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Nucleon resonance effects inpp˜ppp0 near threshold
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The role of the low lying nucleon resonances beyond theD(1232) in the reactionpp→ppp0 near threshold
is shown to be numerically significant by a calculation, which takes into account the pion rescattering contri-
bution described by chiral perturbation theory and the short-range mechanisms that are implied by the nucleon-
nucleon interaction model. The intermediateN(1440) (P11) resonance is excited by the short-range exchange
mechanisms, while theN(1535) (S11) and N(1520) (D13) resonances are excited byh and r meson ex-
change, respectively. TheP11 increases the calculated cross section, whereas theS11 and D13 resonances
decrease it. The calculation takes full account of the initial and final state interactions.
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I. INTRODUCTION

The cross section for the reactionpp→ppp0 near thresh-
old is exceptionally sensitive to short-range exchan
mechanisms in the two-nucleon system, because the m
pion exchange term is ruled out by isospin conservation
the two-nucleon system@1–3#. Pion production on a single
nucleon under-predicts the empirical cross section@4–6# by a
large factor@7#. Short-range exchange mechanisms that
implied by the nucleon-nucleon interaction enhance the c
section@1#. The role of the residual pion exchange mech
nisms, which are not necessarily small when one pion
virtual, remains contentious as conventional phenomenol
cal meson field theory models and chiral perturbation the
~ChPT! disagree on the sign of the pion exchange amplitu
@2,3,8,9#.

Systematic amplitude analysis of the reactionspn
→ppp2 and pp→pnp1 indicates that the short-rang
mechanisms, which enhance the~small! cross section ob-
tained from the single nucleon pion production mechanis
have to dominate over the pion exchange amplitude given
chiral perturbation theory, because empirically the phase
the amplitudes for production ofS andP wave pions has to
be the same@10#. In this situation it appears natural to inve
tigate the role of such other short-range mechanisms, w
should be expected to contribute to this reaction, and wh
may be calculated with some degree of confidence.

The most obvious additional short-range mechanisms
those which involve transition couplings between differe
exchanged mesons, and those that involve excitation of
termediate virtual nucleon resonances by short-range
change mechanisms. The most obvious of the former clas
effects were estimated—and found to be non-negligible—
Ref. @11#. The role of intermediateD(1232) resonances ha
been investigated in Refs.@3,12#, and found to be significan
despite the threshold suppression factor. The role of the
termediateN(1440) (P11) resonance excited by scalar an
vector exchange mechanisms was considered in Ref.@11#
and found to be small, although the small magnitude of
0556-2813/99/60~4!/045201~8!/$15.00 60 0452
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result depended on a rather uncertain estimate for the
pling of the effective scalar field to theN(1440) @13#.

We here consider in addition the role of the intermedi
N(1535) (S11) andN(1520) (D13) resonances, which form
the lowest ‘‘P-shell’’ multiplet in the baryon spectrum. Th
former is excited both by pion and—in particular—b
h-meson exchange. The latter is excited by pion as wel
r-meson exchange. The pion exchange contributions are
sumably included in the ‘‘off-shell’’ ChPTpN amplitude,
and therefore do not require explicit evaluation. Theh- and
r-meson exchange contributions have to be derived se
rately. Systematic calculation of these contributions calls
employment of a boson exchange model for the nucle
nucleon interaction so as to avoid additional model dep
dence through coupling constants, meson propagators,
form factors. For this reason we carry out the calculation
using the ‘‘Bonn-B’’ potential model@14#.

In order to obtain an illustrative as well as quantitative
realistic description of the resonance contributions to
near threshold cross section for the reactionpp→ppp0, we
perform the cross section calculation with full account of t
nucleon-nucleon interaction in the initial and final states.

We performed the calculations of all contributions wi
the exact kinematics, i.e., we did not use the popular ‘‘froz
kinematics approximation’’ in which threshold kinematics
used also at energies above threshold. Calculations using
approximation, as well as with another approximation co
cerning the energy dependence of the two-nucleon T-ma
are, however, presented for comparison.

In addition, we take explicitly into account the kinema
cally determined energy of the exchanged pion in the Ch
amplitude for the pion exchange contribution to the pi
production amplitude, a correction term that was found to
significant in Ref.@15#. With conventional estimates for th
parameters that describe these exchange mechanisms, w
tain a fairly satisfactory description of the cross section
pp→ppp0 in the near-threshold region up to about 3
MeV laboratory kinetic energy without nucleon resonan
and explicit short-range effects associated with meson t
©1999 The American Physical Society01-1
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sition couplings. This differs from other similar calculation
based on other nucleon-nucleon interaction models, and
flects the extreme sensitivity to the details of the short-ra
parts of the interaction models.

The contributions from theP11 and S11 resonances are
small, and without further short-range contributions wou
lead to somewhat too large cross section values above
MeV. The smallness of the contribution from theP11 reso-
nance agrees with the finding in Ref.@11#. The smallness of
the contribution from theS11 is mainly due to the smallnes
of the h-nucleon coupling constant.

Choosing positive signs for the coupling parameters
all resonances except theD13, that particular resonance con
tributes with the opposite sign in comparison with the oth
two resonances, and taking it into account actually impro
the calculated result. To this net result one may add the c
tributions from the intermediateD resonance and from th
short-range mechanisms associated with mesonic trans
couplings, which however, when combined amount to a v
small correction, because of their tendency for cancellati

This article is divided into five sections. In Sec. II, a bri
review of the least contentious pion production mechanis
that have been considered in the literature is given, includ
a simplified derivation of the short-range mechanisms as
ciated with the nucleon-nucleon interaction. The resona
excitation amplitudes are derived in Sec. III. The numeri
results are reported in Sec. IV, while Sec. V contains a c
cluding discussion.

II. PION PRODUCTION AND THE NUCLEAR AXIAL
CURRENT

A. Chiral symmetry constraint

The absence of parity doubling of the experimental h
ron spectra at low energies implies that the approximate
ral symmetry of QCD is realized in the hidden mode, a
that the low-mass pseudoscalar meson octetp,K,h has to
represent the associated Goldstone bosons. It follows tha
coupling of this meson octet to hadrons has to vanish w
the four-momenta of these mesons. The coupling of pion
a nuclear system therefore has to have the general form

L52
1

f p
]mpW •AW m , ~1!

where AW m is the axial ~flavor octet! current density of the
nuclear system andf p is the pion decay constant@16,17#.

The interaction~1! implies that near-threshold pion pro
duction off nuclei is governed by the axial charge dens
operator, which is known to be dominated by two-nucle
mechanisms @18–20#. In this regard, the reactionpp
→ppp0 near threshold forms a special case, because as
main ~isospin antisymmetric! pion exchange contribution i
eliminated, the reaction is governed by short-range mec
nisms.

These short-range mechanisms fall into three catego
The first is associated with the isospin symmetric pion
change amplitude, which, while of vanishingly small signi
cance for elastic pion scattering, may be large for the o
04520
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shell amplitude involved in pion production off nuclea
systems. The second category is the short-range contr
tions to the axial charge operator that are implied by
nucleon-nucleon interaction model, which has to be e
ployed to calculate the nuclear wave functions. They are r
resented in Fig. 1. The final category is the additional mod
dependent short-range contributions that are associated
excitation of virtual intermediate nucleon resonances
short-range mechanisms~Fig. 2!, and short-range mecha
nisms that are associated with mesonic transition couplin

B. Pion exchange contribution

The isospin symmetric pion exchange contribution to
pion production amplitude was derived by means of ChPT
Refs.@2,3#, and found to yield an amplitude that disagrees
sign with that obtained by phenomenological meson fi
theory models@8,9#. We shall here employ the ChPT ampl
tude given in Ref.@3#, but treat the pion energy determine
kinematically exactly as in Ref.@15#. The higher-order loop
contributions that involve two nucleons, considered in R
@21#, will be assumed to form part of the short-range con
butions that are implied by the nucleon-nucleon interact
model described below.

The one-nucleon and the isospin symmetric pion
change contribution to the axial charge density opera
then have the expressions@1#

A0
a~1!52 f p

f pNN

mp
sW •vW ta, ~2!

FIG. 1. Pair term or ‘‘Z-graph’’ representation of the axial ex
change charge operator contributions to pion production.

FIG. 2. Nucleon resonance contributions to pion production
nucleon-nucleon collisions.
1-2
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A0
a~p!5 f p

f pNN

mp
2

8pl1

vp

sW 2
•kW2

mp
2 1kW2

22vk
2

f ~kW2!t2
a1~1↔2!.

~3!

Here, (kW2 ,vk) is the four-momentum of the exchanged pi
that is absorbed by nucleon 2 (kW25pW 282pW 2), andf is a phe-
nomenological form factor that dampens out high values
the exchanged momentum. We use the parametrization o
Bonn potential@14#,

f ~kW2!5S Lp
2 2mp

2

Lp
2 1kW2 D 2

, ~4!

with the pion cutoff massLp51.3 GeV. Note that by the
Goldberger-Treiman relationgA/2f p5 f pNN /mp , where
f pNN is the pNN pseudovector coupling constant (f pNN
.1).

The coefficientl1 is determined by theS-wavepN scat-
tering lengthsa1 ,a3 for physicalpN scattering near thresh
old as

l152
1

6
mpS 11

mp

mN
D ~a112a3!. ~5!

Here, mN is the nucleon mass. Extant empirical values
the scattering lengths are consistent withl150. For the off-
shell pN scattering amplitude, appropriate to pion produ
tion associated with pion exchange, ChPT gives the follo
ing expression forl1 @2,3#:

l15
mp

3

4p f p
2 F2c11S c21c32

gA
2

8mN
D vqvk

mp
2 2c3

qW •kW2

mp
2 G ,

~6!

where qW is the momentum of the produced pion andvk

5E282E2. The coefficientscj are determined by the empir
cal or empirically extracted values for the twoS-wave scat-
tering lengths, thes term, and the axial polarizability forpN
scattering. We here use the valuesc1520.87 GeV21, c2
53.34 GeV21, andc3525.25 GeV21 given in Ref.@22#.

The energy of the exchanged pionvk is determined kine-
matically as

vk5
kW2•~pW 281pW 2!

2mN
, ~7!

wherepW 2 andpW 28 are the initial and final momenta of nucleo
2 ~the one which does not emit the real pion!, although it is
a common approximation to set it to half of the energy of
produced pion. The limits of the validity of that approxim
tion were investigated in Ref.@15#.

C. Short-range exchange contributions

The contributions to the axial exchange charge oper
associated with the short-range components of the nucl
nucleon interaction have been derived in Refs.@1,19#. These
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contributions correspond to the nonrelativistic limit of th
nonsingular part of the axial current 5-point function wi
external leg couplings, and are colloquially referred to
nucleon-antinucleon ‘‘pair currents’’ or ‘‘Z-graphs,’’ and are
represented as such by the diagrams in Fig. 1. The form
these is implied by the Poincare´ invariance of the 5-point
functions@23#.

The numerically most significant short-range mechanis
are those that are associated with the scalar and vecto
change terms in the nucleon-nucleon interaction. The form
may be derived directly, without reference to the 5-po
function, in the following way.

Consider the isospin independent scalar exchange com
nent of the nucleon-nucleon interaction, which contains
Fermi invariant ‘‘S.’’ To second order inv/c, this interaction
takes the form

vS
1~r !S5vS

1~r !S 12
pW 2

mN
2 D 2

1

2mN
2

]vS
1~r !

r ]r
SW •LW , ~8!

where vS
1(r ) is a scalar function. ThepW 2/m2 term in the

spin-independent part of this interaction may be combin
with the kinetic energy term in the nuclear Hamiltonian,
replacing the nucleon mass by the effective ‘‘mass operat

m* ~r !5mNF11
vS

1~r !

mN
G . ~9!

To first order invS
1(r ), the scalar component of the nucleo

nucleon interaction therefore implies the following two-bo
‘‘correction’’ to the single nucleon axial charge operator
Eq. ~2!:

A0
a~S!52

vS
1~r !

mN
A0

a~1!6~1→2!. ~10!

This interaction current operator coincides in form with t
‘‘scalar exchange’’ pair current operator derived in Re
@1,19#. The corresponding momentum space expression

A0
a~S!52 f p

f pNN

mp

vS
1~k2!

mN
sW 1

•vW 1ta
11~1↔2!, ~11!

wherevS
1(k) is the Fourier transform of the scalar potent

vS
1(r ) andvW 15(pW 11pW 18)/2mN . It is completely determined

by the nucleon-nucleon interaction model. Note that beca
the scalar exchange interaction is attractive in realis
nucleon-nucleon potentials, this exchange current contr
tion implies an enhancement of the cross section over
value given by the single nucleon pion production mec
nism.

The expression for the vector exchange contribution to
axial charge operator as derived from the 5-point funct
has been given in Refs.@1,19#:

A0
a~V!5 f p

f pNN

mp

vV
1~k2!

mN
S sW 1

•vW 21
i

2mN
sW 13sW 2

•kW2D .

~12!
1-3
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HerevV
1(k) is the isospin independent vector component

the nucleon-nucleon interaction.
The axial charge operator is unique among the nuc

current operators in that its short-range vector and scalar
change contributions add coherently rather than cancel.

A large—and the longest range—fraction of the effect
scalar and vector exchange components of the nucle
nucleon interaction is due to two-pion exchange. A dir
calculation of this uncorrelated part of the two-pion e
change component has recently been attempted by mea
ChPT in Ref.@24#. The results of that calculation indicat
that the two-pion exchange mechanisms are large, altho
the largest contribution arises from a hybridp22p ex-
change diagram.

III. NUCLEON RESONANCE CONTRIBUTIONS

A. The N„1440… contribution

The nucleon resonance contributions to pion product
in nucleon-nucleon collisions are illustrated by the Feynm
diagrams in Fig. 2. TheN~1440! is the lowest vibrational
state of the nucleon, and as such should be excited by
same exchange mechanisms that appear in the nuc
nucleon interaction. In particular it is expected to be exci
by the effective scalar and vector fields in the nucleon@25#.

The contribution to the amplitude for the reactionpp
→ppp0 from virtual intermediateN(1440) resonances ex
cited by effective isospin independent scalar excha
mechanisms may be written in terms of the correspond
amplitude for the scalar exchange contribution implied
the nucleon-nucleon interaction~11! as

A0
a
„S,N~1440!…5KsA0

a~S!, ~13!

where the coefficientKs is defined as

Ks5
gsNN*

1440

gsNN

f pNN*
1440

f pNN

2mN

mN*
1440

2mN

~14!

in the sharp resonance approximation. Here thef pNN*
1440 de-

notes the pseudovector coupling constant for
pNN(1440) vertex, andgsNN and gsNN*

1440 the coupling
strengths for an effective scalar meson, the exchange
which represents the effective scalar field~mainly correlated
two-pion! exchange interaction between the nucleons.

The pseudovectorpNN(1440) coupling constant is dete
mined by the experimental partial decay width forN(1440)
→pN for all accessible charge channels as

~ f pNN*
1440

!2

4p
5

1

3

mp
2 mN*

1440

p~mN*
1440

1mN!2~EN2mN!
G@N~1440!→pN#,

~15!

which results in (f pNN*
1440 )2/4p.0.01. This value is close to

that in @26#, and smaller by a factor of 3 than that used
Ref. @25#, the difference arising from the inclusion of a
04520
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different charge states in the decay width calculation. In
~15!, p and EN are the momentum and energy of the fin
nucleon, respectively.

The numerical value for the coupling constantgsNN is
determined by the nucleon-nucleon interaction model. T
value of theN(1440) coupling to the scalar field is ver
uncertain@13#. It was determined from the empirical frac
tional decay forN(1440)→N(pp)S wave

I 50 in @25# as

~gsNN*
1440

!2

4p
5

mN*
1440

p~EN1mN!
G@N~1440!→N~pp!S wave

I 50 #,

~16!

yielding a numerical value of (gsNN*
1440 )2/4p.0.1 for

G@N(1440)→N(pp)S wave
I 50 #535 MeV. This value will be

used here. In principle, measurement of photoproduction
vector mesons and theN(1440) resonance off protons shou
provide fairly direct information on the magnitude of th
constant. With the value above we obtain for the ra
gsNN*

1440 /gsNN the value 0.11, asgsNN
2 /4p58.28 in the Bonn

B potential model@14#.
The intermediateN(1440) resonance may also be excit

by v-meson exchange. This contribution separates into
that arises from the charge coupling of thev meson and one
that arises from the current couplings@11#. This term may be
expressed as an axial charge operator of the form~in momen-
tum space!

A0
a~V!5 f p

f pNN*

mp
S gvNN*

1440

gvNN
D 4mN

~mN*
1440

!22mN
2 vV

1~k2!FsW 1
•vW 1

1
mN*

1440
2mN

2mN
sW 1

•S vW 21
i

2mN
sW 23kW2D Gta

11~1↔2!.

~17!

Here, vV
1(k) is the coefficient of the isospin independe

vector exchange component of the nucleon-nucleon inte
tion, and gvNN*

1440 and gvNN are the vNN(1440) and
v-nucleon coupling constants, respectively. The momen
transfer to nucleon 2 is denotedkW2. Following Ref.@25#, we
assume that the ratio between the scalar and vector coup
constants are the same for theN(1440)N couplings as for the
diagonal nucleon couplings. Thus we takegvNN*

1440 /gsNN*
1440

5gvNN /gsNN51.55.
It is obvious from the expression~17! that the first term

on the right-hand side~rhs!, which is that arising from charge
coupling, goes against that of the scalar exchange contr
tion ~11!. This suggests that they should be considered
gether. The resulting partial cancellation makes the net c
tribution of the intermediateN(1440) resonance small.

B. The N„1535… contribution

The N(1535) resonance stands out by its exceptiona
large Nh decay width, given its closeness to the thresh
for h decay. As a consequence, thehNN(1535) coupling
constant has to be very large, and therefore theN(1535)
1-4
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excitation byh-meson exchange contributes a non-negligi
amount to the cross section forpp→ppp0.

To describe this contribution, we describe thehNN and
hNN(1535) couplings by the Lagrangians

LhNN5 i
f hNN

mh
c̄g5gm]mhc, ~18a!

LhNN(1535)5 i
f hNN*

1535

mh
c̄~1535!gm]mhc1H.c. ~18b!

ThehNN pseudovector coupling constantf hNN is contained
in the potential model, and is related to the correspond
pseudoscalar coupling constant asf hNN5mhghNN/2mN .

The coupling constantf hNN*
1535 may be calculated from the

partial width forNh decay of theN(1535) as@27#:

~ f hNN*
1535

!2

4p
5

mh
2mN*

1535

pvh
2~EN1mN!

G@N~1535!→Nh#. ~19!

The empirical partial decay width 67 MeV then yields t
value (f hNN*

1535 )2/4p50.24.
The pNN(1535) coupling has the same form as E

~18a!, with the modification thath is replaced bytW•fW , mh
by mp, andvh by vp . The pNN(1535) coupling constan
may then be calculated from the partial width forNp decay
of theN(1535) in analogy with Eq.~19!. From the empirical
decay width 67.5 MeV we then obtain the valu
( f pNN*

1535 )2/4p50.0021. The smallness of this value has be
explained by chiral symmetry arguments@28#.

TheN(1535) resonance excited byh exchange gives rise
to a contribution to the amplitude forS-wave pion production
in the reactionpp→ppp0, which—to lowest order in the
sharp resonance approximation, and with neglect of d
function terms—may be expressed as an axial excha
charge operator:

A0
a~h!52 f p

vp f pNN*
1535

mpmh
2

f hNN*
1535

f hNN

sW 2
•kW2tWa

1

mN*
1535

2mN
S mh

2mN
D 2

vPS
1 ~k2!

1~1↔2!. ~20!

Here, the functionvPS
1 is the isospin independent pseud

scalar exchange component of the nucleon-nucleon inte
tion, which in a one-boson exchange interaction model
the form

vPS
1 ~k!5

ghNN
2

mh
21kW2

, ~21!

with gh52mNf hNN /mh .

C. The N„1520… contribution

The N(1520) is the spin 3/22 partner of theN(1535).
Although almost degenerate in mass, its structure—as i
cated by its decay pattern—is quite different. The outsta
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ing feature is the substantial decay branch~10–15 %! to the
Nr channel. As this decay kinematically can reach only
lower end of ther meson spectrum, the corresponding co
pling constant has to be very large. Therefore, theN(1520)
resonance excited byr-meson exchange should be expect
to give a non-negligible contribution to the reactionpp
→ppp0.

The coupling of pions andr mesons to theN(1520) reso-
nance may be described by the Lagrangians

LpNN(1520)5 i
f pNN*

1520

mp
c̄m~1520!g5tW•]mfW c1H.c.,

~22a!

LrNN(1520)5 igrNN*
1520 c̄m~1520!S dlm1

]m

mN*
1520

2mN

glD rW l•tWc

1H.c. ~22b!

The second term in Eq.~22b! is required by the transversalit
of the r field.

The pNN(1520) coupling constant may be determin
from the partial width for the decayN(1520)→Np to all
charge channels as@27#

~ f pNN*
1520

!2

4p
5

mN*
1520mp

2

p3~EN2mN!
G@N~1520!→Np#. ~23!

This yields (f pNN*
1520 )2/4p50.19 andf pNN*

1520
51.6.

The rNN(1520) coupling constant may be estimat
from the partial width forrN decay of theN(1520), which is
about 24 MeV@29#. To lowest order inp/mN , this decay rate
may be written as

G@N~1520!→Nr#5
2

9

~grNN*
1520

!2

4p

p

mN*
1520

mN

EN
~EN1mN!.

~24!

This expression, however, only applies for kinematically
lowed decays. In the case ofr decay of theN(1520) only the
lower tail of the r-meson spectrum between 2mp and the
kinematical threshold at 581 MeV is accessible. If t
r-meson spectrum is described by a Lorentzian centere
770 MeV with a full width of 151 MeV@29#, the weight of
the kinematically allowed part of the spectrum forr-meson
decay is only 0.076. That factor should then be included
the rhs of Eq.~24!.

To determine the kinematical factorsp andEN in ~24!, a
r-meson mass has to be specified. This will be taken to
480 MeV, which is the average of the kinematically allow
mass value range, weighted with ther-meson spectrum. Us
ing this mass value, and taking into account the probabi
factor 0.076, Eq.~24! gives the values (grNN*

1520 )2/4p50.43,
andgrNN*

1520
52.3. This magnitude of this coupling constant

only about one half that (25.3) used in Ref.@30#. ~The de-
cay width does not determine the sign of this coupling co
stant.!
1-5



n-

e

e
ra
rm

th
th
ti

t

th
ar
-
ely
g

f
be-
nge

gy

ort-

c-

e
se

n in
r-
ge
piri-

o-

e

ly
e
y be

rve

the
nce
s is

ross
the

here

-
re
es-
n-

ou-
ay
n-

ith
the
.
ss
nal
re-
e if
n’’
uc-
tics,
the
uc-
ari-

gy

M. T. PEÑA, D. O. RISKA, AND A. STADLER PHYSICAL REVIEW C60 045201
The isospin symmetric part of the contribution of the i
termediateN(1520) resonance excited byr-meson exchange
to the amplitude for S-wave pion production may be
expressed—to lowest order in 1/m—as an axial exchang
charge operator with the form

A0
a~r!5 f p

2

3

f pNN*
1520

mp~mN*
1520

2mN!
S grNN*

1520

grNN
D vV

2~k2!

3sW 1
•F S mN

~mN*
1520

!22mN
2 D kW22

2mN

mN*
1520

1mN

vW 11vW 2

1
ikr

2mN
~sW 23kW2!Gta

21~1↔2!. ~25!

Here, the functionvV
2(k) is the isospin dependent part of th

vector exchange component of the nucleon-nucleon inte
tion, which in a boson exchange model would have the fo

vV
2~k!5

grNN
2

mr
21kW2

. ~26!

The parameterkr is therNN tensor coupling constant. With
the positive sign for all resonance coupling constants,
contribution would have the same sign as that of
N(1440) resonance. The data, however, favor the nega
value for therNN(1520) coupling~as used in Ref.@30#!, as
a consequence of which its contribution opposes the effec
the N(1440).

IV. NUMERICAL RESULTS

The calculated values of the total cross section for
reactionpp→ppp0 are shown in Fig. 3 for energies ne
threshold. Thecumulativecontributions of the different com
ponents in the transition amplitude are shown successiv

The short-dashed curve is that obtained with the sin
nucleon axial current operator~2! combined with the pion

FIG. 3. Total cross section as function of the proton lab ener
The meaning of the various curves is discussed in the text.
04520
c-
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ve
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exchange term~3!. This result confirms the calculations o
Refs.@2,3# that there is a strong destructive interference
tween the impulse and rescattering terms. The pion excha
contribution was calculated with full account of the ener
of the exchanged pion as in Ref.@15#.

The short-dash-dotted curve in Fig. 3 includes the sh
range contributions associated with the scalar~11! and vector
exchange~12! contributions to the nucleon-nucleon intera
tion ~‘‘ Z-graphs’’!. Here the potential coefficientsvS

1 and
vV

1 were taken from the Bonn B potential@14# by the method
described in Ref.@25#. When using this potential model, th
cumulative cross section obtained with inclusion of the
short-range effects are close to the empirical values give
Refs.@4–6#. This result also differs from those obtained ea
lier with other potential models, where additional short-ran
mechanisms had to be included in order to reach the em
cal cross section@11#.

Turning then to the contributions of the nucleon res
nances, it is first noted that the result for theN(1440) reso-
nance~dashed curve! is sizable, when calculated with th
coupling constants used in Ref.@25#. Since the value for the
sNN(1440) coupling constant could still be significant
larger @13,31,32#, this contribution could, accordingly, b
even more pronounced, and the result reported here ma
interpreted as a lower limit. The resonanceN(1535) ~short-
dotted! has a negligible effect and the corresponding cu
almost coincides with the dashed curve from theN(1440)
resonance. TheN(1520) @if the rNN(1520) coupling con-
stant is negative#, as can be seen from the dashed and
solid curves, counteracts the effect of the Roper resona
N(1440), and therefore the net effect of these resonance
small.

When all resonances are included, the calculated c
section exceeds the empirical values at the higher end of
energy range considered. This feature suggests that t
should be further short range contributions~c.f. @11#! that
may play a role. In Ref.@1#, for instance, the small contribu
tions from the isospinI 51 scalar and vector exchanges we
considered. In addition, the relativistic corrections to the r
cattering amplitudes will become more significant with i
creasing pion momentum.

Since the signs of the mesonic resonance transition c
plings are not fixed by the empirical partial widths and dec
rates, we show in Fig. 4 the uncertainty implied by the u
certainty in sign and magnitude of therNN(1520) coupling
in the calculated cross section. The figure indicates that w
positive signs for the couplings of the other resonances,
negative sign for therNN(1520) vertex coupling is favored

In order to illustrate the sensitivity of the calculated cro
section to the details of the dynamics and the conventio
approximations, we also show in Figs. 5 and 6 how the
sults for the impulse and the pion exchange terms chang
one uses the so-called ‘‘frozen kinematics approximatio
applied to those operators. In this approximation, the prod
tion operators are evaluated in exact threshold kinema
even for energies above threshold. The calculation of
cross section is simplified in this case, since the pion prod
tion amplitude does not depend on the pion momentum v
able of integration.

.
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Clearly, using frozen kinematics is not a good approxim
tion to the exact calculation in either case, neither for
impulse term of Fig. 5, nor for the pion rescattering term
Fig. 6, in agreement with Ref.@15#. The discrepancy—no
surprisingly—worsens the further one goes from thresho

We also consider the approximation that the energy
pendence of the half-off-shellT-matrix, in the final state, is
replaced by the energy dependence of the on-shellT-matrix
@33#. It is based on the observation that, although the on-s
and half-off-shellT-matrix elements entering in the calcul
tion of pion production can be very different, their variatio
with energy is very similar and can be isolated into a fac
dominated by the two-nucleon phase shift. It suffices then
calculate the half-off-shellT-matrix at only one energy, e.g
at threshold, and the factor containing the phase shift ta
care of the extension to all other energies. This simplifies
phase-space integration, without sacrificing the final state
teraction.

FIG. 4. Total cross section as function of the proton lab ener
The solid curve corresponds togrNN*

1520
522.3, the short-dotted

curve to grNN*
1520

52.3, the dashed curve togrNN*
1520

525.3, and the
short-dash-dotted curve togrNN*

1520
525.3.

FIG. 5. Total cross section based on exact and approxim
calculations of the single-nucleon term. The solid line is the ex
result, the dotted line applies the ‘‘frozen kinematics approxim
tion’’ ( q50), and the dashed line refers to a calculation where
addition, the energy-dependence of the nucleon-nucleonT-matrix is
approximated, as discussed in the text.
04520
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Figures 5 and 6 display the effect of this approximation
the following way: the frozen kinematics approximation h
been calculated on one hand using the exact half-off-s
two-nucleonT-matrix ~dotted curve!, and on the other hand
with the described energy-dependence factorization~dashed
curve!. Therefore, the dotted curve has to be compared w
the dashed curve in order to assess the quality of this
proximation,not with the solid line representing the resu
without any of the considered approximations.

The energy-dependence approximation works somew
better than the frozen kinematics approximation. As is to
expected, the discrepancy increases with the distance in
ergy to the point at which the half-off-shellT-matrix has
been calculated exactly—in this case at threshold.

The frozen kinematics calculation overestimates the
pulse term, but underestimates the pion rescattering term
is likely that partial cancellations will occur when the tw
terms are calculated together, resulting in a smaller disc
ancy. However, accidental cancellations of errors should
be interpreted in favor of an approximation. It is quite cle
from these results that the frozen kinematics approxima
should be avoided.

V. CONCLUSIONS

The results obtained here indicate that the net effect of
orbitally excited intermediate nucleon resonances with m
below 1.6 GeV, that are excited by short-range excha
mechanisms, to the calculated cross section for the reac
pp→ppp0 is small. The resonance coupling paramet
were all determined phenomenologically from experimen
decay widths and branching ratios. The individual resona
contributions are not small, however, and the size of the
effect depends on the sign of the transition coupling c
stants. The data seem to favor a negativerNN~1520! cou-
pling constant.

The results also support the view that the dominant
namical effects in the reactionpp→ppp0 are ~a! the single
nucleon operator~2! @7#, ~b! the short-range exchang
mechanisms incorporated in the short-range part of real

.

te
t
-
n

FIG. 6. Total cross section based on exact and approxim
calculations of the pion rescattering term. The meaning of the v
ous curves is explained in Fig. 5.
1-7



is
.
s
im
n

w
ra
f
ns
e

o
tio

er
ld
ld be
ct’’
o-

r-
ad-
by
IS/
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nucleon interactions~11! and ~12! @1#, and ~c! the pion ex-
change term~3!. Of these it is presently the last one that
most contentious@2,3,15# and which calls for further study
Additional short-range contributions associated with tran
tion couplings between heavy mesons are possibly also
portant, and interesting because of their other phenome
logical implications@11#.

The short-range exchange mechanisms associated
the short-range components of the nucleon-nucleon inte
tion may be derived directly from the nonrelativistic limit o
the nonsingular part of the axial current 5-point functio
with external leg couplings, and are completely determin
by the nucleon-nucleon interaction@1,19#. These short-range
mechanisms were here determined from the ‘‘Bonn B’’ b
son exchange model for the nucleon-nucleon interac
op

s.

04520
i-
-

o-

ith
c-

d

-
n

model. Their magnitude is larger than what the ‘‘pow
counting rules’’ of chiral perturbation theory naively wou
suggest, namely that the resonance mechanisms shou
larger than the rescattering term and the ‘‘5-point conta
terms @3#. This is a consequence of the large effective m
mentum scale involved in the exchange mechanisms.
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