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Low energy single pion production processesrN— 7N
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Using baryon chiral perturbation theotBxPTh), explicitly including theA (1232 and N* (1440 baryon
resonances only, we compute for incoming P channels with kinetic energy under 400 MeV, total cross
sections, angular distributions, and various final state correlation functions and compare these with available
experimental data in this energy range. Threshold isospin amplitudes are extracted from the calculated fully
covariant perturbative amplitudes. No attempt is made to fit this data. The necessary input parameters were all
taken from separate experimental data. The results appear to be generally encouragingPfdr. B
[S0556-281@7)00502-5

PACS numbes): 12.39.Fe, 13.75.Gx, 25.40.Qa

I. INTRODUCTION as the kinetic energy of the incoming pion. The rest masses
of pions arem;(i=1,2,3) and of nucleons ane,(i=1,2).
The subject of pionic interactions was for many years andQuantities referring to the center of ma$dM) system are

still is the focus of much theoretical and experimental attendabelled c.m.
tion. Laboratory results on single pion production off The values for the physical parameters used are taken
nucleon targets viar andy probes do provide some indirect from Ref.[2]. At threshold, the pion kinetic energy in the
evidence of the fundamentats interaction. On the other LAB system is
hand, these production processes certainly have intrinsic in-

terest. Both the quantity and improving quality of the experi- 22
o4 o ) Sty—mi— M7
mental data justify the continuing efforts to find a proper Toh=———— 1 (2.3
theoretical analysis and more detailed understanding of such ! 2M,
processes.

This paper is a contribution to the ongoing effort to  Table | shows its values for all five reactions considered.
understand in particular the dynamics underlying theThe following observables were computgd) Total cross
7mN— 7N production reactions. Baryon chiral perturbation sections for pion kinetic energies up to about 400 Mé&3;
theory (ByPTh) is supposed to be a reliable theoretical in-Differential cross sections and angular correlation function
strument for analysis at very low energies above thresholdsor the experimentally well-studied reactionr p—

We use it here, but phenomenologically motivated assumpz* 7~ n; (3) Invariant mass distributions for the final pion
tions are added whenever deemed necessary, within a stricthair (° 7°) in reactionm p— 7°7°n and (= n), (7" n)
covariant formalism. We do not attempt any fittings of ob-mass distributions for the reactian p— =" 7 n.

servables: all the necessary input parameters are extracted The cross section is given by

from separate experimental and theoretical results.

Section Il defines conventions and establishes the kine- (2m)%s
matics of the processes considered; Sec. Il explains the ba-; — 77—)
sic theory and all the necessary approximations made, to- 2)\1/2(S,mf,|\/|ﬁl)
gether with phenomenological input. Section IV presents and
discusses our results and confronts these with the available

f---f5(4)(p1+k1—p2—k2—k3)

d3p, a3k, a3k

12
experimental information. XM (2m)°2E,,, (2m)%2w, (2m)%2w;’ 24
II. CONVENTIONS, DEFINITIONS, KINEMATICS
Figure 1 represents the set of single-pion production pro-
cesses studied in this papérable ). The kinematic vari-
ables are shown in Fig. @ve use Bjorken and Drell conven-
tions[1]). We define
S:(p1+ kl)zz(p2+ k2+ k3)2 (21) 7t1q1// \nZQZ
and FIG. 1. Kinematic variables for reactions I—T'able ). p; and
k; are four-momenta of baryons and pions, respectivglyjenote
N a2 the third isospin component of particles andr are polarizations
T”l_ [kl =+ my—m,. (2.2 of the incoming and outgoing nucleons, respectively.
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TABLE I. The third column gives the incoming pion LAB ki-

. . . N, N, N, B N,
netic energy in MeV at threshold; the last column gives the value of —— y l\\
the total isospin componemh. Reaction | and Il thus involve only - N // \:\\n
21 =3 whereas the remaining ones involve both=3 and 2=1. ;[1/ mp S RS °
Reaction T thiae (MeV) 21, (a) (b)
| atp—atatn 172.387 3
1 atp—7mtwop 164.759 3
I} 7 p—w TN 172.587 -1 N, B, B N, N, « Ny
\Y 7 p—m N 160.499 -1 NN AN
\Y Tp—TT P 164.759 -1 ot AN =
™ \\\ g ,/”“’ ::: """" g
\1.,;2 7'21/// \\\\nz
whereS is a symmetry factor equal to 1/2 for identical final © (d)
pions, 1 otherwise\ is the Kadlen function,
)\(x,y,z)=x2+y2+zz— 2(xy+xz+Yy2). (2.5) FIG. 2. Feynman diagrams for the leading order amplitudes cal-

culated in this paper. Physical masses for all particles are used.
) ) Only intermediate baryon,N* andA were actually includedib)
En,, Wz, andws, respectively, are the final nucleon energy, g = (©) (B1,B,)=(A,N)+(N,A). Vertex (d) includes only
and the energies of pion 2 and pion 3. the leading ordefWeinberg m# interaction.

The main subject of this paperi,,, the invariant Feyn-

man amplitude for the process. As we do not consider polarpf interest are independent of the field parametrization. All

ization experiments in this paper, the usual statistical averparameters appearing in this Lagrangian will be discussed in
aging is performed upomg,. The calculation oMy, is the  gec. |v.

topic of Sec. Ill; all calculations were performed with the
help of an extended version of the computer cedesica, a
MATHEMATICA package initially created by Beringgg]. The
actual expression fav, is unfortunately too involved to be
reproduced here, but we hope that the many detailed figures
shown may compensate for this.

1. Pion self-couplings

This is given by the first term in Eq3.2):

1
ﬁwwwwzﬁ[(&ﬂz)z_ mi—ﬂA] (33)
Ill. BASIC THEORY AND APPROXIMATIONS

A. Propagators and vertices 2. Nucleon-pion couplings

BxPTh underlies all calculations reported in this paper These are given by the next three terms in 892
[3-7].

The Lagrangian density is split into quadratic and nonqua- Op—

dratic (interaction terms: LNNe=— ﬁNy“%r- d,mN, (3.43
L= Equad"’ Lint- 3.1
1 —
The quadratic part includes an isospin 1 massive pseudo- Lnner=— gEzNY#7 (X d,mN, (3.4b

scalar(pion ), two massive isodoublets, spin-1/2 baryons

[N and N*(1440] and a massive isoquadruplet, spin-3/2

baryon[ A(1232]. No heavy meson resonances were explic- ga —

itly included. The “interaction” part of the Lagrangian is ENNww:_ﬁNWVST' 79, N, (3.49
written according to the rules of \8°Th [3—6]. We then
compute the leading order Feynman diagrams shown in Fig.
2, usingPHYSICA, as mentioned.

The couplings actually considered contain at most two The A multiplet is strongly coupled to ther-N system
derivatives of the pion field. Each allowed term is expandedind lies too close to our thresholds to be ignored. Its width is
in powers of the pion field. Thus we get, keeping at mostsuch that it plays a very important role in the threshold en-
four pions, ergy region that we are especially interested in. ForAhee
use the Rarita-Schwinger representation for the f{&f
Then the corresponding quadratic part of the Lagrangian is

3. NA-pion coupling

‘Cintz £7T7T7T7T+ ‘CNN7T+ £NN777T+ ENN7T7T7T+ et £NA77

+ Larngt - 3.2 —
NEN 33 Ly=WHA W (3.5

The interaction terms shown below are given in the
o-gauge[5], but as it is well known, thé&-matrix elements  with



i
- §(3A2+ 2A+1)y,0y,

—MA(3A%+3A+1)y,7,, (3.6)

where A(# — 1/2) was taken to be an arbitrafyeal) con-
stant. We chosA= —1, in which case the momentum space
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1 —
‘CN*NTTW: EZN*[_C;_C m§1—772+ C;(a#ﬁ)z]N'l' H.c.
(3.12

We thus introduce three further phenomenological param-
eters, viz.,gy+, C7, andCj . Unfortunately, we are now

reaching the limits that allow us more or less precise extrac-
tion of individual parameters from relevant experimental re-

A propagator to be used in the Feynman rules becomesplts. As we shall see in the next section, only a certain

—iS,,(p) with

P+M,

S, ()= ———>

1 2pp,
37’ 3mz

|

The interaction term foA — 7 that we considered is linear in
the pion field:

( g/.w_

puyv_ pv’)/,u,

3, 3.7

gar —
AT

‘CNA'JT: - 2F g,uv_ ,y,u,yv (38)

Z+1
2

X d,mN+H.c. (3.9
whereA , is now the Rarita-Schwinger field with the propa-
gator —iS,,,(p); T%@a=1,2,3) are transition isospin matri-
ces;Z is a parametd9]. There is some uncertainty about its
numerical value, but within a reasonable rarigee Sec. 1Y

polynomial in C7 and C} can be(roughly) fixed by the
available data.

Like the A, the N* linewidth is also too largéfrom our
point of view) not to warrant explicit inclusion. We use the
same recipe as for th#, i.e., we modify its propagator

1
p°—M

1
P2—MZu il (V)M

(3.13

2
N*

We discuss the importance of energy dependendegefin
the following section.

Having thus defined the vertices and propagators,
PHYSICA straightforwardly computes the tree diagrams of the
type shown in Fig. 2. The resulting amplitude can be put in
the form

M= Up, ¥sl f1+ foKo+ faks+ fakoks]up s, (3.14

Whereup2r and Up,s: respectively, are Dirac spinors for the

our result turns out not to be too sensitive to its exact valuesn41 and the initial nucleon: in OUPHYSICA computer pro-

We note in passing that thi# appears to be irrelevant for

nonrelativistic, or static model, approximations. In comput-

ing amplitudes, naive use of E¢3.7) would be dangerous,
of course, as thd width [2] (= 120 MeV) is comparable to

gram they are normalized as (p)ug(p)=2M 6,5, Where
M is the proton mass. Thig(i=1, . ..,4) ard_orentz scalar
functions of the four-scalar products constructed with the
incoming and outgoing four-momenta, due account being

the energy range above threshold for which the theory we argy o 'of course, of four-momentum conservation and that all

sketching here is supposed to be reliable. We then follow th
usual procedurgl0-15, i.e., we modify the propagator so
that

1 1
— .
PP=MI  p2—M3+iTs(Vs)M,

(3.10

The dependence of the width on its c.m. energy/s can be
parameterized in many ways. We return to this question i
Sec. IV.
4. NN*-coupling to pions
The Roper resonand@] N* (1440 lies too close to our

ﬁarticles are on their mass shells. They are calculated by

PHYSICA [3].

B. Very low-energy amplitudes

The single pion production off nucleon targets has a spe-
cial interest in the context of BPTh, as these processes do
provide indirect evidence concerning the basier interac-
ion near threshold. We can easily extract from our results on
he Lorentz invariant amplitudes some relevant numbers giv-
ing our threshold values for these amplitudes. We show only
typical values at thresholds of these amplitudes that lead to a
reasonable overall description of all available data up to few
tens of MeV above threshold$able 1I). In order to facilitate

target area of interest. Moreover, it does couple with apprecomparison with other authors, we defitd,=A 2M,

ciable strength to specific subchanne[®] such as

where the Dirac spinors iAg, have the Bjorken-Drell nor-

N* —N(77),-o. We therefore explicitly included it as we malizationug(p)u, (p) = .

should expect sensitivity of our results to its presence and |n the CM system, with all momenta close to threshold,
properties. We thus must add further contributions to ouknis poils down to

effective Lagrangian in the form permitted bwBTh[3-6]:

Ine N* 7. d,my*ysN+H.c.

5F (3.11

Lneng= —

and

As= aXrJrklc.m.' oxst erJrk23' oxst CXrJrK23' OxXst -,

(3.19

where K. . is the three-momentum of the incoming pion
and
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TABLE Il. Numerical values at threshold,=(f;),,(i=1, . . . ,4) foreach of the five processes listed in Table I. These threshold values
are made dimensionless by multiplying into appropriate powenspf= 139.5679 MeV. Parameters fixed &=93 MeV: g,=1.327;
0p=2.81,Z=—1/2; Mp=My=938.27231 MeVm,_:=m,_.=139.56955 MeVM ,= 1232 MeV; M y+ = 1440 MeV;c; = —0.763 =0.

Reaction ReF;xm 2 ImF;xm_?2 ReF,xm_® ImF,xm 3 ReF;xm;® ImFsxm_® ReF,xm.* ImF,xm_*

| 0.72 22.35 0.42 —1.50 0.42 —1.50 0 0
Il 42.16 2.48 42.24 16.31 —43.15 —13.92 —43.69 —13.52
] —19.88 —90.85 —19.86 —32.10 19.78 39.72 20.00 38.37
v —-1.18 58.10 0.35 —6.60 0.33 —6.60 0 0
\% 14.39 —36.84 14.24 —25.58 —13.94 28.46 —14.14 25.83
kZSE I(20.m._ kSC.m.v 32 \/g |
a*=—a,
2
Kos=KoemtKsem. (3.19
3 1
. . . . . all=—aV— —3a' (3.19
with x,, xs ando being(spin Pauli spinors and Pauli ma- J2 J2
trices, respectively.
For each process and similarly forb2"'2s and ¢?'"'2s. The relevant threshold

isospin amplitudes are thas? anda’. Very close to thresh-
1 . old b%, b!% ¢, andc!! contribute as well, according to
a= sy [(FatFa)m,—F;—mzF,], Eqg. (3.15. Table Il shows representative results for the
threshold values that we calculated for the four amplitudes
f,, f,, f3, andf, for each of the five reactions considered

1 . .
b= E(Fz_ Fat2m.Fy), in this paper.
IV. RESULTS, DISCUSSION, AND CONCLUSION
_ } In calculating the amplitudes corresponding to the Feyn-
c==(Fy,+Fy), (3.17 . .
2 man diagrams of Fig. Zexcept at threshojdwe assumed

physical masses for all particles involvg?l]. We still have

where theF, are threshold values of thfe, M is the proton an additional nine parameters. . .

mass, anan,, is the7= mass. Exactly at threshold, theand F, 9a, 90, Z, T, Inx, s, €, @andCy, are to

¢ terms in EqQ.(3.15 do not contribute, of course. In com- Pe fixed before we can compute observables.

puting these amplitudes, exact isospin invariance was as- We fixed the first four of these parameters to the values
sumed. Thus ignoring the actual mass splittings within thé3-7.9,1Q
isotriplet and the baryonic isomultiplets we can easily deter-

mine the isospin amplitudes at and near threshold. The iso- F=93 MeV,

spin channels involved ale=3/2 andl = 1/2; the two pions

in the final state can be ih;=0,2 states ol ,3=1 state, 9a=1.327,

associated with relativ& and P waves in the overall CM

system, respectively, according to the Bose symmetry. From gp=2.81,

the above, it is clear that only amplitudes $fwaves con-

tribute at threshold through?':'23= A3? and A'. In general, Z=-1/2. (4.1

we have in obvious notation ) )
The value forgp was determined from the S4) relation

. [13]
Agiq§:3=2 IZ (1%5%1 IQ)(1q21Q3||23Q23)
1772

P

B 3
dp \/EQA-

As to the off-shell parametez, there is, as mentioned

) ) earlier, some uncertainty about its appropriate value. How-
We have suppressed all non-isospin-related labels. Wgyer it was establishd®] that

must have, of coursey;+qn =d,+ds+d,,=Q, but total
isospin invariance ensures that #hé'23 are independent of —0.8<Z<0.3.

Q.
Inserting Eq.(3.17) into Eq. (3.18 we get, in obvious To check the sensitivity t& we simply computed the
notation, amplitude form~p— 7" 7 n for Z in this range and found

4.2

X(|23Q23%qn2 IQ)A2|‘|23_ (31&
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that our numerical results for the amplitude changed very

little. We therefore fixed to —1/2, as this does speed up the
numerical work considerably.

Next, we turn to the parametels, andI'y« which play
an important role in our work. The importancelof can be
immediately gleaned from theN— 7N data[2]. The en-
ergy dependence @f, andI'\« is discussed in the literature
[10-12,19. We have tried the following recipes:

I', width. There are three useful parametrizations:

T'y(Vs)=T'y(V/s)=const, (4.33
I'A(V8)=T5(1/s)xk®/ s (4.30
k3
FA(V$)=T3(\5) (K2=0.024 GeW)(K2—0.04 GeV)’
(4.30

where k and /s are the magnitude of the pion three-
momentum and energy of thk in the overall CM system,
respectively. The conditiof2]

I',(M,)=120 MeV

fixes the normalizations in E@4.3). Thus the three expres-
sions forI", have a common value of 1232 MeV with this
[a(My).

'y« width. Again, we tried three different parametriza-
tions:

FN*(\/E)El“l( \/§)=const, (4.4a9
T+ (V5) =T 5(V/5) < k?, (4.4b
k3
Pyx (VS)=T'5(/5) (K2—0.025 GeV)(K’—0.09 GeV)"
(4.49

Parametrizatiori4.4b) is similar to the one recommended
in [12,15. Note the differences between Eq4.3b and

(4.4b. There is, however, only a very mild dependence on

Js in the energy region crucial to us. The experimental un
certainties onl'y« are not small, unfortunately; it is given
that I'y« =250-450 MeV [2]. From the branching ratio
(BR) [2] for the N* =N channel of about 60-70 % we
deduce that the partial decay widthlig« y,~228 MeV, the

value actually used in our final results which are shown in

Figs. 3-8.
We thus obtained

gn+=0.63+0.11. (4.5
The central value agrees wifi5] and the uncertainty
comes from the above-quoted uncertainty in the [BR
The determination of£7 and C3 follows along similar
lines (see Appendix We apply the effective interaction
(3.12 to the decay channel

N*—>N(7T7T)|:0

having the BR between 5% and 10%.
We thus find

LOW ENERGY SINGLE PION PRODUCTION PROCESSESN— 7N

1043

UN(rm), o= aC¥2+2BCECE+yC32, (4.6)
wherea, B, andy are constants. This ellipse is discussed in
the Appendix. The area between the stippled ellipses is the
one allowed by the data. The central ellipse corresponds to
the value

FN(W,,T)|:0226 MeV. (47)

The N* N7 vertex (represented by the parameté3
and C3) is especially significant for the processes
7 p—a 7w nandw p—=m°7°n.

We first setC3 =0 in agreement with Osett al. [12],
Sossiet al. [16]. This helped us in comparing our results
with theirs, but we shall presently return to other options and
in fact show how therN— 77N data could help in produc-
ing useful bonds on these parameters.

Among the best available low-energy dgi&] is the total
cross section forr~ p— 7°a°n. The choice ofC} was then
determined by using the Lowe and Burkafd8] model in-
dependent fit(A) for this reaction at Lab momentum 310
MeV/c corresponding to an incoming pion kinetic energy of
200.4 MeV. At this energy, the total cross section is given as
18.1 ub. We choseC} so that we match this number. Our
amplitudes formN— 77N turn out to depend only on the
combinationgys C7 3. We therefore define the dimensionless
constants

€} 5=gn+M,C} 40.63 (4.9

and usecy ,c} instead ofC} ,C} .
For the above-mentioned three different choices Ifqr
andI'\+ we find

=T;:cF=-1.09,
I=T,:cF=-0.76,
I'=T,:ck=—0.86, (4.9

which all agree with the quoted partial line width. We choose
the sign ofc] to be negative in order to agree with the

convention in expressio(8.12).

The results turn out to be rather sensitiveltg.. Unless
otherwise stated, we present our result for the chbige

We briefly discuss in the Appendix the consequences of
havingci #0 [19]. In Figs. 9a) and 9b) we show the re-
sults for ¢} =—0.37, ¢ =—0.20 (preferred parameters if
an energy dependentl’ is choseh ci=-0.72,
c3=—0.09, preferred parameters if an energy independent
I' is chosen.

Miller etal. [20] measured the correlation function

W(w") for m p—atan:

d3o
dQ,dk,dQ 4

wherek, is the magnitude of the three-momentum of final

7~ in the center of mass system af}(()5) is the solid

angle subtended by~ (#") in the final state. The probabil-

ity distribution W(7~) is normalized to 1 for an isotropic

7~ emission.

d’c

dQ,dk,’

W(n™)=4x (4.10
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FIG. 3. Total reaction cross section for the various chanfaells —— with A andN*; - - - - without A andN*; O [29];00 [24]; V [30];
A 31, by I ------ with'=I'y;—TI'=Ty;; — - — . — r=ryg----- without A andN*; O [22]; O [31]; V [32]; A [33]; (¢)
lll; —— with A andN*; ------ without A andN*; - - - — 37+44; O [25]; O [34]; V [27]; A [35]; (d) IV: O [17]; O [36]; V [37];
A [38]; @ [30]; - --- - - =Ty, —I'=Iy; — - — - — . I'=T3. TheI’s are the three choices for the linewidths in the
phenomenological expressions for theand N* propagatorgSec. 1V); (e) V: —— with A andN*; - - - - without A andN*; O [25];

O [27]; V [39].

The measurements were performed at 284 MeV, with thdigurations reported on, even with the full inclusion of both
outgoing pion momenta between 37 and 174 MeVAs A and N* and/or reasonable variation of some of the key
shown in[20] the results folW may deviate considerably parameters discussed in this paper. We believe that a better
from simple phase space distributions, which make them intest of the BrPTh capacity in predicting these distributions
teresting for us. Unfortunately, we cannot expect the theorgould be obtained at energies somewhat closer to thresholds
sketched out here to be at its best in the energy region invesr perhaps with selected polarization measurements.
tigated by Muler et al. Our numerical result§Figs. 1a)— We return to our results for the threshold amplitudes,
7(d)] confirm this expectation: agreement with the publishedsummarized in Table II. Other authors, e[d.3], [21], and
results is generally poor for nearly all of the kinematic con-[22], have also given their attention especially to the isospin
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FIG. 5. Total reaction cross sections f@ channel IV: —

MeV for channel I:(a) I: —— with A andN*; - - - - withoutA and (¢} ,c3) = (-0.37,-0.20; - - - - (¢} ,c3) = (-1.50, 0.70; O
N*; O [29]; O [24]; for channel IV:(b) —— with A and N*; [17); OO [36]; V [37]; A [38]; @ [30]; (b) channel 1lI: O [25], O
----withA; --vovt without A andN*; O [17]. [34], V [27], A [35].

threshold amplitudes. Burkhardt and Lol ) [21] extract

spin amplitudes. They defil@, andD, related to the more

these amplitudes from elaborate fits to the total cross sectiormmonly used amplitude@z,,,ﬂ by the equations

(see their Fig. L One of their fits, carried out by assuming
the constraints of the Olsson-Turner chiral-symmetry break- 1

ing model(fit B) leads to the results given in their Table I. Dy \/T)A?’Z’
They drop possible terms corresponding to a@df, and

C11, as they neglect the three-momentum of the outgoing 2 Ap 1
nucleon. We should recall that at the time BL did their work, D,=- 3 \/?)— §A10.

the available data in ther 7#°p channel below 300 MeV
was scarce and of too low accuracy to constrain their globa+h dict. to ordem?
fit. The analysis was furthermore complicated by inconsis- €y predict, o ordemy,

tencies in the published cross sections for t#ifer* n chan- D,=2.65+0.24m°,
nel. Their amplitude®\z,, Ay, Az, andA,; should cor-

respond to oua®, a'®, b*!, andbl We quote D,=—9.06= 1.0 m?.

Translating this to our units, we get
A32:2.9& 008,

A32: 207i 010,

A10= 6551 016,
Ajo=7.74+1.28,

=-50+2.2 . . _ . .
As=—5.0 ’ in units of m_3. Using the results quoted in Table Il we
Ay=3.3+0.8. deduce
a*=2.10,
Bernard, Kaiser, and MeissnéBKM) [23] have recently
made a detailed theoretical analysis of these threshold iso- al’=9.92.
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FIG. 6. The differential cross section Ill at 203 M¢t&) and(b)], at 230 MeV[(c) and(d)] as functions of the outgoing piom* kinetic
energyT _+; 8.+ is the angle between the direction of the incoming momentum and the outgoing™ momentum in the center-of-mass
frame: (@ T,+ = 6.5 MeV; —— with A and N*; - - - - without A and N*; O [28]; (b) T+ = 11.0 MeV; —— with A and N*;
------ with N*; - - - - - - without A andN*; O [28]; (¢): T+ = 17.5 MeV, withA andN*; - - - - - without A andN* O [28];
(d) T,+ = 24.6 MeV; —— withA andN*; - - - - with N*; - ..... without A andN*; O [28]. (e) The same, at 284 MeV and ags =
0.174; the experimental data is given for 8ps- 0.03—0.35, but the calculated cross section changes littte, avaries in this range; —
with A andN*; - - - - with N*; ...... without A andN*; O [20].

We thus all more or less disagree as to the central values &fnall readjustments ofc§ ,c3) inside the allowed elliptical
a®? anda?®. Nevertheless, we emphasize that our values foband (Fig. 9 we could, however, reproduce the BL results.
these quantities are consistent with our cross sections, whiddnfortunately, that would impair the quality of our results
rather agree with the experimental data in the relevant enerdpr Reaction Ill.

range. Our results for'® are very sensitive to the assumed  We cannot, however, reproduce BKM'’s results £6¥ by
properties folN*, through the very important channel IV. By merely readjustingd} ,c3) within the allowed bandFig. 9).
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FIG. 7. The c.m. angular correlation functidv for the reaction Ill. The ingoingr~— momentum defines the positizeaxis; the figures
show our results for various values of the outgoing momentumk .~ and polar angle®,.+, ¢+ as function of the outgoingr~ polar
anglesé..-,¢..-: (&) The experimental data is given f&r.+= (37-84 MeVt), 6,+=91°+10° andg - = (85°—95°); the figure shows
our result fork .+ = 60 MeVFc, 6,+=91°, ¢,+=0, ¢,-=90°: —— with A andN*; - - - - without A andN*; O [20]; (b) Results for
k,+=113 MeVk, 0,+=71° andg,-=92°. The experimental data is fér,+ = (102-124 MeW), 6,+=71°*+10°¢,-=(85°—95°);
with A andN*; - - - - without A andN*; O [20]; (c) Results fork .+ = 152 MeVk, 6,.+=67° andg .- =92°. The experimental data
is fork .+ =(129-174 MeW¢), 0,.+=67°+10° andep .- = (85°—96°); with A andN*; - - - - without A andN*; O [20]; (d) Results
for k,+ = 152 MeVk, 6,+=67° and ¢,-=92°. The experimental data is fdk,+=(129-174 MeW), 6,.+=67°+10° and

©.-=(85°-96°); —— with A andN*; - - - - without A andN*; O [20].
We could force agreemeriespecially forA*?) if we also 3. wtw andww°
changed our other key parameters, first and forerRoand These distributions can be measured from reactighet

9a tween 189 and 260 MeM22] and reaction M 25], respec-

tively. The experimental results far™ 7° are essentially in

agreement with pure phase space distributions: we calculated

this mass distribution at 230 and 300 MeV, and basically
1. 7°w° found phase space distributions, too.

The most precise low energy resuls’] give the 7 7° The experimental results far* 7° between 189 and 260
invariant mass distribution in reaction IV for kinetic energies M€V essentially show phase space distributions. Our calcu-
between 168 and 280 MeV. In Fig(83 we show a sample of |ations again refer to 230 and 300 MeV, but we do find a
our results at 230 and 300 MeV. We see that they qua"tanotlceable trend favoring higher invariant masses, when the
tively reproduce the experimentally observed trend favoring@/culated distributions are divided by the phase space con-

higherm,.. masses relative to the phase space contribution"iPution. However, the results of Poanicet al.[22] did not
register this effect.

Another piece of available data provides information on
the invariant mass distributiordo/dm,,, andda/dm_,, .

2.wtat 4. wtm”
Reaction | is used. For kinetic energies under 264 MeV, The data comes from reaction IIl at 284 M¢®0] and at
one finds just the phase space contribution, but for higheB32 MeV [26]. These experiments clearly show preference

energies one se¢24] that lower massesi,.+ .+ begin to be for higher invariant masses. Our calculation, done at 230 and
favored. Our calculations reproduce these trends. 300 MeV, agrees with this observation.
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F.I(TJ. 8. (@) The invariantw°w°-ma§s c_iistribution for reaction FIG. 9. The C_I-C_ﬁ) plane showing the elliptical band within
IV divided by the phase space contribution; ——= 230 MeV,  hich agreement with the data o decays can be obtaineth)
- - - - T =300 MeV; (b) The asymmetry parameter for the Tho @ and+ show the points in this plane where agreement with

(m*n) mass distribution for reaction Il at 230 MeV; —— with he experimental angular distributions for reaction Il at 203 MeV
A andN*; - - - - without A andN*; - - - - - phase space contribu-  ¢an ais0 be obtained the rms divisionR (Sec. V) is “good,”
tion. i.e., around(—1.5, 0.7 and (—0.37, —0.20; + R is “poor/fair’;
At 230 MeV, only the second region is still “good.(b) The
5.7 nanda*n (c¥ .c¥) plane: @) indicates(—1.5, 0.7 and(—0.37,—0.20; (+)

Experiments using Reaction I(at 298 Me\j [27] and stands for values leading <2 for both the differential cross

higher energies show that there is an asymmetry in the ingection for channe(lll) at 203 MeV and total cross section for
variant mass distributions of the pait~n and the pair channel(IV) under 200 MeM17]. Taking further into account the

7tn:7"n shows preference for lower invariant masses inflnal state ) Invariant mass distributions, the regnQ&_O.B?,
contrast tor N —0.20 is preferred, using energy-depend&it and A linewidths.

In order to investigate this, we calculate the asymmetry':Or energy independent linewidths this changes10.72, ~0.09.

parameter less fixed by independent data. In fact, we used these results
to further restrain the parameter space ofitedecay[Figs.
fo(m )= (do/dm,-,)— (do/dm,+p) _ 9(a) and 9b)]. The correct inclusion of baryonic resonances
eI (daldm, ) + (da/dm, ) may or may not be important. Far*p— 7" 7" n, neither

A norN* are important; forr™p— 7° 7= pA is very impor-

Our results, shown in Fig.(B), are in qualitative agree- tant, butN* is not important; for ther”p— "7~ n reac-
ment with the data. One can clearly see the influence of thton N* is very importantA is important; and finally for the
baryonic resonances on this asymmetry effect. 7~ p— w°w°n reaction,N* is very important, whereas the

Summarizing, we conclude the following. As expected,A is negligible. The correct choice of the linewidths at the
BxPTh is at its best at relatively low energies above threshrelevant energies for these baryonic resonances plays a very
olds. Thus there is a reasonable agreement with the expeiimportant role, in that the results are sensitive to the prescrip-
mental data on cross sections, angular distributions and irtion used. Comparisons of our results to the findings of
variant mass distributions, and this for pion kinetic energiedMller et al.[20] on W show rather poor guantitative agree-
up to about 120 MeV above their threshold values. No pament, in general. Trends in the invariant mass distributions
rameter fitting to this data was attempted and all the relevaraf the final pion pair, or ther™n pair are in qualitative
key parameters introduced byyBTh are already more or agreement with the data; they clearly reproduce deviations
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from pure phase space distributions, if such exist at the en®), whereas XX R<2 is considered “poor/fair agreement”

ergies considered. (denoted in the figures by ). The measured gquantities used
were: (1) d®o/dQdT from Manley et al. at 203 MeV and
ACKNOWLEDGMENTS 230 MeV for 7T_p—>77+ 7~ n [28]; (2) Total cross section
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APPENDIX [17]: .
Figs. 9a) and 9b) illustrate our results. Perusal of these
We shall here discuss how the low-energy data orfigures shows thatl) There are clearly two regions in the
7N— 7N could be of help in fixing the parametess and  (c¥ ¢¥) plane where some set of observables mentioned
c3 introduced in Sec. Il and in principle allowed by the rules above[i.e., (1) and (2)] are rather well reproduced by our
of BXPTh This is feasible, because processes such aslculations; they are centered aroungl.5, 0.7 and
7 p—m 7 n and 7 p—7°w°n have calculated rates (—0.37,-0.20; (2) A clear preference emerged for the re-
that turn out to be sensitive &} and/orc? . gion around(—0.37, —0.20 when all the calculations for
Our primary source of informatioh2] is the linewidth  gpservables reported in this paper were repeat@dThe
and BR for the strongN* —N7 and N* —Nm7 decays. alternative region mentioned above, vi¢-1.5,0.7 is also
Unfortunately, there is a considerable amount of uncertalntymfavored by(3), as it leads to disagreement with the experi-
regarding these dafa]. Thus the relevant widthy ) _ mentally observed preference for higher invariant masses.
assumed to be only about 5-10 %I+, whereas the BR We must note, however, that these results are somewhat

for N* — N is about 60—70 %. We took as central valuessensitive not only to the values of the BR but especially to
5 to the choicel’, (energy-dependent linewidth introduced in
1
R= \/ —>
=1
result is a slight change in the allowed parameter space: from
tity f;, and its calculated theoretical value. We considerone, however, which leads to a more satisfactory agreement

7.5 and 65 %, respectively. The procedure is to calculate thghe assumed energy dependence of the linewidths. We recall

the main text It turns out that if instead we use energy-
where f;(exp), Af;(exp), andf;(teo), respectively, are the (—0.37,—0.20 to (—0.72,—0.09, and from(—1.50, 0.70
R<1 to be “good agreement’{denoted in the figures by with all the available data.

fi(teo) — fi(exp |*
Af;(exp

rms deviation that all the hitherto discussed results in this Appendix refer
' independent linewidth&lso discussed in the main tgxthe
central value and the uncertainty of the experimental quanto (—1.82, 0.76. The first mentioned new region is still the
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