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Forward elastic amplitudes of high-energy pions and kaons on nuclei
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Experimental elastic angular distributions for pions and kaons in the region of laboratory momentum from
600 to 900 MeV/c over the nuclear-Coulomb interference region are analyzed to extract both the real and
imaginary part of the forward meson-nucleus scattering amplitude. For pions, results for the total cross sections
extracted are smaller than those found from transmission experiments. The real part of the amplitude is found
to have an interesting energy dependence. The significance of this result for the behavior of hadrons in nuclei
is discussed. For kaons, only qualitative results were obtained due to limited data.@S0556-2813~98!01112-1#

PACS number~s!: 25.80.Dj, 25.80.Nv, 24.10.Jv, 13.75.Gx
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I. INTRODUCTION

In the scattering of both pions and kaons from nuclei
energies of the order of a GeV, there exists a large ang
region in the forward direction where the nuclear and C
lomb amplitudes are of comparable size. This means that
possible to extract from elastic scattering data in this reg
both the real and imaginary part of the strong amplitu
Both pieces of information are interesting, as each part of
amplitude contains independent information concerning
dynamics of meson-nucleus reactions.

The density~and, more generally, the density and te
perature! dependence of hadron properties is an essentia
gredient in understanding such contemporary problems
the transport of hadrons in nuclei and the equation of stat
nuclear matter. Pion, kaon, and photon scattering in the G
region are potentially rich sources of information about th
medium modifications because of the ease with which t
excite a large class of baryon resonances. By using mo
optical model technology, one can make the connection
the resonance amplitude, and perhaps learn how the ch
teristic properties of the resonances~their masses, tota
widths, and partial decay widths into pions and nucleons! are
changed in the nucleus. The forward scattering amplitud
particularly sensitive to the resonance properties, and by
amining the energy dependence of this quantity, one can
lectively study the resonances in different energy regions

Customarily, transmission experiments are used to m
sure the total cross section which is related to the imagin
part of the forward scattering amplitude. Although the re
part of the forward scattering amplitude may, in principle,
determined from transmission measurements@1#, this has
only been done@2# for the case of pions in the resonan
region scattering from medium to heavy nuclei. The ima
nary part of the forward scattering amplitude, because it
lates to the total cross section through the optical theor
provides a consistency check between the elastic data
total cross sections extracted from transmission experime
PRC 580556-2813/98/58~6!/3500~8!/$15.00
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Exploiting this connection, models for elastic scatteri
based on the optical potential can be used@3# to produce
predictions for total cross sections that can be compared
data@4#. These suggest that the partial widths for the dec
of the baryon resonances to the elasticpN channel are in-
creased by a small but significant amount in the nuc
These results add to a growing body of evidence from ka
@5–7#, photons@8,9#, and pions@3,10# suggesting that the
properties of hadrons are changed in nuclei.

In the analysis of Ref.@3#, the effect of the medium on the
baryon resonances was accounted for by a change in the
width, taken from Ref.@8#, and by a parametrized change
the partial width for decay into the elasticpN channel. The
size of the total cross sections could be explained by ren
malizing the effective coupling constants of pions to nuc
ons by about a 15% increase in the averagepNN* coupling
constant for the low-lying baryon resonances above theD33.

In the meantime, high-energyp2 elastic scattering angu
lar distributions have become available@11#. These precise
data add to the rather limited set@4,12–14# of previous data
and thus provide additional information relevant to the b
havior of baryon resonances in nuclei. It also makes it p
sible to check for consistency with the previous total cro
section data@4# from which the earlier conclusions wer
drawn@3#. The main purpose of this paper is to determine
imaginary and real parts of the pion-nucleus scattering a
plitude by analyzing differential cross section data@11# for
pions elastically scattering from12C. We also examine the
possibility of performing a similar analysis for the recent
measured@15# kaon-nucleus differential elastic cross se
tions.

In Sec. II we present the details of our Coulomb-nucle
interference region analysis together with the results of
analysis. We also present some theoretical results for sca
ing in which the excited baryons are modified by the nucl
medium in order to understand the magnitude that these
fects might have on the pion-nucleus forward scattering a
plitude. In Sec. III we discuss the significance of the amp
tude analysis and draw conclusions.
3500 ©1998 The American Physical Society
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II. ANALYSIS

The prospects for determining reliably both the real a
imaginary parts of the forward elastic scattering amplitu
FN(u)

Fel~u!5 f c,pt~u!1FN~u! ~1!

are quite good for modern experiments such as that in R
@11#, where the measurements are made down to angle
small as 5 or 6 degrees with good statistical accuracy.
illustrate this, we show in Fig. 1 the real and imaginary pa
of the point Coulomb amplitudef c,pt(u) and the nuclear am
plitude FN(u) at incident pion momentum of 610 MeV/c
calculated with the codeROMPIN @16#, which does Fermi
averaging of the~resonant plus background! projectile-
nucleus amplitudes and incorporates relativistic kinemat
Note that the two amplitudes are of comparable size
angles out to 15 degrees or beyond, so that one can
Coulomb-nuclear interference analysis@17# to determine the
real and imaginary parts separately from the data. An insp
tion of the amplitudes in Fig. 1 shows that in this angu
range, the real and imaginary parts of the nuclear amplit
are to a very good approximation linear in sin2u/2. This al-
lows us to represent the amplitudes by four parameters,AR ,
BR , AI , andBI :

FN~u!5AR~12BRsin2u/2!1 i AI~12BIsin2u/2!. ~2!

FIG. 1. Real~a! and imaginary~b! parts of the point Coulomb
amplitude f c,pt ~open squares! and the nuclear amplitudeFN @see
Eq. ~1!# ~solid circles! for p1 on 12C at 610 MeV/c calculated with
ROMPIN plotted against sin2u/2. The points on the curves correspon
to angles varying from 4 to 15 degrees in one-degree steps.
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We follow Ref. @17# for our amplitude analysis, using th
expression in Eq.~2! for the forward scattering amplitude
This expression is inserted into Eq.~1! and the parameters fi
to the forward angle experimental differential cross sectio
The results are extrapolated to zero degrees to ob
FN(0)5AR1 i AI .

There are two sources of Coulomb corrections that n
to be taken into account@17#. The first is a correction for the
finite-size extent of the Coulomb interaction, which modifi
the real part ofFN(0) by the addition of the quantity

2gkRC
2 /3, ~3!

whereg5ZZ8(e2/\c)b21 is the Coulomb parameter, with
Z, Z8 the charges of the nucleus and projectile, respectiv
b is the velocity of the projectile in the center-of-mass~CM!
frame, and whereRC

2 5RN
2 1Rp

2 , with RN and Rp the root-
mean-square~rms! charge radii of the nucleus and the pr
jectile, respectively, andk is the CM momentum of the pro
jectile.

The second Coulomb correction is the Coulomb phases l

that appears in the partial wave expansion ofFN(u). This
can be removed by setting

FS~0!5exp~2 i fB!FN~0!, ~4!

where the Bethe phase@18# fB is found by averaging twice
the Coulomb phase over the strong interactionT matrix

t l 5exp@ i d l #sind l , ~5!

where d l is the phase shift of the strong interaction. A
explicit expression for the Bethe phase has been obtaine
the Gaussian density approximation of West and Yen
@19#,

fB5g@C1 ln~2k2~Rs
21RC

2 !/3!#12s0 , ~6!

whereC is Euler’s constant (C;0.5772) andRs is the radius
of the strong interaction.

The limitations of the method are discussed in Ref.@17#.
The model dependence of the method enters throughfB ,
since in order to calculatefB one needs to know the stron
interaction, which is the object of the study. Fortunately,
is clear from the result in Eq.~6!, fB is insensitive to the
strong interaction. We have further studied the model dep
dence offB for pions on 12C by using Eq.~6! on the one
hand~we usedRN52.42 fm for 12C, soRC52.55 fm, taking
Rp50.8 fm for the pion! and by taking the strong interactio
phases in Eq.~5! from the model of Ref.@3# on the other. We
found that for the energies of interest in this paper, Eq.~6!
reproducesfB in the model of Ref.@3# rather closely taking
Rs5RN . The result can be improved, however, by takingRs
to be slightly smaller thanRN ~we found thatRs52.35 fm
reproduces the results of Ref.@3# rather well!; the reduction
presumably accounts for the fact that the nucleus is trans
ent to the pion at high energy and that the Gaussian appr
mation does not exactly describe the case we are examin
Additionally, as we understand from its definition, the Bet
phase can have an imaginary as well as a real part, bu
have again found by explicit calculation, using the theore
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3502 PRC 58C. M. CHEN, MIKKEL B. JOHNSON, AND D. J. ERNST
cal results of Ref.@3# for Eq. ~5!, that the imaginary part o
the Bethe phase is only 1–2 % of the real part and he
negligible.

Although we use a model for the strong-interaction rad
Rs in the calculation of the Bethe phase, we stress that e
a fairly large error in its value has little impact on our fin
results. This is because the model dependence we have
mated from our tests is very much smaller than the err
introduced by the experimental statistical and systematic
rors.

After the corrections for residual Coulomb effects a
made, we obtain the strong amplitudeFS(0), to which the
optical theorem applies to get the total cross section

s tot5
4p

k
Im FS~0!. ~7!

We are thereby able to determine the strong amplitude
zero degrees and the implied total cross section with rea
able accuracy. The theory of the Coulomb-nuclear inter
ence region is discussed thoroughly in Ref.@17# where the
reader may find the underlying theoretical detail.

A. Analysis of p2 scattering data

Our procedure is quite straightforward. Taking the d
given in Ref.@11#, we fit the parametersAR , BR , AI , andBI
of Eq. ~2! to the experimental points for each measured e
tic cross section by minimizingx2 using the programMINUIT

@20#. For this part of the calculation we used the statisti
errors. The exact number of data points to be used in
analysis is determined by fitting with the firstN data points,
then repeating the fit with the firstN11 points. When the
addition of a point causes an increase inx2/Nf (Nf is the
number of data pointsN minus the number of adjustabl
parametersNpar), we stop and use the results for the firstN
points.

For the data from Ref.@11#, we find N of 8–10 ~corre-
sponding to angles out to 12–15 degrees! satisfies this crite-
rion at each energy. To take the systematic error of 10–1
into account, we perform this analysis three times, once w
the data as given in Ref.@11#, and once with the data raise
by 12%, and once with it lowered by 12%. We have ca
fully examined thex-squared space and have found deep
narrow valleys where the fitter would stall and also very fl
regions where the fitter would also stall. However, we ha
in all cases found only one minimum. We did not locate a
additional local minima. The resultingx2 per degree of free-
dom Nf is x2/Nf51.6, 0.6, 0.7, and 28, withNf5N2Npar
54,4,4,6 at 610, 710, 790, and 895 MeV/c. This is quite
acceptable for all the data sets except the 895 MeV/c case.
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The source of the difficulty here is a combination of ve
small statistical errors and wiggles in the data that could
be described without very high powers of sin2u/2. We be-
lieve that these wiggles cannot be physical and are m
likely due to systematic errors which are evidently not a
equately accounted for by a uniform renormalization of t
data. The results fors tot are 265, 279, 255, and 252 mb, an
for Re F(0) we find23.47,20.329,21.87, and23.53 fm.

A visual examination of the 895 MeV/c data indicates tha
the first data point is low. We examined the possibility th
the results for the forward amplitude might be affected
this one data point by discarding this point and repeating
analysis. We now find that the minimumx2/Nf occurs for
eight data points (Nf54) just as for the other energies and
equal to 10.4, an improvement over the previous result of
This new analysis produced a small change in the imagin
part of the forward amplitude, changings tot from 239 to 252
mb, and a larger change for ReF(0) from 23.53 to22.66
fm. We find that the analysis is stable against the remova
an additional point in the forward direction. This is also tr
for the data at the other energies.

The values for the four parameters of Eq.~2! that were
determined from fitting the experimental data of Ref.@11#
are shown in Table I. The effect of shifting the data upwa
and downwards to account for the systematic errors is v
much as expected, namely values that differ from tho
given in Table I by about 10%. In most of the fits, the p
rametersAR , BR , AI , and BI were determined to a few
percent by the fitting procedure. The forward scattering a
plitudesFS(0) which result from this analysis are given
Table II.

We have also attempted to perform this analysis utiliz
the data from Refs.@12# and @13#. We were not able to find
an acceptable fit to these data. Examining the data closely
find that there is a systematic fluctuation in the data. For R
@12# ~Ref. @13#! the points group themselves into subgrou
of six ~five! that form a smooth curve, but that these su
groups do not smoothly align with each other. Although t
fluctuations between the subgroups are small, we were

TABLE I. The pion-12C amplitudes as defined in Eq.~2! ex-
tracted from a fit to the forward angle differential cross sectio
The errors given are statistical only.

kp
Lab ~MeV/c! AR ~fm! BR AI ~fm! BI

610 22.9160.31 10861 6.5960.06 28.660.9
710 0.52260.06 33060.1 7.4660.04 37.060.6
790 21.2460.04 16062 7.8560.04 44.360.7
895 21.6760.02 11660.8 8.7760.01 51.860.8
at
TABLE II. Coulomb corrections@see Eqs.~4! and ~6!# and the final values for the strong amplitudes
zero degrees for pion12C scattering. The first error is statistical, and the second systematic.

kp
Lab ~MeV/c! 2gkRC

2 /3 ~fm! fB Re FS(0) ~fm! sT ~mb!

610 0.271 20.130 23.4760.3160.17 26562615
710 0.309 20.141 20.32960.0660.09 27961616
790 0.338 20.148 21.8760.0460.31 25561615
895 0.376 20.159 22.6660.0560.23 25261614
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able to find a suitable algorithm for selecting the number
data points that would provide a stable answer. We note
the data is taken for a group of angles for each positioning
the spectrometer. This systematic fluctuation in the dat
most likely related to each actual physical angular setting
the spectrometer.

B. Analysis of K1 scattering data

In Ref. @15#, angular distribution data is obtained forK1

scattering from6Li and 12C at 715 MeV/c. The amplitude
analysis of this data proceeds exactly as it did for the pi
We have taken the first four points~out to 22 degrees! to
encompass the Coulomb-nuclear interference region.
found from the theoretical calculations that such an interv
for pions, would surely contain significant sin4u/2 terms. The
angular variation of theK1-nucleus amplitude is weake
than it is for pions~due to the weaker interaction and few
partial waves in theK1-nucleon scattering amplitude! and
thus permits a larger angular region to be used.

The fact that there are four parameters to be determ
for the Coulomb-nuclear interference measurement is p
lematic, because there are only four data points in
Coulomb-nuclear interference region@15# and each has sig
nificant statistical and systematic errors. We find that t
number and quality of the data is insufficient to make
meaningfulx2 fit of the four parameters in Eq.~2!. The only
way, short of additional data in the Coulomb-nuclear int
ference region forK1, to get a determination of the param
eters is to make assumptions that relate the parameter
12C to those for6Li and to fit to the combined data set. Th
following assumptions permit a fit of this type, but concl
sions drawn from a fit based on these assumptions shou
treated as quite tentative:

~1! The parametersBR and BI are the same for6Li and
12C. The reason for this is that the shape of the an
lar distribution, in contrast to the overall magnitude
are expected to be determined by the geometry of
nucleus. This is true both in the Born approximati
and in the diffractive limit. Note that the radii of th
two nuclei are the same to about 4%. Thus, in
limit that the two densities differ only in their overa
norm, we expect these parameters to be quite sim

~2! AR(12C)/AI(
12C)5AR(6Li)/ AI(

6Li) 5a. This as-
sumption would be expected to hold if the amplitud
were proportional to a medium modified two-bod
amplitude times the density, such as would occur
nucleons uniformly distributed in boxes of the sam
radii and to the extent that the medium modificatio
affect the real and imaginary parts of the scatter
amplitudes in the same way. The fact that the real a
imaginary parts are slowly varying functions of e
ergy supports this assumption. Multiple scatterin

TABLE III. The forward amplitude@see Eqs.~8! and ~9!# for
K1 scattering as determined from the fit to the data of Ref.@15#.
Only statistical errors are included.

104a AI ,C ~fm! AI ,Li ~fm! 1024BR BI

1.1761.18 4.6760.36 2.260.11 4.9564.99 28.7361.65
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which we expect to be larger in12C than 6Li, would
modify this relation. We can check the importance
multiple scattering using the lowest-order optical p
tential. In the model of Ref.@7#, we finda520.596
for K1 on a 12C target at incident momentum of 71
MeV/c, and a520.528 on a6Li target, indicating
that our scaling assumption, although not exact,
reasonable in this case.

Note that these assumptions do not necessarily rule
the possibility that the medium effects in6Li and 12C are
different. Presumably, if medium effects exist, they would
reflected in different overall strengths for the amplitudes,
reflected in the parametersAI ,C and AI ,Li @see Eqs.~8! and
~9! below#.

With these two assumptions, the amplitude in Eq.~2! for
K1 would become, for12C

FN~12C,u!5a AI ,C~12BRsin2u/2!1 i AI ,C~12BIsin2u/2!,
~8!

and for 6Li,

FN~6Li, u!5a AI ,Li~12BRsin2u/2!1 i AI ,Li~12BIsin2u/2!,
~9!

for a total of five parameters (a, AI ,C, AI ,Li , BR , andBI) to
be determined by the two data sets together. Since there
eight data points within the Coulomb-nuclear interferen
region, thex2 minimization procedure will give a meaning
ful test for the assumptions made above.

We have made the analysis based on Eqs.~8! and ~9!
above, and the results are given in Table III for the6Li and
12C at 715 MeV/c incident laboratory momentum. The co
rection for the Coulomb interaction proceeds just as in
case for pions, and the results are given in Table IV. W
have taken the Coulomb radiusRp50.8 fm for the kaon as
well as for the pion, soRC is the same as for the pion in th
case of12C. For 6Li, we takeRN52.56, soRC52.68 forK1

on 6Li.
Our fit to the combined data set givesx2/Nf to be 3.8.

Our assumptions thus do not obviously contradict the d
The errors on the total cross section are about 8 and
respectively, for12C and 6Li. The real parts of the forward
scattering amplitudes are, however, not so well determin
having 100% errors. About all one can say about the r
parts is that they are positive and small. We do not belie
that the quality of the results combined with the unknow
dependence on our assumptions merits an analysis
would also include the systematic error.

TABLE IV. Coulomb corrections@see Eqs.~4! and~6!# and final
values for the strong amplitude forK1. Only statistical errors are
included.

Target 2gkRC
2 /3 ~fm! fB Re FS(0) ~fm! Im FS(0) ~fm!

12C 20.411 0.216 0.59860.598 4.6560.36
6Li 20.211 0.109 0.028860.0288 2.2160.11
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C. Comparisons to earlier data and to theory

Because total cross sections for pions in the GeV rang
energies have been obtained from transmission experim
we are able to compare the imaginary part of the empir
forward scattering amplitudes determined from t
Coulomb-nuclear interference analysis to independent de
minations using the optical theorem, Eq.~7!. We will do this
for both pions and kaons in this subsection.

Additionally, for the case of pions, we will compare o
empirical results to theoretical calculations based on exis
models that have been proposed to understand pion sca
ing data in the GeV energy region. As there have been
previous experimental determinations of the real part of
amplitude, there are no independent measurements
which we can compare this quantity.

1. Pions

In Fig. 2 we compare our total cross section results
pions with previous measurements. We see that the forw
amplitude~solid diamonds! that we have extracted from th
data of Ref.@11# implies total cross sections significant
smaller than those@4# extracted from transmission exper
ments~open circles!. This conclusion is consistent with th
results of Ref.@11# ~open squares!, at least for the two lower
momenta~610 and 710 MeV/c!, with which our results are
statistically consistent. However, our results at the t
higher energies are not only smaller than those of the tra
mission measurements, but also quite a bit smaller than
total cross sections obtained by the analysis in Ref.@11#.

The source of the difference between our results and th
of Ref. @11# is the different fitting procedures used. In Re
@11#, the parameters of the model were determined by m
mizing x2 using data over theentire angular range, wherea
in our work only the forward angle data was used. Fro
examining their fits@11#, it is clear that large- and small
angle data are not capable of being fit simultaneously. A
result, their fit to the~relevant! forward angle data is much
poorer than ours, and this accounts for the differences see
Fig. 2. Generally speaking the large-angle data, which

FIG. 2. Total cross sections forp2 on 12C as derived here and
given in Table II compared with earlier determinations. The res
of the present analysis~solid diamonds! are plotted with the data o
Clough ~Ref. @4#! ~open circles! and the results of Takahashi~Ref.
@11#! ~open squares!. The dashed curve is the free isospin averag
pion-nucleon total cross section times 12. The solid curve is
result of a calculation utilizing a covariant optical potential whi
includes Fermi averaging and multiple scattering.
of
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from two to four orders of magnitude smaller than the me
surements of the most forward-angle data, is sensitive
small effects and hard to fit in models. The relevance of
back-angle data to the total cross section is obscure in p
nomenological models~such as the one we are using as w
as that of Ref.@11#! that leave out higher-order terms in th
optical potential.

We also present in Fig. 2 two curves. The dashed curv
the spin and isospin averaged free two-body total cross
tion multiplied by 12. The two peaks in this curve corr
spond to the two groups of excited baryons which are pres
in this energy regime. The solid curve is the result of a fir
order optical potential calculation without medium modific
tions to the resonances utilizing the codeROMPIN @16#. We
see that the Fermi averaging over the momentum of
struck nucleon plus the broadening caused by multiple s
tering greatly removes the peak structure in the cross sec

In Ref. @3#, the discrepancy between the solid curve a
the data of Ref.@4# was interpreted as evidence for a su
stantial renormalization of the averagepNN* coupling con-
stant of all resonances lying in the region between 600
900 MeV/c. With the smaller total cross sections that w
have extracted here, there is no longer evidence for suc
large uniform renormalization. In fact, the theoretical cur
is reasonably consistent with the data. The experime
point at 710 MeV/c lies slightly above the curve. Since th
is near the peak of theD13 resonance, a very tentative con
clusion might be that its coupling to the pi-nucleon chan
should be increased a small amount.

The real part of the pion-nucleon scattering amplitud
unlike the imaginary part, has the feature that it is compo
of contributions from individual resonances that are not
positive definite; the real part of a resonant amplitu
changes sign as the energy passes through the reson
This implies that a measurement of the real part of the pi
nucleus amplitude provides different information from th
provided by the total cross section, and that the real p
complements the imaginary part for the purpose of sepa
ing the contributions from the overlapping resonances in
medium. The real part of the amplitude that we have
tracted is given in Table II and pictured in Fig. 3. The e
perimental results are interesting because they have a st
energy dependence, peaking at an incident pion momen
of about 700 MeV/c. For comparison, we show the free two
body amplitude times 12~dashed curve! and the theoretica

s

d
e

FIG. 3. ReF(0) for p2 on 12C as derived here and given i
Table II. The curves are the same as in Fig. 2.
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results ofROMPIN without medium modifications of the reso
nances~the solid curve!. The free two-body amplitude ha
two bumps, the one lower in energy appearing in the reg
of the D13 resonance, and the higher one appearing in
region of theF15 resonance. Note that the free amplitu
even changes sign in the region of theF15 resonance. Ferm
averaging and multiple scattering, given by the solid cur
wash out much of this structure. Note that there is stil
bump in the region of theF15 resonance, but that the ampl
tude is now negative over the entire energy region.

The peaking of the experimental real part occurs at a c
siderably lower energy than the peak in our solid curve, a
we have tried to understand this discrepancy. We have t
variations of our data analysis. For example removing
first data point from our Coulomb-nuclear interference ana
sis. In all cases, the results we find remain stable, but we
find that thex2 surface is very flat. We have searched f
a local minimum that would produce a larger negat
Re F(0) at 710 MeV/c but did not find one. The result ap
pears to be very stable. The errors shown in Figs. 2 and 3
dominated by the systematic normalization errors in the
ferential cross sections, which we have accounted for by
fitting the data after raising and lowering the cross secti
by the appropriate amount. The slope of the data is v
important in our analysis, since it is necessary to extrapo
the results into a zero angle. If the slope of the data wer
error ~we have no reason to believe that it is! then this could
result in much different values ofFS~0!.

In Figs. 4 and 5 we present the data fors tot and ReF(0)
as extracted in this work together with several theoret
curves. The issue we wish to examine is how sensitive
F(0) to medium modifications of the excited baryons. T
solid curve in both figures is the result fromROMPIN without
medium modifications to the resonances. In Ref.@3# we in-
creased the in-medium widths of the resonances accordin
the results of Ref.@8#. Applying this model gives the result
pictured as the dashed curves in Figs. 4 and 5. We do
employ the increase in the coupling constants suggeste
Ref. @3# as our analysis here~see Fig. 2! indicates that this is

FIG. 4. The total cross section forp2 on 12C as derived here
~diamonds!. The solid curve is the same as in Fig. 3, the results
the optical model calculation. The dashed curve includes the a
tional broadening of the baryon resonances according to Refs@3#
and@8#. The dotted curve is the same as the solid curve excep
mass of theF15 resonance has been lowered by 50 MeV. The d
dash curve is the same as the dashed curve except the mass
F15 resonance has been lowered by 50 MeV.
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not necessary. There is a sufficient difference between
solid and dashed curves for both the real and imaginary p
of F(0) that such an effect could be detectable. We have a
examined the sensitivity to the in-medium masses of
resonances by repeating the above two calculations with
mass of theF15 lowered by 50 MeV, the value of the shel
model potential at the middle of a nucleus. TheROMPIN

curve with the shiftedF15 mass is the dotted curve in bot
figures. Fors tot the peak near 1 GeV/c is shifted downwards
by about 50 MeV, as expected, and there is a substa
enhancement of the total cross section in the region betw
600 and 900 MeV/c. For ReF(0) the peak near 1 GeV/c
is also shifted downwards in energy, and the magnitude
Re F(0) is enhanced@F(0) becomes more negative# from
800 to 1100 MeV/c. For the results which have the addition
medium broadening taken from Ref.@8# ~dashed curves!, the
change in mass of theF15 ~dot-dashed curves! has relatively
little effect. If the widths of these resonances are as broa
implied by Refs.@3# and@8# the effect of mass shifts will be
difficult to extract.

The type of medium effects we have examined here
not appear to be able to reproduce the experimental res
In particular, the peak of ReF(0) near 700 MeV@more
correctly described, this is a dip in the magnitude
ReF(0)] is afeature that is not in the theory. This intriguin
result should be verified by data taken at closely spaced
ergies.

2. Kaons

The forward scattering amplitudes forK1 are given in
Table V, where they are compared to results of independ
measurements of total cross sections@21# extracted from
transmission experiments. The agreement with the prev
data is rather satisfactory and lends support to the param
zation we have chosen in Eqs.~8! and ~9!. The value for
Re F(0) for the kaon which we here extracted cannot

f
i-

e
-
the

FIG. 5. The same as Fig. 4 except ReF(0) is presented.

TABLE V. Comparison of the results of this paper forK1 to
total cross sections as extracted from transmission experime
Only statistical errors are given.

Target ImFS(0) ~fm! sT ~this work! sT ~previous!

12C 4.6560.36 173614 178.6660.72
6Li 2.2160.11 8864 87.0560.64
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compared to the results presented in Ref.@22#. There, this
same data was analyzed utilizing a phenomenolog
second-order optical potential. In order to find a consist
interpretation of the total and elastic differential cross s
tions for a variety of nuclei simultaneously, the different
cross sections had to be renormalized substantially. T
would necessarily alter the value ofF(0) that would result.

III. DISCUSSION AND CONCLUSION

We have argued that the forward-angle strong mes
nucleus amplitude is interesting because properties of h
rons in the nuclear medium can be addressed from kno
edge of this quantity. The relevant quantity to be measure
the differential cross section in the Coulomb-nuclear int
ference region from which the real and imaginary parts of
forward scattering amplitude can be extracted by a sim
model-independent fitting procedure that we apply to ex
ing data. Coulomb-nuclear interference, which is signific
over a measurable angular region, allows the extraction
both pieces of the forward amplitude separately. The un
tainty arising from our parametrization of the amplitude
significantly less than the uncertainty arising from the e
perimental errors. Our main interest has been in determin
this amplitude for existing data, rather than its interpretat
in terms of the medium modification of hadrons, which w
be the subject of a future publication.

Pion-nucleus scattering is of particular interest becaus
its underlying resonance structure. For a single isolated r
nance, data over the peak of the resonance can be us
determine its in-medium properties. Such is the case for
D33 resonance@23#. Determining the in-medium propertie
resonances above theD33 requires that the energy depe
dence of the pion-nucleus amplitude be known over a lar
region due to the fact that these resonances are overlap
Knowledge of the real part of the amplitude, which we fi
to have a striking energy dependence, will be particula
useful in this case. We have shown that the energy dep
dence of the real and imaginary parts of the forward am
tude provide complementary information about the behav
of the resonances in the nucleus by examining theore
models.

As we have seen for pions~Fig. 2!, the values of the tota
cross section obtained from our analysis disagree with
earlier transmission measurements of the same quantity
have discussed several possible reasons for this discrep
which we believe to be of experimental origin. In view
this disagreement, additional independent measuremen
ys
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the total cross sections should be performed at modern fa
ties. Furthermore, because of the interest in the real par
the forward elastic scattering amplitude, strengthened by
striking energy variation in Table II and Fig. 3, it would b
useful to have more measurements of the angular distribu
at finer energy steps to both confirm the results we h
extracted from the data of Ref.@11# and to pin down the
shape of the energy dependence. It would be useful to h
these data up to several GeV, covering the full range wh
the baryon resonances occur. The region over which
Coulomb-nuclear interference analysis can be performe
to lowest approximation a region of fixedq2, assuming the
two-body amplitude is not particularly energy depende
Thus the angular region of 5–15 degrees at one GeV wo
become approximately 2.5–7.5 degrees at two GeV. Data
both charges of the pion would also be most useful.

For K1, it is important to have more and higher statisti
measurements in the Coulomb-nuclear interference reg
~between 5 and 20 degrees! so that the amplitude analysi
can be carried out without additional assumptions. The
isting data for total cross sections as derived from transm
sion experiments indicate that the kaon-nucleon coupling
effectively increased for the nucleon in a nucleus. Having
forward angleK1 amplitude would provide an additiona
independent constraint on any theoretical model.

A complete picture requires data from other final chann
and a theory general enough to incorporate this data into
analysis. Data on quasielastic kaon@24# scattering and quasi
elastic pion scattering, both with@25# and without @26#
charge exchange, have been measured with additional
coming from KEK. Exclusivep1 andp2 elastic and charge
exchange data andK1 charge exchange would also be use
in understanding the isospin dependence of any miss
piece of physics. Additional data is being taken at KEK a
should be available soon.
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