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In this paper we compare a model that contains the mechanisther€itation in the projectile and Roper
excitation in the target with experimental data from tvabd’) experiments on a proton target. The agreement
of the theory with the experiment is fair for the data taked @t 2.3 GeV. TheA excitation in the projectile
is predicted close to the observed energy with the correct width. The theory, however, underpredicts by about
40% the cross sections measured gat= 1.6 GeV at angles where the cross section has fallen by about two
orders of magnitude. The analysis done here allows us to extract an approximate strength for the excitation of
the Ropell N* (1440)] excitation and a qualitative agreement with the theoretical predictions is also found.

PACS numbdps): 25.45~z, 14.20.Gk

. INTRODUCTION Dubna on the proton antfC, are given in Ref[14] and the
final data tables are published in REf5]. In Ref.[16] po-

The (a,a’) reaction on a proton target measured aljrization observables for thai(d') reaction on proton tar-
Saclay[1] has been instrumental in setting the question ofyets are discussed bringing new information on electromag-
the mechanism ok excitation in the projectiléDEP), which  netic form factors of the deuteron and on mechanisms for
was introduced in Ref2] in order to describe the’tle.t)  grong excitation of nucleonic resonances. The description
reaction inp andd targets[3]. That mechanism plays a neg- qone in Ref[12] was extended to higher energies of around
Iigi.ble_ role in thg €Hejt) reaction on proton targets but is 19_15 GeV[17], showing that the magnitude of the Roper
quite important in the same reaction on neutron targets angycitation can be increased by about one order of magnitude
was predicted to be dominant in théHe *He) reaction 0N and the relative strength of the Roper signal to the one of the
proton and neutron targefd]. Prior to the @,a’) experi-  pEP mechanism becomes of the order of unity, much bigger
ment the relevance of the DEP mechanism was a subject @fian in the @,a') experimenf1] where it is about 1/4. In
debate[5_,6], particuSIarIy becau;e of the small strength of_this Ref. [18] polarization observables in thef),(ﬁ’) on a *He
mechanism in the*He.t) reaction on proton targets, Which 5,06t are studied with its view towards possible experiments
allowed interpretations omitting [7,8]. The (a,a') reaction 1y pe carried out at the Indiana Cyclotron.
on a proton target is ideal to isolate the DEP mechanism  The program of nucleon resonance excitation using bary-
since, because of isospin, the excitation on the proton gnijc interactions is thus catching up, and certainly will bring
target is forbidden. This allowed us to test the ideas intrO-Comp|ementary information to the one obtained with electro-
duced in Ref[2] and indeed the large peak in the experimentmagnetic probes or meson induced excitation.

[1] corresponding to DEP was well reprodudéd. The present work, DEP and Roper excitation on the

In addition to the issues discussed above, #ex() ex-  (d,d’) reaction on proton targets, should be considered as a
periment[1] observed a smaller peak at higher excitationcomplement to the one of ther(a') reaction[12]. The fact
energies which was attributed to the Roper excitation. Thighat the deuteron has an isospin 0 makes the two works
mode of excitation of the Roper is novel, since it involves ansimilar sinceA excitation on the proton target is forbidden in
isoscalar source, and can be relevant in determining thBoth cases and only DEP and Roper excitation are allowed in
strength of three body forcg40] and providing new tools the region which we study. However, the fact that the deu-
for the comprehension of tféN— NN and related reac- teron has a total spid=1 induces some differences with
tions[11]. respect to the,«’) reaction and sets different constraints

The strength of the isoscald¥N—NN* transition was on the theoretical models. With new experiments on this is-
determined empirically from the experimental data in Ref.sye coming, the need to have reliable theoretical models to
[12], where the model of Ref9] for DEP was used and the extract the relevant information becomes apparent, and in
interference of the two mechanisms was also considered. Thfiis sense our present work is a valuable one. We have taken
analysis proved consistent with the present knowledge oidvantage of the existence of experimental information from
position, decay width and partial decay widths of the Ropersaclay measurements of the,d’) reaction and we present
and helped to narrow the experimental uncertainties on thesgre a paper where the theoretical ideas are exposed, the data
magnitudes. are presented and a discussion is made from comparison of

The issue of strong isoscalar excitation of nucleon resotheory and experiment.
nances has captured more attention after the first inclusive Early work on the present reaction at different kinematics
(d,d’) data were obtainefll3]. The T,, data obtained at is done in Ref19]. We will compare the theoretical results
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FIG. 1. Diagrams for thep(d,d’) X reactions considered in this
paper. They arda) the A excitation in the deuteron an) the
Roper excitation in the proton. The exchange must be interpreted
as an effective interaction in the isoscalar exchange chdaggl

of the model with recentd,d’) measurements done at

Saclay[20] and older ¢,d’) measurement§21] done at
lower energies and larger angles.

Il. FORMULATION

In this section we consider a theoretical model of the
(d,d") reaction on the proton target. We include two pro-

cessesA excitation in the projectile and Roper excitation in

the target, which are shown in Fig. 1 and are the dominant

processes in this energy regidt2]. We include both therN

and 27N decay modes of the Roper resonance. Since wé

need to take care of the interference between the projéectile
process and the target Roper process decayingzhtpwe
treat the Roper— 7N and Roper— 27N processes sepa-

rately. We take the same model which was used to analyze
the (a,a’) reaction at 4.2 GeV and use the same values for

all parameter$12].
The cross section for thesd decayA and Roper pro-
cesses is given by

d’o Py M3M? . 1
- [ .
dEqdQqy  (27)° \Y4s,M2,M3) En®n
X33 TY728(Eq+ En—E4— El—w,),

)

where\ (---) is the Kdlen function ands the Mandelstam
variable for the initialp-d system, and momentum conserva-
tion, pg+ Pn= P4+ P+ P is already implied. The projectile
A mechanism T,) leads to arN through the decay of the

A. Part of the Roper excitation mechanism leads to the same.

final state through the decay of th& into #N. We call this

latter pieceT:™ . Hence the sum of the two mechanisms lead-

ing to wN is given by
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TIT=T,\+T,7. )

The nucleon and deuteron spin sum and average of each
|T|? and plus the interference term can be written as

— 16 [ f*\4/ f)2 —q? »
s 2or ) [ e 3 s
+3(V] = V) (pa- )], 3
S - 2 f)2 2 2 21222
S TE= 1083 | G G, D2
4
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16 _,f' [f*)\2f e o
=2R ?Fd; ; ;gUNNgUNN*DUG*GAFJ

X[V (Py - Q) (Pa- Q)+ Ve (Py - Pa— (Py - Q)

_ N2
><(6A-a>>]j\/—fj ,
q

whereG, andG, are the propagators of the and Roper
resonanced) , the propagator of thee mesonF, the cNN
vertex form factor. The momenﬁak ,ﬁA, andﬁ are the pion
momenta in the Roper rest frame, pion momentum inAhe
rest frame, and momentum transfer between the nucleons,
espectivelyV,, andV,, stand for the longitudinal and trans-

©)

verse parts oONN—NA effective interaction which includes

, p, andg’ contributions, wherg’ is the Landau-Migdal
parameter which is meant to account for short range correc-
tions to them andp exchange. Thé's andg’s are coupling
constants. All details, including parameter values, are shown
in Ref.[12].

The functionF4 is the deuteron form factor defined as

Fo(K)= f dre* (el "2(r), (6)
where ¢(r) is the relative wave function of the deuteron
obtained from the Bonn potentig&2]. The momentum trans-

fer of the deuteron is denoted ty=py—py taken in the
initial deuteron rest frame. We have included only the
swave part of the deuteron wave function for simplicity.
The contribution from the target Roper process decaying into
27N is calculated separately as

2

P 2MgM

dEdrde/ - (277)3 )\llZ(S,MZ,Mg)

d?c

33726, |77
(7)
with

33 T772=4F 3920 e Do F 212 )
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using the partial decay width; ™, whose explicit form is ' ' PAIX Einc-23 GeV, 1.1 deg.
shown in the Appendix of Ref{12]. This contribution is
added to the % contributions incoherently.

0.8

Ill. DISCUSSION OF EXPERIMENTAL RESULTS 06l

1

We compare our theoretical results with two independent
experimental data sets. One has been obtained recently
T4=2.3 GeV at Saturng20] and another was measured
some years ago dt;=1.6 GeV[21].

First, we consider the new data which were obtained dur-
ing a short run at Saturne with a deuteron beam of 2.3 GeV.
The deuterons were directed orda 4 cmthick liquid hydro-
gen target with thin Ti windows (15um). After going
through a 40 cm thick lead collimator, the scattered deuter-
ons were momentum analyzed at very small angles using th 0.0
SPES4 spectrometé23] with a momentum acceptance of
+3% and a resolution 010 3. In the focal plane of the M,—M [MeV]
spectrometer, the scattered deuterons were detected using the

three front wire chambers of the extended vector polarimeter F!G- 2. The double differential cross sectiofio/dM,dQ is
POMME [24]. shown as a function of excitation energy of the proton. Fheis

IIhe invariant mass of the target system. Solid circles indicate the
g_xperimental data obtained in RE20]. The theoretical calculations
are also shown in the figure, which are total spect(solid line),
¢tontribution fromA excitation(dashed ling and contribution from

mb
MeV sr

[

041

d’c
dM,dQ

0.2

800

In this experiment, special care was taken to minimize al
possible experimental backgrounds. A missing mass spe
trum was measured at 1.1° in five different momentum bites

respectively, centered on 2.6, 2.8, 3.0, 3.2, and 3.45 GeV/ Roper excitatior{thick dotted ling. The Roper contributions decay-

covering an excitation engrgy region up to 600 MeV. Theing into 7N and w7 N are separately shown as thin dotted lines.
spectrometer acceptance is 15% of the central momentum

leading to smaller momentum bites for higher excitation en-mentum bites. Absolute cross sections were determined us-
ergies. In order to get the most out of the limited beam timeng monitors calibrated with the Carbon activation method
in terms of number of counts in each bite and range of covi25]. This is the well tested standard method of normaliza-
erage in excitation energy, the momentum bites were set d@®n used at Saturne.
follows: two overlapping bites around 200 MeV of excitation =~ The measured missing mass spectrum shown in Fig. 2 is
energy, where the excitation of the resonance in the pro- dominated by a large structure centered around 200 MeV.
jectile is expected, and, three non overlapping bites spanninghis structure has been identified as the excitation of the
the excitation energy range from 300 to 600 MeV, where theDelta resonance in the incoming deuteron. The cross section
wide Roper resonance is expectéite kinematical limitis at  drops sharply between 200 and 300 MeV of excitation en-
680 MeV of excitation energy The target was located out- ergy. Between 300 and 600 MeV, there seems to be an ex-
side of the magnetic field of the spectrometer so the usualess of cross section above the high energy tail of Ahe
SPES4 corrections for correlations between scattering angkesonance. There seems to be a discontinuity in the measured
and scattered momentum were not necessary. cross section around 500 MeV of excitation energy. This
The cross section spectrum was binned in 10 MeV stepsorresponds to the highest excitation energy bite that we can
of excitation energy. For each setting of the spectrometergleanly measure and could be affected by the subtraction of a
empty target measurements were taken for background subkelatively large empty target contribution.
traction. The ratio of full to empty target was in the range of In Fig. 2, we compare our theoretical resuitecluding all
8 to 10 dropping to 2 for the lowest setting of the spectrom-reaction mechanisms described in Sepwith these experi-
eter (corresponding to high excitation energiegVe could mental data. We have plotted on the same figures the differ-
not get clean measurement at momenta smaller than 2&nt curves corresponding to the excitation of thalone, the
GeV/c because of the large background due to rescatteringxcitation of the Roper alone and the total cross section tak-
through the lead collimator. When present, this backgroundng into account the interference between the two. For the
shows a strong angular dependence; taking into account thexcitation of the Roper, the contributions for theN and
shape of the collimator, different cuts on angular acceptanc2=N channels are also shown. We see that the projestile
lead to substantial changes in the shape and slope of thexcitation makes a large contribution to the cross section
spectrum. For all momentum bites shown in Fig. 2, the off-around 200 MeV. The calculation correctly reproduces the
line analysis of full versus empty target spectra and softwarexcitation energy of thé\ and its width, however, it over-
cuts on angular acceptances showed no changes in the shagedicts the cross section at the maximum by at least 20%.
of the spectrum; only overall scaling of the spectrum consisThe excitation of theA in the projectile cannot account for
tent with the changes of the solid angle, were observed. Thithe observed cross section between 300 and 500 MeV. This
extensive off-line analysis led to the conclusion that no sig+range of excitation energy is where we are expecting the
nificant experimental background was present for these mdRoper resonance to be and the calculation indeed predicts
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FIG. 3. The double differential cross sectiofio/dM,dQ is FIG. 4. The double differential cross sectidio/dM,dQ) is

shown as a function of excitation energy of the proton. Mheis shown as a function of excitation energy of the proton. Fheis

the inyariant mass of t.he “'?“get system. Solid (_:ircles indic_ate th'f‘ne invariant mass of the target system. Solid circles indicate the
experlr_nental data obtained in RE20]. The theore_tlcal ca_lculatlons_ experimental data obtained in RE20]. The solid line indicates the
normalized by a factor of 0.85 are also shown in the figure, Wh'ChA excitation contribution extracted from data obtained in R2t]

are total .spectrun(sol?d I!ne), contribution fr.om.A excitgtion and normalized to present data at the peak. The Roper contribution
(dashed ling and contribution from Roper excitatidqdotted ling. calculated by our model and normalized by a factor of 0.85 is

Solid triangles are Roper contribution extracted from the data byshown by dotted line. Solid triangles are Roper contribution ex-
subtracting the calculated and interference contributions with a

Y tracted from the data by subtracting thecontribution shown by
normalization factor of 0.85.

the solid line and the calculated interference contribution with a

. . o normalization factor of 0.85.
this excess of cross section to be due to the excitation of the

Roper resonance. The calculation again overpredicts theesses has been subtracted. However, in [R&f.other pos-
measured cross section in this region. sible mechanisms were studied, and they were found to be
In order to extract the excitation of the Roper in the 200 tosmall, leaving only theA excitation in the projectile and
600 MeV region, we assume that the shape of the calculateBoper excitation in the target as responsible for the reaction
DEP is correct and we normalize it to the experimental speceross section in the energy region studied here. According to
trum at the maximum of the\. This leads to an overall this, the signal obtained here for the Roper excitation, within
normalization factor of 0.85. We then subtract from the meaexperimental and theoretical uncertainties, should be rather

sured data the calculated differential cross section for théair.

excitation of theA and the interference between Roper exci- An empirical way to subtract the DEP contribution was
tation andA excitation in the projectile, as described in Eq. done in Ref[20], and this is shown in Fig. 4. The shape of
(5), also multiplied by the same normalization factor 0.85.the excitation of theA in the projectile is taken from the
What is left should mainly correspond to the excitation of themeasurements of Baldirgt al. [21]. The assumption being
Roper resonance plus some physical continuum. In Fig. 3 wehat atT4= 1.6 GeV, the measured spectrum is mainly domi-
plot the measured data points, the predicted calculations nonated by the DEP mechanism and therefore its shape is a
malized by 0.85 and the excess of cross section left once thgood empirical shape for this excitation. This shape is nor-
DEP and interference contributions are subtracted. The exnalized to the data obtained &y=2.3 GeV, at the maxi-
cess of cross section has a maximum around 400 MeV, mum of theA resonance. Once this empirical DEP contribu-
width at half maximum of about 230 MeV, and an asymmet-tion and also the interference contribution evaluated as in the
ric shape with a long low energy tail. The calculation of the previous case are subtracted, a wide structure is left, centered
Roper contribution, normalized by the factor 0.85, agreest 350 MeV with a width at half maximum of 230 MeV. The
qualitatively in shape and strength with the experimentatotal cross section in this structu(ep to 540 MeV of exci-
cross section left once we have subtracted the DEP and thation energyis of the order of 348 mb/sr. This value is in
interference. Only the theoretical peak is shifted to higheragreement with our previous determination of the excess
excitation energy by about 25 MeV. The total experimentalcross section. The shape of the excess cross section is more
excess cross section, up to 540 MeV, is£38 mb/sr to be  symmetric than on the previous case and this is possibly due
compared to the predicted cross section of 28 mb/sr for théo the fact that the empirical spectrum taken from R2d]
Roper resonance. As mentioned earlier, this experimentallready contains some contribution from the excitation of the
cross section should be in principle an upper limit since ndRoper.

underlying continuum corresponding to other physical pro- We have also compared our theoretical results with data
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This discrepancy has to be looked at, however, in the proper
§ perspective. Indeed, the angles where the cross sections are
,§ 3 measured in Ref21] are #=6.6°. At the smallest angle the
16} 3 1 cross section has fallen by a factor of 30 from the forward
direction. This fall down is mostly due to the deuteron form
4 factor which involves large momentum transfers. In this case
our neglect of thed wave in the deuteron is not justified.
This, and other approximations could explain these discrep-
ancies. In view of the fact that they represent only about 1%
of the integrated cross section, we pay no further attention to
these discrepancies, but the qualitative agreement found also
gives partial support to the model.

In what follows we would like to make some estimates of
the theoretical uncertainties in the present analysis of the
data. One of the sources of uncertainty is our neglect ofithe
wave in the deuteron wave function. The other one is the
possible effect of Fermi motion in the deuteron. These two
factors could change the shape on thexcitation strength

P 1GeV /¢l and hence lead to uncertainties in the Roper excitation after
the DEP strength and interference are subtracted from the

FIG. 5. The double differential cross sectiafo/dpdQ is data.
shown as a function of the emitted deuteron momentunT at We begin by the effect of Fermi motion. The deuteron
=1.6 GeV. Solid circles indicate the experimental data obtained irFermi motion is considered here in the same way as done in
Ref.[21]. The theoretical calculations are also shown in the figure Ref, [9]. It affects theA propagator which enters the evalu-

which are total spectrurgsolid line), contribution fromA excitation ation of the DEP mechanism. This propagator is given by
(dashed ling and contribution from Roper excitatiqdotted line.

Baldini data 6.59 deg.

]
s

mb
GeVic sr

[

dc
dp dQ

0
1.6

2.8

at 1.6 GeV[21]. The data measured at 6.59° and 8.05° are G,(s)= _ , (9
respectively compared to our predictions in Figs. 5 and 6. Js— M+ I—FA(S)
Our calculated results reproduce the overall shape of the 52
spectrum well. However, the theoretical results are about . _
30% smaller than the data at 6.59° and about 40% at 8.05%here the variable is taken as
S>>\ 2
° Baldini data 8.05 deg. S= (q°+ M )2— (%) ) (10
iii whereq and p, are the momenta of the exchanged meson,
6f T and the emitted pion, respectively, taken in the frame of ref-
— : $ erence where the deuteron is at rest. In this approximation
i the momentum transfer is shared equally by the initial and
§§ final nucleon in the deuteron. The fairness of this approxi-
~§ a} mation to account for Fermi motion of the nucleus was well
ﬁg established in Refd.26,27] in the study of coherent pion

photoproduction with similar momentum transfers as here.
However, in order to see the effects of Fermi motion and
have a feeling for possible uncertainties from this source we
have conducted new calculations in which in Efj0) we

assume the initial momentum of the struck nucleon of the

deuteron to be zero. This replacesH(p,,)/2 in that equation
258 by g.
We can see the results of the new calculation in Fig. 7.
pa [GeV [ ] We can see that the strength of theexcitation is increased
foe by about 20%. The prescription followed here to account for
FIG. 6. The double differential cross sectisfo/dpdQ is ~ Fermi motion was found in Ref$26,27) to be rather accu-
shown as a function of the emitted deuteron momentunTat rate, but even then we see that the effects of ignoring it
=1.6 GeV. Solid circles indicate the experimental data obtained irRltogether do not bring drastic changes in the cross section.
Ref.[21]. The theoretical calculations are also shown in the figure,The possible uncertainties from this source are further mini-
which are total spectrurfsolid line), contribution fromA excitation ~ mized if we normalize the theoretical results to the experi-
(dashed ling and contribution from Roper excitatiddotted ling. mental cross section, as we have done in the analysis of this
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1.0 ¥ ¥ ¥ (6) we have taken only the wave of the deuteron so far.
Inclusion of thed wave into our scheme would lead to two
parts. One with the same structure as we have, which goes
with the jo(kr/2) component of the exponential, but substi-
tuting u? by u?+w? in Eq. (6) (u andw are thes- and
d-wave parts of the deuteron wave function, respectjvely

0.8

1

9 > o6f and another one which goes with thgkr/2) component of
2 . . . .
= the exponential. Detailed evaluations of these two parts in
e the deuteron form factor can be seen in R@B] and there
~°§~ 0.4f we see that up to 500 Me¥/the j, part of the form factor
S

contributes less than 10%. On the other hand the difference
between thej, component evaluated with just trewave
(normalized to unity on thes plus d-wave parts of the deu-
teron wave function are smaller than 4% up to this momen-
tum. In our case 500 Me\¢/momentum transfer corresponds
to an excitation energy of around 550 MeV in Fig. 2, just the
tail of the distribution beyond the Roper excitation region
M, — M [MeV] which we have studied here. On the other hand in the case of
Fig. 5, 500 MeVt would appear apy around 2.25 Ge\W
FIG. 7. The double differential cross sectidfo/dM,dQ is and in Fig. 6 one has already 500 M&#homentum transfer
shown as a function of excitation energy of the proton. Mheis  around the peak of the distribution. Hence, our neglect of the
the invariant mass of the target system. Calculated total spectrug-wave part of the wave function would induce more uncer-
(solid line) and A excitation contributiondashed ling are shown. tainties, in the line we discussed above when we discussed
Thin lines are the same results as shown in Fig. 2. Thick lineshe Baldini's data.
?ndicate the rgsults obtained neglecting the Fermi motion of nucleon Altogether, we can safely say that in our analysis of the
in the projectile, see text. Roper excitation the uncertainties coming from the theoreti-
cal model and approximations done are at the level of 10—
work. Indeed, if we do so we obtain the results shown in Fig.15 %.
8, which are shown superposed to those of Fig. 3. As we can
see there, the differences found between neglecting the
Fermi motion, or taking it according to our prescription, are
very small up to 500 MeV of excitation energy, once the With the help of a theoretical model previously used to
normalization of the cross section around the peak of th@nalyze the ¢,«') reaction on the proton, exciting thein
delta resonance is done. the projectile plus the Roper, we have analyzed data on the
As for thed wave of the deuteron we have proceeded agd,d’) reaction on proton targets at a deuteron energy 2.3
follows: In the evaluation of the deuteron form factor of EQ. GeV. The use of the model becomes necessary because there
is an important interference between the mechanism of delta
excitation in the projectile and Roper excitation in the target
(followed by =N decay. We observed that the model gave a
good reproduction of the shape of the excitation in the
target, but the normalization exceeded the data by about
20%. In view of that in order to subtract this contribution
and obtain the strength for Roper excitation, we found it

0.21

0.0
9 800

IV. CONCLUSION

0.8

06

]

o 3 justified to normalize the theoretical results by a factor 0.85

EE which leads to good agreement with the data in ahexci-

e oal tation region. Similarly we multiplied by the same factor the

~§§~ interference term, calculated theoretically, and these two
AN

pieces of “background” were subtracted from the measured
data in order to obtain the Roper excitation strength. We
found a qualitative agreement with the theoretical predictions
for Roper excitation of the model, also normalized by the
same factor.

In order to estimate uncertainties due to the use of a the-
oretical model in the analysis we compared our results to
those obtained in Ref20], where an empirical approach was
used to subtract the DEP contribution using the shape of the

FIG. 8. Same as Fig. 7 except for the normalization to the exA resonance excitation from a previous measurement at the
perimental strength. Thin lines correspond to the calculated resultower energies, where there should be a small contribution of
in Fig. 3. Roper excitation. The results obtained with both methods

021

0.0 . ! =
9 200 400 600 800

M,—M [MeV]
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agree qualitatively, the integrated strengths obtained arand the importance that the isoscalar excitation of the Roper
similar, only the peaks of the Roper strength appear a biits bound to have in other processes, should stimulate further
shifted with respect to each other in the two analyses. Wexperiments at higher energies.
estimate that considering statistical and systematic errors, the
latter ones from the model dependence of the subtractions,
the strength of the Roper determined here is accurate within
25%, and within these errors the agreement with theory can We are grateful for the support of Monbusho which en-
be claimed acceptable. The shape and the width of the Ropabled one of us, E.O., to stay at RCNP where part of this
strength are compatible with the empirical information aboutwork was done. One of us, S. H., acknowledges the hospi-
the resonance. tality of SATURNE, Saclay during his stay and the hospital-
The present analysis confirms the substantial strength faty of the University of Valencia where part of this work was
NN— NN* transition in the scalar channel which has beendone. This work was partly supported by DGICYT Contract
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