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Structure of the P11„1440 MeV… resonance froma-p and p-N scattering
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~Received 19 July 1999; published 29 December 1999!

To understand the various results on theN* (1440 MeV! resonance in a consistent way, the data ona-p
scattering atEa54.2 GeV were reanalyzed assuming projectile and target excitation, and their interference. A
quantitative fit of the spectrum is obtained, assuming for theN* mass distribution a threshold modified
Breit-Wigner shape with momentum-dependent width and resonance parametersM51390620 MeV andG
5190630 MeV. This, however, is not consistent with the data onp-N scattering which, in general, require a
higher resonance mass and a larger width. Both systems,a-p and p-N, can be described consistently in a
T-matrix formalism, assumingtwo structuresin the P11(1440 MeV) resonance, from which only the first one
is observed ina-p. For this structure the elasticp-N width is small and the decay into the 2p(s)-N channel is
large. This strongly supports the conclusions drawn froma-p scattering. The second structure at higher mass
has a strong decay into thepD channel and can be well understood as a second-order excitation of the
D(1230 MeV). The two resonance picture of theP11(1440 MeV) resonance is supported byg-induced
reactions; no evidence is found for the firstN* , however, the second resonance is observed~although more or
less obscured by nonresonantp-D production!. A further crucial test of the existence of two structures in the
Roper resonance is provided by exclusivea-p experiments; aN* decay pattern should be found quite different
from p-N with a very strong 2p decay.

PACS number~s!: 25.55.Ci, 25.10.1s, 14.20.Gk
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I. INTRODUCTION

The first N* resonance at about 1440 MeV is in ma
respects a very interesting and important resonance. At
energy aP11 resonance has been deduced from phase-
analyses@1–6# of elasticp-N scattering~Roper resonance!.
Although this resonance has never been seen directly in
perimental spectra, it is a rather well established four s
resonance. Its mass distribution is quite different from a n
mal Breit-Wigner form and has an unusually large width~as
compared to neighboring resonances!. Resonance paramete
extracted from the different observables~see Refs.@1–6#! are
not consistent. From a fit of the resonance in the totalp-N
cross section, resonance parametersM and G are obtained
which are about 1470 and 350 MeV, respectively. A low
mass and a smaller width, about 1375 and 180 MeV, res
tively, is suggested from the speed@1,7# ~derivative of the
scattering amplitudeT with respect to the massudT/dmu!
which shows a beautiful peak structure centered at ab
1370 MeV. This resonance has also an anomalous beha
@7# in Im Tin, which describes the absorption from the elas
channel: instead of a peak as observed for other resona
only a falloff to lower absorption is found. TheP11 reso-
nance is dominant in the elasticp-N channel; the inelastici-
ties into 2p(s)-N ~2p coupled to isospin50! andp-D, stud-
ied in the p-N→ppN reaction @8,9#, are on the order of
10–20 %. In addition a small decay intor-N has been de-
duced@3,8#.

More recently, a resonance in the same mass region
been observed@10# in a-p scattering~Saturne resonance!.
With the quantum numbers (J,I )P5(1/2,1/2)1 this reso-
nance is seen ina-p scattering as a monopole excitation (L
0556-2813/99/61~2!/024002~10!/$15.00 61 0240
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50) without change of spin and isospin~DS50, DI 50!. In
comparison with an energy-weighted operator sum rule
excitation has been found to be quite strong@11#; therefore, it
has been interpreted as a compression or breathing m
from which the nucleon compressibility has been deduce

Theoretically, aN* (1/2,1/2)1 resonance at low excitation
energy is of particular interest. In the constituent qua
model@12# such a resonance corresponds to a 1s→2s quark
excitation which should lie at an excitation energy of abou
GeV. Therefore, attempts in this model to bring down t
excitation energy significantly were not very successful. T
inclusion of a three-body force@13# gives a much better de
scription. Recently, in the context of chiral symmetry co
servation a meson-exchange interaction has been emplo
assuming that the massive quarks interact by the exchang
mesons@14#. In this model theN* (1/2,1/2)1 comes down to
the experimental value. Interestingly, also in other chi
models as, e.g., in the Skyrmion model@15# ~which treats the
baryon structure as a mesonic field!, a monopole mode is the
lowest excitation of the baryon. Finally, it has been spe
lated that this resonance might correspond to a hybrid st
ture @16#.

In the present paper an attempt is made to understand
results forp-N anda-p scattering in a consistent way and
resolve the above-mentioned problems inp-N. In Sec. II the
description of thea-p spectrum is presented. Then, realis
resonance forms are given in Sec. III in aT-matrix approach.
Assuming one resonance only, this yields results which
not consistent for the two scattering systems. In Secs. III
IV a quantitative description is discussed in a two-resona
model. Calculations of resonant and nonresonantpD produc-
©1999 The American Physical Society02-1
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H. P. MORSCH AND P. ZUPRANSKI PHYSICAL REVIEW C61 024002
tion in a folding approach are presented in Sec. V and fin
a comparison is made withg-N in Sec. VI.

II. DESCRIPTION OF THE a-p SPECTRUM

We performed calculations of energy-loss spectra
a-p→a81X, using differentN* mass distributions. In or-
der to obtain quantitative comparison with the experimen
data in Ref.@10#, a smooth instrumental background has
be subtracted, which originates from the entrance collima
of the SPES4 spectrometer. The existence of such a b
ground, which is well approximated@17# by an exponential
form, has been established in more recent experiments a
apparent in two-dimensional energy versus momentum s
tra of the scattereda particle. Figure 1 shows an experime
tal spectrum~which is quite similar to that shown in Re
@10#! together with an exponential background fit.

FIG. 1. Calculated missing energy spectra of inelastica-p scat-
tering using a mass distribution from thep-N total P11 cross sec-
tions ~Roper resonance! in comparison with the data~slightly cor-
rected spectrum from Ref.@10# with an exponential collimator
background indicated by the solid line, see Ref.@17#!. Upper part:
total spectrum in comparison with the contribution from project
excitation~1!, dashed line,N* excitation~2!, dot-dashed line, and
the sum of target and projectile excitation, solid line. Lower pa
background and projectile excitation subtracted from the exp
mental data in comparison with the sum ofN* target excitation and
interference term~solid line!.
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Similar to previous calculations@10,18,19#, for the de-
scription of the spectrum we assumed two contributions,~1!
D excitation in the projectile~which decays by coherent pio
emission@18#!, and~2! excitation of theN* resonance in the
proton, which can decay by one and two pions. These re
tion graphs are indicated in Fig. 2. The importance of
interference between graphs~1! and ~2a! has been pointed
out in Ref. @19# and has been included in our calculation
Other reaction graphs have been estimated to be almost
orders of magnitude smaller@19# and have therefore bee
omitted.

Using the Monte Carlo method, double differential cro
sectionsd2s1,2/(dVdv) were calculated for processes~1!
and ~2!; v is the energy transfer between the incoming a
outgoing a particle, v5(Ea8-Ea). If we approximate the
inclusive amplitudes fora-p→a81X by

A1,25a1,2exp~2 if1,2! f ps1,2~v!,

this yields

d2s1,2/~dVdv!5a1,2
2
• f ps1,2

2 ~v!,

with the interference term

d2s int /~dVdv!52a1a2a cos~f12f2!• f ps1~v! f ps2~v!.

The factor a(<1) accounts for the amount of coheren
between the inclusive amplitudes from~1! and ~2!. Because
the contribution~1! is due to coherentp production fromD
excitation of the projectile, only the part ofN* excitation
which decays intop-N ~2a! gives rise to interference, there
fore cos(f12f2)5BpN, whereBpN is theN* decay branch-
ing ratio into p-N. The amplitudesa1 and a2 as well as
a cos(f12f2) were adjusted to the experimental spectrum

The phase-space functionsf ps1,2(v) were calculated
within the appropriate kinematics using the routineGENBOD,
assuming resonance mass distributions~discussed below!
and a cutoff in the four-momentum transfert @in units of
(GeV/c)2# given by the inelastic form factorF(t). The in-
elastic form factor is approximated by two exponentia
F(utu)25exp(2k1utu)1exp@2k2utu2(k12k2)t0# with values of

:
i-

FIG. 2. Reaction graphs contributing toa-p scattering:~1! ex-
citation of the projectile,~2! target excitation.
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STRUCTURE OF THEP11(1440 MeV! RESONANCE . . . PHYSICAL REVIEW C 61 024002
k1 and k2 of 29 and 10 (GeV/c)22, respectively, andt0

50.25 (GeV/c)2, to be consistent with the overall feature
of elastic scattering.F(t) represents the overlap of the rel
tive wave function between thea particle and nucleon in the
initial and final state. For small momentum transfers this w
calculated in the distorted-wave Born approximation a
proach~see Ref.@11#! and agrees well with the slope param
eter k1 . Consistent with the conclusions of Ref.@19# the
falloff of the angular distribution is essentially determined
these incident energies by the form factor and the availa
phase space.

It should be noted that the present approach should
spectral shapes very similar to those obtained within
meson-exchange approach~Refs. @18,19#!. The additionalq
dependence in the vertex form factors of this model is
cluded in our calculations implicitly in the adjusted for
factor slopek. For projectile excitation~1! the spectral shape
is essentially determined by the Lorentz boost in the mov
system which shifts the resonance close to threshold; th
fore, for D excitation of the projectile the spectral shap
obtained in Refs.@10#, @18#, and@19# have to be very close
The falloff towards larger energy transfers is entirely det
mined by the form factor. Different from this, the spectr
shape for target excitation~2! is sensitive to theN* mass
distribution.

In a first calculation, for theN* mass distributions(m)
the average totalP11 cross section was used from thep-N
phase-shift analyses@1–6# ~see Sec. III!. A missing energy
spectrum ofa-p scattering is obtained which is compared
the experimental data in Fig. 1~in the lower part the back
ground as well as the contribution due to projectile excitat
is subtracted!. The description of the data is quite similar
that obtained in Ref.@19#, also with negative sign and abou
the same height of the interference term. UsingBpN
50.6– 0.7 from Refs.@1–6# this gives a rather small value o
a;0.3 ~see the discussion in Sec. IV A!. Further, it should
be noted that in both calculations the resonance peak is w
than observed experimentally.

III. RESONANCE FORMS FOR p-N AND a-p
IN A T-MATRIX APPROACH

For a partial wave with angular momentuml the p-N
scattering cross section is given by

s l5~2l 11!4p/k2
•uTl u2,

where the mass dependence of thep-N amplitudeTl may be
given by resonances and a backgroundTl(m)5S iTl

i(m)
1B(m). In a realistic descriptionTl

i(m) may be given by
momentum-dependent Breit-Wigner forms with thresh
cutoff functions:

Tl
i~m!5thresi

np~m!
~G i

el/G i !•G i~m!/2

Mi2m2 iG i~m!/2
~1!

with
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G i~m!5S qp~m!

qp~Mi !
D ~2l 11!mi

cut

G i , ~2!

whereqp(m) is the pion c.m. momentum. Theq(2l 11) de-
pendence of the width is due to the centrifugal barrier. W
increasing mass the barrier influence decreases and we
a cutoff mcut; this is important to obtain the observed res
nance falloff to larger masses. For theN* resonances a very
smooth cutoff is needed which may be given bymi

cut5

@12(b21)/(b11)# with b5emi
scalCcut and mi

scal5
(m2mthr)/(Mi2mthr). With such a mass cutoff, howeve
the shape of theD(1230) resonance is not well describe

Here,mi
cut5e2mi

scalCcut gives an excellent description of bot
the resonance shape@4,6# and the speed@7#. The different
mass cutoffs needed forD andN* reflect the differences in
the decay properties of these resonances.

Threshold functions thresi
np(m) for 1 and 2 pion produc-

tion ~which go from zero at threshold to one at higher ma!
are essential for a correct description of the amplitudes. T
are approximated by thresi

np(m)5@(b21)/(b11)# with b

5emi
scalCthr. For the description of elasticp-N scattering

~which gives also the total inelastic cross section! only 1p
threshold functions are needed, whereas 2p threshold func-
tions are required for the description of the production cr
sections of inelastic channels. A quantitative description
the 2p-threshold cross sections in Ref.@20# is obtained
using values ofCthr of 6–8. Finally, background ampli
tudes for n ~1 and 2! p production in the form
Bnp(m)5bthresnp(m)•qnp/m ~from Ref. @21#! are added.

Here it should be noted that for the inclusion of thresho
angular momentum, and background effects different mo
fications of the Breit-Wigner form have been used by diffe
ent authors~see, e.g., Refs.@4,6#!. In our approach we have
aimed at a realistic physical picture, which allows us to d
scribe different reactions and exit channels consistently.

The speed is given byudTl(m)/dmu, this quantity is very
sensitive to changes of the scattering amplitudes. Becaus
this, speed provides a sensitive test of the resonance f
and we can expect a reasonable description of this qua
only, if all details of the resonance description are correc

Directly related to the absorption is ImTl
in(m)5Im Tl(m)

2uTl(m)u251/4(12h l
2), whereh l is the absorption param

eter ~unitarity demands ImTl
in<0.25!.

The total cross section is given by s l
tot(m)

5(2l11)4p/k2 Im Tl(m), the inelastic cross sections b
s l

inel(m)5(2l 11)4p/k2 Im Tl
in(m). The partial inelastic

cross sections~2p production! are given by s l ,i
inel(m)

5(2l 1 1)4p / k2@ thresi
2p(m) / thresi

np(m)#(G i
out/ G i)Im Tl,i

in

3(m). The differential cross section fora-p scattering is
related to thep-N→2p(s)-N production ~same quantum
numbers! and is given for a resonancei by

ds/dV i~v!;~2l 11!4p/k2@ thresi
2p~m!/thresi

np~m!#

3~G i
out2/G iG i

el!Im Tl ,i
in ~m!F~ t !,

whereF(t) is the inelastic form factor discussed in Sec. I
2-3
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H. P. MORSCH AND P. ZUPRANSKI PHYSICAL REVIEW C61 024002
A good fit of the Saturne resonance~see Fig. 3! is ob-
tained using values ofM andG of about 1.39 and 0.19 GeV
respectively. For the interference term~which is only related
to the p-N amplitude! a value of a cos(f12f2) between
20.16 and20.25 ~with a slight preference for the large
negative values! is obtained. It is clear that a resonance w
these parameters fails to describe the overall features o
P11 structure seen inp-N scattering; in general higher cen
troid energies and larger widths are needed@2–6#. Only the
peak in the inelastic 2p(s)-N production data from Ref.@8#
is well described~see below!; this is expected due to a sim
lar L coupling ina-p and 2p(s)-N production.

Description of the Roper resonance as a double-resonance
structure

The above results suggest that the structures observe
a-p andp-N are not identical. The scattering ofa particles is
very selective, exciting only isoscalar, non-spin-flip stru
tures. Differently,p-N scattering is a resonant reaction whi
shows very little selectivity. Indeed, in this system the dec
of the Roper resonance intopD is quite strong at highe
mass, which could indicate a coupling to theD degree of
freedom~second-order excitation of theD resonance!, which
should not be observed ina-p scattering.

FIG. 3. Same as Fig. 1~with collimator background subtracted!
but assuming a fittedN* mass distribution with the resonance p
rameters in Table I.
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The different results may be reconciled in a tw
resonance picture of the Roper resonance, assuming th
a-p scattering only the lowerN* resonance is excited. Usin
the modified Breit-Wigner forms given in Eqs.~1! and ~2!,
the p-N amplitudes, speed, and cross sections were fi
under the constraint, that the resonance parameters o
first resonance are already fixed by the description ofa-p
scattering. The required mass and width of the second r
nance is about 1.48 and 0.4 GeV, respectively. Interestin
a good description of the amplitudes is only obtained, if
the second resonance a 2p threshold function in Eq.~1! is
used. This suggests strongly that this resonance is intri
cally related to a 2p-N structure. A real background whic
starts only at the 2p threshold is added, with an amplitud
necessary to describe the negative part of the real ampli
in the region above the resonance.

A comparison of our calculations with thep-N data is
made in Figs. 4–8. For thep-N amplitudes~which show
larger deviations! a comparison in Fig. 4 is made only wit
the more recent data of Refs.@4# and @6#; however, for the
other quantities all results of Refs.@1–8# are used and a
quantitative description of the cross sections is emphasi
The resulting parameters in the calculations are given
Table I.

We obtain a good description of the speed plot in Fig.
Here, it is of interest to ask why the speed shows suc
sharp peak for a double-resonance structure, where one
nance lies at a rather high mass. The crucial point is thep
threshold behavior of the second resonance which brings
speed peak below 1.4 GeV. The speed for the two resona

FIG. 4. p-N amplitudesT1 ~real and imaginary part given by
solid and open points, respectively! from Refs.@4,6# in comparison
with our fits ~solid lines!. The separate amplitudes for the first an
second resonance are given by the broken lines~real, dot-dashed
lines; imaginary, dashed lines!. The background term starting at th
2p threshold is also shown by a dot-dashed line.
2-4
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STRUCTURE OF THEP11(1440 MeV! RESONANCE . . . PHYSICAL REVIEW C 61 024002
separately is given in Fig. 5 by the dashed lines.
The features of ImTin in Fig. 6 clearly support the two-

resonance picture. For one resonance only, ImTin shows al-
ways a peak structure~as shown by the dashed line for the
first resonance!. Therefore, the anomalous behavior@7# of the
Roper resonance, as discussed in Sec. I, supports clearly
presence of a double structure. Our results are very close
those of Refs.@4,6#. The inelastic data of Ref.@8# ~solid
points! show a sharp falloff from 1.6 to 1.7 GeV. As our
calculations are constrained by the total cross sections wh
show a smooth falloff, such a behavior cannot be reproduc
~see the discussion of the inelastic data below!.

TABLE I. P11 resonance parameters deduced using thresh
modified Breit-Wigner forms in Eqs.~1! and ~2!. The values in
~brackets! indicate the estimated uncertainties.

Parameter Resonance~first! Resonance~second!

Mass~GeV! 1.39 ~60.02! 1.48 ~60.03!
Width ~GeV! 0.19 ~60.02! 0.38 ~60.05!
BpN (Gel/G) 0.15 ~60.10! 0.53 ~60.15!

B2pN (G inel/G) 0.88 ~60.15! 0.66 ~60.20!

Threshold 1p 2p
Cthres 8 4
Ccut 0.1 0.2

backgr~2p! 0.55

Observed a-p
in the p-N elast. p-N elast.

reactions p-N→2p(s)-N p-N→pD

FIG. 5. Calculated speed~solid line! in comparison with the data
from Ref. @1# ~triangles! and Refs.@4,6# ~solid points!. The error
bars indicate the scatter of different solutions. The speed for t
separate resonances is shown by the dashed lines.
02400
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The total and inelastic cross sections are compared to
average data@1–6# in Fig. 7. The partial inelastic cross se
tions for the first resonance are given by the dashed l
From this the total branching ratios inp-N scattering are 58,
16, and 26 % forp-N elastic, 2p(s)-N, and pD, respec-
tively.

The partial cross sections for the first and second re
nance are compared in Fig. 8 to the inelastic data of Ref.@8#.
The open and square points in the upper part are obta
from a different extraction of the inelasticp-N→2p(s)-N
cross sections. The two first points close to threshold in
upper part represent data from Ref.@20#. The partial cross
sections for the first resonance give a good description of
p-N→2p(s)-N cross sections, whereas the data forp-N
→pD are reasonably well described by the partial cross s
tions of the second resonance. This indicates strongly
the two resonances decay mainly into different channels;
is schematically shown in the upper part of Fig. 9. T
dashed line in the lower part of Fig. 8 is obtained by su
tracting the first resonance from the total inelastic cross s
tions. The fact that both lines are close to each other sh
the consistency of our description.

The strong falloff of the inelastic data@8# for p-N
→pD to large masses~solid points in the lower part of Fig
8! is not consistent with the total inelastic cross sectio
This could indicate that at higher mass the cross sectio
taken over by another structure, theP11(1710 MeV) reso-
nance, which may decay much weaker into thepD channel.
Indications of theP11(1710 MeV) resonance inp-N has
been found@3# ~with sizeablerN decay! and is also visible
in the speed plot of Ref.@1#. In the present work this effect is
not taken into consideration, which could result in too larg

ld

e

FIG. 6. Calculated ImTin in comparison with the results from
Ref. @1# ~triangles!, Ref. @4# ~open crosses!, and Ref. @8# ~solid
points with error bars!. Im Tin for the first resonance alone is give
by the dashed line.
2-5
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FIG. 7. P11 total and inelastic cross sections~average from Refs.
@1–6# with the uncertainties from the different solutions! together
with our fit ~solid lines!. The dashed line in the lower part indica
the partial cross section for the first resonance.

FIG. 8. Partial inelasticp-N cross sections for the first and se
ond resonance~solid lines! in comparison with the data@8# on
p-N→2p(s)-N ~upper part! and p-N→pD ~lower part!. Error
bars of 10% of the cross section at maximum are assumed. The
data points in the upper part close to threshold are from R
@20#. The dashed line shows the difference in cross section
tween the total inelastic yield and that of the first resonance.
02400
width extracted for the second resonance structure.

IV. RESULTS

In the above analysis of the Roper resonance in term
two resonance structures with different decays~as shown in
the upper part of Fig. 9!, all inconsistenciesbetween the
different data sets are resolved. Only one resonance~that at
lower mass! should be identified with a low-lying (J,I )P

5(1/2,1/2)1 state predicted in baryon models@12–15#. The
other resonance may be understood as a more complic
P11 structure, most likely related to theD degree of freedom.
In the following the results for each resonance are compa
with possible interpretations for its structure.

A. Structure of the first „Saturne… resonance

From our fits of thep-N data we obtain a small elasti
width and a large decay branching into the 2p(s)-N chan-
nel. This supports strongly the conclusions drawn froma-p
scattering@10,11#, that this resonance can be understood t
large extent by a monopole excitation without change of s
and isospin~DS50, DI 50!. This resonance may be ident
fied with a low-lying N* (1/2,1/2)1 as predicted in baryon
models@13–15#.

The result of a smallp-N width is also supported by the
analysis of thea-p spectrum~Sec. III!, in which a small

wo
f.
e-

FIG. 9. Level and dominant transition scheme of the differe
structures involved. Upper part, our results; lower part, quark mo
prediction.
2-6
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STRUCTURE OF THEP11(1440 MeV! RESONANCE . . . PHYSICAL REVIEW C 61 024002
interference term witha cos(f12f2) of 2~0.16–0.25! has
been deduced (u cos(f12f2)u5BpN). Using a coherence fac
tor a rather close to one~which is expected from the deca
kinematics!, this yields BpN>(0.16– 0.25) in good agree
ment with the value ofBpN extracted fromp-N scattering
~Table I!. The large inelastic width makes it clear, why th
resonance is so strongly excited ina-p scattering.

B. What is the structure of the second resonance?

The extracted width of about 380 MeV for this resonan
is very large, significantly larger than that of any otherN*
resonance up to 1800 MeV. For this exceptionally lar
width so far no reasonable explanation has been found.
may indicate a more complicated structure compared to o
N* ’s. The nonobservation ina-p scattering and the dominan
pD decay properties suggest a structure related to theD de-
gree of freedom@transition with change of spin and isosp
~DS51, DI 51!, see Fig. 9#. We can think of a second-orde
excitation of theD(1230 MeV), in which this resonance i
again excited by a spin-isospin operator to a (J,I )P

5(1/2,1/2)1 resonance. For theD(1230 MeV) resonance th
observation of such a second-order effect is conceivable
cause of its strongp-N amplitudes, but we expect also a ve
short lifetime of this resonance, resulting in a large width

For a discussion of such an excitation in the quark mo
~assuming three valence quarks!, the corresponding leve
scheme is given in the lower part of Fig. 9. The (1/2,1/21

state is directly excited by a 1p→2p quark transition. Fur-
ther, a two-step or double-excitation via theD resonance
leads to the same state; the corresponding operator is a q
spin-flip to the 2s shell. Because of this, theN* can decay
into 2p(s)N as well as inpD. For the double excitation we
expect a much larger resonance width~see the discussion
below!; therefore, the quark model picture can qualitative
explain why the Roper resonance has a very large width

In comparing both schemes in Fig. 9 we see that the st
ture in the quark model is simpler than found experimenta
A splitting of the (1/2,1/2)1 state in two resonances appea
to be quite naturally, if in the model ground-state corre
tions or meson cloud effects are included. In a dynam
picture of theN* in terms of a compressional mode@11# it is
quite evident that this structure is very different from th
generated by spin-flip excitations of quarks.

To see whether the picture of the second resonanc
terms of a double or two-step excitation of theD is consistent
with the data, in the next section calculations are presente
which theT-matrix amplitudes used in Sec. III are replac
by folding amplitudes which describe the double excitat
explicitly. In addition possible nonresonantpD production is
discussed.

V. FOLDING AMPLITUDES FOR A SECOND-ORDER D

EXCITATION AND NONRESONANT pD

PRODUCTION

T-matrix amplitudes for a double excitation of theD reso-
nance may be calculated by folding the resonance amplitu
for an excited resonance~x! built on theD(1230 MeV) with
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the strength distribution of the latter:

Tso~m!5~2 i !NE
0

m

Tx~m8!imTD~m2m8!dm8. ~3!

The normalization factorN is obtained by requiring that the
elastic and inelastic branching ratios sum up to one. T
folding of the imaginary amplitudes is straightforward; how
ever, for the real amplitudes care has to be taken to av
cancellations between positive and negative parts. In
folding expression~3! the fact, that the lifetime of the doubl
excitation is strongly reduced compared to single excitati
is included; this results in a very large resonance width.
have to make sure that the properties of theD(1230 MeV)
are described correctly. Using the parameters in Table II

FIG. 10. Mass dependence of theD and folding amplitudes.
Solid lines for D(1230 MeV), dot-dashed~real part!, and dashed
~imaginary part! lines for the second resonance.

TABLE II. P11 resonance parameters assumingN* , D~1230
MeV!, and an excited resonancex. The resulting parameters for th
folded second resonance areM51470630 MeV and G5360
650 MeV. The values in~brackets! indicate the estimated uncer
tainties.

Parameter N* resonance D~1230! x ~excited!

Mass~GeV! 1.39 ~60.02! 1.232 1.19~60.03!
Width ~GeV! 0.19 ~60.02! 0.115 0.19~60.05!
BpN (Gel/G) 0.20 ~60.10! ;1.0 0.42~60.15!
B2pN (G inel/G) 0.77 ~60.20! 0.58%a 0.58 ~60.20!

Threshold 1p 1p 1p
Cthres 8 12 12
Ccut 0.1 0.55 0.65
Background 0.30
Backgr ~2p! 0.75

aDecay branching ing2N.
2-7
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obtain a good description of the correspondingp-N ampli-
tudes@1–6# ~see Fig. 10! as well as the speed@7#.

For the excited statex the resonance parameters a
expected to be different and have to be adjusted to the d
We varied these parameters to describe thep-N data in
Figs. 4–7. A good description of the peak region in t
total cross sections in Fig. 7 is obtained using forx the
following resonance parameters:M51.19– 1.20 GeV, G
50.19– 0.20 GeV, andGel/G;0.50. It appears reasonab
that the deduced width is comparable to that of the firstN*
resonance and that the elastic width is reduced by abo
factor of 2. The resultingT-matrix amplitudes for the secon
resonance are also given in Fig. 10 using the resonance
rameters in Table II.

Interestingly, the mass ofx is quite close to that of the
D(1230 MeV), even slightly lower by about 30–40 MeV
Because of this, we may understood the second resonan
a D excitation of theD(1230 MeV). This is very different
from the quark model prediction: because a quark is exc
to the 2s shell the mass of the excited state is quite high

In the region of the second resonance a small contribu
of nonresonantpD production could be expected. Such
term has been found to be very important in photoproduc
~Born or contact term@22#! which, however, couples domi
nantly toJ53/22 ~no angular momentum betweenp andD!.
The mass dependence of such a contribution may be
tained in a folding approach similar to Eq.~3! by folding the
D amplitudes with a flatp distribution approximated by the
used background formBp(m) ~see Sec. III!:

TpD~m!5ppDE
0

m

Bp~m8!e2kq2
imTD~m2m8!dm8. ~4!

The factorppD is the probability to produce a pion and aD

in one interaction,e2kq2
is a momentum cutoff which can b

adjusted to the observed mass dependence. Mainly from
data ofg-induced reactions~discussed in the next section! k
is fixed to a value of 7 (GeV/c)22.

Including such a nonresonantpD term in our calculations,
we find that its contribution to thep-N P11 amplitudes is
rather small: this component does not produce a peak in
speed plot~see Fig. 11!; further, such a term contributes t
P11 only for a relative angular momentumL51 betweenp
and D, which is not very likely. Results for speed and am
plitudes with ppD53% are given in Fig. 11. The speed
generally well described but fails to reproduce the mimim
in the data at about 1.6 GeV. The various quantities in F
4–8 are well described~of similar or slightly better quality as
in the two-resonance description in Sec. III!. This confirms
our interpretation of the second resonance in terms o
second-order excitation of theD resonance.

VI. COMPARISON WITH g-N

In total photoabsorption theD resonance is strongly ex
cited, therefore it is interesting to investigate the importan
of the second resonance in photoinduced reactions. Exp
mentally, in these reactions@23–25# a structure is observe
in the mass region in question; therefore it is important
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clarify the relation of this structure to the resonances see
p-N.

Using theT-matrix amplitudes discussed in Sec. III, th
total cross sections for photoproction are given bys l ,g

tot (m)
5(2l11)4p/kg

2(Gg2N /Gp2N)Im Tl(m), further the partial in-
elastic cross sections~2p production! by s l ,i ,g

inel (m)
5(2l 11)4p/kg

2(Gg2NG i
out/Gp2N

2 )Im Tl,i
in(m). Using for

(Gg2N /Gp2N) a value of 0.58%~from the review of particle
properties! our results for excitation of theD and the second
resonance are given in Fig. 12. These are compared to
cross sections of total photoabsorption@23# and 2p photo-
production@24#.

In the D(1230 MeV) region, ourP33 amplitudes in Fig.
10 describe the main part of the strong peak in the total cr
sections~to the strongM1 excitation a smallE2 amplitude
consistent with Ref.@26# is added!. This is shown by the
solid line in Fig. 12. In the partial wave analysis@26# of
single pion photoproduction other multipole compone
have been deduced, e.g., rather strongE01 amplitudes,
which fall off fast with increasing mass. The sum of the oth
multipole amplitudes~except those for theD13(1520 MeV)
resonance, which are explicitly taken into account! may be
approximated for our purpose by a ‘‘background’’ contrib
tion, given by the dot-dashed line in Fig. 12. Concerning
M12

1/2 amplitudes~which correspond to ourP11 amplitudes in

FIG. 11. Speed~upper part! and amplitudes~lower part! ob-
tained from a fit using folding amplitudes for the second resona
and nonresonantpD contribution ~broken lines!. The solid lines
include all components. The data points are the same as in Fig
and 5.
2-8
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p-N!, it is interesting to note that in the partial wave analys
of Ref. @26# the fitted P11 resonance parameters,M51463
67 MeV, G5360620 MeV, andGp /G50.68, are in good
agreement with the parameters of our second resona
~Tables I and II!. However, the total cross sections calculate
for this resonance, given by the lower solid line, are signifi
cantly smaller than the experimental data of 2p photopro-
duction @24# ~square points!.

Therefore, for the description of the experimental cros
sections a dominant nonresonantpD contribution @22#, as
discussed at the end of Sec. V, is needed with a value ofppD

of about 20%. In this case the nonresonant amplitudes cou
mainly toJ53/22 ~angular momentumL50 betweenp and
D!, which is strongly favored for this process~as compared
to J51/21 in thep-N case in Sec. V, for which the extracted
probability ppD was only 3%!. Adding the second resonance
and the coupling to theD13(1520 MeV) resonance~dis-
cussed below!, the 2p photoproduction cross sections in Fig
12 are quite well reproduced.

The upper solid line in Fig. 12 is obtained by adding th
different contributions discussed above and th
D13(1520 MeV) resonance strength. TheD13(1520 MeV)
amplitudes were obtained from a fit of thep-N amplitudes
@4#, using the generalized Breit-Wigner form in Eqs.~1! and

FIG. 12. Calculated cross sections of the various contributio
for g-N in comparison with total photoabsorption data~Ref. @23#!
~upper points! and 2p photoproduction data~Ref. @24#! ~sum over
all isospin channels, given by the square points!. The cross sections
for the D(1230 MeV) and the second resonance are given by t
lower solid lines. The fitted multipole background is given by th
dot-dashed line. The sum of the contributions from the second re
nance, nonresonantpD, and from theD13(1520 MeV) resonance is
compared to the 2p production data~solid line!, and the sum of all
contributions to the total photoproduction~upper solid line!. Arbi-
trarily normalized cross sections for the firstN* resonance are
given by the dashed line.
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~2!. An excellent description of the amplitudes is obtain
using M51510 MeV, G5110 MeV, Gp /G50.61, and
Cthres530; further, a mass cutoff function for the width as f
the D resonance withCcut52.0.

The large nonresonantpD production is expected to b
strongly reduced in 2p0 production; this reaction should b
therefore a much cleaner probe for the investigation of re
nance effects. However, the cross sections calculated
very sensitive to the partial decay widths which are not
well known. The various components discussed above h
been calculated for this channel and are compared in Fig
to the experimental data@25# of the g-p→p0p0p reaction.
Indeed, a large part of the cross section is described by
second resonance, assuming 85% decay intopD and 15%
into 2p(s)N. Adding a nonresonantpD component with a
very small probability ofppD of 0.5% only, a good descrip
tion of the data at the lower energies is obtained. A stro
peak due to theD13(1520 MeV) resonance is obtained~see
Fig. 13!, assuming 45% decay both intopD andrN and 10%
into 2p(s)N.

It is also important to verify, whether the firstN* ~Sat-
urne resonance! is observed in photoproduction. This res
nance is strongly excited ina-p and described by an isosca
lar monopole excitation; this cannot be seen ing-N.
However, in addition to the dominant^r 2& matrix element
@11# a small ^r 2& s1s2 component cannot be exclude
which would be observable ing-N. Therefore, arbitrarily
normalized cross sections@using a similar photon coupling
as for the second resonance# are given in Figs. 12 and 13 fo
this resonance by the dashed lines. The comparison with
2p photoproduction data shows, however, that this com
nent is strongly suppressed.

s

e

o-

FIG. 13. Calculated cross sections for neutral 2p production
with the same components as in Fig. 12 in comparison with
cross sections~Ref. @25#! for g-p→2p0p.
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Finally, it should be mentioned that 2p production by
pions and photons has been studied in a more microsc
approach~adding up to more than 40 Feynman diagram!,
see Refs.@27# and@28#. More and more microscopic descrip
tions of the processes and structures are indispensible t
veal the origin of the resonances involved. However, in c
trast to the very complex treatment using Feynman diagra
our phenomenologicalT-matrix description has only few
resonance and background components, which make
quantitative and consistent comparison of resonance eff
in different reactions much easier.

VII. SUMMARY

The detailed study of theN* (1/2,1/2)1 excitation ina-p
andp-N scattering shows that by a complementary study
baryon resonances with different probes more insight i
these structures can be obtained. This is very important
the Roper resonance which has a complicated struc
showing up differently in various reactions. Our analysis
dicates a double structure from which only the first one~Sat-
urne resonance! is excited ina-p, the second is seen ing-N
and both are observed inp-N. The small deduced elasti
width of the first resonance indicates properties quite diff
ent from other resonances, supporting the conclusion dr
from a-p scattering. This resonance may be identified wit
low-lying N* (1/2,1/2)1 resonance predicted in baryon mo
els.
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Our analysis has shown that the second structure ca
well described by a second-order or double excitation of
D(1230 MeV). In this picture the large width observed e
perimentally is naturally explained. The splitting of th
(1/2,1/2)1 resonance is not understood in the simple vale
quark model, for which already the low mass of this sta
creates a severe problem.

The present results can be tested further in exclus
a-p→a8N* experiments. As in this system the lowerN*
component is excited only, branching ratios for theN* decay
are expected to be very different from those observed
p-N→N* . We should not see a strong decay into thepD
channel~only possible by a small mixtures of the two res
nances! and decay branchings intop-N and 2p(s)-N close
to the values for the first resonance given in Table I.

The structure seen ina-p scattering indicates a stron
excitation of resonances in the scalar isoscalar channel w
may be dominated by collective effects~compression of the
mesonic cloud!. Other collective modes of different multipo
larity are expected in this channel which can be investiga
in similar hadronic reactions at higher c.m. energies. Suc
program is envisaged at COSY.
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