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The AN forces due tom-p, 70, and 7w exchanges following from the nucleon Born diagrams and dia-
grams with an intermediatid” (1440 are reanalyzed. The cancellation between and 7-w forces is rather
sensitive to the values of the coupling constants and to the form afi\iévertex. Experimental uncertainties
in the parameters of the Tucson-Melbourner potential are assessed. They lead to uncertainties in theoretical
predictions of the triton binding energy of about £0.4 MeV. The low-energy limitraf and - potentials
is performed. It defines the coupling constants of effective contildi NN vertices, which are compared with
the corresponding contact vertices of chiral perturbation theory.
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[. INTRODUCTION tions are still needed. To describe the data one might have to
consider the chiral § force from the next order of the chiral
Nucleon-nucleor{NN) and three-nucleofBN) potentials  expansionf10].

to be used in calculations of properties of few nucleon sys- In the present paper we investigate the role of some short-
tems at low and intermediate energies are these days succesgnge heavy meson exchanges in tieé ®tential with re-
fully modeled through meson exchanges. Moddiipoten-  spect to the binding energy of thé&3ystem. In addition to
tials based on this picture provide an impressive descriptiothe dominantr-7 component of the ¥ potential[11,12, we
(with y?/datum~ 1) of the NN scattering data below the pion include the force following fromr-p exchangg13] and the
production threshold and of the deuteron properfie®].  terms involvingm-w or 7o exchanges from Refl14]. The
These potentials often employ the underlying meson-nucleolatter potentials were obtained both from diagrams with the
dynamics only in one-boson-exchange approximation. On®oper resonanch’ (1440 [Fig. 1(b)] and from the nucleon
reason for this is clearly the desire for a relatively simpleBorn terms(often imprecisely called pair oZ diagram$
formalism, but it was also supported by extensive studies oWhere an off-mass-shell nucleon propagates in the interme-
the Bonn group[3] which showed numerous cancellations diate statgFig. 1(a)]. All contributions of the Born diagrams
between classes of diagrams with two and more exchangeate of relativistic order. The parts with negative energy
mesons. The meson-exchange approach with heavy mespnopagation, being genuineZ“diagram” contributions, are
(and nucleohresonances has been supplemented recently bypcluded in the irreducible I8 potential. Also the part with
a model-independent construction from a low-energy realizaeff-shell nucleons propagating with positive energy cannot
tion of QCD: chiral perturbation theoChPT). While some  be omitted. These terms differ, in general, from the iteration
theoretical uncertainties in the formulation of this theory per-of the NN potential (which is not to be included in theN8
sist [4], the construction of th&N potential in this frame- force and has to be subtracted from the total amplitude ex-
work is already approaching maturif§—7] with the next-to-  plicitly) and thus also contribute to théNJotential.
next-to-leading-ordetNNLO) potential also describing the The purpose of this paper is to study the effects of tNe 3
NN data fairly well. Moreover, a recent papf8] by the forces based on pion-pion and pion-heavy-meson exchanges.
Julich-Bochum group provides a detailed comparison ofit is discussed how strongly they depend on experimental
ChPT with phenomenological potentials based on heavy maincertainties in the determination of the phenomenological
son exchange, and shows that the low-energy constants obnstants in terms of which these potentials are param-
ChPT appearing in the two-nucleon sector of the chiral Laetrized, and on the model dependence of the nucleon Born
grangian agree reasonably well with those following fromcontributions. These inherent uncertainties should provide—
reducing the heavy meson operators to their contact formfor such semiphenomenological meson exchange models—
Therefore a mutual positive influence between the two aptheoretical error bars of the calculated bound state energy of
proaches should be expected for the future: the phenomenthe trinucleon system.
logical potentials should provide a hint on the values of the The latest version of the phenomenological Tucson-
chiral low-energy constantsvhich are not always easily ob- Melbourne (TM) -7 potential [11,12 is parametrized in
tained from the experimenand the chiral constraints should terms of three constants b,andd. These constants are de-
be imposed on the phenomenological models at low enettermined frommN scattering data and we look at the varia-
gies. In this spirit some studies of ChPN 3orce were per- tions of the triton binding energy within the range of their
formed [9,10], although more extensive numerical calcula- experimental uncertainty, complementing thereby the usually
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tact terms to conform with chiral symmetry in processes like
pion electroproduction on the nucleon.

)] q3 However, in constructing theN scattering amplitude, or
~----1 | | ™ amplitudes of heavy meson production in pion absorption on
+ the nucleon, one has to be more careful. In these cases one
cannot state that the use of PV coupling minimizes the con-

tact Lagrangians: while it is true for the isospin-evgpd?
vertex, the isospin-odd contact Weinberg-Tomozawa interac-
tion is actually close to zero in the representation with PS
9 1 3 9 1 3 c_oupling. If one tries to include the _heavy mesons the situa-
(a) tion becomes even less clear: to include them one has to

extend the symmetry in a model dependent way, e.g., to re-
quire the local S() X SU2) symmetry dynamically real-
ized (and broken either in the Yang-Mills fashion or using
the concept of hidden symmetry realization. The construction
of these(approximately chiral symmetric Lagrangians in-
N* + N* cluding heavy mesons is thus model dependent. It does not
,,,,,,,, ol I allow to formulate the consistent chiral counting scheme and

e ® even at the tree level the dynamical content has not been
sufficiently constrained by detailed analysis of wide range of
hadronic processes, which they, in principle, should describe.
9 1 3 9 1 3 In this paper we therefore consider only the Born ampli-

(b) tudes and the amplitudes with intermediate excitation of the

Roper N*(1440 resonance, which have been proposed in
Ref. [14], and have never been included in realistic calcula-
tions of trinucleon bound states. Since we conclude from the
reasoning above that there is no strong reason to prefer the
Born contributions obtained with P¥NN coupling, we cal-
culate also their PS version. In contrast with Rdf4] we
2 a include all these potentials inNBFaddeev calculations ex-
actly, i.e., without using perturbation theory. Their contribu-
tions to the binding energy are given individually.

Finally, we relate some of these short-randé®tentials

........ [ S———

qs q2

q2 qs

= (RRRRREEE

- - - - -

2 1 3 to the corresponding counterterms from the chiral Lagrang-
ian. We have deduced from the potentials with heavy meson
() exchange the effective contact low-energy four-nucleon—pion

coupling constants and attempted to relate them with the
constants of NLO interactions of ChHI0,15. When the
heavy meson propagator is reduced to a point, it appears that
the pion—heavy-mesor\Bpotentials with PSTNN coupling

e .

re closer to those obtained from the contact low-energy

FIG. 1. (Color onling Contributions to the R force. Diagrams
for (a) nucleon Born contributions(b) intermediate Roper reso-
nance, andc)  rescattering. Diagram@) and(b) involve one pion
and one heavy-meson exchange. They are called “long-short ran

3N forces.” From diagramsa), iterations of theNN potential are . ; .
removed, as described in Appendix A. Diagra&oy involves only four-nucleon—plon ,NLO interactions of ChP[l[O,la. than .
pion exchanges. It is called a “long-long rangé ®rce.” The me- their PV 7NN versions. Nevertheless, the comparison with

son momenta are defined @s=p; -p;,i=1,2,3. chiral low-energy _constants is not straightforward,_ since
some of the effective interactions we obtained by taking the
point limit are not included in the NLO interactions of ChPT,
studied sensitivity to the variation of the form factor cutoff and can be transformed to that form only after certain ap-
parameter. proximation. This approximation, however, does not seem to
The pion—-heavy-meson exchange contributions contaitve numerically supported by results of our model calcula-
also some not very well determined constants, in particulartions.
the coupling constants in vertices involving the Roper reso- This paper is organized into the following sections. Sec-
nanceN’. But besides that the Born terms also depend on thé&ion 1l contains an overview onN8 forces. Section IlI pre-
employed form of themNN couplings. It is often assumed sents the long-long and the long-shoiftl 3orces and the
that the pseudovectaiPV) coupling is preferable: this is numerical results. Section IV determines the low-energy con-
based on the experience with modeling relativistic one-pionstants and Sec. V gives a summary and conclusions.
exchangeNN potentials where the pseudoscal®S 7NN
coupling implies unrealistic enhancement of the intermediate Il. BRIEF OVERVIEW OF 3 N FORCES
negative energy states. It is also claimed that a PV coupling Chiral symmetry has been recognized as an important
is preferred because it does not require the nonminimal corguideline for the construction of nuclear forces, into which
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the 7N amplitude enters as one of its building blocks, longforce, not present in the standard two-pion exchange based
before the advent of ChPT. The process of incorporating conforces, may solve systematic deviations between the theoret-
straints from chiral symmetrybreaking into theoretical ical and the experimental maximum of the nucleon vector
studies of the two-nucleon interaction was pioneered byanalyzing power A/(6) in elastic nd scattering below
Brown [16] in the early 1970's. Later, the same ideas were3p Mev. The TM or the Brazilian 8 force either produces
applied to the Bl force, for which two different approaches ng sizable effect or even worsens the disagreement with the
were developed in parallel _ ata. But the study of Hibegt al. [9] indicated that the

(i) One is based on the concept of partially conservedy, . |ong range forces with a structure similar to that given
axial-vector curren{PCAC) and the current algebreCA) o~ a0 ) exchanges with an intermediate Roper reso-
formalism, built from equal-time commutation relations for nanceN’ [14] and suggested by the NLO ChRT5] could

vector and axial-vector currents. It underlies the well-known : ; 2 -
TM two-pion-exchange I8 force [11,12 represented in Fig. potentially Improve the_ description &,. Similarly, a purely
' phenomenological spin-orbitN\8 force yields a noticeable

1(c). It b - ibuti ! L .
(0). It goes beyond the statl-wave A contribution to the improvement of the description of this observafi@].

7N amplitude, the only building block considered in its pre-
decessor, the Fujita-Myazawai3orce. Current algebra and . More recently, Epelbauret al. [23] showed that theh,

PCAC provide an elastic pion-nucleon scattering amplitudéliscrepancy is indeed absent at NLO. However, iéin-
which includes the pion-nuclean term, a direct measure of teraction employed does not match the high quality of con-
chiral symmetry breaking, which can be extracted from exiemporary descriptions dfiN scattering data, in particular,
periment. for the crucial tripletP waves[7,21]. The NLO chiral poten-

(i) The other approach stems from the so-called “effectial gives aqualitativedescription of the phase shifts only for
tive chiral Lagrangians” for therN system. The first ex- very small energie$<10 MeV), but for a truly quantitative
ample of this approach is the Gell-Mann and Levy linearfit one has to include NNLO correctior{§,7]. Entem and
sigma model. Another example is the chiral Lagrangian withMachleidt showed that no low? NN potential, neither one
pseudovectorrN coupling, which underlies the construction based on heavy-meson exchanges nor one constructed from
of the so-called Brazilian 8 force in Ref.[17]. More re-  ChPT, can solve thé, puzzle, since a good fit to theN
cently, ChPT, based on the Weinberg Lagrangids] phase shiftgin particular, in the”Pj channel does not allow
supplemented by multinucleon contact terms, became a sy#he variation needed to fix this spin observable. In a recent
tematic way to approachiN and N forces[19], and was paper of Epelbaunet al. [10] it was found that NNLONN
applied to the description of low-energy hadronic physics. and leading-order I8 chiral potentials still do not solve the

In particular, it was realized in Ref15] that although the A, problem completely. Also the UrbandNJorce (a Fuijita-
construction of the TM two-pion exchang®&l3orce employs Myazawa force with a short-range regularization determined
chiral constraints formN scattering through CA, it missed phenomenologically through a fit to the triton binding en-
further constraints, which arise from embedding that ampli-ergy) does not provide a solution. An interesting alternative
tude in the 8l system. The conclusion was that the TM form was suggested by Cantat al. [24], who constructed an
of the two-pion-exchange force contained a spurious ternadditional N force by reducingm-3N equations below the
corresponding to contact terms between two nucleons anpion threshold. Their force is very similar in spin-isospin
pions (NN77r). This spurious term can be generated also instructure to ther-o and 7w forces with intermediate Roper
ChPT with the help of a pion field redefinition. But at the resonance discussed above, but it is multiplied by a part of
same time an additional two-nucleon contact term arise@n energy-dependeiN T matrix.

(NNNNm), which has not been taken into account by the TM  In addition to the mentionedd scattering problem, a
group and which exactly cancels the first spurious contacgood description of neutron-rich light nuclei is only possible
(NN7r7r) contribution. As a net result, the so-callederm of ~ [25] when a phenomenologicalN3interaction with three
the TM force should be dropped and the so-cali@rm is ~ Pion exchanges is added to the original Urbana fq&e.
modified. We present here the effects of the chirally imposedrinally, let us mention that while realistitiN potentials
changes to the TM force on the triton binding energy. Aalone predict an equilibrium density for symmetric nuclear
previous calculation of these effed®0] used a less realistic Matter that is too high, phenomenological 3orces can
NN interaction and a variational numerical method. change it in the right directiof27].

The CA program was extended to describe at$é-pN This overall picture indicates that the long-ranger 3N
transitions, from which ar-p exchange B force can be force needs to be complemented by other physical
constructed. It seems natural to include such a mechanisrilechanisms.
given the important interplay betweenand p exchange in
two-nucleon potentials. _To model thep 3N force, one can IIl. LONG-LONG AND LONG-SHORT RANGE
use vector-meson dominance to accessglanalog of the 3N FORCES
off-mass-shell pion electroproduction. Chiral symmetry is in
this case supplemented by gauge invariance to constrain the The phenomenology of theN interaction shows that the
Ward identity amplitude. most important meson exchanges in every realistic one-

The interest in the short-rang&3orces increased in mid boson-exchange potential are exchanges of the pion, of the
1990’s, when it was found that the lack of binding energy ofvector p and @ mesons, and of théfictitious) scalaro me-
the triton is not the only experimental signature of W 3 son. Therefore, one should also investigate the role of such
force. According to Ref[21] a spin-orbit structure of theN8  exchanges in the modeling of &Jorce.
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A. @r-m exchange force The TM amplitude includes the term corresponding to the
irst part of ALV (the ¢ term proportional tay3+q3), but in

he construction of the TM I8 potential the second term
(which involves two nucleonswas not considered. There-

Given the importance of the one-pion-exchange potentiaﬁ
(OPEB in determining the long-range part of tiheN inter-
action, it was natural that the firstN3force considered was .
the two-pion exchange. The corresponding diagram is show orz)e, :gcsrzz'?ti :grrr?ifﬁ[ﬂé ttaheereﬂ\l/zlmce(;ekg/n—zrl%%g Cbe
in Fig. 1(c), where the blob represents all possible pion res- heppTM - force modified in tl?\is Way was regeﬁtl
cattering processes. The iteration of the OPEP has to be suE— y y

tracted from this Feynman diagram, since it is generated aLﬁdOptEd in Ref[20] and labeled TM(99). However, we

tomatically by iterating theNN potential in the Faddeev would like to point out that it is. not correct to trar}sfo_rm
equation. TherN amplitudet_, entering the Bl force in away the wholec term, because it includes the contribution
. N -

volves virtual pions. This off-mass-shell continuation is con—from the Born diagrams—that contribution arises naturally

strained by the soft pion low-energy theorems. In this pape|al_so in _ChPT in its _usual representation. Neverthel_ess, since

we adopt theémodified TM version of -7 force, which has :E'S res_|dua|tc)_te;mf|_s :athetr an:ﬁ.” and the-m forcgd|§ tnog i

been constructed to explicitly conform with these require-, € main subject of interest oT this paper, we avoid introduc

ments. ing further redef|n|.t|ons of the ™ force and we adopt TM
The TM 7-7 3N force[11,12 was generated by applying (99%;:0r otuhr numem;al tqallculattljo_nst.h_ d

the Ward identities of CA to the amplitude of axial-vector us, Ih€m-m potential Used In this paper reads

current scattering on the nucleon. Using PCAC, the resulting 2 5 5

7N amplitude, in the even and odd isospin channels, was W,,,T(l):—(27-r)3g—3(02-qz)(ag-qg)A,T(qz)A,T(qg)

written as an expansion in powers of the momentum transfer 4m

t and the crossing variable=(s—u)/4M. Then the “reality X {(75-m3)[a’ = b 0, - 3]
test” was applied with the successful result that CA predicts . )
the first four coefficients of the expansion in good agreement —(im - X 7)d(ioy -2 X Q)i +2- 3, (3)

with the empirical subthreshold expansion coefficients ob- ,
: ; ; : . ; where we use for the meson momeqtap; —p;, so that they
tained from dispersion relations. Therefore, it was possible tgQ

o are always pointing away from the “active” nucleon as
use accurate empiricairN data to construct the nearly shown inyFig;). 10 (gto avo)i/d confusion. we note that the

model-independent TM force. The dispersion analysis haaifferent convention with the first pion incoming and the

been updated over time with the inclusion of new data, there- . . . L2 s
fore the coefficients of the TM force have also evolved. second outgoing from the active line rescattering "blob" is

. . also often used in discussion of this potentidlhe overall
In terms of physical mechanisms, the non-Born part of themomentum conservation is then givendpy+ g+ q=0. The
TM =N amplitude contains terms that can be interpreted as 9 Q27+ 0s=0-

t-channelo and p exchanges, as well as contributions from functionsAg(q) are defined to contain the propagator func-
the A resonance in the intermediate state. The contribution§on of the mesorB and the square of the stroNN form
of the subtracted nucleon Born diagrams were analyzed ifactor Ag(q)=F3,\(G?)/(m3+q?). The full potential contains
detail in Refs.[28,29 and it was later shown numerically additional four terms following from Eq3) by cyclic per-
that they are relatively sma[l30], at least as far as their mutations.
contribution to the triton binding is concerned. The parameters of the TM99) force are given by

As argued in Ref[15], the TM 7N amplitude, although
constructed from CA and obeying the chiral constraints in , O 2
the 7N sector, should not be simply attached to two addi- a = f_2 - am;
tional nucleon lines, since that would be inconsistent with i
the chiral counting for the I8 potential. More precisely, the

g2

2 2 4m3
m.fo 4m

+ ;NN(o>f%), (4)

TM «N amplitude can be derived from the usual chiral La- 2 |= . 5 o
grangian after the pion field redefinition b=- _2+{F (O,mZ.) - E} (5)
7' = m(1-c)N'N, (1) B
B(0,00 ¢
wherec~ o/ (m2f2) is the constant of the T\ term. The d=- [W + m} : (6)
original chiral Lagrangian in the “natural” representation ac-
quires after such redefinition two additional teritnslevant Here, o is the pion-nucleon sigma terng, is the 7NN
up to the order considergd coupling constantf,. the pion decay constanE*(v,t) and
B~ (v,t) are isospin-even non-spin-flip and isospin-odd spin-
Ar@®=_¢ NTN{(ﬂ.r d,t + mfrw’z) flip t-channelmN amplitudes, respectively, with the nucleon
pole term subtractefll1]. Note that we distinguish between
the mass of the charged pions,+=139.6 MeV, and the
+ %[(VNT) cor-7#N+N'r 7' o- (VN)]}. isospin averaged pion mass,=138.0 MeV. Although their
2f; difference is small, it affects theNsforce parameters in a

(2) noticeable way. The vertex form factor
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TABLE I. Expansion coefficien&’ of the N amplitude used in o — 5
the TM 7r-7 force as a function of theNN vertex cutoff parameter X= f_2m77+i y=¢°, z= F*(0,m_.)m,+,
A nne 1IN Units of the isospin averaged pion mass. The other coef- ™
ficientsb andd do not depend or\ .y and have the valuemib

=-2.801 andmid=-0.754. u=B(0,0m’. ®)
A/ My m_a’
— A
4.1 -1.203 A=—, r= it , q:ﬁ, (9
5.0 -1.154 m M+ m
5.8 -1.127 as well as the dimensionless force parameters
6.5 -1.112
7.1 -1.101 a=a'u, b=bu® d=dud. (10)
Using this notation, Eq44)—(6) become
A= A%-1) 1
Faun(@®)=-5"—7 (7) a=xr|1-22- ~gf
A727NN+q2 a=xr{1-2r--2 o + 2q Y, (11
depends on the cutoff parametkyy, Which in the original b=- 2r3(x-2), (12
TM force was taken to be 518, in order to be consistent
with a Goldberger-Treiman discrepancy of 3% deter- 1 1
mined at the time. Based on more recent data, the =- =’y - =r’qu. (13
Goldberger-Treiman discrepancy shrank to about 2 %, 4 2
which corresponds td\ ,yy close to 7.in;. On the other Adding (independent errors in quadrature, and taking

hand, Ay is frequently tuned to reproduce the triton into account the relationd1)—«(13), we arrive at the follow-
binding energy in calculations that include only themr  ing expression for the square of the uncertaint§jrdue to
exchange part of theN8force. Such calculations require the uncertaintiedx, Ay, Az, andAu in X, y, z, andu:

much lower values, close toml. Clearly, the functional o )

form of the form factor is not much constrained by the 0 , A?-1)0E 39 2
knowledge of the coupling constageE, yn(q® at the two ~ (AE)™=|r{ 1-2r"- 27 9 Z _E (Ax)

points ?=0 andg?=mZ and thus does not allow a strict J

determination of a cutoff mass. We keep therefore the by N 1 ,(dE 10E)\|? A2+ | 2 JIE |7 A7)2
now traditional reference valu& \=5.8m, as our stan- 2q Ja 249 (Ay) r——1 (42
dard one, but also vary it then between the limits indicated

above to study the sensitivity of the results. In particular, . [lrzqa—EtT(Au)z "
we investigate the question whether the short-range forces 2 d '

are able to reduce the strong cutoff dependence, as one

may expect from arguments of CDPT' — Note that it is simpler to vary the three constaagb, andd
Adopting the values [20] g¢°=172.1, F"(0.m7.) instead of the four experimental valuesy, z, andu, but one
=-0.05m%, B (0,0=8.6m_2, g/fi:1,40m‘1, and has to keep in mind that the former are not independent from

Ann=5.8m., we obtain the coefficients given in Table I. €&ch other. - _ _
Note thata’ depends weakly om _\, @ dependence often The partial derivativesik,/da, JE;/db, and JE,/dd, are
ignored in practical calculations that vary the cutoff mass. calculated numerically for the standard set of parameters of
While the rather strong dependence of thé Binding  Table | atA=5.8. As estimates of the experimental uncer-
energy onA .y has been recognized as a source of signifitainties inx andz we use the values given in RgR0], Ax
cant uncertainty, little attention has been paid to uncertainties0.25 andAz=0.05. As a reasonable estimate fy we
originating from the experimental errors in the other paramchoose the difference between the current vgta&72.1 and
eters of the TMm-m exchange force. Since the first publica- the one used in the original TM forcg=179.7, yielding
tion of the TM force, the experimentally determined valuesay=7.6. The valuai=8.1 is given in Ref[20] without indi-
of ¢?, F*(O,mi+), B7(0,0), and o/ f2 have changed several cation of the error. Assuming that the specified digits are
times, leading each time to updated force parameter, ~ indeed significant, we setu=0.1. o _
andd, according to Eqs4)—~(6). We estimate here how these ~ The numerical results for the partial derivativesEpfvith
experimental uncertainties propagate into uncertainties of theespect toa, b, andd, and the corresponding values &E;
triton binding energyE;. are shown in Table Il for the TMr-7 force in combination
For simplicity, we introduce the dimensionless variables with various NN potentials. In each casé\E; is roughly
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TABLE Il. Numerical results for the partial derivatives of the TABLE Ill. Masses, couplings, and cutoff parameters that ap-
triton binding energy with respect to the Tt force parameters pear in the 8l forces. For the and thew mesons there are also the

and resulting uncertainties according to E(sl) and(15). tensor/vector coupling ratios,=6.6 andx,,=0.0, respectively. The
parameters of the andp mesons are taken from the Ti®9) force
Reid Paris Nijmegen 93 Bonn B and from Ref[30]; the parameters of the meson are taken from
— the Bonn B potential. The meson parameters are determined in
JE/ da 0.080 0.090 0.095 0.095 Appendix B.
JE b 0.725 0.745 0.845 0.750
— Mass
JE/ od 0.545 0.470 0.540 0.505 Meson (Mov, G/4n 2 /an cutof
AE; 0.377 0.389 0.440 0.393
AEZPP 0.362 0.372 0.423 0.375 w 138 13.6953 2.1664 A nn=An=5.8M;
p 768.3 0.81 A nn(Dirac)=12m,
T . Ap(Paul)=7.4m,
0.4 MeV. Thisis a 5|gn|_f|cant value which clearly shows_ that 584 103251 06 Agun=A g =1995 MeV
f[he dep_endence oh_yy is not the only source of uncertainty ® 7826 245 1.4237 A=A = 1850 MeV
in predictions ofE;.
A closer inspection of Eq.14) reveals thatE; is almost
completely dominated byAx, the uncertainty in the pion- WPV (1) = 0 17)
nucleono term. One can easily derive the approximate form apS\H T

whereas for the P&NN coupling

AEPP= 2a—|iAx, (15 G221+ )
7b VVZE'F(]-):_(277)3_'1)4”]3—1)(72'73)0-1'q3 0,0
the results of which are also shown in Table Il and come
very close to the full result, confirming that the uncertainties sz(Qz)Zp(%) +2 3, (18)
in the other parameters are secondary as long as the pion-
nucleono term is not determined with significantly better 2.2
accuracy. WD) = + @ Elim - X 70 Qs+ (L4 ki o

Since Eq(15) is a lower limit of Eq.(14) one also has to
conclude that currentlpredictionsof the triton binding en- ~ ~
ergy employing the TM force cannot be made with a better X 03-03]07 -2 A7(Q2)A,(0g) #2423, (19)
accuracy than 0.4 MeV. Clearly, adding other contributionsyhere againg;=p; —p;, Q;=p/ +p;. The subscriptsS and T
to the N force will further increase this uncertainty. refer to the exchange of the space and time components of
the p field, respectively. For brevity, we will call the corre-
sponding terms “spacelike” and “timelike.” The superscripts

In the NN potential, p-meson exchange provides impor- PS and PV correspond to the type #NN coupling, the
tant contributions to the tensor and spin-orbit componentssuperscripts “+” stand for the contribution of the positive
Its role is enhanced by the large anomal@MN coupling  energy nucleon Born diagrams as derived in Appendix A,
K, connectedvia vector-meson dominancéo the anoma-  superscripts “~" denote the “true” pajor Z diagram terms.
lous isovector magnetic moment of the nucleon. The In the numerical calculations we keep thep force pa-
exchange was therefore always considered the next most imameters of Refs13,30, with the exception ofy> which is
portant part of the R force [13,29,3Q after -7 exchange. updated to the value of TNQ9) (see Table ).

In this paper we will take another look at its contributions  The terms proportional t@; are nonlocal and have been
stemming from the nucleon Born diagrams. The T¥p  omitted so far from B8l potentials, mainly because of the
exchange force also includes processes with intermediate difficulties associated with performing calculations with non-
resonance excitations, which numerically turn out to belocal interactions in coordinate space. Working in momen-
equally important. In our calculations thep potentials with  tum space, we are, in principle, not hampered by nonlocali-
intermediateA resonance are included in the fo(and with  ties. However, in this paper we focus on the relation between
the corresponding parametespecified in Ref[30]. traditional meson-theoretical\N3forces and the I8 forces

The nucleon Born contributions to the-p 3N force are  derived from ChPT where nonlocal terms are discarded.
derived in Appendix A. They depend significantly on the Hence it would not be useful to keep those terms in our
form of the 7NN coupling. For the PV#NN coupling one calculations, and we neglect them as well.

B. @-p exchange force

gets The above results illustrate one important point. One can-
5 2 not rely on the nucleon Born terms alone to yield the most
\A&X;(l) =- (277)3%5[(72 730 - O3 imp_ortant contributi(_)n to thel‘@_force. In particular, it_wou_ld
4m be incorrect to claim that since the BMN coupling is
. ~ ~ “more consistent” with the important chiral symmetry re-
~(im 7 X 701 - Qo -4y A(02)A,(G3) quirement, one should use the above potentifs; and
+2 3, (16) WS Indeed, the construction of the-p 3N force by the
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TM group [13] via the extension of CA to include vector  The 7o and 7w potentials corresponding to the nucleon
meson dominance, has shown that its most important part-Born diagrams follow immediately from the expressions de-
the so-called Kroll-RudermafKR) term—follows (in the  veloped in Appendix A. Fotr-o exchange we get

theory with PV coupling not from the nucleon Born term, > 2

but from an additional contact term required by gauge invari- WPV (D) = + (277)3%(71 )OO Oy - Uy

ance of the pion photoproduction amplitude. This is, of am

course, very similar to the situation for the leading-order ~ ~

isovector meson exchange currents: there the nucleon Born XA(02)A,(d3) +2+ 3, (21
term with PS coupling gives the most important contribution .

(which is supplemented by the pion-in-flight diagnam _ 979, ~ ~
whereas the Born term for PV coupling does not contribute o (1=~ (ZW)SW(T]_ 1) 01 Gz 02 G2 An(02)A0(05)
and gauge invariance requires the presence of the contact

interaction. The KR contact term happens to be opposite in +t2<3, (22)
sign to the chiral contact term, arising from the chiral rota- 54 for -

> ! i i C w exchange
tion from the PV to PS coupling and introduced in Appendix

A. Thus, it appears reasonable to adopt for theS ex- N 39295) ~ ~

change potential just that KR term, i.e., to take Woo (1) = = (2m) e (71 720103 020z A(d2)A,(d3)
=~ W= W S, (20) +2-3, (23

But then it would seem natural to take for the timelike ex- . 39293)(1 +k,)

change the corresponding,,,r=W.>r, which is enhanced WEST1) =~ (2m) a? (71 7)01-03 020

by the large factor 14, compared toA7}. Note, that in
Ref. [14] (in which the Born contributions to ther-pS XA _(G)A,(qs) + 2 3. (24)
where first derivedl an expression identical toV,'T is _ _ _
listed for the timelike part, while/\/i;fg (the KR term is  In Ref.[14], only the potentials for PV coupling are given.
given for the spacelike patt. Since k,, is very small, the results_ fofr-o do not depend
We do not intend to imply by the discussion above thatMuch on the type of therNN coupling. However, ther-o
the PSTNN coupling is to be preferred in this context. In Potentials do differ. For PV coupling, the-o and - po-
fact, trying to make any preference for the Lagrangian intentials\Woie(1) and WiU*(1) have identical structure but
volving heavy mesons is meaningléssless one attempts to OPPOsite sign. Therefore, as in the case of Mi¢interac-
extend the global chiral symmetry to a local one and builds dion, a strong cancellation between thes and 7o 3N
model which provides all relevant contact terfigi]). We interactions occurs. For small momenta, the sum of these
only want to point out that more simplistic approaciiidgee ~ Potentials is proportional to
the one of this paper and that of R¢t4]: taking only the 2 2
Born terms with a hope that they contain the most important g—‘; - %,
effectg do not give an unambiguous prediction. Besides, the m, mf)
p-T contribution can be comparable to others when it is en
hanced by the large factor ks, as it happens for PS cou-

(25)

just as for the correspondingN potentials. For the poten-

) tials with PS coupling, Eq922) and (24), such a cancella-

pling. tion does not take place. However, they would cancel if the
potential(24) did not change much when the momentgm

C. @-0 and 7w exchange force is replaced by the e». As discussed later, this is exactly the

momentum replacement needed to extract the low-energy

constantgLEC9) of ChPT. Therefore we calculate theo

they contribute naturally also to theNaforce. Short-range potential in both forms. The extent of the cancellations _be-
tween o and w exchanges depends also on the numerical

7-0 and 7-o 3N potentials were introduced in Refld]. oo O oc e macces and coupling constants obtlaad
They are derived from diagrams with intermediate positive-

energy nucleons with PWNN coupling mesons.
Unlike in the 7 force, the Bomn terms inm-o and While we are trying to parametrize thé&Jorces as con-

7w potentials[Fig. 1(a)] are rather large. As the-p poten- sistent as possible with tHéN potentials they are combined

tials from the preceding section, they depend on the type O\Plgtg’n\t,ivai \];a;f ;( p"r((:)ilglegxgvhlg;] tzew??gnds-irnheisgg\:m B
7NN coupling. We also include additionaland w exchange b phicite g 9 |

S o : .. Its o meson, however, is not a pure scalar-isoscalar particle,
contributions generated by excitations of the intermediat . g ;
. ut has also a scalar-isovector component. This is reflected in
nucleon to the Roper resonanidel] [Fig. 1(b)].

the fact that thes mass, thesNN coupling constant, and
cutoff mass are different ifhNN isospin 0 and 1 channels.

Sinceo andw meson exchanges play an important role in
one-boson-exchang@BE) models of theNN interaction,

There are, unfortunately, two misprints in Eg.8) of Ref. [14]: In order to get a true OBE representationcoéxchange,
a factor of(1+«,) is missing in the second term and the first term we keep for the B potential only the part of the Bonar
has an extra factor 2. meson which corresponds to pure isoscalar exchange. The
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parameters of ous are then related to the Bonnsuch that  spread of coupling constants in the literature, we adopt the
a simple OBE form, consistent with the way it is imple- intermediatagf/4w:O.6 as our standard value, but calculate
mented in the Bl forces, is obtained. Details of this proce- also the two extreme cases in order to observe the sensitivity

dure can be found in Appendix B. of the results with respect to the choice of this parameter.
The forces originated from excitations of the Roper reso- For oNN" we follow Ref.[14] and determin@’; from the
nance read ratio
99'9.9, S
W;a(l)=‘(27T)BM(71'72)01'Q2 0202 gw—gwar, (30)
XA (Gx)A,(qs) + 2 3, (26)  Wwhich follows from a naive constituent quark model. The

sum of the Bl potential with intermediate Roper resonance
and -0 and m-w exchanges is then roughly proportional to

B 2 999.9, _ _ .
W (1) = +(2m) 2(m*—m)mz(Tl T2)01 Uz 020 _g_(,(g_i_g_f,> (31)
L 9o \NG N0,
XA (02)A,(0) + 2 3. (27

. . Therefore we can expect the same amount of cancellation
Herem' is the mass of thé' (1440 resonance. We would  petweens and » terms in 3N forces with Roper excitations
like to stress that the form of these potentials depends 0gs in NN potential and Bl Born contributions. However,
the structure of thé&lN o andNN o vertices. We adopted since the simple scaling rule of coupling constants is theo-

the very simple choice used in Reffl4]. The form of  retically not very well founded, we also use sets of param-
these effective vertices follows from the quantum numbersters that do not satisfy E¢30).

of the baryon stat&" and of theo and w mesons, neglect-

ing any possible dependence on the substructure of these
particles. Even for the simple choice of thé vertices of D. Numerical results
Ref. [14], theoretical predictions of the corresponding

coupling constantgand their ratios from quark models  g,¢tions for Hamiltonians containing botiN and N po-

are hampered by the uncertain quark contentNof  apniials by solving the nonrelativistid\BFaddeev equations
whereas their extraction from experimental data can b&, omentum space exactly.

done only in an indirect and model-dependent way. The A potentials are expressed in terms of Jacobi mo-
The strength of theTNN' coupling is calculated from the  anta in the center-of-mass frame of thil 8ystem, and

partial decay width oN*—>’|}l+w. The recent deFermination decomposed into partial waves in a basis jpfcoupling
[32] based on the valuB(N" —Nm)=228 MeV give$ states. Because of the complexity of the resulting numerical

We calculated the triton binding energies and ®&ave

2 ) problem, we restrict ourselves to those partial waves in

7NN _ s _4m — hich theNN pair total angular momentum does not exceed
=0.0117, g = —f gy =5.22. 2g ~ Which P guar !

4 g m,. NN 28) 2, which corresponds to 18 different three-body channels.

. . . . Details of the formalism and the numerical methods are de-
The couplings for therNN and oNN' vertices are more

e . . + scribed in Ref[34].
?rzfclz(t::cli[ ;:z)rglrt]hgoyg\;r:fi;h deegs;r\)/\lllig?hcl;)fmtwi (Q’fN;\ll:b ex- The main purpose of these calculations is to compare the
— T

d ds criticall h q d wi d&hwav&h effects of the various contributions to thélJorce which
epends critically on the assumed mass and width obthe \yere gescribed in the previous sections on the triton binding

resonancg32]. The “o- meson”(with zero width employed  gnarqv |n order to study also the dependence of our results

in the parametrization of the OBE potentials simulates nof,, theNN interaction included in the Hamiltonian, we used a

only (mm)s yae bUt also other scalar-isoscalar exchangesymper of differentNN potentials, namely, ReifB8], Paris
Such a phenomenological exchange was used in a recent 3g) Nijmegen 93[2], and Bonn B[40].

analysis[33] of the inelastic scattering+p— a+X, from In Tables IV and V we show the triton binding energies
where the effective coupling constant@iN' was extracted  for various Hamiltonians where thé\Forces of the previous

as sections are added successively.
) Most of the new short-range potentials considered in this
9o =1.33 (29) paper contributendividually as much agor more thaim the
Am TM 7-p short-range forces considered before. The only ex-

ception is thep-T term, also not considered before. It is the
only attractive part of ther-p 3N force, but it is about five
times smaller than the KR term. Only in PS coupling the
p-T term is enhanced by the factor kjand becomes com-
parable to the KR.
The o and w exchange contributions are rather large. The

2Equation(3.3) of Ref. [14] is incorrect and the corresponding Born terms are repulsive in case of theand attractive for

value Offf-rNN*/47T is overestimated by a factor of 3. the w, but when PV#NN coupling is used they cancel in a

with m,=550 MeV.This is much larger than typical values
obtained from the Roper resonance defay].

On the other hand, Ref14] extractsg,?/4w=0.1, which
is even smaller than all values of R¢82]. Given this wide
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TABLE IV. Triton binding energies and their differencém MeV) calculated for various model Hamiltonians with differediN
potentials and contributions to theN¥orce added consecutively. AlFNN vertices in the Bl forces of this table are calculated in PV
coupling. The columns labeldf, show the triton binding energies, while the ones labéléglindicate the differences between the binding
energies of consecutive rows, indicating the effect of the correspondinfigrde component.

Reid Paris Nijmegen 93 Bonn B

3NF E AE, E AE, E AE, E AE,

No 3NF -7.230 -7.383 -7.756 -8.100

+mm(a’) -7.279 -0.049 -7.439 -0.056 -7.811 -0.055 -8.159 -0.059
+7r(b) -8.739 -1.460 -8.939 -1.500 -9.471 -1.660 -9.624 -1.465
+7rar(d) -9.100 -0.361 -9.220 -0.281 -9.782 -0.311 -9.847 -0.223
+mp(KR) -9.017 0.083 -9.118 0.102 -9.635 0.147 -9.672 0.175
+7p(A¥) -8.849 0.168 -8.961 0.157 -9.464 0.171 -9.506 0.166
+mp(A7) -8.747 0.102 -8.821 0.140 -9.285 0.179 -9.325 0.181
+7p(T) -8.772 -0.025 -8.850 -0.029 -9.316 -0.031 -9.352 -0.027
+mo(Z2) -8.273 0.499 -8.213 0.637 -8.663 0.653 -8.658 0.694
+ao(N) -8.711 -0.438 -8.610 -0.397 -9.145 -0.482 -9.055 -0.397
+7w(2) -9.213 -0.502 -9.380 -0.770 -9.977 -0.832 -9.956 -0.901
+arw(N") -8.735 0.478 —8.898 0.482 -9.370 0.607 -9.524 0.432

similar way as the correspondiigN potentials. For the PS constituent quark model rat'gi;/g;, which leads to a strong
coupling, therr-o Born contribution turns attractive and to- cancellation between them. Removing this constraint, as, for
gether themr-o and 7w exchanges lead to strong overbind- instance, in the last line of Table VI, can have an effect on
ing, as Table V demonstrates. Nevertheless, it would be prehe overall contribution ofr-o and 7w forces comparable
mature to rule out the PS coupling solely based on thesw the transition from PV to PS coupling i diagrams: the
results: we would like to remind that other non-Born contactcancellation betweenr-oN" and 7-oN" forces could be-
terms have not been investigated so far and are likely to be aome much weaker or disappear and very pronounced
important as the Born term considered here. changes ofE; can be expected. Having more reliable infor-
One example of such contributions are forces with an inmation ong’,/g, is thus absolutely crucial for more definite
termediate Roper resonance. We observe that individuallgonclusion on the importance of the short-randé f8rces
they are also rather large. However, as we have alreadyonsidered in this paper.
pointed out above, there are significant uncertainties in the The binding energy differences depend somewhat on the
coupling constants involvingl”, and the effect of those po- order in which the potentials are added, therefore we calcu-
tentials can vary accordingly. Nevertheless, it is remarkabléate also their expectation values with a number of different
that even for our smallest value of the 7m-oN" term is  wave functions.
comparable to ther-p A forces, as can be seen by comparing First, we use the I8 bound-state wave functions for
Tables IV and VI. Although the effect of the-oN" force  Hamiltonians that include all’8 potentials in PV coupling,
scales with gf,, the overall contribution ofm-oN° and  but differ in theNN interaction, to calculate the expectation
m-wN" forces does not change much, since we assume thealues of the individual B force components of Table VII.

TABLE V. Triton binding energies and their differencéa MeV), as in Table 1V, but withmwNN PS coupling in the R forces. The
binding energy differences in the first row are calculated with respect to the corresponding entries in the row lapgled ef Table IV.
Note that only formp(T) and wa(Z) the N potentials using PS and PV coupling actually differ. The effects of the other, unchahged 3
potentials on the binding energy are amplified compared to the case of PV coupling, sinbevagedfunctions are significantly altered by
the p(T) and wa(Z) PS potentials.

Reid Paris Nijmegen 93 Bonn B
3NF E; AE; E; AE; E; AE; E; AE;
+7p(T) -8.859 -0.112 -8.953 -0.132 -9.425 -0.140 -9.452 -0.127
+7a(2) -10.492 -1.633 -10.544 -1.591 -11.431 -2.006 -10'879 -1.427
+7a(N") -11.219 -0.727 -11.264 -0.720 -12.215 -0.784 -11.600 -0.721
+7w(Z) -13.680 -2.461 -15.367 -4.103 -20.952 -8.737 -15'811 -4.211
+7o(NY) -12.674 1.006 -14.134 1.233 -16.869 4.083 -18.345 -2.534

4n addition to the specified result, another unphysical, deeply bond solution was obtained in this case.
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TABLE VI. Triton blndlng energles and their differencéa MeV), as in Table 1V, for the ParisIN potential and Bl potentials with
different coupling constantg andg The first two lines are taken from Table IV to define reference values. The contributino(df)
increases with |ncrea3|rrg1T and so does the contribution afw(N") in the fifth line for a fixed ratlogw/ga, keeping the binding energy
almost constant. Whegw is kept fixed(last line), these cancellations no longer take place and the binding energy increases.

g,/4mw=0.1 g,/4m=0.6 g,/4m=1.33
3NF E AE, E AE, E, AE
T+ TP —-8.850 —-8.850 —-8.850
+70(Z) -8.213 0.637 -8.213 0.637 -8.213 0.637
+7a(N") -8.369 -0.156 -8.610 -0.397 -8.822 -0.609
+70(2) -9.073 -0.704 -9.380 -0.770 -9.652 -0.830
With g,,=9,9,/ 9s
+7w(N") -8.883 0.190 -8.898 0.482 -8.910 0.742
With g, /47=0.24
+7w(N") -8.882 0.191 -9.174 0.206 -9.431 0.221

The results of ther-7r potential and of the full B potential  trix elements of the fulkr-, 7-p, 70, and 7w exchange
do not vary much, but the individual forces show a ratherpotentials, calculated with four different wave functions: first
strong dependence on tiNN potential used. an unperturbed wave functio®,, i.e., obtained from a
It is well known that therr-7r 3N force is too strong to be Hamiltonian without B potentials, then wave functiong_,
accurately treated in first-order perturbation theory. It distortS¥ 7+, and ¥ .. .5+, from Hamiltonians where ther-7
the nuclear wave function significantly, which can be seen7-p, and the sum ofr-o and - potentials are added con-
for instance, by comparing the matrix elements of tié 3 secutively. The ParisiN interaction is used in all cases.
potential calculated with the unperturbed and the perturbed Table VIII shows that also the matrix elements of the

wave functions. It is interesting to see if this is true also forshort-range Bl forces change considerably when calculated
the short-range 8 forces. In Table VIII we display the ma- With different wave functions. The fact that these matrix el-

ements differ when the respectivél Potential was or was
TABLE VII. Expectation valuegin MeV) of the components of - not included in the Hamiltonian from which the wave func-
the A force in Hamiltonians with differenNN potentials, calcu-  tion was obtained, demonstrates their nonperturbative char-
lated with eigenfunctions of the full Hamiltonian containing all acter. Consequently, the binding energy shift predicted by

listed N potentials. first-order perturbation theory does not agree or come close
_ _ - - to the exact value. This is observed even for the small sum of
3N potential Reid  Paris  Nijmegen 93 Bonn B || 7-¢ and 7w contributions: from Table VIII we get the
. . . 1
—_— -0.096 -0.113 ~0.124 —0.130 first-order eerturbatlve energy shn‘rAEf ):_<‘If_77+p|WW
ma(b) ~1.822 -1.882  -2086  -1837 d_\]ffvm|‘1’7f+P>‘0£11t')\f9V’ d"‘;h"e tThebleXg‘;tthb'nd'Tg e”fergy
ifference can be obtained from Table e column for
-0.364 -0.27 -0.31 -0.2 . .
mid) 0.3 0.279 0-319 0-256 the ParisNN potentia) as AE;=-0.048 MeV.
Total 7 -2.282 -2.274 -2.528 -2.223 Our results for the totatr-o and - contributions differ
from those of Ref.[14], where (W,,)=1.003 MeV and
”P(K+R) 0.055  0.063 0.097 0113 (w__)=-0.770 MeV were obtained with a wave function
mp(A") 0.156  0.148 0.164 0.173  calculated with the ParisN potential only. This difference is
mp(A7) 0101 0.142 0.179 0.174 & consequence of the different coupling constants and cutoff
ap(T) -0.026 -0.036 -0.036 -0.037 parameters used in Rdfl4].
| In Fig. 2 we represent the dependence of the binding en-
Total p 0.287 0317 0.403 0424 orgy, for two differentNN models, as a function of theNN
70 (2) 0959  1.359 1.632 2108 c#tgff parzmetter. The shgrtt-r?hnge forceshdo rriélkleI mi; cut-
* _ _ _ _ off dependent, compared to the case when onlysthe po-
N 0.497 0.478 0.581 0.381 A
mo(N) tential is included. But the overall effect of the-o and
Total mor 0.463  0.881 1.051 1.727 m-w potentials is rather small. We emphasize again that this
sum depends crucially on the values of the coupling con-
77“’(2)* -0.902 -1.422 -1722 ~2.377  stants used in our calculations, in particular on the poorly
7o(N ) 0.456 0.453 0.561 0.371 determined rat|(g;/g;
~ _ _ _ Finally, we make a few comments on the results with the
Total e 0-446 ~0.968 1.162 2.005 -7 3N potential only. In our calculationg30] with the old
Total mo+ 7w 0.016 -0.087 -0.110 -0.278 version of the TM force TNB3), which contains the term
Total A potentials  -1.979 —2.045 —2.236 —2.077 and uses somewhat different values of the constajfiisand

d, we obtained E/(Reid=-8.904 MeV and E(Parig
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TABLE VIII. Expectation valueqin MeV) of the 3\ potentialsW, of the first column calculated with
different wave functions. As explained in the text, the subscript orthexpresses which8 forces were
included in the Hamiltonian from which the wave function was calculated exactlyNNMpotential was the
Paris potential in all cases. For comparison, the column lah&dshows the binding energy differences
according to Table IV.

Vvi AEt <\IIO|V\/| ‘ \IIO> <qjﬂ'| VVI |qjﬂ'> <\If7r+p|vvi ‘ \I,W‘f'p) <q}‘n'+p+(r+w‘vvi |q}ﬁ+p+a+w>
T -1.837 -1.281 -2.572 -2.190 -2.274
™ 0.370 0.139 0.450 0.293 0.317
o 0.240 0.275 0.748 0.605 0.881
T -0.288 -0.228 -0.758 -0.594 -0.968

=-9.060 MeV. This means that transforming tbeterm remains highly nonperturbative. Also the cutoff dependence
away and using the new version T{@89), as in Table IV, of E; (see Fig. 2remains about the sanisee Refs[20,30Q)
brings an extra binding of about 200 keV. The singutar as with the old version T83).

term was thought to be mainly responsible for the strong

cutoff dependence and nonperturbative character of the TM

-1 force. However, the first line of Table VIII shows that, IV. DETERMINATION OF THE LOW-ENERGY
even after removing the singularterm, the TM - force CONSTANTS
A. Effective couplings
-7 T T T T T T
— Paris +3NF | To connect to the I8 force following from ChPT, let us
sk iy - | now consider “the pointlike limit,” i.e., shrinking tkle propa-
' gators of heavy mesons to a point by takingAg(qs)
— ol | —1(B=p,w,0), and deduce the effective contact vertices.
% w S It should be emphasized that we cannot yet expect more
E, \ ] than a qualitative agreement between the two sets of low-
= 10| - gﬂp \\ \.r energy constants, because at this stage of the analysis some
o= ATATPHTC AN significant differences remain in the way they are determined
11| T THTPERORe N in the two approaches. For instance, the quantitative analysis
. in the framework of ChPT[10] included so far only the
12 ! . ! . ! short-long and short-shortN3forces of leading order. The
5 6 7 corresponding low-energy constants are fitted also to the tri-
A [m,] nucleon binding energy. In the case of the meson-theoretic
3N forces, it is well known that the trinucleon binding energy
7 ' ‘ ' ' ' depends rather strongly on the cutoff parameters entering the
. Nijmegen 93 +3NF | strong meson-nucleon vertices. However, if the point limit is

considered only at leading order, the derived effective verti-
ces do not depend at all on these cutoff parameters. Thus, as
in the case of th&N interaction[8], a quantitative compari-

son will be possible only when interactions beyond leading

A order are included.
NS After taking the point limit we separate from the potential

— gg;:giggﬂm \\\ two diagrams in which the pion couples to the second
12k \\ 4 nucleon and rewrite the corresponding potentials as the prod-

I N uct
-13 ! | L

5 6 7
A1\:NN [mn:]

V(™) (Vi3 + V) with VA(m) = =272 75 0p B0,
FIG. 2. Dependence of the triton binding energy on #¢N

cutoff parameter, calculated for Hamiltonians with the Paris and the (32

Nijmegen 93NN potentials and various contributions to thél 3

force, which are successively added in the following way:r

exchange(dashed ling plus 7-p (dotted ling, plus - (dashed- ~Where the factoW5(ar) includes an overall factdr the 7NN

dotted ling, plus 7w (solid line). The actual calculations are indi- vertex, and the pion propagator. Henég+ V3, is the ver-

cated by the full circles; the lines are drawn to guide the eye.  tex function of the effective point Lagrangian
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ag,

L£PoNt= (NTT;N)(NTT'sN) 72, 33 -
( 1N)( sN) 7 (33 LPOM 7 — 5 PV +) = — 2m2r{‘|r'12 (NT2o N) - V (N'N),

Following this procedure, the meson-exchangef@rces we
considered in this paper generate the effective contact (41)
7NNNN vertices of the following Lagrangian:

9%,

L=L(a)+L(P), (34) Bi(m=0,PV+) =~ P (42
L(a) =- a;(N'TN)(NTe?N) - V 72 .
(@) == a(NNN'oTN) - ¥ o Lm0 PS )=+ 50 g‘z’ (NTN)(NTa-Ta N) - (V 79,
- ap)(NToeN)(NTAN) - V 72
- a3 €°(NTePN) X (NTo*N) - V72, (35) (43)
L(B) = +p; ™(N'a™N) - V (N'N) ay(m—o,PS-)=- 9q, . (44)
2mPm?

+ B, T (NToN) - V (NT2N) §
For 7w exchange we obtain
+ﬂ3 Eabc 2 €kij(NT0'i7bN)Vk(NTO'jTCN). (36) e g
9g
Here,£(a) is the Lagrangian considered in REF0],® while LPOM(7r— ,PS =)= + 5 Pt 7(N" o™N) - V (N'N),
the second termC(B) contains additional contact vertices

with derivatives of nucleon fields. From R4fLQ] it is not (45)
clear to us in which ordefand together with which addi-
tional term$ such interactions will appear in the ChPT La- B ggi
grangian. Bu(m—w,PS-)= + e (46)
For the local part of ther-p potential with a timelikep ¢
exchangg16) we thus obtain The corresponding effective interaction for the PWerm
includes an additional factor 1, =1, which we will ne-
: oq glect in the following. For the contributions with an inter-
LPO(r = pT,PV +) = 2mPm 57 (NToN) V (NT7N), mediateN" (note that theN" propagator is already used in
P @7 static point approximationone derives
- . g (99 9.9
X L£poin _ + ,N - = o _ [} NTN
and comparing to Eq36) we extract (7= (0+w),N) m(m —m)( mi 2 >( )
X(N'oe?N) - V 72, (47
Bo(m—pT,PV+) = —"—ggz , (38)
2m mﬁ . . «
n_ g 9:9s 9094
where for PS coupling there would be an additional factor o+ w,N)= m(m’ - m)( 2 ) (48)

1+k,. For the local part of ther-p KR term (19) one gets
It is interesting that forr-o exchange the result with PS

_ g (1 +k,) 7NN coupling is closer to the form suggested in Refs.
LPO™(r - pSKR) = _Wfabc &ij ™(NTo;7N) [10,15. Note also that the difference between the
P Lagrangiang41) and(43) (we label it “cont” since it corre-
ka(NTaj ™N), (39)  sponds to the chiral contact term connecting PV and PS cou-
plings) is equivalent to
1+«k,) )
Ba(m— pSKR) = — %’;(mZPT". (40) LPON( 7 — &, conp = gg‘z’ (NTN)[(V N") . o27N
P
N
For the Born w0 exchange the point low-energy +N ”a” o-(VN)]. (49

Lagrangians corresponding to the limit of E¢®1) and(22)  Thjs interaction is exactly the same as the second term in Eq.
are (2) [with c—-g2/(mnf)]. Note that the Lagrangiaf®) fol-
lows from the redefinition of the pion fieldl), while the

3n this paper we use the leading-ordeNN coupling with the ~ So-called chiral rotatioiwhich transforms in lowest order
plus sign [£an=+(9/2m(NTeN)- V73], in agreement with from 7NN PV to PS coupling is a redefinition of the
Huberet al.[9,15), but opposite to Epelbauet al.[10]. Therefore,  nucleon field. It is argued in Ref15] that the interactions in
the Lagrangian35) has the opposite sign compared to E33) of  EQ. (2) are unnatural from the point of view of ChPT and
Ref.[10]. should be discarded. The appearance of such a term among
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TABLE IX. Contributions to the dimensionless low-energy con- These results are completely in line with our results for the
stants defined by Eq$50) and (51), derived fromm-p, mw, and  corresponding potentials included in their full form into the
-0 exchanges using the masses and coupling constants of Tabiggddeev equations, i.e., the low-energy limit changes, of
lll. The constantsi(repl) were obtained with the help of the mo- course, the size of the individual contributions, but not their
mentum replacement; far-Born term this replacement is needed signs and relative magnitude.
only if PV NN coupling is used. The chiral 3 forces and their effect on theN3observ-
ables were studied in RgP] and more recently in Ref10].

Diagram LECs Gi Both papers include only leading-order contact chiral
~ 7NNNN couplings, without terms with derivatives of
p-T(PV) B,=0.29 . : : :

- nucleon fields. From our forces only those involving an in-
pT(PS Ba=2.17 termediate Roper resonance reduce in the point limit to this
p-S(KR) Ba=-2.17 cy(rep)=-1.55 form. Since it was suggested in R¢®] that also other con-

~ tributions are related to the effective forces considered
w-Born = c,(repl)=2.97 . . | .

fgl 8.32 a(rep) therein, we introduce and test approximations that would al-
o-Bon (PV) B1=-6.29 cy(rep)=-2.25 low such a connection.
o-Born (P9 @,=-6.29 c,=-2.25 Huberet al. [9] introduce two LEC<; andc,, related to
o-N' 0 =2.99 ©,=1.07 our oy, andag as follows
o-N' @ =-2.26 c;=-0.81 A 5 o
Ci=—— = — s
1T, M 14™

X
the effective contact interactions raises the suspicion that the
dynamical modelconforming with chiral symmetpywith a A 100
o meson and PVirNN coupling contains also the mechanism C2= 5\ ¥ 4% (53)
corresponding to the first term in E(R) and that, in analogy X
to the discussion in Ref15], both should be discarded. Let with A=1 GeV. They fit these constants té, from nd
us also point out that the most natural way of introducing thescattering, arguing that, is fixed to aboutc; ~-3 (from

o meson into a chirally symmetric Lagrangian is the linear A, at 3 MeV) and c,~0.5,...,1.0(from A, at 10 MeV).
model with PS#NN coupling (which, however, fixes the From our Table IX we get a small positivg from the
coupling constang,,). Roper terms and, =-2.25from the o-Born force with PS

7NN coupling. None of the forces considered here con-
tributes toc,.
B. Numerical results and comparison to ChPT In Ref. [9] it is stated that the, term is included in the
In Table IX, we list the numerical values of the individual 7-p Kroll-Ruderman force. Ther-p Kroll-Ruderman force
Contributions to the dimension|ess |0w_energy constants can be transformed into a form consistent with the effective
Lagrangian of Ref[9] through the followingmomentum re-

=41 A, q, (50)  placementqz;— —q,. It corresponds to integrating the effec-
tive Lagrangians with nucleon derivatives by paftisis is
B=4f2 A, B, (51) equivalent to the use of momentum conservation at corre-

sponding verticesj;=—q,—q4) and keeping only the result-
where A, =700 MeV as in Ref[10]. The respective total ant terms with a pion field derivativenomentumg), while
constants, calculated as the sums of all considered heawmitting at the same time still another term in the Lagrangian
meson exchanges are of the order of unity, which meansith nucleon field derivativedeading to the momenturay).
they are of “natural size” in the sense of effective field The same replacement can be applied also to the Born terms,

th_eorie*s. Notice that—with the exception of the p_otentials\,\,here it corresponds t&i—;ai- The low-energy constants
with N* and thes-o Born term (thg latter only with PS  4educed in this way are denoted @grepl) and c,(repl) in
7NN coupling—all effective vertices are of the form Tapje |X. If these additional constants are included, we get
(36), i.e., they involve derivatives of nucleon fields. In fom our forces in the low-energy limit,=-1.55 (solely
particular,Nwe do~not get any contributions to the effectivefom the -p Kroll-Ruderman forcg andc; ~ 1, which still
couplingsa, and as. _ differ both in their signs and magnitudes from the estimate of
There is a pronounced cancellation betweeand o ex-  Ref, [9] quoted above. Here it may be worth mentioning that
changes in the low-energy limit, both for the Bamith PV i, Ref. [9] the second term in the Lagrangi&ds) propor-
coupling and Roper contributions. Although the and o tional toa, is not considered. Finally we note that the efforts
terms would always have opposite signs, their sum is rathegt getermining the LECs in Ref9] may have resulted in a
sensitive to the poorly determined values of the couplingyetter description oA, with different constants, had the ad-
constants. In particular, the almost perfect cancellation of thgitional freedom in the parameters of the T force due
respective Roper terms appears to be accidental. The timg; the experimental uncertainties discussed in Sec. Il A been
like part of thep exchange is rather small for PNN cou-  taken into account.
pling, but for PS coupling the large factor Ljincreases the However, our numerical calculations do not justify ne-
corresponding3; to the order of all the other contributions. glecting the effective Lagrangians with nucleon field deriva-
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TABLE X. Validity of the momentum replacement prescription. Matrix elemémsMeV) of 3N forces
related by the momentum replacement prescription described in the text are compared. For each of the three
considered cases also the point limit, as well as the point limit multiplied with an additional exponential form
factor (exp. ff.) are shown. The matrix elements are calculated with a wave function corresponding the Paris
NN potential together with theN8 forces of Table VII.

Paris Nijmegen 93

3N potential W (W) (Wrep) (W) (Wrep

-p (KR) 0.063 -0.220 0.097 -0.231
m-p (KR) point limit 0.045 -0.223 0.085 -0.250
7-p (KR) point limit X exp. ff. 0.053 0.064 0.094 0.154
-0 (2) 1.359 -1.329 1.632 -1.617
-0 (Z) point limit 0.873 -0.531 0.921 -0.693
-0 (Z) point limit X exp. ff. 2.034 -0.015 2.409 0.186
a-p (T) -0.036 -0.012 -0.036 -0.016
a-p (T) point limit -0.050 -0.016 -0.049 -0.020
a-p (T) point limit X exp. ff. -0.027 0.004 -0.024 0.011

tives, employed through the momentum replacement prewhereAB:%(l—PhPig) is the spin-isospin antisymmetri-
scription. This is seen clearly from Table X where we zation operator for particles 1 and 3. Therefore, if only
compare the effect of momentum replacement in matrix elesuch components ofN8wave functions are important, the
ments(with the fully correlated wave functigrof the origi-  effect of Eq.(35) can be represented by a single term.
nal potentials and their point limits. Since these numbers arglowever, we would like to point out that theN3wave
quite different, we checked in addition whether the disagreefunction contains also components which ayenmetridn
ment is due to high momentum components of the wavepin-isospin spacéand antisymmetric in their spatial part

function by multiplying the operators by the overall expo- For such components one gets instead of (G§)
nential form factor of Ref[10]. However, we do not see any
improvement with respect to the agreement betw#énand 4
(Wigpp- a _datap a = ap = 4ag
F?om this comparison of LECs it is at the moment hard to St vi3 2 (r+ 7oy + 03) + 4
see whether the potentials used in this paper could provide a A a
reasonable description & (and if there is therefore a rea- X(r= 79N o= 09+ (r X 7901 X 0],
son to believe that we have not missed some other important (56)
short-range effecjs
In Ref. [10Q] it is further argued that the Lagrangi&B5)
reduces effectively to just one independent term when us
with 3N wave functions which are antisymmetric in the spin
and isospin subspace of the two nucleons coupled to th

contact vertex. Hence only one effective coupling constan erent combinations of the constanis, a, and as. The
(called D) for the #NNNN vertex is considered in their nu- : b2 € s .
: . . ; . components of the triton wave function with odd orbital
merical analysis. Assuming this, the matrix element of the .
. ) . . angular momentum between nucleons 1 and 3 contribute
vertex function corresponding to the Lagrangi@d) is re- .

. . . _about 5% to the total norm. Even though the weight of
duced to the matrix element of only one particular comblna-these states in the norm is not larae. their effect can be-
tion of spin-isospin operators. Indeédior R . . g¢, ;

come significant in matrix elements of operators with the
vi3=[a(Foy + Bos) + ay(Fos + Boy) proper tensor structur&lN P waves are also known to be
a very important for the description of, in Nd scattering.

* 2a3 (7 X 79)% (0 X 03)], (54 Moreover, one could expect that spatially antisymmetric
it holds that components become quite important pshell nuclei.
(The authors of Ref[10] argue[42] that due to the par-
ticular way the momentum cutoff is introduced in their
calculations, no space antisymmetric components are gen-
erated in the order considered. Without further details at
hand we were unable to verify this statemgnt.

If we neglect for the moment the symmetric spin-isospin
“The following argument is very similar to that developed in ap-wave function components and interactions with nucleon
pendix E of Ref[41] for NN interactions. field derivatives, then the effect of the terms is reduced to

e\gheresl:,,:%(l+P13Pi‘3) is the spin-isospin symmetrization
operator for particles 1 and 3. If these components are not
mitted, the matrix elements of the potentials derived
Erom the #NNNN interaction(35) still contain three dif-

a1~ ayt+4das
4

= (71 X 7)oy X 03)], (55

Az v33= [(7— m3)% (0, — 0)
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the calculation of the matrix element of E¢G5). In this  in the Hamiltonian changes the wave function significantly.
approximation, the dimensionless constefnf Ref.[10] is  For instance, we find that, although the net effectred- and

given in terms ofw; as 7-w exchange Bl forces on the binding energy is small, the
e~ ~ resulting wave function yields rather different matrix ele-
Cp=—art a;—4as. (57)  ments of individual interactions from the ones calculated

From Table IX we gety=-0.73 for PV#NN coupling and ~ Without those terms in the Hamiltonian. Therefore, it would

c5=5.56 for PS#NN coupling, compared te,~1.8-3.6 De very interesting to study these variations in the wave
obtained in Ref[10]. Our value for PSTNN coupling has ~ function, for instance, in electron scattering on tieiund
at least the same sign and order of magnitude as the Chr8fate. Furthermore, these potentials may strongly influence
fit. low-energyNd scattering observables.

If we adopt the momentum replacement prescription, we [N the case of PSTNN coupling, bothZ diagrams are
getcp, ~ 6-8,depending on the type of theNN coupling. In  attractive, resulting in a strong overbinding of the triton. In
this case, our value ofp is dominated by the Kroll- the future, theseZ diagrams should be complemented by

Ruderman contribution, due to the factor 4 in the last term ofdditional potentials derived from chiral contaelNo and
Eq. (57). 7NNw vertices. o

As in the comparisons above to Rg8], we had to com- (3) We extracted the LECs from the low-energy limit of
pare quite different effective Lagrangians and the approximathe long-short range meson exchange potentials and com-
tions made in establishing the correspondence between tiR@red with the ChPT results of Ref®,10. The constants

effective constants appear to be too crude to allow drawind’@ obtain are of natural size. As long as only leading-order
clear conclusions. interactions are considered, only a qualitative comparison is

possible between the heavy meson exchange and ChPT de-
scriptions. The forces considered in this paper contribute not
V. CONCLUSIONS only to the leading-order chiral LECs of Ref®,10], but
The conclusions of this paper can be summarized in threg€nerate in the low-energy limit also a number of contact
points. 7NNNN interactions with nucleon field derivatives. Our
(1) When considering the effect of the Tkt exchange LECs do not agree with those deduced in Reff, even
3N force on the triton binding energy, usually only the varia-When the forces are transformed using a momentum replace-
tion of the cutoff parameter, which is often adjusted to reproment prescription, the validity of which we, however, found
duce the experimental value, is studied in the literature. ~ t0 be unconvincing. Our value of the constanf agrees
However, ther- force contains therN scattering am-  roughly with the one obtained in RfL0], although only in
plitude as a building block, which at low pion momenta hasPS 7NN coupling. Efforts should be joined from the two
a model independent form parametrized by three constanfddes(meson-exchange description and ChPT methdds
which have to be extracted from experiment. In contrast tdurther investigate the spin and momentum structure f 3
the cutoff parameter, each of these three constants multipli€grces.
different spin-isospin operators, and therefore acts differently
on the various channels of the wave function. We calculate
the propagation of the experimental errors of thd data,
which are used to extract the off-shell TMN scattering J.A. was supported by Grant Nos. GA CR 202/00/1669,
amplitude, into the B force parameters. As a consequence,GA CR 202/03/0210, and by FCT Grant No. POCTI/36291/
the triton binding energy calculated with the T poten-  FIS/2000. He would like to thank his Portuguese colleagues
tial has an uncertainty of about 0.4 MeV, which is almostfor the warm hospitality during his stay in Lisbon. M.T.P.
entirely due to the experimental errors in the nucleon sigmand A.S. were supported by FCT and FEDER under Grant
term. Nos. CERN/FIS/43709/2001 and POCTI/FNU/40834/2001.
(2) The long-short ranger-o and 7-w exchange Bl
forces individually have large effects on the triton binding,
but two kinds of cancellations determine their net effect. We APPENDIX A: CONTRIBUTIONS OF NUCLEON
find contributions of opposite sign and comparable or very BORN
close in magnitude fronZ graph andN" excitation, respec- DIAGRAMS
tively, in the -0 and 7w 3N forces. AlsoZ graph and\’ We will give here some details of the derivation of
potentials cancel in part for each of these long-short rangaucleon Born diagram contributions to thi 8rce from the
forces separately. exchange of one pion and one heavy mefB) since we
The extent of the cancellation is controlled decisively byexperienced some misunderstandings and many questions
the ratio between theN"(1440N andwN"(1440N coupling  when discussing their origin. Our treatment is a condensed
constants. If this ratio is taken to be the same as fowfdsl  version of the technique developed in a number of papers on
and wNN coupling constants, as suggested by the naive core.m. meson exchange curref@§—-37. We pay special atten-
stituent quark model, the attraction of tleexchange, origi- tion to the dependence of our results on the type ofithid
nated by the Born terms of relativistic order, dominates.  vertex.
The change in binding energy caused by theldegp8ten- The generic Feynman amplitud#(1) corresponding to
tials cannot be calculated perturbatively, since their inclusiorFig. 1(a) reads:

ACKNOWLEDGMENTS

034008-15



J. ADAM, JR., M. T. PENA, AND A. STADLER PHYSICAL REVIEW (9, 034008(2004

W(1)=F2Dq+ 2« 3, (A1) S(p)_m—iyupﬂ_m+Ey4—iy-p+m—Ey4—i'y-p
© pP+m? 2E(E- 2E(E +
where we gather all factors connected with the “active” first P _m (_ Po (E+po)
nucleon into the amplitud& and the rest into the amplitude _u(pu(p) v(=pv(=p) (A10)
D: E-po E+po

D= - U(p) (7, d2)u(p2)u(p3)T'(B, gg)u(pa) A (02) Ap(ds) (whereE?2=p?+n¥) and define the corresponding amplitudes
(A2) WE(1) and F*. The spinorau andv are given by

FA=UppII(m,~ )P I (B~ S o
+T(B,~q)SP)T(m,-ap)Ju(py),  (A3) 26 \erm/

where S(p)=(iy,p,+m)* and Ag(q) =(mg+g?)~* (the Pauli

metric is usell P=p;+03=p;—0,, P’ =p;—0s=p;+0, With o-p

gi=p; —p;, and we suppres@nless we specif{d) additional _ [E+tm(-

M L v(-p) = E+m |. (Al11)
isospin and Lorentz indices that would appear for nonscalar 2E

and charged mesoB. The pion (7#NN) vertex functions 1

(corresponding toL) are ) i o o
For the calculations of this paper it is sufficient to keep only

37— P =-gys7, (A4)  the leading order ip/m and replac&E—m.
The true “pair” (or “Z diagram’) contributions to the R
potential are defined by the straightforward nonrelativistic
%7 - PV,qg) = iiqﬂyﬂsfa. (A5) reductipn(i.e., the decompos_ition of the spinor matrix ele-
2m ments in powers op/m keeping only leading-order terms
o ) . of the W(1). In the order considered, this contribution is
whereq=p’~p is the momentum of the pion entering the on,er0 only for the PSINN coupling for any meson ex-
vertex(the signs of our vertex functions differ from those of change. For this couplingand again, at the given order in
Ref. [37], we adopted the current convention to agree Wlthp/m) W*(1) with positive energy nucleon in the intermediate
that usually used in ChPT calculation¥he vertex functions state corresponds to the iteration of the lowest-order-
I'(B,q) for the heavy mesonB will be specified later. Note 1, alativistic OPERwhich is independent of the type of

that from the identities 7NN coupling. On the other hand, for the P¥NN cou-
— , pling, the pair diagram3V~(1) do not contribute. But the
u(p)I'3(7-PV,—q)S(P') positive energy partV*(1) does not exactly equal to the

g

— il a , a iteration of the nonrelativistic OPEP, since in the Feynman
=u(py)| I(m-PSS(P') + 5 ~ys7i |,

(A6)  amplitude the vertex function is off-mass-shé?# n?
#+P’?) while in the iteration of the OPEP this potential is
off-energy-shell. One can rearrange the energiepjrenter-

S(P)I(m-PV, = gz)u(py) ing the PV vertex function in Eq$A1) and(A3) identically:
_ a 9
- {SW (m-PS+ ZmW’i‘} up), (A7) too= Py~ E(p}) = [E(P") - E(py)] - [E(P") - Pg],
(A12)
it follows that
Fov=TFps* Feons (A8) O20= E(p1) = Po=[E(py) — E(P)]+[E(P) = Po].
(A13)

Font= %U(pi){YSTE{T(B,—Q3)}+U(I01)- (A9)  The first energy differences on the right-hand side put the
PV vertex on its mass shell. The corresponding part of
The “contact” amplitude arises from the usual chiral contact’V" (1) is then again identified with the iteration of the non-
interaction, which appears in the chiral rotation from the pyrelativistic OPEP and it is identical to the full*(1) for the
to PS#NN coupling. PS coupling. But the second terms qgg, cancel the de-
To get the guantum-mechanicaN3potential from the —nominator ofS*(P’) or S(P) and give rise to a contribu-
Feynman amplitud€Al), it is necessary to subtract the part tion to the quantum mechanical potentiaf(1).
which is in the quantum mechanical description already in- To sum it up, the relevant contributions to thi Boten-
cluded in theT matrix in the iterations of thé&IN potential. ~ tial are
We split the nucleon propagator into its positive and negative
energy partsS(p)=S"(p)+S(p): W(1)=F2D?+ 2« 3, (A14)
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D2~ %73(0'2 -g)u(p3)T(B,gz)u(pa)A (0p) Ag(Ts), D3(w) = %Tg(g-z - 4)A (A2)A(q), (A27)
(A15)
Fov.a(w) == %ﬁ(‘fl “d3), (A28)
FEG =~ 5o [Up}) 75730 (- Pl P')T(B, - G u(py)
_ _ a- o+ __99,(1+k,) 2
+u(p)I'(B,~ gz)v(- P)u(- P) ys75u(py)], (A16) Fpsdw) = P 1(o1-03), (A29)
Fay =~ %}[u_(pi) Ya¥s7u(P )U(P")I'(B,~ g3)u(py) F2, (@)= + gg;“n';“’ (01 Gg). (A30)
—u(ppl'(B,~ gz)u(P)u(P)y,ys7iu(py)],  (AL7) Finally, for the isovector vector mesgnthe vertex func-

tion reads

g—
Foon= ——u(p){ys75.I'(B,—g3)}s u(py), (A18 K

o= 5 WP (AT (B~} u(py),  (A18) Erﬂn%qy] 5 (a3
where= stands for the nonrelativistic reduction. Since only gor the timelike component of thefield (x=4) one gets
F&~ survives for PS coupling and ony®* contributes for

I(p,q) = gp{ Y~

the PV one(and since the iterations of nonrelativistic OPEP b, . _ 99

are identical in both casgsone gets from Eq(A9) D) = §n276217§(02 "02)A4(02)A,(dy),  (A32)
F2v = FBs + Foon (A19) »

and therefore Favalp) = = En% San( 071 O) ~ i €anc7i(01 - Q1)1
Wy = Was+ Weong (A20) (A33)

for all heavy meson exchanges considered. ab— 09,(1 +«,)
() = — 22— p) .
It remains to list the vertex functions for the w, andp Fesdp) = o %anl@1da),
mesons and the results of the nonrelativistic reduction. For
the scalar isoscalar meson one gets

(A34)

- mony P = 4 Bl (100 (- QU
(A35)
D3g) = + i%’g(gz “0)A(A)AL(g9),  (A22) whereQ;=p/ +p;. For the spacelike component
D*(p) = ~i7y b3 (er, - [Qs
F(0) = =1 g1 a9) (A23) +(1+ )i X QA (00,0, (A36)
o 90, Fav'(p) =0, (A37)
Fps(o) = +|ﬁTi‘(0’1'Q2), (A24)
FE(p) =~ Fib(p) = = > Pt 00, (A38)
Foon{0) = + i%ﬁ("l “Ga), (A25) In the main body of the paper we denote the contributions

due to the fourth component of vector fields by subscFipt
where Eq.(A19) can be verified with the help of;+q, and those from the exchanges witt=1,2,3 by thesub-
+03=0. The corresponding potentials are just the products o$cript S.
D and F factors, they are listed in the main body of the

paper.
For the isoscalar vector mesam only the timelike part APPENDIX B: o-MESON EXCHANGE IN 3N
n=4 of the vertices contributes up to the order considered: POTENTIALS
The Bonn potentials use different parametémsasses,
— K ling constants, and cutoff parametaytheir “o” me-
I (0,q) = - , A26)  coupling » and cuto’r p :
ple.Q) g“’[y“ 2m0‘”q”} (A26) son inNN channels with isospins=0 andl =1. Let us define
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2 2 2
9o FoomnnAoanng?)
v(o(1),99)=-— > 7 s (B1)
4ar mi+d 0.8
whereg, ), A s1)nns m,z,(,) are the Bonrw(1)-exchange param- 0.6
eters in the respectivbIN isospin channel. The dominant e .
central part of the Bonmr-exchange potential is then given '
by 0.2
ve(@®) = v(a(0),G%)Po + v(a(1),G%) Py, (B2)
) ) 20
POZZ(1+T]_'72), P1:Z(3_’Tl'72), (83)
which can be re-written in a forreimilar to the central po- FIG. 3. (Color onling The fit (solid line) to the central part of
tentials originated from exchanges of two scalar-isoscalathe isoscalar Bonn potentigkhort-dashed line; practically coin-
and two scalar-isovector particles: cides with the solid line on the grapithe first term of Eq(B4).
.1 , ) For comparison, als@(c(0),q%) (dash-dotted ling v(a(1),9?)
vc(q9) = 3[v(0(0),9%) + 3 v(a(1),99)] (dashed ling and their isovector combinatidithe second term in

P %[U(O’(O),qz) _ v(o-(l),qz)]. (B4) Eq. (B4); dotted ling are shown.
This does not mean that the Boonexchange isquivalent  Bonn B potential gives the values listed in Table IlI, and the
to the true exchange of four scalar particles, sifigehe last  quality of the fit is shown in Fig. 3. The fitted parameters are
term has the sign opposite to the sign of a real scalar exsetween the Bonn values ffN 1=0, 1 channels. The sec-
change;(2) all four of these exchanges have to act at oncepnd (“isovector-exchangg”component of Eq(B4) is much
i.e., they cannot be separated by an exchange of anothemaller in absolute value and even negativedet10 fm*
meson(in iterations of the Lippmann-Schwinger equation (see Fig. 3, which precludes an approximation by the ex-
To have a simple prescription for the exchange in our change of scalar partiql®. If we, nevertheless, include it
3N potentials, we fitted the first term in E@B4) by the into the 3N potential, it gives a considerably smaller contri-
functionv(o,g? dependent on parameters of single true iso-bution to the triton binding energy. Therefore, we neglected
scalaro exchangeg,,, A ,nn, M. The result of the fit to the it in the calculations of this paper.
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