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Modern problems of neutrino physics at high energies are analyzed. Possibilities for investigating
them experimentally with neutrino beams at the large accelerator and storage-ring facility UNK

nearing completion at Protvino are discussed.

INTRODUCTION

The possibility of performing neutrino experiments at
high-energy accelerators was first discussed by M. A. Mar-
kov and his collaborators shortly before the conference on
high-energy physics at Kiev (1959). At that time, the idea
appeared to many to be beyond the bounds of reality.! Dur-
ing the three decades that have since elapsed, investigations
with beams of high-energy neutrinos have played an impor-
tant part in the establishment of modern ideas about the
structure of the fundamental particles and the nature of the
interactions between them. The specific properties of neu-
trinos—their pointlike nature, ability to distinguish quarks
and antiquarks and “sense” flavor, and the weak depen-
dence " of the neutrino cross sections o, on the square Q * of
the four-dimensional momentum transfer—make neutrinos
a unique probe for the investigation of the structure of had-
rons and nuclei and for testing the standard model of the
strong and electroweak interactions.>?

Unfortunately, the extremely rich physical information
that could, in principle, be obtained in experiments with neu-
trino beams is to a large degree lost by the poor statistics and
the systematic errors traditionally inherent in neutrino ex-
periments and due to the smallness of the neutrino cross
sections, the poor knowledge of the energy of the initial neu-
trino and of the properties of the final particles, and the lack
of knowledge in a number of cases of the type of the initial
neutrino.

Despite these difficulties, neutrino physics has made
great progress in its development during the last 15-20
years, and the neutrino experiments performed at accelera-
tors in the Soviet Union, the United States, and at CERN
have made a major contribution to our understanding of the
nature of the electroweak and strong interactions and the
structure of hadrons (discovery of neutral currents, mea-
surement of structure functions, the parameters A,
sin’@y,, p, the Kobayashi—-Maskawa matrix elements, etc.).

A new step in neutrino investigations will be taken at
the large accelerator and storage facility UNK (Uskori-
tel’'no-Nakopitel'nyi Kompleks: Accelerator-Storage Ring
Facility), which is currently nearing completion at Protvino
(Institute of High Energy Physics).* Among the multi-TeV
accelerators of the new generation, the UNK is unique, be-
cause it is intended to produce neutrino beams that will be
the most energetic and intense in the world for the foresee-
able future. These beams and the planned neutrino detectors
will make it possible to overcome a number of traditional
difficulties and to achieve for the first time in the practice of
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neutrino experiments the levels of accuracy obtained in ex-
periments with hadron beams. A high statistical reliability of
the neutrino experiments at the UNK will be achieved by the
increase in the neutrino energy E, and, accordingly, growth
of the cross section (0, ~E,, a factor ~ 10 compared with
the Sp8 collider and ~ 3 compared with the Tevatron), and
also by the high intensity of the initial protons (~5x 102
sec™ '), which will exceed by an order of magnitude the in-
tensity of the competing accelerator closest in energy—the
Tevatron at Fermilab in the United States.

The statistics of experiments at the UNK will be unusu-
ally good by the standards of modern neutrino experiments.
Thus, one pulse of the accelerator (6 10" protons from the
proton beam deflected onto a target™*) will give about 50 vV
interactions in one ton of target in the neutrino detectors.
The expected statistics™ for some of the most important pro-
cesses are given in Table I.

For the same conditions, Fig. 1 shows the distribution
of v, N-interaction events with respect to the energy, dN,,, /
dE,, and N, . It can be seen that even at very high neutrino
energies E, ~2 TeV, good statistics will be possible (about
10° events). Even better statistics will be obtained in dichro-
matic beams: during 100 days in 100 ton, about 2.2 x 107
v, N interactions and about 3.4 10° ¥, N interactions.®

At the UNK it is intended to produce neutrino beams
with broad and narrow energy spectra, beams of tagged neu-
trinos, and direct neutrino beams. The length of the decay
base is 3.7 km. The muon background is suppressed by a steel
shield of length 500 m and ground of thickness 1000 m. The
neutrino detectors are mainly placed at distances 0.5-2.5 km
after the shield. The possibility of removing the detectors to
distances up to 50 km is also foreseen.

Figures 2 and 3 show spectra of neutrino and antineu-
trino beams with broad and quasibroad spectra for different

TABLE 1. Statistics in a wide-spec-
trum beam during 100 days
(4.32 10" protons) in 100 ton of tar-

get.

Process Vi Va
vV —+e~X 3.6-108 | 7.6.106
VN —vX 1.2.108 2.5-108
v =X 4.6-108 | 7.6-10t
yN —ve 4.7-101 7108
Tye = v, 5.4.10% —
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FIG. 1. Energy distribution of the number of ?N —pX events, dN,, /dE,,
and &,,, during 100 days in 100 ton of target.

types of focusing and the chosen geometry of the channel
(radius of detector 0.56 m, distance 1.5 km after the
shield).®® The neutrino flux at the detector is about 2 10~
v/(m?*-proton). The background admixture of antineu-
trinos in the neutrino beam is 0.3%.

The narrow-spectrum neutrino beams are produced on
the basis of a high-intensity channel of monochromatized
pion and kaon beams with momenta in the interval 500-2250
GeV/c and spread =+ (1.5-14)%. Preliminary estimates®
lead to the following results. For Ap/p = + 2.5% and a de-
tector with radius 1 m at distance 10 km from the shield the
neutrino fluxes at the detector will be (3 X 1071 10~%)
v/(m? proton) and (1x1077-8x 10~ 7)»/(m*-proton)
from the decay of 7™ and K * mesons, respectively. The rela-
tive width at half-height of the energy peaks will be 7-20%
for neutrinos from 7+ decay and 3-6% for neutrinos from
K * decay. The level of the continuous background will be
about 1.5%, and the admixture of ¥ in the v beam will be
about 0.5%.
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FIG. 2. Energy spectra of v, neutrinos at the UNK in the case of ideal
focusing (1) and of a focusing system of three (2) and one (3) lithium
lenses; curves 2" and 3’ give the admixtures of antineutrinos.’
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FIG. 3. Energy spectra of ¥, antineutrinos at the UNK in the case of ideal
focusing (1) and of a focusing system of three (2) and one (3) lithium
lenses; curves 2’ and 3’ give the neutrino admixtures.

To ensure high systematic accuracy; the realization of
the program of neutrino tagging will be important.>'* The
tagging method will permit determination of theinitial prop-
erties of the neutrinos at the level of individual events. The
main advantages compared with ordinary beams are the
knowledge of the species of the initial neutrino and the high
energy ( ~3% ) and angular resolution. Moreover, as can be
seen from Table II, a high statistical reliability can be
achieved in beams of tagged neutrinos.

The resolution of total-absorption detectors, which are
widely used to detect neutrino interactions, increases with
increasing energy as E ~'/. Therefore, at UNK energies it
should be possible to measure the energy with an accuracy of
a few percent, a significant advance on existing measure-
ments. The detectors planned for use in the neutrino experi-
ments at the UNK will have high spatial and energy resolu-
tion and a fairly large mass.

A further very important advantage of the UNK com-
pared with existing accelerators is the extension of the range
of variation of the kinematic variables. The increase of the
energy by about an order of magnitude compared with the
SpS collider and by more than a factor of three compared
with the Tevatron will open up possibilities for the direct
production of new particles both in neutrino beams and in
proton beams, as well as in beam-dump experiments with the

TABLE IL. Statistics in beams of tagged
neutrinos™'"  during 100 days
(4.32X10" protons) in 500 ton of tar-

get.

Process i Ve
vy —¢ X 2.2+107 4.6:10°
vN — X 7.5-108 1.5-10°
viN —1*-X 2.2.40% | 4.6.103
ve —>ve 2.9.103 | 4.1.102
Yl _*'Vue 3.2.10% -
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FIG. 4. Kinematic regions (Q2,E, ) accessible for the UNK, Tevatron, and
SpS.

use of neutrino detectors (massive neutrinos, heavy leptons,
and more).

As can be seen from Fig. 4, the kinematic region (the
Q’-E, plane) accessible for experiments at the UNK is
much wider than for the SpS and the Tevatron. The increase
ofthe Q 2interval will be important for testing themain prop-
ositions of QCD in processes of deep inelastic scattering of
neutrinos by nucleons and nuclei (form of the breaking of
scaling, separation of the twist corrections from the logarith-
mic contributions, etc.). For the investigation of the final
hadron states important advantages will accrue from the ex-
tension of the interval with respect to the rapidity (which
will permit better separation of the different fragmentation
regions and the identification of jet events) and with respect
to W, the invariant mass of the final hadronic system. Fig-
ures 5 and 6 show estimates for the expected number of
events with definite values of W2 and @ * that can be obtained
in a wide-spectrum beam under conditions of a real experi-
ment using a hybrid spectrometer with a bubble chamber
and a working target mass 0.4 ton as a vertex part.®

Finally, the increase of the Lorentz factor of the pro-
duced particles may be important for the investigation of
short-lived particles.

Thus, the neutrino complex of the UNK will permit an
extensive program of investigations at high energies. The
neutrino beams and the detectors will ensure a significant
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FIG. 5. Expected number of events with square of the hadron mass greater
than W? for a pulse of 10" protons incident on the target in various experi-
ments.
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FIG. 6. Integrated Q* distribution of neutrino interactions in a UNK wide
beam.

advance on the experimental front compared with the exist-
ing level and will create prospects for the realization of a new
stage of neutrino investigations.

In addition, as a more distant prospect, the UNK pro-
gram foresees the construction of a linear e"e™ collider to
energy 1 TeV X1 TeV (with a high rate of acceleration ~ 1
MeV/cm). This accelerator will in principle permit accel-
eration of the unstable 7 and K mesons to energies of about 2
TeV, and this will open up the possibility of obtaining and
using intense narrowly directed (at a given angle) beams of
monochromatic high-energy neutrinos.'"'? A discussion of
the possibilities of the program of investigations with such
beams goes beyond the scope of this review. These questions
have been partly considered in Refs. 11 and 12.

This review will also not consider specific, purely ex-
perimental questions; in particular, it will not describe the
facilities that are currently being built and planned for the
UNK neutrino facility. Each of these problems fully war-
rants a special paper. We are also not in a position to make
any reliable analysis of the systematic errors that will arise
when some particular physical process is studied under the
conditions of a particular experiment. These errors depend
on numerous factors relating to the geometry, efficiency, cu-
toffs, trigger, etc., and they are specific for each individual
facility. Where necessary, we shall give only the expected
statistical errors. They give an idea of the accuracy of the
experiment that can be achieved if the systematic errors can
be made smaller than the statistical errors.

We see the main task of the present review as a discus-
sion of the physical problems of investigations with neutrino
beams and neutrino detectors at the UNK.

Making an overview of the possible neutrino program

_of the UNK, we see that a significant part of it must consist

of experiments in which a quantitative test of the predictions
of the standard model are made. These experiments will be
on phenomena already known, but they will be made with
accuracies exceeding the accuracy of present experiments,
and also in regions of new higher energies and larger momen-
tum transfers. Such measurements can not only give more
accurate numerical characteristics of the phenomena and
values of the fundamental parameters of the theory but may
also lead to qualitatively new results. For example, measure-
ments of the fundamental parameter of the standard model,
sin”@ , on the basis of ve scattering to an accuracy better
than 0.002 could, under favorable circumstances, give infor-
mation about the existence in nature of heavy leptons, heavy
quarks, or new intermediate bosons and could be the key to
an “extension” of the standard model. However, it must be
emphasized that such a step in future experiments will be
possible only if theoretical calculations of various phenome-
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na have been made at least in the single-loop approximation.

Besides the neutrino investigations already mentioned,
the UNK has the potential for the direct detection of new
particles (heavy neutrinos, leptons, Z’ bosons, and others)
and new phenomena (for example, neutrino oscillations).

We make one further remark concerning the relation-
ship of the neutrino program to the possibilities that are
opened up with the construction of new e*e™, pp, pp, and ep
colliders. There is no doubt that the colliders of the next
generation possess a huge potential for a “breakthrough” to
a “new physics’”: the discovery of new particles with masses
of hundreds of GeV/c¢?, new physical phenomena and behav-
ior due to a possible composite nature of the fundamental
particles, new types of symmetry, etc. The UNK accelerator,
working with stationary targets, has a much lower collision
energy (45 =80 GeV) and in this respect cannot compete
with colliders. However, the UNK beams make possible
their own field of investigation, which is entirely or to a large
degree outside competition with colliders; in the first place,
this applies to the neutrino investigations. The UNK neu-
trino beams open up possibilities not available for collider
investigations, above all on problems associated with the na-
ture of the neutrinos themselves: oscillations, electromag-
netic properties of the neutrinos, heavy neutrinos, nondia-
gonality of the weak neutral current, etc. From the purely
experimental point of view, numerous phenomena are more
conveniently studied by means of neutrino beams than with
colliders. For example, experiments with a fixed target give
optimal possibilities for the study of both current and target
jets, which are not easily investigated with colliders. Similar-
ly, it is convenient to look for photinos in neutrino experi-
ments but, apparently, very difficult in colliders.

Also restricted to experiments with stationary targets
are searches for heavy neutral leptons, axions, and other
weakly interacting particles, and also investigations of nu-
clear effects that can be successfully made in neutrino
beams. Finally, one of the remarkable features of the UNK is
the real possibility, opened up for the first time, of making
fundamental and applied (“neutrino geophysics” '*'?) in-
vestigations with beams of “long-range’ neutrinos, i.e., neu-
trinos detected at large distances (hundreds and thousands
of kilometers) from the accelerator.

Further, for numerous phenomena in which the scien-
tific program overlaps with collider physics the specific
properties of neutrino probing make its use expedient irre-
spective of competing possibilities. Even when a particular
phenomenon can be studied in two ways, the possibility of its
independent investigation in neutrino reactions may have
fundamental importance. This is the case, for example, for
the verification of the standard model of electroweak inter-
actions, for which the corrections to the Born approxima-
tion are different for different processes, and their investiga-
tion in all accessible processes will permit the most complete
verification of the gauge nature of the theory and the univer-
sality of its predictions. Therefore, when we compare col-
lider experiments with neutrino experiments on a fixed tar-
get, we should say not that they compete but rather that they
complement each other.

The possible program of neutrino investigations with
the UNK is exceptionally wide and varied. In this issue of
the journal we publish the first part of a survey, which is
devoted to a discussion of the problems of the electroweak
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sector of the standard model and to the investigation of the
structure of nucleons in the framework of quantum chromo-
dynamics (QCD) and the possibilities of studying them in
experiments with the neutrino beams of the UNK. Above
all, we consider all processes in which the parameters sin’6
and p can be measured with high accuracy. In the following
sections, we shall consider problems of the structure of nu-
cleons and nuclei, the final states of the hadronic systems,
nuclear effects, exotics, and investigations with beams of
“long-range” neutrinos. The complete survey is being pub-
lished in two issues of the journal. The division is made solely
for formal reasons associated with the restriction on the
length of reviews accepted for publication.

1.TESTING OF THESTANDARD MODEL
The standard model

The standard SU (3), ® SU (2),.® U (1) model of the
strong, electromagnetic, and weak interactions of the ele-
mentary particles™® gives a good description of practically
all the observed facts. It embodies the principles of non-Abe-
lian gauge invariance, spontaneous symmetry breaking, and
confinement. The theory is renormalizable and permits cal-
culations of higher orders. The SU(3), part——quantum
chromodynamics—describes the strong interactions of the
elementary particles; the SU (2),® U (1) part—the
electroweak sector of the standard model— describes the
unification of the electromagnetic and weak interactions.
The discovery of neutral currents, the proof of the existence
of W+ and Z ° bosons, the determination of the elements of
the Kobayashi-Maskawa matrix, the determination of the
parameters of the CP violation in decays of X mesons, the
establishment of B °~B ° oscillations, and a number of other
important experimental results that confirm the conclusions
of the standard model provide convincing evidence that the
model describes nature adequately in the investigated region
of energies and at the achieved level of accuracy.

The standard model will be subjected to further careful
verification at the accelerators SLC (USA), LEP (CERN),
HERA (German Federal Republic), and UNK (USSR),
which are now or very soon will be commissioned, and also
at other planned accelerators (the future pp collider at
CERN and the SSC in the United States).

Despite the successes of the standard model, there do
exist reasons for dissatisfaction with both quantum chromo-
dynamics and the electroweak sector of the model.

Thus, in the Lagrangian of the standard model, with
three generations of leptons, there are 18 free parameters
(two coupling constants: e, @(Q?); 12 masses of fermions
and bosons: u, d, s, ¢, b, t, e, u, 7. W, Z, y; and four mixing
angles in the Kobayashi-Maskawa matrix), to which, in the
case of massive neutrinos, there must be added seven more
parameters (the neutrino masses and the mixing angles of
the leptons). The reason for the replication of the lepton
generations are obscure, there is no reason for their number,
the mechanism of generation of the masses of the particles is
unknown, and there is no theoretical derivation of their
spectrum. The space-time structure of the weak interactions
does not follow from any internal requirements of the theory
but is introduced phenomenologically, in accordance with
experimental facts. The existence of a Higgs boson has not
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yet been proved. The # quark has not been found, and there is
no direct proof of the existence of the 7 neutrino. Some pa-
rameters of the standard model are known with insufficient
accuracy.

For all these reasons it is necessary to test the standard
model more deeply, and also to look for a more general theo-
ry that, including the standard model as a part, would elimi-
nate the excessive reliance on phenomenology in the model.

Many different methods have been proposed for the ex-
tension of the standard model beyond the existing frame-
work: inclusion of new generations or additional intermedi-
ate bosons, technicolor, compositeness, supersymmetry,
grand-unification models, and superstrings. In passing to
the region of higher energies and larger momentum trans-
fers, we hope to discover signals of a new physics.

The most striking experimental manifestation of such
new physics would be the direct discovery of new particles or
phenomena that do not fit in the framework of the standard
model. However, it is entirely possible that a new physics
would not be directly manifested in the considered range of
energies but would appear indirectly, through relatively
small deviations from the predictions of the standard model.
It is this circumstance that stimulates accurate measure-
ments of the parameters of the model. They could indicate
the existence of new particles or phenomena and impose re-
strictions on the structure of 2 more general theory.

For the neutrino experiments to be discussed in this
review, an increase of the accuracy of the measurements is a
matter of the first importance. As we have already noted, the
UNK neutrino beams and detectors will open up possibili-
ties for a significant improvement in the accuracy of neu-
trino investigations. They will permit high-precision mea-
surements of the parameters of the electroweak sector of the
standard model (sin’f v, p, and the elements of the matrix of
the quark mixing), study with high accuracy of the space-
time structure of the weak current, verification of the univer-
sality of the generations, searches for a flavor-changing neu-
tral current, direct searches for 7 neutrinos, etc.

The theoretical discussions in the review will be based
on the following Lagrangian of the electroweak sector of the
standard minimal SU (2), ® U (1) theory, written down
with allowance for the spontaneous breaking of gauge sym-
metry in the so-called U (unitary) gauge. In the minimal
theory, there is only one doublet of Higgs mesons. In the
Lagrangian we give explicitly the relations that arise
between the parameters of the theory (of the type ¢*/
g'=1—M7% /M%), and also the independent constants:
the charge e, the masses My, M5, m,, etc.

Thus, the explicit expression for the Lagrangian has the
form'*

. i .
LV — 5 (Oudy— 0,4,

— 2 [F OV my) [ -+ ieQ, Ty, fA,]
¥

1 ‘ P 3 2 1 o
— g 10— 0, W2 — My W, [~ = (0,2, — 6,2,

1 72y i € T ¢ ¥
“—E‘M%[ﬁﬁ‘ﬁ(—l‘_—m 2 Five (L +v0) K yyfi Wi
A

+ Pl (14 %a) KUt W)+ g 2 T (vusr 14
I
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In the expression (1), 4 as Z,» W, are the operators of the
fields of the gauge bosons ¥, Z, and W, respectively; f* and
[ are the “up” and “down” fermion fields:

v, u
l’)’ D)"'; U=u, ¢, t; D=d, s, b;

Sup = + sy = — 1, 0 = 5,|Q;|, where | Q| is the modu-
lus of the charge of the fermion of species £ y is the scalar
field that describes the physical Higgs field; (y) =0;
3,=8/3y, ;RIM% /M%) f= (j,' ); Kin the general case is
a nondiagonal matrix and in the quark sector is identical to
the Kobayashi-Maskawa matrix; m;, Q,, s, are the corre-
sponding diagonal matrices.
We shall use the definition

8in® Ow = 1 — M5/ M%. (2)
We introduce the quantity
p = M/ (M% cos? By). (3

It follows from the definition (2) that p= 1. However, in the
general case, as we shall see below, the value of p need not be
equal to unity.

The reader can find a more detailed discussion of the
individual terms of the Lagrangian (1) and of the renormal-
ization procedure together with the explicit form of the
counterterms in the theory of the electroweak interactions in
the lectures of Ref. 14. -

Here, we make just one remark. All the particles of the
fields that occur in the Lagrangian (1), except for the ¢
quark, 7 neutrino, and Higgs boson, are already known ex-
perimentally—they are the fermion fields, the electromag-
neticfield 4, , and the gauge fields of the W * and Z ° bosons.
The Lagrangian (1) includes a number of terms containing
an interaction with the Higgs field or a self-interaction of
this field. The experimental investigation of the existence in
nature of the # quark and of the Higgs boson is one of the
fundamental problems of modern theory. We shall see below
which phenomena could permit detection of a contribution
of the ¢ quarks and Higgs bosons. In all cases in which our
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discussion takes us beyond the framework of the Lagrangian
of the standard model we shall specify the corresponding
conditions.

The renormalizability of the standard model makes it
possible to calculate the contributions of diagrams of higher
orders, i.e., the radiative corrections. The radiative correc-
tions of the electroweak sector are usually divided into three
types:

1) quantum-electrodynamical vacuum polarization; in
the diagrams of this type an intermediate virtual photon is
transformed into a pair of fermions (leptons and quarks);

2) diagrams that include weakly interacting particles in
loops and at vertices;

3) bremsstrahlung of real photons and virtual photons
in loops; these corrections depend on the geometry of the
detector and other details of the experiment.

None of the types of diagrams taken separately is gauge-
invariant; only the complete set of diagrams of a given order
is gauge-invariant. The calculation of the radiative correc-
tions of the first and second types takes into account the
contributions of various particles, including ones that have
not yet been detected—the r quarks and Higgs particles. Ex-
tending the interaction Lagrangian in (1) [going beyond the
framework of the minimal SU (2),® U (1) sector of the
standard model], we can include in the calculations radia-
tive corrections and other particles (for example, Z}). In
this way one can introduce a dependence of the investigated
physical phenomena and theoretical parameters on the
masses of the # quarks, Higgs mesons, new fermions, addi-
tional Z bosons, and other particles not contained in the
minimal standard model.

At the present time, the standard model is being verified
at the level of the single-loop approximations. It should be
borne in mind that the calculation of the electroweak radia-
tive corrections includes a definite renormalization scheme.
The most popular are on-shell schemes and the mimimal-
subtraction ( MS) scheme's: (M,)* = M? + §M*(u): on-
shell renormalization scheme; (M,)* =M *(u) + M
minimal-subtraction scheme.

Here, M, is the bare value of the mass, M is the physical
value of the mass, M(u) is the renormalized value of the
mass, which depends on the choice of the renormalization
point gz, and 8M ? is the radiative (infinitely large) correc-
tion. In general, the values of M % and M *(u) may differ, and
to obtain the physical value of the mass it is necessary to
know the connection between M ? and M ?*(x) in order to
avoid possible confusion. Different values of the masses M -
and M *(u) lead to different values of the fundamental pa-
rameter sin8y, :

sin? by =1— M/ M% (4a)
and
sin? By (W)= 1— A%y (W)/ME (), (4b)

where M, (1) and M (1) are the renormalized masses of
the W and Z bosons.'* It is well known that accurate values
of sin’0, are important for comparisons with the values of
sin’@, obtained in grand-unification theories and in super-
symmetric schemes, to obtain indications of masses of new
particles (or determine limits on them ), etc. Despite the di-
versity of the theoretical schemes of the calculations, the
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theoreticians have achieved unity in the results of the calcu-
lations of the radiative corrections in the single-loop approx-
imation.!® These calculations have already provided the ba-
sis of an analysis of experimental data obtained in various
reactions (vN, ve, eN, uN scattering, e™e™ annihilation)
and relating to the masses of the intermediate vector bosons
and to the weak neutral currents. '” The results of the analy-
sis indicate that in the investigated region of E and Q * there
are no deviations from the minimal standard model. In fu-
ture experiments this conclusion must be subjected to new
verification in the region of higher energies and larger mo-
mentum transfers, in which the contribution of the ¢ quarks
and Higgs bosons or the manifestations of a “new physics”
could be more pronounced.

Measurement of the parameters sin26,, and p
Scattering of neutrinos by electrons
Of very great interest for high-precision verification of

the standard model are processes of neutrino scattering by
electrons:

v, e v, -+ e (5a)
V.t eV, + & (5b)
Vpte—v,+e (6a)
;u—f—e—»;ere. (6b)

Diagrams corresponding to the scattering processes (5a)
and (5b) are shown in Fig. 7. They include the contributions
of the neutral current [diagram (a)] and the charged cur-
rent [diagram (b)]. Because of the law of conservation of
the lepton number, the processes (6a) and (6b) are de-
scribed by just a single tree diagram (Fig. 8). Below in the
expressions for the differential and total cross sections of the
processes (5a), (5b) and (6a), (6b) we shall everywhere
omit the factor M 3,.,/(g° -+ M3, ;) (here and in what fol-
lows, we takec = #i = 1), which corresponds to the propaga-
tors of the W and Z bosons, since even at very high neutrino
energies the momentum transfer ¢* is negligibly small com-
paredwith M % or M %,: ¢° =~ — 2mkE,, where E, is the recoil
energy of the electron and m is the electron mass. Even when
the energy E, of the scattered electron is equal to the energy
of the incident neutrino, the recoil is small. From the theo-
retical point of view, the processes (5) and (6) are the sim-
plest possible (the electron has no structure). A detailed
derivation of the expressions for the differential and total
cross sections of these processes for the V' — A form of the
interaction [in the approximation M3,,/(g° + M%)
=1] is given in the book of Ref. 18. We give here all the cross
sections corresponding to the tree approximation:

VelVe, Ve (Pp) Vo)

Vol¥g)

FIG. 7. Diagrams describing the process of v, (v, ) scattering by electrons
in the tree approximation.
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E//—l\.e

FIG. 8. Diagram describing the scattering of a rouon neutrino by an elec-
tron in the tree approximation.

' : 2,

00t t%e) g, [ (A 4-sin? by ) -sint 0w (1—1)2]

(7a)
(vee + i 1 . 2

ﬂ(vﬂ;y_ﬂ:ZUO [Sm& Bw -+ (T_]_smz BW) a— y)z] ;
(7b)

E . T

_..LVMZ:_V_HE):QrUG[( “%"‘*‘Sln‘-’ BW) —l—SlnieW (1__y)2:|;
(7¢)

do (vye-t+vge) _ " . \

_de—u :20’0[&1n<«6W-{-( %T‘ksngw) o — y)z],
(7d)

where 0, = G¥m E, /7, 0<y=E,/E, <1, and G{ is the
Fermi coupling constant.

Integrating the cross sections (7a)—(7d) with respect
to the variable y, we abtain

2 .
cr(v,,e):?a,,[(%—{—sinzew) —{-—%sm"ﬁw} H (8a)
_ i 2

0(vee)=200[sinﬁﬁw+—;—(%—I—sinzﬁw) :li 3 (8b)

o (vye) =20, [( ——?i——*—sinz Bw)er-gﬁ sint BW:I ; (8c)

— 2

o (v,e) = 20, [sinéﬁw—}-% (—=+sinz0w)’].  (8d)
The cross sections (7) and (8) are expressed in such a way
that the term + 4 + sin®@y, corresponds to the contribu-
tion of the electrons with left helicity, and the term sin*8 , to

the contribution of the electrons with right helicity. The re-
striction

a (;,1 e)

is obtained from consideration of two limiting cases:
a) sin®@y =0;b) (— 4 +sin’fy ) =0

We consider in more detail the processes v, e—v,e
and ¥,e—7V, e, which are due to the neutral currents. In
the standard model withsind@y = 0.23 (andp = 1) wehave
o(v,e)/E, =156x10"* cm’/GeV and o(¥v,e)/
E,=133%x10"* ¢m?/GeV. The experimental values of
o(v,e)/E, and o(v,e)/E, are given in Tables IIl and IV.

The mean value of the branching ratio
R = U(v#eavﬂe)/a(ﬁle—m—/ye), measured at  the
CHARM facility in the second (improved) exposure, is
1.26 972 and the mean value of sin*d  (mean of both expo-
sures) i 0.215 4+ 0.032 + 0.012.

The measured branching ratio

{—4sin? ew+—13ism4 B
1—4 sin? By - 16 sin% Oy

G (vpe—vye) _

R= (10)

o (;ue —>\_’u8)

[see Egs. (8¢) and (8d)] is a sensitive measure of the weak
mixing angle sin’0,,” since

A sin? By ~ AR/8R. (11)

If we require the error in the determination of the Weinberg
angle tobe S0.002, then from (11) we obtain AR 0.025. It
follows from this that the existing error in the measurement
of the neutrino—electron cross sections must be reduced by
tens of times. From the point of view of the statistics, this
means that the number of neutrino—electron elastic scatter-
ing events must be tens of thousands.

Such statistics is entirely attainable at the UNK. In the
neutrino calorimeter with a 100-ton target 10 000 v, e scat-
tering events can be obtained during an exposure of about
four months.®

The accuracy in the determination of sin®#y, at the
UNK in a beam of tagged neutrinos is expected to be at the
level 4 0.003 (detector of mass 500 ton). At the same time,
the systematic errors will be well monitored. In the broad-
spectrum beam the statistical error will be still smaller, by a
factor of a few times: in this case the actual accuracy will be
determined by the possibilities for overcoming the systemat-
ic errors.

gt 9
TST (vue) <3 ) In the CHARM-II experiment currently being per-
TABLE JII. Values of o(v, ¢)/E... e
Expc::rimenta] Scientific center Number of events OBy
facility 107* ¢cm*/GeV
GGM ) CERN (pS/SpS) 9 %at-2
AC—PD b) CERN (pS) 7 1.1+0.6
15 FT c) FNAL 20.5 1.604-0.294-0.26
UMWOF d) FNAL 34 1.44+0.5
CHARM e) CERN (SpS) 83 1.940.44-0.4
ET4 f) BNL 107 1.60--0.292-0.27

a) Blietschau J., Deden H., Faissner H. e. a.//Nucl. Phys.

1976. Vol. Bi14, P.

189~

198: Armenise N., Erriquez 0., Fogli-Muciaccia M. T. e. a.//Phys. Lett. 1979. Vol. 86B.

P. 225-228.
b) Faissner H., Fasold H. G.,
213-216.

Frenzel E, e.a.//Phys. Rev. Lett, 1978. Vol. 41, P.

¢) Cnops A. M., Connolly P, L., Kahn 8. A. e. a.//Phys. Rev. Tett. 1978, Vol. 41 P.
357-360; Murtag M. J.//Proc. 1ith Intern, Conf. on Neutrino Physics and Astrophisics,

Dortmund, 1984, P. 290-311.

d) Heisterberg R. H., Mo Y. W., Nunamaker T. A. e. a.//Phys. Bev. Lett. 1980. Vol.

L4, P, 635-639.

¢) Bergsma F., Dorenboseh J., Tonker M. e. a.//Phys. Lett. 1982. Vol, 117B. P, 272-
278; Bergsma F., Dorenbosch J., Allabi T. V. e. a.//Phys. Lett. 1984. Vol. 147 B. P, 481-486.
f) Ahrens L. A., Aronsen S. H., Connolly P. L. e. a.//Phys. Rev. Lett, 1983, Vol. 51.

P. 1514-1517; Ibid, 1985. Vol. 54. P, 18-21.
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TABLE1V. Values of o(¥,e)/E,.."°

EKP?rimenta‘] Scientific center Number of events o/E,, 10-42 em?/GeV
facility
GGM  a) CERN (pS) 3 1.032-2
AC—PD b) CERN (pS) 9.6 2.2-41.0
CHARM e) CERN (Sp5) 112 1.52:0.3+0.4
E73 1) BNL 59 1.16-20.20-0.14

*See the list of references in Table I11.

formed at CERN with the SpS it is intended to collect 2000
v,e and 2000 v, e events and to measure sin’fy, with an
error %0.005. There is a proposal to investigate ve scattering
at the meson factory in Los Alamos at low energies and to
achieve errors Asin’6 5 0.002 (the experiment is planned
to begin in 1991).

A list of future experiments aimed at determination of
sin’@, with high accuracy is given in Table V.

The expected high experimental accuracies in the pure-
ly leptonic elastic scattering processes (5a), (5b), (6a), and
(6b) will permit verification of the theory of the electroweak
interactions to a high accuracy. Although the calculations in
the Born approximation [see Eqs. (7) and (8)] are free of
the theoretical uncertainties associated with allowance for
the structure of the hadrons, they are already insufficient for
comparison with the experimental data. The radiative cor-
rections must be taken into account. In the single-loop ap-
proximation, the radiative corrections include contributions
of both light and heavy quarks, and also a contribution of the
Higgs bosons.

The expressions for the cross sections with allowance
for the radiative corrections have for the scattering processes
v.e—v,e and v, e-¥, e the form (in the approximation
Ev }mc )20,21

\1
do (vye) (v, &) (v,e) vy
220 0, Lol 1 (e LS (1 (1 — )
dOQED(Vue) ]
dy ? >
do (vyue) (v,e) (vye 5 €) 2
LT 26, ol 1 @1 (A — -+ 157 ()
dUQED(;u"’)
dy ’

),
(12)

TABLE V. Future experiments to determine sin’6,, with high accuracy.'

For brevity, they can be expressed in the form
do doBW

dO_QED
dy — dy dy 7

where do?®P /dy includes all the electromagnetic correc-
tions of the third type, and do®" dy includes all the remain-
ing diagrams. Under the condition E, » m,, the expression
for do?EP /dy can be written in the form

dg?EP 6®sa -, 19 w2 3 2m,

oy el =—F5— [L(E“_ﬁ“"'?ln e )

2 1 (43  m2 2. 2E,
+oh5 (3 In - )J -
where
1

S=(E',,+mecz)2; U.:W;
gr= -—%—}— sin?fly; £x=sin? Oy.

In (12) we have introduced the notation

(v, €)

; . r 4 .,
g7 (@)= — 5 +sin? 0y (%) g (¢) = sin? Oy (¢);

W'}
sin2 Oy (g?) = ( 1 — Mw ) 58 (42).

) (14)

The expression for the Fermi constant G ¥ (without radia-
tive corrections) is determined from muon decay as follows:

1 [6¥N2 ma _ 8mz
192n° m;

(15)

Process Expected error

vN deep inelastic scattering 0.007
vuer vue (LAMPF) 0.002
M (Z%(SLC, LEP) 0.0004
Forward-backward asymmetry (200% 10~ cm?) (LEP-I) 0.002
7 polarization (LEP-I) 0.002
M (W) (pp) 0.002
M (W) (LEP-IT) 0.002
Left-right asymmetry:

SLG ) 0.0018—0.0004

LEP (polarized beams) 0.0003
Forward-backward asymmetry:

LEP (polarized beams) 0.0006

¢N (HERA) 0.002
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Allowance for the radiative corrections in the muon-decay
process permits expression of the Fermi constant G in
terms of the masses of the heavy bosons and quarks:

Gl — n 1

F = 5 .
= M2 [1—4r]
s, (4w )
VI (1

(16)

The relation (16) is vsually expressed in the different
form

. M\ (37.281 GeV)?
ﬂfﬂ'(iv—-— ‘”22 )_

T—Ar (I, My, M3, nd, ms

f)
S a
where
= ZQ:‘( e —“2“)
¥ (M3 MY, M, m3, mi) (18)

Y is a known function of the listed arguments, and o = 1/
137.

Thus, the expression for (do®™ /dy) (v,e) [see Eq.
(12)] with allowance for the radiative corrections reduces
essentially to the ansatz

T e
s NI o
sin Oy — x(“:'g'ﬂ (7%) sin? By]. (19)
The functions pys” and x4%” have the form
o () =1+ o ot | g+ D ]
42 L 8R—0 4 M%'r 1 (20)
where R = M3, /M3 and £ = M3, /M2, and
e (@) =1+
AT (2 (=) =W (= 1)~
G2 5 -—R +414 (g2 mi, mj)
+ 3 e 18 (1—R) 3 —2 Q11 Ly (g mi, mh}.
f (21)

The integral 7, has the form
1
I3 (g2, m}, m3)= S r(l—z)dzln
0

M3,

(22)

(t,.e)

Note that the expression for xy2" (¢°) contains the
term I,(g;, mj;, m}), which arises from the diagrams that
contribute to the neutrino charge radius (Fig. 9). The deter-
mination of the neutrino mean-square electroweak radius
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@2r(1—z)F-mir4+-mi(1—2)

tF:‘.'.

Ve

e

FIG. 9. Diagram describing the contribution to the electromagnetic radius
of the neutrino.

(#*) is discussed below [see Eq. (34)]. [The second term
I,(q°, m}, m}) corresponds to the contribution of Z—y mix-
ing (Fig. 10).]

The expressions (20)—(22) are obtained in the approxi-
mation g° € M 3, . (This approximation is valid for the con-
sidered range of energies E, <3 TeV.) The self-energy func-
tions Z( — 1) and W{( — 1) are also known. Their difference
in the leading term in m? in the expression (21) has the form

3mj
Z(—i) W(—'i)_zhwa
The quantum-electrodynamical neutrino scattering cross
section (12) is related to the antineutrino scattering cross
section by the simple equation
d UQED QED

(M)'"

(vue) (gr. + ga)-

(23)

Omitting a discussion of the details of the calculations, we
note the following two circumstances.

1. The cross section (12) contains fully the corrections
taken into account in the single-loop approximation (except
for unimportant terms that give a small correction to the
radiative correction itself).

2. In the single-loop approximation there is an explicit
dependence of the v, e » v, e and ¥, e— ¥, e cross sections on
the masses of the 7 quarks and the Higgs bosons. This de-
pendence occurs in the functions %y’ (¢%) and p§e’ (¢°) and
is expressed in analytic form. For masses 10 <m, <200 GeV
and 100<M,, <1000 GeV the contributions from #m, and
My will be detectable if the functions x5 (¢°) and p &' (¢*)
are measured with an error 1-3% (Tables VI and VII).

The single-loop radiative corrections to the cross sec-
tionso(v,e—v,e) and o(v,e—v,e) havealso been calculat-
ed. The actual cross sections and corrections ¢an be obtained
from the expressions (12)—(22) by the substitutions*®*!

L, 1
g (¢®) = g7 (8%) = — 5 Fsin? Oy () + 55— 5
a p k(g%
NC
g (@) — g (%) = sin? By (¢2);
g = gy 1
(\' ) g(vue)
(24)
Ve Y
1Z,
¥
3 e

FIG. 10, Diagram corresponding to Z—y mixing.
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TABLE VL Dependence of
[#n& — 1] onm, and M,,, GeV, at the
point 7] = 0.05 (Ref, 14).

MH
™y
10 100 1000

30 —0.41 —0.71 —1.53
60 —0.75 —1.05 —1.85
90 0.71 0.39 | —0.47
130 2.37 2,02 1.10
180 4.89 4.49 3.46
230 8.44 7.95 6.77
300 16.65 15.94 14.30

With allowance for the radiative corrections, the rela-
tion (10) can be rewritten in the form

1  ~QED
U(iue) _ ii(qz)—f——:s—g%(qa)—,—cr (Vﬂp,. 25
) g (@) +ek @)+ 0T (V,0)
Substituting the notation (14) in (25), we obtain
—4 sin2 2 16 &t o QED
R=3 [ 1—dsint b (@5 sint b @) | + 4032 ,  (26)
[1—4sin® By (¢2)+ 16 sin O (¢2)] 4 1299ED

where sin’@, (g*) is given by the expression ( 14). Estimates
show that even at neutrino energy E, ~ 1 TeV, 0%F? gives a
correction in the numerator (26) to the bracket containing
thesin®@+, (g°) combination that does not exceed 3% and, in
addition, the correction o?*" has the same sign in the nu-
merator and the denominator. It hardly changes the branch-
ing ratio R. If it is ignored, then from the relation (14) we
can determine directly %" (g%), which can be compared
with theoretical calculations if M3, and MZ are known

with good accuracy.

TABLE VIL  Dependence  of
[ P 1] onm, and M, GeV (Ref.

14).
MH

Ll

10 100 1000
30 0.51 0.47 0.27
60 0.59 0.55 0.35
90 0.73 0.69 0.49
130 1.01 0.97 0.77
180 1.52 1.47 1.27
230 2.23 2.18 1.96
300 3.68 3.61 3.37

The existing results of measurements of the masses of
the intermediate bosons are presented in Table VIII (Ref.
22). The main source of errors is the uncertainty in the ener-
gy determined by calorimetric measurements. In principle,
they should cancel in the measurement of the ratio
M2, /M % . However, in reality the different selection criteria
and different detected decay modes for the Wand Z still lead
to errors in the ratio M, /M, . Measurement of both masses
M, and M, makes it possible to find sin®fy, and p [see (2)
and (3)] or Ar [see (17) ], whereas knowledge of only one of
the masses (M, or Mz ) gives ameasurement of sin?@, that
depends on Ar. Making definite assumptions about m, and
M, in the framework of the standard model, one can calcu-
late the correction Ar.

If we combine the existing results of measurements of
My, M., and vN scattering and assume that p = 1, then we
can find**

sin? By = 0.230 == 0.005. (27)

Significant progress in measurements of sin’@, and p will be
achieved in experiments at the e* ¢~ colliders SLC and LEP,

TABLE VIII. Masses of the W and Z bosons and parameters of the standard model deduced from pp experiments (Ref. 22).*

Experiment
Quantity Average Notes
UA-1 () UA-2 (b)
1.0, ., -
My 83.5 1 4+2.T | 80.240.040.544.3 |  80.9:1.3 -
M, 93.041.4-+3.0 9.541.2414.7 91.9+1.8 -
. My =1
sin? gy —1 ——2— ' p
sin? fyy — 1 i 0.194-0.03 0.232-4-0.025-4-0.010 | 0.2160.020 [ .
4 o Ar
Miy (1 — Ar) 0.005 my= 36 GeV
s ,— a I 2 v =« {~
sing By » 0.244-+)"oa-+0-015 | 0.2324-0.003--0.008 | 0.228:-:0.008 { Mo 100 Gev
M% (1— Ar) cos? By Pt
sin? ﬁ“r (from Agpp, Z—> ete”) 0.184-0.04 — sin? ﬁw (M z)
no assumptions
op, Ar

*If two errors are given, the first is the statistical error and the second is the systematic error, which is mainly due to the calibration. In
the UA-2 results a specific error associated with the assumptions about p is identified. Ifa single error is given, this means that the sta-
tistical and the systematic errors have been taken into account. a) D. Denegri (UA-1 Collaboration), Saclay Preprint, Dph PE 86-26
(1986); Sixth Topical Workshop on pp Collider Physics (Aachen, 1986); b) R. Ausari et al. (UA-2 Collaboration), Phys. Lett. 186B,

440 (1987).
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and also by using the antiproton accumulator ACOL. A
measurement of the mass of the Z boson is expected with
accuracy AM, = + 45 MeV at SLC and 420 MeV at
LEP; these results will be achieved by means of special tech-
niques (beam spectrometer at SLC and the technique of spin
resonance depolarization at LEP), without which the error
in the value of M, would be at least twice as large.?

At the pp collider with an antiproton accumulator the
experimental statistics will be improved by about 20 times,
and, according to estimates, this should lead to an improve-
ment in the accuracy of the determination of M, to the level

+ (150-300) MeV. Subsequently, experiments at LEP-II
may reduce this value to AM, = + 100 MeV, and this
would lead to accuracies Asin®6, ~ + 0.002 (the statistical
and systematic errors are here of the same order). Even
greater accuracy can be achieved using polarization of the
e" and e~ beams (possibly) at LEP: A sin?0 =~ + 0.0004
(Ref. 22). We recall once more that tliese measurements are
not in competition. Rather, the widest possible comparison
of results obtained in different processes will permit the ful-
lest verification of the predictions of the standard model.

We return to the expression (26). In principle, the con-
tribution ¢2®P can be readily taken into account, although
in this case the dependence of R on sin*6, will be more
cumbersome, since sin*@, also occurs in o?FP,

(v,e)

With regard to py& , it occurs both in the definition of

(v.e}

g, ¢ [see (24)] and in the ratio

_ O vue ~ ve) (28)

g (vye — pe) ?

from which it can be deduced experimentally and compared
with theoretical calculations.?

In the single-loop approximation, o(v, e—u~v,) has
the form®*

c:oB‘"“[l + 2 F (me, m,, Ev)], (29)

where

E2 (s—m3)
i d 8§

oBorn — i s 2B, m,.

In the approximation s> m;, and for the inclusive ar-
rangement of the experiment (only the muon is detected—a
condition that is satisfied at the UNK), the function F' has
the form

19 n: 2 2E.,
Bl=g =55 105%

F{m. m, 5 -

Thus, experiments on v, and v, scattering by electrons at
the UNK will ensure a high-precision verification of the
electroweak sector of the standard model in the single-loop
approximation.

We now make some general remarks about the estimate
of the background. The main sources of the background in,
for example, the processes v, e—v, e and ¥,e—%,¢e are the
following processes:

a) elastic and quasielastic v, e and ¥, e scattering—from
the admixture of v, and ¥, neutrinos in the beams of v, and
v, neutrinos (i.e., there is a background from the charged
current);

b) coherent production of 7° mesons and bremsstrah-
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lung of photons in processes of v, (¥, ) interaction with elec-
trons;

¢) interactions of neutrinos (and antineutrinos) with
protons (of the type ¥, p—e™ n) (see, for example, the selec-
tion criteria and background estimates in Ref. 23).

The event selection criterion based on the E, 82 kine-
matic criterion is good in that, since each of the listed back-
grounds is a fairly slowly varying function of @2, the back-
ground canbe simply extrapolated with respect to & ? into the
region of the observed signal from the neighborhood of the
signal. The background from the coherent production of 7°
mesons must be reduced at the UNK by 2-3 times on the
transition from the energy (E, ) ~6 GeVto (E, ) ~180 GeV
because the 7° production cross section increases slower
than the neutrino scattering cross section (despite the rela-
tivistic contraction of the forward cone, which leads to an
increase of the background by several times). In the experi-
ment of the CHARM collaboration, the background was
calculated using the results of Ref. 25. In particular, we note
that the background associated with coherent production of
the 7° meson may have independent scientific interest in
connection with the study of the space-time structure of the
neutral currents (verification of the *‘confusion theorem”?*;
see below).

The background-elimination procedure is intimately
related to the geometry of the experiment, to its physical
parameters, and to the particular parameters of the beam.
For each experiment there is a corresponding procedure for
separation of the signal from the background.

Let us now say a few words about the parameter p (3).
In the Salam—Weinberg model, it is equal to unity. This cor-
responds to the so-called minimal SU (2), X U (1) model,
in which there is one doublet of Higgs bosons. If we allow the
existence of higher representations of the Higgs bosons with
respect to the isotopic spin (besides / = 1), then all the cross
sections in the standard model that owe their existence to the
neutral current must be multiplied by the factor p?, which, in
general, need not be equal to unity. Therefore, in the cross
sections that owe their origin to the neutral current one mea-
sures not only sin’f+,, which, as a rule, is sought from the
branching ratioR = o(v, €)/a(¥,¢) (in which the factor p?
cancels), but also p?, which occurs in the definition of the
cross sections:

a (v.e) = p22a, [ ( ——%—{— sin? Gw)2+—;— sin* Bw] (30)
[cf. the expression (8c)]. Then to determine p? and sin’4
it is necessary to measure not only the ratio R =g (v, e)/
a(v,e), in which p2 cancels, but also one of the cross sec-
tions (8c) or (8d), in which it is necessary to substitute the
value of sin®@y, determined from the ratio R and then makea
comparison with the theoretically calculated value. A devi-
ation of p? from unity will indicate a deviation from the mini-
mal version of the standard model. The value of p* can also
be measured from the branching ratio

o~ o (Ve — vye) (31)
T a(ae = vy

since p® does not occur in the cross section due to the charged
current, o (v, e—uv, ).

The method of tagged neutrinos® permits measurement
of the values of p* and sin’f, from the y distribution. We
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multiply all the expressions (7) by p*. Under the assumption
p* = const, the coefficient of (1 — y)? can be separated from
the “constant” term, which depends only on sin’d,. For
example, in the cross section do (¥, e)/dy the sin*8,, and
( — 1sin®@, )? coeflicients can be separated. The ratio

sind Oy

A= {—1/2Fsin? Ow)? (32)
will depend only on sin’@,,. At the same time

Asin®6y, = A4 /164. Butifin the analysis of the experimen-
tal data we include the value of p?, then, as before, it is neces-
sary to substitute the value of sin®§ y, [see (32) ] in one of the
differential cross sections and compare it with the theoreti-
cally calculated value. Of course, one can also use the
branching ratio R and a measurement, additionally, of one of
the cross sections.

Experiments at the UNK on v, e scattering could im-
prove the existing limits on the magnetic moment and other
electromagnetic characteristics of the neutrino. The most
general expression for the matrix element that describes the
electromagnetic interaction of the neutrino can be expressed
in the form

Vi3 (0)|v;) =1 [F, (g2) ¥+ F (%) 0
+ Fy (g% (g% — (a7) 9u) ¥5 + Fo g% 0,0gvy5] s, (33)

where v, and v; are the initial and final neutrino states, u,
and u; are the corresponding spinors describing the neutrino
states, g° is the 4-dimensional momentum transfer, Vivs Tes
and 75 are Dirac matrices, and F,, F,, F,, and F, are the
neutrino form factors. Here, F,(g*) is the neutrino charge
form factor; F, (0) is the electric charge of the neutrino. At

small momentum transfers
Fy () m Fy (0)— 4 42 (), (34)

where ¢ is the square of the 3-dimensional momentum
transfer, and (+*) is the mean-square radius of the electric-
charge distribution of the neutrino.”® If the electric charge of
the neutrinois zero, then the expression (34} must be started
with the second term:

1 a
() = —5 9% (). (35)
It does not appear to be possible to give a gauge-invar-

iant definition of the neutrino electric-charge radius in the
framework of the standard model (it should now be called

~
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v Wes J 12 ¥
e zZ
g
4
e e 5 -
a b
y Y % ¥
e
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¥ e
£ e e e
d e
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the neutrino electroweak radius). The set of diagrams that
contribute to the neutrino electroweak radius is given in Fig.
11. However, in order to obtain a finite and gauge-invariant
expression for (#2) it is necessary to include in the calcula-
tion, besides the diagrams shown in Fig. 11, the diagrams of
vertex type for the charged leptons (Figs. 12a and 12b) and
of “box™ type (Figs. 12c-12f). We shall denote the contribu-
tion of all the diagrams shown in Figs. 11 and 12 by k(g%).
Then for the neutrino electroweak radius we can give the
definition®

3
i ew = o [1—%& (O]

Experimental restrictions on the values of F,(0) and {r*) are
given in Table IX. The sirongest restriction, F, (0) <10~ 2'-
10?2, follows from the neutrality of atoms under the as-
sumption of charge conservation in 8 decay.”” The function
F,(g?) is the form-factor function normalized to the anoma-
lous magnetic moment of the neutrino, F,(0) = i, and is
usually expressed in electron Bohr magnetons. In the SU
(2).® U (1) scheme, the analogous magnetic moment is
expressed by

o Boxtlhy . no f()-19 (mV). (36)
M=o 8 ey

It is proportional to mz, and is equal to zero if m, = 0. In
connection with the problem of solar neutrinos,?® models
have been considered””* in recent years that go beyond the
framework of the standard model; in them, i, could take a
much larger value (up to ~ 107" g, ).

If the neutrino has a magnetic moment i, /2m, , it must
lead to an increase of the differential cross section of v, e and
¥, e scattering by the amount®®'

do (vyue) _ mapl

A

(& —1); y=E, 3D

dy m32 u v

Data on v,e scattering lead to the restriction ty,

<0.9x107% and data on ¥.e scattering lead to g,
<2107 " (see Table IX). With regard to the form-factor
functions F;(g°) and F, (¢*), we shall not discuss them here.
We merely mention that ;(0) is the anomalous magnetic
moment of the neutrino introduced by Zel’dovich,** while
F,(0) is the dipole electric moment of the neutrino. It is
usually assumed that #,(0) = 0.

<

FIG. 11. The set of diagrams corresponding to the contri-
bution to the charge radius of the neutrino (a, d) and to Z—
ymixing (b), and the diagrams of the counterterms (c,e,f).
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Elastic scattering of neutrinos by nucleons

In the SU (2),® U (1) model in the lowest order of
perturbation theory, the processes

v p, n—>v ) p, n

aredueto exchange of a neutral Z ° boson (see thediagram in
Fig. 13).

We consider the scattering process v, p—v,,p. The cor-
responding matrix element has the form

(FIS — L&y ~ vy (175 v {0’ |75 P),

where p’ and p are the final and initial states of the proton,
respectively. The proton vertex can be written in the form

.
(P [IE DY ~ Ty () + 100y 57 Fo (62) +0uvsF 4 (63),

where the 4-dimensional momentum transfer g° can be ex-
pressed in terms of the difference of the 4-momenta of the
final and initial protons: ¢°> = (p' — p)% M is the proton
mass, and F|, F,, and F, are the proton form factors. In the
standard model, they are related to the electromagnetic form
factors of the protons and neutrons by the equations

Fo () =5 LF} (%) — F (g9)] — 2 sin? O FY (¢%);

Fy (%) =+ [F3 (¢?) — F§ (g9)) — 2sin2 0w F§ (2); | (38)

Fa () =5 Gale). ]

FIG. 12. Diagrams corresponding to the vertex corrections
(a,b) and diagrams of “*box™ type (c-f). '

The electromagnetic form factors of the nucleons are nor-
malized as follows: F{(0) =1, F{(0) =0, F5(0) =p4,,
F3;(0) =p,, where g, = —1.79 and g, = 1.91 are the
anomalous magnetic moments of the proton and neutron,
respectively; G, (¢*) is the axial form factor of the proton,
measured in the processes v, n—u~por v, p—p " n. For the
axial form factor, the dipole form is usually chosen:

(39)

1'26—}‘(3, e, b, t),
(1)

where M, =1.03 GeV is a parameter, and f(s, ¢, b, t) is a
function, nearly equal to unity, that describes the contribu-
tion of the heavy s, ¢, b, and ¢ quarks.*® The number 1.26 in
the numerator of the expression (39) is also a parameter of
the fit to the experimental data.

The differential cross section for the process VuP—V,p
(¥,p—v,p) has the form™

Galgd)=

di 1 . 1 _
?gz—:%cosz fc {-wi-(FiiFA)z-i—T (1—y) (FyF Fup

M 2 E
+ 55 Fa—F) +yF, [ (1 —p) 5or Fs

(Pt FF) 226}, (40)
where 8 . is the Cabibbo angle, y = ¢>/(2ME, ), and Mis the
nucleon mass. The upper sign is for the v, p— v, p cross sec-
tion, and the lower sign for antineutrino scattering.

The expression (40) does not include radiative correc-

TABLE IX. Limits on the charge, charge radius, and magnetic moment of the neu-

trino. "%’

Method F gr2yi2 M 109 g
v, e scattering 10-¢ 0.9-10-18 0.95
Astrophysics 10-13 — 0.0085
Supernova SN 1987A 10-17 _ -
v, e scattering _ - 0.2
Neutron decay 41017 =7 —
4t decay 3+10-5 — -
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FIG. 13. Diagram describing the process of elastie 1( V)N scattering (with
allowance for the nucleon form factor).

tions. In the region of energies <10 GeV they are negligibly
small.**=** In the region of UNK energies, they must be in-
cluded in the analysis, as in the extraction of the parameters
of the axial form factor F/, from the reactions v, p—p " n and
Vplh—f o p.

Thus, in the framework of the standard model we can
determine from the expressions (38) and (40) (after deter-
mination of the form factor F, ) the single remaining un-
known parameter sin’fy, . The problem of the background is
discussed in detail in Refs. 33 and 35.

Deep inelastic scattering of neutrinos by nucleons

Whereas leptons have not hitherto revealed structure
and can be regarded as point particles, nucleons are compos-
ite systems consisting of quarks of various species and
gluons, which the quarks within the nucleons can exchange.
The presence of couplings of quarks within nucleons (had-
rons) leads to appreciable uncertainties in the interpretation
of the results of measurements and the extraction of infor-
mation about the electroweak interaction of the quarks and
the parameters of the theory. However, in the region of deep
inelastic interactions the existence of asymptotic freedom
{at short distances the quarks interact weakly) offers hope
that the corrections for the coupling of the quarks will be
small.

The cross section for the inelastic vV interaction is ap-
proximately four orders of magnitude greater than for elas-
tic ve scattering, and this ensures a higher statistical accura-
cy in the measurement of the parameters of the standard
model (such as sin”@ or p).

Indeed, at the present time it is precisely in deep inelas-
tic scattering of neutrinos by nucleons (and nuclei) that the
most accurate values of the parameter sin*@ are obtained.

The value of sin’@ , is generally obtained, not from the
Paschos—Wolfenstein relation®

A= Snc N —oye(GN) _ I:iJ — sinzﬂw] ,
oo (WN)—0Gce (VIV) “

(41)

but from the ratio of the cross sections for deep nelastic
scattering of neutrinos by an isoscalar target for the neutral
and charged currents:

TABLE X. Influence of theoretical corrections on the values of sin®4,, .

4 o[t —2sin? by + s sint By |, (42)

gt =p? (% — sing Ow —g- sin% EIW) ; 8h=p? % sink By
(43)

lorgl = &7 (u) + &7 (d), gx =5 (u) + £x (d)].*
The analogous ratio for the antineutrino cross section is

Ry=3¢M _ g3 4 35

oce (viV)

=

e [1_2 511139\V+%0~si115(3w]. (44)

2

i

However, it is practically not used, since its sensitivity to
variation of sin’@ y is approximately 30 times poorer [ratio
of derivatives (dR. / d sin*@y ): (Rd /d sin*8y, ) =30.6 for
a value sin’6w = 0.22].

The ratios (41)—(44) are obtained in the framework of
the simplest parton model with allowance for the contribu-
tions of only the valence quarks and without radiative cor-
rections. We mention here that the theoretical corrections
associated with the contribution of the sea quarks, the con-
tribution of higher twists, etc., in the region of energies
accessible to present-day accelerators have a small influence
on the value of sin®@y, (Table X, Ref. 37). With increasing
energy, the influence of the first three corrections increases.

The Paschos-Wolfenstein ratio (41) is attractive be-
cause from the theoretical point of view, if one assumes that
in the neutrino and antineutrino interactions the structure
functions and breaking of scaling are the same, it will not
depend on the form of the structure functions and the break-
ing of the scaling. However, as we have already noted, the
ratio (41) does not take into account the contributions of the
s, ¢, t, and b quarks, the importance of which will increase
with increasing energy of the incident neutrinos. And where-
as at present-day energies the contribution of these quarks to
the ratio R _ is unimportant ( ~1-2%:; see Table X), the
problem of the contribution of the heavy s, ¢, b, and ¢ quarks
inthe R _ region of TeV energies must be given a theoretical-
ly more rigorous treatment. In addition, large systematic
errors arise because of the possible errors in the normaliza-
tion of the neutrino and antineutrino fluxes [the cross sec-
tions oy (¥N) and oy (¥N) are subtracted in the numera-
tor of the ratio (41)]. As regards the ratios R, and R, in
them the systematic errors due to the uncertainty in the
knowledge of the absolute fluxes is less important. In this
case the errors arise from the lack of knowledge of the exact

Theoretical correction C_h;cmge m | Theoretical correction C»h? nge in
sin” @y f sin” @y
From antiquark sea =0.001 From charmed quarks -+0.001
From strange quarks ==0.001 Higher twist corrections =+0.002
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shape of the spectra and the need to take into account correc-
tions in the determination of the minimal values (cutoffs) of
the momenta and energies of the hadrons and muons in or-
der to distinguish events due to neutral currents from events
due to charged currents. The uncertainties associated with
the knowledge of the hadron structure tend to cancel each
other in the branching ratios (42) and (44).%

The upshot is that the ratio (42) is most often used to
determine the value of sin’€+, . In this connection, we draw
attention to the following two circumstances. First, in the
framework of the quark—parton model for isoscalar targets
and in the limit of isospin symmetry (u=d) the contribu-
tions of the u, d, %, and @ quarks are proportional to the
combinations £ (u) + £ (d) and £% (1) + £% (d). Second,
allowance for the radiative corrections does not introduce
significant changes in the structure of the ratio (42)—it
leads to a “renormalization™ of the constants £; (f) and
£z (H), where f denotes any quark flavor?® [for the notation
£, and €5, see the note on Eq. (43)]:

1 2 (vh) % 2.
2 () = 3 [ 55 (@) @ |+ 2 (2 +7) 5

1 2
er (@ =050 [ — 54548 (@) ]

a 5 aR A
+ 2n2e2s2 Gr \C—F )

) o 5t
en (u) = — o\ (¢*) uijp’ (¢ ) S‘+§?T_@",
o t o s (45)
(D)= pGP (@) x§P () 5 £+ 15
9 3 ., 4 4\ L.
w=—(F-rotwe) e
3 .
(I'.}H-":w'-l—o-s,

§2 = sin® Oy;
The functions pie’ (¢%) and x5 (¢%) differ slightly from
the corresponding functions for the leptons [see Egs. (20)
and (21)]. However, this difference is very small, and we
shall  assume  that  pia’(¢°) =pNe(g) and
w58 (g% = %P (g%). The “tree approximation” is obtained
by making the substitution pia’ = x§2’ = 1, and also by ig-
noring the terms ~ea. It is convenient to rewrite the expres-
sion (42) in a form in which the terms responsible for the
contributions of the # quarks or the Higgs bosons are expli-
citly separated'*:

= (1 4 2%) H-—sinz Bw (14 %)

2 = cos® Oy.

+77— sind Oy (14 2%} %)]

A Ry 2086 Ryt [ —1 + 57 sin? b | sin® fwaciie,
where pl and x§¢ are given by the expressions (20) and
(21), respectively.

Ifin (42) we substitute the expression

TABLE XI. Dependence of A sin“8,, on m,.

sin® 5P = sin® Oy -+ A sin® By,
then
Asin? by = xix’;’c—"—;‘%—gﬁ”ﬁﬂ pRC. (46)
1— - sin? By
Substituting in (46) the expressions (20) and (21) and re-
taining only the terms quadratic in m,, we can obtain the
explicit dependence of Asin*@,, on the mass m,:

3oum? R 2R
Asgin2 By = ——]t T — 1
- 4nig ) sin® Oy sin2 By, ( L 32 sin® Oy, )
(47)

For sin’@y = 0.23, the term in the square brackets is very
close to zero, and the correction to Asin@ y, associated with
the mass m? is strongly suppressed. We reproduce from the
preprint of Ref. 39 Table X1, which characterizes the depen-
dence of Asin*8, onm, (this dependence is not restricted to
just the term quadratic in the mass of the ¢ quark).

In contrast, the values of %y and Ar [see Eq. (18)]
depend strongly on m,.

Anmnalysis of the experimental data of Ref. 17 shows that
the radiative corrections were small, as expected. The small-
ness of the radiative corrections is intimately related to the
choice of the renormalization scheme, namely, the masses of
the W and Z bosons are determined by the relations

My
cos B\V

Ay -
My =—5 T ;o Mz=

[see the relations (17)]. Here A,= (wa/\2G;)""?
= 37.281 GeV. The predicted value Ar = 0.0713 4 0.0013
for m, = 45 GeV and M, = 100 GeV is in excellent agree-
ment with the experimental value Ar,,, =0.077 + 0.037.
The values for sin’8 and p are

sin® By = 0.229 + 0.0064; p = 0.998 4 0.0086.

2a2

[For the other definition sin®@+, (0) = g%, where e is the
proton charge, 8°/8M %, =G */y/2,and cos Oy = M. /M,
the weak mixing angle will differ by 6.7%, and then the val-
ues of the radiative correction will be significantly larger. ]
Despite the smallness of the radiative corrections, they can-
not be ignored, since there is then a disagreement with the
experimental data (if sin?0$, = sin’@ — As?, where sin’63,
is the value of the weak mixing angle without allowance for
the radiative corrections, then sin@%, = 0.242 + 0.0006
and As? = — 0.009 + 0.001).

From analysis of experimental data Amaldi er al.'” ob-
tained bounds on the mass of the ¢ quark (Fig. 14), on the
mass difference of the quarks of the fourth generation,
\m, —m,.| <180 GeV, |m; —m, |<310GeV (for M
= 100 GeV), and on the masses of the additional Z ' bosons

m,. GeV 30 131 60

80 120 180 240

A sin? Bw —0.010 —0.009 —0.008

—0.010
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FIG. 14. Allowed region of values of the mass of the ¢ quark and of sin’@,,
for different values of the mass of the Higgs meson (90% C.L.).

which arise in different schemes of extension of the standard
model.

In grand-unification theories, a running value of
sin®f (1) is introduced. The variable mass g for the
electroweak processes is usually taken as g = M. Such a
choice is very insensitive to the masses of the Higgs boson
and the ¢ quark. The relationship between sin’6, () and
sin®fyw = 1 — M3, /M2 for M,, = 100 GeV has the form"’

2
Ui

$in® Oy (M) = [0.9945 —F( T )] sin fyy,
¥

where F(m}/M7,) is some complicated function satisfying
F(0)=0. For m,45 GeV, F(0.31) =0.0038. Thus,
$in’6w (M) = 0.9907 sin*0 —0.228 + 0.0044.

For other values of the masses of the ¢ quark and the
Higgs boson the connection between sin26,, and sin® w 18
given in Table XII. The SU(5) model predicts the value
sin’@y, =0.214 * {52, which does not agree well with the
experimental data. The values of sin®@ y, (M w ) can be inter-
preted as being in agreement with SUSY GUT.

Thus, measurement of sin®@y, in processes of deep in-
elastic scattering of neutrinos by nucleons and nuclei is im-
portant for high-precision tests of the standard model. There
is hope that in the process of theoretical and experimental
analysis of the relation (42) it will be possible to determine
more accurately the part played by a number of approxima-
tions used in its derivation and to understand better the de-
pendence of Asin’@y, on: a) the masses of the quarks; b) the
distribution functions of the quarks within the nucleons; ¢)
the degree of breaking of scaling; d) the contribution of high-
er twists; ) the inclusion of the quarks s, ¢, b, and ¢ in the
distribution functions; f) allowance for the effect of nuclear
structure (distribution of nucleons in the nuclei), ete.

All these corrections are implicitly contained in
A sin®*8+,, and this has the consequence that the theoretical
error becomes large compared with the experimental error.

We have already noted that at the UNK the statistical

accuracy of the measurements will be improved and reduced
to the level Asin®6w ~ + 10~ in beams of tagged neutrinos
and by a further order of magnitude in a wide-spectrum
beam. It is to be expected that some of the theoretical uncer-
tainties in the interpretation of the data will be decreased.
For example, detailed measurements of the v reaction
(charged currents; see below) will permit more accurate de-
termination of the quark distributions. There is hope®® that
with increasing energy and Q * interval at the UNK it will be
possible to separate reliably the contribution of the twist cor-
rections to the structure functions, and this will also reduce
the theoretical uncertainty in the distribution functions of
the quarks with respect to the momenta within the nucleons
and permit more accurate determination of the contribution
of the twist corrections in the region of TeV energies. Future
measurements will give more accurate values of the elements
of the quark mixing matrix. If the error in the normalization
of the neutrino and antineutrino fluxes at the UNK is re-
duced, then for the determination of sin*8@, it may become
expedient to use the Paschos-Wolfenstein ratio (41).

Search for the r neutrino

The category of “unknown” particles currently in-
cludes one of the fundamental fermions in the standard mod-
el—the 7 neutrino—though few doubt its existence. Never-
theless, it is important to prove it experimentally by
detecting v, interactions, since the absence of this neutrino
would lead to radical changes in the standard model. The
most convenient method for looking for the v, neutrino is
provided by beam-dump experiments with a vertex detector.
The main source of v, must be decays of D¢ mesons:
p+A-Ds+Ds+X, Ds>7+v, Tov, +X. Figures
15a and 15b show the expected energy distribution of the
number of events due to v, (v, + N—7 + X) and to all di-
rect neutrinos (2%, ) in a detector of mass 5 ton situated at
100 m from the shield during 100 days of exposure.> Al-
though 2v_/Zv, ~ 1077 the expected statistics of v_ events
is fairly high®: Zv, ~5.2x 10°. The produced 7 lepton de-
cays over a distance of a few millimeters from the primary
vertex (/4. =0.06mm-E /GeV). Thus, the signatureof v._ is
the presence of two showers with vertices positioned along
the direction of the neutrino. The semileptonic modes
[r* -7 v, (11%), p* v, (~23%), 7* 7. (11%),
737wt wt ey, 75 7w 7%, ] look like neutral-
current events; however, they can be selected by means of a
kinematic criterion that takes into account the fact that the
hadrons from + decay must on the average have a larger
transverse momentum than normal hadronic (quark) jets.

TABLE XIL Relationships between sin’6,, and sin®®,, for different values of m, and M.

my, GeV IUH’ GeV sin2 G'\V «in2 éw

25 100 0.2294-0.004 0.227+0.004
45 100 0.230 0,228

100 100 0.227 0.229

200 100 0.222 0.233

400 100 0.209 0.248+0.005
45 10 0.229 0.228
45 1000 0.231 0.227
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Space-time structure of weak currents

This subsection departs from our basic approach, in
which we base the treatment entirely on the Lagrangian (1).

General principles permit the following types of inter-
action: scalar (S), vector (F), axial (4), tensor (1), and
pseudoscalar (P). These types correspond to the currents
that can be constructed from the spinors %, (#,) and ¢,
(1, ) which describe the neutrino (antineutrino) and elec-
tron—positron fields, respectively. We have: scalar current
5): q_b‘, ¥, or i,,, ¥.4,: vector current (¥): ¥,y 1, or
Voo, ¥, Vot ; antisymmetric tensor current (7T): .
Oz, Or b, OupWer b, 0. ; axial current (A4): D Vst
Of 1, Vo ¥sthes 1, Vo Vsth.; pseudoscalar current (P): o, ¥,
or ¥, ¥s¥., ¥, ysy., where ¥, are 4-row Dirac matrices,
Vs = V1Va¥V3Var A0d Oup = Vo Vg — ¥ ¥a-

There are currently a good number of indications that
the space-time structure of the weak charged currents is de-
scribed by the ¥ and A4 types of interaction, with the ¥ — 4
type for charged currents. However, a really accurate test of
this structure is difficult (particularly for neutral currents)
because of the so-called confusion theorem, in which it is
established that the ¥ — 4 interaction type can be mimicked
by a suitable mixture of S, P, and T interaction types.*'

It is well known that the matrix y; anticommutes with I
and A couplings and commutes with S, T, and P couplings
(by I'; we denote any of the sets of ¥ matrices):

i=Vd;
i=S8, T, P.

- Ye (1 —vs) L,
Pel's (14 y5) Py = { Ee (1475 T,
Thus, in weak interactions the electron is a particle with left
helicity for the ¥ — 4 form of the theory and a particle with
right helicity for the S, P, and T versions. The ¥ — 4 version
always couples a neutrino with left helicity to a neutrino
with left helicity, while the S, P, and T variants couple “left”
neutrinos with “right” neutrinos.

The cleanest test of the predictions of the model relating
to helicity can be made by investigating elastic scattering of
neutrinos by electrons [see (5a), (5b) and (6a), (6b)]. We
shall here give explicit expressions for the cross sections of
the processes (5a), (5b) and (6a), (6b) with allowance for
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FIG. 15. Expected distribution of the number of events due to v, inter-
actions and to all direct neutrinos, Z v, and antineutrinos, Z v,.

the scalar (), vector (¥, axial (4), tensor (T, and pseu-
dotensor (P) couplings®®® (in the approximation m,/
E,£1):

di
TZ—(W—-)— ve) =0y [A+2B (1 —=y)+C (1—y)2,
wherey = E,/E,, 0y = G’m, E, /27,

(48)

A=(gs+gr)+{gp+ g0+ 2 (gv +24)%
B=2g7—gt—gh
C=(gs—8r)*+ (gp—8r)*+ 2 (gv—g4)>

For the muon neutrino,

(49)
J

For the electron neutrino,

€ ool N
gVLgﬁi,} (50)
g=g+1
For the antineutrino scattering cross section it is necessary
to make the substitution 4 = C of the coefficients in Eq. (48).
If we take pure S and P couplings (gs #0, g, #0) and
set the remaining coupling constants equal to zero, then

A=A =C"=C% B°=F

In this case, the difference of the cross sections is zero:

do (ve) do (ve) -0
dy dy

We obtain the same result for the purely tensor variant.
Irrespective of the choice of the coupling, the difference
of the cross sections is

do (ve)  da (ve)

2_30_(._@__ - J=—0y(1—%). D

Ifthe relation (51} is found not to hold, a revision of the
theory of weak interactions will be necessary.*?

The presence of the coefficient B in the expression (48)
would be a direct proof of the presence of the S, P, and T
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couplings in the neutral currents. If B = 0, this would not yet
be a proof of the V' — A4 version, since ¥ and 4 couplings can
be mimicked by the S, P, and T couplings, whose contribu-
tions are contained in the coefficients 4 and C.

Using the expressions (49) and (50) for the connection
of g7 and g5 with g} and g%, we find that

Ae:Au—i—é(ngl’gA) +4f
B*=B"
ce=C".

(32)

If these relations are substituted in the cross section (48),
then for the difference of the differential cross sections for
scattering of the electron and muon neutrinos (and antineu-
trinos) we obtain

dotve) A0t _, .
dy &y =40, (gv+8ga+ 1)

do (veey 99 (vpe)

dy dy =40, (gv+ g4+ 1D (1 —7)3

and, after integration over y,

G (vee)—0 (vye)
S bl L (PR )

O (Vet) — 0 (v,

These relations are valid for any interaction set, provided
that z—e universality holds.*?

We make a remark concerning the ¥ — A4 version of the
weak interaction. It follows from (52) that the cross section
for v, e scattering contains a term corresponding to interfer-
ence of the neutral and charged currents; this term is
~4(g, + g,4). In the standard model, 4(g, + g, ) <0 (for
sin’6y, <0.5andforsin’@y, = 0.23). A negative value of the
interference term agrees with experimental reactor data.**
However, the statistics and accuracy of the measurements
are very poor (49 4+ 15v, e events, subtraction of the back-
ground, monitoring of the beam). As a result, there are ap-
preciable errors in the determination of sin’@ , :

i Fot) sl 8 2
L‘e‘}:&;:(gn_gf%jé‘_}_‘g). 1082 em?/GeV;

- 00,09 0,05
sin? By = 0.240 070000,

The v,e— v, e reaction was studied at Los Alamos (by
the IRVIN-Los Alamos-Maryland group).*” The authors
found 250 + 50 events of elastic scattering. Analysis of the
data led to the conclusion that the interference [ is destruc-
tive, i.e., negative, and its value is

I = —0.85 & 0.3 (st) == 0.1 (syst)

({ <0 at the 2.7 level). Thus, the experimental data confirm
the ¥ — A coupling. These conclusions need further verifica-
tion with higher statistics and at higher energies. Experi-
ments at the UNK can significantly improve the statistics
(see Tables I and II).

Another possibility for measurement of interference of
the neutral and charged currents is associated with the pro-
duction of lepton pairs in the Coulomb field of the proton (or
a nucleus):

(53a)
(33b)

VlV (4) > ¥y +ee + N (4);
;uA' (A) = {:_u 4-prtn+ N (4)
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FIG. 16. Diagrams describing the production of u*~ and e*e™ lepton
pairs in interactions of neutrinos with a nucleon (V) or a nucleus (4).

(Fig. 16). In the leading logarithmic approximation, the
cross section of the processes (53a) and (53b) has the
form*®

22012
G g G gl (jL)
gna max 47?‘!3 ’

(54)
where Z is the charge of the nucleus and s,,,, = 2E, Q...
~2E,/R,..~2E ,m_/A ' in which Q,,,, is the maximal
momentum that can be transferred to the nucleus without its
disintegration.

The value of s, increases faster than E, and, thus, it
is advantageous to study the reactions (53a) and (53b) at
high energies. However, even at the maximal UNK energies
the absolute value of this cross section is two to three orders
of magnitude less than the value of the cross section
o(vee—vee).

As yet there has been only one relevant experiment.*’
For 1.5 10° events involving neutrino charged currents
and 1.8 10° events involving antineutrino charged cur-
rents, this experiment found only 1.7 + 1.7 events corre-
sponding to “recoilless” production of u*u~ pairs in the
Coulomb field, whereas estimates led to the expectation of
10 + 2.6 events. The reason for the discrepancy is not clear.

Polarization experiments play an important part in the
determination of the space-time structure of the neutral cur-
rents. We shall consider v, p and ¥, p elastic scattering pro-
cesses in which the transverse polarization of the scattered
proton is measured.*

We define the directions of polarization in the laborato-
ry coordinate system in the manner shown in Fig. 17. We
denote the transverse, orthogonal, and longitudinal polari-
zations of the scattered proton by p+, py, and p, , respective-
ly. The values of p; and p, can be measured by an observa-
tion of the angular asymmetry which arises as a result of
rescattering of the final proton in the material of the target.
Tt is difficult to measure the coefficient p, —it does not con-
tribute to the rescattering. The results of the analysis are
given in Table XIII. Since the value (2 = 0 is unattainable,
the measurements must be made for the smallest attainable
values of @7, at which one can hope that p, will tend to
reproduce its limiting values given in Table XIII.

FIG. 17. Directions of polarization in the laboratory system.
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TABLE XIII. Values of the transverse polarization p,. for ¢ = 0 ( p, and p,are equal to

zeroat @2 =0).

Variant of 3 i - Variant of —

theory Pr (FOF Yl lop (for %») theory Py (for ¥yl | ny (for vym
V—A +1 +1 Vord 0 0
V+4 — 1 S, P, T 4 41

Neutrino-quark interaction

We now consider the interaction of neutrinos with the
fundamental fermions belonging to the quark sector. In con-
trast to the leptons, the quarks are in a strongly bound state
in hadrons, and this leads to theoretical uncertainties in the
extraction of information about the electroweak interaction
of the quarks and in the determination of the parameters that
describe this interaction. However, in events in which there
is a large energy transfer v and large momentum transfer Q2
the interacting quark can in a first approximation be regard-
ed as free.

Moreover, the cross section of the vN interaction
creates conditions much more favorable than does the ve
interaction for experimental study of the various phenomena
which arise in neutrino—nucleon interactions. Here we shall
consider only the aspects that are associated with the
electroweak interaction of the quarks. The use of neutrinos
to investigate hadron structure and to test the basic proposi-
tions of QCD will be discussed in the following subsections.

The Kobayashi-Maskawa mixing matrix

One of the fundamental problems associated with the
verification of the theory of the electroweak interactions at
the level of the radiative corrections is the problem of the
unitarity of the Kobayashi-Maskawa (KM) matrix.** In
connection with this, we recall that a neutrino interacts with
the quarks of nucleons through the exchange of W+ and Z°
bosons. For the charged currents the eigenstates of the
quarks that participate in the weak interactions are not iden-
tical to their mass states. The interaction of the W bosons
with the quarks is described by the Lagrangian
L= —4G (J S W, +he.), in which the weak eigen-
statesd ', 5, b "arerelated to the mass eigenstates d, s, b by the
KM matrix:

‘AN [ VuadVusVur\ (8
( s’ ):( Vchcch,,) s |. (53)
\b' thvfsvtb / b
At the same time, the weak hadronic current J,, is expressed
in the form [see (1)]
:
Ja = (E'Et_) Va (1 —Vs) Z:

The theory requires that the matrix (55) be unitary.
Any deviation from unitarity makes it necessary to intro-
duce new physics or a fourth generation of quarks. This is
why it is so important to test the KM matrix as accurately as
possible.
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_ Experimental tests of the unitarity property have made
it necessary to take into account radiative corrections in the
determination of the values of the matrix elements,

For example, the sum of the square of the matrix ele-
ment V,, deduced from data on B and ¢ decays (without
radiative corrections) and the square of the matrix element
V., deduced from semileptonic decays (AQ = AS= + 1)
(also without allowance for radiative corrections) was
found to be greater than unity:

| Vg P+ | Vs 2> 1

(by about 4% ), and this immediately violated the unitarity
of the KM matrix. The radiative corrections calculated for
the Band u decays were found to have the necessary sign and
eliminated the discrepancy.*®

The KM matrix (55) can be parametrized by means of
three mixing angles 8, (three “rotation” angles) and a com-
plex phase &, giving four parameters in all. We mention in
passing that an accurate determination of the phase can es-
tablish whether CP violation is due to the parameters of the
KM matrix or has a different nature. There are many choices
of the parametrization. (The physics does not depend on the
choice of the parametrization.) We shall consider the “stan-
dard” parametrization, introduced in the papers of Ref. 50:

C19€13 19043 5158710 u
—_ — is i
V= 812823 — 533513C 128" CiaCay— 5128238128 Spgeys | €
s _ i6
813893 — 513€12C23€ S23C1p — §12813C03@"° CogCyz / ¢
d s b

(56)

Here, c is the cosine of the mixing angle, and s is the sine of
the mixing angle.

In an approximate form, in which we ignore the terms
533 €533 €1, i.e., ¢;3 =1 and ¢,; = 1, it can be expressed as

€12 Syz sye 18
V= —Syg Cya S23 -

84593 81301280 — Sagryy 1

Experimental determination of the elements of the KM maitrix

The word “experimental” used here may not have an
entirely precise meaning, since without a calculation of, for
example, the two-loop radiative corrections to 3 decay it
would be impossible to determine accurately enough the ma-
trix element |V, |. For F, the following values are current-
ly given®':

| Via | = 0.9744 3= 0.0010; | V| = 0.9748 4= 0.0010;
| Vg | = 09747 + 0.0011.
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We shall follow the exposition given in Ref. 51. The matrix
element V', is determined from decays of kaons (K —wev):

| Vs | = 0.2196 4 0.0023
and leptonic decays of hyperons (WA-2 experiment):

S —=n, A% S > A, 2% A p;

| Vs | = 0.220 4 0.004 (st) &= 0.003 (theor.).

The mean value |V, | of these data is
| Vo | = 0.2197 & 0.0019.

The matrix element V_; is measured in the process of
production of the charmed ¢ quark on the d quark in vand ¥
interactions. It is much more difficult to investigate decays
of charmed particles and extract from these decays values of
V.. (by analogy with V) than it is to investigate decays of
strange particles, because of the short lifetime, the small pro-
duction cross section, and the large number of particles pro-
duced by the decay. It is therefore more expedient to use the
production of charmed particles in neutrino interactions.
The cross sections for production of the ¢ quark have the
form

di _ PME.z

Vigmay = n UWeal® (8 (2) +d(0) + 25 (2) |V, )20;
(57a)

- 4% GMEx _ _

Vigrdy = UVealP (2 (2) + d (2)) + 25 (z) [V 21,
(37b)

By measuring both cross sections and making model
assumptions about the distributions u(x), d(x), and s(x)
(see Sec. 4 for more details about this), we can determine
|V.q4|* and |V, | from these cross sections. The detection of
dimuons of opposite signs can serve as the experimental sig-
nature of such processes. In the dimuons, the second muon
arises from semileptonic decay of an excited ¢ quark:

Vot d = ptoele = sptvy) ~ (u (x)+d(2) [V,al
‘\’“+S =i !.l— +c~ s (I) |Vc|l7
Vit d - p e (0= suovy) ~ (1 (1) +d (2) |Veal? (small);

;‘-u.+;*—> }L++CT"'" QE(J-) [Vesl®

From a linear combination of the dimuon production cross
sections, the CDHS group obtained the value

Bl Vea P = (0.41 & 0.07)- 102, %)

where f3is the effective semileptonic decay ratio of a mixture
of charmed particles (D° D ™, A, ) produced under definite
experimental conditions. The value of £ was found to be
9.3 4+ 1.0%. Thus, from (58) we have

| Veg | = 0.21 4 0.03.

The matrix element V,, can be determined from the cross
sections (57) if the quark distributions u(x), d(x), and s(x)
are known. Since these distributions are themselves an im-
portant subject of investigation (see Sec. 4 below), only a
more or less reliable assumption can be made about them:
25/(u + d) <1 (we shall call it the “conservative™ assump-
tion). Under this assumption [V |>0.59 (90% C.L.).
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From the semileptonic decay of the D mesons, D—Ke*v,,
the matrix element | ¥, |* can be determined:

I'(D—>Ketv,) = | F(0) | Ves > 1.54-10% sec™!, (59)

where F(0) 1s the form-factor function of the D meson.
Fromthelifetimesofthe D * and D Y mesons the MARK
IT and MARK III groups found the value

EF (0) l2 i Vcs | = 0.51 o 0.07. (60)

Unfortunately, the value of |F{0)| calculated by different
authors has a considerable spread: 0.6 <F(0)<0.76. Thus, if
we make the conservative assumption that |F(0)| < 1, then
from data on the decay of the D mesons we obtain
| Vs | > 0.66, and if we substitute the mean theoretical value
|F(0)|, then |V, | =0.96 + 0.12.

The determination of the matrix elements V,, and ¥V,
involves both measurement of the B-meson lifetime and the
transition b—u. The B-meson lifetime is related to the ma-
trix elements ¥, and ¥, by the equation®

IV |2 40,48 |V [ =P 0L 2 (61)

The semileptonic decay B —[vX was measured by the
decay of the Y (4s) state. The mean value of the branching
ratio was found to be BR(B—X) = 0.114 + 0.005, and
BR(B—puvX) =0.113 4 0.08. The transition b—u can be
directly related to muon decay:

T(B—IvX) ™
T —vw) ?:f . (62)

The value mr;, = 5.00 + 0.25 GeV of the mass in the »
quark leads to a significantly larger error in the determina-
tion of the matrix element |V, |, since the ratio (62) con-
tains the mass to the fifth power. From the unitarity condi-
tion |V, |+ |V |*+ |Vp|?=1 there follows the
restriction |V, | <0.01. Then from (61) we can conclude
that 0.034 < |V, | <0.051and |V, | = 0.043 4 0.009. By in-
vestigating the decay b — u, we can obtain information about
the value of ¥, . Figure 18 shows the scheme of the decay
b—u.

Because of the difference of the masses of the ¢ and u
quarks, the limiting value of the momentum of the spectrum
of the leptons / will be different for different decays (transi-
tions), namely, for b—c it is 2.32 GeV/¢ and for b—u it is
2.64 GeV/c. Unfortunately, it is not a simple matter to sepa-
rate the one decay from the other, and additional theoretical
models, which include a number of parameters, are neces-
sary. The new data for the decay-width ratio

(b —u) le Vup |2

T —rc) Ven
where f<1, lead to values |V,,/V,.|<0.20, and under
weaker restrictions on f{f=0.47) to the value |V,,/
Fou|<0.14 (Ref. 51) (90% C.L.).

b (]

¢
FIG. 18. Scheme of the decays b—cW and b—uW.
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The matrix elements V,;, ¥,,, and ¥,, can be estimated
from the unitarity condition for the KM matrix:
[Vip|>0.9982, |V, |<0.060, | V,,|<0.026. Thus, [V |*| Via |
<0.0016.

As a consequence of this relation, the contribution of
the 7 quark to the delay K * — 77 v¥ is strongly suppressed
and BR (K ™ - 77 v¥) is expected to be at the level of a few
units of 10~ '°, If experiments give a value ~ 10~2, this will
be a strong argument for the existence of a fourth generation.

We give without comments the values of the mixing
angles:

sin? 0,, = 0.2197 4 0.0019: sin? 0,, = 0.044 + 0.010;
0.003 < sin® 8,4 << 0,008 (90 % C.L.)

Neutral-current interactions

One of the main problems in the analysis of the relation
(42) is the determination of the constants &, (u), e (u),
£; (d),and £ (d) [see the note on Eq. (43)]. Such an anal-
ysis was made in the studies of Refs. 17 and 53 under the
assumption of equality of the constants:

er,r () = &g,5 (€) = &L g ();

er.r (@) = er,p (8) = &r.g (D)

(63)

Ultimately, everything reduced to an accurate determina-
tion of sin’@.,, in terms of which the constants (63) are
expressed.

The ratio R, [see (42)] can be expressed in a “‘model-
independent” manner in the form

R, =" [a;8} (i) +b;eh ()]

with a similar expression for R;.

Measurement of the neutral-current-charged-current
cross-section ratios on isoscalar targets provides a possibility
for determination of the combinations g7 = £% (1) + &2 (d)
andgh = e% (u) + £5 (d). Toseparate the couplings of the u
and d quarks, additional data on nonisoscalar targets (such
as hydrogen) are needed. The problem of extracting the cou-
pling constants of the heavy quarks is much more complicat-
ed. The CHARM group™ attempted to determine
£7 (5) + €% (s) from the expression

£} (s)4-&% (5)

(64)
@R @

using the y distributions of events obtained in charged and
neutral currents. For the ratio (64) they obtained the value
1.39 + 0.43, which agrees with the prediction of the stan-
dard model; however, the error was very large.

For the charmed quarks the chiral constants of the neu-
tral current can be obtained from the mass spectra of di-
muons of opposite signs:

VN > uru-X.
Separating the peak at M,., ~3.26 GeV, corresponding to
production of J /4 particles, and using in the theoretical in-

terpretation of the results the model of photon—gluon fusion,
the CDHS collaboration obtained
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0 (v — vpN) = (4.2 + 1.5)- 10~ e¢m®/nucleon
(E, = 350 GeV)
and (e} (¢) + ek ()/[e} (u) + ek )] = 2.1 + 0.8.

To within the error, this result also agrees with universality
of the quarks with the same charge.

This study shows that a program of high-precision mea-
surements of the parameters of the weak hadronic current
can be realized with the neutrino beams of the UNK. In all
the problems that we have just discussed, the experimental
accuracy can be made much higher than the accuracy of the
current data and brought to a level ~1-39%. This may lead
to important physical results.

Beams of tagged neutrinos permit reduction of the sys-
tematic error in the determination of R = Tne (VN)/
Tcc (vN) to the level <0.5%,” and this will permit experi-
mental determination of sin’@+, with an error of 1%.

However, the following remark must be made. As we
have already noted, the theoretical analysis of the semilep-
tonic processes is seriously complicated by the uncertainties
associated with the QCD dynamics of the quarks. At the
UNK energies, some of these uncertainties (for example, the
contributions of the higher twists) become small. However,
a sufficiently complete analysis of the various QCD effects in
the region of high energies has not yet been made. Therefore,
full exploitation of the potential of vV experiments at the
UNK is to a large degree dependent on progress in the theo-
retical analysis or quark dynamics and on the possibilities
for reduction of the theoretical uncertainties.

Restrictions on flavor-nonconserving neutral currents

In the standard model, the neutral current conserves
flavor. Hitherto decays of the type s—dZ° c—uZ?,
b—s(d)Z " have not been observed. Neutrino processes per-
mit a test of flavor conservation through a search for events
with muons of the “incorrect” signs. Such muons arise from
the v, u—v, ¢ reaction and the subsequent decay of the ¢
quark. The CDHS group give the result

Vbt = vy

c
(173
N = v X < 0.026 (90% C.L.)
In Ref. 55, various experimental possibilities for testing
flavor-nonconserving neutral currents are discussed.
It is assumed that the Lagrangian of the interaction of
the Z bosons with the neutrinos has the form

g3l

xinr = [fee-{?ez“e o ?-;llx;uzvll -+ ftt;'tzv"[ g feu (IVeZ\'u i 'Vuzve)

ey

+ fu-t: (;,‘Z\Ju + T\;LI.ZVT) + fre (‘TTZTQ A+ ;EZ’UT)]'

Here, Z=2Z,y,(1+7¥;) and g=e/sin 0y ' cos O,
= 47rr. The standard model corresponds to the case when

fee = fuu = frr =1, feu =] fu'r = Jf-:i.' = 0.

The cross sections of the v, e and v, e elastic scattering pro-
cesses (the cases of interest for the UNK physics program )
have, with allowance for the interaction Lagrangian .7,
the form

G5

Oppe ="

[(,—;—Fsinf’- GW)Z_i_ig sin# B\V

(1= fe) (1 =2 5in* 0) |5
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171 i e .

{—3 (—2 ~+}-sin? ew) - sink Oy
1 & 5

g (= e (1 —2sin?6y) ],

where G is the Fermi constant [see the definition (15)],
and s is the square of the total c.m.s. energy. A deviation of
the value of 1 — £, from zero would indicate nonvanishing
flavor-nonconserving neutral currents. In the region of
UNK energies it is necessary to take into account radiative
corrections. The processes of £ ™. ™ pair creation in the Cou-
lomb field of a nucleus, v, —u*u~v, and ¥, —p*u"v,,
are similar to the elastic scattering process. In them, nondia-
gonal currents would make the cross section of pair produc-
tion larger than its value in the standard model.

There are many other theoretical models that permit
processes with neutral currents that change the flavor: ex-
tended models with technicolor, composite models, models
with a large number of Higgs doublets with a mixture of
flavors in the Higgs sector, models with heavy neutral lep-
tons and mixing in the lepton sector, superstring models, ete.
We shall not consider any of them here. As an example, we
give the present experimental bounds obtained in the E-691
experiment on the decays of D mesons that are forbidden in
the standard model®:

D°— pte << 8-10-%; D* — mtpte < 2-107%

Verification of universality of the generations

The standard model predicts universality of the
electroweak properties of the fundamental fermions belong-
ing to different generations. The most accurate comparison
of the coupling constants of the charged currents of the ¢ and
u leptons in the region of low energies was obtained from the
7—ev, and 7 uv, decays’’: 8ev /8y, = 0.9939 + 0.057.

For neutral currents measurements of the v, e scatter-
ing cross section®® and of the forward—backward asymmetry
inthee*e™ —pu ™" u~ reaction givefor the relative strength of
the axial-vector couplings of ¢ and u the following values'”:
ga8h =0.272 4 0.015 and g5 g7 = 0.232 4 0.026, in good
agreement with the prediction of the standard model and
universality.

The ratio of the coupling constants of the leptons of
different generations can also be obtained from a measure-
ment of the total cross sections for neutrino semileptonic
reactions:

fev, Oy, 12
é’uvu _[ Ty, :I )
With approximately 10% accuracy the existing data con-
firm universality in both the charged and the neutral cur-
rents.

Finally, in the recent experiment of the UA1 group a
first verification of universality was achieved for the v,

coupling constant (for Q* = M %,. The experimental results
58
were

vyl Bev, = 1,01 + 0.09 4= 0.05;
guvu/gwe =1,00 4 0.07 4 0.D8.

A review of the v,-v, universality problem is given in
Ref. 19.
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In experiments at the UNK the universality of the gen-
erations can be verified with much higher accuracy and in a
new range of energies. As was emphasized in Ref. 2, in beams
of tagged v, and v, neutrinos universality can be verified
directly in the charged and neutral currents, in contrast to
the traditional method based on separate measurement of
the total (or differential) cross sections of v, Nand v, Nscat-
tering. In beams of tagged neutrinos the cross-section ratios
will not contain errors associated with the absolute normali-
zation, and the ratios of the cross sections of the v, N and
v, NN interactions in the charged and neutral currents can be
measured with an error ~0.5-1%. Moreover, to measure
the ratio of the total probability of interaction through the
charged current and the neutral current it is sufficient mere-
ly to detect the fact of interaction of a neutrino in the detec-
tor. On the other hand, a good determination of the neutrino
energy by the tagging system will permit reliable separation
(with a systematic error not greater than 1% ) of the contri-
butions of the charged and neutral currents. A fundamental-
ly important advantage of the tagging system is the possibil-
ity of measuring the ratio of the total (and differential) cross
sections of the v, N and v, N interaction processes in the
neutral-current channel and the neutral-charged-current
channel, which is not possible by the traditional methods.

2. STRUCTURE OF NUCLEONS AND VERIFICATION OF QCD

Investigations with beams of high-energy leptons, in-
cluding neutrinos, played an important part in the investiga-
tion of nucleon structure. In processes of deep inelastic scat-
tering of neutrinos by nucleons (Figs. 19a and 19b, in which
x and Q? are defined) one can measure the structure func-
tions F; (x,Q?) averaged over the spin [see Eq. (65) below].
This makes it possible to verify numerous predictions of the
quark—parton model (QPM) such as the Gross—Llewellyn-
Smith®® and Adler®® sum rules and the Callan—-Gross rela-
tions,®' to compare the x dependences of the structure func-
tions F, (x,Q?) measured in electromagnetic processes and
weak charged currents, to obtain information about the
quark charges, and to compare the fandamental parameters
of the standard model obtained from deep inelastic scatter-
ing of neutrinos by nucleons (A ., sin®6y, ) with their val-

g1E,q")
glE, ) Q*=-t7-9"*
- 2
* g :;20
WLz y=F£-£' My
y=vE
NPE=p2: =) :
Hadronic
system X

FIG. 19. Diagrams of deep inelastic lepton scattering by nucleons: a)
charged current; b) neutral current.
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ues found from other measurements). Finally, determina-
tion of the structure functions F,(x,02) opens up the
possibility for the most direct investigation of the momen-
tum distributions of the quarks and gluons within nucleons,
and also verification of the Q ? evolution predicted by QCD.
These last problems require very careful determinations of
the structure functions F, (x,Q?) in terms of the distribution
functions of the quarks of species j, g; (x,0%), and of the
gluons, G(x,0?), in the higher orders of QCD perturbation
theory, particularly when the determination of the higher
twist corrections is under consideration (we shall discuss
this question in more detail below).
We consider the inclusive processes

v + N — (e*, p#) + X (charged currents);
v + N = v - X (neutral currents),

where X is an arbitrary hadronic final state (Fig. 19). Let ¢
and ¢ be the 4-momenta of the initial and final leptons,
and p and p’ be the 4-momenta of the initial nucleon and
the hadronic final state X (p”> = M %, where M, is the invar-
iant mass of the final state}. In the laboratory coordinate
system p = M (M is the mass of the nucleon at rest), g = (E,
0.4 = (E,,q)or (EL, ), (E},q), Q%= — (¢ —¢)°
= + 4EE ' sin*(8 /2), where @ is the scattering angle of the
lepton, and

v=pQ/M =E — E; z = Q¥ 2Mnv);

y =vE=(E—E)E.
For the charged currents, the inclusive cross section for scat-
tering of a neutrino (antineutrino) by a proton (or a neu-

tron) in the Bjorken limit (Q?/v—const, Q%= w0, v— )
can be expressed in the variables x and y in the form

@2ev¥ N gayp M\ e, D)
dzdy = [(1Wy_”ry2£)F2 (¥)

2P (@) 2 (v — &) 2F$ (],

(65)

where thesigns + in front of the last term correspond to the
neutrino or antineutrino scattering processes, respectively,
and F; are the structure functions of the process

Vv, +p—p + X
F?P_" ;11+p —- X
Fiy—>vtn—p+X;
Ff =, +n—>p 4 X.
Under the assumption of charge symmetry,
Fiy—Fiy Fl,=Fj, (66)

For isoscalar targets (nuclei with equal numbers of protons
and neutrons) the expression (65) is unchanged if F* is
replaced by F;, where for neutrino scattering

F[- (u!) = _;:"[F:p +F§'ﬂ]‘
and for antineutrino scattering
. R
The expression (63) takes a simpler form if the validity of
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the Callan—Gross relation is assumed:

2zF, (z) = F, (2). (67)

In this case (and under the condition E, » M)
dgg'vN; N GCME 1

= A=+ U F, @)

& 5 [ — (1 —y)1 2F5 (2)]. (68)
Thus, for isoscalar targets [see (66)] we have
2M v dxgd

Fani+(1—p S5 = 24 20 (69)
. r gy 26V

Ay @ U~ =y ==, (T0)

i.e., the structure functions can be expressed in terms of the
sum and the difference of the neutrino and antineutrino
cross sections.

If we introduce the notation”

g (x)=u(z)+d () s (2} +c (z);
g (x)=u(x)+d (2) +5 () +c (z),
where u(x), #(x), d(x), ... are distributions of the &, &, d, ...

quarks with respect to the momentum within the nucleon,
then for the proton

Fip(2) =22 [d (x) -+ s (2)+u (2) +¢ (2)];
i (2) =214 (2) + s (2) —u () — ¢ (2)];
F3p (x) =2z [u (2)+c (z) +d (2) +5 (2)];
ip (%) =2 [ (2) +c () —d (z) —s (2)].
For the neutron the corresponding functions are obtained
from the proton functions by the substitutions u=d and
u=d (condition of isotopic invariance). Note that
g(x) — q(x) =g, (x), where g, (x) is the distribution of all
the valence quarks (for the proton g, = 2y + d, and for the
neutron ¢, = 2d + u).

The isoscalar structure functions F,(x) can be ex-
pressed in terms of the quark distributions as follows:

Fz(@)=xlq (@) +g (Dl +2[s (2)—s (@) —z[e () ¢ (2
F(2) =2l (a) +g @) —= s (@) =5 @]+ [ (1) —¢ ()}
F3 (@) =g () —q () + s () +5 (2) —[c (2) +-e @)];
Fi(@)=q@)—q (@) —[s (@) +5 @+ [c@+c@)].  (72)
If it is assumed that the distribution of the sea quarks
is symmetric, i.e., s{x)=35(x), c(x) =¢c(x), ..., ‘Ehen
the last two terms in F}"(x) can be ignored, and F}"(x)
can be written in the form Fy¥(x) =g(x)—g(x)
+ 2[s(x) — c¢(x) ]. The last term in the square brackets is
often ignored.

Substituting the relations (67) and (72) in (65), we
obtain

(71)

%;:‘z%w lg (x) + s (z) —c (2)
+ (=) (g (2)—5 (@) +c (@)
o™ = S (73)
%}qéy_zﬁoflﬂf)-%"s(r}—c(r) >
(=P (g (=) —s (&) e (@)
0y =GME/n. |
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If (73) is integrated over x (from 0 to 1), we obtain

d GvN

T =6 [Q+8—C+1—y2 (0 —5+O); (74)
o = = — -
5 = %@+ S5—C+(1—y*@—S5+C)), (75)

where we have introduced the notation
L

0= S zg (x) dz etc.
0

As follows from the definition, the quantities Q, 0, S, 50 €
are the fractions of the nucleon momentum divided among
the quarks of the corresponding flavors.

Integrating (74) and (75) over p, we obtain

oW =0,[ Q+5—C+—5 (0—5+0];

oW =0, [Q+5 T (@—S+0)].

(74a)

(75a)

In QCD, all the QPM expressions given above have the
same form in the leading order of perturbation theory. How-
ever, in all the quark distributions and QPM structure func-
tions it is necessary tointroduce a dependenceon @ %, i.e., itis
necessary to write F, (x,02),5(x,0%),c(x,Q?), etc., instead
of F, (x), g(x), c(x), etc. In the framework of QCD, the 0 *
dependence of the quark distributions is determined by the
Altarelli-Parisi-Lipatov equations®? [see Egs. (112) be-
low]. We shall merely mention some consequences of QCD.
For example, the mean value of the momentum fraction
(gy (x,0%)) distributed to all the valence quarks and the
mean value of the momentum of a valence quark of a definite
species, {x, ), decrease with increasing Q%

G (3 @ = (@ (O exp | — 5325 (geanr ) ]

: = 3 12 In (@2/A2)
(xﬂ (.E, QE)) - (1:?) (Qn}) exp [ - (33_2];) ( ]Inl {Q%l’l\z) ):| .

(76)

Calculations made in the framework of QCD give the
following asymptotic relations:

3
16
GO o T8r37 - (78)
Since  lim{g,(Q@*))—4-.,.0, it follows  that

(g(@*)—{0(g*)), where O(Q?) is the contribution of all
the remaining sea quarks. In particular, for f=4,
{g( 0 ))—43%, and G( w0 ) —57%. The fraction of the mo-
mentum corresponding to the sea quarks and gluons in-
creases with increasing Q 2, since they acquire the fraction of
the momentum lost by the valence quarks.

Transition of some of the momentum from the valence
guarks to the sea and to the gluons with increasing @ 2 has the
consequence that the mean values (x) for the sea quarks and
gluons will be shifted to lower values, i.e., they must become
softer. Naturally, this behavior must be reflected in the Q?
behavior of the structure functions of deep inelastic scatter-
ing.

Aswe have already noted, allowance for the corrections
in the coupling constant of the strong interaction, a5 (Q?),
to the leading logarithmic approximation introduces an am-
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biguity in the method of determining the distribution func-
tions of the quarks and gluons within a nucleon.®*** Already
in the second approximation in the effective coupling con-
stant ag(Q7?) there is a violation of the relations of the
quark—parton model for the structure functions (72) of deep
inelastic scattering. This circumstance makes a parton inter-
pretation of the corresponding QCD expressions difficult
and leads to the uncertainty which we have mentioned. It is
important to have this uncertainty in mind when processes
of deep inelastic scattering are analyzed with allowance for
the higher orders of perturbation theory.

In particular, the relation (67), which is valid in the
QPM approximation (as Q*— o), is only approximate in
the region of actually measurable Q

2zF, (x) = F, (). (79)
The difference
F, (z, Q%) — 22F, (z, @) = Fp, (z, @) (79a)

is called the longitudinal function. It reflects the presence in
the structure of the nucleon of components with spin # %
(for example, the presence of diquarks, scalar components,
etc.). In the region of TeV energies the verification of the
relation (79) is of independent interest.

The currently existing lepton beams have permitted
measurement of F,(x,07) in eN, 4N, and v interactions
and of xF,(x,0?) in vN interactions up to Q> ~280 (GeV/
¢)?. The behavior of the structure functions F, (x,@?) in
their dependence on x and Q > was investigated, the problems
of the breaking of scaling and the evolution of the structure
functions with respect to Q ? were studied, and approximate
quark-gluon distributions in nucleons and nuclei were de-
termined.

The neutrino beams at the UNK will permit a signifi-
cant extension and deepening of the investigation of deep
inelastic scattering processes on nucleons and nuclei. This
will be guaranteed by the higher event statistics and by the
wider range of variation of the variables x and Q * available
for the experiments. If the limit with respect to Q2 is ex-
tended by about an order of magnitude, one can, for exam-
ple, hope to separate with high accuracy the logarithmic de-
pendence with respect to Q2 in the structure functions
F,(x,0?) from the power-law dependence on 07, ie., one
can hope to separate the twist corrections. As was already
noted in the Introduction, the possibilities presented by the
UNK are unique in that for a fairly long time the UNK
neutrino beams will have the highest energies and intensities
in the world. There is no plan to produce neutrino beams at
the SSC accelerator. However, even if that is done, prelimi-
nary studies® show that the energy resolution needed to in-
vestigate the structure functions will hardly be achieved
there.

Of particular interest are investigations of the distribu-
tion functions of the heavy b and ¢ quarks. Their influence on
the analysis of the process of deep inelastic scattering be-
comes important at values Q >~ 2m; . At the UNK energies
it will be possible to follow the appearance of the contribu-
tions of the heavy quarks to the structure functions
F, (x,0%).°® Theidentification of these contributions and the
determination of the limits of their appearance with respect
to Q2 are, in turn, important in connection with determina-
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tion of a fundamental QCD parameter: A vs- It 1s well
known that in the theoretical analysis of deep inelastic scat-
tering it is usually assumed that for a number f=13of the
quarks (u, d, s) the region most reliable for the determina-
tionof A ¢ istheregion Q% < M Z, while for f = 4 quarksitis
the region M7 < Q% < M2, etc. (the value of fis sometimes
determined by means of the Georgi-Politzer formula®’

ren=3[1-5 "

where M, is the threshold for production of the fth quark
pair). The studies of Ref. 68 established a quantitative law of
variation of the parameter A . on the transition from the
three-quark region of @ to the six-quark region. The renor-
malization-group differential equation in the two-loop ap-
proximation for the invariant charge ag (Q?) was solved
with allowance for the finite masses of the particles, and an
explicit expression for the dependence of A vs 0N Q7 was
obtained.

The considerations mentioned above stimulate interest
in the study of nucleon structure in the neutrino beams at the
UNK. All the phenomena listed above occur together in the
theoretical QCD analysis of deep inelastic scattering pro-
cesses, and at the UNK energies none of these phenomena
canbe ignored without a distortion of the QCD picture of the
phenomenon.

Total cross sections of the v interaction

The simplest demonstration of the pointlike nature of
the nucleon constituents is the linear growth with the energy
of the total cross section for the v/ interaction. Such a de-
pendence, which is a reflection of the growth of the phase
space for the s-wave scattering of point particles, must occur
atrelatively low E,.: E, €M 3,/2M. In the region of energies
so far investigated, £, £ 250 GeV, the influence of the mass
of the W boson is unimportant, and the linear growth of the
neutrino scattering cross section is confirmed by the experi-
mental data (Fig. 20, Ref. 69). For isoscalar targets (mea-
surements made during the period from 1979 through 1986)
the mean value 0/E,. =0.67 X 107 >% cm?/GeV was obtained

T.U‘i 7
wi
0.8
> % —E I
L R
E 0.5 } 4
(4]
THH :
ks VN
o S 534
8 rgEm R
v X § L
pol e CCFRR v IHEP-ITEE o BNL-71
N o CDHSW ASKAT
n GGM-SPS v CRS
o BEBC WEBE @ GGM-BS5 v
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1 1 ]
g 10 20 30 5 102 50 200 £S5
Ey, GeV

FIG. 20. Total cross sections of ¥V and N interactions.
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for vN scattering and approximately 0.34 X 10~ ** cm2/GeV
for ¥ scattering.

Experiments at the UNK will make it possible to extend
by almost an order of magnitude the region of energies acces-
sible for measurements of total cross sections and will great-
ly increase their accuracy. Knowledge of the total cross sec-
tions will make it possible to measure the fractions of the
momentum of a nucleon (or nucleus) carried by the various
species of quarks and gluons [see (74a) and (75a)] and to
make a comparison with the structure functions obtained in
experiments on deep inelastic scattering of electrons and
muons.

It is possible to test some effects predicted by the QPM

and the standard model with allowance for QCD correc-
tions.”® For example, at low energies the influence of M w is
unimportant, the quark distributions do not depend on Q?2,
and o,y ~E,. Up to energies E~100 GeV a well-known
manifestation of the QCD evolution of the parton distribu-
tions is the decrease of the valence component [see Eq.
(76)] and, therefore, a decrease of the cross section. At
higher energies, the propagator of the W boson restricts
the momentum transfer Q2 = 2M,, xy to values <M 2, and,
thus, restricts the effective interval with respect to x
S M3 /2ME,, and this also makes the cross section
smaller than the QPM prediction. However, as we have al-
ready noted above, with increasing Q2 there is a shift of the
distribution of the quarks in the nucleons in the region of
small x in the direction of an increasing number of soft
quarks, and this leads to a growth of the cross section. The
combined influence of these effects has been calculated in a
number of studies and is shown in Fig. 21, which also gives
the contributions of the main components. It can be seen
that as E, is increased from 10 to 1000 GeV the ratio o/ E
varies by 15-20%, a difference that could be detected in
UNK experiments. It should also be emphasized that the
standard methods for measuring cross sections encounter a
number of serious problems related to the nonmonochroma-
ticity of the beams and the monitoring of the neutrino fluxes.
These difficulties can be overcome in beams of tagged neu-
trinos.

Proton and neutron structure functions

Measurement of the doubly differential cross sections
(68) for neutrinos and antineutrinos permits information to

7
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FIG. 21. Expected behavior of o,y at high energies. The contributions of
the various quarks are shown.
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be drawn from the expressions (69) and (70) about the
functions F,(x,Q ') and F5(x,0%).

The relations (69) and (70) can be integrated with re-
spect to y, and they then take the simpler form

4 do¥ , do¥ .

T oF (e @) ="+ (6%2)
2 o do”
00t (2, @)= — g 70w

These relations can also be used to analyze experimental
data. Note that the expressions (69), (70) and (69a), (70a)
have been obtained under the assumption of validity of the
Callan—Gross relation (67), which itself needs to be verified
[see (79) ]. Quantum chromodynamics does not predict the
x dependence of the structure functions F; (x,Q?), and it
must be extracted as accurately as possible from experimen-
tal data.

By means of various combinations of the relations (72)
and (73) and sensible approximations (smallness of the con-
tributions of the strange and charmed quarks, etc.) some
distributions have been extracted from the experimental
data on vN and uN scatiering.

In Fig. 22 (Ref. 71) we give the distributions xu, (x),
xd, (x), and xg (x).

Wide use is made in the literature of simple expressions
for the quark and gluon distributions with respect to x. They

are based on arguments about the behavior of the Regge
amplitudes of the processes of deep inelastic neutrino scat-
tering by nucleons in the region of small x(x—-0) and on
quark counting rules in the region x— 1:

q(x) ~ CzC (1—x)% for quarks, } (80)
G)~A(l—2x)" for gluons,

where C,, C,, C,, A, and m are arbitrary parameters whose
values are determined by comparison of the theoretically
calculated functions F; (%,Q?) with the experimentally mea-
sured functions. For the different quark flavors the coeffi-
cients C; must, in principle, be different. Such a parametri-
zation, which is well established but somewhat dated, has a
number of shortcomings. First, it leads to a large number of
free parameters ( 2 10). Second, the choice of the distribu-
tion functions (70) may lead to a value of the fundamental
parameter A . that is unjustified from the point of view of
QCD. Itis well known that the structure functions F; (x,0 %

are divided into a nonsingular part F*> (x, @2) and a singu-
lar part F¥(x, Q%) (seeSec. 3), which evolve differently with

variation of Q2. The initial functions for the QCD evolution

of these parts with respect to Q 2 are, naturally, chosen in the

same form (80) (Ref. 72):

FY¥ (2, 0%)=Caf: (1 —n)®,
(

FS (2, Q9)=Cp® (1—2)%, (81)
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xg (c); the hatched region shows the estimates of the gluon distri-
X bution.
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where Q] ~5 (GeV/c)?is the point of reference from which
the evolution begins, and C; are fitting parameters. How-
ever, the behavior of the higher moments of functions of the
type (81) [for the definition, see (105) and ( 103)] with
respect to Q2 is very different from the QCD prediction.
Only the first moments of the functions F7 and F™ can sat-
isfy the requirements of QCD to within a given accuracy.
The range of validity of QCD with respect to Q2 is signifi-
cantly reduced (it is bounded by the values of Q2 above
which deviations from the QCD evolution appear in the
higher moments). Toimprove the agreement with QCD, it is
necessary to introduce a dependence of the coefficients C, on
Q?, and this further increases the number of fitting param-
eters.”® But in this case, to achieve better agreement with the
experimental data in the region of small Q %, the authors were
forced to give up the requirement of QCD evolution with
respect to Q7 for the distribution function of the valence
quarks.

Third, it is well known that the parameter C, in the
expressions (81), which ought to be equal to 4 according to
the Regge asymptotic behavior of the amplitudes of deep
inelastic scattering, is found by analysis of experimental data
to be equal to 0.6-0.8. For example, in the just quoted study
of Ref. 53 the parameter C, is a function of Q 2 and does not
have a constant value. Fourth, in the gluon distribution
function (80) the choice of the values m =3, 4, 5, 6, 7, 8
hardly affects the degree of reliability of the analysis. Fifth,
the large number of free parameters leads to great expendi-
ture of computer time in the analysis of experimental data.

This is the list of the main shortcomings of distributions
of the type (80) and (81).

Itis known from QCD that the functions F, (x,Q ) have
not only logarithmic behavior with respect to Q2 (leading
logarithmic approximation) but also power-law behavior
(twist corrections):

Filr, =F @ 943 (&) Fiw e (s
2

In this expression, T denotes the value of the twist, the term
F7=*(x, @?) contains only the logarithmic dependence on
Q2 and X__, contains terms with a power-law dependence
(~1/Q?", where n is an integer), which are called the twist
corrections. On the basis of (82) it can be expected that with
increasing @ * the contribution of the twist terms must de-
crease.

Besides the above-mentioned shortcomings in the
choice of the distribution functions in the form (80) [or of
the structure functions in the form (81)], the theoretical
analysis of deep inelastic scattering of neutrinos by nuclei
and nucleons is made under the assumption that the contri-
butions of the twist terms are negligibly small and that the
contribution of the singlet part F7(x,0?) can also be ig-
nored (as a rule, it is 20% ). For example, in the recently
published analysis of Ref. 17 the same assumptions are made
with regard to the choice of the shape of the distribution
functions in the form (80), with regard to the smallness of
the contribution of the twist corrections, and with regard to
the fact that only the first two moments of the structure
functions evolve correctly with respect to Q* (we have al-
ready noted the inadequacy of this condition).

At the present time it can be said with confidence that in
the determination of the parameter A g from processes of
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deep inelastic scattering of leptons by nucleons and nuclei
the theoretical analysis of the experimental data must be
made with allowance for all the contributions ( large and
small) and with a careful justification of the choice of the
dependence of the structure functions on the variable x. In
the study of Ref. 66 a quantitative analysis was made of the
influence on the value of the fundamental QCD parameter
A 5 extracted from analysis of deep inelastic lepton—nu-
cleon scattering of the following factors:

a) the choice of the form of the structure functions
F; (x,Q?) and, therefore, of the quark and gluon distribu-
tions;

b) the requirement that not only the first few but also
the higher moments of the structure functions F, (x,07) sat-
isfy the evolution equations of QCD [this extends to the
interval of applicability of the functions F.(x,0%) with re-
spect to 07];

¢) allowance for the singlet part F5(x,0°);

d) allowance for the twist corrections;

e) allowance for the post-logarithmic term in the cou-
pling constant ag (Q?) in the evolution equations of QCD.

It was shown that allowance for all these listed factors
can change the value of A by at least a factor 2.

In a number of studies,” theoreticians at Dubna have
proposed and justified other model momentum distribution
functions of the quarks and gluons that satisfy the require-
ments of QCD to high accuracy. They contain significantly
fewer arbitrary parameters (only four were used in the stud-
ies of Refs. 66 and 73) and ensure: a) agreement with all the
requirements of QCD; b) Regge behavior of the structure
functions at the point x = 0 and a zero value at x = 1; ¢)
good statistical description of the complete set of experimen-
tal data on the deep ‘inelastic scattering of leptons by nu-
cleons and nuclei (with a small number of parameters): d) a
large gain in computer time in the analysis of experimental
data.

A more detailed discussion of the problems of the QCD
analysis of deep inelastic scattering can be found in Refs. 66
and 73.

Thus, the determination of structure functions
F, (x,0%) and of momentum distributions of the quarks and
gluons within nucleons that adequately meet the require-
ments of QCD must be regarded as important and not yet
fully solved problems that could be solved at a new level of
statistical reliability and accuracy by neutrino experiments
at the UNK.

As yet there is no understanding of the origins and
mechanisms of the breaking of the isotopic symmetry of the
distribution functions of the light quarks. We are referring
here to the different behavior of the distribution functions of
the u and 4 quarks in the proton. Figure 23 shows the ratio
d,(x)/u, (x). At x=0 it agrees with the behavior expected
in the framework of the naive quark-parton model. How-
ever, in the limit x— 1 it is appreciably less than the QPM
predictions. As x—1, QCD predicts the ratio d,(x)/
u, (x) =0.2 (Ref. 74), whereas arguments based on broken
SU(6) symmetry lead to values d, (x)/u, (x) =0 (Ref.
75). Advance into the region x — 1 will permit verification of
these theoretical predictions.

More accurate data on the structure functions will per-
mit verification of the Adler sum rule with greater accuracy:
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FIG. 23. Ratio xd,/xu, as a function of x.
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Here, U, and D, are the numbers of the corresponding
quarks. In the integrals (82), the limit x_,;, —0 is under-
stood. Calculating the left-hand sides of these relations using
existing data on vp, ¥p, vn, and ¥n scattering and assuming
R =0, one finds"®

U,— D, =101 =+ 0.08 + 0.08;
D — U =0.054 0.05 + 0.11.

It is also of interest to test the Gross—Llewellyn-Smith sum
rule

(84)

e

Fﬂvw)dx==§zquugdx(i-—g?),
[}

which is obtained under the assumption of symmetry of the
sea. Allowance for the QCD correction improves the agree-
ment with the expected value for the number of valence
quarks (equal to three) in the nucleon.”

It is important to investigate the influence of the excita-
tion thresholds of the heavy quarks and the differences
between them in vN and ¥ reactions. In the investigation of
Ref. 78, the distribution functions of the heavy quarks were
obtained by solving the QCD evolution equations with
allowance for the quark masses. The initial conditions for
the evolution equations, i.e., the quark and gluon distribu-
tion functions at certain values @}, are chosen at sufficiently
small Q3. This makes it possible in the specification of the
initial conditions to make a restriction to the distributions of
the light (valence) quarks and gluons. On the basis of nu-
merical solution of the evolution equations the authors of
Ref. 78 obtained distribution functions of the heavy ¢, &, and
t quarks possessing the correct threshold behavior, namely,
in the region @ €m; (m, is the mass of the corresponding
quark) the distribution is suppressed, while at 0~ 2mj it
effectively comes into play. The x dependence of the distri-
bution functions was considered. It was shown that for the
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heavy quarks the widely used parametrization of the form
x% (1 — x)? [see the expression (80) ] can lead to apprecia-
ble (10-15% ) deviations from the correct values. Moreover,
the calculations show that the distributions of the sea quarks
(including the ¢, b, and t quarks) arise immediately in a form
that cannot be represented by (80). Figure 24, from Ref. 78,
shows the Q ? dependence of the momentum fractions of the
quark and gluon distributions, 1.e., the second moments of
the distribution functions (g(x)}, and (G(x)},. A decrease
of the contribution of the gluons and of the # and d quarks
and a growth of the contributions of the ¢, b, and ¢ quarks
with increasing Q ? are clearly demonstrated.

Overall, neutrino investigations at the UNK, in con-
Jjunction with the results of experiments on eN and uN scat-
tering, will make it possible to obtain more complete and
accurate information about the “flavor” content of the nu-
cleon.

Comparison of the structure functions obtained from
neutrino and muon experiments

It is of interest to compare the structure functions ob-
tained from vV, eN, and pu/N deep inelastic scattering. In
contrast to the vV case, the eV and g N scattering cross sec-
tions do not contain a contribution from the structure func-
tion F;(x,Q 2}, and the connection of the structure functions
with the quark distributions includes the square of the quark
charge:

(FEM(@)y=2 [ & @+ D)+ (d+D

-l—% (c+E)+% (s+5)+%(t+ f—H-% (b-I-E)J : 5
(F™ (@) =2 [ o (d+B) ++(u+2)

g e+t N+ 5D+ 0+8)].

(On the transition from the proton to the neutron EM func-
tion, the substitution d=w is made.) For isoscalar targets,
FM— (FP'+ F3') /2, from which we deduce

FEM(2) = 21q (2) + 7 (@) + 5z e 4]
+4-z [t~z [o+8, (86)
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where g=u+d+s+c+t+b g=u-+d+7
+T+1+b.

In the distributions (72) and (86), all terms apart from
the first are usually ignored as small. The discrimination
between the quark flavors in deep inelastic uN scattering is
not so direct as it is in vV scattering. To extract u, (x) and
d, (x) from the structure functions [F5"(x)],, found in
uN scattering several assumptions must be made. Thus, in
the study of Ref. 71 it is assumed that s/d=0.5,
g, (x) =g, (x), and ¢(x) is taken from other experiments.
Additional restrictions imposed by the Adler and Gross-
Llewellyn-Smith sum rules are also imposed. The quark dis-
tributions found from vV and u N scattering are compared in
Fig. 22. Whereas xg and xu, are in reasonable agreement,
the xd, distributions from the g and v experiments differ
significantly. Systematic errors could be responsible for the
discrepancy. Experiments at the UNK, at which a high ac-
curacy can be ensured, may cast light on this problem.

Comparison of the structure functions found from vV
and uN deep inelastic scattering permits determination of
the quark charges. For an isoscalar target in the QPM [omit-
ting in (86) the contribution of the b and t quarks] we obtain

(HN)
F (vIV)

and

18 (1+9), (87)

where

5.8 (o) —(s3)
T3 T RN

[see Egs. (72) and (86)]. The number 5/18 arises from the
quark charges for the SU(4) flavor-symmetric nucleon.
The predictions of the QPM are compared with experi-
mental data in Fig. 25. To within the errors, the data do not
reveal a strong dependence of theratio £, (uN) /F,(vN) on x,
although the structure functions themselves vary by more
than an order of magnitude. The experimental mean value

e =0.29+ 0.02(5/18 ~ 0.98)

indicates smallness of the contribution of the strange and
charmed sea quarks, which is characterized by the term & in
(87) (itis =6% for x = 0.03 and decreases with increasing
x). For uN scattering, assuming that the quark seas in the
proton and neutron are the same [see (85) ], we obtain

2__ o2
€ ed

1425 (8

1
{ (72 (up)—F,
0

08 1 1 1 | )
7 37020304HT[IEX

FIG. 25. Ratio of the structure functions measured in experiments on neu-
trino and muon scattering by iron nuclei.
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The integral on the left is equal to 0.25 4+ 0.12 (Ref. 79). In
conjunction with (F,(uF)/F,(vN)), this gives the follow-
ing values for the charges of the » and d quarks:

|y | = 0.64 4 0.05; |eg| = 0.41 + 0.08.

However, it must be emphasized that the poor knowledge of
the energy of the initial neutrinos in present-day experi-
ments renders them rather insensitive to small effects, for
example, the contributions of the heavy quarks. In Fig. 26
we compare the structure functions F, (uN) and F, (vN) ob-
tained in experiments on hydrogen and deuterium targets;
these indicate an x-dependent deviation from the predictions
of the quark-parton model. However, the same effect can
arise simply as a result of a small ( ~ 1% ) possible shift in the
determination of E, (broken curve).” Experiments with
tagged neutrinos will establish whether the effect shown in
Fig. 26 has a physical origin (for example, opening of the
thresholds of the heavy quarks) or is due to systematic er-
rors.

Longitudinal structure function

An important problem in the investigation of nucleon
structure is accurate measurement of the “longitudinal”
structure function

Fp(@)=(1+

4Ma:

) F, (z) —2zF  (z), (89)
which takes into account the absorption by nucleons of lon-
gitudinally polarized virtual vector bosons, or, equivalently,
the ratio

R = o;/oq, (90)
where M is the nucleon mass, and
o= VIG5t a) - g R@)] |
Op=0,+0_; } (91)
F( 1 F l
ox= V2S[Fi 7 (143w ) £ @] |

In (91), o, are the cross sections for absorption of W ho-
sons with helicities 0, + 1 and o is the cross section for the

13} g /
&k /
1.2+ $
; s =
= T
T <7 S ]
10 k3 s !
;LI_N T — -"r NT.?— I
=) = /
b 3““.{2_ S~ —
“-ﬁ_3 L
1.1k
0.7 a B
! | 1 1 ] 1 L 1.0 1 ! 1
g o1 82 0.3 04 O.F 0.6 X ¢ 4.2 04 X

FIG. 26. Comparison of structure functions F, measured on deuterium (a)
and hydrogen (b): F4* (WA21) are the values calculated by means of the
quark distributions measured in the neutrino experiment of the WA 21 col-
laborations. The broken curves show the effect of a systematic decrease (of
about 1% ) in the measured energy of the incident neutrinos together with a
shift of ~25% in the normalization in (b).
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absorption of transverse W bosons; K is the flux factor of the
W bosons.

The requirement for measurements of the function
F, (x) is dictated by the need to extract from deep inelastic
scattering information about the structure functions F,(x)
and F,(x) (and about the quark distributions related to
them). We note that observation of the EMC effect has the
consequence that the extraction of information about the
structure of protons and neutrons from data obtained for
different nuclei must be made with allowance for the nuclear
structure, and the data obtained for different nuclei must
probably be considered separately.

From the theoretical point of view, the interest in the
function F; (x) (or the ratio R) is due to the possibility of
study of the deviations from the naive QPM, in which
allowance is made only for constituents with spin } and
QCD effects are absent.

Inclusion of the quark mass (r), of the finite transverse
momenta (py ), and of the corrections for the binding energy
(A) leads in the framework of the QPM to the expression®®
M2zt (pp)? |- A

R=4 =

(92)
In QCD in the logarithmic approximation, R = 0. However,
bremsstrahlung of gluons leads to the appearance of a trans-
verse momentum of the quarks. In addition, an effective in-
teraction of gluons with gg pairs and the production of gg
pairs are possible.

In the first order in the QCD coupling constant a5 (Q *)
the expression for R takes the form®'

R e (@)
1
2, 8
ws@e | 2[5 a0 09+da (1= )60, 09 ]
I ZaFy (7, 0)

(93)

For v interactions @ = 4, while for charged leptons a = 10/
9. At large @7 transition to the QCD regime is expected:

RQ('D(QZ)N -

In (@2/A%) ~ (94)

These perturbation-theoretical estimates can be used at

smaller @ * if the experimental data are analyzed by means of
the Nachtmann variable™

2w
1+.|/1_|_ 4022

02

-
Pl —

(95)

The function F, {x) is usually found by measurement
of the y dependence of the difference of the cross sections:

0 d""(i; 1 )2 a2V }
GmE, L dzdy —(— dz dy

ne g [t — (=) + Py [(1—9) — (1= 9)T
(in this expression the contribution of the heavy quarks is
ignored).
In Fig. 27 we give data on deep inelastic scattering of

electrons®® that demonstrate rather clearly the expected de-
crease of R with increasing Q2.

Theinvestigation of nucleon structure in neutral currents

This is an important problem for testing the universal-
ity of the nucleon structure functions.

We write down here expressions for the differential
cross sections of neutrinos and antineutrinos on isoscalar
targets, calculated in the QPM®:

a2 ¢ X Tl 2 (d b
WZ%IL(Q*G) [e} (u) i (d) + (ek (¥)

+ek(d) (1—p)
L () dg () +u (2) +d (2] (e}, (w) + ¢} (d) + ek (u)
+ ek (D) (1 +(1— )] +[s (2) +5 ()] [} ()
+eh (@111 + (1 — )3
e (@) 4 (@)] [ (o) +ek (@UL+(A—0).  (96)

In (96), we haveintroduced the notationg=u 4+ d + 5+ ¢,
g=u+d+5+¢ g—g=gq,; u, and d, are the u and 4
quark distributions of the sea quarks:

gy, () =¢er(c) = % *‘% sin? By;
er. (d) =er (5) = — -~ sin® Bw;
j ' (97)
e () =g (c) = — - sin2 By
g (d)=¢ep(s) = 7;,‘ sin? By .

The antineutrino cross section is obtained from the cross
section (96) by replacement of the factor in the square
brackets multiplying the term (g — g) by the expression

[(eL (u) + &k (d)) (1 —p)* ek (u) 4 €k (d)].

The quark content of the structure functions for the neutral
currents has the form [cf. (72)]

Fy(oy =g} (u) +ed (d) + 2 (u)+ ek (d)] (+ 1)
+ o€k, (1} + ek (1) — e}, (d) — % (d)]
X (¢ () — s () +¢ (2) — 5 (2));

Fy(w)=teb (u) e (d) = ch () —eh ()] (g —2).  (98)

4.5
0.4_$ x=4.2 | + x=0.35 | x=0.5
I I
R air + B B FIG. 27. The ratio R = ¢, /0, from the experiment on deep in-
B a2 \— - - elastic scattering of electrons by a deuterium target as a function
o otk K 72 |L E 2k 2 of Q7 1) results of caleulations in perturbative QCD; 2) with
"3 L 7L g allowance for the effects of the finite mass of the target.
~0.7 1 ] 1 1 | | 1 1 L 1 ] | | 1 1
o 2 & & & 1 12 2 & & & 1012 2 & & 8 1072
Q% (Gev/c)? a5 (Gev/c)? 2% (GeV/cP
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After integration of the expressions (73) and (96) with re-
spect to x and y it is possible to obtain the ratio (42), which is
used to determine sin’@ .

In Sec. 1 we considered the problem of accurate deter-
mination of the value of sin®#y, from deep inelastic scatter-
ing of neutrinos by nucleons. We mentioned the smallness of
the influence of the theoretical corrections on the values of
sin’fy, (see Table X), in particular, the weak influence of
the shape of the distributions of the heavy ¢, b, and ¢ quarks
on the deduced values of the weak mixing angle. As a rule,
the quark and gluon distribution functions occur in an inte-
grated form in the determination of sin®@, . In some expres-
sions, sin*@, is found from the ratio o ye /0 ce, in which the
uncertainties due to the lack of knowledge of the quark and
gluon momentum distribution functions cancel each other
to a large degree.

The Q2 evolution and verification of QCD

The dependence of the distribution functions g(x, Q)
and F; (x,0°) on Q ?is given by QCD, and it imposes restric-
tions on the choice of the x dependence of the same func-
tions. Unfortunately, these restrictions are not sufficiently
strong to determine unambiguously the x distributions of the
quarks and gluons in the nucleon. Nevertheless, a felicitous
choice of the x distributions of the quarks and gluons repro-
duces the Q* evolution of both the first and the following
moments of the structure functions (see below for the defini-
tion of the moments) in a fairly wide interval of Q * to within
the given accuracy. Thus, we are considering here an ap-
proximate choice of the functions g(x, @?), G‘(x Q 2y, and
F, (x,Q?) that in the intervals O<x<1 and 03<Q°<Q?,,
satisfy with the required accuracy the QCD requirements,
1.e., for a certain chosen x distribution ensure correct evolu-
tion of the moments with respect to Q0 °.

We shall not enter into the theoretical details of the
derivation of the evolution of the moments with respect to
7, which is determined by the renormalization-group equa-
tions. We merely emphasize the difference in the evolution
with respect to Q * for the singlet and nonsinglet parts of the
structure functions determined with respect to the “flavor”
SU(4) symmetry. To this end, we introduce some standard
definitions.

In the leading logarithmic approximation, as we noted
earlier, the connection between the distribution functions
and the structure functions is introduced by analogy with
the expressions of the QPM. For an isoscalar target and the
electromagnetic structure functions [see (86) ] the relation
has the form

FEM (@, Q) =522 (x, 0+

where 2 (x,0 %) =q(x, 0% +3(x, 0% and
AN (x, Q%) =c (z, Q) Lc(z, ¢*)—s(x. 02 —s(z, Q7).
(99)

2AN (&, 02),

The combination = (x, @ *) is called the singlet combination
with respect to the SU(4) flavor symmetry; the combination
AN is the nonsinglet part of the function F3™(x, Q?).

Similar representations can be obtained for the struc-
ture functions of deep inelastic neutrino scatiering by isosca-
lar targets. For the charged current
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F3.¥ =23 (z, Q%);

2F) Y =g, (z, Q%) F 2A°Y (100)

and for the neutral current

Fy ¥ (2, Q%) =3 (z, Q) [e} (u) + &} (d) + ek (1) + ek ()]
+ 20N [63, (u) + e}, (d) — ek (u) — ek (D];
2FY Y (2, Q) = 2q, (z, 02) [e} (1) + e} (d) — & (1) — ek ().

(101)

Thus, F}* behaves as a singlet for the charged current and
contains a nonsinglet part for the neutral current, while F 3"
contains singlet and nonsinglet parts for both currents.
Thus, any structure function can be expressed in the form

(2, Q)+ Fi (=, 03,

where k£ =2, 3 or this index can denote the longitudinal
function F, (x, @?). The Q% evolution of the moments M, of
the nonsingular parts of the structure functions is described
by the expressions

Fy(z, O =FY° (102)

.PNS

MYS, (02 = \ daa"2F8 (z, Q%)= 8NSANS [ln _] ;

_yN8

Mff,sg 02 =\ dx 71HiFNS (z, %)= BNSANS[ QaJ no

[ B | N

1

(103)
where 6;° = 1/6 for F{ and F5"; )5 = 1 for F}” (charged
currents). For the neutral currents
S —ef (u) ok () —e} (w) —ek(d) for Fy % } (104)

OS — o} (u)+ e} (d) —ek (u) —ek (d) for FY

21

The quantities 2" are called anomalous dimensions; they
depend on the spins of the quark and gluon fields and can be
calculated exactly in QCD perturbation theory. Analytic ex-
pressions for > and tables of their values can be found in
the review of Ref. 84. For different values of » and different
numbers of flavors they are different.

For the singlet parts of the structure functions, the ex-
pressions for M, can be written in the leading logarithmic
approximation in the form

1
M5, (0% =S da"2F$ (x, (?)
0

— 8547 ln[?\—Z]_?N+6§A;1n (0_2)'“’;‘. (105)

Al

Here 55 = 5/18 for F¥ and
rent; and

2N, & = 1 for the charged cur-

63 =ef () +e(d) + sh(u) + ek (d) (106)

for the neutral current.

It follows from (103) and (105) that all the moments
evolve logarithmically with variation of Q > and that the sing-
let moments evolve in a more complicated manner (there are
two terms in them ). The coefficients 4 %, 4 7, and 4

determined by a comparison of the moments with experl-
mental data for some value @ ; and remain constant for all
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other values of Q2. In the leading logarithmic approxima-
tion, the coupling constant a (Q?) can be expressed quite
simply in terms of In(Q %/A?):

s (Q2) =L (107)

T @32 In (Q¥AY
where fis the number of flavors. Therefore, the expressions
for the nonsinglet moments can be put in the form

MAS ((2) [ &5 (gg) ]

We have denoted the factor 8 4% in (103) by

M¥(Q3) [In(Q3/A,) ]Y:‘VS( The expression (103) can also
be rewritten as

In M, (Q2) =1In (SNSANS)— yNs In 1n(%) . (109)

or, differentiating the relation (109) and using (107), we
can write

allo M (@] _ _ . ns 1
a1 Ini0AY] Vn” Ta (Qr/AE
o 33 —2f (%, <
= 19‘; 3 :%aﬁm (110)
where
QNS — 33— 2f 48,

or, finally,

aln[My (@] _ Ve (111)

dln[Mn (@3] 'yfs i

In Fig. 28, the relation (111) expresses the dependence
of the ratio of the logarithms of the moments in the form of a
straight line whose slope is determined by the anomalous
dimensions ¥, , which depend, in addition, on the value of
the gluon spin. Thus, the expression (111) permits a trans-
parent verification of the propositions of QCD: a determina-
tion of the gluon spin, the evolution with respect to @7, the
value of A, and the form of the structure functions F; (x, @ %).

However, such a verification has two serious shortcom-
ings. First, the interval with respect to x within which the
structure functions F; (x, Q%) are measured does not in the
experiments reach the limiting values of x, equal to 0 and 1,
as a result of which it is necessary to extrapolate the experi-
mental data to these points in the calculation of the moments
[see the expressions (103) and (105) ]. This shortcoming is
less serious at the energies and momentum transfers Q2 at-

005

.95 ¢, ?" a50
Moments

FIG. 28. Relationship between moments of the structure function xF;.
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tainable at the UNK, since the interval of values with respect
to x can be significantly extended. Second, unavoidable cor-
relations arise between the moments calculated from one
and the same structure function.

The most direct verification of the evolution of the func-
tions with respect to @ can be made by means of the QCD
evolution equations (the Altarelli-Parisi-Lipatov equa-
tions®?). The solutions of these equations give the functional
dependence of the structure functions on Q% and x in the
complete range of x (0<x<1). Note that to determine the
breaking of scaling (i.e., to determine the evolution with
respect to 0 2) for the function xF;(x, @*), which occurs in
the cross section for neutrino scattering by a nucleon (on an
isoscalar target), it is not necessary to know the gluon distri-
bution function. As an example, we write down the evolution

equations for the singlet functions:
1
dZ(x, 1) __ mst) [ dy [v ; Ea
= | {20 050 ()

dt 2a
x

+2fG (y, 1) Ky_q (i)} :

Y
dGIil oy S—j{ Kg-.-q_;;—
+6G(y, I)Kg_,qr(%)}_ (112)

In these equations, #=In(Q?*/u?), p* is a parameter,

_g (x/p) is the kernel of the equation that describes the
process of gluon emission by a quark (or k__, is the kernel
that describes the transformation of a gluon into a pair of
quarks), the kernels of the equations are calculated in accor-
dance with QCD perturbation theory, as () is the QCD
couping constant, = is a singlet function, and G(x, #) is the
distribution function of the gluons within the target (nu-
cleon, nucleus), and it is also a singlet function.

The evolution equations (112) describe the logarithmic
0 dependence of the structure functions. The fundamental
constant A occurs in these equations as an independent
parameter through the coupling constant ag (¢). This pa-
rameter A ;. determines the behavior of the evolution with
respect to Q . The determination of its value from experi-
mental is an important task. In Sec. 3, we analyzed the influ-
ence of the choice of the x dependence of the structure func-
tions on the determination of A . . Several studies”™"* have
considered the accumulated world data on deep inelastic
scattering and have studied the factors that influence the
uncertainty in the results of the theoretical analysis.

It was established that at the currently existing energies
and momentum transfers Q2 it is not possible to separate
correctly the logarithmic and power-law @ * dependences of
the structure functions, i.e., it is not possible to separate the
twist contributions [the terms with 7>2 in Eq. (82)].

Therefore, the value of A s deduced today from the experi-

mental data may also differ appreciably from the true value.

The theoretical analysis of deep inelastic scattering
made in 1984 in the study of Ref. 73, in which the twist
corrections were calculated in the framework of perturba-
tion theory in the so-called soft-photon approximaiton, led
to the following expression for the structure functions with
allowance for the twist 7 = 4:
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FIG. 29. Correlation between A and . The accuracy of the description of
the experimental data hardly changes along the curve (the continuous
curve represents the leading logarithmic approximation, and the broken
curve is the ag approximation).

Fys(z, Q)=F%53(z. 0°) +F5s(z, 09

(1445 2 ) FEF (2, 0¥, (113)
i.e., the twist correction (7 =4) was expressed in terms of
the x derivative x(d /dx) F] =*(x, Q?). The x dependence of
the functions F}=?(x, ¢?) is known from experiment—in
the region x 50.3 they increase slightly as functions of x,
while in the region x 2 0.3 they decrease. Therefore, in the
region x 50.3 the twist corrections are positive, and in the
region xZ 0.3 they are negative. Thus, in contrast to the
standard approach, in which the twist corrections are taken
into account phenomenologically and are taken to be posi-
tive from the very beginning, we see that, in general, they
may be of variable sign. In this case, the correlation between
the parameters A ;- and & > shown in Fig. 29 indicates that a
satisfactory description of the experimental data can be ob-
tained for practically all A ;.o in the interval 1005 A ¢
% 1000 MeV (naturally, for a corresponding choice of the

value of £2).
It was also found that A ,,. depends strongly on the

choice of the initial conditions for the QCD evolution equa-
tions.

At the UNK the statistics of deep inelastic scattering
processesin charged currents can be increased by almost two
orders of magnitude compared with present experiments,
and the Q  region can be extended by an order of magnitude.
In such a situation, UNK experiments will be able to answer
a number of important questions. Thus, despite the decrease
of the contribution of the twist corrections to the structure
functions (with increasing Q ? they decrease in proportion to
1/0?), theirinfluence on the Q * evolution is sufficiently pro-
nounced to permit, with allowance for the already available
data at Q” 5200 (GeV/c)?, separation of the logarithmic
and power-law dependences of the structure functions on 0’
and determination of the sign of the twist corrections. The
extension of the O * region will permit a more detailed inves-
tigation of the distribution functions of the heavy quarks,
and one will be able to trace the sequence in which they are
“switched on,” this being important for the investigation of
the Q * dependence of the runnin gcoupling constanta, (Q?)
of the strong interactions. Separation of the effects of the
higher twists will make it possible to obtain information
about the quark and gluon correlation functions, which are
important characteristics of gluon structure.” It will be pos-
sible to determine more accurately the values of the funda-
mental parameters of the standard model and the chiral con-
stants of the neutral currents.

Figure 30 shows the results of the extrapolation®® of the
structure functions determined at the currently accessible
Q? values to the values Q*~ 10*(GeV/c)2, which will be
available at future accelerators. Figure 31 gives a compari-
son with data obtained at the SppS collider at Q2 = 2000
(GeV/c)?, i.e., at the values that will actually be achieved in
the UNK neutrino beams. The important part played by the
gluon distribution function at x < 0.4 can be seen. It should
be emphasized that at the currently attainable energies, the
measurement of the function F,(x, @2), which can be ob-
tained in deep inelastic electron and muon scattering, is in-
sufficient for accurate determination of the parameter A 75
by virture of the dependence of A ,,; both on the choice of
the gluon distribution function and on the choice of the form
of the twist corrections, as we have discussed above. The

g(x,az) //—'Fa.ms G(X:az)f _——————x=0075
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FIG. 30. Extrapolation of the structure functions F;(x,0?%)
and G(x,Q ") determined at the currently accessible values of
Q7 up to values 07 =10* (GeV/c)>.
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FIG. 31. Comparison of the structure functiorl F(x) found from an experi-
ment at the pp collider at @ = 2000 (GeV/¢)~ withan extrapolation of the
structure function determined from deep inelastic scattering of muons.

most direct way to overcome these difficulties is, in particu-
lar, to measure with high accuracy the nonsinglet structure
function xF, (x, Q%) in vN scattering, the evolution of which
with respect to O * does not, as we said above, depend on the
gluon distribution function.

In contrast to colliders (ep colliders), neutrino investi-
gations permit the use of a wide range of targets and the
elimination of the losses of particles emitted at small angles,
which are typical for colliders. Of course, a comprehensive
detailed analysis must use both neutrino data and the results
of investigations of various hard processes ate'e ~, pp, and ep
colliders.

Spin structure of the nucleon

Hitherto, we have restricted ourselves to discussion of
deep inelastic scattering of neutrinos by unpolarized targets.
However, it is well known that polarization measurements
are an important source of information about the structure
and interaction dynamics of particles, a source, moreover,
that is sensitive to fine details of the investigated phenome-
na. The complete picture of the fundamental interactions of
hadrons must include a description of the polarization struc-
ture of the nucleon. However, hitherto the parton distribu-
tions in a polarized nucleon have attracted relatively little
attention and have not received a satisfactory description. It
is usually assumed that at high energies the parton distribu-
tions are concentrated mainly at small x, where the parton
polarization is expected to be small, and the correlation be-
tween the nucleon spin and the spin of the partons is weak.
Experimental information about the spin structure of the
nucleon is very sparse, particularly in the region of large 07,
where the QCD perturbation-theoretical techniques could
be used effectively. As regards neutrino experiments with
polarized targets, hitherto they have been simply impossible,
since the characteristic masses of the targets in neutrino ex-
periments (dictated by the need to accumulate sufficient sta-
tistics) must, as a rule, be tens or hundreds of tons, whereas
the masses of present-day (cryogenic) polarized targets are
tens or hundreds of grams. With the commissioning of the
UNEK, the situation may be radically changed. The high sta-
tistics promised for the neutrino experiments at the UNK
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will permit fairly high statistics (at the level ~ 10°; see Table
I) in targets with a mass of about 1 kg. The creation of cryo-
genic polarized targets of such mass already appears realis-
tic. Thus, at the UNK there will for the first time be a possi-
bility of investigating the polarization structure of the
nucleon in neutrino reactions.*” This appears to be particu-
larly important in the light of recent experiments on deep
inelastic scattering of polarized ¢ and g by polarized nu-
cleons,*®* which yielded interesting and unexpected results
that cast doubt on the extent to which the parton structure of
the nucleon is understood.”® It should be emphasized that
neutrino polarization experiments can give additional non-
trivial information about the part played by different quarks,
including sea quarks, and this may be crucial for the under-
standing of the problem.

We consider first electomagnetic deep inelastic scatter-
ing of leptons by polarized nucleons. The cross section of this
process is related to the cross section for forward virtual
Compton scattering.

LetT; 44,4, b€ the amplitude of this process, in which
A, and Ay are the helicity states of the photon and the nu-
cleon. We choose a coordinate system in which the z axis is
directed along the momentum of the virtual photon, and the
x axis lies in the plane of the scattering of the electron (or
muon). The virtual photon has three helicity states, 4, =0,
1, — 1, and the nucleon has two, Ay = I, — 1. The helicity
states are conserved in the reaction, and we therefore have
four independent amplitudes:

Tye=T(1, 1/2; 1, 12); T,=T(0, 1/2; 0, 1/2); }
Tap=T{, —1/2 1, —1/2); Tep=T(0, —1/2 1, 1/2)

(114)

The cross section for scattering of virtual photons by nu-
cleons is related to the imaginary parts of the considered
amplitudes,

Opa ~ ImTy; Ggpp ~ ImTys ,

and to the spin structure functions G,(x) and G>(x):
4
O/ —0gp= \jj—ngzﬂf—- [ﬂf’\?Gi (.T) —_— QZGZ(J:)];
' (115)

8 2
O1/2 10y zﬁ”ﬂ'(,‘,_ﬁaﬁ% £ (z).
The functions &, (x) and G,(x) occur in the expressions for
the cross section for scattering of polarized leptons by polar-
ized nucleons:

d’ _ a?cos? (0/2) . B
AL aQ 4B sm (0/2) [WZ (#)+ 2 tan oy L)

+2 tan’ - (E-+ E” cos (8/2)) MG, ()

+ 8EE' tan® - sin? o 6, (@) ]. (116)

Here, the + and — signs are taken for antiparallel (1)
and parallel (11) spins of the e and N; 6 is the scattering
angle of the lepton; E and E ' are the energies of the lepton in
the initial and final states; and W,(x) and W.(x) are struc-
ture functions related to the functions F,(x) and F,(x) de-
fined above [see (85)]:

VW, (x) = Fy (z); MW, (z) = Fy (2).
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Note that a nonzero asymmetry arises only when the nu-
cleon is polarized in the scattering plane of the leptons. Ifitis
polarized at right angles to this plane, the asymmetry of the
scattered leptons is zero; this follows from invariance with
respect to time inversion.

By means of the asymmetry coefficient

= BP0 () —d% (11)
=T () F e L1z
we can express (116) in the form
Ay — (E+E COSHi M6 (2) + 0%, (2) (118)

]
W1 (2)+ 5 cot? 5 Wa (2)

In the quark—parton model, the function G, (x) can be
expressed in terms of the functions g} (x) and g; (x), the dis-
tributions of quarks of species / with spins parallel and anti-
parallel to the nucleon spin:

G, (1) =g £1 (2% &4 () =5 2 € (g} (2) —a} (&),

1

where ¢; is the charge of the quark of flavor .

The Bjorken sum rules®! relate the integral of g, (x) to
the ratio of the axial and vector coupling constants G, and
G, measured in nucleon f decay. With allowance for the
QCD corrections,” we have

ot =+ | %
U

—0.191 4 0.002 (for og=0.27 4= 0.02). (119)
For the neutron and proton separately Ellis and Jaffe® ob-
tained sum rules that use SU(3), current algebra, and the
assumption that the sea of strange quarks is unpolarized:

5 3F—D

oo 0 0c— | 2 [+ Hp ] 00
4

With allowance for the QCD radiative corrections and the
values F /D = 0.632 + 0.024 and |G, /G, | = 1.254 4+ 0.06,
this gives |

1 i

S g? (x) dr ~ 0.189 =+ 0.005; g g" (z) de &~ —0.002 == 0.005.

0
(121)

Ay

0.8 ::f: J‘“

a5t %

o4 %

0.2~ + +
gt

FIG. 32. Asymmetry in eN and uN scattering as a function of x.
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The results of the measurements of 4 § made at SLAC
and CERN are shown in Fig. 32. In the region in which the
experiments overlap the data of the two groups agree. The
curve shows the predictions of the Carlitz—Kaur quark mod-
el,®* which describes the data well only for x> 0.2. A more
detailed description of various models is given in Ref. 26.
The values of the function xgf (x) extracted from the experi-
ment of Ref. 89 are shown in Fig. 33, in which we also give
the values of the integral j}cmg‘,’ (x)dx as a function of x,,, ; in
the limit x,, — 0 these give the value

i
S gP (x) dz —0.114 -+ 0.012 (st) == 0.026 (syst).  (122)
[1] =

This result is less than is expected in various theoretical
models: 0.189 4-0.005 (Ellis-Jaffe sum rules™):
0.17 4+ 0.03 (QCD sum rules”); 0.205 (the model of Ref.
94).

Using (121} and (122), we can find
1
S g7 () dz = —0.077 & 0.012 (st) == 0.026 (syst),

0

(123)

a value that is appreciably greater than the one expected on
the basis of the Ellis-Jaffe sum rules. By means of (122) and
(123) estimates were made in Ref. 89 of the z component of
the spin s, of quarks of various flavors in the proton with
s, = +4

(8,90 = — Au = 0.348 = 0.023 = 0.051;
Ad

} (124)
= —0.280 £ 0.023 4- 0.031

1
2

1
(80a=—"

and

{8, )urqg = +0.068 & 0.047 4 0.103. (125)

Thus, the spins of the quarks giveonly (14 4+ 9 + 21)%
of the spin of the proton. The remainder must be due to
gluons or orbital angular momenta. If it is assumed that the
discrepancy from the predictions of the Ellis—Jaffe sum rules
is due to polarization of the sea of strange quarks, then we
obtain®®

.15 & | Ellis-Jaffe o= A070%)
sum rules -jg”(x)afx -Lo10
275
0,08
0.1z -
SR e S 2
— X
% 2.09 e PR
s g
> -
0,06 W
6.08 | a.02
0 p-——+ 0
m* 0"

FIG. 33. The quantity xg% (x) (right-hand axis, black circles) as a function
of x. The left-hand axis and the crosses show the integral jlmg‘{ (x)dxasa

function of x,, = x.

P.S.Isagvand V. A. Tsarev 453



(s, ), = 0.373 2 0.019 = 0.39:
{s,)q = —0.254& & 0.019 & 0.039;
{s,)s = —0.113 4 0,019 4= 0.039;
{8, Yurass = 0.006 + 0.058 & 0.117.

This last result means that the quarks carry
(1 + 12 + 24)% of the spin of the proton, and the polariza-
tion of the sea of strange quarks may be unexpectedly large.

This situation has been analyzed in the framework of
various theoretical models (see, for example, Ref. 96). How-
ever, as yet there is no common view with regard to the rea-
sons for the *“spin crisis.”

As we have already said, experiments on deep inelastic
scattering of neutrinos by polarized nucleons at the UNK
could play an important part in our understanding of the
spin structure of the nucleon and the role played in it by the
various constituents. In this connection, the creation of po-
larized targets of large masses is now urgently necessary. As
regards polarization of the neutrinos, it is guaranteed by the
very nature of these particles.

3.HADRONIC FINAL STATES

Deep inelastic scattering of neutrinos is an effective way
to study the structure of hadronic fragments of partons
knocked out of a nucleon by a virtual intermediate boson.
The study of hadronic final states gives rise to a great variety
of problems, and there are several theoretical QCD models
for the description of phenomena that need experimental
verification.

The properties of the hadronic final system depend in
the general case on the variables x, y, 0 %, and W °, the square
of the total energy of the hadrons in the rest frame of the
nucleon (see Fig. 19). The quantity W2 is given by

We=M%=(p+ q)2= M2+ 2Mv-|- ¢ }

W2 = M2+ 2Mv— Q2. Cal

The kinematic variables of an individual hadron are defined
as follows:

Ty = 2pHW

(the asterisk identifies the center-of-mass system of the
hadronic state); xg is the Feynman variable; p¥ is the longi-
tudinal momentum of the hadron (in the q direction; see
Fig. 34),

1 E*+pf
# - In— L
y¥=- In E*—p}
is the rapidity,

N~

Lepton

plane
P plane

FIG. 34. Kinematic variables that characterize the hadron in the final state.
The angle @ is the azimuthal angle of the hadron with respect to the direc-
tion q of the current; ¢ = 0 is the lepton plane.

454 Sov. J. Part. Nucl. 20 (5), Sept.-Oct. 1989

z = Eulv

is the fraction of the energy corresponding to an individually
considered hadron, p is the transverse momentum of the
particle with respect to the direction q of the total momen-
tum of the hadronic system, and ¢ is the azimuthal angle of
the hadron. Its definition is shown in Fig. 34.

The experimentally observed properties of hadronic
systems produced in charged currents are similar to the
properties of the hadronic systems produced in hadron—had-
ron interactions. The most important quantity that charac-
terizes the hadronic system in the final state is the total ener-
gy W72, the value of which determines the properties of the
system irrespective of the type of reaction in which the sys-
tem arose. However, there has recently been discussion of
some properties of multiparticle production that also de-
pend on Q? and on the azimuthal angle ¢.%’

‘We shall consider the main problems of the physics of
hadronic final states.

Multiplicities and charge distributions

As in hadronic reactions, the mean multiplicity in neu-
trino processes increases with increasing W, as can be seen
trom Fig. 35, which shows the results for neutral currents.
Outside the resonances, the data agree with a linear depend-
ence””:

{n)=a -+ bln W2,

for vpra=1504+0.16; b=1.01 4 0.06

i (127)
for vp:a=1.85+0.29; 6=0.84 + 0.11

for At+h- W= 2.7GeV (all xg).
Note that the slope for the charged currents in vp and vp
reactions is larger: b = 1.4.

The distributions in the forward and backward hemi-
spheres are approximately the same (Fig. 35). These data
are in good agreement with the Lund model.

There is found to be a weak dependence of the mean
multiplicity of #+ and 7~ production on ¢? in vp and ¥p
reactions. The best fit to the experimental data has the form

{(nge) =a + bln W2 L ¢ln Q2 (128)

Thus, for all xp, W> 2.5 GeV and all Q2 the values of the
coefficients a, b, and ¢ given in Table XIV have been ob-
tained.

It can be seen that the @ > and W2 dependences are char-
acterized by a ratio ¢/b~0.1.

Study of the dependence of (n) on W2 and Q2 at UNK
energies is of great interest.

The mean charge of the current fragments, {Q,), is
connected to the charge e, of the fragmenting quark g by a
relation that also includes the probability for production of a
g7q pair of species i (Ref. 98):

Qr)=e;, — Z Yi€i-

The absolute value of the quark charge cannot be deter-
mined in a study of meson jets alone, but the difference
(Q); = {0 ) =e¢; — e, of the quark charges can be found.
Assuming also that e, —e; =e¢, —e, =1 and
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FIG. 35. Mean multiplicities as funetions of W* in vp and ¥p neutral-
current reactions. The open squares are for (7 + %7 ), the open cir-
cles for ™, and the open triangles for 7~ (in the forward and back-
ward hemispheres).
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Yu + ¥4 + v, = 1, we can find for a meson jet initiated by a
u or d quark

(Q)u =1 Vur {Q>d = —Yu:

Thus, the resulting charge is independent of the charge of the
quark and is determined by the value of y.

The situation is changed if there is baryon production.
Then

@y = (1 —P) (1 —vyy) + P (3¢, — 4/3),

where P is the probability of baryon production. For P
=1/3,{a), =e,.

The experiments show that (Q ) depends on W. In ex-
periments at the UNK it will be possible to verify the expect-
ed®? vanishing of this effect as ~ 1/W. Asymptotically, the
following relation must be satisfied:

AQ=(Q)y— (¥ =e, —ey.

Extrapolation of the existing data (1/W—-0) leads to
AQ =0.98 + 0.15.'°° A final remark. Gluon emission must
increase {n, } withincreasing ¢ °. In some models, this leads
to a relatively rapid growth of the kaon yield if the g—s5
channel is important. In addition, gluon fragmentation must
increase the soft component. This effect requires further
study.

Of great interest are the distributions with respect to xg
and p, in which the effect of a “leading” charge (7 for v
and 7~ for ¥) is manifested. The p? dependence so far ob-
served has an exponential nature (Fig. 36), and the mean
value of p% increases with increasing W2, apparently reach-
ing saturation at F/* % 200 GeV* (Fig. 37). It will be inter-
esting to investigate the properties of multiparticle produc-

TABLE XIV. Values of the parameters a, b, and ¢ for multiparticle production processes.

Process a b e
vp 0.480.02 0.94+-0.02 0.10+0.01
Tp 0.28-40.02 0.824-0.02 0.104:0.01
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FIG. 36. Distribution with respect to p of charged hadrons in two intervals
of W2. The data were obtained in vD and %D experiments.

tion and some other phenomena, including jet effects, at
higher energies and larger momentum transfers at the UNK.

Effects of gluon emission

The study of the transverse momenta p, of the hadrons
is of considerable interest. The various factors that influence
pr are shown in Fig. 38. We see that the transverse momen-
tum of the hadron depends on the transverse momentum of
the primary quark, {p )., the transverse momentum of the
gluon emitted by the quark, {pr},, and, finally, the trans-
verse momentum {p )y of the quark that fragments into
hadrons:

(PT iad = (p%’“>fr i @%")qu + (p%")gl‘

In the framework of the Lund model the quark may emit soft
gluons that do not fragment into hadrons because of the
smallness of the enery. These soft gluons may make an addi-
tional contribution to the transverse momentum of the con-
sidered hadron.

The direction q of the current corresponding to the mo-
mentum of the virtual W or Z boson (see Fig. 34) fixes the
axis with respect to which the transverse momentum of the
hadron is defined. It should be emphasized that in experi-
ments at the UNK with a narrow-spectrum neutrino beam,
and, in particular, with tagged neutrinos, knowledge of the
energy of the initial neutrino will make it possible to reduce

2 100 200 700 400
w2, Gev?

FIG. 37. Mean value of the square of the transverse momentum of charged

hadrons as a function of W? for z> 0.4. The data were obtained in vD, up,
and vNe reactions.
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W,z
hii)

hlz)
A3}

FIG. 38. Production of hadrons in vV deep inelastic scattering; k, is the
internal transverse momentum of the quark on which the gauge boson is
scattered.

significantly the systematic uncertainties in the determina-

tion of q that are inherent in present-day measurements. The

component p, of the transverse momentum p lying outside

lepton plane can be determined from the directions of mo-

tion of v and of the final lepton (for example, ) and, thus, is

not subject to the influence of the uncertainties in E,,.
Gluon emission makes the contribution

(P%“)QCD o kog (Q%) W2,

where k= 0.03-0.04, and this opens up a possibility to deter-
mine a5 and A .. However, the existing data do not as yet
make it possible to distinguish dependences of the type
(P%r) ~W?or W10

If the growth of (p%) with W? is entirely due to the
emission of one hard gluon, the event must have a structure
which reflects the three-particle nature of the final state. For
an ideal two-jet event, the “sphericity”’ § and “aplanarity” 4
vanish, although in a real situation this result is smeared by
the hadronization. Thus, effects of gluon bremsstrahlung
can be sought either by studying the W ?and Q * dependences
of § and A, or by investigating events with three-jet struc-
ture. A sensitive method to test QCD is also to measure the
flux of the transverse energy of the hadrons relative to the
direction of the momentum transfer.'®! If the parton which
is knocked out does not have a momentum component trans-
verse to q then two jets (in the absence of a gluon jet) are
aligned along q, and therefore, {cosf) = (Z, cos &,
(E,/E)) = 0. The nonzero transverse momentum of the
parton leads to an asymmetry that increases with increasing
relative momentum of the neutrino and parton. A kinematic
analysis shows'?! that this leads to an excess of events in
which the target jets lies between the final lepton and the
current jet. At the parton level, when Q2% p%., we have

(eos 8) = — (pr/Q) (1 — y) £ 12,

wherethe + signis taken for vg and ¥g interactions, and the
— sign for ¥¢ and vg interactions.

At {p;) =0.3, this must give {(cos¢ )= —0.1 at
E, ~100 GeV. With allowance for the emission of a gluon
jet, the contribution to {cos ¢ ) has the form

{cos @) = — as (%) f (z) (1 — )=~

[where f (x) is a convolution of structure functions] and is
approximately — 0.1 (Ref. 101). The asymmetry which
arises at the parton level is naturally “smeared” by the had-
ronization and secondary interactions, so that the effect is
reduced by about five times. Measurements made at Fermi-
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lab'" revealed a statistically signficant asymmetry:
{cos ¢ ) = 0.016 + 0.003. However, the limitation of the
range of accessible Q * did not permit separation of the effects
of the internal momentum p,. and of the QCD gluon emis-

sion. Such separation can be achieved in experiments at the
UNK.

Fragmentation functions

The cross sections of the single-particle inclusive reac-
tions

(v V/ + N> pF +h+ X

can be written in the form '

oty (v, V) _ 62 [(1-2)pr+ Foppr (2 -5 )]

dzdzdgE  2n 222 E
(129)
where

FR=F"(z, z, 0%); Q*=2ME xy; x,=Q%2ME,;

z = E, /E is the fraction of the parton energy carried away
by the hadron.

The functions F’(x, z, Q?) are products of the density
of partons and fragmentation functions, and

1
E S ci!zzFZ-1 (zy 2, Q) =F; (x, O,
no0

where F, (x, O ?) are the ordinary structure functions of deep
inelastic scattering. In the QPM, the functions F?(x, z, 0 %)
have a simple factorized form. Thus, for vp scattering, ignor-
ing the contribution of the antiquarks and the Cabibbo an-
gle, we have F} = F = — F%, and the expression (129)
can be rewritten as

1 an

dagh o2
. _—d(I)Dﬁ;(Z): DQ(Z):TV‘ =z -

vp

CCT o LA

Of course, this primitive model is modified by the con-
tributions associated with gluon emission, which result in a
Q7 dependence of D(z, @ ?), and the factorization is broken.
It is convenient to investigate this breaking by means of the
double moments with respect x and z of F*(x, z, @2). The
QCD predictions are particularly simple for the nonsinglet
moments (for example, for the difference D} — D).

Effects of higher twists

In Sec. 2 we discussed the influence of the higher twist
corrections on the determination of the fundamental param-
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eters of the theory of the electroweak interactions. The influ-
ence of the twist corrections is also manifested in the analysis
of hadronic final states. The inclusion of twist corrections
breaks the factorization in the expression (130). Here, the
twist corrections arise from the interaction of quarks due to
gluon exchange (Fig. 39). The contribution of the twist cor-
rections for the reactions vN—pu " 7+X and "WN-puts— X
was calculated in the study of Ref. 103. For example, for the
v interaction it is taken into account by the final term in the
cross section

dio (VN - ptn-X) =z

dx dy dz dQ? z L1

+ oy 2O B

where

41—y _ q(n)+q(2
R v Y B = 5 = .

(4 A =5~ (=% () +q (o)

In (131), (k%) is an independent parameter. Analysis
of the O ? dependence of the twist corrections showed that it
agrees with what is expected in accordance with (131).
However, nothing definite can be said about the y depend-
ence.

The simplest exclusive reactions

The processes
v, v 4 p— nFpaE

of production of isolated pions are the simplest charged-cur-
rent exclusive reactions. The data that exist for them refer
mainly to the region of small W ?, where the dominant mech-
anism is resonant excitation of a hadronic system. Because of
the difference in the isospins of the final states, the cross
sections of the v and v reactions differ strongly. There are
detailed theoretical predictions for the contributions of the
various resonances and the @ ? and angular dependences of
the cross sections in quark models and inthe hard-pion mod-
el.'**1% Unfortunately, the existing very sparse statistics do
not permit a detailed comparison with these predictions.
The values for the cross sections for production of the system
(pm) at W<2 GeV were found'” to be o(vp) ~ (68 + 7)
% 10™% cm? and o(¥p) ~ (30 + 40) x 10~ *" cm?, in agree-
ment with the theoretical predictions. With increasing W,
the angular distribution of the pions becomes more directed
along the momentum of the current, and this indicates a
transition to a peripheral production mechanism (Fig. 40).
As can be seen from Fig. 41, in both reactions the pion car-
ries away almost the entire energy of the current. The mean
value of z,. is ~0.9, whereas {z, ) =0.6 at W <2 GeV. Thus,
at large W the proton behaves as a spectator. '™

FIG. 39. Gauge-invariant set of diagrams for the vN - u7X pro-
cess. The necessary diagram generates twist corrections, since the
gluon is emitted by a quark before interaction with a ¥ boson.
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FIG. 40. Diagram of peripheral interaction.

If the exchanged neutral meson M has a definite G par-
ity (and, therefore, there is no ¥—A4 interference), the cross
sections of the processes initiated by v and ¥ must be equal.
To within the errors, this is confirmed by the experiments.
The cross section can be parametrized in the form

d3c

di
m=P(Ew Q2 WZ) d—:(Q{ we, t),

where T is the flux factor of the virtual boson, and do/dt is
the cross section of the W+ p -7+ preaction. If M is a Reg-
geon, then

dg w
ar ~ B, Q9 s2lar-11,

In Fig. 42 we compare the predicted W* dependence for
M =7, V, and P with experiment. The data clearly rule out
exchange of a Pomeron (IP) and agree well with 7% ex-
change.

The absence of a diffraction contribution is not surpris-
ing, since the energies in the experiment of Ref. 106 were
fairly low. However, the result does not agree with the pre-
diction of Ref. 105 that f~meson exchange should play the
dominant part.

Investigations at the UNK in a wide range of energies
will permit more reliable investigation of the reaction mech-
anism, in particular of the part played by the diffraction con-
tributions.

The prediction of the Regge model with regard to the
shrinkage of the peak in thet distribution withincreasing W?
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FIG. 41. Distributions with respect to z_. in the processes vp— g ~pr+ and
1}
vp —ptprT
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FIG. 42. Distribution with respect to W * in the processes vp—u~ pm* and

=% .
vp -t pr.

agrees with experiment—the slope is equal to 1.7 4+ 0.2
GeV? for 4<W?<8 GeV? and 3.5+ 0.5 for W?>8 GeV?
(Ref. 106).

The measurement of the correlation between the orien-
tation of the lepton plane and the plane formed by the initial
and final protons in the g7 rest frame (the Treiman—Yang
criterion) permits deductions about the spin of the system.
The experiments agree with S, = 0.

The most general form of the distribution with respect
to the azimuthal angle has the form

%=a +b¢os g + ¢ ¢0s 29+ d sin @+ € sin 2.
Recent measurements'®® have revealed for the first time a
nonzero value of (cos ¢, ) (for the definition of ¢, see Fig.
34y in exclusive neutrino reactions (¢~d ~e=0)}, and this
indicates interference of the amplitudes with exchange of a
W boson having longitudinal and transverse polarizations.
A similar effect is observed in some electroproduction reac-
tions, whereas in neutrino deep inelastic scattering F, is
small. It would be interesting to make a more detailed inves-
tigation of this phenomenon, since it could give the key to an
understanding of the behavior of the function F, in deep
inelastic scattering.

Measurement of the coefficients of sin ¢, and sin 2¢,,
would permit conclusions to be drawn about the T-odd con-
tributions, which could be due to interaction in the final
state.

. . . bl ( — )
The production of an isolated strange particle in vp
interactions, for example,

(=)
vp = pFpK=
corresponds in quark language to the transitions

vie [u] = pos [ul;
vs [s] = pu [s]

and
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TABLE XV. Mean multiplicity of o', p~, and p* mesons produced in v and 7 beams.

Meson VNe, (W) = 4.1 GeV vNe, (W) = 5.3 GeV
p? 0.114+0.02 0.17-+0.03
pr 0.054-0.02 0.282-0.04
p- 0.184-0.02 0.04+0.03

Vit — u's; E-[s} - p*ﬁ [s]

where the bracket [ ] identifies the sea spectator partner of
the quark (or antiquark) that participates in the reaction.
All these reactions are Cabibbo-suppressed. Therefore, pro-
duction of isolated kaons is expected to be at least an order of
magnitude weaker than the production of pions. In addition,
it must be weaker in vp than in vp.

The experimental separation of these processes is diffi-
cult both on account of the problem of separating K from =
by kinematic criteria and because of the influence of the

(—) _
background processes vp —u * pr+7°, which have a much

larger cross section.

Production of resonances

The detected hadrons can be produced either directly in
a fragmentation process or as a result of the decay of heavier
resonances. For the correct understanding of the fragmenta-
tion mechanism and of the details of the final hadronic sys-
tem, it is important to determine experimentally the role and
nature of the resonance production. Analysis of the produc-
tion of # ¥ 7w~ pairs in v and ¥ beams showed that the mean
number of p° particles per event in the charged current is
0.222 + 0.014 (Ref. 107). The ratios n,/n and n, /n,
are small at z~ 0 and increase with increasing z, reaching the
value 0.6 at z~0.7. The Lund model predicts that these ra-
tios must hold for values v/p = 1, a result that corresponds
to the data of the WA-59 experiment.”” A difference between
the dependences on x;, z, and pf for p° and 7~ has been
found.'”” The dependences for 7~ are concentrated at
smaller xy., z, and p7 than those for p°. This indicates that the
p° are produced directly, whereas most of the 7~ ( > 60%)
arise from the decay of various resonances, including po.

In vNe and ¥Ne reactions the mean multiplicity of the
production of p°, p™, and o~ mesons in the region W> 1.5
GeV has been measured (WA-59 experiment). These data
are given in Table XV.

In the framework of the QPM and under the condition
of isospin symmetry,

(@ —p%) = (d—p%) (w—>p") = (="
i.e., for production of p = on the u quark, etc., the following
relations must hold:

(Ryedy=(m,3)5;

<np°)v = (np“)‘{,s

i.e., the mean number of p * mesons produced on an isosca-
lar target in the neutrino beam must be equal to the mean
number of p * mesons produced in the ¥ beam. 1t can be seen
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from Table XIV that these relations are well satisfied. From
equally simple qualitative arguments it can be asserted that
production of p " mesons occurs more readily on a z quark
(u—p™ =ud) than p~ = du. Conversely, the p~ meson is
more readily produced on the d quark ( p~ =du) thanp™*.
These considerations lead to the inequalities

(nﬂ+)v = (np‘>v;
(Mg > (nge),

which are also confirmed experimentally (see Table XV).

Figure 43 shows the distribution with respect to cos
for the ¥Ne— p°X reaction; @ is the angle of the pion in the p°
rest frame, and @ = O corresponds to the direction of the p”in
the WN center-of-mass system. '’ This first measurement of
polarization in inclusive deep inelastic neutrino production
of p° indicates a preferred longitudinal (4 = 0) polarization
of the p° mesons.

The WA-21 experiment® has found parity violation in
the process of p° production in the reactions

vp — pptX; vp— B X (00— mtm-).
The distribution of the p° mesons is described by the proba-
bility
1
W (8, ¢) =3~ [1—n (1—3 cos 26)
—3 )/ ZsinfBcosfcosgRe (P1o—P_10)
—3sin®8 cos 29 Re p,_,
+3 V' 2sin@cosBsin @ Im (P1g— 0_1p)
+ 3 sin? 8 sin 2¢ Im p,,].

Here, & and ¢ are the angles of the 7* meson for decay of p°
in its rest frame, p,,, are the elements of the spin density
matrix of the p° meson, # = {(3pg — 1), and py, = 0.1. The

s
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FIG. 43. Distribution with respect to cos #in neutrino-induced production
ofpl}_
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last two terms in W(0,p) are sensitive to the violation of P
parity. In the region x;. >0, z> 0.4, and W 3 GeV the num-
ber of p® mesons for sin 2¢ < 0 was found to be greater than
in the region sin 2¢ > 0. The imaginary parts of the matrix
elements responsible for the violation of P parity were found
to be

—0.2040.10 for vp;
L (01— p-10) = { —0.01 +0.12 for wp;
—0.17 4= 0.08 for vp;
T4 = [ —0.14+0.09 for vp.
In neutrino reactions there has been observed, at the level of
a few events, production of ¢s states: F'*' (2547 & 60 MeV)
and F*" (2564 +4 MeV), which decay into F* and
D*(2010) + K, respectively (E180 experiment). At the
UNK wider perspectives will be opened up for investigation
of such reactions. With regard to baryonic resonances, the
mechanism of these processes must be more complicated,
since a baryon can be produced either from a target diquark
or from a BB pair.

Azimuthal asymmetry in the angular distributionof =™
mesons

In the E546 experiment® on the reaction ¥Ne—ha-
drons a left-right asymmetry was observed with respect to
the angle ¢ (see Fig. 34) for the production of positive 7
mesons (for x, > 0.1, {cos ¢ ) = — 0.029 4- 0.008), and no
such asymmetry was observed for the negative 7 mesons.
This asymmetry does not depend on the variables y, Q% and
P, but is sensitive to the variable x. As yet there is no clear
theoretical interpretation of this phenomenon.

Coherent production on nuclei

Coherent production on nuclei is widely used to investi-
gate final states in neutrino reactions. These processes, tak-
ing place without disintegration of the nucleus, are charac-
terized by a small momentum transfer, mainly forward
emission of the particles, and seclection by quantum
numbers.

Study of the coherent production of isolated mesons
permits investigation of the isotopic and space-time struc-
ture of the weak current and verification of the model of
vector dominance (Fig. 44) and the hypothesis of partial
conservation of the axial current (PCAC).

The PCAC hypothesis is the assumption that at small
momentum transfers O* the matrix element of the process
v+ NI +Xis

FIG. 44. Diagrams of vector dominance.
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v NI+ X ~6,V*+3,4",

where F/*is the vector part of the weak current, and A" is its
axial part. The law of conservation of the vector current
means that 4, ¥V # =0, and the PCAC hypothesis is that

A A" = famZDy, (132)
where f_, m_,and ®_ are the pion decay constant, mass, and
wave function, respectively.

In this case, for example,

d2g (vN —pX) _ Gip, 2Eu
a0 dv  ha®  ~E

o (N —X).

The coherent production of 7° mesons in neutral currents is
a direct “probe” of the isovector axial-vector part of the
electroweak interaction. We note that this process is the
main source of the background in experiments on elastic
scattering of %, by electrons. The coherent production of 77°
makes it possible to investigate the isoscalar axial-vector
part of the electroweak interaction. In the standard model it
is absent, and as yet processes of coherent n° production
have not been observed experimentally. However, it should
be noted that the efficiency of #° detection in the experi-
ments'® was low. In the near future it is proposed to investi-
gate the coherent production of Dy and D ¥ mesons.

The cross section for coherent production of 7° mesons
is proportional to the factor [, (#) = £,(d) 1% and, thus,
there is a possibility of experimental determination of the
absolute value of the difference of the axial coupling con-
stants of the # and d quarks from measurement of the cross
section of this process. The available data,'™

leq (u) — &, (@)] = 1.10 4+ 0.23

are not in conflict with the prediction of the standard model.

In accordance with the model of meson dominance, the
overwhelming contribution to the coherent production of an
isolated pion is expected from scattering of the longitudinal
component A,. At Q* = 0, the weak current behaves, in ac-
cordance with Adler’s hypothesis [see (132) ], asa pion, and
its coupling to the W meson is determined by the constant .
The " dependence is determined by the propagator of the
A, meson. These predictions are in reasonably good agree-
ment with experiment.

In the study of Ref. 109 coherent production on nuclei
of an isolated hadron A, vA —phA, was considered at large
Q?. The authors obtained an extrapolation of Adler’s rela-
tion to the region Q% #0 and an expression for the contribu-
tion of the cut which appears because of production of a p7
system in the intermediate state (in the region of appreciable
momentum transfer @7 it would be incorrect to approximate
the cut by a pole from the 4, meson). Verification of the
PCAC hypothesis in the region of larger Q% is of great inter-
est. .

The coherent production of p mesons is expected to be
analogous to the photoproduction of p mesons—the cross
section of the process W~ + 4—p~ + 4 can be related to
the cross section of elastic p4 scattering through vector
dominance. This prediction is also in reasonable agreement
with the experimental data.
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Inclusive production of strange, charmed, and beauty
particles

In the quark-parton model, the production of strange,
charmed, and beauty particles is due to processes of associat-
ed and isolated production of the corresponding quarks.

The angular distribution of the strange, charmed, and
beauty particles, the relative frequencies of their production,
their p} distributions, the frequency of their appearance in
jets, etc.—these are all important characteristics for under-
standing the structure of the nucleon and the nature of the
fragmentation of the quarks of various species.

As an example, we consider some problems associated
with the production of strange quarks. The following reac-
tions are possible:

Vtd,—p fut+s4s;
VU, pttd s+ s

v 4+ v, = pnt s

The emitted quark fragments into hadrons in the “forward”
direction (current fragmentation), and the remaining di-
quark—the spectator—fragments into hadrons in the
“backward” direction (target fragmentation). This leads to
preferred emission of A forward and of K° forward and back-
ward. An important parameter of the fragmentation models
that can be determined experimentally is the ratio s/u of the
probabilities of production of 55 and % pairs in the fragmen-
tation process. It is very convenient to measure s/u in the
region of current fragmentation in ¥p scattering. Here the
dominant process is ¥u — g+ d, in which the d quark is emit-
ted in the forward hemisphere. Depending on whether the 4
quark picks up a # quark or an 5 quark from a u% pair or an s5
pair, respectively, 7 or K may beformed. Thus, the K° /77—
yield ratio at large z directly measures s/u.''° Unfortunately,
there are several experimental difficulties associated with
the low statistics at large z, the background from vu —u*s,
and the contribution of resonances (to the production of
7 ). The existing data indicate a strong “‘suppression of
strangeness’: s/u ~0.15-0.20.""%""" 11 is interesting that the
factor s/u is practically independent of x, W, and Q2 where-
as the production cross sections of K°, K, and 7, and the
ratio (K “)/{m~) depend on these variables. There is un-
doubted interest in further and more detailed study of this
phenomenon and, in particular, in study of the possible de-
pendence of s/u on the kinematic variables z and p, and on
the energy of the jets.

Mechanisms of the production of charmed particles
have been considered in a number of studies.''™'"” The
charmed particles can be produced, first, in processes of neu-
trino scattering by d and s quarks: vd — uc, vs —pc; second,
they can arise in the process of disintegration of virtual ¢
pairs belonging to the quark sea of the nucleon. It is obvious
that this contribution is small because the fraction of cc pairs
in the sea is small. The transformation of colored quarks into
colorless hadrons cannot be understood without allowance
for confinement. Since this problem is still unresolved in
QCD, the process of quark hadronization is described by
phenomenological models that use the distribution func-
tions of the quarks in the hadrons, the quark fragmentation
functions F(z), and quark recombination.
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G, rel. units

10 30 50
vs, GeV

FIG. 45. Energy dependence of the total cross sections for the production of
charmed particles.

Inclusive spectra of the charmed D *, D —, D°, D°, and
Fmesons and of A" and 2 * baryons produced in vp in-
teractions were calculated in Ref. 113 in the framework of
parton ideas. The energy dependence of the total cross sec-
tions for production of charmed hadrons is shown in relative
units in Fig. 45. The cross sections of the same particles were
also obtained as functions of the variable x (Fig. 46). The
“hard” nature of the A" and =, * spectra is due to the
shape of the three-particle distribution functions. It is clear
that the model three-particle distribution functions contain
an appreciable amount of theoretical arbitrariness and re-
quire serious experimental confirmation.

Cross sections for the production of charmed particles
were measured in a recent experiment (the E531 experi-
ment''*) in a (wide-spectrum) neutrino beam. Data were
obtained for a mean neutrino energy of 22 GeV and are given
in Table XVI.

The cross section of a quasielastic process was estimat-
edl 14:

6 (v — A =3.77371.10-0 cm?®.

Examples of decay of beauty particles were not ob-
served, and no indications were found of flavor-nonconserv-
ing neutral currents.

In the E514 experiment,'"” at mean energy (E, ) ~60
GeV of the neutrino beam, the cross-section ratio

G (vuV — p—cX)

was obtained.

de/dx, rel. units

o1

FIG. 46. Dependence of the differential cross sections do/dx on the vari-
able x (in relative units).
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TABLE XVI. Ratios of the cross sections of different processes.

Ratio of cross sections Fraction, %
o (vulV — ep—X) 4 9—1—0.7
o (vpN —pX) 0.6
o (vu N — cptX) 55129
o (vl — p*X) —2.0
o (VN — p-Ad) 05783
o (vp¥ — pX) —0.2
6 (vuN — vy ccX) # 0131031
O (VN — v, X) 1o
g (vplV — ccX)* 0.g+1-9
G (N — oX) B 0.7

*The data include neutrino and antineutrino interactions.

The relative cross section for the production of
charmed particles is shown in Fig. 47.

Thus, as yet we know very little about the processes of
production of charmed particles in neutrino interactions.
Practically nothing is known about the cross sections for the
production of beauty mesons and baryons in neutrino inter-
actions.

Bose-Einstein correlations

The effect of Bose—Einstein correlation consists of an
increase in the probability of emission of identical bosons
emitted with momenta that are relatively small compared
with the uncorrelated case.’'® The origin of the effect is the
quantum-mechanical requirement of symmetry of the wave
function of identical particles. Thus, the amplitude of a pion
that is produced by a source a ( ) and arrives at a detector
A (B) interferes with the amplitude of the pion produced by

the source ff (o) and detected by the detector 4 (#) (Fig.

48):

A ~ gikapikb, | gika.gikh,
(:x——»;l ) ( f;_»A
o) (alp)

The correlation coefficient

C— e (P1, P!
p(01) P (pP2)
N 2F
ﬁlm‘
3[R of
B S
A o
=3
:F- 25
ai9 | |
a2 50 100 150
Ey, GeV

FIG. 47. Relative cross section for production of charmed particles in the
charged current [ the continuous curve is taken from: R. Brock, Phys. Rev.
Lett. 44, 1027 (1980) ].
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can be expressed in terms of single- and two-particle densi-
ties:

1 do | 1 dw
p)=—5 53 Plow Pl
in the form
o do
__ gpidpy
do do ’
dp; dps

where o is the total cross section, do/dp, is the single-parti-
cle inclusive cross section, and d’c/dp,dp, is the two-parti-
cle cross section.

Study of the Bose-Einstein correlations makes it possi-
ble to study the size of the boson source and its lifetime.

It should be noted that not all theoretical models pre-
dict the existence of Bose—Einstein correlations. For exam-
ple, in dual models they are almost completely absent.'"”
Bose—Einstein correlations could arise naturally in a string
fragmentation model—in the Lund hadronization model. ''*
Unfortunately, it is difficult to test this model experimental-
ly. The formalism of the string model is applicable to the case
when all particles produced by the “decay” of colored
strings are stable. In reality, the collision process results in
the production of many resonances with lifetimes and decay
lengths that are comparable with the corresponding lifetime
and length scale of the string decay. The inclusion of these
effects in the string model with a view to separation of the
extension and lifetime of the source of the bosons is a very
complicated computational problem.

To eliminate kinematic and dynamical correlations that

ay A
» —a
| TSsoT
| -~ *"“EE
= ]
] by

FIG. 48. Illustration of the process of interference of pion amplitudes.
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arenot associated with the Bose-Einstein effect, it is conven-
ient to use the relationship between the measured probability
densities for production of pion (and kaon) pairs of the same
sign and of pairs that do not contain correlations:

P (p1pg)

T P (Pap)”

The quantity R — 1 is the Fourier transform of the
space-time distribution of the flux density of the particles
emitted by the source. If Ap = p, — p; is the difference of the
3-momenta of the two identical particles, then

R=14>~1+4 Aexp {—Ap¥?},

where r* is the mean-square radius of the source. The factor
A takesintoaccount the fact that, for a variety of reasons, the
interference may not be complete. Sometimes oneintroduces
afactor [1 — (g,7)*] ~', whereg, = |E, — E, |,and 7 takes
into account the lifetime of the source (in some models) oris
related to the depth of the emission layer (in other models).
An analysis that uses a description of the source with just one
spatial variable #is realistic only in some special situations '
and for a nonspherical region gives a certain averaged de-
scription. To study the dependence of  on the direction, one
canuse the fact that r actually determines the “length” of the
system measured along Ap. Therefore, one can investigate
the dependence of the correlations on the angle #(Ap) in the
center-of-mass system between the collision axis and the vec-
tor Ap. In addition, and most importantly, the difference Ap,
like the “‘shape™ of the source determined from the analysis,
depends on the frame of reference in which it is found.
Bose-Einstein correlation is well established in high-
energy physics in processes of multiparticle production of
pions"**'*® and kaons.”?"'** Data for charged kaons were
obtained in aa, pp, and pp collisions at the AFS facility
(CERN, ISP). A measurement was made of the ratio

PO . s e o ) B
B e e
where ( + + ) and ( — — ) in the numerator with the letter

S denote the total numbers of events with K mesons of the
same signs in a certain chosen interval (Ap,, Ap, ), where
Ap, is the component of p, — p, transverse to p, + p, and
Ap, is the component of p, — p, longitudinal with respect
top;, + p,, while ( 4+ + )% and ( — — )% in the denomina-
tor are the corresponding numbers of events with K mesons
of the same signs that do not participate in the correlations.

The size of the region of kaon emission is found to be

Ny Sy
%2 %‘H’i
T Tl 4
0.8+ '{}?? -ﬁ};
a 012 0.14 015‘ o8
Prs GeV/c

FIG. 49. Ratio of the number N, of events with the same values of the
charges to the number NV, of events with different signs of the charges asa
function of p.
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r~2.4 4 0.4 F. Bose-Einstein correlation between identical
kaons was established. It was confirmed that the kaons ex-
hibit the same qualitative correlation features that were
found for pions—the spatial region »(KK) increases with
increasing mean multiplicity of the charged particles, as it
does for r(rm).'*?

The assumption of spherical symmetry of the “source”
goes against intuition. Therefore, an attempt was recently
made to study Bose-Einstein correlation at a high statistics
{ ~10°) with allowance for the dependence on the angle
&(Ap) for the same a, pp, and pp collisions, but for pions. It
was found that for pp and pp collisions the radial parameter r
increases with increasing |cos@(Ap) [, i-e., the extension of
the region of pion emission in the direction of the collision
axis is greater than in the transverse direction (the source
has a “longitudinal” shape). The maximal difference of the
extension parameters reaches the order of 2. At the same
time, the growth of the multiplicity was found to be related
to the growth of the longitudinal dimension of the source.
For the aa collisions the result was found to agree with a
spherically symmetric shape.

Measurements for neutrino interactions are much
sparser than for hadronic interactions. Figure 49 gives the
ratio N, /N, of identical and nonidentical pairs of pions in
vD and vD reactions; they agree with standard “dimen-
sions” r~0.8 F.

In the light of the foregoing considerations, it is obvious
that such measurements give little information. It will be
necessary to make a deeper investigation of this phenome-
non in the neutrino beams of the UNK with high statistics,
improved particle identification, and good momentum reso-
lution on different nuclear targets and in a wide kinematic
region in order to investigate the Bose-Einstein correlations
in different frames of reference.

" The dependence is o, ~ (Q% + M%) 2, where M, is the mass of the Z
boson and Q * is, as a rule, less than or of the order of M %; this contrasts
with the behavior ~1/Q* of the cross section in electromagnetic pro-
CESses.

*) The numbers in Table I were obtained for a focusing system consisting of
three lithium lenses and a detector placed at distance 3.5 km from the
shield.® They differ by about a factor 3 from the estimates of the study of
Ref. 7, in which ideal focusing and a somewhat different geometry were
assumed.

* In all that follows, sin”@, will be called the “weak mixing angle” instead
of the *“Weinberg angle.”

*) The hadronic neutral current can be expressed in terms of £, and £, in
the form

Ti= 3 {ler (9 givu (14 v9) @]+ [or () 02y (1 —vs) 011}

1

= E 9iYu (e’:’]l"Jr g:i?_g) i
1
Summation over / is made over all quark flavors (i = u,d,s5,¢,0,1). The
Vector, g, and axial, g,, coupling constants are expressed in terms of the
left (£, ) and right (&, ) helicity coupling constants:

gF = o0 () +ep ()i £y =eg (1) —ep ().

*? Obtained by conversion of the results for the region 0.4—1 GeV under the
assumption o, (E) ~ E®%

' For op (E)~E ", Tv, ~8.8x10* and the number of events from all
direct neutrinos, i.e., X (v, charged current + neutral) is ~9.2 % 10°,

" We here ignore the contribution of the heavy b and ¢ quarks.
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