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New approach to polarization phenomena indp backward elastic scattering
at intermediate and high energies
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The spin observablesT20, k05
3
2 Ky

y (d→p), Kxz
y , Ky

y (p→p), andCyy are investigated fordp backward
elastic scattering at intermediate and high energies by the invariant-amplitude method with the one-nucleon-
exchange assumption. Recently observed discrepancies between the conventional calculations and the experi-
mental data for thek0-T20 correlation are mostly dissolved by including effects of imaginary parts as the
contribution of absorption in the invariant amplitudes. The dependence of the measuredT20 and k0 on the
proton-neutron relative momentum is explained by the calculation with the specification of nuclear potentials,
exceptT20 at high energies, for which possible solutions are investigated. Clear dependence on the imaginary
parts of the amplitudes is found forKxz

y , measurements of which are suggested to be useful to distinguish
between the solutions.@S0556-2813~98!06605-9#

PACS number~s!: 21.30.2x, 21.45.1v, 24.70.1s, 25.10.1s
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I. INTRODUCTION

Polarization phenomena in few-body systems are imp
tant sources of information on nuclear forces and related
namics. In backward elastic scattering of deuterons by p
tons, the structures of the cross sections and the tensor
analyzing powerT20 experimentally observed atEd50.521
GeV @1# attracted attention as the signal of excitations of
related nucleons to baryon resonance states, for examp
the D states@1–4#, although the problem has not yet be
solved, in particular, from a quantitative point of view. R
cently, discrepancies betweenT20 and k0 (5 3

2 Ky
y , d→p

vector polarization transfer coefficient! measured by experi
ments and those calculated by the PWIA have been em
sized in the form of the correlation between these quantit
That is, the quantities calculated by the PWIA with the o
nucleon exchange~ONE! model @5#, which describes the
dominant mechanism at the backward angle in the high
ergy region, satisfy the equation of a circle in thek0-T20

plane@6#, while the measured ones deviate remarkably fr
the circle along a spiral-like curve@7#. The observables fo
the inclusive deuteron breakup also suffer from similar d
ficulties @7#. These suggest the possibility of finding ne
aspects of the nuclear force by detailed investigations of
scattering, since the system consists of only three nucle
and ambiguities due to many bodies are less important.
phisticated calculations@8–10#, which include relativistic ef-
fects or QCD ones for example, have not been successf
explaining the experimental data and the puzzle still rema
to be unsolved.

As a new approach to the problem, we will derive gene
formulas of the spin observablesT20, k0, Kxz

y ~d→p tensor-
to-vector polarization transfer coefficient!, Ky

y ~p→p vector
polarization transfer coefficient!, and Cyy ~spin correlation
coefficient!, for the dp backward elastic scattering by th
invariant-amplitude method@11# with the ONE assumption
570556-2813/98/57~5!/2493~9!/$15.00
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In the method, we expand the scatteringT matrix by tensors
in the spin space to calculate the geometrical parts of
matrix elements in a simple way. Then physical quantit
are represented by the physical parts of the matrix eleme
which we call the invariant amplitude due to the invarian
character for rotations of the coordinate axes. The spin
servables are described with relative magnitudes and ph
between the amplitudes. The formulas of the observab
thus obtained are independent of details of the reaction
namics except for the limitation due to the ONE assumpti
In general, effects of reaction channels other than the ela
scattering will mainly be included in the imaginary part
the scattering amplitude as absorption effects. Then we
vestigate general effects of the imaginary part of the inva
ant amplitudes on the spin observables by treating the r
tive phases, which are fixed to zero orp in the PWIA, as free
parameters. In the numerical calculation, the magnitude
the amplitudes are tentatively evaluated by the PWIA w
the ONE assumption and corrections are included. Theref
the present calculation is more general than the PWIA.
cently, formulas of T20 and k0, which are model-
independent, have been derived for special (d,p) reactions
where one of the target and residual nuclei is spinless and
other is spin-1/2@12#. The present theory is an extension
that work.

The main results in the present paper are as follows.
imaginary parts of the amplitudes produce important effe
on the observables and most of the discrepancies in
k0-T20 correlation can be dissolved by the effects. The d
pendence of the measuredT20 andk0 on the proton-neutron
relative momentumk is very well reproduced by the prese
calculation exceptT20 at high momenta, which correspond
high incident energies@4#, k>0.7 GeV/c. To reproduce the
high-energy data, several solutions are discussed as ca
dates where momentum-dependent corrections to the ma
tude of the amplitude, the participation of exotic phenome
2493 © 1998 The American Physical Society



d.
y
lu

a
p

in
f
te

en
n

in

t

th
i

ct
n
n

he
a
th

rk
e
m
th
ti

ac

by

n-
two
-
nts

all
f
n-

ent

tial
ci-
n in
the
ip

dent
by

s-
ard

the
n.

2494 57M. TANIFUJI, S. ISHIKAWA, AND Y. ISERI
and an improvement of nuclear potentials are considere
is shown thatKxz

y is particularly sensitive to the imaginar
amplitude and is useful in distinguishing between the so
tions when the quantity is measured.

In Sec. II, the general formulas of the spin observables
derived by the invariant-amplitude method with the assum
tion of the ONE mechanism. In Sec. III, thek0-T20 correla-
tion data are analyzed by the formulas without introduc
particular nuclear potentials. In Sec. IV, thek dependence o
the spin observables is investigated using the deuteron in
nal wave functions obtained by specifying the nuclear pot
tial. Finally, Sec. V is devoted to a summary and discussio

II. DERIVATION OF FORMULAS
OF SPIN OBSERVABLES

The T-matrix M can be expanded into tensors in the sp
space, saySKk ,

M5(
Kk

~21!kSK2kRKk , ~1!

whereRKk is the counter part, the tensor in the coordina
space, andK(k) designates the rank~z component! of the
tensor. This form has an advantage in classifying
T-matrix elements according to their tensorial properties
the spin space. Explicitly, the scalar part (K50) describes
scattering amplitudes due to central interactions, the ve
one (K51) those due to spin-orbit interactions and the te
sor one (K52) those due to tensor interactions. The last o
includes effects ofD-components of the internal states of t
related particles. The interaction associated with each r
includes higher-order effects of interactions as long as
tensorial property is maintained.

The matrix element of Eq.~1! is given for a reactionaA
→bB by the invariant-amplitude method@11#. There, the
matrix element was derived in the nonrelativistic framewo
but it can be applied to the relativistic energy region wh
spins of the related particles are treated in the helicity fra
In the present case, the transformation of the frame for
high-energy application does not produce any essen
change in the result, since we are concerned with the b
ward scattering. Following Ref.@11#,

^nb ,nB ;kf uMuna ,nA ;ki&5 (
sisfK

~sasAnanAusin i !

3~sbsBnbnBusfn f !

3~21!sf2n f~sisfn i2n f uKk!

3 (
l i5K̄2K

K

@Cl i
~ k̂i !

^ Cl f5K̄2 l i
~ k̂f !#k

KF~si ,sf ,K,l i !,

~2!

whereki (kf) is the relative momentum in the initial~final!
state ands(n) denotes the spin~z component!. The quantity
k̂i ( k̂f) is the solid angle ofki (kf) andClm is related toYlm
as usual. The matrix element ofSK2k is calculated by the
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Wigner-Eckart theorem and the geometrical part is given
the Clebsch-Gordan coefficients in Eq.~2!. The geometrical
part of the matrix element ofRKk will be represented by

@Cl i
( k̂i) ^ Cl f

( k̂f)#k
K since the matrix element is a tensor co

structed of ordinary-space vectors and we have only
such vectors,ki andkf , after the integration over the coor
dinate variables. The physical parts of both matrix eleme
are included inF(si ,sf ,K,l i). This quantity is invariant un-
der rotations of the coordinate axes and we will c
F(si ,sf ,K,l i) the invariant amplitude, which is a function o
scattering angleu and the center-of-mass energy. The qua
tity K̄ is K for K5even andK11 for K5odd in the present
case. More details are given in the appendix of Ref.@11#.

For the backward scattering, we have four independ
matrix elements@10#, among whicĥ 1,2 1

2 uMu1,2 1
2 & is as-

sumed to vanish for the ONE mechanism, where the ini
proton forms the final deuteron with the neutron of the in
dent deuteron. In the present case, the spin-down proto
the incident channel cannot form the spin-up deuteron in
final channel without spin flips of the proton and the spin fl
does not occur at the backward angle in the PWIA limit@6#.
This assumption decreases the number of the indepen
amplitudes and finally we get other three matrix elements
Eq. ~2! as

K 1,
1

2
uMu1,

1

2L 5
A2

9
U1

2

9
T1

2

9
T8, ~3!

K 1,2
1

2
uMu0,

1

2L 5 K 0,
1

2
uMu1,2

1

2L
5

1

9
U2

1

9A2
T2

5A2

9
T8, ~4!

K 0,
1

2
uMu0,

1

2L 5
1

9A2
U2

2

9
T1

7

9
T8, ~5!

whereki andkf in the bracket of the left-hand side are di
carded to avoid confusions, since we treat only the backw
scattering. HereU is the scalar amplitude andT andT8 are
the second-rank tensor ones which include effects of
D-component of the internal wave function of the deutero
They are given by the invariant amplitudes as

U5
9

2A2
FS 3

2
,
3

2
,0,0D ~6!

and

T52T112T2 , T85T11
1

4
T2 , ~7!

where

Tj5FS 3

2
,
2 j 21

2
,2,0D2A2

3
FS 3

2
,
2 j 21

2
,2,1D

1FS 3

2
,
2 j 21

2
,2,2D . ~8!
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57 2495NEW APPROACH TO POLARIZATION PHENOMENA IN . . .
The numerical coefficients included inU, T, andT8 are fixed
so that the amplitudes have simple forms in the PWIA lim
as will be seen later. The physical quantities are describe
these amplitudes and for spin observables one can reduc
number of the variables by introducing the relative mag
tudes and phases between them,

R5
uTu
uUu

, R85
uT8u
uUu

, Q5uT2uU , Q85uT82uU .

~9!

The spin observables concerned are defined in Ref.@13# as

T205Tr~Mt20M
1!/Tr~MM1), ~10!

k05
3

2
Tr~MtyM

1sy!/Tr~MM1!, ~11!

Kxz
y 5Tr~MtxzM

1sy!/Tr~MM1!, ~12!

Ky
y5Tr~MsyM

1sy!/Tr~MM1!, ~13!

Cyy5Tr~MtysyM
1!/Tr~MM1!, ~14!

wheret ands are the spin operators for the deuteron and
proton, respectively. Inserting Eqs.~3!–~5! into the above
definitions and reducing the expressions by Eq.~9!, we get

T205$2A2RcosQ2R2232R82112RR8cos~Q82Q!%/NR ,
~15!

k05$A22RcosQ24R8cosQ823A2RR8cos~Q82Q!

230A2R82%/NR , ~16!

Kxz
y 53$2RsinQ15A2RR8sin~Q2Q8!%/NR , ~17!

Ky
y5

A2

9
$124A2RcosQ114A2R8cosQ818R2198R82

256RR8cos~Q2Q8!%/NR , ~18!

Cyy5
2A2

9 H 12
5

A2
RcosQ12A2R8cosQ812R2270R82

113RR8cos~Q2Q8!J Y NR ~19!

with

NR5A212A2R2134A2R8224R8cosQ8. ~20!

These formulas are exact and independent of details of
reaction dynamics except for the restriction by the ON
mechanism. The quantitiesR, R8, Q, andQ8 can be treated
as free parameters such as phase shifts in usual treatme
elastic scattering@14# and will be determined by experimen
tal data of four independent spin observables. The quant
thus obtained will be useful in finding suitable reaction mo
els to describe the scattering.
t
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III. ANALYSES OF THE k0-T20 CORRELATION

The experimental data available at the present are not
ficient for the determination of the four parametersR, R8, Q,
and Q8 discussed in the previous section. In the followin
we will calculateR andR8 as the first approximation by th
PWIA which is fundamentally acceptable at intermediate a
high energies and treatQ andQ8 as free parameters in th
range2180°<Q(Q8)<180°. In this way, we will include
effects of the imaginary part of the invariant amplitude in t
calculation. The PWIA amplitudes for the ONE mechanis
are described byu(k) and w(k), the Fourier transforms o
theS andD components of the deuteron internal wave fun
tion. By calculating the left-hand sides of Eqs.~3!–~5! by the
PWIA with the ONE assumption, we obtain

U5
9

A2
H u2~k!1

1

4
w2~k!J t~k!, ~21!

T5
9

A2
u~k!w~k!t~k!, T85

9

8
w2~k!t~k!, ~22!

wheret(k) is the proton-neutron scattering amplitude at t
momentumk. Defining r by

r 5
w~k!

u~k!
, ~23!

we getR andR8 in the PWIA limit

R5
4ur u

41r 2
and R85

r 2

A2~41r 2!
. ~24!

As is shown in Fig. 1 for typical inter-nucleon potentials, t

FIG. 1. Fourier transforms of deuteron internal wave functio
u(k) and w(k) are for theS and D components andk is the p-n
relative momentum. The calculated are for the Paris~solid lines!
and Bonn B~dashed lines! potentials. The zero point ofu(k), k
5k0, is shown by the arrows for the Paris potential for example
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Paris potential@16# and the Bonn B one@17#, r decreases
from zero to minus infinity with the increase ofk, changes its
sign at the zero point ofu(k), k5k0, and beyondk0 it de-
creases from plus infinity. Correspondingly, in the PWI
Q5180° for k,k0 and Q50° for k.k0, and Q8 is zero
independently ofk.

Now we will discuss thek0-T20 correlation. The calcu-
latedk0 andT20 by the use of Eqs.~15!, ~16!, ~20!, and~24!
are shown in Figs. 2~a!–2~d!. In general case, atr 50,

T2050 and k051, ~25!

which define the pointX in the k0-T20 plane in the figures.
For the limit r→`

T2052
4A2

92cosQ8
and k052

71cosQ8

92cosQ8
, ~26!

which restrict the values ofT20 and k0 at k5k0 indepen-
dently of Q, in the ranges

2
1

A2
<T20<2

2A2

5
and 21<k0<2

3

5
. ~27!

In the pure PWIA, Eq.~26! gives T2052 1/A2 and k05
21 which define the pointY in the k0-T20 plane. In the
figures, the spin observables are calculated for given se
Q and Q8, where r is varied from zero to infinity fork
,k0. The calculation is extended to the regionk>k0 by
replacingur u by 2ur u to take account of the change ofQ at
k5k0.

FIG. 2. T20 versusk0 ~5 3
2 Ky

y). The experimental data are fo
backward elastic scattering~open circles! and inclusive breakup
@solid circles, only in~a!# @7#. The curves are calculated by Eq
~ 15!, ~16!, and~20! for Q 5 180°, 135°, 120°, 90° withQ85 0°
in ~a!, for Q8 5 60°, 105°, 120° withQ5180° in~b!, for Q8530°,
60°, 90° withQ 5 135° in ~c! and forQ85260°, 2105°,2150°
with Q5135° in ~d!. The large circles are the PWIA calculation.
~b!, the data points are connected by straight lines~see text!.
,

of

In Fig. 2~a!, the calculatedT20 and k0 are plotted in the
k0-T20 plane for severalQ, whereQ8 is fixed to the PWIA
limit, Q850. These quantities are independent of the sign
Q due to Eqs.~15!, ~16!, and~20!. The pointP defined by a
set ofk0 andT20 calculated by the PWIA moves clockwis
along the circle denoted byQ5180°, from X to a certain
point throughY, with the increase ofk. The trajectories of
the pointP similarly defined for otherQ are deformed to-
ward the inside of the circle according to the decrease oQ
from 180° to 90°, where the points fork5k0 are localized in
Y independently ofQ. We call this type of deformation o
the trajectories the ‘‘Q effect.’’ The experimental data@7#
for the smallk are mostly located between the two lines f
Q5120° and 135°. Then theQ effect is important to de-
scribe such smallk data. Figure 2~a! is essentially same a
Fig. 3 in Ref. @12#, because the present formulas~15! and
~16! with ~20! are equivalent to Eqs.~16! and ~17! in the
reference whenQ850.

Figure 2~b! shows effects of the finiteQ8 for typical Q8
between zero and 180°, fixingQ to the PWIA limit, Q
5180°. The calculatedT20 and k0 are independent of the
sign ofQ8 because ofQ5180°. The trajectories of P for the
finite Q8 are deformed to form an egg shape (Q8560°), a
cusp-like shape (Q85105°) ~hereafter we will call this type
the ‘‘cusp’’! or an ‘‘eight’’ shape (Q85120°) although the
last one is laid down and one loop is very small. The po
P for k5k0, which is defined by Eq.~26!, moves on theX-Y
straight line from Y toward the point (T2052 2A2/5,
k0523/5!, with the increase of the magnitude ofQ8. We
will call such effects the ‘‘Q8 effect.’’ Most of the data for
large k are localized between the lines forQ85105° and
120° and theQ8 effect is clearly important to reproduce suc
high-energy data. As will be seen later, the cusp and
eight shape are successful to describe the experimentally
served structure ofT20 in the plot againstk.

Figures 2~c! and 2~d! show the combination of theQ
effect and theQ8 one, forQ8.0 andQ8,0, respectively,
with fixing Q to 135°. In Fig. 2~c!, the trajectories forQ8
.90° are ignored to avoid the complication of the figur
The combination of theQ effect and theQ8 one improves
the T20-k0 correlation. For example in the cases ofQ8
530° and 2105°, the agreement between the calculat
and the experiment is much better than that in the PWIA

In the analyses, the trajectories of the pointP are sym-
metric about theX-Y straight line, which is proved by Eqs
~15!, ~16!, ~20!, and ~24!, and it should be emphasized th
the above results are independent of a particular choice o
nuclear potential. The validity of the PWIA estimation ofR
and R8 is examined by varying them asR→R1DR and
R8→R81DR8. When DR and/orDR8 are 610% of their
originals, no real effect is produced by the variation
the correlation curves. The effects are examined up to
50% variation, for which the effects are appreciable b
still small. In Figs. 3~a!–3~d!, the results for the case of 30%
variation are shown as examples for the typical trajecto
by ~Q,Q8!5~135°,30°!, ~135°,2105°!, ~180°,105°!,
~180°,120°!. Therefore, the use of Eq.~24! will not induce
significant errors.

IV. MOMENTUM DEPENDENCE
OF THE SPIN OBSERVABLES

To examine theQ andQ8 effects in more detail, we will
investigate the dependence of the spin observables on
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57 2497NEW APPROACH TO POLARIZATION PHENOMENA IN . . .
proton-neutron relative momentumk. We calculater by the
use of Eq.~23!, whereu(k) and w(k) are obtained by as
suming a particular potential. Recently, relativistic effects
the wave function of the deuteron internal motion have b
investigated by the use of the Bethe-Salpeter equation@15#
and the effects are found to be small in the presentp-n
relative momentum range when compared to the nonrela
istic wave functions by the Paris potential@16#. Then, in
most of our cases, the results are given for the Paris pote
and those for other potentials will be described briefly.

Shown in Figs. 4~a! and 4~b! areT20 andk0 by the Paris
potential as the functions ofk for the typical trajectories
in Figs. 2~b!–2~d!, i.e., for the sets (Q,Q8)5(135°,
2105°)~A!, (180°, 105°)~B!, (180°, 120°)~C!, (135°,
90°)~D! and for the pure PWIA. The trajectory for set A
the egg shape and the one for B is the cusp and those f
and D are the eight shape, respectively. As seen in Fig. 4~a!,
the calculation by set A reproduces well the lowk data of
T20 but does not produce the resonancelike structure ofT20,
which is observed experimentally as a local maximum in
rangek50.25;0.45 GeV/c @7#. On the other hand, the ca
culations for other three sets describe the feature of the
served structure. Thus the cusp or eight shape trajector
the k0-T20 plane will be required to reproduce the structu
in the plot ofT20 againstk. This is confirmed by the detaile
examination of the behavior of the experimental data in
plane, i.e., the data behave as a cusp upon theX-Y line as
emphasized by connecting the data points with the stra
lines in Fig. 2~b!. The calculations by sets B and C are su
cessful in reproducing the gross behavior of the experime
data@7#, except the data atk>0.7 GeV/c @18#. In the figure,
the calculatedT20 at k5k0 are localized independently ofQ
in a narrow range aroundT20520.6 almost as one point

FIG. 3. Effects of variations ofR andR8 on thek0-T20 corre-
lation. The effect of the variation ofR (R8), R→R1DR (R8
→R81DR8), is shown by the dashed~dotted! lines with DR/R,
DR8/R8 50.3 for the typical sets of (Q, Q8), ~135°, 30°) ~a!,
~135°, 2105°) ~b!, ~180°, 105°) ~c! and ~180°, 120°) ~d!. The
solid lines are forDR5DR850. The experimental data are take
from Ref. @7#.
n
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This will be explained by the theoretical restriction onT20
given by Eq.~26! and the good agreement between the c
culations and the experimental data at this momentum
support the present theory. As in Fig. 4~b!, the calculatedk0
agrees with the experimental data@7# better than the PWIA,
particularly for the largek.

Similar calculations ofT20 andk0 are performed for the
traditional nuclear potentials, the RSC@19#, Nijmegen@20#,
AV14 @21#, and Bonn B@17# ones and for the recently pro
posed Nijmegen II potential@22#. The observables calculate
by the Nijmegen II potential are quite similar to those by t
Paris potential and both results are hardly distinguished
each other. Other potentials except for the Bonn B prov
almost similar results, but with some variations in the AV
case in a high momentum region, compared to those by
Paris and Nijmegen II potentials. However, as is seen in F
1~b!, thek dependence ofr for the Bonn B potential is con-
siderably shifted toward largerk compared with that for the
Paris potential. This nature will be understood through
behavior ofu(k) andw(k) in Fig. 1~a! by the characteristics
of the Bonn B potential which has rather weak tensor pa
and complementarily strong central ones. Considering
speciality, the results for the Bonn B case are compared w
the experimental data in Figs. 5~a! and 5~b!. The quality of
the agreement between the calculation and the experime
almost similar to that in the case of the Paris potential. As
shown in Eq.~27!, the magnitude of the calculatedk0 at k
5k0 is limited in the range,21<k0<20.6, which is inde-

FIG. 4. T20 ~a! andk0 ~b! versusk. The curves are calculated b
Eqs.~15!, ~16!, and~20! with the Paris potential, where the lines a
for (Q, Q8)5~135°,2105°) @set A, the solid#, ~180°, 105°)@set B,
the dashed#, ~180°, 120°)@set C, the dash-dotted# and ~135°, 90°)
@set D, the thin solid#. The thin dotted lines are for the PWIA
calculation. The vertical dash-dotted straight line indicates the
cation ofk5k0. The experimental data are taken from Refs.@7,18#.
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2498 57M. TANIFUJI, S. ISHIKAWA, AND Y. ISERI
pendent of the choice ofQ. In this viewpoint the presen
experimental data seem to favor the Bonn B potential si
the lower bound of the measuredk0 is almost20.6, which
will be given by the Bonn B potential as the upper limit
k5k0 when Q85180°. However, it will not be suitable a
the present to discuss in detail the superiority between
nuclear potentials, because of the ambiguity of the exp
mental data and the approximation in the calculation.

Next we will investigate in general way theQ effect and
the Q8 one on the momentum-dependence ofT20 and k0.
First we will examine theQ8 effect by calculating the fol-
lowing combination ofT20 andk0, which is independent o
Q:

T2012A2k05
4

NR
H 12

1

4
R2238R8222A2R8cosQ8J .

~28!

Figure 6 describes this quantity as the function ofk for sev-
eral Q8 for the Paris potential. Here, the experimental d
aroundk5k0 are reproduced well by largeQ8, for example
Q85180°. Then, in the following examination of theQ ef-
fect, we fix Q8 to 180°. The calculatedT20 andk0 for sev-
eralQ are shown for the Paris potential in Figs. 7~a! and 7~b!
as the function ofk. The smallQ, for exampleQ50° with
Q85180°, which we will call set E, describes well theT20
data at largek but unfortunately does not those at smallk. In
the figure, the calculatedT20 andk0 are independent ofQ at
about k50.3 GeV/c, 0.6 GeV/c, which correspond tor 5
6A2, and atk5k0. There the magnitude of the calculate
T20 at k.0.3 GeV/c is only about one half of the measure
Then the choice ofQ85180° is not suitable to describe suc
low k data contrary to the success atk>k0, independently of

FIG. 5. The same as Fig. 4 except for the use of the Bon
potential.
e

e
i-

a

the choice ofQ. This indicates that one cannot reproduce
of the data ofT20 andk0 with one set ofQ andQ8.

In the present paper, we consider the contribution of op
channels other than the elastic scattering as the absorp
effect, which is taken into account by the imaginary parts
the invariant amplitudes through the relative phases betw

B

FIG. 6. T2012A2k0 versusk. The calculation with the Paris
potential is shown forQ850° ~thin solid line!, 60° ~dashed line!,
90° ~dash-dotted line!, 120° ~dotted line!, and 180°~solid line!. The
PWIA calculation is the same as that forQ850°. It should be noted
that the calculated quantity is independent ofQ ~see text!. The
vertical dash-dotted straight line indicates the location ofk5k0.
The experimental data are taken from Refs.@7,18#.

FIG. 7. Q dependence ofT20 ~a! andk0 ~b!. The solid, dashed,
dash-dotted, dotted, and thin solid lines are forQ
50°, 60°, 90°, 120°, and180°, respectively. The thin dotte
lines are for the PWIA. The Paris potential is used andQ85180°.
The vertical dash-dotted straight line indicates the location ok
5k0. The experimental data are taken from Refs.@7,18#.
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the amplitudes,Q and Q8. On the other hand, the magn
tudes of the amplitudes are fixed to those calculated by
PWIA. However, the elimination of the open channels w
affect the magnitudes as well as the phases. Also,
deuteron-proton rescattering before and/or after the O
process will contribute to the magnitude although expec
to be small at high energies. These effects will give the c
rection to the PWIA estimation ofR and R8. The PWIA
estimation is decomposed into the two steps, i.e., the ca
lation of R andR8 as the functions of the parameterr by Eq.
~24! and the calculation ofr as the function ofk through the
deuteron internal wave functions by the use ofr
5w(k)/u(k). The validity of the first step has been exam
ined in the previous section. Sincer is a measure of the
magnitudes of the scattering amplitudes, we will investig
effects due to variations ofr , which will be described by an
additional correction term tow(k)/u(k). In general, such
corrections will vary with the incident energy, namely, of t
momentumk, for example the open-channel effects increa
with k. Having these in mind, we will assume the gene
form of variations ofr as

r→r 1Dr , Dr 5a~k/kmax!
n. ~29!

We will call Dr simply the ‘‘momentum-dependent corre
tion,’’ although this allows the momentum-independent ca
by the choicen50. The quantitiesT20 andk0 calculated by
the use of Eq.~29! with r obtained by the Paris potential a
shown, for example for set C, in Figs. 8~b! and 8~c!. The
parameters are chosen, for simplicity, asn51, kmax51.0
GeV/c and a561.5. As is shown in Fig. 8~a!, the modifi-
cation induced onr is rather small for these parameter
However, the correction due to the variation ofr brings
about large effects onT20 andk0 except for the momentum
region aroundk5k0. In particular, the calculatedT20 be-
comes negative atk>0.7 GeV/c due to this effect. The cal
culation without this correction gives positiveT20 at k.0.7
21.0 GeV/c and does not reproduce theT20 data which is
negative in this momentum region. Then, the effect of
momentum-dependent correction will be one candidate
solve such discrepancies between the calculation and
measurement, when a properk dependence is assumed f
Dr . Similar results are obtained by the use of the Bonn
potential. It should be emphasized that the modification or
does not induce any change in the trajectories describe
Figs. 2~a!–2~d!, because the trajectories are calculated
treating r as the free parameter and are independent of
determination ofr as the function ofk.

Other spin observables,Kxz
y , Ky

y, andCyy are investigated
by the use of the Paris potential in two ways; i.e., the dep
dence of these quantities onQ and Q8 are shown in Figs.
9~a!–9~c!, for the sets ofQ andQ8, A, C, D, and E and the
effects of the momentum-dependent correction are show
Figs. 10~a!–10~c! for set C withn51, kmax51.0 GeV/c and
a561.5. The results by set B are not displayed becaus
similar nature of the results to those by set C. Figure 9~a!
shows that the calculatedKxz

y is quite sensitive to the choic
of Q andQ8 and, in particular, the sign ofKxz

y in a region of
k aroundk0 depends on the sign ofQ8. Also, Kxz

y vanishes
for set E and for the PWIA calculation. Thus measureme
of this quantity will give a clear test of the (Q, Q8) sets.
e

e
E
d
r-

u-

e

e
l

e

.

e
to
he
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e
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in
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ts

Also, Kxz
y vanishes atk5k0 due toR50, independently of

the choice ofQ andQ8. This will be useful in criticizing the
nuclear potential, because the magnitude ofk0 depends on
the potential assumption. The quantitiesKy

y andCyy are less
sensitive toQ and Q8 compared withKxz

y but will be still
useful to identify theQ and Q8 effects. As is seen in Fig
10~a!–10~c!, the effect of the variation ofr appears in all of
these quantities, remarkably inKxz

y . Then the measuremen
of Kxz

y will be useful to distinguish the superiority in explain
ing the data between the sets ofQ andQ8 as well as between
the nuclear potentials and to identify the effect of t
momentum-dependent correction at the high energies.

V. SUMMARY AND DISCUSSIONS

For thedp backward elastic scattering, the present pa
provides the formulas ofT20, k0, Kxz

y , Ky
y , andCyy , which

are free from details of the reaction dynamics except for
ONE assumption. There nonexchange scattering is negle
as the conventional treatments@1–6# because of small con
tributions at the backward angle due to high energies. T
correlation betweenT20 and k0 is analyzed by introducing
the imaginary parts of the invariant amplitudes which a
parametrized by the relative phases between the scalar
plitude and the tensor ones,Q and Q8, and reasonable un
derstanding of the experimental data is given by choos
suitable sets ofQ andQ8. The momentum (k) dependence

FIG. 8. Effects of variations ofr on T20 andk0. The variation of
r , the effects onT20 and those onk0 are shown in~a!, ~b!, and~c!,
respectively, where the case ofn51, kmax51.0 GeV/c and a
51.5 (21.5) is described by the solid~dashed! lines. The thin solid
lines are fora50 and the thin dotted lines are for the PWIA ca
culation. The vertical dash-dotted straight lines indicates the lo
tion of k5k0. The experimental data are taken from Refs.@7,18#.
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of the spin observables is calculated by assuming sev
nuclear potentials and most of the experimental data are
produced by the sets ofQ andQ8 which explain the corre-
lation data. In particular,Q andQ8 which produce the cusp
or eight shape trajectories in thek0-T20 plane are successfu
in describing the structure ofT20 in the plot againstk in the
medium momentum region. Such successful results will s
port the assumption of the ONE mechanism which inclu
the absorption effects. By treatingQ andQ8 as free param-
eters and including the corrections to the PWIA estimates
R andR8, the present calculation takes into account, in pr
ciple, contributions of many Feynman graphs, which cont
the simple ONE diagram and ONE diagrams accompan
by networks of deuteron breakup, emission and absorptio
mesons including excitations of nucleons, deuter
proton rescattering, and so on. In these corrections,
we assume the validity of vanishing of the matrix eleme
^1,2 1

2 uMu1,2 1
2 &, which is justified in the case of the me

sonic effects considered in Ref.@3#.
In the present investigation, we assumeQ andQ8 to be

independent ofk for the convenience of examining the ge
eral effect of the imaginary part of the amplitudes. In ge
eral, Q andQ8 will vary with the incident energy, namely
with k. Then, to reproduce the experimental data quant
tively, one will varyQ andQ8 with k, for example by adopt-
ing set A (Q5135°,Q852105°) for the lowk region and
set B or C (Q5180°,Q85105°;120°) for the mediumk
region. The important factor of set A is theQ effect, as is

FIG. 9. Kxz
y , Ky

y, andCyy versusk. The calculation ofKxz
y ~a!,

Ky
y ~b!, and Cyy ~c! with the Paris potential are shown for th

(Q,Q8) sets, A, C, D, and E by the solid, dash-dotted, thin so
and dashed lines, respectively. The thin dotted lines are for
PWIA calculation. The vertical dash-dotted straight line indica
the location ofk5k0.
ral
e-

p-
s

f
-
n
d
of
-
ill
t

-

-

discussed for Fig. 2~a!, and physically the effect will be
induced by non-mesonic reactions like virtual breakup of
deuteron@23#, because the lowk region is below the pion
threshold. ConsideringU, T, andT8 in the PWIA limit, the
virtual breakup process contributes mainly toU and T and
the contribution toT8 will be very small because the magn
tude ofw(k) is small compared to that ofu(k) in this mo-
mentum region. Then the main effect of the virtual break
will be described by theQ effect. Earlier the structure ofT20
in the plot againstk in the medium momentum region ha
been interpreted as mesonic effects which include virtual
citations of the nucleons to baryon resonance states@1–3#.
The large magnitude ofQ8 in set B or C will be understood
as the reflection of such mesonic phenomena. The vir
emission of mesons contributes toU andT8, but hardly toT,
because the emission does not induce the interference
tween theS andD components of the deuteron wave fun
tion, when the recoil of the related nucleons is neglect
The sets ofQ andQ8, A, B and C, do not reproduce theT20
data atk>0.7 GeV/c, while the set E (Q50°, Q85180°)
reproduces the data very well. When set E is adopted in
momentum region, for explaining the drastic changes ofQ
andQ8 from set B or C aroundk5k0, it will be necessary to
assume the participation of new phenomena, for exam
excitations of higher baryon resonance states accompa
by related dynamical effects.

The validity of the PWIA estimation ofR and R8 is in-
vestigated. Decreases or increases ofR andR8 by up to 50 %

,
e

s

FIG. 10. Effects of variations ofr on spin observables. The
calculation ofKxz

y ~a!, Ky
y ~b!, andCyy ~c! with the Paris potential

are shown for set C withn51, kmax51.0 GeV/c and a51.5
(21.5) by the solid~dashed! lines. The thin solid lines are fora
50 and thin dotted lines are for the PWIA calculation. The vertic
dash-dotted straight line indicates the location ofk5k0.



o
t

by
th
he

he

er

en

li-
rec-
to
, we
ite
ther

T.
Pro-
.
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do not produce any significant effect on thek0-T20 correla-
tion. However, the small variation ofr due to the
momentum-dependent correction gives large effects on m
of the spin observables. The calculation suggests that
theoreticalT20 at the high energies is possibly improved
taking account of this correction. On the other hand,
calculatedT20 at the high energies is very sensitive to t
position of the zero point ofw(k) on the k-axis. For ex-
ample,w(k) calculated by the simple Bonn potential has t
zero point at aboutk50.8 GeV/c @15# and the PWIA calcu-
lation with this potential gives negativeT20 for k>0.8 GeV/
c @18#. Thus, a suitable potential which produces the z
point at k.0.7 GeV/c will give a solution for the high-
energyT20 problem. When referred to the relation betwe
w(k) andr in Fig. 1, it is speculated from the behavior ofr
l.

d

st
he

e

o

in Fig. 8~a! that the spin observables in this case will qua
tatively resemble those by the momentum-dependent cor
tion with a521.5, which are given in Figs. 8 and 10. Due
such variety of the possible solutions at the high energies
need more information from experiments to get the defin
conclusion and, in this sense, it is desirable to measure o
spin observables, for examplek0 and Kxz

y , at the energies
concerned.
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