
in

PHYSICAL REVIEW C JANUARY 1996VOLUME 53, NUMBER 1

0

Roper excitation in a-proton scattering
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We study the Roper excitation in the (a,a8) reaction. We consider all processes which may be relevant in
the Roper excitation region, namely, Roper excitation in the target, Roper excitation in the projectile, and
doubleD excitation processes. The theoretical investigation shows that the Roper excitation in the proton target
mediated by an isoscalar exchange is the dominant mechanism in the process. We determine an effective
isoscalar interaction by means of which the experimental cross section is well reproduced. This should be
useful to make predictions in related reactions and is a first step to construct eventually a microscopic
NN→NN* transition potential, for which the present reaction does not offer enough information.

PACS number~s!: 25.55.e, 14.20.Gk, 14.40.Cs
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I. INTRODUCTION

We investigate theoretically the (a,a8) reaction on a pro-
ton target at intermediate energies in order to obtain n
information on the reaction mechanism and the properties
hadron resonances, especially the Roper resonance. The
that thea particle has isospinT50 is particularly useful,
since, due to isospin conservation, it reduces the numbe
reaction mechanisms which contribute to the reaction a
allows an easier interpretation of the results.

The experimental study of the (a,a8) reaction on the pro-
ton target was done in Ref.@1#. Two clear peaks were ob-
served there: a large one, which was associated in Ref.@1#
with D excitation in the projectile~DEP!, and a small one, at
higher excitation energies, which was attributed in Ref.@1# to
the Roper excitation in the target. This latter assumption
quires the Roper resonance to be excited by the mediation
an isoscalar interaction which stimulated the authors of R
@1# to interpret the Roper resonance as a monopole excita
of the nucleon.

The idea of the DEP mechanism was suggested theor
cally in Ref. @2# in connection with the (3He,t) reaction on
nucleons and nuclei. It was found there that this mechani
produced small changes in the (3He,t) reaction on proton
targets with respect to the dominant mechanism ofD excita-
tion in the target~DET!, but the changes were important i
the reaction on neutron targets. Thanks to this mechani
the excitation function of the (3He,t) reaction on deuteron
targets@3# was well reproduced@4#. However, the clearest
proof of the DEP mechanism was found in the experiment
Ref. @1# since, for reasons of isospin conservation, the DE
mechanism is forbidden and all the strength forD excitation
comes from the DEP mechanism. A theoretical study w
done in Ref.@5# along these lines and the large peak corr
sponding toD excitation was nicely reproduced.

Another interesting aspect of the work of Ref.@5# is that it
provides an accurate tool to evaluate the ‘‘background’’
the (a,a8) reaction which is necessary in order to obtain th
strength for the Roper excitation. Given the fact that th
background is much larger than the Roper signal, the prec
determination of the background is important in order to a
sess the magnitude of the Roper excitation. In Ref.@1# some
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approximations and assumptions were done to determine
shape of theD projectile contribution, and the strength was
fitted to reproduce the peak. In Ref.@5# a more elaborate
microscopic evaluation was done and both the shape a
magnitude of the cross section were determined. As a con
quence there are some differences~not too large! in the D
background evaluated in Refs.@1# and @5#, and the strength
of the Roper resonance at its peak is about 20% larger if t
background of@5# is subtracted instead of the one in@1#.

In the present paper we study the different mechanism
that can lead to the Roper excitation in the (a,a8) reaction
on the proton. However, instead of extracting the Roper si
nal by subtracting theD background from the experimental
cross section, we use the theoretical model of Ref.@5#, which
provides theD excitation, and add to it the new mechanism
that excite the Roper resonance. This includes also the int
ference term between the target Roper and projectileD ex-
citations, which are found to be the dominant mechanism
With this global model we obtain cross sections which ar
compared to the data in order to extract new information o
the Roper resonance. We find that the reaction provides t
strength of an effective isoscalar exchange for th
NN→NN* transition.

In Sec. II we calculate all processes which may be re
evant in the energy region of Ref.@1#, namely, Roper exci-
tation in the target, Roper excitation in the projectile, an
doubleD excitation processes. We compare the calculate
results with experimental data in Sec. III. We summarize th
paper in Sec. IV.

II. MODEL FOR THE „a,a8… REACTION

In this section we consider a theoretical model of th
(a,a8) reaction on the proton target in theD and Roper
energy region. The reaction mechanisms which we consid
here are summarized in Fig. 1. We include all process
which may be important in this energy region. In Fig. 1~a!,
we show theD excitation in the projectile. Since theD can-
not be excited in the target@5#, this is the only process to
excite the singleD in the reaction. We can find the detailed
description of the calculation and the results for this chann
277 © 1996 The American Physical Society
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278 53HIRENZAKI, FERNÁNDEZ DE CÓRDOBA, AND OSET
in Ref. @5#. All the other channels are new and they ar
discussed below.

We consider the diagrams for the Roper resonance ex
tation depicted in Figs. 1~b!–1~d!. In Fig. 1~b! the Roper
resonance is excited in the target by the exchange of so
isoscalar objects between thea and the proton. Because of
isospin conservation of thea, the isovector mesons (p and
r) do not contribute in this process. The cross section for th
process is given by

d2s

dEa8 dVa8

5
pa8

~2p!3
2Ma

2M

l1/2~s,M2,Ma
2 !

S̄SuTu2uG* ~s* !u2G* ~s* !, ~1!

FIG. 1. Diagrams for the (a,a8) reaction which we consider in
this paper. They are~a! D excitation in the projectile calculated in
Ref. @5#, ~b! Roper excitation in the target,~c! Roper excitation in
the projectile with decay intopN, ~d! Roper excitation in the pro-
jectile with decay intoppN, and ~e! doubleD excitation. Thes
exchange must be interpreted as an effective interaction in theT50
exchange channel~see text!.
e

ci-

me

is

wherel(•••) is the Kallen function andG* (s) is the propa-
gator of the Roper resonance defined as

G* ~s!5
1

As2M*1
i

2
G* ~s!

, ~2!

whereM* is the mass of theN* , M*51440 MeV, and
G* (s) is the energy-dependent Roper width@6#,

G* ~s!5G* ~s5M* 2!
qc.m.
3 ~s!

qc.m.
3 ~M* 2!

, ~3!

with G* (s5M* 2)5350 MeV andqc.m.(s) thep momentum
in the center of mass frame ofpN system with the energy
As. Equation ~3! assumes for thes dependence that the
dominant decay channel isN*→pN. We will modify the
width in the next section as described in the Appendix
order to be more consistent with the experimental data.
what follows, for simplicity, we construct a model assumin
s exchange alone as responsible for the isoscalar part of
NN→NN* transition. Further on we shall reinterpret th
meaning of this phenomenologically derived ‘‘s ’’ exchange.
The spin sum and average ofuTu2 can be written as

S̄SuTu2516Fa
2gsNN*

2 gsNN
2 uDs~q!Fs

2~q!u2, ~4!

where we are assuming couplings of thes to the N and
N* of the typegsNNc̄cf and gsNN* c̄N*cf1H.c. In Eq.
~4!, Ds(q) is the propagator of thes meson defined as

Ds~q!5
1

q022qW 22ms
2
, ~5!

with ms 5 550 MeV, andFs(q) is thes form factor @7#,

Fs~q!5
Ls
22ms

2

Ls
22q2

, ~6!

with Ls 5 1700 MeV. In Eq.~4!, Fa is thea-a8 transition
form factor which includes the distortion effects and depen
on the momentum transfer betweena and a8. The form
factor is the same as that explained in Ref.@5# and accounts
for the distortion of the nucleon wave plus the distortion of
pion wave from the point of production of the pion. It thu
implicitly assumes that the resonance will decay into th
pN system. The pion distortion is slightly changed here. W
use the same eikonal form as in Ref.@5# but take
ImP52ppsr with s the pN experimental cross section
and r the nuclear density. This is appropriate at the high
energies met in the present problem where the model of R
@5# is not meant to be applied. ThesNN coupling constant is
taken from the Bonn potential@7#, gsNN

2 /4p55.69, and the
sNN* coupling constantgsNN* is an unknown parameter
which we shall determine from the experimental data. W
should, however, bear in mind that we are constructing
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effective isoscalar interaction and those couplings have
to be taken literally as the meson baryon couplings of a m
croscopic model like in@7#. Yet it is useful to takegsNN as in
the Bonn model since it already provides the appropria
scale of the interaction strength.

In order to get Eq.~1! we have replaced the energy con
servationd function in terms of the Roper propagator an
width as follows:
not
i-

te

-
d

d~Ea1EN2Ea82E* !→
G* ~s* !

2p

E*

M*
uG* ~s* !u2, ~7!

so as to include all decay channels of the Roper resonanc
In the process shown in Fig. 1~c!, the Roper resonance is

excited in the projectile,a particle, and decays intopN. The
Roper resonance is excited byp andr exchange between the
target and the projectile. We include bothp1 andp0 for the
final state. We can write the cross section as
d2s

dEa8 dVa8
5

pa8
~2p!5

Ma
2M2

l1/2~s,M2,Ma
2 !
E d3pp

1

EN8vp
S̄SuTu2d~Ea1EN2Ea82EN82vp!. ~8!

The spin sum and average ofuTu2 for this process is

S̄SuTu2548Fa
2 S fm D 2S f 8m D 4uG* ~s* !u2$@Vl8

2~q!2Vt8
2~q!#~pW pc.m.•q̂!21Vt8

2~q!pW pc.m.
2 %S 2q2

qW 2
D , ~9!
-

where q5pN2pN8, pW pc.m. is the pion momentum in the
Roper rest frame, andf 2/4p50.08, f 850.472@6#. The fac-
tor (2q2/qW 2) arises from the relativistic invariantpNN ver-
tex @5#. Vl8 , Vt8 stand for the longitudinal and transvers
parts of theNN→NN* interaction. We have taken

Vl8~q!5S qW 2

q022qW 22m2
Fp
2 ~q!1g8D , ~10!

Vt8~q!5S qW 2

q022qW 22mr
2
Fr
2~q!Cr1g8D , ~11!

where Fp(q) and Fr(q) are the pion andr-meson form
factor in the form of Eq.~6! with Lp51300 MeV and
Lr51400 MeV,Cr53.96 @7#, andg8, the Landau-Migdal
parameter, is taken to be 0.60. The momentumq in Eqs.
e

~10!, ~11! is taken in the Roper rest frame@5#. The invariant
massAs* of the Roper resonance is approximated to be

s*5~q01M !22S qW 1pW p

2
D 2, ~12!

using the momentum variables in thea rest frame@5#. In this
approximation the momentum transfer is shared equally by
the initial and final nucleon in thea.

Now we consider the process of Fig. 1~d!, the projectile
Roper excitation which decays into the nucleon and the two
pions in theT50, S-wave channel, which carries a certain
fraction of the Roper width@8#. We have again only the
isoscalar exchange contribution because of isospin conserva
tion, which is accounted for by means of the effectives
exchange used for diagram~b!. The cross section can be
expressed as
d2s

dEa8 dVa8
5

pa8
2~2p!8

Ma
2M2

l1/2~s,M2,Ma
2 !
E d3pp2

1

vp2

E d3pp1

1

EN8vp1

S̄SuTu2d~Ea1EN2Ea82EN82vp1
2vp2

!. ~13!
The spin sum and average ofuTu2 is now

S̄SuTu25
3

2
64Fa

2C2gsNN
2 gsNN*

2 uG* ~s* !u2uDs~q!Fs
2~q!u2,

~14!

whereC is the coupling constant of theN*→N12p decay
and C522.66m21 @6#. The variables* is obtained in a
similar way as in Eq.~12!,

s*5~q01M !22S qW 1pW p1
1pW p2

2
D 2, ~15!
with the momenta in thea rest frame.
We omit details of the effective Lagrangians and cou-

plings used for the different vertices. All of them are com-
piled in Appendixes A and B of Ref.@6# and we follow them
strictly. The factor32 in front of Eq. ~14! is an isospin factor
which sums the contribution of thep1p2 decay channel and
thep0p0 decay channel~which has the factor12 of symme-
try!.

In addition to this decay channel we could add the
N*→pD channel which carries a fraction of~20–30!% of
theN* decay width. However, as we shall see, the projectile
Roper excitation mechanism with the dominantN* decay
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channel,N*→pN @Fig. 1~c!#, which we have studied before
gives a negligible contribution, basically because of t
smallpNN* coupling. Since in this case one has again t
exchange ofp andr mesons as in Fig. 1~c!, and the fraction
of theN*→pD decay is smaller than that ofN*→pN, this
mechanism should give even a smaller contribution and
do not evaluate it here.

Finally we consider the doubleD excitation process as
shown in Fig. 1~e!. We havep and r meson exchange in
this process and we have twoD resonances: One is in th
target and the other one in the projectile. The cross sectio

d2s

dEa8 dVa8
5

pa8
~2p!6

Ma
2M

l1/2~s,M2,Ma
2 !

3E d3pp

vp
S̄SuTu2uGDT

~sDT
!u2GDT

~sDT
!,

~16!
,
he
he

we

e
n is

where the propagator and the width of theD are defined as

GD~s!5
1

As2MD1
i

2
GD~s!

~17!

and

GD~s!5
2

3

1

4p S f *m D 2 MAsqc.m.3 , ~18!

with MD51232 MeV, f * 2/4p50.36, andqc.m. the p mo-
mentum forD decay at rest with massAs in thepN system.
The indexDT indicates theD resonance in the target. Here
we replaced the energy conservationd function in terms of
theD propagator and the width in the target in the same w
as Eq.~7!. The sum and average over spin ofuTu2 is given as
f

en

ce
S̄SuTu25S 169 D 2 43Fa
2 S f *m D 6uGDP

~sDP
!u2$@Vl8

2~q!2Vt8
2~q!#~pW pc.m.•q̂!21Vt8

2~q!pW pc.m.
2 %, ~19!

whereVl8 ,Vt8 are defined in Eqs.~10! and ~11!. The indexDP indicates theD resonance in the projectile. The magnitude o
sDP

is defined as Eq.~12!. Equation~19! already accounts for the possibility ofp0,p1,p2 decay of the projectileD and all

isospin channels of the targetD.
As we shall see later on, the diagrams of Figs. 1~c!, 1~d!, 1~e! are negligible and the two important mechanisms are giv

by the diagrams of Figs. 1~a!, 1~b!. When we compare our calculated results with the data@1#, we include the interference of
the two processes. Obviously we must select only theN*→pN decay channel in Fig. 1~b! and evaluate the amplitude for this
process explicitly in order to have the same final state as in Fig. 1~a! and thus have some interference. The interferen
contribution is given by Eq.~8!, replacingS̄SuTu2 by

S̄S~TN*
* TD1TD*TN* !52 ReF643 Fa

2S gsNNFsDsgsNN*FsG*
f 8

m D * S f *m GD

f *

m
@~Vl82Vt8!~pW pD•q̂!~pW p* •q̂!

1Vt8~pW pD•pW p* !#
f

mA2q2

qW 2
D G , ~20!
As
ak

l

he

on
whereTN* is theT matrix of the target Roper process fol
lowed bypN decay,TD is that of the projectileD process,

and pW pD is the pion momentum in theD rest frame and

pW p* is in theN* rest frame. This last expression sums th
contribution from the production of ap0 and ap1.

We should note that the interference between theT51/2
andT53/2 excitations~with the simultaneous different spin
excitation! has appeared because they occur on differe
nucleons, one in the target and the other one in the projec
Should these excitations have occurred both on the tar
nucleon, there would have been no interference. In our c
theD excitation in the target is forbidden but it would hav
appeared if we had a3He projectile instead of4He, and
there would be no interference betweenD excitation and
Roper excitation on the target.
-

e

nt
tile.
get
ase
e

III. NUMERICAL RESULTS

We should mention first the gross features of the data.
can be seen in Ref.@1#, the observed cross section has a pe
aroundv5550 MeV after subtracting the contribution of the
projectileD excitation@Fig. 1~a!# of Ref. @1#, which indicates
the Roper excitation@1#. The data of the energy integrated
cross section of thisN* peak are also available at severa
angles@1#. The data of Ref.@1# has been reanalyzed with a
more precise background subtraction@9#. With these correc-
tions the height at theD peak is about 15% lower than in
Ref. @1#. In Fig. 2 we show the new spectrum@9# with the
appropriate normalization deduced from the scales in t
energy-integrated cross section of Ref.@1# and the correction
in Ref. @9#. By subtracting theD background evaluated in
Ref. @5# we can see that the strength of the Roper excitati



th

all
an

ce

all
er

:

ll
so-

r-
re-

o

he
es.
l

ble
al
es.

n-

e

an
ed
er

e

he
-

und
ir

a

he

53 281ROPER EXCITATION INa-PROTON SCATTERING
at its peak is of the order of 0.25~mb/sr MeV!.
We evaluate the cross section with the mechanisms d

cussed in the former section and show the results in Fig
As we said, in the diagrams Fig. 1~c! and Fig. 1~e! all the
couplings are known. Hence, we can calculate the cross s
tion from these diagrams, which we show in the figure. A
we can see there, their strength is very small and by
means can they account for the strength in the Roper reg
This leaves diagrams Fig. 1~b! and 1~d! to do the job. The
cross sections for these two processes are both proportio
to gsNN*

2 . Even without knowing anything about this cou
pling, we can determine the ratio of the cross sections
these two mechanisms. We found that the target Roper p
cess is much more important than the projectile Roper p
cess followed byppN decay by about a factor of 100. The
cross section of the projectile process is suppressed bec
of the final state phase space which involves two pions.

Hence, the diagram of Fig. 1~b! for Roper excitation in
the target stands as the only likely mechanism to explain

FIG. 2. Calculated cross sections of the target Roper process
the projectileD process@5# at Ea5 4.2 GeV andu50.8°. The
variablev is the energy transfer defined asv5Ea2Ea8. The thick
line indicates the sum of all contributions. Experimental data a
taken from Ref.@10#. Here we usedgsNN*

2 /4p52.35.

FIG. 3. Calculated cross sectionsds/dV dE for (a,a8) on the
proton atEa5 4.2 GeV andu50.8°. The variablev is the energy
transfer defined asv5Ea2Ea8. Each line indicates the contribu-
tion from the process shown in Fig. 1. Here we use
gsNN*
2 /4p51.79.
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data. Thus we fix for the moment the strength ofgsNN* , the
only unknown in the theory, in order to reproduce a streng
of the peak of about 0.25~mb/sr MeV!. The value of the
coupling constant that we get isgsNN*

2 /4p51.79. With this
coupling we can now evaluate the diagram Fig. 1~d! and we
find, as shown in the figure, a very small contribution.

We can explain the reasons why those terms are so sm
here. The cross section of the projectile Roper excitation c
be compared with that of the projectileD excitation @Fig.
1~a!# in Ref. @5# directly. They have the same phase spa
and the sameT matrix except for some factors. We found
that the cross section is so small simply because of the sm
coupling constants. The cross section of the projectile Rop
excitation can be evaluated from that of projectileD excita-
tion using a ratio of the coupling constants, (f 8/ f * )4

52.431023.
For the doubleD process the reasons are the following

First, the peak position of the targetD excitation is different
from that of the projectileD excitation because of the kine-
matics@2,4#. Hence, the cross section is the result of a sma
overlap of two different resonance peaks. Second, the re
nant strength associated withD excitation in the projectile,
which peaks at small excitation energies, is now conside
ably reduced because the phase space available is very
stricted when one forces anotherD to be excited simulta-
neously in the target. To confirm our results we try t
evaluate the result of the doubleD process using the avail-
able ones, from that of the projectileD process. TheT matrix
is the same in both processes except for some factors. T
phase space is now different due to the different final stat
To simulate the doubleD process we increase the fina
nucleon mass of the projectileD process. We found that the
projectile D process with 9401250 ~MeV! final nucleon
mass has a peak at the same position of that of the dou
D process, and its height is around 1/100 of the origin
projectileD process because of the phase space differenc
In addition the peak height of the doubleD process must be
even lower than this peak because of theD width in the
target. Hence, we can reconfirm qualitatively the small co
tribution of the doubleD process.

All these things considered, the Roper excitation in th
target of Fig. 1~b! is the only mechanism which is left to
explain the data. All other processes@Figs. 1~c!–~e!# provide
typically two orders of magnitude smaller cross section th
the experimental data. As we can see in the figure, we ne
only the target Roper excitation and we neglect all the oth
processes hereafter, except for the projectileD excitation
which is large and has already been evaluated@5#.

We show the target Roper contribution together with th
projectileD contribution@5# and their interference in Fig. 2
and compare them to the data. Here we take t
gsNN*
2 /4p52.35. We found that the Roper excitation pro
duces a wide peak aroundv5520 MeV. The interference has
a negative contribution to the cross section and peaks aro
v5350 MeV. The calculated cross section provides a fa
account of the cross section but the dip region betweenN*
and D excitation is poorly reproduced. We have chosen
particular sign forgsNN* , the same asgsNN , which leads to
destructive interference. If the opposite sign is chosen, t

and
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constructive interference leads to a cross section in large
agreement with the data.

In order to obtain a better agreement with the data w
change the expression of the width of the Roper resonanc
Eq. ~3!. Experiments tell us that the Roper resonance dec
not only intop1N (65%) but also intop1p1N (35%)
@8#. We describe in the Appendix how we take into accou
the 2p1N decay. The Roper widthG* in Eqs.~1! and~2! is
replaced by this new form and the distortion effects of fin
2p are also considered inFa . Then we take the freedom to
change the Roper mass and width in the range of their
certainties@8# and try to obtain a best fit to the data b
changingM* ,G* (s5M* 2), andgsNN* . The calculated re-
sults depend generally on these parameters in the follow
way: The peak moves to a lowerv value for larger width and
smaller mass, the peak is higher for smaller width and larg
gsNN* , the peak is steeper for smaller width, and the inte
ference is relatively more important for smallergsNN* . The
result for our best fit is shown in Fig. 4, where we see th
the data are well reproduced. The best fit parameters h
been: M*51430 MeV, G* (s5M* 2)5300 MeV, and
gsNN*
2 /4p51.33.
We show the calculated angular distribution of the Rop

excitation in Fig. 5. The interference contribution is not in
cluded in this distribution. The data are from Ref.@1# and
they should be corrected by the new background subtract
@9#. We should also notice that the fact that the interferen
term between the projectileD and target Roper mechanism i
not small does not allow a clean experimental separation
these mechanisms. With this caveat, the comparison of
results with the experimental data should only be taken
qualitative. The main point we want to stress here is that
monotonous fall down of the cross section is reproduced a
in our theoretical analysis, it is mostly a consequence of
(a,a8) transition form factor and not a property tied to th
Roper resonance itself. We found that our results reprod
the trend of the data well.

Finally we want to comment on thepN scattering ampli-
tude ofP11 channel. In this channel the observed amplitu
@10, 11# has a different form than the standard Breit-Wign
form of the Roper resonance due to the coupling to t
nucleon. In the energy region which we consider in this p
per, the differences are as follows: First the real part of t
observed amplitude has the opposite sign to the Breit-Wig
form atAs<1.2 GeV and second the shape of the real part
the observed scattering amplitude is steeper than the Br
Wigner form at 1.2<As<1.3 GeV because of the off-shel
nucleon effect. In order to see the effect of these differenc
we calculated thea spectrum with a modified Roper propa
gator which has a steeper real part at 1.2<As<1.3 GeV
according to the data of the scattering amplitude. We ha
checked that including these modifications in the ‘‘Rope
excitation changes only a bit the results of Fig. 4 in th
region of the dip, reducing moderately the cross secti
there. Theoretically the inclusion of the nucleon pole term
addition to the Roper pole would help in producing the sha
in theP11 channel.

Now we would like to comment on the meaning of th
‘‘ s’’ exchange interaction obtained. In a more microscop
description of theNN→NN* transition along the lines of the
dis-
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boson exchange model, in the isoscalar channel which
have investigated we would also have a contribution fro
v exchange and from uncorrelated 2p exchange. It is easy to
see that assuming a similar scaling here forv exchange and
the uncorrelated 2p exchange, with respect tos exchange,
as one has in theNN potential @7#, the effects ofv and
uncorrelated 2p exchange are very important and one finds
large cancellation betweens and v exchange. In addition
one should use this as input for a transition potential a
initial and final state interactions of theNN or NN* systems
~correlations! should also be taken into account. For all thes
reasons the ‘‘s ’’ exchange potential which we have obtaine
should not be interpreted as as exchange for the
NN→NN* transition along the lines of a one-boson ex
change model. It is simply an effective interaction whic
accounts for all the ingredients in theT50 exchange channel
(s, v, and correlations!. One may wonder, why use the
explicit s mass in the exchange? There is certainly no jus
fication for it, except thata posteriori one finds that the
mass of the object exchanged is irrelevant in the descript
of the cross section and it can be equally reproduced us
any other mass. Hence the ‘‘s ’’ exchange obtained stands
only as a useful and intuitive parametrization of the effectiv
interaction in theT50 channel. With this easy interaction
one can make predictions for analogous reactions using ot
nuclei, one can evaluate cross sections at other energie
the beam, etc.

Obviously, although the limited information of the presen
reaction does not allow one to extract enough information
construct a one-boson exchange model for theNN→NN*
transition, the job done here, separating theD projectile ex-
citation from the Roper excitation, provides some partial, b
useful information, on theNN→NN* transition to be used
in the future in attempts to construct a microscopical mod
for this interaction. Some steps in this direction, by lookin
at the role of uncorrelated 2p exchange, have been given in
Ref. @12#.

IV. SUMMARY

We have studied the Roper excitation in the (a,a8) reac-
tion on the proton target. All processes which may be re

FIG. 4. Same as in Fig. 2. Here we usedgsNN*
2 /4p51.33,

M*51430 MeV, G* (s5M* 2)5300 MeV, and the Roper width
discussed in the Appendix.
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evant in this energy region were investigated. We found th
the experimentala8 spectrum can be reproduced by two pro
cesses, the projectileD excitation and the target Roper pro
cess. The target Roper process is mediated by an isosc
exchange between thea and the proton and we have dete
mined from the experiment the effective isoscal
NN→NN* transitiont matrix.

We could find a good reproduction of the data with valu
of M* and G* close to the average values quoted in th
particle data table 8. We found a good agreement with
data withM*51430 MeV,G* (s5m* 2)5300 MeV, and a
certain choice of the parameters of the effective interactio

The experimental dependence of the cross section on
a8 angle was qualitatively reproduced and found to be tied
the a form factor, not to the properties of the Roper res
nance.

The present work also lays the ground for extension
studies ofN* excitation in nuclei in order to study the modi
fication of theN* properties in a nuclear medium. The exc
tation of theN* with the (a,a8) reaction, because of the
large strength and clean signature, would be probably one
the ideal tools for such studies.
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APPENDIX: DECAYWIDTH OF THE ROPER RESONANCE

In this appendix we will explain our model of the width
of the Roper resonance. We include theN*→p1N and
N*→p1p1N decay channels. Writing the decay width o
each channel byGp* and Gpp* , we define the total decay
width as

G* ~s!5Gp* ~s!1Gpp* ~s!. ~A1!

The width of thep1N decay channel has the same for
as that of Ref.@6#,

Gp* ~s!5Gp* ~s5M* 2!
qc.m.
3 ~s!

qc.m.
3 ~M* 2!

, ~A2!

where Gp* (s5M* 2)5PpG* (s5M* 2), with G* (s5M* 2)
the experimental Roper width andPp thepN decay branch-
ing ratio. The magnitudeqc.m.(s) is thep momentum in the
center of mass frame of thepN system with energyAs.

For the width of thep1p1N decay channel, we assum
the N*→p1D as an intermediate state in this paper a
express the width as follows:

Gpp* ~s!5E d3pp

~2p!3
d3pD

~2p!3
MD

ED

1

2vp
S̄SuTu2~2p!4

3d4~p*2pp2pD!, ~A3!

wherep* m is the four-momenta of the Roper resonance a
is (As,0W ) in the Roper rest frame. ThepDN* coupling is
taken to be of the same form as that ofpND with the cou-
pling strengthf pDN* @6#. After replacing the energy conser
vation d function into theD propagator and width as in Eq
~7! in the text, we find theGpp* is described as

Gpp* ~s!5
1

3p2 S f pDN*
m D 2E dpp

pp
4

vp
uGD~sD!u2GD~sD!,

~A4!

which has included all the isospin channels, whereGD and
GD are defined in Eqs.~17! and ~18!, respectively. The cou-
pling constant fpDN* is determined by the normalization
condition Gpp* (s5M* 2)5PppG* (s5M* 2) with G* (s
5M* 2) the experimental Roper width andPpp the ppN
decay branching ratio. We obtainfpDN*52.47 for
M*51440 MeV,G* (s5M* 2)5350 MeV, andPpp50.35
@8#.
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@7# R. Machleidt, K. Holinde, and Ch. Elster, Phys. Rep.149, 1
~1987!.

@8# Review of Particle Properties, L. Montanetet al., Phys. Rev. D
50, 1173~1994!.

@9# H. P. Morsch~private communication!.
@10# R. A. Arndt, J. M. Ford, and L. D. Roper, Phys. Rev. D32,
1085 ~1985!.

@11# R. E. Cutkosky and S. Wang, Phys. Rev. D42, 235 ~1990!.
@12# B. Desplanques, Z. Phys. A330, 331 ~1988!.


