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The electrodisintegration of the deuteron is considered within a relativistic model of nucleon-nucleon inter-
action based on the Bethe—Salpeter approach with a separable interaction kernel. The exclusive cross section
is calculated within the impulse approximation under various kinematic conditions. Final state interactions
between the outgoing nucleons are taken into account. The comparison of nonrelativistic and relativistic cal-
culations is presented. Partial-wave states of the neutron-proton pair with total angular momentum J = 0,1

are considered.

1. Introduction. The electrodisintegration of the
deuteron is a useful instrument which makes it possi-
ble to investigate the electromagnetic structure of the
neutron-proton (np) system. Many approaches have
been elaborated to describe this reaction for last 40 years
[1-5]. The simplest of them considered the electrodisin-
tegration within a nonrelativistic model of the nucleon-
nucleon (NN) interaction and outgoing nucleons were
supposed to be free [1] (the plane-wave approximation,
PWA). Those approaches were in a good agreement with
experimental data at low energies. However, further in-
vestigations have shown that the final state interaction
(FSI) between outgoing nucleons, two-body currents and
other effects should be taken into account to obtain a
reasonable agreement with existing experimental data at
higher energies. Most of these effects have been consid-
ered within nonrelativistic models [2, 3]. In relativistic
models, FSI-effects could be calculated within quasipo-
tential approaches including the on-mass-shell nucleon-
nucleon T' matrix [4, 5].

One of fundamental approaches for a description of
the np-system is based on using the Bethe-Salpeter (BS)
equation [6]. To solve this equation we use a separable
ansatz [7] for the NN-interaction kernel. In this case,
we have to deal with a system of algebraic equations
instead of integral ones [8]. A separable kernel model
within the BS approach was not used to describe most
of high-energy NN-processes for a while since calculated
expressions contained nonintegrable singularities. The
separable kernels proposed in [9-11] make it possible
to avoid those difficulties. Using these kernels FSI can
be taken into account in the electrodisintegration in a
wide range of energy. The electrodisintegration cross
section is calculated in the present paper under different
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kinematic conditions (see Table 2 below). The rank-six
NN-interaction potential MY6 [10] is used to describe
scattered and bound 3S;-2D, partial-wave states. The
uncoupled partial-wave states with total angular mo-
mentum J = 0,1 (1S,, 1Py, 3Py, 3P;) are described
by multirank separable potentials [11]. The obtained
results are compared with nonrelativistic model calcu-
lations [3] where NN-interactions were described by the
realistic Paris potential [12].

The paper is organized as follows. In Sec.2, the
three-differential cross section of the d(e, e'p)n reaction
is considered in the relativistic impulse approximation.
The used BS-formalism is presented in Sec.3. The de-
tails of calculations are considered in Sec.4. Then the
obtained relativistic results are compared with nonrela-
tivistic ones [3] and experimental data of the Sacle ex-
periment [13, 14] in Sec. 5.

2. Cross section. When all particles are unpolar-
ized the exclusive electrodisintegration of the deuteron
d(e, e'p)n can be described by the differential cross sec-
tion in the deuteron rest frame — laboratory system

(LS) — as:
d*o _ _ 9Mott P,%\/E

dELdQLdQ,  8My(2m)% /1 + n|py| — Epy/ncost,

X [100Woo + 13 (Wiq + W__) + 213 _ cos2¢ ReW,,
—20} _sin2¢ ImW,_ — 21, cos ¢ Re(Woy — Wo_)
—213, sin ¢ Im(Wos + Wo_)], (1)

where omor = [acos(8/2)/2E, sin?(/2)]? is the Mott
cross section, @ = e?/(4w) is the fine structure con-
stant; M, is the mass of the deuteron; p. = (E.,l) and
p, = (E.,1') are initial and final electron momenta, re-
spectively; 2 is the outgoing electron solid angle; 8 is
the electron scattering angle. The outgoing proton is

described by momentum p, (E, = ,/p3 + m?, m is the
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mass of the nucleon) and solid angle 2, = (6, ¢), where
0, is the zenithal angle between the p, and q momenta
and ¢ is the azimuthal angle between the (ee’)- and (gp)-
planes; ¢ = p. — p, = (w, q) is the momentum transfer.
Factor n = q?/s can be calculated through the np pair
total momentum P squared:

s=P? =

(pp +pn)® = M +2Maw + ¢, (2)

defined by the sum of the proton p, and neutron p, mo-
menta. The photon density matrix elements have the
following form:

Q> Q Q2

0N ==
00 q27 0+ — | |\/— +t 27
b Q@ Q?

0 _ 4.2 0 _

l++—tan 54‘@, +,—_Wa (3)
where Q2 = —¢? is introduced for convenience. The
hadron density matrix elements

W)‘)\l = W,“,EK(;‘K:, (4)

where A, A" are photon helicity components [15], can be

calculated using the photon polarization vectors € and
Cartesian components of hadron tensor

. 2

Wu =5 > l(np: SMslju|d: 1M)[*, (5)

848n Sp

3
where S is the spin of the np pair and Mg is its projec-
tion; sq, s, and s, are deuteron, neutron and proton mo-
mentum projections, respectively. The matrix element

(np : SMs|juld : 1M) can be constructed according
to the Mandelstam technique [16] and has the following

form in LS:
d4 CM
=iy [Gor (6)

n=1,2

M,p*CM;PCM)A(ﬁ)FL")(Q) x

(np: SMgl|ju|d : 1M)

sp { AL 1) dsus (0°

K
gt [% —(-1)"p— g] M [p+ (—1)"%;K(o)]}

within the relativistic impulse approximation. The sum
over n = 1,2 corresponds to the interaction of the vir-
tual photon with the proton and with the neutron in
the deuteron, respectively. The total P°M and relative
p*“™ momenta of the outgoing nucleons and the inte-
gration momentum p“™ are considered in the final np
pair rest frame — center-of-mass system (CM), p denotes
the relative np pair momentum in LS. To perform the
integration, momenta p, ¢ and the deuteron total mo-
mentum K gy = (My,0) in LS are written in CM using
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the Lorenz-boost transformation £ along the q direc-
tion. The np pair wave function ¥gas, is transformed
from CM to LS by the corresponding boost operator A.
A detailed description of sz, , the nth nucleon interac-
tion vertex I‘,(Ln), the propagator of the nth nucleon S,
and the deuteron vertex function I'™ can be found in
our previous works [8, 17].

3. Separable kernel of NN interaction. The out-
going np pair is described by the 7" matrix which can be
found as a solution of the inhomogeneous Bethe—Salpeter
equation [6]:

T(p',p; P)=V(',pP)+ (7)
4 — [ d*kV (Y, k; P) Sy (k; P) T (k, p; P),

where V' is the NN-interaction kernel, S, is the free two-
particle Green function:

- 1 2
S s P) = P+ E-m)GP -k -m)®, @®)
and p (p') is the relative momentum of initial (final) nu-
cleons, P is the total np pair momentum.

To solve the BS-equation (7) partial-wave decompo-
sition [18] for the T-matrix:

= > tas(pp, [P';p0s [Pl 5) X (9)

JMab
P)Uclag ® [UcVip (P)]sy

is used. Here, Pg) = (1/s,0) is the np pair total mo-
mentum in CM, Uz = iy24° is the charge conjugation
matrix. Indices a, b correspond to the set 27! L’ of spin
S, orbital L and total J angular momenta, p = + defines
a positive-energy partial-wave state, p = — corresponds
to a negative-energy one. Greek letters {a, 3,7, d} in (9)
are used to denote Dirac matrix indices. The spin-angle
functions:

Tup s (0 p; Po))

X [yaM(_

Yim:so(P)Uc = (10)
. Spp Smg
=t Z C%Pl%ﬁzc’LmLsms imiims

mrmsmimzp1p2
. T
X Yim, (0)UL, M (p)UL2 )" (-p)

are constructed from the free nucleon Dirac spinors u, v.
It should be mentioned that only positive-energy states
with p = + are considered in this paper. Using a similar
decomposition for V', the BS-equation for radial parts of
the T'-matrix and kernel V is obtained:

tas (o, |P'[; Po, |P|; 8) = vas (D0, [P'|; o, [P[;8) +  (11)

“+o00 (e’
)
b 3 [ ko KT vac 95 i )
cd 0 0

X Sca(ko, [k|; s) tas (Ko, [k|; po, |P|; 5)-
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To solve the resulting equation (11) a separable ansatz
[7] for the interaction kernel V is used:

vab (Do, |P'|; Pos P]; 8) = (12)
N
a b
= 3" ()8 (b, 10D (po, [pl),
2,j=1

where N is a rank of a separable kernel, g; are model
functions, A;; is a parameter matrix. Substituting V'
(12) in BS-equation (7), we obtain the T-matrix in a
similar separable form:

tas (00, |P'[; po, Pl 8) = (13)

N
= " 7i(5)9” (B, P 1)} (po, [p]),
2,j=1

where:

7i5(8) = 1/[A;5' (s) + hij ()], (14)

and

hij(s) = (15)

- ) (o, k|) gt (Ko, |k
v /dkO/k2d|k| 9; ( 0’| |)g] ( 0’| |)
dm? £~ (v/s/2 — Ex +i€)? — k2

are auxiliary functions, Ex = vk2 +m2. Thus, the
problem of solving the initial integral BS-equation (7)
turns out to finding the g; functions and parameters A;;
of separable representation (12). They can be obtained
from a description of observables in np elastic scattering
[10,11,19-21].

4. Final state interaction. In our previous works
[10, 17] the electrodisintegration of the deuteron was
considered within the plane wave approximation (PWA)
when the final nucleons were supposed to escape without
interaction. Even though PWA is enough to describe the
electrodisintegration at low energies, it is important to
take into account the final state interaction (FSI) be-
tween the outgoing nucleons. As it was shown in other
works [3], the contribution of FSI-effects increases with
increasing nucleon energies or/and momentum transfer.
Therefore, the relativistic models of the NN-interaction
must be elaborated and FSI should be included into cal-
culations to get an adequate description of the electro-
disintegration. The first relativistic model based on a
separable kernel approach was Graz II [19]. However, it
was impossible in principle to calculate FSI using it [11].
To solve this problem new relativistic separable kernels
[10, 11] were elaborated. We apply them to the deuteron
electrodisintegration including FSI in this paper.

The outgoing nucleons are described by the BS am-
plitude which can be written as a sum of two terms:

Ysus (0,0% P) = Y. (0,9%; P) + (16)
+ 4%352(;); P) /d"k V(p, k; P)ysas (k, p*; P).
The first term
Y, (0,97 P) = (2m) xsus (0 P)S(p — p*) - (17)

is related to the outgoing pair of free nucleons (PWA),
Xsus is a spinor function for two fermions. The second
term in (16) corresponds to the final state interaction of
the outgoing nucleons. It can be expressed through the
T matrix if we use the following relation:

/ d*k V(p, ks P)psars (k, p*; P) = (18)
= /d4k T (p, k; PY§ay, (k, p*; P)

and can be rewritten as

Yir, (00" P) = (19)
= 4miSy (p; P)T (p, p*; P)Xsms (P*; P),

here, (¢t) means that this part of the np pair wave func-
tion is related to the T-matrix. Applying the partial-
wave decomposition of the T-matrix (9) the expression
(19) can be written as follows:

Yir, (p,p"; P) = 4ri x (20)

X Y ClMsnrs Vi (%) Vart (P)ba,s:Ls+ (Po, [P; 9),
LmJMa

where p* = (0,p*) with |p*| = /s/4 — m? is the rel-
ative momentum of on-mass-shell nucleons in CM, p*
denotes the azimuthal angle 65« between the p* and q
vectors and zenithal angle ¢. Since only positive-energy
partial-wave states are considered here the radial part
is:

¢ (p |p|s) _ ta,J:LS+(P0a|P|507|P*|§3)
a,J:LS+\P0, ) (\/E/Z — Ep i ie)2 — p(z) .

(21)

According to definition (10) spin-angle functions ) can
be written as a product of Dirac v matrices in the matrix
representation [8] as:

Yam (p) = (22)

- (4 1)L+ 70)Garr(m — ),

V87 4B, (Bp + m)

matrices G, are given in Table 1. Decomposition (20)
is considered in detail in [22]. Using definition (16) and
substituting (17), (20) into (6), the final expression for
hadron current (np : SMg|j,|d : 1M) can be obtained.
It consists of two parts. One of them:
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Table 1

Spin-angular parts G,ns (22) for the np pair

Table 2

Kinematic conditions considered in the paper. Here all
quantities are in LS

a—= {25+1L‘3} Gt
15 75
s5f Err
Lpf (Pl Em)vs
SpPy 1 51(P1 —P2)
spj \f 3L (o eM Len (B —$2)] 7
*pf L [t + 301 0) By - B,)]

p1 = (Ep,P), p2 = (Ep,—p) are on-mass-shell momenta, Ep =
v/P? + m?; y-matrices are defined as in [23]

(np: SMs|j|d: 1M)© =
XSMs( *CM;PCM)A(E)F,(?)(‘I) X

ool

corresponds to the electrodisintegration in PWA. An-
other one:

(23)

—zZ{A

n=1,2

K
xS [%-(—1)"1)*—

(np: SMs|j,|d : 1M)®) =

DYDY

n=1,2LmJM;L'lm'

(24)

JM, A %
Cng'Ms Yim (p ) x

oo o) 2w
X /dpEM/ cM d|pCM|/dCOSBCM/d¢><
oo 0
x Sp {A(c*)a‘zwm (PA(LITL" (9) %

K
x50 [E2 - (-1 s [p+(-1" ]}

2
t3.. (5™, [pM; 0, |p*; 5)

(Vs/2 — Ep +i€)® — pj
w
X gi [Po +(=1)"5,p+ (—1)"g;K(o)]

corresponds to the process when FSI is taken into ac-
count. Here g; is a radial part of the deuteron ver-
tex function I'™. The part Sp{...} has been calcu-
lated using the algebra manipulation package MAPLE.
The three-dimensional integration over p{™, [p“™| and
cos HSM has been performed numerically using the pro-
gramming language FORTRAN.

5. Results and discussion. The differential cross
section (1) is calculated under three kinematic conditions
of the Sacle experiment [13, 14] (described in Table 2)
and is present in Figs.1-3. The calculations have been
performed within the relativistic impulse approximation
for two different cases: when the outgoing nucleons are
supposed to be free (PWA) and when the final state
Mucema B AROT® Tom 94
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set I [13] | set II [13] [14]
E., GeV 0.500 0.500 0.560
E!, GeV 0.395 0.352 0.360
0, deg 59 44.4 25
pPr, GeV/c min 0.005 0.165 0.294
max 0.350 0.350 0.550
0y, deg min 101.81 172.07 153.01
max 37.78 70.23 20.81
Oqe, deg min 48.79 44.74 33.06
pPp, GeV/c min 0.451 0.514 0.557
max 0.276 0.403 0.306
0p, deg min 0.622 2.54 13.86
max 51.03 54.90 140.28
Ope, deg min 49.41 47.28 46.92
max 99.81 99.64 173.35
Vs, GeV 1.929 1.993 2.057
Vs —2m, GeV 0.051 0.115 0.176
Q?, (GeV/c)? 0.192 0.101 0.038
w, GeV 0.105 0.148 0.200
laj, GeV/c 0.450 0.350 0.279

In addition to those which are defined in the text, they are: angle

04e between the beam and the virtual photon; neutron momen-
tum p, and angle 6, between the neutron and the virtual photon
(Pp,8p — the same for the proton); fpc (0ge) — the angle between
the beam and the proton (virtual photon).

E 100 ?‘-

| b NR (PWA

= 10 ~ (PWAC)

A F o3y

%u - M

S [ MY6(FSD) — &SN MY6 (PWA)

k) 1__ 0\.

S AN

Lk s

= E \ | \ | \ | -

0 50 100 150 200

p, (MeV/c)

Fig.1. (Color on-line). Cross section (1) depending on re-
coil neutron momentum |p,| calculated under kinematic
conditions set I of the Sacle experiment [13]. The nota-
tions are following: MY6 (PWA) (red solid line) — rela-
tivistic calculation in the plane-wave approximation with
the MY6 potential [10]; MY6 (FSI) (blue dashed line) —
relativistic calculation including FSI-effects; NR (PWAc)
(violet dotted line) — nonrelativistic calculation [3]

interaction between the nucleons is taken into account
(FSI). The partial-wave states of the np pair with to-
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tal angular momentum J = 0,1 have been considered.
The used relativistic model consists of two parts: the
separable potential MY6 [10] for the bound (deuteron)
and scattered 2S;-3D; states and separable potentials of
various ranks [11] — for all the other partial-wave states
(*So, 1Py, 3Py, 3P;). The obtained results have been
compared with the nonrelativistic model [3].

In Fig. 1, relativistic MY6 (PWA), MY6 (FSI) and
nonrelativistic NR (PWAc) calculations under kinematic
conditions [13] (set I) are practically coincide with each
other and go close to the experimental data. The nota-
tion ”¢” in NR (PWAc) means that the corresponding
hadron current satisfies the current conservation condi-
tion [1]:

¢"J, = 0. (25)

So, it can be concluded that relativistic and FSI-effects
do not play an important role in description of the
deuteron electrodisintegration at low energies.

Fig.2 considers the cross section (1) calculated un-

1

>
/

NR (PWACc)

dQ,) (nb/sr” MeV)

0.1F NR(FSIc)
< .
= | MY6 (FSI) LA
lnb }.:
~ooll— . 0
150 200 250 300 350

p, (MeV/c)

Fig.2. (Color on-line). The same as in Fig.1 but under
kinematic conditions set II of the Sacle experiment [13].
The nonrelativistic calculation NR, (FSIc) (brown dashed-
dotted line) includes FSI-effects

der kinematic conditions [13] (set II). Here FSI-effects
decrease the resulting cross section noticeably. A slight
difference is seen between nonrelativistic and relativistic
results.

The cross section under kinematic conditions [14] is
presented in Fig. 3. In this case PWA and FSI calcula-
tions differ significantly. It means that the influence of
FSI on observables increases with increasing |p,|. To in-
vestigate relativistic effects, two additional calculations
MY6 (PWAc), MY6 (FSIc) have been performed when
the condition (25) has been taken into account. The rel-
ativistic one-particle current within the impulse approx-
imation (6) does not satisfy (25). We impose this con-

dQ,) (nb/sr” MeV)
=

I
e

dQ

I
e

0.01F  MyY6 (FSI) / """"
g MY6 (FSIc)

d°GI(dE

| | |
400 450 500 550

p, MeV/c)

! |
300 350
Fig.3. (Color on-line). The same as in Figs.1, 2 but
under kinematic conditions of the Sacle experiment [14].
Two additional results are presented for comparison:
MY6 (PWAc) (pink dashed-dotted-dotted line) — relativis-
tic PWA calculation; MY6 (FSIc) (orange dashed-dotted
line) — relativistic calculation with FSI-effects; both ob-
tained under current conservation condition (25)

dition on the hadron current (23), (24) as it was done in
[3] for a nonrelativistic model to compare our relativistic
result with it and investigate relativistic effects. It has
been done only under kinematic conditions [14] since an
influence of the current conservation condition becomes
significant at high outgoing neutron momenta |p,|. The
comparison of MY6 (PWAc) and NR (PWAc), MY6
(FSIc) and NR (FSIc) demonstrates that relativistic ef-
fects become significant with increasing |py|. FSI-effects
decrease the obtained cross section.

As it is seen from the figures, an influence of FSI
increases with increasing outgoing neutron momentum
|pn|- FSI-effects are significant at outgoing neutron mo-
menta |p,| > 150 MeV/c even at low momentum trans-
fer. It has been demonstrated that the FSI contribu-
tion always decreases the value of the cross section (1).
From present results it can also be seen that the FSI
contribution relatively to the PWA one is approximately
the same both for nonrelativistic and relativistic mod-
els. However, other effects, like negative-energy partial-
wave states and two-body currents, should be taken into
account for further conclusions. It should be also em-
phasized that the relativistic calculation of FSI has been
performed within the BS approach using a relativistic
separable potential for the first time. Recently the con-
sidered separable potentials [10, 11] have been modi-
fied to take into account inelastic processes (production
of various mesons) occurring in the NN-interaction at
high energies [21]. However, energies of nucleons do
not reach the inelasticity threshold under kinematic con-
ditions [13]. The inelasticity effects are nonzero under
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conditions [14] but they are conjectured to be small in

this case.
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