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1. Introduction

The exclusive electrodisintegration of the deuteron isedulsnstrument which makes it pos-
sible to investigate the electromagnetic structure noy ofilthe bound state - deuteron but also
the scattering states of the neutron-protap)(system. Many approaches have been elaborated
to describe this reaction for the last 40 years [1, 2, 3, 4,Thle simplest of them considered the
electrodisintegration within a nonrelativistic model betnucleon-nucleon (NN) interaction and
outgoing nucleons were supposed to be free [1] (the planveaaproximation - PWA). Those
approaches were in a good agreement with experimental téte &nergies. However, further
investigations have shown that the final state interacti€®l)( between outgoing nucleons, two-
body currents and other effects should be taken into ac¢owtitain a reasonable agreement with
existing experimental data at higher energies. Most ofetleffects have been considered within
nonrelativistic models [2, 3]. In relativistic models, FSlects could be calculated within quasipo-
tential approaches using the on-mass-shell nucleon-oudlenatrix [4, 5].

One of the fundamental approaches used to describe offtlsgstem is based on the Bethe-
Salpeter (BS) equation [6]. The separable ansatz [7] foNthénteraction kernel was successfully
applied to solve this equation. However, the approach wasmglicable for the most of high-
energy NN processes for a while since calculated expressimmtained nonintegrable singularities.
The problem was solved in [8, 9, 10] where kernels of spegjs tvere proposed. Using them FSI
can be taken into account (in particular, considering tleeteddisintegration) in a wide range of
energy.

In the present paper, the electrodisintegration crosgoseist calculated under different kine-
matic conditions of Bonn experiments [11, 12]. The rank{$M interaction potential MY6 [9]
is used to describe scattered stat8s3D, and the deuteron. The uncoupled partial-wave states
with total angular momenturd = 0,1 (S, 1Py, 3Py, 3Py) are described by multirank separable
potentials [10].

The paper is organized as follows. In Sec.2, the exclusikeetdifferential cross section of
the d(e, € p)n reaction is calculated within the relativistic impulse eppmation. The used BS
formalism is presented in Sec.3. The details of calculatiare considered in Sec.4. Then the
obtained relativistic results are compared with experitalesiata of the Bonn experiments [11, 12]
in Sec.5.

2. Cross section

When all particles are unpolarized the exclusive elecsintigration of the deuteral{e, € p)n
can be described by the differential cross section in theeden rest frame - laboratory system
(LS), which has the following form:

d*o _ OMott p%\/§

dELQLAQ,  8My(2m)2 I+ N|p,| — Epy/N cOSBp

x [19Wbo+ 19, (W, +W.__)+219_cos2p ReN, - —219_sin2p ImW,
—218, cosp ReWb; —Wo) — 218, sing Im(Wo, +Wo )]

2.1)
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wheregyior = (a cos%/ZEesin2 %)2 is the Mott cross sectiom; = €?/(4m) is the fine structure con-
stant;Mq is the mass of the deuteron= pe — p. = (w,q) is the momentum transfepe = (Eg,|)
and p, = (EL,I") are initial and final electron momenta, respectivély; is the outgoing electron
solid angle; 0 is the electron scattering angle. The outgoing proton igritesd by momentum
Pp (Ep = 4/ P3+m?, mis the mass of the nucleon) and solid an@lg= (6, @) where6, is the
zenithal angle between thg, andq momenta andp is the azimuthal angle between tree/§ and
(gp) planes. Facton = g°/s can be calculated through the pair total momentuni® squared:

s=P? = (pp+ pn)? = MZ + 2Myw + ¢, (2.2)

defined by the sum of the protqay and neutrorp, momenta. The photon density matrix elements
have the following form:

Q? Q /@ & Q?
10— 10— ,/ ttared 0 el o O 23
00 q2 0+ — |q|\/§ 2 ++ 2 2q2 + 2q2 ( )

where Q% = —¢f is introduced for convenience. The hadron density matm@xneints have the
following form:

Wy rr =Wav g €5, (2.4)

whereA, A’ are photon helicity components [13], can be calculatedgugia photon polarization
vectorse and Cartesian components of hadron tensor

1
WHV:_

5 > |<np:SMgjy[d:im >|?, (2.5)

SdShSp
whereSis the spin of thenp pair andMs is its projection;sq, S, ands,, are deuteron, neutron and
proton momentum projections, respectively. The matrixnelet < np : SMg|j,|d : 1M > can be
written using the Mandelstam technique [14] as follows:

<np:SMgljyld: IM >=i Z / = p{ l.USMS(pCM P POIN(L) X (2.6)

P <7—<-1>np—%> (o173

within the relativistic impulse approximation in LS. Thenswvern = 1,2 corresponds to the in-
teraction of the virtual photon with proton and with neutiorthe deuteron, respectively. The total
P™ and relativep*“® momenta of the outgoing nucleons and the integration mamept" are
considered in the finahp pair rest frame - center-of-mass system (CM$ylenotes the relative
np pair momentum in LS. To perform the integration, momemtg and deuteron total momentum
K(o) = (Mg,0) in LS are written in CMS using the Lorenz-boost transforomati?’ along theq
direction. Thenp pair wave function/sy, is transformed from CMS to LS applying the corre-
sponding boost operatdy. A detailed description of/sy, thenth nucleon interaction verteRE,”),
the propagator of thath nucleonS™, and the deuteron vertex functidit! can be found in our
previous works [15, 16].
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3. Separable kernel of NN interaction

The outgoingnp pair is described by th& matrix which can be found solving the inhomoge-
neous Bethe-Salpeter equation [6]:

T(0.0iP) = V(. piP) + 515 [ AV(PKP)S(GP) T(k piP), (3.)
whereV is the NN interaction kernek; is the free two-particle Green function:

SkP) = (2P+Kk-m) P (ip—k-m)? (3.2)

andp (p) is the relative momentum of initial (final) nucleor®js the totalnp pair momentum.
To solve the BS equation (3.1) partial-wave decompositiafi for theT matrix:

Tap.ys(P', PiPo) = Zabtab(%’ 1P/l Po. [P;8) (Zam (—P)Uc)ap @ (Uey (P)sy  (3-3)
IM
is used. HerePp) = (1/5,0) is the np pair total momentum in CMSJc = iy?yP is the charge
conjugation matrlx Indices, b correspond to the sé?+1L§’ of spinS, orbitalL and totald angular
momenta,p = + defines a positive-energy partial-wave stgierz — corresponds to a negative-
energy one. Greek lettefsr, 3,y,0} in (3.3) are used to denote Dirac matrix indices. The spin-
angle functions:

]
UED (puf® (—p)

ol

DymLsp(P)Uc = it c¥, CEM_ST\SC?T\Sl Yim (
mmsrgmzplpz 2P 2Mmame

are constructed using free nucleon Dirac spingrs. It should be mentioned that only positive-
energy states witp = + are considered in this paper. Performing similar decontiposior V, the
BS equation for radial parts of tAiematrix and kerneV/ is obtained:

tan(Po, |P'[; Po, | PI;S) = Vab(Po, [ P'; Po. | P[;S) (3.4)

00 [
—32d/dko/k2d|k|vac<pa,|p’|:ko,|k|;s>&~d<ko,|k|;s>tdb<ko,|k|;po,|p|;s>.
cd 7, 0

To solve the resulting equation (3.4), a separable anspfar[the interaction kernel is used:

Vab(Po, Z Ai(919 (b, [P'g (Pos ), (3.5)

i,)=1

whereN is a rank of a separable kerngl,are model functions);; is a parameter matrix. Substi-
tuting v (3.5) into BS equation (3.1), we obtain thenatrix in a similar separable form:

N
tan(P6, [P']; Do, [P1S) = Y Ti(9)9™ (96| ') (Po [PI) (3.6)

i,j=1

where:

Tij(s) = 1/ (A H(9) +hij(9)), (3.7)
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and

¥k, |k|) ¥ ko, |K|)
hij (s) 4 SZ/dkO/kZd|k| (V/s/2— Ek+|e —k3 (3.8)

are auxiliary functionsE, = \/k? + 2. Thus, the problem of solving the initial integral BS equa-
tion (3.1) turns out to finding functiong; and parameters;; of separable representation (3.5).
They can be obtained from a description of observablewpielastic scattering [9, 10, 18, 19, 20].

4. Final stateinteraction

To calculate FSI we need to consider the interactipgpair. The outgoing nucleons are
described by the BS amplitude which can be written as a summfdrms:

Wswis(P, D' P) = iy (P, P':P) + 4' S(p; P)/d“kV(p,k;P)wsws(k,p*;P). (4.1)
The first term
Wi (P, P';P) = (211 Xsus (P P)S(p — P*) (4.2)

is related to the outgoing pair of free nucleonsy is a spinor function for two fermions. The
second term in (4.1) corresponds to the final state interactf the outgoing nucleons. If we use
the following relation:

[ eV (kP (k.piP) = [ T (pki Py (k. p'iP)
then it can be transformed into
W (p, " P) = 4TS (P P)T (P, P*; P)Xswis (P P). (4.3)

here (t) means that this part of thep pair wave function is related to the matrix. Using the
partial-wave decomposition (3.3) expression (4.3) can fien as follows:

LnUSMS(pvp P) = 4mi H;A CLnﬂ\ASYLm(f)*)@aM(p)%J:LS+(p07‘p‘is)v (4.4)

wherep* = (0, p*) with | p*| = \/s/4 — m? is the relative momentum of on-mass-shell nucleons in
CMS, p* denotes the azimuthal anglg between the* andq vectors and zenithal angte Since
only positive-energy partial-wave states are consideszd the radial part is:

tagLst (Po, [Pl 0, [P*[;S)
(v/8/2—Ep+ig)?—pj
According to definition (3.4) spin-angle functio®# can be written as a product of Dirac matrices
y in the matrix representation [15] as follows:

@315+ (Pos |Pl;S) = (4.5)

1
VBIAE,(Ep+ M)

Yam(p) = (M+p) (14 Y0)%am(M— p,), (4.6)
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a:{ZS”LS)} Gam
1% —¥
3s; Em
1py ﬁ(pny)Vs
3Py _%p\(pl_pZ)
3pj- —\/gﬁ [(pl'fM)—%fM(pl_pz) 5
3Df % [5M+§é(p1-fm)(lbl—}°z)

Table 1: Spin-angular part¥av (4.6) for thenp pair; p1 = (Ep, p), p2 = (Ep, —p) are on-mass-shell mo-
mentaEp = /p?+ mP; y matrices are defined as in [21].

matrices¥au are shown in Table 1. Decomposition (4.4) is considered taildm [22]. Using
definition (4.1) and substituting (4.2), (4.4) into (2.6)etfinal expression for hadron current
<np:SMglj,|d: IM > can be obtained. It consists of two parts. One of them:

<np:SMg|jyuld: 1M >O =] Z {NZL ) Xaws (P PMYA(L) x (4.7)
n=1,2

@ (52 - - - 3) (4 -Gk ) }

corresponds to the electrodisintegration in PWA. Anothes: o

<np:SMgljuld: M >U= (4.8)

) ) 1 21T
| ok
s Z CIN&Mm(P )/dng/(pCM)zd]pCM\/dcos@ﬁ”/d(px
nET2 oL A 5 I 5

oA an (B NLIT (0 S7 (52~ (<13 ) S (p+(-173) }

2 2

t (Pg", P[0, [p"[;S) n® nd
: —1)"=, 1)K

(\/§/2—Ep+|s)2—p(2,g'<p0+( )5 P+ (=175 (0))
corresponds to the process when FSl is taken into accoume dgrdenotes the radial part of the
deuteron vertex functiof™. The part S§...} has been calculated using the algebra manipu-
lation package MAPLE. The three-dimensional integratiargg", |p"| and cog;* has been
performed numerically using the programming language FRARN.

5. Results and discussion

The calculations of the deuteron electrodisintegratiotihiwiPWA were considered in [9, 16].
As it was shown in [3, 23], a contribution of FSI effects ineses with increasing nucleon ener-
gies or/and momentum transfer. The reaction near the thlickstas considered in [23] (Sacley
experiments, see [24, 25]).
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B B Bin Biv Bv
Ee, GeV 1.464 | 1.569 1.2 1.2 1.2
E., GeV min | 1.175| 1.118 | 0.895 | 0.895 | 0.895
max 0.800 | 0.800 | 0.800
0,° 21 21 20.15 | 20.15 | 20.15
pn, GeVk min | 0.314 | 0.500 | 0.126 | 0.197 | 0.197
max | 0.660 | 0.773 | 0.564 | 0.423 | 0.488
6,,° min | 60.53 | 74.60 | 142.32| 155.72| 165.36
max | 62.49 | 63.52 | 93.96 | 136.09| 112.86
Qqe, ° min | 61.94 | 45,57 | 59.56 | 51.52 | 51.25
max | 37.39 | 29.49 | 25.57 | 25,57 | 25.57
Pps GeVk min | 0.466 | 0.681 | 0.525 | 0.620 | 0.622
max | 0.664 | 0.791 | 0.834 | 0.929 | 0.889
Qp, © min | 35.82 | 45.12 8.42 7.52 4.47
max | 61.68 | 60.90 | 42.40 | 18.41 | 30.40
Bpe, ° min | 97.77 | 90.68 | 68.00 | 44.00 | 56.00
max | 99.08 | 90.39
Vs, GeV min | 1.9675| 2.1375| 1.98 2.04 2.04
max | 2.2125| 2.3325| 2.28 2.28 2.28
v/S—2m,GeV min | 0.090 | 0.260 | 0.101 | 0.161 | 0.161
max | 0.335 | 0.455 | 0.401 | 0.401 | 0.401
Q% (GeVE)Z min | 0.257 | 0.255 | 0.154 | 0.145 | 0.145
max | 0.206 | 0.209 | 0.106 | 0.106 | 0.106
w, GeV min | 0.162 | 0.348 | 0.148 | 0.210 | 0.210
max | 0.422 | 0.568 | 0.476 | 0.476 | 0.476
|q|, GeVk min | 0.532 | 0.613 | 0.420 | 0.435 | 0.435
max | 0.620 | 0.729 | 0.577 | 0.577 | 0.577

Table 2: Kinematic conditions considered in the paper. Here all tjtias are given in LS. In addition to
those which are defined in the text, they are: arfijlebetween the beam and the virtual photon; neutron
momentump,, and angleg, between the neutron and the virtual photpg, @, — the same for the proton);
Bpe (Bge) — the angle between the beam and the proton (virtual photon)

In the paper the differential cross section (2.1) has betmleded under five kinematic con-
ditions of the Bonn experiments [11, 12] (described in Tahleand is shown in Figs.1-5. The
calculations have been performed within the relativistipulse approximation for two different
cases: when the outgoing nucleons are supposed to be freg @d/when the final state interac-
tion between the nucleons is taken into account (FSI). Thiapavave states of thap pair with
total angular momentudh= 0,1 have been considered. The used relativistic model cariisivo
parts: the separable potential MY6 [9] for the bound (deartpand scatteredS;-3D; states and
separable potentials of various ranks [10] - for all othatipbwave states'&, 1Py, 3P, 3Py).

In Figs.1-5, relativistic PWA (solid red line) and FSI (dasglblue line) calculations are shown
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as a function of/s.

As it is seen from Figs.1-5, the effect of FSI increases tlsssection for kinematic condi-
tions [11, 12].

In Fig.2, the calculation with FSI describes the experirakdata on,/sfrom 2.15 GeV to 2.3
GeV and differs from experimental data starting from 2.3 Geé#lculations of the cross section
shown in Figs.1-2 require additional investigations ahhsgfor instance, the influence of non-
nucleon degrees of freedom).

In Figs.3-5, PWA and FSI calculations under the kinematieditions [12] are shown. The
effect of FSI is small at the threshold but it becomes biggéh imcreasing,/s.

The inelasticity effects are nonzero for kinematic comdisi of Bonn experiments [11, 12].
However, they will be discussed in a separate paper.
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Figure 1: Cross section (2.1) depending ofs cal- Figure2: The same as in Fig.1 but under kinematic
culated under kinematic conditions set | of the Bonn conditions set Il of the Bonn experiment [11].
experiment [11].

Figure 3: Cross section (2.1) dependirgs calcu-

Figure4: The same as in Fig.1 but under kinematic
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lated under kinematic conditions set Ill of the Bonn conditions set IV of the Bonn experiment [12].

experiment [12].
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Figure 5. Cross section (2.1) depending qyis
calculated under kinematic conditions set V of the
Bonn experiment [12].
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