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Abstract

We request pictures from a run on the deuterium filled 15 foot
bubble chamber; we want a total of 1019 protons on target equally
divided between v-enhanced and U;enhanced settings for the horn.
We also request a sample of 25,000 events from the hydrogéﬁ TUun
to establish analysis procedures and test methods for neutrino
energy estimates, separating neutral current events, and hadron jet
analysis. The purpose of the run is to measure structure functions
and compare neutron and proton with respect to hadron charge dis-
tributions, neutral current interactions, and structure
function differences. We expect the experimental results to answer
definitive questions about quark models, hadron deexcitation and

the structure of the weak curremts both charged and neutral.



I. Introduction

Developments in the past year or so have opened new dimensions in
the sgudy of neutrino interactions. These developments not only give
heighténed urgency to the pursuit of this physics, this may lead as well
to a rethinking and reordering of prioritiés in the NAL bubble chamber
program. Taken chronologically the new physics is:

1) fhe possible manifestation of qﬁark signature in the hadronic

end products of deep inelastic electron scattering.

2) The probable discovery of neutral currents.

Continuing chron§legically, the results‘of experiments at SLAC
(ngin et‘al PRL 31 786 (1973)) show thst a large +/~ ratio is
observed in the hadronic end products éf deep inelastic electron
scattering on profqns (see Fig. 1). This is particularly true if ome
looks at the highest momentum hadrons (XF = p”(p" max large) and at the
highest q2. A similar but smaller indication is shown also when the
peutron is the target. 1In view of the current successes of quark models
one is témpted”to explain the results qualitatively by a picture that
the bigh momentum hadrons reveal their éuark parentage. The pareﬂts
are stru;k by a virtual photon in proportion to (charge)z. Possibly
the ultimate +/- ratio available from the valeice quarks of the proton

is

T Zx(%-)z/lx(%)z = 8/1

H
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The results with the neutron are, in a way, more dramatic.

22
+/- = 1 x(%) / 2 x(%)V - 21

That such large'rétios are not seen is compatible with the presence of
"core" quarks which give charge symmetries. Since neutrino reactions
are not bilased toward low qz from the photon propagator such charge
ratios may have great diégnostic power measured not only on the proton
but on the neutron as well., The equivalént ratios for neutrinos on
valence quarks would be infinite since a simple quark model would
always have an accelerated p quark for Vv events and n-quark for
V events - a very dramatic result.

An illustration of the paucity of information on neutron versus

proton cross-sections is the ratio

o(vn)/o(vp) = 1.8 + 0.3

This was measured in a propane filled bubble chamber and is dominated

by systematic errors. A knowledge of this number is fundamental; the
ratio of n .quarks between neutron and proton is 2, a tantalizingly
simple result. On the other hand the simplest quark model fails to
explain the ratic of neutron to proton structure function at large

x= qZ/ZMD; it would be the sum of the squares of the valence quark
charges, namely, 6/9 to 9/9 i.e. 2/3. 1Instead it seems to be measured as
v 1/3. If would be very interesting to see what neutrino reactions show
in this region. We would argue, then, that it is extremely important

to start a neutrino program on the Qimple targets, protons and neutrons
with the ability to see the fingl state clearly. The hydrogen runs will

do half this job; however, deuterium rums should follow very shortly.

* G. Myatt and D. H. Perkins PL 34B 542 (1971)
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The probable presence of neutral currents has oPened up the physics
of neutrinos considerably. To begin with those experiments designed
explicitly to look for neutral currents will probably coumand less urgency
in the future. However, the quantitative measurements of neutral current
interactions will command more attention. As an example wé cite the inter-~
action term betwegn the neutral curreht, Zo, ;hd the hadronic current

ala Weinberg .
vy (1 + Ys) v \J - 8in"0 J

0 = Wéiﬂberg angle

e

(1]

3rd component of a weak isospin hadronic
current '

[ &)
Hi

electromagnetic hadron current

The important point is that the weak current couples partly to the quark
charge and partly to the electromagnetic charge. eThere is then no simple
relation between neutron and proton cross-sections. With charge currents
we expect and experiments indicate that the stfucture functions, Fi(x) in

the cross~-section ' .

2vv cAE - - -
%" " _ v v, 2 v,V - 2 vv]
&dy - (1-y) F, '  +y x 77+ yQ-9)xF, !
2 ¢
x « q°/2Mv y = V/E,

are related through isospin symmetry by

-

F (vp) = F,(m)

P P



This is no longer necessarily true with neutral currents. We no longer
expect equalities between the Fi‘s as appears.to be true for charge
currents. This make§ it important to measure both neutron and proton
cross-sections; indeed some of the most important physics may come out
of this comparison. We are, in effect, coupling to bo;h quark and
electromagnetic charge; we need two different mixtures (of quarks?)

to hé&e,a measure of their relative effegts.

The isospin breaking may also be reflected in charge current inter~-
actions; this is characteristic of some models that accommodate neutral
currents without AS = 1 transitions. In a particular quark model (see
Ref. below) transitions can occur through charge currents between p and
A quarks though proportional to s:tnzec (Gc:': Cabibbo angle). The amusing
aspect is that the neutron-proton difference may appear in the strange
particle production events which though small (V1Z) are definitely
measurable in our proposal.

It is true gﬂat measurement of neutral current events suffers from
lack of kinematic knowledge'when using a broad Beaﬁ. There are, however,.
some simple results derivable from quark modeis‘such as the yield ratios
.of neutral to charged current events for v and V (R and R ~ see Ref.
below). These have been measured in the Gargamelle experiment (though
coarsely) and éive numbers in agreement with a simple quark model. Indeed
- a test of the model is a definite relation between R and R . (Much of tﬂe
above physics was taken from three preprints by L. Sehgal Preprints
P hysikalisches Institut Technische Hochschule Aachen, Aachen W. Germany,
June 1973.) ' . ’




There are, of course, other results available to a deuterium run
which will make it worthwhile. We will study the "elastic’ event on

the neutron,
v+d - U+ p + p (spectator)

this has the particular merit of being'fully analyzable. A comparison
with elastic electron or U scattering is suggested. Particular channels
such as A or strange particle production are of interest since they
are measurements of the isotopic spin and hypercharge changing character

of the weak currents.

I1. Proposal
A. General

We propose to measure neutrino and anti-neutrino interactions on
deuterium in the 15 foot Bubble Chamber with sufficient events to:

1. Measure the F,'s for the neutron; we will, of course, have

i
concurrent data on the proton.
2. Analyze the hadronic final states in deep inelastic events
for their expected diagnostic value in revealing quark content
both by electric charge'ratios and hypercharpge ratios.
3. Pick out and analyze the neutral current events to get a comparison
of éheir cross~séction with respect to charged current events
and determine ﬁow the hadr&nié final state is different.
4, Study of quasi-elastic, 7m-A productinn, and strange particle
production.
The run length is determined by the desire to obtain a statistically
significant number of events in each energy bin at a high enough
x(= q2/2Mv) to assure that we are interacting primarily with ‘'valence"

'quarks. We have arbitrarily selected the region 0.5< x €1.0. This limits

-5=




us to 137 of the events. We ﬁave used the structure functions from
the quark model of Kuti and Weisskopf;* thesg are in agreement with

. the experimental results of the Cal Tech groﬁp.** In addition, the
leading hadron charge effect was seen in inelastic electron scattering+
by examining the highest energy hadrons - XF = pn/p“ (max) > 0.5. This
further cuts down our sample. We have assumed the XF distribution

seen in hadronic collisions which is compatible with electron scatter—
ing data. We have also assumed a logarithmic increase in particle
multiplicity with hadronic c-of-m energy. Our estimated event count

is given in Table 1. We took a fiducial volume 2.8m in diameter and
3m in length.

The events found at X<0.5 are still of great interest and we
estimate (as shown in the table) that events in the bins 0.3<X<0.4
and 0.4<X<0.5 have a comparable or larger number of events as those
in 0.5<X<1.0. In these two bins a model such as Kuti and Weisskopf's
gives a valence to core quark ratio of 3.5 and 4.5 respectively.

In addition.to events from the deuterium run we request 25,000 events
in our fiducial volume from a hydrogen run. The purpose of this would be
to establish that our methods of analysis are correct and to get preliminary
results on the physics of hadronic deexcitation. The analysis of proton
events would insure that we had a smooth running analysis system and that
the deuteriuﬁ data would be analyzed expeditiously. In the same spirit we
would like some events from the early hadron’runs to enable us to check
programming changes necessary for the MIT-PEPR system with 15 foot Bubble

Chamber film.

* J. Kuti and V. F. Weisskopf Phys. Rev. D4 3418 (1971)
#% Barish et al PRL 31 565 (1973) ’

+ Dakin et al PRL 31 786 (1973) and its back references



B. Summary of Requests
1) As soon as possible - a sample of events from the
15 foot bubble chamber.
2) 25,000 events from either a ¥ or V broad band hydrogen

run.

18

3) Film from a 5 x 107" 350 GeV /c proton run with deuterium

filling and horn set for V's.

18

4) Film from a 5 x 10°° 350 GeV/c proton run as in 3) but for V.




Table 1A - v events (5 x 1018 350 GeV /c protons and horn)1

Neutrino Energy Events: 3
Bin (Gev) Total With X > 0.5; X'F > 0.5
Total Proton* Neutron Neutron (Spectator Analyzable’
Visible)
10 - 20 15,000 1050 350 700 210 “~ 320
20 - 40 27,000 2700 200 1800 600 N 680
40 - 80 19,000 2400 800 ‘ 1600 540 460
> 80 8,500 1200 400 800 260 " 190

Table 1B - V events (5 x 1018 350 GeV /c protons and hc)rn):L

Neutrino Energy No. of Events

3

_8—

Bin Total X >0.5 X, > 0.5 o
' Total Proton“ Neutron Neutron {(Spectator Analyzable['
Vigible)
10 - 20 2,500 180 120 60 20 N 50
20 - 40 4,500 450 300 150 50 ~ 110
40 - 80 3,000 390 260 130 43 A 70
> 80 1,500 210 140 70 27 A 30

1 We use the spectrum calculated by F. A. Nezrick (3 Jan. 1973) in NAL Publication

"Neutrino Area Operations Package" - Fiducial volume; Diam. 2.8m Length 3m.

2 We assume 0(vn) = 2g(vp) ~ Myatt and Perkins PL 34B 542 (1971) and also o(vp) = 20(\n)
3 Estimated events in the X bins .3-.4 and .4-.5 can be obtained by multiplying the numbers in this

gection by 1.45 and 1.00 respectively.

4 These numbers represent a lower limit; see discussion in Sect. III.



I1I. ANALYSIS® OF EVENTS

A. Introduction

The problem of how the neutrino events may be analyzed separates into
two parts, the analysis of the charged cu?renf events and the identification
of neutral current events. The former presents a more difficult problem
because of the interest in obtaining charge ratios for the hadronic final
stﬁtes of the deep inelastic evenﬁs which reguires a complete identification
of the particles. 1In the case of the neutral current events, as will be
discussed, this 13 not necessary. A determination of the neutrino energy

" must be made for the charged current events using the energies of the ob-
served particles, and we will discuss the effect on this determination of‘
multiple neutral particles.

B. Charged Current Events

Vep + uwdphrtaemm 1A
> p” + n 4+ 1T+ + ﬂ* + N;g Qh -2 1B

V+n > U +n+n +Nn 2A

- j% Q =1

Y U+ p <+ Nr 2B

V4p +» whapsr +m , ' 3A
> wWta+wn =0 | 3B
V+n -+ u++p+w'+1r'+N | LA
' > W+ + N W= - 4B

The chaéged current events of interest will fall into ome of the eight
subcategories given above. Here Nm signifies additional pions whose total
charge is zero. The analysis of these evengs must distinguish the u and
the proton from the pions, neutrino from antineutrino events, and neutron
from proton events.

The u'vwill uniquely be determined by its charge in event types 1A, 1B),

2A), 3B) and 4B) if there are no additional pions. For higher multiplicities,




there is the possibility of additional charged pions, but the quark model
c¢ross section prediction given in Section 1 indicates that in at least 50%
of the events, the 'y will be\the outgoing particle with the lafgest
momentum.for V events. For V events thié percentage is even higher
“since present data indicate a y distribution in agreement with (1 - y)z.

A Monte Carlo simulation using this cross section and appropriate assumptions
about the hadronic final state (for detéils see Appendix) indicates that for
the ciass of events of special interest (x > 0.5), the u and the group of
hadrons are either spacially resolved with the hadrons grouped carrying
appreciablé transverse romentum opposite to that of the u or the u is
the highest momentun particle. If the u 1is identified as the particle

- of maximum transverse momentum, providing p, > 1.0 GeV/c, this results in

a correct identification 93% of the time. Eighty per cent of the events
mis-identified on this basis are two hadron final state events., The U
assignmwents may, of course, be checked experimentally by looking for
secondary interactions of the partitles selected as U. Since the pion
interaction length in deuterium is 4.8m, the probability of interaction

in an average track length of 2.3m is 38%, pegmitting a good check of the
identification. '

Once the u 1s identified, the events may be separated into the four
types by the;net charge of the hadroms, indicated by Qh in equations 1lA)
through 4A). There is, of course, the question of whether there will be
confusion with the spectator proton in ﬁeutron events. Figure 2 gives the
momentum distribution for the spectator proton calculated from the Bulthen
wave function and for comparison, the momentum distribution obtained at

SLAC for the protons from the pup scattering events with large q2. The

10~
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overlap between the two distributions is seen to be small and should be

even less in the casé of neutrino events for x > 0.5, Thus, protons with
momentum < 400 MeV/c may be taken to be spectator particles. This hypothesis
will be checked, using type 2B5 and 4B) evenfs where both the spectator
‘particle and outgoing baryon are protons. Low momentum (<l Gev/c) T mesons
can be distinguished from protons by %g-. Observation of a spectator
proton can, of course, be used to confirm the assignment of an event as a
neutron event. From the Hulthen distribution it is estimated that in 507

of these events the spectator will have momentum p £ 80 MeV/e, range < lem,
and will not be wvisible. In 207 the spectator will have momentum,

80 MeV/e = P < 120 MeV/c, range < 5mm, and although visible, will not be

- measurable. In the remaining 307 the spectator nomentum will be measur-
ablé and will be used as a check on the fitting procedure described in the
next paragraph. In summary, we expect to separate neutron from proton inter-
actions very well, and to check our method of sepa:ation in about half our
events.

In addition to the above separation‘we expect that some fraction éf
the events will be fully "analyzable” in the sense that we can check the
identities of all particles and calculate the geutrino energy unambiguously.
We include in this category events where proton —W+ ambiguity is not re-
solved which should represent a small fraction of the events. The out-
going proton in reactions 1A), 2B), 3A) and 4A) will, if x > 0.5, usually
be too energetic to be identified by its range or ionization. The Monte

Carlo simulation indicates that few protons will be observed with momentum

less than 1 GeV/c. Our model treats 7's and nucleons on an equal footing.

-12-




This assumption is probably incorrect; it is difficult to accelerate
baryonic charge. Realistically, we expect the protons to be of lower
average momentum than the m-mesons. Studies based on the Monte Carlo
simulation indicate that some of the events‘involving a single neutral
particle will only permit a unique kinématic interpretation. Since these
results are very model dependent, we are not including such cases in our
estimates of analyzable events. In this category, we only include events
where one can obtain one to three constraint fits with a good xz. The 3C
fits will be obtained for events where all outgoing particles are charged.
The 2C fits correspond to events where the outgoing baryon is a neutron
which then interacts in the bubble chaéber. Since the neutron interaction
length is 3.0 meters, there will be a 547 probability of interaction for
an average path length of 2.3 meters. The 1beits correspond to events
where the single neutral is a wo, a decay photon of which produces a péir
;n the bubble chamber. Since the radiation length in deuterium is Qm,
there is a 35% probability that one decay photon will produce a pair in 2.3
meters and a 57 probability that both will. In the kinematic fitting
procedure, an unseen spectator will be included by some assumption, tested
empirically, such as assigning it a momentum of 50 * 50 MeV/c and the same
direction within large uncertainties as the non-spectator baryon.

The energy of the incident neutrino will, of course, be obtained from
these kinematic fits. ﬁowever, sinée we anticipate being able to also
includé some classes of events where there is an unseen single neutral
partiéle,'it is useful to point out that the error in the determination
of the neutrino energy from the presence of a second neutral particle has
an average value of "107 calculated on the basis of our Monte Carlo

simulation (see Appendix).

-13- :



C. Neutral Current Events

vV +p + v+ hadrons Q= 1 5)
V+n =+ V+ hadrons - Qh =0 6)
V+p + V+ hadrons Qh =1 7)
Vv4+n + v+ hadrons Qh = 0 8)

The neutral current events should be identifiable by their imbalance
éf outgoing transverse momentum. As discussed in the Appendix, our Monte
Carlo simulation has indicated that for large lepton angles, a statistical
separation is possible between neutral current events and charged current
events with unseen‘neutral hadrons. The neutron events can be distinguished
from the proton events by the total hadronic charge (Qh)' However, it is
not possible to obtain the incident neutrino energy for the events in the
neutral current sample.

D. Number of Useable Events

Table 2 gives an estimate of the percentage of events that will give
3C fits and 0C calculations as a function of neutrino energy, based on the
experimental average multiplicities in hadron interactions and the following
assumptions: 1) the probabilities that the final baryon will be neutron or
proton are equal; 2) thé charge multiplicity in neutrino interactions is
the same as %n hadron interactions for a given s; 3) E;o‘ = ;%+ = E%_;
4) n follows a Poisson distribution. It is seen that it will be possible

to analyze between 16% and 32% of the events as 3C, 2C {neutron star) or 1C

(pair from m° photon) events.

“14-
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Table 2

Probability that an event will contain no v, (P Hr), or one ', (P1n) as a function of neutrino energy, E;. This assumes’
equal probability for proton and neutron, that the charged pion multiplicity (n equal twice the neutral pion multiplicity (n T‘0),
and that the multiplicity can be represented by a Poisson distribution. The last columns give the expected fraction of
events with 3C fits, - ~fhe fraction which are 0C events which will definitely be analyzable because of a
neutron star or n° decay photofl conversion, and the total fraction which are analyzable.

* ’ ‘ Total Total Analyzable Total
E,Gev) 5 Plab T.p j g L) P on0) P(10) 3¢  ocC 0C  Analyzable
10-20 7.9 3.1 2.6 2.1 - 1.05 .35 .37 18 .36 .15 .33
20-40 1.5 7.0 3.2 2.7 1.35 .26 .35 A3 .30 .12 .25
40-80 29 14.4 3.7 3.2 1.60 .20 .32 10 .26 .10 .20
80-160 58 30 4.6 4.1 2.05 .13 .27 .07 .19 .09 .16

1. XVI International Conference on High Energy Physics, 3, 318 (1972).



Iv.

ANALYSIS: EFFORT AND MANPOWER

From Table 1 it is seen that we anticipate %81;000 events from our
requested neutrino and antineutrino exposures in deuterium in our chosen
fiducial volume. In addition, we request 25,000 events from neutrinos in
hydrogen. The combined sample of 106,000 events represents a scanning
and predigitizing effort of '\4104 machine~hours. Using our full strength
of 6 image plane digitizers, this impiies approximately one year to
complete the scanning and predigitizing. Since the bulk of the events :
will be measured by PEPR, the measurements would be completed almost
simultaneously with the predigitizing. Those events rejected by PEPR

would be measured on one of our three film plane digitizers.

The participants in this experiment would include eight Ph.D. physicists

and two or more graduate students as well as technical support staff.

-16~
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APPENDIX

In order to check some of the problems we may have in analyzing
events we have generated some Monte Carlo events to simulate the

expected events. The following assumptions were used:

1. 3§%§- < 1 - x)3 : (flat y dependence)

2. VWe assume multiple 7T production with a Poisson distribu-
tion about an n and one neutron or proton in the final

state.
no= 250284 s
S = (hadronic c of m energy)2
3. The particles distribute in the momentum according to
a) e—6 p‘Z, transversely to the total hadronic momentum
"b) phase space, longitudinally
These assumétions are in agreement with deép inelastic electéon scattering.

This program is the GENIS program of C.E.R.N.

We have checked the reliability of the method of determining the
U-meson by identifying it with the particle of maxi@um transverse
ﬁomentum, provided p, > 1.0 Gev. A scatter plot of p; for the hadrons
is shown in Fig. A-2 for events with x > 0.5. It is clear from the
figure that this method of selection works quite well (937 of the time).
The events shown are a sample of 821 for €y = 25 Gev. This selection
mislabels only 4% of the events with x > 0.5 for 25 Gév neutrinos. In
807% of the mis-identified cases there is a two body final hadron state
which would not be of interest to us for chargé ratios. In any event

this method can be checked experimentaily by looking for nuclear inter-

actions which occur 387 of the time for tae hadrons leaving the chamber.

~A-1-




If the EMI is operating we can use it as a check. We note that
the EMI is particularly useful for small X events where the Y comes
out at small angles. The region of interest to us (large x) gives
large angle u's where the.EMI is less efficient. Thus our selection
method offers a system complimentary to the EMI, |

We have also tested a scheme by which we estimate the neutrino
energy. Having picked the p-meson by the criterion above the events
will normally not be balanced in observed transverse momentum be-
cause of missing neutral hadrons. We make the assumption that the
missing neutrals come off at an angle equal to that of the total
observed hadronic momentum. This enables us to calculate the missing
longitudinal momentum. Assuming this is carried by 7°'s we calculate
the missing energy and thus the neutrino énergy. A plot of the error
scatter is given in Figure A-l., This error spread is quite accept-
able. In particular it falls off from its peak at a much faster rate

than the spectrum of events plotted against € so that the feeding of

\Y

l&w €, events into the scarcer high € bips is minimal. The plot
represents events for g, = 25 Gev. ‘Again, these assumptions can be
checked by looking at those events where %o Y's convert in the chamber.
We have also checked this method for events of all x. The percentage
error distribution is shown in Figures A-lb, ¢, and d for neutrino
energies of 25, 50 and 100 Gev respectively.

The most challenging problem is the separation of neutral from
charged current events. We make use again of the absence, this time,
of the large transverse momentum carried by the outgoing lepton. In
every event we find the plane perpendicular to which momentum baiances

and includes the maximum absolute transverse momentum; this is close

to the lepton-hadron collision plane. We plot the two total momenta

- A2 -
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observed on both sides of the v-axis in this plane. This is shown
in Figures A-3 and A-4. The first includes the outgoing lepton,

the second does not. The plots show a graphic difference between the
two types which are clearly separable in a statistical way. In the
high x regions one could assign them on an event by event basis.
Maturally, the EMI provides a positive identification in some cases
particularly for small lepton angle and therefore small x which can
check our separation method. Cur method operates at large x where
the EMI becomes less efficient and so is complimentary to it. The
separation is still complicated by lack of knowledge of the incoming
neutrino energy; the nice separations seen in Figures 3 and 4 are
smeared by weighting over the total neutrino spectrum. Neutral
current events are not amenable to our energy estimation scheme.

Finally, for anusenent, we have drawn some typical high x-events
to illustrate their visual drama (see Figure A-5). To see such large
angle collisions at high energies is the nost convincing demonstra-
tion of the point like quality of the contents of proton and neutron.
These events also illustrate why our method of lepton identification
works.

In‘conclusion our Monte Carlo program has generated a spectrum
of recoill protons for events with x > 0.5 (Fig. A-6). Note the happy
kinematic reszult that there are nollow romentum recoll protons
(p €0.5 Gev/z). This 1s somewhat expect:.? since high x implies high
hadron momentum but low hadronic excitation energy. We are thus able
to identify low proton momenta as the recoil spectator with little

ambiguity in such events.
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