision, 

to test the predictions of second order effects. In discussing these matters 

in a recent paper ( 36 ) , Llewellyn Smith has given' four examples to indicate 

what the required precision is in measurements of sin2 ew. Summarized 

briefly these are the following : 

1) Radiative corrections change sin2 ew as determined from 

R = b(vN ➔ 
V 2 

sin,,._ e = 
ms W 

vX)/a(vN ➔ µX) from the average va:lue 0.220 ± 0.015 to 
0.215 ± 0.015• In ed scattering "the clia~ge is·.·from 

0.223-± 0;015 to 0.215 ± 0.015. The· radiative correction is '\,-0.008. One 

like to measure the,se with a precision which is about half this value. 

2) Since R is sensitive to different ra.dii?tive corrections from 

R = a(v e ➔ V e)/a(v e ➔ Ve) it should be measured to a precision ve µ 
2 

µ µ µ 
giving o(sin ew) to the same accuracy as may be achieved in vµe experi-

ments, I\JO. 005. 

would 

+2.2 3) Lowest order theory gives, based •On the value of R, M =89.0 2 0 GeV, 
V Z - • 

78+2 • 7 • • • d h d d 1 

give 

= _ 2 5 GeV. Rn.din.tive corrections nn t e secon or er mn.ss formu ne 
0

93 8 +2- 5 83 1 +3 .l • M2 = . _2 _2 GeV, ¾ = . _2 _8 GeV. An improvement of ;:i factor 
of three in the errors would provide a clear distinction between the two. 
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4) Consider a fit of R and R- to two parameters, sin2ew and p2 
\) \) 

(the NC/CC strength parameter)• Radiative corrections give sin2 
8 (~) = 

2 2 -3 2 sin 6 - 0.004 and p =;1 - 0.016 + 4 x 10 (~/MW) • exp 

All of the above criteria, Llewellyn Smith concludes, indicate that 

a precision of ~0.005 in sin2 8W would permit really significant tests of 

SU(2) x U(l). He then considers theoretical uncertainties in the interpre-
2 tation of sin 6W. The error due to possible deviations from the QCD parton 

model is shown to be less than 0.002 when sin2ew is measured on an isos-
calar target. The largest error is due to ignorance of the coupling!U I cs 
and the strange sea. Using present limits gives an uncertainty of ±0.008. 

However, accepting the common view that ju 1%-lreduces this to ±0.004. cs 
Given that improvements in lucsl or in S(x) will eventually occur, the 

conclusion is that there are no theoretica.l obstacles to tests of second 

order effects if sin2 ew can be measured to an accuracy of 0.005. 

dd • • • 2 0 f h t 1 li In a i tion to sin W a measurement o t e neu ra current coup ng 

constants from NC/CC ratios in v_n, vp, vn and vp will be of great interest, 

a.swell 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) lucs} 2 which is 

measured). 

Other tests of the standard model which we should be able to carry out 
+ - + in this experiment involve 7f /7f and 7f 0 /1r- ratios in NC final sta.tes and 

coherent 7f 0 and n~,production. These will not give the precision discussed 

above on sin2 0W but will provide useful information on coupling constants. 

In addition, we s:-,.ould be able to establish some limits on flavor ch,mging NC 

proces.ses. 

• • f • 2 e s~-Determination o sin --------------------------w 
Assuming only u,d,u,d quarks and Cabibbo angle equal to zero, for an 

isos·ca.la.r target one has 
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v (v) I a = (-2 - z + 2.z:.) a v(v) + sz2 ~( v) 
--0 + small corrections where nc 9· cc 9 cc 

z = sin28w: The small corrections, ,·•hich 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 
is to discuss the precision with which sin2ew can be measured, we can 
ignore them. 

In terms of ratios the above equation is equivalent to 

R v 1 z - sz2 sz2 
= 2 - -9- + -9- r 

and 

R v I z sz2 5Z2 I = - - - -- + -9-2 ·9 r 

Rv(v) v(v) av(v) -
rJ\) I . \) ( 

where I and· r = I = a 0 cc' nc cc cc 

(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 equations, 
its contriEution to the error in sin2 eW is quite small in comparison to that 
d v (v) • h b h 11 ? • ue to R . The question ten ecomes ow we can we measure R. It is 
just here where the SNC makes a dramatic difference from what is possible 

h . (38,39) in the bare bubble camber. In present exJeriments measurements: 
of Rare severely limited by systematic errors due to the following factors 

(1) Hadronic background in NC. 
(2) Unidentified muons (affects NC and CC). 
(3) v background in NC e . 
(4) v background in NC 
(5) Hadrons identified as muons (affects NC and CC). 

The corrections due to all these effects together are·'v 5% on the number 
of CC events and ~20% on NC events. The precision with which those correc-
tions,are known is such that systematic error$ in the numbers of events are 
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~l % for CC and <:1;, 5% 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 discriminant 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 (therefore preserving statistics and avoiding bins) 
nor does it require muon identification to separate CC from NC events, Thus 

items (1), (2) and (5) above ar1:: no longer sou:i::ces 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 WA24ftata to a 30.000 event Vp experiment and 
finds that RV can be determined to 1.2% accuracy. We expect to do better p 
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 littlie more than the 
statistical error. In our case this means ~1.5% for Rv and ~2.8% for Rv, 

corresponding to errors in sin2ew of ~0.008 and 0.014 respectively, or 
0.007 combine:l. 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-

• ' 2 d b 1 ' racy in sin 6W suggeste y Llewe lyµ Smith to test second order effects of 
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electroweak theory. Of course, increasing the exposure would reduce the 
error further. 

C._Neutral_Current_CouEling_Constants 

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 
S c 41) v v v t· 11 . . f ehgal , measurements of R, R, R and R a ow a determination o 

P n P n 2 2 2 2 
the values of the squares of the four constants~' dL, ~ and dR. In the 
standard model these are precisely defined in terms of sin2ew, 

2 2 .2 2 2 1 .2 2 2 1 1 .2 2 2 1 2.2 2 
UR= (3 sin 8w) , dR = C3 sin 8w) , ~ = Cz - 3 sin 8w) , dL = Cz - 3sin 8w) • 
Any variation from the standard model leads to different values. In the 
present v-d experiments such analyses have been carried out. These are based 
on the fou~ relations : 

f k 2 fk d2 
= 1 ~ + 2 L + 

R:v k 2 k d2 k 2 k d2 
-K = gl ~ + g2 L + g3 ~ + g4 R 

where k = p7n and the coefficients f~ are ratios of integrals over quark 
J. 

density distributions in the nucleon. In addit_ion to the systematic errors 
listed in the previous sections, which con tribute to the. ,errors in measuring 
R.v and R.v h • 1 h • f h • • h -k -K, t ere is.a sot e systematic error rom t e rescattering int e 
deuteron which contributes an. additional uncertainty of ~3%. 

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 
dominantly statistical, ~2% on RV p,n 

errors on the NC/CC ratios will be pre-
and ~3% on Rv p,n 

The present results on u~ and d~ are shown below 

.2 

---~-----
a2 ____ L _____ _ a2 R -------------

E545(3S) 0.19 ± 0,06 0. }3±0.04 
WA25 (42) O. 145±. 027±. 012. O. 183±. 025±,017 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 d~ > u~, 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 

i 
quark distributions (the uncertainty in fi, for example, is "'10%). With 
the SNC these may become the dominant uncertainties, however the impro-
ved measurements on quark distributions discussed in section V will re-

2 2 duce these too. We would expect to reduce the errors on l\ and d1 from 
the 15-30% range of present experiments to the 5-10% range, and to achieve 

2 2 comparable improvements for uR and dR. The values obtained may be further 
constrained from measurements of final state particles as discussed in 
section E(a) below. 

D._Distributions_in_x and_y 

We expect to be able to measure x and yon 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 in the form of neutron9 , ~'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 ·respect. 
~ 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 , Zand xF. 

E._Final_state_Earticlesi_the_strange_sea1_flavor_changin_Nc. 

+ -a)1r /1r- ratio 

+ -The :rr /1r ratios in NC events dep_ends on the relative rates of 
+ interaction on u; d, u and d quarks. Since 1T and 1T fragmentation functions 
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are known for u and d quark separately from v and v CC interactions, this 
provides a measure of the NC coupling constants or, assuming the standard 
model, of sin2eW. We should do this better than present experiments because 
of the larger and purer NC sample and because of better fragmentation func-
tions from CC currents as discussed in Section V. The same can be done for 

+ the TI~/TI-ratios, which of course cannot be done at all in present experi-
ments. These ratios give two equations in addition to the four of Section D, 
adding further constraints on the values of the coupling constants. In fact, 
these may be quite powerful, since they do not involve the uncertainties 
of the structure function integrals. 

b) Coherent TI 0 and n° production. 

Coherent TI 0 and n° production from an I= 0 nucleus are measures 
of the isovector and isoscalar parts respectively of the neutral current(43). 

If it is appreciable in deuterium we should be able to observe it with the 
SNC. 

c) The_strange_sea 

Llewellyn ·Smith(36) has pointed out that uncertainty in the knowle~ge 

of the strange sea contributes to the theoretical uncertainty in the inter-
pretation of sin2 SW. In CC interactions, wher~ charm production is used to 
study the strange sea, it is the product iu 1

2 s(x) which is measured and . cs 
thus the uncertainty in lucsl 2 contributes s~gnificantly to the uncertainty 
in S(x). In the case of neutral current events, interactions.on Sor S quarks 
will lead to strange particle pair production, and in principle to a determi-
nation of S(x) directly. A best estimate of th~ sea ·quark content is given 
by 2S/U+D = 0.080 ± 0.035( 36) however, the background of pair production 

from u and d quark fragmentation is expected to be even greater than this. 
Therefore any attempt to sort out the sea contribution from the fragmenta-

tion will require a study as a function of x, and this in turn will depend 
on how good a resolution in x we can achieve, as discussed in (b) above. 
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d) Flavor_changing_neutral_currents 

If neutral currents contain:.flavor changing components, 

J6sJ = 1 or J6CJ = 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 K0 and K0 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 fragmentation is expected to be only a few 
percent. Assuming it to be ~5% and assuming, with HRO and the SNC, an overall 
rate of ~20% for identifying charm decays (as in section V) we would be able 
to set an upper limit of ~2-3% on single charm production. 
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vn 'I'JJE SOLID NEON Ci\LORIHETER (SNC) - TECHNICAL CONSIDERATIGNS • 

Sufficient. tests have no\-1 been done for us to be. able to describe the 

cc1lorimeter to lx: built for the 15 1 chamber in some detail. Bubble chambe:r 

engineers at Ferrnilab, CERN and elsewhere have contributed advice but no 

complete design has been made. A numbe.r 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 worl~ .. 

The calorimeter must be mounted close to the back wall of the chamber 
' inside the chamber liquid. Because it wi1•1 be inserted through 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 propose to have three separate modules, each lSOcms 

across, 240 CIIE high and 70 ems thick (seE: ·'F'.ig. ) : The modules will be 

welded together in situ to ensure the smallest possible dead region where 

they meet. 

The services to the modules will be broµght in through stainless steel 

trunks that pass through the chamber wall an-d go vertically through the 
I 

vacuum space above .. the chambe·r, emerging through the vacuum tank in betw§:en 

the c~~eraports .. [Previ~us plan? ~nvision~d one trrmk- serving all three 

modules, but the 15 1 techr1ical team advised that we should try to avoid 

making inter-module connections for services.inside the chamber. The 

solution with three separate t.rrmks was sug9'~sted by the~.] 

The services include three se~arate filling and venting lines (se~ below 

for details), upper and lower cooling loops for freezing the calorimeter 

and keeping it at a steady temperature, resistance-~hermometer cables, high 

voltage cables for the detector el~ctrodes, twisted pair signal cables from 

the electrodes,and test-pulse cables. We anticipate having ~1700 signal 

lines from each module. These v{ill require feedthroughs to the external 

world. All the feedthroughs will be mo~nted on room-temp.erature boxes 

outside the vacuum tank. There will be a temperature gradient over the 

vertical length of the service tr,:-111ks, in the vacuum tank, from chamber 

temperature at the bottom to room temperature at the top. The heat load 

due to conduction will be a few tens of watts; not a serious problem. 
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In the worst concc:i.v"'ble failure-mode the service trunks could provi_c1e 

a di1;'cct dump line fr·om the chamber to ,atmosphere if tbe calorimeter were 

to rupture, so the calorimetcr_bc,x itself must be built to full pressure-

vesse~ safety sp2cifications~ This implies either a very thick front face, 

presenting mu.ny radiation-lengths to particles from the liquid,. or a net-
work of stiffening connections between the front and back faces. 'J.'he BEBC 

engineers have calculated that the front wall can be kept to an acc~ptable 
thickness if it is fabricated from a stainless steel or an aluminium plate, 
with a grid of .square ·section beams welded _to the i~side, and with glass-. . 
reinforced·plastic rods carrying compressive loads from the front face 

to the back ,-mll, 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-lengths 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-vessel safety standard. The 

estimated overall weight of the ·e:alorimeter will be about 28 tons divided 

into three .~oughly equal modules. This_ weight ":ill be ~upported by flanges 

which must be welded to the inside of the cham};)er body·in the region of 

the supporting cone ·(see :r'ig. 1) which takes the weight of the chamber. do.•m 

. to th·E;. legs. 

B. Thermodynamic Considerations --------------.-----------.----
/ ·1) Why Neon? 

Ne are quite definite in ?Ur preference for solid neon over solid argon. 

This is based on our experience \~i th the calorimeter test-module in 1982 

where we saw electrical breakdowns in both solids if they were cooled to 

far below their freezing points. These breakdowns were eliminated by 

substantially reducing the high voltage on the electrodes. It was then 

sttll possible to see particle pulses, but they'were of reduced size. Solid-

state physicists report that the rare-g~s solids are extremely ductile just 

below their free.zing points· and become in~reasingly brittle as they are 

cooled. They also have verl'. _large coefficients of thermal expansi:on; much 

bigger than any containing structure. Thus, when the test calorimeter was 
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running nt mn;d.mmn power. Cooling loops at the top of the calorimeter 

would ).)e run at 26°K to condense boil-off. Once the calorimeter is 

full of liquid, a cooling loop at the bottom of each module will be 

• turned .on at the lowest possible te~perature ('v 23°K) and freezing will 
. . 

begin slowly from below. The electrode-sandwich (see below) will contain 

a number of 10mm • and 13mm thick copper plates vl1'1ich will 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 c1:lorimeter. Faster . . 
freezing than this should be avoided ·since it is possible to trap liquid 

under a plug of solid and then create voids when the trapped liquid shrinks 
and freezes. 

As the liquid freezes the neon will e:xpel the liquid hydrogen from 

the mixture (-4~) This hydrogen-rich fraction must. be syphoned off from 

the top of the calorimeter through e:xtraction-lines and replaced by more 

of the neon-rich mixture through the filling lines. 

The service-trunks will be open to t_he_inside of the calorimeter 

boxes at all' 'times· and will be connected into them about 50cms below the tops 

of the boxes. The trur1.ks will fill up with liquid for a· short distance 

as the calorimeter is filled, and will have a thermal- gradient in hydrogen-

-r-ich _c;ras from the liquid ~urface ·up to where .t;hey reach the vacuum tank 

at room temperature._ The extraction, filli~g and emptying lines will all 

be vacuum-jacketed lines coming down the trunks. The extraction iines will 

then r,i_se again· inside the_ i:nodules at . the very tops of the calorimeter boxes. 

The fi;l).ing-lines will empty into the calorimeter boxes at a slightly lower 

level. The emptying lines \·lill go to the very bottom of each module. The 

sensitive volume of solid neon ~ill extend up to the level of the fill~n~ 

lines, but there will be a hydrogen-rich liquid layer at the very top of 
.. 

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

C. Electrode structure ----------------~------
In our tests with the calorimeter module at CERN we used the •sandwich 

structure given in Table II, with alternative lead sheets as ground 

electrodes ana. with two-faced printed circuit boards (p.c.b.s) as high 

yoltage electrodes. The solid neon layers were 3mm thick and the charge was 
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·collectcd fro;n the neon by a pc1.ttern of copper strips on tlie print.ea 

circ-qit boarc.1s. 
(45) Some liquid argon calorimeters have used a similar system , but 

others have segmr,mted their lead plates· to make strip or square high 

voltage electrodes( 46 ),. This latter approach has the adyantage of 

packing more radiati~n-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 
lead. (or copper) and p.c.b. electrodes, as before. The copper plates 
will extend the whole hE:ight of the calorimeter to~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 the front faces to the back walls of.the boxes. Small . . 
plastic space:r:s will be stuck to· the plates to ensure an even 3mm 

thic}--.ness o'f solid neon. 
. 

Five major requirements can be placed upon the perfonnance of the 

calorimeter. 

i) It must have good energy resolution for electromagnetic showers 
I 

(~13%1-'E). Our tests, and liquid argon experience, show that 

this requires.twenty radiat;:ion-lengths of.lead plates with thickness of 

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

ii) It must be capable of resolving muon signals. £ram noise in all 

channels, in order to give a running check on the pulse-height 

calibration. This can.be achieved if the capacitance per:solid layer, 

in the set of layers su~Jlled on one prerunplifi~r, is less_than about 
, .. y '· 

500 pF (i·le cannot use· coupling-tranSfbrmers .:j.n the bubble chamber field) . 

Allowing (say) 500 pF for :the twisted-pair connection and (say) 6 

l?yers per. channel, with e: = 1. 7. for solid neon, this limits the area 
2 of each electrode to less than about 1000 cm . 

. iii) It must have sufficiently good spatipl resolution to be ·able to 
0 separate the two gammas fr9m most 7T s-and to give good separation 

betweeri_, n:ost of the chargc_d and neutral particles from a fast hadron 

jet 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.11 . 

iv) Multiple samplin·g over the depth of a shower is needed for particle 

identification. This is particularly important for electron-pion 

separation, where the longitudinal development of the shower can give 
more than qn extra order of magnitude of pion 'rejection. We will also 

use it to identify neutral hadron interactions (neutrons and~; see 
v) below) . It will, in .addition, allow us to make measurements of 

electromagnetic .shower directions. 

v) Recent !·!ante Carlo results have shown that catching the neutrons and· 

K~ in the calorimeter will make a worthwhile-improvement ·to the 

measurement of Eh. d . (see Fia 13) · a ron '"'. It is therefore proposed to 

increase the nunlber of inelastic collision-lengths in the calorimeter from 

about 1.0 (including the front face, 20X of lead etc.) ·to about 1.8, by . . 0 

adding thick copper plates at the back. 

Bearing in mind these considerations, we propose a structure with 
fiye • san::pli_ng layers :- ·a)·Tracking region·· 

b) ,c),d) Electromagnetic ·calorimetry region 
e) Extra hadron detection region 

In layer a) there will be • (see T:ables IIIand .:tv)l cm wide vertical electrode 

strips· (¢ strips 1 each of whi-ch runs half the height of the detector. 

These will give good resolution en clear tracks and on early conversions. 

The next two layers will have three sets of electrode strips 2cm wide. 

The se:t of z strips will run horizontally over the whole LS m width of 

a·module. The other·two sets are near vertical, but in small-angle 
'•. 

stereo to· resolve ambiguities· (¢ arid ¢ 1 ) • Layer d) is similar, but has 

3mm strips,more gaps and thicker.lead plates to contain and measure the 

largest part of·an electromagnetic shower at high energy. Layer e) 

provides the extra hadron_ conversion efficiency, with a similar strip pattern 

to layer c1). In <111 cases there will be two sGts of¢ and ¢ 1 strips each 

<;:overing half_ the height bf the calorimeter. 

Thi's scheme requites 1700 readout cho.nnels per module (see tnble IV) 

(Some groups who have reconstructed je·ts_ in calorimeters have suggested that 



-41-
at least one layer of square pacls would be advisable, instead (say) of the 

strips_ in layer c) ('v4X to 8X ) . 
0 0 

These .,1ould g.ive a clearer starting 

point for pattern recognition-,bu): would not give the same position-

•resolution as strips unless a very larg<: number of channels were provided.) 

D. Electronics 

1. Pre.::unplifiers 

All of our tests have been carried out using charge pre-amplifiers· 
of the Willis-Radeka type <48 ) ,. borrowed from .;arious European liquid-

argon groups. They have an intrinsic noise level of about 700 electrons 

with zero input capacitance ,and the effective noise increases with the 
detector capacitapce. We plan to use similar preamplifiers with the SNC, 
taking advantage., if possible, of more recent developments in noise 
reduction ( 49 ). 

An alternative, which we discussed earlier, is to build cs>ld pre-

amplifiers which can be'rnounted inside the calorimeter, thus eliminat~ng 

1\,500 pF per chaT'..ne_l of twisted~pair capacitance (and noise-pickup). 

But our experience in. the te~t at CERN shm:is,,th~t this -is _not essential. 
• It will notbeagood idea to bury 1700 prearnplifiers per module in~ 

almost totally inaccessible place unless~ cl~ar benefit. can ·be obtained 
fn return for the risk taken .. 

I I 

/ • ·2; • ·Readout 

A new kind of readout system_will have to be developed for the 

calorimeter. The standard Fermilab "wor.mbox" 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 during that period with a time-

resolution of about lµs (typical prea:mplifier shaping time).· The analogue 

tq:digit~l converters, at least for layers c) and d) (see Table rm (>1000) will. 
need a wide dynamic range so that they_ can digitise either a single muon, 

-for calibration purposes, _or the peak o_f a 300 GeV electron shower. 

Gepuine hits will be very sparse both in position ('vlO to 500 channels hit 

out of I\, 5,100) and in time (I\, 200 events per burst, most of them muons) 

so the readout system will need to reject noise pulses and suppress zeros 

in.hardware before reading out the channel coordinates, pulse 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 acliieved by variants of existing 

syster~s. The Ecole Polytechnique .group, for instance, is investigating 

a technique with flash - A.D.C.s and fast microprocessors· in CAl·iAC. 

The problem of large ~ynamic range may be overcome by running 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 suppres_sion,time. sorting and pulse-height 
digitisation, it can be estimated that the calorimeter r.eadout hardware 

will hand on to the E.1-L r. computer a total of 36,000 words of information 

per frame (assuming conservatively:- a) 2oo·muons per picture, each 

giving 20 hits in the calorimeter; plus b) 10 v interactions in walls, 

chamber and calorimeter, each giving the equivalent of 40 muon tracks; 

and c) each hit is encoded with 12 timing bits, 13 address bits and 

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

E. Cost 

We estimate the cost of the complete calorimeter to be $1,700,000. 

This is based on an estimate mad~ .by the.BEBC engineers, with adjustments 

·:i:or differences between their ass~ptions and.those outlined above. It. 
· (50) 

is increased from the estimate· given last year . because we have ·added an 

extra layer of copper plates to convert more neutral·hadrons. In principle, 

a significant fractron of -this cost ~ight be. borne by the grant-awarding 

authorities in the U.K., France and other (potential) collaborating 

countries, but it is impossible 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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TABLE I 

o2 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 

w21 1.00 

4594 1274 4 68 87 0 

so 
J.2517 1369 277 9 0 

: .. . . . .. 

25 50 100 ·200 
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TABLE II 

Structure of Calorimeter Sandwich 

Unit-thicknesses • ·zones 

Thickness of lead plates 2mm = o._36. x
0 yl & u-v 

4mm = o. 72: x~ y2 
Thickness of stainless steel plates 6mm = o.3rx yl & y2 

0 

Thickness of a solid Ar or Ne layer 3mm = o. oz· x0 all 
.... -

Thickness of printed circuit board 2mm = 0. 06'.· Xo all . 
Material in each Zone 

- _yl zone 1 stainless-plate 6mm = 0.33:X0 

4x2mm lead plates 8mm = l.44. X0 

1-0 layers Ne or Ar ·30mm = 0.2· Xo 
5 pcbs 10mm = O .3: Xo 

Totai·y1 • ·s4mm • =·2.27 X0 

u-v zone 5x2mm lead plates l Omin = I. a: Xo 

11 layers Ne or Ar 33mm = 0.22. X0 

.... 6 ·pcbs 12mm = 0.36"X
0 

Total u-v. 55mm = 2 ~38: .X
0 

y2 zone 5x4mm lead plates 20mm = 3.6· x·· 0 . . l O Layers Ne or Ar 30mm = 0.2: .X0 

5 pcbs 10mm = 0.3 . ."·X0 

Total y2 60mm = 4. 1. ·X 
0 

' ·, 

~ . 
Total sensitive thickness • -. l 6 9mm = -8 . 7 5 XO 

' .. 
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TableilfI Thickesses of Neon and Electrodes 

Region D.) Tracking: (0 onl;y) 

6 X mm gaps of solid.Ne 
2 X 2mm P·b electrodes 
3 X RT+p.c.b.s and initial 

plain ground p.c.b. 

Region b) E.M. Calorimetry 

12 X 3 mm gaps of solid Ne 
1 x-·-10 Copper electrode (_first) 
5 x 2mm Pb electrodes 
6 x HT+p.c.b.s(2Z,2¢,2¢') 

Region ·c) E.H;·calorimetry 

Sa!ne as b) , but with 5 x 3mm 
Pb plates 

'Region ·a.r ·E;I-LCalorimetry 

Same as c) ,but with 40 g_aps, 
.· 19 x 3mm Pb plates and 

20 x m+ p.c.b.s 

Thickness 
(mm) 

18 
4 
8 

30 

36 
10 
10 
12 

68 

73 

227 

Region e(Extra·Neutral Hadron Detection 

12 x 3mm gaps of solid Ne 
6 x 13mm copper electrodes 
6 x HT+ p.c.b.s. (2Z,2¢,2¢') 

36 
78 
12 

126 

;Radiation 
• Lengths 

o. 71 
0.12 
0.24 

1.07 

0.24 
0.7 
1.8 
0. 36 

3.1 

I , 

4.0 

l2. 9 -· 

0.24 
5.45 
0.36 

6.05 

i.e. Total Active Thickness= 52.4 ems - ·' 

Number of Radiation lengths =·27 

cumulative 

Thickness Radiation 
(mm) Lengths 

30 1.07 

98 4.17 

.171 8.17 

398 21.07 

-524 27.0 
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Tuble IV Electrode Patterns and Cc1paci tances 
7,rea of one 

. Region c1) •rrc1cking 

¢ electrodes, 1cm wide x 1. 2m high· 
. x 6 gaps per cDannel 

Region b) E.H.Calorimetery 

electrode 
(cm) 2 .. 
120 

Z Electrodes, 2cm high x l.Sm across ·300 
x 4 gaps per channel 

¢ and ¢' electro.des,2cro wide 
x 1.2m high 
x 4 gaps each per channel 

Region c) E.M.Calorimetry 

Z electrodes similar to b) 
¢and¢' electrodes similar to b) 

Region d) E.M.Calorimetry 

240 

300 
240 

Z Electrode?_, 3cm high x l. Sm across • 450 
x 14 gaps per channel 

• ¢ electrodes, 3cm wide x· .1. 2m high 360 
x 14 gaps per channel 

• .¢' electrodes, 3cm wide x 1. 2m hi:gh. 360 
x 12 gaps per channel 

Region e) Extra Hadron Detection 

z electrodes, 3cm high x l.Sm across 450 
x 4 gaps per channel 

¢ and ¢' electrodes, 3cm wide x 1.2m 360 
X 4 gaps each per channel 

Number of 
channels 

300 

120 

300 -

120 
• 300 

80 

100· 

100 

80 

200 

Capncitance per 
-#.· channel (pF) 

908 

1180 

1044 

1180 
1044 

4070 

3356 

2948 

·1s20 

1316 

Total Channels= 1700 per module 

*Including 500 pF twisted pairs . 

.... _ _.. 
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FIGURE CAPT:LONS 

1 - The 15-foot bubble chamber with calorimeter. 

2 - Monte Carlo distributions of the ratio of estimated hadronic energy to true 
hadronic energy for the bubble chamber without and with the calorimeter. 

3 - 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. 

4 - Monte Carlo study of yy invariant mass spectrum for bubble chamber with calori-
meter. A TI 0 peak over combinatorial background is seen. 

5 - 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. 

6 - Monte Carlo of the ratio of neutral current event energy(determined from a 
zero-constraint fit) to true energy ,• 

7 - Distribution of E = ~ (E-P1)c~ for odd prong events ("vp") from deuterium 
experiment E545 and from a hydrogen experiment. The two distributions are 
normalized for.,€ < - O. 5. 

8 - The ratio of the structure function F2 of iron to that of deuterium from the 
EMC experiment. 

9 - The smearing correction on x: (a) bare bubble chamber and (b) bubble chamber 
witp calorimeter. 

IO - 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 
expe:dmen ts . 

11 - Comparison of the z • .distributions for h + + h- for a hydrogen and a neon-hydrogen 
experiment. 

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

13 - Detail .sketch and section through front face of calorimeter box. 
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-· 
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Diameter of rods d ems 7 5·· 
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