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A review i is given of experimental work in the field of neutrino physics carried out between 1972 and the

first half of 1977 using high energy accelerators. The methodology of neutrino experiments is examined

including neutrino beams, modern electronic detectors, and bubble chambers. Data are presented on the

measurement of total cross sections with charged and neutral currents. Results of studies of elastic and

deep inelastic scattering and their theoretical interpretation are described. The principal mechanisms of

production of new particles and the results of an experimental search for them in neutrino interactions are

discussed.

PACS numbers: 13.15.+g, 12.3O.-s

CONTENTS

1. Introduction 185

2. Methodology of neutrino experiments 188

a. Neutrino beams from accelerators 188

1. Neutrinos with a broad energy spectrum 188

2. Monochromatized (dichromatic) beams 189

3. Methods of determining neutrino spectra 190

b. Electronic detectors 190

c. Bubble chambers 192

3. Total cross sections 193

a. Total cross sections for processes involving charged currents 193

b. Ratio of the total cross sections for the interaction with neutrons and protons 195

c. Total cross sections for inclusive semUepton reactions involving neutral currents 196

d. μ-e universality 197

4. Elastic and single-pion processes 197

a. Quasielastic and elastic scattering by nucleons 197

b. Elastic scattering of neutrinos by electrons 198

c. Production of single π-mesons 199

1. Charged currents 199

2. Neutral currents 200

5. Deep inelastic WV-scattering and the quark-parton model 201

a. Structure functions and momentum distributions of quarks 201

b. The y-distribution 202

c. The x, v-distributions. Violation of scaling 204

d. Structure of the hadron block 207

6. Neutrino interactions and new particles 208

a. Fundamental mechanisms of production of charmed particles 208

b. Production of strange particles in inclusive and exclusive channels 208

c. Observation of lepton pairs in neutrino interactions 209

d. Other experiments 211

7. Conclusion 212

References. 212

1. INTRODUCTION

This review pursues the aim of systematizing the ex-
perimental studies in the field of neutrino physics that
have been performed in the last several years
(1972-1977) using high-energy accelerators.

Neutrino experiments were first carried out in the
early sixties using the accelerators of the Brookhaven
National Laboratory (USA)Cl] and of CERN.Cal These
experiments led to the discovery11' that the neutrino
that appears in decay reactions together with electrons
(ve) is a different particle from the neutrino associated
with the muon (νμ). These experiments and subsequent
ones using bubble chambers1*1 have shown that all the

fundamental characteristic features of the interaction of
neutrinos with nucleons (linear increase with energy of
the total cross section, differing interaction cross sec-
tions of neutrinos and antineutrinos, local nature of the
interaction, conservation of muon charge, production
of mesons) satisfy well the universal four-fermion
V-A theory of weak interactions with the SU(3) symme-
try of strong interactions taken into account.1 4·5 ]

Being particles that do not possess strong and elec-
tromagnetic charges, the neutrinos seem at present to
be practically the only possibility for studying the weak
interactions at high energies.

The topicality of these studies has become even more
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evident after a number of experimental discoveries and
considerable advances in the theory of elementary par-
ticles that have been made in the last few years.

In 1967 Weinberg and SalamCel proposed a minimal
renormalizable gauge-invariant model of the weak and
electromagnetic interactions (the WS model). This mod-
el stemmed from numerous theoretical studies of spon-
taneously broken symmetry groups of elementary par-
ticles and attempts to universalize the strong, weak,
and electromagnetic interactions/7·1 7 4 3

The WS model1175·1 introduced a gauge-invariant group
in which the gauge vector fields form a triplet of the
SU{2) group and a singlet of the t/(l) group. They inter-
act with two types of lepton fields: one that corresponds
to left-helical leptons combined into a SU(2) doublet,
and the other to right-helical charged leptons combined
into a U(l) singlet. Here the muonic and electronic
lepton charges are conserved separately. The photon
field is a linear combination of two neutral fields of the
singlet and the neutral component of the triplet: It cor-
responds to the unbroken symmetry subgroup involved
with conservation of electric charge, whereas the or-
thogonal linear combination of the fields corresponds to
a neutral intermediate Z-boson. The other gauge fields
form the field of the heavy intermediate charged W*
bosons. The two neutral fields are coupled by different
constants g and g' to the "weak" isotopic spin Τ and the
"lepton" hypercharge Y = T3-Q. Breaking of γ-Ζ sym-
metry arises from spontaneous breaking of the
SU(2) •> U{\) group by the Higgs scalar non-strongly-in-
teracting particles and this is responsible for the masses
of the intermediate bosons. The constants g and g' are
linked by the relationship ta.n9v=g'/g,e=gsinew, where
θν is the unknown mixing angle (the Weinberg angle).
The WS model leads to important consequences.

In this case the theory is renormalizable anditproves
possible to employ perturbation theory in any order and
to make definite predictions within the framework of a
chosen scheme. As we know well, the old theory con-
tains fundamental difficulties. For example, in the
four-fermion reaction141

νμ + e--f ν, + μ-,

which occurs only via the s-state, the cross section as
expressed in terms of the momentum Pv of νμ in the
center-of-mass system has the form

where G is the Fermi constant. Since the unitarity con-
dition implies that σ<(ττ/2)λ2, the expression given
above holds only when PVu <300GeV/c At these ener-
gies in the Fermi theory one must account for all the
higher orders of perturbation theory.C9] In the WS mod-
el one should see a change in regime of the energy-de-
pendence of the cross section at energies in the center-
of-mass system of the order of the masses of W and Z.
The latter are defined as follows in terms of

When sin2e,,, = 0.35, we have w r=63GeV, m z = 77 GeV.

Production of particles of this mass and verification
of a change in regime of the energy-dependence of the
cross sections is not yet possible with modern accel-
erators (Vs~« 20GeV). Apparently this will become pos-
sible in the next few years using new accelerators with
colliding proton beams of energy Ε > 200 GeV.

A direct proof of the gauge-invariant theory would be
the discovery of a Higgs meson. However, as analysis
shows,1-10] experimental detection of such particles is
very difficult at present owing to their large mass (a
few GeV or even > lOGeV) and relatively small inter-
action cross section.

The WS model naturally implies the existence of neu-
tral currents in the weak interaction. Hence they have
become the object of intensive experimental searches,
and they were actually discovered in v^N and then in
i>u e scattering. Shekhter11931 has reviewed the first ex-
perimental studies on neutral currents.

The detailed study of neutral currents in neutrino ex-
periments is currently one of the pressing problems of
modern elementary particle physics.

Yet perhaps the most important merit of the gauge-
invariant theory is the possibility of establishing a
deeper symmetry between the leptons and the hadrons.
Here, in addition to the three quarks (u,d, and s) that
constitute all the known strongly-interacting particles
that correspond to St/(3) symmetry, we also need a
fourth quark that has the same charge as the u quark,
but differs from it by a new quantum number. The new
quantum number charm (c) takes on the values ± 1 and
is conserved in strong and in electromagnetic inter-
actions but is not conserved in weak interactions.1' In
the scheme proposed by Glashow, Iliopoulos, andMaiani
(GIM), t l2] all the strongly-interacting particles consist
of four quarks: of left-helical isodoublets and of right-
helical isosinglets. Now one has the symmetry

where the fields are rf'=dcos0c+ssin0c and s '
= -rfsin0 c+s cos9c, and 9c is the Cabibbo angle, which
from experiment is equal to ~15°. This symmetry al-
lows one to remove one of the main difficulties in ap-
plying the WS model to weak processes with change in
strangeness that occur via neutral currents. In the WS
model with a scheme of only three quarks, the prob-
ability of the processes K°— μ*μ~,Κ*-π*νν, etc.) as
well as the mass difference of the states of the K° me-
son, K\-lQ, turns out to be 5-6 orders of magnitude
larger than the observed quantities. In the GIM schemec 1 2 ]

with four quarks, owing to the fact that the two quark
doublets enter into the weak current symmetrically, it
turns out that the neutral currents with conservation of
strangeness remain, but those with a change in strange-

mw-
2-5/^-1/2, 37.3

sin&w
GeV, mz= GeV.

"The new quantum number "charm" was Introduced into the

theory considerably earlier and was associated with a

scheme of quarks of Integral charge (see, e.g., Ref. 11).
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ness vanish in any order of the theory of the weak in-
teraction. In order that such compensations should not
be broken down by the strong interactions, the latter
must be symmetrical with respect to the two quarks c
and M. In combination with the St/(3) symmetry of the
three quarks that is invariant with respect to strong
isotopic spin, this leads to the requirement of SU(4)
symmetry. Owing to the difference in the mass of the
quarks, this symmetry is only approximate, and the
mass relationships in the lowest order of Sf/(4) sym-
metry are considerably more strongly violated than in
SU(Z) symmetry. The SU(4) symmetry leads to pre-
diction of new baryon and meson multiplets, which in
addition to the usual particles and resonances include
also new pseudoscalar and vector mesons with the open
quantum number c -± 1 or 0 (bound states c<:), and of
baryons having c = 1, 2.C l 3 ]

Two experiments in 1974 (with colliding electron-
positron beams'-14] and in hadron interactions'·153) re-
sulted in the simultaneous discovery of a heavy
(m = 3095 MeV/c2) vector meson that is relatively stable
on the nuclear scale (τ s lCT^sec). It has been desig-
nated as the t//i/)-particle. The interpretation of this
meson as the bound state cc, together with further
studies of other states in this mass region ("charmonium"
levels), have placed on the agenda the problem of seek-
ing particles having the open quantum number of
charm. l l 6 j Since we are dealing here with a new type of
elementary particles unequalled since the time of dis-
covery of the strange particles, experimental investi-
gations along this line are being conducted at practically
all modern high-energy accelerators.

The narrow peaks in the invariant masses of the neu-
tral systems Κττττπ and Kit and of the charged system
i O r V that have been discovered relatively recently in
the process of e*e" annihilation, as well as the corre-
sponding peaks in the invariant mass of the recoil sys-
tems, are very likely candidates for the lightest pseud-
oscalar and vector charmed mesons D and D*.C l 7 · 1 7 7 1 1

Neutrino experiments play a large role in the study of
charmed particles, since one can expect a relatively
large yield of them (~10%) in vN interactions. The ef-
fects of production of new particles have actually been
observed, also starting in 1974.

Another important discovery made in the process of
e*e~ annihilation, namely the discovery of anomalous
μβ pairs, is interpreted as a possible pairwise pro-
duction of new charged heavy leptons.Cl8> 1 7 6 1 If this in-
terpretation is confirmed, this will imply the existence
of an even more extensive system of quarks and a new
hadron-lepton symmetry, since the current models1 1 9 '2 0 ]

that add to the c quark one or two new quarks (the b and
t quarks) almost unavoidably lead to the existence of
new heavy leptons. Searches for objects other than
charmed particles, including heavy leptons, quarks, and
colored gluons, are also promising in neutrino exper-
iments. [ 2 U 2 2 ]

Finally, the interactions of neutrinos with nucleons at
high energies bear most directly on the study of the
more general structure of nucleons in connection with

the hypothesis of scaling and of the quark-parton mod-
els.1-16*231 As is well known, a scaling behavior of the
scattering of electrons (or muons) by nucleons has been
found at high energies in the so-called deep inelastic
region (i.e., for large energy transfers vH to the hadron
and large momenta Q2 imparted to the lepton). The in-
teraction cross sections have proved to depend only on
the variable χ = Q2/2mNi>H, rather than on each variable
Q2 and vH separately. One assumes in the parton mod-
el that if the interaction time is short, i.e., the trans-
ferred momentum is large in comparison with the char-
acteristic hadron masses, the virtual photon sees the
nucleon as though consisting of point particles, or par-
tons. If the nucleons have the momentum PN, then the
partons have a fraction of it equal to χ · Ρ v, where χ
coincides with the scaling variable introduced above, as
we see from the kinematics of the elastic scattering.
Then the probability of interaction is proportional to the
distribution function of the partons in the nucleon with
respect to the variable x, multiplied by the square of
the charge of the parton, this being associated with the
exchange of a virtual photon. One further assumes that
the partons bear the quantum numbers of the quarks.
For example, an essential point is that the half-integral
spin of the partons stems from the smallness of the lon-
gitudinal cross section in eN scattering. A distinction
is made between valence partons (for nucleons, u and d
quark;?) and the "sea" of parton-antiparton pairs
(uu,dd,ss,cc). The latter involves the fact that the
treatment of the nucleon as a bound state of three quarks
is valid only in the nonrelativistic approximation. Vir-
tually the nucleon transforms into a state having a large
number of quarks. The time of these fluctuations is
small, and hence they are important only in the deep
inelastic processes. Qualitative considerations imply
that the smaller is the value of* for fixed Q2, the larger
is the mass of the virtual states. Hence it is precisely
at small x that one can naturally expect a large contri-
bution from the "sea" of parton-antiparton pairs. We
also know from experiment that the partons possess only
about one-half of the momentum of the nucleon, while
neutral gluons carry away the rest of the momentum.
One assumes that the gluons are vector particles that
do not bear quantum numbers of the types of isospin,
strangeness, and charm, and which do not participate
in weak nor electromagnetic interactions; the gluons
give rise to the strong interactions between the quarks.

In the "color" theories of quarks'-16*24] (the new quan-
tum number "color" can adopt three values, e.g., red,
blue, and yellow, and it is needed to make the spin and
the quark statistics agree), the forces acting between
the quarks become small at small distances. That is,
the particles act as though free at large momentum
transfers ("asymptotic freedom")^25] This makes pos-
sible a theoretical explanation of the scaling hypothesis
in the deep inelastic region, and it allows one to cal-
culate by field theory technique (e.g., by perturbation
theory) the corrections to the scaling behavior of the
cross-sections, which are proportional to the coupling
constant of the gluons with the quarks and to the log-
arithm of Q2. The process of deep inelastic scattering
of neutrinos by nucleons is treated in the parton model
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by analogy with the electromagnetic interactions by re-
placing the virtual photons with the W-boson and intro-
ducing an additional form factor associated with the
V-A nature of the weak interactions. The study of the
overall structure of the nucleon in vN interactions at
high energies in the scaling variables χ and y (y is the
relative energy transfer, y = vH/Bv) is of great interest,
and one can treat any deviations from scaling behavior
as new phenomena involving, in particular, the creation
of new particles.

Thus we see from a brief presentation of the funda-
mental modern theoretical approaches to the processes
of interaction of neutrinos with nucleons or leptons their
important role in studies of elementary-particle phys-
ics.

2. METHODOLOGY OF NEUTRINO EXPERIMENTS

a) Neutrino beams from accelerators

The source of neutrinos (or antineutrinos) coming
from accelerators is the lepton decay of unstable par-
ticles that are formed by interactions of the primary
beam of accelerated protons with the nucleons of the
target material.

The bulk of the high-energy neutrinos comes from the
two-particle decays of charged pions and kaons:

{ ; > • •μ-+ν».

The most prominent contribution to the neutrino flux,
which must be taken into account at the current level of
conduct of experiments, comes also from three-particle
decays of charged and neutral kaons:

Κ -• μ + ν μ + it, Α" -»• e + ve + π.

Usually the fraction of neutrinos from three-particle
decays lies at the 1% level, and it depends on the scheme
adopted for producing the neutrino beam.

We see that from accelerators one gets beams of
muon-type neutrinos. This determines the fact that the
interaction properties of electron-type neutrinos have
practically not been studied up to now.

Figure 1 shows a diagram illustrating the production
of neutrino beams. The depicted scheme of production
of a neutrino beam is based on a proton beam taken from

FIG. 1. General diagram of the production of a neutron beam.
ρ—proton beam, Τ—target, NFA—neutrino-focusing appara-
tus, DC—decay channel, MF—nuon filter, ND—neutrino de-
tectors.

an accelerator, which is focused on the target T. The
mesons produced in the target pass through a neutrino-
focusing apparatus. The construction details of the fo-
cusing apparatus depend on the properties of the neutrino
beam that one wishes to obtain. Here mesons of the
desired sign in a selected range of angles and momenta
are focused into a nearly parallel beam (mesons of the
opposite sign are defocused) and directed into a "decay"
channel— a space where the mesons freely decay. The
decay channel ends in a massive (in most cases steel)
absorber, or muon filter. Here the remaining hadrons
and muons produced in decay events are completely ab-
sorbed. Neutrino detectors are placed beyond the muon
filter.

Table I and Figs. 2-4 give the fundamental charac-
teristics of the neutrino beams.

1) Neutrinos with a broad energy spectrum. Such
beams exist In all accelerators where neutrino studies
are being performed,126"™1 and their chief advantage
consists of the fact that they provide the highest neutrino
fluxes.

One can show more concretely the production of a
beam with a broad energy spectrum on the example of
the neutrino channel of the Institute of High-Energy
Physics (IHEP). The focusing apparatus consists of
four parabolic lenses combined into three objectives,
which are set up inside the target station.131·1 The ar-
rangement of the focusing apparatus and its optical
characteristics for one of the flux regimes of the ob-
jectives are shown in Fig. 5. The angular acceptance of
the system is as much as 60 milllradians. This means
that the focusing system catches from 50 to 90% of the
mesons emerging from the target in a momentum in-
terval of 4- 10 GeV/c, and almost completely catches
the mesons of higher momenta. The defocused particles
are absorbed by coUimators in the radiation shielding of
the target station. Figure 3 gives an example of the
spectra of neutrinos and antineutrinos obtained in one of

TABLE I. Characteristics of

Accel-
erator

AM.

CERN

BNL

IHEF

FNAL

CERN

SPS

Proton
energy,
GeV

12,4

26

29

70

300-400

400

Method of beam
production

Magnetic hom

> >

» t

parabolic lemei

a) Magnetic horn
b) Quadiupole triplet

c) Monochromatization

a) Magnetic horn

b)MonochromarizaiJon

neutrino channels and beams.
Length of

decay
tunnel,m

30

70

57

140

(vacuum)

(vacuum)

300

(vacuum)

Thickness
of muon
filter.m

13

(iron)
30

(iron)
62

(ii88o
(Mil*
iron)

400

(iron)

V»er
pulse) .

1.2 10»

6-10»

PptoSlO»
Up to
3.5 10»

5-10»

Working neutrino
nergy range, GeV

0.3—β

1—12 (Fig. 2)

1—15

2-30 (Fig. 3)

10-20l(Fig. 4)

10-200
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FIG. 2. Neutrino spectra for the CERN accelerator (Ep

= 26GeV).

SO . 130 1S0
c ) f,,..GeV

FIG. 4. Neutrino spectra for the FNAL accelerator (£,= 300-
400 GeV). a) Magnetic horn; b) quadrupole focusing; c) dich-
romatic beam.

the focusing regimes of the system.

This shape of the spectrum is typical of all acceler-
ators. A sharp, almost exponential decline of the in-
tensity with increasing energy is characteristic. The
intensity of the antineutrino beam is smaller than that
of the neutrino beam, especially in the high-energy re-
gion, which is governed by the decays of kaons. This is
due to the fact that fewer negative mesons are produced
in proton interactions than positive mesons.

The latter circumstance also has the effect that the
admixture of neutrinos in an antineutrino beam attains
a considerable magnitude, and at high energies it can
even exceed the flux of antineutrinos if one doesn't take
special measures against this. The use of an absorber
set up behind the target along the axis of the beam sub-
stantially diminshes the undesired admixture of neu-
trinos of the other type, especially in the high-energy
region, as we see from Fig. 6.

In some cases it is more convenient to operate with a
less intense beam extended over time, which contains
the natural ratio of neutrinos and antineutrinos. Such a
beam has been realized in a very simple form in the
Fermi National Accelerator Laboratory (FNAL) in the
most recent experiments of the Harvard-Pennsylvania-
Wisconsin-Fermi Laboratory group (HPWF).C321 In
these experiments a triplet of quadrupole lenses was
placed directly beyond the target. Particles that were
produced in an angular range of O<0<2 milliradians
with respect to the direction of the proton beam were
focused. Figure 4b shows the calculated spectra of the

relative
units

10-*:

FIG. 3. Neutrino spectra
for the IHEP accelerator
(£,= 70 GeV).

neutrinos and antineutrinos produced by the triplet of
quadrupoles (the momentum p = 200 GeV/c is focused).

2) Monochromatized (dichromatic) beams. The ur-
gent need to produce beams of monochromatized neu-
trinos is dictated primarily by the needs of investiga-
tion of neutral currents and study of lepton decays of the
new particles. Moreover, a knowledge of the energy of
the interacting neutrino substantially facilitates analysis
of the studied processes in all cases.

The fundamental principle for producing beams of this
type consists of the following. Beyond the target a nar-
row beam of hadrons of the desired sign and small an-
gular divergence is produced with a small scatter in
momenta. Then this beam is directed into the decay
channel. The decaying π- and ΛΓ-mesons give two
"lines" that are separated in energy. One can vary the
energy width of the neutrino "lines", depending on the
relationship between the lengths of the decay channel
and the shielding and the transverse dimensions of the
neutrino detector. As an example, for a monochromatic
parallel beam of mesons of energy Eo, the energy width
of the neutrino lines is fully determined by the polar an-
gle θ2 that the detector subtends from the end of the de-
cay channel and by the gamma factor of the mesons

TJ- = ~r

14.5

0 4 11 Iff 20 Ζύ
ε», GeV FIG. 5. Diagram of production of the neutrino beam at IHEP.
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, r with th· tbwrbar
4milHradians

ν without ttw ibtortar

FIG. 6. Spectrum of ν at FNAL and the ν admixture (with and
without the absorber).

with the maximum energies EV=0.95E0 (for the decay
of a if-meson) and £,, = 0.43£0 (for the decay of a ir-
meson). The energy width of the lines is also affected
by the angular divergence of the meson beam and its
momentum scatter.

Monochromatization of a neutron beam was first
achieved in practice in the accelerator in Batavia by the
joint experimental groups of the California Institute of
Technology and the Fermi National Accelerator Labo-
ratory (CITF). They used a rather broad range of mo-
menta of the mesons (30%) so as to increase the inten-
sity of the neutrino beam. Of course, this considerably
increased the width of the energy spectrum of the neu-
trinos, as is shown in Fig. 4c. t33 : l

Beams of monochromatized neutrinos are beginning
to be used in the new Superprotoh Synchrotron (SPS) at
CERN (400-GeV energy of the proton beam).t34] In the
first experiments,1 l 5 3 t l 5 e 3 the momentum range of the
produced meson beam amounted to &/>//> = 0.10-0.14
(full width at half-height) with an angular divergence of
0.3 milliradians horizontally and 0.6 milliradians ver-
tically. For more exact determination of the energy,
they used information on the coordinate of the point of
interaction in the detector with respect to the axis of
the beam.

3) Methods of determining neutrino spectra. A fea-
ture of neutrino beams is that they are not subject to
control in the course of the experiment. Hence, as a
rule, all the stages in the production of the neutrino
beam are controlled.1351

The measurement, or more exactly the reconstruc-
tion, of the energy spectrum of neutrinos is a rather
delicate problem. There are several approaches to
solving it.

One can calculate the neutrino spectrum if one knows
the momentum and angular distributions of the particles
produced in the proton interactions with the real target
that stands in front of the focusing system. Measure-
ments of the yields of particles from a real target,
which usually has the dimensions of 1-2 nuclear inter-
action lengths along the beam, present per se a rather
complicated problem, which hasn't yet been fully solved
for any accelerator. Additional uncertainties in cal-
culating the neutrino spectrum are introduced by the

interaction of the produced beam with the construction
parts of the producing system. In working with dichro-
matic beams, gas Cerenkov counters are placed in the
produced meson beam in order to determine the com-
position of the beam (K/ir ratio).Cl55]

Another independent experimental method is that of
reconstructing the neutrino spectrum from the measured
distributions of the muon flux at different depths of the
muon filter.

The muon spectrum to be measured inside the shield-
ing is primarily determined by the decays of ir-me-
sons.136·37·1 Hence one can directly reconstruct from the
muon fluxes only the soft component of the neutrino
spectrum of pion origin. In order to reconstruct the
hard component of the spectrum, one must introduce in-
formation on the ratio of yields of K- and ττ-mesons
from the target, as obtained from other experiments.

A combination of these two methods is used at CERN
and IMEP. In other laboratories the determination of
the neutrino spectrum is mainly based on data from
measuring the meson yields.

In some experiments, in order to compensate for the
lack of reliable information on the neutrino spectra/383

use is made of normalization of the data to the number
of quasielastic interactions and to isobar production,
starting with the charge symmetry and the energy-in-
dependence of the quasielastic interaction cross section
and the cross sections for isobar production at high en-
ergy in an isoscalar target:

ΟΓ.

However, the number of such events is relatively small.
In order to increase the statistical accuracy in nor-
malizing the neutrino and antineutrino spectra (with the
aim of extending into the region of higher energies,
where the number of interactions is small, an attempt
has also been made to include events with higher hadron
masses in inelastic collisions.1391

b) Electronic detectors

The low interaction cross sections of neutrinos at the
present intensities and with the present method of pro-
ducing neutrino beams require one to use massive tar-
gets, which must simultaneously fulfill the function of
analyzing the interactions that occur.

Detectors based on spark chambers and scintillation
counters are finding widespread application in experi-
ments. Most recently, information on particle tracks
(products of neutrino interactions is beginning to be ob-
tained by using drift chambers. It is relatively simple
to build electronic detectors of large mass and to op-
timize them for solving some limited group of prob-
lems. The restricted universality as compared with
bubble chambers is compensated by the potentialities
for considerably increasing the volume and weight of the
detector and substantially reducing the resolving time.
These factors substantially improve the background con-
ditions and allow one to accumulate statistical material
more rapidly.
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We can subdivide the currently utilized electronic de-
tectors into two groups, somewhat arbitrarily:

1. The target-analyzer is based on a hadron scin-
' dilation calorimeter. The particle-track devices serve

to distinguish muons.

2. The target-analyzer is based on spark chambers.
Scintillation counters arranged between them are aux-
iliary in nature, for providing a trigger or for time
marking.

Most of the electronic detectors are supplemented by
blocks made of ordinary or magnetized iron, solely for
identifying, or else for identifying and determining the
momentum of muons.

Methods of calorimetry of hadron energy are increas-
ingly being used in the apparatus for studying neutrinos.
In line with the fact that the dimensions of the region of
the calorimeter in which ionization occurs depend only
logarithmically (~ lnEH) on the change in hadron energy,
such instruments are very convenient for neutrino stud-
ies, where the energy spectrum of the beam is very
broad. Employment of hadron calorimeters is associ-
ated with the fact that much interesting information does
not depend on a knowledge of the detailed characteristics
of individual hadrons. Thus, in inclusive processes with
charged currents (CC) in which a muon and hadrons are
produced in the final state, the kinematics of the inter-
action is completely determined if the total energy of
the hadrons (EH) and the magnitude (Pu) and direction
(θμ) of the momentum of the muon are measured since
it is assumed that the direction of the neutrino is well
known. The muonless interactions (NC) are also well
identified, since the large sensitive volume of the de-
tector amounts to active shielding of several nuclear
interaction lengths from the external background.

Table II lists the electronic detectors with which ex-
perimental data have been obtained on the interaction of
neutrinos and antineutrinos presented in this review.

Scintillation counters interleaved with iron fil-
ters/ 4 6 · 4 7 1 or large volumes of a liquid scintillator t 4 2·4 5 1

are used as hadron calorimeters.

The detailed calibration measurements for the de-
tectors of the HPWF and CITF groups have shown a
good linearity in the energy dependence and an improve-
ment of resolution with increasing energy: ΔΕΗ/ΕΗ

~(EH)'il2. In pure scintillation calorimeters it amounts
to (15-20)% in the energy range from several GeV up to
~ 100 GeV. In iron-plate detectors the resolution varies
from ~40% to ~10% in the same energy range.

In detectors based on spark chambers the energy
release is determined by counting the number of
sparks. t 4 8 ] According to the existing experimental
data,C 4* 4 l ] these detectors possess analogous charac-
teristics.

The momentum Ρ μ of the muons is measured by mag-
netic spectrometers, which amount to sets of magne-
tized iron disks or plates and spark chambers set up
between them. Multiple scattering of the muons in the
iron affects the accuracy of measurement in these sys-
tems. The accuracy depends on the value of the mag-
netic field (B) and the path traversed by the muon in the
iron (L), and (neglecting the errors of measurement),
it does not depend on the momentum:

- f̂li-« 5.2-10-· (ΒΤ'ΪΚ

The resolution varies with the design of the detector,
and as a rule it amounts to ~IO% for energies below 10
GeV, and reaches ~20% for pu ~ 100 GeV/c

TABLE

Accelera-

tor

CERN

BNL

IHEP

FNAL

II. Electronic detectors of neutrino

Group

Aachen-Padua
AP)

CERN-Dortmund-
Heidelberg-
Saclay (CDHS)

Harvard-Pennsyl-
vania-Wisconsin
(HPW)

Columbia-Illinois-
RockereUer (CIR)

ITEP-IHEP (IS)

Harvard-Pennsyl-
vania-Wisconsin-
FermUab (HPWF)

Caltech-Fermilab
(CITF)

Experimental

apparatus

Spark clumbers with Al
filters muon identifier

Scintillators with magnetized
Fe filters, drift chambers

Liquid scintillation modules,
drift chambers

Spark chambers with Al
filters, scintillation counters

Spark chambers with Fe
filters, muon spectrometer

Liquid scintillator modules,
spark chambers, muon
spectrometer

Scintillators with Fe filters,
spark chambers, muon
spectrometer

Weight |
of tar-

(19;

1250
(900)

33

26
(8)

96
(34)

60
( 1 0 -
20)··

160
(100)

interactions.

Physical

problems

\ue, (V.-AV)

μ(νμ)+Λ'-»2μ+Χ,
" inclusive CC

ν μ ρ -• νμί>

vN ->- vjt'ojV,

inclusive CC

inclusive CC,
inclusive NC

inclusive CC,
inclusive JVC

references

40, 41

155

41

(Fig. 7)

43

44

(Fig. 8)

45, 157

(Fig. 9)

44
(Fig. 10) .

Note: The physical analysis of the events is carried out for
the target weight indicated in parenthesis.
Note: Depending on the physical problem.
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FIG. 7. Setup of the HPW group at BNL. a) side view; b) unit
module.
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Target-detector

1 t 5 ι s η ιι
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FIG. 9. Setup of the HPWF group at FNAL.

In processes that follow charged-current channels
(CC), the energy of the interacting neutrino is deter-
mined simply as the sum EV=EH+Eli. One of the fun-
damental characteristics of a detector is its efficiency
in determining various parameters of the interaction as
a function of the neutrino energy. As an example, Fig.
11 shows for the CITF detectorU 6 ] the efficiency for
events in which the muon passes through the magnet
(solid line) and for all CC events with an identified muon
(dotted curve).

c) Bubble chambers

The methodology of bubble chambers is currently
widely used in neutrino experiments. This is explained,
on the one hand, by the fact that the neutrino flux levels
and small interaction cross sections allow bubble cham-
bers to "digest" the full intensity of protons attainable
in modern accelerators, and on the other hand, by the
specific properties of bubble chambers as 4π-detectors
that can analyze the separate reaction channels, in-
cluding the visible modes of decay of strange particles.

Table ΠΙ gives the characteristics of the large bubble
chambers as neutrino detectors that are used in the
laboratories of the United States (Argonne (ANL),
Brookhaven (BNL), Batavia (FNAL)), CEPN, and the
USSR (Institute of High Energy Physics).1"9"543 We see
from this table that use has begun to be made in high
energy neutrino experiments not.only of chambers filled
with heavy materials, but also of hydrogen bubble
chambers, which offer an outstanding potential for an-
alyzing neutrino-nucleon reactions under clean condi-
tions. On the other hand, chambers filled with heavy
materials or hydrogen chambers with added neon allow
a faster accumulation of the statistics of events and a
high efficiency of detecting electrons and y-quanta
(from 60% in the case of # 2 + 20%Ne to ~ 100% for
Freon). The momenta of the charged particles (with an
error in determining the spatial coordinates of 0.3—
0.7 mm) are measured over the range 1-100 GeV/c
with an accuracy of 1-10% for a track length up to two
meters.

Spark chamber!
Mtt0netic spectrometer

A certain difficulty in bubble chambers is presented
by muon identification and by the individual determination
of the energy of the neutrino in each particular event.

The method of distinguishing the muon in pure hydro-
gen chambers is based either on the kinematics of neu-
trino reactionsC55] (i.e., distinguishing the muon by the
value of the transverse momentum/)±, which considerably
exceeds the mean transverse momentum of the hadrons
at high neutrino energies), or on using an external
muon identifier. Figure 12 gives an example of such an
instrument as used in experiments with the 15-foot
bubble chamber of FNAL.C56: It consists of a system of
proportional chambers that cover a relatively large
solid angle and a hadron absorber of a thickness of
3-4 nuclear interaction lengths situated between the
volume of the bubble chamber and the planes of the pro-
portional chambers. For more reliable muon identi-
fication in recent experiments, people are beginning to
employ a second plane of proportional chambers sit-
uated beyond an additional absorber. The overall effi-
ciency of the external muon identifier amounts to about
80%. One of the defects of such apparatus is the low ef-
ficiency for large y and a rather considerable threshold
(3 GeV). Unquestionably it is an irreplaceable means
for identifying rare events.

In bubble chambers one determines the total neutrino
energy Eu by measuring the momenta of the detected
charged particles, with correction for the energy of the
neutral unrecorded hadrons or y-quanta. Thus, in an
experiment of the FIMS (FNAL-Institute of Theoretical and
Experimental Physics-Michigan-Serpukhov) groupf1"3

this correction was introduced by using the correlation
between the longitudinal component of the visible hadron
momentum />J and the total hadron energy vH (Fig. 13)
which follows from pL balance. In order to allow for
this correction, one can also use the statistical meth-
od/5 7 3 in which one can treat not each event individually,
but rather the distributions over the measured kine-
matical variable taking into account the known distribu-
tion function for the undetected component. The reso-

Target-calorimeter Toroidal magnet

|-Steel target

•""Spark chamber

I - Calorimeter

FIG. 8. Setup of the IS group at IHEP.
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Magnet

winding

FIG. 11. Efficiency of
determining the kinema-
tic parameters for the
CITF setup.

lution in Eu usually amounts to 8-15%, depending on the
material used in filling the bubble chamber.

Owing to the lack of time selection in bubble chambers,
the hadron background presents considerable difficulty.
Thus, for the broad neutrino spectrum of FNAL, this
background is most substantial in the range £,,<10GeV.
This complicates the analysis of events involving neutral
currents. For energies above 10 GeV, it amounts to

~n.
3. TOTAL CROSS SECTIONS

The most general, characteristic properties of weak
processes at high energies can be understood from
studies involving measurement of the total cross sec-
tions for the interaction of neutrinos with nucleons. In
this section we present data both for processes involving
charged currents (σ£,σ£):

-μ~(μ+)+ hadrons, (3.1)

and for processes involving neutral currents (a"N, σ*) :

νμ(νμ) + Λ·-*-νμ(ν|1)+ hadrons, (3.2)

At present the process (3.1) has been studied more
fully. Hence it is precisely these data, together with
the differential scaling distributions, that give important
information on the local nature of the weak interactions
and the validity of the scaling hypothesis and the quark-
parton model of the nucleon. The fundamental results
have so far been obtained with nuclei having an equal or
approximately equal proton-neutron ratio, i.e., with
isotopically scalar targets.

TABLE III.

Note. GGM=Aaehen-Brussels-CERN-Ecole Polytechnique-
Orsay-London; FM=FNAL-University of Michigan (with partic-
ipation of physicists from IHEP and ITEP); AMP =ANL-
Mellon-Purdue; BCHW=Berkeley-CEBN-Hawaii-Wisconsin;
FIMS = FNAL-ITEP-University of Michigan-IHEP (Serpukhov);
CB=Columbia University-BNL; BS=Berkeley-Seattle.

_Sjdejiiew

FIG. 12. The FNAL 15-foot bubble chamber with external mu-
on identifier.

It is considerably more complicated to detect the pro-
cess (3.2), and this has been the fundamental reason for
the almost ten-year lag in its discovery (semilepton
neutral currents were first detected in an experiment
at CERN in the bubble chamber Gargamellein 1973[58rf3])0

Currently the experimental data on the ratios R"'=<>"„/
<*c and R" =d°H/o"c are of great interest for testing the
consequences of the gauge-invariant theory and estab-
lishing the structure of the weak neutral current.

In this section we shall also present the results of the
first measurements of cross sections involving the
electron neutrino, which are of interest in connection
with the problem of μ-e universality at high energies.

a) Total cross sections for processes involving charged currents

In the scaling hypothesis the cross section for inelas-
tic processes is expressed in terms of the energy-in-
dependent structure functions of the nucleon and the
scaling variables x, y, and Ev as follows:t23l59]

(3.3)

Bubble chamber

"GaigameUe", CERNl5 2l
12', ANL(USA)[5 31

7', BNL(USA)!5 4)
15', FNAL (USA) I 4 ' ]

SKAT, IHEP (USSR)I 5 O 1
B E B C C E R N ! 5 1 !

Filling

CF 3Br
H,, D,
Hi, D2

« 2

H2

H2 + Se(20%)
H2 + Ne(20%)

H 2 + Ne(64%)

H 2 + Ne(64%)
CF3Br

H2, D2, Ne

Abbrevia-
tion of the

group*

CCM
ANL
BNL
FM
AMP
BCHW
FIMS

CB
BS

SKAT
BEBC

Working
volume,

m 3

5—6
16
6

20
20
20

20
20

20
4.5

20-25

Weight

Τ

7—9
1 - 2
0.4
1.3
1.3

7

7

22

22
7

t-o,
cm

H,

kgauss

20
20
25

21.30
21.30

30
30

30

30
20.25

35

Beam

ν, ν
V

V

V

V

V

V

V

V

V

V , V
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where FltF2, and F3 are the structure functions for
axial-vector (A), vector (V), and interference (VA) in-
teractions; and ao=G2JM,,£„/*. Integration with respect
to χ and y over the interval 0-1 gives

ν.ϊ _ 3+A±2B
<V = »o g

where we have

f

1 1

A=[2xFi(x)dxj\Ft(x)dx,= f2*f,(i)At/j

1 1

= fif,(i)At/J,
1 1

B=fif,(i)At/[f,(i)At.

(3.4)

(3.5)

(3.6)

57

. 20
a

10 •

—

• /

J <ψ-1.20(

f

//

y ι

2»

FIG. 13. Dependence of the mean hadron energy (vH) on the
longitudinal component of the visible hadron momentum/)*.

Hence the ratio of the total cross sections

„ »* _ i + A-lli , .
Λ°- oi~3+A+2B< w.7;

does not depend on the energy. Inaddition, if we identify
the parton with a quark of half-integral spin, then 2xF1

= F 2 . t 6 0 1 This gives A = 1. The value of the parameter
B, which is defined in this model in terms of the effec-
tive density of quarks q{x) and of antiquarks q(x) in the
nucleon, is

= l — 2 ·
5 1 w <fr

J
(3.8)

In the first approximation we can take it to be unity.
Hence Rc has a value ~ 1/3 and does not depend on the

energy
2 )

The most accurate measurements of the total cross
sections in the energy range 1-lOGeV have been per-
formed at CERN with the Gargamelle chamber filled
with Freon. t 6 1 · 6 2 3 These results are the cross sections
per "nucleon" of Freon as based on the statistics of
2500 vN and 950 VN events shown in Fig. 14. The in-
dicated errors are only statistical. The possible sys-
tematic errors due to uncertainties in the normalizations
of the neutrino flux and in the corrections for event se-
lection and energy resolution amount to about 10%.

This same diagram shows the data of the ANL
group,c 6 3 ] which were obtained in hydrogen and deuter-
ium in a bubble chamber and were averaged per "nu-
cleon" over the protons and neutrons.

In this energy range (1-10 GeV) the total cross sec-
tions are well described by a linear relation that cor-
responds to the scaling behavior of (3.3):

2)More exactly, for an isoscalar target the 3-quark model
gives the following expressions for the cross-sections in
terms of the distribution functions of the quarks:

dzdil"

-»)·

(0.74 ± 0.02) • 10-"£v cm1,

= (0.28±0.01)·10-»£ΐ·αη2.

The first experimental results on absolute measure-
ments of total cross sections at high energies have been
obtained by the CITF groupC64] at Batavia. The cross
sections for the two energies £ V i P = 38±14 GeV and
B^v ~ 105±21 GeV are also shown in Fig. 14. They sat-
isfy the values of the parameters a shown in this dia-
gram with an uncertainty of about 20%. The first re-
sults of the HPWF group1653 also fully agreed with the
data obtained at low energies.

New experimental results on the measurement of the
total cross sections have recently been obtained by the
CITF groups11541 (12 thousand vN and 6 thousand VN in-
teractions) and in the BEBC bubble chamber at
CERN11533 (520 vN and 250VN interactions). Adistinctive
feature of this first experiment with the BEBC cham-
ber, which was performed with a monochromatic beam
in a Ne-H mixture (58 atom% Ne) is that the cross-sec-
tions were normalized by performing good measure-
ments in the channel of the absolute flux of muons and of
their angular distribution by using counters and photo-
emulsions.

Hence, when we netglect antiquarks, Rc « l/3cos29c«0.35.
FIG. 14. Energy-dependence of the total interaction cross
sections of neutrinos and anttneutrlnos with nucleons σ"ε'

ν.

194 Sov. Phys. Usp. 21(3), March 1978 P. F. Ermolov and A. I. Mukhin 194



In an almost identical energy range (40-200 GeV), the
two groups found the following slope parameters:

av = 0.59 ±0.03. a-= 0.27 ±0.02 (BEBC),

a, = 0.60 ±0.06, o^ = 0.29 ± 0.03 (CITF ).

The table gives the more detailed data of the BEBC
group:

£v(i), GeV

a .

a 5

20—60

0.67±0.06

0.26+.0.03

60-100

0.56±0.05

0.25+.0.03

100—150

0.61±0.05

150—200

0.51±0.05

0.32+0.04

The BEBC data do not include systematic errors, which
amount to 8% according to estimates of the authors.

Although, as the authors note, the variations in the
cross sections in the energy range 40-200 GeV lie with-
in the limits of the experimental uncertainties, yet if we
compare the mean values of the slope parameters in the
two regions 1-10 and 40-200 GeV, we can note a cer-
tain reduction in the rate of increase of the cross-sec-
tions for the vN interactions. We can interpret this re-
sult within the framework of deviation from Bjorken
scaling. It is difficult at present to carry out a more
exact analysis using these measurements of the total
cross sections, if only because the deep inelastic scat-
tering should not include elastic or almost elastic in-
teractions having q2« 1 GeV, whereas the data at small
energies do include them. One of the conclusions drawn
by the authors of Ref. 154 is that the existing measure-
ments of the energy trend of the total cross sections al-
low one to establish a mass limit for the intermediate
W-boson, which proves to be mw>Z0 GeV/e2.

In principle, one can draw more definite conclusions
from measurements of the values Rc of the ratios of the
cross-sections for VN and vN interactions, which are
less subject to systematic errors and less sensitive to
the criteria of selection of inelastic events. Figure 15
presents the results of all the experiments performed
up to now.

From the data of CERN (Gargamelle), :6 l ] the value
i?c = 0.37±0.02 for 2<EViV<l4 GeV exhibits no energy
dependence. This corresponds to the simple quark mod-
el (dotted line in Fig. 15). Later, in 1976, the HPWF
groupC66] performed measurements that showed that Rc

to •

fa.5

4·

o-GGMl61l
· - HPWF (internal normalization)!6 6'
»- HPWF (normalization by the neutrino spectrum)'6 6 1

.-CITFl'"!
o-CDHS!'56'
. IS'1"!

lit

increases rather sharply with energy, starting at an
energy of 40 GeV (Fig. 15).

In this experiment the data were obtained in two ways.
In a beam with quadrupole focusing and a natural mix-
ture of ν and U2900 neutrino interaction events and 570
antineutrino events were obtained. In this case cal-
culated information on the spectra was used. In the
second case more abundant statistics (4994 neutrino and
2904 antineutrino interactions) were used, including
also exposures in ν and V beams obtained using a horn.
An attempt was made to normalize by an internal meth-
od by distinguishing quasielastic interactions, isobar
production, and inelastic events with a small mass W of
recoil of the hadron system.1·391 As can be seen from
Fig. 15, the two methods gave concordant results.

However, recent new measurements at CERN,C l 5 6 l l 5 3 ]

IHEP,C l 6 2 1, and FNAL,Cl54: the results of which are also
shown in Fig. 15, did not reveal such sharp changes in
the ratio Rc in the energy range 6-200 GeV.

As can be seen from Fig. 15, the results of the already
discussed experiments of the BEBCCl531 and C n r 1 1 5 4 · 1

groups agree with one another, and indicate a slow rise
in Rc to the level 0.5-0.55 at an energy of 200 GeV. The
preliminary data of the experiment at CERN with the
best statistics,1-156] which was performed using a new
electronic detector (36 thousand vN and 12 thousand VN
interactions), show that the ratio Rc is practically con-
stant at the level of 0.43 over the energy range 40-200
GeV.

In summarizing the overall situation in the measure-
ments of total cross sections for charged currents we
can draw the following conclusion.

In the broad energy range 2-200 GeV the total cross
sections increase linearly or almost linearly with in-
creasing energy, both for vN and for VN interactions.
There is an indication of an increase in the ratio Rc
= σε/σε with the energy in the range 10-200 GeV by
20-30%, which is associated with a decline in the rate
of increase of the cross sections for vN interactions.

This behavior of the energy-dependence of the total
cross sections agrees with the overall pattern of de-
viation from exact scaling behavior of the structure
functions in deep inelastic lepton-nucleon interactions,
as will be discussed in section V of this review.

b) Ratio of the total cross sections for the interaction with
neutrons and protons

Measurements of the ratio of the total cross sections
for interaction with neutrons and protons have recently
been performed in deuterium in bubble chamber ex-
periments by the ANL and BNL groups. Table IV gives
these results together with the data obtained at CERN
with heavy-liquid bubble chambers.

10° Ζ 4 Β W1 20 W SO 1OZ

Neutrino energy, GeV

FIG. 15. Energy-dependence of the rat io Rc=<jv

c/a"c.

200

The ratio σ^/σ"/ obtained from the quark mod-

elcio3.io6: ( w i t h a c c o u n t taken of the qq "sea") is 1.8-2.1,
and this refers to the deep inelastic energy region,
which is higher than the mean energies of the cited ex-
periments.
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TABLE IV. TABLE VI.

Experiment

C E R N ! 7 0 !

"Garg^eUe" (C,H.)

1.2 m (CjHe)

Energy, GeV

2-6
1—10

v H >0.8
1-10

1^10

·>?
1.40±0.31
1.4+0.14

1.04+0.16
2.1±0.3

1.8±0.3

There are no published data for the ratio £
except for a preliminary estimate obtained by the FIMS
group in an experiment with the 15-foot bubble chamber
in a neon-hydrogen mixture for the range E,,-10-100
GeV,C72] which was 1.98 ±0.30.

c) Total cross sections for inclusive semilepton reactions
involving neutral currents

Measurements of the total cross sections for the pro-
cess (3.2) involving neutral currents (more correctly,
of the ratios R" and Rv) have been performed in the last
several years by the GGM (CERN),C58-73], CITF,1 7 4 3 and
HPWF (Batavia)t753 groups. We present below the most
recent results obtained in 1976 (Table V). Columns 4
and 3 of Table V indicate the corresponding numbers of
JVC-and CC-events (neutral and charged currents) after
introduction of all the experimental corrections. The
last column gives the ratios R"^a found for identical
hadron-energy cutoffs Ε„, both for NC- and for CC-
events. In order to obtain from /?£„"„ the true values of
R"'v or σ^/σ^, one must introduce additional correc-
tions involving failure to detect a fraction of the events
owing to the application of a cutoff for EH. In view of
the difference in y distributions for ν and V, these cor-
rections differ substantially for R" and Rv, and one can
introduce them only by assuming a particular form of
the interaction involving a neutral current, i.e., they
are model-dependent.

It is most convenient to represent all the data in a
general form by assuming that the weak neutral currents
are a linear combination of only V and A variants, that
the Bjorken scaling is valid, and that the interaction
occurs between point objects of half-integral spin. Then
we can write:

Experiment

"Gargamelle"
CITF
HPWF

0.25+0.07
0.36+0.09
0.15+0.10

B»

0.25+0.04
0.25+0.04
0.29+0.04

B»

0.39+0.06
0.35+0.09
0.31+0.09

0.58±0,17
0.75+0,14
0.48+0,20

0.33+0.05
0.33+0.05

~0.29

Table VI gives the ratios P=AR/(AR+AL) for all three
experiments, as well as the corrected values of R",R?,
and σ^/σ^. Theoretically the ratio Ρ should be close to
0.05 (with account for the content of antiquarks) for the
pure V-A variant, or to 0.5 for the V or A variant, or
to 1 for the V+A variant. We also note that using an
analogous treatment the GGM group obtained the value
Ρ = 0.05±0.05 for events involving charged currents.
One can conclude from comparing these values and the
data given in Table V that the V +A variant of the inter-
action is ruled out. The expected values of Ρ for the V
and A variants individually differ on the average from
the experimental values by more than three standard
deviations, whereas the pure V-A variant also does
not agree very well with experiment.

The CITF group has fitted its data to a three-term
formula instead of (3.9), i.e., they tried to determine
the contribution of the Ρ and S variants. They obtained
the value APtS = -0.2±0.1, i.e., different from zero by
only two standard deviations and with a negative sign.
In the Weinberg-Salam model usinga three-quark scheme
and neglecting the interaction with the quarks of the
"sea", we have the following relationships:1·76·1

-|

(3.10)

The curve in Fig. 16 was obtained in accordance with
the formulas of (3.10). The same diagram shows the
experimental, corrected values of R" and Rv. As can be
seen from the values given in Table VI, the data (the
latter are calculated taking into account the contribution
from the quarks of the "sea", which is 5%) fit the value

dy

(3.9)

L and.AH can be treated as coupling constantswhere A
of negative and positive helicity, respectively.

TABLE V.

Experiment

GGM113]

HPWFI 7 5 !

CITF! 7 *)

GeV

(2.5) Λ
(2.0)ν
(85) ν
(41) ν

(52), (146)ν
V

Number of
CC events

631
235

1042
198

1918±57
274±26

Number of
NC events

159
131
300

69
457±41

94+24

Cutoff

for hadrons

> 1

> 4

> 1 2

_

meas

0.25±O.O4
0.56+0.0»
0.29+0.04

< 0.39+0.10
0.24±0.02
0.34+0.09

Thus we can draw the following conclusions from the
experimental data on inclusive semilepton reactions
involving a neutral current in neutrino experiments.

1. The ratios of the cross sections for muonless reac-
tions to those for reactions involving charged currents
amount to 0.26±0.05 for vN and 0.35 ±0.09 for VN in-
teractions for combinations of the V and A variants of
the interaction, and the energy-dependence of the cross
section σκ does not contradict a linear growth within the
limits of experimental error.

2. The V+A form of interactions is ruled out for neu-
tral currents, as well as the V and A variants individu-
ally. The experimental data agree best with a mixed
(V-0.8A) variant of the interactions. This means that
the neutral currents, just like the charged currents,
contain a considerable component that does not conserve

196 Sov. Phys. Usp. 21(3), March 1978 P. F. Ermolov and A. I. Mukhin 196



A
ar\

ΰ.δ\

as\

. ^

o-GGM
«-HPWF
.-CITF

* /

tffaz

as

as

0.1

ο o.i OA .j as

FIG. 16. Experimental values of R" and fi". Theoretical
curve-calculated by Eq. (3.10).

parity.

3. The data on the semi-inclusive reactions involving
neutral currents agree with the value of the Weinberg
angle sin2 9^ = 0.33 ±0.05.

4. The further study of neutral currents will require
experiments with monochromatic beams and under pure
conditions (hydrogen, deuterium).

d) μ-e universality

On the basis of the statistics of 191 veN interactions'
and 84 VeN interactions, the GGM group has determined
in a Freon bubble chamber1·61·160] the total cross sections
for an electron neutrino incident on a nucleon:

-ΕΓ { ( F v ± F

σ ί ' = (0.88 ±0.08) £·ν,-10-38cm2/nucleon, -ϊ-=1.11 ± 0.15,
O "

a? = (0.33 ± 0.04) E- · 10"3s cm2 /nucleon -ί- = 1.10 ± 0.17,

-£- = 0.38 ±0.06.

(3.11)

As can be seen by comparing the data of (3.11) with
those for the muon neutrino, μ-e universality holds
to a first approximation in charged currents at high en-
ergies.

There are as yet no data whatsoever on the interaction
of electron neutrinos in neutral currents.

4. ELASTIC AND SINGLE-PION PROCESSES

a) Quasielastic and elastic scattering by nucleons

Quasielastic (qe) scattering of neutrinos and anti-
neutrinos by nucleons

+ η-*- μ- + ρ,
+ Ρ-*- μ* + η

(4.1)
(4.2)

is usually described under the traditional assumptions
of invariance with respect to time reversal, absence of
weak currents of the second type,1"1 and with neglect of
the induced pseudoscalai*783 interaction. Under these
assumptions we have

where we have set FM*fap- V-jFr,FyiA = FY

(l*cp/M\tA)
2, where μη and μ^ are the magnetic mo-

ments of the nucleons, Fr(0)= 1, and FA(0) = 1.23 from
the /3-decay of the neutron (q2 = 0), i.e., the scattering
is fully determined by the two parameters Μ v and ΜΑ.
If in addition we extend the hypothesis of conserved vec-
tor current (CVC) to neutrino interactions, we get
Λίν = 0.84 GeV/c2 from electron-scattering experiments.

The ANL group1-791 has obtained the most recent re-
sults on quasielastic scattering in a neutrino beam in
a 12-foot bubble chamber filled with deuterium.

They performed the analysis by two methods for de-
termining MA: fitting the parameter MA to the (rQe(Ev)
relationship and fitting it to the dave/dq* relationship.
The first method hinges on knowing the energy spectrum
of the neutrinos, and it directly includes errors due to
its uncertainty, while the second method does not de-
pend on knowing the energy spectrum.

The result obtained is: 1) M^ =
= 0.84%\2

0GeV/c2. The averaged value is MA = 0.89
± 0.08. Simultaneous determination of the two param-
eters Μν andMA gives: M^=0.922"nGeV/c2, MA

= 0.752;2jGeV/c2.

Data on quasielastic scattering of neutrinos and anti-
neutrinos have been obtained at CERN using the Garga-
melle chamber filled with Freon. c e i ' 8 0 1 An analogous
analysis by the two methods gives:

1) Mi = 0.96 ±0.10.
2) Λ/* = 1.0 ±0.1.

Mi = 0.7 ±0.2,
MA = 0.91 ±0.12.

The value averaged over these data is MA = 0.94
± 0.06 GeV/c2.

The most recent results on electroproduction of
pions [ 8 1 ] give the value MA = 0.96±0.03, which agrees
well with the neutrino data.

Figure 17 shows the dependence of the quasielastic
scattering cross sections on the energy Ευ$.

In view of its simplicity, the elastic scattering of
neutrinos and antineutrinos

b)

b)

(4.3)
(44)

is of great interest for studying neutral currents.

Since they follow an analogous phenomenology, the
differential cross-sections for the reactions (4.3a) and
(4.4b) can be written in the same form as for quasi-
elastic scattering with the replacement of the corres-
ponding form factors: FA- F%, Fv - J^, and FM~ F%.

The Salam-Weinberg model establishes the relation-
ship^ 8 2 · 8 3 1
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FIG. 18. The independence of elastic and quasielastic scat-
tering (data of the HPW group) for vN interaction (a) and VN
interaction (b).

and again da°/dq2 remains a function of the sole pa-
rameter of the model: sin2e r.

Two groups have recently observed elastic scattering
with the BNL accelerator.

The Columbia-Illinois-Rockefeller (CIR) group184]

used for this purpose a setup with spark chambers, and
found

An experiment by the Harvard-Pennsylvania-Wis-
consin (HPW) group [ 8 5 t 8 e ] studied scattering by using a
scintillation calorimeter. At a background level of
30-40% they observed respectively 150 and 40 events
of the reactions (4.3) and (4.4). They found that Λ^Β

= 0.17±0.05 and Λ ^ ^ 0.2 ±0.1 in the range of q2 from
0.3 to 0.9 (Gev/c2). We should note, however, that we
must introduce a model-dependent correction into these
values that takes into account the contribution of the re-
actions (4.3b) and (4.4b). If we estimate the contribution
of the vn— vn reactions according to the Weinberg mod-
el, then the ratios acquire the following values:

Rvl =0.10 ±0.03,
east

χΰμ =0.10 ±0.05.
elsst

Figure 18 shows the distribution of elastic events
with respect to q2. We can also see from Fig. 18 the
agreement between the differential distributions with
respect to q2 for elastic and quasielastic events.

The data of this experiment imply the following ratio:

= 0.4 ±0.2.

If the structure of the neutral current were purely
vectorial, then this ratio would be unity.

Thus, just like the total cross sections for the neu-
tral-current processes, already the first observations
of elastic reactions imply that there is a substantial
admixture of the axial-vector variant, which does not
conserve parity.

b) Elastic scattering of neutrinos by electrons

Processes of elastic scattering of neutrinos by elec-
trons have attracted attention since the time of estab-
lishment of the universal Fermi interaction, in line
with the fact that they are among the few weak pro-
cesses in which only leptons participate. However, be*
cause of the experimental difficulties and the small
cross sections (which are due to the low energy in the
center-of-mass system of the electron and the neu-
trino), results have been obtained only recently.

The following reactions are possible:

ν,+ί-^ν,+ c, (4.6)

νμ+β--*νμ+<Γ, (4.7)
ν,+β- —„,+„-, (4.8)

; e + e - _ v e + r . (4.9)

The first two reactions can occur only via a neutral-
current mechanism, whereas the latter two should occur
both via charged and neutral currents. Figure 19 gives
the expected relative values of the cross-sections as
functions of s in 2 ^.

The first observation of the antineutrino-scattering
process of (4.7) was made in a CERN experiment using
the Gargamelle chamber,1871 in which three events were

FIG. 19. Theoretical dependence of the cross-sections for the
scattering of neutrinos and antineutrinos by an electron on

2
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observed in 1.3 million exposures (4.7 χ 1018/> on tar-
get). The kinematics of the reaction (4.7) is such that
under the conditions of the given experiment in order to
minimize the background (Compton electrons, asym-
metric e*e~ pairs, the process i>e + w— e~+p with an
invisible recoil proton, as well as processes (4.8) and
(4.9) it was possible to employ the criteria Se<5°, and
0.3 <Ee <2 GeV without large losses of the sought re-
action. The total background estimated by the authors
amounted to 0.44±0.13 events.

They interpreted the data under the assumption that
the neutral lepton current is an arbitrary linear com-
bination of the V and Λ forms of interaction:1883

Λ = νγμ (1 +• VJ) v + ί γ μ (Gy + GAys) e. (4.10)

In this case the differential cross-section for the re-
action (4.7) can be written in the following form:

3Ϊ"
(4.11)

where the constants have been defined so that GV/GA

= + 1 for a pure V -A current, and y = Ee/E^.

In calculating the scattering cross sections they took
into account the efficiency of identification of electrons
and the background level.

They found within the framework of the V, A -theory
that

σ(νμ6-) = 0.10ίξ;^·10-»£; (GeV)cm2/electron .

where the errors correspond to the 90% confidence
level. In the Weinberg-Salam model the constants Gv

and GA are defined as follows:

i (4.12)

Then the result of (4.12) implies that sin29ll,<0.4 at
the 90% confidence level.

A search was made for the reaction (4.6) in a neu-
trino exposure but owing to the higher background only
a bound for the cross section was established:

σ (νμίτ) < 0.34-10-" £v(GeV)cm2/electron .

Upon combining this result with the preceding one,
the authors found that

0.1 <sin2 θ,,-< Ο.4.

Another experiment to study the processes (4.6) and
(4.7) has recently been performed at CERN by the
Aachen-Padua (AP) group [ 8 9 ] using an electronic de-
tector. In this experiment they observed 25 candidates
for the reaction (4.6) and 19 candidates for (4.7) at an
appreciable background level.

They obtained the following cross sections and esti-
mates:

σ (νμ + e~) = (1,1 ± 0.7) £ v (GeV • 10"42 cm'/micleon ,

σ (νμ + Ο = (2.4 ± 1.1) Ε- <GeV) · 10"" cmJ/nudeon ,

^ - = 2.2 ± 1 . 3 ; sin2 9^ = 0.33 ± 0 . 0 7 .

These values agree satisfactorily with the data of the
Gargamelle group.

The elastic scattering of electron antineutrinos (4.9)
has been measured recently by Reines' group [ 8 9 l 9 0 ] in
difficult experiments using a reactor. They obtained
the following results

σ (νμ + «-) = (1.1 ± 0.7) £ v (GeV) 10~42 cm2/electron
σ(νμ + Ο = (2.4 ± 1.1) £-(GeV). 10"'2cm2/electron

where ov_A is the cross section for the usual V -A
theory with charged currents:

) = 3 • ov.A (vee-) = 1,64 · 1 £-' (GeV)cm2 /electron

If we take into account the fact that the reaction (4.9) can
also occur via neutral currents besides the usual mecha-
nism via charged currents, the corresponding constants
are:

G r = - (4.13)

In this case the experiment under discussion yields the
following bounds for the Weinberg-Salam parameter:

0.17 <sin2e,,< 0.33. (4.14)

In closing this section we should say that, although
the experimental data on scattering of neutrinos by elec-
trons have as yet been obtained with low statistics, and
most likely should be regarded as qualitative, the very
fact of discovery of neutral currents in the weak inter-
action of leptons is one of the clearest confirmations of
the gauge theories which establish a connection between
the weak and electromagnetic interactions. Further
experiments along this line, both to refine the total
cross sections, and to measure the angular and ener-
getic characteristics of the electron, and especially
polarization of electrons, are of fundamental interest
for establishing the variants of the weak interaction for
neutral currents and choosing a model of the interac-
tion.

c. Production of single π-mesons

The reactions of production of single pions in neu-
trino reactions are next to the elastic processes in the
simplicity of their interpretation. They allow one to
establish the isotopic properties of the weak current,
and they have been calculated in detail within the frame-
work of the V -A theory of production of pion-nucleon
systems of small mass in reactions involving charged
currents and in the Weinberg-Salam model for reactions
involving neutral currents. [ 9 1 > 9 2 ]

1) Charged currents. The most recent experimental
data on single-pion production reactions in neutrino
interactions with hydrogen and deuterium have been
obtained by the ANL group.1-931 The low energy of the
neutrino beam makes it possible to obtain the most
clearcut result, since at these energies the cross sec-
tion for production of two or more pions is relatively
small. For neutrinos, the following single-pion re-
actions with neutrons and protons can occur:
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(4.15)

(4.16)
(4.17)

here (ws) and (ps) are the neutron and proton "by-
standers."

In the first reaction the pure I=\ state is realized in
the proton-pion system, while a mixture of the J=f
and 1=^ states is realized in the latter two reactions.

The distribution of the pion-nucleon system with re-
spect to effective masses shows a dominant production
of Δ+ + (1232) in the reaction (4.15) with the cross sec-
tion (0.74± 0.18)x 10"38 cm2 for Ev> 1 GeV, whereas
formation of a Δ+ resonance is not observed in the re-
actions (4.16) and (4.17), with a statistics several times
smaller (49 and 55 events, respectively). We also note
that Δ++ production has been observed also at higher
energies (£„> 15 GeV) in an experiment by the FM
group

TABLE ΥΠ.

[72]

The amplitudes in the reactions (4.15)-(4.17) for
various charge combinations of the pion-nucleon sys-
tem can be written in the form

A(a*p)=Al-(li\r5)Bt, _ -ι
Α (π*η) = 1/3Λ, + 2/3,1, + (1//5) Β,, I (4 1 8 )
A (a'p) = (K2/3) A, - (K5/3) A, + Vilh B,, J

where A1 andA3 are the isovector amplitudes that lead
to the final states I=\ and 1=\, while B3 is the hypo-
thetical isotensor exchange amplitude, which assumedly
pertains only to /= f states.

Analysis of the probabilities of the observed reactions
leads to the following conclusions:

a) the triangular inequalities that stem from (4.18)
are satisfied under the condition

-0.52 ± 0.11 sS B,/A3 < 0.23 ± 0.07,

i.e., the data agree with the absence of isotensor ex-
change;

b) under the assumption t h a t £ 3 = 0, we have for
Μτιι<ΙΛ GeV/c2 the following ratio of the isovector
amplitudes and the relative phase:

, \/\A, 0.78 ± 0.15, φ = (92 ±10)°.

The numerical values of Ay andA3 can be expressed also
in the form of the ratios given in Table VII.

We see from the table that one observes a reasonable
agreement with the calculations of Adler, whereas one
cannot reconcile the data with the absence of final states
having the isotopic spin I=%.

2) Neutral currents. The following reactions can
occur in single pion production processes involving
neutral currents:

' V + n + " ' · (4.19)

(4.20)
(4.21)

η + π",
ρ + π-,

R

fli σ (μ~ηπ+)
ο (μ-ρπ»)

ο (μ-;»Ο

Experiment

1.01+0,33

0.74+0.15

Αι—0

0.5

0.33

Theory

0.77

0.58

In an experiment with hydrogen and deuterium the
ANL group[941 has observed the reactions (4.19) and
(4.21) (14 and 17 events, respectively), and they ob-
tained the following relationships:

σ (νρ - vnr,* +
σ (νη-+

νρπ°)/σ

νρπ -)/σ

(vp~>-

(vn->-

μ-ρπ+)

μ-ηπ+)

= 0.68

= 0.38
±
±

0.28,

0.11.
(4.22)
(4.23)

The result of the BNL group with the 7-foot bubble
chamber for the reaction (4.21) practically coincides
with (4.23).[95]

Within two standard deviations, the value of the ratio
of (4.22) does not disagree with theory in the WS model,
which predicts values for it from 0.15 to 0.44 for the
ANL spectrum. The ratio of (4.23) implies that sin20w

>0.15. [ 9 2 ]

Single pion production in processes involving neutral
currents has also been studied in nuclei in an experi-
ment with the Gargamelle chamber and in two electron
experiments (CERN, BNL). These data are given in
Table VIII, where we have adopted the following nota-
tion:

vN' η°)/2σ (νΝ •

>-νΝ'7ΐ")/2σ {\N•

-μ-ΛΤ'π·),

- μ*Λ''π°).

In the last column of Table VIII theoretical values
have been obtained for 31^6^ = 0.35 taking charge-ex-
change scattering by nuclei into account. In Ref. 97,
the authors compare with theory the ratios r =R°/R°
= 0.66±0.15 and the ratio of cross sections σ,ν°(Ρ)/
θχ°(ν) = 0Λ9±0Λ2, which are least sensitive to nuclear
effects. These ratios imply at the 90% confidence level
that0.25<sinX<0.55.

In addition to generally testing the WS model, which
as can be seen from the presented data, does not con-
tradict experiment, the single-pion processes also give
important information on the isotopic structure of the
neutral currents.

Some theories 1" 1 assume that the weak neutral cur-
rent is isoscalar, i.e., transitions with Δ/=0 should
dominate in the reactions (4.19)-(4.21). In this case
one expects that the ratio Q"=Qu = n°:7r-= 0.9:1 for
Freon, and the ratio σ(ΐ//>— vpv°)/o(vp— unit*) = | . An
experiment by the GGM group [73] found that QV>IA;
QV>2A. An ANL experiment1941 found ΤΓ°:ΪΓ+ to be

TABLE vm.

which must be compared with the corresponding re-
actions (4.15)—(4.17) for charged currents.

Λ^/experiment G G M ' 9 6 '

0.15+0.05
0.35±0.09

A P (97]

0.40+0.06
0.61+0.10

CIR(9 81

0.17+0.04
0.39+0.18

Theory!92!

0.20
0.25
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3.1 ± 2.1. As we see, the aggregate of these data rules
out the isoscalar hypothesis for the neutral currents.

On the other hand, one expects that Q=2 in the case
of dominance of the isovector transition amplitude
(Δ/= 1). This does not contradict experiment. In this
case one should also observe baryon resonances having
Δ / = | in the final state. At present the information here
is restricted and contradictory owing to the scanty
statistics. Thus, in an experiment using the Gargamelle
chamber corresponding peaks are found in the invar-
iant-mass distributions in the systemp + n° and/> + 7r",
both for events involving charged and neutral currents.
In an experiment by the BNL group [98] a resonance is
visible in the pv° system for charged but not for neu-
tral currents. Apparently, just as for the charged cur-
rents, the neutral currents are a mixture of transitions
with Δ/=0 and Δ/= 1.

5. DEEP INELASTIC v/V-SCATTERING AND THE
QUARK- PARTON MODEL

As we see from the diagram presented below, the
kinematics of the process of inelastic scattering involv-
ing charged currents is fully defined by the variables

= Ev - Εμ, Ev or x, y, Evhc = Q2/2mNvH ,y=vH/

that

Within the limits of Bjorken scaling (Q2 — <», vH~°°),
the differential distributions over the variables x,y, and
Ev are given by the expression (3.3). Hence, in neu-
trino interactions, experiment and theory are compared
on the basis of the structure functions F2(x) a.ndxF3(#)
or the differential distributions with respect tox, y,
and Q2 Moreover, since there is a connection between
vN and eN scattering, in the deep inelastic region
(Q2>l,W2>A GeV2), the results of eN scattering (struc-
ture functions of the nucleon or momentum distributions
of the quarks in the nucleon) can be directly compared
with vN scattering.

a) Structure functions and momentum distributions of
quarks

The structure functions F2(x) and F3{$) are related
to the cross sections by the equations (3.3). Hence, in
order to determine them directly, we must measure
the absolute differential distributions jointly for vN and
VN interactions under identical conditions. This has
been done up to now only in an experiment at relatively
low energies in the Gargamelle bubble chamber at
CERN. [100]

First of all we should cite a number of important
integral characteristics that follow from the data of
this experiment on the total cross sections.

From the data on the total cross sections it was found

1

F2{x)dx=\ [q(x)-\-q(x)\dx = 0.52 ±0.03. (5.1)

This result means that the active constituents of the
nucleon (quarks or antiquarks) carry away only about
half the momentum of the nucleon, and the remaining
part of the momentum is carried away by the gluons.
The proton consists of (u,u,d) quarks and the neutron
of (d,d,u) quarks. The integral baryon and electric
charges of protons imply the following sum rules:

1

f [u(x)-Z(x)]dx = 2,

\[d(x)-d(x))dx=i.
b

The results (5.1) and (5.2) imply that

f xu (χ) dx SK 0.3,

\xd (x)dx « 0.15.

(5.2)

(5.3)

The value of the parameter Β = 0.90±0.05 [61·621 and the
relationships (5.1) and (3.8) imply that

g(x) = 0.02 ±0.01. (5.3')

The quark-parton model, as well as the more general
properties of the interactions (the hypothesis of con-
served vector current, and the equality of the vector
and axial-vector coupling constants) establish the fol-
lowing relationships between vN and eN scattering: [ 2 3 ]

F7 (x) + FT (x) = Λ2 [Ft, (x) + FfA (i)],

xF? (x) + *F? (x) = Λ3 IF? (*) - F? (x)}.
(5.4)

The coefficient R2 in the simple quark model equals
18/5 = 3.6 (more exactly, taking into account the current
involving a change of strangeness AS= 1 and the quark-
antiquark "sea", we have i?2 = 3.45). An experiment on
eN scattering t l 0 l ) yields:

(5.5)

Hence, experimentally, upon comparing (5.1) and (5.5)
we have R2 = 3.6± 0.3. This agrees with the value ex-
pected from the quark model and corresponds to a frac-
tional charge of the quarks.

A determination of the structure functions proper,
i.e., their dependence onx, has been carried out by the
GGM group by analyzing 2656 vN and 1063 VN inter-
actions for Evj > 1 GeV. However, only 200 and 29
events respectively belonged to the region of eN scaling
(Q2>1,W2>4 GeV2). Although the functions F2(*) and
xF3<jc) found with these cutoffs agree well with the ana-
logous data on eN scattering, more abundant statistics
are needed for more detailed comparison. Hence in
subsequent analysis all events were used, but the vari-
able χ was replaced everywhere by the variable x':

(5.6)

As the theory implies,11021 this new variable corres-
ponds better to the low energy region also in eN scatter-
ing. Actually the approach to scaling is attained more
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rapidly with respect to the variable x' than t o * .

Moreover, it was assumed that Fv

t

N = F\N = F{> which
corresponds to charge symmetry.

Figure 20 shows not the structure functions them-
selves, but the quark-antiquark momentum distributions
in the nucleon as found directly from vN scattering in
terms of the relation given by the parton model:

q (x')=x'n (χ1) = i - [F, (χ') + χ·ρ3 ( (5.7)

where «(*) is the probability that a quark possesses the
fraction χ of the total longitudinal momentum of the
nucleon. The curves in Fig. 20 represent a theoretical
recalculation [ 1 0 3-1 0 6 ] from the analogous distributions
found in eN scattering. The areas under these curves
represent the fraction of the momentum of the nucleon
carried away by all the quarks or antiquarks. As can
be seen from Fig. 20, the shape and absolute values
of the structure functions and momentum distributions
of the quarks in vN scattering correspond well with eN
scattering as studied in the deep inelastic region.

The distribution xF3(x) allows us to test the Gross-
Llewellyn-Smith sum rule:C l 0 7 ]

(*) + fT (*)1 d i = -JL (1 + coS»ic) f (5.8)

which corresponds to the number of valence quarks in
the nucleon (7V-JV) = 3 and is a test of the hypothesis of
fractional charge of quarks. For the integral (5.8) in
the given experiment the value 3.2± 0.6 was found for
Ev> 1 GeV. This agrees well with the quark model.

The data of the experiment permitted them to test
also Adler's sum rule. t l 0 8 ] It was found that

i o v
0.3G»

which does not contradict the expected value 0.008
(SU(3) scheme) or 0.087 (SU(4) scheme).

In closing this section we shall present some pre-
liminary data on the energy-dependence of the integral
characteristics JF^ and JxF3dx, which were recently
obtained in the BEBC bubble chamber at CERN. [ l 5 3 ] As
we have stated above, in this experiment the total cross-

, 1.0

FIG. 20. Distribution functions of quarks and antiquarks as
functions of χ as obtained from the experiment of GGM group,
together with the predictions of theory.

sections av

c" and av

c

N were measured at several energies
and the values of the integrals were calculated using
the following expressions:

(5.9)

Figure 21 presents the data of this experiment together
with the data of the GGM group. As can be seen from
the diagram, the integral of F2 is approximately con-
stant over a broad energy range, and no sharp change
in the function (threshold behavior) is observed at any
energy, as might happen in the case of production of
new heavy particles {b-quarks). The energy-dependence
of the integral of F3 indicates a small but noticeable
decline. As the authors point out, both relationships
agree with the predictions of the asymptotically-free
field theories, which explain the breakdown of scaling
of deep inelastic lepton-nucleon scattering. We shall
treat this problem in greater detail in the next section.

b) The /-distribution

Even without absolute normalization to the total cross
sections, the study of the differential distributions over
the scaling variables is of great interest for elucidating
the model of the nucleon and the limiting behavior of the
structure functions. These distributions have been mea-
sured in several experiments, including the Garga-
melle f l 0 l ] bubble chamber and the 15-foot (Batavia)
bubble chamber, and also in experiments with elec-
tronic detectors of the HPWF, CITF, and CERN-
Dortmund-Heidelberg-Saclay (CDHS) groups. Table DC
and Figs. 22-23 give the fundamental conditions and re-
sults of the experiments. As the general expression
(3.3) implies, at high energies (after integration with
respect to x) the y-distribution is given by the expres-
sion

(5.10)

When Β = 1, the distribution does not depend on y in
the case of vN interaction and is proportional to (1 -y)2

for VN interactions. Usually the experimental results
are compared with (5.10) and the parameter Β is ob-
tained. Table DC gives the values of this parameter.

Figure 22 gives the data of the GGM group only for
events in the scaling region, and Fig. 23 for all events,
including elastic ones. The solid curves are calculated
by (5.10) with Β =0.9, with the known form factors for

FIG. 21. Energy dependence o£ the integrals of the structure
functions.
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TABLE DC.

Experiment,

group

H P W F I 1 1 0 !

c r r F(lll,154]

15'-bubble

chamber, F M I U 2 I

15'-bubble
chamber
ΑΜΡ["3)

15'-bubble
chamber,
FIMSl" 4 ]

C D H S l 1 5 6 !

Beam

V

V

(1/3 hom+
+ 2/3 triplet)

V

V

V

(dichromatic)

ν (hom)

ν (horn)

ν (horn)

V

V

(dichromatic)

Target

C, H, Fe

Fe

H2

H 2

H2 + 21% Ne

Fe

Energy range of v. or ν: mean energy, GeV

Mean Ε

10 < £„ < 30
I O < : E ; < 3 0

High lvalues Ε

>70, <£)v = 126
>70, {Ε^ϋΟβ

£» = 5 0 - 150
<££=52
<£ft=150

15 < £„ < 200
(£>v«40

5<£;<30

10<£;<50

30

50

4 0 - 2 0 0

Number of events

Mean Ε

946
991

High ε

1905
310

2000
1000

200

450

332

613

36400
11900

Values of the parameter fi

Mean ε

0.6+0.3
0.94+0.09

High Κ

0.83+0.20
0.41±0.13

Βν=κ1
0.80+0.06
0.65±0.10

flat y distribution
B v « l

0.91+0.08

0.78+0.06

0.82+0.14

„ K,+0.14
°-62-0.20

flv«l
B- « 0.8

elastic scattering taken into account. As can be seen
from these diagrams, with the distribution of (5.10),
good agreement is observed in both cases. As can be
seen from Table DC and Fig. 24, agreement with (5.10)
is also observed at high energies for vN interactions,
i.e., none of the data contradict a flat or almost flat
distribution. (We must note that the sensitivity of the
data to changes in the parameter Β is in this case con-
siderably lower than for the VN interactions.)

The situation differs for antineutrino-nucleon inter-
actions at high energies. In 1975 the HPWF group [ 6 7·1 0 9 1

found a number of anomalies in deep inelastic VN scat-
tering, and, in particular, a considerable change in the
shape of the v-distribution with increasing energy.
Figure 25 shows the most recent data of this group. [ 1 1 0 ]

As can be seen from Fig. 25a, for the energy range _
£;7<30 GeV, the data correspond to the parameter B"
= 0.94, which agrees with the data of the Gargamelle
group. However, with increasing antineutrino energy
the y-distribution flattens out, as we see from Fig. 25b,
and the mean value (y) correspondingly increases with
increasing energy (Fig. 25c).

In view of the fundamental importance of this fact,
which could be ^explained by production of new
hadrons differing from charmed particles (t>-quarks),[19]

ίο

as

0.2

- — •

ν

Β-0.3
Ι ι

t "f '

vN scattering has recently been studied intensively in
other experiments.

Figure 26a presents the data obtained by the FIMS
group using a bubble chamber from which we see that
the shape of the y distribution varies less sharply than
was observed in the HPWF experiment. Figure 27
shows the energy-dependence of the parameter B", in-
cluding the data of all experiments with the exception
of the data of the HPWF experiment, including new re-
sults obtained at CERN, [ 1 5 3·1 5 6 1 as well as by the CITF
group at Batavia. t l 5 4 ] As can be seen from Fig. 27, the
results of the experiments using bubble chambers (we
note that the y-distribution was not measured in the ex-
periment with the BEBC chamber, and the value of the
parameter Β was obtained by comparing the integrals
Β = JF^dx/JxF3dx) and of an experiment using the CITF

0 0.2 0.6 1.0 y 0 0.2 0.6 1.0 }

FIG. 22. The y-distributions (data of the GGM group) for vN
and VN interactions for events having Q2 > 1 GeV2, W2 >4 GeV2.

FIG. 23. The y-distributions (data of the GGM group) for all

events in vN(a) and VN (b) interactions and for different en-

ergy ranges.
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FIG. 24. Distributions with respect to the variables Q2, x,
and y (data of the FM group) for vp interactions.

electronic detector exhibit a smooth variation of the pa-
rameter Β with increasing energy, but appreciably
smaller in magnitude than was observed by the HPWF
group. The data of the electron experiment of the CERN
group show no change at all in the parameter Β over the
broad energy range 40-200 GeV.

Thus we can take it at present that, although there
are some contradictions in the recent experimental
data, the large y-anomaly observed in the experiment
of the HPWF group does not exist.

Another type of a y-anomaly observed by the HPWF
group [ e 2 > 6 5 ] consists of the fact that da/dyv" *da/dyvN

in the region of χ values close to zero. This has also
recently been tested in experiments at CERN [156] and
Batavia.[154] Neither group found any appreciable vio-
lations of charge symmetry. Thus, the data of Ref. 154
show that the quantities

1 ia I

for vN and VN interactions agree with an accuracy of
about 5% in the energy range 50-200 GeV. The results
are approximated by the relationship

OlP,0=(0.744 ± 0.040)-(0.00035 ± 0.00040) £ v -· ΙΟ"38 cm2/GeV .

100

so

η
r,nr

1S0

100

so

ίΐϊι « Γ β ν

A '
_ζ<ΰ.5φ*!ΐΰ<ε< JiQeV
1 δ"-ΰ.9ϊ±α.9

53 OM 0.9

y

Id

0.Ί

Sat

O.I

— a"

e'-

0.90
0.Ί0 r

0.30
ato

•

FIG. 25. The y-distributions (data of the HPWF group) for
vN and VN interactions in the energy range below 30 GeV (a)
and above 50 GeV (b) and the energy-dependence of the mean
value of the variable y {(y)) (c). Solid curves—calculation for
the conditions of the given experiment by Eq. (5.10).

•s

Ε

f~30S0Ge\
y -O.O7-O.S7

-Field and

Feynman'1 6 1!

FIG. 26. The y, «-distributions in vN interactions (data of the
FIMS group) for different energy ranges. Solid curves in Fig.
b theoretical relationships from Ref. 161.

c) The x, ^-distributions. Violation of scaling

In the limit of Bjorken scaling, Eq. (3.3) implies that
the χ -distribution is determined by the relationship

(5.11)

The distribution over the variable v, which is defined
as

j

N'
(5.12)

and the mean value (v) in the scaling region should not
depend on the energy. In view of the fact that there are
no direct experimental data for neutrino-nucleon scat-
tering at high energies on the structure functions
•Fj (* > I2) > the differential χ, υ -distributions (absolute
or relative) give useful information on the extent to
which scaling is obeyed in the studied region of ener-
gies and of φ .

Experimental data on the stated distributions are
given in Figs. 24, 26, and 28-33, together with theo-
retical predictions and with data on electroproduction.

1.0

0.6

0.Ί

0.2

Predictiont of the asympte

theory

: : ° G

M

M

S H H I 2 1

o- BEBCl153'
- C I T F I ' S 4 ]
+-CDHSl'5 6l ,

>tic-freedom .'J

Ί0 SO 110 160 200

<fp,GeV

FIG. 27. Experimental values of the parameter Β obtained in
different experiments as a function of the energy (dotted
curve—asymptotic-freedom theory12 5 : ) .
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FIG. 28. Relative contribution of the antiquaries to VN scatter-
ing as a function of x, as obtained in an experiment of the
FIMS group. t m ] Solid curve—theoretical estimate. t l 6 1 ]

Before we proceed to interpret the neutrino data, let
us consider the effects of deviation from exact Bjorken
scaling in electroproduction. The first clear proof that
the structure functions F^, q2) in the range q2~ 1-20
GeV2 show deviations from pure scaling (F{(x, q2)
= Fi(x)) was obtained in an experiment on μΝ scattering
performed at Batavia at the two energies of 56 and 150

G e V [lea] similar effects have also been observed in
the scattering of electrons [ l 6 4 ] and muons by hydrogen
and deuterium.f165·166] in these experiments the char-
acteristic feature of the violation of scaling is the fact
that the functions F(x, q2) increase for small χ (χ < 0.2)
and decrease for large χ (χ > 0.2) with increasing q2. We
note that the results for the structure functions FJjc, q2)
are less accurate than for F2fr,q2), but their trends
of variation are the same. The deviation from scaling
in muon-nucleon scattering is described by the following
formula:

d\nF2(i. g') (5.13)

where tx~ 0.07-0.10, ^ = 3 G e V 2 , andxo=0.17. Several
possibilities exist for comparing neutrino-nucleon
scattering at high energies with electroproduction.

One of them, which was recently realized by Field
and Feynman,[1611 consists of finding the distribution
functions of the quarks u(?c), dfr), and s(#) by an ap-
propriate parametrization of the electroproduction data
in analogy with the procedure discussed above in ana-
lyzing the structure functions obtained in the experi-
ment of the Gargamelle group. Then the do/dx dis-
tribution for vN(yN) scattering is reconstructed from
them. In view of the scant experimental data on elec-
troproduction at χ >0.8 and the weaker sensitivity of
the structure functions in eN scattering to the quarks

FIG. 29. The dependence on χ of the ratio of the function/ (x)
as determined from Eq. (5.16) at two energies, a) The ratio
for (E) ~40 GeV (FMC1121) and (E> ~ 2 GeV (ANLU67]) for vp
interactions; b) the ratio for (£> ~ 60 GeV (HPWFC11O]) and
(E) ~ 4 GeV (GGM110") for vN interactions. Dotted curves—
0.25-x, relationships, which correspond to breakdown of
scaling in electroproduction.
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FIG. 30. The «-distribution for the same experiments as in
Fig. 29. Solid curves—the expected relationships from elec-
troproduction (Eq. (5.17)); the dotted curves were found for
the case without breakdown of scaling.

of the "sea" (uu,dd,ss) in the region χ < 0.2, several
assumptions were made in this study concerning the
behavior of the distribution functions of the quarks and
antiquarks in the stated regions.

Figure 26b shows the experimental data for dN/dx
obtained by the FIMS group, [ 1 1 4 ] in which the solid
curves are calculated by formulas from the paper by
Field and Feynman.

Figure 28 shows an analogous comparison of the data
for the AT-dependence of the relative contribution of the
antiquarks to the scattering. As we see from these
diagrams, experiment and the theoretical predictions
agree well.

Perkins et aL [ 1 5 9 ] have recently made a somewhat
different comparison of the deviation from scaling in
neutrino and electron-muon scattering over a broad
energy range. The authors of this study found that the
data on eN and μΝ scattering in the region q2~ 1-40
GeV2 and χ = 0-0.8 can be approximated by the formula

(5.14)

where we have

(5.15)

and q2

0 = 3 GeV2. They showed that if the structure
functions in vN scattering have the same form, then

b)

as

DA

')

0.2

OA

0.1

<v>

, 0.1

0.05

.-y-0.2-0.6
°-</-0.0S-0.9

.-y-0.2-D.B
e-y-0.05-0.S

20 Ί0 60
ί, GeV

FIG. 31. Mean values of the scaling variables y, x, and ν as
functions of the energy (FIMS experiment1114:l). The curves in
Fig. a were obtained from the equation Β = (0.86 ± 0.05)- (0.0038
±0.0012) E. The solid curves in Figs, b and c are £ " 0 · 1 5 re-
lationships.

205 Sov. Phys. Usp. 21(3), March 1978 P. F. Ermolov and A. I. Mukhin 205



FIG.^32. Energy-dependence of the quantity (q2/E) for vN
and vN interactions.

δ ln[(l la) da idx\

d In Ε = /(*). (5.16)

Figure 29a gives the ratio of the quantities /(*) for the
experiments on vp scattering at FM [ 1 1 2 ] and ANL, [167]

which were performed at substantially different neutrino
energies, respectively (E)V~ 40 GeV and <£>„- 2 GeV.
Figure 29b gives an analogous comparison for vN scat-
tering in experiments by HPWF [ 6 5 ] ((£>„- 60 GeV) and
GGM[l00]({E)v~ 4 GeV). The broken line in these dia-
grams represents the relationship (5.15) as found in
electroproduction. As can be seen from these diagrams,

s •

ι ι

\

Ι 1
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! 1 Ι

. αρ ΦΜ

mflp

η ; j

oJK·
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<,7Γ>νΓ - (1.0StO.38!+(W tO.O3Kr-.UV2)

χ - WZG»v/c ρρ

• - vp. FM
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FIG. 33. Dependence of the mean multiplicity {nc > of hadrons
on the square of the invariant mass Wl of the hadrons for vp
interactions as found in an FM experiment for neutrino ener-
gies 15—200 GeV. The experimental data for (?ic) are also
given for other types of interactions.

the violation of scaling in vN scattering is of the same
nature as in eN and μ # scattering. The authors of Ref.
159 also showed that the shape of the #-distribution in
the given method of parametrization is obtained in the
form

- (*• Ε)

I 2 m v £ i \«*>

Here the F2(x,
sions

Ι Ι 2ηχΕζ \

relationship is given by the expres-

(5.17)

Fϊρ (χ.

24

T1

(5.18)

Figure 30 shows the dN/dx distributions for the experi-
ments discussed above in which the solid curves cor-
respond to (5.17). We can see that the experimental and
expected distributions agree well. The broken curve
in this diagram shows a calculation that assumed that
F?-"Nbc) = Ff-v»b,qQ=Z), i.e., a case without scaling
violation.

As can be seen from all the experimental data dis-
cussed above the shape of the #-distribution varies very
little especially in the restricted energy range covered
by any given single experiment (e.g., the experiment of
the FIMS group and Field and Feynman's analysis;
Fig. 26). The difference becomes more appreciable
if one analyzes the set of all experiments in a broader
energy region and goes over to the mean values (x) and
(υ), which are measured more accurately. We should
expect on the basis of violations of scaling in electro-
production that the mean values {x} and {v) (or {q2/E})
should diminish with increasing energy. It has been
shown[U41 that if one employs the parametrization of
Perkins et a/.,[159] then these quantities should vary
with energy according to the power law E~b, where
6= 0.15. This actually holds both for vN and for PJV
interactions, as can be seen from Figs.31 and32, which
present data obtained with bubble chambers.

Thus the fundamental conclusion that we can draw at
present consists of the idea that neutrino-nucleon in-
teractions manifest qualitatively the same deviations
from exact scaling in the region q2- 0.5-30 GeV2 as
do the eN and μΝ scattering.

The explanation of violation of scaling in lepton-nu-
cleon interactions is actually the object of hadron field
theory within the framework of the quark-gluon model
(quantum chromodynamics, asymptotic-freedom theory).
Without discussing the details of this problem, we wish
to note the following.

Deviation from scaling in neutrino-nucleon scattering
in the high energy region might be associated with pro-
duction of new particles (heavy quarks). Such effects
would be considerably stronger in vN interactions than
in electromagnetic interactions. Hence we can conclude
that the effects of heavy quarks are not manifested with-
in the limits of the considerable experimental errors.

One of the obvious corrections to the simple quark-
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parton model is the one involving taking into account the
masses of the quarks and of the nucleons. As recent
calculations^1681 show, such corrections can explain
only a part of the effect of violation of scaling, although
they present serious theoretical grounds for the re-
placement of variables χ - # ' at low energies, as has
been discussed in subsection α of this section.

In the current theory, [ 2 5·1 6 9 ] the main source of devia-
tion from exact scaling is the ^-dependence of the
quark-gluon constant a(q2). In the asymptotic-freedom
theory a(q2) approaches zero as (Inq2/^2)'1 for large
q2. The unknown parameter μ2 arises from the re-
normalization of the theory. The moments of the struc-
ture functions vary as Ιη(ς2/β2)"7ί, where yt is a posi-
tive constant of the order of unity. Perhaps, as has
been discussed in Ref. 159, a fair description of all the
data by the relationship (5.14) implies that the param-
eter μ2 is small ( μ 2 « 1 GeV2).

At present the developing theory of quark-gluon in-
teractions already provides a number of interesting
predictions for neutrino-nucleon scattering/17"1 How-
ever, they can be tested only in future, more accurate
neutrino experiments using hydrogen and deuterium
targets.

d) Structure of the hadron block

In addition to studies of distributions involving the
scaling variables of the muon, the study of hadrons
being produced is of great interest in inclusive pro-
cesses. Experimental information on the properties of
the hadron shower is currently very limited, and has
been obtained mainly in experiments with bubble cham-
bers.

The experiment of the Fermi-Michigan (FM) group [ U 8 ]

already discussed above, has measured the multiplicity
of charged hadrons in a vp experiment. Figure 33 shows
the dependence of the mean multiplicity of charged
particles (nc) on the square of the invariant mass of the
hadrons W2. It also presents the data for ep, μρ, and
yp scattering. The data on vp scattering are well ap-
proximated by a logarithmic dependence, and they re-
flect the overall rule that the mean number of hadrons
coming from excitation of nucleons does not depend on
the nature of the interaction, but only on the invariant
mass of the hadron system.

It was found in Ref. 118 that the mean multiplicity
does not depend on Q2 for fixed values of W2. The mean
number of ir° mesons per event in this experiment in-
creases as a function of the multiplicity of charged
particles from 1.5±0.3 for three-prong events to 3.2
± 0.8 for nine-prong events. This also agrees with the
data of hadron-hadron experiments.

Figure 34a shows the distributions of the invariant
cross sections with respect to the Feynman scaling
variable xF = P*/P*>mxi in the center-of-mass system
of the hadrons for vp interactions.1721 Here we also
present (Fig. 34b) the data of the hadron experiments.
Figure 34 exhibits good agreement of all the data. This
can be interpreted in such a way that the virtual reg-
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FIG. 34. Dependence of the invariant cross sections on the
Feynman variable xF for vp interactions (data of the FM
group) (a) and for pp interactions (b).

geons (pp collisions) and the intermediate W -boson
(vp reactions) manifest themselves in the same way in
multiple production processes.

We note that the mean transverse momentum of the
it -mesons with respect to the direction of the total had-
ron momentum is 0.30 GeV/c, and the distribution of
events with respect topi is described by an exponential
with an index of -5.5.

One can obtain more interesting predictions on the
behavior of the characteristics of individual it -mesons
and nucleons in neutrino-nucleon collisions using the
quark-parton model/2 3 · 1 6 1 1

The experimentally observable functions of the had-
rons are determined by the momentum distribution of
the quarks in the hadron prior to collision, and by
functions D(Z) that characterize the conversion of the
quark into real hadrons after collision (according to
Feynman's definition, D(Z) is the decay function of the
quark). Here Z = Ea/vH is the fraction of the total en-
ergy vH of the hadrons carried away by an individual
hadron. Here the differential cross section for pro-
duction, e.g., of 7Γ-mesons in vp collisions has the form

(ζ) 4~ ΰ

^• = ex[d(x iu(*)Df(Z)].
(5.19)

Charge symmetry implies that

ΰ?=Β?, DT=DT. (5.20)

Therefore the ratio of the yields of it* to is' mesons

(5.21)

does not depend onx.

Figure 35a shows the data obtained in an experiment
using the Gargamelle chamber/1 1 9 1 while Fig. 35b shows
those from an experiment by the FM group [ 7 2 ] (15-foot
chamber, H2). As can be seen, Eq. (5.21) is satisfied
within the limits of the considerable experimental er-
rors.

Equation (5.19) implies that, if we neglect the con-
tribution of the antiquarks, the functions D(Z) are de-
termined simply by the experimental differential dis-
tributions dOy/dz =N*(#,Z) =D"(Z). The functions N(Z)
are given in Fig. 36, both for vp interactions1721 and for
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FIG. 35. The ^-dependence of the ratio R, (ft VA") in an ex-
periment of the GGM group (a) and in an experiment of the
FM group (b).

ep interactions,11711 which agree within the experimental
limits of error with one another and with the theoretical
estimates. [ 1 6 1 ]

6. NEUTRINO INTERACTIONS AND NEW PARTICLES

This section will present only the fundamental ex-
perimental results in the search for new particles in
neutrino interactions, since a special review will be
devoted to this topic.

a) Fundamental mechanisms of production of charmed
particles

Within the framework of the St/(4) scheme [ 1 2 ] follow-
ing the introduction of the c quark, the fraction of the
current responsible for production of charmed particles
has the form

f Μ)Δ<·=Ι = n v (1 — v5) (—d sin θ 0 + s cos 6C). (6.1)

The elementary transitions between the quarks that
are allowed by the current of (6.1) and by the conserva-
tion laws lead to the following expressions for the dif-
ferential cross sections for production of C-particles
in an isoscalar target:

(6.2)

We can estimate in a crude approximation from (6.2)
the overall yield of C-particles by adopting the values
of (5.3) for the mean moments of the quarks. t 2 s l This

FIG. 36. Differential distributions da/dz=Nh (z,x) as a func-
tion of ζ for ep Interactions (a) and for vp Interactions (b).
Curves—theoretical estimates. t l 6 n

yield proves to be about 10% for vN interactions and
20% for vN interactions. However, the estimates of the
cross sections for production by the quarks of the "sea"
are very uncertain/1 6 1 and we should treat them as upper
limits.

A series of studies [ 1 2 0·1 2 1 ] has also treated the cross
section for production of charmed F* mesons (F+^cs;1-)
in concrete reactions, and in particular, as resulting'
from the mechanism of diffraction production, i.e.,

* + * - * - + * · • + *. (6.3,

The absolute yield of F* in reaction (6.3) should decline

with increasing q2, while the relative yield increases

with <72.[1β1 An estimate of the cross section for the re-

action (6.3) [120] at energies above the threshold (~ 10 GeV)

leads to the relatively small cross sections of 2 χ 10-3σ,ο1.

Exclusive production of baryons in the reactions

(6.4)

An important feature of the C-particles is their rela-
tively large probability of decay by lepton modes, which
is estimated to amount to about 10%.

Figure 37 presents the schemes of production and
decay of the charmed particles/ 2 2 1

b) Production of strange particles in inclusive and exclusive
channels

The mechanisms of production and decay of charmed
particles should result in the final hadron state being
enriched by strange particles.

At present the available experimental data on pro-
duction of strange particles have been obtained only in
experiments using bubble chambers. Owing to the small
cross sections for production of strange particles, all
together only tens of events have been observed in these
experiments and they mainly pertain to events of the
V°(K°,A) type.

is expected at the level of relative cross-sections
1 0 3 [ l 2 0 ]

FIG. 37. Diagrams of production and decay of charmed par-
ticles In vN(VN) Interactions.
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TABLE X.

Bubble chamber

"Gargamelle"
12', ANL
7', BNL

15', FNAL

15', FNAL
15', FNAL

Target

CF3Br
H,D2

H 2 P 2

H2

H2

H2 + 21%Ne

Beam

V
V

V
V

ν
V

< E - ) .

GeV

2.5
1
2.5

38
23
30

Number of
detected
events, vo

53
7

10
38

8

48

V'mcc

5.1 + 1.5
4+1.5
3+1

16+3
13+5
16+3

References

122. m
U l
115
12t

113

X"

Table X presents the data of experiments on the yield
of V° events corrected for the undetectable modes of
decay of K° and Λ particles, and also for the efficiency
of detection of the visible modes of decay. (For experi-
ments at low energy, one takes only the number of CC
events for which W > 2 GeV).

Figure 38a shows the relative yield of V° events with
correction for the efficiency of detection (but without
taking into account the invisible decay modes) as a
function of the invariant mass W of the hadrons, both
for neutrino reactions, and for γΝ, μΝ, and n'p inter-
actions. Figure 38b shows the distribution with respect
to invariant mass of events involving strange particles
(histogram) and of all events involving charged parti-
cles (continuous curve), as obtained in an antineutrino
experiment with the 15-foot bubble chamber of the
FIMS group.

We can draw from the data of Table X and Fig. 38
the general conclusion that the yield of strange particles
at high energies increases more rapidly with energy for
uN and VN interactions than for the other interactions,
and that for W>4 GeV it exceeds by (30-40)% the data
of the hadron experiments. It is as yet an open question
whether this is associated with production of charmed
particles. In experiments of the GGM, FM, and FIMS
groups searches were made for charmed particles in
the spectra of the invariant masses of different com-
binations of strange particles with hadrons (Λπ,Λπττ,
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t, - 'jH

*-'--p

0 - I'D

_ · - ΪΝ

iv1-ZJ-i.2GeV!

<i->-;7(GeV/c)2

ΙΊϊ-2.7-7 GeV)
<p-'>.S* (GeV/c)2

<i->-J./(GeV/c)-i

IK GeV

•ζ tB

, All events

Events with
V particles

FIG. 38. Dependence on the invariant mass W of the hadrons
of the relative cross section for production of V" particles in
VN interactions for events having detectable V° particles
(FIMS group). The curve in Fig. b is the distribution with res-
pect to the invariant mass of the hadrons for all events in VN
interactions.

ΑπτίΉ,γ, Κττ, Κητι, etc.). These distributions showed no
peaks of masses above 1.5 GeV, and upper limits were
found for production and decay involving the given modes
at the 1% level.

The only event in exclusive reactions that indicates
production of a new particle decaying into hadrons is
the case found in an experiment with the 7-foot cryo-
genic bubble chamber of BNL [ 1 2 8 ] at £„= 13.5 GeV:

\-p-f ,u-C++->- μ- + Λπ+π*π+π-. (6.5)

In this event AS= - A Q . It can be interpreted as pro-
duction of the charmed baryonZ/* + [ 7 7 ] or of a F-mes-
on. [ 1 2 9 ]

Events analogous to reaction (6.5) have also been
sought in other experiments. In a neutrino experiment
in the 15-foot FNAL bubble chamber filled with hydro-
gen [ 1 2 6 ] not a single event of the type (6.5) was found
with a substantially larger flux of ν of energy above 10
GeV. The authors give an upper bound for single pro-
duction at the 90% confidence level:

In an experiment with the Gargamelle chamber all to-
gether 106 single Λ-hyperons were observed. These
events appear mainly because of the low efficiency of
simultaneous detection of two strange particles. The
authors estimated that the expected number of as-
sociative production events is (64± 18). Hence we can
ascribe the excess (42 ± 20) to production of a charmed
baryon, and here the yield is estimated to be (2± 1)%.

One of the possible candidates for a charmed baryon
was found also in a study [172] by the ANL group.

c) Observation of lepton pairs in neutrino interactions

The most definite proof of production of new particles
in neutrino experiments is the observation of two-lepton
events.

* (μ") + Χ. (6.6)

Two (6.6) events were first observed by the HPWF
group in 1974. [ 1 3 1 ] The search for (μμ, μβ) lepton pairs
has subsequently been conducted not only by this group,
but also in other neutrino experiments.

Tables XI and XII present a summary of all the ex-
periments, their conditions and observed processes,
while Fig. 39 gives the energy-dependence of the yield
of two-lepton events.

At present the best experiment for studying two-muon
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TABLE XI. μμ-Events.

№w[ 131-1Ϊ3]

I

C r r F [I*U35]

CDHSl"3»

40—200

30—220

10—30

40—200

μ~μ*
μ-μ-
μ+μ-

μ-μ*
μ-μ-

μ-μ*μ-

μ-μ+

μν
μ-μ-

C4
7

10
3

90(13) '
(2)
(2)

33(8)

40

257
58
47

~ 2 5

~ 2 0

~100

•S f

11

1.210»

0.6-10·

0.5-10»

5.3-10»
ί.5-10»

. > 12

| Ι

0.8+0.3
0.08 ±0.04

2+1

^ 1

0.64+0.20
W>2

~ 1

Note: The numbers Indicated for the experiment of the CITF
group In parentheses correspond to events in which 2 (or 3)
muons enter the magnetic part of the spectrometer and their
charge is definitely identified.
Note: A muon of the "correct sign" (e.g., \Γ in vN interac-
tions) is taken for \iu and one of the "wrong sign" (μ* in vN
interactions) for μ2·

events is one by the CDHS group [ 1 7 3 ] that was performed
with the 1000-ton SPS detector at CERN. Figure 39b
presents separately the data on the yields obtained in
this experiment, together with the detection efficiency
function obtained talcing into account the production of
charmed/) mesons.C l 4 2 ]

The experimental study of the properties of two-lepton
processes leads to the following conclusions.

1. The kinematic features observed for two-lepton
events, such as the shift of the χ -distribution toward
smaller values of x, the flat y-distribution, the dif-
ference of the energies and transverse momenta of the
two muons Κ£>μι»<Ε>μ2,(/>χ>μι></>χ)μ2), the strong
anticorrelation in the azimuthal angle of separation of
the two muons, and the change in the invariant mass of
the muons with increasing energy, indicate that the

TABLE ΧΠ. pe-Events.

process (6.6) proceeds via production at the hadron ver-
tex and the subsequent lepton or semilepton decay of
charmed hadrons of mass ~2 GeV/c2.

2. The Me events that have been observed in bubble
chambers have the same properties; it was found in
addition that such events are accompanied in a con-
siderable number of cases by strange particles, so that
the mean multiplicity of Κ mesons is (Δ) = 1.5-2, as is
expected in the production and decay of charmed mesons.

3. The observed yield of two-muon events, which is
about 1-1.5% for Evj >40 GeV, is the same for vN
and VN interactions. This corresponds to the fact that
the cross section for production of charmed particles
in neutrino interactions amounts to about 10% of the
total cross section involving charged currents, and the
probability of their decay by lepton channels amounts to

Group

OQti 1134 J7

B N L 1 I 3 » I

BCHWl»3»l

P», 13»|
CB

tuil

FIMS

Beam

ν μ

ν μ

ν μ

* μ

«ν.»).

G«V

2.5

2.5

30

30

30

Type of
events

μ-ί+!Ό
μ-,*
μ-«-
·»μ·*

μ-e*

μ-e+W

μ-e*
νμ«+ν°

μ-e+V»
μ-e*

μ*ί-ν«
μ+e-
μ+e*

ν

Ν(μ·)

3
17
26
4

7

9
61

0
Κ?)
Κ?)
β

Back-
round
number

of events)

0.09+0.03
6.1+1.8

26.0+4.0
3.7+1.0

2+1

1

β

0.02
0.2±0.2

0.03
4

W(lil)

'4.8-101

for

W>2CeV

1.5-10·

410»

2-10»

1.110»

Energy
cutoff of
electrons,

GeV

0.2

1.5

0.4

>0.4

> 0 . 2

Yield of events

(0.3±0.13)

W>2GeV

~ 0.3 (for
W>2)

/-'X0.63X

£v>5GeV
£,>0.8G.V

0.5±0.15

<0.3
<0.5
<0.5
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.-/Γ,ίΛ HPWF
-Λ' ί + . GGM-CIR

>-/!~:\. BCHW
-,"'' r BNL

•-.Ov C I T f

·" -/·',-· IS

(20-30)%.

4. Other mechanisms that can yield lepton pairs
(Fig. 40), such as the production and decay of vector
mesons (a), direct production of lepton pairs t l 4 3 ] (b),
production of a W-boson (c), and production of a heavy
lepton[1441 (d) are ruled out at the level of accuracy of
the given experiments.

5. The question of the observation of lepton pairs of
like charge (μ~μ" in vN, or μ + μ+ in VN interactions) [132]

remains open, since such events in the experiments of
the CDHS group at CERN [173] can basically be explained
by background processes.

6. The three-lepton events observed up to now by the

C I T Fti35] a n d HPWFCl57:l groups pose the question of the
possible production of a heavy lepton with subsequent
cascade decay.

On the whole, the data of all the experiments in-
vestigating two-lepton events agree with the 4-quark
GIM scheme for the semilepton weak interactions/1 2·2 2 1

(Fig. 40e).

It would seem that further neutrino experiments will
be able to establish more concretely precisely which
charmed mesons and baryons are produced and what are
their decay schemes.

d) Other experiments

A number of other experiments closely adjoin the
problem of new phenomena in neutrino physics discussed

Hadrons

FIG. 39. Relative yield of
μμ and με events as a func-
tion of Evj. a) All ex-
periments given in Tables
XI and XII except the ex-
periment of the CDHS
group; b) experiment of
the CDHS group.

in this section, and we shall review them briefly below.

In an experiment to study neutrinos of cosmic origin
performed in South India using a counter method deep
underground/1451 five events were observed that had a
vertex in the air near the apparatus. The authors as-
sumed that these events arise from the decay of a new
particle produced in neutrino interactions that has a
mass of ~2 GeV/c2 and a lifetime τ~ 10"9 sec. Ref. 146
gives another possible interpretation, namely pro-
duction in the atmosphere of a heavy, long-lived lepton
L°{mLo~2-3 GeV/c2, and τ>10"5 sec).

The hypothesis concerning production of neutral long-
lived leptons has been tested in neutrino experiments
using accelerators. t l 4 7 · 1 4 8 1 An experiment at CERN using
the Gargamelle chamber was set up under conditions of
"absorption" of the proton beam in the shielding/1491

resulting in neutrinos of ordinary origin from the decay
of IT- and if-mesons being suppressed. The HPWF
group performed an experiment with the usual neutrino
arrangements, but with the aim of seeking decays of
L° leptons, the liquid scintillator was removed from
one section of the detector and this space was filled
with helium. These two experiments, in which the re-
duced intensity of neutrinos or protons was considerably
higher (by 2-3 orders of magnitude) than in the cosmic
ray experiment, gave a negative result. Recently one
event was observed among 1000 v^N events in a neutrino
experiment with the SKAT chamber. [ 1 5 0 ] In particular,
this could be interpreted as the production and decay
of a short-lived (τ~ 6χ 10"12 sec) heavy neutral lepton
with a mass of M~ 2 GeV/c2:

ΊΑ,Ιί

FIG. 40. Possible diagrams for production of two leptons In
vN interactions.

This interpretation is based on the fact that the μ"β+
pair is separated from the interaction vertex by 0.5
cm.

In closing this section, we also point out the great
promise of neutrino experiments using photoemulsions.
Actually, if the new particles have lifetimes of 10" 1 4-
10"12 sec and decay paths of 10-1000 μπι, then they can
be directly observed only in photoemulsions. Experi-
ments of this type which employ large stacks of photo-
emulsion (50-150 kg), together with external electronic
detectors, are performed at the Serpukhov, FNAL, and
CERN accelerators.

One possible short-lived charged object has already
been discovered in an emulsion experiment at FNAL
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(decay path 182 Mm, τ~6χ10" 1 3 sec, possible decay
schemes 5(1.87)- ΚΡΚ+Κ-Ή\ Σ c (2.48 - Α°Κ*Κ-ν%
The discovery of several other short-lived events of
this type would be a final proof of the production of
charmed particles.

Finally, one of the interesting problems of neutrino
physics is that of the degree of conservation of lepton
charge (the distinction between νμ and v,, and
that between ν and V). As analysis shows, the funda-
mental information on this subject is derived from the
experimental level to which the rule forbidding the de-
cay μ-ey is obeyed. Pontecorvo[152] has proposed a
more sensitive test of the degree of conservation of
lepton charge that consists of seeking neutrino oscil-
lations, i.e., transitions in vacuo of one type of neu-
trino into another. One of the realistic formulations
of such experiments involves experiments with solar
neutrinos, although the possibility is not ruled out of
conducting such experiments using accelerators.

7. CONCLUSION

The review that we have given evinces considerable
progress in the physics of neutrino studies during the
past several years.

The discovery of neutral currents in semilepton and
pure lepton processes and their qualitative study is one
of the most important advances in the physics of weak
interactions at high energies.

The observation of two-lepton events accompanied
by an elevated yield of strange particles is a rather
cogent proof of the existence of particles having the new
quantum number of charm. The study of deep inelastic
neutrino-nucleon scattering agrees generally with the
quark-parton-gluon model at high energies.

All these problems are currently the topic of further
intensive studies in various energy ranges with a new
generation of electronic neutrino detectors and with ex-
pansion of the scope of studies using large bubble cham-
bers. Neutrino experiments have been furthered by the
recent placing in operation of a new 400-GeV accel-
erator at CERN.

The vigorous development of experimental and theo-
retical studies of neutrino processes allows us to hope
that this interesting field of elementary particle physics
will very soon substantially deepen our understanding
of the weak interactions and the structure of hadrons.
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