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Scalar isoscalar pion pairs in nuclei and theA„p,pp…X reaction

M. J. Vicente Vacas and E. Oset
Departamento de Fı´sica Teo´rica and IFIC, Centro Mixto Universidad de Valencia–CSIC, 46100 Burjassot, Valencia, Spain
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The reactionA(p,pp)X has been studied at low energies, paying particular attention to the interaction of
the two final pions in the scalar isoscalar (I 5J50) channel. We have developed a microscopic model for the
pion production, and then implemented the two pion final state interaction by using the results of a nonper-
turbative unitary coupled-channel method based in standard chiral Lagrangians. The resulting model describes
well the reaction on the nucleon for all different isospin channels. Finally, we have considered the reaction in
nuclei. Our calculation takes into account Fermi motion, Pauli blocking, pion absorption, and also the strong
modification of thepp interaction in the nuclear medium.@S0556-2813~99!01212-1#

PACS number~s!: 13.75.Lb, 13.60.Le, 13.75.Gx, 25.80.Hp
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I. INTRODUCTION

The reaction A(p,pp)X has attracted much intere
lately as a means to investigate the properties of correl
I 5J50 pion pairs, the ‘‘s ’’ meson, in nuclear matter@1,2#.
This has been partly motivated by recent experimental
sults, which show anA dependent large enhancement of t
cross section at low invariant masses of the dipion sys
@3,4#. The enhancement occurs for theA(p2,p1p2)X pro-
cess (I pp50 and 2 at low energies!, but is conspicuously
absent for theA(p1,p1p1)X case (I pp52). Thus, it hap-
pens only whenI pp50 pion pairs are produced, and cou
be related to the medium dependence of thepp interaction
in the s channel.

Our theoretical understanding of thepp scattering in
vacuum has improved considerably in the last few yea
Close to threshold, thepp interaction is well described by
chiral perturbation theory (xPT). At higher energies, wher
unitarity matters and we are out of thexPT range of validity,
some very successful nonperturbative models have been
veloped@5,6#. They are able to give a good description of t
pp scattering in thes channel up to energies above 1 Ge

Whereas in vacuum the low energypp interaction in the
I 5J50 channel, although attractive, is too weak to adm
bound state, it was soon realized that the nuclear med
attraction of the pions could lead to the accumulation
some strength close to the two pion threshold or even to
appearance of a new bound state@7#. A similar conclusion
has been reached in Ref.@2#, where an enhancement of th
spectral function in thes channel, just above the 2p thresh-
old, has been predicted as a consequence of a possible p
restoration of chiral symmetry in the nuclear medium. Ac
ally, in more detailed calculations, based on thepp interac-
tion model of Ref.@5#, it has been found that spontaneo
s-wave pion pair condensation could appear at densitie
low as r0 @8–10#. Further works along the same line, b
using the chirally improved Ju¨lich model for the meson-
meson interaction, have shown that instabilities are pus
up in density when chiral constraints are imposed@11,12#.
Nonetheless, some accumulation of strength close to the
pion threshold was found. Similar results have been obtai
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in Ref. @13#. The latter work is based on the model for th
pp interaction of Ref.@6#, which generates the scatterin
amplitude using the chiral Lagrangians, and then unitarize
by the inverse amplitude method.

The first experimental signals showing a small enhan
ment of thepp spectral function in theA(p,2p)X reaction
were found in Ref.@14#, although the experiment did no
measure belowMpp5300 MeV, and hence, missed th
most interesting region. The advent of CHAOS improv
considerably the experimental possibilities, and it has p
vided us with a wealth of good quality data for seve
charge channels and nuclei. The results show the emerg
of a very clear peak in theMpp spectral function close to
threshold, when pions in the scalar isoscalar channels
present in the final state@3,4,15#. This peak, absent for the
reaction on deuterium, already appears in light nuclei, a
grows as a function of the atomic number. In contrast, o
minor changes are observed when the cross section of
(p1,2p1) reaction in deuterium is compared to the sam
process in heavier nuclei. Certainly, the different behavior
the two processes cannot be caused by trivial nuclear effe
like Fermi motion, Pauli blocking, or pion absorption, whic
are practically identical for both cases.

In Ref. @1#, a calculation of theA(p,2p)X reaction has
been presented in which thepp final state interaction~FSI!
was taken into account using the approach of Ref.@11#. The
emphasis being placed on the analysis of the FSI, the
ementary mechanism of pion production on a single nucl
(pN→ppN) was described in a simplified manner, takin
only the most important pieces of the amplitude. Also, so
simplifications were done on the treatment of nuclear effe
like Fermi motion or pion absorption. The results are ve
stimulating, and show some enhancement of theMpp distri-
bution close to threshold, which agrees well with the expe
mental data.

Our aim in this paper is to do a more detailed study of
reaction, including a realisticpN→ppN amplitude, and in-
corporating some nuclear effects omitted in the previo
work, and which could affect its conclusions.

In Sec. II we give a brief outline of the model forpp
scattering in the scalar-isoscalar channel both in vacuum@6#
and in nuclear matter@13#. Then, in Sec. III we develop a
©1999 The American Physical Society21-1
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M. J. VICENTE VACAS AND E. OSET PHYSICAL REVIEW C60 064621
model for thepN→ppN reaction. Finally, in Sec. IV we
discuss the process in nuclei.

II. BASIC THEORY OF pp SCATTERING
IN THE SCALAR-ISOSCALAR CHANNEL

A. pp scattering in vacuum

The pp scattering amplitude is calculated solving t
coupled channel Bethe-Salpeter~BS! equation

Tpp5Vpp1Vp lGl l Tlp , ~1!

where the subscriptp corresponds to the stateupp,I 50&
and the subscriptl accounts for theupp,I 50& and the
uKK̄,I 50& states. The potentialsVi j are obtained from the
lowest order chiral Lagrangians@16#. Explicit expressions
can be found in Ref.@13#. TheVGT term of Eq.~1! stands for

VGT5E d4k

~2p!4
V~q1 ,q2 ,k!G~P,k!T~k;q18 ,q28!, ~2!

whereq, q8, P, andk are the momenta of the mesons
defined in Fig. 1. A cutoff (qmax51 GeV) is used in the
evaluation of the integral.G(P,k) is the product of the two
meson propagators in the loop,

Gl j ~P,k!5 i
1

k22ml
21 i e

1

~P2k!22mj
21 i e

. ~3!

The particularVi j off-shell dependence leads to the simpli
cation of the integral BS equation which can be transform
into the purely algebraic expression

Tik5Vik1Vi j Gj j Tjk , ~4!

whereVil is now the on-shell part of the potentials~when the
momenta are taken such thatpi

25mi
2), and

Gj j 5 i E d4k

~2p!4

1

k22m1 j
2 1 i e

1

~P2k!22m2 j
2 1 i e

. ~5!

The resulting amplitude reproduces well experimental ph
shifts and inelasticities in theI 5J50 channel up to
1.2 GeV.

B. pp in nuclear matter

In the nuclear medium, the pion propagators are stron
modified, mainly due to their coupling to particle-hole~ph!
and D-hole (Dh) excitations. Therefore, new terms of th

FIG. 1. Diagrammatic representation of the Bethe-Salpe
equation.
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type depicted in Fig. 2 have to be included in the calculat
of the scattering amplitude. It has been shown@17,13# that
the terms~c!,~d!,~f!, . . . of Fig. 2 cancel the off shell contri-
bution of the terms~a!,~b!,~e!, . . . , sothat only these latter
terms must be considered with thepp amplitudes factorized
on shell. As a result the new BS equation is written as

Tpp5Vpp1VpKGKKTKp1VppG̃ppTpp . ~6!

As the KK̄ state contributes very little toTpp at low ener-
gies, the vacuum values are kept forGKK . Only Tpp and
G̃pp are renormalized in the medium. The functionG̃pp is
now given by

G̃pp5 i E d4k

~2p!4

1

k22mp
2 2P~k!

1

~P2k!22mj
22P~P2k!

,

~7!

whereP(k) is the pion self-energy in the nuclear mediu
calculated as

P~k!5
~ f /mp!2kW2U~k!

12~ f /mp!2g8U~k!
, ~8!

with g8 the Landau-Migdal parameter (g850.7), f theNNp
coupling constant (f 51), andU the Lindhard function for
both ph andDh excitations@18#. In addition, we have also
included the contribution of 2p2h excitations as explained
Ref. @13#.

In Fig. 3 we show the imaginary part of thepp scattering
amplitude for several nuclear densities. The results sho
displacement of strength towards low energies. Although
~6! leads to a zero value for the amplitude close to Adle
zero (s5mp

2 /2 with s the Mandelstam variable of the tw
pions system!, the accumulation of strength close and belo
the two pion threshold is large and grows rapidly as a fu
tion of the nuclear density. Very similar results were fou
in other works using different models forpp interaction but
imposing some minimal chiral constraints. See, for instan
Fig. 12 of Ref.@12# and Fig. 3 of Ref.@19#.

III. pN˜ppN REACTION

Our understanding of thepN→ppN reaction at low en-
ergies has improved considerably in the last few years b
experimentally and theoretically@20–24#. The model we

r

FIG. 2. Some new terms of the Bethe-Salpeter equation
nuclear matter. Bubbles represent particle-hole andD-hole excita-
tions.
1-2
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SCALAR ISOSCALAR PION PAIRS IN NUCLEI AND . . . PHYSICAL REVIEW C60 064621
present here follows closely that of Ref.@20#, where only the
p2p→p1p2n process was calculated. In this paper we w
extend it to other charge channels and will include additio
mechanisms that have been found to be important in
calculation of some differential cross sections@25,4#.

At low energies, the only particles that need to be cons
ered are pions, nucleons, and theD and Roper resonance
The need for the latter seems surprising, because of its
tively high mass and the smallness of thepNN* coupling.
However, the Roper resonance partly decays to a nuc
and ans-wave pion pair. This mechanism does not vanish
threshold, unlike most other terms, and it has been foun
be very important for all charge channels that allow for
I 5J50 pion pair@25#.

We have considered in our model the mechanisms re
sented by the diagrams of Fig. 4. The dashed lines are pi
and the internal solid lines are all possible baryo
(N,N* ,D). Notice that different charge channels allow
forbid some of the diagrams. Also all possible different tim
orderings, not explicitly depicted, are included in the act

FIG. 3. ImTpp in the scalar isoscalar channel at differe
nuclear densities as a function of the c.m. energy of the pion p
The labels correspond to the nucleon Fermi momentum.

FIG. 4. Feynman diagrams contributing to thepN→ppN re-
action. Dashed lines are pions. External solid lines are nucle
Internal solid lines are nucleons,D ’s, and N* (1440) where pos-
sible.
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calculation. The Feynman rules used to calculate the sca
ing amplitude are derived from the effective Lagrangians
the Appendix. It is relevant to mention here that no attem
to fit the pN→ppN data has been made. Rather, stand
values for the coupling constants, obtained from differe
experiments and/or analysis, have been used.

The scattering amplitudes for the differentpN→ppN
charge channels can be written as linear combinations of
isospin amplitudesT2I ,I p,p

. Here, I and I p,p are the total
isospin of the system and the isospin of the two final pio
The expressions, for the channels we are interested in, a

T~p2p→p1p2n!52
1

A45
T321

A2

3
T101

1

3
~T112T31!,

~9!

T~p2p→p0p0n!5
4

A45
T321

A2

3
T10, ~10!

T~p1p→p1p1n!52
2

A5
T32. ~11!

Before proceeding, it is interesting to make some qualitat
considerations. The symmetry of the pion pair wave funct
implies that the orbital angular momentum of the two fin
state pions will be even for theT10,T32 and odd for the
I pp51 amplitudes. Thus, at low enough energies, wh
only s-waves would dominate, bothT11 and T31 should be
negligible. On the other hand, the cross section for
p1p→p1p1n channel is much smaller than for the oth
two cases. ThereforeT32,T10, which implies that the am-
plitudes for thep1p2 and p0p0 cases should be equal a
low energies and also that they are, essentially, dominate
the production of scalar-isoscalar pion pairs. As a con
quence, thep0p0 cross section should be about one-half t
one for p1p2, once the different thresholds are taken in
account. Of course, the energies at which there are exp
mental data are not that close to threshold and one ca
neglectT11 andT31. In our calculation, we will proceed a
follows. First, using the Lagrangians of the Appendix w
calculate the amplitudes for the different charge chann
Then, by means of Eqs.~9!, ~10!, and ~11!, we obtain
T10,T32, and the combinationT112T31, and finally, we
modify T10 by including the final state interaction of theI
5J50 pion pairs.

At low energies, due to the smallness of theI pp51 con-
tributions, we only need to consider the effects of the FSI
the I pp50,2 channels. Furthermore, as is shown in Ref.@1#
the pp interaction forI pp52 is quite weak and does no
change appreciably inside the nuclear medium. Thus only
FSI on theI pp50 channel could produce large effects on t
scattering amplitude both in vacuum and in nuclei. To a
count for it, the amplitudeT10 is modified in the following
manner:

T̃105T10F5T101T10G̃ppTpp , ~12!

s.

s.
1-3
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M. J. VICENTE VACAS AND E. OSET PHYSICAL REVIEW C60 064621
where G̃pp and Tpp are the two pion propagator and th
scalar-isoscalar two pions amplitude defined in Eqs.~7! and
~6!, respectively. Using again Eqs.~9!, ~10!, and~11!, where

T10 is now replaced byT̃10, we obtain the scattering ampl
tudes for the physical channels.

As can be seen in Fig. 5, this model, without free para
eters, reproduces fairly well the total cross sections for
three channels considered. This agreement extends to d
ential cross sections, as will be shown for some cases in
next section. The net effect of the inclusion of the pion FS
a small enhancement of the total cross section for thep1p2

andp0p0 channels, and slight modifications of the differe
tial cross sections, as was expected, given that theF factor
changes very smoothly, in vacuum, over the available ph
space.

IV. pA˜ppX REACTION

There are several nuclear effects that could modify
pion production cross section, like Fermi motion, Pa
blocking, pion absorption, and quasielastic scattering. Ad
tionally, there could be new reaction mechanisms involv
more than one nucleon, but the contribution of this kind
process has been shown to be quite small@4#. To account for
the medium effects we follow Ref.@33#. Assuming only one
nucleon mechanisms, the cross section can be written a

FIG. 5. Total cross section for thepN→ppN reaction vs pion
kinetic energy. Upper box:p2p→p1p2n; experimental points
from Refs. @26,27#. Middle box: p2p→p0p0n; Data from Refs.
@28–30#. Lower box:p1p→p1p1n; data from Refs.@31,32#.
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qE d2bW dz FISIE d3kW

~2p!3E d3q1
W

~2p!3E d3q2
W

~2p!3

3n~ ukW u!@12n~ uqW 1kW2q1
W2q2

W u!#

3(
sisf

uTu2
1

2v~q1
W !

1

2v~q2
W !

d„q01E~kW !

2v~q1
W !2v~q2

W !2E~qW 1kW2q1
W2q2

W !…Fout-abs, ~13!

whereqW , kW , q1
W , andq2

W are the initial pion, initial nucleon,
and two final pion momenta;E(kW ), v(q1

W ), andv(q2
W ) are

their energies. The spatial volume element is written in ter
of bW , perpendicular, andz, parallel to the beam momentum
The occupation numbern(•) refers to the local density; i
takes the value 1 when the argument is below the local Fe
momentum„kF5@3p2r(bW ,z)/2#1/3

… and zero above it. Note
the sum over initial and final spins, but not over isosp
because the channels we study involve only protons in
initial state and neutrons in the final one. In this paper,
only consider symmetric nuclei, and we will use the sa
density for neutrons and protons. The nuclear densities
taken from Ref.@34#. The amplitudeT is also evaluated a
the local density, which fundamentally means that its o
changes occur in theF factor, related to thepp interaction.
Finally, the factorsF ISI andFout-absaccount for the flux loss
due to pion absorption and scattering in the case ofF ISI and
for pion absorption alone in the case ofFout-abs. Both pion
absorption and quasielastic scattering are quite strong a
energy of the incoming pion and both reduce the effect
initial pion flux. That is clear for the absorption, but it is als
true for the p-nucleus quasielastic scattering, because
these collisions the pion loses always some energy, wh
reduces enormously the possibility of a subsequent pion
duction. We implement the flux lost with the eikonal facto

F ISI5expS 2E
2`

z

dz8 ~Pabs„v~q!,r…1Pqua„v~q!,r…! D ,

~14!

wherePabsandPqua are the absorption and quasielastic sc
tering probability per unit length, which we take from Re
@33#. As a result of these interactions, the flux reaching
inner nucleus is quite small and the reaction happens at
surface, which reduces considerably the possibility of stro
medium effects. As mentioned in Ref.@1#, the final pions
have low energy and absorption or quasielastic scattering
minor effect in their case. This has also been confirmed
the analysis of experimental data of Ref.@14#. Nonetheless, it
could affect more those events happening at high densitie
the center of the nucleus. Therefore, we include the fac
Fout-abs which calculates the reduction of the cross sect
due to the absorption of any of the final pions. It is given
1-4
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SCALAR ISOSCALAR PION PAIRS IN NUCLEI AND . . . PHYSICAL REVIEW C60 064621
Fout-abs5expS 2E
(bW ,z)

`

dl1Pabs„v~q1!,r…D
3expS 2E

(bW ,z)

`

dl2Pabs„v~q2!,r…D , ~15!

wheredl1 anddl2 are the elements of longitude along theqW 1

andqW 2 directions. The probability of quasielastic collisions
very small at these energies and we ignore it.

V. RESULTS

The results that will be presented in this section are
compared with CHAOS data atTp5280 MeV. We have ap-
proximately implemented the experimental acceptance
in our calculation. Let us take the beam direction as thz
axis, andx forming with z the horizontal plane; thenf50
67°, wheref is the pion angle with thexz plane, and 10°
,u,170°, withu the pion angle in thez direction. Also, we
have taken a pion kinetic energy thresholdTp.11 MeV.

In Fig. 6, we show the invariant mass distributions for t
deuteron case. We obtain quite good agreement in thep1p1

channel in both shape and size. The agreement is no
satisfactory for thep1p2 case. As can be seen in Fig. 5, th
total cross section is slightly overestimated by our mod
and a similar situation is found for the mass distribution.
order to compare easily with the experimental shape,
have renormalized our result by reducing it by 20% and t
is what is shown in the figure. Let us remember here tha
parameter has been adjusted, and some of them, like t
related to the Roper properties, are very uncertain. A q
small change of a few percent in the Roper coupling c

FIG. 6. Two pion invariant mass distributions in thep21d
→p1p2nn ~upper box! and p11d→p1p1 ~lower box! reac-
tions. Experimental points are from Ref.@15#.
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stants would produce a fine agreement in size. It is inter
ing to understand the quite different behavior of the tw
channels under consideration. As was already stresse
Ref. @4#, thep1p1 case follows closely a pure phase spa
distribution. The two peaks of the figure respond only to t
geometry of the experimental apparatus, which favors cle
the situations in which either the pions go together~low
Mpp) or in opposite directions~high Mpp). The smallness
of the Mpp distribution in thep1p2 reaction reflects the
much richer structure of the amplitude, and it is produced
the destructive interference of large pieces. Consider, a
example, the mechanisms~I! p2p→n* →n(pp) I 5J50 and
~II ! p2p→n* →Dp→np1p2. The ~I! amplitude has a
constant sign, all over the available phase space. Howe
process~II ! has an amplitude approximately proportional
the scalar product of the final pions momenta. Therefore
changes sign when passing from low to high invaria
masses. In fact, not only is there destructive interferenc
low masses, the constructive interference increases the
of the high mass region.

Our results for calcium are shown in Fig. 7. Again, the
is a very good agreement with thep1p1 data. The shape o
the figure is quite similar to the deuteron case. There is so
softening, and the distribution reaches higher masses. B
features are mostly due to the Fermi motion of nucleo
Pion absorption is weak at low energies. Hence, it does
affect much the final pions, although it is partly responsib
for the reduction of the spectral function at high mass

FIG. 7. Two pion invariant mass distributions in thep21Ca
→p1p2X ~upper box! andp11Ca→p1p1X ~lower box! reac-
tions. Solid line, full calculation; dashed line, no medium effects
the FSI of the two pions. Experimental points are from Ref.@3#.
1-5
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M. J. VICENTE VACAS AND E. OSET PHYSICAL REVIEW C60 064621
More important is the initial pion absorption, which apa
from changing the total cross section, prevents the pi
from reaching the nucleus core, therefore decreasing the
fective density at which the reaction happens and modula
all nuclear effects.

The quality of the agreement in the latter channel gives
confidence that all standard nuclear effects are properly ta
into account, in particular that we have a proper descript
of where in the nucleus the reaction takes place.

Finally, let us discuss thep1p2 data, the channel in
which the nuclear dependentpp interaction in the scala
isoscalar channel could be responsible for the presence
low mass peak. Our results show some enhancement clo
threshold, even when the pion FSI is calculated in vacu
This is due to Fermi motion. In the full calculation, the i
clusion of the medium dependence in the FSI leads t
further enhancement and a displacement towards
masses, although is not enough to reproduce the data.

One first question is the consistency of our results w
those of Ref.@1#, which reproduce well the experiment. I
order to do a proper comparison, we should impose so
approximations that were used there. In particular, we fi
that pion absorption forces the reaction to occur at
nuclear surface, at densities lower than those used in
@1#. If we impose a high fixed average density~see Fig. 8!,
we also get a large, although insufficient, enhancement
too high values for the mass distribution at high mass
produced by the excess of Fermi motion. If we neglect p
absorption, the results follow closely the curve correspo
ing to r50.5r0, as expected, given the fact that for the c

FIG. 8. Same as Fig. 7, using a fixed averaged density. S
dashed line,r50.5r0; long dashed line,r50.7r0; solid line, full
calculation.
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cium nucleus, the average density is approximately half
nuclear density.

In order to facilitate further the comparison with the r
sults of Ref.@1# we have also considered a simplified mod
for the reaction, neglecting all terms with aD resonance. The
two curves in Fig. 9 correspond to FSI’s calculated
vacuum and with a densityr50.7r0. This simplified model
has a similar structure to that of Ref.@1#, and although it is
able to reproduce the peaks structure in nuclei, it does s
the price of overestimating for the deuteron case the thre
old region by a large factor.

VI. CONCLUSIONS

We have studied theA(p1,p1p6)X reactions on the
deuteron and on calcium using a realistic model for the
ementary pN→ppN production, and including severa
nuclear medium effects, like Fermi motion, pion absorptio
pion quasielastic scattering, and the medium dependentpp
interaction in the scalar isoscalar channel.

We find very good agreement with the experimental d
for p1p1 production, which gives us confidence in o
treatment of the common nuclear effects. However, we
unable to reproduce fully the strong enhancement close
the two pion threshold found in the experiment forp1p2

production. We also find that approximations previous
used in the literature could be critical in reproducing such
enhancement. Several possibilities open up. It could hap
that thepp interaction in thes channel has a stronger de

rt

FIG. 9. Same as Fig. 7, using a fixed averaged densityr
50.7r0 and a simplified model~see text!. Dashed line, FSI in
vacuum; solid line, FSI in medium.
1-6
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SCALAR ISOSCALAR PION PAIRS IN NUCLEI AND . . . PHYSICAL REVIEW C60 064621
pendence on density than that provided by existing mod
This would be most interesting. However, we have a
found that the smallness of the spectral function in the d
teron, close to threshold, is due to the destructive inter
ence between large pieces of the amplitude. If some of th
pieces are substantially modified in the nuclear medium,
interference could disappear, and the spectral function wo
look more like phase space, as is the case forp1p1 produc-
tion. This would be enough to reproduce the experimen
data. New dedicated experiments, with a wider phase sp
and at lower energies, where the interference effects
smaller, are important to settle these questions.

We also find that absorption of the incoming pion lea
the reaction to occur at the surface, therefore reducing
signals of any density dependent effect. Electromagnetic
induced reactions, free from such a disadvantage, are cle
called for to investigate the medium effects on thepp inter-
action in thes channel
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APPENDIX: LAGRANGIANS USED IN THE
pN˜ppN MODEL

1. Pions and nucleons

The scattering amplitude of the mechanisms depicted
Fig. 4, considering only nucleons for the internal lines, c
be derived from the chiral Lagrangians with the inclusion
baryons of Refs.@16,35–37#. The relevant pieces can b
written as

L5Lpp1LpN . ~A1!

In this equation,Lpp contains the purely mesonic interactio
and LpN the meson~s!-nucleon terms. The mesonic part
given by

Lpp5
f 2

4
^]mU†]mU1x~U1U†!&. ~A2!

The angular brackets indicate the sum in flavor space.
matricesU andu are defined by

U~F!5u~F!25exp$ iA2F/ f %, ~A3!

where
06462
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F[
1

A2
tWfW 5S 1

A2
p0 p1

p2
2

1

A2
p0D , ~A4!

wheretW are the Pauli matrices and thep . are the pion fields.
At lowest order,f is equal to the pion decay constant,f
5 f p592.4 MeV. Assuming isospin symmetry, the meson
mass matrix is

x5S mp
2 0

0 mp
2 D . ~A5!

The interaction with the nucleon is described by the te

LpN5C̄S igm¹m2M1
gA

2
gmg5umDC. ~A6!

Here,M is the nucleon mass,C is the nucleon isospinor,

C5S p

nD , ~A7!

andgA'1.26 is related to the pion nucleon coupling consta
( f NNp /mp) by the Goldberger-Treiman relationf NNp /mp

5gA/2f . The covariant derivative of the nucleon field¹mC
is given by

¹mC5]mB1GmB, Gm5
1

2
~u†]mu1u]mu†!. ~A8!

ExpandingU andu, and keeping the terms with up to fou
pion fields, the following set of Lagrangians is obtained:

Lpppp5
1

6 f p
2 F ~]mfW fW !22fW 2~]mfW !21

1

4
mp

2 fW 4G , ~A9!

LNNp52
f NNp

mp
C̄gmg5]mfW tWC, ~A10!

LNNppp5
1

6 f p
2

f NNp

mp
C̄gmg5@~]mfW tW !fW 22~fW tW !~]mfW fW !#C,

~A11!

LNNpp52
1

4 f p
2
C̄gmtW~fW 3]mfW !C. ~A12!

Whereas the expression of theLNNp Lagrangian is quite
standard, different forms can be found in the literature for
~A9! and ~A11! pieces, because different representations
the pion field U(F) had been used. However, it can b
shown that they produce the same physical amplitudes
particular, they are equivalent to the Weinberg Lagrangi
used in Ref.@20# when the chiral symmetry breaking param
eterj is taken to be zero.
1-7
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The LNNpp term describes the isovector part of thepN
→pN s-wave interaction. The very small isoscalar pa
would appear at higher orders of the chiral Lagrangian. A
ing a phenomenological isoscalar part, and doing a low
ergy approximation, the Lagrangian can be recast in the t
cal form

LNNpp524pH l1

mp
C̄fW 2C1

l2

mp
2
C̄tW~fW 3] tfW !CJ ,

~A13!

where l25mp
2 /16p f p

2 '0.045. Fitting the constants to th
s-wavepN scattering lengths@38#, one gets a slightly large
l250.52 andl150.048.

Finally, the pion and nucleon propagators are

Dp~q!5
1

q22mp
2

, ~A14!

GN~q!5
M

Eq

1

q02Eq1 i e
, ~A15!

whereEq5Aq21M2.

2. D resonance

Diagrams~d! and ~e! of Fig. 4 could also haveD reso-
nances as intermediate steps. The requiredDNp and DDp
vertices are described by the following phenomenolog
Lagrangians:

LDNp5
f *

mp
cD

† Si
†~] ifW !T†cN1H.c., ~A16!

LDDp5
f D

mp
cD

† SD i~] ifW !TDcD , ~A17!

where thecD(N)
† are two component spinor fieldsS† (T†) and

SD (TD) are the spin~isospin! 1/2→3/2 and 3/2→3/2 tran-
sition operators. The definition and some useful algeb
relations of these operators can be found in Ref.@39#.

The D propagator is given by

GD~p!5
1

W2MD1
1

2
iGD~p!

, ~A18!

whereW is theD invariant mass and the resonance widthGD

is

GD~W!5
1

6p S f *

mp
D 2M

W
uqc.m.u3Q~W2M2mp!,

~A19!

with qcm the pion momentum in the resonance rest fram
TheDNp coupling constant, obtained frompN phase shifts
or from the experimental width, using Eq.~A19!, takes the
06462
t
-

n-
i-

l

ic

.

value f * 52.13. For theDDp coupling we take the quark
model valuef D54/5f NNp @40#.

3. Roper resonance

The Roper resonance can decay into a nucleon and a p
a D and a pion, and a nucleon and twos-wave pion. The
effective Lagrangians we use to describe these interact
are

LN* Np52
f̃

mp
C̄N* gmg5]mfW tWCN1H.c., ~A20!

LN* Dp5
f N* Dp

mp
cD

† Si
†~] ifW !T†cN* 1H.c., ~A21!

and

LN* Npp52CC̄N* fW fW CN1H.c. ~A22!

The coupling constantsf̃ , f N* Dp , and C are calculated
from theN* width and branching ratios. There are consid
able uncertainties in the experimental information, but us
the central values from Ref.@41# one getsf̃ 50.477,f N* Dp

52.07, andC52.3mp
21 @39#. The Roper propagator is give

by

GN* ~p!5
1

W2M* 1
1

2
iGN* ~p!

. ~A23!

At low energy, the width is dominated by the decay into t
Np channel, and it is given by

GN* 'GNp5
3

2p
S f̃

mp
D 2

M

W
uqc.m.u3Q~W2M2mp!.

~A24!

Whereas all other constants are obtained from differ
experiments, without twos-wave pions in the final state, an
hence are independently determined, we should handle
more caref N* Dp and C. Both constants correspond to pro
cesses with two pions in the final state, which could be in
scalar isoscalar channel. The constants have been fitted t
experimental Roper partial widths using the Born appro
mation ~without a final state interaction of the pions!, and
therefore effectively incorporate already the vacuum ren
malization due to the final state interaction of the pions.
we will include the FSI explicitly in our calculation, we hav
first to discount its effects on these two constants to av
double counting.

As explained in Sec. III A our model implements a FSI b
multiplying the scalar isoscalar part of the amplitude by t
factor F. This factor depends smoothly in vacuum on t
invariant mass of the two pion system, and is practica
constant over the available phase space region of
N* (1440) decay. We thus take a corrected value forC:
1-8
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C→ C

uF̄u
, ~A25!

whereF̄ is the value ofF at the average invariant mass
R
.

. A

J

ys

06462
the two pions in theN* (1440) decay. The correction is no
as important for thef N* →Dp case, first, because only a sma
part of the partial width produces pion pairs in the sca
isoscalar channel and, second, because at the low energ
the experiment under analysis the contribution of this kind
mechanisms is small.
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