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Scalar isoscalar pion pairs in nuclei and theA (s, )X reaction
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The reactionA(,7m) X has been studied at low energies, paying particular attention to the interaction of
the two final pions in the scalar isoscalédr<J=0) 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 ther s interaction in the nuclear mediuf50556-28139)01212-1

PACS numbes): 13.75.Lb, 13.60.Le, 13.75.Gx, 25.80.Hp

[. INTRODUCTION in Ref. [13]. The latter work is based on the model for the
a1 interaction of Ref[6], which generates the scattering
The reactionA(a, mmw)X has attracted much interest amplitude using the chiral Lagrangians, and then unitarizes it
lately as a means to investigate the properties of correlatelly the inverse amplitude method.
| =J=0 pion pairs, the & meson, in nuclear matte,2]. The first experimental signals showing a small enhance-
This has been partly motivated by recent experimental rement of them s spectral function in thé\(,2m) X reaction
sults, which show ar dependent large enhancement of thewere found in Ref[14], although the experiment did not

cross section at low invariant masses of the dipion systerfl€asure belowM ;=300 MeV, and hence, missed the
[3,4]. The enhancement occurs for thém—, 7" 7~ )X pro- most interesting region. The advent of CHAOS improved

cess (..=0 and 2 at low energigsbut is conspicuously considerably the experimental possibilities, and it has pro-
absentwf%r the\(n .= 7 )X case (.. —2). Thus, it hap- vided us with a wealth of good quality data for several
pens only wherl ’:0 pion pairs argwprodijced ;and could charge channels and nuclei. The results show the emergence

: : . of a very clear peak in th&/ . spectral function close to
be related to the medium dependence of 4w interaction threshold, when pions in the scalar isoscalar channels are

in the o channgl. ) . present in the final statg8,4,15. This peak, absent for the

Our theoretical understanding of thew scattering in  yeaction on deuterium, already appears in light nuclei, and
vacuum has improved considerably in the last few yearsyrows as a function of the atomic number. In contrast, only
Close to threshold, the”ﬂ interaction iS We” described by minor Changes are observed When the Cross Section Of the
chiral perturbation theoryxPT). At higher energies, where (7" 27") reaction in deuterium is compared to the same
unitarity matters and we are out of th®T range of validity, process in heavier nuclei. Certainly, the different behavior of
some very successful nonperturbative models have been dhe two processes cannot be caused by trivial nuclear effects,
veloped[5,6]. They are able to give a good description of thelike Fermi motion, Pauli blocking, or pion absorption, which
7 scattering in ther channel up to energies above 1 GeV. are practically identical for both cases.

Whereas in vacuum the low energyr interaction in the In Ref. [1], a calculation of theA(s,27)X reaction has
I =J=0 channel, although attractive, is too weak to admit abeen presented in which ther final state interactiofiFSI)
bound state, it was soon realized that the nuclear mediumwas taken into account using the approach of REE]. The
attraction of the pions could lead to the accumulation ofemphasis being placed on the analysis of the FSI, the el-
some strength close to the two pion threshold or even to thementary mechanism of pion production on a single nucleon
appearance of a new bound stffg¢. A similar conclusion (7N— a7aN) was described in a simplified manner, taking
has been reached in R¢2], where an enhancement of the only the most important pieces of the amplitude. Also, some
spectral function in ther channel, just above the2thresh-  simplifications were done on the treatment of nuclear effects,
old, has been predicted as a consequence of a possible parfise Fermi motion or pion absorption. The results are very
restoration of chiral symmetry in the nuclear medium. Actu-stimulating, and show some enhancement ofNhg, distri-
ally, in more detailed calculations, based on the interac-  bution close to threshold, which agrees well with the experi-
tion model of Ref[5], it has been found that spontaneousmental data.
s'wave pion pair condensation could appear at densities as Our aim in this paper is to do a more detailed study of the
low as py [8—10. Further works along the same line, but reaction, including a realisticeN— 77N amplitude, and in-
using the chirally improved Jich model for the meson- corporating some nuclear effects omitted in the previous
meson interaction, have shown that instabilities are pushedork, and which could affect its conclusions.
up in density when chiral constraints are impogéd,17. In Sec. Il we give a brief outline of the model farm
Nonetheless, some accumulation of strength close to the twacattering in the scalar-isoscalar channel both in vacL&im
pion threshold was found. Similar results have been obtainednd in nuclear mattefl3]. Then, in Sec. Il we develop a
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FIG. 1. Diagrammatic representation of the Bethe-Salpeter " ™" _/™ "™ . N
equation. d) DI . R D .
model for thewN— 77N reaction. Finally, in Sec. IV we FIG. 2. Some new terms of the Bethe-Salpeter equation in
discuss the process in nuclei. nuclear matter. Bubbles represent particle-hole Arable excita-
tions.
Il. BASIC THEORY OF ma SCATTERING
IN THE SCALAR-ISOSCALAR CHANNEL type depicted in Fig. 2 have to be included in the calculation
o of the scattering amplitude. It has been shawi,13 that
A. @ scattering in vacuum the terms(c),(d),(f), ... of Fig. 2 cancel the off shell contri-
The 7 scattering amplitude is calculated solving the bution of the termga),(b),(e),..., sothat only these latter
coupled channel Bethe-Salpet&S) equation terms must be considered with ther amplitudes factorized

on shell. As a result the new BS equation is written as
T7T7T:V7T7T+V7T|g”T|7T’ (1) ~
. T7T7T:V7T7T+V7TKGKKTK7T+V7T7TG7T7TT7T7T . (6)
where the subscriptr corresponds to the staterm,|=0)
and the subscript accounts for the|ma,1=0) and the As the KK state contributes very little t&_. at low ener-
|KK,I=0) states. The potentialg;; are obtained from the gies, the vacuum values are kept @B . Only T, and

lowest order chiral Lagrangiansi6]. Explicit expressions G are renormalized in the medium. The functiGr,, is
can be found in Ref13]. TheVGT term of Eq.(1) stands for  now given by

d*k ~ d*k 1 1
J(277)“ v v m 'f(zw)“ KZ—m2—T1(k) (P—kK)2—m?—II(P—K)

7
whereq, q’, P, andk are the momenta of the mesons as @)
defined in Fig. 1. A cutoff =1 GeV) is used in the whereIl(k) is the pion self-energy in the nuclear medium
evaluation of the integralg(P,k) is the product of the two calculated as

meson propagators in the loop, R
(f/m,)?k?U (k)

1 1 - 2~ !
(Pk)=i : 3 1-(f/mz)°g"U(k)
AP e (P—K)2—m’+ie ©

®

with g’ the Landau-Migdal parameteg(=0.7),f the NN

The particulary; off-shell dependence leads to the simplifi- coupling constantf(=1), andU the Lindhard function for
cation of the integral BS equation which can be transformedoth ph andAh excitations[18]. In addition, we have also

into the purely algebraic expression included the contribution of 2p2h excitations as explained in
Ref.[13].
Tik=ViktVijGj Tik, (4) In Fig. 3 we show the imaginary part of ther scattering

_ ) amplitude for several nuclear densities. The results show a
whereV;, is now the on-shell part of the potentidishen the  displacement of strength towards low energies. Although Eq.

momenta are taken such thaft=m?), and (6) leads to a zero value for the amplitude close to Adler's
. zero (s=m2/2 with s the Mandelstam variable of the two

G. _if d*k 1 1 ) pions sys_tem the accumulation of strength clo.se and below

ii (2m) kz—miﬁie (P—k)z—m§j+ie' the two pion threshold is large and grows rapidly as a func-

tion of the nuclear density. Very similar results were found

The resulting amplitude reproduces well experimental phas# other works using different models fara interaction but
shifts and inelasticities in thd =J=0 channel up to imposing some minimal chiral constraints. See, for instance,

1.2 GeV. Fig. 12 of Ref.[12] and Fig. 3 of Ref[19].
B. 774 in nuclear matter Il. #N— 77N REACTION

In the nuclear medium, the pion propagators are strongly Our understanding of theN— 7N reaction at low en-
modified, mainly due to their coupling to particle-hdjgh) ergies has improved considerably in the last few years both
and A-hole (Ah) excitations. Therefore, new terms of the experimentally and theoreticall{20—24. The model we
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77 T 7 T T T T T T calculation. The Feynman rules used to calculate the scatter-
vacuum | ing amplitude are derived from the effective Lagrangians of
the Appendix. It is relevant to mention here that no attempt
to fit the #N— 77N data has been made. Rather, standard
values for the coupling constants, obtained from different
experiments and/or analysis, have been used.

4 The scattering amplitudes for the differeatN— 77N
charge channels can be written as linear combinations of four
isospin ampIitudesTZL,M. Here,| and |, . are the total

isospin of the system and the isospin of the two final pions.
The expressions, for the channels we are interested in, are

! L 1 2 1
| //- T(7T p4>7T o n): - \/75T32+ ?Tlo'f' §(T11_ T31),
o ©)

—40 |

—Im Tu,

4 V2
T(7m p—727n)= —Tat+ —Tyg, 10
(m™p ) 7 327 3 1o (10

n ? 1 [
0 200 400 600 800 1000

E (MeV)

FIG. 3. ImT,. in the scalar isoscalar channel at different T(r p—mtmtn)=— ing. (12)
nuclear densities as a function of the c.m. energy of the pion pairs. \/§
The labels correspond to the nucleon Fermi momentum.

Before proceeding, it is interesting to make some qualitative
present here follows closely that of RE20], where only the  considerations. The symmetry of the pion pair wave function
7 p— a7 nprocess was calculated. In this paper we will implies that the orbital angular momentum of the two final
extend it to other charge channels and will include additionaktate pions will be even for th&,, T3, and odd for the
mechanisms that have been found to be important in thé, =1 amplitudes. Thus, at low enough energies, where
calculation of some differential cross sectid2s,4). only s-waves would dominate, both,; and T3; should be

At low energies, the only particles that need to be considnegligible. On the other hand, the cross section for the
ered are pions, nucleons, and theand Roper resonances. =*p— a7 n channel is much smaller than for the other
The need for the latter seems surprising, because of its relavo cases. Therefor&;,<T;,, which implies that the am-
tively high mass and the smallness of th&IN* coupling.  plitudes for thew " 7~ and #°#° cases should be equal at
However, the Roper resonance partly decays to a nucledow energies and also that they are, essentially, dominated by
and ans-wave pion pair. This mechanism does not vanish athe production of scalar-isoscalar pion pairs. As a conse-
threshold, unlike most other terms, and it has been found tquence, ther°#° cross section should be about one-half the
be very important for all charge channels that allow for anone for #+ 7, once the different thresholds are taken into
| =J=0 pion pair[25]. account. Of course, the energies at which there are experi-

We have considered in our model the mechanisms repranental data are not that close to threshold and one cannot
sented by the diagrams of Fig. 4. The dashed lines are pionaeglectT,; and T3;. In our calculation, we will proceed as
and the internal solid lines are all possible baryonsfollows. First, using the Lagrangians of the Appendix we
(N,N*,A). Notice that different charge channels allow or calculate the amplitudes for the different charge channels.
forbid some of the diagrams. Also all possible different timeThen, by means of Eqs9), (10), and (11), we obtain
orderings, not explicitly depicted, are included in the actualT,,,T5,, and the combinationT,;—T3;, and finally, we

modify T4o by including the final state interaction of the
\ ’ P - =J=0 pion pairs.
» oy S v’ , At low energies, due to the smallness of thg,=1 con-
‘i M . F 4 tributions, we only need to consider the effects of the FSI on
¥ - ” thel . .=0,2 channels. Furthermore, as is shown in REF.
y / J the 7r7r interaction forl ,,=2 is quite weak and does not
, A P/ A £ change appreciably inside the nuclear medium. Thus only the
FSl on thel ,..=0 channel could produce large effects on the
a) b) c) d) e) scattering amplitude both in vacuum and in nuclei. To ac-
count for it, the amplituddl ;4 is modified in the following

FIG. 4. Feynman diagrams contributing to th&\— 7N re- .
nanner:

action. Dashed lines are pions. External solid lines are nucleon
Internal solid lines are nucleond,’s, and N* (1440) where pos- - ~
sible. TlOZTlO]:: T10+ TlOG'vT'TTT'?T‘IT1 (12)

064621-3



M. J. VICENTE VACAS AND E. OSET PHYSICAL REVIEW G50 064621

R d*k [ d%q, [ d3q,
g= zf dzbdZ FISIJ J’ ql f q2
q (2m)3) (2m)3) (2m)3

xn(|kD[1—n(|g+k—a;—qz])]

S

100 =

N

and two final pion momentaE(lZ), w((ﬂ), and w(cfz) are
their energies. The spatial volume element is written in terms

of b, perpendicular, and, parallel to the beam momentum.
The occupation numban(-) refers to the local density; it
takes the value 1 when the argument is below the local Fermi

momentun(ke=[372p(b,2)/2]*'3) and zero above it. Note
the sum over initial and final spins, but not over isospin
because the channels we study involve only protons in the
200 250 initial state and neutrons in the final one. In this paper, we
T, (MeV) only consider symmetric nuclei, and we will use the same
density for neutrons and protons. The nuclear densities are
FIG. 5. Total cross section for theN— =N reaction vs pion taken from Ref[34]. The amplitudeT is also evaluated at
kinetic energy. Upper boxs~ p— "7~ n; experimental points the local density, which fundamentally means that its only
from Refs.[26,27]. Middle box: =~ p— #°#°n; Data from Refs. changes occur in thé factor, related to therw interaction.
[28-30. Lower box:m*p— «* 7" n; data from Refs[31,32. Finally, the factord s, andF ,.apsaccount for the flux loss
due to pion absorption and scattering in the caskg gfand
for pion absorption alone in the case Bf..ns BOth pion

whelregm a?d T are the twlg p()j|on q pfropggator and dthe absorption and quasielastic scattering are quite strong at the
scalar-isoscalar two pions amplitude defined in B@sand  onorgy of the incoming pion and both reduce the effective

(6), respectively. Using again Eg), (10), and(11), where injial pion flux. That is clear for the absorption, but it is also

Ty is now replaced byl';5, we obtain the scattering ampli- true for the 7-nucleus quasielastic scattering, because in

tudes for the physical channels. these collisions the pion loses always some energy, which
As can be seen in Fig. 5, this model, without free param+educes enormously the possibility of a subsequent pion pro-

eters, reproduces fairly well the total cross sections for theluction. We implement the flux lost with the eikonal factor

three channels considered. This agreement extends to differ-

ential cross sections, as will be shown for some cases in the

) . . . ) 2
next section. The net effect of the inclusion of the pion FSl is F.S|=ex;{ _ j, 7' (Papd@(a),p)+ Paud@().p)) |

10 ¢ + -3

F mmo3
_\ I | I | J—— ] e
I I R B XZ |T|2 — — 5(q0+E(k)
§ = SiSt 2w(q;) 2w(qy)

100 & yﬁf/ E

EN B ~o(q)~ o(d2) ~E(q+K=01~ 02)Foutans (13

o’ é Wherea, K, (ﬂ and(i; are the initial pion, initial nucleon,

4
\ 4

R

©
—_
| ALY
L

a small enhancement of the total cross section forrther
and 7°7° channels, and slight modifications of the differen- (14
tial cross sections, as was expected, given thatAHactor

changes very smoothly, in vacuum, over the available phase ) . .
space. whereP ,,sand Py, are the absorption and quasielastic scat-

tering probability per unit length, which we take from Ref.
[33]. As a result of these interactions, the flux reaching the
inner nucleus is quite small and the reaction happens at the
surface, which reduces considerably the possibility of strong
There are several nuclear effects that could modify themedium effects. As mentioned in RdflL], the final pions
pion production cross section, like Fermi motion, Paulihave low energy and absorption or quasielastic scattering is a
blocking, pion absorption, and quasielastic scattering. Addiminor effect in their case. This has also been confirmed in
tionally, there could be new reaction mechanisms involvingthe analysis of experimental data of Rgf4]. Nonetheless, it
more than one nucleon, but the contribution of this kind ofcould affect more those events happening at high densities in
process has been shown to be quite si#glITo account for the center of the nucleus. Therefore, we include the factor
the medium effects we follow Ref33]. Assuming only one  Fg.aps Which calculates the reduction of the cross section
nucleon mechanisms, the cross section can be written as due to the absorption of any of the final pions. It is given by

IV. wA— wwX REACTION
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FIG. 6. Two pion invariant mass distributions in the +d
—a"a nn (upper box and 7" +d—x* 7" (lower box reac- 300 350 400
tions. Experimental points are from R¢L5].
i xperi poi ¢15] M, (MeV)

B * FIG. 7. Two pion invariant mass distributions in the +Ca
Fout-ans=€XP — @ Z)dllpabs(“’(ql)'p) — a7~ X (upper box and 7w+ Ca— "7 X (lower box reac-
' tions. Solid line, full calculation; dashed line, no medium effects in

15 the FSI of the two pions. Experimental points are from R&f.

Xexl{_fﬁ dl;Papd(@(dz),p)
2 stants would produce a fine agreement in size. It is interest-
) - ing to understand the quite different behavior of the two
whered|, anddl; are the elements of longitude along e channels under consideration. As was already stressed in
anddq; directions. The probability of quasielastic collisions is Ref. [4], the #" 7" case follows closely a pure phase space
very small at these energies and we ignore it. distribution. The two peaks of the figure respond only to the
geometry of the experimental apparatus, which favors clearly
the situations in which either the pions go togettilew
M _..) or in opposite directionghigh M _.). The smallness
The results that will be presented in this section are albf the M . distribution in thew* 7~ reaction reflects the
compared with CHAOS data dt,=280 MeV. We have ap- much richer structure of the amplitude, and it is produced by
proximately implemented the experimental acceptance cutthe destructive interference of large pieces. Consider, as an
in our calculation. Let us take the beam direction as zhe example, the mechanisniy 7~ p—n* —n(wx),-;-, and
axis, andx forming with z the horizontal plane; thegp=0  (Il) # p—n*—=Am—nw" 7. The () amplitude has a
+7°, whereg is the pion angle with th&z plane, and 10° constant sign, all over the available phase space. However,
< 0<170°, with 6 the pion angle in the direction. Also, we  process(ll) has an amplitude approximately proportional to
have taken a pion kinetic energy threshdig>11 MeV. the scalar product of the final pions momenta. Therefore, it
In Fig. 6, we show the invariant mass distributions for thechanges sign when passing from low to high invariant
deuteron case. We obtain quite good agreement inrthe ™" masses. In fact, not only is there destructive interference at
channel in both shape and size. The agreement is not dsw masses, the constructive interference increases the size
satisfactory for ther™ 7~ case. As can be seen in Fig. 5, the of the high mass region.
total cross section is slightly overestimated by our model, Our results for calcium are shown in Fig. 7. Again, there
and a similar situation is found for the mass distribution. Inis a very good agreement with the" 7+ data. The shape of
order to compare easily with the experimental shape, wehe figure is quite similar to the deuteron case. There is some
have renormalized our result by reducing it by 20% and thisoftening, and the distribution reaches higher masses. Both
is what is shown in the figure. Let us remember here that ndeatures are mostly due to the Fermi motion of nucleons.
parameter has been adjusted, and some of them, like thoggon absorption is weak at low energies. Hence, it does not
related to the Roper properties, are very uncertain. A quitaffect much the final pions, although it is partly responsible
small change of a few percent in the Roper coupling confor the reduction of the spectral function at high masses.

V. RESULTS

064621-5



M. J. VICENTE VACAS AND E. OSET PHYSICAL REVIEW G50 064621

do/dM,, (A.U.)

300 350 400
Mq, (MeV)
300 350 400
FIG. 8. Same as Fig. 7, using a fixed averaged density. Short M,, (MeV)

dashed linep=0.50(; long dashed linep=0.7p; solid line, full

calculation. FIG. 9. Same as Fig. 7, using a fixed averaged density

=0.7pp and a simplified modelsee text Dashed line, FSI in
More important is the initial pion absorption, which apart vacuum; solid line, FSI in medium.
from changing the total cross section, prevents the pions
from reaching the nucleus core, therefore decreasing the efium nucleus, the average density is approximately half the

fective density at which the reaction happens and modulatingucléar density. . .
all nuclear effects. In order to facilitate further the comparison with the re-

The quality of the agreement in the latter channel gives usc‘UItSh of Ref.[l] we hlavg a|30”COHSider§&: simplified mﬁdel
confidence that all standard nuclear effects are properly takefd" th€ reaction, neglecting all terms with\aresonance. The

into account, in particular that we have a proper descriptiorﬁ/vgguﬁumrvae: q Ivr\]/itrlf 'g' dzngfrr_ezp;)nd 'I'tr?ist?rlrlS Ii:‘:izl(;:lﬂ%tsgl n
of where in the nucleus the reaction takes place. W=0.7po- P

Finallv. let us discuss thert 7~ data. the channel in has a similar structure to that of Ré¢f.], and although it is
. Y, . S able to reproduce the peaks structure in nuclei, it does so at
which the nuclear dependents interaction in the scalar

. i the price of overestimating for the deuteron case the thresh-
isoscalar channel could be responsible for the presence of &4 region by a large factor.

low mass peak. Our results show some enhancement close to

threshold, even when the pion FSI is calculated in vacuum.

This is due to Fermi motion. In the full calculation, the in- VI. CONCLUSIONS

clusion of the medium dependence in the FSI leads to a we have studied thé\(#*, 7" 7")X reactions on the

further enhancement and a displacement towards loweuteron and on calcium using a realistic model for the el-
masses, although is not enough to reproduce the data. ementary #N— 77N production, and including several
One first question is the consistency of our results withnuclear medium effects, like Fermi motion, pion absorption,
those of Ref[1], which reproduce well the experiment. In pion quasielastic scattering, and the medium dependent
order to do a proper comparison, we should impose sommteraction in the scalar isoscalar channel.
approximations that were used there. In particular, we find We find very good agreement with the experimental data
that pion absorption forces the reaction to occur at thdor m*«* production, which gives us confidence in our
nuclear surface, at densities lower than those used in Refreatment of the common nuclear effects. However, we are
[1]. If we impose a high fixed average densisee Fig. 8  unable to reproduce fully the strong enhancement close to
we also get a large, although insufficient, enhancement antthe two pion threshold found in the experiment foi 7~
too high values for the mass distribution at high massesproduction. We also find that approximations previously
produced by the excess of Fermi motion. If we neglect piorused in the literature could be critical in reproducing such an
absorption, the results follow closely the curve correspondenhancement. Several possibilities open up. It could happen
ing to p= 0.5, as expected, given the fact that for the cal-that thew interaction in thes channel has a stronger de-
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pendence on density than that provided by existing models. 1

This would be most interesting. However, we have also — 7

found that the smallness of the spectral function in the deu- 1. V2

teron, close to threshold, is due to the destructive interfer- 577¢>= 1 : (A4)
ence between large pieces of the amplitude. If some of these T ——°

pieces are substantially modified in the nuclear medium, the V2

interference could disappear, and the spectral function would

look more like phase space, as is the caserforr™ produc-  wherer are the Pauli matrices and the are the pion fields.
tion. This would be enough to reproduce the experimentalit lowest order,f is equal to the pion decay constart,
data. New dedicated experiments, with a wider phase spacef_=92.4 MeV. Assuming isospin symmetry, the mesonic
and at lower energies, where the interference effects anmass matrix is
smaller, are important to settle these questions. 5

We also find that absorption of the incoming pion leads mz 0
the reaction to occur at the surface, therefore reducing the X=| o mfT (A5)
signals of any density dependent effect. Electromagnetically
induced reactions, free from such a disadvantage, are clearly
called for to investigate the medium effects on the inter-

action in theo channel

The interaction with the nucleon is described by the term

LWN=‘I_’(i'y“VM—M+%y"'y5uM)‘P. (A6)
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Contract No. PB-96-0753. andg,~1.26 is related to the pion nucleon coupling constant

(fnna/mMmy) by the Goldberger-Treiman relatiofyy, /M,

=ga/2f. The covariant derivative of the nucleon fie¥d, ¥
APPENDIX: LAGRANGIANS USED IN THE is given by

wN— 77N MODEL

1
1. Pions and nucleons v,¥=9,B+I,B, FMZE(UT&MU+ uaﬂuT). (A8)

The scattering amplitude of the mechanisms depicted in
Fig. 4, considering only nucleons for the internal lines, can ExpandingU andu, and keeping the terms with up to four
be derived from the chiral Lagrangians with the inclusion ofpion fields, the following set of Lagrangians is obtained:
baryons of Refs[16,35—37. The relevant pieces can be

written as - - 1 ..
e fz (0,$)°— $*(3,4)*+ Zm*|, (A9)
L=L_ +L_y. (A1) 6
fNN7T_ e
. . . .. . LNN7T: - q’?’”?’sé’#ﬁbﬂl’a (Alo)
In this equationL ., contains the purely mesonic interaction m;
and L .y the mesofs)-nucleon terms. The mesonic part is
iven b 1 fNNﬂT
Jven sy Lo =z e UV sl (2,67) 82 (879,01,
£2 (A11)
LM=Z<(9MUWU+X(U+UT)>. (A2)
LNN‘ITTT:_ 2\1’7 T((bX(? (;ZS)\I’ (A].Z)

4§

The angular brackets indicate the sum in flavor space. The \whereas the expression of the,, Lagrangian is quite
matricesU andu are defined by standard, different forms can be found in the literature for the
(A9) and(Al1) pieces, because different representations for
the pion fieldU(®) had been used. However, it can be
U(®)=u(d)?=expli V20/f}, (A3)  shown that they produce the same physical amplitudes. In
particular, they are equivalent to the Weinberg Lagrangians
used in Ref[20] when the chiral symmetry breaking param-
where eter¢ is taken to be zero.
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The Lyn»~ term describes the isovector part of thd\ value f* =2.13. For theAA s coupling we take the quark
— N swave interaction. The very small isoscalar partmodel valuef , =4/5f . [40].
would appear at higher orders of the chiral Lagrangian. Add-

ing a phenomenological isoscalar part, and doing a low en- 3. Roper resonance
ergy approximation, the Lagrangian can be recast in the typi- i _
cal form The Roper resonance can decay into a nucleon and a pion,

a A and a pion, and a nucleon and twavave pion. The
effective Lagrangians we use to describe these interactions

.
LaNgr=—4m) — VoV +—V1(pX )V |, are
m; me
(A13) T _ .-
LN* Nm— — m_\IIN* ')/M')/5(9M¢T\I’N+ HC, (AZO)
where \,=m?/167f2~0.045. Fitting the constants to the T
swave wN scattering lengthg38], one gets a slightly larger ¢
= = N* A -
A2=0.52 andh,=0.048. Lnran=— " ¥AS/(4i) T +H.c.,  (A2D)
Finally, the pion and nucleon propagators are me
1 and
DA@)= . (A14) B
L Ly g = — CW s bWy + H.C. (A22)
Gn(g) = M— (A15) The coupling constanté, fy«,,, andC are calculated
Eq qO—Eq+ie from theN* width and branching ratios. There are consider-
able uncertainties in the experimental information, but using
whereEy=\q“+M*. the central values from Ref41] one getsf=0.477,fyx 2
=2.07, ancC=2.3m;1 [39]. The Roper propagator is given
2. A resonance by
Diagrams(d) and (e) of Fig. 4 could also have reso-
nances as intermediate steps. The requikétr and AA G B 1 A23
vertices are described by the following phenomenological N+ (P)= 1 : (A23)
Lagrangians: W=M*+ il (p)
f* -
LANWZm—l/fZST(f?i &) TTyy+H.c., (A16)  Atlow energy, the width is dominated by the decay into the

N7 channel, and it is given by

fA - r 2
Laar=— ASri( ) Tatha A17 3\ M
AA mw% 2i (91 P) Tatha (A17) FN*%FNWZZ<_) W|qc.m.|3®(W_M_m7r)'

mﬂ'
where they} , are two component spinor fiel® (T') and (A24)

relations of these operators can be found in R&9).

- hence are independently determined, we should handle with
The A propagator is given by

more carefyx, and C. Both constants correspond to pro-
1 cesses with two pions in the final state, which could be in the
G(p)= , (A1g)  scalarisoscalar channel. The constants have been fitted to the
W—M,+ =il 4(p) experimental Roper partial widths using the Born approxi-
At A P mation (without a final state interaction of the pignsand
therefore effectively incorporate already the vacuum renor-
whereW is theA invariant mass and the resonance wilth ~ malization due to the final state interaction of the pions. As
is we will include the FSI explicitly in our calculation, we have
first to discount its effects on these two constants to avoid
*\? 3 double counting.
Fa(W)= 67\ m- W|q6-m-| O(W-M-m,), As explained in Sec. Il A our model implements a FSI by
" (A19) multiplying the scalar isoscalar part of the amplitude by the
factor F. This factor depends smoothly in vacuum on the
with g.n the pion momentum in the resonance rest frameinvariant mass of the two pion system, and is practically
The AN coupling constant, obtained fromN phase shifts constant over the available phase space region of the
or from the experimental width, using EGA19), takes the N*(1440) decay. We thus take a corrected valueGor
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C the two pions in theN* (1440) decay. The correction is not
C——, (A25) as important for thdy« _ » , case, first, because only a small
| A part of the partial width produces pion pairs in the scalar

isoscalar channel and, second, because at the low energies of

_ the experiment under analysis the contribution of this kind of
where F is the value ofF at the average invariant mass of mechanisms is small.
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