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111. PROGRESS REPORT 

There are 15 manuscripts and 7 conference talks which were published, submitted for pub- 
lication, or nearly completed during the past year. They are the first 22 references in Sec. 
VI. 

This section will describe the most significant results to emerge from recent work done 
by the W&M group, and the Ph.D. thesis work of Rick Kahler, a student who just received 
his degree in September, 1996. These include results from the first complete relativistic 
calculation of the three body binding energy, a new covariant calculation of the deuteron 
form factors, and a study of the origin of the effective scalar exchanges which are needed in 
the OBE models. 

Covariant calculation of the binding energy of three nucleons 

Perhaps the most significant work supported by this grant has been the development of 
the manifestly covariant three-body spectator (or Gross) equations for three identical spin 
1/2 particles, and the use of these equations to obtain an accurate numerical result for the 
binding energy of the trition. This is the work of Alfred Stadler (the postdoctoral associate 
previously supported by this grant) and the PI, and is a major effort which extended over 
more than a three year period. Preliminary results were reported in conference proceedings 
[5,11,15,17,18], but the first journal article describing these calculations will be Ref. [ZO]. 

The three-body spectator equations were first introduced and applied t’o scalar particles 
by the PI in 1982, and then extended to the case of three spin 1/2 particles in lectures given 
at the University of Hannover soon afterward. Briefly, they are covariant equations which 
restrict two if the three intermediate particles to  their positive energy mass-shell. This 
gives a manifestly covariant set of equations which have the same number of momentum 
variables as nonrelativistic Faddeev equations. The mass-shell constraints can be shown to 
be equivalent to a reorganization of the Bethe-Salpeter equation which will, in some cases, 
improve convergence. Stadler found a more tractable form for the equations, and solved 
them numerically using computers at Jefferson Lab and NSERC. A complete theoretical 
derivation will be submitted for publication soon [21]. 

The numerical results given in Ref. [20] and shown in Fig. 1 were obtained for a family 
of covariant one boson exchange (OBE) models of the N N  interaction. In each case, the 
parameters of the OBE model were adjusted to give the best fit to the two-body data and 
the deuteron binding energy, and then the three-body binding energy was calculated. After 
the parameters are fixed by the two-body fit, the three-body binding energy is uniquely 
determined. A particular feature of these models is that they include phenomenological 
scalar 0 (with I = 0) and scalar S ( I  = 1) meson-nucleon-nucleon couplings ( s N N )  couplings 
of the form 

This is the most general f o m  of the sNN vertex, but as far as we know the off-shell scalar 
couplings which depend on v, and K, have never been studied previously. The family of 
models shown in Fig. 1 have IE, = 0 and values of v varying from 0 --j 2.6, where 
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FIG. 1. Triton binding energy Et for specific values of jmz (upper panel) and x2 for the fits to 
the two-body data (lower panel) versus the scalar meson off-shell parameter v defined in the text. 
The curves in both panels are smooth interpolations through the actual calculations. The lower 
panel also includes the line x2 = 2.45 for reference. 

Fig. 1 shows how both the fit to the two-body data (as measured by x2) and the predicted 
three-body binding energy, Et are improved by increasing the parameter u. Note the surpriz- 
ing result that a value of v N 1.5 gives a much improved fit to the two-body data (compared 
to the traditional choice v = 0) and an excellent explanation of the three-body binding en- 
ergy. The u dependence shown in Fig. 1 is a very interesting consequence of these relativistic 
studies. 

The curves in the upper panel of Fig. 1 also show how the binding energy converges as 
the number of three-body partial waves, characterized by the highest included pair angular 
momentum jmz,  increases. Because of the large increase in the predicted values as the 
number of channels increases from 28 (jmz = 1) to 52 (jmz = 2), we were concerned about 
the convergence of the three-body calculations and studied it in detail. The calculations 
were carried all the way to j,, = 6 with 148 channels, and from a detailed study of the 
individual contributions it seems that the results are converged to about 1 keV for u = 0 
and to about 5 keV for u = 1.6. 

This work shows that the best of the two-body models examined so far yield a three-body 
binding energy from about -8.5 to -9.5 MeV. We still have to write up the dependence of 
these results on the boosts, the negative energy states, and other relativisitc effects, and we 
want to study additional two-body models. 

This work will be applied to calculations of the electromagnetic form-factors and the 
electrodisintegration of the 3He and 3H system. 

- 

10 



New covariant calculation of the deuteron form factors 

Calculations of the electromagnetic form factors of the deuteron continue to be an important 
application of relativistic theories, and a necessary first test of any new development. In 1989 
Hummel and Tjon (HT) argued that large pry and way exchange currents were required 
in order to account for the high Q2 behavior of these form factors[23]: However, in order 
to estimate the size of these exchange currents one must know the form factors for the 
elementary pry  and oay couplings. HT used a vector dominance model to estimate these 
form factors, but recent quark model calculations give much smaller results for these form 
factors. Unfortunately'these smaller form factors give much smaller exchange currents and 
spoil the agreement which HT obtained, leaving the explanation of the deuteron form factors 
still uncertain. 
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FIG. 2: The B structure function for Model IIB. Left pannel: The CIA con- 
tribution discussed in the text. Right pannel The effect of p y  exchange 
currents with various p y  form factors. 

Our recent relativistic calculation of the deuteron electromagnetic form factors 19,101 gives 
a picture of the physics which is very different from that suggested by the HT calculation. 
We find that the B structure function turns out to be very sensitive to the details of the 
dynamics. The left pannel of Fig. 2 compares results for the B structure function which 
we obtained in the complete impulse approximation (referred to as the CIA) using one of 
our model wave functions obtained from our fits to the data (referred to as Model IIB) with 
results obtained by HT in their relativistic impulse approximation (labeled Tjon, RIA). Note 
that our CIA gives a very good description of the data, leaving very little room for exchange 
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currents. The major numerical difference between the new CIA and the HT result is due 
to the small relativistic spin singlet P-state component of the relativistic deuteron wave 
function. If we change the sign of the small component, w,, the result (labeled RIA, -21, in 
the figure) is not very different from the HT result, and far from the data. 

This last observation is very surprizing, because the probability of the v, state is only 
0.009%! How can such a small component have such a large effect? The reason is due to 
interference between the small P states and the larger S and D-state components (for a 
discussion of these components, see Sec. IV). The magnetic form factor can be decomposed 
into electric and magnetic parts, 

G d Q 2 )  = GE,(Q~) DE(Q2) + GMS(Q~) D,M(Q2) . (5) 

where GE, and GM* are the isoscalar electric and magnetic form factors of the nucleon. 
Expanding the body form factors to order ( v / c ) ~  gives 

where r = Qr/2. Note the appearance of the interference term in DE. This term is 
dominated by the region where the S-state wave function is larger than the D-state wave 
function, and therefore is large only if the P-state wave functions ut and v, have opposite 
signs. This is the case for Model IIB, and we have confirmed that this term accounts 
quantitatively for the bulk of the effect shown in Fig. 2. The PI noticed many years ago that 
the same term gives a relativistic correction to the deuteron magnetic moment sufficient to 
give the correct value when the D state probability is 7% [24]: 

The right pannel of Fig. 2 shows that the pry  exchange current gives only a small 
contribution to the B structure function, especially if one of the smaller pry form factors is 
used. 

This study of the deuteron from factors leads to the following conclusions: 

0 In the neighborhood of the zero, the B structure function is very sensitive to the small 
relativistic P-state Components of the deuteron wave function. This is a surprizing 
result. 

0 There is no compelling evidence for the existance of large isoscalar exchange currents. 

0 These observations would have been impossible without the use of a covariant model. 
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However, before definitive conclusions about the physics of the deuteron form factors can 
be drawn, the results predicted by the models with non-zero values of v, discussed in the 
previous section, must be calculated. These models tend to have very tiny P-states, but also 
generate a new family of isoscalar exchange currents arising from the energy dependence 
of the off-shell couplings proportional to u. We hope to complete these calculations in the 
next year, and find out whether or not these new exchange currents will play the role played 
previously by the P-states. 

Models of the intermediate range nuclear force 

Richard Kahler has just completed a calculation of the two-pion exchange contribution to the 
N N  potential from the cloudy bag model.[22] Using the exchange of a single pion between 
static bags to fix the pion-quark coupling constant, he then calculated contributions from 
the exchange of two pions between static bags. These contributions, which include box 
and crossed box diagrams with A intermediate states, give effective central, spin-spin, and 
tensor forces. Using non-relativistic approximations to OBE potentials, the calculated two- 
pion exchange contributions are related to the masses and couplings of effective 0, 6, p and w 
mesons. It is found that the two pion exchange generates essentially all of the u contribution 
required by OBE models, that there is a large S contribution at a mass in the range of 550 
MeV, and that thep and w contributions, while significant, are not able to provide what is 
required by OBE models. This work is in the ha l  stages of being written up. 

In another related work with M. T. Peiia [16] the masses and coupling constants of the 
effective CT and 6 mesons were obtained from two pion exchange diagrams in which one of the 
internal nucleon propagators is replaced by the full 7rN scattering amplitude, as determined 
by Y. Surya (who received his Ph.D. in 1995). This amounts to including contributions from 
A, Roper, and D13 resonsnces. The couplings and masses agree surprizingly well with the 
empirical parameters obtained from the N N  fits. Both of these works show how the effective 
scalar mesons arise from higher order meson exchanges. 
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