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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
speculations have been motivated from a variety of theoretical points of view, which include
renormalization effocts due to strong relativistic nuclear fields, deconfinement of quarks, and
chital symmetry restoration. Independently of the theoretical explanation, it is important
to have different experiments which might provide information on this issue.

Quasi-free (x,xN) reactions represent probably the most direct manner to measure single-
particle propertios in nuelei. Henee it is a suitable tool to observe medium modifications
of tircleons and mesons properties and their consequences on physical observables of these

i this paper we propose to use quasi-free (p,2p) reactions!

with polarized

experiments.
incident protons to investigate medimm modifications of bound nucleons.

In a quasi free (p,2p) scattering an incident proton of medium energy (200 ~ 1000 MeV)

Lknocks out a hound proton [13]. The only violent interaction of this process occurs between
the incident particle and the ejected one. The incoming and outcoming nucleons wave
functions are jnst distorted while traversing the nucleus. By measuring in coincidence the
cnergies and momenta of the emerging nucleons, these processes provide a direct information

on single particle separation energy spectra and momentum distributions. In the last three

decades quasi free seattering experiments have heen performed with this basic purpose. For

an overview of this topic see Refl [14.15].

+ quasi-Tree reactions is based on the impulse

The formalism generally nsed to deser
approximation to describe the violent quasi-free collision, whereas initial- and final-state
interactions. o1 distortions, ate deseribed by complex optical potentials. The cross section

of (p,2p) reactions is sensitively dependent on these distortions. In particular, the imaginary

ident beam.

VIhe arrow over pindicates a polarized
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our later arguments. Therefore, we focus our attention just on those aspects relevant to
these purposes. We also show that in some special cases the pp analysing power in mediun
is directly given by the asymmetries of the (7,2p) reactions. At the end of this section we
discuss the experimental data used to detect nuclear medinm modifications of nucleon and

meson properties.

distorted wave

I'he correlation cross section for quasi-free scattering in the factorize

impulse approximation (DWIA) is given hy:

d°a Coday, ~
R AN A ' (1
A L dE Wby o 08 Pt ()

Here WE is a kinematical factor. The indices 0,1 d 2 aefer to the

emerging particles, respectively, and 3 to the nuclear (ejected) proton, 1 cleon nicleon

T do,, . . . .
cross section, —zer 3 Blas—= . 18 taked at energy Fyoand angle # defined iy the center of

&:ANA\‘C_QA wx\v

mass system corresponding to the si-free o otted momentmn

distribution of the nuclear proton, with )1.; B S F (equat

the negative recoil

motnentum of the residual nuclens) by momentum conservation.

Cassimes that lear 1 v does not

In the impulse approximation, «

. . de . . .
the violent nucleon-nncleon knockout process. In this case, Nw% s the conter of mass fiee
i

cross section for nucleons 0, 1 and 2 with their actual womenta and polarizations i the

laboratory system, while the cjected nucleon, 30 has an effective polarization des the

nueleus, ?.T:..ﬁ,:r;_ by ::,

ate the

A free pp cross section has heen used to o along the

years [T15.18]. Tn this paper we perform an explomtory study about the consequenses

ol relaxing the impulse approximation by doppctoss s

attempt in this direction, made by Kudo and Mivaraki 5] by introde

using a density dependent £ matrix, has scarcely changed the analysing power,

In the derivation of the cross section (Eq. (1)) besides the impulse approximation for the

scattering matrix element of the knockont processalso the factorization ass mption his

been used. That is, fixed average valoes for the nucleon nncleon matrx e nts have heen

taker, in spite of the fact that, because of the distortion, the momentum and energy values
of the nucleon-nucleon collision in the nuclens have a certain spread around the asvirntotic
ones. For nucleon-micleon quasi-free scattering at a few hundred of MeV the factorization
approximation has been shown to be a good approximation, as long as one avoids those parts
of the momentium distributions which are mainly made up of multiple scattered nucleons.
These are the regions where the undistorted momentum distributions vanish or are very

ion which shall come up again when we analyze the

simall [18]. This is an important rest
available experimental data.

These and others assimptions and approximations used to deduce the factorized cross
cection given by . (1) are extensively disenssed in the literature. They include the distor-
tions of the incoming and outgoing nucleons, the off-shell effects and short range correlations.
From the detailed studies over the vears, the picture which comes out is that, the most doubt-
ful approximation refers to the strong distortions for the incoming and outgoing nucleons.

., with or withont the spin-orbit term. The

These have been treated via optical potentis
distortion may reduce the quasi-free cross section by one order of magnitude! In contrast,
in most cases the spin dependence of the distortion is not too strong [31] and the off-shell
effects ave relatively small {11 18]

To avoid nneertainties cansed mainly by the distortion, it is desirable to work with ratios

of quasi free processes with similar geametrical and kinematical conditions. That is the case

situation by varying the

tcal and geometri

for different measurements in a single kinem

polarization of the incident beam or the isospin of the ejected nucleon [18]. In case the

incident polarization is changed a suitable experimental quantity is the asymietry defined
hy

(+) . dgl-)
- do't) - do (2)

dott) 4 dot-) "

where the + and — signs indicate the spin direction of the incoming proton. Using the

factorized DWIA. the asyinmetry is given entirely in terms of the ratio of proton-proton
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necessary to calculate the asynimetries of the L4 1/2 and [ — 1/2 states are not exactly the

However, since this difference

same, due to the different binding energies of these state
is small and (7. (0, Tra) and P(0,T,.1) are smooth functions of energy and angle, one has

that CHU2 & C1=12 and PHY2 2 PIY2 {o a good approximation. (Here (71512 means

nn nn nn
the vahie of (o (0, T,) which enters in Eq.(7) to calculate the asyounetry of the (1 +1/2)

NER YR NER TP

1/2 nplies 177,00 = P00

state, and so on.) Within this approximation, ARV

in contradiction with |

i o .
,‘“\ \f:_ 0. Hence, for those Kine

A, except when ]

|

matical and geometrical conditions for which the asvrometries of guasi free s fter

pare equal (AL :J_,,JA the

by the spin orhit interacty

two sub shells spl

al he toa

mvolved in the

1OTi ~

polarization of the nueleo

crefore extract |

imation equal to zero :.‘N\f\_t ~ T‘G\_L - () One may

the experimental {70 2p) asvmmetric

pp analysing power in medinm fro

those points where the curve for AP Gosses the carve for ALY these special points
ARY2 A2 P R where POOCT ) ds the ppoaanadysing power in

erp erp \

tements o

Kitehing et al [36] has performed an extensive series of mes

eoasymmety

bt

for the 'O, 2p)' "N reaction in a co melry w 0 NeN wotons with

ar g

Y Some

polarizationsorthogonal to the scattering plane (non sedto the TRITMIE

[P 2p) scattering on VO resnlting in

experimental asymmetries {36] for 200 Mel cop

Dofirst o« e

the j=1/2 gromnd state and the

Vol the analvs

reader may see in Figo 1 that there

o _::f tn

ints the asvimmeties

medinm looking for the special cases where A1 _,Q At these

e other

1. the free

__._.:::::, to _,,; (1o, On

vield the anslvsing power in me
A 24

ar that the

sve and it s

P(0,T,u) vi

jes are tndicated by the

i, 40,

in medinm value is smaller than the free one for the non syimetric al g

Lare not at

tWe select cases for whi stoof the experi

s [rom the mnlt

ma, to avoid nncertaint

For 0, = 0, the fiee P(0,T,) values are anyhow small and not too much can be said.
The effective polarization calculated [26] from these experimental asymmetries using
Iq.(8) with I” and Cy, for free scattering are reproduced in Fig.2. In this figure the effective

jon of the 3/2 state is already multiplied by —2 to check wheter Nw_\\w = lwﬁw\\w as

polariz
predicted by Fq.(9). For the cases 8y = 8, the agreement is excellent. For 8; # 0, there are
discrepancies. As was remarked, for symmet rical angles, for reasons of symmetry, PO, T.)
For assmmetrical angles, (0. T,,1) is typically 0.3 and the the fits are poor. (See
the dashed curves i Fig.1).

L empirical observation was made: if one sets arbitrarily P(0,T.«) = 0 and

In Ref. [26]

cof Conl0.1,,0), Bq.(8) describes quite well the experimental data

does not change the va

for both the asvinmetrical and svmmetrical cases. In fact, assuming P(0,T,e) =~ 0 in Fq.(7),

for non vanishing effective polarization, one has (o= 1)

fre piEictnyag T

AL e 2T (n
A2 T‘_M\_\i._‘:__\,Ngﬂ\_:; v

I'h

< means that the agreement hetween theory and experiment achieved in Rel. _Nm_

ains true even i CEYYOT s modified inomediom as long as the C,,’s ratio for

I T
J=l v /2 and =1 - 1/2 remains approximately equal to unity.

Ihe situation deseribed above is not restricted to the 10 nuclens. The measured asvin-

THor the reaction "Ca(p.2p) M0 at 200 MeV indicate also a reduction of P(0.1,.4)

metrie

i med A geometry, as can he seen in Fig.3. Again the values for

N for non svounetr

wedinn, are mueh smaller than the free P(0,15.)

AV 2 which give I(00T,) i

erp fapt

es. Moreover, the effeetive polarization extracted from these asymmetries using I (8)

¢ 150, that is for the symmetrical angle (small vihies

show a similar behavionr as for
for (0. T,.)) Fa(8) describes well the results while for the asymmetrical sitnation the

AT

as can be seen

agreement s

alji, 2p) populating the 25/, hole state

The asymmetries have also been measured for

VMG I this case there is a amuch sn reduction (if any) of P(0,7T.,) in medinm.

o heen mentioned . 1he knockont of 2s states occurs in less dense region s of

THonvever, as |
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mp* - - - b
|||2 ~ ﬂlwwu\‘ ~ Mo ~ ”:l{‘ o M.:‘ = m.
my M m, mey, fx
m;
AR (12)
My

where f, is the pion decay constant, my, 1, my, and 1, are the masses of the nucleon, g,

w and 7 mesons, respectively, and m, the mass of the effective scalar @ meson. The asterisk

denotes the value of these quantities in nuclear e

Other authors have also discussed hadronic scaling law for the masses based on QCT

arguments _M;‘:A_:;w_‘ Kusaka and Weise {91 have conel ¢ Brown and Rho

sealing law is not realized for teasonable parameter chanpes. However Gavo of al [12] hised

< that f

< the

on the thermofield dynamical theory, Tave conels P e where py

1d

¢ correct _T: nila

[ Lee [10]

saturation density, Brown and Rho ¢

vof the a fonction of denstyt yoresults seem Lo

have obtained a linear dec

[ESUE

of Brow

—

support Brown and Rho sealing law . AMthongl the

controvertial, we take it as a start

g __:,:: to investigate the vior of the observables

with changed hadronic mass.

Another open question is the value assiumed by S Fq f12) We

range 0.6 to 0.9.

With respeet to the variations of conpling comsfants, the it

I by Broe

trovertial _xA_ 11, As has beew mer oned, itowas |

Fihat o

relativistic density dependent Hartree g v ate

proe

RN

oo The B: ol

J..t./;:.,.:_:;._,_ dont lcomn

in medium than in free s

leads to a reduction of gy with densityowh gov i vy Inere:

rived hy 1

with the density. There is <till a scaling Taw

Cwhich leads to an increase ol goay

McCGovern, Birse and Spanos |

As we do not have a definitive preseription for changing the ¢

we assunie that g.yy and govy decrease medim [T aceor

ﬁ, Sz.
Jon LMYy (1
Ja NN qJ.NN

13

whei e y s assumed in the range 0.6 < y < 0.9,
We also consider simultancous variations of masses and coupling constants by taking
5%q.(12) and Feq.(13) simultancously.

In summary, we consider three preseriptions:

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

) only the o VN and wN N conpling constants are changed according to Eq. (13).

the o NN and wNN conpling constants and masses are changed simultaneously ac-

cording to Pq.{12) and Fq.(13).

We have not considered medinm modifications of masses and/or coupling constants of the

mesons 7, and & sinee their contributions to 7 and O at the energies we are considering

are much smaller than the ones from o and w.as can he seenin Iig. 5. With respeet to the
pion sinee it is o Goldstone boson. its miss presumably changes only slowly with density
[3.6] and modilications on the graa alfect the spin observables only at low energies (Fig. 5).
We have checked onr resnlts against vagiations of the pion mass and coupling constant and
they do not change our conchisions.

tn Fig. 6 we show the effect on the observables I and €, of changing the masses and/or

conpling constants according to the three preseriptions above, taking £ = 0.7 and v =0.75.

The fignres show that in all three preseriptions there is a reduction of P(0,T,,) in medinm
compared to the free value. For others valnes of € and \ the results are basically the same

exeept that the curves eross the axis i slight Iy different places. The reduction increases, as

€ and/or \ decreases Cis veduced for 45" < 0, < 135" and enhanced for other values of

0., in all three preseriptions,

[R1

IV. MEDIUM MODIFICATIONS AND QUASI-FREE REACTIONS

I this section we analyvse the implications of the medium modifications for the (57,2p)

asymmetries,
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The factorized form of the eross sections has been often checked™ and it furned ont tha

jected nucleon

the best way is to avoid the minima of the momentum distributions of the o
{where a large smearing of the momentum happens) and to work with ratios of quasi-free
cross sections to cancel out uncertainties related with the optical potentials. With this

care in mind, the factorized eross section shows the advantage of making the phyvsics of the

process transparent. For instance, effective pola nucleon (hefore

able in fermes of o

the knockout process) is unders

interaction and the absorption of the cjected nucleon 3) crgyv. i the

I alell

angular region needed for the abeorption effect, the cre

spins is much larger than the one for

for {7, 2p) process with polarized incids

There is also a theoretical predicti nclee

two subeshells split by the bt the

validity of this prediction since it However,

t is remarkable that the data apr

angles of the two emerging partic are

some diserepancies show up. These diserepancies hiave been o cerved a long time ago [26]

and varions attempts to explain them have s of olf shell effects,

v effective

depolarization of the incident hieam 3]s wellas by taking i

' .:__ __M:,. no S heen winoces

clets _.wwa_ __:._ ]

mside the

{1ee cross sectl osed Lo ex

On the bas

of a factorized g bowe have pi et the pp

ety fren

I the asy

analysing power in mediam (77} thr s ol 1 2p) proceees

arhit

netries for two <nb s

lar, I' is eqnal to the experimental [« split by the spi

1

eal

interaction for geometrical and kinem

the measured asvonmetries for 200 Me\

Teoe Ref. |1

| references

of ?Ca, we have observed a reduction of P in medium.

A reduction of the pp analysing power in medium is also predicted by the Horowitz and
lgbal relativistic treatment [2t] of proton nucleus scattering. In this approach a modified NN
interaction in medium is assumed due to the effective nucleon mass (smaller than the free
mass) which affects the Dirac spinors used in the calculations of the NN matrix M. Cross

iedinm. For instance, the analysing power is

sections and spin observables are modified

found to decrease 109 ved to the free value at 500 MeV for an effective nuclear mass

comy
o 155 smaller the Tree valne. This treatment is unable to explain the discrepancies under

[23.24).

ssion in the quasi free (50 2p) asymmet

Tn this paper we have performed anexploratory study fowands a possible explanation of
{he 17 reduction observed in (7. 2p) scattering in terms of medium modifications of nucleon

amd meson propetties. The first conelusion is that the w and specially the o meson give the

main contribntion for this observable. The next step was to use hadronic scaling laws in our

Cin this exploratory study we liave considered

is issue 1s still controve

caleulations. As
possible modifications of masses and/ar conpling constants for the 7 and «w mesons, which
are the most important for the spin observables., It turned out that by scaling simultaneously
masses and coupling constants we have been able to eliminate the discrepancies observed

not know of any other explanation for these

i the asvinmetries of (F,2p) reactions. We
discrepancies.
Our results show that quasi free (p.2p) reactions might be a power full tool Lo investigate

ms of bot

A nucleons and hopefully to discriminate different prescrip-

medinm modific

al data at higher bombarding energies are clearly needed.

tions. More ey
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FIGURES
FIG. 1. Experimental asymmetries [36] for 200 MeV coplanar (j, 2p) scattering on the 1-states

of 150). The dashed curves correspond to the free P(8, 7,4} values.

FIGL. 2. The effective polarization calcuiated [26) from the TRIUME measurements shown in

Fig.1. The effective polarizations of the j = 3/2 state are multiplied by -2 to check Eq.(9).

37] for 200 MeV coplanar (p, 2p) scattering on the d-states

1. 3. Experimental asymmetries |

of "Ca. The dashed enrves correspond to the free P(6, 754} values,

wlated from the TRIUME measurements shown in Fig.

LG The elfective polan

iplied by -3/2 to check Eq.(9).

3. The effective polarizations of the j — 5/2 state are m

FIG. 5. The observables P(A. 1,00 and Cou(0,Tha) caleulated with the Boun potential with

parameters which fit the experimental phase shifts for free seattering on protons (solid curves) and

ing off different mesor

F1G 6. The observables P(A.T,.) 1 CundB. 1) calenlated with the Bonn potential. The

efors which it the experimental phase shifts. The dashed curves

| curves cor _.17_::_._ to par:

2 with € = 0.7), dot-dashed curves correspond to scal-

ing the masses (g

ing cou (13) with y 0.75) and dotted enrves, scaling masses and coupling

0.7

and y = 0.7

ta

G i for 1p states of 0 abtained from the experimental asymmetries

1o constants changed according to 1q.(12) (€ = 0.7) and

jown in Fig.l with masses and co

Fq.(13) (y = 0.75).

o for 1 states of Ca obtained from the experimental asymine-

1163, 8.

cotive _:;:lxh:

tries shown in Fie3 with masses and conpling constants changed according to Eq.(12) (€ = 0.7)

Fa.13) (v 0.75).
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