Relativistic factorization of eD—e’pn cross sections in light-
cone dynamics

S. . Nagornyi, E. V. Inopin, Yu. A. Kasatkin, and A. E. Inopin
Khar’kov Physicotechnical Institute, Academy of Sciences of the Ukrainian SSR

(Submitted 25 July 1983; resubmitted 20 February 1984)
Pis’ma Zh. Eksp. Teor. Fiz. 39, No. 7, 331-334 (10 April 1984)

The cross sections for the electrodisintegrations eD—¢'pn can be factorized on the
basis of the % time-ordered perturbation theory. It is shown that in the relativistic
region the concept of a momentum distribution of the nucleons is defined correctly
only in the scale of the relative momentum of the intermediate nucleons in their
center-of-mass frame. A simple method is proposed for experimentally observing
the additional dependence of the relativistic wave function on the direction of the
infinite momentum. The dependence of the relativistic wave function on the two
arguments is shown to result from the virtuality of the Fock components.

The “purest” source of information about the momentum distributions of the
nucleons in the deuteron is the exclusive reaction eD—e’pn, which has recently been
the subject of active experimental research in the relativistic region in terms of both Q0 *
and the momenta of the nucleons in the deuteron,’ |n|. A need has accordingly
developed for a systematic relativistic description of the electrodisintegration of the
deuteron and for the introduction of the concept of relativistic momentum distribu-
tions of the nucleons. Relativistic bound systems can be described systematically in
relativistic Hamiltonian dynamics,* various versions of which are examined in Refs. 5—
8.

In this letter we use a time-ordered perturbation theory in an infinite-momentum
frame (4_ ). The wave function determined on the light-front hypersurface px =0,
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p =1(1,0,0, 1), is the same as the wave function in the infinite-momentum frame if we
choose the infinite momentum Z to be directed along p. Since the lowest-order phase
shifts for NN scattering are real at energies up to ~1.5 GeV, we will restrict the
discussion to the first row of the Fock column in the wave function of the deuteron:
the two-nucleon component.

The momentum distributions of the nucleons are customarily studied under the
conditions

MtZ—M2<2MV; Q?>> v (s—-M*)/M>>e,; q*= const, (1)

where €,, M, and d are the binding energy, mass, and momentum of the deuteron; ¢ is
the momentum of ¥* [¢=—q +0(1/Z?%)]; and M?Z=(p,+n)
s=(g+d), t=(d—n) and v=dq/M,p,, where p and n are the proton and neu-
tron momenta ( p? = p* = n*> = m?). The # pole in the amplitude is the governing factor
for exclusive reaction D (ee'p)n in the quasielastic region under conditions (1).

According to the 4 _ time-ordered perturbation theory, the amplitude for the
reaction eD—e’pn in the ¢ channel is

A
+m
) 21 AV + F Ay)J Cu'(n), (2)

A
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where F ¥ and 4 }* are the electromagnetic and strong vertices. The second term in
(2) corresponds to the z diagram; U, and ef; are the polarization vectors of the deu-

teron and of the virtual photon, respectively.

In principle, the suppression ~ 1/%2 of the z diagram which results from the
small value of the energy denominator for certain components z and A can be offset by
a numerator ~ Z in (2). Our analysis of the matrix element with both vertices shows
that the zeroth and longitudinal ( « = 0.3) components of the electromagnetic current
{for A =0, ..., 3)are “good”; for these components, the z diagram is suppressed ~1/
P2,

In general, the spin structure of the DNN vertex in the 4 time-ordered perturba-
tion theory can be written
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tions of the two independent arguments Ap, and Ad, I';(4p,,Ad }=TI";(nk*k*)=T;(x,z)
and the kinematics is such that Kk =mi/dn(l—n)—m?>=k} +k%;
m:=m*+ ki Ay =2k¥/Z =2k, q, — @)/20P + Mv/P; x = (m*> —t)/M?

z= (M7} — M?/M?. The light-cone variables 5 and k, are related to the laboratory
momenta by

n =1—(E, n3)/M; ny=(v—q*Inql+ vng)/q*;
- (4)
k = (\/—qznq—vlnql)/q2; ki = n’—-ng; E; =m?+n?.

The quantization axis is chosen along g [ p = (1,8),09 = 0, p> = 0] in order to suppress
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the contribution of many-particle intermediate states to the extent possible.

For a qualitative analysis of the effects of the virtual nature of the intermediate
states we adopt the simple model '3, = — I'"|,/2, I's =I¢ =0, ignoring the x de-
pendence of the functions I';. Using the “good” components in (2), we find the follow-
ing results for unpolarized particles in a coplanar reaction geometry:

dPo o E |p|8(q2,v,x)(k1p1)[k2(k1 +p1)]

— = %(— ) G(x, z); % .
dEzd.deQp dsl, R " pq Ep
4E, E; n* (1—77)‘_1— —p; J

(M+vp

5
3Q2n) )

G(x,z) =[3-2x(1 +x)+x2(2+x)]T} — x +z)(1 —x —x? +xz/2)I,T,

+xQ-x+z)x? —xz+z+2* /4T ; Ep2 =m2+p?,

k> =(E, k,,) are the momenta of the initial and final electrons; and (do/d{2,)y is
the Rosenbluth cross section for scattering by the proton at the momentum p,. The
functions I, , are related to the light-cone deuteron functions u and w (Ref. 9). The
factor & (¢%,v,x), which has a complicated structure, arises because the virtual nature at
the electromagnetic vertex is taken into account here only for the good components of
the electromagnetic current and also because we have used the requirement of gauge
invariance. Under the kinematic conditions of Refs. 1 and 2 we have & (¢%,v,x) = 1 over
the entire x range. At higher values of g and x, however, the factor 5(¢%,v,x) may be
quite different from unity (under the conditions of Ref. 3 we would have 6 ~ 1.4-1.6).
We see that the function G (x,z) is determined exclusively by the dynamics of the bound
system and is independent of ¢* and v, which are kinematic reaction conditions. On
the basis of (5) we interpret G (x,z) as the momentum distribution of the nucleons in the
deuteron. The virtual nature of the intermediate states thus gives rise to qualitative
changes in the dependence of the momentum distribution of the nucleons on &k, and k,
separately. A dependence of this sort on the two arguments k* and Bk in terms of
relativistic wave functions was first predicted by Karmanov.” We wish to define two
limiting classes of processes. a) Processes with increasing m?: k* =k, k; = 0, corre-
sponding to motion along the surface of the light cone. A necessary condition here is

En——m = N3, (6)

b) Processes with fixed m?}: k* = k,, k, = 0, corresponding to motion in the direction
perpendicular to the surface of the light cone. This case occurs under the condition

n? = n? . (7)

All the variables in (6) and (7) are in the laboratory frame. Using expressions (6) and (7),
we can easily distinguish between the longitudinal (b) and transverse (a) processes
experimentally.

We should point out that to ignore the virtual nature of the situation here (the
energy nonconservation ~1/% in the A time-ordered perturbation theory), as has
been the widespread practice,”® leads to a qualitatively different expression for the
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momentum distribution of the nucleons [& (g% v,x)=1]:
2 € 20,2 2 2 3 2 2 2 2 md 3k
G(kY) = = [u )+ w2 &D]/@n), € = m?+k%, [G()— =1. (8
m ek)
In deriving (8) we used the assumption® that the deuteron state in the infinite-momen-
tum frame is formed long before the interaction and that the expansion is in real NN
states; we are using the angular condition of Ref. 6 and thus the crude density matrix

- 2 . . 2
Pro “8ro d}\da/M A: 0 &\ —(P1 +”))\(P1 +n)o/Mt .

Numerical calculations of the G' function on the basis of Eqs. (5) and (8) show that
they are the same only for processes (a) (and only if the x dependence of the functions
I; is ignored!). The reason is that longitudinal polarizations of the deuteron, which
increase with Z, play an importnat role in processes (b); these polarizations cancel the
terms ~ 1/Z in (3). Consequently, the assumption of Ref. 8 and thus expression (8) for
the momentum distributions of the nucleons are apparently justified only for processes
(a), which “evolve” along the surface of the light cone (and even in this case, they are
valid only approximately).

Figure 1 shows functions G (x,z) calculated from (5): G, for processes (a) and G|
for processes (b). The relativistic momentum distributions of the nucleons are indepen-
dent of ¢° and v only in the scale, for both processes (a) and processes (b). The |n|
scale,” which is widely used in research on the momentum distributions of the nu-
cleons in nuclear physics, cannot be used in the relativistic region, since different
values of n* will correspond to a given value of k> when ¢ and v are different. This
circumstance is the reason for the false discrepancy (by a factor of 5.6 at |n| = 0.335
GeV/c) between the data reported by the SLAC and Saclay groups.® The Saclay data
are presented in Ref. 3 in the |n| scale, while the extraction procedure and the kine-
matic  conditions used by the SLAC group lead to )y*=Kk?
(K3 =(v¥/@P”; kI =(q2 /q° % v’ <q%,q% ~¢?). Figure 1 shows the SLAC and Saclay ex-
perimental data after our processing with the help of (4) and (5) in a common £ scale.
The discrepancy does not exceed 40%. The theoretical curve calculated from Egs. (5)
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and (8) with the Paris-potential wave function'® agrees well with the experimental
data. We should also point out that the SLAC data at £>0.2 GeV/c seem to be
substantially distorted because of the approximate processing procedure® [cf. (5) and
(8) with (3)—{6) from Ref. 3].

Experimental study of the momentum distributions of the nucleons in the deu-
teron at k>0.2 GeV/c for processes (a) and (b) is of major interest. Comparison of
these processes will make it possible to observe an effect due to the dependence of the
relativistic wave function on the additional argument k; = g-k, which is not used in
the model of Ref. 6 and which is introduced in Ref. 5. For this purpose we need direct
measurements of the processes eD—e'pn, with ep coincidences being detected under
conditions (6) and (7). The relationship between ¢* and v is fixed by the position of the
maximum of the quasielastic peak.

Let us briefly summarize the results of this study. 1) It has been shown possible to
single out the momentum distributions of the nucleons in the relativistic region. 2) It
has been shown for the first time that the relativistic momentum distributions of the
nucleons must be studied, and (a point deserving even more emphasis) the results
obtained at various values of g* and v must be compared, in the k scale. 3) For the first
time, a method has been proposed for experimentally detecting the additional depen-
dence of the relativistic wave function on the direction of the vector p. 4) It has been
shown that the pronounced discrepancy between the experimental reported by the
SLAC and Saclay groups is a consequence of the use of a nonrelativistic |n| scale.

We wish to thank V. A. Karmanov, L. A. Kondratyuk, and M. 1. Strikman for
useful and stimulating discussions.

YHere |n| and |k| are the relative momenta of the intermediate nucleons in the laboratory frame and in their
center-of-mass frame, respectively.
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