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Pseudovector vs pseudoscalar coupling in one-boson exchargl potentials
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We examine the effects of pseudoscalar and pseudovector coupling af dmel » mesons in one-boson
exchange models of tHeN interaction using two approaches: time-ordered perturbation theory unitarized with
the relativistic Lippmann-Schwinger equation, and a reduced Bethe-Salpeter approach using the Thompson
equation. Contact terms in the one-boson exchange amplitudes in time-ordered perturbation theory lead natu-
rally to the introduction ofs-channel nucleonic cutoffs for the interaction, which strongly suppresses the far
off-shell behavior of the amplitudes in both approaches. Differences between the resiNtipgedictions of
the various models are found to be small, and particularly so when coupling constants of the other mesons are
readjusted within reasonable limits.
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[. INTRODUCTION the picture is more complex. In pion electro- and photopro-
duction analyses at low energies pseudovector coupling is
Since the discovery and identification of the pi{dn2] as  preferred, whereas at higher energies pseudoscalar coupling
the strongly interacting meson anticipated by Yukd®&hin provides a more economical descriptid2,13. In the light
1935, most theoretical efforts to construct a quantitativelyof this evidence it is clear that any of tHéN interaction
accurate model of the nucleon-nucleoNN) interaction models claiming to be realistic should, to some degree, in-
have used the pion-nucleon interaction as the first buildinglude pion exchange with pseudovector coupling.
block. Indeed, phase shift analyses MN scattering data With the exception of some recent models based on
since 19594] use the one-pion exchange amplitude to fixbaryonxPT [14-18, NN models of the past three decades
the phase shifts of the high orbital angular momentum partiainclude, in addition to the one-pion exchange, contributions
waves, which are not individually adjusted to fit the data. due to exchange of heavier mesons, whether explicitly, as in
Almost at the beginning of these efforts the question aros@® various one-boson exchan@@BE) models[19-28, or
of whether the fundamental coupling of the pion to theMPliCitly, as resonant-channel exchange of two pions, as in
nucleon is of the pseudovector or pseudoscalar type. Th e d|sperS|on—theo_ret|c qpproact[@slo]. Even within the
question arises, of course, from the fact that the fully on- BE models there is no single preferred approach. There are
. : . . those models that are based on a Bethe-Salge@r ap-
shell one-pion exchange amplitude derived frormrdN in-

teraction Lagrangian with pseudovector coupling is identicaproach and in which the unitarizing equation is some three-
: grang P ping dimensional reduction of the Bethe-Salpeter equation
in form to that from one with pseudoscalar coupling. In early

) 2[22,30-32,25-2[f and there are those, including some of
attempts to go beyond the one-pion exchange to the two-pio, e various Bonn potential25,28,33, that are based on

exchangg5,6], pseudoscalar coupling appeared to demangime_ordered perturbation theoffOPT). Our main interest
suppression of “pair terms”—terms describing the contribu-in this work is in TOPT, but we shall also examine differ-
tion from intermediate states with one or more antinucleonsgpces between pseudoscalar and pseudovector coupling in
For the exchange of pions with low momenta, this effectivelypoth of these approaches. For that purpose we will utilize a
reduced to pseudovector coupling, for which the renormalizspecific three-dimensional reduction of the Bethe-Salpeter
ability of the theory is doubtful, at be§?,8]. Pion-nucleon equation known as the Thompson equatiati].
scattering, through the smallness of the scattering lengths, '|n covariant perturbation theory one starts with a Lorentz-
also strongly suggested pseudovector coupling. Dispersionnyariant Lagrangian density, from which one derives the
theoretic results for the two-pion exchange contributionyamiltonian density and, from that, the Hamiltonian. For
[9,10] based on unitarity and analytic continuation ®N | agrangians with scalar or pseudoscalar mesons without de-
amplitudes to therr=NN channel also implicitly favored rivative coupling, the interaction part of the Hamiltonian
pseudovector coupling. density is just the negative of the interaction part of the La-
We realize now that the meson theory of nuclear forces igrangian density. For Lagrangians with derivative coupling
not a fundamental theory but, at best, an effective theoryor with vector mesons, however, noncovariant “contact”
Thus lack of renormalizability in the usual sense is not aterms arise in the Hamiltonian density. These terms are nec-
relevant criterion for the rejection of one form of coupling or essary to cancel the noncovariant terms in the meson propa-
another. Furthermore, the approximate chiral symmetry exgators so that, in any order of perturbation theory, the result-
hibited by QCD and implemented with considerable succesig amplitude is covarianf34]. From a procedural point
in chiral perturbation theoryxPT) [11] makes it clear that of view, this means that in the Feynman rules one simply
the effective coupling of pions to nucleons, at least at lowdrops the contact terms and the noncovariant parts of the
energies, is pseudovector in character. In other phenomermmaopagators.
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1 2/ TABLE I. Quantum numbers and masses of the mesons used in
the models in this work.
p . _|_ . _'_ Meson 1(37) Mass(GeV)
-7 e x 1(0) 0.13803
- 7 0 (0) 0.5488
p o 0 (0%) 0.52
1 2 ag 1 (0%) 0.983
p 1(1) 0.769
FIG. 1. Schematically, the three terms in time-ordered perturbag, 0(1) 0.7826

tion theory that may contribute td§N scattering in second order of
the coupling constant in a meson exchange model.

sions. Technical details such as the underlying Lagrangians,

In TOPT, however, one does not use particle propagator@nd the potential matrix elements in TOPT and for the
They are effectively supplied by the vertex functions and!hompson equation, are summarized in Appendixes A, B,
energy denominators in the time-ordered diagrams. In ordet" C.
to obtain covariant results in TOPT starting from a Lagrang-
ian density with derivative coupling, or with vector mesons,
one must include the contributions of the contact interactions In order to make the comparison of different treatments of
in the Hamiltonian in the appropriate order of the perturba-pseudoscalar meson exchange explicit we will focus on four
tion expansion. Therefore, for single pion exchange withone-boson exchange models of ti&l interaction. The first
pseudovector coupling iINN scattering, i.e., in second order model that we will consider is that of pseudovector coupling
in the coupling constant, one must include not just the mesoff the pseudoscalar mesons,and , in TOPT. The second
exchange diagrams, but also the four-pdid contact inter- Wi_II be the same with the exception_that pseudoscalar cou-
action, as shown in Fig. 1, and similarly for vector mesonPling of the pseudoscalar mesons will be used. For t.he third
exchange. Only then will the result agree with covariant per@nd fourth models we make the same comparison of

turbation theory when all external particles are on their masg8Seudovector and pseudoscalar coupling for the pseudoscalar
shells. mesons, but within a Bethe-Salpeter approach to the problem

The main focus of the work that follows is to compare theUSing the Thompson equati¢8l] to unitarize the scattering

results of inclusion of the full pseudovector-coupled pionam_ﬁl:;ufoes'ter of exchanged mesons in each of the four mod-
exchange with those of pseudoscalar coupling in o.ne—bosogIs is identical: pseudoscalar mesomsand 7, vector me-
exchange models based on time-ordered perturbation theor, bnspe and e aﬁd scalar mesons anda. Coﬁtact terms as
This is not simply a moot point: the pion-nucleon interaction P ’ o

. . well as gauge terms arising in the polarization sums in vector
used in Ref[33], although nominally of pseudovector type, neson exchange in TOPT will be retained. In the reduced

is in fact pseudoscalar, and thus has a very different offgeihe-Salpeter approach, gauge terms in the vector meson
energy shell behavior from pseudovector coupling. Furtherpropagators will also be retained. The masses and quantum
more, contact terms in the vector meson exchange contribys,mpers of the mesons are given in Table .
tions, as well as gauge terms, which have heretofore been The interaction Lagrangian densities for all of the meson-
ignored, will be retained. , ~ baryon interactions in our model calculations are given in
We shall, in this work, restrict ourselves to examining Appendix A, along with the corresponding Hamiltonian den-
one-boson exchange models, since the contact terms ities. The matrix elements of the corresponding second or-
higher orders of TOPT present additional difficulties that areyg, potentials for the TOPT-based models are presented in
not easily resolved. We will, as in all models of this kind, Appendix B. Shown schematically in Fig. 2 are the interac-
need to introduce cutoffs in order to ensure convergence Gfon and the kinematics for the potenthlin the NN center-

the integral equations used to unitarize the scattering amplyf.mass frame. For this we unitarize the scattering amplitude
tude. We will also compare the results to those obtained fro”?nrough use of the Lippmann-Schwinger equation

a reduced Bethe-Salpeter approach, in which the problem of
contact terms does not arise. 1
In Sec. Il we describe the models that we employ in the T=V+VW_HO+iET @
present study. In particular, we give the equations that are _
used for unitarizing the scattering amplitude and we discus8r, more precisely,
some specific aspects of the vertex form factors. Finally, we -, _, , >
outline the strategy that was followed for fixing the free pa-(P N2l T(W)[PA1\2)

II. MODELS

rameters of the models. Results for phase shifts as well as for ) R d3q
the deuteron properties are presented in Sec. Ill. We analyze =(p 'NAj|V(W)|p, A Ap)+ > f W—2E +ie
the consequences of pseudovector versus pseudoscalar cou- Bk qtle

pling in TOPT as well as in a model based on the Thompson N - - >
equation and we also compare the different approaches. In X(P NN V(W) Aapa) - (Quapial TOW)[PA1M).
Sec. IV we summarize our results and draw some conclu- (2
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A AL that the connection between the range at which the cutoff
. 1 . 2 becomes effective for that meson potential is simply related
P’ Ep' —-’, Ep’ to the cutoff parameterR; qyoi~ \n;/A;. Considered as a

product of two mesonic form factors, this is then interpreted
as, or assumed to be, a reflection of the effective size of the
meson cloud in that part of tHeN interaction.

In treating contact terms in the interaction, however, this

form immediately raises some difficulties. The first is that,
through the dependence on the three-momentum transfer in
the denominator, it introduces effects of the contact terms

into all angular momentum partial waves, whereas the con-
tact terms alone, which are polynomials of low degree in the
sine or cosine of the c.m. scattering angle, contribute only to
a few of the lowest partial wave amplitudes. The contact
term arising from pseudovector pion coupling, for example,
contributes only tes andp waves. In adopting the multipole

I_)t E —I)), E form, one singles out the three-momentum transfer as the
p P variable in which to cut off the potential, but there is no
7\.1 7\.2 compelling reason to do so, and good reason not to. Indeed,

in the effective field theoretic approach of Epelbaeimal.
[15], a purelys-channel cutoff is used.

On the other hand, we wish to have the comparison pre-
sented in this work make some contact with models in the

Here W represents the total energy of theN system. literature[24,25,33 that employt-channel cutoffs. Further-

The Thompson equation, which we use to unitarize thé"Ore: We wish to apply the same cutoff to both the meson
scattering amplitude in the other two models, is given by exchang_e termandt_he contact terms in °r9'er tha_t one term
not receive excessive weight from one kinematic region in

the range of the loop integral as compared with the other.
This is a problem of long standing and we will not attempt to

FIG. 2. Kinematics for theNN potential in theNN center-of-
mass frame with total energy/. The fermion lines are labeled by
their three-momentum, energy, and helicity.

(P 'NNS TIW) | pA A )

NN - d3q address it here. Rather, we will simply adagt hocthe form
=(p N VW) [P AN+ fm ply adapt
H1mk2 q A-Z—m-z N, A,A{, 2
TN > mﬁ > -> Fj(Wap,rp): 2 J->, J*z 4 2 2\2
X{p >\1)\2|V(W)|QM1M2>'?<QM1M2|7(W)|DM>\2>- Af+(p'—p) AN+ (WPA—ED)
q
3 A4 2

; 6)

4 214 E2 \2
The simple prescription for obtaining the matrix elemeyits An+ (W4 Ep')

from the matrix element¥ (W) of Eq. (2) is given in Ap- . A
pendix C. The relations between the standsd phase pa- that is, we take the form of E@¢4) and multiply it by a factor

4 4 210 E2\2 H H
rameters and the matrix elementstan be found in Ap-  AN/[An+(W7/4—Eg)7] for each nucleon line with momen-

pendix C.2 of Ref[33]. We wish to point out here that this tumﬁ entgring or leaving the interaction. In all cases except

relation applies to both of the models employed, taking intoas noted in Table Il below we takg=2.

account the transformatiolf = (my/E,)-7-(my/E,) for This form provides the potential with botlt- and

the models based on the Thompson equation. s-channel cutoffs. Although it does not remove the objection,
Except for the cutoff function§j(W,5’,5) that multiply raised above, of mixing contact terms into higher partial

the field-theoretic meson exchange amplitudes in the poterf¢@ves, we shall mitigate that effect via the proviso that the

tial matrix elements/ and V), the input to our model calcu- parameterA; for meson terms whose interactions include

lations is completely specified. The cutoff functions, as al-contact terms be chosen large enough so as to have negli-

ready mentioned, are needed for the convergence of thable effects in pgz)artial waves with orbital angular momentum

scattering equation, but the form that one chooses is largely” 2, €xcept for’D; because of its coupling 8S;.

arbitrary. One commonly used, especially in one-boson ex- AS there are free and nearly free parameters in the mod-

change models, is the so-called “multipole” form, els, a simple comparison of tieN phase shifts produced by
the four models for a given set of parameters would not, in

n our opinion, be a useful way to present the results of our
(4) investigation. Such a comparison might be seen to favor one
model over another, which is not our intention.
Instead, for each of the four models, we perform a con-
where A; andn; are the free parameters ang stands for  strained least-squares fit of the adjustable parameters to the
the meson mass. Part of the appeal of this particular cutoff illN phase shifts in the range of laboratory kinetic energies

Af—m]

Fi(W,p’,p)=|—5——
: A?+(p’'—p)?

044006-3



G. CAlA et al. PHYSICAL REVIEW C 66, 044006 (2002

TABLE Il. Parameters for the TOPT models. The columns la-  TABLE Ill. Parameters for the Thompson equation models. The
beled PV and PS represent, respectively, the values for the modeblumns labeled TPV and TPS represent, respectively, the values
with pseudovector and pseudoscalar coupling ofithand » me- for the model with pseudovector and pseudoscalar coupling of the
sons, as in the figures. Fixed parameters are shown in parentheses.and » mesons, as in the figures. Fixed parameters are shown in
The values of searched parameters are determined by a leagiarentheses. The values of searched parameters are determined by a
squares fit to the SP4RIN phase shift analysis of Ref35]. For least-squares fit to the SPAON phase shift analysis of Rgf35].
these models =1 [see Eq(5)].

Coupling TPV TPS
Coupling PV PS constant TPV TPS Cutoff (GeV) (GeV)
constant PV PS Cutoff (GeV) (GeV) p

o2/am (1389  (13.9 A, 2.00 1.80
g3 /4m (138 (138 A, 250 180  g¥r 422 500 A, 100 100
g%/ 2.15 2.00 A, 1.00 121 92l4m 6.8822  7.2057 A, 10.00  10.00
g§/47r 6.4355 7.1572 A, 10.00 9.80 g§0/4ﬂ- 5.1165 5.0071 Aao 2.50 1.50
g5 /4 0.8463  1.7915 A, 250 150 g2l4m 0.800  0.800 A, 134 131
o%/Am 1.14 1.06 A, 1.45 1.73 f,/9, 6.89 6.89
f,lg, 5.12 4.40 o /4m 25.00 25.00 A, 1.245 1.260
g’lam 17.40 22.20 A, 1.41 1.35 f,/0, (0) (0)
fol9s 0 ) Ay 0.7) (0.7)

Ay (0.7) (0.7)

“See Sec. I, Eq(5) for the use ofAy. at 13.8, whereas thgN coupling constang?/4, since it is

) less well known, is allowed to vary from 0 to 6. Cutoff
from 20 to 300 MeV taken from the energy independ#ht  masses\; are allowed a fairly large range, but are required
phase shift analysis SP40 of RE35]. By “constrained”we g pe greater than 1 GeV. The meson masses are fixed at the
mean that the parameters that are allowed to vary, such ggyes given in Table I. For the nucleonic cutoff mass,,
coupling constants and cutoff masses, are restricted 10 ge explored a range of values and found that good fits with
range that is consistent with values used in the varioug)| the models could be obtained fory between 600 and
meson-exchange models of theN interaction in the litera- - 90g MeV. For values below 600 MeV the potential was too
ture. The results of these best fits will then be compared iRtongly suppressed and for values above 1 GeV the cutoff
detail. We will also, for the sake of completeness, make &34 almost no effect. We therefore fixed the value\gf at
comparison of pseudovector and pseudoscalar coupling ifigg MeV in all the models. With this choice the contribu-
the TOPT models with identical parameter sets. tions to the scattering amplitude at low c.m. energies from

Admittedly, this is not a rigorous procedure, but it reflectsintermediate states with energies above the pion production
better the intention of our work. We wish to examine whetherieshold are strongly suppressédle should remark here
the terms that, in principle, should be included in one-bosonyat this value of\ \ is of the same order of magnitude as the
exchange models based on TOPT but have heretofore beg@xnannel cutoff employed by Epelbauet al. [15] in their

omitted require a major reworking of previous_ models, or if offective field-theoretic approaghwe then perform a least
their effects can be compensated for by relatively small ad-Squares search on the variable parameters.

justments in the parameters of the other models. Therefore
we are not concerned with “high precision” fits of the mod-
els to the phase shifts, but with qualitatively acceptable fits
of the magnitudes and energy dependencies of the model The parameters for our four models are shown in Table I,
results to the data, since further refinements of the modelsyhere we give the complete set of coupling constants and
such as the inclusion of two-pion exchange or effects otcutoff masses for the TOPT models, and in Table IlI, where
baryon resonancel33], would necessitate refitting of the we show them for the models based on the Thompson equa-
parameters and, presumably, result in quantitatively bettetion [31]. The phase shifts predicted by the various models
fits. we have considered are shown in Fig. 3, where we present
At this point we must inject a word of caution for the the results for the TOPT models, and in Fig. 4, where we
reader. As our models have bathandt-channel cutoffs to present them for the Thompson equation models and, for
regulate the integral equations, one should not expect thpurposes of comparison, also for the TOPT model with
cutoff masses that we use, especially those for the mesonfseudovector coupling. Phase shifts are shown for partial
form factors, to agree well with those in the literature for waves only up taJ=3, omitting €5, since the differences
models using different cutoff schemes. The way that cutoffdetween the phase shifts calculated with the various models
are implemented in any model is part of the model and thugre almost imperceptible in the omitted phase shifts. Since
has a large influence on the values of the model's parameterthe pion coupling is the same in all models, it is clear that the
Our procedure is first to select the parameters in the modaigher partial waves in the energy regime considered are
els that we wish to vary and then set the limits of variation ofpractically identical. The deuteron properties calculated from
each of these parameter to values that we consider reasotire models are given in Table IV.
able. For example theN coupling constantg?/4+ is fixed As our primary interest is in the differences due to alter-

IIl. RESULTS
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FIG. 3. Phase shifts for TOPT models. The curves labeled PV are the results of the best fit for the model with pseudovector coupling of
the = and they; those labeled PS are the best fit for pseudoscalar coupling. The curves labeled PSO are the results of using the parameter
set of PV but with pseudoscalar coupling. Parameters for the models are given in Table Il. The triangles represent the phase shift analysis
by the Nijmegen Group at selected enerdi@8], and the open circles stand for the energy independent analysis SP40 from the CNS DAC
Services SAID35].

native couplings of the pseudoscalar mesons, we shall firginstrate the difference of the two coupling schemes as it
examine the results for the TOPT models. We shall then turrises when there is no readjustment of the other meson pa-
our attention to the results of Thompson equation modelstameters, Fig. 3 includes the results of a calculation, labeled
Afterwards, we shall briefly compare the results of the mod-PS0, in which the only difference from model PV is the
els in the two approaches. change of the coupling of ther and » mesons from
pseudovector to pseudoscalar. A comparison of the results of
PV with PSO shows that, even with no readjustments of the
A. TOPT models cutoffs or coupling constants of the other mesons, the differ-
The two “best fit” TOPT models—curves PV and PS in ences between pseudovector and pseudoscalar coupling for
Fig. 3—both give reasonably good descriptions of the phaser and 7 is quite small, especially at low energy.
shift data. Where there are discernible differences, it is diffi- There is, however, one glaring exception to this generali-
cult to form a consistent picture of the effects of the twozation: the predictions for coupled channéls;—D; and
alternative couplings that cannot be compensated by relahe mixing parametee;. This parameter, as calculated from
tively small adjustments in the cutoffs or in the coupling PS0 is, almost double the value from PV—and the data—
constants of the other mesons. As mentioned before, the piadhroughout the energy range shown, thus indicating that the
coupling constant is the same in all models. In order to demtensor forces resulting from the two coupling schemes are
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FIG. 4. Phase shifts for Thompson equation models. The curves labeled TPV are the results of the best fit for the model with pseudovec-
tor coupling of ther and then; those labeled TPS are the best fit for pseudoscalar coupling. Included for purposes of comparison are the
results of the best fit of the TOPT model with pseudovector couptingves labeled P) Parameters for the models are given in Table II.

The error bars are the same as in Fig. 3.

rather different. Confirmation of this conclusion is providedtwo models is in the change from pseudovector to pseudo-
by an examination of the singlet and triplet phase shifts: Irscalar coupling of ther and 7, the effect must be due pri-
the 'S, and 1D, the results of models PV and PSO are al-marily to a change in the tensor—as opposed to the spin-
most identical, whereas ifS;, and in®D; at higher energy, spin—component of the one-pion exchange interaction.
there are small—but noticeable—differences between the re- Indeed, it is the need to descrilag more accurately that
sults for the two models. As the only difference between thdargely drives the changes in the coupling constants and cut-

TABLE IV. Deuteron properties calculated with the four models considered.

Quantity Experiment PV PS TPV TPS
—Eq4 [MeV] 2.2457%9) [37] 2.22447 2.224 46 2.224 66 2.22454
Po [%] 3.8 3.4 4.4 3.9
Q[ fm?]2 0.28593) [38,39 0.2784 0.2779 0.2765 0.2754
Ag [fm~17?] 0.88469) [38,4( 0.9117 0.9119 0.8974 0.8950
Ap/Ag 0.02584) [41] 0.0255 0.0260 0.0252 0.0257

&Theoretical values do not include meson exchange current contributions.
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' ' model with pseudovector coupling of the and » mesons,
while those labeled TPS show the results for the model with
pseudoscalar coupling of theand » mesons. Both TPV and
TPS are best-fit results in the restricted sense discussed in
Sec. I, in which bounds are placed on the range of the ad-
justable parameters.

As in the case of the TOPT models, the phase parameter
that shows the most striking difference between pseudovec-
T1s tor and pseudoscalar coupling is the mixing parameter
Using the models with the Thompson equation with the cut-
offs implemented as we have described, it is impossible to
achieve a satisfactory description @f while simultaneously
keeping the coupling constants within reasonable bounds
when pseudoscalar coupling is used for thand » mesons.
offs in model PS from model PV. With very few exceptions,  Apart from e, the only other phase shifts that reveal any
the results of PSO are closer than those of PS to the results abticeable difference between pseudovector and pseudo-
PV. The exceptions, as one might expect from their connecscalar coupling in the Thompson equations models'&g,
tion with €;, are the phase shif¥S; and °D;, to whiche; ¢, and®Ds, and even there the differences are rather small.
is coupled. _ For the most part, the two Thompson equation results are

The main features of the difference between models P\¢|oser to each other than either is to PV or to PS. This result
and PS0 can be seen in Fig. 5, where we show the potentigd ot syrprising, since most of the parameters in TPV and
for the *S,—°D, transition for each model as implemented in tpg are the same, which reflects the fact that they are at the

our approach, for a c.m. momentum of 265 MeV. For néafnts of their permitted ranges. An interesting result is that
on-shell values of the half-shell momentum the two POteNihe t-channel cutoff of thes meson A . is extremely
o

tials are nearly the same. As the half-shell momentum gerf%\rge—lo GeV, which is effectively infinite. This suggests
further from the on-shell point, the difference between PV i thes-channel cutoff has a very powerful effect in the
and PSO grows larger until, at sufficiently high momenta, thel’hompson equation models, and the large value\ gfre-

LOHE factors_ e?ssert their;ﬁect, suppressing the differences g, .ts an effort of the fitting program to increase the attractive
Otc poten_tlask?pproacll ZEro. d #s of PV (ﬁﬁect of the o exchange contribution to counter the in-
omparing the coupling constants and cutoffs o aNCGreased strength of the contribution. Indeed, with very few

Pl.S’ o_nePsSe_es tlha:]ttlhpis eﬁsen;iatll% upphangg_e«ljl. le;feC(iut; exceptions, both of the Thompson models are more repulsive
pling In IS slightly smaller, but that IS partially oftSet by a y, ) PV, as one might expect from the large valugﬁf

cutoff mass that is slightly larger. The greatest differences A slightly different view of the models that we have con-

between the parameters in the two models are inotfend . : : S
o . . sidered is provided by the deuteron parameters compiled in
w. The » coupling in PS is about 25% larger than in PV, Table 1V, which shows some small—but consistent— differ-

although its qutoff mass 1S smgller, which tends to COMPENG L ces between them. All four models are adjusted to fit the
sate for the increased repulsive strength at short distanc

The increase in the: coupling is necessary, apparently, to teuteron binding energy very accurately. Both TOPT models

ide attracti tint diat i ter th i ive a very good value of the quadrupole moment with a
provide attraction at intermediate range to counter the grea latively low d-state probability, which is characteristic of
repulsion due to the.

While the pict . t entirelv cl th it TOPT models, although the tendency of the Thompson mod-
i the picture 1S not entrely clear, the competilion o 14 paye relatively large-state probability is mitigated
between increased attraction due to the largeontribution here, presumably because of the strsrdhannel cutoff that
at intermediate range and increased repulsion at short ran s ,not present in earlier wofi25]. In both the TOPT and
due tﬁ thel larget Tocr;trl?]utlon apr;]:)earsd%wdent. In the r;)nd- Thompson equation models, pseudoscalar coupling results in
periphera lfncoup e3 phases where dilierences can be 0Q’Iowerd—state probability than pseudovector coupling. The
served, i.e.; D, and °D,, PS is slightly more repulsive than

I f Py i istentl 4-0.5% high ith
PV, while in the more peripheral phase shif, the reverse value of Pp Is consistenty 0.4-0.5% higher wi

. For hiah il hich h i th seudovector coupling than with pseudoscalar coupling
IS true. For higher partial waves, which are not shown In th&yinin the same approaclas long as the deuteron binding
figures, the phases are almost entirely given by the on-she

: h but the effect i d nergy is fit to its experimental value and the coupling con-
pion exchange term, but the effect Is, as one would expecly, s are within their allowed ranges. For example, model
the same as itF3, although the differences are so small as

L PSO, aftergf, is readjusted to give the correct deuteron bind-
to be invisible on graphs. ing energy, yields almost exactly the safdg as model PS.
The asymptotis wave,Ag, is somewhat high for the TOPT
models, although the asymptotieto-s ratio, Ap /Ag, is ac-

The phase shift fits for the two models that employ theceptable. As expected, thiestate probability of the Thomp-
Thompson equation are shown in Fig. 4, along with the reson models is larger than in the corresponding TOPT models,
sults for the TOPT-based model PV discussed in the previouesulting in a lower value ohg. The value ofAp /Ag, how-
section. The curves labeled TPV show the results for thever, is not very different among the four models, which

=)

— pv coupling
-- ps coupling E

5]
T

Vg p (@=265 MeV,q) [GeV™ ]

'
(%)

<
=3
th

q[GeV] !
FIG. 5. The 3S,-°D, transition potential,Vs_p for the

TOPT models PV (pv coupling and PSO (ps coupling,
with q' =265 MeV. The dot in the figure indicates the on-shell

point,g=q’.

B. Thompson equation models
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probably explains the smaller quadrupole moments for the The same effect was observed in the Thompson equation
Thompson equation models: the slightly greatettate prob- models, with the largest relative difference between the
ability in the Thompson equation deuteron wave functions igpgseudovector and pseudoscalar coupling versions remaining
not sufficient to counter the slightly more compact structureafter refitting coupling constants appearingein Other dif-

of the deuteron that the Thompson equation produces.  ferences between the two Thompson equation models were
very small, owing in large part to the fact that several of the

IV. SUMMARY AND CONCLUSIONS adjustable parameters were at the limits of their permitted
ranges in both cases.

It is clearly impossible to draw any general conclusions Differences in the deuteron parameters among the models
concerning the effects of pseudoscalar as opposed twoere similarly quite small, with only the slight tendencies in
pseudovector coupling of pseudoscalar mesons inNthe  d-state probability, quadrupole moment and asymptotic
system. Any statements that we make are necessarily quak=State predictions noted previously.
fied by their model dependence. It is nevertheless useful to The motivation of this study was to see whether, with a
summarize our approach and findings and to note, if posvery restricted set of models, one type of coupling of the
sible, any tendencies within the limited context of the modelg?seudoscalar mesons would be able better to reprodlie
that we have investigated. scattering data than the other. Within the TOPT approach one

In the first place, we wished to treat pseudovector coumight claim that, on the whole, pseudovector coupling yields
pling properly in the TOPT approach, using the Lippmann-@ slightly better description of the data than pseudoscalar, but
Schwinger equation to generate unitary scattering amplitudeot in every partial wave. Within the Thompson models, the
from the one-meson exchange amplitudes, and to comparefdifferences between pseudovector and pseudoscalar coupling
with pseudoscalar coupling. The presence of contact terms ia'e still smaller. Between the TOPT and Thompson model
the pseudoscalar meson exchange terms, as well as in tReedictions there is no clear best. We must conclude there-
vector meson exchange terms with tensor coupling, led us ttpre that the results obtained ftiN scattering with the mod-
introduce nucleonic—i.e s-channel—form factors in addi- €ls considered in this work present no compelling evidence
tion to thet-channel form factors that are usually employedthat one form of coupling of the pseudoscalar mesons to

in meson exchange models of tNeN interaction. nucleons is favored over the other.
For the purpose of comparison with a different approach,
we examined the difference between the two coupling ACKNOWLEDGMENTS

schemes in the context of a model based on a particular
version of three-dimensional reduction of the Bethe-SaIpete{J
equation, the Thompson equation. In this approach the erb-'
ergy denominators and the off-shell continuations of the me-
son exchange amplitudes differ from those of TOPT. In par-
ticular, no contact terms appear. In order to keep the APPENDIX A: INTERACTION LAGRANGIANS

comparison as close as possible, we chose similar form fac- AND HAMILTONIANS

tors to those in the TOPT-based models that we studied. We present here, for the purpose of completeness, the

Within each model we made a restricted best fit oM jnteraction Lagrangian densities and the corresponding inter-

data, allowing meson coupling constants and form factors t@ction Hamiltonian densities for the various meson-nucleon
vary within broad limits chosen with regard to values of interactions used in this work.

these parameters found in earlier works. We also examined
the effect of simply changing the pseudovector coupling of
the = and » to pseudoscalar, within the TOPT approach.

This work was performed in part under the auspices of the
S. Department of Energy under Contract No. DE-FG02-
3ER40756 with the Ohio University.

1. Scalar meson

Not surprisingly, perhaps, most of the differences in the L s= _gSJ¢¢S, (A1)
scattering and bound state properties calculated with the
various models were quite small, which probably reflects the His=—Lis- (A2)
fact that the cutoffs were strong enough to strongly suppress
differences in the off-shell behavior of the two coupling 2. Pseudoscalar meson, pseudoscalar coupling
schemes. The most dramatic difference in the TOPT models _
appeared in the mixing parametarwhen the simple change L) pps= ~i9pthy by, (A3)
of pseudovector to pseudoscalar coupling was made. This _

Hl,pps_ El,pps- (A4)

should not be surprising, since the effect of the contact terms
is limited to s andp waves and states coupled to them. The

diagonal pion exchange amplitude is rather weak so that it is 3. Pseudoscalar meson, pseudovector coupling

in the relatively small mixing parametey, which is domi- g, —

nated by andp exchange, that changes in the short-range L ppp=" ﬁt/ffy“w#gbp, (A5)
behavior of the tensor force is most strongly felt. Indeed, N

most of the differences between the “best fit” pseudovector 192 _

and pseudoscalar models was due to the readjustment of pa- Hy ppo= _‘Cl,ppv"'_z —p2(1/17570¢//)2- (A6)
rameters in the latter needed to produce a better fé; to 4my
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4. Vector meson the Euler-Lagrange equations to obtain a constrairA®in
Here we take for the free meson Lagrangian the form order to reduce the number of degrees of freedoAirirom
4 to 3. Identification ofA° in the interaction picture with

1 1 —(1/2m?)V - 7 completes the transformation and gives the
Lop=— = F, FA+>m?A Ak, A7 (1/2m;) V. comp g
0v 4~ 2 (A7) result above. For a detailed derivation of the interaction
_ Hamiltonian densities from Lagrangian densities see, e.g.,
— f —
Li0= =Gy YA, = o Y, (AB)
N APPENDIX B: MATRIX ELEMENTS OF THE POTENTIAL

z z We show here the potential matrix elements in time-

U
Hip==Liy+ ﬁ(‘m’ ) Em(‘palowz’ (A9 ordered perturbation theory to second order in the meson-
v N nucleon coupling constants derived from the Hamiltonians in
whereo”’=(i/2)[ v*,7"]- . We use the Bjorken-Drell con- Appendix A. The field-theoretic matrix element for the con-
ventions, summing on repeated indices and using the Latitribution of mesonj is multiplied by a cutoff function
letteri to denote spatial indices- 1- 3. Isotopic spin notation F;(W,p’,p), as described in Sec. Il.
has been suppressed. We use the helicity basis in the two-nucleon center-of-
While it is simple to work out the relation between the mass(c.m) frame. The total c.m energy of the systemiis
Hamiltonian density and the Lagrangian density for non-the momenta of the ingoing and outgoing nucleons gre (
derivative couplings, i.e., for scalar mesons with scalar cou--5) and ', — ') with corresponding energies, and
pling and pseudoscalar mesons with pseudoscalar couplmg and helicitiesk;, A, and A}, A}, with }\ +1 The

the procedure for other couplings requires some care. Foe(nergy transfer in the interaction & E,, the three-
example, in the case of pseudoscalar mesons with

pseudovector coupling, the canonical momentum densitf’©Mentum transfer in the interaction k?p p and the

(X) is given by energy of the exchanged meson of typie wk \/k2+m
ar 26 The energy denominator for the meson exchange term is
7(X) = :0 (A10) given byD/=W-— Ep—Ep

aaglat) ot s

where 1. Scalar meson
2

“: m (A11) 9s

8= g /7 V= LFW ). (B
which arises fromZ, . The relation betweef? and L,

H= (%) m(X)— L, (A12) 2. Pseudoscalar meson, pseudoscalar coupling
g 1

yields Vb=~ > ")3 12 pDS{[vs]l[v 12} F o9 (WP ")

1 1 . 1 . R B2
HzEw(x)2+E[V¢(x)2]+§mi¢(x)2—js(><)-V¢(X) "2

. 1 . 3. Pseudoscalar meson, pseudovector couplin
+jdm(x)+ E[]g(x)]2+ nucleon kinetic terms ! » PSEUEOY tping

eJs 1
=Ho+H,, (A13) v@ — TP [ o

_ 5 5
p(pv) = 2m? [Tl y’]2

with

6
. 1 = o (P LY LA YLl y*y'l)
H=i500m(X) = ]5(x)- V() + S[5(x) ]2 (A14) §

()= 5
i identifi i [v°7°11[7*°]
To complete the transformation, one identifig$x) with Am2 1 2
dop=d ¢l dt in the interaction picture N
Proceeding in a similar manner for tkiectormesons, one 1 L
encounters the_ complicaFion of having four canonical mo- 2 —[v*Y°1[v*¥°1, Foo(W.p",p). (B3)
mentum densitiesy#(x) with 7°(x)=0. One must then use 4
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4. Vector meson

2

2
9 1
VP=——ly ——
(277) (UkD

(wv)Z_ 52
~ gl Y1l 1o+ kTml[ Y1

v

v
—= >l
(27)%4m3

1 .-
+ [y Iy L2 Fo(W,p’,p)+
m

v

1 o A A
X { —oo0 (Gl o (P1= Pl 0P (P3—p2) glot S{[ 0% 1al 0 (P = P2) plo+ [0 (P1—P1) a2l 0 12}
k

9y 1
l12
(2m)%2my " wiD?

+[(w))?— 52][00i]1[00i]2)+[00i]1[00i]2] Fo(W,p’,p)+ {9, ALY 1L o (P3—P2) al2

+[o (P = Po)alal ¥ 12} + [ Yl 0¥ T+ [0 1a[ ¥ 1) }F(W,p ", p). (B4)

In the expressions above we have used the compressed  APPENDIX C: THE THOMPSON EQUATION

notation Matrix elements for the potential to be used in the

D77y 7y 1 \(2) > Thompson equation can easily be found using the results of
VIT=(R ARIVIT(W)[PA A ) B9 Appendix B by applying the following prescription:

and (i) Change the nucleon spinor normalization to

[A]l[B]zz[U(ﬁ',M)Au(ﬁ,m][i(—ﬁ',x§>Bu<—5,?é>6]) WP MU(PN) =1, 1)

(i) For each meson contributio\;ll(z), replace the energy

for the matrix elements of the potential. ) o :
denominatorw}D’ according to

The isospin factot 1, is 1 or 7, - 7, as the isospin of the
meson concerned is 0 or 1. The normalization of the Dirac ini - >,z
<oi ; olDI— = (w})?=—(p'—p)*~m’. (C2)

pinors is
(iii) Drop all contact terms.

This prescription is equivalent to using in the one-boson

exchange amplitude in the Thompson equation the usual vec-

tor meson propagator,

u(p,M)u(p,n) =1, (B7)

and the four-vectorp, and p, are (Ep,ﬁ) and (Ep,—ﬁ),
respectively, and similarly for the primed quantities.

We have written the matrix elements in a way to distin- Kk Kk
guish clearly the meson exchange terms, which contain en- — 0t “—2”
ergy denominator®’=W—-E, —E,— o}, from the contact D, (K)=i b 3
terms, which do not. The equivalence of the fully on-shell By K2—m2 '

v

one-pion exchange with pseudovector coupling with that of
the one with pseudoscalar coupling is then evident. In thavherek is the four-momentum transfer carried by the meson.
caseE,=E, =W/2, DP=—owf and 6=0. The term con- As used in the Thompson equatidnhas only spatial com-
taining (wf)? is exactly canceled by the contact term. ponents in the c.m. frame of the two nucleons.
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