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I. INTRODUCTION

These lectures shall attempt to review the experimental status of
high energy weak interactions with a special emphasis on its relation to

"

the physics of "new" particles. In reviewing a field that is moving as
rapidly as the high energy neutrino physics today, there is always a diffi-
cult choice to be made as to the material to be included. On one hand

one can limit oneself to the well established results at the expense of
excluding the most recent and hence probably the most interesting data;

on the other, one can try to be as all inclusive as possible and thus

take the risk of including the results that may already be discredited at
the time of publication of the review. I have opted for the latter course
and shall try to include all of the data that I am aware of that has been
presented publicly, either orally or in written form. It shall fall on
the reader to judge the data critically in areas where there is a dis-
crepancy if that discrepancy will not have been resolved already by the
time this review appears in print.

T shall commence these lectures with a brief description of the ex-
perimental techniques used in high energy neutrino physics with an em-
phasis on the advantages and limitations of each method. Subsequently,
by way of a theoretical introduction, I would like to review the status
of the neutrino physics 2 years ago from the point of view of its ex~
cellent agreement with the naive quark model. Then, in the main body of
these lectures; I would like to discuss the various aspects of the ex-
perimental data and see how these results compare with the predictions of

the "new orthodoxy" —~ i.e. the four quark model. Finally, I would like

to end by pointing out some of the discrepancies between the theoretical



S
predictions and the experimental data and comment as to what even newer
physics these results might be pointing to.

These lectures shall be limited to the charged current aspect of the
neutrino interactions, with the main emphasis on the experimental data.
The neutral current data and the deeper theoretical questions are dis-

cussed in the parallel lectures by Bjorken.
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a) Beams. All of the high energy neutrino beams used up to this
time have utilized the neutrinos originating predominantly from m or K
decay. The basic features of all the neutrino beams are illustrated in
Fig. 1 where we show schematically the present Fermilab and BNL neutrino
setups. The sequential elements of a neutrino beam are: -

1. proton beam striking a target and making secondary hadrons.

2. a focusing and/or momentum selecting element(s).

3. drift space, to allow hadrons to decay.

4. a shield to stop all hadrons and range out muons.

5. neutrino detectors.

The most important difference between various neutrino setups re-
sides in points 1, 2 and 5, i.e. incident proton energy, focusing element,
and the detector. The length of the drift space and the shield are gener-
ally comparable and scale with the energy. The unique feature of all the
neutrino setups, illustrated in Fig. 1lb, is the ability to stack several
detectors one behind the other with only a slight loss of éolid angle for
the more distant detectors.

A very serious limitation in interpreting the results of a large
number of neutrino experiments is the ill defined momentum of the neutrino
beam. Accordingly, a great deal of ingenuity has gone into the designs

and construction of focusing and momentum selecting elements with the

goal of either containing the largest possible number of neutrinos or
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and better defining the accepted neutrino flux.

The basic ""facts of life" that determine these schemes are the

following:

1.

the typical transverse momentum of hadrons produced in the
hadronic collisions is of the order of 300 MeV/c. This should
be compared with 30 MeV/c and 236 MeV/c as the maximum possible
P that a neutrino can obtain from n and K decay respectively.
Thus the hadronic transverse momentum tends to dominate the
divergence of the neutrino beam and by focusing the hadrons in-
to a paraliel beam one can increase the flux considerably.

the present size of the detectors subtends a solid angle at the
hadron target comparable to the angular divergence of the high-
est energy neutrinos. Thus focusing buys relatively little
extra flux at high energies and becomes significantly more im—
portant for lower energy neutrinos.

Because of small mw—mu mass difference the méximum laboratory
momentum of a neutrino from m decay is only about 407 of the
initial pion momentum. In contrast, a K meson can transfer al-
most all of its momentum to its daughter neutrimo. Thus the
highest energy neutrinos come only from K decay. Coupled with
the increase of K*/K“ production ratio as a function of increas-
ing secondary energy, this means that Nv/NG ratio will also in-~

crease towards the high end of the neutrino momentum spectrum.

In light of these considerations we can now consider various focus-

ing schemes used in neutrino beams.

1.

bare target, or absence of any focusing or momentum selecting
elements. It is clearly the simplest scheme, but the price
paid is low intensity, lack of distinction between v's and v's,

and lack of any momentum selection.
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horn beam. This scheme utilizes a focusing element around the
target to focus the hadrons of one sign into a parallel beam.
The advantages are maximum possible neutrino (antineutrino) flux
and good rejection of the antineutrinos {(neutrinos). The dis-
advantages are short spill (this may actually be an advantage
for some experiments, where the desire to gate out the cosmic
rays is the most important consideration) and the difficulty in
calculating and/or measuring the neutrino flux. The rejection
of hadrons of the unwanted sign deteriorates as the energy of
the secondaries increases because these particles tend to come
out at relatively low angles. This becomes a serious limita-
tion for the study of high energy v interactions. Accordingly
a commonly used variation is a double horn system with a plug
down the middle to absorb hadrons produced very close to 0°.
This eliminates most of the unwanted v contamination at the ex~
pense of part of high energy v flux.
quadrupole beam. Here the focusing element becomes a quadrupole
system set generally to optimize transmission of a relatively
high energy hadron beam. This enhances the high energy neutrinos,
suppresses the low energy ones, and results in a relatively flat
spectrum. The advantages are possibility of a long spill, rela-
tive enhancement of higher energy portion of the spectrum, and
a relatively good understanding of the neutrino energy spectrum.
The disadvantages are lower flux and lack of neufrino/antineutrino
selection. The fluxes from all of these schemes are illustrated
in Fig. 2, taken from Al Mann's 1976 Coral Gables talk.l)
dichromatic beam. Here the beam elements consist of both di-
poles and quadrupoles so that the beam entering the decay drift

space consists of hadrons with a finite momentum bite and a

unique sign. There can be several variations on this idea.
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In the simplest scheme, one utilizes the fact that most of the neutrinos
originating from K decay come out at much larger angles than those from
T decay.2> Thus a detector of relatively small transverse dimensions will
intercept only a small fraction of K neutrinos, or more specifically if
positioned at 02 only the very high energy ones. Hence the spectrum of
neutrinos will consist of two discrete bunches, the low energy ones from
7 decay and the high energy ones from K decay.

A variation of this scheme consists of displacing the detector away
from Oo, thus missing the majority of v neutrinos and selecting only the

3)

K neutrinos of energy slightly below the peak energy. One thus obtains
a relatively pure monochromatic neutrino beam. Another variation is mak-
ing the detector large enough so that a sizable fraction of K neutrinos
is intercepted.4) The radial position of the interaction is now directly
related to the neutrino energy, and one thus has energy information inde-
pendent of the calorimetry. The basics variations on this dichromatic
scheme can be easily seen in Fig. 3, illustrating the K and 7 decay
kinematics.

Clearly the dichromatic beam scheme yields the cleanest neutrino
beam. The price that one has to pay, however, is the significant reduc-
tion in flux resulting from the finite momentum bite.

b) Detectors. In discussing the detectors used in the neutrino
experiments it is convenient to divide them into two categories: the
electronic detectors and the bubble chambers. We commence with a brief
discussion of the electronic detectors. The typical neutrino apparatus
performs the combined functions of a target, hadron detector, and muon
spectrometer. The different setups can be classgified according to how
the various parts of the detector are arranged.

1. separate function detector. Here the target-hadron detector

part of the apparatus comes first and is subsequently followed

by a magnetic system to analyze the muons. Such a system has
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a relatively high flexibility from the point of view of changes
in the target part but a relatively poor acceptance, especially
for wide angle muons. The Harvard-Penn-Wisconsin-Fermilab (HPWF)
setup and the old Cal-Tech-Fermilab setup (E21) fall into this
category.

2. combined function detector. The target, hadron detector, and
the muon spectrometer are all interleaved together. The system
has very high acceptance for muons, but loses some flexibility.
The new setup at CERN SPS exemplifies this kind of approach.

3. mixed detector. A separate target-detector is subsequently
followed by a combined function detector. The new Cal Tech
setup at Fermilab falls into this category.

4. non magnetic detectors. There are also used special purpose
detectors without any magnetic field. These have been used for
specific experiments at relatively low energies where the large
acceptance is more important than magnetic anélysis. The 2
setups to measure elastic vy scattering at BNL exemplify this
category.

As with all classifications, these should not be considered very
rigid, but rather as exemplifying the different ways of arranging the
separate parts of the apparatus. Thus, for example, placing a hydrogen
target in front of the CERN SPS detector would turn it into a mixed de-
tector in our nomenclature.

The bubble chamber systems can be classified into two>categories:
cryogenic and warm chambers. The cryogenic chambers use hydrogen, deuteri-
um, or neon as the fill or some combination of these ingredients. The
obviocus advantage of hydrogen or deuterium is the simplicity of the target;
the obvious disadvantages: low target mass, long absorption length

(V8 m for HZ) and long radiation length (“9 m for HZ)' These last two
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factors make the lepton identification very difficult and make complimen-—
tary electronic detectors highly desirable.

The warm bubble chambers, of which the European Gargamelle is the
most famous example, generally use an organic fill with higher density
and shorter radiation length than even the neon filled chambers. In that
sense they are highly complimentary to the hydrogen chambers, emphasizing
good lepton identification with the simultaneous introduction of a compli-

cated target.

c) Energy Measurement. The measurement of the total energy

(hadronic, leptonic, and electromagnetic) in neutrino interactions is an
important problem as it is crucial both to the cross section and scaling
variable measurements. Thus it is worthwhile to briefly point out here
the advantages and shortcomings of different beams and/or detectors.

The dichromatic beam, at least in principle, is the ideal instrument
to measure the total neutrino energy, as a crude calorimetry measurement
of the total hadronic energy in the detector will allow one to separate
7 and K neutrino interactions. Then, if the momentum bite of the beam is
small enough, and the beam clean enough, the energy of the neutrino is
defined quite well.

In wide band and quadrupole beams one must rely exclusively on the
calorimeter and muon spectrometer to measure the total energy. The typi-
cal accuracy here is about #10%. Of course this technique will only give
a lower limit if some secondary neutrinos are given off in the interaction.

The "heavy fill" bubble chambers can in principle use visual calori-
metry to measure total energy with some correction for the escaping
neutrals. The light fill bubble chambers, where most of the neutrals
(n, KO, y) escape detection, generally measure total emergy present in
charged particles and then, using an empirical formula, scale this to

the total energy.
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d) Lepton Identification. The electron identification is easy only

in "high" Z bubble chambers. More specifically, a medium Z £ill, like 80%
H2 and 20% Ne, makes the electron identification possible at about 507%
“effie}ency level in the 15' B.C., but the identification requires rather
careful scanning. The techniques used here rely on visible bremstrahlung,
ei materialization, trident production, and delta rays, as unique signa-
tures of the ei. The electron identification in a much heavier £ill, like
freon in Gargamelle, is quite straightforward, almost 100% efficient, and
completely unambiguous. The relative merits of various fills in identify-

ing electrons and muons are illustrated in Table I.

TABLE T

The absorption and radiation lengths for various bubble chamber fills.

Absorption Radiation

Length Length

Hydrogen 790 cm 890 cm
Deuterium 342 em 764 cm
"Light" neon-hydrogen (21% Ne) 230 cm 110 cm
Neon 75 cm 24 cm
Propane (C3H8) 176 cm 111 cem
Freon (CF3Br) 73.5 cm 11 cm

There have been efforts to identify electrons in electronic detectors,

and they have met with some measure of success. On the other hand the
basic incompatibility of the large target mass necessary for neutrino ex-
periments and low graininess required for good electron identification and
measurement make these experiments extremely difficult.

On the other hand the electromnic detectors find the muon identifica-
tion considerably easier, with penetration through some 1 kg/cm2 §f materi-
al a relatively clean signature. Of course this technique becomes much
more difficult for lower energy (Pu < 1.5 GeV/c) muons, since they tend to
range out before hadrons can be cleanly eliminated.

In general, even for heavier fills, the absorptiom length in bubble

chambers is comparable to the potential pathlength in the detector and

5)



- 12 -

thus ""bare" bubble chambers suffer in their ability to detect muons. The
external muon identifier (EMI) around the 15' chamber6) remedies this
difficulty by essentially extending the sensitive volume beyond the bubble
_chambger (see Fig. 4). It consists of a layer of proportional chambers
preceded by several absorption lengths of zinc. Requiring a correlation
between the B.C. track and a hit in PWC's provides a powerful rejection
against hadrons. The main shortcoming of the EMI at the present time is
its limited solid angle.

The bubble chamber experiments have been quite successful in using
kinematics to identify the muon. Here one relies on the fact that muons
tend to have high energy and high Qz. Comparison with EMI results indi-
cates that on the average one can do quite well in identifying muons by
this technique, but of course the method in ineffective for muons in kine-
matically suppressed regions.

e) Strange Particle Identification. This facet of experimental

detection, very important in the context of new particlé production, has
been almost an exclusive preserve of the bubble chambers. Heavy fill
bubble chambers have some difficulty separating A's from K°'s. The Ki's
so far have been identified solely in bubble chambers either by their
decays or by stopping. Because of very strong bias toward low energy K's,
and the very low efficiency, charged K identification has not been used
so far in any systematic way.

£) Summary of Existing Detectors. It appears worthwhile to end

this purely experimental section with a table summarizing the vital sta-
tistics of the existing neutrino setups. This list will soon be enlarged
by the new CERN-SPS detectors and the new Cal-Tech-Fermilab-Northwestern

detector.



-13-

v Beam
——.—-——-—»

Bubble Chamber

Vacuum Tank Middle Belt of EMI

Zinc Absorber Proportional Chambers
Additional Zinc Absorber i

Magnet Coils

-EMI Proportional
Chambers

Zinc
Additional Zinc

Beam Direction -

X

Bubble Chamber
Vacuum Tank

3049A9

Fig. 4 The External Muon Identifier for the 15' Fermilab bubble
chamber.



TABLE II

Experimental neutrino setups.

Group Detector Size/Fid.Size Laboratory Proton Ener&z
HBC 7' BNL 30 GeV
- HBC 12' Argonne 12 Gev
HBC 15" 3 Fermilab 400 Gev
GGM 12'/3m CERN 25 GeV
HPWF Liquid Sc. 60 tons Fermilab 400 GeV
CITF Fe 170 tons Fermilab 400 GeV
USSR Te 96/34 tons Serbukhov 70 GeV
CIR Al 26/8 tons BNL 30 GeV
HPW Liquid Sc. 33 tons BNL 30 GeV

IITI. NEUTRINO PHYSICS AND THE NAIVE QUARK MODEL

We would like to start the discussion of the status of neutrino physics
by summarizing the predictions of the naive quark model and show its ex-
cellent agreement with what was known 3 years ago. Very briefly the
essential features of the simple quark model are the following.

The neutron and proton are each composed of three quarks, namely
2d + u and 2u + d respectively. The up (u) quark carries a charge of
+ 2/3, the down (d) quark a charge of -1/3. In addition, there may be a
sea of quark-antiquark pairs whose presence would be exhibited mainly at
low values of Feynman x. The quarks are point constituents without any
form factors and thus lepton nucleon scattering can be treated in terms
of superposition of fundamental current - quark interactions. All the
weak interactions occur via V-A couplings and thus only the left handed
quarks (or right handed sea antiquarks) participate in the ;eaction.
Finally, since the same quarks also are responsible for the deep inelastic
e-p scattering, the structure functions, i.e. 'momentum" distributions of
the quarks in the nucleons, as derived from e-N scattering can be carried
over directly to the neutrino interactions.

This simple picture leads right away to several quantitative pre-

dictions. Thus, since the fundamental charged current neutrino reaction
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can occur only on the down quark, i.e.

vd=>uuy

the vn to vp cross section ratio should be 2 to 1, a simple consequence
of the relative number of the down quarks in the two nucleons. More re-
fined analysis,7) incorporating the actual structure functions and the

sea quarks, yield predicted ratios of between 1.57 and 2.05 in fair agree-

ment with the experimental numbers of

1.48 + 0.17 7' BC experiment at BNLS)
1.4 + .3 12" BC experiment at Argonneg)
10)

2,1 + 0.3 Gargamelle experiment

Another simple prediction is the agreement of neutrino derived struc-
ture functions with those obtained from the ep scattering. _This agreement
11)

was first seen in the Gargamelle data and is illustrated in Fig. 5.

One should emphasize here that the agreement of the absolute normalization

constitutes an experimental verification of the mean square charge of the
quark in the nucleus being 5/18 as predicted by the quark model. This 1s
because the coupling of the electromagnetic current to the quark is pro-
portional to the electric charge squared, a factor which is absent in the
weak current coupling. Alternatively we can look on the size of the
neutrino cross section as constituting a measurement of the mean square
charge of the quark.

The relative size of the neutrino and antineutrino cross sections
also follows directly from the quark model, it being the consequence of the
V-A nature of the coupling. If we look at the neutrino quark scattering
in the center of mass both 0 and 180° scattering are allowed by the re-

quired helicity and the conservation of angular momentum.
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the angular momentum and maintain the proper helicity of the two scatter-

ing particles. More quantitatively, in terms of the scaling variable
E

y= T the neutrino distribution will be flat and the antineutrino one
v

will follow (1—y)2, giving the required zero at y = 1 i.e. 180° scatter-

ing in the center of mass system. Integrating we obtain’ the predicted

ratio

TOT
0"—
-y
TOT
g
¥

= 1/3

to be compared with the original experimental results of

0.38 + 0.04 1-10 GeV e 2
0.40 % 0.11 38 GeV crr-p
0.23 + 0.11 110 GeV crr-r 13
and 0.3 £ 0,03 10-30 Gev mewr 1Y),

Similarly the original "low energy' (i.e. Ev,; < 30 GeV) data appeared to

reproduce the predicted do/dy distributions for both the v and v scattering.
Finally, the total cross section for v and v interactions should

follow a linear behavior with E, a consequence of point nature of the

neutrino quark scattering. The agreement with the data as of two years

ago was indeed excellent as can be seen in Fig. 6.
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not tested rigorously, the low energy neutrino data appeared to be in very

good agreement with the predictions of the simplest quark model.

IV. 4 QUARK MODEL PREDICTIONS

We consider next the ramifications of the 4 quark model on the

neutrino physics. 1In this picture the hadronic current becomes
cm  — -
J7 =u 1-y.) d + ¢ 1-y.) s
" Yu( Yg) d, Yu( Ys) 8,
where d =dcos 8 + s sin 6
c c c
s ==-dsin 8 + s cos €
C [ (o4

and the s and c are the strange and charmed quark respectively and Gc is
the Cabibbo angle. -

We must remember now that the Cabibbo angle is small, i.e.
sin2 Gc A 0.05 and that the number of s and ¢ quarks and antiquarks in the
nucleons is supposed to be small, since their only sourc; is the sea of
quark-antiquark pairs that should be important only at low x. It is for
these two reasons that the naive 2 quark model can be expected to give
good results even if the 4 quark picture represents the "ultimate truth".
This is especially true at low energies where the charmed quark production
is negligible or even below threshold.

We may now consider specific mechanisms that. can lead to charmed
particle production in neutrino interactions.

a) v d >y c. This process would be suppressed by éinzec with
respect to other charged current reactions. Furthermore, the equivalent

process involving the valence quarks does not exist for the v's.

> W e
+ -
> U c

b)

<
n

<!
i

This process must proceed off sea quarks. Thus it should be dominant

at low x and the general level should be “5-10% (i.e. fraction of sea
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quarks indicated by low energy neutrino experiments).

¢) vc > yus c quark is "liberated"

- + -
ve = U 8 c quark is "liberated"

This process should be suppressed even more than (b) as the cc sea
is expected to be even smaller than the ss sea due to the higher mass of

the charmed quark.
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quantum numbers as the weak current and thus the weak current could trans-
. 15) | . *

form directly in the presence of a nucleon into F . However, because

of observed low production of p mesons in the neutrino interactions, which

can also proceed via this mechanism, this process is expected to be rela-

tively unimportant.

We can now turn to the question of the signatures of the charmed

particle production in neutrino interactions.

a) Bumps in the Hadronic States. These would have to have specific
features in order to be associated with charm particles;
Narrow - i.e. consistent with resolution, since the charmed ground
states would decay via weak interactions.
Massive - the mass would be expected to be around 2 GeV.
Strange - the predominent decay modes could be expected to involve
strange particle decay.
Exotic - the charge and étrangeness quantum numbers of the parent
state would be expected to have opposite sign.
This is certainly a classical way to look for new short lived particles.
For several reasons, however, it is difficult as far as charmed particles
are concerned. Firstly, at the present time it is accessible only to the
bubble chambers and thus the numbers of events are rather limited. Second-
ly, the many expected decay modes require large statistics to obtain a

meaningful signal. Finally, one expects large multiplicity because of



ant. Low Z chambers have good resolution but poor detection probability;
the high Z chambers have much better detection efficiency but much worse
‘resolution.

The present statistics of bubble chambers are too limited to offer
any substantial contribution here, but one can expect significant increase

in the data in the r

1ext few years.

b) Di-lepton Production. The charmed particle production can give

rise to dilepton production via the mechanism
v+ N>y + C+ hadrons
L ,*
& + v + hadrons
where C is some charmed meson or baryon. This mechanism would yield di-
leptons of opposite sign because of the AQ/AC rule which is operative here
both in the production and the decay processes. Some additional features
associated with this process which would lend further credence to charmed
particle production interpretation are associated strange particle pro-
- +
duction, asymmetry between u and y , i.e. mostly Pu_ > Pu+, and relative-
. +
ly high PT of u .

c) AQ/AS Violation. There is by now very good evidence from low

energy weak decay processes that AQ/AS rule holds down to the level of a
percent or so in amplitude. The combined production and decay process of
a charmed particle in neutrino interactions is expected to yield AQ = -AS

since the production process would have AQ = + 1 and AC = + 1 and the

decay process AC = ~1 and AS = ~1. Thus observation of a reaction with
AQ = -AS would be strong evidence for charmed particle production. Un-
fortunately, to be convincing, any purported evidence for AQ = -AS must

be able to exclude associated production, i.e. other missing strange par-
, o
ticles. These could be charged K's misidentified as w's or escaping KL's.

Thus this technique must demonstrate the absence of missing K's either on
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a statistical basis, necessitating good statistics, or on an individual
basis by means of a highly constrained fit. The latter situation would
strongly favor low energy where, however, the charm production is expect-
ed to be smaller. It is doubtful that any other detector besides bubble

chambers would be able to demonstrate AQ/AS rule violatiom.

d) Strange Particle Excess. TFrom the production mechanisms dis-

cussed above, and the fact that charmed particles should decay predom-—
inantly into strange particles, we can anticipate one or two strange
particles in the final state for every charm event. Thus one might ex-
pect a rise in strange particle yield well above charm production threshold.

e) Anomalies in Scaling Variables. Charm production would represent

an onset of new phenomena and thus would imply that there is a relevent
mass scale of the order of few GeV. Thus we would expect a change in
scaling variable behavior when we pass the charm threshold. Most specifi-
cally, for kinematical reasons, the effects of new particles soon after
threshold would exhibit themselves as enhancements at low x, high y, and
high W.

In conclusion, one should point out that at least some of these mani~
festations, e.g. dilepton production and scaling variable anomalies, are
not specific to the charm model, but would apply equally well to any new
particle production with new quantum number. What distinguishes the
charmed particle model from other possibilities is the specific nature of
its predictions. It not only makes additional predictions regarding
strange particle excess, but it also sets at least approximately the level
at which charmed particle production may be expected. This level is rela-
tively small due both to the smallness of the Cabibbo angle and the fact
that the sea contribution, as measured by the initial neutrino experiments,

is relatively small (i.e. at the 5-107 level).
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V. EXPERIMENTAL STATUS OF DILEPTONS

a) Experimental picture of pe Events. The initial pe events pro-

16)

duced by neutrinos were observed in the Gargamelle exposure at CERN

BecauSe of the very short radiation length, the electron identification
is unambiguous as can be seen from one of the events displayed in Fig. 7.
. .t . . .

The main background comes from asymmetric e~ pairs, resulting either from

Dalitz or external conversion of y rays. On the basis of analysis of

44.5 K charged current events with visible energy greater than 1 GeV one

. 17)

can reach several conclusions.

- + .
1. y e Vo events are seen. 3 clear examples have been observed, in
two of which the V° is ambiguous in its interpretation between
K® and A. In the third event the V° is definitely a A. In addi-
tion a fourth event has a neutron star and 2 external ei conver—
. . . . o
sions but no V°. Thus it is a strong candidate for a A » nmw
-+
decay. The expected u e v° background is less than 0.1 event.
-+ . 0

2. ¥ e events without a V' have also been seen.

3. there is a strong correlation between the observation of a

1 e event and presence of a vO. 1f they were uncorrelated, one

- +
would expect 256 (rather than 16 observed) u e events based on
-+
3 seen y e v° events.
+ -0 .= .

4, there were no y e V events seen in v events (in a sample about
1/5 as big).

5. the authors do not quote a rate for this process but an estimate
can be obtained from previously published upper limit on charm-
ed particle production (Fig. 8) based on a sample of 6.1K charg-

-+ 0 .
ed current events and 1 observed u e V event. Assuming the

same neutrino spectrum,we get for production cross section by

neutrinos above 3 GeV
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Incoming neutrino

£ one of the 3 uevo events seen in the Gargamelle.

Fig. 7 An example ©
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g + BR
S - gx1077 x 213 x %Zl? X 3 a 1.5%1073
Stor . y .

The results on the pe search of the Gargamelle Collaboration are

summarized in Table IIT.

-

TABLE III1

Observed and expected (from background sources) numbers of e events.

Numbers of Events
Event Type

Observed Expected
u e+ v° + anything B(i) v o9 x 10—2(1)
W e+ + anything 16 5+3
W e + anything 23 25.6 + 8.0
e” V0 + anything 5 2.5+ 0.8
e+ + anything 6 5.4 £ 1.6

)

These numbers refer to the full experiment (44500 CC events
above 1 GeV) whilst the remaining numbers refer to the 1975
run (34100 CC events above 1 GeV).

The Columbia-BNL group has tried to extract information on pe pro-
duction from their experiment designed to study neutrino nucleon elastic
scattering using an array consisting of Al spark chambers and scintilla-
tors.ls) The muon identification is straightforward, but the electron
identification is very difficult, the main backgrounds being y ray con-
versions near the interaction vertex and ve interactions (about 1% of
events.) The pe events are isolated by requiring the first spark of the
"electron" track to be close to the vertex and a reasonable length of
straight track before shower initiation.

The authors claim observation of 7 events, of which at least 4 they

-+
believe to be genuine u e events. They quote the rate for observed events

ue -4
Kii—& 3x10
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On the other hand, one must remember that the cuts are very severe, so
that if the analysis is correct the actual rate must be considerably higher.
Recently the Wisconsin-Berkeley~CERN-Hawaii grouplg) presented the
first results from the exposure of Fermilab 15' bubble chamber filled with
a light Ne—H2 mixture to a wide band horn focused neutrino beam. The 20%
Ne mixture shortens the radiation length to 110 ecm and thus allows one to
identify approximately 50% of the electrons above 800 MeV by looking for
accompanying tridents, conversion pairs, or sudden changes in curvature
(bremstrahlung). By following the identical procedure on converted Y rays
the actual conversion efficiency has been measured to be 48 + 7% and
essentially flat for electrons above 800 MeV. The collaboration draws
several conclusions based on a scan of some 5000 V interactions with the
total observed energy above 5 GeV.

1. 15 u—e+ events have been observed.

2. There is a strong correlation between those events and the
presence of a strange particle. More specificdlly, one sees in
association 7 K°'s, 2A's, and 2 V's ambiguous between K° and A.
Furthermore 2 K+'s are identified unambiguously. This should
be compared with 167 of all charged current events at this energy
being associated with a ve. 20)

3. The observed number of K°'s, after correcting for neutral and

Kz decays yields the average number of Kp's/event <NKO>= 2.0+0.6.

- +

4. There is a strong asymmetry between p and e , with
<P _>
—E - 6.6
<Pe+>

5. There is no evidence for any apparent production threshold, with
a possible hint of cross section dropping somewhat below 20 GeV.
6. The production rate depends on the specific model assumed for

charmed particle production and decay, since the experiment is

sensitive only to electrons above 800 MeV. Taking
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21
Barger's and Phillip's model ) of D » K ey decay, one obtains

+ -

tEy(1+0.3) x 1072

The same fill of the bubble chamber was also exposed to the wide
band horn v beam by the FNAL-THEP-ITEP-Michigan collaboration.zz) Qut of
a total of 644 events with energy greater than 10 GeV they find one rather
poor candidate, with E_ = 36 GeV, where a background of 0.4 + 0.2 events
is expected. The uppeﬁ limits on the total new particle production rate

times the branching ratio into pe(VP) are given as the function of energy

in the accompanying table.

TABLE IV

Upper limits on e production by antineutrinos.

5; ¥ v Events TONPILIOND o (ute V) /o (')
>10 GeV 644 < 1.0% < 0.6%
>20 GeV 366 < 1.7% < 1.0%
>30 GeV 191 < 3.2% < 1.9%
>40 GeV 88 < 4.17% < 4.1%
*
) An average correction for neutral energy loss has been applied.

. + - + -
b. Review of the py py Situation. The first 2 u u events produced

in neutrino interactions have been observed by the HPWF group some 3 years

23)
24)

ago and reported at the London conference. Since that time the group

has considerably extended this investigation by greatly increasing the
statistics, studying the phenomenon with several different>beams, and do-
ing a more detailed analysis of all the relevant variables. The muons
are required to penetrate through sufficient steel so as to unambiguously
eliminate the possibility of hadron punchthrough. This does, however,

set a lower limit on the detectable muon momentum of 4 GeV/c.

The main conclusions reached by the HPWF group are the following.
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the events definitely do not come from 7 and/or K decay and thus
must represent new physics. The basic justification for this
statement comes from the fact that the production ratio in light
(l1iquid scintillator) and heavy (iron) target are the same.
Those two targets differ in their mean density by a factor of
3.54. To take into account the slightly different detection
efficiencies for the two targets a Monte Carlo calculation was
performed yielding the result that n-K decay process can be ex~
cluded as the sole source of u+u— events at the 4g level. These
results are presented graphically in Fig. 9.

The visible energy is high but the ratioc of p+u_ events to all
the charged current events is constant above about 40 GeV.

More specifically one obtains

+ -~
£~£:-= (0.8i0.3)x10—2 at Ev = 100 GeV based on 51 p+u_ events
u
T 2 + -
and & “_ = (0.9+0.3)x10 © at Ev = 55 GeV based on 14 u u events
u

The large neutrino energy responsible for these events is
illustrated in Fig. 10 where for comparison we also plot the
energies of the first 7 u_e+ events observed in the 15" B.C.
and the calculated v spectrum for the conditions under which
these u+u— data were taken. One should be very careful, however,
about drawing any conclusions about threshold from these data
since there is a strong bias against detection of lower energy
neutrino events. Without a specific production and decay model
it is impossible to estimate the actual magnitude of this bias.
Furthermore, one must remember that the une+ events have quite
different biases and were taken in a horn beam that strongly

emphasizes lower energy neutrinos (c.f. Fig. 2a).
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3. there is a strong asymmetry between p and y with ratio for
all events being

<p >

= 3.7 + 0.65.
<p,>

Some fraction of these events are most likely caused by
the antineutrinos since the data were taken in a quadrupole
focused beam. Thus if one makes the assumption that the higher
energy muon carries the lepton number of the incoming neutrino,
then one can remove the 9 events with P_<P+ on the assumption
that these are produced by v.

One then obtains for the ratio

<P >

>
<P,

= 6.1 + 0.8

The support for the validity of this assumption is provid-

5)

ed by the independent run2 with a double horn y beam which
yielded 5 u+p— events,4 of which had P+ > P_. This is quite
significant since v/v ratio in that beam is of the order of 10.

For the v horn run one obtains the rate ratio of

o -2
-“-—‘5;=(2¢1)x10

i
i.e. consistent with the v data.

4. The projected transverse momentum distribution of the "wrong"
sign muon is considerably higher than that of the typical badron.
The transverse momentum is defined as being out of the plane
defined by the neutrino and the right sign muon. Furthermore
the distribution appears to cut off around 1 GeV/c. The defini-
tion of the transverse momentum and its actual distribution
(on a semi-log scale) are illustrated in Fig. 1l.

4+ -
Soon after the initial observation of thé y y events by the HPWF

group, these results were corroborated by an independent experiment of
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by the requirement of penetration through 2m of Fe, or effective cut on
the muon momentum of 3 GeV. The fundamental limitation of this experi-
~ment was the small solid angle subtended by the 5' diameter magnet at the
end of the apparatus. Thus in a large number of dimuon events‘either one

or both of the muons could not have their charge identified. The overall

TABLE V

Number of single and double muon events.

. "Right Sign" Both Charges
Beam 1u AT Identified Tdentified
v 2313 19 8 4
v 446 2 2 0

One can again draw several conclusions from the data, supporting
those of the HPWF group.
1. There seems to be an excess of observed 2u events beyond the

number expected from T or K decay as illustrated in Fig. 12.

2. All of the events where both momenta are measured satisfy
PU_ > PU+ and give
<p _>
N
——— = 3.6
<P 4>
U+

3. As seen from Fig. 13, the ratio of 2y to single p events appears
to increase with energy; more specifically it appears to be con-
siderably higher for the v's originating from K decay (EuQISO GeV)
than for those from the w7 decay (EVQSO GeV). Again one must ask
how much of this effect is due to experimental bias as opposed
to any threshold phenomena. The answer to that question must
await better data but several remarks can be appropriately made
here. The Pp > 3 GeV cut is already a severe detection limita-

¥

tion at low energy but one should emphasize that for most
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configurations the effective cut is even higher. This is due
to the fact that for typical PT'S of the second muon (<PT+> =
1.2 GeV/c for the 4 events with both u's through the magnet)
the probability at low incident energies that the muon will leak
out through the side of the apparatus before it has a chance to
penetrate 2 m of iron is quite high. This will increase the
PU cutoff to somewhere around 6 GeV/c for the CITF geometry,
strongly suppressing the probability of observing and identify-
ing dimuon events at the lower energies.

We end the discussion of the u+u— data by summarizing the results
from Serpukhov.27) The groups there performed 3 runs: 2 with different
v spectra and one with a v beam. The spectra for these three runs are
illustrated in Fig. 14. As can be seen v run 2 has the high energy end
of v spectrum enhanced compared to run 1. By defining a muon as a particle
penetrating 0.48 m of Fe ome can obtain a preliminary ratio of 2u/u events
for the three runs. These results are indicated in Tablé VI and show a
significant rise of this ratio when the high energy part of the spectrum
is enhanced.

TABLE VI

Number of single and double muon events in Serpukhov experiment.

Run Beam No. of Protons # 1u # 2u R = Zﬁ

1 N 9.4 x 10%° 11830 91 77 x 1072
2 N 13.6 x 100 8270 173 2.09 x 1072
3 3 15.5 x 10-° 3600 19 .53 x 1072

The majority of the "2)" events, however, correspond to the events
where the other muon is either a 7 or K decay product or a hadron punch-
through. Accordingly, for each run a Monte Carlo calculation was per-

formed to calculate the expected number of "2y" events due to such
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conventional mechanisms as a function of the definition of the muon. The
variable parameter in defining the muon was the amount of Fe that was re-
quired for the muon to penetrate. The results of this calculation, as
well as the experimental data, are displayed in Fig. 15. A significant
deviation is seen for run 2 for the muons above a certain energy, which
the authors interpret as the evidence for dimuon production by neutrinos
involving a new mechanism.

It is difficult to quote an absolute rate but the authors claim that

their results are consistent with

+ -
B o 1072
U

for neutrino energies above 10 GeV.

c. Interpretation of the Dilepton Data. Before discussing the

comparison of the dilepton data with the charm picture one should briefly
dispose of some of the other possible mechanisms that could have generated
dilepton events (see Fig. 16).
1. neutral current + V° +»p+p—. This process would give dimuons
with unique {(or a set of unique) mass values and could not
(in the context of conventional ideas) give pe events. The ob-
served continuum of the Muu spectrum and the presence of pe
events excludes this hypothesis.
2. vp < vp scattering. This process is very interesting in its

28)

own right and as such has been calculated extensively. The

observed rate is far too large to account for the observed
events and some of the theoretical distributions Aiffer greatly
from the observed ones. Specifically, these 4-fermion inter-
action events should be quasielastic, i.e. display a low total
hadronic energy and give Muyp mass peaked near 2, masses. Both
of the experimental distributions deviate markedly from these

predictions.
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W boson production. If the W boson is responsible for the ob-
served dilepton events, then its mass would be in the vicinity
of 5 GeV. This would have two important repercussions, both

of which are in disagreement with the data. The transverse
momentum of u+ would be about a factor of 2 wider than the ob-
served one and one would see important propagator effects in the
total cross section, none of which are seen. 1In addition omne
would expect Pu+ > Pu_ contrary to the experiment.

neutral heavy lepton production. This has been an interesting
theoretical possibility and has been studied rather extensively.
There are now, however, several strong arguments against this
possibility. Firstly, in heavy lepton decay both muons would
be produced locally and thus MUU spectrum should -be independent
of the energy of the incident neutrino. The opposite appears

to be true, the mass spectrum becoming wider with increasing
neutrino energy.

Even more important is the argument put forth by Pais and

Treimanzg) which shows that on very general grounds the ratio
R defined by <P _.>
R = St
<P >
U+

must satisfy the condition %~< R < 2 if we limit ourselves to
V, A couplings. In full generality the condition becomes
(9-4v2) /7 < R < (9+4/2)/7. As discussed above, this prediction
is in strong disagreement with the data and thus appears to ex-
clude the heavy lepton hypothesis. The experimentally observed
ratio R may conceivably need some correction due to contamina-
tion by u's from 7 or K decays and possible confusion as to the

v Or v source of the event but it is highly unlikely that these

numbers could be brought anywhere close to the Pais Treiman limit.
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new hadron production. This then brings us to the most likely
interpretation of these events namely a production of a hadron
with new quantum numbers, which subsequently decays leptonically
(or semileptonically). It remains to ask the question whether
the data are self consistent and whether they agree with the
30)

several predictions of the charm (GIM) model.

Association with strange particles - One might expect that at

low energies, i.e. in Gargamelle exposure, the charmed particles
would be produced off valence quarks, and thus unaccompanied by
strange particles. At these low energies we would expect pre-
valence of charmed baryons and only one strange particle in the
final state. At higher energies e.g. 15' exposure at Fermilab,
production off sea quarks might become more important resulting
in 2 strange particles in the final state. Certéﬁnly, the corre-
lation with strange particles appears to be well established
experimentally in both experiments; there may be even indica-
tions of too high a kaon yield at higher energies if one assumes

that N_, = ﬁK+' However, the statistics are too limited on this

KO
point to say that the GIM model is violated here.

Spectra - We can compare here with a specific model of Barger
and Phillips that assumes a charmed meson mass of 2.3 GeV and

a decay into a Kev final state without any hadronic form factor.
The agreement of the HPWF data with these predictions is quite
good, as can be seen from Fig. 17.

Rate ~ What we observe is a product of charmed particle produc-

tion rate times its semileptonic branching ratio, i.e.

9 charm ‘ Bcharm -+ %v hadrons

CHARM - all

GCh Curr

where the branching ratio is an average over the several possible
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section. According to the basic ideas discussed above we would

expect:

Furthermore, a reasonable guessBl) for the leptonic branching
ratio is also about 10%, giving a product of 1%Z. In comparing
with the data one must keep in mind that the dimuon data needs
an appreciable correction because of the muon energy cutoff. In
the Barger-Phillips model, that correction factor is about 3.
Thus we conclude that there exists a fair agreement, with a dis-
crepancy of maybe a factor of 2 or 3 between pe and up data, the
up data being slightly high.
Threshold - for the process

vu N~ C u—
the threshold is P = 2.5 GeV/c if one takes M = 2.25 GeV. The
fact that all three GGM events occur above 3 GeV is consistent
with this picture.

MKe and MAe spectra — if both the electron and the strange particle

originate from the decay of one particle then the effective mass
of this di-particle system must be less than the mass of the
parent. The fact that the mass of this system is below 2 GeV
for all the measurable observed events indicates that here too
the agreement with the GIM model is quite good.

d) Dileptons of Same Sign. The HPWF group have also reported ob-

servation of 7 u—u— and 3 u+h+ events. The natural question here is again
whether these events represent a new phenomenon or come from an uninter-
esting source like a secondary m or K decay. The fact that 7 out of 10
events (see Table VII below) came from the iron hadron filter and only 3

are produced in much lighter liquid scintillator appears to argue against
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TABLE VIT

- - + +
Parameters of the 1 u and u ¢ Events

Ey F1 &) %12 Fra Fe2
Target (GeV) (GeV/c) | (GeV/ce) (mr) (GeV/c) (GeV/c)
Filter 53.3 11.5 111 .58 .16
Filter 30.6 14.0 67 6 6
Filter 57.9 38.8 89 34 14
Filter 25.2 12.8 81 .09 36
Calorimeter 123 51.7 6.1 65 1.9 38
Filter 14.1 5.5 300 4.0 1.1
Calorimeter 22 19.9 4.2 295 2.7 .33
Calorimeter | 22 8.8 4.8 68 .36 .13
Filter 17.5 9.1 255 .17 .37
Filter** 28.5 2.4 125 .05 .33
*% + +
S -

the decay hypothesis. On the other hand both the momentum distribution
and the PT distribution of the lower energy muon appear lower than in the
case of u+u_ events, indicating that the m-K decay may not be an insigni-
ficant source. Finally one must remember that the HPWF Monte Carlo analy-
sis of the u+p— events indicated that within one standard deviation about
25% of them could be due to 7 or K decay, a fraction that corresponds to
a total number that is higher than the observed number of pii events.
Nevertheless, it is interesting to speculate about the possible ori-
gin of these events if they do not come from w or K decay. An obvious
possibility would be the associated production of the same new particles
that are responsible for p+u— events. This would be very exciting, as it
would point to a relatively high cross section for new particle production
in hadronic interactions. Of course, only time and better statistics will

resolve this question.
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VI. AS/AQ and STRANGE PARTICLE PRODUCTION

As mentioned previously, charm production should exhibit itself as
an increase in strange particle production, due both to the high proba-
.bility of producing strange particles in association with charm, as well
as due to the supposed preference of charm decay into strange particles.
The Table VIII below gives the fractions of all charged current events
which have at least one strange particle associated with them, for differ-

ent average energies of the neutrino beam. As can be seen there does

TABLE VIII

Fraction of charged current events with 1 or more strange particles.

Chamber Fill Beam Ev’s Fraction Reference
12! H,D v 2 GeV 7 + 47 32
GGM Freon v > 1 GeV 8§ + 2% 33

7' H,D v > 4 GeV 8 + 3% 8
15" H v 23 GeV 18 + 72 - 20
25" H v 38 Gev 16 + 3% 34

indeed appear to be a rise with the energy. The question remains, however
to what extent that effect can be ascribed to purely kinematical effects
like the simple increase in multiplicity in energy. The measurement charg-
ed prong multiplicity35) increases from an average value of 3.84 for

15 < Ev < 30 GeV to 5.25 for Ev > 50 GeV. This increase thus appears to be
too slow to account for the whole effect and the rise in the strange particle
yield probably does have a dynamical explanation.

We turn next to the question of AQ/AS violation as evidence for
charmed particle production. The evidence against AQ = -AS comes from the
absence of several decay modes, namely

a) in K%, RK°® system R° 4 et and k% 4 &~

b) absence of ol > n gty mode

c) absence of KT - 11T ev mode.
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The data is good enough to exclude the AQ/AS amplitude at the level
of 1% or so in amplitude. Thus evidence for its violation in v interac-
tions would be a strong evidence for charm production. This rule would
éppea;\to be violated if the charmed particle production proceeded off a
valence quark, resulting in AS=0 and AQ=AC=1 in the production process.
If subsequently the charm particle decayed via strange particle mode, the
decay would obey AC=AS= -1, resulting in the overall AQ= -AS. This pro-=
cess might be expected to dominate close to threshold since the charm
production off the quark-antiquark sea is expected to become more import-
ant at higher energies.

The now famous BNL event, illustrated im Fig, 18, dis very likely omne of

36)

the first examples of production and decay of a charmed particle. The

observed event fits the interpretation
vp - u A ﬂ+ﬂ+ﬂ+ﬂ_
and is reported tc have only a 3x10*5 probability for other interpreta-
tions. The total sample of charged current events out of which this event
was found included 335 events, 14% of which had Ev > 4 GeV, and
1.5% Ev > 20 GeV.
If one interprets the event as
wp > ¢t

L, + + + -

Armwmwmw

then the mass of the charmed baryon C turns out to be 2426 + 12 MeV.
20)

Corroborative evidence for this process was looked for. at Fermilab
in the 15' bubble chamber filled with liquid hydrogen. Because of'higher
energy the probability of missing 79's is very high and thus one can only
make the argument on a statistical basis. In the total exposure 17 single
A events were found and 3 events with both a A and a K:. If one assumes

-+
KZ, K production equality then the calculated number of AQ=-AS events

turns out to be 17-5.3%x3=0.8. Thus at a 90% confidence level one can put
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Fig. 18 The BNL event appearing to violate AQ = AS rule.
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the limit on the AQ=-AS process at less than 3.6% of all charged current

events for neutrino energies above 10 GeV.

The search for AQ=~AS is equally difficult in Gargamelle exposure
. becamse of the much worse measuring accuracy and a complicated target,
which make kinematical fitting impossible. In that exposure out of 1450
charged current events with hadronic mass W satisfying W > MK‘+ MA’ 28
single A events were found with a detection probability of 52 + 47. All

33)
of them, however, are consistent with having another strange particle.

VII. SCALING VARIABLE DISTRIBUTIONS

We start our discussion here with a very brief review of the stan-

dard formulas used in discussing neutrino interactions. The scaling vari~

ables x and y are defined by

X = - q2/2v and y = \)/mp Ev
where v is the measure of inelasticity defined by v = mp(Ev_Eu)'
The 2 dimensional scattering formula then becomes
2 v,5 G’mE 12_ XW
do™™” _ PV Fz(x)(l—y) + 2 x Fl(x)2 7 X F3y (1- 2)
dx dy T J
G2m E 2 T
oM R G ey + 3 @) Fy (- %) (L-R)
™ ' _
with R = oR/ (Q’R + OL + ZUS) and L = cL/(oR + OL + ZGS)

and the - sign in the original expression corresponding to the v scatter-

ing and the + sign to antineutrino scattering. The o are the

R’ 1’ s
cross sections for the right handed, left handed, and scalar scattering.

The F's are scaling functions related to the quark antiquark distributions

in the nucleon. The Fl and F2 can be obtained from the deep inelastic

electron scattering, but F,, representing V,A interference must be obtained

3

from the difference between neutrino and antineutrino scattering.
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It is conventional to define quark, antiquark distributions
q(x), g(x) by

90, GG = 3 F,(0) F x Fy()

and a function B(x) that is related to quark, antiquark asymmetry in the

nucleon
xF3(x)

_q(x) - g(x) _
BOJ = g0 1 T T

Finally, if the nucleon constituents (quarks) have spin 1/2, we have
the Callan Gross relation FZ(X) =2 x Fl(x).
In terms of this nomenclature we can rewrite the equation for the differ-

ential distyribution as
2 v sz E
g

d PV [q(X) + a<x><1-y>2]

dxdy ﬂ

il

and a similar relation for cv, with q(x) and q(x) interchanged.
Alternatively we can write
dzov,G szpEV - 2 1;]
= F -y + + -
dxdy ) 2 (x) dx L(l b 2) t By 21

Now, in the quark model we can turn proton into a neutron by merely inter-
changing the down and up quarks. Since the neutrinos can interact only

with the down quarks and antineutrinos with the up quarks, this state-

vp

. vn . . .
ment leads to the conclusion that Fi =Fiv . Finally, since an isoscalar

target ( a good approximation for most nuclei) is composed of an equal

v v
number of neutrons and protons, we must have Fi = Fi , a statement known

as charge asymmetry. This right away leads us to the prediction that

do” - dov l
dy ‘'y=o dy ‘'y=o

provided only that charge asymmetry holds, i.e. sz(x) = sz(x).
We can also see easily from the above formulas two other predictions
based only on the validity of scaling. Clearly the integral over the

functions of x and y is independent of energy if scaling holds and thus



- 52 -

the total cross section must increase linearly with energy. Secondly, as
Ev increases the range of v also increases linearly and since x = Q2/2v
that must imply that <Q2> must also increase linearly with energy.

We would like to discuss next the restrictions placed by the kinema-
tics on the scaling variables in new particle production. It is conven-
ient to discuss the threshold behavior in terms of the portion of the
qz,v plot (Fig. 19) that will be first populated just after the threshold
is passed. We start off with the standard expression for momentum trans-

fer squared, q2

2 _ 2 2 .
q = (EH mp) - Py H EH and py are energy and momentum of the total
2 2 hadronic system.

=W - 2Em +m
Hp 'p

= Wz - w? -2mn (E -m) _
P p hop

= W2 - m2 - 2
P v

. . 2 2, 2
For elastic scattering W™ = mp’ i.e. g = -2y or x=1

For inelastic scattering W > mp and thus x < 1. Thus inelastic scatter-
ing populates the qz, 2v plot below the 45° line along which are concen-
trated all the elastic events.

We consider the behavior immediately above threshold for new particle

production. If we neglect the lepton mass, then

2 2 2
(Eth + mp) - PTH =¥
2 2
and Eth = (W - mp)/Z mp

At threshold, all of the energy will go into the hadronic system

(in the approximation of zero lepton mass). Thus

E_ = = i.e. =
u Eth Ev i.e. y=1
Furthermore q2 = W2 - mp2 - 2v
= 2 E - 2
mp th v

2m E
Pt

f
N
=]
o
=t
<
1l
o
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Thus the events will first come in at the lower right hand corner, i.e.
x = 0, y = 1. As we increase the energy, i.e. E , the total hadrounic
energy EH will also increase. Therefore, above threshold

1> y> Eth/E\)

Consider now x behavior above threshold

2
X =~ q /Zv
2V = - q2 = 2v - (wz—m 2)
P
< 2v - 2mpEth
E E E
X<1____E__Ell<l_m._..;t_ll__ __.t_:ll.
- v - meyE—- yE\)

And thus the values of x will be limited to

- E
0<x <1 Eth/y N

For completeness we derive also the expression for W, i.e. the total

effective mass of the hadronic system.

EH Wz—m 2
y(l-x) = — —_P
E 2
v v
2 2
S Wo-n’p
E 2m E 2m E
Y p H p Vv
2 2
W =m + 2m (1-x) E
P Py v

Thus the new particle production will tend to populate the kinemati-
cal region of high W, high y, and low x. Thus any new thrgshold phenomena
can be seen much easier in the v interactions because the "old" physics
suppresses the ygl region through the (1—y)2 factor in the expression for
the differential cross sectionm.

We can illustrate in Fig. 20 the expected y behavior of both v and v
processes right above threshold for the new particle production and in the

asymptotic region. It remains to ask about the expected magnitude of
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Fig. 20 Expected y distribution for v (e,b) and v (c,d) right above
threshold for new particle production (a,c) and in the asymp-
tatic region (b,d). The curves are meant to be only qualitative,
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these effects. The answer here clearly depends on the specific model of
the new particle production;37) the charm picture predicts that these
effects cannot be large because:

4. sin26C is small(y0.05) and thus production off valence quarks
is suppressed.

2. the qq sea is small(w5-10% according to the analysis of low
energy interactions) and thus production from the s or s quarks
is also small. This statement assumes scaling, i.e. ability to
extrapolate to high energies the low energy results on q(x) and
a(x) distributions.

We turn now to the discussion of the data, starting with a review of
the bubble chamber experiments. Compared to the electronic experiments,
these have in common relatively low statistics, and a 1ower‘average neutrino
energy since all of the exposures have been done with the horn beam.

38)

The Fermilab~Michigan group has analyzed some 450 charged current
events representing neutrino interactions in the hydrogen filled 15' bubble
chamber. The data, displayed in Fig. 21, is in good agreement with scaling
predictions with some small excess of events near low x., A natural inter-
pretation for this phenomenon, if high statistics will indeed uphold its
validity, is the scaling violation already seen in inelastic lepton scatter-
ing, both in electron scattering data at SLAC and more recently in muon
scattering at Fermilab. 1In brief, the violation exhibits itself as an in-
crease in Fz(x) at low x as we go to higher q2 and can be upderstood theo-
retically in terms of gluon bremstrahlung models.

There have been two exposures of the horn V beam in the 15' chamber,
one in a pure hydrogen f£ill, the other in a light meon-hydrogen mixture.

The Argonne-Carnegie Mellon39)

collaboration has studied 106 events in hydro-
gen with a mean neutrino energy of 23 GeV (see Fig.22).The y distribution is

consistent with (l—y)2 form predicted by the simple quark model and the x
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Fig. 21 Results of the Fermilab-Michigan neutrino experiment.
a) average value of q° plotted as a function of energy
b) y distribution for the events in the 15-200 GeV region

c) x distribution for the events in the 15-200 GeV region.
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distribution agrees with the scaling function derived from lepton produc-
tion data. It should be emphasized however that the data is heavily domina-
ted by the low energy antineutrinos.

The Fermilab-ITEP-IHEP-Michigan groups have reported40) on 493 charged
current antineutrino interaction with energies between 10 and 200 GeV in
the light neon mixture. Their y distribution shown in Fig. 23 is consist-
ent with the (l--y)2 form plus a small constant term that is consistent

with the amount of the antiquark component derived from the low energy

ed (%)

data. The x distribution shown in Fig. 24 is consistent with the F2
obtained at SLAC except for some enhancement at low x. The authors argue
that this behavior would be expected in the region where the antiquark
contribution is large (i.e. low x) because of a relatively higher cross
section of the antineutrinos on antiquarks. Whereas the qu;rk and anti~
quark components contribute equally to inelastic lepton scattering, the
antiquarks are enhanced in antineutrino scattering by a factor of 3 re-
sulting from the difference in y distributions.

The two electronic experiments providing information on the scaling
variable distributions are those of the HPWF and CITF collaborations.
The original indications for onset of new phenomena came from the HPWF
group4l)who reported significant deviations from the (1-y)2 distribution
for the antineutrinos above 30 GeV with x < 0.1. These data are display-
ed in Fig. 25. 1In addition, if one normalizes the data by assuming equal
cross sections at y=0 for x < 0.1, then the data for x < 0.1 gives a
cross section higher by about a factor of 3 than the Vv cross 'section, im-
plying a breakdown of charge symmetry.

The more recent dataAZ)strengthens the evidence for deviation from
(1—y)2 for higher energy v data, but there no longer appears to be strong

evidence for a qualitatively different behavior below and above x=0.1.

The authors analyze all the data with x < 0.6 and fit the y distributions
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in the regions where the efficiency for detection is quite high. This
imposes a cut in Ynax O0 the data that increases with the increasing energy.
As can be seen from Fig. 26, the low energy data (E_ < 30 GeV) is consist-

- v
‘ent with (l—y)2 but a significant isotropic term appears above 70 GeV.

The data have been analyzed as a function of the incident energy in
terns of the average y value both for the neutrinos and antineutrinos, and
then compared with the predictions expected for two different values of B.
The prediction changes as a function of energy because of different accept-
ance for high y events as a function of energy. We can see from Fig. 27
that the neutrino data is rather insensitive to the‘B value but the anti-~
neutrino data appears to demand a decreasing value of B as a functiom of
energy. Within these statistics at any one energy both the v and v data
can be fitted by the same value of B, indicating consistency at this level
with the charge symmetry hypothesis.

The CITF group has recently presented43)

the analysis of their 1974
data in terms of the x and y variables. Here also there is no external
normalization since the data were taken with the fast (1 msec) spill. The

qualitative conclusions are similar to those of the HPWF group, i.e. a

flattening of the v y distribution at higher energies. More specifically,

the fits to B yield 0.64 fg'gé for the neutrinos from 7 decay (Ev= 52 GeV)
and 0.36 fg'gg for the v and v from K decay (§v=146 GeV). If one normal-
: d d
izes the data at y=0 for x > 0.1 so that ?) = OG] _in that
—‘-(—1_3—7 y=o _d; y=o

region then one obtains good agreement with charge symmetry hypothesis
for x<0.1. It should be emphasized, however, that there is no idependent
verification that this hypothesis is valid.
In general one can make the following conclusions:
1. The isotropic term in v § distributions appears to increase with
energy. This is illustrated in Fig. 28 taken from Nezrick's

Aachen talk. The statistics however are quite poor and the

effect relies mainly on the two high energy points.
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2. There is some evidence for excess of events at low x, when
compared with Fz(x) obtained from ed scattering. This is prob-

ably consistent with the recent data from lepton scattering.

-§. There appears to be no compelling evidence for charge symmetry
violation.
VIII. O OTAL AND THE RATIO cc(v)/oc(v)

The question that has not been answered by the data discussed above
is whether the flattening of the y distribution (so called y anomaly)
represents an excess of events at high y as charge symmetry would demand
or a depletion of events at low y or overall redistribution in y, both
of which would imply violation of charge symmetry. The answer to that
question can only come from a measurement of total v and v cross sections
or at least their ratio, a traditionally difficult measurement in neutrino
physics.

To date, there is only one measurement of cross sections that relies
on absolute flux measurement.lS) Even though rather weak statistically
(it relies only on 11 v events at the higher energy) it appears to be
consistent with no rise in the oc(s)/oc(v) ratio. Specifically it yields
for that ratio

0.40 + 0.11 at 38 Gev
and 0.23 + 0.11 at 107 GeV
Insofar as the detection apparatus does not see all the events be-

cause of the limited size of the magnet, one has to assume a distribution

for%g in order to make a correction. Assuming the form
y

do 2
F o+ (l-y)

+0.3
-0.15

from the observed events. Since B = 1-2a, the value of o used may be low

the CITF group uses a = (.17 to calculate the total cross section

in light of the more recent results. Too low a value of ¢ would tend to
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reduce the calculated OC(G)/OC(v) ratio.

43)

If one interprets the recent CITF results ~‘on y distribution in the

framework of charge symmetry validity at y=0 then one obtains the follow-

ing numbers for the cross section ratios

+.15
0.52 11 at 50 GeV
. n Lo +'3l ~+= TEN YT
alid V.07 _ 19 dt 10U Lev

i.e. an apparent disagreement with the older result at the high energy.
The original measurement of the cross section ratio by the HPWF
groupla)relied on a quadrupole focused beam and a calculation of the rela-
tive v and v yield based on the yield measurements of charged 7's and K's.

That result indicated no statistically significant departure from the
ratio of 1/3 up to an energy of 70 GeV.
More recently much more extensive measurements have been made44)
utilizing both a quadrupole focused beam and a horn focused beam, Three
independent methods were used to calculate the v and v flux:

1. for quadrupole beam data only, one can calculate the v, v fluxes

+ - o+ -
, T, K, K and the focusing

from the measured yields of =
prqperties of the quadrupole system. This is essentially the
same method as used in the oirginal measurement.

2. For all the data, one calculates the flux assuming the equality
and energy independence of quasielastic and N* cross sections
for neutrinos and antineutrinos. This method is used here up

to 60 GeV as the statistics are said to be too limited above

this energy.

4
3. using the arguments put forth by Sakurai, 5)one assumes the
equality of ggi-for low values of W for the neutrinos and anti-
dw

neutrinos. The range of values of W used is varied to check

the self consistency‘of the method.
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The three sets of measurements are displayed in Fig. 29 and they
appear to yield a consistent answer, namely that the ratio of cross sec-
tions rises as the energy increases and reaches a value around 0.6 at

-

100 GeV.

IX. OVERALL SUMMARY

We would like to end these lectures with an overall comparison of the
data with the predictions of the charm model, and specifically point out
which are the questions that might present most severe difficulties for
the GIM model.

We might first address ourselves to the comparison of the dilepton
data and the y anomaly, and ask whether they both could be two different
manifestations of the same phenomena, i.e. the production and decay of a
charmed particle. It is our feeling that the dilepton data appears quite
consistent with the charm picture, except possibly for too high a rate of
u+ﬁ_ events vis a vis p—e events. The two crucial questions regarding
the dilepton events are their energy dependence and the average number of
strange particles associated with each event. Hopefully both of these
questions will be resolved in the near future by higher statistics experi-
ments, like the Columbia-BNL exposure in a heavy neon filled 15' bubble
chamber.

Is the y anomaly real and is it related to the dilepton events? The
experimental evidence for the y anomaly is mounting but at the same time
the evidence increases for lack of the anomaly at lower energies, energies
where the dilepton production appears already to be high. The HPWF group
argues that both the dimuon events and the y anomaly come in around 40 GeV,
but the ue data and the recent Serbukhov results, as well as strong experi-
mental biases against detection of 2y events, argue, to me at least, a-

gainst this hypothesis.
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Furthermore, the size of the y anomaly and the accompanying rise in
v cross section, if confirmed by further experiments, appear difficult to
understand in the framework of the GIM picture, since the charm contri-
buti;; here is not expected to be very big. It is tempting to speculate
here about these phenomena being evidence for additional quark production.

6)

A variety of models can be constructed4 which can explain the data very
well if one assumes the production of a heavy quark with a mass in the
3-4 GeV range. To obtain the large y anomaly, one would have to invoke
right handed coupling for the new quark.

Another approach to the explanation of the y énomaly and the rising
cross section ratio assumes a scaling violation at high energy, or more

7)

specifically an increase in the q-q sea at high energy.4 To me, at
least, this kind of picture appears rather unattractive and ad hoc.

In summary, we can say that in spite of the spectacular success of
the GIM model in predicting the observed phenomena in e+é— annihilations
some doubt still remains whether the GIM picture describes the whole story

13

in neutrino interactions. The possibility of "something else” is very

real and only further data will help to resolve this question.
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