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Relativistic contributions to the deuteron photodisintegration in the Bethe-Salpeter formalism
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In the plane wave one-body approximation the reaction of deuteron photodisintegration is considered in the
framework of the Bethe-Salpeter formalism for the two-nucleon system. Results are obtained for deuteron
vertex function, which is the solution of the homogeneous Bethe-Salpeter equation with a multirank separable
interaction kernel, with a given analytical form. A comparison is presented with predictions of nonrelativistic,
quasipotential approaches and the equal time approximation. It is shown that important contributions come
from the boost in the arguments of the initial state vertex function and the boost on the relative energy in the
one-particle propagator due to recoil.
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[. INTRODUCTION comparison of the high precision Mainz d§#&8] (over the
So far, experiments on elastic and quasielastic leptonphoton energy range 100-800 Mg\Wvith the meson-
nucleus scattering have been considered as one of the fundaxchange models incorporating relativistic effef@s-11] is
mental and reliable resources of probing structure of nuclesupposed to show that one still lacks of the ultimate conclu-
over a wide range of energy-momentum transfer. Deuterosion on the role of non-nucleonic degrees of freedom in nu-
photodisintegrationy+d— p+n holds a most unique posi- clei. It is also understood that further development of deu-
tion among the reactions of this kind. It has been thoroughlyteron photodisintegration theory is needed and consistent
investigated in the region of small and medium energies ofreatment of relativistic effects have to be applied. Every-
the incomingy quantum(an excellent review of experiments thing mentioned above demands a construction of a genuine
and theoretical frameworks applied to the study of the prorelativistic formalism for the description both the deuteron
cess can be found in Refl]). The theoretical analysis of structure and the reaction mechanism.
experimental data obtained in these kinematic regions has The formulation of a completely relativistic formalism of
provided important information on the deuteron wave func-hadronic bound states and reaction with them can be devel-
tion, allowing us to discriminate various contributions to theoped on the basis field-theoretical Bethe-Salpé&) equa-
differential cross section which stem from meson-exchangéon for the nucleon-nucleor\NN) scattering 12]. However,
currents, isobar configurations, as well as spin-orbit and furapproximate methods evolved from the BS formalism due to
ther relativistic corrections. substantial mathematical and computational problems. We
As of now, deuteron photodisintegration is rated amongoear in mind the quasipotenti&QP) approach, which re-
the leading trends at experimental facilities around the worldduces the four-dimensional BS equation to a relativistic
Here it seems worthwhile to point out an experiment perthree-dimensional equation: the Logunov-Tavkhelifizg],
formed with the polarized LADONy ray beam{ 2] focusing  Blankenbeckler-SugaBbS) [14], Gross[15], and other ap-
on the existence of the narrow dibaryonic resonances in rgroximations.
action on nuclei at a low excitation energies; an experimental Actually, the relativistic description of the reaction with
program carried out on the linearly polarized photon beam athe deuteron has been extensively developed in the frame-
YEREVAN Synchrotron to study the cross section asymmework of the BS formalism, which is explicitly Lorentz cova-
try of the deuteron photodisintegration process in the energyiant, provides two-body unitarity and includes symmetri-
range 0.9-1.7 GeV for proton center-of-mass angle of 90tally nucleon and antinucleon degrees of freedom in a
[3]. This is connected with the problem of the validity of the hadronic state. So far applicability of the BS equation to the
constituent quark counting rules for energies of a few GeVreactions with the deuteron has been bound to elastic
Presently set experiments at SLAC with photons of energglectron-deuteron scatterii@2], elasticpd-backward scat-
2.8 GeV [4] and the proposed experimental programs intering [16], inclusive quasielastic electron-deuteron scatter-
RCNP Cyclotron with a photon beam at an energy up to 8ng[17,18, and the description of the static properties of the
GeV [5] allow an investigation of hadronic systems at quarkdeuteron19,20. What all these processes have in common
level to be made. is that the reaction amplitude in the impulse approximation is
Prospective studies at the TINAF are approved to extengroportional to the averaging of current operator between
measurements on the differential cross section to a widdeuteron states. On the contrary, the reaction amplitude for
range of reaction angles at high energies. The initial meadeuteron photodisintegration is a nondiagonal matrix ele-
surements of the cross section frop-d—p+n up to 4.0 ment between the incoming deuteron and outgoiNgseate.
GeV correlate well with the previous low energy orfié$ A An approach to a covariant description of the reacton
+d—p+n where the basic degrees of freedom are taken as
hadronic, is developed in the framework of the dispersion
*Electronic address: kazakovk@ifit.phys.dvgu.ru relation technique for laboratory photon energies<400
"Electronic address: suskovs@ifit.phys.dvgu.ru MeV [21] (this technique is appropriate for the analysis of
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partial wave amplitudes, as well as it takes final state rescaPWOA the EM current matrix elements are proportional to
terings into account Another approach describes deuteronthe deuteron vertex function taken at a certain value of the
photodisintegration as a simple parametrization of covariantelative energy(relative timg and three-momentum. These
deuteron in terms of a hard component and imposing gaugare directly related to the photon energy-momentum transfer.
invariance on the cross secti¢@2]. This approach looks Finally, we have come up with the expression for the differ-
into the onset of scaling in exclusive photodisintegration forential photodisintegration cross section. _
high energies in the range 1-4 GeV, as it can be brought The analysis of the relativistic effects required by the
about by mechanisms which are different from those ofPrinciples of relativity has become the objective of Sec. V.
PQCD. These are relativistic kinematics and dynamics, the relative
The BS formalism comes up with an alternative idea. For-€nergy dependender retardatioi, Lorentz contraction, and
mal application of the BS formalism to deuteron electrodis-th Spin precession. We compare results of our fully relativ-
integration and photodisintegration can be found in Refistic analysis with those of conventional nonrelativigtR)
[23]. Here the rigorous derivation of the scattering amplitudeModels, the QP approach, and the ET approximation. Our
in terms of BS amplitude of the initial and finaN2states ~ conclusions are drawn in Sec. VI.
and Mandelstam electromagnetiEM) vertex comprising
one-body and two-body parts, is proposed. The numerical !l. RELATIVISTIC DESCRIPTION OF TWO-NUCLEON
analysis has not been performed. Referefg puts for- SYSTEM
ward a framework based on the BS equation approach. This
is applicable to both elastic and inelastic electron scatterin
But more complete calculations are performed within a Q

The starting point for discussing relativistic scattering and
gjound state problems in the strongly interacting systems is
formulation of integral equations for amplitudes. The off-

fra?ﬁgvgir;' of the present paper is to perform the full reIa-She"T matrix for the elastic scattering of two nucleons with
b bap P y the relative four-momenturp, p’, and the total momentum

tivistic analysis _of deuteron photodisintegration in the frame-P satisfies to the inhomogeneous BS equation. In the mo-
work BS formalism, and then to segregate and estimate con-

o i A . . 'mentum space this is the four-dimensiondD) integral
tributions of various relativistic effects to the differential uation with respect to the relative momentuee (ko,k)
cross section. We resolve this issue by using the BS formal=? P o
ism, as well as by comparing different approximations to the T(p,p";P)=W(p,p’;P)

BS equation within the context of the relativistic separable
interaction kernel. The result, though it is of a comparative

i
character, provides a consistent basis to account for the rela- T d*kV(p,k;P)Go(k;P)T(k,p’;P),
tivistic effects in the deuteron breakup. m
This paper is structured as follows. In Sec. Il we briefly 1)

discuss a connection between the BS formalism and the QP

approach, as well as the equal tiiiteT) approximation. The K= (kok) whereVis an interaction kernel obtained by sum-

above-mentioned relativistic formulations of thél 2lynam- ~ ming of all irreducible N Feynman diagrams in a given

ics, exploiting relativistic separable interactions, are appliedield-theoretical model of th&IN interaction, andSq(k; P)

to the study of the deuteron and its inelastic observables— the free two-nucleon propagator

Basic formulas for defining the Minkowski-space BS ampli- . . @) . . @

tude for bound and 18 continuum states are given. We also -\ .o\ [P/2+k+m] [P/2—k+m]

introduce the formulas for the relativistic separable interac- o(kiP)= P 2 -

tion kernel. Solving the BS equation with the separable in- Stk —mtie

teraction, we find the vertex function used in computation of

the unpolarized cross section. The BS amplitude for the 12 scattering stateP?=s
In Sec. Ill the procedure of deriving deuteron photodisin->4m?, is expressed in terms of the half off-sh&lmatrix

tegration cross section is covered. The EM interaction Wlﬂ'hnd the propagator functic@o as follows:

2N system in the framework of the BS formalism is deter-

mined by Mandelstam vertex generally dependent on the X(k;f}p):[4ﬂ-3i 5(4)(b_k)

properties of the interaction kernel. The scheme incorporates

two-body part of Mandelstam vertex in order to guarantee —Go(k;P)T(k,p;P)1x(p;P), p-P=0,

the gauge invariance. 3)

Section IV deals with the derivation of the simplest con-
wherep denotes the on-mass-shell relative four-momentum

. (2

P 2
§—k> —m?+ie

tribution to the EM current matrix elements of deuteron
breakup, namely, the plane wave one-body approximation

0)(A. , .
(PWOA). We are concerned with the transformation proper-andX( (p;P)—the amplitude for the motion of free nucle-

ties of the deuteron vertex function between the laboratory"S: The second term comprises rescattering contributions.
and c.m. frames. Generally one-body part of Mandelstam

vertex involves half off-mass-shejINN form factors. How-

ever, as a consequence of gauge invariance the real photofFor sake of simplicity we omit writing spinop-spin, and polar-
scattering amplitude does not contain off-shell effects. In thézation quantum numbers of amplitudes below.
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If the two-body system has a bound state of ndgs the N ) )
T matrix has a pole aP?=M3 ko=2—PO(E(1,2)p+k— Ef2p-1)-

w (4)  whereE,=Jm?+k? andk denotes the restricted four-vector

P*—My k. The prescription leads to the relativistic equation of mo-
_ tion for the moving N system. By means of Lorentz boost it

wherel” andI' are the vertex function of theNe bound state is transformed to the Scmmger_type equation in the rest

and its conjugate, respectively. The vertex function satisfieframe? The BbS prescription is simple only in theN2rest

the homogeneous BS equation with the same interaction ke_ffa”_‘e: P(0)=(\/§,0), where the BbS propagat@Bbs(R; P)
nel is given by

T(p,p’;P)

r(p;m:ﬁ f d*kV(p,k;P)y(k;P), P?=M3, Geps( ki P (o)) = —27i (ko) G(k; P(0)) A (k1) AP)(ky)
a

7
5 "
with AM(k;) being the positive energy projection operator
for the ith particle andg(k;Pq)) =4m?/E,(s—4E{+ie).
(K, P)=Go(k;P)I'(k;P). (6)  The delta function in Eq(7) sets both nucleons equally off
) ) . the mass shell. It is an attractive feature in case of the deu-
Equations(1) and (5) are manifestly Lorentz covariant teron because it treats both nucleons symmetrically and, as a
and preserve the two-body elastic unitarity. Moreover, both,gnsequence, it is consistent with the Pauli principle.

equations do not discriminate between the positive and nega- Tpe QP wave function is defined in terms of the bound
tive energy states, yielding transformation properties of thestate vertex functioﬂ?(R' P) defined in terms of the positive
ampl?tudes consistent with the charge conjugation and tim%nergy Dirac spinorEllj
invariance.

Although the BS calculations are feasible, a rigorous
treatment of Eqs(1) and(5) is rather complicated due to the k- py—
appearance of the relative energy in loop integrals and the bor(kiP) =

presence of strong singularities in the interaction kernel. The

great theoretical effort have been made to reduce the 4|RIhereQ(R'P)=(Po/Md) m2—K2. The equation of motion

bound-state eq“@“"” to a 3D one. A productive method Qatisfied by the vertex function follows from the BbS reduc-
obtain an approximate 3D equation has been developed on of the BS equation

the QP approach, where the BS equation is reduced to the 3
one by using a new two-nucleon propagator with the internal 1
relative energy variable restricted to a fixed value. (p-P :_f a3k k: PYGk: P (k: P 9

But there are several shortcomings in the relativistic equa- (P:P) 272 (p.k:P)G(kiPIT(k:P), (9
tions obtained from the BS equation via the 3D reduction.

F.'rft (?[ftall, tone tmefeéstﬁ(?[r;c;\agtua![ d|ff|cu(Ijt|<_ats \I'Ev&h.t?e CON"\where W(p,k;P) is Lorentz invariant quasipotential with all
sistent freatment ot bo System and [1s INterac- e jative four-momenta are restricted by the BbS condition.

tlo_ns[25]. Sec_o_ndly, by putting pa_lrtlcles on the mass shell The QP wave functiorboe(k; P () at the rest frame of the
using the positive energy projection operators, one results

i - . )
a equation which violates the charge conjugation and CP‘?eUI?ron’P(O)_(Md’Oz’_ Is expressed in terms of Lorentz
symmetries. Importance of the constraint put by discretdnvariantyPo/Mqdqp(k;P). By means of the boost the rela-
symmetries is discussed in RE26)]. tivistic equation of motior(9) for the moving deuteron trans-

An alternative choice, which has been made to study thdorms into the equation in the rest frame. This invariance
EM interactions, is the “instant” or the equal time approxi- ProPerty yields the NR equation for the wave function

mation[24,27]. The instant-ET approximation to EM current

. . . . . 2 2
operator is the 3D reduction consistent with charge conjuga- Mg—4Ep P
tion and unitarity. This approach has been applied to study of 4m borP(0): P (o))
the elastic electron-deuteron scattering and the deuteron

where the bound amplitude is defined as

G(k;P)I'(k; P), ®)

Q(k;P)
m

breakup in the electrodisintegration process. 1 3 _ _

We extend the ET approximation to describe the process :ﬁj d*kV(p(o) :K(0): P(0)) #ar(K0): P(0))
of deuteron photodisintegration in a systematic way. In the
plane wave one-body approximation that can be done by (10

replacing the initial deuteron vertex function by the BbS one.

The relative energy variable in the one-particle propagator is

fixed by the condition that the final state describes the on- 2p getajled and systematic exposition of the covariant QP formal-
nlass'She" particlef24]. The covariant BbS prescriptioR,  jsm for description of the electromagnetEM) properties and re-
-k=0, puts the relative energy equal to actions involving the deuteron is given in RE28].
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where three-momenta and k in the moving frame are wheres=M3, P1=(Ep.p) (P2=(E,,—p) are the on-mass-
mapped by the boost transformationpig, andk ) at the  shell four-momenta)/, *= 2E,(m+Ey) is the normaliza-
rest frame, respectively, andis the quasipotential modified tion factor ande, =(0.,) is four-polarization vector of the
by “minimal relativity.” deuteron

Further, the discussion concerns partial wave decomposi-

tion of the BS vertex function of the deuterditk;P). One i prpY
has at the rest frame of the deuter@we highlight depen- > efey =—g""+——, eP=0. (13
dence on the spin projection A=-1 Mg

We are interested in calculating of matrix elements of the
EM current operator between states containing free nucleons
and deuteron. Thus we need to take into account change in
the state amplitudes, when the BbS prescription is applied to

(M=+10, s=Mj. (11)  the Smatrix element for a given process. To this end we can

utilize the normalization condition for the bound state ampli-

Here summation index: is determined by the following tude. Let us suppose that the interaction kedned indepen-
quantum numbersS=0,1: spin,L=0,1,2: angular momen- dent on the total four-momentuf Then we get
tum, J=1: total angular momentum, andspin: the projec-
tion of the total energy spin of the nucleon and antinucleon 1— _f d*k T(oP JG(p;P)
states;I"(—p) is the spin-angular functions ang, is the B 272 (PiP) P2
partial amplitudes. Eight partial states contribute to @d).
Apart from two channels with the positive energy intermedi- . . o
ate states, viZ3S; —°D , six “extra” states, which account In terms of the radial vertex functiorgy the normalization
for antinucleon degrees of freedom, come into play. In theCOndItIon assumes the form
spectroscopic notation& " L# these are

FM<p;P(O)>=§ 9u(Po.Ipl VST (—P),

I'(p;P). (14

2_m2
PMd

M
gL(kOa|k|;S)2( Ei— 7(‘)

g 1 f ” J * el 12
3pe 3p0 1pe 1po 3a— 3 d dlk| k
P¢,3p9,1p¢ 1p9 35 3D, 2o ko], K| {(%_EKHE 2—kér
where indicese and o stand for the even and odd parity
relative to thep-spin functions. The partial amplitudé®$, =P, Py+Py,=1 (15
3p? are even andP$, 3P§ are odd functions in the relative
energy variable. We find for the QP vertex functiog, similarly
Influence of admixtures d? states and their contribution
due to interference with the positive energy states to observ- 2m? (= QL(0,|k|;s)2
ables in the deuteron breakup and elastic proton-deuteron > f dlk| kK*—————=P. (16)
mMyJo E.(M5—4Ey)

backward scattering are considered in Rgt$,29,3Q. It is

shown thaN N pair EM current term in the NR approach can one can deduce out of Eq45) and(16) that the BS and QP

be constructed from the states in the deuteron BS ampli- yertex functions are approximately related to each other as
tude. It is expected that the pair current term interferes with

the one-body one to increase the deuteron photodisintegra- gL (ko |K[;s) 4m2§|_(0,|k|;s)
tion cross section @ =90° and, then, to decrease it in the M. o \/W—Eﬁ.
range of the laboratory photon energy 0.1-0.7 G&Y]. Ep— 2 k 4Ei—Mg
We focus on the positive energy states only. So we have 2 ko=(Mg/2) —E,
two channel®S; — 3D, and the corresponding vertex func- (17)

tions can be written in the matrix forf20] _
In turn, the QP function(10) is related to the Schdinger

3g++ ) N . wave function by multiplying the latter by the minimal rela-
VBT, (p;Pg)) =Np(m+py)(1+yp)e, tivity factor
X (M=P2)Go(Po.lplis), (12 m
dorK;P o)) = E—k¢NR(k)-
3ptt
V167 I, "t (piP(o)) The presence of strong singularities in the interaction ker-
nel can be avoided by special prescriptions referred to imply

- ~ 3~ ~(p&) Iyti i i i-
A2 _ analytical properties of the amplitude. The ladder approxi
= +p)X(1+ += —_—
Np(m+py) X (14 y0)| &+ 5 (PLP2) p2 mation, where the interaction kernel of the BS equativis
. the sum of one-boson exchange diagrams, is widely used in
X (M—p2)d2(Po.|pl;s), solving BS equation for théNN scattering. In this case a
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solution of Eq.(5) (for example, we refer to Reffl6—20),  relation at least up to a nucleon kinetic energigg,

can be found in Euclidean space after Wick rotation. Actu-=(2/m)B,,(m+ B,,/4) with 8,;=231 MeV, which is about
ally, that presents a substantial obstacle in calculating ob500 MeV in the laboratory system.

servable in terms of the BS amplitude. The procedure of The same operations are repeated in the QP approxima-
analytical continuation of the complée plane solution back tion to the BS equation. Now the QP vertex function is the
to the realk, axis is extremely laborious and carries ambi- solution of the homogeneous BS equation with the BbS
guities. The physical solution can be also found via thepropagator functiori7) and the Graz-Il potential. The values
method based on the perturbation theoretical integral represf the parameters ,, are changed in order to reproduce the
sentation of NakanishB3]. Here the BS equation for bound static deuteron properties, the low-energy scattering param-
states is solved in terms of a generalized spectral representgters and the phase shifts. The radial part of the deuteron

tion directly in Minkowski Space{34]. But the approach is vertex function"g’;L depends on the relative three-momentum
developed for bound states in scalar theories only.

onl
An alternative way to solve the BS equation is to use a y
nonlocal separable interaction kerh@db—37: S 0lK9)—AS 1+ y,k2 5o K2
90(0,k|;8)=A(S) ———— S)————,
! (k*+ B1p? (k?+ B1)?

V(p,p'sP)= 2 Nawa(PiP)up(p’iP), (18
w K2(1+ y,k?)

where ,, is a symmetrical matrix of coupling constants. In~ 92(0k[;8)=C(8) ————————,
this case both the bound state vertex function and the scat- (k*+ B5) (k" + B2))
tering T matrix are obtained directly in Minkowski space.
The resultant amplitudes exhibit analytical properties deter-
mined by covariant form factors,(p;P). Generally, the

(20

The particular feature of the BbS reduction is that propa-

: S gators are reduced to the static form. Speaking in the lan-
form factors include dependence B4, P~ andp-P. Leav- guage of the meson-exchange model, the BbS reduction
ing the dependence quf means that a simple procedure for completely ignores the retardation or the dependence of the

constructing relativistic separable interactions_ is chosengg yertex function on the relative energy, which arises from
These form factors are not expected to be genuine separallg hinstantaneous effects in theN interaction.
approximations to the realistidN interaction. That has been

already done in study of the elastic electron-deuteron scatter-
ing in the BS formalism(see Refs[36,38,39).

We employ the separable kernel of rank8=3 in Eq.
(18] for computation of the deuteron photodisintegration et us consider disintegration of a deuteron with total
cross section. The kernel is a relativistically covariant generfour-momentumK by a photon with four-momenturg”,
alization of the NR Graz-Il potential for the description of =0, into a free neutron-protonnf) pair, characterized
the phase shifts of th8IN scattering in the coupledS;—  with the total and relative four-moment and p, respec-
°D, waves(details can be found in Ref32]). The analytical  tively. In the rest frame of thap pair, i.e., P{6)=(1s,0),
properties of the radial vertex function are determined bpr:(O,p), where s is the total energy of the pair, the dif-

poles in the relative energy ferential absorption cross section of a photon with enesgy
can be written as

Ill. DEUTERON PHOTODISINTEGRATION CROSS
SECTION

1— y1k? 2
do(ko,|k[;8)=A(s) 2 2 2+B(S) 2 p2,\2° d —_—
(k2—B2) (k>—p33,) _":Lﬂsk.Mﬁp, (22)
de 167s o
K3(1— y,k?) 2
92(ko, [k[;8)=C(s) s=Mg, wherea=e?/(4) is the fine structure constant( # is the

2 2\2/1,2 252"

(K= B2)"(K"~ £2) (19  transition matrix element 4 =(f|J#|i) of the EM current
operatorJ* between the deuteron bound state and the 2

where k?=k§—k?, the coefficientsA,B, and C are deter- continuum;e# is a photon polarization four-vector witk
mined by the homogeneous set of three algebraic equations; +1. The four-momentum conservation at the photon-
the parameterg,, andy, are chosen to reprodués,;—°D;  deuteron vertex givek +q=P.
NN scattering phase shifts up to a laboratory energi,gf Since polarizations of the particles involved in the process
=500 MeV, the low-energyNN scattering parameters, as will not be considered here, averaging and summing over the
well as the static deuteron propertiesich as the binding photon and nuclear polarizations in the initial and final
energy, the quadrupole, and magnetic momentd/e  states, respectively, are assumed. We may choose such a
adopted the coupling parameters of the interaction kernetoordinate system, where the photon three-momentum is di-
corresponding to the value oD -state probabilityP,=4  rected along thez axis, g*=(,0,0w). In the laboratory
and 6 %. The actual paramete8g, and y, are chosen to system, being the rest frame of the deuteron, the deuteron
have such values that the resultingi matrix has the four-momenturi o,=(My,0) and the photon en-
Ti/(Po.P.Pg.P’;s) satisfies the exact two-body unitarity ergy is denoted aE,, .
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In experiments on two-body photodisintegration of thewhere S!)(p) is the fermion propagator and,(1)=1/21
deuteron the differential cross secti¢?l) is viewed as a + 7,(1)] is the projector on to proton state. Moreover, the BS
function of the laboratory photon enerdy, and angle®,  amplitudes for the initial and final states have to satisfy to the
between incoming-photon and outgoing-proton threeBS equations with the same interaction kernel.

momenta in the c.m. system of ting pair. One can obtain It is shown in Ref[36] that the gauge independence con-
the following kinematic relations between the laboratorydition for the elastic electron-deuteron scattering amplitude
photon energy and variables in the c.m. frame: is fulfilled even in the impulse approximation for the many-

rank separable kernels, implying thgt M[2'=0. In the
S ) 5 My case of the deuteron breakup the isodpirl state is present
pl= 1\ 2~ M s=Mg+2E,My, 0= EEY' (22) iy the final 2N state, yielding a nonvanishing isovector con-
tribution, g- M E];&O. Consequently, the two-body Mandel-

The invariant amplitudeVt # , following Ref.[23], can be ~ Stam current operator should be added to guarantee the gauge
written in terms of the BS amplitude of the initiéh) and  independence of the scattering amplitude.
final (3) states
IV. PLANE WAVE ONE-BODY APPROXIMATION

M#:isf d4kd4|;8ng(l;pP)A#(l K PLK) g (k:K), The invariant amplitude in Ed23) contains the contribu-
4 tions due to the final state interaction. This means that the
(23 half-off-mass shelNN scatteringl’ matrix is needed, see Eq.
(3). Rescattering contributions and the two-body processes
are not taken into account, which constitutes a shortcoming
of our present work. At present, this is bound up with com-
putational difficulties. In a forthcoming paper we will con-
sider the FSI interactions fai=0, S, andJ=1, 3S,—-
3D, channels and work on the pair processes is in progress.
. \We stress that the full and detailed analysis of the FSI cannot
Mandelstam vert?l)]( consists of or[12e]—body and two-body par'[élearly be avoided without reconsidering an entirely different
Au(p. kP K)=A (p, K P, K)+ AL (P, kP, K). The sec- o of the interaction kernel. Thus, in the present investi-
ond part of Mandelstam vertex determmeé\s the so-called tWogation we confine ourselves to the simplest contribution to
body contributions. The specific form quE_L](p,k;P,K_) de-  the EM current operator, where the photon couples to either
pends on a given model for the interaction kernel in the BSf the two nucleons in the deuteron and the FSI between the

equation and it cannot be associated with the pair an@utgoing nucleons are omitted—the plane-wave one-body
meson-exchange currents in the NR approach. The gauggproximation.

independence of EM current transition matrix elememt,
- M¢=0, will be fulfilled if Mandelstam current meets the
following relations:

whereS=0,1 is the total spin of th@p pair andmg is its
projection on to the axis, M is the projection the total an-
gular momentum of the deuteron;, denotes Mandelstam
vertex, which determines the EM interaction witNl 3ystem
in the framework of the BS formalism.

Let us make some remarks on the current conservatio

A. The BS amplitude for the continuous spectrum

According to the approximations we made above, the BS

iq-AMt(p,k;P,K) amplitude of the final state in E¢3) is the antisymmetrical
q K -1 combination of the two free Dirac positive energy spifors
- —k——]|sMf =
(”"(1)5( Pk 2)[5 (2 K Xom (Ko -K: \5p) = 47%8(ko)
-1 -1
_ 5(1)(2 + p) }ga(% K (24) X[ xsm(P)(70+ 71) 8 (k—p)
(=1 Txsm(—P) (70— 71)
K -1
+wp(2)5(p—k+g s<2>(5—k) x 8®)(k+p)], (27)
p -1 K -1 where
—s(2>(§—p) s 5tk } (25)
Smy
Xsm(P)= 2 Ci 1 U (P (—p);
and _.1 ZMzh P "
Ap An=%3
iq- AP (p,k;P,K)= >, {Tr (I)V( p+(—1)'g,k;K) 1o and »; stand for isopin singlet and triplet functions, re-
12| P 2 spectively. Since the outgoing nucleons are on mass-shell,

—v(p,k—<—1>'g;mpu>)},
3We use the covariant normalization of the Dirac spinofau
(26) =2E.
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we have the constrairi - f)=0, which sets the relative en-
ergy po to be equal to zero in the rest frame of thp pair.

B. The BS amplitude for the bound state

PHYSICAL REVIEW ®3 014002

where T'{)(p k) is off-mass-shellyNN vertex for thelth
nucleon. Here we meet a common problem of the direct ap-
plication of the BS formalism to th& N interaction, since

we have to work with the off-mass-shell amplitudes. The
consequence of the gauge constraints for off-shellness in the

The BS equation for the deuteron is solved in the c¢.mgp vertices has been recently considered in R4€] (see
frame. Since the vertex function in E(@®3) is referred to @ 5150 references therginin our case we deal with half off-
moving frame, it has to be boosted to the c.m. frame. Lorentgnass-shell EM vertex. This type of vertices occur in the
transformation between the laboratory and c.m. frames is dE{'e,e’N) reaction, e.g., nucleon knockout and inclusive elec-

fined by K¥= LUK (o), P*=LIPg,, whereK ) and P,
are four-momenta of the deuteron ang pair in their rest
frame, respectively. As the boost along thaxis is needed,
the explicit expression for the matri& , is given by

ity 0 0 —p

) 0 10 0

=l 0 01 o | 28)
—Vn 0 0 Jity

where Lorentz factoly= 1+ 5 andv y=\/7 with v being

the velocity of c.m. frame in the laboratory frame are defined

in terms of the dimensionless boost parameter

Ey

Vs

_Ey+ My

Vs

Vn=—2, J1+7n

Under the boost the vertex function is transformed accordingnoments denoted

tron scattering, where the initial nucleon is taken to be bound
(off-mass-shejl and the knocked-out nucleon is assumed to
be in physical state. It is shown in R¢#0] that the off-shell
behavior of the nucleon EM vertex in a real Compton scat-
tering does not play a role as consequence of gauge invari-
ance.

Thus we deal with the well-known on-mass-shell version
of the EM vertex

TO(@)=y,[FP(q)+ 7§ F(q)]

i
+ —

5 T TFE(@) + S FP(@)], (32

where F(f'z”)(q) are the isoscalar and isovector Pauli-Dirac
form factors of thelth nucleon, normalized a&{¥(0)= %,
FE(0)=(rpt k)2, FIU(0)=3, FE(0)=(rp—Kn)/2,
with the anomalous part of the protdneutron magnetic
a8(n) -

to the general rule of the transformation of spinor amplitudes Employing the above written transformation laws, substi-

T(kiK)= A (LT (£ K o)), 29

whereA(£)=A®(L)AP) (L) and AD(L) is the boost op-
erator in the spinor space tth nucleon
1 [
141+ 7\2 . yvovaln | ¥
— ) 1+——=== . (30
2 1+1+7y

As 77— 0 the matrix(28) and operatof30) turn to unity, i.e.,
L—1 andA—1. It corresponds to the static limit for the BS

AD(L)=

tuting Eqs.(27), (29), (31) into Eq.(23) and finally integrat-
ing over the intermediate four-momentum, we derive the ex-
pression for the transition matrix element in terms of the c.m.
vertex function and the single nucleon propagators

M= 2 XSa(0pisp)T )
X (a?=0)A(£)S"(k;Ko)Tw(kor ki :Ko), (33)

wherek,=£ “[p+(—1)'(g/2)]. All possible contributions
to the matrix element in the PWOA are depicted in Fig. 1.

amplitude and takes place on the threshold of the deuteroNote that the four diagrams are identical, since both the ini-

photodisintegration, a case &f,/m<1 [see Eq.(22)]. The
vov3 term in Eq.(30) affects the spin degrees of freedom of
the BS amplitude.

C. The electromagnetic vertex
The one-body part of Mandelstam vertex has the form

) q P K
AE}](p,k;P,K)zlé(“)(p—k— E)FE}) 5 +P.5 kK
K -1 q
7)| B Fs®) gkt 2
x St > k) +is®| p k+2)
P K K -1
@ _p Dl D
><I“M<2 P k)S( 2Jrk) :
(3D

tial and final 2\ states are antisymmetrical.

It is seen that the matrix element is proportional directly
to the deuteron vertex function evaluated at a specific point
of the nucleon relative energy-momentum. As the relative
four-momentumk; is restricted by the energy-momentum
conservation in the photon-nucleon vertex, the relative en-
ergy ko and three-momenturk; variables depend on the
photon energy in the lab frame and the boost paramter

E
k0|:\/;|p\||+(_1)l7y,
kii=p,, o=Mg\/7, (34)

q
kw:\/mpnﬂ—l)'z,
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q 2.0
K2 +p, P2+p K2+p, PR2+p
p p L5
— + S
n n 9 1.0
K2-p P2-p Ki2-p, § P2-p £
q q 0.5
K2 -p, P2+p K2-p P2-p
n n 0.0
0.0
— +
p p
K2+ 30 '
P, P2-p K2+p, § P2+p
1 3
FIG. 1. Diagrams of the deuteron photodisintegration in the 20T ]
plane wave one-body approximation. Outgoing particles are on 5 ‘,,—"
mass shell. 3 JPtise 2.
= ,/”’ ,——"——"
where indiceg| andL denote the longitudinal and transverse 1ot /" e
components of vectdk with respect to the direction of the ’ s ——
incoming photon three-momentum, here [g|=E,. The mmmmm T 1
situation is illustrated on Fig. 2. For photon energies =
=<0.2 GeV one is probing the energy-momentum distribution
of the bound nucleons in the deuteron, where the high- 0.0 : : .
momentum “tails” of the nucleon density contribution in the 0.0 0.5 1.0 L5 2.0
deuteron are especially relevant. For given c.m. an@lgé E, (GeV)

is found that both the relative enerdit accounts for the
retardation in the vertex function of the deuter@and the
modulus of the three-momentum of the protameutron

FIG. 2. Modulus of the relative energk,| and the three-
momentum|k| of a nucleon in the deuteron versus the photon en-

grow strongly in increasing order oF,. They become ergy E,, (solid lines. Dashed lines correspond to solid ones when
smaller at forward scattering angles, (yzovering wide bandgeglecting the boost parameter, .59 =0 (the static approxima-

from 100 MeV to 2 GeV and from 500 MeV to 2.5 GeV for tion). The set of fixed proton scattering angleg=0°, 90°, and
the rest scattering angles 180° in the c.m. frame correspond to the curves labeled as 1, 2, and

Introducing the matrix representation for the deuterons‘ respectively. The same curves are related to the energy and the

vertex function and the 2 continuum amplitudésee Egs. tfree-znomccantum Of, a spectator nucleon at c.m. frame arégles
. . =180°, 90°, and 0°.
(12) and (27)], the transition matrix element can be trans-

formed into traces ofy-matrix expressions with

2K - S :
2 TTehe X1 (P)=——=(M=P2) & (1+ yo) (M+py),

2.2

Mii= —Sr{%@p)rp,#A(L)s a9

er(kl;Komw-lﬂ i
_ _ ;oo(p):Tg(m_bz)75(1+70)(m+61),
—Sp{m(p)A(c)rM(kz;Ko)s 2V2

where gms is the np pair polarization four-vector with the

X

K
;kz;KO)A(ﬁ‘l)F

n,u

(35 following completeness and orthogonality relations:
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PLP”

+1
Bogvk K
m;léms m="9 <

&-P=0. (37)

Normalization constantd/, and vectorsp, , are defined in
Eqg. (12).

Since the EM nucleon form factors can be taken in th

on-shell form, we have for the charge-current operator

I Kp , i Kn ,
vaﬂz’)/ﬂ+ mawq , Fn'#=m0'#,,q . (38)
The fermion propagator in Eq35)
=< 39)
k?2—m’+ie

is related to the propagatd® by S=—CS'C, where C
—i~2.0
=iyey.

A little manipulation with the expressiof85) yields that

the differential photoabsorption cross section can be written

as

dO' _ dO'o n dO-SP
dQ, do, do,’

(40

(S

PHYSICAL REVIEW ®3 014002

wheren;=(0,0,0,1) stands for the unit spacelike vector and
51: K0/2_ kl'

These are the general expressions for the deuteron photo-
disintegration cross sectiof21) in the PWOA. Since we
omit the two-body contribution to the transition matrix ele-
ment we do not preserve the gauge independence of the am-
plitude. When averaging over the photon state polarizations,
we make use of Coulomb gaug@=0, &-q=0 with the
completeness relation of the form

diq;

> ()f(e)j=8——, 1Li=xy. (45
A==*1 q

All the y-matrix expressions in the matrix elemeigds})
and the square modulus of the amplitud®) are evaluated
with the computer algebraic prograreEDUCE When sum-
ming over nuclear polarizations, we make use of the corre-
sponding completeness relations, EG) and (37).

V. ANALYSIS OF RELATIVISTIC EFFECTS

Now we are in a position to do final computations. The
results for the angular distributions for the deuteron photo-
disintegration at four different photon energies are de-
picted in Fig. 3. The invariant matrix element of the differ-

where theo is the part of the cross section which makes up€ntial cross section is calculated in the framework of the BS

the shape of the angular distributions

1+V1l+xy

2

2

> X5

S=0,1

dog «a
dQ, 4ms

(41)

and thedogp accounts for the effect of the boost on the spin

degrees of freedortthe spin precessigrof the nucleons

1+V1l+ 9y

2

2

> M2

S=0,1

dUSP_ o
dQ, 4ms

(42

P
The square modulus of the amplitude gp is given by
| MEd?=2B Re(X5XT*) + B[ X7]*~ 2 REXGX5") ]
—2B° Re(X7X5* )+ (X312 (43

with 8= \z/(1+ 1+ 7) and the amplitudeX> (i=0,1,2)
are expressed as

X5=SH xsm(P) T, x SM(s1;Ko) (K1 ;Ko) ]+ pen,

X3=SH xsm(P) T, x YonaS™(s1:Ko) T (k1:Ko)]

~ St xsm(P) I'p,  S(s1;Ko) (k1 :Ko) YoNs]

+p<n, (44)

X5= SF{;S%( P) I'p, x 70NaS™M(s1:Ko)Mw(Ky:Ko) yoNs]

+p<n,

formalism. The deuteron vertex function is the solution of
the homogeneous BS equation with the separable interaction
kernel(with sets of the coupling parameters corresponding to
two different strength of theD state, P,=4% and P,
=6%). Theinteraction kernel is similar to that employed in
the calculations of the EM elastic form factors of the deu-
teron in Ref.[36]. For the sake of simplicity we disregard
contributions to the matrix element stemming from the
negative-energy partial states of the deuteron vertex func-
tion. Subsequently, their role in the cross section will be
investigated in the BS formalism with the one-boson ex-
change interaction kernel.

It is seen in Fig. 3 that the resultant curves reproduce
shapes of the angular distributiohE]. They exhibit an al-
most perfect siﬁ@)p behavior above the threshold, which
corresponds t&1 transition to the’P, continuum state. At
higher photon energies the overall magnitude of the cross
section rapidly falls off and the maximum is shifted from 90°
to 70° and, further, to 60°. The distributions, which are
dominated by magnetic transitions, become flat, the ratio of
the forward cross section to the maximum decreases. The
role of theD state becomes more pronounced. Notwithstand-
ing these similarities, the theory appears systematically less
than the experimental distributions. &t,=20 MeV it is less
by a factor of 1.4, aE,,=100 MeV by a factor of 3, in the
A-resonance region it is expectedly lower by almost a factor
of 10, and atE,,=500 MeV by a factor of 3 with respect to
D-state weight?,=6%. In the NR approach, incorporating
meson-nucleon degrees of freedom, a good deal of discrep-
ancy between the experiment and theory is diminished by
contributions from pion-exchange currents and the isobar
configurations.
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E, = 100 MeV
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0 } 0 . . . ‘ ‘ FIG. 3. The differential cross
0 30 6 % 120 IS0 180 0 0 6 % 120 150 180 Eegt'on in the pt'_a”e ‘t"’&:j‘(fef °“et'
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8, (deg) 8, (deg) N y app .
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0.4 // \\ =6%.
% F02L7 N
503 8
2 2
g g
g 02 ©
o ‘001
0.1
0 ) ' ! ’ : 0 ' * ’ * '
0 30 60 90 120 150 180 0 30 60 9% 120 150 180

8, (deg) 8, (deg)

A. Approximate calculations andp=p+(—)'g/2 (1=1,2). This effect has a direct bear-

Despite the fact that our theoretical results do not describ&g on the dynamical variables, as is shown in Fig. 2. The
the experimental data, we are able to make definitive statdooster in Eq(30) is approximated by\ (£)|,-o=1. Note
ments concerning the relative importance of the various relathat the static approximation excludes contributions due to
tivistic effects. We distinguish the following classes of the Lorentz contraction and the spin precession.
relativistic effects in our consistent treatmetit) the role of (2) Special attention is paid to investigation of the influ-
the relativistic kinematics and the covariance of the EM cur-ence of the boost on the nucleon relative energy in the one-
rent operator(2) the role of the relativistitNN dynamics, particle propagator. As is shown in Ré85] that is the most
which forbids instantaneous interactions and leads to thénportant relativistic contribution to the deuteron EM form
relative energy dependence of the deuteron vertex functiofactors. Here we consider the cad@S-BR), which is the
(the effect of retardation (3) the boost transformation af- same as BS-SA, but includes the boost on the one-particle
fecting the internal variables of the BS amplitude of the deupropagator S"(kq,|p/|) due to recoil, ko= 7|p|+
teron (the effect of Lorentz contractigrand its spin degrees (— 1)'(Ey/2).
of freedom (the spin precession The corresponding ele- (3) Finally, we find out the relativistic correction associ-
ments of the cross section are denoteddas/d() and ated with the relative energy dependence of the matrix ele-
dogp/dQ), respectively. ments. We consider the zeroth order approximat®®-20)

We start our discussion with estimation of the size offor the vertex function, i.e., in the BS-BR approximation we
contributions due to the retardation, Lorentz contraction andompute the radial parts of the vertex function wi equal
the spin precession. Let us consider a number of approximde zero.
tions with respect to the exact positive-energy state BS cal- In Fig. 4 we present the results for the angular distribu-
culations. tions at the previous set of lab photon energies. The solid

(1) First, the static approximatioBS-SA) to the BS curve corresponds to the exact positive-energy state calcula-
cross section is carried out. That amounts to neglecting théon. We would like to stress the importance of the effect
boost on the arguments of the deuteron vertex function andoncerning the booster. In Fig. 4 it is clearly seen the pro-
the one-particle propagator, see Eg3). It is achieved by nounced role of thelogpcross sectioridot-dashed lingwith
setting the boost parametgr=0 in the deuteron vertex func- rise of the photon energy. It becomes more noticeable at the
tion T' (ko ,k)|,=0=T"L(Poi.p), where p0|:(—)'(Ey/2) scattering in the forward semisphere, where it is almost
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50

E = 20 MeV Ev =100 MeV

S

do/dQ (ub/sr)
do/dQ (ub/sr)

FIG. 4. The differential cross
section in the plane wave one-
body approximation at different
photon energiek . Curves: solid
line, the exact positive-energy BS
0 30 60 %0 120 150 180 calculation; dotted line, the static
% (deg) approximation(with exclusion of

Lorentz contractio)) dashed line,
' ' the static approximation taking
Ey=500 Mev into account the boost on the one-
particle propagator due to recail;
dot-dashed line, the contribution
due to the spin precession, Eg.
(42). Probability of D} partial
state,P,=4%.

03 0.2

(=3
S

do/dQ (upb/sr)
do/dQ (ub/sr)
=

(=]
—

0 300 60 9 120 150 180 0 30 60 9 120 150 180
0, (deg) 8, (deg)

half the size of the cross section. One should allow for suchwo curves in Fig. 5. One can see that it is practically uni-
a contribution starting at the medium photon energies. Wheform difference reaching up to 5%. If one ignores the depen-
added to the BS-BR approximatiddashed ling the latter  dence on the relative energy in the deuteron vertex function,
becomes a plausible one for the region of the photon enene comes up with the cross section which is slightly smaller
gies in question. The BS-BR approximation, including theput keeps the same shape.

boost on the one-particle propagator, gives the shape of the

angular distributions close to the e?(act ones. We can con- B. Comparison with other approaches

clude that the BS-BR approximation supplemented with

dosp contribution accounts for the major relativistic effects ~ The BS formalism consistently accounts for the relativis-
in the differential cross section. On the other hand, the SAic effects associated with manifest Lorentz covariance of the
approximation(dotted ling ceases to be reasonable foy, scattering amplitudes. As far as the matter of relativity is
above 100 MeV, as it has a wrong position of the crossoncerned, we compare the exact results of the BS frame-
section maximum. work with the following approaches.

We also demonstrate the influence of the boost transfor- (1) In the PWOA the ET approximation can be obtained
mation on the arguments of the initial-state vertex functionimmediately from the exact expressions by replacing the
It is worthwhile to mention that the boost leaves the argu-deuteron partial states for thet+‘+" channel with the QP
ments of the radial part of the vertex function unchangedsertex function. The latter is a solution of the 3D QP equa-
[since the radial functiomy, (p;K) depends on Lorentz in- tion with the BbS propagatdi) and with the refitted version
variantsk?, p2, andp-K]. It only has a direct bearing on its of the separable interaction kernel GraZ3p]. Essentially,
spin-orbital part. In Fig. 5 the relative deviation of the the ET approximation makes use of instantaneous interac-
BS-BR (dashed ling and the BS-ZO(dot-dashed lineap-  tions, i.e., with the relative timéhe relative energyset to
proximations with respect to the BS cross sectibn, are  zero in the deuteron vertex functi@y and the one-particle
displayed. The deviation of the BS-BR cross section is due t@propagator.
the boost effect on the orbital part of the deuteron vertex (2) A minimally relativistic approach employs the same
function. The contribution is quite great, especially at for-QP vertex function of the deuteron corresponding to the so-
ward and backward proton c.m. angles. The effects of théution of the equation the BbS propagator. That represents
retardation are responsible for the discrepancy between thee static limit for the ET approximatiofET-SA). The ap-
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FIG. 6. The relative difference of the deuteron photodisintegra-
FIG. 5. The relative deviation of the deuteron photodisintegra-tion cross sections for the photon energies= 100, 300, and 500
tion cross section for the photon energles=100, 300, and 500 MeV. The following cases are considered with respect to the exact
MeV for the different approximations with respect to the exactpositive-energy BS result: the equal time approximatidashed

positive-energy BS result BS-ZQlashed ling and BS-BR(dot- line), the minimally relativistic approactdot-dashed ling and the
dashed ling On they axis it is plotted (o~ 0gs.a)s,<100%,  nonrelativistic approaclidotted ling. On they axis it is plotted
wherea=BR, ZO. Probability of*D; partial stateP,=4%. (0—0,)x100%, wherew=ET, ET-SA, and NR. Probability of

3D; partial stateP,=4%.

proach incorporates the relativistic kinematics and the cova-
riant form of the EM current operator. situation. By no means is the NR approach reasonable to

(3) A purely nonrelativistic approach makes use of thedescribe the deuteron photodisintegration at high photon en-
wave function of the deuteron, which is the solution of theergies above the pion threshold. At least one should include
Schralinger equation with the NR Graz-1l separable poten-the minimally relativistic correction. Such a conclusion is in
tial. accordance with the discussion of Rif], where it is shown

In Fig. 6 we compare the above mentioned approachethat should such relativistic effects not be included, a theory
with the exact relativistic calculation. One can see that theyives too much peaking of the differential cross section at
NR approachdotted ling is a very crude approximation for ®,=0° and 180°.
the photon energies greater than 100 MeV. The minimally Finally, one can see that the overall sign of the relativistic
relativistic approachdot-dashed lingslightly improves the contribution to the NR cross section is negative. At the same
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time it depends on a given photon energy in the rafge p?
=60-120°. Taking into account Lorentz deformation doo=——sir? @ ,(U3+W3)
(dashed line in Fig. Bresults in a sizable effect. It is seen m

that the ET approximation is a quite good approximation at 9
low photon.ener_g|es. The dls_crepan_cy betw_een the BS %nd 72 KS(U§+W§)+Kﬁ(U§+W§)
ET calculations is practically isotropic reaching about 10% 4m
atE,=300 MeV and 25% at th&, =500 MeV.
KpKn U1W2+ U2W1
C. Expansion of the relativistic model + 3 2U U~ 2 (1+3co820,))

It is well known that the habitual way to provide for some
relativistic effects is thgp|/m and w/m expansion of the n Wi W, (5+3co$20.))
exact relativistic model keeping the lowest order correction 2 P
|p|2/m? and w/m [1]. The procedure is valid at the photon
energiesE,, up to a few hundred MeV. The additional terms The S andD-state amplitudes of the deuteron are denoted as
to the NR amplitude seem to correspond to those that comeg andW, respectively. The NR states damally related to
from the inclusion of the spin-orbit interaction to the NR the corresponding states of the BS vertex function as
current operator.

. (49

We analytically performed the expansion of the relativis- \Jam )
tic expressions for the angular distributions in the liif U= 2E,— M, Mdgo(0,|k|is= Ma),
<m. For the c.m. frame variables in the NR limitorre-
sponding to energiesE, <100 MeV), we have |p| Jam
=ym(E,— €4), »=E, and the boost parametgh;=0. The W= -————g,(0,k|;5=M3).
matrix element is expanded in powers |pi/m and w/m 2E—My

with |p|/m~0.3 keeping the lowest order terms. The recoll . . .
effecltg|and the boosr'z e?fects are neglected as well. The resﬁubscnpts 1 and 2 in Eq48) indicate 'the modulus of the
is that of the noncovariant description of the deuteron in thé™0ton and neutron three-momentum in the deutérpand
framework of the conventional NR models incorporating "2
relativistic effects in thdp|/m expansion of the relativistic
model[1,31]. VI. CONCLUDING REMARKS

The differential cross section of photoabsorption in the

NR framework is given by The objective of the present study is to evaluate the vari-

ous relativistic contributions to the angular distributions of
the deuteron photodisintegration. That is effected in a variety
|X§|2, (46) of theoretical frameworks and dynamics. The present paper
has applied the fully relativistic formalism, based on the
Bethe-Salpeter equation for théN2elastic scattering ampli-
where the deuteron breakup matrix elements are expressedti#e and the deuteron bound state. Beyond the choice of the
terms of the NR deuteron wave functiohy (k), the wave theoretical framework, which is manifestly covariant at every

model of the nucleon-nucleon interaction. Pursuing the aim

to obtain a clear understanding and to conduct straightfor-

dog _ a|p|
de 47TE7 S=0,1

dk _ ward comparison with the nonrelativistic and minimally rela-
X§= — f —Sles,nS(k)F?(q)‘PM(ko (A==%1), tivistic approaches, we have attracted the effective separable
1=12J (2m) interactions in constructing the solvable dynamical model of

(47)  the deuteron.

It is worthwhile to comment on the negative-energy states
wherek,;=p—(—1)'g/2 and the EM nucleon form factor is ©f the realistic deuteron vertex function. In order to analyti-
given by cally reach the ultimate results we have discarded channels

containing negative-energl? states in the Bethe-Salpeter
amplitude of the deuteron. So far, the numerical solution of
1+ 70 pr ket Wk, i[oMx gl the BS equation allowin@ states can be obtained within the
"o m 2 om context of the one-boson exchange interaction kernel. The
present version of the separable interaction kernel does not
include the negative-energy states. The contributions dPthe
with ks=3(kp+ ky) and k, =3 (kp— Kp). states to the cross section are expected to be significant
In the PWOA one can reduce square of the amplitdd®  within the considered interval of the photon energies. In this
in Eq. (46) to “textbook” formula, which reproduces the respect our present study is primarily of a comparative char-
shape of the angular distribution while missing its absoluteacter. We also have not included the two-body contribution
size to the electromagnetic current operator and neglected the fi-

Fh@=(-1)Y

014002-13



K. YU. KAZAKOV AND S. EH. SHIRMOVSKY PHYSICAL REVIEW C 63 014002

nal state interaction in the outgoing np state. The last twdhe most general form(2) The novel feature brought by the
limitations constitute the so-called plane wave one-body apBethe-Salpeter approach is the retardation due to the depen-
proximation. dence of the bound state amplitude on the relative energy of
Despite these specifications, the strongest advantage the nucleons. In the plane wave one-body approximation, the
our investigation concerns the fully covariant and rigorousscattering amplitude bears the explicit dependence on this
description of the bound state and the deuteron electromagariable and its magnitude is measured by the photon energy.
netic current. The present approach accounts for the wealtim our opinion, this turns out to be by far the most important
of the relativistic effects to the differential cross section offact enabling one to study recoil effects due to energy trans-
the deuteron photodisintegration: the role of relativity in thefer to a nucleon by a photoii3) The role of the boost trans-
transition matrix elements between different nucleonic statedprmation of the spin degrees of freedom becomes noticeable
the influence of the retardation in the deuteron vertex funcin increasing order of the photon energy at forward scatter-
tion, and the one-particle propagator, as well as changes iimg.
the amplitudes due to Lorentz deformation and the spin pre- Finally, the region of high photon energi¢above E,,
cession. =500 MeV) calls for a more complete investigation. In this
These relativistic effects together have a profound impacénergy region one needs to construct a realistic interaction
in the theoretical analysis of the deuteron photodisintegratioiernel in solving the Bethe-Salpeter equation. Moreover, ex-
even at intermediate laboratory photon energies for the fortending the above calculations includes contributions due to
ward and backward scattering. Here the most important corP states and the two-body processes in the EM current op-
tributions come from the boost in the arguments of the initialerator matrix elements.
state vertex function and the boost on the relative energy in
the one-particle propagator due to recoil. As one is con-
cerned with the covariant approaches, the equal time ap-
proximation is a more or less reasonable approach from a We are indebted to V.V. Burov, S.G. Bondarenko, A.A.
pragmatic point of view. Goy, A.V. Molochkov, and A.V. Shebeko for many useful
Further, the following conclusions are confirmed by re-discussions and encouragement. We are grateful to O.V.
sults of the present investigatiofl) The Bethe-Salpeter ap- Chelomina for the assistance rendered in preparation of the
proach allows us to take into account Lorentz invariance angiaper. This work has been partially supported by Grant No.
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