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Abstract

we<report on work carried out during the contract'perfod by co-
principal investigators R. A. Bryan, B. J. Verwest; and C. A. Dominguez,
faculty associates R. B. Clark and H. Garcilazo, and bostdoctora] as-
sociate D. Eyre. We haQe.p]acéd brimary emphasis oh investigating the
nué]eon—nuc]eon interactibn at mediuﬁ energies; and have initiated a

major program in collaboration with members of the Center for Analysis

o of_Pdrtié]e Scattering at VPI&SU, to extract the experimental scatter-

ing amplitudes from the NN data over the O to 850 MeV energy range.
We have set up special sub-programs to hand]e'the large amount of data
,ihvo]ved, and to estimate the total reaction cross sections. We have
also completed a'prOQram to project out partial-wave amplitudes 6f a
tfeefgraph model fof NN ->NNm, in ordér-to supplement the databin the
higher angular momentum states. |

A Work has a]éo:been carfied oQt oﬁ the three-body prob]ém, par-
| ticularly w-deuteron scattering, and on setting up én'appropriate

‘formalism for the two-to-three particle process NN-NNn. In strong-

interéction related work, the pion-nucleon sigma term has been investi- -

gated, and the dual-model prediction for factorizable three-hadron
‘form factors confirmed. Finally, we have continued a study of isospin

as :a - dynamical operator in an extended space.
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‘I. Introduction

| We have carried out research on a variety of topics but with
- principal emphasis oh nucleon-nucleon scattering at infermed1ate
energies. Of brimary-importaﬁce fs the determination of the experi-
~mental NN S-matrix, and in coi]aboration with R. A. Arndt and L. D,'
Roper of the Center for Analysis of Particle Scattering at VPI&SU, we
have found single-energy solutions at fourteen energies between T]db =
25'MeV and 800 MeV. We have also determined smootﬁ energy-dependent
'soiutions between 0 and 850 MeV. (This is detailed in sec. Al.)
‘Extracting the NN phase shifts over such a brbad energy range means
haﬁd]ing huge-amounts of data, and we have hadjto set‘up a special
Aprogram jﬁst to find, evaluate, and store these data (see sec. A2).
To carry out analyses where NN -NNw competes ;trong]y (Tlab 3 400 MeV),
- we have also had to synthesize total reaction cross sectioﬁ data where'
none exist, by integrating over the charge-channel pfoh-production
 data assuming isospin invariance. This has worked fairly well, and
Hés also served-as a constraint on thé inelastic data (see A4). Never-
the]ess, much new data are needed, particularly np tfip]e-scattering
" measurements at the higher energies. To subp]ement the déta weAhavg
" carried out partial-wave p(ojections of a shcéessfu] NN > NNm "tree-
"diagram" model. and used.these contributions for % 2 4 (see A5). The
most spectacular feature of the resultant S-matrix has béen'the reso—
‘nance-like features in the 102 and 3F3 states around 500 and 700 Mev;
respectively. Controversy continues as to whether or not these are true
| reasonances, and if they{are true resonaﬁces, whether they involve color-

quérk clusters or just colorless hadronic clusters. One opinion on the
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first question is given in sec. A6.

Parallel to our effort to determine the NN amplitudes experi-

mentally has been our effort to calculate them theoretically. Above

the threshold for pion production this becomes a formidable problem.

As a first step we have cast the two-to-three particle Avishai-

- Mizutani dynami¢a1 equations in a K-matrix formalism, and satisfied

the unitarity'cohstraints with Heitler-type integral equations (see
sec. B]); We have also studied various aspects of the fhree-hadron
scattering prob]ém.’ The cluster-expansion method of Eyfe and Osborn
for sd]ving the three-body problem has been tested for some simp]e
cases (sec. BZ).»:we have also carried out reaiistic calculations of
bion-deuteron scattering using relativistic Faddeev equations (secs.

B4 and B7), and studied relativistic effects in the three-body bound-

‘ stafe problem (sec B6). We have also developed energy-dependent

separab1e'tw0hnuc1eoh potentials in an effort to streamline three-

quylcalcu1ations (secs. B3 and B5).

We héve'a1so addressed diverse problems in strong-interaction
dynamics such as the pion-nucleon sigma term (see sec. C1) and three-
point vertex functions. ‘With regard to the latter, we see evidence
supportihg the importdnt dual-model prediction that the vertex fuhc-

tion factorizes (see sec. C2). Fina]]y we have continued investi-

~gating the conjecture that isospin is not a djscrete symmetry but

rather a dynamical effect in an extended space (sec. C3).
The co-principal investigators, R. A. Bryan, Proféssor,'B. J.

VerWest, Assistant Professor, and C. A. Dominguez, Visiting Associate

'Professqr, have each spent about 50% of their time duking the nine-
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month academic year on research related to this contract. Féculty

: associafes R. B. Clark, Assocjafe Professor, and H. Garcilazo, Visfting
AséiétantvProfessor, havé spent a like amount of. time. All the above
personﬁe] have devdted full time to the contract during the three
summer months. D. Eyre, postdbctora] associate, and J. Gruben,

graduate student, have worked full time during the contract year. .

Ty



II. Specific Research Topics
" A. Nucleon-Nucleon Theory and Phase-Shift Analysis

1. Phase-Shift Analysis of Nucleon-Nucleon Scattering Data
(B. J. VerWest, R. A. Arndt, L. D. Roper, R. B. Clark, and

R. A. Bryan)'l

We have cbmp]eted preliminary energy-dependent and single-energy
NN scaftering amp1it0de analyses which ref]éct imprbvements in our
‘analysfs procedureé and the inclusion of new experimental results. We
have tabulated the amp1itudes'fr0m these analyses in a recent reportj

which represents the status of this work as of August 1980. This is an

ongoing effort, as refinements continue to be made and more data arrive.

Work is also continuing on the existing solutions to check their ac-
cUracy, determine where new measuréments are needéd, and produce a
"sténdard" set of amplitudes.

There have been several changés in the analysis procedure re-
Tating to fhe amp1itﬁdes above the pion-production threshold. - First:
it was discovered that to preserve the optical theorem, the one-pion-
exchange contributﬁon which was used for high partial waves must be

unitarized up to 2 2 10 - 15. The normal procedure of adding. the non-

unitary Born term above 4 - 6 lead to violations of the obtica] theorem

of about 3% at 650 MeV and the wrong shape for the np differential
cross section near 180° where recent LAMPF data are very precise. It
has also been pointed out that the earlier parameterization sometimes .

resulted in amplitudes that violated conservation of probability
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(génera] two-body unitarity).2 Thus we have adopted a néw‘parameteri-,
zation for the S-matrix which is closely related to the complex ex-
“tension of the nuclear bar phases, reduces to>the nuclear bar phases
below production threshold and is constrained from ever violating con-
servation of probability. |

In an effort to obtain reaction cross section data needed to
constrain‘the”ine]ésticities,'we4have made an energy-dependent iso?
spin analysis of pp and np charge-channel reaction cross Section data
Abélbw 1200 MeV (seé sec. 4). While there are almost no total reaction
cross section data, there is adequate information in the charge-
chann¢1:data and this has been used to generate pseudo-data fbr”bp-and
np total reaction cross section for the ana]ySes until better informa-
tfon'becqmes avai]able; wé.are also working to improve the’baség for
expansion of the inelastic part of the scattering amplitudes in the
energy-dependent program so that they may'more readily follow the
. trends now emerging from the single-energy analyses. We have also in-
cluded as pseudo-data, the dispersion—théorética]'parameters of Grein '
and.Kroll which are tﬁe ratio of real to imaginary'forwardanm]ifudes: o

The data base for these analyses continues to grow and, in col-
laboration with P. Signell wé are attempting to completely screen‘and
refine itv(see following section). A considerab]e amount of new data
1'ha$.been inc]udéd'above‘the production threshold which has stabilized
the.higher»energy solutions.. Most notable are the }eceht np Ay and
Ayy measurements in the raﬁge 395-665 MeV (ref. 3) and pp A, R and D
at 800 MeV (ref. 4). The energy-dependent analysis is Qsed to

initia]ly encode the data as a starting point for the single-energy
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aha]yses;‘ The sing]é-energy analyses are used to obtain error matrices
and best reflect the uncertainty in the amplitudes at any given energy.
The single-energy analyseS‘up to 425 MeV are very stable and have few
problems. The set of overlapping analyses from 500 to 800 MeV has
been used to study the trends of the phases above production threshold,
and with the latest LAMPF np data, the solutions up to 650 MeV are
bécoming well deéfined. The only energies where the solutions are not
well defined are 700 and 750 MeV for I = O, where,there are still no
hp data except differential cross sections and polarizations, but even
these so1utionsiline up well with other solutions. i
These phase shift analyses show a high degree of consistency
between the energy-dependent form and the single-energy aﬁa]yses, and -
enche the eXisting data quite accurately in general. Some isolated
problems still exist at lower energies and there is still a great neéd
‘ fqr more data, especially np spin correlation experiments around 800
MeV. The high X2 for the‘750 and 800 MeV solutions comes mainly from
some pp differential croés section and polarization daté at 800.Mev;
these data have extreme]y small errors which may be unrealistic.

‘ WCurrentﬁ solutions and all predictions and data pertaihing
‘thereto are available thfough an interactive dial-in computer program
at VPI&SU. Infaormation on the use of this éystem can be obtained from
either TAMU or VPI upon request. This system will eventually contain
the more stable "standard" solutions which will encode data and be

updated every six months to a year.
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‘1. R. A. Arndt and 8. J. VerWest, DOE/ER/05223-29.

2. R..A. Bryan, DOE/ER/05223-21 (revised).

3. T. Bhatia, contributed paper to Polarization Symposium, Santa}
Fe, 1980. - | | |

4. M. McNaughton, contributed paper to Polarization Symposium,

Santa Fe, 1980.

2. Nucleon-Nucleon Data Collection

(R. B. Clark and B. J. VerWest)

we,havévmade an exfensive effort to documént, confirm and com-
plete thé data base for the nucleon-nucleon interéction at energies ub
to 1000‘Mev. We have taken as our starting point the data base which
was established at Livermore] and has been extended and‘maintained by
Arndt and Rober2 for many years. The original pub]ications which docu-
ment these numerous data sets h&ve been assembled, surveyed and com- |
-pared point by point -with the data base. Corrections have been made
| in the few cases where entryAerrors have been found. Appropriate modj-
ficaﬁidns have Been made where data sets represent duplicafion or wheré
indepenﬁent data sets were inadvertently combined. Detailed comparisons
‘have also beén made with the recently updated nuc]eon-nuc]éon data
compilafion of Byéfricky‘and'Lehar.3 The format of the data base has
- a]so'beéh chdnged in order to provfde'easier identifiéation 6f the
nature and source of each data set.

We have carried out.a detailed search of the literature to
identify nuc1éonFnuc1eon_data sets which may have been missed. In an

effort to maintain the cpmpleteness of the data base, we have made a
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significant effort to identify and add all new data.sets.as they be-
~come available. We find that most experimental groups continue to
submit their new data to our collaboration as they become available.

Regular personal communications with most of the experimental groups
active fn nucleon-nucleon work have also helped us to keep up with
.new data.

In addition we have implemented a systematic process for uti-

hizihg the computer-based current-literature search doéumentation
service at DESY to identify newly published data. Weekly ;earches of

"Preprints in Particles and Fields and Preprints in Nuclear Physics

have been made to locate new nucleon-nucleon data as soon as possible.

1. ;M.AH. MacGregor, R. A. Arndt, and R. M. Wright, UCRL-50426,
Livermore (1968).

2. R. A. Arndt, R. H. Hackman and L. D. Roper, Nucleon-Nucleon

Scattering Analyses, II. Report of VPI&SU (1976).

3. J. Bystricky and F. Lehar, Nucleon-Nucleon Scaftering<Data

'(Fachinformationszentfum Energie-PhySik-Mathematik, Karlsruhe,

1978).
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3. Parameterization of Inelastic NN Scattering in Coupled Angular-
~ Momentum States

(R. A. Bryan)

We have parameterized the inelastic coupled-channel S-matrix

. .
for nucleon-nucleon scattering as

(1) Siea

T
= U WU
(T denotes transpose), where U is a unitary 4x4 matrix of'the‘form -
-, ,
‘u=-jl]:expt‘ej{"‘

and where fhe ej are (linear combinations of) nine real'phase para-

meters and the Y5 nine hermitean 4x4 matrices. The four channels come

~ from coupling a pair of angular momentum states to a pair of reaction

chanhels, say NN and N-Roper. In the NN-NN scattering sector, eq. 1

" reduces to

k.s l / ‘
(2) S = e e i,PJ e ‘e ! ,

whevre _ Sa o
$ = [
| 0 Y (3
: ( o € )
€ = '
v ¢ o

and where N is as real symmetric 2x2 matrix embodying all the inelastic

information. For purely elastic scattering, N = ]2x2 and S reduces to

the Stapp-Ypsilantis-Metropolis form (SYM "bar" parameterization).

We have discovered that this format (eq. 2, r.h.s.) parameterizes

A



- section data. Rather there is an assortment of reaction cross section
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S with small phdses ei when the interaction is weak, and that this
format also automatically satisfies a unitarity condition we have
found, namely, ‘

(3) det(1~-sst) 2o0.

Neither of the. two parameterizations quoted in the 1iterature2f3

have
this property; the MacGregor-Arndt-Wright and Hoshizaki parameter ¢
can execute wide (360°) excursions for small changes in S, and care 8

must be taken 1est!a given set of parameters vio]ates eq. 3.

1. R. A. Bryan, DOE/ER/05223-21 (revised).

2. H. Hoshizaki, Subp].AProgr; Theoret. Phys. 42, 1 (1968).

3. M. H. MacGregor, R. A. Arndt, and R. M. Wright, Phys. Rev.
169, 1149 (1968). | | |

4. TIsospin Analysis of NN Reaction Cross Section Data

(B. J. VerWest and R. A. Arndt)

‘The NN reaction cross section for I = 0 and I = 1 Scattering is.

an important piece of information needed as input for_NN>ana1ySés and

- as a test for pion product theories. Unfortuhateiy in the region

TL < 1400 MeV there are essentially no pp or np total reaction Cross

data for the:VériousAcharge channels. Data in this form cannot be

used for inelastic NN analysis. However, by using isospin invariance
and smooth interpolation one can extract the neceséary isospin reaction
cross sections oI;f (where Ii and If are the initial and final NN

: if
isospins). Preliminary analyses of this type have indicated a conflict
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in the existing data. Recent precise data on the reaction np—+nn-rr+
indicate that the problem lies in an overall systematic error in the
01d Dubna =° production experiments. Thus we have de]eted,the Dﬁbna :
| np > npr° data from the analyses. The resu1tsvindfcate a‘Qery sha]ﬁ

I = 0 NN inelastic cross section with no evidence for resonance-like
-.structure, and a large and relatively well-determined I =1 NN in-
elastic cross sect#oh. ‘These results are being used as constraints

on our current NN phase-shift analyses.

1. M. Kleinschmidt et al., Universitdt Freiburg preprint (1980).

5. Peripheral Model for NN-NNm
(J;,H. Gruben and B. J. VerWest)

The success of earlier peripheral-model calculations of NN‘*NNN]

has lead to work on the partial-wave projection of these transition
métrix elements. This will allow an approximate treatment of.initiai
and_fina]-staté interacfions as well as a better understanding of the
partial-wave content of the production process.

The preliminary results of the bartia]-wave projections giye
pértial—wave reaction cross sections and inelasticities in very good

agreement with the analysis results and with other calculations baéed

-3

on NN and NA transition potentials2 and N three-body ca]culations.3
The important cOmhon feature of all these models is the A resonance,
and its dominance of this reaction leads to the hope that the high
partial waves are to a large extent model-independent. In the I =1
. channel where the A dominates. the production reaction, the ihportant

feature is the relatively large inelasticity ‘in the 102, 3F3, 164 and
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3H5 channels. This pattern follows from the céup]ing of the NN
entrance chénﬁe] to a NA channel of L = J-2 which is the lowest pos-
sible L state for a given J and thus minimizes the centrifugal barrier.
Hence theﬁe states have enhanced reaction croSs_sections;' The large
cross sections in the 102 and 3F3 channels are reproduced without the |
inclusion of resonance-1like structures and seem to be a result of fhe
dynamics and angu]ar;momentum coupling.

In the I = 0 channel where the A is excluded, the peripheral

‘mode! indicates that the primary inelasticity is in the 351 - 3D1 and -

1P1 channels,. with the 3D1 being the most important. 'This is con-
sistent with the analyses and indicates that higher partial-wave

inelasticities need not be included at this time.

1. B. J. VerWest, Phys. Lett. 838, 161 (1979).

2. A. M;_Green and M. E. Sainio, Journal of Phys. G 5, 503 (1579).

3. W. M. Kloet, J. A. Tjon and R. R. Silbar, Rutgers Univérsity
report RU-80-238 (1980). |

6. On the Existence of Dibaryon Resonances in I =1 1D2 and 3F3
" Nucleon-Nucleon Scattering

(R: Bhandari, R. A. Arndt, L. D. Roper and B. J. VerWest) -

In order to study the»details of the resonance-like structure

‘seen in the 1D2 and_3F3Apartia1 waves, we have made coupled-channel

1

K-matrix fits to the NN amplitudes.” These fits include the NN and

NA.channels as well és the proper phase space and threshold dependence,

.and produce T-matrices which satisfy the basic constraints of analyticity
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and two-body-unitarity. These parameterizations fit the existing

, amb]itudes from the VPI&SU - TAMU2 ana]ysés very well and reveal poles
coupled strongly to the NA channel. The precise pole positions are
uncertain and depend to ﬁome extent upon the.pafticﬁlar parameferizé-
: tibn scheme which is being employed. The proximity of the poles to

A the Na Brénchgpoint suggest§ an interpretation of an S-wave (P-wave)
Na "bound" or “vfktual" state coupled to the l.Dz(?’F3) partial wave.
These results are in coﬁtradiction to recent results of Kloet, Tjon
'ahdeilbar3 and our own NN-+NNw'4. calculations which-indicate that
fhe.résonance-liké~behavior is a result of angular-momentum coupling
'and‘NA dynamics in lowest ordef and not a resonance which results

. from uhitaritization of a singuTarity—free potential. This subjeét
'hasibeén a topic.of much debatei]ate]y and all these results must be

studied more to understand this contradiction.

1. R. Bhandari, R. A. Arndt, L. D. Roper and B. J. Verkest, .
DOE/ER/05223-33. - | ‘
2. R. A Arndt and B. J. Verlest, DOE/ER/05223-29.
3. W. M. Kloet, J. A. Tjon and R. R. Silbar, Rutgers University
report RU-80-238 (1980).
4. MWork of J. Gruben and B. VerWest reported in thé precedfnq

“section.
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7. Time-Reversal Noninvariant NN Scattering

(R. A. Bryan, J. Binstock and A. Gersten)

Recént]y H. E;'Conzétt, R. J. Slobodrian and their co]]aborators]
haveAmeasurédAan incredibly large difference between polarization (P)
and asymmetky (A) in the reaction Li (3He,'5)9Be at helium ion |
enefgfes of 14 MeV. These measurements, if éohfirmed, would imply a-
" massive breakdown 6f time-reversal invariance in the'étrOng intér-'
action. In view of this, we Have updated our manuscript on éhort-'.:
range tﬁme—reversa] nonihvarian;é in nucleon-nucleon scattefingz and
résubmitted it fo Annals of Physics where it has been éccepted for
-publication.:
1;.,H.’E. Conzett, P. voﬁRossen, F. Hihterberger, R. J;'Slobodrian,
C. Rioux, and R. Roy, Lawrence Berkeley Laboratory réport
LBL-11576 (1980).
2. J. Binstock, R. Bryan, and A. Gersten, OR0-5223-03 (second

revision).
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B. Three-Hadron Systems

1. Unitary Model for the wNN-NN Systems

(D. Eyre and B. J. VerWest)

We have construcfed a unitary model for the coupled wNN-NN
problem]:byAextending the Sasakawa-Karlsson K-matrix fo.fmaiism2 to
.the dynamical theory of Avishai-Mizutani.3 The resulting system of-
Héit]er-type on-shell integral equatfons serves to unitarize the
scatterfng problem. The solution of these on-shell equations preserves
both two- and three-body unifarity. The.dynamical theory of Avishai-
3 Mizﬁtani is fully contained-in equations for the K-matrix, which have -
zero discontinuity along the reé] positive-energy axis and are there-
fore amenabie to approximation without affecting the unitarity'con—.
' straints. Approximations of the K-matrix yield simple Unitary‘de-v

scriptions of the coupled wNN-NN scattering process.

1. D. Eyre‘and B. J. VérWest, Phys. Rev. C 22, 664 (1980),
DOE/ER/05223-24 . - |
2. T. Sasakawa, Nucl. Phys. A203, 496 (1973); B. R. Karlsson,
* Phys. Rev. D'17, 642 (1978). -
3. Y. Avishai and T. Mizutam‘,: Nucl. Phys. A326, 352 (1979);
A338, 377 (1980). |
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2. Cluster Expansions in Multichannel Scattering .

(D. Eyre, J. P. Svenne and T. A. Osborn)

We‘héve extended a recently proposed cluster expansion for the
three-body prob]em] to the case of multichannel scattering. The re-
sulting integral equations provide én approximate description of the
scattering procéss that is.accurate when clustering dominates the
underlying physical states.  In order to simulate a problem typical
of few-body systems, we have investigated a three-body problem in
Whith a]]owed asympfotic states result from elastic scattering, re-
arrangement, and target excitation. Speéifica]]y the system consists
of'fhreelboséns of which two are identi;a] and the third is different.
These particles inferaét via separable interactions. We took the
interaétion between the two identical particles to be a two-term
ihteraction of the Do]escha]]2 type, which permits two bound states.

The interactions between the non-identical particle and either of the

other two were chosen to be single-term interactions of. the Yamaguchi

-type, To check the numerical results, we compared the exact_calcula-

tions using the Eyre-Osborn formulation with exact solutions from the
3. . . .

Amado-Lovelace” solution, generalized to this more complicated system'

and solved by an entirely separate computer system. We then tested

the cluster expansion technique as to convergence and sensitivity .of

‘the solutions to the details of the interaction, the posifioné of the

ineiaStic and rearrangement thresholds and the ranges of the inter-
action. In the cases we have investigated so far we have found rapid

cthérgence of the cluster expansion to the exact three-body solution.
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1. D. Eyre and T. A. Osborn, Phys. Rev. C 20, 869 (1979).
2. P. Doleschall, Nucl. Phys. A220, 491 (1974).
3. C. Lovelace, Phys. Rev. 135, B1225 (1964).

3. Energy-Dependent Séparab]e Potentials for the Nucleon-Nucleon
Interaction -

(H. Garcilazo)

Séparabie potentials are very useful in the numerical solution
of the three-body problem because they reduce the integral equations
frdm'two continuous variables to only one. In the case of the two
‘S;que.nucleon-nucleon channels, existing one-term separable poten-
‘tials reproduce on]y the low-energy data; they do not produce the
change of sign of_tﬁe phase shifts at T1ab = 300 MeV. In.order to
" be ab]evto describe both the low-energy data and the change of sign
of thé phase éhifts, we have constructed two models. of energy-

dependent separable potentia1s.]

1. H. Garcilazo, DOE/ER/05223-26.

4. Relativistic Faddeev Calculations of Pion-Deuteron Scattering

(H. Garcilazo)

The fully relativistic Faddeey equations for the threé—ﬁody
problem are of the form of.integrai equations depending on two four-
dimensional rélatjve momenta. In order to reduce the equations to a
maﬁageab]e form, one can eliminate in a covariant way the fourth

components of the relative momenta, so that if one in addition applies
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the isobar or separable abproximation, one obtains integral equatioﬁs
ahaTogous to those of the non-relativistic three-body problem wfth

" separable potentials. We have calculated pion-deuteron elastic
scattering in the region of the (3,3) resonance'uSing two different
covariaﬁt reductions of the relativistic three-body equations. We
include the two S-wave nucleon-nucleon channels and the six S and P-
wave pioh-nuc]eon channels by means of separable T-matrices. We treat
"the spin variables re]ativistica11y by using the three-body helicity

1

formalism of Wick. Details can be found in ref. 2.

1. G. C. Wick, Ann. Phys. (N.Y.) 18, 65 (1962).
2. H..Garci1azo, Phys. Rev. Letters 45, 780 (1980), DOE/ER/05223-27.

5. The Inverse Scattering Problem with Energy-Dependent Separable
~ Potentials

(H. Garcilazo and R. R. Wilde)

 Thé form factors of tHe energy-dependent separable potentials
that fit both the low-energy data and the change of sign of the phase
shiffs] have ranges in momentuﬁ space which_are larger than those of
the energy-ihdependent separable potentialswhich fit only the low-
energy data. These ionger ranges are a consequence of the facf that
the energy-dependent mode]s'také into account the strong repulsion
at short distances. In order to show that this feature is obtaihed
independently of fhe model used for the form factors,-we have so]ved
the inverse écatfering problem in the case of an energy-dependent

separable interaction, so that we obtain theAform factors directly from
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the experimental phase shifts. The results of these calculations can

be found in ref 2.

1. ‘H. Garcilazo, DOE/ER/05223-26.
2. H. Garcilazo and R. R. Wilde, DOE/ER/05223-28.

6. Relativistic Effects in thezThree-Nucleon Bound-State.Prob]em

(H. Garcilazo)

Relativistic effects'in thé three-nucleon bopnd—state problem are
-not well knowﬁ a]though they are expeéted to be small since the bfnding
enérgy of tritium is much smaller than its total mass: Howevér, it is
important to have‘exa;t calculations in which one can see how important
these corrections really are. We have ca]cu]ated the binding'ehergy
of fritium'usihg twb re1dtivisfic versions»of the Faddeev équations wi th
separable potentials, and compared them with the nonrelativistic |
results. We'f{nd.tﬁat the relativistic,éffects increase the binding
-energy by less thanIO.S MeV. More details about these éa]cu]ations can

be found in ref. 1.

1. H. Garcilazo, DOE/ER/05223-30.

7. :Three—Body Helicity Formalism Applied to Pion-Deuteron Scatterﬁng

(H. Garcilazo)

In this work we formulate the pion-deuteron problem using a set
of linear eqUations similar to those used in previous work, but dealing
with ‘the spin variables in-a relativistic way, firstly by doing the

reduction from eight to six continuous variables, taking into account
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the fermion propagators for the nucleons, and secondly, by berformiﬁg
the partial-wave decomposition of the equations using the three-body
he]icity'formalish of Wick;l' We use all the pion-huc]eon'S and P-
.wave ﬁhanneWs and the nucleon-nucleon S-wave chénﬁé]s as fnput, to
gfve'a good desériptfon of the data for pion kinetic energies ranging
from'142 MeV-té S]Z.Mev. The results of these calculations can be

found in ref. 2.

1. 6. C. Wick, Ann. Phys. (N.Y,)'18, 65 (1962).
2. H. Garcilazo, DOE/ER/05223-31.

8. The One—PionfExchange Potential in Nucleon-Nucleon Scattering

(H. Garcilazo)

In ref:’i we derive the one-pion-exchange potenfiallusing the
three-body‘modél of nuc1eon7nUc1eon scattering proposed by Kloet,:
Si]bér, Aaron, and Amado.2 Since the standard treatment of nucleon-

- nucleon scattering using the idea of the exchange of mesons is based
on the two-body'Blankenbec1ef;Sugar equation, it satisfies only tWo- ‘
body unitarity. The three-body model, on the otﬁer hand, satisfies
bofh fwd— and three-body unitarity so that it can go continuously from
the region be]ow.pion-production threshold t0’thé.region'above it. We
find that the thfee—body one-pion-exchange potential haé the same form
as the usual Yukéwa OPEP, except that its range is energy-dependent and
it becomes comb]ex above the pion—productioh threéhp]d. The‘compiete
derivation of this poténtia} can be found in ref 1.

1. H. Garcilazo, DOE/ER/05223-32.

2. W. M. Kioet;‘R. R. Silbar, R. Aaron, and R. D. Amado, Phys. Rev.

Lett. 39, 1643 (1977).
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C. Strong-Intéraction'Dynamics Related to NN and =N Scattering.

1. Present Status of the Pion-Nucleon Sigma Term

(C. A. Dominguez and P. Langacker)

The long-standing diécrepancy between the predicted Qa]ue of the
N ‘sigma terh in the frameworklof QCD and the value extracted frpm-
extrapo1ated on-mass-shell N scatfering data has been critically re-
exémined. Assuming the validity of the OZI rule ét t=0 and using quark
‘mass ratios extracted from the pseudoscalar meson mass spectrum one |
obtains fhé‘canonica] result aﬁN=¥23 Y5 MeV. We argue that the possi-
bility of readjusting the quark1nassratiosAto give a sigma term of
60-70 MeV so as to agree with some values extracted from =N data; is
. most 1iké1y rujed oUt,. In particular this wou]d.imp]y a huge violation
of:the non-renormalization theorem in Ki3 deéay. Since the 0ZI rule
is unreliable-at t=0, we have recalculated the matrix e]emeht'<p|§s|p>/
<p |%(Qu+dd) |p> dsing_the Goldstone-boson pair méchanism'and found a
sigma term of 3638 MeV. We have also examined other evideﬁte support-
‘ing a breakdown of the 0ZI rule atAt=0; Finally we have reconsidered.
the ‘whole procedure of extracting a value of the sigma term from N
scattering data. Using the exiﬁting results on the relevant aN
amQ]itude as a function of t and performing'least—squared fits and
extrapolations, we find that fhe sigma term is uncertain by as much as
100%; with values in the range 30-70 MeV giving equally acceptable
“fits to the data.. We therefore conclude that both the theoretical and
experimentai'uncertaiﬁties in the determination of the sigma ferm are

 §ufficient1y large for the apparent discrepancy to provide neither
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evidence against QCD nor againét the canonical quark mass ratios that
one obtains in the conventional (3,3) model. For more details see
ref 1.

1. C. A. Dominguez and P. Langacker, DOE/ER/05223-24.

2. .Determination of the =NN, =NA, and wmp Form Factors from Quasi
Two-Body Hadronic Reactions

- (C. A.-Domingueg)

.Oﬁe of the most important featurés of the‘duai-model hadronic
form.factorl is its factorization. According to this prediction the
fhree-point function becomes a product of three ratios of gamma func-
tions, one for each leg in the vertex. In the zero-width approximation
and for each distinct leg in the vertex, the model contains one free
parameter that determines the asymptotic power behavior of the form
factor; These paraheters may be extracted from high-enekgy écattering
. data in the Regge region.2 The factorization property of thé’form ,
factor has been tested recent1y3 in connection with charged.pioﬁ
photoproduction, i.e<,'it has been shown that the form factors
FYM(,Pi=  0.: Pfﬁuﬁ' 5 a3 ) and F (qi; ~P§= -M,i_; "P,fﬁ*Mﬁ) are
idenficaT_when normalized to unity at the fully on-mass-shell poiht.

In view of the far-reaching consequences of factorization, we

_have tested it in the reactions pp~}nA++, pp-+pA+ and u+p »pontt ;

b

~ these reactiqns provide us with three a priori different form factors,

viz., FwNN"FnNA and Fﬂﬂp. - In the Reggeiied one-pion-eXchange region

the arguments of the form factors are F . (qﬁ ; Pﬁ = Mﬁ ; Pﬁ = M§<),
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2. 2 - 2
WNA('qn ? PN MN ?

all three depend only on the pion four-momentum'squared'and therefore

2_ 2 2 2.2 p2 2y s oo
RA— MA) and anp(qn : PTr T Pp mp) s i.e.,

F

actording to factorization they should be‘identica1 (if normalized to
the séme value, e;g.,'unity, at the fully on-mass-shé]] point). A.
| brfef description of the work follows.

o Differentia1 cross sections for pp-+nA++, pp-+pA+ and nfp-+p°A++
at high énergies, pL-& 3-16(GeV/c), and small momentum transfers,
0 < It] < 0.3(GeV/c)2, have been analyzed using a Reggeized-one-bioh-
exchange mechanism with form féctors of the monbpo1e and the dual-
m0d¢1 type. Results strongly confirm the dua]-mode]Aprediction that
FwNN(t)'= FﬂNA(t)'= F“np(t), when the pion is the only virtual (off--
- the-mass-shell) ‘particle in each vertex and the form factors.are all
-normalized to hnity at t =ﬂ§ . No evidence has been found for non-one-
~ pion-exchange contributions in the kinematic region under consfdera-
tion, thusAleading to a model iﬁdépendent determination of the range
andésymptotit rate parametérs of the three-pofnt.fuhctiohs. fhe
‘results are A_%800-1000 MeV and. 8, % 2.5-3, in good agreement with
ear]fer determinatioﬁs from NN charge-exchange scattering and pion
phbtoproductiuu. For more details see ref. 4. |

v].. C. A. Dominguez, Physl Rev. D 7, 1252 (1973); D 16, 2320 (1977);

~ R.°A. Bryan, C. A. Dominguez and B. J. VerWest, Phys. Rev. C
22, 160 (1980). -

'2; C. A. Dominguez and B. J. VerWest, Phys. Lett. §2§, 333 (1980).

3. C. A. Dominguez and R. B. Clark, Phys. Rev. C 21, 1944 (1980).

4. C. A. Dominguez, DOE/ER/05223-25.
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3. Dynamical Theory of Isospin’

(R. A. Bryan)

We have continued developing a theory] in.which isospih'emerges
dynamically rather than being tacked on aé an afterthought. To ac-
complish this we conceive of elementary-particle prodesées as taking
p]aqe in an.eight-dimensiona1'space and being governed by a generali-
z@tion of the Dirac equation. As a working model we take the basic’

field equation for a fermion with hé1f—integer isospin to be

) g m) B am Y = Vo)V

where R
- r9_
. w 3 /42:0 Y JX"
and 5 '
v o= = ¥
fu'c0 Jx'f

-with x¥ (x;“!) and " (y'“') the spaée-time coordinates and anti-
cdhmuting Dirac v-matrices in ordinary space-time (four—dimensiona]
':hyperspace). ) représents an interaction invariant uhder a Lorentz
(Lorentz-like) transformation in ordinary (hyper) 4-space.

The integkai inversiph.of eq. 1 is actually the definftive .
.equation; this inversion resembles the Bethe-Salpeter equation é*cept
thét all efght coordinates refer to a single particle. | |
2 haxi) = g )

Gy Ga,x0) 60 05, x8) VI ) ¥ (0, 1) o 20
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Eq. 2 may be gotten from a Lagrangian densityvdesCribed in ref. 1.
The free—particle soiution to eq. 2 is

. . )
B ¥.= e upF)e

A
,

x'
Uy (B),

where u"(a) [.u'-Trl (3')]'is.a Dirac spinor in ordinary [hyper] spacé-j

Y (prext= ptx™M). In the Timit where ' = 0.

time and p-x = pux
u“[(E') reduces to an'ordinary jsospinor;

,u'::'('}‘) — (1,0,0,0) or (01,9 0).
In this Timit the SU(2) - isospin matrix elements are preseEVed. For
example, if u'y '(u:;) representsvthe Q (d) quark q and |

Vixs, x3) = (1+Ys) ¥H (!’+T$').Y'f",°,/‘l‘,(x3'.*;{)
_where (Auo’ Auj) =z (Bu’ wg , wi ) represents the vector-meson quartet
(B, Wo’i) before symmetry-bfeaking, then the threé-point coupling
‘constants g(qg, q, W) are in the usual ratio 1:-1:42. On the other hand,
for 3' # 0, isospin is automatically broken, and rather than §' |
(isospin) being conserved, AN ("orbital" isospin) = 3' is conserved.

L' may possibly répresent color (or rather, accohp]ish what color 7'

was invented,tq a;comp1ish). A partia]Fwave expahsioh‘of'eq. 3in
4eight-space‘yie1ds the solution V

Y 2 SERY o ’
(4) - ’ t .t ‘ o4 " —'.I
“4’ e e JI’(P'_‘,)Z/(“Q'(r)u"T (¥).
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" Particles with'i$0ranQU1ar-momentum functions Y' un.(g') may represent

co]or]ess electron leptons wh11e particles described by Ylnﬂwu (B') hay
represent the 3- color (u,d) quarks Thus all the members of the first
quark-]epton generation appear natura1]y and one does not need to

invent Subquahk52’3 to reduce the number of basic particles. That is .
to say, through eq. 4 all the members of the first generation are just
different states of a'sin§1e particle.

C We speculate that‘the second and third quark-lepton generations .
could be represented by higher modes of the radial functions jz,(p‘f'),
subject to some sort of boundary condition. Projections onto Minkowski
space could still be pointé (i.e.; yield point particles in ordinafyA

space).

1. R. A. Bryan, DOE/ER/05223—34.
'2. H. Harari, Phys. Lett' 868, 83 (1979); H. Harari and N. Se1berg,
We1zman Inst1tute of Science prepr1nt WIS- 80137 (1980). -
3. M. Shupe, Phys. Lett. 868, 87 (1979).
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