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The role of the low lying nucleon resonances beyondAt232) in the reactiopp— pp#° near threshold
is shown to be numerically significant by a calculation, which takes into account the pion rescattering contri-
bution described by chiral perturbation theory and the short-range mechanisms that are implied by the nucleon-
nucleon interaction model. The intermedi&t€1440) (P, resonance is excited by the short-range exchange
mechanisms, while th&l(1535) (S;;) and N(1520) D3 resonances are excited by and p meson ex-
change, respectively. The,; increases the calculated cross section, whereasStheand D3 resonances
decrease it. The calculation takes full account of the initial and final state interactions.
[S0556-28189)05309-1

PACS numbg(s): 14.20.Gk, 13.60.Le, 13.75.Cs, 25.40.Ve

I. INTRODUCTION result depended on a rather uncertain estimate for the cou-
pling of the effective scalar field to thHg(1440)[13].
The cross section for the reactipp— pp#° near thresh- We here consider in addition the role of the intermediate

old is exceptionally sensitive to short-range exchangeN(1535) (S;1) andN(1520) D3 resonances, which form
mechanisms in the two-nucleon system, because the mathe lowest ‘P-shell” multiplet in the baryon spectrum. The
pion exchange term is ruled out by isospin conservation ifformer is excited both by pion and—in particular—by
the two-nucleon systerfil—3]. Pion production on a single #%-meson exchange. The latter is excited by pion as well as
nucleon under-predicts the empirical cross sediébrb] by a  p-meson exchange. The pion exchange contributions are pre-
large factor[7]. Short-range exchange mechanisms that aresumably included in the “off-shell” ChPTa#N amplitude,
implied by the nucleon-nucleon interaction enhance the crosand therefore do not require explicit evaluation. Tieand
section[1]. The role of the residual pion exchange mecha-p-meson exchange contributions have to be derived sepa-
nisms, which are not necessarily small when one pion igately. Systematic calculation of these contributions calls for
virtual, remains contentious as conventional phenomenologiemployment of a boson exchange model for the nucleon-
cal meson field theory models and chiral perturbation theorywucleon interaction so as to avoid additional model depen-
(ChPT) disagree on the sign of the pion exchange amplitudelence through coupling constants, meson propagators, and
[2,3,8,9. form factors. For this reason we carry out the calculation by
Systematic amplitude analysis of the reactiops using the “Bonn-B” potential mode[14].
—ppm~ and pp—pn7" indicates that the short-range In order to obtain an illustrative as well as quantitatively
mechanisms, which enhance tk@mal) cross section ob- realistic description of the resonance contributions to the
tained from the single nucleon pion production mechanismspear threshold cross section for the reactign— ppm°, we
have to dominate over the pion exchange amplitude given bperform the cross section calculation with full account of the
chiral perturbation theory, because empirically the phase ofiucleon-nucleon interaction in the initial and final states.
the amplitudes for production & and P wave pions has to We performed the calculations of all contributions with
be the samg1Q]. In this situation it appears natural to inves- the exact kinematics, i.e., we did not use the popular “frozen
tigate the role of such other short-range mechanisms, whickinematics approximation” in which threshold kinematics is
should be expected to contribute to this reaction, and whiclused also at energies above threshold. Calculations using this
may be calculated with some degree of confidence. approximation, as well as with another approximation con-
The most obvious additional short-range mechanisms areerning the energy dependence of the two-nucleon T-matrix,
those which involve transition couplings between differentare, however, presented for comparison.
exchanged mesons, and those that involve excitation of in- In addition, we take explicitly into account the kinemati-
termediate virtual nucleon resonances by short-range exally determined energy of the exchanged pion in the ChPT
change mechanisms. The most obvious of the former class @implitude for the pion exchange contribution to the pion
effects were estimated—and found to be non-negligible—irproduction amplitude, a correction term that was found to be
Ref.[11]. The role of intermediaté (1232) resonances has significant in Ref[15]. With conventional estimates for the
been investigated in Reff3,12], and found to be significant parameters that describe these exchange mechanisms, we ob-
despite the threshold suppression factor. The role of the intain a fairly satisfactory description of the cross section for
termediateN(1440) (P,,) resonance excited by scalar and pp—pp#° in the near-threshold region up to about 300
vector exchange mechanisms was considered in R4]. MeV laboratory kinetic energy without nucleon resonance
and found to be small, although the small magnitude of theand explicit short-range effects associated with meson tran-
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sition couplings. This differs from other similar calculations 1 2 1 2
based on other nucleon-nucleon interaction models, and re-
flects the extreme sensitivity to the details of the short-range
parts of the interaction models.

The contributions from thd®;; and S;; resonances are
small, and without further short-range contributions would
lead to somewhat too large cross section values above 300
MeV. The smallness of the contribution from tRg, reso-
nance agrees with the finding in R¢L1]. The smallness of
the contribution from thes,; is mainly due to the smallness (a) (b)
of the »-nucleon coupling constant. . . . . .

Choosing positive signs for the coupling parameters for, G- 1. Pair term or Z-graph” representation of the axial ex-

. change charge operator contributions to pion production.
all resonances except tib 5, that particular resonance con-
tributes with the opposite sign in comparison with the other
two resonances, and taking it into account actually improveshell amplitude involved in pion production off nuclear
the calculated result. To this net result one may add the corsystems. The second category is the short-range contribu-
tributions from the intermediatd resonance and from the tions to the axial charge operator that are implied by the
short-range mechanisms associated with mesonic transitiamucleon-nucleon interaction model, which has to be em-
couplings, which however, when combined amount to a veryployed to calculate the nuclear wave functions. They are rep-
small correction, because of their tendency for cancellationresented in Fig. 1. The final category is the additional model-

This article is divided into five sections. In Sec. II, a brief dependent short-range contributions that are associated with
review of the least contentious pion production mechanismgxcitation of virtual intermediate nucleon resonances by
that have been considered in the literature is given, includinghort-range mechanism#ig. 2, and short-range mecha-

a simplified derivation of the short-range mechanisms assgsisms that are associated with mesonic transition couplings.
ciated with the nucleon-nucleon interaction. The resonance

excitation amplitudes are derived in Sec. Ill. The numerical
results are reported in Sec. IV, while Sec. V contains a con- B. Pion exchange contribution
cluding discussion.

The isospin symmetric pion exchange contribution to the

Il. PION PRODUCTION AND THE NUCLEAR AXIAL pion production amplitude was derived by means of ChPT in

CURRENT Refs.[2,3], and found to yield an amplitude that disagrees in
_ _ sign with that obtained by phenomenological meson field
A. Chiral symmetry constraint theory model§8,9]. We shall here employ the ChPT ampli-

The absence of parity doubling of the experimental hagiude given in Ref[3], but treat the pion energy determined
ron spectra at low energies implies that the approximate chiinematically exactly as in Ref15]. The higher-order loop
ral symmetry of QCD is realized in the hidden mode, andcontnb.unons that involve two nucleons, considered in Ref.
that the low-mass pseudoscalar meson oetd¢, 7 has to [21}, will be assu_med_ to form part of the short—ran_ge con;rl—
represent the associated Goldstone bosons. It follows that tHItions that are implied by the nucleon-nucleon interaction
coupling of this meson octet to hadrons has to vanish witfnodel described below. _ _ o
the four-momenta of these mesons. The coupling of pions to 1he one-nucleon and the isospin symmetric pion ex-

then have the expressiofis|
1 . .
L=——d,7A,, (1) f aN- -
ER B(1)=—f, v, @

w

where AM is the axial(flavor octej current density of the
nuclear system antl. is the pion decay constaht6,17).

The interaction(1) implies that near-threshold pion pro-
duction off nuclei is governed by the axial charge density
operator, which is known to be dominated by two-nucleon
mechanisms[18-20. In this regard, the reactiompp
—pp7° near threshold forms a special case, because as the N N
main (isospin antisymmetricpion exchange contributionis ...  ____]
eliminated, the reaction is governed by short-range mecha-
nisms.

These short-range mechanisms fall into three categories.
The first is associated with the isospin symmetric pion ex-
change amplitude, which, while of vanishingly small signifi-  FIG. 2. Nucleon resonance contributions to pion production in
cance for elastic pion scattering, may be large for the offucleon-nucleon collisions.

_______________

@ (®
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contributions correspond to the nonrelativistic limit of the
= 2f(122)7'§+(1<—>2). nonsingular part of the axial current 5-point function with
mw Wr mi+ Ko~ o external leg couplings, and are colloquially referred to as
3 nucleon-antinucleon “pair currents” orZ-graphs,” and are
represented as such by the dlagrams in Fig. 1. The form of
Here, (2, is the four-momentum of the exchanged pion these is implied by the Poincaiavariance of the 5-point
that is absorbed by nucleon &= p;—p,), andf is a phe-  functions[23].
nomenological form factor that dampens out high values of The numerically most significant short-range mechanisms
the exchanged momentum. We use the parametrization of there those that are associated with the scalar and vector ex-
Bonn potential 14], change terms in the nucleon-nucleon interaction. The former
may be derived directly, without reference to the 5-point

f‘ITNN 87T)\l &Z‘IZZ

Al(m) =1,

) A2—m2\? function, in the following way.
2y _ |27 m : . oY
f(k%)= Atk 4 Consider the isospin independent scalar exchange compo-
& nent of the nucleon-nucleon interaction, which contains the

Fermi invariant ‘S.” To second order irv/c, this interaction

with the pion cutoff mass\ ,=1.3 GeV. Note that by the takes the form

Goldberger-Treiman relationga/2f .=f yn/M,, where

f.un 1S the #NN pseudovector coupling constant (i 52 1 ovi(n)
=1). - . . v§(r)S=v§(r)(1——2 -5 ——8L, @®
The coefficientn ; is determined by th&wave 7N scat- my/  2my  ror

tering lengthsa, ,a; for physical7N scattering near thresh- R

old as wherev¢ (r) is a scalar function. Th@?/m? term in the
spin-independent part of this interaction may be combined
with the kinetic energy term in the nuclear Hamiltonian, by
replacing the nucleon mass by the effective “mass operator”

ve(r)

1
)\1: - _mﬂ. 1+

6

mﬂ'
e (a,+2ag). ©)

Here, my is the nucleon mass. Extant empirical values for .

the scattering lengths are consistent with=0. For the off- m* (r)=my
shell wN scattering amplitude, appropriate to pion produc-

tion associated with pion exchange, ChPT gives the follow-To first order inv¢ (r), the scalar component of the nucleon-

1+

C)

ing expression foi; [2,3]: nucleon interaction therefore implies the following two-body
3 5 Lo “correction” to the single nucleon axial charge operator in
Oa | wqok  q-k; Eq. (2):
A= ppe fz 2cy+ CZ+C3_8mN> r(:]z C3— l,
T T (6) a Vg(r) a
o(S)=— m Ag(1)=(1—2). (10

whereﬁ is the momentum of the produced pion ang
=E;—E,. The coefficients; are determined by the empiri-
cal or empirically extracted values for the tvawave scat-
tering lengths, ther term, and the axial polarizability forN
scattering. We here use the valugs=—0.87 GeV'?, ¢,

This interaction current operator coincides in form with the
“scalar exchange” pair current operator derived in Refs.
[1,19. The corresponding momentum space expression is

=3.34 GeV!, andcs=—5.25 GeV! given in Ref.[22]. A3(S)=—1, Fann Vs(kZ)Ul Viri+(12), (1)
The energy of the exchanged pian is determined kine- Mz My
matically as

wherev¢ (k) is the Fourier transform of the scalar potential

Ko+ (Py+Pa) ve(r) andv,=(p;+p};)/2my. It is completely determined
— (7) by the nucleon-nucleon interaction model. Note that because
the scalar exchange interaction is attractive in realistic
nucleon-nucleon potentials, this exchange current contribu-
tion implies an enhancement of the cross section over the
value given by the single nucleon pion production mecha-
€hism.

The expression for the vector exchange contribution to the
axial charge operator as derived from the 5-point function
has been given in Reffl1,19|:

L=
K 2my

wherep, andp} are the initial and final momenta of nucleon
2 (the one which does not emit the real pipalthough it is

a common approximation to set it to half of the energy of the
produced pion. The limits of the validity of that approxima-
tion were investigated in Ref15].

C. Short-range exchange contributions

The contributions to the axial exchange charge operator av)=f_ f Vv(kz) ot i NS
associated with the short-range components of the nucleon- " m, my 27 2my 2

nucleon interaction have been derived in Rgfs19]. These (12
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Herevy, (k) is the isospin independent vector component ofdifferent charge states in the decay width calculation. In Eq.

the nucleon-nucleon interaction. (15), p and Ey are the momentum and energy of the final
The axial charge operator is unique among the nucleanucleon, respectively.

current operators in that its short-range vector and scalar ex- The numerical value for the coupling constamfyy is

change contributions add coherently rather than cancel.  determined by the nucleon-nucleon interaction model. The
A large—and the longest range—fraction of the effectivevalue of theN(1440) coupling to the scalar field is very

scalar and vector exchange components of the nucleomncertain[13]. It was determined from the empirical frac-

nucleon interaction is due to two-pion exchange. A directtional decay foMN(1440)—N(7 )5 Suein [25] as

calculation of this uncorrelated part of the two-pion ex-

change component has recently been attempted by means of (gﬂfﬁ*)z mﬁ,‘fo

ChPT in Ref.[24]. The results of that calculation indicate an p(En+my)

T[N(1440 —=N(7m)5 Sd,

that the two-pion exchange mechanisms are large, although (16)
the largest contribution arises from a hybrie—27 ex-
change diagram. yielding a numerical value of gy )?/4m=0.1 for
T[N(1440)—N(7m)§ 9ae =35 MeV. This value will be
Ill. NUCLEON RESONANCE CONTRIBUTIONS used here. In principle, measurement of photoproduction of

vector mesons and thé(1440) resonance off protons should
provide fairly direct information on the magnitude of this

The nucleon resonance contributions to pion productiorconstant. With the value above we obtain for the ratio
in nucleon-nucleon collisions are illustrated by the Feynmany'44 jq = the value 0.11, agZy/47=8.28 in the Bonn

diagrams in Fig. 2. ThéN(1440 is the lowest vibrational nggtemiw mode[14].

state of the nucleon, and as such should be excited by the The intermediatéN(1440) resonance may also be excited
same exchange mechanisms that appear in the nucleofy ,,.meson exchange. This contribution separates into one
by the effective scalar and vector fields in the nuclg2Bl.  that arises from the current couplingst]. This term may be

The contribution to the amplitude for the reactipp  expressed as an axial charge operator of the fammomen-
—ppm® from virtual intermediateN(1440) resonances ex- tym spack

cited by effective isospin independent scalar exchange

A. The N(1440 contribution

mechanisms may be written in terms of the corresponding f*NN(gl4N4'?l* 4my, o
amplitude for the scalar exchange contribution implied by A3(V)=f . — \ - 14402 2v\7(k2) at-v,
the nucleon-nucleon interactidal) as Mz \ GoNn /(M) —my
1440 .
AS(S,N(1440)=K,A5(9), 13 My — Mo, [ . .
ol ( ) oS) (13 +—N2mN ol V2+—2mNa'2>< ) T;+(1<—>2).

where the coefficienK, is defined as 17)

K _g},‘,‘f,g* fiﬁ,g* 2my (14 Here, vy (k) is the coefficient of the isospin independent

T gonn TN mt‘f‘o— My vector exchange component of the nucleon-nucleon interac-

tion, and gi“,\fﬁ* and g,yn are the oNN(1440) and

. L -nucleon coupling constants, respectively. The momentum
in the sharp resonance approximation. Here fth“,ég* de- ¢ Ping .  fesp i y
” transfer to nucleon 2 is denotégd. Following Ref.[25], we

not th vector lin nstant for th : .
otes e pseudovector - coup %44000 sta 0 eassume that the ratio between the scalar and vector coupling

mNN(1440) vertex, an_dg(,NN and gy the coupling constants are the same for tié1440)N couplings as for the
strengths for an effective scalar meson, the exchange 4440 1440

which represents the effective scalar fiéhdainly correlated Qﬁagone/ﬂ nuclefréscouphngs. Thus we talg e/ gonn>
two-pion) exchange interaction between the nucleons. _%E"NN %’NN_ f ’ th iof17) that the first t
The pseudovectofrNN(1440) coupling constant is deter- IS obvious Trom the expressi at the first term

mined by the experimental partial decay width fof1440) on th? right-hand su_:lérhs), which is that arising from charge_
— 7N for all accessible charge channels as c_ouplmg, goes against that of the scalar exchangg contribu-
tion (11). This suggests that they should be considered to-

gether. The resulting partial cancellation makes the net con-

1440 1440
(foune)? 1 mfrmN* tribution of the intermediat&(1440) resonance small.
i "3 S 2 B )F[N(144Q*>7TN],
* N N~ 1IN
N (15) B. The N(1535 contribution

The N(1535) resonance stands out by its exceptionally
which results in {255 )?/4m=0.01. This value is close to large N» decay width, given its closeness to the threshold
that in[26], and smaller by a factor of 3 than that used infor » decay. As a consequence, ti&IN(1535) coupling
Ref. [25], the difference arising from the inclusion of all constant has to be very large, and therefore h{@&535)
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excitation byn-meson exchange contributes a non-negligibleing feature is the substantial decay braft—-15 % to the

amount to the cross section fpp— ppm®.
To describe this contribution, we describe thBIN and
nNN(1535) couplings by the Lagrangians

f NN—
L nN=1 _er,] bysY.d,.mi, (1839
1535
. NN*—
£7]NN(1535):| 7 1#(1535)7#&“771/14- H.c. (18b)

n

The NN pseudovector coupling constanjyy is contained

in the potential model, and is related to the corresponding

pseudoscalar coupling constantfggy=m,g,nn/2my .
The coupling Constarfti?\ﬁﬁ* may be calculated from the

partial width forN#» decay of theN(1535) ag27]:
( f 1535 m2 m1535

)2
NN* 7' UIN*
47 pw’(Eytmy)

T[N(1535—=N7y]. (19

The empirical partial decay width 67 MeV then yields the

1535

value (f,\5)?/4m=0.24.

The wNN(1535) coupling has the same form as Eg.

(18a, with the modification that; is replaced byr- ¢, m,,
by m,, andw, by o,. The 7NN(1535) coupling constant
may then be calculated from the partial width fétr decay
of the N(1535) in analogy with Eq(19). From the empirical
decay width 67.5 MeV we then obtain the value
(founs)
explained by chiral symmetry argumefn3].

The N(1535) resonance excited byexchange gives rise
to a contribution to the amplitude f&wave pion production
in the reactionpp— pp=°, which—to lowest order in the

sharp resonance approximation, and with neglect of delta
function terms—may be expressed as an axial exchange 1[N(1520—Np]=

charge operator:

>

1535 (1535 20 21 2
Aa( 77):—f ﬂ.f"lTNN* f‘r;NN* (o 'sza ( m” ) V+S(k2)
0 T mm? Faan minP-myl2my) P
+(12). (20

Here, the functionvyg is the isospin independent pseudo-

scalar exchange component of the nucleon-nucleon intera

2/47r=0.0021. The smallness of this value has been

Np channel. As this decay kinematically can reach only the
lower end of thep meson spectrum, the corresponding cou-
pling constant has to be very large. Therefore, k{&520)
resonance excited y-meson exchange should be expected
to give a non-negligible contribution to the reacti@p
prﬂ'o.

The coupling of pions and mesons to th&l(1520) reso-
nance may be described by the Lagrangians

1520
. aNN*— > >
L NN(1520)~ 1 m—%(152@ ys7-d, P+ H.C.,
(223

ok
152
m50—m

. 1520 - - -
L NN(1520)= 19 NN ¢#(1520( OnuT h) Py TY
Ne My

+H.c. (22b
The second term in Eq22b) is required by the transversality
of the p field.

The wNN(1520) coupling constant may be determined
from the partial width for the decai(1520)— N to all
charge channels 427]

(f1520 )2 1520, .2
mNN* N* [
e I[N(1520—N=]. (23

This yields (15-0)%/4m=0.19 andf 30, =1.6.

The pNN(1520) coupling constant may be estimated
from the partial width fopN decay of theN(1520), which is
about 24 MeM29]. To lowest order irp/my, this decay rate
may be written as
2 (G )

9 4n

p_my
mu? En

(Entmy).
(24

This expression, however, only applies for kinematically al-
lowed decays. In the case pfdecay of theN(1520) only the
lower tail of the p-meson spectrum betweemm? and the
kinematical threshold at 581 MeV is accessible. If the
p-meson spectrum is described by a Lorentzian centered at

470 MeV with a full width of 151 MeV[29], the weight of

tion, which in a one-boson exchange interaction model hal® kinematically allowed part of the spectrum j@imeson

the form

2
9NN

_ (21
2
m?+ k2

ves(k)=

with g, =2myf,nn/m,,.

C. The N(1520 contribution
The N(1520) is the spin 3/2 partner of theN(1535).

decay is only 0.076. That factor should then be included on
the rhs of Eq.(24).

To determine the kinematical factopsandEy in (24), a
p-meson mass has to be specified. This will be taken to be
480 MeV, which is the average of the kinematically allowed
mass value range, weighted with theneson spectrum. Us-
ing this mass value, and taking into account the probability
factor 0.076, Eq(24) gives the vaIuesg(;i,z,j’*)2/4w=O.43,
andg;y =2.3. This magnitude of this coupling constant is
only about one half that{5.3) used in Ref[30]. (The de-

Although almost degenerate in mass, its structure—as indicay width does not determine the sign of this coupling con-
cated by its decay pattern—is quite different. The outstandstant)

045201-5



M. T. PET\IA, D. O. RISKA, AND A. STADLER PHYSICAL REVIEW C60 045201
8 — o Resoat ! T exchange tern{3). This result confirms the calculations of
_______ Imp.+Re-scatt +Z Refs.[2,3] that there is a strong destructive interference be-
— — Imp.+Re-scatt+Z+N'(1440) tween the impulse and rescattering terms. The pion exchange
E o Imp+Re-soaltsZeN (14404 N (1535) P contribution was calculated with full account of the energy
Imp.+Re-scatt.+Z+N'(1440) + N'(1535)+N"(1520) /:“/4'/ of the exchanged pion as in R@l_'5]' . .
e Data e The short-dash-dotted curve in Fig. 3 includes the short-
E “r // . range contributions associated with the scéld) and vector
® /,',,/_;:" exchangg12) contributions to the nucleon-nucleon interac-
tion (* Z-graphs’). Here the potential coefficientes and
ar T vy were taken from the Bonn B potent{dl4] by the method
B described in Ref[25]. When using this potential model, the
________________________________ cumulative cross section obtained with inclusion of these
%80 EEves s 10 short-range effects are close to the empirical values given in
E,, [MeV] Refs.[4—6]. This result also differs from those obtained ear-

lier with other potential models, where additional short-range

FIG. 3. Total cross section as function of the proton lab energymechanisms had to be included in order to reach the empiri-

The meaning of the various curves is discussed

in the text.

cal cross sectiopll].
Turning then to the contributions of the nucleon reso-

The isospin symmetric part of the contribution of the in- nances, it is first noted that the result for tRé€1440) reso-
termediateéN(1520) resonance excited pymeson exchange nance(dashed curveis sizable, when calculated with the
to the amplitude forSwave pion production may be coupling constants used in R¢R5]. Since the value for the
expressed—to lowest order inni/—as an axial exchange oNN(1440) coupling constant could still be significantly

charge operator with the form

larger [13,31,33, this contribution could, accordingly, be
even more pronounced, and the result reported here may be

1520 1520 interpreted as a lower limit. The resonaréd€1535) (short-
S(P):fwg Iglzl(\l) ( pNN )vg(kz) dotted ha; a neglig.ible effect and the corresponding curve
M (Mg —My) | pNN almost coincides with the dashed curve from t%€L440)

resonance. Th&l(1520) [if the pNN(1520) coupling con-

< L. My Ko 2my Py stant is negativg as can be seen from the dashed and the
(M2 —m 2 M2+ my, 1T solid curves, counteracts the effect of the Roper resonance
N(1440), and therefore the net effect of these resonances is

Ky = = | 5 small. .
t om0 XKy [TaF (14-2). (25 When all resonances are included, the calculated cross
N section exceeds the empirical values at the higher end of the

energy range considered. This feature suggests that there

Here, the functiorvy, (k) is the isospin dependent part of the should be further short range contributioftsf. [11]) that
vector Qxchange component of the nucleon-nucleon interagnay play a role. In Ref1], for instance, the small contribu-
tion, which in a boson exchange model would have the formtions from the isospih=1 scalar and vector exchanges were

considered. In addition, the relativistic corrections to the res-

QZNN cattering amplitudes will become more significant with in-
vy (K)=———. (26)  creasing pion momentum.
mj,+k Since the signs of the mesonic resonance transition cou-

plings are not fixed by the empirical partial widths and decay

The parametek,, is thepNN tensor coupling constant. With rates, we show in Fig. 4 the uncertainty implied by the un-
the positive sign for all resonance coupling constants, thigertainty in sign and magnitude of th&lN(1520) coupling
contribution would have the same sign as that of then the calculated cross section. The figure indicates that with
N(1440) resonance. The data, however, favor the negativgositive signs for the couplings of the other resonances, the
value for thepNN(1520) coupling(as used in Ref30]), as  negative sign for the NN(1520) vertex coupling is favored.
a consequence of which its contribution opposes the effect of In order to illustrate the sensitivity of the calculated cross
the N(1440). section to the details of the dynamics and the conventional
approximations, we also show in Figs. 5 and 6 how the re-
sults for the impulse and the pion exchange terms change if
one uses the so-called “frozen kinematics approximation”
The calculated values of the total cross section for theapplied to those operators. In this approximation, the produc-
reactionpp— pp=° are shown in Fig. 3 for energies near tion operators are evaluated in exact threshold kinematics,
threshold. Theumulativecontributions of the different com- even for energies above threshold. The calculation of the
ponents in the transition amplitude are shown successivelycross section is simplified in this case, since the pion produc-
The short-dashed curve is that obtained with the singléion amplitude does not depend on the pion momentum vari-
nucleon axial current operatd®2) combined with the pion able of integration.

IV. NUMERICAL RESULTS
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FIG. 4. Total cross section as function of the proton lab energy. FIG. 6. Total cross section based on exact and approximate
The solid curve corresponds tg9>20, = —2.3, the short-dotted calculations of the pion rescattering term. The meaning of the vari-

1520 PNNY 1550 i lained in Fi
curve tog, - =2.3, the dashed curve . =—5.3, and the  OUS curves is explained in Fig. 5.

PNN*
short-dash-dotted curve g)lpﬁfh?* =-53.
Figures 5 and 6 display the effect of this approximation in

Clearly, using frozen kinematics is not a good approximathe following way: the frozen kinematics approximation has
tion to the exact calculation in either case, neither for thepeen calculated on one hand using the exact half-off-shell
impulse term of Fig. 5, nor for the pion rescattering term oftwo-nucleonT-matrix (dotted curvg and on the other hand
Fig. 6, in agreement with Ref15]. The discrepancy—not with the described energy-dependence factorizatitshed
surprisingly—worsens the further one goes from threshold. curve). Therefore, the dotted curve has to be compared with

We also consider the approximation that the energy dethe dashed curve in order to assess the quality of this ap-
pendence of the half-off-shell-matrix, in the final state, is proximation, not with the solid line representing the result
replaced by the energy dependence of the on-Shelatrix  without any of the considered approximations.
[33]. It is based on the observation that, although the on-shell The energy-dependence approximation works somewhat
and half-off-shellT-matrix elements entering in the calcula- petter than the frozen kinematics approximation. As is to be
tion of pion production can be very different, their variation expected, the discrepancy increases with the distance in en-
with energy is very similar and can be isolated into a factorergy to the point at which the half-off-shell-matrix has
dominated by the two-nucleon phase shift. It suffices then t@een calculated exactly—in this case at threshold.
calculate the half-off-shell-matrix at only one energy, e.g.,  The frozen kinematics calculation overestimates the im-
at threshold, and the factor containing the phase shift takesulse term, but underestimates the pion rescattering term. It
care of the extension to all other energies. This simplifies thes likely that partial cancellations will occur when the two

phase-space integration, without sacrificing the final state interms are calculated together, resulting in a smaller discrep-
teraction.

0.5

04

—— impulse exact
------ impulse g=0 (approx. T)
~~~~~~~~~~~~~~ impulse q=0 (exact T)

0.3

o [ub]

02|

0.0

“280

300

E,, [MeV]

310

320

ancy. However, accidental cancellations of errors should not
be interpreted in favor of an approximation. It is quite clear

from these results that the frozen kinematics approximation
should be avoided.

V. CONCLUSIONS

The results obtained here indicate that the net effect of the
orbitally excited intermediate nucleon resonances with mass
below 1.6 GeV, that are excited by short-range exchange
mechanisms, to the calculated cross section for the reaction
pp—ppm° is small. The resonance coupling parameters
were all determined phenomenologically from experimental
decay widths and branching ratios. The individual resonance
contributions are not small, however, and the size of the net
effect depends on the sign of the transition coupling con-

FIG. 5. Total cross section based on exact and approximatétants. The data seem to favor a negapveN(1520 cou-
calculations of the single-nucleon term. The solid line is the exacPling constant.

result, the dotted line applies the “frozen kinematics approxima-

The results also support the view that the dominant dy-

tion” (q=0), and the dashed line refers to a calculation where, innamical effects in the reactignp— pp=° are (a) the single

addition, the energy-dependence of the nucleon-nuclemrtrix is
approximated, as discussed in the text.

nucleon operator(2) [7], (b) the short-range exchange
mechanisms incorporated in the short-range part of realistic
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nucleon interaction$11) and(12) [1], and(c) the pion ex- model. Their magnitude is larger than what the “power
change tern(3). Of these it is presently the last one that is counting rules” of chiral perturbation theory naively would
most contentiou$2,3,19 and which calls for further study. suggest, namely that the resonance mechanisms should be
Additional short-range contributions associated with transi{arger than the rescattering term and the “5-point contact”
tion couplings between heavy mesons are possibly also imerms[3]. This is a consequence of the large effective mo-
portant, and interesting because of their other phenomengnentum scale involved in the exchange mechanisms.
logical implications[11].

The short-range exchange mechanisms associated with
the short-range components of the nucleon-nucleon interac- ACKNOWLEDGMENTS
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