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Abstract

The deuteron tensor analyzing power Thg in the deuteron break-up reaction Dp —»
pX is calculated within a relativistic approach based on the Bethe-Salpeter equation
with a realistic meson-exchange potential. Our results on Tae and the cross section
are compared with experimental data and non-relativistic calculations and with the

outcome of a relativization procedure of the deuteron wave function.




1. Introduction: Deuteron break-up reactions A(D, p)X at medium and high energies
are thought to serve as source of information on the high momentum components of the
deuteron wave function. In the impulse approximation (IA) the differential cross section
is proportional to the deuteron single-nucleon momentum density. This gives hope for
the possibility of a direct extraction of the deuteron wave function from the experirnent.
Numerous experimental data from Dubna {1] and Saclay {2] have confirmed the IA picture
for small internal momenta of nucleons in the deuteron, while a reasonable description
of the data at higher momenta requires the incorporation of relativistic effects. It has
been shown that even a minimal relativization procedure [3, 4] of the non-relativistic wave
function is sufficient to describe fairly well the data in the kinematical region measured
so far, except for a relatively broad shoulder around p’ = 0.3GeV/e (p' is the momentum
of the final proton in the deuteron rest frame, see below). Some unconventional processes
have been considered as small corrections to IA in attempts to explain this shoulder in
the cross section {5]. The success of such a simple but descriptive interpretation of the
data has allowed one to introduce a notion of an experimental deuteron wave function,
often referred to as the Moscow wave function {1, 2], and to discuss different aspects of the
deuteron structure in these experiments.

In the same experiments one measures the polarization characteristics of the deuteron,
such as the tensor analyzing power To and the polarization transfer k. These quantities
are more sensitive to the reaction mechanism and to the internal structure of the colliding
particles and give more detailed information. The first data on polarization phenomena
has shown a discrepancy with theoretical predictions based on JA with Bonn or Paris
light cone wave functions [4]. The main disappointing moment here is that, while the
theoretical calculation predicts a change of the sign of Thg, the experimentally deduced
values seem to remain negative in the whole interval of the measured momenta. Very
recent, preliminary data [6] has confirmed that Ty Is still negative, up to p' ~ 0.5 GeV/c.
In this case an interpretation of the data in terms of a direct extraction of the deuteron
wave function becomes doubtful. Even the very notion of an experimental deuteron wave
function has to put into question. This challenge stimulated investigations of other than IA
mechanisms of interaction {c.f. [5] and references therein) and possible manifestations of
non-nucleonic degrees of freedom in the deuteron. All these additional contributions have

been investigated as corrections to minimal relativization, and conclusions about the role



of other mechanisms have been drawn relative to these results. Apart from the interest in
other mechanisms, the investigation of relativistic effects in different approaches is still of
importance. We would like to emphasize that the contributions of other (unconventional)
mechanisms may be discussed only after a consistent relativistic calculation of the main
process. Nowadays the most complete relativistic investigation of one-nucleon exchange
diagrams has been performed in ref. [7] for backward elastic pD scattering by solving
numerically the Bethe-Salpeter (BS) equation with a realistic interaction. Several authors
{8] studied the relativistic effects in the deuteron by considering the D — NN vertex within
different approximations of the exact BS equation and applying it to electromagnetic and
hadron elastic scattering of the deuteron. Up to now a consistent relativistic calculations
for the deuteron break-up reactions and polarization phenomena in these processes is still
lacking.

In this paper we present a relativistic analysis of the deuteron tensor analyzing power Taq
and cross section in forward break-up reactions. A fully covariant expression for both the
cross section and Tho is obtained within the Bethe-Salpeter formalism. Results of numerical
calculations, utilizing the recently obtained numerical solution of the BS equation with a
realistic interaction, are compared with the available experimental data and with several
theoretical ai)proaches, such as nonrelativistic and light cone calculations.

I1. The relativistic impulse approximation: We consider the inclusive break-up
reaction of the type D+ p — p'{0°) + X, where the typical initial energy of the polarized
deuteron is in the order of a few GeV, and one final proton is detected in the forward
direction. In first approximation this reaction may be regarded as a process where one of
the nucleons is removed from the deuteron by a small transferred momentum, while the
other one continues {o move nearly with the velocity it had before the collision. In this
situation the cross section D 4+ A — p'(0°) + X is even expecied to be independent of
the target A and only the deuteron structure is relevant to describe the process. Such a
simnplified picture has been experimentally confirmned by detecting an almost target and
energy independence of both the deuteron break-up cross sections and the tensor analyzing
power T3 in a large interval of energies [1, 2, 6]. Therefore, the deuteron break-up may
be represented by a Feynman diagram in TA as shown in Fig. la. Due to the target
independence of the cross section it is clear that the vertices of the diagram should factorize

and consequently, they may be computed separately. In the Fig. 1b the target part of the
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cross section is depicted, and we begin our calculations with this subdiagram.

The corresponding amplitude is written in the form

Awnx = (UxTwn-x)  ((pp, 55)), (w(pn, 50))g, (1)

where (ZZXI‘ NNMX) is the truncated NN -» X vertex, and u(p, s} are the Dirac spinors
for the incident nucleons. Then the cross section is given by

1
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where A(py,p2) = (p1p2)? — mim3 is the flux factor, and A(p) stands for the projection

do

operator of an on-shell nucleon. The operator O, acting in the nucleon spinor space, is

defined as

&Py
2Ey (27?)3 ) )

To evaluate this operator one needs, in principle, an analysis of the NV — X vertices

Oowpge = ¥, (27)* 8* (9 + po — Px) {(f‘NN—»xe)a.ﬁ, (ZZXI‘NN—-PX)Q;B]
X

by expanding them in a basis of a complete set of (4 x 4) matrices in the spinor space
and a further partial wave analysis of the corresponding coefficients. For the elastic NN
scattering such a procedure has been realized in refs. [9, 10]. In our case, for the considered
energies, one may neglect the spin structure of the NN vertices and take the operator (3)

in its simpleéf; form, 1.e.,
O‘*a'ﬂﬁ’ ~ 60101'65ﬁ' : M(ppu Pn); (4)

where M(p,, p,) is a scalar function depending only on the initial energy of the nucleons.
Then the expression for the total NN cross section takes the form

m2

1
Ttor = ——prmmmm= 1T {Pp + M) Tt (B + m) M(p,, ) = M(Pp, pn). (B)
T T (Bp+m) Tr (p ) M(pp, 2a) or Pp: P

The kinematics of the Dp ~» pX reaction is defined according to the graph in Fig. 1(a)

by ¢, = p2, Pn = p1, P12 = 3 Pp £ p, where pis the relative momentum and Fp is the total
momentum of the deuteron. Then the amplitude of the basic process reads

- .. Pr+m o
Appepx = (Ux FNN—»X)aﬁ (i(pz2, s2)), (m) . (w(p, 5p)), (TD=N)sy 5 (6)
where the truncated Tp_nn vertex satisfies the BS equation. The cross section for the
break-up of a polarized deuteron with a given spin projection M is

v }'(ppa Pn) 1 { 2~ mz} d3p2 N

2 . P
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In deriving eq. (7) we made use of eq. (4}, and instead of the truncated I'p..xn vertex we
introduced a modified BS amplitude, U5 (p), which includes the nucleon propagators in
its definition [11]. As a consequence, in eq. (7) the term (p — m?), which is zero when the
nucleon is on mass shell, appears explicitly. It cancels singularities in the BS amplitude
induced by the propagators and ensures the expression (7) to be finite. The trace in eq. (7)
is evaluated by an algebraic formula manipulation code.

With this at hand it is easy to calculate the tensor analyzing power Ty in terms of
cross sections (7) from the relation

_do(M =1)+do(M =~1)~2do(M =0) _  do(M =0)
Vil = Sur do (M) T iZudo(M) ®)

IIL. Results and discussion: In the calculations we use our recent solutions [12]
of the BS equation with a kernel with m,w, p,0,7,6 exchanges (parameters as in Table
1 in ref. [12]). In obtaining numerical solutions of the BS equation we expanded the
amplitude ¥ on the complete set of the Dirac 7 matrices and solved a system of eight
integral equations for partial amplitudes in the Wick-rotated system (for further details
"see ref. [11]). It is worth mentioning that our partial amplitudes depend on both §# and ipq,
whereas in the considered reactions with one nucleon on mass shell, the relative energy p,
is fixed by kinematics and it is real. Hence, one needs a numerical recipe for an analytical
continuation of the amplitudes from the imaginary to real axis of relative energy. This
procedure has been investigated by Tjon [7] in studying diagrams similar to that in Fig. 1a
with the result that there is a small difference {less than 5%) between the analytically
continued partial amplitudes at the appropriaie po and simply putting po = 0. In our
calculation we follow the results of ref. [7] and choose the relative energy po = 0.

In figs. 2 and 3 we present the results of our relativistic calculation of the cross section
(7) and the deuteron tensor analvzing power Tb (8). A comparison is also given with
nonrelativistic results which utilize the Bonn wave function {13} and with results of the
minimal relativization of the Bonn and Paris wave functions within the light cone dynamics
[3, 4]. Experimental data are from refs. [1, 2, 6]. It is seen that our calculated values of the
cross section and T3 coincide with the nonrelativistic calculations up to p’ ~ 0.25 GeV/ec.
Differences oceur for larger proton momenta. For T these differences can be traced back to
admixturesof negative energy states in the partial BS amplitudes, in particular the P-waves

in the deuteron. The relative weight of the P-waves is rather small and in the unpolarized
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case the contribution of these negative energy states is negligible {7, 8]. However, in the
polarization case they play a more important role and lead to an improvement of the
description of the data. As seen in fig. 3, even a consistent relativistic calculation does not
yet describe satisfactorily the data in the region of the minimum of Ty at p' ~ 0.3 GeV/e.
Note that in this region the unpolarized cross section has a broad shoulder, see fig. 2. As
mentioned above, this shoulder may be reproduced by considering some other diagrams
with final state interaction mediated by meson exchanges {5]. Other kinds of corrections,
e.g., rescattering effects, have been computed in ref. [2]. Both these mechanisms, meson
exchanges and rescatiering effects, reduce the depth of the minimum in fig. 3 and lead to a
shift of the sign change of 159 to larger values of p’. With this in mind one may expect that
relativistic calculations, completed by corrections from the other mentioned mechanisms,
describe both sets of experimental data in figs. 2 and 3. The present difference between
relativistically calculated values of Ty and the experimental data may be referred o as a
signal of manifesting some unconventional mechanisms (like meson exchange currents, A
isobars, final state interaction, 3-body interaction etc.} in the deuteron break-up.

The approach based on the minimal relativization scheme describes also rather well
the differential cross section (see fig. 2) but results in a more drastic disagreement with
data for polarization observables (see fig. 3). The minimal relativization procedure {3, 4]
consists of (i) a replacement of the argument of the nonrelativistic wave functions by a
light cone variable k% = m? (1 — 2z)/4=(1 — z), where 7 = (Ep + p,}/(Ep -+ Fp) and (ii)
multiplying the wave functions by a factor ~ 1/(1 — z). As result the argument is shifted
towards Jarger values and the wave function itself decreases more rapidly. This effect of
suppressing the wave function is compensated by the kinematical factor 1/(1 — z). Hence,
the minimal relativization leads to a rather good description of spin averaged observables
in the deuteron. A different situation occurs in case of computing polarization observables
which are proportional to the ratio of cross sections. In this case all the kinematical factors
cancel out and the effect of relativization comes only from the shift in arguments of the §
and D-waves in the deuteron. Clearly, this leads to a squeezing effect of T in comparison
with the nonrelativistic values, as seen in fig. 3. In the BS amplitude the relativistic effects
are of dynamical nature and are not reduced to a simple shift in arguments and, in addition
to § and D-waves, it contains negative energy components, i.c., P-waves which allow for

a more refined analysis of the data,



An analysis of polarization observables in two, at first glance, different processes, such as

the deep-inelastic scattering of polarized leptons oft polarized deuterons and the polarized
deuteron break-up, persuades us to a tight relation between the deep-inelastic structure
functions by 2(z) (see ref. [14] for definition), and the tensor analyzing power T5. In deep-
inelastic processes one considers reactions of inclusive scattering similar to the break-up
reaction; the deuteron structure functions b (z) are related to the cross section by a
relation similar to that in eq. (8), except that do(M) is replaced by the deuteron structure
function FP(z, M) and that b;2(z) are not normalized to ¥pr F(z, M). If we introduce

new, normalized, deep-inelastic structure functions by

Fo(z, M =1)+ Fl(z,M = -1) - 2FD(z, M = 0)

biafe) = S FP(o, 30)

(9)

the correspondence between Tho and by 2(z) will be almost one to one. Consequently, the
relativistic effects in these two functions are expected to be very similar. This assertion is
partially confirmed by the present work and by the calculations performed in ref. [12].

V. Summary: In summary we present an analysis of relativistic effects in the deuteron
tensor analyzing power Ty within the Bethe-Salpeter formalism with realistic interaction.
The minimal relativization scheme is discussed and a comparison of the results of two
approaches, i.e., the relativization within the light~-cone dynamics and covariant BS for-
malism, with experimental data is given. For a perfect description of the experimental
data one needs obviously processes beyond the impulse approximation.

Acknowledgments: Useful discussions F. Gross, G.L Lykasov and W. Van Orden are
gratefully acknowledged. Omne of the authors (L.P.K.) would like to thank for the warm
hospitality at the Research Center Rossendorf, FRG. The work is supported in part by
BMFT under grants 06 DR 107and 06 DR 666 I(4).



References

[1] V.G. Ableev et 2L, Nucl. Phys. A 393 (1983) 491; JETP Lett. 47 (1988) 649; Few
Body Systems 8 (1990) 137; JINR Rap. Comm. 1{54] (1992) 10.
[2] C.F. Perdrisat et al., Phys. Rev. Lett. 59 (1987) 2840;
V. Punjabi et al., Phys. Rev. C39 {1989) 608;
E. Cheung et al., Phys. Lett. B284 (1992) 210;
C.F. Perdrisat and V. Punjabi, Phys. Rev. C42 (1990) 1899.
(3] S.J. Brodsky et al., Phys. Rev. D8 (1973) 4574;
J.B. Kogut, D.E. Soper, Phys. Rev. D1 (1970) 2901;
5. Weinberg Phys. Rev. 150 (1966) 1313.
[4] 1.L. Frankfurt and M.1L Sirikman, Phys. Rep. 76 (1981) 215.
[5] G.I. Lykasov, Element. Part. Atomic Nucl. 24 (1993) 140;
M.G.Dolidze and G.I. Lykasov, Z. Phys. A336 (1990) 339.
[6] L.S. Azhgirey et al., in Proceedings of the XIV Few Body Conference, (ed.} F.Gross
26-31 May, 1994, p. 18, Williamsburg, USA; Ibid. p. 22; V. Punjabi et al., ibid, p. 161.
(71 B.D. Keister and J.A. Tjon, Phys. Rev. C26 {1982) 578.
[8} ¥. Gross, J.W. Van Orden and K. Holinde, Phys. Rev. C45 (1992) 2094;
W. Buck and F. Gross, Phys. Rev. D20 (1979) 2361;
R.G. Arnold, C.E. Carlson and F. Gross, Phys. Rev. C21 (1980) 1426.
{9] J. Fleischer and J.A. Tjon, Nucl. Phys. B84 (1975) 375.

[10] Yu.L. Dorodnych, V.G. Neudachin, N.P. Yudin and 1.T. Obuchovsky, Phys. Rev. C43
(1991) 2499.

[11] A.Yu. Umnikov and F.C. Khanna, Phys. Rev. C49 (1994) 2311.

[12] A.Yu. Umnikov, L.P. Kaptari, K.Yu. Kazakov and F.C. Khanna, Phys. Lett. B334
(1994) 163; invited talks at the XIV Int. IUAP Conf. on Few Body Problems in
Physics, 26-31 May, 1994, Williamsburg, USA, and the VIII Int. Symp. on the Po-
larization Phenomena in Nucl. Phys., 15-22 September, 1994, Bloomington, USA;
Preprint Alberta Thy 29-94 (bulletin board hep-ph/9410241};

{13] R. Machleit, K. Holinde and C. Elster, Phys. Rep. 149 {1987} 1.

{14] P. Hoodbhoy, R.L. Jaffe and A. Manochar, Nucl. Phys. B312 (1989) 571.

1



Figure captions

Fig. 1 The Feynman graphs for the Dp — pX reaction (a) and for the elementary
reaction NN — X (b).

Fig. 2 The differential break-up cross section as function of the final proton momentum
o in the deuteron rest frame (solid line - our relativistic calculation within the Bethe-
Salpeter formalism, dotted line - non-relativistic calculation with the Bonn deuteron wave
function, long-dashed (short-dashed) line - results of a minimal relativization within the

light. cone dynamics of the Bonn (Paris) wave functions). Experimental data from ref. [1]

Fig. 3 The tensor analyzing power as function of p’ (the meaning of the curves is as in
Fig. 2; experimental data: triangles - ref. [2]; open circles - ref. [6] open squares - ref. (6]

(elastic backward pD-scattering); close circles - ref. [1] (*2C(D, p) X reactions).



Pp Dyt Pn

Pp Taw Px Pp

(a) (8}

Fig. 1 The Feynman graphs for the Dp — pX reaction (a) and for the elementary
reaction NN — X (b).
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Fig. 2 The differential break-up cross section as function of the final proton momentum
P’ in the deuteron rest frame (solid line - our relativistic calculation within the Bethe-
Salpeter formalism, dotted line - non-relativistic calculation with the Bonn deuteron wave
function, long-dashed (short-dashed) line - results of & minimal relativization within the

light cone dynamics of the Bonn (Paris) wave functions). Experimental data from ref. {1].
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Fig. 3 The tensor analyzing power as function of p’ (the meaning of the curves is as in
Fig. 2; experimental data: triangles - ref. {2]; open circles - ref. [6] open squares - ref. [6]

(elastic backward pD-scattering); close circles - ref. [1] (*C(D,p) X reactions).
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