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Structure of nonlocalities in meson exchang®& N interactions
and their role in the NN and 3N system

J. Haidenbauer and K. Holinde
Institut fir Kernphysik, Forschungszentrumlidln GmbH, D-52425 Jich, Germany
(Received 10 July 1995

The structure of nonlocalities implied by the meson exchange dynamics in the nucleon-nucleon interaction
is investigated. It is shown that they have a considerable impakithas well as 3l observables. It is argued
that, for a precise determination of their effects, a sufficiently complete calculation, consistent in the two- and
three-body sector, is required.
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Probably the main challenge in present-day strong interfor the triton). At least 0.1 MeV remains however, which can
action few-body physics is to reach a combined and quantibe traced to the different nonlocal structure of the corre-
tative understanding of the two- and three-nucleon systemsponding potentials.

Recently, Stadleet al. [1] combined meson exchange two- In this Rapid Communication we want to discuss the
nucleon force models like the Parig] and Nijmegen[3]  structure of the nonlocalities present in momentum space
potentials, which provide a good descriptiondN data be- potentials and to investigate their role for the resulting triton
low pion production, with the full Tucson-Melbourne three- binding energy. We will do this mainly for the BorBi-po-
nucleon force[4,5] and obtained, in a conventional three- tential, which, as said before, is based on the Blankenbecler-
body Faddeev calculation, triton binding energies close t@®ugar (BbS) [9] reduction scheme. Therefore, the starting
the empirical value of 8.48 MeV. However the problem is farpoint is the four-dimensional Bethe-Salpeter equatiBb)

from being solved, and many questions remain. First of all[8]
the underlying dynamics is so far not treated consistently;
e.g., the pion-nucleon form factor in the three-nucleon force
is soft whereas it is hard in the two-nucleon forces employed.

Moreover the microscopic dynamics underlying the force
models implies specific nonlocalities, which are however eswith an (energy-dependenkernel consisting of all irreduc-
sentially suppressed in Refi2—5]. Their inclusion should ible Feynman diagrams. In order to simplify this equation
modify the triton binding energy resulf§]. Indeed various Vvarious reduction schemes introduce modified propagators
versions of the BontNN potential, which due to their mo- Which lead to a three-dimensional equation. Surely, such a
mentum space representation can keep all prescribed nonlprocedure modifies the scattering amplitude, which however
calities, lead to considerably more binding than obtainedan be restored by adding suitable correction terms to the
with the essentially local potentials of Ref®,3]. This is  original BS-kerneK, i.e., we have
especially true for the so-called Bohpotential[7], a one
boson exchange(OBE) potential based on a three-
dimensional reduction of the Bethe-Salpeter equafi@h
proposed by Blankenbecler and Sug&bS[9]). This inter-
action, with a deuterob-state probabilities of 4.99%, yields
in a conventional Faddeev calculation a triton binding of
8.14 MeV[10]. The increase in binding energy is somewhat
smaller with an alternative OBE potenti@OBEPF [11])
based on a folded diagram expansion schéh®. With a T(E',E;E)zv(lz',lz;EHf d3k” V(K',K";E)
D-state probability of 5.66% it yields 7.83 MeV binding, in a
five-channel Faddeev calculation, see Héfl]. (Note that R
on the OBE level both calculational schemes provide instan- ><E— Ez_—zT(k”,k;E), 3)
taneous interactions whereas time-ordered perturbation K K’

theory originally used in the full Bonn potentigl3] leads to . . . :
energy dependent interactions. A corresponding OBE versioY'YhICh after a suitable transformation of amplitudes

(OBEPT([13)) yields, despite the very loW-state probabil- v v
ity of 4.27%, only 6.73 MeV triton binding14]. The reason V(K" KE)= \/—V(K',K;E) 1 [ (4)
is that due to its energy dependence the potential gets sup- = Ex

pressed for the energies relevant in the triton. . . .
Part of the difference between the triton bindifapout ~and the same foF acquires the usual Sctitimger form, with

0.3 MeV) provided by BonrB on one hand and OBEPF on E,= VM2+Kk? andM the nucleon mass.
the other hand arises from differences in N phase shift From the above it is immediately clear that the nonlocal-
fits (with Bonn-B being superior in the partial waves relevant ity structure of the original Bethe-Salpeter kernel is modified

T=K+f d*k KGT. )

T=V+VgT, V=K+K(G—g)K+---. ®)

In the case of BbS reduction, energy componenigaa-
tive) four-momenta are restricted to be zdwhereas they
are integrated over in the original BS equajiohhis reduc-
tion leads to the three-dimensional equation
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by such reductions; in addition, the modifications depend onwvhich only after an on-shell approximatiort,, =Ey
the kind of reduction chosen. Certainly, in order to removeboils down to the well-known local expression

such ambiguities, systematic corrections have to be done 1 /2m) - (k' —k). Similar standard nonlocalities due to
going beyond the OBE approximation, as indicated in Edsthe structure of the Dirac spinors occur at the other
(1) and(2). pNN,wNN, ..., vertices.

In the following we would like to divide the nonlocalities ~  Nonstandard nonlocalities arise in potential terms which
into standard ones which are essentially scheme independepend on the energy components of four-momenta. The best

dent, and those calleaonstandardvhich depend on the re-  example is the meson propagator, which in the original Feyn-
duction scheme. In the first group we have, e.g., M¥E  man amplitude can be written as

factors, which always arise in order to guarantee relativistic
unitarity. They disappear when we do a nonrelativistic ap- 1

proximation neglecting three-momenta versus the nucleon (K)—kg)?— (K" —R)2—m?2’
mass. More important is the nonlocal structure of #¢N o 0

ver_tex. Choos‘ﬂg the pseudoscalar qouplmg in the HamllK/vith energy components completely unrelated to corres-
tonian we obtain for the nucleon matrix element

ponding three-momenta(m is the meson mags.The
BbS reduction vyields the well-known local expression

u(k")yu(k) —1/[ (K’ —K)2+m?], whereas in another reduction scheme
advocated by Grodd5] a nonlocal correction term appears,

i.e., 1 (Ey, — E)2— (K’ —Kk)2—m?]. Another important ex-

(6)

B \/(Ek’+ M)(Ek+M)5' k" k ©) ample is thepNN tensor coupling involvingr#*(k’ —k)
am? Ev+M  E+M)’ which after a BbS reduction goes intg* (k' —k); whereas
the Gross scheme implies an additional nonlocal term
120.0 o*Y(Ep —Ey).
(a) These examples show that there are numerous nonlocali-
ties with prescribed structure which céand should be kept
in momentum space representations. Clearly, the aforemen-
80.0 | tioned nonrelativistic and on-shell approximations areri-
- ori not justified even for extremely low-energyN scatter-
§’ ing since the three-momenta are integrated over in the
o scattering equation. The question then arises how important
400 | are such nonlocalities for the evaluation of observables.
We will first look at the actual role of these nonlocalities
in NN scattering. Figure 1 shows thtS, phase shift and
- €, mixing parameter, which have strong impact on the triton
0.0 . . = . binding. Obviously the removal of the nonlocal structure at
0.0 100.0 200.0 300.0 the wNN vertex together with the neglection bf/E factors
E,, (MeV)
0.2
1
g
w
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FIG. 1. (a) 3S; NN phase shift antb) e; mixing parameter. The 0.0 .
solid curve denotes the predictions of the Bahipotential. For the 0.0 2.0 4.0
dashed curve, the local approximati®) has been applied at the r (fm)

7NN vertex, together with the suppression of MIlE factors. With

the same approximation a readjustment of parameters leads to the FIG. 2. DeuterorD-wave. The solid curve denotes the result of
dash-dotted curves. The error bars are from the empirical analysthe BonnB potential. The dash-dot curve corresponds to those of
of Nijmegen[16] and Bugg and Bryahl7]. Fig. 1.
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TABLE I. Deuteron and low-energy scattering parameters predicted by Bofifi-and various local
approximations of it. The numbers in square brackets, aftefkhieinding energies, are estimated corrections
due to the nonequivalence of the phases of the mddélsext).

No M/E
BonnB factor Staticrr Expt.
Deuteron:
eq (MeV) 2.2246 2.2246 2.2246 2.224 575
P4 (%) 4.99 5.20 5.40 -
Qq (fm?) 0.278 0.279 0.278 0.28539.0003
Ag (fm~12) 0.8860 0.8859 0.8868 0.8846.0016
7 0.0264 0.0264 0.0260 0.0256.0004
Neutron-proton low-energy scatteritigcattering lengtla, effective range):
15,:a4 (fm) -23.75 -23.75 -23.75 —23.758-0.010
rg (fm) 2.71 2.70 2.68 2.750.05
33, :a, (fm) 5.424 5.423 5.428 5.4240.004
r (fm) 1.76 1.76 1.77 1.7590.005
3H binding energy(MeV) (five-channel calculation
—8.16 —8.04 -7.81+0.1] —8.48

in the BonnB potential provides a drastic change. Of courselocal but phase equivalent version obtained by inversion
as Fig. 1 demonstrates, by readjusting suitable parametersnaethods. The deuteroD-state probabilitypp increases by
description with roughly the same quality can be again obabout 0.4% and the triton binding decreases by almost 0.4
tained within this local approximation. Thus, if the interac- MeV (see “staticzr” in Table 1). The local approximation at
tion is considered to be purely phenomenological, this apthe 7NN vertex is mainly responsible for this shift: If only
proximation does not seem to matter at all, at least if\he ~ M/E factors are suppressed the decrease of the triton binding
system. However, the parameters in meson exchayije (again after a suitable refits only 0.12 MeV, cf. case “no
interactions(coupling constants and form-factor parameters M/E factor” in Table |.
are physical and will be ultimately fixed from QCD. There-  Further nonlocalities occur in thep-, o-, and
fore it indeed matters already at this stage whether an aps-exchange pieces; their combined effect on the triton bind-
proximation is done which forces one to change parametersng is expected to be small since, according to the calcula-
After a refit of theS-wave phase shifts, the; mixing  tions by Gibsoret al.in Ref.[18], the effect of all nonlocali-
parameters and the deuteron binding energy the effect of thges in the BonnB potential is to increase the triton binding
above approximation can still be seen in the deuteroby 0.30 MeV, which roughly agrees with the shift we ob-
D-wave, see Fig. 2. Compared to the original Bdhmvave  tained in our calculations using static exchange and leav-
function a sizable increase occurs which reaches out welhg out all M/E factors.
beyond 2 fm, in agreement with the findings of Gibsiral. However one should realize that part of these effects are
[18] who compared the original BorBresult with a strictly ~ scheme dependefite., are generated by nonstandard nonlo-

TABLE Il. Deuteron and low-energy scattering parameters predicted by Bofifi-and variants of it
where the Gross prescription is applied to gi¢N tensor coupling only G1) or also to the meson propa-
gators (G2). The numbers in square brackets, after#iebinding energies, are estimated corrections due to
the nonequivalence of the phases of the mod&flstex?).

BonnB Gl G2 Expt.
Deuteron:
eq (MeV) 2.2246 2.2245 2.2246 2.224 575
Py (%) 4.99 5.47 5.64 -
Qq (fm?) 0.278 0.279 0.277 0.28539.0003
Ag (fm~12) 0.8860 0.8856 0.8870 0.884®.0016
7 0.0264 0.0265 0.0262 0.0256.0004
Neutron-proton low-energy scatteritigcattering lengtla, effective range):
1So:aS (fm) —23.75 —23.75 —23.75 —23.758:0.010
rg (fm) 2.71 2.71 2.71 2.750.05
3Sl:at (fm) 5.424 5.421 5.428 5.4240.004
re (fm) 1.76 1.76 1.77 1.7590.005

3H binding energyMeV) (five-channel calculation
—8.16 —8.01-0.02) —7.89-0.02 —8.48
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0.2 : range parameteff0]. Using the scale set by their investiga-
tions we estimate a decrease of the triton binding by about 20
(50) keV for the models with ndMI/E factor (static «) if
phase equivalence would be fulfilled. The models presented
in Table Il are practically phase equivalent so that no correc-
tions should occur for théS,.

In the case of*S,—3D, the effective-range parameters
(a;,ry) of all models are in very good agreement. However,
there are some deviations in the mixing parametgr In
order to estimate their effects we generated variants of the
model BonnB with comparable deviations. It turned out that
deviations ine; of +0.2 degrees dE,,=300 MeV roughly
correspond to a change df20 keV in the triton binding.
(Note that this scale can be also deduced from the models
BonnA, -B, and C presented inNTable A.1 of Ref.[7].)
Since most of the models yield an slightly above the one
. of BonnB we estimate an increase in the triton binding en-
0.0 2.0 4.0 ergy of at most 20 keV. An exception is the model “static

r (fm) 7" where €, is somewhat lower at small energi@s$. Fig. 1)
which should lead to an overestimation of the triton binding

FIG. 3. DeuterorD-wave. The solid curve denotes the result of by about 50 keV. The estimated total corrections due to the
the BonnB potential. For the dash-dotted curve, theneson ten- nonequivalence of the phases are compiled in Tables | and .
sor vertex coupling is evaluated according to the Gross reductio®bviously they are quite small and therefore not of any rel-
schemd15] whereas for the dashed curve the Gross prescription igvance for the conclusions of the paper.
applied also to the meson propagat(sse text In summary, nonlocalities in thBIN interaction implied

by the meson exchange dynamics play an important role and

should not be suppressed. They appreciably change results
calities and thus might change when systematic correction$or NN phase shifts and the deuteron binding. A comparably
beyond the OBE approximatidsee Eq(2)] will be applied. = good description of such observables without these nonlo-
Indeed, if we modify in the Bon® potential the meson calities is possible, however at the expense of having to
propagators as well as tl N tensor coupling according to change physical meson parameters. Even after a refit, effects
the Gross reduction scheme as outlined befangrescription  remain in the triton leading to a sizable increase in the bind-
which has been used in the first Bonn OBE potenfia® 20  ing energy, i.e., without three-body forces, the predicted
years agpwe obtain, again after a suitable refit to the origi- value is closer to the empirical value. The actual results de-
nal BonnB results(cf. Table Il) a considerably different deu- pend however strongly on the calculational scheme chosen
teronD-wave (see Fig. 3 which is much closer to the result since the structure of the prescribed nonlocalities is different
obtained from the local approximation discussed beforefor different schemes. In order to reduce these ambiguities
Thus starting from this alternative batpriori equally justi- the OBE approximation should be avoided by systematically
fied prescription the triton binding is somewhat smaller thanincluding higher order contributions. This is anyhow re-
in the BbS reduction scheme, and the modifications introquired for a consistent evaluation of two- and important
duced by the local approximations are now considerably rethree-body forces involving tha isobar. It is important to
duced. use an efficient calculational scheme in order to reach suffi-

Since the potentials employed in this study are not exactlgiently fast convergence. This is not the case for time-
phase equivalent there is a word in place about the uncertaimrdered perturbation theory applied in the full Bonn poten-
ties in the predicted triton binding energies arising from thistial, which leads to energy-dependent interactions. A scheme
nonequivalence. For th&S, partial wave we can rely on a leading to instantaneous potentials in all orders based, e.g.,
paper by Gibson and Stephenson who studied the depenn a folded diagram expansion converges much faster in
dence of the triton binding on variations of the effective- bound nuclear systeni42).
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