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Analysis of Discrete Ambiguities for rrNA and pNA 
Vertex Functions Using Inclusive Charge-Exchange Reactions 

We use the formalism of Feynman diagrams to describe the charge-exchange 
reactions (p,n), (n,p) and (3 He,t) on a free proton target taking into account 

spectator ai;id decay modes in the rr + p + g'-model. The type of interference 

between these modes depends on the set of vertex function parameters used. It is 
shown that discrete ambiguities exist for the rrNA and pNA vertex functions. 

These are partly dissolved if charge-exchange data for a wide energy range is used. 

The investigation has been performed at the Laboratory of Theoretical 
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. 1 Introduction 

Dfrect resonant reacti~ns· p;ovide a 'basic source of information on ef:: 
fective interactions, reaction mechanisms and nuclear structure. Their ! 

contribution to charge-exchange reactions at intermediate energies 0.6 < 
-T,, < 10 GeV has att!acted much attention recently in _on-going studies 
[l] in the A-isobar excitation region. . ._ . . . . . . . . . . 

We explore ·the coexistence of nucleonic, mesoriic and ~'-isobar de­
grees of freedom in nuclear' collisions .. Although our-approach i:8 classical 

in· the sense that quarks do ·not appear explicitly, all. diagrams of phys­
ical importance are included. Being in our approach a_ resonance in tl~e. 
nucleon-meson· system:, the ~-isobar conveys a way to learn' about the 
carrie;s of the strong puclear force in the nuclear medium. 

Reactions of the type (e,e'), (p,p'), (7r, 1r'), (p,n), (3 He, t), (6 Li, 6 He); .... 
at intermediate energies and at transferenergies ~0.3 · GeV inv~lve the \ · 
~-resonance mechanism and allow us to investigate the excitations of nu- . 
cleon and subnucleon degrees of freedom in nuclei, by strongly interacting 

" ' - ,t ,, 

probes and by electromagnetic ones as well. . 
· According to estimates [2, 3) the renormalization of the, N N -. N ~ 

interaction when taking place inside nuclei, is relatively small (~_ 5% 
at T,, ~ 1 Ge V). The srune conclusion WM obtained in [4Jnamely tliat 

:'- I •._,' ' '. - • ; 

r 
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. all NN and b.N interactions inside the nucleus are.close to free interac-. 
tions. Therefore the information from the reactions on free nucleons is . 
of special importance. Having this information we can in principle try to 
understand the mechanism of charge-exchange on a nuclear target and 
to investigate spin~isospin. excitations in a nuclear medium. 

In most recent theoretical publications [4]-[9] devoted to the descrip­
tion of the (p,n) reaction a_nd analogous processes, the 7r + p + g'-model 
was used. In this model the phenomenologically determined constants 
are the Migdal-Landau parameter g~.o. and the cut:of parameters A'II', Ap 
in the monopol meson-baryon formfactors FB (B = 7r, p): 

FB(t) = AJJ - m1 · 
A1, -t , . (1) 

where tis the square of the invariant momentum transfer and mB is the 
mass o{ the corresponding meson. The para.meters of this model are es".' 

tablished from best fits to existing experimental data for a wide class of 
, processes (charge-exchange, 1r-atoms, photoexcitations, etc.) .. The situa­
tion is completely the same as in the, case of elastic scattering of ions on 
nuclei where the parameters of the optical potential are determined from 
the· best'. description of the experimental phase set (cross, sections). · · 

The prhicipal · aspects. of this problem can be formulated as follows. 
Let· us consider the elastic scattering at· fixed energy from. th~ potential 
V(r): . . . . .. . , 

(T+ V)lll = BlJ!. (2) 

Despite. the fact that the motion of the particle covers · all space the 
boundary conditions for 1P are given on both bounds: 1P has to be regular 
at r ~ 0 and at r -+oc q; is determined by the experimental set of phase 
shifts, [oL(E)]e:r:p• The result is a Sturm-Liouville problem for finding 
eigen depths, radii and diffusenesses of the potential V(r). Among the 
"phase equivalent" discrete set of potentials obtained the physical one is 
selected from additional,physical criteria. The energy andL-dependence 
of the resulting potentials are due to the many-:hody character of the 
problem and the :field effects. 

· ..... ,. .. -.. ·----------
'~!°~J- t,t_..,,.,.~_; •• r~-{ 
t1 ,,;, t.C ...... wt,L.i. ll KH., ... .,. i· 
fl n.a-.:~.!ib{K nh-,~.aOHUml : 
~ s11sm,10TEHA ----- ' ~~-



The aim of this contribution is to discuss discrete ambiguities of the 
parameters of the formfactors FB and to search additional criteria for 
selection of these parameters. _ 

2 Formalism 

Tlie cross section of the elementary process p + p -+ n + X ... can (in the 
. notation of Bjorken and Drell and with c=h=l) be written as 

2 -, -, -, 
du = 2m . !!!:_. dPp m dPn.. dP,, 

. ,\1/ 2(s, m2 , m2) En (21r)3 Ep (21r)3 2E,,(21r)·3 

(21T)\5(4~(P1 + P2 - Pn - Pp - Pw)S1 <:IM 12>; (3) 

where A and A are the four momenta of the colliding protons. The 
indices n, p and 7r refer to the p;<>t~~I neutron and pion in the final states, 
respectively, and S1 .is the statistical factor due to the Pauli. principle. 
The symbol <IM 12> mE;a~s ave~agiug/summing over the projections of 
projectile and ejectile spins. · · 

In the framework of the Feynman diagram formalism we take into 
account the_ diagrams depicted in Fig.1. Each diagram in Fig.1 has a 
corresponding matrix element M;: 

. M; = (~1y+1 ISF;G;.(sA)J,rNLl. cs+e.P,..)(Vc(q;)(S•a)+VNc(q;)S12(q;)], 
. m,.. . . .· 

(4) 

where JSF; is the isospin factor [5], q; the impuls 'of the virtu~ pion 

in the Breit system (q}0
) = O, t; = -qf), q, =Jj/q, Pw the impuls' bf 
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the'real pions in the rest frame of the Ll-:-isobar, SA the square of the 
invariant mass of th~ Ll-isobar and GA its Green's function. 'We have . 
used the' definition of the operat~rs S and S12 given in (5, 6] and also the 
notations: · ' 

V ( ) _ frrNNfff'NA p2( ) 2G ( ) , Lq - 2 ,,qq ff'q, m . ,r -
' ,, 

Tr ( ) . C f,.-NNf,.-NAF2( ) 2a' ( ) YT_ q = p 2 , p q q P, q 1 

. . mff' -- . , 

, . Vc(q) = ¼[VL(q) + 2VT(g}] + g~l /wNN ~wNA F;(g), 
, , . m,, 

,J 
VNc(r) = 3[VL(q) - VT(q)], 

. - ' 

(5) . 

' (6) ' 

' 
' (7) 

(8) 

where.G,,. and Gp are the usual mesonic propagators [10]. Theformfactors 
, FB in eqs.(5) and (6) are given by formula (1) taking into account the 

· fact'that_t = -if in the Breit system. . . _ . _ 
· The diagrams includ~d in our calculations dominate· in . the energy 

region 0.8 :$ T,, :$ 1.5 GeV when the neutrons are registered in the 
~ngular interval corresponding to the first diffraction: peak and the~mo-

, · men tum spectra are investigated around the ~-isobar peak. ,In_ principle 
one might expect that it is necessary to add_ also the s-wave pion scat­
tering on the nucleon. However I the contribution ~f this amplitude to 
the p+p-+ n +P + 1r+ reaction cross section at Tp ..:....1 GeV.is relatively 
small (see Fig.4) in the considered region of the angles (in the case of 
n(3 He, t)~ + this term gives a significa.nt contribution [5]) .. 

· It is necessary to stress that the technique used is based riot. on per- -. 
turbation theory in the interaction representation, but on decomposition 
of the total amplitude over the_ renormalized diagrams. It means that the 
effecis of renormalization, polarization of the vacuum, contributions of 
the another mesons an_d resonances a.ad off-shell effects ... , are included 
in the formfactors FB, Such treatment can be argued for by comparing 
with potential models for. l~w energy scattering. · · 

Some additional remarks about the terminology. The sum of diagi-am ' 
1 and,2 (3 and 4) in Fig.1 is denoted M DET (DEP) and is pictured as one 
effective diagram in Ref.[5] while we separate out the dh-ect and e-'Cch~1ge 
parts. We have used the terminology of [11] according to which the DET 
diagram is called the spectator -one .'md D EP · the decay one.: So we will 
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, call the first diagram the spectator direct diagram, the second as the 
' . . . 

spectator exchange and so on (SD, SE, DD and DE). 

3 Results 

The calculations ofthe cross sections were performed for three very differ­
ent sets of the vertex function parameters taken from standard literature: 
OSET (A,..=1~3 GeV, Ar=l.4 GeV,.0r=3.95, g~ti. =0.6) [SJ; JAIN(A,..=1.2 
GeV, Ar=2.0 GeV, 0r=2.0, g~ti.=:0.3) [6]; DMIT(A,..=0.65 GeV, Ap=O.O 

·aeV, Cp=O.O, g~a=0.9) [12]. The couplii1g constants.are standard and 
equal to J;NN/41r=0.08l and f':Nti./41r=0.36. As is seen from Fig.2 all 
three sets give nearly the same noncentral potentials VNc(q) while the 
central potentiali, Vc(q) have approximately the same shape and are · 
nearly equidistant in the sequence JAIN.:OSET-DMIT ,with JAIN the 
deepest. 

Calculated energy spectra for a number of forward angles are com- · 
pared with experimental clata (13] in Fig;3 for the reaction p+p _. n+X 
at Tp=l Ge V incident energy. Full detailed agree~ent should not be ex­
pect since the theoretical curves are not folded with the experimental 
resolution function. The general agreement is still quite satisfactory, but 
the data. for the angular region 01a.&e(0°, 15°J are not able to discriminate· 
between the three transition potentials JAIN, OSET ~rid DMIT: Thus 
we are left with a potential ambiguity involving apparently widely dif.: 
f~rent potentials (see Fig.2). Neither the momentum spectrum nor the 
angular distribution help to disti'nguish between the three potential fam.:' 
ilies (Within each family some minor variation can be obtained due to 
the ~oritinu.ous ambiguities in the definitions of the par~meters A-,.., Ap,· 
a; and g~a· The theoreucal estimations [15, 16] of the A1r value are also 
close to the set (5] and [6] and are not in drastic·disagreement with the 
set [12]). The same conclusions were obtai~ed in [14] at Tp=l GeV. 

The purpose of this papei is to point out to and investigate these. 
ambiguities further. We will discuss both the· p+p- n+X and n+p-
p+X process. · . 

In. the p+p-· n+X process the decay amplitudes .have lower isospin 
weight factor with the consequence that the decay mode is negligibly 
small as is demonstr~ted in Fig.4 for Tp=l GeV and 0 = 0° and the JAIN 
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potential. To be able to assess the relative importance of various co~­
ponents of the full amplitude, Fig.5 displays their par'tial (hypothetical) 

· cross sections as functions of exit neutron momentum. These compo­
nents interfere to gi~e the full physical result. The p+p:.:.+ n+X proc~ss 
is essentially determined by the spectator term alone, a result ·which also 
holds for larger angles (see Fig.5) and all three potentials. The relative 
role of the SD'and SE parts as a'function of potenti~l family, is as for·· 
the·rid1er n+p-+ p+X process, to which we ~ow turn: · · 

The. decay amplitudes play a more noticeable role for the reactio~ 
n+p-p+X, the total cross.section nevertheless does not allow us to give 
preference to any of the tree potentials (Fig.6). The d~c.i.y and spectator 
amplitudes are nearly orthogoual at Tp=l GeV and 0 = 0°, i.e. the full 
cross section is close to the sum of the partial hypothetical spectator and 
de,cay cross section. Notice that this result·applies to all three potentials.· 
The separation betweeri the S-mode arid D-Illode maxima.is, equal to 
tlE ~·140MeV ~ m,,.,.thus bas a kinematical origin. 
, Finally we investigate in detail the SD, SE, DD,· and DE amplitudes 

· and their. interplay for all three potentials. Figs. 7 A-7C correspond · to 
the JAIN, OSET and DMIT potentials respectively, for-the same five 
forward ·angles. As we have alluded to abo~e partial ~ross sections for 
the· three potential choices have some common features; all spectator 
terms are peaked· and at nearly the same momentum while all decay 
terms are rather flat with a shoulder and drop off at essentially the same 
ha.rd momentum. The total S contribution and total D contribution is 

:nearly·the same for all three potentials (see Fig.6) with S the dominant 
part in the central momentum region. 

If we. now, however, address the SD and SE constitution of the specta­
tor amplitude using partial hypothetical cross sections, it varies (Figs. 7 A-
7C) dramatically with potential set. For the JAIN potential the SE term 
is substantially larger than the SD for all angles investigated and the 
two amplitudes are nearly orthogonal (i.e. a(S) ~ a(SE) + a(SD)). 
For OSET the relative magnitude is the opposite at 0°, butreverses to 
the JAIN case beyond ~ 10°. The peak heights are also smaller than 

·for JAIN'. Thus.there is arather complicated and angular dependent in-:-· 
terference in this caB·e, since the total S contribution is the same ,aB for 
JAIN: In the case of the DMIT p~tential we have the opposite extreme 
of the JAIN case, the SE ter~ is negligible and the full S contribution , 
coincides with· SD for all angles. 
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Flg.4 Partial contributions to the p(p,n)X forward cross section 
from ·the summe.d 'spectator' and 'decay' graphs. The interference 
between ,direct and exchange graphs is also taken into account 

·. giving the full cross section. Jain's set of the .parameters is used, 
The influence on the full cross section from inclusion of nonreso- · 
nant S_;wove '. contributions is also shown. 

For 'the D terms now the DD is completely negligible in the DMIT . 
'case, i.e. the D contribution is essentially ·DE. For JAIN. the DD term 
again contributes more than the DE term, while for OSET'they are more 
comparable. For both cases there is some angular dependence. 
· · Our findings raise questions about the validity. of specific pictures 

· ·. (in~pired by diagrams) of what goes on, and provide arguments for a 
search for~ ways to dissolve the ambiguities, if possible. . ' 

· One possibility is to investigate the Tp-dependence of the cross sec-: 
tions for the sets.'. The Tp-dependenc,e of the experimental total cross . 
section <rtot(p + p - n + p + 1r+) is given in Fig.3 in [14J. One can see··•··· 
.that the Li-isobar.dominates in the energy interval,,,0.8< Tp <3 GeV. The 
influence of nonresonant processes becomes pronounced only at Tp >1.5. 
GeV.· The appr~ximate scaling of the reduced invariant_ cross secti~ns 
a, -: [utot(Tp0 )]/[;,.tot(Tp)] d';ia.n = B pd."c;dn holds in this energy region [14]. 
These reduced experimeritat cross sections u~ are shown in Figs.Sa, b, c, 

, the calculational procedure is described in (14J. They are normalized to 
B containing a 1'background,, from the s-wave 'irN interaction and other 
resonances, but the calculated cross sections contain only the resonance . 
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terms.'; It means that the calculated u, has to be-not greater than the 
· experimental inclusive one. . 

The results of the·calcula.tions a.re presented in Fig.8. It is evident that 
__ the approximate scaling holds for the calculated reduced cross sections, 
·'when Ja.in1s set is used .. This scaling is not so good in the case of Oset1s 

set a.nd is strongly violated ~ith the para.meter set ofDrilitriev. Thus 
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some physical preference see~s to be present, where at least the ,DMIT . 
potential is restrict~d to a specific energy. · 

· '. We would like to note that the· analysis [2] of the 7r-mesoato'm data · 
gives g~A = 0.4 ± 0.2. It is in agreement with the value given in Jain's· . 
and Oset 's parameter sets. One might treat this fact as an indication of 
a possible weak dependence of the 9~.c.. on the excitation energy. 
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We have shown that momentum spectra and angular dependen.ce of the 
charge-exchange cross sections in the projectile kinetic energy interval 
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0.8 < Tp < 1.5 GeV can be well described with three parameter sets A1r, 

· Ap, Cp_and g~.6. given in refs.(5, 6, 12J. 
These sets ,of parameters give nearly shape-equivalent central N N -+ 

N l:J. transition potentiaJs; which however differ significantly in depth; 
with an almost equidistant depth spectrum. This gives a strong indica­
tion of a far-going analogy with the Sturm-Liouvile problem and shows 
that a discrete ambigu,ity exists in the determination of the values of the 
1rN l:J. and pN l:J. vertex formfactors. We have discussed various aspects 
of this ambiguity in detail. , I 

Using the approximate scaling of the reduced inclusive invariant charge-
exchange cross sections in the l:J.-peak region for energies 0.8 < Tp < 3 
GeV, we are able to give preference to the parameter sets (6J and (5J, 
thus partially ~olving the ambiguity. . 

Taking into account these results, ' it is interesting to look for dis­
crete ambiguities in the case of 7r N l:J. and pN l:J. vertex formfactors and 
to confront parameters, characterizing these formfactors, obtained from 
ch~ge-excbange data with other reactions such as ( 1r-, A}, ( e1e'} ( 1r+ 1 '?1"

0
} 

etc. Such work is in progress. 
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