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Why is the three-nucleon force so odd?
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~Received 10 April 2000; published 20 September 2000!

By considering a class of diagrams which has been overlooked also in the most recent literature on three-
body forces, we extract a new contribution to the three-nucleon interaction which specifically acts on the triplet
odd states of the two-nucleon subsystem. In the static approximation, this 3N-force contribution is fixed by the
underlying 2N interaction, so in principle there are no free parameters to adjust. The 2N amplitude however
enters in the 3NF diagram in a form which cannot be directly accessed or constrained byNN phase-shift
analysis. We conclude that this new 3N-force contribution provides a mechanism which implies that the
presence of the third nucleon modifies thep-wave~and possibly thef-wave! components of the 2N subsystem
in the triplet-isotriplet channels.

PACS number~s!: 21.30.Cb, 25.10.1s, 25.40.Dn, 13.75.Cs
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I. INTRODUCTION

The three-nucleon system represents an ideal tes
ground for the nucleon-nucleon interaction@1#. This testing
represented a challenge which required a great deal of ef
amongst various research groups active in this area in o
to provide a comparison between extremely reliable calc
tions and precise measurements. In this field there have
four main areas of research which proved to be crucial
the progress in our understanding of the three-nucleon p
lem. These four areas are~1! NN phase-shift analysis,~2! 2N
potentials, ~3! 3N calculations, ~4! experiments on few-
nucleon systems. Recent advancements on these topic
be found in Ref.@2#.

The combined result of all these studies and efforts
revealed that the presence of the third nucleon modifies
interaction between the remaining two. A serious difficu
must be faced at this point: namely, how can we con
niently describe the modifications of theNN force operated
by the third nucleon? Most likely, we cannot avoid ambig
ities in the description of the interaction modifications by t
third nucleon, since the two-nucleon amplitudes enter o
the-energy-shell in the three-body quantum mechan
equations. And it is known@3#, that it is possible to introduce
~maybe, unrealistic! modifications in theNN off-shell struc-
ture that mimics the interaction effects due to the presenc
the third nucleon. The lesson we must learn from this is t
it is not sufficient to generate a phenomenologicalNN po-
tential that perfectly reproduces the most up to date ph
shift analysis. One must also generate aNN potential by
using theoretical insight as much as possible in order to c
strain the off-shell properties of theNN amplitude. If this is
not the case, aNN potential which fits precisely the exper
mental data but with the erroneous off-shell behavior wo
not provide reliable results for the 3N system, nor can be
used to test for the presence of 3N forces.

On the other hand any realistic 2N potential underbinds
the triton and this is the first signal that three-body nucl
forces do play a role, and that the off-shell ambiguities
not so dramatic@if the 2N potential is theoretically con
strained in its one-pion-exchange~OPE! term and one as
sumes the requirements of minimal momentum depende
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and/or nonlocality#. The off-shell ambiguities can be seen b
the fact that one must adjust separately with each 2N poten-
tial the parameters of the 3N force in order to reproduce
exactly the experimental binding energy of the triton@4#, and
this suggests that 2N forces and 3N forces must be generate
consistently, within the same theoretical scheme.

Aside for the problem with the triton underbinding, oth
signals for possible evidences of 3NF effects must be sough
in the 3N continuum. One signal arrived recently from th
study of the unpolarized differential cross section fornd
elastic scattering between 60 and 200 MeV. Continuum c
culations with 2NF underestimate the minimum by a 30%
effect ~the Sagara discrepancy!. Rigorous Faddeev calcula
tions with the inclusion of 3NF completely solve the dis-
crepancy between 60 and 140 MeV@5#. A coupled-channel
calculation with the explicit treatment of theD-isobar exci-
tation which leads to effective 3NF’s in the three-nucleon
subsystem reduces the Sagara discrepancy by a conside
large fraction@6#. Useful insights about the importance o
possible 3NF diagrams should also be obtained from t
study of pion production/absorption mechanisms in theN
system, since progress has been recently made in the t
retical treatment of these reactions at theD resonance@7,8#
and in the threshold region@9#.

At the present stage, however, the existing 3NF models
achieved only a limited success in explaining the discrep
cies between theory and experiments, and it is possible
the spin-isospin structure of the full three-nucleon force
not well understood, yet. Indeed, as is well known@1#, the
comparison between theory and experiments reveals tha
isting 3N forces do not provide the correct structure of t
vector analyzing powers, both for the protonAy0 and for the
deuteron caseiT11, while the deuteron tensor polarizatio
observables are described reasonably well. This has b
evidenced also forpd scattering below breakup thresho
@10#, where variational techniques based on the pair co
lated hyperspherical harmonic method allowed to incor
rate the effects of the Coulomb interaction. The situation
still very much the same in these days as has been poi
out also in the most recent conference on few-body pr
lems, held in Taipei in March 2000~FBXVI !.
©2000 The American Physical Society05-1
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L. CANTON AND W. SCHADOW PHYSICAL REVIEW C62 044005
This puzzling situation about the vector analyzing pow
has been carefully analyzed in two recent publicatio
@11,12#. In Ref. @11# it was concluded that, unless 3NF of
new structure could be envisaged, theNN interaction in the
3PJ states has to be modified in an energy dependent
~i.e., only for energies lower than 20 MeV!. The study im-
plicitly assumes that in this energy region the results fr
modern phase-shift analysis@13# could be possibly correcte
in the tripletp waves without affecting appreciably theNN
data. In Ref.@12# all the possibilities for solving the problem
at the level of the two-body interaction~especially introduc-
ing modifications in the3PJ channels! have been investi-
gated and then ruled out, with the conclusion that the o
viable solution to the puzzle of the vector analyzing pow
must come from a new 3NF contribution which has not ye
been taken into account. The authors of Ref.@12# suggest a
3NF of the spin-orbit type, as a possible candidate.

In this paper we discuss the dynamical mechanism wh
generate a new component to the three-body force. T
mechanism has been obtained starting from a formalism@14#
developed for the treatment of the pion dynamics in theN
system. By projecting out the pion degrees of freedom fr
that formalism one obtains a 3N dynamical equation of Alt-
Grassberger-Sandhas~AGS! type @15#, which incorporates
the spin-off of the pion dynamics beyond that already c
sidered in the 2N interaction. It has been shown@16# that the
new pionic terms in the 3N equation can be interpreted a
irreducible diagrams, contributing to the construction o
3NF. Herein, we are mainly interested in one specific 3NF
mechanism, which implies an intermediate 2N-cluster for-
mation while a pion is ‘‘in flight.’’ Since 2p mesonic retar-
dation effects do play a role here, we analyzed this role,
found that they merely act as counter terms, to be subtra
because of the presence of a known cancellation ef
@17,18#. This cancellation effect is correctly taken into a
count in the construction of all modern 3NF’s @19#. The
novelty of the approach presented herein is that we sized
effect of this cancellation more precisely, by allowing t
mechanism to adjust to the effects of the nuclear medi
This was possible only because we started from an exp
treatment of the pion degree of freedom, while it would ha
not been possible to see the effect within the more comm
‘‘instantaneous’’ approaches to the 3N force. The nature of
these dispersive effects is well known in approaches dev
to the explicit treatment of theD degrees of freedom@20#,
however a discussion of the same effects in the presenc
an explicit treatment of the pion dynamics can hardly
found in the literature.

From this new 3NF contribution we have extracted in
very natural way a specific component which acts only in
~triplet! odd waves of the 2N subsystem. We provide als
the first derivation of the partial-wave expansion of this pie
of 3N force, which can be used in current 3N calculations.
The spin-isospin structure of this 3N force implies that at
low energies the presence of the third nucleon modifies
2N subsystem in the3PJ channels, and we suggest that th
might be another possible candidate for explaining the inc
sistencies registered between theory and experiments a
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energies, at least in those cases most sensitive to the tripp
waves, such asAy0 and iT11.

II. IRREDUCIBLE 3 N-FORCE DIAGRAMS

The diagrammatic analysis discussed in this section
based on the systematic method developed in Ref.@14# to
take into account the pion dynamics into the 3N system. The
method has been originally designed for the treatment of
3N dynamics above the pion threshold and represents
appropriate, connected-kernel, generalization of the stan
Faddeev-AGS three-body equations@15,21# for the explicit
inclusion of one meson degree of freedom. In thep-3N
space, the equations are labeled in terms of modi
Yakubovsk�-type chains of partitions. In the 3N ~no-pion!
sector, the labelling structure leads to Faddeev-type com
nents. Specific rules are provided on how the pion-nucle
vertex interaction couples the two sectors. By recursive
plication of the quasiparticle/separable-expansion metho
modified 3N AGS-quasiparticle equation is obtained whe
the explicit pion dynamics is built-in. This approach h
been subsequently considered in Ref.@16# where an approxi-
mated, practical scheme for the solution of these equat
has been designed. To the lowest order, the approxima
scheme consists simply in replacing the inelastic compon
of the NN subamplitudes with their leading terms, repr
sented by suitable combinations of the pion-nucleon ver
interaction. By setting to zero also these leading terms
the pion inelasticities in theNN subamplitudes, theNN
subamplitudes become totally elastic and in this limit@14#
one re-obtains the standard 3N Faddeev-AGS equation
with 2N interactions, plus a completely disjoint standa
Yakubovsk�-GS equation@22,23# for the p-3N sector. In
this limit, the input for the two separated three- and fou
body equations are the fully elasticNN andpN t matrices.

In Ref. @16# it is discussed how to project out the pio
degree of freedom from the treatment of Ref.@14#. The result
of this procedure, i.e., cooling down the pion from th
theory, can be recast in a very appealing way if one use
finite-rank expansion of the elasticNN t matrix. There are
methods to generate these expansions, such as the E
Shakin-Thaler method@24#, and with these methods very re
liable and accurate separable expansions have been g
ated and tested@25–27#.

The new 3N equation incorporating the pion dynamic
has the standard AGS form@15#

Xab5Zab1(
c

ZactcXcb , ~2.1!

wherea, b, andc run over the three Faddeev components
the 3N system, and the only modification refers to the dr
ing term, which can be separated into the following stru
ture:

Zab5Zab
AGS1Zab

3N . ~2.2!

The first contribution is, literally, the standard AGS drivin
term, which many groups have been calculating for yea
5-2
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WHY IS THE THREE-NUCLEON FORCE SO ODD? PHYSICAL REVIEW C62 044005
while the second term represents the spin-off of the p
dynamics beyond that already contained in the 2N interac-
tion. Following Ref. @16#, it is possible to analyze all the
pion-exchange diagrams contained inZab

3N and it is found that
they all correspond to irreducible 3N diagrams, and this es
tablishes a link between thisp-3N approach and those for
malisms considering irreducible 3N diagrams as generator
of 3N interactions.

The diagrams that emerged from the analysis ofZab
3N can

be classified according to their topological structures, and
can easily recognize irreducible diagrams that are w
known. But we obtain also other diagrams which have b
overlooked, to the best of our knowledge.

The first class of diagram is represented by the diagra
reported in Fig. 1, which describes a pion rescattering b
third nucleon while being exchanged between the other t
As a matter of fact, such a 2p-exchange structure of the 3N
potential has been the only one considered in all mod
calculations. This has been pointed out also very recently
Friar et al. in Refs.@28,29#. On the upper part of the figure
is shown the Fujita-MiyazawaD-mediated interaction@30#,
which represents the prototype of this topological structu
and accounts for an important fraction of the generic p
rescattering process. In the lower part of Fig. 1 the m
general pion-rescattering process is exhibited. The ‘‘blo
represents thepN amplitude, where one must subtract
polar part ~corresponding to a nucleon propagating in t
forward direction! to avoid double counting with the nucle
onic multiple-scattering contributions, since these last
summed up to all orders in the dynamical 3N equations. The
term which must be subtracted is shown in Fig. 2 and
called sometimes the~reducible! Born term. The existing 3N
potentials differ mainly in the model calculation of thepN t
matrix, whether it is constrained by current algebra a

FIG. 1. Examples of well-known irreducible 3NF diagrams.
The Fujita-Miyazawa diagram~top! and the nonpolarpN rescatter-
ing diagram~bottom!.
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PCAC @31#, or inspired by an effective meson-baryon L
grangian constrained by chiral symmetry and current alge
@32#, or determined by effective field-theoretic methods
volving light-meson dynamics@33#, or by the more system
atic method ofxPT @34#, or finally by the form envisaged by
the Fujita-Miyazawa term@35#. Since such contributions
~and their short-range corrections! have been the subject o
very extensive studies, we really have nothing to say in
dition and will skip to the next classes.

The structure of the second class of diagrams obtained
cooling down the pion from thep-3N approach has bee
overlooked in all modern force calculations: it correspon
to the graph represented in Fig. 3. This describes a comp
correlation between one of the two nucleons exchanging
meson and the third one while the pion is ‘‘in flight.’’ Thes
diagrams should not be confused with those originated
pure mesonic retardation effects, analyzed and evalu
many years ago in a sequence of papers, in Refs.@36–38#.

As has been shown later in Refs.@17,18#, those diagrams
contributing to the 3NF with pure mesonic retardation ef
fects must be excluded because they cancel out agains
corresponding contributions of pionic retardation effe
arising from the Born term. This cancellation is correc
taken into account in the construction of modern 3NF con-
tributions@29,19,39# and occurs also when considering 3NF
retardation effects coming from the exchange of heavier m
sons@33,17#. To take into account the effects of this cance
lation we subtract from the diagram in Fig. 3 the seco
~irreducible! Born diagram shown in Fig. 4.

The reason for this subtraction can be understood in
following way: The diagram in Fig. 3 considers an irredu

FIG. 2. The reducible Born diagram. This must be su
tracted.

FIG. 3. Another irreducible 3NF diagram. The 2N-correlation
diagram.
5-3
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L. CANTON AND W. SCHADOW PHYSICAL REVIEW C62 044005
ible contribution wherein the pion propagates while a 2N
subsystemclusterizes. Obviously, such an effect does happ
above the pion threshold, since the reactionsNd→Ndp are
observed; the problem is to determine up to what extent
mechanism is relevant at lower energies, where theN
1(NN)1p channel is asymptotically closed but may still b
important as an intermediate state. The 3NF mechanism of
Fig. 3 is dynamically more complete than the one shown
Fig. 4 which has been demonstrated to cancel out agains
mesonic retardation corrections of the iterated OPEP term
Fig. 2 ~see Refs.@17,33# for details!. Therefore, it is the
difference between the two diagrams in Figs. 3 and 4 t
survives from the mesonic retardation effects and genera
new 3NF contribution. Had we replaced the full two-bod
t-matrix in this diagram by the input potential~this corre-
sponds to an ‘‘instantaneous,’’ Born-type approximatio!
then the cancellation would be matched exactly and
3NF effect would disappear. Hence, because of this inco
plete cancellation, the effectmustbe entirely attributed to the
energy dispersion of the intermediate 2N correlation, com-
bined with a ‘‘long leg pion’’ diagram.

Finally, it is possible to generate from the study ofZab
3N

other, more complicated, diagrams. In Fig. 5 it is shown j
one example. One class embraces all possibleconnected3N
correlations while the exchanged pion is ‘‘in flight.’’ On th
contrary, the diagrams of Fig. 3 represents all possibledis-
connected2N correlations while the pion is ‘‘in flight.’’

FIG. 4. The irreducible Born diagram. This also must be s
tracted.

FIG. 5. Yet another irreducible 3NF diagram. The connected
correlation diagram.
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We summarize this section with some comments. Fi
the analysis performed in this section was based on a
approach developed for the description of the pion dynam
within a nonrelativistic multinucleon context.

The more practical approach in Ref.@16# is sufficiently
systematic to generate three topologically different structu
of irreducible diagrams for the 3N force. The more genera
approach of Ref.@14# will generate additional classes of ir
reducible~and reducible! 3NF diagrams. The first diagram
matic structure that emerged is well known and is practica
the only one explored in modern few-nucleon calculatio
Then there are irreducible diagrams whose topological st
ture was not known. Most interesting is the class of diagra
considering a 2N correlation while the pion is being ex
changed. These diagrams should not be confused with
mesonic retardation effects, which produce a net cancella
amongst themselves. To our knowledge, this contribution
the 3NF has never been considered before and will be a
lyzed in the next two sections of this paper. Finally, we ha
also revealed the presence of another class based on
nected 3N correlations while the pion is being exchange
From the connected-kernel approach considered in Ref.@14#,
other more complicated classes could be produced. Their
sic building blocks, however, are always the 2N t-matrices
and thepN amplitudes, and therefore it is clear that the tw
fundamental ingredients for the construction of the 3NF are
the ones shown in Figs. 1 and 3.

III. THE ‘‘ODD’’ CONTRIBUTION TO THE 3 N FORCE

In this section, we will first derive a 3N interaction from
the irreducible 3N-force diagram shown in Fig. 3. Moreove
we will discuss how this irreducible 3NF produces a contri-
bution acting in the triplet odd-states for the 2N subsystem.

To derive a 3N interaction from the diagram in Fig. 3, w
sum all the possible diagrams corresponding to a correla
between nucleons ‘‘1’’ and ‘‘2’’ while the pion is ‘‘in
flight.’’ There are four of such diagrams and their sum pr
vides the contribution for an irreducible 3N force in one
single Faddeev component; namely the component wh
nucleon 3 represents the spectator.~This scheme of diagram
matic resummation is a very natural and automatic con
quence of the formalism discussed in Ref.@14#.! We denote
the resulting component of the 3N force asV3

3N . The com-
plete 3N interaction obviously will result from the sum ove
all three Faddeev components, or equivalently from all d
grams resulting from the cyclic permutations of the nucleo
in the four diagrams mentioned above. Hence the total 3NF
contribution will result fromV3N5V1

3N1V2
3N1V3

3N .
The componentV3

3N must be calculated according to th
expression

V3
3N5 f 1G0

(4) t̃ 12G0
(4)f 3

†1 f 2G0
(4) t̃ 12G0

(4)f 3
†1 f 3G0

(4) t̃ 12G0
(4)f 1

†

1 f 3G0
(4) t̃ 12G0

(4)f 2
† , ~3.1!

where f 1 ( f 1
†) represents thepNN vertex interaction for ex-

changed pion production~absorption! on nucleon 1,G0
(4) de-

notes the intermediate propagation of the three nucleons

-

5-4
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WHY IS THE THREE-NUCLEON FORCE SO ODD? PHYSICAL REVIEW C62 044005
the exchanged pion,t̃ 12 represents the subtracted 2N t ma-
trix, describing the correlation between nucleons 1 an
while the pion is ‘‘in flight.’’ One must observe right from
the start that one cannot identify this amplitude with t
on-shell 2N t matrix. Indeed this subtracted amplitude ente
off-shell in the diagram, and with an energy shift. And belo
pion production threshold,t̃ 12 must be real because the fre
Green’s functionG0

(4) is not singular in this region of the rea
axis.

If one now considers the first of these four diagrams w
the Jacobi coordinates depicted as in Fig. 6, using the s
approximation and assuming the process in the c.m.~center
of mass! of the system, one obtains that this diagram cor
sponds to the following contribution:

D15(
a

f pNN

mp

s1•~q2q8!

A~2p!32v
t1

aG0
(4)

3 t̃ 12S p,p8;E2
q2

2n
2vpDG0

(4) f pNN

mp

s3•~q2q8!

A~2p!32v
t3

2a .

~3.2!

With the sum overa it is intended that all three isospi
components of the pion field are summed up~in pseudo-
spherical representation!, while n is the reduced mass of th
spectator nucleon with respect to the c.m. of the pair.

To derive the final expression of this diagram, we will u
the static approximation. Originally, the Green’s function
the left should read

G0
(4)5

1

E2p2/2m2q2/2n2vp

, ~3.3!

and similarly the one on the right should be

G0
(4)5

1

E2p82/2m2q2/2n2vp

. ~3.4!

Using the static approximation, we assume that

E.
p2

2m
1

q2

2n
.

p82

2m
1

q2

2n
. ~3.5!

FIG. 6. Notation on the 3N Jacobi momenta used in the text.
04400
2

s

tic

-

In this case, both Green’s functions on the left and right
t̃ 12 can be approximated by the same expression, namel

G0
(4).2

1

vp
. ~3.6!

We introduce alsoQ as the momentum transferred by th
pion, Q5q82q, hencevp5Amp

2 1Q2.
The subtractedt matrix is estimated according to the e

pression

t̃ 12S p,p8;E2
q2

2n
2vp~Q! D5t12S p,p8;E2

q2

2n
2vp~Q! D

2v12~p,p8!, ~3.7!

where the potential-like termv12(p,p8) contains only OPE/
OBE-type diagrams. The quantityt̃ 12 depends on the Jacob
momentap, p8, q, andq8 in a complicated way. The impor
tant feature, however, is that the energy of the 2N subsystem
is shifted to negative values by the spectator kinetic ene
and by the mesonic termvp . In the case of heavier meson
(vx@vp) the 2N energy becomes so negative~large in ab-
solute value! that t12 is close tov12, and hence the two
quantities almost cancel each others. As we will see furt
on, with the pion the results are quite different because
meson—the Goldstone boson of the underlying ch
theory—is so light.

One has to repeat the same derivation also for the o
three diagrams and sum over all the contributions. As a
sult, the third Faddeev component of the irreducible 3N
force generated by the four terms given by Eq.~3.1!, can be
expressed as

V3
3N5

f pNN
2

mp
2

1

~2p!3

3F ~s1•Q!~s3•Q!~t1•t3!1~s2•Q!~s3•Q!~t2•t3!

vp
2 G

3
t̃ 12~p,p8;E2q2/2n2vp!

2vp

1
f pNN

2

mp
2

1

~2p!3

t̃ 12~p,p8;E2q82/2n2vp!

2vp

3F ~s1•Q!~s3•Q!~t1•t3!1~s2•Q!~s3•Q!~t2•t3!

vp
2 G

~3.8!

and the total contribution to the 3N force will be given by
summing up this contribution together with those obtain
from this by cyclic permutations of the three nucleons.
5-5
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This formula implies several aspects on which we wo
like to comment.~i! We have used the nonrelativistic redu
tion of thepNN vertex.~ii ! We have neglected nucleon re
coil effects on the basis that the pion massmp is much
smaller than the nucleon mass,M. ~iii ! We have made use o
the static approximation, implying that the pion ‘‘in flight’
exchange momentum but not energy with the nucleon 3.~iv!
The form of the force obtained above is made symmetr
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by the combined sum of the four diagrams, and below p
threshold the resulting expression is Hermitian, beingt̃ 12
real.

It may be convenient to transformV3
3N introducing the

spin and isospin operators for the 2N subsystem,S125s1
1s2 , andT125t11t2 , respectively. Then it is a matter o
simple algebraic manipulations to rewrite Eq.~3.8! in the
following form:
V3
3N5

f pNN
2

2mp
3

1

~2p!3

~S12•Q!~s3•Q!

mp
2 1Q2

~T12•t3! t̃ 12S p,p8;E2
q2

2n
2mpD1

f pNN
2

2mp
3

1

~2p!3 t̃ 12S p,p8;E2
q82

2n
2mpD

3
~S12•Q!~s3•Q!

mp
2 1Q2

~T12•t3!2
f pNN

2

2mp
3

1

~2p!3

~s1•Q!~s3•Q!

mp
2 1Q2

~t2•t3! t̃ 12S p,p8;E2
q2

2n
2mpD

2
f pNN

2

2mp
3

1

~2p!3 t̃ 12S p,p8;E2
q82

2n
2mpD ~s1•Q!~s3•Q!

mp
2 1Q2

~t2•t3!

2
f pNN

2

2mp
3

1

~2p!3

~s2•Q!~s3•Q!

mp
2 1Q2

~t1•t3! t̃ 12S p,p8;E2
q2

2n
2mpD

2
f pNN

2

2mp
3

1

~2p!3 t̃ 12S p,p8;E2
q82

2n
2mpD ~s2•Q!~s3•Q!

mp
2 1Q2

~t1•t3!. ~3.9!
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Here, we have also approximated the two normalization f
tors of the pion field, i.e., the two square roots in the deno
nators, as

1

A2vA2v
.

1

2mp
, ~3.10!

and we have shifted the 2N amplitudes by the pion mas
mp , in place ofvp . These approximations are really n
essential, but they simplify considerably the formulas of
partial wave expansions, without really altering the phys
It is clear, however, that a more consistent calculation
quires the employment of the exact expressions.

Both expressions~3.8!,~3.9! are symmetrical at sight. Th
latter one has the advantage that it is possible to isolate f
the rest the contribution given by the first two terms, whi
we rewrite as

V3* 5
f pNN

2

2mp
3

1

~2p!3

~S12•Q!~s3•Q!

mp
2 1Q2

~T12•t3!

3 t̃ 12S p,p8;E2
q2

2n
2mpD1H.c. ~3.11!

The remaining part ofV3
3N , i.e., the sum over the last fou

terms, mixes together the spin components of nucleon 1 w
the isospin components of nucleon 2. We will not discu
further this contribution and leave it for future studies. T
c-
i-

e
.
-

m

th
s

last four terms in Eq.~3.9! is just one of the many irreducible
contributions which should be added up to build the f
spin-isospin structure of the 3N interaction.

In the following, we will focus the attention onV3* ,
which has an interesting spin-isospin structure since it
pends only on the spectator and pair coordinates. Becaus
the presence of the spin-isospin operatorsS12 andT12, such
term vanishes unless the 2N pair is in a triplet state forboth
spin and isospin coordinates. And since the nucleon p
must be in an antisymmetric state because of the genera
Pauli principle, then the allowed orbital momentum of t
pair can be only odd. This means that this contribution to
irreducible 3N force acts only in triplet odd states (3PJ
waves, 3FJ waves, etc.! of the two-nucleon subsystem. I
other words, the third nucleon, by means of this contribut
modifies selectively the triplet odd states of the 2N sub-
system with respect to a free, isolated nucleon-nucleon p
We believe that this mechanism can possibly modify tho
observables particularly sensitive to the tripletp andf waves
and might therefore affect also the nucleon-deuteron ve
analyzing powers.

IV. PARTIAL WAVE DECOMPOSITION

We provide the partial-wave decomposition ofV3* . We
will work in the so-called channel spin coupling since this
the most natural scheme for nucleon-deuteron scattering

The channel-spin coupling is defined according to the f
lowing notation:
5-6
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w5$@~ ls! j s#KL%GGz , ~4.1!

wherel, s, and j represent, respectively, the orbital mome
tum, spin, and total spin-angular momentum of the p
~hence,s represents the quantum number associated to
operatorS12). The total spin of the pairj is then coupled with
the intrinsic spin of the spectators51/2 to provide the so-
called channel spinK. And finally, this is coupled to the
orbital angular momentum of the third nucleonL, to give the
total angular momentum of the 3N systemG and its azi-
muthal componentGz .

We observe thatV3* has an interesting structure in th
pair-spectator coordinate system. The structure is that
OPE contribution, but in the spectator coordinates, mu
plied by a full 2N interaction depending on the internal c
ordinates of the pair. Given this structure, it is not so diffic
to perform the partial wave decomposition ofV3* . Indeed,
one can consider the spectator coordinates and separat
3N potential into a spin-spin component and a tensor o
following the standard procedure for the OPE term~see, e.g.,
Refs.@40,41#!,

~S12•Q!~s3•Q!

mp
2 1Q2

5
1

3F2
mp

2

mp
2 1Q2 ~S12•s3!

1
Q2

mp
2 1Q2S12~Q̂!G , ~4.2!

where (Q̂) is the angular part of the spectator momentu
and S12(Q̂)53(S12•Q̂)(s3•Q̂)2(S12•s3) is the tensor op-
erator.

In the above equation, we have neglected the con
term, on the grounds that its contribution will be unavoidab
smeared out when taking into account the extended struc
of the sources of the meson field. The extended nature o
sources have to be included inV3* by means of phenomeno
logical pNN form factors. In a fully consistent calculatio
these form factors should be the same as those used in
standard 2N OPE contribution. ThenV3* is completely fixed
by the full expression of the 2N potential.

For the spin-spin part ofV3* , we obtain the following
partial-wave decomposition:

^p,q,wuV3* ~spin2spin!up8,q8,w8&

5dss8ds1dLL8dKK8dGG8dGzGz8
ĵ ĵ 812

2

p
I L~q,q8!

3~2 ! l 1 j 1K1 j 81 1/2H 1 j j 8

l 1 1 J H 1 j j 8

K 1
2

1
2
J

3F t̃ 12S p,p8;E2
q2

2n
2mpD G

l l 8

j 8s8 1

2mp
1H.c. ~4.3!

For the tensor-spin component the decomposition in p
tial waves is slightly more complicated, being
04400
-
ir
he

a
i-
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,

ct
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r-

^p,q,wuV3* ~ tensor!up8,q8,w8&

5dss8ds1dGG8dGzGz8
ĵ ĵ 8K̂K̂8L̂L̂812

2

p
A30I LL8~q,q8!

3~2 ! l 1 j 1G1K8S L 2 L8

0 0 0 D H 1 j j 8

l 1 1 J
3H K 2 K8

L8 G L J H 1 j j 8

1 1
2

1
2

2 K K8
J

3F t̃ 12S p,p8;E2
q2

2n
2mpD G

l l 8

j 8s8 1

2mp
1H.c. ~4.4!

The two quantitiesI L(q,q8) and I L,L8(q,q8) represent
well known Fourier-Bessel transforms of Yukawa-type fun
tions

I L~q,q8!52
f pNN

2

12p E
0

`

j L~qR! j L~q8R!S e2mpR

R DR2dR

~4.5!

and

I LL8~q,q8!52
f pNN

2

12p E
0

`

j L~qR! j L8~q8R!

3Fe2mpR

R S 11
3

mpR
1

3

~mpR!2D GR2dR.

~4.6!

The resulting analytical expressions for these integrals
well known @42#.

Finally, the potential matrix elements for the spin a
tensor parts must be multiplied by the isotopic compone
which is the same in both cases:

^~ tt!TTzu~T12•t3!u~ t8t!T8Tz8&

5d tt8d t1dTT8dTzTz8
12~2 !3/2 1TH T 1

2 1

1 1 1
2

J . ~4.7!

Heret51/2 is the isospin of the spectator nucleon,t is the
isotopic spin of the 2N pair, andT is the total isospin of the
3N system. As ought to be expected, only for isovector pa
is this matrix element nonzero.

Equation ~3.11! represents an OPE potential in th
spectator-pair coordinates, times a subtracted 2N t matrix
for the internal coordinates of the pair. This 2N amplitude is
quite off shell, because of the presence of a pion-excha
term, in addition to the standard shift due to the specta
nucleon. In the limit of a heavy meson exchange (mx→1
GeV! the energy of the 2N subsystem will be large and
negative, andt12 will be dominated by its Born OBE term
v12. Hence the effect of this 3NF is suppressed becaus

approximatelyt̃ 12.0. On the contrary, as shown in Fig. 7
5-7



u
en

n-

to
an-
that
f

this

he-

ac-
not
nd

to
-

the
s.

een
give

n

hich
-
e-
on-

oth-
ion-
hat

the

sup-
tion
of
le
x-
r-
urs
son

re-
,
-
y

an

L. CANTON AND W. SCHADOW PHYSICAL REVIEW C62 044005
for the lightest meson, a 15–30 % effect~at least! survives
from the cancellation and this generates the ‘‘odd’’ contrib
tion to the 3NF. The figure shows the comparison betwe
the unsubtracted~solid line! and the subtracted~dashed line!
t matrices, for a 2N energy of2150 MeV, consistent with
the calculation of the diagram shown in Fig. 3. Thet matri-
ces have been calculated in the relevant tripletp states, with
the BonnB potential@41#, which is of OBE type. Then the
subtracted amplitude is given simply by Eq.~3.7!. The lines

show thet12 and t̃ 12 amplitudes as a function of the mome

FIG. 7. Effect of the subtraction in the tripletp waves. The full
line represents the unsubtracted 2N t matrix for E52150 MeV
and p850.89 fm21 while the pion is ‘‘in flight.’’ The dashed line
shows the same amplitude when mesonic retardations~discussed in
the text! are subtracted. A 15–30 % effect survives from the c
cellation. This generates the new 3NF component.
04400
-

tum p, while p8 was fixed at the valuep850.89 fm21. With
other values ofp8 we found the same effect. Also, in order
show that the cancellation could not produce an overall v
ishing result we made a more stringent test, by assuming
when the mass of the particle ‘‘in flight’’ is of the order o
L.1 GeV, then the diagram of Fig. 3 is canceledexactly
against the mesonic retardation corrections of Fig. 4. In
case, the subtractedt matrix entering in thepionic diagram
can be evaluated according to the expression

t̃ 12S p,p8;E2
q2

2n
2vp~Q! D't12S p,p8;E2

q2

2n
2vp~Q! D

2t12~p,p8;2L!, ~4.8!

and this expression can be employed with all types of p

nomenologicalNN potentials. We checkedt̃ 12 for an energy
of the 2N subsystem around2150 MeV, for the BonnB and
for the Paris potential@43#, and with both interactions we
found that a 10–20 % effect was surviving after the subtr
tion, thus providing evidence that the cancellation can
hold exactly and simultaneously in both cases of light- a
heavy-meson exchanges. However, it is also possible
modify the behavior of the 2N amplitude in this energy re
gion, so that to obtain a 3NF contribution of larger or
smaller size, without obviously altering the constraints to
2N amplitudes from comparison with phase-shift analyse

V. SUMMARY AND CONCLUSIONS

As discussed in the Introduction, discrepancies betw
theoretical calculations and experimental measurements
a clear indication that 3NF’s of new structure are badly
needed. The existing 3NF models do not seem to provide i
full the correct spin-isospin structure of the 3N force.

In this paper, we have suggested a new mechanism w
generates an irreducible 3NF whose structure is topologi
cally very different from those explored up to now. Ther
fore, the force generated by this mechanism should be c
sidered as an additional contribution to the full 3N
interaction. This mechanism is generated under the hyp
esis that the standard few-nucleon dynamics and the p
exchange processes are intertwined more strongly than w
has been generally assumed up to now. In particular, it is
intermediate formation of a virtual 2N cluster during a pion-
exchange process that gives rise to this new 3NF term. In an
instantaneous approach, such a mechanism is 100%
pressed because of the presence of a well-known cancella
effect which involves the meson-retardation corrections
the reducible Born term of Fig. 2 as well as all possib
irreducible 3NF diagrams obtained by subsuming the e
change of two pions in their variety of possible time orde
ings. It was known also that the same cancellation occ
when considering similar processes involving heavy-me
exchanges.

We have sized the effect of this cancellation more p
cisely by considering a complete 2N rescattering process
not just its Born term~of Fig. 4!. This was possible by ex
trapolating theNN t matrix downwards to negative energ

-

5-8
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by a shift given by the spectator kinetic energy and by
relativistic energy of the meson. The result of this study
veals that a 15–30 % contribution survives from this canc
lation in case of a cluster formation while a pion is ‘‘i
flight.’’ Instead, the cancellation is more pronounced wh
considering the same process while a heavy meson in
flight.’’ The reason for this difference can be entirely attri
uted to the fact that the mass of the pion is approxima
comparable to the average momenta exchanged betw
nucleons in nuclear process, while the mass of the hea
mesons are larger.

We have studied the spin-isospin structure of the 3NF
generated by this new, pion-induced mechanism and we h
extracted an important contribution which selectively op
,

w
.
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ates in the triplet-odd waves for the 2N subsystem. While we
acknowledge that the way to fully understand the sp
isospin structure of the 3N interaction is still long and diffi-
cult, we conclude that this new term may possibly contrib
to this structure, especially by affecting those spin obse
ables most sensible to the3PJ waves, such as theNd vector
analyzing powers.
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