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Relativistic predictions of quasielastic proton-nucleus spin observables based on a comple
Lorentz invariant representation of the NN scattering matrix

B. I. S. van der Ventel, G. C. Hillhouse, and P. R. De Kock
Physics Department, University of Stellenbosch, Stellenbosch 7600, South Africa

~Received 31 March 2000; published 20 July 2000!

Within the framework of the relativistic plane wave impulse approximation~RPWIA!, complete sets of

quasielastic (pW ,pW 8) and (pW ,nW ) spin observables are calculated employing a general and complete Lorentz
invariant representation of theNN scattering matrix~referred to as the IA2 representation!. The use of a
complete representation eliminates the arbitrariness of a previously used five-term parametrization~commonly
called the IA1 representation! and allows for the correct incorporation of effective-mass-type medium effects
within the RPWIA framework and within the context of the Walecka model. For quasielastic scattering from
a 40Ca target at incident proton energies between 200 and 500 MeV, we investigate the sensitivity of complete
sets of spin observables to effective nucleon masses for both IA1 and IA2 representations. In general it is seen
that the IA1 representation may overestimate the importance of nuclear medium effects, whereas the IA2-based
predictions nearly correspond to values for free nucleon-nucleon scattering.

PACS number~s!: 24.10.Jv, 24.70.1s, 25.40.2h
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I. INTRODUCTION

In a previous paper we developed a relativistic pla
wave model for studying medium modifications of th
nucleon-nucleon (NN) interaction via complete sets of sp

observables for both quasielastic (pW ,pW 8) and (pW ,nW ) scattering
@1#. A systematic survey of the predictive power of the lat
model compared to experimental data will be presented
this paper.

The main aspect of our model is the use of a general
complete Lorentz invariant representation of theNN scatter-
ing matrix referred to as the IA2 representation. This co
plete expansion of the interaction matrix contains 44 in
pendent invariant amplitudes consistent with parity and tim
reversal invariance as well as charge symmetry together
the on-mass-shell condition for the external nucleons@2,3#.
Five of the 44 amplitudes are determined from freeNN scat-
tering data and are therefore identical to the amplitudes
ployed in the previously used five-term parametrization
the NN scattering matrix referred to as the IA1 represen
tion. The remaining 39 amplitudes may be obtained via
lution of the Bethe-Salpeter equation employing a one-bo
exchange model~with pseudovector pion-nucleon coupling!
for the NN interaction@2–5#. The use of a complete set o
NN amplitudes eliminates ambiguities inherent in the IA
representation. The effect of the nuclear medium on the s
tering wave functions is incorporated by replacing fr
nucleon masses in the Dirac spinors with smaller effec
projectile and target nucleon masses within the context of
relativistic mean field approximation of Serot and Walec
@6#: these effective-mass-type medium effects refer to a s
cial class of medium effects whereby the nucleon mas
reduced from its free value due to the presence of a rela
istic scalar potential. Experimental data on quasielastic s
observables suggest that nuclear shell effects are unim
tant, and hence the target nucleus is treated as a noninte
ing Fermi gas.

One of the great triumphs of Dirac phenomenology h
been the successful prediction of the analyzing power
0556-2813/2000/62~2!/024609~6!/$15.00 62 0246
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quasielastic40Ca(pW ,pW 8) scattering at 500 MeV based on th
IA1 representation of theNN interaction within the frame-
work of the relativistic plane wave model@7#. The latter
success is achieved by replacing free nucleon masses
effective nucleon masses in the Dirac spinors, thus enha
ing the lower components of the Dirac spinors and result
in a reduction of the analyzing power relative to the value
free scattering: this reduction has been called a ‘‘relativis
signature’’ since no mechanism has been found for its ex
nation within the framework of the conventional nonrelati
istic Schrödinger equation. Despite the successful predict
of the analyzing power, however, the relativistic IA1-bas
model yields inconsistencies in the sense that quasiela
(pW ,pW 8) and (pW ,nW ) spin observables prefer different five-ter
representations of theNN scattering matrix. As already ex
plained, a more rigorous and unambiguous approach mus
based on the IA2 representation of the scattering ma
within the relativistic plane wave impulse approximatio
~RPWIA!. In Ref. @1# we showed that the inclusion of effec
tive masses within the IA2 representation fails to reprodu
the large quenching effect predicted by the IA1 represen
tion for the 40Ca(pW ,pW 8) analyzing power at 500 MeV
Hence, we concluded that any large deviations of spin
servables relative to the corresponding free values are me
artifacts of using an incorrect IA1 representation of theNN
scattering matrix, and consequently other effects, such as
tortions and multiple scattering, should be considered as p
sible candidates for reproducing the 500 MeV analyz
power data within the IA2 representation.

The question now arises as to how IA2-based predicti
compare to data at energies lower than 500 MeV for a ra
of scattering angles, and how do they compare to the co
sponding IA1-based predictions. In principle all calculatio
should be based on the more rigorous IA2 representat
however, for comparison to previous predictions, the IA
based calculations are included. In addressing the ab
questions, we attempt to fully understand the role
effective-mass-type medium effects on spin observables
fore attempting to incorporate additional effects into o
©2000 The American Physical Society09-1
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relativistic model. The aim of this paper, therefore, is to p
form a systematic study of the predictive power of IA2-bas
model compared to the published quasielastic polariza
data listed in Table I. The following questions will also b
addressed.

~i! How successful is the effective mass concept, inher
to Dirac phenomenology, in describing quasielastic (pW ,pW 8)
and (pW ,nW ) scattering data?

~ii ! How do numerical results based on the IA2 repres
tation of theNN scattering matrix compare to those utilizin
the incomplete~and therefore ambiguous! IA1 representa-
tion?

In Sec. II the sensitivity of complete sets of quasielas
(pW ,pW 8) and (pW ,nW ) spin observables is investigated with r
spect to a range of different effective projectile and tar
nucleon masses for both IA1- and IA2-based models. In
dition, calculations based on optimal combinations of eff
tive projectile and target nucleon masses are also comp
to spin observable data at the centroid of the quasiela
peak. Our main conclusions are presented in Sec. III.

II. SENSITIVITY OF SPIN OBSERVABLES
TO EFFECTIVE MASSES

In Ref. @1# it was shown that an IA2-based prediction fa
to reproduce the40Ca(pW ,pW 8) analyzing power at an inciden
energy of 500 MeV. In order to give an initial feeling for th
predictive power of our model, the latter reference employ
values of the effective nucleon masses which were theo
cally extracted by Hillhouse and De Kock@8#. However, the
question arises as to whether other combinations of ph
cally acceptable effective projectile and target nucle
masses exist, which provide a better description of the a
lyzing power. Furthermore, one can also ask whether
latter combination still provides a good description of all t
other spin observables, and if not, whether one can fin
combination of physically acceptable effective masses wh
reproduce a complete set of spin observables.

Table I lists all the reactions for which calculations a
done. In this paper we only present the results for the40Ca
target since this is representative of the results which w
obtained for all the other target nuclei. Results for the l

TABLE I. Experimental data for which calculations were do
at the quasielastic peak~as a function of laboratory scattering angl!
and as a function of energy transfer.

Reaction Tlab ~MeV! u lab ~deg! Reference

40Ca(pW ,pW 8) 500 19 @9#

40Ca(pW ,pW 8) 200 30 @10#

40Ca(pW ,nW ) 495 18, 27 @11#

40Ca(pW ,nW ) 200 24, 37, 48 @12#

12C(pW ,pW 8) 420 24 @13#

12C(pW ,pW 8) 290 30 @13#

54Fe(pW ,pW 8) 290 20 @14#

208Pb(pW ,nW ) 200 24, 37, 48 @12#
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four reactions can be found in Ref.@15#. Complete sets of
spin observable data exist for all the energies and tar
used, except40Ca(pW ,nW ) at Tlab5495 MeV for which no ana-
lyzing power data are available and40Ca(pW ,pW 8) at Tlab
5200 MeV for which onlyAy and Dnn data are available
The reaction40Ca(pW ,nW ) at Tlab5495 MeV is included since
data exist at two different laboratory scattering angles a
furthermore it is complementary to the reaction40Ca(pW ,pW 8)
at Tlab5500 MeV. The (pW ,pW 8) data atTlab5200 MeV are
complementary to the (pW ,nW ) data atTlab5200 MeV and are
therefore also included.

A. Effective mass bands

To answer the above questions, we introduce the con
of an effective mass band in this section, which serves
demonstrate the sensitivity of spin observables to differ
combinations of effective masses for projectile and tar
nucleons for both IA1- and IA2-based models. In princip
the effective masses can be calculated theoretically follow
a procedure similar to that outlined in Ref.@8#; however, the
effective masses are now considered as free param
which are varied, in step sizes of 0.01, over the followi
range of physically acceptable values:

~0.50;0.50!<S M1

M
;
M2

M D<~1.0;1.0!. ~2.1!

M denotes the free nucleon mass, andM1 andM2 the effec-
tive projectile and target nucleon masses, respectively.
lower limit of 0.50 corresponds to the effective nucleon ma
in infinite nuclear matter@6#. For the purpose of this exercis
we focus on values of the spin observables at an excita
energy corresponding to the centroid of the quasielastic p
in the unpolarized inclusive excitation spectrum. For diffe
ent laboratory scattering angles empirical data for quasie
tic spin observables are relatively constant as a function
nuclear excitation energy at the momentum transfers of
terest (uqW u.0.5 fm21). Hence the trends displayed by ob
servables at the quasielastic peak will be representativ
the behavior of spin observables as a function of the ene
transferred to the nucleus.

We now introduce the concept of an effective ma
band for a particular reaction at a fixed incident ener
as a function of laboratory scattering angl
Let Di 8 j (v,u lab ,M1 /M ,M2 /M ) denote a particular
spin observable from the complete set$Ay ,Dl 8 l ,Ds8s ,
Dl 8s ,Ds8 l ,Dnn% with D0n[Ay , wherev is the energy trans-
ferred to the nucleus andu lab is the laboratory scattering
angle. For the IA2-based model, the procedure for calcu
ing quasielastic spin observables is outlined in Ref.@1#. For
the IA1 representation of theNN scattering matrix we em-
ploy the phenomenological Horowitz-Love-Franey@16#
model with pseudovector pion-nucleon coupling as e
plained in Ref.@8#. In order to do the IA1 calculations, new
Horowitz-Love-Franey parameters were generated for
energy range of 80–195 MeV in steps of 5 MeV@19#, and
for laboratory energies higher than 200 MeV we employ
the Maxwell parametrization of theNN amplitudes@17,18#.
9-2
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In order to generate the effective mass bands, the
observables are first calculated as a function ofv ~for fixed
u lab), and then the value of the particular spin observabl
extractedat the quasielastic peak, i.e.,

Di 8 j
(peak)S u lab ,

M1

M
,
M2

M D5Di 8 j S v5vpeak,u lab ,
M1

M
,
M2

M D ,

~2.2!

wherevpeak is the experimental value of the energy trans
n

d
IA
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associated with the centroid of the quasielastic pe
For a fixedu lab , each spin observable is calculated succ
sively for each of the different effective mass combinatio
in Eq. ~2.1!. This is repeated for 10°<u lab<60°
and therefore each effective mass combination gener
a curve as a function ofu lab . Instead of plotting all the
different curves on one graph, we calculate, for afixed
u lab , the minimum and maximum values for a particul
spin observable:
~Di 8 j
(peak)

!min~u lab!5Min@Di 8 j
(peak)

~u lab ,1.0;0.5!;Di 8 j
(peak)

~u lab ,1.0;0.6!;•••Di 8 j
(peak)

~u lab ,1.0;1.0!#,

~Di 8 j
(peak)

!max~u lab!5Max@Di 8 j
(peak)

~u lab ,1.0;0.5!;Di 8 j
(peak)

~u lab ,1.0;0.6!;•••Di 8 j
(peak)

~u lab ,1.0;1.0!#. ~2.3!
nd
in
n
ex-
el-
r

atch
rep-
astic
are

les.
As u lab varies between 10° and 60°, (Di 8 j
(peak))min(u lab)

traces out a lower curve and (Di 8 j
(peak))max(u lab) traces out an

upper curve on the graph. All effective mass combinatio
given by Eq.~2.1! lie between these limits, and this~as a
function of scattering angle! forms an effective mass ban
for each spin observable. Effective mass bands for both
and IA2 representations of the relativisticNN scattering ma-

FIG. 1. Values ofAy and Di 8 j versusu lab for 40Ca (pW ,pW 8) at
Tlab5500 MeV. Solid and dashed lines represent the calculati
with optimal effective mass values in, respectively, the IA2 and I
representations. The hatched bands denote the range of v
which result from varyingM1 /M and M2 /M over the full range
~see text!: The straight line hatch pattern denotes the IA1 model,
dotted hatch pattern the IA2 model. The long-dashed–short-da
lines represent the free mass values. Data~at u lab519°) are from
Ref. @9#.
s

1

trix are presented in Figs. 1–4 for (pW ,pW 8) and (pW ,nW 8) scat-
tering from a 40Ca nucleus at incident energies of 200 a
500 MeV. Similar figures for the other reactions listed
Table I can be found in Ref.@15#. The energy range is chose
to correspond to polarized proton energies of interest to
perimental programs at facilities such as the National Acc
erator Centre~Faure, South Africa! and The Research Cente
for Nuclear Physics~Osaka, Japan!. The IA1- and IA2-based
effective mass bands are denoted by the straight-line-h
and dotted-hatch patterns, respectively. The solid circles
resent the experimental values extracted at the quasiel
peak for a specific laboratory scattering angle: the data
taken from references cited in Table I.

s

ues

e
ed

FIG. 2. For this reaction,40Ca (pW ,pW 8) at Tlab5200 MeV and
u lab530° only a free mass calculation~denoted by the solid line!
was performed due the lack of a complete set of spin observab
The data are from Ref.@10#.
9-3
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van der VENTEL, HILLHOUSE, AND De KOCK PHYSICAL REVIEW C62 024609
The effective mass bands for the different reactions
Figs. 1–4 are self-explanatory: if a data point falls outsid
band, it means that no effective mass combination can
scribe that particular point. Rather one must consider o
effects such as distortions, multiple scattering, or recoil
fects in an attempt to reproduce the data. The width of a b

FIG. 3. Same as Fig. 1 but for the reaction40Ca(pW ,nW ) at Tlab

5495 MeV andu lab518° and 27°. The data are from Ref.@11#.

FIG. 4. Same as Fig. 1 but for the reaction40Ca (pW ,nW ) at Tlab

5200 MeV andu lab524°, 37°, and 48°. The data are from Re
@12#.
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also gives an indication of the expected medium effect o
particular spin observable. If the band is wide, then this s
observable is sensitive to a variation in effective masses
it may exhibit a large deviation from the free mass calcu
tion, i.e., a large medium effect, and vice versa if the band
very narrow. The advantage of the effective mass band p
is that they immediately give an indication of whether a p
ticular spin observable can be described via the concept o
effective mass.

Although Figs. 1–4 speak for themselves, we briefly hig
light the main results. For both (pW ,pW 8) and (pW ,nW ) scattering
the IA1 bands are broader than the IA2 bands, indicating
the IA1 representation severely overestimates the role
effective-mass-type medium effects for quasielastic scat
ing. In addition, as the energy is lowered, the IA1 ban
become broader for (pW ,pW 8) scattering. For (pW ,pW 8) scattering
at 200 MeV~Fig. 2! both representations fail to describeAy
andDn8n , indicating that other effects~other than effective-
mass-type effects! may play a more important role at low
incident energies. Note that for (pW ,pW 8) scattering at both 200
and 500 MeV~Figs. 1 and 2! the IA2-based model fails to
reproduce theAy andDnn data. Figure 4 for (pW ,nW ) scattering
at 200 MeV clearly illustrates the danger of interpreting m
dium effects within the IA1 representation: the band for t
ambiguous IA1 representation includes the data points
both Ds8 l andDl 8s spin observables, whereas the more r
orous IA2-based band excludes these data points.

B. Optimal effective mass combinations

Next we extract that combination of effective projecti
and target nucleon masses which best describes a com
set of spin observables for a range of scattering angles
fixed incident energy. The systematics of these so-called
timal effective masses is studied for both IA1- and IA
based models and also compared to values calculated
empirical scalar potentials in an eikonal approximation@8#.

We start by defining

DS M1

M
,
M2

M D5(
i 51

n1

(
j 51

n2

@wtheory
( j ) ~u i !2wexpt

( j ) ~u i !#
2,

~2.4!

wherewtheory
( j ) (u i) is the theoretical value of the spin obser

able evaluated at the laboratory scattering angleu i at which
the experimental data are available. Similarlywexpt

( j ) (u i) is
the experimental value of the spin observable.n1 and n2
denote the number of laboratory scattering angles at wh
data exist and the number of spin observables which w
measured, respectively. For example, for the react
40Ca(pW ,pW 8) at Tlab5500 MeV, n151 ~data measured only
at one angle!, n256 (Ay , Dl 8,l , Ds8s , Dl 8,s , Ds8,l , and
Dnn), and u i519°. Formulas for the calculation o
wtheory

( j ) (u i) can be found in Ref.@1#.
The optimal set for a particular reaction is defined as t

combination of effective masses for whichD is a minimum;
i.e., it is that combination of effective masses which b
describes all the spin observable data for a particular reac
9-4
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at a particular energy. Table II displays the optimal effect
mass combinations for the various reactions in Table I.
the second reaction in Table I@40Ca(pW ,pW 8) at Tlab5200
MeV# no optimal masses are listed in Table II as there w
no data on complete sets of observables from which to
tract them. For comparison Table II also displays the eff
tive mass values calculated in Ref.@8#. Generally one see
that, for both IA1- and IA2-based models, the values of
optimal effective masses agree to within 20% with the c
responding theoretical values. In addition the optimal eff
tive masses do not exhibit a systematic behavior with res
to target mass and incident energy, indicating that one ca
impose a pure plane wave model on quasielastic scatte
Additional effects must be included in a more sophistica
model.

In Figs. 1, 3, and 4 we also compare IA1- and IA2-bas
predictions, of spin observables based on the optimal ef
tive masses listed in Table II. The solid and dashed li
denote the IA2 and IA1 predictions, respectively. Deviatio
of the spin observables from the free mass values~long-
dashed–short-dashed lines! serve as an indication of the im
portance of effective-mass-type nuclear medium effects
quasielastic scattering. Generally one sees that both opt
IA1 and IA2 predictions are very close to the free mass c
culations, indicating the insensitivity of quasielastic spin o
servables to effective-mass-type medium effects.

It is convenient to consider the spin observables in th
different groups: first, the spin observablesDl 8 l , Ds8s , Ds8 l ,
andDl 8s . For the whole energy range between 200 and 5
MeV both IA1 and IA2 optimal effective masses provide
adequate description at the quasielastic peak. For the (pW ,nW )
observables the description is not as good as for the (pW ,pW 8)
observables.

Next we focus onDnn . The description ofDnn becomes
problematic for both (pW ,pW 8) and (pW ,nW ) scattering as the en
ergy is lowered. For the (pW ,pW 8) reaction the data point shift
away from the effective mass band as the energy is lowe
while for the (pW ,nW ) reaction the theoretical calculation exhi

TABLE II. Values of optimal effective mass combination
(M1 /M ,M2 /M ) extracted at the quasielastic peak. The last colu
refers to the effective mass combinations which are calculated t
retically @18#.

Reaction Tlab

~MeV!
IA1 IA2 Theory

M1

M

M2

M

M1

M

M2

M

M1

M

M2

M

40Ca(pW ,pW 8) 500 0.96 0.96 1.0 0.86 0.89 0.82
40Ca(pW ,nW ) 495 0.75 0.75 0.85 0.85 0.89 0.82
40Ca(pW ,nW ) 200 1.0 0.87 0.93 0.92 0.83 0.75
12C(pW ,pW 8) 420 0.88 0.88 0.88 0.76 0.86 0.79
12C(pW ,pW 8) 290 0.93 0.93 1.0 0.92 0.83 0.77
54Fe(pW ,pW 8) 290 0.87 0.87 0.86 0.74 0.83 0.77
208Pb(pW ,nW ) 200 0.94 0.84 0.94 0.94 0.85 0.83
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its an oscillatory motion at 495 MeV which causes it to m
the data. At 200 MeV there is still a variation with respect
laboratory scattering angle in the theoretical calculat
whereas the data are quite flat. A possible explanation for
latter discrepancy is the exclusion of distortions and rec
effects in our model.

Last, the analyzing powerAy is considered. In the IA2
representation of theNN scattering matrix the optimal effec
tive mass set does not provide a good description of theAy

data at the quasielastic peak for the reaction (pW ,pW 8) at 500
MeV. ~It may even be better described by some other s
cially chosen, but realistic pair of effective masses.! Further-
more, as the energy is lowered, theAy data point shifts away

from the effective mass band. The (pW ,nW ) data for Ay are,
however, much better described by the optimal IA2 set.

The failure of the IA2-based model to predictAy andDnn

for (pW ,pW 8) scattering at 200 MeV calls for a more sophis
cated treatment of nuclear distortions and recoil effects.
this end we have developed a relativistic distorted wa
model for quasielastic scattering@19#. Numerical results will
be presented in a future paper. Furthermore, since distort
play a more prominent role at low energies, the measurem

of a complete set of (pW ,pW 8) spin observables at 200 MeV
will be extremely useful for checking the validity of ou
distorted model. The latter measurements will also comp

ment the existing (pW ,nW ) data measured at the Indiana Un
versity Cyclotron Facility@12#.

Calculations have been performed for all the reactio
listed in Table I as a function of energy transferred to t
nucleus: these results are available from the authors on
quest. Conclusions based on the latter are consistent with
present investigation at the centroid of the quasielastic pe

III. CONCLUSION

In this investigation effective projectile and target nucle
masses were treated as free parameters and it was found

no effective mass combination could describe both(pW ,pW 8)

and(pW ,nW ) scattering observables.Even though the IA2 treat-
ment of medium effects~within the RPWIA framework! is
the most advanced to date, it still fails to describe all obse
ables, the glaring example being the prediction ofAy for

(pW ,pW 8) scattering as the energy is lowered from 500 MeV
200 MeV. In general it is seen that IA2-based effective m
predictions are close to the corresponding free valu
whereas the ambiguous IA1 representation severely ove
timates the importance of effective-mass-type medium
fects. Despite the successes of the Walecka model effec
mass concept within the relativistic plane wave impulse
proximation, the theoretical work should now start to inclu
additional effects like multiple scattering, recoil effects, a
distortions of the projectile. A relativistic distorted wav
model~initially employing the IA1 representation of theNN
scattering matrix! has been presented in Ref.@19#, but still
needs to be implemented numerically.
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