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INTRODUCTION

The deuteron has always been the object on which nu-
clear physics has tested its new methods. But even now,
despite a history of its investigation that is long and
rich in remarkable discoveries, the deuteron is still
largely a mysterious object of nature capable of many
surprises. It is still the ideal object for studying prob-
lems of the relativistic dynamics of bound systems.
And although in this direction there are already great
achievements, especially thanks to the contribution of
Shirokov,'™ there is still no flagging of the bitter dis-
putes about the part played by relativistic effects in the
various processes of interaction of the deuteron with
particles and nuclei.

A qualitative jump took place recently in our ideas
about the nature of nuclear forces. It was found that
quantum chromodynamics (QCD)—the theory of the in-
teraction of the local fields of colored quarks and glu-
ons—is the basis of strong-interaction physics. This
immediately changed our views about the deuteron
structure. Whereas at “large” distances, i.e., at dis-
tances greater than those at which confinement occurs
(r= 1 F), the deuteron, like every other nucleus, is
still assumed to be constructed from nucleons, which
now must be regarded as 3q bags, at distances less
than 1 F the quarks and gluons themselves become the
structural blocks. The quark—gluon structure of the
nucleus must be manifested in a fundamentally new
form—in the form of a quark—gluon plasma, multi-
quark (6q,9¢,12q,...) bags, etc. If this is the case,
then it will be possible to study various properties of
quarks and gluons that cannot, or can only with great
difficulty, be studied in particle-particle collisions.

These ideas about the structure of nuclear matter find
experimental confirmation in investigations of the so-
called cumulative effect,”™ in the study of electron scat-
tering by light nuclei at values of g% of the order of a
few (GeV/c)?,1° in the fragmentation of relativistic
deuterons into protons,'**7 ete. For more complete ac-
quaintance with this problem, we refer the reader to the
reviews of Refs. 8, 9, 18, and 19.

Let us dwell briefly on the behavior of the form fac-
tors. At sufficiently large ¢, it follows from scaling
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arguments?®+? that the decrease in the form factor of a
bound system of n constituent quarks satisfies the law

Fa) (i) ~ (/g2 (g2 = —i). (1)

If a virtual photon with sufficiently large ¢* is to
“see” a nucleus as an n-quark bag, the nuclear form
factors must have the asymptotic behavior (1), in which
n=3A.

In Fig. 1 we have plotted F{"9(g?%(g%)""! for systems
with different quark contents: the pion (#= 2), nucleons
(n=3), the deuteron (g = 6), *He (n=9), and *He (n=12).
The transition to the asymptotic behavior begins later,
the larger is n: For the pion it begins at g~ 1 (GeV/c)?,
for the nucleons at g®~2-3 (GeV/c)?, and for the deu-
teron at 4 (GeV/c)2. For *He and *He, the form factors
have not yet reached their asymptotic behavior at
q*~4 (GeV/c)®. Nevertheless, one can clearly see a
tendency for the curves corresponding to them to “flat-
ten out.”

The influence of many-quark configurations on nu-
clear structure at short distances can be studied not on-
ly in high-energy nuclear collisions. As was shown in
Ref. 22 for the example of the circular polarization P,,
it can have a strong influence on parity-violation ef-
fects in nuclear capture reactions. However, a con-
sistent calculation of this mechanism of enhancement
of P-odd correlations in nucleon—nucleon interactions
has not yet been made.
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FIG. 1. Comparison with experiment of the quark-counting
rules for the form factors of systems containing different num-
bers of constituent quarks.
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It is to be expected that the quark structure of the
nucleus can be described by the same methods that are
traditionally employed in hadron physics, i.e., the
methods in which a particle is regarded as a system of
an unchanged number of components, the constituent
quarks, which are bound by a confining potential.

A consistent description of quark systems can be
based on various relativistic approaches: on the Ham-
iltonian formalism of relativistic systems with a con-
stant number of interacting particles, developed in
1949 by Dirac,® on the Bethe-Salpeter equation,? and
on the Logunov—Tavkhelidze quasipotential equation.?®
Therefore, in this paper we shall briefly review the
methods of relativistic description of systems of a
fixed number of interacting particles without particu-
larizing the mechanism of their interaction. We pre-
sent the methods of relativistic description of a system
of constituent quarks. In particular, we consider the
description of quark systems in the relativistic three-
dimensional harmonic-oscillator model. We discuss
the problems of quark description of the deuteron
structure. We describe in detail the “hybrid” model of
the deuteron, in which it is regarded as a quantum-
mechanical mixture of a state in which the quarks
cluster in two “bags” (a neutron and a proton) and
the state in which they are in one bag. We give the ap-
proaches to the construction of many-quark systems
for the simplest configurations s® and s*? with the
quantum numbers of the deuteron. We consider the
application of the hybrid model for the deuteron wave
function to the description of the deuteron form factors,
d—~p fragmentation on nuclei at high energies, and
other processes.

1. HAMILTONIAN FORMALISM OF RELATIVISTIC
SYSTEMS WITH A FIXED NUMBER OF PARTICLES

The central question in the relativistic description of
systems with a fixed number of particles is the ques-
tion of how one should realize the ten generators of the
Poincar€ group in terms of a given set of dynamical
variables (coordinates, momenta, spins, etc.), satis-
fying at the same time the causality requirement, i.e.,
the requirement that all variables are on a hypersur-
face  of Minkowski space that does not contain time-
like directions.

A detailed review of the present state of the problem
of the Hamiltonian description of relativistic systems

with a fixed number of particles can be found in Ref. 26.

Here, we only briefly consider the basic propositions
needed for investigating quark dynamics.

Stability group and Hamiltonians

In accordance with Dirac’s prescription,? the gener-

ators of the Poincar€ group are divided into two groups:

the generators of the stability group, i.e., generators
that form a group which carry T into itself, and Hamil-
tonians, i.e., operators that map one hypersurface &
to another Z’ or, in other words, describe the develop-
ment of the system in time.

Because of a number of physical advantages, the hy-
persurface T is most often taken to be the so-called
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null plane, which is defined by
2* = 73 (2)
For an arbitrary vector a,, we shall use the com-
ponents
ar=a"=(ay+a3)/2; ae=at=ay—ay; a, =(a, a). (3)

In this notation, the generators of the Poincaré group
have the components

Pu Py By E,=M,: Ky=M_y; Fo=M_; Jy=M,,, r=i, (4)

These generators are readily divided into the genera-
tors of the stability group of the null plane:

PRSP R (5)

and into the Hamiltonians:

13—\ FL' (6)

From the generators (5) of the stability group we can

construct the operators of the helicity

Jo= W, iP=T,+ D7 (E,D, - E,D,); (7

W, = eyyon D" W*E 2 (8)

and the mass

A =2p, p_—Py. (9)

We can now choose a representatlon in which the
generators P=(P,, P,), M2, and J, are diagonal. We
shall denote the Hilbert sta.te corresponding to this rep-
resentation by |p,m?, \), where p, m?, A are the eigen-
values of the corresponding operators.

The action of the remaining generators on |p,m?, A)
is determined by
Eilp. m* M =ip, d; [y m2, A; (10)
Kqlp, m?, hy=ip, |p, m®, AY; (11)
Jalp, m?, l)=(18r,prd— o+ l] [P, m2, &Y; (12)
Pt 2Py, (13)
2p,
F B S S (14)
:=T[I Ky+ P E —er (PyJy -+ MUy,

where the perpendicular components of the spin are

I =M1 (W, — 5B, w,), (15)

and g,,= —g, =1, £, = £,,= 0. Defined in this manner,
the operators J,, J,, J, satisfy the commutation rela-
tions of angular momentum.

Basic principles of the relativistic quantum
mechanics of systems of a fixed number of particles

We consider first the simplest composite system—
two noninteracting particles of equal mass on the null
plane. In this case, the representation of the Lorentz
group acts on the space of vectors [p') A(1); s, A,

m®) which are eigenfunctions of the operators P ‘”
and M1 with eigenvalues p'*), A and m? respec-
tively.

We define the operator of the “3-momenta” of the sys-
tem as a whole by

f),_,.‘{,(t)+;,r2)_ (18)
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Then the operators E, and K, are expressed in terms of
P in accordance with (10)=(12). For the operator Jy
additivity holds. Then

Jg | P02 A, p@ 4@ 2y

. i
L i
= (IEHPP o

+Mi)) lp“’. f’\.‘“; pczg' ;\_(a); mz). (17)

We define the relative momenta of the particles. We
usually obtain the perpendicular relative momenta as

k,=p,—aP,, (18)
where

= P15, (19)

b= (P —p 2. (20)

The role of the longitudinal component of the relative
momentum is played by the variable a—the half-differ-
ence between the fractions of the momentum of the
“bound” state carried by the first and second particle in
the infinite- momentum frame.

It is important that the relative energy p_ is not an in-
dependent variable and is determined from the condition

Pup 4P py—P p, =D “pu=0 (21)

through thg operators }3,, k,, @ and the as yet unknown
operator M? (this last occurs in the definition of P_).

The condition (21) has a simple physical meaning
(see, for example, Ref. 27): The wave function of the
system of two relativistic particles does not contain the
relative time in the rest frame of the bound state. In
what follows, we shall call (21) the Markov-Yukawa
condition.2®2°

We rewrite the equation
@pPp® — pit» - 2ﬁ;=’,61==—;33=>'—2mz) | B4, AL ), MR g
F T (22)

= (pL‘)[,(‘)H . ,n{;”pf“u— 2m?)) .. .y=0

in terms of the momentum P and “energy” B_ of the
bound state and the relative momentum p and energy p_
of the particles. We must then express the Hamiltoni-
ans P_and 5. in terms of the generators of the stability
group in accordance with (13) and (21), respectively:
M2 | ptn, A @) p@, m:}g% [p), A0 p@ | j@; g2y, (23)
Thus, the mass operator depends only on the relative
variables k, and @ and the mass operator #i2 of the
subsystem.

It now remains to find the spin operator J,. This is
readily done, since additivity holds for the generators
Fi”. After simple transformations, we obtain from
(14)

Jo=ibite [ =k Lo L (L a2) £ 2L |

g Ak
e Vis® = i) e [ — b 5 i), (24)
The relativistic wave functions, the solutions of Eq.
(23), are functions normalized with the relativistically
invariant measure dadp. (i —?). The usual probability
interpretation holds for them.

It is possible to make a unitary transformation® that
simplifies the expression for J,

Iy VI V=L, -3 g2 =L, ~5, (25)

485 Sov. J. Part. Nucl. 14(5), Sept.-Oct. 1983

and does not change 7,. At the same time, the opera-
tors L and s are defined in such a way that the commu-
tation relations of angular- momentum operators hold
for each of them, and their third projections have the
form of the nonrelativistic operators of the z projec-
tions of orbital angular momentum and spin. Thus, the
wave functions obtained from the old functions by ap-
plication of the unitary transformation V become eigen-
functions of the operators of the square of the angular
momentum L? and the spin 5% In other words, a
SU(2), ®0(3),, classification becomes valid for them.

In the theory of quarks, such a transformation is
called a transformation from constituent to current
quarks (see, for example, Refs. 27 and 30-33).

For interacting particles, as for noninteracting, it is
necessary to have a choice of the states | p*), A(1); p(2),
A(2); 112) for which the condition (16) is satisfied and
there is additivity for J,, or such that the generators of
the stability group act on these vectors as before. The
Hamiltonians are changed. Thus, in contrast to the
case of noninteracting particles, the mass operator of
the composite particle will depend not only on the rela-
tive momenta a and k, and on the masses of the con-
stituents, m?, but also on their relative coordinates 7
and x, i.e., the quantities canonically conjugate to @
and k, (see Ref. 26), and on the helicities A*) and A(2),

A key to the solution of the bound-state problem for
interacting particles is the condition of conservation of
the commutation relations between the generators of the
Poincare€ group, i.e., the conservation of relativistic
invariance. For this, it is sufficient to require the
mass operator to satisfy the so-called angular condi-
tions

[y M2(...)]=0. (26)

Relativistic description of bound states of
constituent quarks

Almost all modern approaches to the description of
bound states of quarks are based on a single physical
idea formulated in 1965 by Bogolyubov and his stud-
ents.? The essence of this idea is that the relativis-
tic equations for a system of strongly bound quarks at
distances less than the hadron dimensions go over into
equations for quarks with a renormalized mass moving
within a bounded region of space—time as almost free
particles.

This approach made it possible to calculate some
characteristics of hadrons—the magnetic moments, the
axial constant of g decay, and so forth.*™*® Further
development of the approach of Ref. 34 led to the so-
called MIT bag,* which has been widely used in differ-
ent problems in the physics of particles and nuclei.

We consider the simplest system—a bound state of a
quark and antiquark. In this case, the wave function
depends on two coordinates—the quark’s x) and the
antiquark’s x{#), In what follows, the subscript of the
wave functions will denote the spin and unitary index of
the quark, the superscript the antiquark’s. As the
equation for the bound states of the quark—antiquark
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system (gg) we can take'’
(M — p») (M3 — p*) ¥4 (20, a®)
= de(l}dy(zj[]ﬁ‘;: (20, 2@ Yo, y@) §(zv) - z@
— Y — @) WE (0, y?).

Unfortunately, the problem of finding the operator U
on the basis of field-theoretical ideas (for example, in
the framework of QCD) has not yet been solved. It is
therefore necessary to choose U on the basis of model
considerations.

(27

It is natural to attempt to expand U with respect to a
small parameter. In Ref. 34, this was taken to be the
inverse of the quark mass M:

U = MM — MW + M2Q (M-Y), (28)

Suppose at the same time M;= M*+ p?, Mj= M*+ p3,
p2/MP~ p2/M?~0, W/MP~0. Then

(pUP 4 pF — 2 2 W) W (2, 2) =0, (29)

In this equation, the center-of-mass variables and the
relative variables separate:

(m? +4p® — 2] — 25 + 2W) @ (2) = 0; (30)
(P2—m?) @F (X)=0; P=1i0/aX; p = id/dz; (31)
B (20, 2@) = 0f (X) ¢ (2), (32)

where X = (x® + ) /2, x=x1) = @,

Equations (30) and (31) do not describe the spinor
structure of the meson wave function. To describe it,
(31) can be replaced by the Bargmann—Wigner equa-
tion®):

(Py —m) BF (X) =0; (Py®—m) @3 (X) =0, (33)

It is obvious that the wave equation will then also satis-
fy (31).

Following the general principles, it is necessary to
go over in (30) to the variables of the stability group.
We restrict the treatment to the case of equal masses
H; = Mp= M. On the operator of the relative momentum
we impose the Markov—Yukawa condition. At the same
time, the wave function in the configuration space is
given by the Fourier transform (for more details, see
Ref. 26) .

@ (n, xl)r=(2:m)"3"2\‘dkL \ l_d%exp;(wik;xl—ian)qa(o:, k,).
e (34)

Similarly, one can make a Fourier transformation for
the potential:

172
W, x.)=(2m)""* S dk 5 —J—ia—i— exp (—ik, x; —ian)w(n, k).
-1/2
! (35)
Then (30) becomes the eigenvalue equation for the oper-
ator of the square of the mass of the bound state,

m? =4 (u2+ki)/(1 —de?) — 1, (36)
where V is an integral operator:

U1t is, however, possible to proceed from a separable Bethe—
Salpeter equation, since there exists a transformation® of
the Bethe—Salpeter wave function into a wave function that
satisfies the condition (27).

There is another possibility, * which we shall discuss be-
low.
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V(e ku)=@0) "2

— hog?
1/2

x j dp, nizT{:—inTw (e —PB, ke—p) ¢ (B, po)- (37)

As for a free particle, we shall assume that -3 < a <3,
It is possible to construct a relativistically invariant
three-dimensional vector
k=(k,, kg); ky=2a V(12 +k7)/(1— 4a?). (38)
Then Eq. (30) takes the form of the ordinary nonrela-
tivistic Schriddinger equation
m3p (k) = (4p® + 4k*—7V) @ (k). (39)
Thus, we obtain a simple connection between the
relativistic wave function ¢(k) and the nonrelativistic

Goonreit@®). For this, it is necessary to replace the non-
relativistic relative momentum by the relativistic (38):

Gnonrel (0°) =@ (@, ki)

= @non re1 (k?) = Pnon re1 [(,U-"' + ki)l — 4a®) — il (40)
The normalization condition now takes the form
i/2
{aklg@ye—2{dk. | 155
SRR k ol (41)
DR ne 4k 2
xV o plimme el =t

For the relativistic wave function (40), the usual proba-
bility interpretation holds. Such a relativistic wave
function is widely used in the most varied problems.

We construct the operators of the angular momentum
and the spin. We begin with the latter. The spin opera-
tor is the sum of the spin operators W of the quark and
antiquark:

S = W .| we, (42)

The relativistic operator of the angular momentum is
readily constructed from the momenta k:

L=—ikx 2. (43)

It is natural to require the operator V to commute with
the operators 8 and L. Then, of course, the conditions
[3, m? = 0 will also hold for the operator J = S+ L of
the total angular momentum.

Thus, for a meson we have succeeded in constructing
an operator of the total angular momentum in which the
spin operator S and angular-momentum operator L are
separated. In other words, a SU(2), ® ((3),, classifica-
tion is valid for the solutions of our equations.

Similar results hold for more complicated 3g, 6q,
etc., systems. For this it is necessary, as for mes-
ons, to make an expansion with respect to the recipro-
cal mass of the quark, impose the Markov-Yukawa
conditions on the relative momenta of the quarks, and
go over to the rest frame of the bound state.

“Minimal boosting” scheme

In most studies (see, for example, Refs. 31, 32, and
34-36), the spinor parts of the wave functions of bound
quarks are determined from the Bargmann-Wigner
equations (33). However, there is an alternative,®
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called by its proponents the “minimal boosting” scheme.
In this case, the boost generators K, are taken to be the
operators

K= %m@ﬂr- (44)

where for a system consisting of » quarks and m anti-
quarks

0= i ol — ¥ of ¥ (45)
=1

=1

here, T denotes the transpose.

The matrices p ; (two-component Pauli matrices) re-
fer to the (ng + mgq) system as a whole. In the approach
based on the Bargmann—Wigner equations, matrices
pg" for each quark and antiquark are introduced, i.e.,
in this case

K; =Ti, Tpi" @ ai"!

In contrast to the scheme based on the Bargmann—
Wigner equations, the equations that determine the
wave function of the center-of-mass motion &(X) of the
bound state are not linear in the derivative 8/8 X* in the
case of the minimal boosting scheme. For example, in
the case of baryons the equation will contain derivatives
of third order, and in the case of mesons the second or-
der. Therefore, such equations will permit not only
the ordinary solutions but also solutions with complex
and purely imaginary masses.

Despite this shortcoming, such an approach has a
number of advantages over the approach based on the
Bargmann-Wigner equations. Thus, in the minimal
boosting scheme the wave functions have a minimal
number of components. In Ref. 43, it was also noted
that there is a difference between the behavior of the
particle form factors in the schemes based on the
Bargmann-Wigner equations and on the minimal boost-
ing equations.

Internal symmetries of quark Hamiltonians

We now turn to the model of quasi-independent
quarks,® * in which equations linear in the quark mo-
mentum are considered. As for the quadratic equa-
tions, it is assumed that the potential that binds the
quarks can be expanded in the reciprocal of the quark
mass. At distances of the order of or less than the
hadron diameter one studies, instead of the equation
for a bound state of the quarks, a system of equations
for the individual quarks moving in an external confin-
ing potential:

GO — i — Wiy =0. (46)

The possibility of such an approximation for the ex-
ample of a quark moving in a deep potential well was
first pointed out in Ref. 37, where, in particular, it was
demonstrated that such a treatment leads to an impor-
tant effect—enhancement of the quark magnetic moment
(see also Ref. 38).

It should be noted that in the model of quasi-independ-
ent quarks, as in the MIT bag, there is a serious dif-
ficulty (see, for example, Ref. 44) associated with the

487 Sov. J. Part. Nucl. 14(5), Sept.-Oct. 1983

separation of the center-of-mass variables. There-
fore, the wave function in these models can, strictly
speaking, be constructed only in the hadron rest frame.

There is a connection between the equations of quasi-
independent quarks and the equations considered above,
namely, by means of a unitary transformation one can
go over from wave functions that are a solution of (46)
to wave functions that are a solution of the quadratic
equations.

We consider one very instructive example—that of a
weak potential W~v?/c? (see Refs. 27, 30-32, and 45).
In this case, Eq. (46) can be solved in the lowest ex-
pansion order in v/c. Omitting the details, which the
reader can find in Ref. 32, we give only the final re-
sult: In the rest frame of the bound state, the wave
function of a quasi-independent quark has the form (for
brevity, we omit the quark index 7)

m,n‘N—,‘-—u—-;H;

Ppg (P) = =RV
[(m/N --p < py)2—p? 12

pg (B) = Uop_y (p), (47)
where ¢, satisfies the Bargmann-Wigner conditions
in the rest frame of the hadron, @(p) is a scalar func-
tion satisfying the equation

[m2/N2—p2—p2—(m/N --p) W] ¢ (p) =0, (48)

and A are ordinary Pauli spinors. Apart from the nota-
tion, Eq. (48) is identical to the equation (39) on the
null plane.

Thus, in the Hamiltonian of the quasi-independent
quark there are no terms containing the spin operators
S or, therefore, breaking the SU(2)g symmetry of the
Hamiltonian up to second order in v/c [Eq. (47)]. In
higher orders, this is no longer so. Thus, the terms
that break the SU(2); symmetry have order (v/c)3
However, if the Hamiltonian of the quasi-independent
quark is transformed by means of the transformation
U, the resulting Hamiltonian will contain spin operators
only in terms of order (v/c)* and higher.*® Therefore,
one can construct a new operator 8’, which will gener-
ate the group SU(2)g., breaking the symmetry of the
Hamiltonian only from the fourth order in v/c. If we
require the transformed Hamiltonian to contain terms
that break the symmetry only from the fifth order in
v/c, such a transformation will depend on the interac-
tion W.

There are potentials that lead to Hamiltonians with
exact higher symmetry and satisfying the requirement
of quark confinement, for example, a potential of the
type (46).

The bag model

As we have already said, the model of quasi-indepen-
dent quarks, or, as it is also called, the Dubna bag
model, was developed further in Ref. 40. An important
difference between the MIT bag and the Dubna bag is
the introduction of a phenomenological parameter, the
external pressure B. The shape and the size of the bag
are determined by the condition of equilibrium on the
surface of the bag between the pressure B and the in-
ternal quark-gluon pressure. The physical meaning of
the pressure B is that it represents the difference be-
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tween the energy densities of the perturbation-theory
vacuum and the true QCD vacuum. The degeneracy with
respect to the total spin of the hadron in the bag model
can be lifted by introducing chromomagnetic correc-
tions?” to the quark-quark interaction. As a result, the
mass of the A isobar becomes greater than the nucleon
mass. In the model of quasi-independent quarks with
confining potentials of the type (46), the single-gluon
corrections to the hadron masses were calculated in
Ref. 48.

In Refs. 49 and 50, chiral generalizations of the bag
models were considered. Rather promising in this di-
rection is the large-bag model,* in which the hadron is
a bag with a dimension of about 1 F surrounded by a
pion field. The pion field does not penetrate into the
bag, but interacts only on its surface. The model
makes it possible to describe many properties of the
lightest baryons in a unified manner.

Three-dimensional relativistic harmonic oscillator

For many physical problems, a useful approximation
is the one in which the quark—quark interaction is ap-
proximated by the potential of a relativistic harmonic
oscillator.5™%

We shall consider mesons. The generalization to the
case of the more complicated systems 3q, 6gq, 4gq,
etc., is trivial. The equation describing this system
has the form

(OW+ 0% —Q (0 — )2 4 2m?) wi (z2, ) =0 (49)

(we again restrict ourselves to the case when the mass-
es of the quarks are equal). To describe the spinor
structure of the bound state, we also make the wave
function satisfy the Bargmann-Wigner conditions (33)
or the equations of the minimal boosting scheme (see
above).

In (49), we separate the center-of-mass variables
(32). Then the wave function of the relative motion of
the quark and the antiquark satisfies the equation

(O — (@¥/2) 22+ m?] ¢ () = M?g(z) /4. (50)

In accordance with the general method, it is necessary
to impose on the wave function ¢(x) the Markov—Yukawa
condition:

P,d/dz,p (x) =0, (51)
and also the Feynman-Kislinger—Ravndal condition®
P, (9,07, -+ (/) 2) 2] @ () =0. (52)

Obviously, by virtue of the Markov-Yukawa condition
the condition (52) reduces to

PM.'.!I’l =0. ( 53)

Because of the conditions (51) and (53), Eq. (50) in the
meson rest frame reduces to the Schriddinger equation

4] — a2 0x2 - (Q22) X2 - m] -0 (X) = Mpp_o (X). (54)

The solutions of this equation are

Powe0; s, s, 73 (X) = NyymaH o, (3 12 2,) (55)
< Hoy (V Q2220 H oy ( Q%2 25) exp [(— Q2 V2 22).
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The mass spectrum has the form
M s =2V 29 (n, + ng + ny+3) + 4m?2. (56)

The wave functions are normalized by the condition

L 57

Sdﬂxﬁ(—MLI“) I(PP:nl,ﬂz-na(tz:O' ( )
whence

Ny =20, 1 In (58)

To determine the angular-momentum operators L, it is
necessary to construct the Pauli-Lubanski vector

Wu = isuvnppvxud' aIP' (59)

impose the restrictions (51) and (53) on the variables
x, and 8/dx,, and write down W, in the meson rest
frame (P=0):

W=ML; L=i|-Lx:]. (60)
[
Then the spin operator of the meson in its rest frame
takes the form

J =L+ (¢ + o®)/2. (61)

Note that the spin operators (61) commute with the op-
erator of the square of the meson mass, M?, which is
determined by Eq. (54):

"l"}z=4(—02«c};2{- (22,2) X2 - my). (62)

This is sufficient to construct all the generators of the
Poincaré group in accordance with the appropriate for-
mulas.

At the first glance, such results contradict the result
obtained on the null plane.?® Indeed, instead of the
Markov—Yukawa and Feynman—Kislinger—Ravndal [or
the equivalent (53)] conditions, one has in that case a
pair of restrictions: the restriction to the null plane
x,= (x,+ x,)/2 and the Feynman-Kislinger—Ravndal
condition. It is obvious that the condition (53) is not
identical to the condition x,= 0 (in the first case we
have a condition of the type w, x* with w?>0, and in the
second case one with w?=0!). Nevertheless, as we
shall now show, the Hamiltonian obtained in the light-
front approach and the Hamiltonian found from the
Markov-Yukawa condition are related by a gauge
transformation, i.e., these approaches are in fact
equivalent.

In the approach of Ref. 26, the operator of the square
of the mass in the meson rest frame has the form

T3 b [— 02 ONE — /053 () XY 1|/ T (0)0%5) 2+ s (63)
(LG ~ Light Cone).

which differs from the operator M2 obtained in the ap-
proach with the Markov—Yukawa conditions. The eigen-
functions of the Hamiltonian (61) are

(gk.‘;i,m (x z3) =N

m, (G @2z
Ky (VTR H, (R &) expl(—ar21/2) 571, (64)
The wave functions (62) are normalized with the mea-

sure exp[(-Q/v2)x%]. The angular-momentum opera-
tors are
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LEC = —igyg [240/03,—240/02,—(Q) |/ 2) Z524]; }

LEC = i (2£,0/6%,— 2,0)02,). (65)
We make the gauge transformation®

@)= gLO K, )=V @ @Es V(@) =exp (23212 (66)

Then the operator M? is transformed into M2, and the
angular-momentum operators L defined in (60) are
transformed into the operators LY (65).

As we have already said, the wave functions in the
approach on the light front®® are normalized with mea-
sure exp(-0x2/V2). The gauge transformation (64) re-
stores this measure:

428 (Pz/ M) =dx ~- exp (—Qz3/|/ 3) dx | dz,. (67)

which proves the equivalence of the descriptions of the
harmonic-oscillator equation on the null plane and by
means of the Markov-Yukawa conditions.

It is important to emphasize that the gauge transfor-
mation conserves the commutation relations between
the angular- momentum operators and the condition of
commutation of the mass operator with the angular-
momentum operators.

Matrix elements of the currents

We consider the matrix element of some operator J
in the nonrelativistic limit. We shall assume that addi-
tivity holds (to be specific, we consider a 3¢ system):

J = Jw L J@& L J@), (68)

In the momentum representation the matrix element of
J is given by

(P'|J (0, k)| P) =36 (P— P’ = k) [ d1tv a1 a1 arw»

3 a3
< dl'@dres (3160 —p) 6(2 It — P ) 8 —1'®) (69)
i=1 i=1

WO (1@ — @)W (I, 1@ @) JOY (1, 1@ 1),

For the relativistic generalization of (67) we must:
1) make the substitution d1'?) =49, g1/t -gipi),

2) make the substitution &(3F7 I - P) = 54353 19
— P) and similarly for the final state;

3) on the zeroth components of the 4-momenta of the
quarks impose the Markov—Yukawa condition;

4) find the relativistic generalization of the three-
dimensional 6 function 6(1¢# =1’‘i). It is obvious that
this three-dimensional 0 function cannot be replaced by
the ordinary four-dimensional &' #) - [/(1))  since the
correct nonrelativistic limit for the matrix elements of
the currents is then not obtained. The required three-
dimensional & function ig?7:3% 57

1 i) (70)
2 ol
where
AD = [t — prdyy L = (P'/'m’— Pim)/2, (71)

and m and m' are the masses of the hadrons in the ini-
tial and final states.

The relativistic matrix element of the current now
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takes the form

1)) =5 {8 i 19—P) s (é ro—p)
i=1 i==1

<Le[(m-5) a8 [(ro-5) 3 s (0~ 1)

=2
T (0, @, ) JOW (@, [e)
3¢ dAU AR a3 @al' ) i’ @) gal' ), (72)

The explicit form of J® depends on the equation solved
to find the wave functions. If (29) is taken as the equa-
tion and the electromagnetic interaction is included in
it by minimal coupling, we obtain

JH = % %‘;.i (It T{li)f(il), (73)
where (:)“) is the charge operator of quark i. If we con-
sider the equations of the model of quasi-independent
quarks, then it follows from minimal coupling of the
electromagnetic current that

I = ey, (74)

In both cases, conservation of the electromagnetic cur-
rent can be proved.3? %

2. THE DEUTERON IN THE LANGUAGE OF
CONSTITUENT QUARKS

As we emphasized in the Introduction, nuclear
structure must be described at two levels—large and
small distances. At the first, the nucleus is a bound
system of several nucleons; in the second, a configura-
tion in which individual nucleons are combined into
multiquark systems.

Hybrid model for the deuteron wave function

We restrict ourselves in what follows to the simplest
nucleus—the deuteron. Its example will show us the
changes that result from taking into account the six-
quark (6g) state at short distances.

The model that we shall discuss below is based on the
assumption®% that the deuteron wave function can be
represented as a weakly bound state of two three-quark
clusters (called the proton and neutron; in what follows,
the np state) with a small admixture of a 6¢ state, in
which all six quarks are in one bag:

| deuteron) = & | np) + P | 6g). (75)

The quark degrees of freedom can be taken into ac-
count in the two-nucleon system in the framework of the
quark compound-bag model.®* Analysis of the S-wave
phase shifts of NN scattering shows that the 64 states
can play a dominant role when the kinetic energy of the
incident nucleon is 300 MeV and more. The masses of
the so-called primitives, i.e., the masses of the 6q
states, which are obtained from the equations without
the potential of the transition of the many-quark state
to the nucleon state, correspond to the poles of the P
matrix.*® However, in the S matrix, because of the in-
teraction between the quark channel and the nucleon
channel, the poles are shifted relative to the poles of
the P matrix along both the real and the imaginary axis.
For a definite choice of the potential of the transition
from thé many-quark state to the nucleon state this
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shift may be so strong that it is impossible to observe
the 6g-bound states experimentally.

However, for the calculation of the deuteron form
factors and in some other problems it is not necessary
to know the 6g — 2N transition potential explicitly. One
can proceed from the phenomenological hybrid wave
function (75) with parameters determined by fitting the
results of the calculation to the experimental data.

We now turn to the correct description of each of the
components of the hybrid wave function of the deuteron.

The np wave function

We begin by introducing convenient relative quark
coordinates and momenta. Let %) be the coordinate of
quark 7, and X be the center-of-mass coordinate:

X = (a2 + 2® 4 x® 4 xtM L 20 4 )6, (76)

We determine the six relative coordinates

2@ =X 4+r2+E—V3m; 2O =X—r24+p—V 3w

i 2 (77)
2O =X4r2+E+V 30 2@ =X—r24+p+) 3.

o) = X 4 rj2 —2E; 2@ =X —r/2—2p; }
In the deuteron rest frame, the np wave function can
be represented in the form

[np) = ¢ (r) ¥sq (B M) Wag (s ¥)

X3¢+ 3¢j=1,is T =0} (78)

where ¢(r) is the wave function of the relative motion of
the two 3gq clusters. It can be expressed in the usual
manner in terms of the # and w wave functions:

St fe+mbag), (9
where S, (¥) is a known tensor operator. For ¢(r), we
can take one of the phenomenological wave functions
(for example, from Refs. 63—-66). The function

13g + 3g; j= 1; j,; T=0) is the spin—isospin color wave
function with spin j(=1), third projection j,, and iso-
spin 0. The function 3¢ + 3g means that it is construct-
ed from products of two 3g states with the quantum
numbers of the proton and neutron. The explicit form of
the spin-isospin color wave functions of the proton and
neutron can be found, for example, in Appendix 1 of
Ref. 53.

$(r)=

The wave functions ¥,.(£,1), ¥, (u,v) describe the
relative motion of the quarks within the first and second
quark triplets, respectively. We shall determine them
as the eigenfunctions of the Hamiltonian of the relativis-
tic oscillator quark model on the null plane:

Vo6, = Noesp { =35 @+ )} No= GV 0™ (80)

These wave functions are normalized by the condition
fdtdﬂl‘l’n(‘é. mnE=1. (81)
The 6g wave function

The construction of a 64 wave function with the quan-
tum numbers of the deuteron was considered in Ref. 60.
The deuteron is a color singlet, and therefore the 6¢g
state must also be one. This will be the case if and only
if the color part has the symmetry of the Young tableau
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[2°]. However, the total wave function must be antisym-
metric with respect to permutations of all quark pairs.
If the ground state is taken as the orbital part of the 6g
state, the color spin-flavor part must be completely
antisymmetric with respect to quark permutations. The
color spin-flavor wave function will be completely anti-
symmetric if and only if the spin-flavor part has sym-
metry conjugate to the symmetry of the color part, i.e.,
the symmetry [37].

As follows from its symmetry, the color part is
characterized by one of the five ¥ symbols (Yamanouchi
symbol)® of the symmetry [2%]. The spin—flavor part
is also characterized by one of the five ¥ symbols, but
of the symmetry [3%], and also by spinj=1, its z
component, by isospin T, and by its z component T,.
Since only the constituent quarks u and d occur in the
6g state of the deuteron, it is sufficient to take the iso-
spin group SU(2) .. as the flavor group. Below, we shall
denote the color and spin-isospin wave functions by
|6g;C,=0,Y) and |6g;j=1,j,; T=0; ¥, respectively;
here C, is the eigenvalue of the square of the Casimir
operator. The completely antisymmetric color spin-
isospin wave function is

16g; C3=0; j=1, j5i T=0)

T ; Dk okt oM,
=1/ £ 3 Avlbg; €=0; V3l6g; j=1, jui T=0; T, (82)
2

where Ar/ﬁ is the Clebsch—Gordan coefficient of the
symmetric group S; for the completely antisymmetric
state in the inner product of the representations

[3%] x [2¥]; A, is a phase factor, equal to =1 if ¥ is an
even and +1 if ¥ is an odd permutation of the numbers
in ¥ = [332211]; ¥ is the symbol conjugate to the ¥ sym-
bol ¥, i.e., ¥ is obtained from Y if in the corresponding
partitioning of the Young tableau the positions of the
rows and columns are interchanged (for example,

Y= [323121], ¥ = [312211]).

One can decompose the spin—isospin wave functions
into inner products of spin and isospin wave functions.
The spin and isospin wave functions satisfy separately
the symmetries [4,2] and [3?], which ensures the re-
quired values of the spin and isospin. Thus, the spin
part of the wave function is characterized by spin j=1,
its z projection, and one of the nine ¥ symbols of the
Young tableau [4,2], and the isospin part is character-
ized by isospin T=0, T,= 0, and one of the five ¥
symbols of the tableau [3%]. The total spin-isospin wave
function has the form

li=1, jo T=0; Y)=y2Y SRS =0 ¥ 1=l 0 Yo
5 ¥ (83)
where Si“,ﬂf,s}r are Clebsch—Gordan coefficients of the
symmetric group. For the spin and isospin wave func-
tions we introduce the notation |j=1,j,; Y',.) and
|T=0;Y,). Tables of the corresponding Clebsch—Gor-
dan coefficients can be found, for example, in Ref. 60.

The spin and isospin wave functions can be found from
the rules of addition of angular momenta (for more de-
tails, see Appendix 1 in Ref. (60).

3WWe refer the reader to the book of Ref, 67, in which all the
group-theroetical concepts of this section are given.

A. P. Kobushkin and V. P. Shelest 490



The total 6¢ wave function has the form
16g) = 16g; C; =05 j=1, jsi T =0 gog (v, & 0, 1, ¥). (84)

Note that in such an approach the np and 6g states
are, strictly speaking, nonorthogonal. However, a nu-
merical calculation shows that the contribution of the
interference term to the various quantities is negligibly
small. For example, it makes a contribution of less
than 0.1% to the deuteron form factors.

The orbital wave function ¢g,(r, &7, u,v) is the
ground state of the relativistic oscillator equation in
light-front variables:

ﬁbﬁq (ru g; M By V) =Nsexp { _Sm (rzl"i*_'gz'{' “2 "5_""2 + \,2)}; ] (85)
Ne=(1/6) V172 (6w/m) ™/,
The normalization condition is
jdrd‘&,d-:] dp dv | deg (v & My 1y ) 2 = 1. (86)

The “composition” of the 6g component of the
deuteron

The spin-isospin color part of the wave function of
the 6g state can be decomposed® into a sum of different
3¢ pairs. It can be shown that such a decomposition
contains not only true, i.e., colorless, baryons but also
colored 3¢ systems (hidden color). The probability of
finding such states in the 6¢ state can be readily found
by using the decomposition (82). Indeed, of the five 6q
color wave functions |6¢;C,= 0; ¥} in (82) distinguished
by the Yamanouchi number, four will be orthogonal to
the wave function |3¢g;C4=0; Y= [321]) |3¢;C/ = 0;

Y= [321]) and only for one will the overlap be nonzero:

(8g; C, =0; Y'=1[321] | 3¢; C; = 0; (87)

Y =[321] | 6g; C, = 0, Y = [321 341]) = 1.
Thus, the probability of detecting in the 64 state states
with hidden color is 4/5.

The spin-isospin color part of the wave function of
the 6 component of the deuteron contains not only “nu-
cleons” but also “isobars.” As a result, we have the
following set of 3¢ pairs in the 6g state with the quan-
tum numbers of the deuteron: 11% for np, 9% for AA,
and 80% for hidden color. The estimates obtained®® in
the 6¢ model for the probability of finding AA pairs in
the deuteron do not contradict the experimental upper
limit obtained for it.

The presence of hidden color in the deuteron 64 com-
ponent leads to additional production of A isobars in in-
clusive reactions compared with quasi-two-particle
breakup of the deuteron,® namely, in quasi-two-parti-
cle reactions A isobars previously “prepared” in the
deuteron are produced. In inclusive reactions, an addi-
tional number of isobars from the following process
may be produced. A color octet with isospin 3/2 (A9
is knocked out of the part of the 6¢ component with hid-
den color. Then, emitting a soft gluon, the A® becomes
a real isobar. Thus, the number of A isobars pro-
duced in the inclusive reactions must exceed by more
than two times their number in quasi-two-particle
knockout reactions on the deuteron. This prediction is
in qualitative agreement with experiment.™
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Orbitally excited 6 systems

So far, we have only considered a 6g system in which
all six quarks are in the s state (s®). However, as was
shown in Ref. 71, another configuration, in which four
quarks are in the s state and two in the p state (s*?),
can determine the deuteron structure at short distances
on an equal footing with the s® configuration.

The mass of the 6g state is determined as the sum
B (6g) = Mg (Bg) + My (6g), (88)

where M, is the mass determined by one of the dynami-
cal models: the oscillator quark model, the bag model,
etc. This mass depends only on the radial excitation
modes. Thus, for the nonrelativistic harmonic-oscilla-
tor model®

My = NQ 4 const, (89)

where N= 0 for the s® configuration and N= 2 for the
s°p* M., is the correction for the chromomagnetic gq
interaction®”;

b
s (1)) (@) (1)
Mem= hs’igjgl (6q | A& FoVatar 5, (90)
where a, = g§/4n, g, is the quark-gluon coupling con-
stant, Aﬁ” are the generators of the color group SU(3).,
and | 6¢) are the unperturbed wave functions of the 6g
system, i.e., wave functions that are solutions of the
dynamical equations with the eigenvalues M(6q).

The presence in the mass formula (88) of the chromo-
magnetic term leads to a splitting of the levels corre-
sponding to one value of N.

The wave function |6g} for the s® configuration is con-
structed in Ref. 60. For more complicated configura-
tions, the |6g) are constructed similarly.” The com-
pletely antisymmetric wave function of the 64 system is

| bg)= E %ow v, (0 & B v)
g : (1)
2| Bgfli Co=05 s, s5; T, Ty; wesri Y),

where the orbital wave function ¢,  ;1p.x(***) is deter-
mined by the symmetry type [f] (Young tableau) with
respect to permutation of the particles, by the Yam-
anouchi symbol ¥, and the repetition index wy; the
spin-isospin color wave function is determined by the
symmetry [}_'] conjugate to the symmetry [f] of the or-
bital wave function, by the Yamanouchi symbol ¥ (con-
jugate to ¥), by the values of the spin s and its projec-
tion s,, and by the isospin T and its projection T,, and
it must be a color singlet, i.e., its color part must
have the symmetry [2°]; w,, are additional quantum
numbers that characterize the spin-isospin color func-
tion; n, is the dimension of the representation of the
symmetric group S, corresponding to the Young tableau
[f1; Ay/Vn; are the Clebsch—Gordan coefficients of the
symmetric group S; for the completely symmetric state
in the inner product of the Young tableaux [f]x [f],

“1n the relativistic three-dimensional oscillator model (see
Sec. 1) there is an analogous expression for the square of
the mass. In this case, Eq. (88) is obtained when the spin—
orbit and tensor interactions are ignored. @
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Ay =zl.

For the s® configuration [f]= [6], n,= 1, the repeti-
tion indices wy and w.gr-have only one value, and the
expression (91) goes over into (84).

The spin-isospin color wave function [6g; [f];C,=0;
S,8,; T, T, Weer 3 ¥) is constructed by means of the
Clebsch—Gordan coefficients of the group S; from the
spin, isospin, and color wave functions, which have the
symmetries [(s + 3),(s — 3)], [(T+ 3),(T - 3)], and [27],
respectively. Tables of the corresponding Clebsch—
Gordan coefficients for the configuration s%? can be
found in Ref. T73.

Because the chromomagnetic term M, for the s*p?
configurations with the quantum numbers of the deuter-
on is negative, and for the s® it is positive, it may
partly or even completely compensate the difference
My(s*h?) — M(s®) of the color-unperturbed terms (88) for
these states. Thus, the calculation of Ref. 71 in the
framework of the MIT bag led to

M (s5,0)=2165 MeV/e2; M (s};5, pi;s)=2379 MeV/e2, (92)

whereas AM,= 538 MeV/c?. An analogous calculation in
the framework of the nonrelativistic oscillator quark
model shows that the s*p?® state may even be lighter than
the ground s®:

My o) = 2380MeV/c%  Moqole's?) = 2160 MeVie2. (93)

Such a phenomenon was also considered in Ref. 74 for
systems consisting of an arbitrary number n of quarks
and it was shown that from a certain value of »n the

phenomenon of chromomagnetic collapse can occur.

3. ELECTRON-DEUTERON SCATTERING AND
PROBLEMS OF THE QUARK STRUCTURE OF THE
DEUTERON

We now discuss the part played by the 6g component of
the deuteron in electron—deuteron scattering and in deu-
teron fragmentation on nuclei. It should be noted that in
nuclear physics there are approaches—the introduction
of exchange currents, introduction of a soft core in the
NN potentials, etc.—that may take into account partly
the contributions from the many-quark phase of the nu-
cleus. Therefore, we shall compare such approaches
with the quark approaches and attempt to find the effects
that cannot be explained by the traditional methods of
nuclear physics.

We begin with a discussion of high-energy electron-—
deuteron scattering. The study of elastic and inelastic
scattering of electrons by particles and nuclei has al-
ways been one of the most reliable methods of investi-
gating their structure, and therefore the attempt to in-
vestigate the structure of the deuteron by the same
method is very natural.

Kinematics of elastic ed scattering and the
nonrelativistic impulse approximation

Elastic ed scattering is completely described by
three form factors—the electric F(g?, the quadrupole
Fg(g®), and the magnetic F(g®. These are combina-
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tions of the form factors F,(¢?), Fi¢?, and G(¢?), which
in the Breit system (Fig. 2) are determined as follows
in terms of the matrix elements of the electromagnetic
current™;
@2, M=0J,(0)|—q2, h=1=@V2E)6(g); (94)
@2, A = —1|J,0) |—q/2 A=1)=F (@ (95
@2, ¥=0]J,(0)]|—4q2 A=0;
= F (@ + (¢*2M>) |F, (¢°)

4 (1 + ¢¥AMP) Fy ()

— 2 (1 + 4 G ()], (96)
where A and A’ are the polarizations of the deuteron,
m is the nucleon mass, and M is the deuteron mass.
The charge F.(g®), quadrupole Fg(¢q®), and magnetic
F,(q® form factors can be expressed in terms of the
form factors F,(g%), F,{¢%, and G(g?):

Fo=Fy+ gh [P+ (14 MY Fy—2 (1 g2db 61 (97)
F,=Fy 1+ (1 4+ ¢4M?) Fy — 2 (1 4+ ¢*/4M®) G; (98)
Fy = G. (99)

If the electrons and deuterons are not polarized, then
the differential cross section of elastic ed scattering
can be expressed as follows in terms of the squares of
the form factors Fg, Fg, and Fy:

(do/dQpp ) = (doymow/dQub ) {4 (¢°) + B (¢°)tan®0/2}, (100)
where

A (@) = Fot e Pt <o (14 1400%) Fii (101)

B (q7) = (1 ¢2/4M)2 Fig (102)

and 0 is the scattering angle of the electron in the
laboratory system.

In the nonrelativistic impulse approximation (Fig. 3)

Fo(q®) = F (¢) L (q°) - 8K (¢")]; (103)

Fq (¢8) = 12F (¢%) (M*g") (M (¢*) — R ()]; (104)
Fy (@) = F () {(0p — w) [L () — 4K (&) +

+ 2M (¢%) -+~ R (q%)] — I (¢°) — OK (¢°) + 3M (¢*) }, (105)

where F(g®) is the proton electric form factor. It is as-
sumed here that for the electromagnetic form factors
of the nucleons the following relations hold:

Gile) G

[ d tn

CE(@)=F(¢®) =

; GE(g%) =0, (106)

For the proton electric form factor one can use either

the empirical dipole fit
F (¢®) = (1 = ¢*/0,71 [(GeV/e)}'])~?, (107

or the expression that follows from the relativistic os-

7=(0,0,0,9)

P-E00-g/2)  PES09/2)
FIG. 2. Kinematics of elastic electron—deuteron scattering
in the Breit system.
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FIG. 3. Impulse approximation in nucleon language (a) and
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cillator quark model® 5%

F(g%) = (1+ g2/m)™* (1 + g¥/4m?)texp{ — ¢*/ [3V/ 2 o (1 + g¥/4m?)]}.
(108)
In (103)—(105), the functions L(q?), K(q®), M(g®), and
R(g®% can be expressed as follows in terms of the radial
parts of the S and D deuteron wave functions:

L(q2)=°§drj,, (rg) u? (r); (109)
0
K@) =5 ?drfo(rq)wz(r); (110)
0
M(q2)=—},—nfdrja(rq) w (r); (111)
0
R(q2)=]/-—E—afdriz(rq)w(r)u(r). (112)
0

At the present time, there are no data on measure-
ment of all three electromagnetic form factors of the
deuteron. The problem is that in accordance with (100)
experiments with unpolarized electrons and deuterons
measure only the combination A(g® and the magnetic
form factor, which is uniquely determined by the func-
tion B(g®).

The combination A(g®) has been measured'® up to val-
ues ¢g?= 4 (GeV/c)?. There are also preliminary data'*
on an “indirect” measurement of it at g= 6 and 8 (GeV/
c)®. The behavior of the function A(g? in the region
q®<1.5 (GeV/c)? can be well described by the nonrela-
tivistic impulse approximation (103)-(105). At large
values of g%, the theoretical estimates depend strongly
both on the choice of the NN potential and on the para-
metrization of the electromagnetic form factors of the
nucleons.”

Various relativistic effects have been taken into ac-
count on occasion.”" It is found that the data on A(g?)
up to g~ 4 (GeV/c)? can be described only with a very
specific choice of the nucleon form factors.

Electromagnetic form factors of the deuteron in the
hybrid model

In the hybrid model, the electromagnetic form fac-
tors of the deuteron were calculated in Refs. 60 and 78-
83. In Ref. 60, the calculation was made in the frame-
work of the relativistic three-dimensional oscillator
quark model. For this, relativistic matrix elements of
the electromagnetic current of the type (71) were used;
in the Breit system, they take the form
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PO =8 () 8 (57) 8(5) 8 (5) 8 (45)
xa () o (5 s () s (5 )0 (4r) 8 (50)

6
XTL8p9—p ) T (p's €, 7, B, V)T Yo (0, B 7 0 )

j=2
X dip dip’ diE doF' dim dia dépdip dov dev,
P=0,0,—g2; E=VIF T P5p, Enmvup, o0, w,
(113)
where P=(0,0,-¢/2); E= VM*+ P p,%, 7, i, U and
p', &, 0, ', U’ are the quantities canonically conjugate
to the relative coordinates; ¥, is the wave function (75)
of the hybrid model in the momentum representation.

It follows from (113) that

(—P|J, (0)|P)=c*(—P; np|Jy,(0)|P; np)
(114)
+p2(—P; 6q|J, (0)|P; 6g)+ interference term.

The first term in (114) is the contribution to the matrix
element from the np component of the wave function and
corresponds to the diagram in Fig. 3b. In the region up
to g%~1.5 (GeV/c)? it is effectively equal to the nonrela-
tivistic matrix element given above with electromagnet-
ic form factors of the nucleons in the parametrization
(106)—(108); the difference between the nonrelativistic
and relativistic matrix element is proportional to terms
of order g?/4M?® (see below). The second term in (114)
is the contribution to the matrix element of the electro-
magnetic current of the deuteron from the 6¢ compon-
ent of the deuteron wave function and corresponds to the
diagram in Fig. 4. In what follows, it is this contribu-
tion in which we shall be interested. The interference
term depends strongly on the choice of the np wave
function. For wave functions with a hard®3™®° and even
with a soft core,®®®® it makes a negligibly small con-
tribution to the deuteron form factors® ®2 pecause of
the approximate orthogonality of the np and 6g wave
functions. Therefore, in what follows we shall ingore
it.

Thus, we consider the contribution of the 6g compon-
ent of the wave function to the matrix element, As a
result of integration, we have

(—P; 6q17, 0)[P; 60> =6 (3)" { By 0, T, W, W', ¥)

% TP (a, py §) éoq (b, & W, 0, WdpdEanduay,  (119)
where ¢, (p,...,?) and ¢,(p’,...,7’) are obtained from
the relativistic wave functions ¥, (p,...,7) and

¥, (p',...,D") by imposing on the zeroth components of
the relative 4-momenta the Markov—Yukawa conditions

Po="Pipy/E; Ey=Pfy/E, ...; vo=Pyvy/E; (116)

FIG. 4. Scattering of a virtual photon by the 64 component of
the deuteron.
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Po=—Pypy/E; §= - PEJE, ...; V,= — Pv/E. (117)
At the same time,
P=p+P (118)
§ = €14p; (119)
W= A =m; V=% (120)

The current operator I‘L”(q,p,?;) is obtained by im-
posing the restrictions (116)—(119) on the current oper-
ator TV (p), p*™)) | which follows from minimal elec-
tromagnetic coupling in the harmonic-oscillator equa-
tion® .55

T (p9, p') = (3/M) QU (p" Dyl -+ yii*p). (121)
Here, the factor 3/M is chosen from the condition which
ensures that at g®= 0 the zeroth component of the elec-
tromagnetic current (115) is equal to the charge of the
deuteron; in other words, the charge form factor de-
termined by (94) and (95) is equal to the charge of the
deuteron at g®=

Indeed, by virtue of the Bargmann-Wigner conditions
[in contrast to (33), there will be six and not two of them
in the present case]

(PY® — M) gq (-« ) = (Py® — M) Byq (+ - )
! = Py — ) a.qc.--)=o(122)
the spinors at ¢g*= 0, i.e., for P= P’= 0, have only up-
per components. Then the expectation value of the oper-
ator I'{*X(0, p, ) between the 64 wave functions will be
Foq(pr B o NI O, b, D eg(p, & .y
=M@ E Ve § W PR

% (B6q; C3=0, J=1, jgi T=0] G | 6g; C,=0, j=1, j5; T =0),
where @ (...) is the orbital and |6g;C,= 0= 15j, T
= 0) the spin-isospin—color parts of the 6g wave func-
tion. As a result of (118) and the Markov—Yukawa con-
ditions (116) and (117), p{ + p® = M/3 for ¢*= 0.
The expectation value of the operator §*) with respect
to the spin-isospin-color wave function is 1/8 of the
deuteron charge by virtue of the complete antisymme-
try of this wave function with respect to the interchange
of any pair of quarks. Substituting (123) in (117), we
obtain the required equation as a result of normaliza-
tion of the orbital wave functions.

(123)

In view of the restrictions (116)=(120) for the initial
and final states, we have

z ~ ] 1 M2,
?eq(]’; §, "-iv)=NﬁexP{—m[4““ETpa (124)
1 = e 2 -
+aph g BB e e}
¢5‘! (P'v E’a L ;;') e“p{ 12&} [ E (ps_qflz)z ‘,ﬂ]l
M2 (125)

(Es—z'ﬂa‘i‘gi “T"Er "’|§+T|i e -E—Z.l—zv,—,—v J}
where N, = 2V2(1/6wr)!s/4,

Integrating over all variables except p, and ;3 and
making the change of variables x = (M/E)p, and y = (M/

E)%,, we obtain for the matrix element (115) the ex-
pression

'4—-13

)jdz

(@/2; BglJ, ()] —a/2; 69> =6 (1-+g2/4M?)2 (-

Xexp{f = +4(x—q/2 V 1+ ?/aDP)? + y*

(126)
+ (P —20/V THE@TPY} 60 Co=0; j=1, i

T=0IT, (0)16g; Co=0; j=1, jsi T=0,
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It can be shown that by virtue of the gauge invariance
and with allowance for the Bargmann-Wigner condition
the current operator does not depend on the relative
quark momenta.

It can be seen that in the matrix element (126) allow-
ance for the relativistic effects has led, first, to the
appearance of the factor (1 + g%/4M?)™® multiplying the
matrix element, this ensuring decrease of the form
factors in agreement with the quark-counting rules,?2
and, second, to a Lorentz contraction of the argument
of the nonrelativistic form factor (g =~¢/VI+ q°/4M%).
One can also show® that this holds for a larger class
of wave functions.

Calculating the matrix elements (126) for the transi-
tions (94)—(96) and using the definitions (97)—(99), we
obtain for the charge, quadrupole, and magnetic form
factors of the 6g system

PEO () = (4 + /M) exp | — o e |5 (127)
Fg? (g9 =0; (128)

FP () = peaFE? () (129)

Meg = 1 — the nuclear magneton. (130)

It was shown in Refs. 52 and 55 that the description of
the data on the electromagnetic and weak form factors
of the nucleons and the data on the cross sections of
electroproduction and weak production of resonances
is significantly improved if one uses “vector domin-
ance.” In this case, it reduces to making the following
substitution for one of the factors in front of the form
factors (127) and (130):

(A + #AMH)T — (1 + ¢mp)~ (131)

1t is found® that this procedure also significantly im-
proves the agreement between the hybrid model and ex-
periment.

Comparison of the hybrid model with data on the
electromagnetic form factors of the deuteron

In accordance with (115), the deuteron form factors
have the decomposition

Fy(g?) = (1—B) F™ (@) + B2F°7 (), (132)

where {= C,Q, M. In (132), the contributions of the in-
terference form factors are ignored. To calculate the
form factors F(i"”(qz) of the np system, it is necessary
to use the impulse approximation given above. The
form factors Fis"}(qz) of the 6 system are determined
in Egs. (127)-(131). For obvious physical reasons, the
parameter B, which determines the probability of find-
ing a 6g component in the deuteron, must be appreci-
ably smaller than unity. Hence, at comparatively small
q° the behavior of the form factors must be entirely de-
termined by the impulse approximation. As we have al-
ready said, it does indeed give a good description of the
behavior of the function A(g?) in the region ¢’°< 1.5 (GeV/
c)?. It also satisfactorily describes the behavior of the
magnetic form factor in the region up to ¢2=0.6 (GeV/
c)?. At larger ¢°, the contribution of the 6g component
is important.

The model contains two unknown parameters: the
parameter w of the oscillator potential and the proba-
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bility £* of finding the 6¢ state in the deuteron. Their
values are determined by fitting the data at large ¢*

w= 8.5 F?, p®=0.025. The value of w is close to the
value obtained by fitting® the electromagnetic form fac-
tors of the nucleons: w=17.9 F%

The contributions of the different mechanisms to the
charge form factor of the deuteron are shown in Fig. 5.
In all nonquark approaches (impulse approximation, ex-
change currents,® etc.) the presence of the core of the
NN potential causes the charge form factor to change
sign in the region ¢®~0.6 (GeV/c)? In the hybrid mod-
el, the region of the core is “occupied” by the 8¢ phase.
As aresult, F,(g®) does not change sign in this model.%?
Experimental investigation of this must be an important
qualitative test of the hypothesis of the 6¢ nature of the
deuteron at short distances.

In Fig. 6, the results of calculating the function A(g?)
in accordance with the hybrid model are compared with
experiment. Relativization™ of the Reid potential with
a hard core (chain curve in Fig. 6) cannot explain the
experimentally observed behavior of A(¢? at g2>1.5
(GeV/¢)2. It has already been noted that by means of
such calculations one can achieve agreement with ex-
periment at g>~4 (GeV/c)? only by using a specific be-
havior of the electric form factor of the neutron.”-™
At the same time, the hybrid model gives a fairly good
description of the behavior of A(g? in the complete
measured region. In addition, it should be noted that
relativistic calculations without allowance for the 6g
component of the deuteron contradict the “independent®
measurements of A(g%) (broken curve in Fig. 6),1*
whereas calculations using the hybrid model agree well
with them. The predictions of the hybrid model are
fairly stable with respect to the choice of not only the
nuclear potential but also the nucleon form factors.
This is so because different potentials and fits for the
nucleon form factors lead to appreciable differences in
the behavior of the np-state form factors only at com-
paratively large ¢, i.e., in the region in which the be-
havior of the deuteron form factors is basically deter-
mined by the 64 component.

The results of calculations of the function B(g? are
compared with experiment'? in Fig. 7. In the region
q® <1 (GeV/c)?, the results hardly differ for any choice
of fit for the nucleon form factors—the one that follows

|Felg?)] A

(IR ATy

Exehange currents
Impulse

approximation
e

[ RTITIT

T T T

0% |_g||l~':||l--||lr|r|lx|||l|r|3

a 7 n 3 @ 50 g2 F-2
FIG. 5. Charge form factor of the deuteron in the hybrid
model, ® in the impulse approximation, and in the model with
exchange currents.? The broken curves correspond to the
fit of Ref. 85 for the nucleon form factors; the chain curves
correspond to the dipole fit.
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FIG. 6. The function A(g%) in the hybrid model®® (continuous
curve) and in the impulse approximation with relativized Reid

wave function™ (broken curve). The open-circle data are from
Ref, 14.

from the relativistic oscillator quark model or the or-
dinary dipole fit. It should be noted especially that the
different models used to describe the electromagnetic
form factors of the deuteron lead to very different re-
sults for the magnetic form factor already at g%=1
(GeV/c)2.

A calculation of the magnetic form factor based on
the hybrid wave function of the deuteron in the frame-
work of the MIT bag model is made in Ref. 83. There
is a discussion of the predictions of the hybrid model
and the model with exchange currents for the deuteron
magnetic form factor.

In Ref. 79, the behavior of A(g®) in the region ¢2>0.8
(GeV/c)? is described by means of the expressions

A (g%)=F} (g% (133)
Fn(ﬂ’)=|ﬂI"(i-y‘-qz.z»‘f%))';“p{—%ﬁgﬁg}, (134)

which follow from the relativistic four-dimensional os-
cillator quark model with scalar quarks. The value of
&, i.e., the parameter that determines the size of the
6g state, is found from data on the elastic electromag-
netic form factors of the nucleons [a,= 1.4 (GeV/c)?,
and |B1% and the “mass of a possible deuteron multi-
plet” M, are assumed to be fitted: B*=0.07 and M,
=1.2 GeV/c% Thus, M, is significantly smaller than
the deuteron mass. It seems to us that such a value of
M, cannot be regarded as physically well justified. We

?
10t

275

i
4 i 20 3

FIG. 7. The function B(g®) in the hybrid model. Experimental
points: open circles from Ref. 86, crosses from Ref. 12 (the
latter with allowance for the result of Refs. 86 and 87).
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note, for example, that the bag model predicts® a mass
of the s-wave 6g system with the quantum numbers of
the deuteron 270 MeV/c? higher than the deuteron mass.

In Ref. 80, calculations were made of the electromag-
netic form factors for the s® configuration in the frame-
work of the minimal boosting scheme (see Sec. 1). In
this case, the relationship (129) between the magnetic
and charge form factors remains as before, but the ex-
pression for the charge form factor is changed:

PO (q8)= (14 Tg/AM) 1+ /M) oxp { — g ¥t +472M5)} . (135)
Since the mass M, of the possible deuteron multiplet
differs from the mass M of the real deuteron, the value
of the magnetic moment of the 6¢ system is no longer
equal to one nuclear magneton, as is obtained in the ap-
proach based on the Bargmann-Wigner equations, but
is increased by a factor M/M,. Because only the s-
wave 6g state is considered, the quadrupole moment of
the 64 system remains equal to zero. The values of the
parameters of the model are obtained by fitting to ex-
perimental data: |B]2= 0.05, My = 1.3 GeV/c?,

w=4.58 F2,

Exchange form factors of the deuteron

Strictly speaking, the np wave function considered
above must be antisymmetrized with respect to the in-
terchange of all pairs of quarks in different nucleons:

|npy—~ A | np), (136)
where

. ,_1.._ 3 6

A=Y 50-3 3py): (137)

i=1 j=4
here, P,; is the operator that interchanges quarks ¢
and j.

Allowance for the antisymmetrization of the | np)
wave function must lead to additional terms in the de-
composition (132) of the deuteron form factors. Because
of the action of A on the #p wave function, the so-called
exchange diagrams®-%® shown in Fig. 8 are added to the
diagrams in Figs. 3b and 4.

The contribution of the exchange diagrams to the deu-
teron form factors was estimated in Ref. 82 in nonrela-
tivistic calculations. Figure 9 shows the results of the
calculations of the ratio

(138)

where F{*¢ is the exchange form factor, i.e., the form
factor corresponding to the sum of all exchange dia-
grams. It can be seen from the figure that, first, al-
lowance for the effects of the antisymmetrization (137)
leads to changes in the contribution to the form factors
from the np component of the deuteron in the region

q°® < 6 (GeV/c)? that do not exceed 10%. In the region in

R=[(F& -+ FE°P + (F§ + FE PU(FE™ + FE),

FIG. 8. Exchange quark diagram.
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FIG. 9. Contribution of exchange form factors in the nonrela-
tivistic approximation to the cross section of elastic ed scat-
tering without allowance for the 64 component. ¥

which the contribution of the np component is dominant
[¢%= 1.5 (GeV/c)?], the contribution of the exchange
form factor is only a few percent. Second, the contri-
bution from the exchange form factor depends strongly
on the choice of the np wave function.

In contrast to the calculations of the deuteron form
factors in the framework of the hybrid model, the deu-
teron wave function was not decomposed into two com-
ponents in Ref. 88; instead, only the electromagnetic
current of the neutron was split into the direct and ex-
change parts in accordance with the action of the anti-
symmetrizer (137). An expansion of the exchange con-
tribution with respect to the 64 states was then consid-
ered. The contribution corresponding to the impulse
approximation with respect to the nucleons was sub-
tracted from the expansions with respect to the 64 con-
figurations. The wave functions of the translationally
invariant shell model®® were used. To describe the ex-
change current in this case one can restrict the con-
sideration to only two levels, corresponding to the
principal quantum number n»= 0 and 2. The calculations
made in Ref. 88 show that the contributions of the ex-
change form factors corresponding to the s® and s
configurations cancel each other, which leads to a
negligibly small contribution of the exchange form fac-
tors to the function A(g%*. However, in the presence of
a small resonance enhancement of one of the 67 states
the part played by the uncompensated contributions
must increase strongly. Thus, the main conclusions of
the hybrid model for the deuteron wave function to the
effect that the 6 component plays a dominant part in
the behavior of the electromagnetic form factors of the
deuteron at large momentum transfers remain valid.

Photodisintegration and electrodisintegration of the
deuteron and similar reactions at intermediate and
low energies

It is quite possible that in various processes the
many-quark degrees of freedom of a nucleus may be
manifested at intermediate or even low energies. Pho-
to- and electrodisintegration of the deuteron are pro-
cesses of this kind. Thus, for the example of the simi-
lar reaction of radiative capture of protons by thermal
neutrons it has been noted?? that the 64 configurations
must lead to a significant enhancement of the P-odd
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contributions to the NN interaction. Besides the s°®
configuration considered in this paper, such a phenom-
enon was discussed in Ref. 90 for the deuteron with al-
lowance for two configurations: s® and sp?

Analysis of the data on the total cross sections of
photodisintegration of the deuteron at E, < 100 MeV led
to the conclusion in Ref. 91 that it is necessary to in-
troduce a new non-nucleon state whose E1 contribution
must be added incoherently to the impulse-approxima-
tion contribution. However, it should be noted that
there are very serious objections® against the argu-
ments brought forward in Ref. 91 for such a conclusion.

The process of backward deuteron electrodisintegra-
tion was studied in Ref. 83. The 64 component of the
deuteron was described in the framework of the shell
model. The MIT bag model was used to determine the
quark wave functions. The three configurations st
s*p?, and s°@" in the deuteron were taken into account.
It was shown that in electrodisintegration at 180° in the
q® region from 0.4 (GeV/c)? and above one must expect
an appreciable influence of multiquark contributions to
the cross section compared with the impulse approx-
imation and the contributions of the pion and two-baryon
currents.

In Refs. 93 and 94, a study is made of the influence of
the 6¢ component of the deuteron on the cross section
of the inclusive process

e—d—o>+p— X

(139)

with a proton emitted in the backward hemisphere in
the region of quasielastic disintegration. In other
words, a study is made of the cross section of the deu-
teron-electrodisintegration reaction integrated over the
angles of the scattered electron.

The results of the nonrelativistic calculations of the
cross section of this process are given in Fig. 10. It
can be seen that without allowance for the 64 component
the results of the calculation depend strongly on the
choice of the phenomenological np wave function. At
the same time, allowance for a 64 admixture of only
2% strongly “smooths” the discrepancy between the re-
sults of the calculations with different np wave func-
tions. It can also be seen that the contribution of the
6g component is dominant at proton momenta p= 2.5 F™*

¥ T T P T
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FIG. 10, Cross section for deuteron electrodisintegration in
the hybrid model. The 6g contribution to the deuteron wave
function has been taken to be 2%.
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(the energy of the initial electron was chosen to be 1.4
GeV, and 8,=100°). The experimental points in Fig. 10
are the result of conversion from the process of proton
photoknockout from deuterons. With increasing proton
momentum, they lie on the theoretical curve obtained
with allowance for the 6 component of the deuteron.
The region of the reaction (139) from the threshold of
the process yd = pnr (indicated by the arrow in Fig. 10)
to the kinematic limit has not been investigated exper-
imentally at all. But in fact this is the most interesting
region, since in it the calculation can be made absolute-
ly “cleanly.” Indeed, the reaction is due solely to the
process of deuteron electrodisintegration and in it the
fragmentation nucleons have relative momentum of or-
der 1.5 GeV/c, i.e., in it the effects of final-state in-
teraction are unimportant.

4. STUDY OF THE QUARK STRUCTURE OF THE
DEUTERON IN EXPERIMENTS ON THE
FRAGMENTATION OF RELATIVISTIC DEUTERONS

Investigation of fragmentation processes of relativis-
tic deuterons on nuclei,

d—A—->p+ X, (140)

are important, as the study of ed scattering at large
momentum transfers, for establishing the nature of the
high-momentum component of the deuteron.?*™:% In
this section, we shall show that data on this process
may be not only an independent but also a complemen-
tary source of information, in addition to elastic ed
scattering, on the quark structure of the deuteron at
short distances.

Fragmentation of unpolarized deuterons into
protons and the hybrid model of the deuteron wave
function

Questions related to the process of deuteron fragmen-
tation on nuclei have been considered in various stud-
ies.™ 977 Bertocchi and Treleani®® developed an ap-
proach to the description of this reaction in the frame-
work of Sitenko—Glauber theory without allowance for
multiquark degrees of freedom. It was found that in the
framework of such a model one can successfully de-
scribe the data in the region of small (of order 1-2°)
emission angles of the protons and for values p¥=< 200
MeV/c of the longitudinal proton momentum in the deu-
teron rest frame. They assumed that the d = p frag-
mentation cross section is a sum of the cross sections
for disintegration of the deuteron on the nucleus (d+ A
~p+n+ A’) and the cross section for absorption of the
neutron by the nucleus [d+ A=p+(n+X)+ A’]. They
assumed that the wave function of the broken deuteron
d’ is a plane wave renormalized by a coefficient C,,
which effectively takes into account the nonorthogonal-
ity of the wave functions d and d’. It is determined in
such a way as to separate from all the processes that
result from the deuteron—-nucleus collision those that
lead to deuteron breakup:

Ca = (044 — 03a)/004 = 04 T4, (141)
where 07, is the total eross section of deuteron—nucleus
scattering, and 03}4 is the sum of the coherent and inco-
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“herent elastic cross sections.?

The invariant cross section of proton yield in the re-
action (140) in the Bertocchi-Treleani model has the
form

Ep%=cd[¢z(ﬂd§ Pr. P1)0ka—2¢ (Pai Pr, Pi)
x.\‘d‘h‘¢(ﬂd; Gz, Py)Oya (Pr—Aaz)+ (142)
+SdQT¢z‘(Pd; qr, P1)Oxa (pT"qT)]\

where p; and p, are the transverse and longitudinal
components of the proton momentum, o%, is the total
cross section of nucleon—nucleus scattering, and

0 y4ar) is the differential cross section of elastic nu-
cleon-nucleus scattering. The wave function

¢ (pg; Prs p,) is normalized by the condition

(2|4 @as vrs PO)2=1; E,=V BT 007 2%, (143)

where m is the nucleon mass.

It is evidently most consistent to describe the deuter-
on wave function in the light-front variables k, and a
defined in Sec. 1. If the coordinate system is chosen
such that p;=(0,0,p,), the variables k, and a can be
expressed as follows in terms of the proton and deuter-
on momenta®:

ky =pr; (144)
a=(E,+py)(Ea— pa). (145)

Then in accordance with the general principles of rela-
tivistic quantum mechanics with a fixed number of par-
ticles, the relativistic wave function is®

K

o m“-ink'i "
¢ (x, k)= ]/m Prnon-rel (m = mz) H (146)
Qhon-rel (k?) =u®(k?) — w* (k?). (147)
The normalization condition is
1
%5 a(fia) Sdqu’z(a” ky)=1. (148)
0

Substituting (146) in (148) and going over in it from the
variable a to the variable p, and comparing the ob-
tained normalization condition with the normalization
condition (143) for the function ¢ (p,; py,p,), we obtain

¢ (pa; pr, Py)
1 m*4k? \1/2 m2+4k?
=T(l —a)t (m) Pron-rel (m—mz). (1 49)

One can introduce a “nonrelativistic” momentum
k= (k,,k;) on the basis of the condition that its square be
equal to the argument of the wave function ¢, in
(149):

ky=(2a—1)V {m? + ¥/ (da (I —a)].

(150)

This momentum is not equal to the longitudinal pro-
ton momentum in the deuteron rest frame:

51In Ref. 97, an attempt is made to calculate the cross section
of the process (140) with orthogonal d and d’ wave functions.
However, success is achieved only in the coherent cross sec-
tion. As a result, the calculation in accordance with the ex~
pression of Ref. 97 already exceeds the experimental cross
section® by 30% in the “trivial” region p, ~p,/2.

©WWhen « is defined in this way, it differs from o defined in
Sec. 1by1/2: a™¥=q°4+1/2, Therefore, the new @ varies
in the range from 0 to 1.
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(151)

P = (@M —m? —k%)/2Mo.

The momenta k, and p¥ are equal only in the nonrela-
tivistic region, i.e., when p**+ p2 < m?.

For infinite momentum of the incident deuteron, the
maximal value (pf) .. =(3m*=k?/4m corresponds to
infinite momentum k,. At the same time, (pnonm(kz)
—~0, which ensures dynamic cutoff of the cross section
at the boundary of the phase space. For more details,
see Ref, 78.

The elastic cross section of NA scattering can be
well approximated by the dependence

Oya4 (gr) = (A/n) exp (—Bqf), (152)

where B for nuclei of the type of carbon is approximate-
ly 65 (GeV/c)™. As follows from numerical calculations
with different phenomenological wave functions,*?™® the
deuteron wave function (149) in the region «= 0.6 (we
shall call this the hard region) does not change appre-
ciably if the change in the transverse momentum is
|ak, | ~B1/2, In this case, the Gaussian function (152)
in the integrands of (142) can be replaced by a 6 func-
tion:

Ona{Ur) = o¥a8(qr); oNa=A/B.

(153)

Then the invariant cross section takes the extremely
simple form®

A
E, % w5 Caolia (1 —0)t
TR miiky 154
XV mi—a ""2"‘“'“‘( e (1—;) mz) (134)

Thus, in the hard region the corrections for rescatter-
ing reduce to renormalization of the cross section

(g%, —~o',). We obtain a possibility of measuring the
deuteron wave function.

The approximate expression (154) of the Bertocchi~
Treleani model, reformulated in light-front variables,
is very similar to the expression (11) of Ref. 78.

In the hybrid model, the deuteron contains other
states besides two nucleons. Then the wave function
@, 0are1 (E), which occurs in (141) through (146), must
be replaced by the overlap integral of the hybrid wave
function (74) and the wave function of the unbound state:

Fnonerer (K3) = @ (K2) = (1 — B2 gnon.rer (62) +B () "
X 5 dr dw dv dn dE (2m)~*2exp (— ikr) X
X A (¥ & W ¥5 (u, v) | ),

where A is the antisymmetrizer (137); ¥ (£,n), Ylp,V),
and |6g) are defined in Sec. 2. The relative coordinates
r, u,v, 1, £ are defined in accordance with (76). Taking
the s® configuration as the 65 component of the deuter-
on, we obtain

(155)

(&) =B/ Gronceer (K1)-B 2P (k2); (156)
0= () 2" (57) (5) " e (-0, (157)

Here, I is the overlap of the spin—isospin color wave
functions of the 6 component and ¥_and ¥, (see Sec. 2).
In other words, in (147) we must make the substitution

(%)~ (K%)= (1 — B2 u (k%) ~ BIgRY (k%); {E58)
w (k%) — (1 — p)Y2 w (k2. (159)
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The fact that more detailed information about the
quark structure of the deuteron can be obtained from
fragmentation of deuterons into protons than from elas-
tic ed scattering experiments can already be seen from
the nonrelativistic treatment of these processes. In
elastic ed scattering the Fourier transform of the
square of the wave function (the form factor) is mea-
sured; in fragmentation experiments, the square of the
Fourier transform. Therefore, if the np and 6 com-
ponents are orthogonal in the coordinate space, inter-
ference between the np and 64 contributions will not en-
ter into the form factors. Indeed, as we have already
noted in Sec. 3, this is confirmed by numerical calcu-
lations with realistic wave functions of the np system.
In the case of d~p fragmentation, this is not so—the
Fourier transformation “mixes” the region » >7,, in
which the np component exists, and the region ¥ <7%,,
where the 6g component exists. Thus, the contribu-
tions from the fragmentation of the np and 6¢ compon-
ents can in principle be added coherently even if the
np and 6g wave functions are orthogonal. To establish
whether these contributions are added coherently or
incoherently, we can introduce the incoherence angle »:

rl'ﬁﬂn-rvl (kz) b (1 == ﬁz) fpﬁﬂn—l’e! (ka)
= BRI (48] (k%)]2 - 2 cos #p (1 — p2)u/2

> Ignonerel (k?) CPE; (k2).

One can regard as physical only the values of » equal to
0 and 7 (constructive and destructive interference) and
7/2, corresponding to incoherent addition of the con-
tributions of the np and 64 components. The angle =
must be chosen by comparison with experimental data.

(160)

Comparison of the predictions of the hybrid model
with experiments on d—p fragmentation.
Measurement of the parameters of the hybrid model

Experimental investigations of inclusive reactions of
the type (140) are reported in Refs. 15-17, 100, and
101. In Ref. 100, measurements were made of the
cross section for proton production at 180° for colli-
sions of 8.9-GeV/c protons with deuterons in the region
p¥>250 MeV/c. In Ref. 101, the cross section of the
reaction (140) was determined for a number of targets
at momenta 3.5 and 5.8 GeV/c of the incident deuteron
at proton emission angle 2.5° in the laboratory system
and in the region of longitudinal momenta p¥ <200 MeV/
c in the deuteron rest frame.

However, to separate the contributions to the d—p
fragmentation spectrum from the different mechanisms
(Fermi motion of the nucleons in the deuteron, frag-
mentation of the 6g system, etc.) it is desirable to have
detailed data on a maximally wide p* region. Such data
were obtained in Refs. 15 and 16, in which the reaction
(140) was studied for C and CH, targets at momentum
b= 8.9 GeV/c of the incident deuteron. The momentum
b is varied in the region from 0 to 580 MeV/c (Fig. 11)
and 6, < 0.4°.

As we said above, the wave function (149) takes into
account the boundary of the phase space for a deuteron
with infinite momentum. To take into account the
boundary of the phase space at finite deuteron momen-
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FIG. 11. Spectra of the fragmentation of unpolarized deuter-
ons into protons at 8.9 GeV/e at zero emission angle of the
protons on C and CH, targets.'®'® The curves correspond to
calculation by the hybrid model (continuous curves) and calcu-
lation without allowance for the 6 component of the deuteron
(broken curves). The wave function for the Paris potential is
chosen for the np component,

tum, the expression for the cross section (141) is mul-
tiplied in Ref. 15 by the factor (a,, - @)/[(2a,, - 1)1
-a)].

The experimental data of Refs. 15 and 16 were com-
pared with hybrid-model calculations. Three parame-
ters were regarded as adjustable: the mean-square
radius of the 6g system, which is related to the pa-
rameter w,

ré, =5/40,

(161)

the probability £* of the 67 admixture, and the phase w
The results of the fit are given in Table I.

The following conclusions can be drawn from the
analysis of the data in Refs. 15 and 16:

1) the parameters of the hybrid model estimated from
the data hardly depend on the choice of the np wave
function;

2) the estimated parameters do not depend on the
target nucleus;

3) the value of » is found to be close to 90°, which
indicates incoherent addition of the contributions from
the fragmentation of the np and 6¢ components of the
deuteron.

There are grounds for assuming (for more details,
see Ref. 102) that in the exclusive process
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p+d—p+n+p (162)

[which is similar to (140)] with a proton detected in the
backward hemisphere, a large contribution to the hard
region is made by the triangle diagram with a A isobar
in the intermediate state (Fig. 12) but at lower energies
(p,=1.65 GeV/c, which corresponds to a deuteron mo-
mentum in the proton rest frame equal to 3.3 GeV/c)
than in the experiments of Refs. 15 and 16. One could
therefore expect the contribution of this diagram to re-
main appreciable at the energy of the experiments of
Refs. 15 and 16 and attempt to explain the data obtained
in them by the “isobar mechanism” (see Fig. 12) rather
than as due to the contribution from fragmentation of
the 6g component. However, simultaneous analysis of
the data for the C and CH, targets appears to rule out
this possibility. For it follows from isotopic invariance
that the contribution from the isobar mechanism in the
case of scattering of the deuteron by the proton is five
times greater than for scattering by the neutron. At
the same time, the cross section of the process in the
Bertocchi-Treleani model does not depend on the neu-
tron-proton ratio of the target but only on the total
number A. Thus, if the triangle diagram were to make
an appreciable contribution in some part of the spec-
trum, the ratio of the cross sections on C and CH, tar-
gets in this region,

R = do (C)/do (CH,) (163)

would have to differ from the value in the remaining
part of the spectrum. However, to within the errors of
the experimentally measured R no dependence on the
momentum of the detected proton is observed.}”

In the region of p¥ values from 300 to 400 MeV/c a
peak is observed in the difference between the experi-
mentally measured and theoretically calculated cross
sections (Fig. 13). In all probability, it can be inter-
preted'® as the production of a dibaryon resonance in
the process

d+N—>d*+ N

I p (detected) -~ N, (164)

One could attempt to interpret this peak as the contri-
bution of the triangle diagram in Fig. 12, However,
such an interpretation contradicts the consequences of
isotopic invariance. We introduce

Rres = Z [(dﬁexp)i — (dﬂ'(heor)iwz (dalheor i (165)

where the summations are over all the experimental
points in the interval from 300 to 400 MeV/c. The ra-
tio of R, on the CH, and C targets is

Ryes (CH,)/Ryes (C) = 1.00 3= 0.07. (166)

At the same time, it follows from the isotopic invari-
ance for the mechanism of Fig. 12 that this ratio must

K] A D

FIG. 12. Triangle diagram with A isobar in the intermediate
state.
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FIG. 13. Peak in the difference between the experimentally
measured and theoretically calculated cross sections in the
region 300 MeV/c <p¥ <400 MeV/c.

be equal to two if we assume that the effective number
of nucleons in carbon is equal to four. Even if we as-
sume that the effective number of nucleons in carbon is
12, the ratio (166) for the isobar mechanism is 1.3. If
the observed peak is interpreted as a contribution to the
cross section from (164), then it follows from (166) that
the isospin of the observed dibaryon must be equal to
zero. The estimates M=2,13 GeV/c® and I' <80 MeV/
c? have also been obtained® for the dibaryon resonance.

Fragmentation of polarized deuterons in the hybrid
model

One of the predictions of the hybrid model for the
deuteron wave function is the absence of a dip in the
modulus of the charge form factor | Fg(g? ! [in the re-
gion g®=0.6 (GeV/c)?]* (see also Sec. 3 of the present
review). However, experiments to measure the charge
form factor of the deuteron are very complicated and
probably will not be made in the near future. However,
it is possible to study a phenomenon somewhat similar
to the phenomenon of the filling of the dip in | Fg(g®)! in
experiments with beams of relativistic polarized deu-
terons.” The importance of making experiments on the
fragmentation of relativistic polarized deuterons in or-
der to investigate the dynamics of few-nucleon correla-
tions in nuclei has also been emphasized in Ref. 103.

If the deuteron is polarized in such a way that it has z
projection of the spin +1, then, to calculate the cross
section for its fragmentation on nucleus A into an unpo-
larized proton emitted at zero angle, the nonrelativistic
function 2(k®) + 202(k®) in (142), which is related to the

relativistic function by (149), must be replaced by
[ (k®) =V 12w (k%) (167)

As is shown by calculations with realistic wave func-
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tions,**™® this combination has a dip in the region |k|
~300-350 MeV/c. This dip lies close to the value &, at
which #(k? changes sign (Fig. 14, case 8= 0). In the
hybrid model, the behavior of the function u, (k%) deter-
mined by Eq. (158) is very sensitive to the parameters
of the 6¢ admixture for |k| 2k, Figure 14 shows how
the behavior of I‘u",(kz)l depends on the value of 8 for
the cases when the 64 component makes a contribution
that interferes constructively (see Fig. 14a) and de-
structively (see Fig. 14b) with the contribution of the
np component. The parameter w was taken to be 7.9
F™2. If there is constructive interference, then at val-
ues %= 0.02 the function un’(kz) does not change sign.
This phenomenon has the same physical nature as the
filling of the dip of | F(g%) |.

This qualitative change in the behavior of the function
u,, (k%) is reflected qualitatively in the change in the
fragmentation spectrum of polarized deuterons, Thus,
it leads to the appearance of a second dip in the cross
section d®*(p, 8 = 0°)/dp for fragmentation of a deuteron
with z projection of the spin +1 into a proton at zero an-
gle. The position of this dip depends very strongly on
the value of 8. The reader can find graphs of the cross
sections for different values of B in Ref. 95.

If, as is indicated by experiments on the fragmenta-
tion of unpolarized deuterons, the 64 contribution to the
fragmentation cross section is added incoherently to
the np contribution, then, to calculate the cross section
E,d*c*(p, 8= 0°)/dp it is necessary to replace #®+ w? in
(142) by

(=P (e (k%) — | T 20 (k2))2 — p2L2gS" (k2). (168)

Calculations™ with parameters of the 6¢ admixture
given in Table I show that in this case d*c*(p, 6 = 0°)/dp
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FIG. 14. Value of |u,(%") | for different values of 8; ky= (2
—1)ym*lda@ =a&}]. [Translator’ s note: a footnote in the
Russian, presumably added in proof, states that the values of
B in this figure should be increased by /2 times. |

e are grateful to D. K. Nikitin for numerical computer
calculations of the fragmentation cross sections of polarized
deuterons.
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TABLE I. Parameters of the hybrid model obtained from data
on d—p fragmentation.

De \{

fu:cl:ei:;n ki Target B2, % roqe F #, deg wYN
Reid, soft core C 0 — —_ 12.7
Reid, soft core +6q C (6.240.4) | 0.87=0.10 | 6111 2.54
Paris C 0 — - 15.7
Paris+6q C (8.6-0.8) | 0.95+0.05 | 82-+6 1.95
Paris +6q CH, (10.841.2) | 0.99+0.04 | 9547 1.6

does not have dips.

The results of calculation of the ratio of the cross
section for fragmentation of a deuteron with 100%
polarization to the cross section for fragmentation of
an unpolarized deuteron into a proton at zero angle are
shown in Fig. 15 and have the form

(169)

p®_ d%""(:i; 0.-0%) /an(p-dg:ova!
where A is the z projection of the deuteron spin. Car-
bon was chosen as the target nucleus. For the np wave
function, the wave function for the Paris potential was
used.’® The parameters of the 6g admixture were taken
to be g*= 0.086, 7, = V5/4w = 0.95 F. It can be seen
that the fragmentation cross section of a polarized deu-
teron in the region 0.5<a= 0.56 differs strongly from
an unpolarized deuteron’s, but is determined almost
entirely by the np component. In the region 0.56 <a
<0.85, the nature of the fragmentation cross section for
a polarized deuteron depends strongly on the presence
or absence of a 6g component of the deuteron. There-
fore, measurements of P** must be an important step
in the verification of the hybrid model for the deuteron
wave function.

CONCLUSIONS

Thus, the quark methods initially used to describe the
structure of hadrons and their interactions can also be
used to describe at distances less than 1 F the struc-
ture of the simplest nucleus—the deuteron. It is natur-
al to attempt to apply these methods to the description
of the structure of more complicated nuclei. Here, the
most important problem is evidently matching the re-
sults of calculations to the experimentally measured
binding energies of tritium and helium.

o ,L\ If,'\

as \/ iy E
g N

25 06 07 08 o

FIG. 15. The ratios P* for deuteron with 100% polarization.
The continuous and broken curves correspond to calculation
with parameters of the 6g admixture 8= 0. 043, 75 =0.95 F for
P® and P respectively; the broken and chain curves cor-
respond to calculation without allowance for a 64 component
for P® and P'¥. The wave function for the Paris potential
was taken as the np wave function.
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With regard to further investigations of the quark
structure of the deuteron, it seems to us that the most
topical problem is the measurement of the fragmenta-
tion spectrum of relativistic polarized deuterons.
Among the other topical problems we mention the fol-
lowing:

1) establishment of whether there is agreement be-
tween the results obtained in different experiments, for
example, in the SLAC experiments on ed scattering and
in the Dubna experiments on d ~p fragmentation; this
will permit a reliable answer to the question of whether
these experiments are correctly interpreted as mani-
festation of a 6g component of the deuteron or whether
they can be explained by “orthodox” mechanisms (ex-
change currents, isobar contributions, etec.);

2) measurements of the magnetic form factor of the
deuteron at g%z 1 (GeV/¢)?;

3) detailed investigation of P-odd correlations in NN
interactions, in particular circular polarization in
radiative capture of protons by thermal neutrons;

4) detailed study (both experimental and theoretical)
of deuteron photodisintegration at energies of order
100 MeV and higher.

We are grateful to G. M. Zinov’ev, V. K. Luk’yanov,
M. M. Musakhanov, M. Namiki, V. G. Neudachin, and
L. N. Strunov for helpful discussions and comments.
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