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Abstract⎯The reaction of the elastic electron-deuteron scattering is considered within the Bethe–Salpeter
approach with separable kernel of interaction. A consistent description of the Mandelstam current obtaining
is given. The structure of matrix elements of the deuteron electromagnetic relativistic two-body interaction
current is studied in details. All technicalities are thoroughly considered.

DOI: 10.1134/S154747711801003X

1. INTRODUCTION

Nowadays the interest in some different old
researches comes back to life. It happens due to
increasing capacities of different old facilities and
appearing of new ones. One of such cases is the elastic
electron-deuteron scattering, that is of interest in the
light of current upgrade of the JLab facilities up to
12 GeV. Indeed, the elastic electron-deuteron scatter-
ing is of the great interest because of deuteron being
the simplest strongly interacting system of bound
nucleons.

Especially we want to study the high energy behav-
ior of the deuteron form factors and structure func-
tions and its dependence on models of the nucleon
form factors. In such a way we are interested in reduc-
ing or improving of other factors that have to be esti-
mated, such as correct and complete representation
for the deuteron electromagnetic current and con-
structing more realistic separable kernel of interaction.
That finally would allow us to study electromagnetic
structure of bound nucleons carefully.

The relativistic two-body interaction current was
investigated for pion and other mesons form factors in
Refs. [1–5] where different schemes of the two-body
current construction are discussed. The importance of
the relativistic two-body interaction current contribu-
tion at high energy transfer is shown.

Another investigations [6, 7] were done for the
deuteron electromagnetic form factors taking into
account two-body current within the one-boson
exchange model.

This work is aimed directly to the analysis of the
interacting part of the hadron electromagnetic current
in the sense of taking it into calculations. In the paper
we follow two works which are very close to the dis-
cussed problems, [8] and [9].

The paper is organized as: section 2 is dedicated to
the derivation of Mandelstam current in the S-matrix
formalism. In section 3 exact expressions for both
one-particle and two-particle parts of such current are
reviewed. Section 4 considers the problem of the
gauge-invariance. In section 5 and appendices of the
article you may see all technicalities that appear in cal-
culations of such current in the Bethe–Salpeter
approach. In section 6 some conclusions are given.

2. GENERAL EXPRESSION 
FOR THE AMPLITUDE

OF THE ELASTIC ED SCATTERING

The S-matrix element of the elastic  scattering
in the one-photon approximation has the form:

(1)

where

(2)

 is the virtual photon polarization
vector,  are the initial-, final deuteron
total momenta (the projection of the angular
momenta);  is the electromagnetic current density.1 The article is published in the original.
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Let us express  in terms of the
5-point Green function:

(3)

where T is the Wick operator.
Introducing the complete set of the eigenstates of

the 4-momentum operator and separating the contri-
bution of the two-nucleon bound state with mass Md:

(4)

where R is the regular function of  and 
The Bethe–Salpeter amplitudes are introduced in

a following way:
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and their Fourier transformation reads:
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Now we can change the integration variables as
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So, finally we have

(23)

The full Fourier transformation for the Green-
function  in the following form

(24)

was used in the last expression.
To make the relation (20) more clear let us intro-

duce the generalized EM current  (the so called
Mandelstam current):

(25)

As it is known the two-body Green-function  has
the following form near the pole 
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with R being the regular part, and the expression takes
the form:
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So, the relations between the matrix element and
the Bethe–Salpeter amplitudes and the Mandelstam
current are obtained. The form and structure of the
current will be discussed in the next section.
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suitable for any kernel of interaction had been pro-
posed. Such the current  consists of several parts:

(28)
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where  is the one-particle part, that corresponds to
the relativistic impulse approximation (RIA)
(if nucleon form factors are supposed to be the on-
mass-shell), which was calculated in the [10]. Values

  are the direct and exchange parts of the

two-particle part  so called the interaction current
(IC), of the Mandelstam current.
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Appendix A.
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In the case of elastic eD scattering only the V0 (fur-
ther  equals just to V) part contributes to the interac-
tion current. So, finally, we get the expression for the
interaction current:

(36)

We neglect the mass operator  and put nucleons
on-mass-shell, in this case the functions  and

 are exactly  and  – Dirac and
Pauli form factors.
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teron). The boosting of the BS amplitudes and kernel to
their rest systems should be done. Expressing boost oper-
ators as they described in the Appendix B we have:

(45)
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Actually we have to analyze the analytical structure
of the matrix elements with certain kernel of interac-
tion, because the function R has singularities. That
will be considered elsewhere in further works.

6. NON-MINIMAL CONTRIBUTION

It is important to admit that the current investi-
gated above is based on the minimal substitution
method of introduction of the EM interaction. How-
ever, it does not allow us to represent the magnetic part
of the current. In order to fix this problem let us con-
sider the non-minimal substitution with derivative of
the photonic field:

(54)

This substitution leads to the following modifica-
tion of the expression for the two-body interaction
current:

(55)

= μ ν{ , , , , }
i ii i L S i ia L m m

( ) ( )= φ

× φ

11 2 3 4

4 2 3

(0)0 (0) 0 (0)0 (0)

) ) ( ) ( )( (
0 (0)0 (0) (0)0 (0)

ˇ '' ' ', , , ; ,

ˇ ' '( , ) ( , ; , ; ),

LL L L L

l l l l
L L L

R p p s p

p V k k s

p p p

p k k

μ ν

μ ν μ ν μ ν

− , =

×

× −

1
1 2 3 4 1 1 1

1 1

32 4
2 3 42 2 3 3 4 4

2 2 3 3 4 4

1 2 31 2 3

1( ) ( ) ' " 1 '
(0) (0) (0) (0) 1 1 1

2 2
11 11 " 1 " 1

1 1 11 1 1 1 1 1
2 2 2 2 2 2

( )
(0) (0) (0

ˆ ˆˇ ˆ ˆ'( , , )'

ˆ ˆˇ ˇˆ'( ) ( ) ('

S

L S

SS S

L S L S L S

L L L

ml l MM M M
a a a a L m m

mm mM M M
L m m L m m L m m

l
L m L m L m

C C C

C C C C C C

Y Y Y

p k k p

p k k
4 4

( )
) (0)ˆ) ( ),

L

l
L mY p

μ μ

−
μ μ= Λ Λ −

1 2

1 2

(1) ( )
(0) (0)

(1) (1) 1 (1) (1) ( )
(0) (0)

ˇ '( , )'

ˇ'( ) ( ') ( ) ˇ ( ),'

l

l

A

u P K u

p k

p k

ν ν

−
ν ν= − Λ Λ

1 2

1 2

(2) ( )
(0) (0)

(2) (2) 1 (2) (2) ( )
(0) (0)

ˇ ' '( , )

ˇ' '( ) ( ') ( ) ˇ ( ),

l

l

A

u P K u

p k

p k

+ −
μ μ μ μ= Λ

3 4 3 4

(1) ( ) (1) ( ) (1) 1 (1)
(0) (0)

ˇ ˇ( , ) ˇ ( ) ( ) ( ),l lB u K uk p k p

+ −
ν ν ν ν= − Λ −

3 4 3 4

(2) ( ) (2) ( ) (2) 1 (2)
(0) (0)

ˇˇ ( , ) ˇ ( ) ( ) ( ).l lB u K uk p k p

β
α α βδ

α α δ

∂∂ ∂→ + − γ σ
∂ ∂ ∂

( )
( ) .

8
A xieieA x

x x m x

μ
⎛ ⎞β
⎜ ⎟μν μβ ν⎜ ⎟
⎝ ⎠

=

ν

Λ = π

× δ + σ γ

∂ ∂ ∂⎛ ⎞× ⎜ ⎟∂ ∂ ∂⎝ ⎠

∑

∫

[2] 2 4

( ) 2 ( ) 2
1 2

1,2
1

( ) ( ) ( )

0

( ', ; ', ) (2 )

( ) ( )
4

ˆ , ; ( ' , ; ) .
'

l l l

l

l l l

p p P P i e
iF q F q q
m

D V k k K dt
p p P



54

PHYSICS OF PARTICLES AND NUCLEI LETTERS  Vol. 15  No. 1  2018

BEKZHANOV et al.

In this case, the functions  and  are modified
as (consider only  – term):

(56)

In (55) we introduced  and  form factors,
which are exactly Dirac and Pauli form factors for
nucleons.

7. CONCLUSIONS
We have the consistent description of the Mandel-

stam current obtaining. The relativistic two-body
interaction current component of the deuteron EM
current is investigated. The procedure of the calcula-
tion of such a current in the reaction of elastic elec-
tron-deuteron scattering has been described. The
implementation of such a procedure was obtained in
the Bethe-Salpeter approach and suits for any type of
kernel of interaction. Also the non-minimal contribu-
tion to the two-body interaction current is discussed.
The calculation was done in the laboratory system.
The complete description of all technicalities was
given.

APPENDIX A
KINEMATICS

Momenta:
—total momentum of the initial deu-

teron, 

—relative momentum of the initial
deuteron

—momentum transfer,  –
convenient substitution

—total momentum of the
final deuteron, 

—relative momentum of the final deu-
teron

—total momentum for the kernel of
interaction in IC, 

—initial relative
momentum of the kernel of interaction in IC

—final relative
momentum for the kernel of interaction in IC

In the laboratory system:
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The Lorentz transformation operators:

The Lorentz transformation of the momenta:
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2nd term

APPENDIX B
LORENTZ BOOSTING

Boosting of different values:

Boost operators:

with 

with  and 

APPENDIX C
Partial-wave decomposition (in the rest frame):
BS amplitude:

where  and

 =  ×

BS vertex function:

Kernel of interaction:
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