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Medium effects on spin observables of proton knockout reactions 
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Medi um modifications of the properties of bound nucleons and mesons are investigated by means 
of intermediate energy quasifree proton knockout reactions with polarized incident protons, by 
comparison of quantities which are insensitive against wave distortions. The sensitivity of the spin 
observables of the quasifree proton-proton cross section to modifications of the nucleon and meson 
properties is studied using the Bonn one-boson exchange model of the nucleon-nucleon interaction. 
A method proposed to extract the pp analyzing power in medium from the (p, 2p) asymmetries 
indicates a reduction of this quantity compared to its free space value. This reduction is linked to 
modifications of masses and coupling constants of the nucleons and mesons in the nucleus. The 
implications of these modifications for another spin observable to be measured in the future are 
discussed. 

PACS number(s): 25.40.Cm, 21.30.+y 

I. INTRODUCTION 

In recent years the question of medium modifications 
of nucleons and mesons properties has received a great 
deal of attention [1-12]. There have been speculations 
on modifications of nucleon and meson masses and sizes, 
and of meson-nucleon coupling constants. These specu­
lations have been motivated from a variety of theoreti­
cal points of view, which include renormalization effects 
due to strong relativistic nuclear fields, deconfinement of 
quarks, and chiral symmetry restoration. Independently 
of the theoretical explanation, it is important to have dif­
ferent experiments which might provide information on 
this issue. 

Quasifree (x, xN) reactions represent probably the 
most direct manner to measure single-particle proper­
ties in nuclei. Hence, they are a suitable tool to observe 
medi um modifications of nucleons and mesons properties 
and their consequences on physical observables of these 
experiments. In this paper we propose to use quasifree 
(p, 2p) reactions1 with polarized incident protons to in­
vestigate medi um modifications of bound nucleons. 

In quasifree (p, 2p) scattering an incident proton of 
medium energy (200-1000 MeV) knocks out a bound 
proton [13]. The only violent interaction of this pro­
cess occurs between the incident particle and the ejected 
one. The wave functions of incoming and outcoming 
nucleons are just distorted while traversing the nucleus. 
By measuring in coincidence the energies and momenta 
of the emerging nucleons, these processes provide direct 
information on single-particle separation energy spectra 
and momentum distributions. In the last three decades 

1 The arrow over p indicates a polarized incident beam. 
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quasifree scattering experiments have been performed 
with this basic purpose. For an overview of this topic 
see Refs. [14,15]. 

The formalism generally used to describe quasifree re­
actions is based on the impulse approximation to de­
scribe the violent quasifree collision, whereas initial- and 
final-state interactions, or distortions, are described by 
complex optical potentials. The cross section of (p, 2p) 
reactions is sensitively dependent on these distortions. 
In particular, the imaginary part o f the optical poten­
tials, representing the multiple scattering, may reduce 
the quasifree cross section by an order of magnitude. As 
a consequence a relatively small change in the somewhat 
uncertain imaginary optical potentials may spoil a good 
description of an experimental result. In other words, 
a good fit to an experimental result may partly be due 
to a fortunate adjustment of the distorting potential. A 
new perspective in this field has been opened by the pos­
sibility of exploring spin and isospin degrees of freedom 
[16,17], especially due to the fact that comparing differ­
ent processes (by changing the spin or isospin variable) 
in a single kinematical and geometrical situation may to 
a large extent eliminate the uncertainties related to the 
distortions [18]. Hence, using this kind of comparison one 
may check whether and to what extent the medium mod­
ifications of nucleon and mesons properties are reflected 
in the spin observables of quasifree scattering. One such 
caseis given by coplanar quasifree scattering with polar­
ized incident protons in a single kinematical and geomet­
rical situation by varying the polarization of the incident 
proton. 

The effect of medium modification of the nucleon and 
mesons masses on the differential cross sections and on 
spin observables of proton-nucleus elastic scattering has 
been recently investigated in Ref. [6] by using the Brown 
and Rho hadronic scaling law [7]. The modification of 
the meson masses removes the nuclear radius discrepancy 
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which persistently occurred in the analysis of the nonrel­
ativistic impulse approximation (NRIA) when empirical 
nuclear densities obtained from electron scattering are 
employed. Moreover, the modified meson masses do not 
spoil the success achieved with the relativistic impulse 
approximation (RIA) of Ref. [19] on spin observables. 

The relative success in accessing medium modifications 
by means of elastic [20] and quasielastic [21,22] proton 
scattering motivated us to consider quasifree (p, 2p) scat­
tering to investigate the medium effects on the spin ob­
servables [23,24]. Compared with elastic nuclear scatter­
ing, the quasifree processes are very simple; while the first 
one deals with the superposition of scattering amplitudes 
of all nucleons of the nucleus, the last one deals basically 
with the scattering amplitude of a single nucleon in the 
nucleus. 

Medium effects have been introduced [25] in the treat­
ment of quasifree processes using the density-dependent 
t-matrix interaction of von Geramb and Nakano. It was 
found that they increase the cross sections somewhat, 
but scarcely change the analyzing powers. In the present 
paper we are essentially concerned with the analyzing 
powers since there seem to exist discrepancies between 
the experimental results and theoretical predictions [26]. 
For our analysis of the infl.uence of the medi um on the in­
teraction between the incident and knocked-out nucleon, 
we shall select certain relations between experimental re­
sults in which the effects of the distortions are likely to 
cancel out. 

A recent new development in the treatment of (p, 2p) 
reaction is the use of relativistic distorted impulse ap­
proximations (RDIA) [27]. The relativistic calculations 
include elastic distortions described by relativistic optical 
potentials with complex vector and scalar potentials, and 
Dirac-Hartree-like mean field potentials for the nuclear 
structure. More recently [28], recoil effects have been in­
corporated in the RDIA calculation. The general result 
of the relativistic calculations is that they clearly im­
prove the theoretical description of several aspects of the 
reactions. However, there remain discrepancies mainly 
related to spin observables at some geometries. In this 
sense, our study is complementary to the relativistic cal­
culations and might indicate the importance of medium 
modifications of the basic nucleon properties to be in­
cluded in a complete calculation. 

During the discussion of this paper the following (per­
haps somewhat disillusioning) point should be kept in 
mind. The total state of the knockout process has at 
least 3(A + 1) quark degrees of freedom. It is clear that 
a truly microscopic theory of such a system is impossi­
ble. In the impulse approximation the number of partic­
ipating particles is reduced to three: the incoming and 
knocked-out nucleon and the residual nucleus. It is most 
remarkable that with this extreme neglect of degrees of 
freedom several important characteristics of the knock­
out reaction, as energy and angular correlations, still can 
be semi-quantitatively described. This is the main virtue 
of the various types of impulse approximations. 

On the other hand, it is obvious that, if there is a 
serious experimental deviation from a prediction of an 
impulse approximation, it might often not be clear which 

ones of the overwhelming number of neglected degrees 
of freedom should be invoked to supplement the used 
version of the impulse approximation. (See, for example, 
Refs. [28-31].) 

In the following section we briefl.y review the usual for­
malism for treating quasifree (p, 2p) scattering and com­
pare the experimental data with the theoretical predic­
tions. In Sec. 111 we use the one-boson exchange Bonn 
[32,33] potential model to investigate the roles which the 
different mesons play for the spin observables relevant to 
the quasifree cross section. The effects of modifications of 
the masses of the nucleons and mesons and of the meson­
nucleon coupling constants on the spin observables are 
investigated in Sec. IV. There we also study the impli­
cations ofthese modifications for the interpretation ofthe 
available experimental data. Our conclusions and future 
perspectives are presented in Sec. V. 

11. QUASIFREE (p, 2p) SCATTERING 

In this section we briefiy summarize the formalism gen­
erally used to calculate the quasifree correlation cross 
section [14,15] to make the present paper self-contained 
and to clarify our later arguments. Therefore, we fo­
cus our attention just on those aspects relevant to these 
purposes. We also show that in some special cases the pp 
analyzing power in medium is directly given by the asym­
metries of the (p, 2p) reactions. At the end of this section 
we discuss the experimental data used to detect nuclear 
medi um modifications of nucleon and meson properties. 

The correlation cross section for quasifree scattering 
in the factorized distorted wave impulse approximation 
(DWIA) is given by 

d5 u dupp ( ) (~ ) 
dfhdfhdE = KF dQ Eo, B, Peff G k3 . (1) 

Here KF is a kinematical factor. The índices O, 1, and 
2 refer to the incoming and the two emerging parti­
eles, respectively, and 3 to the nuclear (ejected) proton. 
The nucleon-nucleon cross section, duppjdf2(E0 , B, Peff), 
is taken at energy Eo and angle (} defined in the center­
of-mass system corresponding to the quasifree collision. 
G(k3 ) is the distorted momentum distribution of the nu­
clear proton, with k3 = k1 +k2-k0 ( equating the nega tive 
recoil momentum of the residual nucleus) by momentum 
conservation. 

In the impulse approximation, one assumes that the 
nuclear medium does not affect the violent nucleon­
nucleon knockout process. In this case, duppjdQ is the 
center-of-mass free cross section for nucleons O, 1, and 
2 with their actual momenta and polarizations in the 
laboratory system, while the ejected nucleon, 3, has an 
effective polarization inside the nucleus, represented by 
Peff· 

A free pp cross section has been used to calculate the 
quasifree cross sections along the years [14,15,18]. In this 
paper we perform an exploratory study about the conse­
quences of relaxing the impulse approximation by using 
a medium modified pp cross section. An attempt in this 
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direction, made by Kudo and Miyazaki [25) by introduc­
ing medium effects using a density-dependent t matrix, 
has scarcely changed the analyzing power. 

In the derivation of the cross section [Eq. (1)) besides 
the impulse approximation for the scattering matrix ele­
ment of the knockout process, the factorization assump­
tion has been used. That is, fixed average values for 
the nucleon-nucleon matrix elements have been taken, in 
spite of the fact that, because of the distortion, the mo­
mentum and energy values of the nucleon-nucleon col­
lision in the nucleus have a certain spread around the 
asymptotic ones. For nucleon-nucleon quasifree scatter­
ing at a few hundred Me V the factorization approxima­
tion has been shown to be a good approximation, as long 
as one avoids those parts of the momentum distributions 
which are mainly made up of multiple scattered nucleons. 
These are the regions where the undistorted momentum 
distributions vanish orare very small [18). This is an im­
portant restriction which shall come up again when we 
analyze the available experimental data. 

These and other assumptions and approximations used 
to deduce the factorized cross section given by Eq. (1) are 
extensively discussed in the literature. They include the 
distortions of the incoming and outgoing nucleons, the 
off-shell effects, and short range correlations. From the 
detailed studies over the years, the picture that comes 
out is that the most doubtful approximation refers to 
the strong distortions for the incoming and outgoing nu­
cleons. These have been treated via optical potentials, 
with or without the spin-orbit term. The distortion may 
reduce the quasifree cross section by one order of mag­
nitude! In contrast, in most cases the spin dependence 
of the distortion is not too strong [34) and the off-shell 
effects are relatively small [14-18). We shall come back 
to this point. 

To avoid uncertainties caused mainly by the distor­
tion, it is desirable to work with ratios of quasifree pro­
cesses with similar geometrical and kinematical condi­
tions. That is the case for different measurements in a 
single kinematical and geometrical situation by varying 
the polarization of the incident beam or the isospin of 
the ejected nucleon [18). If the incident polarization is 
changed, a suitable experimental quantity is the asym­
metry defined by 

(2) 

where the + and - signs indicate the spin direction ofthe 
incoming proton. Using the factorized DWIA, the asym­
metry is given entirely in terms of the ratio of proton­
proton cross sections, with polarizations P0 and Peff or­
thogonal to the scattering plane2 [35): 

drr 
dfl (8, Trei) = fo(O, TreJ)[1 + (Po + Peff)P(O, Trei) 

+PoPeffCnn(O, Trei)) , (3) 

2 We consider coplanar quasifree scattering. 

where 10 (8, Trei) is the free unpolarized pp cross section, 
and P(O,TreJ) and Cnn(O,Trei) are spin observables for 
free polarized pp scattering taken at the center-of-mass 
angle 8 and at the relative kinetic energy Trel· The effec­
tive polarization (Peff) of the ejected nucleon, caused by 
the combined influence of the nuclear spin-orbit coupling 
and the distortion by multiple scatterings, can be quite 
large in certain geometrical situations. In such a case the 
matrix element of the corresponding free scattering is, in 
general, heavily dependent on the polarization of the in­
coming proton. In this sense the distortion is a desirable 
mechanism. 

The observables P(O, Trei) and Cnn(O, Trel) are given in 
terms of the matrix elements of the Wolfenstein matrix 
as follows [36): 

P(O, Trei) = Io(O~TreJ) Re[a*e) , (4) 

Cnn(O, Trei) = 2Io(O~ Trei) {I a 12 - I b 12 - I C 12 

+ I d 12 + I e 12 } • (5} 

Another spin observable that we consider in Sec. IV is 
the depolarization tensor, Dnn(O, TreJ), which is given by 

Dnn(O,TreJ) = Io(O~TreJ) {I a 12 +I b 12- I C 12 

- I d 12 + I e 12 } • (6} 

Substituting Eq. (3) in Eq. (2), we obtain for the 
asymmetry the following expression: 

Hence, the effective polarization of the nuclear particle 
involved in the quasifree scattering can be calculated to 
a good approximation from the experimental asymmetry 
(Aexp) by inverting Eq. (7): 

There is a simple prediction one can make for the case 
of good shell model nuclei, such as 160 and 4°Ca: namely, 
the effective polarizations of the nucleons in two sub­
shells split by the spin-orbit interaction should vanish, 
to a good approximation, that is [37) 

(l + 1)pi=l+1/2 + l pi=l-1/2 ....., O eff eff • (9) 

This relation agrees with actual distorted wave calcu­
lations and is nearly independent of the optical and 
shell model potentials which generate the distortions and 
single-particle wave functions, because they are nearly 
the same for the sub-shells. 

Up to now we have just reviewed the usual theoretical 
treatment of quasifree scattering. An interesting aspect 
not suffi.ciently explored in the literature [15,26,38) is to 
consider special cases for which the effective polarization 
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of the ejected nucleon is zero. In these cases Eq. (7) 
leads to3 

P(O, Trel} = Aexp • (10} 

This means that it is possible to extract the pp analyz­
ing power (P(O, Tret)) in medium from the asymmetries 
of quasifree (p, 2p) reactions. This represents probably 
the most direct way to get information of the pp analyz­
ing power in medium. 

One possibility is to consider the knockout of s-state 
protons. The effective polarization of an s-state nucleon 
is zero since there is no spin-orbit coupling. However, 
as the momentum distributions for s states peak at a 
momentum smaller than for others states, the knockout 
takes place in less dense regions and we do not expect 
a large medium effect in these states. Another problem 
is that when working on the steep slope of the s-state 
momentum distribution curve it is not safe to neglect 
the spin-orbit distortion. 

Let us consider then other states and look for spe­
cial kinematical and geometrical conditions such that 
Peff = O. For a fixed geometry and kinematics, the 
values of (} and Trel necessary to calculate the asym­
metries of the l + 1/2 and l - 1/2 states are not ex­
actly the same, due to the different binding energies 
of these states. However, since this difference is small 
and Cnn(O, Tret) and P(O, Tret) are smooth functions of 

energy and angle, one has that c~t.1 12 ~ c~-;.1/ 2 and 
pl+I/2 ~ pl-1/ 2 to a good approximation. [Here G~t.112 
means the value of Cnn(O, Trel) which enters in Eq. (7) 
to calculate the asymmetry of the (l + 1/2} state, and 

l W 'th' thi . . Al+1/2 Al-1/2 . so on. 1 1n s approximation, exp = exp Im-
plies P;:1/ 2 = P;;f 1 / 2 , in contradiction with Eq. (9}, 

1+1/2 !-1/2 . except when Peff = Peff =O. Hence, for those kme-
matical and geometrical conditions for which the asym­
metries of quasifree scattering in two sub-shells split by 
the spin-orbit interaction are equal (A~t;/2 = A~;-;12 ), 
the effective polarization of the nucleons involved in 
the quasifree collision should be to a good approxima-
t . al (Pl+l/2 pl-1/2 ) 10n equ to zero eff "' eff "' O . One may 
therefore extract from Eq. (10) the pp analyzing power 
in medium from the experimental (p, 2p) asymmetries, 

by looking for those points where the curve for A~t;/2 

crosses the curve for A~;-;12 • At these special points, 
1+1/2 1-1/2 - ( - . Aexp = Aexp = P O, Tret}, where P(O, Tret) 1s the pp 

analyzing power in medium. 
Kitching et al. [39] have performed an extensive series 

of measurements of the asymmetry for the 160(p, 2p) 15 N 
reaction in a coplanar geometry with 200 Me V incoming 
protons with polarizations orthogonal to the scattering 
plane (normalized to 100%}. Some of the TRIUMF ex­
perimental asymmetries [39] for 200 Me V coplanar (p, 2p) 
scattering on 160, resulting in the j = 1/2 ground state 
and the j=3/2 first excited state of 15N, are shown in 

3 For polarized incident beam normalized to 100% (Po = 1). 

Fig. 1.4 The reader may see in Fig. 1 that there is an 
appreciable reduction of the analyzing power in medi um 

looking for the special cases where A!~; = A~~;. At 
these points the asymmetries yield the analyzing power in 
medium, according to Eq. {10}. On the other hand, the 
free P(O, Tret) values are indicated by the dashed curves 
in this same figure and it is clear that the in medium 
value is smaller than the free one for the nonsymmetri­
cal geometries ( 01 =I= 02}. For 01 = 02 the free P ( (}, Tret) 
values are small regardless, and not too much can be said. 

The effective polarizations calculated [26] from these 
experimental asymmetries using Eq. (8} with P and Cnn 
for free scattering are reproduced in Fig. 2. In this fig­
ure the effective polarization of the 3/2 state is already 
multiplied by -2 to check the theoretical prediction of 

Eq. (9): P;~2 = -2P:~2 • Agreement between theory 
and experiment means that the two curves should be on 
top of each other. For the cases 01 = 02 the agreement 
is excellent. For 01 =/= 02 there are large discrepancies. 
As was remarked, for symmetrical angles, for reasons of 
symmetry, P(O, Tret) is small. For asymmetrical angles, 
P(O, Trei) is typically 0.3 and the the fits are poor. (See 
the dashed curves in Fig. 1.) 
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FIG. 1. Experimental asymmetries [39] for 200 Me V copla-
nar (p, 2p) scattering on the p states of 160. The dashed 
curves correspond to the free P(O, Trei) values. 

4 We select cases for which most of the experimental data are 
not at the momentum distributions mínima, to avoid uncer­
tainties coming from the multiple scatterings (26]. 
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30 60 90 120 60 90 120 
T1 (MeV) T1 (MeV) 

FIG. 2. The effective polarization calculated [26] from the 
TRIUMF measurements shown in Fig. 1. The effective po­
larizations of the j = 3/2 state are multiplied by -2 to check 
Eq. (9). 

In Ref. (26] an empirical observation was made: if one 
sets arbitrarily P(O, Trei) = O and does not change the 
value of Cnn(O, Tre!), Eq. (8) describes quite well the ex­
perimental data for both the asymmetrical and symmet­
rical cases. In fact, assuming P(O, Trei) ~ O in Eq. (7), 
for nonvanishing effective polarization, one has (P0 = 1) 

Al+1/2 - p~:1/2c~t_1/2(0, Tre!) 
Az-1;2 - pl-1/2cl-1/2(o ,., ) 

eff nn , .L rei 

(11) 

This means that the agreement between theory and 
experiment achieved in Ref. (26] remains true even if 

c~:;1 ; 2 (0, Tret) is modified in medium as longas the Cnn 's 
ratio for j = l + 1/2 and j = l- 1/2 remains approxi­
mately equal to unity. 

The situation described above is not restricted to the 
160 nucleus. The measured asymmetries (40] for the re­
action 4°Ca(p, 2p) 39K at 200 Me V indicate also a reduc­
tion of P(O, Trei) in medium for a nonsymmetrical ge­
ometry, as can be seen in Fig. 3. Again the values for 

A!~;= A!~;, which give P(O, Tret) in medium, are much 
smaller than the free P(O, Tret) values. Moreover, the 
effective polarization extracted from these asymmetries 
using Eq. (8) show a similar behavior as for 160, that 
is, for symmetrical angles (small values for P(O, Tret)] Eq. 
(8) describes well the results while for the asymmetrical 
ones the agreement is poor, as can be seen in Fig. 4. 

The asymmetries have also been measured for 
4°Ca(p, 2p) populating the 2s1 ; 2 hole state in 39K. In 

e,=30°0 

82=·30 
-1.0 1 ----~------~-----

·80 -40 o 40 80 
T1-T2 (MeV) 

-80 -40 o 40 80 
T1-T2 (MeV) 

FIG. 3. Experimental asymmetries [40] for 200 Me V copla­
nar (P, 2p) scattering on the d states of 4°Ca. The dashed 
curves correspond to the free P(8, Tret) values. 

this case there is a much smaller reduction (if any) of 
P(O, Trei) in medium. However, as has been mentioned, 
the knockout of 2s states occurs in less dense regions of 
the nucleus and the effect of the nuclear medium is not 
expected to be large (38]. 

The analyzing powers and cross sections for these re­
actions have been calculated (27] within the framework 
of the DWIA, including both the effect of the spin-orbit 
interaction for the distorted waves and off-shell effects 
in the proton-proton scattering using antisymmetrized t­
matrix elements calculated with an effective relativistic 
Love-Franey nucleon-nucleon interaction. The results of 
the calculations for the p--state knockout in 160 agree 
semiquantitatively with the data. However, it appears 
that for the 160(p, 2p) reaction the nonsymmetrical ge­
ometry considered (20°-65°) shows an agreement of less 
quality than the two symmetrical ones (30°-30° and 40°-
400). For the s-state knockout there is a significant dif­
ference that has not yet been explained. It would be 
interesting to know the results which one would get with 
this treatment for the cases showing discrepancies in our 

1.0 l~-,~-~--· 

~ .. ' n P 
-oP~.G=~ ]~--, ~,..,..---,-~­
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FIG. 4. The effective polarization calculated from the 
TRIUMF measurements shown in Fig. 3. The effective polar­
izations of the j = 5/2 state are multiplied by -3/2 to check 
Eq. (9). 
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analysis (30°-40° and 30°-45° for 160, and 30°-54° for 
4°Ca at 200 Me V), as well as for the 2s state in 4°Ca. 

The experimental evidence of a reduction of P(B, Trei) 
and the partial nonvalidity of Eq. (9) in medium 
sets strong constraints on medium modifications of the 
nucleon-nucleon interaction, as we shall now discuss. In 
the next section we use the Bonn one-boson exchange 
model of the nucleon-nucleon interaction to relate the 
spin observables relevant to quasifree scattering to the 
properties of the exchanged mesons. 

111. THE NUCLEON-NUCLEON INTERACTION, 
MESON PROPERTIES, 

ANO SPIN OBSERVABLES 

The free N N interaction is well described by potentials 
derived from meson exchange models. In this paper we 
use one of the most successful meson-exchange models, 
namely the Bonn potential [33]. For the present pur­
poses, it is sufficient to use the one-boson exchange po­
tential (OBEP) which includes u, 8, TJ, if, w, and p meson 
exchanges. 

In order to get some understanding of the contribution 
of each exchanged meson to the spin observables, we do 
the following. We use the parameters of the Bonn po­
tential which fit the experimental phase shifts (table 5 
of Ref. [32]) and calcula te the observables P and Cnn. 
Then, we recalculate these spin observables setting the 
coupling constant of a given meson equal to zero, without 
changing any other parameter. In this way, it is possible 
to evaluate the importance of any particular meson to 
P and Cnn· The results are shown in Fig. 5. The first 
fact one learns from this figure is that, not surprisingly, 
the most important contributions to these observables 
come basically from two mesons: the u and the w. (The 
1r meson contributes to the observables at low energies 
only; mainly to Cnn·) The other important conclusion is 
that the u meson is the crucial one for P. Although the 
absence of the w meson makes the absolute value of P 
smaller than its experimental value, the absence of the a 
changes the sign of P with respect to its true value. The 
observable Cnn is sensitive to both a and w mesons; the 
1r meson is relevant at relatively low energies only. 

The crucial observation that the u meson is the most 
important meson for the observable P may lead us to 
understand the reduction of P in medium discussed in 
Sec. II. The potential generated by this meson has cen­
tral and spin-orbit components. Since a central potential 
cannot produce a polarization, it appears that the spin­
orbit component of the nucleon-nucleon potential should 
be much weaker in the nucleus than in free space. 

It seems then that a reduction of P in medium may be 
associated to the change of the properties of the u meson 
in the nucleus. It is interesting to note that in a recent 
relativistic density-dependent Hartree approach for finite 
nuclei, where the coupling constants of the relativistic 
Hartree-Lagrangian are made density dependent [11], it 
was found that YaNN and YwNN are of the order of 40% 
smaller in medium than in free space. 

In order to investigate medium effects on P and Cnn, 

we use the Bonn potential [33] to generate pp phase shifts 
to be used in the calculation of P and Cnn. However the 
input parameters (masses and/or coupling constants) are 
changed according to some prescription. 

Although much effort [1-12] has been devoted to the 
question of medium modifications of the hadronic prop­
erties, not too much has been concluded yet. There is a 
scaling conjecture for hadron properties at finite densi­
ties suggested by Brown and Rho [7] based on arguments 
of partial restoration of chiral symmetry in nuclei. Ac­
cording to this, hadron masses scale as 

* * * * f* mN ~ mu ;:::j mp :::=; mw ~ ~ = € , 
mN ma mp mw f1r 
m* 
~~1 
m1f 

(12) 

where f1r is the pion decay constant, mN, mp, mw, and 
m1r are the masses of the nucleon, p, w, and if mesons, 
respectively, and ma is the mass of the effective scalar u 
meson. The asterisk denotes the value of these quantities 
in nuclear medium. 

Other authors have also discussed hadronic scaling law 
for the masses based on QCD arguments [2,4,9,10,12]. 
Kusaka and Weise [9] have concluded that the Brown 
and Rho scaling law is not realized for reasonable pa­
rameter changes. However, Gao et al. [12], based on the 
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FIG. 5. The observables P(9, Trei) and Cnn(9, Tred calcu­
lated with the Bonn potential with parameters that fit the 
experimental phase shifts for free scattering on protons (solid 
curves) and turning off different mesons. 
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thermofield dynamical theory, have concluded that for 
p < 4p0 , where p0 is the saturation density, the Brown 
and Rho conjecture should be correct. Hatsuda and Lee 
[10] have obtained a linear decrease of the masses as a 
function of density; their results seem to support the 
Brown and Rho scaling law. Although the validity of 
the Brown and Rho law is still controversial, we take it 
as a starting point to investigate the behavior of the ob­
servables with changed hadronic mass. 

Another open question is the value assumed by Ç in 
Eq. (12). We have taken it in the range 0.6-0.9. 

With respect to the variations of coupling constants, 
the situation is even more controversial [8,11]. As has 
been mentioned, it was found by Brockmann and Toki 
[11] in a relativistic density-dependent Hartree approach 
that the 9trNN and 9wNN are ~ 40% smaller in medium 
than in free space. Banerjee's toy model, based on a chi­
ral confining model, leads to a reduction of gtTNN with 
density, while 9wNN and 9pNN increase at some low rate 
with the density. There is still a scaling law derived by 
Banerjee [8], using the results of McGovern, Birse, and 
Spanos [5], which leads to an increase of gtTNN and 9wNN 

in medium. As we do not have a definitive prescription 
for changing the coupling constants in medium, we as­
sume that gtTNN and 9wNN decrease in medium [11] ac­
cording to 

g;NN = g:,NN =X' 
9tTNN 9wNN 

(13) 

where X is assumed in the range 0.6 < x < 0.9. 
We also consider simultaneous variations of masses and 

coupling constants by taking Eqs. (12) and (13) simul­
taneously. 

In summary, we consider three prescriptions: 

(i) only the masses are changed according to Eq. (12). 

(ii) only the crNN and wNN coupling constants are 
changed according to Eq. (13). 

(iii) the crNN and wNN coupling constants and masses 
are changed simultaneously according to Eqs. (12) 
and (13). 

We have not considered medium modifications of 
masses and/or coupling constants of the mesons jJ, T], 

and 8 since their contributions to P and Cnn at the en­
ergies we are considering are much smaller than the ones 
from cr and w, as can be seen in Fig. 5. With respect to 
the pion, since it is a Goldstone boson, its mass presum­
ably changes only slowly with density [3,6] and modifica­
tions on the g1rNN affect the spin observables only at low 
energies (Fig. 5). We have checked our results against 
variations of the pion mass and coupling constant. These 
modifications do not change our conclusions. 

In Fig. 6 we show the effect on the observables P and 
Cnn of changing the masses and/ or coupling constants 
according to the three prescriptions above, taking Ç = 
0.7 and X = 0.75. The figures show that in all three 
prescriptions there is a reduction of P(fJ, Trei) in medium 
compared to the free value. For other values of Ç and x 
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FIG. 6. The observables P(B, Trel) and Cnn(B, Trel) calcu­
lated with the Bonn potential. The solid curves correspond 
to parameters that fit the experimental phase shifts. The 
dashed curves correspond to scaling the masses [Eq. (12) with 
e = 0.7], dot-dashed curves correspond to scaling coupling 
constants [Eq. (13) with x = 0.75], and dotted curves corre­
spond to scaling masses and coupling constants with e = o. 7 
and X= 0.75. 

the results are basically the same except that the curves 
cross the axis in slightly different places. The reduction 
increases, as Ç and/or X decrease. Cnn is reduced for 
45° ;S (J ;S 135° and enhanced for other values of e in all 
three prescriptions. 

IV. MEDIUM MODIFICATIONS 
AND QUASIFREE REACTIONS 

In this section we analyze the implications of the 
medium modifications for the (p, 2p) asymmetries. 

We have calculated the values of P and Cnn with the 
three prescriptions explained in Sec. UI, taking 0.6 < 
Ç, X < 0.9. The effective polarizations are then calcu­
lated by using the experimental asymmetries in Eq. (8). 
A remarkably good agreement between these effective po­
larizations and the theoretical prediction, Eq. (9), is 
obtained when one changes simultaneously masses and 
coupling constants and takes Ç = 0.7 and x = 0.75. The 
results are shown in Figs. 7 and 8 for the 160(p,2p) 15N 
and 4°Ca(p, 2p)39K, respectively. These figures represent 
the same quantities as in Figs. 2 and 4, but the P and 
Cnn are calculated with the modified nucleon-nucleon 
interaction. 5 

5 As for Figs. 2 and 4, agreement between theory and exper­
iment means that the two curves should be on top of each 
other. 
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The conclusion one can draw from these figures is that 
the modifications of nucleon and meson properties clearly 
affect the spin observables of the reaction in a significant 
way. As mentioned in the introduction, although rela­
tivistic effects including retardation lead to improvement 
on the calculated (p, 2p) cross sections, there still remain 
discrepancies for spin observables in some geometrical 
regions. In this sense, it might be worthwhile to further 
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FIG. 8. The same quantities as in Fig. 3 but with 
masses and coupling constants changed according to Eq. (12) 
(e= 0.7) and Eq. (13) (X= 0.75). 

investigate the inclusion of medi um modifications on the 
basic interaction process. 

As has been mentioned, in Ref. [26] the discrepancies 
have been eliminated by taking P arbitrarily equal to zero 
and using the free space value of Cnn· In our calculation, 
for consistency, we assumed that both P and Cnn are 
modified in medium. The value of P turned out to be 
drastically reduced in medium, but it does not go exactly 
to zero. The value of Cnn is also changed in medium, 
however it is still a smooth function of energy and angle. 
A h . cj=l+l/2;cj=l-1/2 1 d s a consequence, t e ratlo nn nn ~ an 
the agreement is achieved rather independently of the 
free Cnn value. 

In an earlier attempt [24] the reduction of P in 
medium was investigated using a formalism developed by 
Horowitz and Iqbal [21]. In their formalism, the medium 
modification are evaluated in a relativistic model where 
the N N interaction is assumed to depend on the enhance­
ment of the lower components of the nucleon Dirac spinor 
due to strong scalar and vector nuclear potentials. Al­
though this formalism also leads to a reduction of the 
pp analyzing power in medium, the effect is too small to 
eliminate the observed discrepancies. The influence of a 
depolarization of the incident beam as well as off-shell 
effects have also been investigated a long time ago [41] 
and do not explain the discrepancies. 

Still lacking is a clear explanation of the fact that in 
the 2s knockout from 4°Ca the reduction of the analyz­
ing power is much smaller than in the 1p and 1d states 
studied here. Based on the argument that the 2s-state 
knockout occurs in less dense regions of the nucleus one 
would expect to describe the data with our approach us­
ing larger values for € and/or X compared to the values 
used for p and d states. Our analysis for this case indi­
cates that € and x must be larger than 0.9. 

Up to now we have discussed the spin observables 
which enter in the coplanar (p, 2p) quasifree cross sec­
tions, namely P and Cnn· We observed that the three 
prescriptions for hadronic scaling laws affect these ob­
servables. However, we do not expect to be able to dis­
crimina te between the three prescriptions through these 
observables solely, since the effects always go in the same 
direction, i.e, when a given prescription leads to an en­
hancement (reduction) of P or Cnn' the other two pre­
scriptions lead to an enhancement (reduction) too. 

However, the proposed measurement of (P, 2j}) 
quasifree reactions proposed at IUCF and TRIUMF will 
have indirect access to another spin observable, namely 
the depolarization tensor, Dnn· For this observable, in 
contrast, the effects of the three prescriptions are quite 
different, as can be seen in Fig. 9. It is clear that 
such a measurement might provide severe constraints on 
medium modifications of hadron properties.6 

6 Kudo and Tsunoda [42] have calculated the depolariza­
tion tensors for the 1d5 ; 2 , ld3 ; 2 , and 2s1 ; 2 hole states in the 
4°Ca(P, 2p)39K at E = 200 Me V. 
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V. CONCLUSIONS 

We have used quasifree knockout reactions to inves­
tigate medium modifications of bound nucleons. As re­
marked in the introduction, care must be taken when 
the factorized7 quasifree (f/, 2p) cross sections, as in this 
paper, are used. 

The factorized form of the cross sections has been 
checked often and it turned out that the best way is to 
avoid the mínima of the momentum distributions of the 
ejected nucleon (where a large smearing of the momen­
tum happens) and to work with certain ratios of quasifree 
cross sections to cancel out unccrtainties related to the 
optical potentials. With this care in mind, the factorized 
cross section shows the advantage of making the physics 
of the process transparent. For instance, an effective po­
larization of the ejected nucleon (before the knockout 
process) is understandable in terms o f a combined ef­
fect of the spin-orbit interaction and the absorption of 
the ejected nucleon [13]. As for medium energy, in the 
angular region needed for the absorption effect, the cross 
section for protons with parallel spins is much larger than 
the one for opposite spins, an asymmetry is expected 
( and detected) for the (f/, 2p) process with polarized in­
cident beams. 

There is also a theoretical prediction which relates the 
effective polarizations for nucleons in two subshells split 
by the spin-orbit interaction. In principie, one could 
doubt the validity of this prediction since it is based on 
the factorization approximation. However, it is remark­
able that the data agree quite well with this theoretical 
prediction when the angles of the two emerging particles 
are equal. When the emerging angles are different some 
discrepancies show up. These discrepancies have been 
observed a long time ago [26] and various attempts to 
explain them have been made on the basis of off-shell ef­
fects and depolarization o f the incident beam [ 41], as well 
as by taking into account the nucleon effective mass in­
side the nucleus [23,24]. To our knowledge, none of these 
has been successful. 

Ou the basis of a factorized quasifree cross section, 
we have proposed to extract the pp analyzing power 

7 The quasifree cross section is factorized into a product oi 
the momentum distribution of the ejected nucleon times a pp 
cross section at energy and angles corresponding to the violent 
interaction. 

in medium (P) through the asymmetries of (f/, 2p) pro­
cesses. In particular, P is equal to the experimental 
asymmetries for two subshells split by the spin-orbit in­
teraction for geometrical and kinematical situations such 
that Aj=l+l/2 = Aj=l~l/ 2 . F'rom the measured asymme­
tries for 200 Me V coplanar (f!, 2p) on 1p states of 16 0 
and 1d states of 4 °Ca, we have observed a reduction of P 
in medium. 

A reduction of the pp analyzing power in medium 
is also predicted by the Horowitz and Iqbal relativistic 
treatment [21] of proton nucleus scattering. In this ap­
proach a modified N N interaction in medi um is assumed 
due to the effective nucleon mass (smaller than the free 
mass) which affects the Dirac spinors used in the calcu­
lations o f the N N scattering matrix. Cross sections and 
spin observables are modified in medium. For instance, 
the analyzing power is found to decrease 40% compareci 
to the free value at 500 Me V for an effective nuclear mass 
~ 15% smaller than the free value. This treatment is un­
able to explain the discrepancies under discussion in the 
quasifree (f/, 2p) asymmetries [23,24]. 

In this paper we have performed an exploratory study 
towards a possible explanation of the P reduction ob­
served in (f/, 2p) scattering in terms of medium modifi­
cations of nucleon and meson properties. The first con­
clusion is that the w and especially the u meson give the 
main contribution for this observable. The next step was 
to use hadronic scaling laws in our calculations. As this 
issue is still controversial, in this exploratory study we 
have considered possible modifications of masses and/or 
coupling constants for the u and w mesons, which are the 
most important for the spin observables. It turned out 
that by scaling simultaneously masses and coupling con­
stants we have been able to eliminate the discrepancies 
observed in the asymmetries of (f!, 2p) reactions. We do 
not know of any other explanation for these discrepan­
cies. 

As we have remarked before, it is important to note 
that our results are obtained within the framework of the 
DWIA. We have been careful in choosing special experi­
mental results in order to minimize uncertainties related 
to the DWIA. In recent years, there have been advanccs 
in microscopic calculations of optical potentials consis­
tent with multiple scattering theory which go beyond the 
early first-order calculations [29~31]. A combination with 
medi um modifications of the basic nucleon-nucleon inter­
action would allow for interesting comparisons with less 
special experimental data. 

Our results indica te that quasifree (f!, 2p) reactions 
might be a powerful tool to investigate medium modi­
fications of bound nucleons and hopefully can be used to 
discriminate different theoretical predictions. Improve­
ments on the theory and more experimental data at var­
ious bombarding energies are clearly needed. 
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