


1 Introduction

At present, the models of MEC in electron - deuteron (e-d) scattering are of great
importance for investigating the inner structure of nuclei. This is first of all because
investigations of nuclear interactions with external fields at low energies naturally lead
to the inclusion of meson exchanges that are responsible for the nuclear forces at long
and intermediate distances. Moreover, the allowance for MEC in a nucleus is suitable
for investigating the nuclear structure at short distances where the quark degrees of
freedom, for instance, begin to appear (see [1]- [12]).

Therefore, the models of MEC are very important for obtaining the natural relation
between low energy and relativistic properties of a nucleus.

One of the first investigations of the inelastic e-d scattering with allowance for
MEC in a nucleus was related to the thermal np capture [13]. ‘In this case, the
calculations of the cross section with allowance for nucleon components in a nucleus,
impulse approximation, led to the discrepancy with experimental data. In order to
get the realistic description of a nucleus, the inclusion of meson exchange currents was
necessary. '

The electrodisintegration of the deuteron with allowance for MEC has been dis-
cussed in refs. [14] - [22]. There are two general approaches to that problem. One of
them has been formulated by Lock, Fabian, Arenhovel, Summer (see refs. [14]-[16]).
In these papers a multipole expansion of the | f > - final state in the d —| f > -
transition (d denotes the deuteron) has been studied with allowance for MEC. It was
shown for the differential cross section that the contribution of MEC allows one to
avoid difficulties in the range of ¢ = 11 — 12fm™2, where the calculations only with
impulse approximation led to the minimum in contradiction with experimental data.
The other approaches are considered in refs.[18]-[22]. In this case, the transition be-
tween the deuteron and 15 - final state has been investigated. It was shown that the
contribution of higher partial waves to the final states near the'threshold is a negligible
correction. In this paper, we shall follow the latter conclusion.

However, the investigations of the retardation effects have not been done yet. The
reason is the lack of experimental results at large transfer momenta. In this case
the traditional set of meson exchange currents ( see fig. 1) was quite enough to get
the correct information on the differential cross section in a small region of transfer
momenta.

At present, the experimental results on the differential cross section, derived from
ed — €'np - reaction, are available at transfer momenta up to 1 GeV. This situation
is very good for the investigation of structure of the deuteron at short distances with
allowance for some exotic effects: relativistic corrections and quark degrees of freedom.
In refs [26] - [28] the contribution of the quark admixture with meson exchange
currents has been investigated. It was shown that the inclusion of quark currents is
very important for explanation of the experimental data. This conclusion strongly
depends on the contribution of the meson exchange currents
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Figure 1: Diagrams of seagull (a) and meson (b) currents

The retardation of meson.exchange currents is one of the significant relativistic
effects whose investigation still has not been done. It was shown before [25] for the
elastic e-d scattering that the inclusion of this current into the structure function
B(q*) has a considerable effect at large transfer momenta. Moreover, for the struc-
ture function A(g?) the contribution of retardation effects makes the agreement with
experimental data noticeably worse enabling one to take account of other effects, for
instance quark degrees of freedom. That situation provokes the investigation of the
deuteron structure when all contributions of the meson exchange currents should be
taken into account, including retardation effects.

Our research is devoted to retardation effects in meson exchange currents in the
electrodisintegration of the deuteron near threshold.

The retardation current consists of the recoil (RC) and wave function renormal-
ization (WFR) currents (see fig. 2). In ref. [28], the retardation current has been
defined. It was shown that the RC and WFR currents cancel out completely in the
nonrelativistic limit (up to an order of O(1/M?)). However, in the O(1/M?) - limit
the retardation effects do exist.

_In our paper, we have derived the expression for the isovector retardation current
(J®) up to an order of O(1/M*) and a general expression for the two - body matrix
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Figure 2: Diagrdms of recoil (a) and renormalization (b) currents

element with allowance for retardation effects. Theoretical calculations for two kinds
of vertex form factors have been done. The calculations with the monopole vertex form
factor [19] and with the form factor of (k?)~2 - decreasing at large transfer momenta {30]
were investigated. For this case, the expressions for the two - body matrix clements
have been derived.

The contribution of p - meson exchange in MEC with allowance for retardation
effects is studied. ) '

Moreover, the radial dependence of the matrix elements with allowance for retar-
dation effects has been investigated. It has been found before in ref. {20] that the
meson exchange currents fig.1, dominate if the relative distance between two nucleons
is between 1 - 1.4 fm for { < 30fm~2. In this case, the influence of retardation effects
is studied which is necessary in order to get a realistic picture of the radial dependence
at high momentum transfer.

2 Model

According to ref. {29], the investigation of the interaction between the external elec-
tromagnetic field and deuteron will be performed in the framework of the effective
operator model. If the nucleus is the meson - nucleon system, the complete wave func-
tion ¥ contains a nucleon as well as meson components. We shall eliminate meson
degrees of freedom from the complete wave function ¥. This transformation leads to
the new wave function, ¢ which is expressed in terms of positive nucleons, and defines
the effective interaction operators through the meson and nucleon variables. It has
been shown in ref. [29] that a transformation like that can be expressed in the following
way ) )

¥ =J(pJtIn) " . ' (1)

Here,
<T|U>=<d|d>=1 2)

Thus, starting from the exact Schrodinger equation for the complete wave function ¥
HY = EV, 3)
we reduced it to the effective Schrodinger equation given by
(T + Vess)¢ = E, (4)
where Ty is the nucleon kinetic energy, V., is the effective nucleon potential:
Vers = (0 Jn) " Tt H (g * In) ™% — n Hon. (5)

Here, Hp is the free Hamiltonian, 7 is the projection operator into the nucleon states,
J has the following form:
J=1+F, (6)



where

F=ZF.'+ZF:'J+--- (7

with
A .
F; = —E()_—EH[(I)T’ + .y
A A
5= g i) g Hil + ®

Here, Hj is the meson nucleon interaction, A =1 — 7, i and j are nucleon indices.” Eo
denotes the free energy of the nucleon. The external electromagnetic operator Jum has
reduced to the effective operator J&// in the following way:

<Y T | O >=< ¢ | T | 6>, 9
where
T = (nJ+Jn) 2T T d (9 Jm) 12, (10)
The electromagnetic operator 'J:,,, has the following form: -
Jom = JV 4 JNM 4 jMiMz (11)

JV is the electromagnetic current of a nucleon, JNM s the meson - nucleon current,
JMMa s the meson electromagnetic current.
The equatxon for J¢ ‘f / can be derived from (10) as follows:

Jf’j,fzf’+f5+ﬁ"+J“R_ (12)

Here, J is the impulse approximation (I), J% stands for the seagull current (S), fig. 1
a), JM denotes the mesonic current (M), fig. 1 b), J® is the retardation current (R)

fig. 2. The individual contributions of currents are expressed in the following way (see
(21, [23], [24]):

y gy X q

T = i) 2, (13)

7S _ spw f2 - — 52(51 El) 0’1(02 k2)
J = ZFI (t)"—47rm?r(T1 X T2)3( m?r T Eg m2 " k2 ) (14)

2
J_M = i F¥(t f - = ( kl)( kz) . _ 7.
1 1( )————47rm12r (T1 X T2)3(m12r n kg)(m’zr n kg)(kl kz). (15)
For the retardation effects we derived:

PPy (16)

with
1
327 M2im? wh

2
1, - T = TAf= T Nr= T v
52—”7{7%—2;(1(1, x T)a+ 2)ka(G1 - )7 B2)(Ga- Fa).  (18)

JA = —iGE(1) (7 x 7)s + 2@ - B2) (31 x DT~ k2)(F2 - F2),  (17)

JB = —F}(1)

Here, f?/4n = 0.08, M is the nuclcon mass, m, denotes the pion mass, 1::1,2 = ;3"1’2—[7‘1,2
(P1,2, P'1,2 are the initial and final momenta of two nucleons), w is the pion energy,

) Gz, (0 '
ar(t) = (1—+At-,/(7n)§7’ (19)
el 1
RO = Ty iyt + o WO 337 (20)

Here, G3,(0) = 4.706, m3 = 18.23 fm ™2 (see [19]).

In order to get the realistic properties of the two - nucleon system the extension
structure of nucleons at short distances has to be taken into account. In this case, the
bare 7NN vertex has to be parametrized by the vertex form factor K, (k). We shall
investigate two parametrization forms of the vertex form factor. The first one is the
monopole vertex form factor. According to ref. [19], we have

2 2
Aw_mx

b (21)

K.(k) =
The second parametrization ensures the monopole behavior at small &? that is usually
used in the low - energy reactions and (k?)™3 decrease at large k? that is assigned to
quantum chromodynamics {30]

1

: , (22)
(1 +£2/AF )1+ KAL)

Ko(k) =

We shall investigate different values of the cut-olf parameters related to the rms of the
nucleon: 0.48 fm and 0.7 fm. Here, A, = 1.25 GeV or 0.85 GeV, respectively. The
detailed analysis of the rms was done in ref. [19]. The cut-off parameters A, = 0.99
GeV, Az, = 2.58 GeV were determined in ref. [30]. The calculations with vertex form
factor (22) were made with the following renormalization of the coupling constant f:

f=fu ———) (23)



3 Matrix elements
Due to ref. [19], the differential cross section for the d — 1S, - transition has the form

@'g _ 16 K KM 1
IC _ _0 1 Mag 2

0= 306'2 t’s 2(( + kg)? = 2kikpcos®=0) |< VS0 || T || d >, (24)

kiyy is the initial (final) momentum of the electron, ¢ is the vector of momentum

. transfer, t stands for the four momentum transfer. Momentum K is related to the

relative energy E,, of the np system in the following way

K?
Ep=—. 2
The relationship between kinematical quantities is given by
- (M + My + Ep)? — M2+ 1)2
= t 26
141 \/ M3 +t, (26)

where M,,, M, and M are the neutron, proton and deuteron mass, respectively.

~w+ yJw? 4 t/sin’%ﬂ .
ky = . 27

2

Here, w = ¢; — ¢; (eyy) is the initial (final) energy of the electron). The magnetic

TMe9

multipole is expressed through the isovector current operator j:,{,f as follows:

TMes(g) = / ()P () - Tl dz. (28)

In term of J7 the one-body matrix element is
1 Ma - v
< SO ” Tll gbody “ d > = Z_G \/_[ ]0 qT )uO( )

- ﬁgqr)@wmuwndr. | (29)

Here u(r), w(r), uo(r) are S, D waves of the deuteron and wave function of the 'S, -
state, respectively. If the relative coordinate r — co, then

uo(r) — %_sin([(r + 6a). (30)

The equations for the matrix elements related to the two—body currents have the
following expressions: for the seagull current

2 —m'r
<\SlITHd> = iF \[ P / (1 -+ mer)ia(5er)(u(r) +

+ \/gw(r))uo(r)dr, _(31)

ts

ti
mesollic current

<15 || THS || d >= iqu"(t)2\/§ i x
ol LM 6° ! 7 drm?

T & 24 £ 5d 3
[+ o+ (G + 24 ) +
J v
£ 1d & 2d 6 \/T d 39
+ ((Eﬁ_;a;)to-}-(:iﬁ-}-rdr rz)tz) 3 (r)uo(r))dr, (32)
1
/ nqr )dn, (33)
Q
where
1
m? + 7¢%(1 - 1%), (34)
retardation effects
¢ F

<"So Il TR" 114 >= Gt 5 e

x [ wolr )i GarJutr19h () +

veq 0

+ w(r)%a(—m,(r) - 8I4(r))) + jg.(%qr)(—‘lféu(r)llla(r) +

» + w(r)—l%(’f[l(r) _ 9814(r))))dr- (35)
The radial functions Ii(r) are given by
T s K2(k)
I(r) = / b ot (36)

0



The inclusion of the vertex form factor arises an important problem, namely the current
conservation law. It has been shown before that in the case of point-like nucleons with
allowance for seagull and meson currents the gauge invariance is insured [24].

i(Fy + K2) - T+ (7 X 7)a(Vielk) — Vie(k1)) = 0. (37)

Here J = JS + JM and
Vi(k) = f2 (- IC)(O"; k)
m2 + k2
is the pion potential without factor (7; - 7). If the vertex form factor is used, the
meson exchange currents have to be reduced to the form which insures the current
conservation law. For the seagull current we have '
) 2(5 - (5o

f a1 k) _ l\"(kg)al(az 2)

2 2 " 24 J2
m? + ki m? + k3

(38)

JS F"(t) (71 % B)a(Ki(ky) ). (39)

In the case of meson current, the available equation is given by
M _ g a B v e oy L KRk Ki(k)
JY = —ZFI (t)ﬁ(Tl X Tg)a(lﬁ —-]Cg)(a'l 'kl)(Uz'kQ)klz — k%(kl? + mi - k% n mg) (40)

In the Breit system where go = 0, the continuity equation for the retardation current
has the following form:

ks

q-JR=g-Jb. ‘ (41)
However, we have obtained that the matrix element (35) is independent of JB, which
makes the calculations with allowance for retardation effects gauge independent when
the d — 15 - transition is studied. According to ref.[19], meson exchange currents
defined in (39), (40) lead to the following transformations of matrix elements; for
monopole form (21) and seagull current:

—Mxr e~mnT —Anrr ) A2 e m2
S (14+mar) > (1 + mar) — (14 A7) — —r—iﬁe-f*'. (42)
Meson current: \ A2 ) \
e e e s=my 14 A
a  a  x 2 ¢ A (43)
where
1
A=A+ (1= 77). (44)
For the parametrization (22) we derived: In the case of the seagull current:
e~meT AIAS
2 (1 +m,,r) - (A2 —_ m2)2(1\" + m:):
e—m,r (A4 + m;r)2 —-Ar A2 — mi Air
X ( (1 + m,,r) m( (1 + Alr) —1—-2—6 1 +
A2 e~hir (A? —m2)}(Al+m?) 1 1d
___44/\2 1 A 1 b 2 LA S
t ATy Al (1 +Air)) + AS(AL 1 AT (- =7)2) (49)

where

0

Z = e_r%(ll(acos(r%) — bsin(r \/_)) +

+ l(asin( + beos(r—= (46)
2( 3 \/’") ( \/—
2 A2 A2 1
n=TY2y E e
8A;  2(A3+mi)  (AJ+AY)  2A7
r\/_ m? A?
L=

Bh2  2AAl+md) (A4 AY)
a = A3(A) - A —2miAd),
b= 2A3A% + miA} — m2AL. (47)

The transformation for the meson current has the following expression:

— T

[

[3 4

with

Here

— (31\?‘24-111‘,'r
+ 5m®))+ ASmt

e —f2 e .:;—j\—;\—l e~ + (facos(0r) + fssin(0r))e™ Bry (48)

fi=m, =mt+t12—7 fa=-1

Blyz — 13) + 0(ys + ) 2177 + @278

fu= 32 + 02 %(1—7]2)2+A;’
fom Blrst 1) +0(s—m) | _pim—@rm (19)
o Bt (0 =72 + A

4A%

n= F(Af-—m V(AL 4 m1)?’

(AS(ANAIBAY + 9m?) —

2

(A + ADB(AL +m))?
) + AAT(AT(2AT + 5m7) + 3m3) +
6

4

BpA2(QA2 | U2
TR NP AR

— Af) = A,



_ 4A}
T AT RN mE)

2 4 4 2 2 2
Vs Ag(A‘,‘ + A;):‘(A; +m:)2(A2(A2(A1(A1(3A1
~ 3m2) + (TA3 + 3m?)) + 4Aim? 4+ 2m$) —
— AJ(A(m; +3AImI) + 3mS)) — ATm3),
o = oMM 4+ m2) — AYBm? + AD)

(A1 + A2P(m] + AY) |

Aj(m? +247) — Aym? AY(AT2m; + AD) - A7)

T AT A A " T A A £ A))
1 1 1
B= Z5((gga" (1 ="V + ADE + 20°0 =D,

_L L«: 2V 4;-_12 203
0—~\/§((16q(1 1)+ AT = (1= n7))5,

L(1-p2)B-A0 ¢ (1 -0+ A28

q e
P = B+ 67 + 71-(1 —7)n 2= g2+ 02 + A (50)

4 Results and Discussion

Calculations of the differential cross section have been done with the relative energy
of the np system E,, = 1.5 MeV and angle of scattering 0 = 155° with the use of wave
functions of the Paris potential [31].

First of all we present the calculations of the matrix elements for the individual
contributions of MEC making use of the vertex form factor (21) and cut-off parameter
A,=1.25 GeV.

It is seen from fig.3 that the seagull current dominates in the region ¢t < 30fm=2.
Then, the retardation current, curve 4. begins to appear so that at 30 < t < 35fm~?
the situation is determined by the competition of the seagull current and retardation
effects. The contribution of the meson current is small in comparison with the seagull
and retardation currents.

Figure 4 shows the calculations of the matrix elements as a sum of individual
contributions of MEC with allowance for the retardation current. Here, we consider

10

_;
&

B
!
i
v
B
]

] T T T T T

I RE

107 E

(st

Matrix element

10 * E

L tbigd

1

f
.
'y
Yy
Y
Y
K
b

10 °° WS Y U EWWEE FEWe | aliiaadn

S5 10 15 20 25 30 35
L (fm™%)

Figure 3: The dashed line 1 is the impulse approximation, 2 is the seagull current,
3 is the meson current, 4 is the retardation effects. The calculations were made with
the vertex form factor (21) and A, = 1.25 GeV
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the influence of the retardation effects. It is seen that the retardation effects, curve 3,
that begin to appear at t > 10fm™2, are very noticeable at large momentum transfer.

Thus, the final result is determined by the retardation effects which increasing of the
matrix element {curve 3) and eliminating the minimum dependence of the preceding
calculations (curves 1, 2).

In figs.5 and 6 we show the calculations of the same matrix elements but with
Ar = 0.85 GeV. In this case, the behavior of individual contributions at high transfer
moinenta is somewhat different. Here, the inclusion of retardation effects. in contrast
with the previous result, decreases the final curve 3 in the range of ¢ > 27fm=2 which
is below the result with allowance for the seagull and meson currents (see fig.6).

Figures 7, 8 show the calculations of matrix elements with rapidly decreasing form
factor (22). Here, the situation is close to the preceding results with certain differences
at high transfer momenta that do not need special comments.

The results for the differential cross section are shown in fig. 9.

First of all we have to note that the calculation of MEC with allowance for the
retardation effects with the slowly decreasing vertex form factor and cut-off parameter
A, = 1.25 GeV (curve 5) destroys the agreement with experimental results in the
region of { > 12fm~2,

The inclusion of A, = 0.85 GeV, curve 2, leads to the more positive result which
is not in contradiction with experimental data.

Curves 3 and 4 {see (23)) show the calculations of the same differential cross section
but with the rapidly decreasing vertex form factor (22). In this case, in contrast
with the monopole vertex form factor, one gives the negative results which are in
contradiction with experimental data in the region of { > 14 fm~2.

It is seen that the calculations arc very sensitive to the choice of the parametrization
form of the vertex form factor and cut-ofl parameters.

Further, we shall estimate the influence of the pNN-currents on the cross section
of electrodisintegration. Following ref. [19] we determine the strong pNN-vertex and
cut-off parameter A,. Here, g2yn /47 =0.55, A, = 1.5GeV. Figure 10 shows the role
of p - meson in MEC with allowance for retardation effects. It is seen (curves 2, 3) that
the p - meson contribution is essential when the only seagull and meson currents are
used. However the inclusion of retardation effects (curves 4, 5) leads to the noticeable
decrease of the p - meson contribution at high transfer momenta.

It is to be noted that the selection of the strong pNN-vertex and cut-off parameter
A, is a special problem the investigation of which will be undertaken in subsequent
publications. ‘

Now let us consider the radial dependence of the matrix elements on the choice

of momentum t. In accordance with rel. [20], redefine matrix element for the MI-
transition in the following way:

2

<15 |l T,May Nd>=1 a /1](r,t)dr. (51)
0
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We shall devote the following discussion to the radial function n{r,t). Figures 11, 12
show the calculations of the radial function 5(r,t) for the vertex form factor (21} with
Ar =1.25 GeV and A, = 0.85 GeV for momenta transfer t = 0fm~? and t = 30fm~2.

First of all we have to emphasize that if t = 0fm~2, the retardation effects are
absent (curves 2, 3). In this case, curves 2 and 3 are absolutely identical to the
calculation without the retardation current. ]

The total result dominates in the range of relative distances of about 1.4 fm for
Ar =1.25 GeV and 1.5 {fm for A, = 0.85 GeV.

However, the retardation effects are more manifest in the calculations at large
transfer momenta.

Comparing the result obtained with allowance for the retardation effects fig. 12
(curve 3, 5) with the analogous calculation with the use of the seagull and meson
currents, curve 2 and 4, we sce that the retardation effects give a considerable contri-
bution at ¢ = 30fm=2. Here, the considered set of meson exchange currents dominates

in the range of about 1 fm, which is not in contradiction with the previous result of
ref.[20].

5 Conclusion

The investigation of the electrodisintegration of the deuteron near threshold with al-
lowance for the retardation effects in MEC allows us to make the following conclusions:

1. All the contributions of meson exchange currents should be taken into account
including the retardation effects.

2. It is very important to take the retardation effects into account at larg,e transfer
momenta (t > 12fm~?),

3. The calculations are very sensitive to the clioice of the value of the cut-off
parameters and are strongly dependent on the vertex form factors.

4. The influence of the p - meson contribution in MEC is noticeably decreasing
when the retardation effects are taken into account.

5. The meson exchange currents dominate when the relative distance between two
nucleons is of about 1 - 1.5 fm (¢ < 30 fm~2).

6. Generally speaking, the calculations of the differential cross section with al-

- lowance for the retardation effects at large transfer momenta give the situation where

other degrees of freedom are to be taken into account.

7. Moreover, for the analysis not only the inclusion of different degrees of freedom,
but also the structure of NN intcraction is of great importance. For this case the calcu-
lations within the "exact” nonphenomenological potentials modelling NN interaction
as a result of the exchange by different mesons are of particular interest. The Bonn
potential [34] can serve as an example of these potentials. The theoretical calculations

of the electrodisintegration with the use of the Bonn potential will be the subject of
our future investigation.

The authors are grateful to S.M.Dorkin for useful discussions.
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