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Recently, a pseudoscalar-vector-meson (PV) model for elastic nucleon-nucleon scatter-
ing was presented by Barker and Haracz in which phase parameters are defined by a pertur-
bative method which is similar to the geometric unitarization scheme used in other models.
These phase parameters are dominated by the two-pion-exchange (TPE) contribution for the
low values of L, and TPE is unreasonably large for the phases associated with the S state.
In order to suppress this large contribution, relativistic Heitler damping or E-matrix uni-
tarization is applied to the PV model. It is found that the low-partial-wave phase parameters
~XO, 0 &, 0 &, and p& are drastically reduced and made much more reasonable by damping.
Moreover, the P- and D-state phase shifts are reduced by as much as 20% at the higher
scattering energies. The resulting damped phase parameters are in good agreement with the
phenomenological values for L ~2 and energies up to 200 MeV, excluding OD&. Coupling con-
stants more consistent with experiment are used contrasting with our previous usage. It is
also found that the presence of a strongly coupled scalar e resonance does not improve this
model.

I. INTRODUCTION

Recently, a model for elastic nucleon-nucleon
scattering was presented by Barker and Haracz'
which is based on the interaction energy density
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with o„,= (1/2i)(y y, —y„y„). Here, g is the nucleon,
U, the pion, U„ the q resonance, U „ the ~ iso-
scalar vector, and U,.„ the p isovector-vector
field operator, and v = Mc/Iz with M = 938.903 MeV
the average of the proton and neutron masses.
The exact relativistic contribution of II~~ to the
nucleon-nucleon scattering phase parameters cor-
responding to the virtual exchanges of n. , 2m, 7t +q,
q, ~, p, and the radiative corrections to one-pion-
exchange (OPE) are given in Ref. 1. The mesons
are regarded as particles with the respective
masses of m, =138 MeV, rn„=548.8 MeV, m
=783.3 MeV, and m =767 MeV. It is found that if
the phase parameters associated with the S state
are excluded, this pseudoscalar-vector-meson
(PV) model produces phases in reasonably good
agreement with the Yale phenomenological values '
for values of L ~ 2 and scattering energies E & 200

MeV. The values of the coupling constants for
this fit are g,'/4zzcS = 13.2, g „'/4zzch = 4.6, g '/
4zzch =1.6, g '/4zzck =0.2, f /g =6.6, and f /g
= 2.0.

The phase parameters derived in the &p model
are defined by a yerturbative method as described
in Haracz and Sharma, ' which is similar to the
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FIG. 1. The singlet phase shift Ko in radians. The

solid line corresponds to the damped OPED+ TPED mod-
el, the dashed-and-dotted line corresponds to the un-
damped PV model, and the dashed line corresponds to
the damped PVD model. The Yale phenomenological
phase shift is shown at 10, 50, 130, 210, and 310 MeV.
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geometric unitarization scheme used by Binstock,
and Binstock and Bryan, ' in their two-pion-ex-
change (TPE) model. This method of unitarization
breaks down when the phase shifts are of the order
of 1 rad, and an anomalously large TPE contribu-
tion results for the S- and P-state phase param-
eters.

For this reason, the effect of radiation damp-
ing" on OPE and TPE was investigated by Bock
and Haracz. ' The introduction of this effect
amounts to adding to the scattering matrix the
contributions from all the real intermediate pro-
cesses arising from elastic nucleon-nucleon scat-
tering from any model interaction, and a damped
and unitary approximation to the scattering matrix
is assured. The effect on OPE and TPE is found
in Ref. 8 to be as large as an order of magnitude
in the S state and 20% in the P and D states.

As the PV model of Ref. 1 is strongly influenced
by the P- and D-state contributions, the present
investigation pays special attention to the influence
of damping on the model parameters. Damping is
very large for the core parameters, and hence
these are presented to complete the description
of the model. Finally, comment is made on the

possibility of bringing a strongly coupled e scalar
resonance into the PV model.

II. RELATIVISTIC K-MATRIX UNITARIZATION

S = (1 —i K/2) /(1+iK/2),

and K is expanded in powers of meson-nucleon
coupling constants as

(2)

K=+K, ,

the resulting approximation to S on terminating
this series at any point is unitary. The various
orders of K are related to those of S in Ref. 7.
Introducing the operator U = (S —1)/2i, rearrang-
ing Eq. (2), and taking the matrix element of the
resulting expression between the initial and final
nucleon states 4; and 4z gives

-24 ~tU+,. = 4 ~&K%, +ig 4 ~~ KC. „4 t U4, , (4)

It is shown in Ref. 7 that if the scattering opera-
tor S is expressed in terms of the Hermitian op-
erator K as
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FIG. 2. The triplet phase shift 0~& corresponding to
the OPED+TPED, PV, and PVD models, with the Yale
values.

FIG, 3. The triplet phase shifts 6 0 and 6
&

from the
OPED+TPED, PV, and PVD models, with the Yale
values.
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where 0 „is a real two-nucleon intermediate state,
and the sum extends over all such intermediate
states.

Equation (8) is reduced in Ref. 8 to
L= J+S

S+L,I ~+L,I + ~ ~ ~+ I IJ J' ~ J J
I, =lJ-~l

The quantities e are the damped partial-wave am-
plitudes, and they satisfy the unitarity conditions

'nI L' =I==(1/2i)[exp(2iKI) —1],
'nL=L'=I = (1/2i)[exp(2i35II) —1] .

(6)
InI =I'=Ill (1/22)([1 p 2]ll2 [e~(2i3gzk1 )] 1}
lnL= kIl, L'= I'Fl 1

p exp[i
(3gI+1 + 3gI-1 )]J

where KJ is the singlet phase shift, '8 J the un-
coupled triplet phase shift, '6)J+'J a triplet cou-
pled phase shift, and pJ the coupling parameter in
the Yale notation. The real quantities z are the

undamped amplitudes of Ref. 1, and they are re-
lated to the P V model phase parameters 5(P V) as

'nL='='=Z (PV)

lnL=I, '=I 351 (PV)

The undamped amplitudes are used in Eq. (5) to
obtain the damped amplitudes, and the damped
phase parameters are obtained from these by the
inversion of Eqs. (6). The damping effect is evi-
dent from Eqs. (13) and (14) of Ref. 8.

III. RESULTS

The scattering phase parameters for the un-
damped and damped models are shown in Figs.
1-9. The undamped values (PV) are shown as
dashed- and dotted-lines, the damped values (PVD)
are shown as dashed lines, and the damped OPE
+ TPE values (OPED+ TPED) are shown as solid
lines. The Yale phenomenological phase param-
eters of Ref. 2 are given at 10, 50, 130, 210, and
310 MeV. '

It is found that the PVD model is not strongly
affected by the values of the meson-nucleon cou-
pling constants as long as these values are within
the experimental limits set by the available data
and their interpretation. A model value of g,2/

4m' =14 is used in I'VD, which is consistent with
the latest evaluations. " The g coupling constant

ln L = I1 I,I. ' = I v 1 1
p (pV )
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FIG. 4. The phase shifts 0 &
and K~ from the OPED

+ TPED, PV, and PVD models, with the Yale values.
The phase-shift uncertainties from the energy-indepen-
dent solution of MAW, Ref. 9, are shown at 50, 130, and
210 MeV, while the uncertainties of SH, Ref. 9, are
shown at 310 Mev.
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FIG. 5. The D-state phase shifts 6 &, K&, and 0 3

from the OPED+ TPED, PV, and PVD models, with
the Yale values and the MAW and SH uncertainties.
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is not known experimentally, but SU(3) predictions
place its value at unity or less." The experiment-
al values for the vector resonances coupling con-
stants given by Ting and his co-workers" are
g '/4zch=4. 69',",», with f /g =-0.12 and g~'/
4zc@=0.53+0.04, with f /g =.3.7. The analysis of
Biggs et a/. "yields g~'/4mck =3.5+1.2 and g '/
4p cS' 0 5+

0 yo Using these results, the I VD mod-
el is constructed from the following coupling con-
stants:

g, '/4mch = 14,

g„'/4@eh =0.1,

g '/4nch= 5.5, f„/g =-0.1,
gz'/4mch =0.53, f /g =3.7.

These values differ significantly from the searched
values used in the undamped I V model of Ref. 1.
The PV and OPED+ TPED models shown in Figs.
1-9 are also constructed from the above coupling
constants.

The S-state phase shifts are shown in Figs. 1

and 2, and they are included to show the extreme

damping effect. The singlet phase shift K, in Fig.
f for &VD is reduced by a factor of 2 relative to
result for the PV model, and the damping is an
improvement. The damping effect on '0 „shown
in Fig. 2, is even larger and in the correct direc-
tion. Needless to say, there is no agreement with
experiment as many additional mechanisms will

contribute significantly in this region.
The P-state phase shifts 5 p and 5

y are shown

in Fig. 3 and '0, and K, in Fig. 4. It is noted that
fair agreement with the experimental values is
achieved up to an energy of 100 MeV, and the vec-
tor contributions play an important role in correct-
ing the OPED+ TPED values. The damping effect
is as large as 20% at the higher energies, but
there is much room for improvement. It is noted
that the effect of the e scalar resonance would be
to add a positive contribution to all of these phases.
This would worsen the over-all agreement at the
low energies, especially if the c couples strongly
to the nucleon.

The D-state phase shifts '6» K» and '9, are
shown in Fig. 5, and the agreement with the phe-
nomenological values is good up to about 200 MeV.
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FIG. 6. The triplet phase shift 0~& from the OPED
+TPED, I'V, and PVD models, with the Yale values and
MAW and SH uncertainties.

FIG. 7. The E-state phase shifts 0 2, E3, and 5~3
from the OPED+ TPED, PU, and PUD models, with
the Yale values and MAW and SH uncertainties.
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The phase shift '5, is significantly affected by
damping at the higher energies, and radiation
damping brings about the good agreement at 200
MeV. Damping is smaller for the phases K, and
'OD~, but it does improve the situation. We also
note that the vector contributions provide a gen-
eral improvement to OPED+ TPED. The phase
shift 'L9, is shown in Fig. 6. Since thi:s phase is
coupled to the '9, phase shift, it is affected by
the core of the interaction. Hence, the agreement
to only 50 MeV is expected. Damping reduces '0,
by about 50% at the higher energies, but it is ob-
viously incapable of compensating for the lack of
information in the PVD model. The effect of the
c resonance with a mass centered about 750 MeV
is small in the D state, and its positive contribu-
tion would slightly worsen the PVD values.

The E-state phase shifts are shown in Fig. 7.
The damping effect is small here, but it is ob-
served that vector resonances produce a large
correction to the pion contribution which is an im-
provement.

The coupling parameters for the above phase
shifts are shown in Figs. 8 and 9. The core pa-

rameter p,. is greatly affected by damping, and,
although agreement with experiment is poor, the
theoretical results are made sensible by damping.
Damping provides a small improvement to the pa-
rameters p, and p, .

IV. CONCLUSIONS

The presence of radiation damping allows the
construction of a pion- and vector-meson-exchange
model that uses reasonable coupling constants to
achieve essentially the same results as in Ref. 1.
Namely, the pion and vector-meson model pro-
duces elastic scattering phase parameters in rea-
sonable agreement with the experimental values
for values of L~ 2, excluding 'O~„and for scat-
tering energies up to 200 MeV. However, the
work of Ref. 1 relied on a search for the optimum
values of the coupling constants, and a somewhat
distorted set of values was needed to obtain the
agreement. Actually, the damped model provides
better agreement with the phenomenological val-
ues in the P-state relative to the results of Ref. 1,
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OPED+TPED, PV, and PVD models, with the Yale
values and the MAW and SH uncertainties.
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and the S-state contributions are much more sen-
sible. Naturally, damping does not cure any fail-
ings of the model. In fact, the presence of damp-
ing clarifies the need for additional effects that
are as important as the pseudoscalar TPE effect
in the P state. Additional effects should also be of
some significance in the D state and higher-l.
states for energies greater than 200 MeV.

The PVD model presented here is not improved
by the addition of the e scalar resonance if it in-
teracts strongly with the nucleon. This contrasts

with the TPE model of Ref. 5 and other more re-
cent investigations. ' " The reason seems to be
that the e exchange and TPE effects are in compe-
tition especially in the P state, and our field-the-
oretical TPE effect is larger in the P state than
the TPE effects in these other models. " It is felt,
however, that the P state is far from being the-
oretically established by the simple models dis-
cussed here, and any judgment about the role of
the e scalar resonance is premature.
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