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Abst rac t  

We . r e p o r t  on work carr i .ed o u t .  du r ing  t h e  c o n t r a c t  pe r iod  by co- 

p r i n c i p a l  i n v e s t i g a t o r ~  R. A. Bryan, B. J. VerWest, and C. A. Dominguez, 

facu l  t y  associates R. '  B. Clark and H.' Garci lazo,  and postdoctora l  as- 

soc ia te  D. Eyre. We have .placed pr imary emphasis on i n v e s t i g a t i n g  the 

nucleon-nucleon i n t e r a c t i o n  a t  medi urn energies, and have i n i t i a t e d  a  

I v .  major program i n  c o l l a b o r a t i o n  w i t h  members o f  t h e  Center f o r  Analys is  4 
of ~ a ' r t i c l e  Sca t te r i ng  a t  VPI&SU, t o  e x t r a c t  the  experimental s c a t t e r -  

i n g  ampl i tudes from the  NN data 'over t h e  0 t o  850 MeV energy range. 

We have s e t  up spec ia l  sub-programs t o  handle the  l a r g e  amount o f  data 
* 

, invo lved,  and t o  es t imate  t h e  t o t a l  r e a c t i o n  cross sect ions.  We have 
. - 

,a1 so completed a  program t o  p r o j e c t  o u t  p a r t i a l  -wave ampl i tudes of a  

tree-graph model f o r  NN+NNn,' i n  order .  t o  supplement t h e  data i n  the  

h igher  angular  momentum s ta tes .  

Work. has a l s o  been c a r r i e d  o u t  on the  three-body problem, par-  

t i c u l a r l y  T-deuteron s c a t t e r i n g ;  and on s e t t i n g  up an appropr ia te  

formal ism f o r  the  two-to- three p a r t i c l e  process  NN -+ NNr. I n  s t rong-  

. i n t e r a c t i o n  r e l a t e d  work, t he  pion-nucleon sigma term has been i n v e s t i -  

gated, -and the  dual -model p r e d i c t i o n  f o r  f a c t o r i z a b l  e  three-hadron 

form f a c t o r s  conf irmed. F i n a l l y ,  we have cont inued a  study o f  i s o s p i n  

1 as :a.dynamical opera tor  i n  an extended space. . . 
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I .  Introduction 

We have carried out research on a variety of topics b u t  w i t h  

principal emphasis 06 nucleon-nucleon scat ter ing a t  intermediate 

energies. Of primary. importance i s  the determination of the experi - 
.mental N N  S-matrix, and in collaboration w i t h  R .  A .  Arndt  and L .  D .  . 

Roper of the ' Center 'for Analysis 04 Part ic le  Scattering a t  VPI&SU, we 

1. have found single-energy solutions a t  fourteen energies between T l d b  = 
g 
i 

25' MeV and 800 MeV. We have also determined smooth energy-dependent 4 

'solutions between 0 and 850 MeV. (This i s  detailed i n  sec. A1 . )  

Extracting the NN phase s h i f t s  over such a broad energy range means * 
handling huge amounts of data,  and we have had. t o  s e t  up a special 

program jus t  t o  f ind,  evaluate, and s tore  these data (see sec. .A2). 

To carry out analyses where NN +NNn competes strongly (Tlab ) 400 MeV), 

we have a lso  had to synthesize total  reaction cross section data where 

none e x i s t ,  by integrating over the charge-channel pion-production 

data assuming isospin invariance. This has worked f a i r l y  well, and 
. , 

has a l so  served as a constraint on the ine la s t i c  data (see A4). Never- 

the1 ess , much new data a re  needed, par t icular ly np  t r ip le -sca t te r i  ng 

measurements a t  the higher energies. To supplement the data we have , 

carried out partial-wave projections of a successful NN+NNn " t ree-  

! diagram" model and used these contributions fo r  9. 2 4 (see A 5 ) .  The I 
most spectacular feature of the resul tant  S-matrix has been the reso- 

nance-like features in the ID, and 3 ~ ,  s t a t e s  around 500 and 700 M ~ V ,  

respectively. Controversy continues as  to  whether or  not these a re  true 

reasonances, and i f  they are t rue resonances, whether they involve color- 

quark c lus te rs  ;r jus t  colorless hadronlc c lus te rs .  One opinion on the  



, f i r s t  quest ion i s  give'n i n  sec. A6. 

P a r a l l e l  t o  our  e f f o r t  t o  determine the NN amp1 i t u d e s  exper i -  

men ta l l y  has been our  e f f o r t  t o  c a l c u l a t e  them. t h e o r e t i c a l l y .  Above 

the  thresh01 d f o r  p ion  p r o d u c t i o n  t h i s  becomes a formi  dab1 e problem. 

As a f i r s t  s tep we have c a s t  t h e  two-to- three p a r t i c l e  Av isha i -  

M i  zu tan i  dynamical equat ions i n  a K-matr ix formal ism, and s a t i s f i e d  

the  un i  t a r i  ty c o n s t r a i n t s  w i t h  Hei t l e r - t y p e  i n t e g r a l  equations (see 
tt  . 

sec. B1). We have a l s o  s tud ied  var ious aspects o f  t he  three-hadron 
B 

s c a t t e r i n g  problem. The c l  uster-expansion method o f  Eyre and Osborn 

f o r  s o l v i n g  t h e  three-body problem has been tes ted  f o r  some simple 

cases (sec. 82). . W e  have a l s o  c a r r i e d  o u t  r e a l i s t i c  c a l c u l a t i o n s  o f  

pion-deuteron s c a t t e r i n g  us ing  r e l a t i v i s t i c  Faddeev equations (secs. 

84 and B7), and s tud ied  r e l a t i v i s t i c  e f f e c t s  i n  the  three-body bound- 

s t a t e  problem (sec 8 6 ) .  We have a1 so developed energy-dependent 

separable two-nucleon p o t e n t i a l s  i n  an e f f o r t  t o  stream1 i ne three-  
. . 

body c a l c u l a t i o n s  (secs. 83 and 85). 

We have a1 so addressed d i ve rse  problems i n  s t r o n g - i  n t e r a c t i o n  

dynamics such as the  pion-nucleon sigma term (see sec. C1) and th ree -  

p o i n t  ve r tex -  func t ions .  .With regard t o  the  l a t t e r ,  we see evidence 

suppor t ing  the  impor tant  dual-model p r e d i c t i o n  t h a t  the. ver tex  func- 
,. . 

t i o n  f a c t o r i  t es  (see sec. C2). F i n a l l y  we have cont inued i n v e s t i -  
S 

g a t i n g  the con jec ture  t h a t . i s o s p i n  i s  n o t  a d i s c r e t e  symmetry b u t  

r a t h e r  a dynamical e f f e c t  i n  an extended space (sec. C3). 

The co -p r inc ipa l  i n v e s t i g a t o r s ,  R. A. Bryan, Professor, B. J. 

VerWest, Ass i s tan t  Professor, and C. A .  Dominguez, V i s i t i n g  Associate 

Professor, have each spent about 50% o f  t h e i r  t ime du r ing  the  n ine-  



month academic year on research r e l a t e d  t o  t h i s  con t rac t .  Facu l t y  

associates R. B. Clark,  Associate Professor, and H. Garci lazo, V i s i t i n g  

Ass is tan t  Professor, have spent a l i k e  amount o f  t ime. A l l  the  above 

personnel have devoted f u l l  t ime t o  the  c o n t r a c t  du r ing  the th ree 

summer months. D. Eyre, pos'td'octoral associate,  and J. Gruben, 

graduate student,  have worked f u l l  t ime du r ing  t h e , c o n t r a c t  year .  



I I .  Speci f i  c Research Topics 

A .  ~uc leon-~ucleon Theory and Phase-Shi f t  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) 

We.have completed preliminary energy-dependent and single-energy I 
D 

N N  s ca t t e r i  rig ampl i tude analyses which r e f l ec t  improvements in our 

analysis procedures and the inclusion of new experimental ' resu l t s .  We 
1 ' 

have tabulated the amplitudes from these analyses in a recent report 

which represents the s ta tus  of t h i s  work as of August 1980. .  h hi s i s  an 

ongoing e f f o r t ,  as refinements continue to  be made and more data arr ive.  

. . 
Work i s  a lsb continuing on the exis t ing solutions to  check ' their  ac- 

cljracy, determi.ne where n'ew measurements a re  needed, and produce a 

"standard" s e t  of ampl i tudes.. 

There have been several changes in the analysis procedure re- 

la t ing  to the ampl i tudes above the pion-production thresh01 d .  F i r s t  

i t  was discovered tha t  to preserve the optical theorem, the one-pion- 

exchange contribution which was used for  high part ia l  waves must be 

uni tarized up  to  a L 10 - 15. The normal procedure of adding the non- 

unitary Born term above 9, - 6 lead to  violations of the optical theorem 9 

of about 3% a t  650 MeV and the wrong shape fo r  the n p  d i f fe rent ia l  

cross section near 180" where recent LAMPF data are very .preci'se. I t  

has also been pointed out tha t  the e a r l i e r  parameterization sometimes 
. . 

resul ted i n  ampl i tudes tha t  violated conservation of probabil i ty 



(general two-body un i  t a r i  t y )  . Thus we have adopted a  new pgrameteri  -. 

za t i on  f o r  the  S-matr ix which i s  c l o s e l y  r e l a t e d  t o  the  complex ex- 

tens ion o f  the  nuc lear  bar  phases, reduces t o  the  nuclear  ba r  phases 

below product ion  thresh01 d  and i s  const ra ined f rom ever v i o l a t i n g  con- 

se rva t ion  o f  p robab i l  i ty. 

I n  an e f f o r t  t o  o b t a i n . r e a c t i o n  cross sec t i on  data needed t o  

I I c o n s t r a i n  t h e " i  nel  a s t i  c i  t i e s ,  ' we have made an energy-dependent i s o -  

s p i n  ana lys i s  o f  pp and np charge-channel r e a c t i o n  cross sec t i on  data 

below 1200 MeV (see sec. 4 ) .  While there  are  almost no t o t a l  r e a c t i o n  

cross sec t i on  data, t he re  i s  adequate i n fo rmat ion  i n  the  charge- 

channel data and t h i s  has been used t o  generate pseudo-data fo r  pp and 

np t o t a l  r e a c t i o n  cross sec t i on  f o r  t he  analyses u n t i l  b e t t e r  informa- 

t i o n  becomes a v a i l a b l e .  We, a r e  a1 so working t o  improve the bases f o r  

expansion o f  t he  i n e l a s t i c  p a r t  o f  the  s c a t t e r i n g  ampli tudes i n  the  

energy-dependent program so t h a t  they may more r e a d i l y  f o l l o w  the  

t rends now emerging from the s ingle-energy analyses. We have a l so  i n -  

c l  uded as pseudo-data, the d i spe rs ion - theore t i ca l  parameters o f  ,Grein 

and K r o l l  which a re  the  r a t i o  o f  r e a l  t o  imaginary forward amp1 i tudes . . . 

The data base f o r  Lhese analyses cont inues t o  grow and, i n  c o l -  

l a b o r a t i o n  w i t h  P. Signe l l  we are  a t tempt ing  t o  complete ly  screen and 

r e f i n e  i t  (see f o l  l.owing sec t i on ) .  A  considerable amount o f  new data 

has.  been inc luded above the  product ion  th resho ld  which has s t a b i l  i zed 

the  h igher  energy so lu t i ons .  Most no tab le  a re  the  recent  np Ay and 

Ayy measurements i n  the  range 395-665 MeV ( r e f .  3) and pp A, R and D 

a t  800 MeV ( r e f .  4 ) .  The energy-dependent ana lys i s  i s  used t o  

i n i t i a l l y  encode the  data as a  s t a r t i n g  p o i n t  f o r  the s ingle-energy 



analyses; . The single-energy analyses a re  used to  obtain e r ror  matrices 

and best r e f l ec t  the uncertainty in the amplitudes a t  any given energy. 

The single-energy analyses u p  to  425 MeV a re  very s tab le  and have few 

problems. The s e t  of overlapping analyses from 500 to 800 MeV has 

been used to  study the trends of the phases above production threshold, 

and w i t h  the l a t e s t  LAMPF n p  data ,  the solutions up  to 650 MeV are 

k becoming we1 1 defined. The only energies where the solutions are not 

well defined are  700 and 750 MeV for  I = 0, where there a re  s t i l l  no 

np data except d i f fe rent ia l  cross sections and polarizations,  b u t  even 

these solutions 1 i  ne up we1 1 with other solutions . 
These phase s h i f t  analyses show a high degree of consistency 

between the energy-dependent form and the single-energy analyses, and 

encode the exis t ing data quite accurately in  general. Some isolated 

problems s t i l l  e x i s t  a t  lower energies and there i s  s t i l l  a great need 

for  more data,  especially np  spin correlation experiments around 800 

2 MeV. The high X fo r  the 750 and 800 MeV solutions c.omes mainly from 

some pp d i f fe rent ia l  cross section and polarization data a t  800 MeV; 

these ,data have extremely small errors  which may be unrea l i s t ic .  

".currentH solut ions and a1 1 predictions and data pertaining 

thereto are  available through an interact ive dial - in computer program 

I a.f VPT&Sll. Information on .the use of t h i s  system can be obtained from 
I: 

e i the r  TAMU or VPI upon request. This system will eventually contain 

the more s table  "standard" solutions which will encode data and be 

updated every s ix  months to a year. 
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2. Nucl eon-Nucl eon Data Col 1 ec t i on  

(R. B. Clark and B. J. V e r ~ e s t )  

We ,have made an extensive e f f o r t  t o  document, conf i rm and com- 

p l e t e  the data base f o r  the nucleon-nucleon i n t e r a c t i o n  a t  energies up 

t o  1000' MeV. We have taken as our s t a r t i n g  po in t ,  the data base which 

1 was estab l ished a t  Livermore and has been extended and maintained by 

2 Arndt and R o ~ e r  f o r  many years. The o r i g i n a l  pub l i ca t ions  which docu- 

ment these numerous data sets have been assembled, surveyed and com- 

pared p o i n t  by p o i n t  . w i t h  the data base. Correct ions have been made 

i n  the few .cases where en t r y  e r ro r s  have been found. Appropriate modi- 

f i ca t i ons  have been made where data sets represent dupl i c a t i o n  o r  where 

independent data sets were inadver ten t l y  combined. Deta i led . comparisons . . . ,  

1 - have a1 so been made w i t h  the r ecen t l y  updated nucleon-nucleon data 

compi lat ion of  stri rick^ and ~ e h a r . ~  The format o f  the data base has 

a lso  been changed i n  order t o  provide eas ier  i d e n t i f i c a t i o n  o f  the 

nature and source o f  each data se t .  

We have c a r r i e d  ou t  a de ta i l ed  search o f  the l i t e r a t u r e  t o  

i d e n t i f y  nucleon-nucleon .data sets which may have been missed. I n  an 

e f f o r t  t o  main ta in  the completeness o f  the data base, we have made a 



I 

s i g n i f i c a n t  e f f o r t  t o  i den t i f y  and add a l l  new data s e t s  as  they be- 

come avai 1 ab le .  We f ind  t h a t  most experimental groups continue t o  

s u b m i t  t h e i r  new data t o  our col laborat ion as  they become ava i lab le .  

Regular personal communications w i t h  most of ' t he  experimental groups 

ac t i ve  i n  nucleon-nucleon work have a l s o  helped us t o  keep up w i t h  

new data . 
In addi t ion we. have implemented a systematic process f o r  u t i -  

liizing the  computer-based c u r r e n t - l i t e r a t u r e  search documentation 

se rv ice  a t  DESY to  i den t i f y  newly published data .  .Weekly searches of 

Prepr ints  i n  Pa r t i c l e s  and ~ i e l d s  and Prepr ints  i n  Nuclear Physics 

have been made t o  loca te  new nucleon-nucleon data a s  soon as  possible.  

1 .  . M .  H .  MacGregor, R .  A. Arnd t ,  and R .  M. Wright, UCRL-50426, 

L i  vermore (1 968). 

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

~ c a t t e r i ' n ~  Analyses, I I .  Report of VPI&SU (1976). 

3 .  J .  Bystricky and F. Lehar, Nucleon-Nucleon Sca t te r ing  .Data 

( ~ a c h i  nformationsze&um ~ n e r ~ i e - p h y s i  k-  at he ma ti k ,  Karl sruhe , 



3 .  Parameterization o f  I ne l  a s t i c  NN Scat ter ing i n  Coupled Angular- 
. . 

Momentum States 

(R. A. Bryan) 

We have parameterized the i n e l a s t i c  coup1 ed-channel S-matrix 

f o r  riucl eon-nucl eon sca t t e r i  ngl as 

( T  denotes transpose), where U i s  a un i t a r y  4x4 mat r i x  o f  ' t h e  form 

and where the e .  are ( l i n e a r  combinations o f )  n ine rea l  phase para- 
J 

meters and the y. nine hermitean 4x4 matr ices. The four  channels come 
J 

from coupl ing a  p a i r  o f  angular momentum sta tes t o  a  p a i r  o f  reac t ion  

channels, say NN and N-Roper. I n  the NN-NN sca t t e r i ng  sector, eq. 1 

reduces t o  

where 

s='(? ;?) 

and where N i s  as rea l  symmetric 2x2 mat r i x  embodying a l l  the i n e l a s t i c  

informat ion.  For pure ly  e l a s t i c  scat ter ing,  N = lZx2 and S reduces t o  

the Stapp-Ypsilantis-Metropolis form (SYM "bar" parameter izat ion).  

We have 'discovered t ha t  t h i s  format  (eq.  2, r ,  h . s .  ) parameterizes 
. . 



S w i t h  small phases ei when the  i n t e r a c t i o n  i s  weak, and t h a t  t h i s  
. . 

format  a1 so automat ical  l y  s a t i s f i e s  a  un i  t a r i  t y  c o n d i t i o n  we have 

found, namely, 
. , . . 

det ( I - % s t )  L 0 -  

Nei t h e r  o f  the.  two parameteri  za t ions  quoted i n  the  1  i t e r a t u r e 2  '3 have 

t h i s  property;  t h e  MacGregor-Arndt-Wright and Hoshizaki, parameter O 

can execute' wide (360°) excurs ions f o r  small  changes i n  S, and care I? 

must be taken l e s t .  a  g iven s e t  o f  parameters v i o l a t e s  eq. 3. 

'1 .  R. A .  Bryan, DOE/ER/05223-21 ( rev ised) .  

2. H. Hoshizaki , Suppl . Progr. Theoret. Phys. - 42, 1 (1 968). 

3, M. H. MacGregor, R. A. Arndt,  and R. M. Wright, Phys. Rev. 

4. I sosp in  Analys is  of NN React ion Cross Sect ion Data 

(B. 4. VerWest and R. A. Arndt)  

 h he NN r e a c t i o n  ,c ross  sec t i on  f o r  I = 0  and I = 1, s c a t t e r i n g  i s .  

an impor tant  p i e c e  o f  i r i fo rmat ion  needed as Tnput f o r  NN .analys'es and 

as a  t e s t  f o r  p,ion product  theor ies .  Unfortunate1.y i n  the  reg ion  

TL 5 1400 MeV the re  a re  e s s e n t i a l l y  no pp o r  np t o t a l  r e a c t i o n  cross 

I .  sec t ion  data. Rather there  i s  an assortment of r e a c t i o n  cross sec t i on  

data f o r  the var ious charge channels. Data i n  t h i s  form cannot be 

used f o r  i n e l a s t i c  NN ana lys i s .  However, by us ing  i s o s p i n  invar iance 

and smooth i n t e r p o l a t i o n  one can e x t r a c t  the  necessary i s o s p i n  r e a c t i o n  

cross sec t ions  a (where Ii and I f  are  the  i n i t i a l  and f i n a l  NN 
Ii I f  

isosp ins)  . Pre l  im inary  . . analyses o f  t h i s  type have i n d i c a t e d  a  c o n f l  i c t  



+ 1 
i n  the exis t ing data.  Recent precise data on the reaction n p - t n n l r .  

indicate tha t  the problem l i e s  in an overall systematic e r ror  in the 

old Dubna no  prqduction experiments. T h u s  we have deleted the Dubna 

n p - t  np.rrO data from the analyses. The resu l t s  indicate a very small 

I = 0 N N  i ne l a s t i c  cross section with no evidence fo r  resonance-like 

s t ructure,  and a large and re la t ive ly  well-determined I = 1 N N  in- 
. . 

1 e l a s t i c  cross section. These resu l t s  a re  being used as constraints 
0 

on our current N N  phase-shift analyses. 

1 . M. Kl einschmi d t  -- e t  al., Uni versi t g t  Frei burg prepri n t  (1 980). 

5. Peripheral Model .for N N - t  N N m  

( J .  H .  Gruben and 6. J .  VerWest) 

1 The success of e a r l i e r  peripheral-model . , calculations . . of N N +  NNv . . 

has lead to  work on the partial-wave projection of these t ransi t ion 

matrix elements. This will a1 low an approximate treatment of i n i t i a l  

and f ina l -s ta te  interactions as. well as  a be t te r  understanding of the 

par t ia l  -wave content of the production process. 

The preliminary resul t s  of the par t ia l  -wave projections give 

partial-wave reaction cross sections and i n e l a s t i c i t i e s  in very good 

agreement w i t h  the analysis resu l t s  and with'other calculations based 
2 on N N  and N A  t ransi t ion potentials and TNN three-body calcul,ations. 3 

The important common feature of a l l  these models i s  the A resonance, 

and i t s  dominance of th i s  reaction leads to  the hope tha t  the high 

partial  waves are  to  a large extent model-independent. In the I = 1. 

channel where the A .domi nates, the production reaction, the important 

feature i s  the re la t ive ly  large ine la s t i c i ty  : i n  the D 3 ~ 3 ,  'G, and 



3 ~ H ,  channels. This  p a t t e r n  f o l l o w s  f rom the  c o u p l i n g  o f  t h e  NN 

entrance channel t o  a  NA channel o f  L = 5-2 which i s  t he  l owes t  pos- 

s i b l e  L s t a t e  f o r  a  g iven  J and thus minimizes t h e  c e n t r i f u g a l  b a r r i e r .  

Hence these s t a t e s  have enhanced r e a c t i o n  c ross  sect ions. .  The l a r g e  

c ross  sec t i ons  i n  the  'D, and 3 ~ 3  channels a re  reproduced w i t h o u t  t he  

i n c l u s i o n  o f  resonance- l i ke  s t r u c t u r e s  and seem t o  be a  r e s u l t  o f  t he  

.It dynamics and angular-momentum coup l ing .  
a ' .  

I n  t he  I = 0  channel where t h e  A i s  excluded, t he  pe r i phe ra l  

model i n d i c a t e s  t h a t  t he  pr imary  i n e l a s t i c i t y  i s  i n  t he  3 ~ 1  - 3 ~ 1  and 

'P, channels,, w i t h  t h e  3 ~ ,  be ing  the  most impor tan t .  This  i s  con- 

s i s t e n t  w i t h  . t h e  analyses and i n d i c a t e s  t h a t  h i g h e r  p a r t i a l  -wave 

i n e l a s t i c i t i e s  need n o t  be i nc luded  a t  t h i s  t ime. 

1. B. J. VerWest, Phys; L e t t .  83B, 161 (1979). 

2. A. M. Green and M. E. Sa in io ,  Journal  o f  Phys. G - .  5, 503 (1979). 

3. W. M. K loe t ,  J.  A. T jon  and R. R. S i l b a r ,  Rutgers U n i v e r s i t y  

r e p o r t  RU-80-238 (1980).  

6. On the  Exis tence o f  D i  baryon Resonances i n  I = 1  'D, and 3 ~ 3  

~ u c l  e o n - ~ u c l  eon Sca t t e r i  ng 

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

I 
I n  o r d e r  t o  s tudy  the  d e t a i l s  o f  the  resonance- l ike s t r u c t u r e  

3 'seen i n  t h e  ID, and F 3  p a r t i a l  waves, we have made coupled-channel 

K-matr ix  f i t s  t o  t he  NN ampl i t u d e i  .' These f i t s  i n c l  ude the  NN and 

Nn channels as w e l l  as t h e  proper  phase space and t h r e s h o l d  dependence, 

and produce T-matr ices which s a t i s f y  t he  bas i c  c o n s t r a i n t s  o f  a n a l y t i c i t y  



and two-body-uni t a r i  t y  . These parameter i  za t i ons  f i  t the  e x i  s  t i ' n g  

2  
ampl i tudes f rom the  V'PI&SU - TAMU analyses very  w e l l  and revea l  poles 

coup'led s t r o n g l y  t o  the  NA .channel. The p rec i se  poTe p o s i t i o n s  are  

u n c e r t a i n  and depend t o  some e x t e n t  upon the  p a r t i c u l a r  parameteriza- 

t i o n  scheme which ' i s  be ing  ,employed. The p r o x i m i t y  o f  the poles t o  

the  NA branch p o i n t  suggests an i n t e r p r e t a t i o n  o f  an S-wave (P-wave) 

NA "bound" o r  " v i r t u a l  " s t a t e  coupled t o  the  '4 ( 3 ~ , )  p a r t i a l  wave. 
1. a 

These r e s u l t s  a re  i n  c o n t r a d i c t i o n  t o  recen t  r e s u l t s  of Kloet ,  T jon 

3  and S i l  bar  and ou r  own NN+NNn c a l c u l a t i o n s  which i n d i c a t e  t h a t  

the  resonance- l ike behavior  i s  a  r e s u l t  o f  angular-momentum coup l i ng  

and NA dynamics i n  l owes t  o rde r  and n o t  a  resonance which r e s u l t s  

from u n i  t a r i t i z a t i o n  o f  a  s i n g u l a r i  t y - f r e e  p o t e n t i a l .  This  s u b j e c t  

has been a  t o p i c  o f  much debate l a t e l y  and a l l  these r e s u l t s  must be 

s tud ied  more t o  understand t h i s  c o n t r a d i c t i o n .  

1. R.. Bhandari, R. A. Arndt,  L. D. Roper and B. J. VerWest, . 
DOEIER/O~~~~,-33. - . 

2. R. A. Arndt  and B. J. VerWest, DOE/ER/05223-29.. . . 

3.  ,W. M. K loe t ,  J. A. ~ j o n  and R. R. S i l  bar ,  Rutgers U n i v e r s i t y  

r e p o r t  RU-80-238 (1 980). 

. 4. Work o f  J. Gruben and B. VerWest repo r ted  i n  the  precedi  na 

t sec t i on ,  



7. Time-Reversal Non invar ian t  NN S c a t t e r i n g  

(R. A. Bryan, J. B instock and A. Gersten) 

Recently H. E. Conzett, R. J. S lobodr ian and t h e i r  c o l l a b o r a t o r s  
I 

have .measured an i n c r e d i b l y  l a r g e  d i f f e r e n c e  between p o l a r i z a t i o n  ( P )  

and asymmetry ( A )  i n  t he  r e a c t i o n  7 ~ i  ( 3 ~ e ,  ) ' ~ e  a t  he1 ium i o n  

energies o f  14 MeV. These measurements,. i f  conf irmed, would imp1 y a 

1" massive breakdown o f  t ime- reversa l  i nva r iance  i n  the ' s t r o n g  . i n t e r -  Q 

a ~ t i o n .  I n  view o f  t h i s ,  we have updated our  manuscr ipt  on sho r t - '  
. . 

range t ime- reversa l  non i  r ivar iance . 
. 

i n  nucleon-nucl eon s c a t t e r i  ng2 and 

resubmit ted i t  t o  ~ n n a l s  o f  Physics where i t  has been accepted f o r  

pub1 i c a t i o n .  

1 . . . H .  E. Conzett ,  P. vonRossen, F. H in terberger ,  R. J:Slobodrian, 

C. Rioux, and R. Roy, Lawrence Berkeley 'Laboratory r e p o r t  

LBL-11576 (1 980). 

2. J. Binstock,  R. Bryan, and A. Gersten, 0R0-5223-03 (second 

r e v i s i o n ) .  



9. Three-Hadron ~ y s  tems 

1 .  Unitary Model f o r  the ITNN-NN Systems 

( D .  Eyre and R .  J .  VerWest) 

We have constructed a uni tary  model f o r  the coupled I T N N - N N  

1 problem by extending the Sasakawa-Karl sson K-matrix formal i sm2 to  

the dynamical theory o f  Avishai-Mizutani. The resu l t ing  system o f .  
1 

r? 
. t Hei t l e r - type  on-she1 1 in tegral  equations serves to uni t a r i z e  the  

s ca t t e r i ng  problem. The solut ion of these on-shell equations preserves 

both two- and three-body u n i  t a r i  t y .  The, dynamical theory of Avishai- 

Mi'zutani i s  f u l l y  contained i n  equations f o r  the K-matrix, which have 

zero discont inui ty  along the real  posi tive-energy axis  and a r e  there- 

fore  amenable to  approximation without a f fec t ing  the uni t a r i  t y  con- 

s t r a i  n t s  . Approximations of the  K-matrix y i e ld  simple uni tary  de- 

sc r ip t ions  of the coupled I T N N - N N  s ca t t e r i ng  process. 

1 .  D.  Eyre and B .  J .  ~ e r ~ e s t ,  Phys. Rev. C -- 22, 664 (1980), 

~ 0 ~ / ~ ~ / 0 5 2 2 3 - 2 4 .  

2. T.. Sasakawa, Nucl. Phys. 'A.203, 496 (,1g73); B. R .  Karlsson, 

Phys. Rev. D.17, - 642 (1978). 

3. Y .  Avishai and T. Mizutani, Nucl. Phys. A326,, 352 (1979); 



2. C lus te r  Expansions i n  Mu1 t i channe l  S c a t t e r i n g  

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

We have extended a  r e c e n t l y  proposed c l u s t e r  expansion f o r  the 

1  three-body problem t o  the  case o f  mul t ichannel  s c a t t e r i n g .  The r e -  

s u j  t i n g  i n t e g r a l  equat ions prov ide  an approximate d e s c r i p t i o n  o f  t h e  

s c a t t e r i n g  process t h a t  i s  accurate when c l  us t e r i  ng domi nates the  

C. unde r l y ing  phys i ca l  s t a t e s . .  I n  o rde r  t o  s imu la te  a  problem t y p i c a l  

of  few-body systems, we have i n v e s t i g a t e d  a  three-body problem i n  

which a1 lowed asymptot ic s t a t e s  r e s u l t  f rom e l a s t i c  s c a t t e r i n g ,  r e -  

arrangement, 'and t a r g e t  e x c i t a t i o n .  S p e c i f i c a l l y  the system cons i s t s  

of t h ree  bosons o f  which two a re  i d e n t i c a l  and t h e  t h i r d  i s  d i f f e r e n t .  

These p a r t i c l e s  i n t e r a c t  v i a  separable i n t e r a c t i o n s .  We took the 

i n t e r a c t i o n  between the  two i d e n t i c a l  p a r t i c l e s  t o  be a  two-term 

2 i n t e r a c t i o n  o f  the  Do lescha l l  type, which permi ts  two bound s ta tes .  

The i n t e r a c t i o n s  between the  non - iden t i ca l  p a r t i c l e  and e i t h e r  o f  the  

o t h e r  two were chosen t o b e  s ing le - te rm i n t e r a c t i o n s  o f . t h e  Yamaguchi 

type, To check the numer ica l '  r e s u l t s ,  'we compared the  exac t  c a l c u l a -  

t i o n s  us ing  the  Eyre-Osborn fo rmu la t i on  w i t h  exac t  s o l u t i o n s  from the  

3 Amado-Lovelace - s o l u t i o n ,  genera l i zed t o  t h i s  more compl icated system 

and solved by an e n t i r e l y  separate computer system. We then t e s t e d  

4 the c l u s t e r  expansion technique as t o  convergence and s e n s i t i v i t y  . o f  

, t h e  s o l u t i o n s  t o  the  d e t a i l s  o f  the  i n t e r a c t i o n ,  the p o s i t i o n s  o f  the 

i n e i a i t i c  and rearrangement thresh01 ds and the  ranges o f  the i n t e r -  

ac t i on .  I n  t he  cases we have i n v e s t i g a t e d  so f a r  we have found r a p i d  

convergence o f  the c l  u s t e r  expansion t o  the  exac t  three-body so l  u t i o n .  



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, 51 225 (1 964). 

3. Energy-Dep.endent Separable Potential  s f o r  the  Nucl eon-Nucleon 

Interact ion 

1 
(H. Garci 1 azo) . . 

Separable po ten t ia l s  a r e  very useful i n  the numerical solut ion 

of the three-body problem because they reduce the  in tegral  equations 

from two continuous var iables  t o  only one. In the  case of the  two 

S-wave nucl eon-nucl eon channel s , ex i s t i ng  one-term separable. poten- 

t i a l s  reproduce only t he  low-energy data ;  they do not produce the. 

change of sign of the phase s h i f t s  a t  T l a b  = 300 MeV. In order  to  

,. be able  to  describe both the  low-energy data and the  change of sign 

of the  phase s h i f t s ,  we have constructed two models. of energy- 

1. dependent separable po t en t i a l s .  

1.. H: Garci 1 azo, ' DOE/ER/O5223-26. 

4. Re l a t i v i s t i c  Faddeev Calculations of Pion-Deuteron Scat ter ing 

' (H. Garci 1 azo) 
1. 

The ful l y  r e l a t i v i s t i c  Faddeev equations fo r  the three-body 
. . 

problem a re  of the form of . integral  equations depending on two four-  

dimensional r e l a t i v e  momenta. In order t o  reduce the  equations to  a 

manageable form, one can e l iminate  i n  a covariant  way the fourth 

components of the r e l a t i ve  momenta, so t h a t  if one i n  a d d i t i o n  appl ies  



the isobar  o r  separable approximation, one obta ins  i n t e g r a l  equations 

analogous t o  those o f  t he  non-re1 a t i  v i s  t i c  three-body problem w i t h  

separable p o t e n t i a l s  . We have c a l c u l a t e d  pion-deuteron e l a s t i c  

s c a t t e r i n g  i n  the  reg ion  o f  the  ( 3 , 3 )  resonance u s i n g  two d i f f e r e n t  

cova r ian t  reduct ions  o f  the  re1 a t i  v i s t i c  three-body equations. We 

i n c l  ;de the  two S-wave nucleon-nucleon channels and the  s i x  S and P- 

wave pion-nucl eon channels by means o f  separable T-matrices. We t r e a t  
I 

the  s p i n  va r iab les  r e l a t i v i s t i c a l l y  by us ing  the  three-body he1 i c i  t y  

formal ism o f  wick.' D e t a i l s  can be found i n  r e f .  2. 

1. G. C. Wick, Ann. Phys. (N.Y.)  - 18, 65 (1962). 

2. H. Garc i lazo,  Phys. Rev. L e t t e r s  - 45, 780 (1980), DOE/ER/05223-27. 

5. The Inverse Sca t te r i ng  Problem w i t h  Energy-Dependent Separable 

P o t e n t i a l s  

(H. Garc i lazo and R. R. Wilde) 

The form f a c t o r s  o f  the  energy-dependent separable p o t e n t i a l s  

t h a t  f i t  'both the low-energy data and the  change o f  s i g n  o f  t he  phase 

s h i f t s '  have ranges i n  momentum space which are  l a r g e r  than those o f  

t he  energy-independent separable p o t e n t i a l s  which f i t  o n l y  the  low- 

energy data. These longer  ranges are  a consequence o f  the  f a c t  t h a t  

I 
t he  energy-dependent models take i n t o  account the  s t rong  r e p u l s i o n  . . 

7 

a t  sho r t ,  d is tances.  I n  order  t o  show t h a t  t h i s  fea tu re  i s  ob ta ined 

independently o f  the  model used f o r  t he  form factors,.  we have solved 

the  inverse s c a t t e r i n g  problem i n  the  case o f  an energy-dependent 

separable i n t e r a c t i o n ,  so t h a t  we o b t a i n  the  form f a c t o r s  d i r e c t l y  , f rom 



the  experimental  phase s h i f t s  . The r e s u l t s  o f  these c a l c u l a t i o n s  can 

be found i n  r e f  2. 

1. .H. Garc i lazo,  DOE/ER/05223-26. 

2. H.. Garc i lazo  and R. R. Wilde, DOE/ER/05223-28. 

6. Re1 a t i  v i  s%i'c E f fec ts  i n  t h e .  Three-Nucl eon Bound-Sta t e  Problem 

.(H. Garc i lazo)  

R e l a t i v i s t i c  e f f e c t s  i n  the  three-nucleon bound-state problem a r e  

n o t  w e l l  known al though they are  expected t o  be smal l  s ince  the  b i n d i n g  

energy o f  t r i t i u m  i s  much sma l l e r  than i t s  to ' ta l  mass. However, i t  i s  

impor tan t  t o  have exac t  c a l c u l a t i o n s  i n  which one can see how impor tan t  

these c o r r e c t i o n s  r e a l  l y  are.  We have c a l c u l a t e d  t h e  b i n d i n g  energy 

o f  t r i t i u m  us ing  two r e l a ' t i v i s t i c  vers ions o f  the  Faddeev equat ions w i t h  

separable p o t e n t i a l s ,  and compared them w i t h  the  n o n r e l a t i v i s t i c  
. , .  . .  . 

r e s u l t s .  We f i n d  t h a t  the  r e l a t i v i s t i c  e f f e c t s  increase the  b i n d i n g  

energy by l e s s  than 0.5 MeV. More d e t a i l s  about these c a l c u l a t i o n s  can 

be found i n  r e f .  1  . 

1. H. Garc i lazo,  DOE/ER/05223-30. 

7. . Three-Body He1 i c i  t y  Formal ism Appl i e d  t o  Pion-Deuteron S c a t t e r i n g  
1 

( H i  Garc i jazo)  

I n  t h i s  work we fo rmula te  the  pion-deuteron problem, us ing  a  s e t  

o f  1 i n e a r  equat ions s j m i l a r  t o  those used i n  prev ious work, b u t  dea l i ng  

w i t h  . the s p i n  va r iab les  i n  a  r e l a t i v i s t i c  way, f i r s t l y  by doing the  

reduc t i on  f rom e i g h t  t o  s i x  cont inuous var ' iab les,  t a k i n g  i n t o  account 



t h e  fermion propagators f o r  the  nucleons, and secondly, 'by per forming 

the  par t ia l -wave decomposit ion o f  t he  equat ions us ing  the  three-body 

h e l i c i t y ' f o r m t i l i s m  o f  w ick . . '  We use a l l  the  pion-rwcleon S and P- 

wave channels and the  nucleon-nucleon S-wave channels as i npu t ,  t o  

g i ve  a good d e s c r i p t i o n  of t he  da ta  f o r  p ion  k i n e t i c  energies rang ing  

f rom 142 MeV t o  512 MeV. The r e s u l t s  o f  these c a l c u l a t i o n s  can be 

found i n  r e f .  2. 

1. G. C. Wick, Ann. Phys. (N.Y,)'18, - 65 (1962). 

2. H. G a r c i l  azo, DOE/ER/05223-31. 

8. The One-Pion-Exchange P o t e n t i a l  i n  Nucleon-Nucleon s c a t t e r i n g  

(H. Garci lazo).  

' 

I n  r e f :  ' 1  we de r i ve  the  one-pion-exchange p o t e n t i a l  us ing  t h e  

three-body model of  nucleon-nucleon s c a t t e r i n g  proposed by K l o e t  , 

~ i l  ba.r, Aaron, and ~mad6.  ' s i n c e  the  standard t rea tment  o f  nucleon-' 

nucleon s c a t t e r i n g  us ing  the  idea o f  the  exchange o f  mesons i s  based . 

on the  two-body Blankenbecler-Sugar equat ion,  i t  s a t i s f i e s  o n l y  two- 

body u n i  t a r i  t y .  The three-body model , on the  o t h e r  hand., . s a t i s f i e s  
. . 

bo th  t w o -  and three-body u n i t a r i t y  so t h a t  i t  can go cont inuous ly  from 

the  reg ion  below p ion-product ion  th resho ld  t o  the reg ion  'above i t .  We 
. . 

f i n d  t h a t  t h e  three-body one-pion-exchange p o t e n t i a l  has the  same form 

as the  usual Yukawa OPEP, except  t h a t  i t s  range i s  energy-dependent and 
. . 

i t becomes compl ex above the  p ion-product ion  thresh01 d. The compl e t e  

d e r i v a t i o n  o f  t h i s  p o t e n t i a l  can be found i n  r e f  1.  

1 .  H. Garc j lazo,  DOE/ER/05223-32: 

2.  .W. M. ~ l o e t ; '  R .  R. ~ i l b a r ,  R.  ~ a r o n ,  and R. D. Amado, Phys. Kev. 

L e t t .  - 39, j643 (1977). 



C. s t rong-  I n t e r a c t i o n  Dynamics Re1 a  t e d  t o  NN and TN S c a t t e r i n g  . 

1. Present s t a t u s  o f  t he  Pion-Nucleon Sigma Term 

(C.  A. Dominguez and P. Langacker) 

The 1  ong-s tand ing  d i  screpancy between the  p red i c ted  va l  ue o f  t he  

TN sigma term i n  the  framework o f  QCD and the  value e x t r a c t e d  from 

ex t rapo l  a  t e d  on-mass-she1 1  . nN s c a t t e r i n g  data has been c r i  t i c a l ' l  y r e -  

examined. Assumi ng t h e  va l  i d i  t y  o f  the  OZI r u l e  a t  t=O and us ing  quark 

mass r a t i o s  e x t r a c t e d  f rom the  pseudoscalar meson mass spectrum one 

ob ta ins  the canonical  r e s u l t  onN = 23 25 MeV. We argue t h a t  t h e '  poss i -  

b i l i  ty  o f  r e a d j u s t i n g  the  quark mass r a t i o s  t o  g i ve  a  sigma term of  

60-70 MeV so as t o  agree w i t h  some values e x t r a c t e d  f rom nN data, i s  

most l i k e l y  r u l e d  o u t .  In p a r t i c u l a r  t h i s  would imp ly  a  huge v i o l a t i o n  

o f  the  non-renormal izat ion theorem i n  K R 3  decay. Since the  OZI r u l e  

i s  un re l  i a b l e  - a t  t=O., we have r e c a l c u l a t e d  the  m a t r i x  element <p 1:s 1 p > l  

<p l+( iu+dd) Ip> us ing  t h e  Goldstone-boson p a i r  mechanism and found a  

sigma term o f  36'8 MeV. We have a1 so examined o t h e r  evidence support -  

i n g  a  breakdown o f  the  OZI r u l e  a t  t=O. F i n a l l y  we have reconsidered 

the  .whol.e procedure o f  ex t rac t . ing  a val up of  t h ~  sigma term from n~ 

s c a t t e r i n g  data. .Using the  e x i s t i n g  r e s u l t s  on the  r e l e v a n t  nN 

amp1 i tude as a  f u n c t i o n  o f  t and p e r f o r m i n g  least-squared f i t s  and 

ex t rapo la t i ons ,  we f i n d  tha.t the  sigma term i s  unce r ta in  by as much as 

1001, w' i th values i n  the  range 30-70 MeV g i v i n g  e q u a l l y  acceptable 

f i t s  t o  the  data. - We the re fo re  conclude t h a t  bo th  the  t h e o r e t i c a l  and 

experimental  . u n c e r t a i n t i e s  i n  the  de terminat ion  o f  t he  sigma term a re  

s u f f i c i e n t l y  l a r g e  f o r  t h e  apparent discrepancy t o  p rov ide  n e i t h e r  



evidence a g a i n s t  QCD nor  aga ins t  the canonical  quark mass r a t i o s  t h a t  

one obta ins  i n  the convent ional  (3 , i )  model. For more d e t a i l s  see 

r e f  1. 

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

2.  Determinat ion o f  t h e  aNN, aNA, and r a p  Form Factors f rom Quasi 

TWO-~ody Hadronic Reactions 

( C .  A. ~ o m i n ~ u e z )  

One o f  t he  most impor tan t  f ea tu res  o f  the  dual -model hadrori ic 

1 fo rm.  f a c t o r  i s  i t s  f a c t o r i z a t i o n .  According to '  t h i s  p r e d i c t i o n  the  

th ree -po in t  f u n c t i o n  becomes a product  o f  t h ree  r a t i o s  o f  gamma func- 

t i o n s ,  one f o r  each' leg .  i n  t he  - ve r tex .  I n  t he  zero-width approximation 

and f o r  each. d i s t i n c t  l e g  i n  t he  ver tex ,  t he  model conta ins  one f r e e  

parameter t h a t  determines the  asymptot ic  power behavior  o f  the  form 

f a c t o r .  These parameters may be e x t r a c t e d  from high-energy s c a t t e r i n g  

. data i n  t h e  Regge region.' The f a c t o r i z e t i o n  p rope r t y  of  t h e  form 

3 f a c t o r  has been t e s t e d  r e c e n t l y  i n  connect ion w i t h  charged p ion  

photoproduct ion, i . e . ,  i t  has been shown t h a t  the  form f a c t o r s  
2 2 2 2 2 

F (P = b ;  P : = ~ :  q:) and FnNN (q,;PN= P I 2  P N 3 M  ) a re  
yna 'P N ; N 

i d e n t i c a l '  when normal ized t o  u n i t y  a t  t he  f u l l y  on-mass-shell p o i n t .  

I n  view o f  t he  fa r - reach ing  consequences o f  f a c t o r i z a t i o n ,  we 
++ + + 

have t e s t e d  i t  i n  the reac t i ons  p p - b  nA , pp -+ p~ and 71 p F p O ~ + +  - 9 

these reac t i ons  . . p rov ide  us w i t h  th ree  - a ' p r i o r i  d i f f e r e n t  form f a c t o r s ,  

v i  z., FaNN, FnNb and FaTp. . I n  the Reggeized one-pion-exchange reg ion  
2 2 2 2 

the  arguments o f  the form f a c t o r s  a r e  FaNN (q: ; PN = MN ; PN = M N  ) ,  



a l l  th ree  depend,only on the  p ion  four-momentum squared and the re fo re  

according t o  f a c t o r i z a t i o n  they  should be i d e n t i c a l  ( i f  normal i zed t o  

the  same value, e.g., u n i t y ,  a t  t h e  f u l l y  on-mass-shell p o i n t ) .  A 

b r i e f  d e s c r i p t i o n  o f  t h e  work fo l l ows .  

+t t t ++ 
D i f f e r e n t i a l  cross sec t ions  f o r  pp-t nA , pp + PA and r p + p O *  

a t  h igh  energies, pL 5 3-16(Gev/c), and smal l  momentum t rans fe rs ,  . ' 

0 < I t  1 O . ~ ( G ~ V / C ) ~ ,  have been analyzed us ing  a Reggeizedone-pion- 

exchange mechanism w i t h  form f a c t o r s  o f  t he  monopole and. the dual - 
model type. Resul ts  s t r o n g l y  c o n f i r m  the dual -model p r e d i c t i o n  t h a t  

FnNN( t )  = FrNb(,t) ' =  F,,*(t), when t h e  p ion  i s  t he  o n l y  v i r t u a l  ( o f f -  

the-mass-she1 1 ) ' . p a r t i c l e  i n  each ve r tex  and the  form f a c t o r s .  a re  a l  1 

normal ized t o  u n i t y  a t  t = i:. No evidence has been found f o r  non-one- 

pion-exchange c o n t r i b u t i o n s  i n  t he  k inemat ic  reg ion  under considera-  

t i o n ,  thus l e a d i n g  t o  a model independent determinat i .on o f  t he  range 

and asymptot ic r a t e  parameters . . o f  t he  th ree -po in t  f unc t i ons .  The 

r e s u l  . . t s  a re  A, 2 800-1 000 MeV and, 6, 5 2.5-3; i n  good agreement w i t h  

e a r l i e r  determinat ions f rom NN charge-exchange s c a t t e r i n g  and p ion  

photoprvduo 1 iur~ .  For inlore deta i 1 s see ref. 4. ' , 

1 .  C. A. Dominguez, Phys. Rev. D 7, 1252 (1973); D - 165 2320 (1977); 

R . ' A .  Bryan, C.  A .  Dominguez and B. J. VerWest, Phys. Rev. C 

22, 160.(1980).  - 

2 .  C .  A. Dominguez and 0 .  J. VerKest. Phys.  Lett ' .  -- 8 9 ~ ,  333 (1980). 

3. C .  A. Dominguez' and R.  !3. Clark ,  Phys. Rev. C -- 21 , 19.44 (1980). 

4. C. 4.. Dominguez, DOE/ER/05223-25. 



3. Dynamical Theory o f  I s o s p i n  

( R .  A. ~ r y a n )  

We have cont inued developing a theory1 i n  which i s o s p i n  emerges 

dynamical ly  r a t h e r  than being tacked on as an a f te r though t .  To ac- 

complish t h i s  we conceive o f  e lemen ta ry -pa r t i c l e  processes as t a k i n g  

p lace i n  an. e ight-d imensional .  space and be ing  governed by a general i - 

z a t i o n  o f  the  D i rac  equat ion; As a work ing model we take the  bas ic  

f i e l d  equat ion  f o r  a fermion w i t h  h a l f - i n t e g e r  i s o s p i n  t o  be 

where 

and f f ' d  ,pl=rII - 
'4 x *P' ,ur co 

I I 

w i t h  xp ( x t p  ) and yp ( y t p  ) t h e  space-time coordinates and a n t i -  

commuting Di,rac Y-ma t r i c e s  i n  o r d i n a r y  space-time ( four-d imensional  

'hyperspace). V represents an i n t e r a c t i o n  i n v a r i a n t  under a Lorentz  

( L o r e n t z - l i k e )  t rans fo rma t ion  i n  o r d i n a r y  (hyper)  4-space. 

The i n t e g r a l  i n v e r s i o n  o f  eq. 1 i s  a c t u a l l y  the d e f i n i t i v e  

equat ion; t h i s  i n v e r s i o n  resembles the  Bethe-Sal p e t e r  equat ion except  

t h a t  a l l  e i g h t  coord inates r e f e r  t o  a s i n g l e  p a r t i c l e .  



E q .  2 may be gotten from a Lagrangian dens1 ty  described in r e f .  1 .  

  he free-partic1,e solution to eq. 2 i s  

where u ($) [u' ($')I i s .  a Dirac spinor in ordinary [hyper] space- : 
. T I  TI 

time and p s x  = p xu ( p l =  p x ) .  In the l imi t  where 6' = 0. 
1.1 U + 

u T. i ( p '  ) reduces to an ordinary isospi nor; 
t. 

u )  ( I ,  0 ,  0,  p) o r  ( 0, 1, 0, 0 ) . 

In th i s  1 imit the SU(2) - isospin matrix elements a re  preserved. For 

example, i f  u'+ ( u L ~ )  represents the u ( d )  quark q and , 

= ( I -+ yr) i r  ( I '  + T; )gar' Apb8 ( L l ,  g; ) v ( x 3 ,  I ( ; \  
+ 

where (AUO, A .) - ( B  O , W; ) represents t h e  vector-meson quartet  
,I' .PJ 

( B y  W0 Y ' )  before symmetry-breaki ng , then the three-poi n t  coup1 i n g  

constants g(q,  q ,  W )  are  in the usual r a t i o  1 :-1 :h. On the other hand, 
+ 

for  p' f 0, isospin i s  automatically broken, and rather than 5' 
+ + 

( i so ip in)  being conserved, f '  + L' ("orb i ta l"  isospin) = J '  i s  conserved. 

L '  may possibly represent color (or  ra ther ,  accompl ish what color 

was invented to  . accomplish). . A partial-wave expansion o f  eq. 3 in 

eight-space y,ields the sol ution 



+ 
Par t ic les  wi t h  i  so-angul ar-momentum functions Y A o  u;, ( p '  ) may represent 

+ 
co lor less  e lect ron leptons while pa r t i c l e s  described by Y;,, ub1 ( p '  ) may 

a' 
represent the 3-color (u,d) quarks. Thus a l l  the members . of . the f i r s t  

quark'-lepton generation appear na tura l ly  and one does not need to  

invent ~ u b ~ u a r k s ~ ' ~  t o  reduce the number of basic pa r t i c l e s .  That i s  

to  say,  throuqh eq. 4 a1 1 the members of t h e .  f i r s t  generation a r e  j u s t  

d i f fq r en t  s t a t e s  of a s ing le  p a r t i c l e .  

We speculate t h a t  the second and t h i rd  quark-lepton. generations 

could be represented by higher modes of the  radia l  functions j,, ( p ' r ' ) ,  

subject  to some s o r t  of boundary condit ion.  projections onto M i  nkowski 

space could s t i l l  be points ( i  . e . ,  y ie ld  point  pa r t i c l e s  i n  ordinary 

1 .  R .  A. Bryan, DOE/ER/05223-34. 

. . 2 .  H .  Harari ,  Phys. Le t t .  , 83 (1 979) ;. H. Harari and N .  Seiberg, 

Wei zrnan 1nst i  t u t e  of Science prepr int  'WIS-801 37 (1980). 

3. M .  Shupe, Phys. Lett. - 86B, 87 (1979). 
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