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Abstract
A summary of the bound-state working group session of the "International Symposium

on the Three-Body Force in the Three-Nucleon System" is presented.



Introduction

The trinucleon bound state is the natural testing ground for most of our efforts
to determine the effects of three-nucleon forcealné. The existence of these forces,
which derend on the simultaneous coordinates of three nucleons, arises from
neglecting non-nucleonic degrees of freedom, such as the excitatien of a nucleon in
an intermediate state between two exchanges of mesons. Three-body forces are
additional forces which may have to be taken into account to explain the binding
energies of nuclei for A23. 1In the trinucleon system typical three-nucleon forces
change the binding enerpy by 5-15 percent, although they generate a much smaller
fraction (1-2%) of the total potential erergy. This relative smallness has provea
to be a serious probtlem because, uutil recentlys, the reliability of calculations
was insufficient and there was considerable uncertainty over the accuracy of the
wavefunctions (needed to calculate observables) and eigeovalues.

This symposium has shown that considerable progress has recently been achieved.
In particular the calculation cf the trinucleon hound-state properties due to two-
body interactions is now well under control. The different numerical techniques
used by various groups show remarkable convergence in the binding energies at a
level of accuracy of about 10 keV,

In the traditional Faddeev6 procedure, the two-nucleon potential is partial-wave
projected and written as an infinite series of terms, cach tert of which acts only
in a given nucleon-nucleon partial wave (e.g., 1SO). This infinite series is made
finite oy truncation, and the truncated problem is solved "exactly" in a numerical
sense. Each of these partial-waves for an interacting pair of particles can be
coupled to the partial wave of the remaining (spectator) nucleon to form a three-
nucleon partial-wave or 'channel”. A decade ago standard calculations usually
included all positive-parity nucleon-nucleon partial waves with total angular
momentum J<1, or 5 channels. Hajduk and Sauer5 implemented a very accurate
procedure in momentum space for solving the bound-state Faddeev equations with
two-body forces, and improved the original 18-channel (J<2) calculations of
Brandenburg and Kim7 te high accuracy. Recently, the Los Alamos g:oup8 (Chen,
Payne, Friar, and Gibson) and the Sendai group9 (Sasakawa and Ishikawa) have
extended this to 34-channels (J<4). These calculations have established that the
partial wave series has converged, and any error due to a truncation of the
(infinite) partial-wave series is almost certaiuly less than 10 keV. Moreover,
numerical methods 0xintlo where the wavefunction has the same level of accuracy as
the eigenvalue, implying a high degree of confidence in the accuracy of matrix
elements, or observables.

This contiderce in our celculational techniques for the trinucleon bound states
allows uk for the first time to 1nvestigate the effect of three-nucleon forces in a
reliable and systematic way. We also should critically examine the effects of a

relativistic treatment of nucleon motion and the presence of explicit non-nucleonic
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degrees of freedom such as pions, isobars, quarks, etc. One of the difficulties of
this problem is that there ic 2 certain overlsp between these phenomena, so in
principle they should not be tireated separately. We should recall that the
discovery and demonstration of significant contributions (10-20 percent) to the
electromagnetic current from intranuclear pions in few-body systems is one c¢f the
major success stories in nuclear physics in the recent past.k No such unambiguous
demonstration exists for relativistic effects and three-nucleon interactions, and
that is one of the reasons for +his symposium.

The three-nucleon force is not a fuadamental quantity; its description depends
11-13

12,13

on tne theoretical approach Two very different techniques are used. The most

direct and popular approach is to "freeze out" non-nucleoric degrees of freedom
and to include them as separate three-pucleon potentisl operators. A more ambitious
approach is to treat explicitly the new degrees oi freedom associated with non-
nucleonic ccmponents. This has the advantage of providing s more unified approach,
but at the expense of greater computational complexity. The latter approach has

been implemented by Hajduk aud Sauer11

, who include (single) A components in the
wavefunction, so that three-nucleon forces mediated by a single A are implicit in
their formalism. This unique calculation is truly "un tour de force."

Significant componentsa of the two-pion-exchange three-nucleon force are known
to be of relativistic order: (v/c)z. Those components can be viewed scnematically
as Vi/ﬂcz, vhere Vn 1s the two-body OPEP and M is the nucleon mass. This
obrervation allows one to make an estimate o€ their size, 1 MeV, siance <Vn> 18
roughly 30 MeV. Tais is 2 percent of the total potential energy of approximately 50
MeV.

The mesonic and other non-nucleonic processes in the triton ground state also
have their three-body force analogues in the medium-energy scattering of pions and

protons from nuclei, shown below.
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The scattering of a pion from the (exchanged) pion cload in the aucleus showa inp
(1a) is8 a true three-body force, while the Z-graph for proton- nucleus scattering
depicted in (1b) is a three-body force effect implicitly included in Dirac

treatments of the proton projectile.



Experimental Evidence for Three-Nucleon Forces in Trinucleon Ground States

The experimental evidence for three-nucleon forces has centered on two ground-
state properties: the tritium bindirg energy and the trinucleon form factors. We
discuss the binding energy first.

The tritium binding energy is 8.5 MeV, while that of 3He is 764 keV less. The
binding energy difference has been : persistent problem.la The best estimates of
the Coulomb energy, AEC, have been by means of the bhyperspherical formula, an
approximation developed independently by Fabre de la Ripelle15 and Friar.16 This
approximation, which is accurate at the one percent level, writes the Coulomb energy
as an integral over the trinucleon charge form factors. The latter can be taken
from experiment, which leads to an estimate of AEC Z 640 keV. Most of the remaining
charge-symmetry breaking (CSB) is believed to arise largely from short-range
processes. Estimates of three-body-force CSB contributions have been made by Yangl7
and are typically a few keV.

Five 'realistic" two-body potentials have been calculated in the 34-channel
approximation by the Los Alam058 and Sendai groups.9 These are the Reid Soft Core,
Argonne le' Super Soft Core (C)}, de Tourreil-Rouben-Sprung, and Paris potentials.

There is not yet complete agreement among resultss’g’18

for the latter case. All of
the binding energier are approximately 1 MeV too low. This has prompted intense
speculation that three-bndy forces are responsible for the defect, although all of
these calculations have been nonrelativistic and this approximation might also be
responsible for a significant part of the discrepancy. We also indicated earlier
that a significant component of the two-pion-exchange three-body force was of
relativistic order. Those calculations of relativistic corrections (without 3BF)
which have been performed to date are inconclusive, with a substantial cancellation
between the relativistic corrections to the potential energy (repulsive) and the
kinetic energy (attractive).

Caiculations using three-body forces are still in their infancy. Early efforts
invelved first-order perturbation theory and 5-channel wavefunctions. It was later
shnwnlq that beth approximetions are inadequate. A minima of '8 chaunels s
required for a reasonable approximation to the correct answer, and the 34-channel
approximation is much better. Moreover, at least third-order perturbation theory is
required for certain of the three-body force models. The calculations with explicit
three-body potentials, such as the Tuvson-Mtlhournelz, Brasilian13, and Urbana-
Argonnrzn forces, have yielded rou hly 1.5 MeV additional binding, largely
independent of the two-body potential, for the most commonly used versions of these
mode{s. Unfortunately the calculations have indicated a high degree of sensitivity
to the short-range behavior, mediated by the n-nucleon form factor. The
calculations indicated nhovrlq used a monopole form factor mass of roughly (A =) 80O
MeV, which is equivalent to a Goldbsrger-Treiman (G-T) disrrepanvyZI of 3 percent.

Using the full 6 percent G-T value (A = 500 MeV) leads to much less additional
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binding, while the value of A = 1200 MeV from N-N potential fits leads to much more
binding. None of these calculations included the momentum-dependent terlszz. and
the TH and Brasilian forces in their originel forms did mot include short-range
comp>nents from the exchange of heavier mesons. Both groups bave extended their
23,24 to include pp and pn 3BF with the 2n2BF (typical components are

shown below in Fig. 2), but no realistic calculations of their contributions have

techniques

yet been made. Crude esti-ates‘s indicate contributions of roughly 20 percent of
the 2n2BF contributions.
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Figure 2.

The other calculational technique which has been implemented is the Hajduk-Sauer
method11 employing explicit A's. Their result also gave a large A-mediated 3BF
contribution when the A was forced to be static, but this was reduced when the
complete A-propagator was used. Moreover, the two-body force contribution is
modified when A's are added, and a "dispersive' correction must be made to account
for this. The net result is a small (.3 MeV) increase in binding for this model.
The wide discrepancy between this method and the previous one is discussed further
in the next section.

The other traditional observables of the trinucleon are the rms charge radii,
the probabilities of wvarious wave function components, and the asymptotic
normalizations of various wave function components. All of these are expected to be

sensitive to the binding energy. In particular, the mean-square radius should be

heavily dependent on the asymptotic form of the wave function Nf_Kp/ps/z, wvhere K is
bl
proportional to HHI/‘ and EH in the triton binding energy. Thus, we expect that
2,12 1/2

<r-» ~ I/EB Thic has been found to be approximately true by the Los Alamos
group,zo and the rms charge radii extrapolated to the physical binding energy are in
sgreement with the most 1ecent Saclay data and analysis, presented at this symposium
by Hnrlino.27 For e, a'l of the data sets agree within “he quoted experimertal
uncertainties; the lacgeast renormalization factor is less than 3%. For YH, on the
other hand, the disagreement between the normalization of the different datn setls
may exceed 104, The experimental values of the charge rms radii which correspund to

the best it are the follnwing:



3, <r?>¥ = 1.81(5) fm ,
3He: <r2>* = 1.93(3) fm ,

and charge radii for pointlike nucleons,

SH: <r?>¥ - 1.66(6) fm ,
e: <r2>? = 1.74(3) fm .

The error for 3H is twice the error for 3He. The recent MIT measurements presented
by Beck at this workshop should reduce this error by a determination of the absolute
normalization of the data to better than 2%. This experiment had just been
completed at the time of this workshop, and the resulis of their analysis are
expected in the near future. At present the values of the charge radii presented by
Martino are in reasonable agreement with theoretical calculations which give the
correct triton binding energy. This indicates that it is the binding energy alone

which constrains mnany of the observables. The Sendai groupzs

has analyzed the
asymptotic normalizations with the same conclusion: when the binding energies are
correct, the calculated asymptotic normalization components agree with experiment,
although the trinucleon data are not very accurate. The mixed symmetry S-state
(denored $°) component of the wave function is also very sensitive to the binding
energy. It and the D-wave probability are not observnbleszg, however (i.e., they
cannot bc measured). The latter for the triton is very close to 3/2 times the
corresponding D-wave probability of the deuateron for a given two-body force model.26
The three-body force tends to increase8 the latter probability slightly (~10-20
percent).

The remaining ground state observables which have commanded attention lately are
the form factors of the trinucleon ground stntes.27'30'3l T!ie magnetic form factors
are dominated by meson-exchange rurrents.a Their sensitivity to the three-nucleon
force is small), and they are studied primarily to learn about the exchange currents.
The 'He charge form factor30 has been a problem for theorists since it was first
measured. The original Stanfora mensurenenls328 sl owed that thi+v form factor has a
diffraction minimum at q2 ~ 11 ln—z, and a very larg: secondary maximum. The high-
q2 measuremenls32h at SLAC found suggestions of a second diffraction minimum. The
conversion of these form factor data to an "experimental” chairge density by Sick??
led to the appearance of an unexpected, deep "hole" near the origin. The
interpretation of this hole is controversial, because it depends on significant
the.retical assumption: and somewhat arbitrary extrapolations. Nonetheless, it
points graphically to a serious problem: impuise approxisation cnlrulntionsll
(dsshed lines 1u Fig. 3) underestimat: significantly the size of the secondary
maximue in the form factor. Recently, after nearly two decades of anticipation,
Sn(lny27 extended the early Stanfecrd measurements of the tritjum charge form
farloraln to large values of qz. These eagerly awaited date, and those of the MIT

. 3 .
exprrlnrmt’ now being completed, demonsitrate that the same secondary maximum
2 ..
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Fabre de la Ripello34 was the first to suggest that the peculiar properties of
three-nucleon forces might solve both problems (bincing and form factors). In the
impulse approximation, the charge density, pch(r), measures the average distance
trom the trinucleon center-of-mass to a proton. If r is zero, the nucleons are
constrained to lie in a straight line. The binding energy is largely determined by
the amount of isosceles (roughiy ecquilatersl) configuration in the wave junction.
The latter component c¢an be influenced by different considerations than the
collinear configurations which determine pch(O). One of the features of three-body
torces which persists in the classical, atomic, solid state, and nuclear domains is
that these forces are vervy angle dependenta: they are highly sensitive to the
angular orientation of the three objocts. It is entirely possible for the three-
body force to be repulsive in the collinear configuration and reduce pch(O), while
being attrrctive in the isosceles configurations which largely determine the
binding. The commonly used three-nucleon force models have this property,

Calculations of the Grcnoblr-MontrealBS, Hannoverll, Sendaizs, and los Alamos
aroups]q have shown that the charge foim factors are, indeed, increased by the 3BF

(by up to 50 percent) in the secondary meximum, while igpulse approximation
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calculations are roughly a factor of 3 too small. The desired effect exists, but is
too small, at least for those 3BF models which have been used to date.

Suggestions that meson (pion)-exchange currents in the charge operator, pn(r),
which are of relativistic order, might significantly alleviate the problem led to
early calculational success for 3He.35 Unfortunately, most of these calculations
used the pseudoscalar (PS) n-aucleon coupling model version of the currents. This
model is known to make unphysical predictions which are at variance with chiral
symmetr'y.36 The more realistic pseudovector (PV) model produces smaller effects for
3He, but gives better agreement for 3H (solid lines in Fig. 2). Unfortunately, two

furtaer problems with these currents cloud the issue badly.z"37

One is the fact
that pn(r) contains a wide variety of momentum-dependent terms, and these have never
been calculated for the trinucleons. They are known to be as important as the local
terms in the case of deuteron forward photodisintegration.38 The second problem is
that the form of pn(r) is ambiguous, as a result of its relativistic origin, and the
form used for this operator should be accompanied by a corresponding two-nucleon
22,37 1¢ this

scenario is followed, matrix elements are unambiguous. Unfortunately, modern

potential which contains relativistic corrections nf a specific form.

"realistic" potentials have <i(he wrong functional forms to accommodate these

relativistic corrections. A resolution of all these problems does not yet exist.

Future Research Theoretical

A number of theoretical problems exist which must be resolved. Several
relatively easy calculations with realistic two-body forces need to be performed.
The contributions of the various three-body force models need to be broken down into
their separate compcnents, and the most important ones identified. In addition, the
momeutum-dependent terms in the Tucson-Melbourne potential should be evaluated. The
new p-nt and p-p contributions to the TM and Brasilian forces should be incorporated
and their effect determined.

Several more difficult problems remain. The short-range behavior of the 3BF
dominates the bound-state binding. If anything approaching a definitive answer to
the question »f how much binding is due to three-body forces is to be found, we must
thoroughly investigate ways to categorize and treat this problem. The cufrent
results are problematic.

The differences between the Hajduk-Sauer approachll and the more standard 3BF
~nproach utilizing explicit potentials must be resolved. The HS calculation,
because of its enormous complexity, involved a pumber of compromises. It also
treated certain aspects of the physics better than they have been treated by others.
The strength of this method is that it is a unified model, with physical input
ranging from the bound-state regime to the intermediale-energy regime. It is
capable of treating tne A as a nonstatic object, because the A's kinetic energy, T

AY
is included in the A propagator together with the kinetic energy of the nucleons,
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TN’ and the A-N mass difference, AM: [-E + TA + T

Nt AM]-I. This propagator is
approximated by Al‘l-1 in conventional 3BF models. In addition the HS approach
included the potential energy of the remaining two nucleons in the propagator, but
not the A-N interaction, which is not weil known in any event.“ Nevertheless, the
large effect of the kinetic energies (>0) in the A-propagator, found by HS to reduce
the A's contribution, is partially cancelled by the potentiai energy. The standard
approach assumes thet the cancellation is complete. This should be thoroughly
investigated. Moreover, the "dispersive' two-body effcct which also subtracts from
the binding is at least vpartially reflected in standard fornulations22’37 as
shorter-range three-body forces. This relationship should also be thoroughly
investigated. It ‘s imperative that the relatioishjp between the standard model
A-contributions ana those of the HS model be well understood.

Finally, in the long term a fully relativistic formnlation of fhe Faddeev
equation for Dirac particles needs to be developed and impler-~uted. If this model
is capable of lacorporating sufficient phenomenology, many gquestions can be
answered. At present only boson formulations have proven tractable.39 Because over
50 percent of the binding comes from the itensor force, the latter exercises are

useful, but nect definitive.

Future Research Experimental

We believe that the future of 3 nucleon physics lies in the continuum. There
are neveirtheless several experimental improvements which can be made that will
improve and strengthen our knowledge of the bound states.

The recent experiments31 on the tritium form factors at Saclay and MIT will
provide new chaljlenges to theorists, will eliminate uncertainties, and constrain
theoretical p.edictions. It would be worthwhile to extend these measurements to
very high q2(§100 fm-z), corresponding to the 3He measurements at SLAC. It would
also be very worthwhile to measure the 3H and 3He form {actors together at low q2,
so that the rms radii could be accurately determineud together. This would complete
our (experimental) understanding of these form factors. In addition, the asymptotic
normalization constants are not very well known and do not seriously constrain
theoretical models.

A recurr-iug question about the credibility of the theoretical calculations of
the trinucleon binding energies is: how well dc we kuow the nucleon-nucleon forces?
Ignoring the problem »f off-shell behavior, which to some extecnt is addressed
already in 3BF construction22'37, the primary concern lies in the tensor force
determined by the ou-she'l data. More than 50 percent of the binding energy of the
trinucleons comes from the tensor force, and much of the variance between two-body
force model results can be traced to the tensor force. New experimenta: information
on tensor observables in the two-body problem would be very welcome. One experiment

of this type has begun at SIN, and was presented at this symposium by Pickar.“o
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Conclusions

A dozen years ago virtually nothing was known about three-nucleon forces. 1In
the intervening years we have learned to solve routinely the trinucleon bound-state
Faddeev equations for what amounts to the complete (model) nucleon-nucleon
potential, and to include complicated three-nucleon forces as well. The art of
constructiug those forces has dramatically improved, and modern versions of these
forces contain compoaents derived from the exchange of heavy mesons, in addition to
pion exchange. Experimental sophistication in probing the tricuclecn ground states
has made similar improvements. The recent Saclay end MIT tritium form factor
experiments have finally unrevelled the isospin structure of the trinucleon charge
densities, and have generated new challenges for theorists. Although there are few
definite conclusions yet and much remains to be done, the progress has been
exceptional. Perhaps it is not too pretentious to quote the final frame of the

movieal, Destination Moon: '"This is the end of the beginniug."
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