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A review is given of relativistic effects in the deuteron, its interaction with nucleons at high
and intermediate energies, and also quark effects. Weinberg’s light-cone diagrammatic
technique is briefly presented. An analysis of dN interactions is made in the framework of this
approach, and deuteron fragmentation and hard NN scattering in pd interactions are
considered. The theory is compared with experiment, and predictions for new experiments

are made.

INTRODUCTION

The investigation of the interaction of deuterons with
nucleons and nuclei at high energies has recently become
very topical. There is particular interest in processes that
would yield additional information on the deuteron struc-
ture. These are processes of deuteron fragmentation on
different targets, i.e., the stripping reactions dN-pX,
dA—pX,'™ hard scattering,*” and the production of had-
rons 4 in the processes Nd—hX in the kinematic region
forbidden for the reaction NN —hX on the free nucleon,
the so-called cumulative processes."*® For the same rea-
son, studies are also made of elastic and quasielastic9’1° ed
scattering, deep inelastic ed interactions,'!? etc.

Investigating such processes in the kinematic region
corresponding to small intradeuteron distances, the au-
thors of many studies attempted to extract information
about the deuteron quark structure by comparing theoret-
ical calculations with experimental data. There exist sev-
eral approaches to the description of the deuteron quark
structure.>!>!* A nonrelativistic, so-called hybrid model*
is quite often used to take into account the six-quark state
of the deuteron. However, as was shown in Refs. 13, 15,
and 17, relativistic effects are extremely important, partic-
ularly at short intradeuteron distances,'” although there
does not yet exist a definite procedure for making the deu-
teron wave function relativistic. The question then arises of
the validity of the description of the experimental data and
new predictions obtained in the hybrid quark model if the
deuteron quark structure is studied in the framework of a
nonrelativistic potential approach.'4

In addition, the deuteron structure at short intradeu-
teron distances was investigated in Refs. 16, 18, and 19 in
the simplest pole approximation or even using the specta-
tor mechanism to analyze the above processes. However, as
was shown in Refs. 20-23, the pole approximation and, a
Jortiori, the spectator mechanism alone are inadequate in
an investigation of Nd and ed processes, since in certain
kinematic regions the contributions of the nonpole non-
spectator graphs are quite important.

Therefore, in this review we analyze the role of these
very important phenomena in the investigation of dN in-
teractions at intermediate and high energies, namely, we
consider relativistic effects in the deuteron and the mech-
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anism of the dN reaction. The relativistic effects in the
deuteron are considered in this review in the framework of
established approaches proposed earlier by various authors
(Refs. 13, 15, 16, 18, 19, 24, and 25). To analyze the
mechanism of the dN interaction at high energies, we pro-
pose the approach of Ref. 17, which is based on Weinberg’s
diagrammatic technique in the infinite-momentum
frame?®2® and takes into account relativization of the deu-
teron wave function. An advantage of such a treatment
compared with others is that, on the one hand, it enables
one to obtain an expression for the amplitude of the dN
process that depends explicitly only on relativistically in-
variant variables, while, on the other hand, such an ap-
proach is technically simpler in the calculation of the ma-
trix elements of dN reactions compared with the
calculation of Feynman diagrams.

The review is arranged as follows. Section 1 gives a
brief review of different methods of making the deuteron
wave function relativistic, particular attention being de-
voted to the covariant approach proposed by Karmanov. '
Section 2 presents the essence of Weinberg’s diagrammatic
technique’”?® and its application to the analysis of
deuteron-nucleon processes. Section 3 considers specific
dN interactions: a) deuteron fragmentation dNV—pX; b)
“hard” dN scattering.

We give the results of calculations of various observ-
able quantities, including polarization characteristics, com-
pare the theory and experiment, and give new predictions.
Section 4 considers one of the approaches to the investiga-
tion of non-nucleon degrees of freedom in the deuteron.
Finally, in Sec. 5 the main conclusions are drawn from the
material presented in the previous sections, and the impor-
tance of investigating dN processes in the kinematic region
corresponding to short intradeuteron distances is demon-
strated. The prospects for theoretical and experimental in-
vestigation of the deuteron structure are discussed.

1. RELATIVISTIC EFFECTS IN THE DEUTERON

In this section, we wish to present briefly two ap-
proaches (Refs. 13, 15, 16, 18, and 19) to the problem of
relativization of the deuteron wave function. We first at-
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FIG. 1. Feynman diagrams of the process dN—-NNN and equivalent
graphs of the old perturbation theory.

tempt, on the basis of the studies mentioned above, to un-
derstand which variables must be the argument of the wave
function.

In the general relativistic case, the deuteron vertex
dNN does not reduce merely to dissociation of the deu-
teron into two nucleons; it may also include annihilation
Nd— NN, and therefore the deuteron decay vertex cannot
always be reduced to an ordinary deuteron wave function
whose square is the probability of finding a nucleon in the
deuteron with definite momentum. As is well known, a
Feynman graph of nth order is equivalent to n! time-
ordered graphs of the old perturbation theory. If dN pro-
cesses are considered in the infinite-momentum frame, then
many graphs in the old perturbation theory make a con-
tribution of order 1/P, where P is the total momentum of
the incident particles, and therefore in the limit P— oo they
can be ignored. There remain only the diagrams that cor-
respond to dissociation of the deuteron into two
nucleons.?’-%

As an example, Fig. 1 gives the Feynman diagram of
the process dN - NNN (Fig. 1a) and the two equivalent
diagrams of the old perturbation theory, ordered in the
time ¢ (Figs. 1b and 1c).

The diagram of Fig. lc behaves as 1/P* if the NN
vertex does not depend on the spin,2’~? i.e., decreases with
increasing P. But if the spin dependence of the NN inter-
action is taken into account, then the contribution of the
diagram will decrease as 1/P.2"%

Therefore, one can introduce the concept of a deuteron
wave function with the usual probability interpretation.
However, what are the variables on which it must depend?
In accordance with Refs. 18, 19, and 30, ¥ depends on

2
e 0
4x(1—x) ’
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where x is a light-cone variable and is related to the mo-
mentum g of the spectator proton emitted backward in the
deuteron rest frame (the spectator nucleon corresponds to
the line emanating from the upper vertex of the diagram in
Fig. 1a or Fig. 1b) as follows (Refs. 8 and 13): x=(E(q)
+q)/(2m), where E(q) = (*+m?)""? is the energy of the
spectator proton; m?> =k? +m? k; and m are the trans-
verse momentum and mass of the intradeuteron nucleon.
The variable k> is proportional to the difference of the
energies in the dNN vertex in the diagram of Fig. 1b, as
was noted in Ref 30, ie, Kk’~PAE, where
AE=E(p;) —E(k;)—E(k,). The last relation is readily
obtained by expressing the momenta of the incident deu-
teron, p,, and of the intradeuteron nucleons, k; and k,, in
the infinite-momentum frame:

ps(P+M%/2P,0, ,P);

2
m
kl(xP+m,,kl ,XP), (1)
i
kzl(l—x)P+2(—l'_'x)—P,—k1 ,(1—x)P|.

We recall that in each vertex of a diagram in the old
perturbation theory, for example, in Figs. 1b and lc, the
3-momentum is conserved but the energy is not, although
the energy and 3-momentum are conserved for the com-
plete reaction. At the same time, all particles, including
those in an intermediate state, are on the mass shell. In the
Feynman-diagram technique the 4-momentum is con-
served at each vertex of a diagram, for example, in Fig. la,
but the intermediate particle with 4-momentum ky is off
the mass shell, i.e., k?v-—#mz, where m is the mass of the
particle.

In such an approach,'®!” the deuteron wave function ¥
is related to the nonrelativistic deuteron wave function
®, ., which, however, depends on the relativistically in-
variant variable k*:

2 1/4
W0k )= () @, (k) @)
X,k )= 4x(1_x) nr. .
At the same time, ¥ is normalized as follows:
1 1 dx
- = 2 =
) fo =0 f|\ll(x,kl ) |2d*k, =1. (3)

There is a different, covariant approach to relativiza-
tion of the deuteron wave function; it was proposed in Ref.
15 and is based on a three-dimensional formulation of
quantum field theory.?® In it, not only the 3-momentum
but also the energy is conserved in deuteron disintegration
(see Fig. 1b), i.e., the 4-momentum is conserved at the
dNN vertex: k| +k,=p,+ T, where 7 is some nonvanish-
ing parameter, and the four-vector @ determines the sur-
face of the light front. At the same time, all the nucleons
are on the mass shell, i.e., k¥ =m? The dNN vertex with
energy—-momentum conservation is shown graphically in
Fig. 2. The broken line corresponds to a certain fictitious
particle—the so-called spurion, which was first introduced
by Kadyshevskii.?® Figure 2 shows graphically the so-
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FIG. 2. The dNN vertex.

called four-leg diagram corresponding to the amplitude of
the binary reaction 142 —3+4. Then the wave function of
a bound system, in particular the deuteron,
W (ky,k,,P,w7), can be constructed in the same way as this
“four-leg” amplitude. Such a construction of the wave
function can be done in the approach proposed in Ref. 15.
In the simplest case of spinless particles forming a bound
system with total momentum equal to zero, the wave func-
tion, like the amplitude of the binary reaction shown in
Fig. 2, depends on two relativistically invariant variables:'®

s1=(ki+kp)?*=(pa+0r)% 1n=(ps—k))?
where ¥ =W¥(s,,#;). In an equivalent form, this wave func-
tion also depends on the variables &, gn, i.e.,
¥=W¥(g*gn), where g is the 3-momentum of one of the
nucleons in their center-of-mass system, in which
ky+ky=0;

1 m?
2 o2 L
=4 " (-

Gii=(2m*+ M%—s,—21,) s,/ (25, — M?);

mz;

> ->
n=aw/wy.

If a definite direction of the infinite-momentum frame
is chosen, for example, p 1! 7, then the deuteron wave
function will depend on the same variable k? considered
above, as in the methods of Refs. 18 and 19.

In the general case with spin, the deuteron wave func-
tion on the light cone has, as was shown in Ref. 15, a more
complicated structure than the nonrelativistic deuteron
wave function, namely, instead of the two S and D waves,
it is determined by six relativistically invariant functions.
The number of functions is increased because the vector 7
occurs in the construction of the deuteron angular momen-
tum on an equal footing with the momentum ¢."> However,
if we consider deuteron fragmentation in the forward di-
rection, the distinguished direction corresponding to the
vector 7 loses its meaning,ls and the deuteron wave func-
tion ¥ will again be determined by S and D waves, i.e., it
will have the same spin structure as in the nonrelativistic
case.

We briefly present one further method of taking into
account relativistic effects in the deuteron,'® which in what
follows we shall also use in the analysis of dN —pX strip-
ping in order to compare it with the methods of Refs. 13,
15, 18, 19, and 25. In this method, the dNN vertex (see
Fig. 1a) is decomposed with respect to the invariants:'®

ra=ka[01+“2(m+i‘\1) 1 +?’a[03+04(m+’21) I,
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where I€1=kwy€, and k and k, are the 4-momenta of a
real, i.e., k*=m?, and virtual, k?5£m?, nucleon of the deu-
teron, respectively; y, are the components of the Dirac
matrices. In this approach, as can be seen from the expres-
sion for the vertex I',, one nucleon is on the mass shell
(with 4-momentum k), while the other is off the mass shell
and virtual (with momentum k).

There are some other methods for taking into account
relativistic effects in the deuteron: a) the method based on
solution of Bethe—Salpeter equations (Ref. 31); b) the so-
called dispersion method,* based on the technique of dis-
persion relations; c) the Lagrange method on the light
cone considered in Refs. 33 and 34.

2. WEINBERG’S DIAGRAMMATIC TECHNIQUE AND
ITS APPLICATION TO THE dN INTERACTION

Weinberg’s formalism

As we have already noted, in the infinite-momentum
frame it is convenient to use the old perturbation theory in
the analysis of the interaction of particles with composite
systems. This is the case because many time-ordered dia-
grams decrease as 1/P, and they can be ignored at large P.
The calculation of the scattering amplitudes is greatly sim-
plified compared with calculations of Feynman diagrams.
The diagrammatic technique in the infinite-momentum
frame was first proposed by Weinberg?’ in 1966. It is
readily understood if one recalls the connection between
Feynman diagrams and time-ordered graphs of the old per-
turbation theory. As an example, we consider an interac-
tion of spinless particles of the type ¢°. The matrix element
of such an interaction can be calculated in accordance with
the following rules:?"8

1. In a Feynman graph of nth order, each vertex i is
associated with an interaction time ¢;. One then draws all
n! graphs corresponding to all permutations of the times
(and, accordingly, i vertices). As an example, Fig. 3 shows
a Feynman graph of third order in the coupling constant g
corresponding to six graphs of the old perturbation theory
ordered in the time ¢.

2. Each line of each time-ordered graph is associated
with a 3-momentum p;.

3. For each vertex, except the last, one writes down the
factor (27)°6)(2p;), where the & function expresses the
3-momentum conservation at this vertex. For the last fac-
tor, one writes down only the factor g, and it is not neces-
sary to take into account the conservation law at this ver-
tex, since that is done by the conservation law of the total
energy and total momentum of the complete process.

4. Each internal line is associated with the factor
(2m) ‘3(2E,-) ‘1, where E; is the energy of the particle cor-
responding to this line and is on the mass shell, i.e.,

El=p’+m?.

5. For each intermediate state, i.e., state between the
interaction times ¢; and ¢; (Fig. 3 shows vertical broken
lines separating these times) the following Green’s func-
tion is determined:
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FIG. 3. Feynman graph of third order (a) in the coupling constant g and
corresponding time-ordered diagrams of the old perturbation theory (b—
g)-

1

G=———;
Einc_Eint+ £

(4)
where E;_ is the total energy of the incoming particles, and
E,,; is the sum of the energies of the particles in the inter-
mediate state (for example, between the vertical broken
lines in Fig. 3).

6. Integration is performed over all internal lines, i.e.,
over d°p;.

7. All the time-ordered graphs are added together.

Note that the sum of all such graphs of the old pertur-
bation theory give a Feynman diagram of the given nth
order, for example, the third, as in Fig. 3, that does not
depend on the frame of reference, although each of them
does depend on the choice of the frame.

In the infinite-momentum frame, the above rules for
calculating the matrix element of a process can be ex-
pressed in a form that depends on invariant variables, the
light-cone variable x and k; . We shall observe a scattering
process from, for example, a system moving with high ve-
locity along the negative z axis; then the total initial mo-
mentum P will also be large but directed along the positive
z axis (as in Fig. 2). It is easy to show that in such a system
in the limit P— o« each time-ordered graph either has a
finite value or decreases and in the limit is equal to zero.

Each three-momentum corresponding to the ith line
can be represented in the infinite-momentum frame as in
Sec. 1 in the form
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pi=xP+k; ,

where x; is the fraction of the total momentum P, k;, is the
transverse momentum of the ith particle,

217:'=P; Exi=1; zku =0.

inc inc inc

The same relations also hold for the sums over the
intermediate states from the law of conservation of the
3-momentum at the vertices, i.e.,

Z x=1; Z k; =0.

int int
In the limit P— o, the energy of the ith particle can be
represented in the form

2
m;

2xP°
Using these relations, we readily obtain

2
ms s;
Epe= ZEI"EP"' z §P=P+ 2 i%)’

inc inc

E=(pt+m*)V2=|x;| P+

2
m;
E = 2 E=P+ Y —=P+
int P 1 ZX,P

int

5

2P’

s;=m2 /%;.

Hence, for the Green’s function G we have
1 2

Eine—Eip+ie Sines/ P—Zinsi/ P+ ic

for intermediate states with x;>0, and

1 1
" Epo—Eptie 23, oxP+ic

G=

G

for intermediate states with x;<O0.

Note that for all external particles (see, for example,
Fig. 3) x;> 0, and there will be n— 1 Green’s functions G in
the old perturbation theory, since there are n—1 interme-
diate states. But the conservation laws for the 3-momenta
at the vertices are now expressed in the form

6‘3)( zi"p,.) =6 ( zx,.)P}a(z)( Ei:kii )

i

1

=%5( Zx,-)é(z)( }i:k,.l )

and since the number of § functions is #— 1, we obtain the
factor P~ ("~ 1), The integration over the internal momenta
is now expressed as
d’p; dxd’k;
(2m)2E; 2|x;| (2m)3"

It can be seen from the above that for intermediate
states with x;>0 the time-ordered diagrams give a finite
value. For x;<0, they decrease as 1/P”. Thus, the number
of time-ordered diagrams that make the main contribution
becomes much less than n! (Ref. 27). If we now, for ex-
ample, consider the interaction of a photon with the deu-
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teron, i.e., for the upper external line in Fig. 3 we consider
a photon y and for the lower external lines a deuteron, then
for the choice of the infinite-momentum frame in which the
photon 4-momentum has the components

q(Mv/2P, q, ,0)

(v is the energy of the photon, g, is its transverse momen-
tum, and M is the deuteron mass) we have in place of the
six time-ordered diagrams just one, corresponding to Fig.
3a, which remains finite.

We now briefly formulate the rules of Weinberg’s dia-
grammatic technique that follow from the above.?"28

1’. In place of the Feynman graph of order n, we draw
all time-ordered graphs in which each vertex has at least
one line that emanates from the past and one line that goes
into the future.

2’, Each line is associated with x and k, .

3’. With each vertex except the last we associate a
factor

(21'r)3g5( Exi)a(z)( Z ki ),

]

and with the last vertex the factor g.
4’, For each intermediate state we determine the
Green’s function

2
N Eincsi_ 2imsi'*' ie’
5’. Over the internal lines we integrate with respect to

dx,dzk,-l 6(x;)
(277) 2x,- :

G

6’. All the time-ordered graphs are added together.

All the above applies to the interaction of spinless par-
ticles. In the case of particles with spin, everything is some-
what more complicated, i.e., some vertices in diagrams of
the type of Fig. 3 can behave as ~P, i.e., increase with
increasing P for x;<0.>’ However, overall, such a time-
ordered diagram can decrease, not as 1/P", but as 1/P"~!
(Ref. 27). Quite generally, if the particles have spin, one
must exercise care and verify which diagrams make a finite
contribution.

We now apply Weinberg’s approach to the analysis of
dN interactions at high energies.

The dN interaction in the framework of Weinberg’s
formalism

For simplicity, we consider deuteron disintegration at
high energies: dp—ppn. Let P be the total momentum of
the initial particles, and xy and x, be the fractions of the
longitudinal momenta from the initial nucleon and initial
deuteron, respectively; x;, x,, x; are the fractions of the
longitudinal momenta of the proton, neutron, and detected
proton:

M2 m2 m2 +P%l
Sg=—; SN=—"3; S§=——;
d Xy N Xy 1 X s
63 Phys. Part. Nucl. 24 (1), January—February 1993

Tq
d P3 d —» P4
P, P>
N N ————\<:
s Py T >P,
a b
P2
ry l/
d—x—m P3
N N
P4
C

FIG. 4. Some diagrams of the process dp— ppn.

2, 2 2,2
m°+p3, m°+p3,
$H= X, 5 S3= X3 ’

where p,, , p3; , and p,, are the transverse momenta of the
emitted protons and neutron, and m and M are the nucleon
and deuteron masses, respectively. We consider the dia-
grams of this process up to second order in the AN inter-
action (see Fig. 4) in the framework of Weinberg’s
formalism? in the infinite-momentum frame. We fix a def-
inite direction of the frame, for example, fitl—P, and then
the deuteron wave function will depend only on & or on x
and k, .12

In accordance with the above rules, the amplitude cor-
responding to the pole graph (Fig. 4a) can be written as
follows:

FM= f (27)’ T B (xy—x>—x3) 8D (k| +k3, )

2T, dx'0(x')dk,
R a5 —sytic (2m)2x'2x,
Ly r,
T sg—s"—834i€ 2x3(1—x3)
¥(x3,P3 )

=f1’””7273(-1=—x_3)' (5)

In (5), we have gone over from I'; to the NN scattering
amplitude f yy, and from I'; to the deuteron wave func-
tion \I’(X3,P3l ):

Ty
W(xs,Py )= - ,
(x5.Py (s4—5' —83+i€) 2x3(1—x3)

which is normalized by the condition (3). The amplitude
corresponding to the second pole graph (Fig. 4b) has the
similar form

W(xy,11 )

F(2)=fz,zv1vm- (6)
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We now consider the diagrams of the following, i.e.,
second, order in the AN interaction in this formalism (Fig.
4c). In accordance with the above rules, we have for the
amplitude F© corresponding to the graph of Fig. 4c

F®= f (27 T (xg—x"—x3)8P (ky, +ksy )
PR
2
S{+Sy—S8,—S;+iE

dxie(x;)dzk”_ dxé@(xé)dzku dx3d2k3l
2 (2m)32x) (2m) 32} (21) 32x]

X 8P (kyy —ky —pyy )

(7

Going over now in (7) from the vertices Iy, I';, ', to
the deuteron wave function and to the amplitudes of the
hN interaction, we have for F® the expression

1
1;*(3)=%3 f‘l’(x;,ku )fl,NNfZ,NN

6(x{’kll) ~ 1
X dx|d*, ; G==G;
4 (==, 0N P
2P
TS| 4 sy—81—S,+iE
_ 1
T E(k)+E(py)—E(p)) —E(q) +ic’

Xy=X{+Xy—X]. (8)

We can rewrite F») in the equivalent form!”*

P SLNNS 2,RNdxid2k 1L

FO®_
(2m)° J 4\E(k)E(ky)E(q)

X‘I/(x{,ku )G(xi,ku ) (9)

Note that as the intermediate particle R with momen-
tum ¢ in the graph of Fig. 4c we may have not only a
nucleon but, for example, a baryon resonance.!”** There-
fore, we shall denote the amplitude corresponding to the
interaction of this particle with the nucleon by f, zy. It can
be seen from (6) and (8) that the amplitudes of the con-
sidered diagrams do not depend explicitly on the initial
momentum P but depend only on the relativistically invari-
ant variables x and &, .

We now consider how the differential cross section for
the process is expressed in such variables:

_@m)*8(Ew—E)8® (pin—py)
o= 2/11/2(spd,m2,M2)

d3P1 d3P2 d3P2
(2m)2E, (2m)2E, (27)2E;’

|F|?

X (10)
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where A%(x,p,2) =[(x—y—z)*—4yz]"?, and F is the am-
plitude of the considered dp—ppn reaction. Taking into
account (10), we have the invariant spectrum of protons
with momentum p;:

do 1
E; 23;3=16/11/2(spd,m2,M2) an) 8(Ey,—Ey)
d3P1d3P2
B3(p _ 2
X0 (pm pf)'Fl EIEZ

1 1
T 1647 (s,0,m M%) (27)°

X f 8(xN+xd—x1—x2—x3)

X 8(sg+Sy—s1—5,—53) ‘F|2

dx,dx,d?
X14X,a°p| . (1)
XX

If, to simplify the calculations, we assume azimuthal
symmetry of the reaction, then in place of (11) we obtain

£ do 1 1 J‘ P2 dx,
3@, 1647 (s,q,m M%) (27)° IFI T,

X8(s4+5y—51—5,—53)p1, dpy; - (12)

It is fairly simple to integrate in (12) over dp,;; in the
case when one of the final nucleons, for example, the pro-
ton with momentum p;, has zero transverse momentum,
ie., py =0; then s;=m?/x;, p}, =p3 =p’, after which
we obtain in place of (12) the expression

E do 1 1 | F | %dx,
3d&py 1607 (s,0,m M%) 2m)* ) 1—x,

(13)

We now consider specific dN interactions in the frame-
work of Weinberg’s approach.

3. THE dN INTERACTION
Deuteron fragmentation dN- pX

We consider deuteron stripping on the nucleon,
dN - pX, when the proton is emitted forward or at an angle
near 0° in the system of the moving deuteron, or backward,
6,~ 180", in the deuteron rest frame. We restrict ourselves
to an analysis of the class of diagrams up to the second
order in the AN interaction that can make an appreciable
contribution, as was shown in a number of studies (Refs.
17, 21, 48, and 49), to the observable quantities of this
reaction. These are the time-ordered diagrams of the old
perturbation theory given in Fig. 5. In the case of simple
deuteron disintegration, dN — NNN, the remaining graphs
will give a contribution that decrease with P, ~1/P, even
if the spin structure in the vertices is taken into account.?®
In the case of the inclusive reaction dN - pJX, it is difficult
to make a corresponding assertion, since the vertices I';
and T, (see Fig. 5) will correspond to amplitudes of the
inelastic NN interaction whose spin structure is, in the
general case, unknown. However, as will be shown below,
in certain cases the analysis of the inclusive dp reaction can
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FIG. 5. Diagrams of the process dp—pX.

be replaced by an equivalent consideration of the processes
dp—NNN, dp— NNN. The spin structure of the last two
reactions is known, and the assertion can be proved in the
same way as for deuteron disintegration.

The general expression for the amplitude of the process
can be written in the form!73>3

5

F=C T 7O,

i=1

where C=(2(27)%)'/? is a normalization factor,
F % correspond to the diagrams of Fig. 5.

Expressions for # (V7 are given in the previous
section [see Egs. (5) and (6)]. The expressions for
F O F@ F6) corresponding to Figs. Sc-5e, will have a
form analogous to (7)—(9). For the diagram of Fig. Sc, the
vertex of absorption of an intermediate virtual meson by a
nucleon has the form (Refs. 35 and 36)
I‘fvz)=ag17(p')y5u(k1), where a=v2, g*/4r=14.7 for the
m+ meson and a=1 for the other pions. If the intradeu-
teron nucleons are near the mass shell, then

(14)

17,35,36 and

- oxp’ onk,
u(P )7/5u(kl)=b§+ E’+m—E(k1)+m]§’ (15)
where
[(E(k1)+m)(E(p')+m) 2
b= 2 ’
4m

and § is a two-component nucleon spinor.

If the energy of the incident deuteron is not very high,
for example, E;~10-20 GeV, then, as the experimental
data of Refs. 37 and 38 show, the production of vector
mesons at the lower vertex of the diagram of Fig. 5c is very
weak compared with the production of pseudoscalar me-
sons. Therefore, we ignore the diagram of Fig. S5c with
absorption of a virtual vector meson and retain only the
diagram of Fig. 5c with absorption of a pseudoscalar me-
son by a nucleon. As was shown in Ref. 39, such diagrams
make a significant contribution to the spectra of protons
emitted forward in the dp—ppn reaction for initial deu-
teron momentum p,~3.3—4 GeV/c, at which the reaction
pPN—-7NN (see the upper vertex in Fig. 5c) proceeds
mainly through production of the A isobar in the interme-
diate state. At larger initial momenta p,;, the contribution
of the A-isobar mechanism in the pN—mNN process
steadily decreases with increasing p,, but at p;~10 GeV/c
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it is still significant. Therefore, as was shown in Refs. 17,
35, and 36, diagrams of the type of Fig. 5c cannot be
ignored in the analysis of dN stripping reactions at such
initial momenta. In inclusive reactions of the stripping type
dp—pX, the contribution of the diagram of Fig. 5c is still
significant in the kinematic region 0.5 <x<0.8 even for
high initial energies E;. This is the case because it is de-
termined by the inclusive spectrum of the pN —7.X process,
which depends weakly on the initial energy.

Further, if we analyze the considered dN reaction at
not too large energies, for example, at £;~9 GeV, at
which there are experimental data,>*! then the mean mul-
tiplicity of the produced mesons, mainly pions, is small
({n,)=1.0-1.5; Ref. 42). This means that in this process
not more than one pion is, on the average, produced at the
indicated initial energy. According to Ref. 20, in dP strip-
ping at such energies the final pion is produced with the
greatest probability in the first collision of a deuteron nu-
cleon with a target nucleon (see the upper vertex of Fig.
5d). Therefore, as the NN - 7X |, NN - NX, amplitudes in
Figs. 5c-5e we can consider the amplitudes of the follow-
ing processes: NN — 7NN for the diagrams of Figs. 5d and
5e, and NN — NN for the graph of Fig. Se. Note that each
graph of Figs. 5c-5e corresponds to a coherent sum of
diagrams that take into account all possible isotopic states
of the intermediate and final particles.

It is now easy to calculate the inclusive spectrum of
protons produced by deuteron fragmentation. In our case,
the transverse momentum of the protons is zero, p, =0,
and we can therefore use the expression (13) for the spec-
trum and substitute in it the amplitude (14). Such expres-
sions and calculations of the individual diagrams of Figs.
5a-5e and their interferences to the inclusive proton spec-
trum are given in Refs. 36 and 37, and therefore we shall
not give them here. The amplitudes of the processes
NN -aNN corresponding to the lower vertices of Figs.
5c-5e were calculated in the framework of Reggeized one-
boson exchange,*’ and the amplitudes of wN — N scatter-
ing (see the upper vertex of Fig. 5¢) were calculated from
a phase-shift analysis (see the references in Ref. 43) at
characteristic pion energies E,~0.15-0.7 GeV. For the
amplitudes of elastic NN scattering, the partial-wave anal-
ysis of Ref. 44 was used.

In the framework of Weinberg’s diagrammatic tech-
nique, one can also calculate other observable quantities of
the considered fragmentation reaction, for example, the
tensor analyzing power A=v2T,, and the polarization
transfer «x. This is of undoubted interest in the study of
few-nucleon correlations or of non-nucleon degrees of free-
dom in the deuteron.

We begin by considering the first polarization charac-
teristic T,y. As was pointed out in Sec. 1, in the case of dp
stripping the spin structure of the relativistic deuteron
wave function can be represented in the same form as for
the nonrelativistic wave function. For convenience, we
consider these processes in the deuteron rest frame. The
approach presented above is also valid in this frame, pro-
vided that the total initial momentum is sufficiently large.
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The general expression for the deuteron density matrix can
be written in the form*>*’

pa=1Pr{1+37 - §—ipy(353—2)}; (16)

where Pr=(3+0,0,)/4 is the projection operator of the
deuteron triplet state, 7 is the polarization vector of the
deuteron, p, is its tensor polarization, S is the operator of
the deuteron spin, and S, is its projection onto the quanti-
zation axis z, which in the given case coincides with the
direction of motion of the initial particles. The tensor an-
alyzing power A of the deuteron is defined as follows:**

_a(m=+1)+o(m=—1)—20(m=0)
T o(m=+1)+0o(m=—1)+0(m=0) ’

(17)

where o(m==£1,0) is the differential cross section of the
reaction for pure deuteron spin states. It is also the expec-
tation value of the spin-tensor operator**® Q,,=352—2,
i.e., A=(Q,y)=V2T,,. In accordance with the definition
of the expectation value of an operator, in particular Q,,
the expression for T, can be represented in the form*®*’

r. L I Tr(pa? [ 007 05 (pn—ppT
V2 [ Tr(paZ § T D8P (pin—p T

where T =d°p,d°p,d’p,...d°p,/ (E,E,E,...E,).

In (18), there is an integration over all the momenta of
the final particles except for the one p;, which corresponds
to the detected proton. Knowing the number 7 of particles
in the final state, we can represent the expression (18) in a
form analogous to (12) and (13). Such expressions are
given in Ref. 35 for our particular case of dp stripping at
not too large initial energies. If the deuteron has only ten-
sor polarization, i.e., & =0, then in accordance with (35)
and (36) we have

(18)

W2V, (x) W, (x) — | Ws(x) |2+ R, (x) + Ry (x)

07V [ Wo(x) |7+ | ¥, (x) |2+R1(x)+R2(x)}( 1‘9)

Expressions for El, EZ, R, R, are given in Ref. 36;
they correspond to allowance for all nonspectator graphs
of Figs. 5c—5e. In the approximation of the spectator mech-
anism, i.e., with allowance for only the diagram of Fig. 5a,
R=R,=R;=R,=0, and the expression (19) acquires the
form obtained for stripping dp— pX by Strokovsky.>*!

We now consider a _different polarization
characteristic—the polarization 2" of the final proton 1n
the dN —»pX reaction. The general expression for P i,
where 7 is a unit vector perpendicular to the reaction
plane, has the form***’

> [ Te(psZ JoAF )T
T T i 7 AT

where 0 are the Pauli matrices corresponding to the final
proton in the reaction. In an experiment, it is customary to
measure the so-called polarization transfer
x—(ﬂ’n)/ ( ? 7).*! The expression (20) can also be rep-
resented in a form analogous to (12) and (13).

(20)
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In the simplest case of the spectator mechanism, the
expression for k has a form that was also obtained by
Strokovsky:*!

Wi(x)— ‘/_‘Ilo(x)\llz(x)—‘llz(x)
{W5(x) + W3 (x) }{1 —p20TH}

In the case when the deuteron has only vector polar-
ization, i.e., p,=0,

kP= (21)

9

1
P {7 _ 00O
wr=1 21/2T20 4(1+ (Vy/W,)2)

(22)

Here and in (21), the superscript sp means that these
quantities are calculated in the framework of the spectator
mechanism. One can calculate 7% in accordance with
(19), setting R;=R,=R;=R,=0. It can be seen from
(19) that if a restriction could be made to just the specta-
tor mechanism, which is shown in Fig. 5a, then one could
extract directly information on the S and D waves sepa-
rately from experimental data on k and T,,. Such an as-
sumption was made in Ref. 41. However, as was shown in
Refs. 17, 35, and 36, the contribution of the other, non-
spectator graphs cannot be ignored, especially in an inves-
tigation of polarization characteristics.

With allowance for all graphs of Fig. 5, the expression
for k has the form

‘Ilo(x) ‘l’o(x)‘l’z(x) \I’Z(x)+RN+Rabs+R7rrs

K=
\Po(x) +W2(x) +Ry+Raps+ Ry s

(23)

Detailed expressions for Ry, R,, ﬁv_,s, Ry, R,
R, ,; corresponding to the graphs of Figs. 5b, Se, 5c, and 5d
are given in Ref. 36.

We now discuss the results of the calculation of the
observable quantities Edo/d’p, Ty, k in the fragmentation
dp - pX 113536

The inclusive spectrum of the protons in dp—pX at

~9 GeV/c is shown in Fig. 6. The relative contributions
of the diagrams of Fig. 5 are given in Fig. 7. It can be seen
from these figures (especially from Fig. 7) that the total
contribution of the diagrams, taking into account second-
ary interactions, i.e., the diagrams of Figs. 5c-5e, is quite
significant at momentum 0.2<¢<0.45 GeV/c of the pro-
tons emitted backward in the deuteron rest frame, while
for ¢>0.45 GeV/c they decrease steadily and can be ig-
nored. It can be seen from Fig. 7 that the contribution of
nucleon rescattering (Fig. 5¢) can be destructive on ac-
count of its interference with other diagrams at small g,
g<0.2 GeV/c, i.e., it reduces the differential cross section
calculated in the impulse approximation. This comes about
because of the so-called final-state interaction of two nu-
cleons, which in our approach is taken into account by the
diagram of Fig. 5e¢; for details on this, see Ref. 36. This was
also noted in Ref. 49, in which relativistic effects in the
deuteron were not taken into account. At larger g, the
contribution of VN rescattering increases the values of the
spectrum calculated in the impulse approximation. The
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FIG. 6. Contributions of different mechanisms to the inclusive spectrum of protons from the reaction dp— pX at p,~9 GeV/c and proton emission angle
6,=0° calculated for a deuteron wave function of the type of Ref. 67 (a). The curves correspond to the following diagrams: the chain curve to Fig. Sa,
the curve with three dots to Fig. 5b, the broken curve to the diagrams of Fig. 5c, the curve with two dots to Fig. 5d, the broken curve with long dashes
to the diagrams of Fig. Se, and the continuous curve to the sum of all diagrams of Fig. 5 with allowance for their interference. b) The same as in Fig.
6a, but for the Paris deuteron wave function.®® ¢) Inclusive spectrum of protons produced in the pd— pX reaction at angle 6,= 180° for initial momentum
Po=9 GeV/c. The chain curve gives the calculation in the impulse approximation (Figs. 5a and 5b). The broken curve gives the contribution of the

non-nucleon degrees of freedom.* The experimental data are taken from Ref. 75.

contribution of such diagrams of the type of Fig. Se¢ was
analyzed in Refs. 23, 48, and 49, admittedly with a non-
relativistic deuteron wave function. It was shown that this
contribution is very sensitive to the form chosen for the
deuteron wave function; the same conclusion was reached
in our approach in Refs. 17, 35, and 36, in which the

o . A 4 A A
0,1 0,3 0.5
e GeV/c

FIG. 7. Relative contributions of the two-step “mechanism” (Figs. Sc—
Se) relative to the single-step mechanism (Figs. 5a and 5b) and their
interference to the inclusive spectrum of protons in the deuteron-
fragmentation reaction dp—pX. The broken curve corresponds to the
diagram of Fig. 5c, the chain curve to the diagram of Fig. 5d, and the
broken curve with two dots to the diagram of Fig. Se.
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relativistic effects in the deuteron were taken into account
by the method described above. As can be seen from Fig. 7,
apart from the impulse approximation, the largest contri-
bution to the proton spectrum is still made by diagrams
with absorption of a virtual meson by a nucleon (Fig. 5c)
and with 7N rescattering (Fig. 5d), the contribution being
approximately up to 60% for 0.2 <¢<0.4 GeV/c.

As the calculations of Refs. 17, 35, and 36 show, the
polarization characteristics T,y and « are more sensitive to
allowance for the graphs of nonspectator type. The results
of the calculation®>3¢ of T, and experimental data*"*° are
given in Fig. 8. It can be seen that allowance for all graphs
of Fig. 5 gives a result that differs appreciably from the
calculation in the framework of the spectator mechanism
both in the region of the minimum of T, i.e., 0.2 <¢<0.4
GeV/c, and at larger ¢q. Of course, because of the large
errors in the existing experimental data at ¢> 0.4 GeV/c it
is not possible to say which sign 7', has in this region. Our
calculation indicates a change in the sign of 7',y at g=0.5
GeV/c or ¢g=0.54 GeV/c, depending on the form of the
deuteron wave function. Therefore, it would be extremely
interesting to have more accurate experimental informa-
tion on T, at ¢>0.45 GeV/c or k>0.7 GeV/c, x>0.8.
This is particularly important for extracting new informa-
tion on the relativistic structure of the deuteron and non-
nucleon degrees of freedom, as will be discussed in detail
below.

We now discuss the results of calculating the polariza-
tion transfer k in dp—pX fragmentation; these are shown
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FIG. 8. Dependence of T, on the momenta g and & and on the proton
light-cone variable x. Curve I gives the contribution of the spectator
mechanism (Fig. 5a), curve 2 is the contribution of the diagrams of Fig.
5a and Sc, and curve 3 is the contribution of all diagrams of Fig. 5. Curves
1, 2, and 3 correspond to calculations with a deuteron wave function of
the type of Ref. 67. Curve 4 is the contribution of all diagrams of Fig. 5
but for the Paris deuteron wave function.%® Curve 5 gives Ty, with allow-
ance for the composite 6¢ component calculated in Ref. 53, and curve 6
gives the result of the calculation of Ref. 16; the black triangles and
squares are experimental data from Ref. 50, and the remaining data are
from Refs. 3 and 41.

in Fig. 9 together with the available experimental
data.*"*1%2 It can be seen that allowance for the two-step
mechanism, i.e., the diagrams of Figs. S5c-5e, changes the
values compared with the contribution of the simple spec-
tator mechanism quite strongly in the interval 0.25<gq

a6 97
'8 GeV/C

k. Gov/o
G5 073 G576 0 1% | G5
053 062 Q68 Q7S 083 09 098

FIG. 9. Dependence of the polarization transfer xk on the momenta ¢ and
k and the variable x. The broken line with two dots gives the contribution
of the spectator mechanism (Fig. 5a), the broken curve gives the contri-
bution of the diagrams of Figs. 5a, 5b, and Sc, and the continuous curve
gives the sum of all contributions of the diagrams of Fig. 5. All calcula-
tions were made using the Paris deuteron wave function. The black tri-
angles are the experimental data from Refs. 3 and 41, and the black circles
are from Ref. 52.
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<0.45 GeV/c. The largest contribution to the change is
made by the diagram of Fig. 5¢ with absorption of a virtual
pion by a deuteron nucleon.

This can be explained by the fact that such absorption
can be described by the #N interaction with pseudoscalar
coupling, ie., £, =g(¥ys¥)(rp) (here, T are isotopic
matrices, and @ is the operator of the meson field), deter-
mining the spin-flip part of the total amplitude of the con-
sidered process. In other words, the terms proportional to
op' and Gk in the expression for I'?) corresponding to the
upper vertex of the diagram of Fig. 5c [see (15)] change
the initial direction of the nucleon spin in the deuteron,
and this influences the polarization &’ of the final protons
or the polarization transfer k. A similar effect is also ob-
tained by considering the graph of Fig. 5d with rescattering
of a pion on a deuteron nucleon, since the amplitude of
elastic mN scattering also has a spin-flip part. Nucleon res-
cattering (see Fig. 5e) makes a small contribution to k.
This is explained by the fact that in our approach the spin
dependence of the NN amplitudes is actually not taken
into account; a justification for such an approximation for
the investigated reaction is given in Ref. 36. This is due to
the fact that the contribution of diagrams of the type of
Fig. 5e when ¢>0.2 GeV/c is greatest in the case of nu-
cleon rescattering of Glauber type, i.e., with small transfers
t in the lower and upper vertices of Fig. 5e, as calculations
showed. But since the polarization effects in elastic NN
scattering are small at small 7, their spin dependence can be
ignored.

We now consider the same observables p,y and T,
but for the exclusive reaction pd—ppn. At Jiilich (Ger-
many) there are plans for such an experiment in a proton
beam with kinetic energy 7y <2.5 GeV and deuterium po-
larized and unpolarized targets.” It is planned to make the
measurements under the following kinematic conditions:
One proton is emitted forward and the other backward in
the deuteron rest frame, or at angle 6, near 180°, its mo-
mentum, energy, and emission angle being completely de-
termined by the energy-momentum conservation laws for
the complete pd — ppn reaction. We give predictions for the
above observables in the exclusive reaction pd—ppn at
Ty=2.5 GeV as a function of the momentum p, of the
proton emitted at angle 6,=180° in the laboratory system.
They are given in Fig. 10. It can be seen from Fig. 10a that
the form of the spectrum E,do/d’p, in the exclusive reac-
tion is similar to the form of the inclusive spectrum in Fig.
6. However, at T(=2.5 GeV there are quite significant
effects of nucleon rescattering (the diagram of Fig. 5e¢) and
also the final-state interaction, which decreases the cross
section calculated in the impulse approximation (Figs. 5a
and 5b) at p,<0.2 GeV/c and increases it somewhat at
p2>0.2 GeV/c. The presence of an “excess” in the spec-
trum (see the continuous curve at p,>0.25 GeV/c) is
mainly due, as calculations®® show, not to nucleon rescat-
tering (Fig. 5¢), but to the diagram of Fig. 5¢ with absorp-
tion of a virtual meson by a nucleon. This last fact is ex-
plained by the fact that the production of a pion in the
NN - 7NN reaction (see the lower vertex of Fig. Sc) at the
initial energy 7(=2.5 GeV can also proceed through the
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FIG. 10. Exclusive spectrum of a proton produced in the pd— ppn process
at 7,=2.5 GeV at angle 6,=180" as function of its momentum p,; the
angle of the other proton is 6;=0° (a). The broken curve is the contri-
bution of the spectator graph (Fig. 4a); the continuous curve is the sum
of all contributions of the diagrams of Fig. 4. b) The dependence of T,
on p, in the pd— ppn reaction under the same kinematic conditions as in
Fig. 10a. Curves I and 2 are the sum of all contributions of the diagrams
of Fig. 4 with the Paris deuteron wave function®® and with a wave func-
tion of the type of Ref. 67; curve 3 gives the contribution of the pole
diagrams of Fig. 4a for a deuteron wave function of the type of Ref. 67;

the broken curve gives the same as curve 3 but with the Paris wave
function.5

production of a A isobar in the intermediate state. With
increasing initial energy Ty, this effect “dies out,” and
therefore, as can be seen from Fig. 6, such an “excess” does
not arise in the spectrum of the inclusive reaction pd —pX
at Tg=~4 GeV.

Figure 10b gives the results of a calculation of T, for
the exclusive reaction pd —ppn at T,,=2.5 GeV as a func-
tion of p,. It can be seen that, as in the case of the inclusive
reaction, a significant contribution to T, in this process is
made by the diagram of Fig. S5c with absorption of a virtual
pion at 0.25p,<50.4 GeV/c. Further, as comparison of
Fig. 7 and Fig. 10b shows, the energy dependence of T, is
very weak.

The physical consequences of the calculations of the
observables in the inclusive and exclusive dp processes will
be discussed in Sec. 5.

Note that the calculations of pgy and T, for the ex-
clusive reaction pd—ppn were made in the framework of
the approach presented above, based on Weinberg’s dia-
grammatic technique. Formulas of the type (11)-(13) and
(18) were used, but there was no integration in (11) or
over the phase space in (18), since in the given case all the
momenta and angles of the final particles are definite.

We now turn to analysis of the “hard” dN interaction
(by this term, we mean the dN-—pX process when the
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proton is emitted at a large angle 6,~/2 in the deuteron
rest frame) in the framework of the considered approach.

Hard dN scattering

We have considered the case of dN —pX fragmentation
when the main contribution to the cross section of this
process is made by the spectator diagram of Fig. 5a. We
now analyze the case when the main contribution to this
cross section will also be made by a pole but nonspectator
diagram, i.e., the graph of Fig. 5b. The dN processes of this
type include reactions in which one of the nucleons is emit-
ted at a large angle near 6,~90° in the deuteron rest frame.
The inclusive spectrum of protons produced in such kine-
matics in the dN—pX reaction can be calculated in the
framework of our approach in accordance with Eq. (11) or
(12) in the case of azimuthal symmetry of the final pro-
tons. There still remains the question of the contribution of
the diagrams that make corrections to the diagram of Fig.
5b, i.e., the graphs of Figs. 5a and 5c-5e. In Refs. 53 and
54, calculations of p,y for the inclusive process dN —pX
when the protons are emitted at angle 6,~90° in the lab-
oratory system were made. The calculations showed that
the contribution of the spectator graph of Fig. 5a is in this
case insignificant, and this is also true for the diagram with
nucleon rescattering,*® while the diagrams of Figs. 5c and
5d can make a significant contribution in a certain kine-
matic region, though admittedly less than in the case of dV
fragmentation. Figure 11 gives the results of calculations of
the inclusive proton spectra in the reaction for the kine-
matic conditions given above. The initial deuterons here
have momentum p,;,=8.9 GeV/c. It can be seen from Fig.
11 that allowance for all graphs of Fig. 5 does not lead to
a description of the available experimental data for p>5
GeV/c or x>0.7-0.8. As was noted above in the descrip-
tion of the inclusive spectrum of protons produced in dp
stripping, there is also a discrepancy between the calcula-
tions and experiment at large x (x> 0.8). Therefore, in
Ref. 60 an attempt was made to introduce a certain effec-
tive distribution of colorless three-quark clusters in a nu-
cleus, in particular in the deuteron, taking into account
non-nucleon degrees of freedom in it. In Fig. 11, curve 5
corresponds to allowance for such non-nucleon effects in
the deuteron.”® We shall discuss this problem in more de-
tail in the following section.

Let us summarize what we have shown in this section,
in which we have considered the mechanism of dp inter-
action at high energies in the framework of Weinberg’s
diagrammatic technique. From analysis of the proton spec-
tra in fragmentation dNV—pX and in the case when the
protons are emitted at large angles in the deuteron rest
frame it follows that the simplest impulse approximation
by itself is not adequate to describe these spectra. As can be
seen from Fig. 11, in the region 0.6 <x<0.8 other dia-
grams, those of Figs. 5c-5e, make a quite significant con-
tribution. Moreover, we note that the individual graphs of
Fig. 5 give different contributions to the proton spectra
from deuteron fragmentation and from hard scattering, as
can be seen from Figs. 6 and 11. For example, the diagrams
of Fig. 5c with absorption of a virtual meson by a nucleon
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FIG. 11. Dependence of the inclusive invariant spectrum E(do/d’p) in
the dp—pX reaction on the momentum of protons emitted at angle
6*=90° in the NN center-of-mass system for p;~9 GeV/c. Curve ! gives
the contribution of the diagram of Fig. 5b corresponding to hard NN
scattering, curve 2 gives the contribution of the diagram of Fig. 5c with a
“soft” pion form factor (Ref. 53), curve 3 gives the contribution of the
diagram of Fig. Se, curve 4 gives the contribution of all diagrams of Figs.
5a—Se with a deuteron wave function ®, . of the type of Ref. 67, curve 5
gives the contribution of the non-nucleon degrees of freedom in the deu-
teron calculated in Ref. 53, and curve 6 gives the total contribution of the
diagrams of Fig. 5 with allowance for the new deuteron function T, of the
form (25).5%% The experimental data are taken from Ref. 5.

make a larger contribution to the proton spectrum from
deuteron fragmentation than in the case of “hard” dN scat-
tering (cf. Figs. 6 and 11).

However, for x> 0.8 the main contribution to the pro-
ton spectra in both cases is made by the impulse approxi-
mation, i.e., the graphs of Figs. 5a and 5b, and, as can be
seen from Figs. 6 and 11, this approximation does not
permit a description of the experimental data. This could
be due to a possible manifestation of non-nucleon degrees
of freedom in the deuteron.

4. NON-NUCLEON DEGREES OF FREEDOM IN THE
DEUTERON

Deuteron-fragmentation processes at high energies are
usually investigated with the aim of extracting new infor-
mation on deuteron structure, especially at short distances
or for large intradeuteron momenta k. However, as was
shown in the previous section, the mechanism of the dN
reaction with emission of high-energy protons cannot be
reduced to the simple impulse approximation at not too
large x, x <0.8. The spectator mechanism is dominant at
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small (k<0.2 GeV/c) and large k& (k>0.6 GeV/e,
x>0.8) in the dp stripping reactions, as can be seen from
Fig. 6b. Therefore, only in these kinematic regions is the
proton spectrum proportional to the square of the deuteron
wave function, which determines the distribution of the

nucleons in the deuteron:3>*

Gnja=|¥(x,k; )|>/2(1—x).

Thus, at large x in the stripping process dp—pX the
spectrum of cumulative protons at x> 0.8 is largely deter-
mined by the spectator diagram of Fig. Sa, i.e., in this
region

W(xk )2
| )| oNn=xGya(x,k; Yoy (24)

PdN=2_(1_T NN

where the nucleon distribution function in the deuteron,
Gy/q(x,k, ), has been determined as in Refs. 5-7, 53, and

However, as can be seen from Fig. 6c, the expression
(24) for p,y does not describe the proton spectrum in the
stripping dp—pX at x> 0.85. Therefore, using the connec-
tion (24) between p,y and Gy,,, we can introduce the new
function

Ty(x,k; )=(1—0)Gyg(x.k, ) +0T (xk, ), (25)

which, when substituted in (24) or (11) in place of
Gy/q(x,k, ), would enable us to describe the experimental
data presented in Figs. 6c and 11 near the kinematic limit.
Here, o is a parameter whose value can be determined
from experimental data, as was done in Ref. 60.

It is well known that in the region of limiting fragmen-
tation of nuclei and for x’=p’/p,, > 1 there was predicted
in Ref. 55 and then experimentally found' a large contri-
bution of cumulative, as they were subsequently called, "®>¢
particles (here, p’ is the momentum of a hadron produced
in hA collisions, and p,,,, is the maximum momentum of
the same hadron but produced in AN collisions on the free
nucleon).

As was shown in Refs. 2 and 57, the ordinary Fermi
motion of nucleons in a nucleus cannot explain the rather
large cross section for the production of cumulative parti-
cles at large x’, and one must introduce the hypothesis that
there are either many-quark fluctons in a nucleus>**® or
short-range few-nucleon correlations.'®* The effective nu-
cleon distribution in the nucleus, T 4, can be represented in

these cases in the form*®
A
T4(a)= kE P{Ti(a), (26)
=1

where P{ is the probability of a 3k-quark (or k-nucleon)
correlation, and T;(a) is the effective distribution of the
“nucleons” or 3g-colorless clusters in such a formation.
We now attempt to determine the analytic form of
T a) at least at large a (a>1); at small ¢ (a<1),
T 4(a) is, as was noted above, the usual Fermi distribution
Gy, 4 of nucleons in the nucleus. For this, we must, in
accordance with (26), determine the form of T (a).
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The quark distribution in the nucleus, g,(x’), can be
related to the quark distribution in the nucleon as
follows:*

A
g4(x")= J, T (a)gy(x'/a)da. (27)
For the distribution of the quarks in the 3k-quark col-
orless system we obtain from this

k
g (x')= f Ti(a)gy(x'/a)da. (28)

We now determine the form of g¢;(x’) at large x’
(x’>1) from the Regge behavior of this quark structure
function as x’ — k. This behavior is determined by the prob-
ability that one of the quarks of the k-cluster is fast, i.e.,
carries almost all the cluster momentum, while the remain-

der are slow (wee quarks). Calculating this probability in
the framework of the quark—gluon string model,”® we can

obtain the following expression for the quark
distribution:®
q(x") ~ 3, O (1= =B =D o,
by=ag(0) —2ay(0),
where x,=x'/k; ay(0)=-0.5, ag(0)=0.5,

@ 5(0) =—0.5-0.0; ag(0), ay(0), ag(0) are the intercepts
of the boson, (p,f,4,,0), and averaged nucleon and
baryon, (N,A), Regge trajectories. The term
by=ag(0) —2a&y(0) =3/2 in the exponent of g;(x’) cor-
responds to the distribution of the valence quarks in the
nucleon,*® and the additional factor (1
— x;)1-@p(OIk—1) jg agsociated with the probability of
slowing down of k— 1 nucleons (quarks and diquarks).*
Substituting g;(x’) in (26), at large @ we now have ap-
proximately

Ti(a)=Cra'k(k—a)®, (29)

where B;=2[1—az(0)](k—1)—1. The values of 4, and
C;, are determined from the normalization conditions

A A
J T (a)da=1; J- aT(a)da=1—A;,
0 0

which follow from the normalization condition for T ,(a)
given above. Here, A; determine the momentum of the
so-called collective sea in a k-flucton,’*¢! i.e., the distribu-
tion of the sea quarks in it. This distribution differs
strongly from the corresponding distribution of the sea
quarks in a free nucleon.

We now turn to the analysis of the deuteron structure

function and the function T ;(a). In accordance with (26),
T4(@)=P{T () +P;Ty(a). (30)

Comparing the expressions (25) and (30), we obtain

Pl=1—w; Pl=w; T\=Gy,; T,=Tg;

ie., P‘f:l—}’zi.
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Here, P‘{ is the probability that the deuteron consists of
ordinary nucleons, and P; is the probability for existence in
the deuteron of non-nucleon states.®

The functional form of T,(a) is now determined by
the expression (29) with k=2. We determine P4, A,, a%’
as parameters.

Thus, in accordance with (24), the invariant spectrum
of protons produced in deuteron stripping dp—pX at large
a (a>2-0.85, i.e,, a>1.7) can be defined as

pan(@) ~aT (a)ayy. (31)

From the experimental data on pgy the parameters of
the function T ;(a) were determined, and the data on deu-
teron stripping dp—pX (Refs. 3, 41, 62, and 63) were
fitted.%0 The scaling variable used here was xg, the so-
called Stavinskii variable,® which takes into account the
fact that the energy of the initial particle is not infinite but
has a certain finite value. In accordance with (24),

|¥(xs/2) |?
2(1—xg/2) °

Note that the experimental data on Edo/d’p have dif-
ferent normalization coefficients. Therefore, they deter-
mine only the shape of the inclusive proton spectrum.
Since T (a) determines only the shape of the momentum
spectrum, each group of data is fitted in accordance with
Eq. (31) with its own normalization coefficient. These ex-
perimental data (corrected to the corresponding coeffi-
cients, i.e., agreeing in magnitude at xg/2=0.5) and the
curves obtained by fitting are shown in Fig. 12. The values
of the parameters were found to be

T'(x5) =Gn/a(xs/2) = (32)

@p(0)=—0.05 A,=0.34; Pi=3.6%.

Note that the fitting was done only for the high-energy
part of the spectrum [i.e., for xg/2 > 0.85, when the relation
(31) is valid], which is described mainly by 7',(xg). In
other words, in the complete T ;(xg) determined by (30)
only its part T,(xg) was fitted, the aim being to describe
only the spectrum at xg/2 > 0.85, since for xg/2 <0.85 the
spectrum is described not only by the spectator mechanism
but also by the diagrams considered in the previous sec-
tion. Therefore, the discrepancy between the data in Fig.
12 and the continuous curve calculated in the spectator
mechanism in the region 0.7 <xg/2 <0.85 is explained, as
was shown in Secs. 1 and 2, by diagrams that are not taken
into account here.

We now consider the nuclear structure function F 4. In
the classical potential picture of a nucleus, any structure
function can be expressed in terms of the distribution 7', of
the nucleons in the nucleus and the nucleon structure func-
tion Fy. In our case, T, is, as we have noted above, a
certain effective distribution of colorless 3¢g clusters (“nu-
cleons”). Such a connection between F, and F can be
expressed in the form of a so-called Mellin convolution:*¢!

A
F (g Q) = f TA(a)FN(% ,Qz)da. (33)
*B
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FIG. 12. Inclusive proton spectrum in the pd—pX reaction when the
protons are emitted at angle 6,=180° in the deuteron rest frame. The
chain curve gives the contribution of the spectator mechanism (Fig. 5a),
the continuous curve gives the contribution of the diagram of Fig. 5a but
with the function T, (25), and the broken curve gives the contribution of
only the non-nucleon component in the deuteron. For the experimental
data, see the references in Ref. 60.

Using the calculated effective nucleon distribution in
the deuteron, we now test the relation (33) for the deu-
teron structure function F,;. We shall use SLAC data® in
the region of the Bjorken variable xgpX 1 at @?=2-8
(GeV/c)?. The results of such an investigation are shown
in Fig. 13. The first two experimental points in the figure,
at xg=1.27 and xg=1.35, correspond to Q* <4 (GeV/c)?,
and the remainder to Q?>4 (GeV/c)?2. Therefore, to cal-
culate F,, from (33) we used for F,y the parametrization
of Ref. 62, which is valid for ¢ <4 (GeV/c)?% x< 1.4, and
the parametrization of Ref. 63 for 0> >4 (GeV/c)? x> 1.4
(continuous curve in Fig. 13). The chain curve corre-
sponds to allowance for only the nucleon component in the
deuteron wave function, i.e., P‘z' =0 (30), and ¥ was taken
to be the Paris deuteron wave function.®® It can be seen
that in the region xg> 1 the agreement is quite good within
the experimental errors, and from this we may conclude
that the function T'; is close to the effective distribution of
the nucleons in the deuteron.

We now consider the change in the result if we substi-
tute in place of Gy, introduced in (24) the function T'; in
order to calculate the proton spectrum in the dp—pX re-
action when the protons are scattered at large angle in the
NN center-of-mass system at large x. The internal trans-
verse motion of the quarks will be ignored in this calcula-
tion. In Fig. 11, curve 5 shows the contribution of T,(x")
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FIG. 13. The structure function F,;(x). The chain curve gives the cal-
culation with the Paris deuteron wave function®® and P,=0. The remain-
ing curves are the result of the calculation of F,,(x) with allowance for
the non-nucleon component in the deuteron, P'Z‘ ~3.6% (Ref. 60): curve
1 with a parametrization of F,y of the type of Ref. 62 for Q<4
(GeV/c)?, and curve 2 with a parametrization of F,y of the type of Ref.
63 for &* >4 (GeV/c)>. The continuous curve is the result of combining
curves 7 and 2, and the experimental points are SLAC data.%®

to the inclusive momentum distribution of the protons. It
can be seen that the agreement between the calculations in
Fig. 11 and the experimental data is greatly improved for
p>6.5 GeV/c or xg/2>0.8. Thus, the function T, found
from the deuteron-stripping process has made it possible to
describe the data on the production of protons in the pro-
cess dp—pX at large x when they are emitted at large
angles in the center-of-mass system of the two nucleons.

We have considered only one of the possible ap-
proaches to the investigation of the deuteron in the analysis
of deuteron fragmentation; it was proposed earlier in Refs.
60 and 61. In reality, there are several other approaches to
the investigation of non-nucleon structure of the deuteron.
Numerous reviews have been published on this subject
(Refs. 2, 4, 58, and 8), and therefore we shall not dwell on
this in detail. Here, we merely mention a problem that can
be encountered in the analysis of six-quark states in the
deuteron and is associated with relativistic effects in it. In
some model approaches to the investigation of the deu-
teron quark structure, the analysis is made in the frame-
work of a nonrelativistic approximation,'* i.e., the relativ-
istic effects in the deuteron are completely ignored. The
importance of taking into account relativistic effects in the
deuteron can be demonstrated for the example of the so-
called minimum relativization of the deuteron wave
function.®*¢” At the end of the fifties, Shapiro showed®
that in the general relativistic case the transformation
properties of the wave function of a free spinless particle
are different from the nonrelativistic case. In other words,
the wave function in the coordinate space is related to the
wave function in the momentum space as follows:%
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FIG. 14. Dependence of T, on the momentum g of the spectator nucleon
in the stripping reaction dp—pX at p;=9 GeV/c. The continuous curve
gives the result of a calculation in the framework of the spectator mech-
anism (Fig. 5a) with relativized Paris deuteron wave function.® The
broken curve gives the result with a nonrelativized deuteron wave func-
tion of the same type.%

~ 1

Y(p) =en’? f§(P,r)W(r)d3r, (34)
_ 1—im|r|

eon=(27) (35)

where ro=r/|r|, w,= (1f+m2)1/2.

The wave function ¥(p), which is related to ¥(r) by
the expressions (34) and (35), has the following proper-
ties: 1) It transforms in accordance with an irreducible
representation of the Lorentz group; 2) it has an invariant
normalization (Ref. 70); 3) it becomes the ordinary Fou-
rier transform in the nonrelativistic case, i.e., in the limit
r— o the function £(p,r) goes over into exp(ipr).

We now consider what happens if, in calculating ob-
servable quantities, we replace the nonrelativistic Fourier
transform of the wave function by transformations of the
form (34), considering, for example, the behavior of T',, in
dp— pX stripping and in the deuteron wave function itself.

Figure 14 demonstrates the sensitivity of 7, to the
different ways of transforming W(r) (Fourier and Sha-
piro). The calculations of T, were made in the framework
of the spectator mechanism. It can be seen from the figure
that the effect of “minimum relativization” gives a shift in
the behavior of T’y to the region of large g, R 0.4 GeV/c.
Figure 15 shows the momentum distribution of the .S wave
of the Paris deuteron wave function®® (broken curve). The
chain curve in Fig. 15 corresponds to the behavior of the S
wave calculated in the framework of the hybrid quark
model'*7® with the Paris potential®® with the weight of the
six-quark component in the deuteron taken to be 2.5%.
The continuous curve in Fig. 15 corresponds to the mo-
mentum distribution of the S wave of the deuteron wave
function, #(p), obtained by means of the Fourier transfor-
mation (34) from the Paris deuteron wave function in the
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FIG. 15. Momentum distribution of the S wave of the Paris deuteron
wave function. The broken curve gives the calculation with the nonrela-
tivistic deuteron wave function, and the chain curve corresponds to the §
wave of the Paris deuteron wave function but with allowance for the 6g
component’® in the framework of the hybrid quark model.'*

r space. Thus, it can be seen from this figure that the “min-
imum relativization” of the deuteron wave function imi-
tates the behavior of the deuteron wave function in the
hybrid quark model'* with a nonrelativistic potential, par-
ticularly in the region g~0.4 GeV/c. Therefore, it is clear
that only for a correct description of the internal structure
of a relativistic system, in particular the deuteron, can one
understand the actual contribution of the six-quark config-
uration to the deuteron wave function.

Figure 16 gives the momentum distributions, nonrela-
tivistic, W(q), and relativistic, ¥(q), of different deuteron
wave functions (Paris and Bonn’?). It can be seen that the
effect of “minimum relativization” can be quite large for
¢>0.4 GeV/c. It can also be seen from Fig. 16 that the
Shapiro transformation leads to enhancement of the large-
momentum component of the deuteron wave function.
This was also pointed out in Ref. 73.

Of course, the Shapiro transformation of W (r) by itself
cannot be the solution to the problem of relativization of
the wave function of a bound state. However, the demon-
strated sensitivity of the different physical quantities to dif-
ferent transformations of W(r) (see Figs. 14-16) shows the
exceptional importance of taking into account relativistic
effects in the deuteron, especially at ¢> 0.4 GeV/c or small
r (r<0.5 fm).

5. PROSPECTS FOR THEORETICAL AND
EXPERIMENTAL INVESTIGATION OF DEUTERON
STRUCTURE

We first summarize what we have presented in the
previous sections.

1. It is quite incorrect to use a nonrelativistic deuteron
wave function in the analysis of dN processes like fragmen-
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FIG. 16. Momentum distribution of nucleons in the deuteron, i.., | ¥|?
in the units GeV 3. The broken and chain curves give the results of
calculations with nonrelativistic deuteron wave functions—Paris and
Bonn, respectively. The continuous curve and the broken curve with two
dots give the calculation with the same wave functions but relativized
accordingly.

tation or hard NN interactions. Relativistic effects are par-
ticularly important in the kinematic region corresponding
to short intradeuteron distances 7.

2. At the present time, the state of the theory is such
that a unique procedure for taking into account relativistic
effects in the deuteron has not yet been found. Extreme
sensitivity to the different methods of relativizing the deu-
teron wave function is found for the polarization charac-
teristics in inclusive and exclusive d— N reactions, espe-
cially at large intradeuteron momenta. The momentum
spectra of the protons produced in such processes are less
sensitive to the different methods.

3. Nonrelativistic quark models using nonrelativistic
potentials, as, for example, in the hybrid model, can distort
the information on the quark structure of the deuteron,
particularly at short distances, r<0.5 fm, owing to the
neglect of the relativistic effects in the deuteron, which are
important in this region. This is illustrated by the results of
the calculations presented in Figs. 12-14 in Sec. 4.

4. Analysis of the mechanism of d— N reactions at
high energies shows that it is quite inadequate to restrict
the treatment to just the pole approximation. The contri-
bution of the nonpole diagrams—nucleon or meson rescat-
tering in the intermediate state, and diagrams with absorp-
tion of virtual mesons by a nucleon—may be comparable
with the contribution of the pole diagrams, especially for
0.6<x<0.8.

5. All the observable quantities in the considered d— N
processes, particularly polarization phenomena, are sensi-
tive to the reaction mechanism at x <0.8.

6. At x>0.8, analysis of d—- N processes, stripping,
and “hard” dN scattering shows that the contributions of
the nonpole diagrams gradually decrease, and the pole di-
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agrams or the diagrams of single NN interaction make the
main contribution, at least to the momentum spectra of the
protons. However, the latter diagrams do not describe the
existing experimental data at x> 0.8.

7. Allowance for non-nucleon degrees of freedom in
the deuteron may make it possible to describe the experi-
mental data on the proton spectra at x > 0.8. However, this
cannot be a direct and unambiguous proof of their exist-
ence, since there are other possible explanations of the
large-momentum part of the proton spectra.’""?

8. At the same time, these non-nucleon degrees of free-
dom in the deuteron are extremely important for describ-
ing the spectra of cumulative mesons already when
x'>1,%4e., x>0.5. The ordinary distribution of nucleons
in the deuteron, for example, of the type of Refs. 67 and 68,
does not permit description of the inclusive spectra of me-
sons produced in pd interactions in the cumulative region,
ie., x’>1 (x>0.5), as is clearly shown in Refs. 2 and 57.

From all that has been said above, it may be concluded
that the most favorable kinematic region for investigating
deuteron structure in dN processes is the region of large
momenta of the scattered protons (x>0.7-0.8) or of the
produced hadrons (x’=2x>1). At the present time, there
is, unfortunately, little experimental information on the
spectra of the cumulative protons produced in the dp—pX
reaction at x>0.7-0.8. Therefore, it is very desirable to
have such data, moreover not only at 6,=~180° in the deu-
teron rest frame’” but also at other angles. This is needed,
on the one hand, to allow extraction of nontrivial informa-
tion on the deuteron structure at short intradeuteron dis-
tances from these data and, on the other, to test the pre-
dictions of the different theoretical models.

Study of polarization phenomena in dp interactions,
both inelastic and elastic, is particularly interesting, since,
as was shown in Sec. 3 and in Refs. 17, 35, and 36, the
polarization characteristics are extremely sensitive to the
deuteron structure, especially at large intradeuteron mo-
menta or short internucleon distances. Experimental infor-
mation on such phenomena in reactions, for example, in
deuteron stripping, is rather sparse for k£>0.7-0.8 GeV/c.
There are only experimental data*! on 7,, in this kine-
matic region, but with large errors. If the most complete
experiment proposed in Ref. 63 were performed, i.e., mea-
surements were made of the momentum spectrum of the
protons, T',,, and other polarization_)chagacteristics, for
example, the polarization transfer k= %'/ %, the polariza-
tion correlations, etc., especially in the region of large k%, it
would be possible to extract new information on the deu-
teron structure at short internucleon distances. For this
purpose, measurements of observables in exclusive experi-
ments seem to us rather interesting. It will be desirable to
have high energies of the initial particles in order to inves-
tigate the dp processes, for example, deuteron fragmenta-
tion at large intradeuteron momenta or “hard” dp scatter-
ing at large transfers z.

As follows from the above, investigation of dp pro-
cesses at, for example, energies 7,54-5 GeV will give
additional information about the reaction mechanism
rather than about its structure. This can be explained by
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the fact that at such initial energies it is impossible to
penetrate to short intradeuteron distances, for example,
ry<0.5 fm. In this connection, we briefly consider one of
the projects for new experiments at Jiilich, where it is in-
tended to measure observable quantities in the pd—ppn
reaction at 7,,52.5 GeV when one of the detected protons
is emitted forward and the other backward. As can be seen
from Fig. 10, the momentum spectrum of the protons emit-
ted backward in this reaction and the deuteron tensor an-
alyzing power T,, are qualitatively similar to the same
observable quantities but in the exclusive dp— pX reaction.
Therefore, the conclusions drawn for the inclusive dp pro-
cess can also be applied for the exclusive reaction. This, in
its turn, means that it is also desirable to study the exclu-
sive process pd—ppn experimentally at high initial ener-
gies, especially at energies for which it is possible to mea-
sure the spectrum of the protons emitted backward, at
x>0.7-0.8.

On the other hand, if we have experimental informa-
tion on the various observable quantities in the pd— ppn
process at 7,52.5 GeV in the experiment mentioned
above, this will be helpful for studying the reaction mech-
anism and for obtaining nontrivial new information on off-
mass-shell effects of the nucleons in the deuteron. The fact
is that in the kinematic region in which one proton is emit-
ted backward and the other forward there is strong mani-
festation of the off-shell effects, i.e., k}v;&mz, where ky is
the 4-momentum of a nucleon in the deuteron, particularly
at large momenta of the detected proton.

Besides the investigation of the cumulative processes of
production of nucleons or other hadrons in pd reactions, as
has frequently been reported (Refs. 1-4, 41, and 63), it is
worth studying below-threshold production of particles,
for example, K mesons, 7 mesons, antiprotons, etc. The
reason for this is that by studying the production of such
hadrons beyond the threshold for their production in pro-
ton collisions on the free nucleon one can obtain nontrivial
information on the deuteron structure, particularly at large
intradeuteron momenta.

In conclusion, I should like to emphasize once more
that the development of the relativistic theory of deuteron
structure appears very interesting and promising and is
particularly important in the region of short intradeuteron
distances.
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