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A b strac t

CHIRAL DYNAMICS WITHOUT A1 . 

by

Jo se p h  M. P etito  

A dvisor: P ro fe s s o r  Ngee Pong Chang

The non linear rea liza tio n  m ethod  of W einberg i s  u sed  to  co n s tru c t a 

c h ira l in v a ria n t L agrangian  consisting  of 7T ? N, N* (1236) and p  but 

not A j. C h ira l invariance can b e , of co u rse , m ain ta ined  w ithout 

invoking the A^ m eson. In view  of the ex p e rim en ta l s ta tu s  of A^, 

it  m ay be w orthw hile studying such a  m odel. The t r e e  d iag ram  

technique is  u se d , with an  off m a s s -s h e ll  N* p ro p ag a to r, to  ca lcu ­

la te  pion nucleon S wave s c a tte r in g  lengths, iso b a r  production 

p a ra m e te rs  and sing le pion photoproduction d iffe re n tia l c ro s s  

sec tio n s . A com parison  w ith  th e  c u rre n t a lg e b ra  m ethod is  m ade.
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CHAPTER I 

INTRODUCTION

In the study of the p ro p erties  of strong in te ractions among 

hadrons (pions, nucleons, e t c . ), curiously  enough, the stru c tu re  of 

the weak in te rac tions, in which these hadrons also  p artic ipa te , plays 

a  very  cen tra l ro le . This ro le  is  em bodied in the Gell-M ann postu­

la tes  of cu rren t algebra and the p a rtia l conservation of axial vector 

cu rren t (P. C. A. C .) hypothesis, which we briefly  review .

F rom  the F erm i theory , it is  known that the weak in teractions 

can be described  in te rm s  of an effective Lagrangian

^  =  l r  ^  ^  (1- 1}
- 5 / 2w here G = 1 0  /m  , is  the F e rm i coupling constand and J \  is  i? proton

the curren t which consists of leptonic and hadronic p a rts

(1. 2)

The leptonic curren t is

3 ^  — (./— i* Va. i V^( | —’ (i t 3)

w here >LL(je.) and a re  the fields associated  with the muon

(electron) and its  neutrino. When the effective Lagrangian (1.1) is 

used to lowest o rd er in G^,, it d esc rib es  very  w ell both the leptonici*
and non-leptonic decays of the hadrons. If the leptonic decays of the 

hadrons a re  studied, a  m easu re  of the m atrix  elem ents of the hadron

1
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c u rre n t, , betw een in itia l and final h ad ro n  s ta te s , can, in 

p rin c ip le , be obtained.

The hadron  c u rre n t can be decom posed into se v e ra l p ie ce s :

(i) , v ec to r c u rre n t, (ii) , the ax ia l v e c to r  cu rren t. T h ese  cu r­

re n ts  can in tu rn  be fu rth e r  subdivided into p a r ts  labelled  by  th e  in te r ­

n a l quantum n u m b ers  they c a r ry , viz. (a) y ^ 5 ~ ° )  f the s tra n g e n e ss  

conserv ing  v ec to r  c u rre n t, w hich tra n s fo rm s  a s  an iso v ec to r under 

iso sp in  ro ta tio n s  of the in itia l and find hadron  s ta te s , (b) }

the s tran g e n ess  changing v e c to r  cu rren t, w hich tra n sfo rm s  a s  an  

I = 1 /2  sp ino r under isosp in  ro ta tio n s. S im ila rly  fo r the a x ia l v e c to r  

cu rren t.

T hese c u r re n ts  tra n s fo rm  in a  sim ple  way under the opera tions

of a  sym m etry  group which re la b e ls  the hadron  in te rn a l quantum

num bers. T hus, under an SU^ tran sfo rm a tio n , the v ec to r and  a x ia l

v ec to r  c u rre n ts  seem to  tra n s fo rm  as m e m b ers  of an  octet. The suc-

2c e ss  of the Cabbibo theo ry  of w eak in te rac tio n s  in fitting w ith  e x p e ri­

m en ts se rv e s  to  confirm  th is .
3

The c u rre n t a lg eb ra  hypothesis of G ell-M ann, w ith f a r - r e a c h ­

ing consequences, is  to  fix the sca le  of the h ad ro n  cu rren ts  by im p o s­

ing the equal tim e  com m utation ru le s

A ?(y,t)] =  -  i ^ A i ^ s a - y )  a .* )
V / 0t , A S(x-y)
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W ith these  com m utation  ru les to fix  th e  m agnitudes of the m a trix  e le ­

m en ts  of the h ad ro n  c u rren ts , the m agnitudes of th e  w eak decay a r e  

given by (1 .1). The m ost im portan t poin t is tha t th e  com m utation 

r u le s  involve h ad ro n  dynam ics only an d  th e re fo re  th e  cu rren t a lg e b ra  

hypo thesis p la c e s  re s tr ic tio n s  on h ad ro n  dynam ics.

E valuation  of these com m utation  re la tio n s le a d s  to  sum  ru le s  

w hich , in p r in c ip le , can be te s te d  by  experim en t s in c e  the m a trix  

e lem en ts  of the had ron  cu rren ts  a r e  m easu rab le  in  w eak in te rac tio n  

p h y sics . H ow ever, th is  is not a  v e ry  p ra c tic a l p ro ced u re . In o rd e r  to 

ob tain  usefu l p h y s ic a l inform ation f ro m  these  sum  ru le s ,  the P . C .A .C . 

hypo thesis and  in fin ite  momentum lim it  a re  in troduced .

The P . C .A .C . hypothesis is

V  Am =  c  TT (1.5)

w h ere  A ^  is  th e  s tran g en ess  co n se rv in g  ax ial v e c to r  cu rren t and is

the  pion field . N ote tha t the d iv e rg en ce  of cannot be z e ro  b e ­

cau se  the pion h a s  m a ss  and the pion decays w eakly. To the ex ten t 

th a t  m ^ is  sm a ll , is  a lm o st conserved .

The u se fu ln e ss  of the P . C. A . C . condition l ie s  in the re la tio n  of 

th e  sum  ru le s  of (1 .4) to  the sum  r u le s  containing z e ro  pion m a ss  c ro ss  

se c tio n s  on h ad ro n  ta rg e ts . The ex trap o la tio n  fro m  th e se  c ro ss  s e c ­

tio n s  to  the p h y s ica l c ro ss  sec tio n s i s  expected to  b e  sm ooth and since  
o

m ^  is  sm all in h ad ro n  physics, th e  sum  ru le s , now involving m e a s ­

u rab le  q u an titie s , can be confronted w ith  experim en t. This w as f i r s t  

done by A dler and  W eisberger and  th e  succes of c u r re n t  a lg eb ra  h a s



sin ce  been  w ell e s tab lish ed  in m any o ther a r e a s  of low energy hadron  

dynam ics.

The m ethod of ch ira l dynam ics a ro se  fro m  a ttem p ts  by W einberg, 

Schw inger and o th e rs ^ ’ ^ to  p lace the  re su lts  of th e  cu rren t a lg e b ra  

and  P . C. A. C. p ro ce d u re s  in a  L agrangian  contex t. A fie ld  th e o re tic  

m odel in which the c u rre n ts  sa tis fy  a  SUg x SU^ a lg eb ra  and the  ax ia l 

v e c to r  cu rren t s a tis f ie s  the P . C .A .C . condition is  the so  ca lled  

m odel. ^

The L agrang ian  in the '\7~ m odel is

-  i  [ ( V i r f - K  ^  D r ^ ]  (1. 6)

-  f ]  -  C f ) K

and the P . C. A. C. condition com es from  a  v a r ia tio n  of th is  L agrang ian  

u n d er the ch ira l gauge tra n sfo rm a tio n s

N  - »  ( 1+

=rr w - - u l \ t  (1.7)

v  —» \ r - +  S - f

The ax ia l v ec to r c u r re n ts  a s so c ia te d  w ith th ese  c h ira l gauge t r a n s ­

fo rm a tio n s  fo rm  an  SU^ x SUg a lg e b ra  with the  v e c to r  c u rre n ts  a s s o ­

c ia ted  with the iso sp in  gauge tran sfo rm a tio n s .
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In the  m odel, c h ira lity  is  tre a te d  a s  a  lin e a r  sym m etry  and 

the  pion is  a ss ig n ed  to  the fou r d im ensiona l re p re se n ta tio n  of SUg x SU^ 

along w ith an  is o s c a la r , s c a la r  fie ld , th e  s r  m eson . S ince the V  m e ­

son does not seem  to  ap p ea r in  n a tu re , i t  i s  d e s irab le  to  find a  m odel 

w here the P . C. A . C. and c u rre n t a lg e b ra  re la tio n s  s t i l l  hold , but not 

req u irin g  a  V" m eson.
4 ,8 ,9

W ithin the fram ew o rk  of the V" m odel, W einberg and o thers 

have accom plished  a non linear re a liz a tio n  of ch ira l sy m m etry  which 

exhib its a l l  the fe a tu re s  of c u rre n t a lg e b ra  and P . C. A . C. They t r a n s ­

fo rm  away th e  ST m eson f ie ld  by rew ritin g  the ch ira l and  isospin  in­

v a ria n t condition

(1.8)

a s  a field  equation  fo r ST t C being  a  c -n u m b er constan t. At the sam e  

tim e , a  tra n s fo rm a tio n  dependent upon the  pion fie ld  is  perfo rm ed  on 

the nucleon so  th a t the 7TNN v e r te x  is  p seudovecto r. In o rd e r  to r e p r o ­

duce the c u r re n t a lg eb ra  r e s u l ts ,  the L agrang ian , co n s tru c ted  as 

ind icated , is  u sed  in low est o rd e r  p e rtu rb a tio n  theo ry  in conjunction w ith  

the  tr e e  d iag ram  technique. Only those  Feynm an d ia g ra m s , given by 

low est o rd e r  p e rtu rb a tio n  th e o ry , having no in te rn a l loops a re  considered . 

It is  fo r  th is  re a so n  th a t the L agrangian  i s  ca lled  the phenom enological 

c h ira l L agrang ian .

It is  the  purpose of th is  w ork  to  ex tend  the considera tions of 

phenom enological L ag rang ians to  include th e  N*, spin  3 /2 , reso n an ces .^  

We re ly  heav ily  on the technique developed by  W einberg fo r  a  genera l
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12con stru c tio n  of c h ira l  in v arian t L agrang ians, T h is  technique is  

rev iew ed  in the next chap ter.

In construc ting  the ch ira l la g ra n g ia n , we have om itted the 

m eson . The doubtful ex istence  of m eson h a s  long been a  con­

tro v e rs y . While th e  outcom e of th is  co n tro v ersy  i s  by  no m eans c le a r , 

we en te r ta in  h e re  the  possib ility  th a t A^ m eson m ay not ex ist.

It m ay be su rp ris in g , but a  c h ira l in v a rian t la g ra n g ia n  can be 

co n s tru c ted  w ithout the p resen ce  of A^.

T his c h ira l  L agrangian  is  given in C hapter HI. A pplications 

to  7J"N—f 7TN, 7r  N—t7T N*, Y N—j Tf N a r e  d isc u sse d  in d e ta il in  

C h ap te rs  IV, VI, and  VH.
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CHAPTER H 

NONLINEAR REALIZATION METHOD 

TRANSFORMATION LAWS

One p ro ced u re  fo r construc ting  genera l c h ira l  L agrangians
1

w as d esc rib ed  by W einberg, The construc tion  is  genera lly  ca lled

the non linear re a liz a tio n  method. In th is  m ethod, a  ch ira l SU2

tran sfo rm a tio n  c a r r ie s  the pion fie ld , which has iso sp in  one, in to  a

n o n lin ear function of itse lf . This sam e  ch ira l tran sfo rm a tio n  induces

a l in e a r  isospin  gauge tran sfo rm a tio n  on any o th e r fie ld , 4' except

that th e  gauge depends on the p se u d o sca la r  pion f ie ld . The ru le s  fo r

co n stru c tin g  ch ira l in v a rian t L ag rang ians a re  th en  sim ply  to  w rite

down iso sp in  in v a rian t L agrang ians, except tha t w h ere  d e riv a tiv es  a r e

involved, they a re  to  be  rep laced  by the  covarian t d e riv a tiv es ,

tra n sfo rm s  u n d er ch ira l tran sfo rm a tio n s  in the sam e way a s

In c h ira l  invarian t L ag ran g ian s, th e  pion field  a p p e a rs  only in

and in its  own co v a rian t derivative  ftu-TT .

T here  a re  o th e r  m ethods of constructing  c h ira l  L agrang ians
2-5

tha t have been d isc u sse d  in the l i te ra tu re . We have chosen to  

em p h asize  the m ethod of W einberg b ecau se  of i t s  s im p lic ity  and f a r -  

reach in g  genera lity . Since our con stru c tio n  r e s t s  so heavily on it , we 

p re s e n t a  review  of th e  technique in th is  chapter. We shall a lso  su m ­

m a riz e  in a tab le  the  tran sfo rm a tio n  law s of a ll the  fie ld s  tha t we sh a ll 

need.

8
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The g e n e ra to rs  of SUg x  SUg w ill he denoted  by Q1 (isosp in  

g en e ra to r), Qg1 (ch ira l g en e ra to r)  w ith i = 1 ,2 ,3  and have the com ­

m uta tion  re la tio n s

[<?, 9*] = L 9 *
l Q \ Q = (2A)

F irs t ,  co n s id e r the pion fie ld  7T* w hich is  in tr in s ic  to  a l l  

c h ira l  tran sfo rm a tio n s  of the re a liz a tio n s  of SUg x  SUg. U nder is o ­

sp in  tran sfo rm a tio n s  Q*,TT^being an  iso v ec to r, we have

[ Q \ 7r * ] =  i £ l * * T T A (2 . 21

and under Qg1 we w rite

=  ^  (2.3.
w h ere  (IT) i s  an a r b i t r a r y  function of Tf  . F rom  the Jaco b i

iden tity

j p " ,  [ 9/ , ^ ] ] + [ [ 9 ^ ^  9 / ] =  o

w e find . 0

[ < & % ) ] =  + L E L* * ¥ * C n )  (2. 5,

o r  i L* m  is  an  iso topic te n s o r  and com bining th is  with th e  fa c t 

th a t ^(jr)  h a s  positive p a r i ty  (under p a rity  Qg*— > 

can b e  w ritten  a s

j L \ t )  =  C #1)  +  T r i i r *  f ( T )  <2. 6,

It i s  a ssum ed  th a t does not contain d e riv a tiv es  of the pion

fie ld . Next, fro m  the Jacobi id en tity
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[V, £<?/> +[[9^ , 9/] +[tH\ [q/j 9/3]=O (2. „
follows

[ < ? / ,1 ^ 3 - [ ( ? / , -f l'Jta )] =  ^ 7r 3  (2.81

o r , Slnce ^ f ) =  (2. 9)

(J2. = in fin itesim al c h ira l  p a ram ete r

we find

1% ) -  &  L*Cm iJ>(TT) = S % *  -S**TTl (2. i o)
T f i *  J J T r *

and a  condition betw een -£(tt9 and ^(TT1)  is  obtained

q-fir1) =  I -t-2fCri*) i'C n*) (2.11)
f m  - 2 . i r ^ \ i p )

The transfo rm ation  (2. 3) with given in (2.11) can be shown to  be

unique up to a redefin ition  of the pion filed . Following W einberg, we 

pick

j C t 1-) =  ( f i r / l )  (. I — f  jT  t * )  (2.12)

w here +TT is  the p ion  decay constant. Thus

and W  =  (2. 13)

jV, V*] = M [( 1̂ / f 1) P f j ^ T f L i r i 1 (2.14)
Now th a t the pion fie ld  tran sfo rm atio n  a re  known, we can use them  to 

d e te rm in e  the tran sfo rm atio n  laws of o ther fields.

Consider an a r b i t r a r y  field Ajp which tra n sfo rm s  under Q* a s

=  (2. 15)
w here t i is  the ap p ro p ria te  isospin  m a trix  a sso c ia ted  with /^P

«  ̂ * /
(for th e  nucleon field  N , t 1 = X  j z  ). Under Qg1, assum e that

has th e  following tran sfo rm atio n  law lin e a r  in ^
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(2.18)

[ P . r ,  ■&L\ v ) i * / t  (2.16)

If the Jacobi iden tities (2. 4)j (2. 7), with ^  substitu ted  fo r  77"^, a re  

used , \ l r)  is  determ ined  to be

^ \ f )  =  £  (2. i  v)

\ T ( f n  =  j f  ( t T3 .) + ' J f ( T T " ) + l T 3 ]

and with the form  (2.12) fo r

( 7r f )  =  I t  

| Q r  > t ] =  $ „ £ * * * £ * ¥ *  i '

A covarian t derivative of the pion field  can be defined such that

Da ¥ L~  (2.19)

D^JT*] =  L £ ‘^ D a T T *

f e r >  h J T *

( lT ) can be determ ined  by using the Jaco b i identity p ro c e ss  as b e ­

fo re . It tu rn s  out that

a . V ) =  Ir - ^ tK ]
- t

(2. 20)
o r
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DM T r L = b - i ^ J '  (2 .2D

It is  n ec essa ry  to  in troduce a  covariant derivative of the pion field 

because ch ira l (Qg) tran sfo rm atio n  of the pion field  is  nonlinear and it 

is  only possible to  couple 1T  and to form  in varian ts  through

the cov arian t d eriv a tiv es . Pseudovector coupling is , th e re fo re , bu ilt 

into th is  model, e . g . ,  nucleon and pions a re  com bined in the following 

m anner in  a L agrangian

K J tX r X u r N - D Af  (2.22)

This would com plete the construction  of c h ira l Lagrangians if 

only p ions and nucleons ex ist in n a tu re . To extend the construction to 

o ther h ig h e r spin reso n an ces , it is  easy  to  genera lize  the d iscussion  

above.

The vector m esons may be in troduced into the ana ly sis  by de­

fining a  covariant deriva tive  of the genera l fie ld  ^

<2 - 23>

and req u irin g

(2.24)

[ Q r )

Since we know the tran sfo rm atio n  laws of ^  , th is  im poses the follow ­

ing tran sfo rm atio n  law on the field  P,u_
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[Qs A * 1  =  - L V l>m  £ . * * * 6 ? - (2 . 25)

D l \ t )  is given e a r l ie r  in (2.17), (2.18). A covarian t cu rl V ^  

of the p  field  can be defined

v i  =  v ^ - ^ e i + i p  (2 . 26)

such tha t

[ & • *  X v ]  = -L  ^ ( t )  E* (2. 27)

Note th a t since the p  field  has a nonlinear ch ira l tran sfo rm atio n  law,

it is not possible to w rite  a  ch ira l invarian t p  m ass  te rm  involving 

the p  field  alone in a Lagrangian. However, a new quantity ,

which h as  the sam e tran sfo rm atio n  law as  the fie ld  ^  ? y iz - 

\ $ s > ( ir )£  ^  can be construc ted  out of the

and fields and is given as follows

< kL =  &  +  2  t f f T  D  +
(2* 28)

The p  m ass  te rm  is  then

- / * £  I * - t - 2 $ - C ( i + £ m  W ]

=  -  ^  e T  -  2

h igher o rd er 
+  l I (2.29)

\  in  the pion field  J
Now, if /vf / is  identified with the nucleon field and 0u_ is indentified 

with the P  m eson field , we see tha t the p  NN and p7T7Tcoupling con­
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stan ts a re  not equal { is  not coupled to the pion like an ordinary

gauge field) but if the condition that P is  un iversa lly  coupled to pions
6

and nucleons is im posed, then they a re  equal and

2 fYr\? (2. 30)

which is  the Kawarabayashi, Suzuki, Riazuddin and Fayyazuddin re -  
7-9

lation.

Finally we s ta te  how the N* (1236) field tran sfo rm s. It is  a s ­

sumed that the N* fie ld  tran sfo rm s linearly  under ch ira l tran sfo rm a­

tions (sim ilar to the transform ation) . Let be the positive

parity  nucleon iso b ar with IJ  = 3 /2 , 3/2 w h ereA  and ^  a re  the space 

tim e and isotopic vec to r indices respectively . T here is  an im plied iso -
c<

spin index, i . e . ,  N ^ =  (N/a ̂ ^  o( = 1 ,2  (Appendix A). In the absence 

of in teractions, th is  object sa tis fie s  the subsid iary  conditions:

—  0
(2. 31)

l̂ A # ~  ®

and

(2.32)

Under ch ira l transfo rm ations we have

[ Q j , N a v ] =  i  (2 - 3 3 )

The re s u lts  of th is  chapter a re  sum m arized  in Table I.
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The fie ld  we use h e re  does not sa tis fy  the D irac  equation

U ^ + / » V ( ) N A  = o
(2. 34)

In the context of Lagrangian fie ld  theory , the N^. fie ld  does not appear 

in the fre e  L agrangian. Thus, we do not consider the field  to  

co rrespond  to  a  fundam ental p a r tic le .

In o rd er to  obtain an understanding of our use of the N^. fie ld , 

le t us look a t the following in tu itive p icture. C onsider 7TN sca tte rin g  

in the s-channel. The success of cu rren t a lg eb ra  and ch ira l dynam ics
o

seem s to  indicate that the am plitude (q ,q ' = pion m om enta, s  = -p  )

w here Aa.y (p) i s  no longer a  sen s itiv e  function of q, q \  In what fol­

low s, we ignore q , q \  The effective  propagator is  given by

1 /2  (-parity) sp in  projection o p e ra to rs  respective ly . The sp e c tra l

con tribu tes to the  J  = 3/2 p a r t ia l  wave am plitude, co n tri­

bute to  the J  = 1 /2 , - parity  p a r tia l  wave am plitudes respective ly . 

E xperim entally  a resonance  (N*) is  observed  in the Tf N

N  L s o s i f j  p) “  K/UCLE<JN S-CHANA/HL poL E TfftttlN

is  approxim ated  a t  low energ ies by

Jju. *jv N  A m  N (2. 36)

A m v (P) =  W f tn ’ A  ' f tm*)  S /v  S ;V(P)

w here S M.V(IJ)) a r e  the J  = 3 /2 , l/2 (+ p arity ),

(2.36)

functions ^  (m^) contain the c o r re c t  s-channel u n ita rity  and Vj"
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system  at 1238 MeV. The usual procedure would be to assum e that 

the propagator ^ av is approxim ated w ell by the N* and use the
*1 A

R arita-Schw inger propagator for J&ttv .

In the Rarita-Schw inger fo rm alism , each of the sp e c tra l
-  rt o

functions V j, ^  ^  a re  assum ed to  have a § (m - ) such

that the propagator A«.v contains only J  = 3/2 on the N* m ass shell 
2 2(p = -m  / ) .  However, th is  is  an un rea lis tic  assum ption about dy­

nam ics.

A m ore  rea lis tic  approach would be to assum e that the J  = 3/2 

p artia l wave am plitude is  sa tu ra ted  in the region of 1238 MeV. by the
9 9 n

N* resonance, i. e . , ^  has a  sim ple pole a t m = im ^ +P

while the J  = 1 /2  - sp ec tra l functions do not have poles a t m ^* on 

the second Riem ann sheet. If we sa tu ra te  the propagator in th is
ft n

m anner, in the ze ro  width lim it, Vj has a £  (m - m ^* ) and the 

propagator contains only J  = 3/2 . It is  in th is m anner that we 

use the N* field .

Of co u rse , ^ (m ?) has the c o rrec t analyticity p ro p ertie s , but 

in the £ -function approxim ation we lose th is  analyticity aspect of 

However, in a  complete theory , th is  analyticity  and un itarity  could
n

be resto red  by using a full ,\Jj’ (m ). The singu larities due to  the 

kinem atic pro jection  operation oAV we thus consider spurious.
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TABLE I

Sum m ary of the in fin itesim al SUg x SUg transfo rm ation  p ro ­

p e rtie s  of the quantities c ited  in the text.

X s o S P J N  

7 f  =  P/ON F I E L D

S t -  o S x y f

DAlT =  DERNAVV&

OF TH e  p | 0 N

= o + s T ^ r v i t

SDA 7T =

$ .= ■  R H o I A B S o n  f i e l d

J ^  =  &

+  i p  0 + f *  ■t ' T t x ^ j r
nrif

C h i r a l

S B ltt =  ii7  (& x fr)X  Dm T

S (V= {(<axF)xfA-  fp & x iic t )
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\ ^ v =  cov* r ia n t  c u $ l  o f pi*.

SVAv — Â\̂ lv

f j =  NUCLEON F I E L D

$ N  =  - l u S - x  M 
2

N̂ = N (|23*) F/̂ d

s y ^ v — ( (&x 7t) x \^lv

- i
S (\l =  i f y  ( L ^ x t N

Here& and 4? a re  the infin itesim al p a ram e te rs  asso c ia ted  with the 

genera to rs Q and Qg respectively .
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CHAPTER IH

A. CHIRAL DYNAMICS WITHOUT Ax

In the  conventional an a ly se s  of c h ira l  sy m m etric  th e o rie s , i . e . ,

those an a ly se s  w here ch ira lity  is  tre a te d  a s  a  linear sy m m etry  like

isospin , both  v ec to r  and a x ia l v ec to r guage fie lds m u st b e  introduced
1 2sim ultaneously  in o rd e r  to  p re se rv e  c h ira l  invariance . ? Of course , 

the in troduction  of these f ie ld s  in a phenom enological m odel req u ire s  

the indent if ica tio n  of som e known p a rtic le  w ith  them . On the level of 

SU2 x SU2 , the vec to r f ie ld s  a r e  a sso c ia ted  with the w e ll known rho 

m esons. A s f a r  a s  the a x ia l  v ec to r f ie ld s  a r e  concerned the ex p e ri­

m ental s itu a tio n  is  not qu ite  c le a r  as  to th e  existence of a x ia l vec to r
3m esons w ith w hich the a x ia l  v ec to r  fie ld s can be a sso c ia ted . The

m ost likely  candidate fo r an  a x ia l vec to r m eson  is the A j bu t its  ex-

4 5istence is  in doubt. ’ It is ,  th e re fo re , questionable if c h ira l 

L agrangians should contain th e  A^ as a fundam ental f ie ld .

Note th a t in the d isc u ss io n  of the c h ira l  tran sfo rm a tio n s  of the 

various fie ld s  in the n o n lin ear rea liza tio n  m ethod, e sp e c ia lly  the v ec ­

to r  o r  rh o  f ie ld , it w as not n e c e ssa ry  to  in troduce an a x ia l  v ec to r 

field  to p re s e rv e  ch ira l sy m m etry . In fa c t, it  is  p o ss ib le  to  introduce 

vec to r fie ld s  independent of th e  ax ial v e c to r  fields w ithout destroy ing  

the c h ira l sy m m etry . We m ake the s im p le  observa tion  th a t the re  can 

be ch ira l in v a rian ce  in a  L agrang ian  th e o ry  without th e  A j field.

H ence, we w ill co n s id e r  a ch ira l invarian t phenom enological

20
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L agrang ian  m odel th a t would apply to  re ac tio n s  involving p ions, nuc­

leons, nucleon iso b a rs , ^  m esons, but no m eso n s. This m odel 

w ill be u sed  to  d e te rm in e  the pion nucleon S wave sc a tte r in g  leng ths, 

partly  a s  a  check, nucleon iso b ar S wave production  p a ra m e te rs  and 

single pion photoproduction th resh o ld  c ro s s  se c tio n s , these p a ra m e ­

te r s  be ing  m ost a c c e ss ib le  to ex p e rim en ta l an a ly s is . The ex p e rim en t­

a l  f it is  found to be qu ite good. (Even if we w ere  to include the 

m eson, its  contribu tion  is  found to  be neglig ib le .)
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B. PHENOMENOLOGICAL LA GRAN GIAN

In th is  sec tion  we w rite  down the L agrang ian  that w ill b e  used  

in o u r app lica tions. We have follow ed se v e ra l o v e ra ll req u ire m e n ts :

(i) We dem and c h ira l invariance  (and, of co u rse , iso topic invariance).
g

The n o n ch ira l-in v arian t p a r t of th e  L agrangian , following W einberg , 

is  assu m ed  to  involve only the pion f ie ld s  and w ill not affect th e  r e a c ­

tio n s to  be considered , (ii) We co n s tru c t the L agrang ian  out of nucleons, 

nucleon iso b a rs  N*(1236), pions and  ^  m esons. Note f ir s t  th a t our d is­

cussion  is  a t  the lev e l of SUg x SUg and not th a t of SUg x SUg. M ore 

im p o rtan tly , we consider re ac tio n s  involving J f  ,N , N*, ^  and  a t  the 

phenom enological level the L agrang ian  should involve these f ie ld s  ( Y 

com es in th rough  v e c to r  dom inance). The m o st im portan t fa c t about 

o u r re q u irem e n ts  is  tha t we do not consider the A j m eson in o u r  

L agrangian .
4 5The ex p e rim en ta l s ta tu s  of the A^ m eson  is  not too c le a r  ’ 

and it is  p e rh ap s  re lev an t th e o re tic a lly  to co n sid er phenom enological 

th e o rie s  w here  the A^ is  not p re se n t. We m ake the sim ple observa tion  

th a t th e o rie s  w ithout the A j m eson  can be n e v e rth e le ss  m an ifestly  

c h ira l in v arian t.

T h e re fo re , based  upon the two p rincip le  re q u ire m e n ts , we have
7

the following:
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J  = - j v O a - t - / % ) N

^ T r - t y j r  - k m r  i '  t

-  ( t / 2 /1% )  N »■ V * k -  t / V -  DaTT

-  (9t<*n  4 ^ % ^  n

~ (fa-*n*ir/2MN*) N ty p A i *v Vt/A.* • D^t

2  x

-  ( W n  A l-rr) N x j-  f A ^ Y s H ^ i  (8-1 )
where the notation and c h ira l  tran sfo rm atio n s of C hap ter n  have been  

utilized. (The re la tive  p h ases  of the coupling te rm s  a r e  those of 

Sakita and W ali. )8

W ith th is  L agrangian a t our d isp o sa l, we then use  the tre e  d ia ­

gram  technique to perfo rm  the calculations for any given p rocess (we 

consider those  graphs given by lowest o rd e r  pertu rb a tio n  theory w here  

no in teg ra tion  over in te rn a l m om enta is  req u ired  o r re ta in  only those  

graphs which have the s tru c tu re  of t re e s ) .
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C. VECTOR AND AXIAL VECTOR CURRENTS

An in te re s tin g  a sp e c t of our model, in  connection w ith our de-
Q

leting A^ f ro m  the L agrang ian , is  that the fie ld  c u rre n t id en titie s  no 

longer follow , e. g . , in the u su a l field c u rre n t id en tities  the ax ia l v e c ­

to r  cu rren t, a p a r t  from  a  C^JJT te rm , is  d ire c tly  p ro p o rtio n a l to  the

A^ field. T h is  is  not so in  o u r  m odel b ecau se  we have no A^; b u t, if

10th e  cu rren ts  a r e  defined in  th e  m anner of G ell-M ann-L evy, the c u r­

ren ts  obey th e  sam e SU2 x  SUg algeb ra  a s  b efo re .

The v e c to r  cu rren t and  ax ia l v ec to r c u rre n t a re  given by the 

G ell-M ann- L evy equations

V/(x) -il_ .
. i  (3. 2)

A *  M  = _ £ * . .

and

V V i = Sftj'tx)
, i  (3- 3)

V  A n (x) =  _££ 
S uKx)

w here the coo rd ina te  dependent form  of the tran sfo rm a tio n s  in T able I 

a r e  to be u sed . In our m odel these  equations a r e  given a s  (we ignore 

the N* fie ld  fo r  sim plicity):
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V = K A ) l -  feD frx(&xt)
- [ i  +  ^ i  ̂ T T X ^ j r

+  ( f r / 2 / % )  [ i  +  V 2  ^ ^  ^  *  <3- 4 >

Aa = -  (V*) D zT[(i~Syfr%t+2  ̂t  t-^t]

+  ( V V w f )  I H ' V ^ 2]  T T X & .

-  ( W * % )  N  i  t t 2] ’ 1

-  ( % / 2 M » b r )  f j - t t l l  - t - i n ^ T '

(3. 5)

F rom  these  equations it follow s that under isosp in  tran sfo rm atio n s

S Vu. jx ~  (3.6)
and under c h ira l tran sfo rm atio n s

< £\U  -  ^ X A a -  S/A^u— (JLXVic (3.7)

The tran sfo rm atio n  laws (3. 6), (3.7) a re  equivalent to
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L V t a V A f l  =  -  £■**** v / b  SCx-y)

[V* « ) ,  A  „ % )]= - A  ftx )  s  Ct-y)

[A  4 CS), A iffy)] =  -  £ * *  v¥\ )  sc a -y )  (3.8)

In o th e r w o rd s , in a  c h ira l in v a rian t w orld w ithout the A j m eson ,

the c u rre n ts  s t i l l  sa tis fy  the SUg x  SUg a lg eb ra . The a x ia l v ec to r c u r ­

re n t p ro p ag a to r, in such a  w orld , w ill no t be sa tu ra ted  by a  sim ple  1+ 

m eson  s ta te  a s  can be seen  fro m  equation (3. 5).
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D. SPIN 3 /2  PROJECTION OPERATOR

If the L agrang ian  (3.1) is  u sed  to  d e te rm in e  the pion nucleon S 

wave sc a tte r in g  leng ths, it is  found tha t when the s tan d ard  N* p ro jec tio n  

o p e ra to r

i v -

ZFo
’sA V + £ j y *  -  ± M i

3  /njjj# 3  3  3  J
(3.9)

is  em ployed in the ca lcu lation , the ex p e rim en ta l fit is  not good u n le ss  

la rg e  contact te rm s  (S wave NNTT7T te rm  in  a  phenom enological L ag ran ­

gian) a r e  postu la ted  ad  hoc. ^  T hese con tact te rm s  co rresp o n d  to the  

u sua l V" m eson  te rm s  of the c u rre n t a lg eb ra . Note, th a t i t  m ight be 

p o ssib le  to ad ju s t the coupling constan ts in (3.1) to give the c o rre c t 

s c a tte r in g  lengths; but in  our ca se  th e se  contan ts a re  to  be independently 

fixed  by ex p erim en t.

A lso , th e  high energy  b eh av io r of th e  pion nucleon e la s tic  

s c a tte r in g  m a tr ix  e lem en ts so  found is  bad. By a rran g in g  the contact 

te rm  (isospin  even), the iso top ic  even am plitude can have good behav­

io r  a t infinity  bu t the  iso top ic  odd am plitude would s t i l l  be badly  d iv e r-  

+ 12gent. T his p ro m p ts  u s to  co n s id e r an  a lte rn a tiv e  approach . A new 

"off m a s s "  sh e ll N* p ro jec tio n  o p e ra to r  is  p roposed  and  the re su lts  

obtained using  th is  p ro jec tion  o p e ra to r  a r e  in  good ag reem en t with ex ­

p e rim en t.
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We p ick  an  N* p ro jec tio n  o p era to r which is  a  p ro jec tio n  o p era ­

to r  fo r  spin 3 /2  bo th  on and off th e  m ass  sh e ll and is  given a s  follow s 

%
A * y W  =  / l  l\iA (P ,s) N a CP,s)  * , v =  

Z  Po *= -% ■  °

( - D f - p + ' F p 1)
^Po

S u y  i z  n  p y  i_ & yy i y ^ P v  i y ^
3  - p *  5 > F F  3

(3.10)

w hich w as co n s tru c ted  by tak ing  the su b sid ia ry  conditions <L -  0\

a s  op era to r id e n titie s . The u su a l sp in  3 /2  p ro jec tio n  

o p e ra to r  is  ob ta ined  by putting  p^ = o r when A ^uv^P) *s  on

the  N* m a s s -s h e ll .  This freed o m , in picking a p ro jec tion  o p e ra to r , 

is  allow ed b ec au se  of the am biguity  in quantizing th e  N* fie ld , e. g . , 

in  Q . E . D. one h a s  the freedom  of taking ^  e ith e r  a s  a m a­

t r ix  elem ent o r  o p e ra to r  iden tity . A lso w ith th is  choice of N* p ro jec - 

tio n  o p era to r a  po le  and b ran ch  cut a re  in troduced  a t p = 0 bu t since 

the t r e e  d iag ram  m ethod is  only an  approxim ation  schem e in  low est 

o rd e r  p e rtu rb a tio n  theory  and does not contain u n ita rity , it i s  possib le  

th a t these  s in g u la r itie s  a re  can ce lled  by h ig h e r o rd e r  te rm s . In any 

case  th is  is  an  assum ption  upon which we proceed .
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E. COUPLING CONSTANTS

It is  a ssu m ed  tha t the coupling constan ts given in th e  L ag ran ­

g ian (3.1) a r e  d e term in ed  experim en ta lly . The ren o rm a lized  pion 

nucleon coupling is  g w here  g^/4TT = 1 5  and  the u n iv e rsa l v ec to r m e­

son  coupling constan t is  w here V*. A lso , 2.13

w hich is  b ased  on a N* w idth = 120 MeV. and gN*N* _ f  (9/5)g
8 "w hich can be determ ined  fro m  U(6,6) o r  su p e r  convergence a rg u m en ts .’ 

The (^NN* coupling constan t i s  de term ined  from  the dom inant YNN* 

coupling constan t C^ by em ploying v ec to r  dom inance in th e  u su a l

m an n er. B rie fly , th is  is  done a s  follow s: Gourdin and S alin  have
v/ 14 15given a phenom enological fo rm  fo r the a NN* v ertex  ’ w hich in­

vo lves th re e  possib le  couplings, ch a ra c te riz ed  by the co n s tan ts  Cg,

C4> C5

7 ^  £ 3 / 0177- ^ 'JM ^ ^  N

- J l  & V

C -s/fM ir  ^  1 > V  (3.11)

It is  then found by ex p e rim en ta l fit to  sing le  pion photoproduction in 

th e  reg ion  of the N* tha t Cg is  the dom inant coupling and C^, C g ^ O . 

Then by u sin g  v e c to r  dom inance, we find C3"^> w here

Cg = . 37. We re m a rk  th a t the Gourdin and Salin an a ly sis  w as done
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with the N* propagator / j ^ v (p) on the m a ss -sh e ll , i . e . , p^ =-mN*^.

If the propagator (3.10), which is not on the m a ss-sh e ll, is  used, we

find tha t the re su lts  of Gourdin and Salin a re  reproduced because the

2 2data w as fitted in the reg ion  of the N* w here p have

also  investigated the effect on th is an a ly sis  by the inclusion of the 

and found it to be negligible.

The relative phases of the coupling te rm s a re  chosen by com ­

parison  with the re la tiv e  phases a s  would be given by a U(6,6) in v a ri-
Q

ant theory . Purely experim ental considerations could not, of course , 

yield phase inform ation on the coupling constants.
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CHAPTER IV 

PION NUCLEON S WAVE SCATTERING LENGTHS

Let the am plitude fo r the p rocess

N(P) + TT%) » N(P') +  Ufa)  (4.1)
w here p(pT) and q(k) a re  the fo u r m om enta of the incident (final) nuc-

1
leon and pion resp ec tiv e ly , be given by

= Sfi +(2TpfSfp̂ -P-j) J_ T*L
N

T # l  -  /V C P9 [  A * *  +  ^  i  + A )  | 3* G  JV  (p )
and the isospin  am plitudes a re

g/t "fjfc
(4. 2)

t * £ =  t V £ - t  T h L t f  * ]

T + =  H r  S z t %) (4.3)

r ~  =  i  ( t ’a  -  t 3a)

The norm alization  is  such th a t the d ifferen tia l c ro ss  section  is  given 

by

< L z  = ( & S  (4. 4)

o t - O .  W t w ;  s f w s
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A fu r th e r  decom position  into two com ponent h e lic ity  amplitude fo rm  

can be given fo r  T  a s

A^ A i “ h e lic ity  of the f in a l  and in itial nucleons

x  _  Ei-/y»N L  A -  (  V - / W n )  b J
' 8 j f W

^  E-/Wfii r A +  ( W 4  oriiv) b !
2  ? i r w

E= nucleon  energy in the c . m . frame 

In te rm s  of the u s u a l p a r tia l wave am p litu d es

i ,  +  +  i  4 - ] & (  Co-*- e)

i 2 %- Li- -  is J  £ I6** *>Jt~0

B ■ = c. m . scattering  a n g le

(4.5)

(4. 6)

db
The am plitudes T  , A , B, -£• , a r e  a l l  in v a rian t functions of th e

2 ? 2 M andelstam  v a r ia b le s  s  = -(p+q) , t  = - ( q - k ) ? u = - ( p - k )  an d  th e
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-fa  a re  functions of s  = w^ alone. F inally  the s c a tte r in g  lengths a r e

(X n — 1

( T / \ r -
(4. 7)

r °
O ur m ain in te re s t  h e re  is  in the  S wave (Ji.—o ) sc a tte r in g  lengths given 

by

J______ L A *  -  /W tt 3 * 1  ^  o  (4. 8)
W  I + Wha

/Htyv

R efe rrin g  to  the L agrang ian  (3.1), i t  is  ea s ily  seen  th a t the p ro -

c e s s e s  which con tribu te  to e la s t ic  Tf N sc a tte r in g  a re  N and N*, s

and  u channel p o le s , and a  ^  m eson  t  channel pole, F ig. 1. The con-
* •

tr ib u tio n  of th e se  p ro c e s se s  to  the am plitude TJ1 a r e  ca lcu la ted  using  

th e  t r e e  d iag ram  m ethod and given a s  follow s:

V L = - 1  N(P')
w -  S

fi(?)

P / 1' -  +  \ v ]



T " * l -
' r  ~

>w7T

|\|(p9 pMy/WRi) In*

-h-
X ^ - ^ y /V v  ( P'--ftf') f y *• 

)̂WV - VL. N ( p >

f t /  =  i f c s *  _

~ T ? i L  =  - J l _  A / ( f p ) (4. 9)

w here the su b sc rip ts  ind ica te  the ap p ro p ria te  pole d iag ram . In te rm s  

of the in v a rian t am plitudes (4. 2)
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\  )  /yyiff
( f t f y + V s ) / 1 _  4 [ s  - 0 1 #  t /w ^ j r ]  4 .  s - n ,

\ 2  t  s
i

 ( S —/Ttlu —f f l > T + ' W 7r ) l  I
£ \ / s ~  _ 1 / W ) | | * - S

F

±  _  2 . %  + .  [ s - M l y - t ' W r J
2  3  i > S

-f. ( S — > £ )  j

A o  =  A P - J 3+ =  o

=  _ _ £ L

/W ^-S

(4.10)

F rom  the ex p ressio n  (4.8) fo r the S wave sc a tte rin g  lengths

fljV - r  i__________________

‘t-TT li-Mrr \Z/)flu /
I

I -

+ M S

f lm 7T
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a u ~ X
w 1-hMBL

m u

2 / M r r X

) - ^ 7 T

i
Na

— O

A p+ = o

a p~  =  ( orin'] \ J _
^ 7 T  V ^ r j  i +  Zflhr / W r  (4- n )

/»?N

±and the sca tte rin g  lengths a g a re  ju st the sum of the appropriate 

te rm s and the re su lt is

a+ ~ -o.o/ /yhw1
(4.12)

a" -  o.og /yftjr

2
which is  in good agreem ent with the experim entally determ ined values

== - 0 .  0  0 ?  /WItT 1

(4.13)

—  0  0 7 3

Observe that the ^  m eson te rm  a ̂  is  the dominant contribution (about 

ten tim es a s  la rge  a s  the nucleon term ) and is  the re fo re  consistent with 

the usual ^  dominance assum ption. This would not be so if the usual



39

on m a s s - s h e ll  N* p ropagato r w e re  used , s in ce  the N* pole te rm  would 

give a la rg e  contribution  to  a +. It is  then n e c e ss a ry  to  m ake assu m p ­

tio n s about including o ther p a r tic le s , whose ex istence  is  doubtful, in 

our L agrang ian , e. g . , an  IJ  = 0 m eson , and fix  th e ir  couplings in such 

a  way th a t th e ir  con; \ ibution can ce ls  the la rg e  N* value. We avoid th is  

d ifficulty  by our choice of N* p ro p ag a to r and including only known p a r ­

tic le s  in the  L agrangian . F u rth e rm o re , it should be noted th a t th is  

se lec tio n  of N* p ropagato r in tro d u ces  a  tech n ica l problem . C onsider 

the e x p re ss io n  (4.10) fo r the in v a rian t am plitudes A (s ,t ,u )  and 

B (s , t ,u ) .  We find th a t they have poles and b ran ch  cuts a t s , u  = 0 

w hich is  in con trad ic tion  to  w hat is  known about the analy tic  p ro p e rtie s  

of th e se  am p litu d es. T hese sp u rio u s  po les and cuts do not cause much 

difficulty , s in ce  the t r e e  d iag ram  m ethod i s  ju s t an approxim ation  

schem e used  in low est o rd e r  p e rtu rb a tio n  th e o ry  and it is  p o ssib le  that 

h igher o rd e r  te rm s  w ill cancel th e se  s in g u la r itie s . A lso, we a r e  not 

too d is tu rb ed  by th ese  s in g u la r itie s  since the po les a re  a t s ,u  = 0 

w hich is  f a r  fro m  the physical reg io n  and the b ranch  cu ts, w hich a r e  

of the sq u a re  ro o t type, can be chosen away fro m  the physica l region 

in the s p lane.
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CHAPTER V 

CURRENT ALGEBRA 

A COMPARISON WITH THE PHENOMENOLOGICAL 

LAGRANGIAN METHOD

C onsider the pion nucleon sc a tte r in g  p ro cess

N(F0+irl(9)->  bi(r')+ir*(#) (5.«

and le t the am plitude T-*1 be given by (4. 2). By using  th e  Lehmann, 

Sym anzik, Z im m erm an  (LSZ) fo rm a lism  and con trac ting  the final pion

n m U _  T * L =  ( t + M r )  < ^ N ( P 0 1 T * ( o )  I N ( P )  ( 5 . 2 )
f t ' f t

With th is  ex p ressio n  it is  p o ssib le  to te s t  the  P . C. A. C. hypothesis^

M j r f j f T r U  , w here  Aa (k) is  the a x ia l vecto r 

c u rren t and ^  is  the pion decay constan t ( = 190 M eV .). In­

se rtin g  th is  re la tio n  in the ex p ressio n  (5. 2), we find

N
a m i J_T 1*= LCP
F° 'F° ^  (5.3)

2 2 2and the u su a l p rocedu re  is  to  le t q = - m ^ - , k  = 0  and evaluate th is
9

ex p ress io n  by a  m ethod dev ised  by A dler. If we le t V = ~ F 9  then
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(5. 3) w ill give only te rm s  of ze ro th  o rd e r  in V but in o rd e r  to  ca lcu ­

la te  the pion nucleon S wave sc a tte r in g  lengths f i r s t  o rd e r  in V  , 

w hich i s  the m ain con tribu tion , v i z . , the p  m eson te rm  in (4.11), 

is  needed . T h is re q u ire s  u s to  p roceed  to  a  fu r th e r , m o re  com plicated  

ex p re ss io n  about w hich add itiona l assu m p tio n s w ill have to  be m ade.

C ontracting  out the  in itia l pion in (5. 2)

m _ T i L = 0 # h w £ )  i  I T d ^ o o i r  fe>)| k w J7

Mir) (  f ivO lTr)(J?+fl>hr) £ f  JL ^  |

\ J f t £ (5.4)

and su b stitu ting  the P . C. A. C. ex p ress io n  fo r both pions

(5. 5)

A pplying the u su a l W ard -T akahash i technique we obtain

_  T r k t i

(5. 6)
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F or the f i r s t  com m utator in  (5. 6) we in s e r t  the c u rre n t a lg eb ra  r e la ­

tionship

£(Xo) L A tf(x );/^ v (<>)]== -  Vv\ )  S(X) - f S - T  (5. 7a)

3w here S .T . is  the Schwinger te rm  w hich is  sy m m etric  in ij. It is  

custom ary  to ignore th is  te rm  since i t  only se rv e s  to  m ake the T -p ro -

duct covarian t and is  assu m ed  not to  affect the re s u lts . The la s t  com­

m utato r in (5. 6) is  sy m m etric  in ij and is  assum ed  to  be

6(Xo) D W W , 7 t V ]  =  S ^ -sT SC X ) (5.7b)

which is  the u sua l x r  m eson te rm . The re s u lt  is

w

_  T (a *w  A in ) I W(p;7
W r f j r  U

-t- i a*L %  <mr) I Vv\ )  l N ( p ) >

-  Sjr l / w v f 7 r< N (fO  ) v f W ( p j7 j -  (5. 8)

and to  evaluate  th is ex p ressio n , we le t q , k —^  0. T his p rocedure 

gives off m a ss -sh e ll  quan tities  which m u st be ex trapo la ted  to  on shell
4

values by som e suitable m ethod.

C alculation of the pion nucleon sc a tte rin g  lengths has been done 
4 5by Ram an ’ and the re a d e r  is  re fe r re d  to  h is  p aper fo r  de ta ils . A 

b rie f  d escrip tio n  of h is  re s u lts  for the S wave sc a tte rin g  lengths w ill
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be given h e re  and a com parison w ill be m ade with those given in 

Chapter IV obtained by using the phenom enological Lagrangian method.

C onsider the T -product in (5. 8) which has contributions from  

N* and N pole te rm s . Following Ram an, it is  found the N pole gives the 

values

-f -I
-  0 . 0 /05" fm-rrJVI

N(Kfj ~  d. QOog n n ir
(5. 9)

to  be com pared with those given in (4.11)

+ -I
(Xv = - o . O ) o  /yy}w

(X̂  = o.Qoo%rmrr

For the N* pole, we have the values

-t
n

(5.10)

"t •“ |
^  — O- o 6 /h iy t

~ _  A - l  (5.11)

which a re  d ifferent from  the values given in (4.11), which a re
± + 

aN* = 0. A lso , note tha t the value of the aN+ given by the cu rren t

algebra  m ethod is  about ten  tim es la rg e r  than the experim enta l value

fo r the to ta l a+ = -0 . 009 This difficulty can be rem oved by

assum ing  th a t the S P  m eson te rm  in (5. 8) is  ad justed  in  such a way that

i t  gives the experim en ta l re su lt fo r a + when com bined with the N and
g

N* contributions. The^P m eson te rm  is  fixed by th is  p rocedure  and
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the consistency  can be checked by looking a t the P  wave sc a tte rin g  

lengths. 5 F inally , the v e c to r  cu rren t te rm  in (5. 8) gives

a v  =■ I 2/yyj-jr 1 i

^  ^7T (5.12)

a  *  =■ O

and u sin g  the K .S . F . R. re la tio n  , (2 .3@)? we find th is  is  id en tica l 

w ith the p  m eson  contribu tion  in (4.11). We note th a t the p  m eson 

(vector cu rren t)  te rm  is  the dom inant contribu tion  to  the S wave s c a t­

te r in g  lengths in  both m ethods.
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CH A PTER VI

A. 7TN—>7TN* S WAVE THRESHOLD 

PRODUCTION PARAM ETERS

The t r e e  d ia g ra m  m ethod can  be e a s ily  ap p lied  to  the  p ro d u c­

tion  p ro c e s s

Tn?)-/-N(P)—> TTM+N^PO (6. 1)

w h ere  N* is  p ro d u ced  in  a  re la t iv e  s - s ta te .  Of co u rse , th is  m ethod 

w ill g ive N* in any  s ta te , but the  data  is  not su ffic ien t to  give in fo r­

m a tio n  on s ta te s  o th e r  than  s - s ta te s  a c c u ra te ly .

L et the m a tr ix  e lem en t fo r  th is  p ro c e s s  be  given by

—  S f i  -f L ( 2 t t /  $ C v ' - h A -  p - < 3)  ~ L  T
\j Po' po

(6. 2)and in  te rm s  of the in v a rian t am p litu d es

T= l Nv(?)%**[A %*+ {c^-t D Ĵ )]Xr/V(?) (6> 3)

w h ere  A , B, C, D a r e  in v a ria n t functions of s ,  t ,  u  and  m u ltip lica tio n  by 

an  o v e ra l l  C lebsch -G ordan  coeffic ien t fo r sp e c if ic  charge  s ta te s  in  

u n d ersto o d . The v a lu e  of T a t  th re sh o ld , w hich is  w hat we a r e  in te r ­

e s te d  in , is  given b y  th e  follow ing s im p le  two com ponent fo rm :

48
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T | f J J  =0 L (sQ V. p Xfc) [A -  (/%*+/%-?V»>7r) B ] ) =<

'T^NCpa+'Wj/)

1 ,  ■   VD. 4)
' '^ w C p o + 'W o )

and the to ta l  c ro ss-se c tio n  a t  th reshold  is

( l \ r  ] = £  J£C M B
I  f j  I p - °  frW  { m ^ + r n n f  p-M »w

T h ere  a re  five p ro c e sse s  that raay contribute 7TN—̂  7T N*,

Fig. 2. T hese a re  the s and u-channel N and N* poles and  the t-chan- 

nel ^  pole. Both the N and N* s-channel po les, Fig, 2(a) and 2(c), 

w ill not, how ever, contribute to  isobar production in a fin a l s ta te  S 

wave. T his can be seen by the  following argum ents: (i) The s-channel 

N pole, F ig . 2(a), does not e n te r  since conservation  of ang u lar m om en­

tum a t the 7TNN* vertex  w ill p erm it only re la tiv e  P  w aves o r higher, 

(ii) The s-ch an n e l N* pole, Fig. 2(c), is  forbidden by p a rity  conserva­

tion a t the TF N*N* vertex . If the final j f  N* is  in a re la tiv e  S wave, 

then its  p a r ity  is  negative and the parity  of the in te rm ed ia te  sta te  is  

positive, th u s , violating p a rity  conservation.
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From  the  L agrangian  (3.1) of C hapter m ,  we find th a t th e se  

d ia g ra m s give

Tfj - Jl L M'l +
n » w  z m n  L  m  f i r — ta_

"  XrN(?)-t- 2 m u  LX-fl
2-/W)w—x

T / J * -  %H*N7T L (?')
yV

V 5 k 3Vu 3 >nzr /#)n*“*-
_  2  ( /W f r* + ^ )  [WluW-folti)

+- A

f  ^ r / _  2 .  _  l._ ^ — L  (/»?
V 3 x /tyjJ*—u_ 3 \TlT

— ^  0W7jyX"Ml i*.) 

3

+ i ^ 4 l ? T / / ) 2 ! i i l ± ! 5 \  ] •  X r M p )
I /» » „ * - ■ * .  J  j
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1? ~  2 ^ f N ^ f p  1 — 1—  f v 1- ^

+ _ L .  J t r t ¥ j ^ N ( i R )
n n ^ t  J  (6 .6)

w h e re , a s  u su a l, the su b sc rip ts  ind icate  the ap p ro p ria te  pole. A t 

th re sh o ld  th e se  y ie ld  the follow ing re s u lts :

1 2 .

%N*N*rr o/fj* /H in ^ tfir  1 | [  +  3  foi-rr
3 / y f } r  z / » ) N *  \!sri_

 i t )  )H ~ ffltti't2/nriT r) j

F r =  2 f e ^ w f f c t I (6. 7)

and  the a r e  the re levan t C lebsch-G ordan  coefficients. The fu ll 

th re sh o ld  am plitude F is  given by

F  =  +  F p  (6 > 8 )

The iso to p ic  spin  content of iso b a r p roduction  is fa irly  s im p le . 

C onservation  of iso sp in  allow s production  I = 1 /2 , 3 /2  channels, i. e . ,
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th e re  w ill be only two independent am plitudes fo r  th is  p ro c e ss . F o r 

convenience of calculation , we p ick  the p ro c e s s e s  TT^ P ^ 7 r + N * +  

and 7T  P ~ ^  IT yV and l is t  th e  pertinen t C lebsch-G ordan  coef­

fic ie n ts  in T able n .  We can decom pose the two am plitudes R i r +P-*TT+t n  

and F ( T ? - >  T T 'N ^  into iso top ic  spin in v a ria n t am plitudes fo r  the 

I = 1 /2 , 3 /2  channels a s  follow s:

F(ir+p f 3tx

FOr 7  “  N*+) = “  i  Fi/i ( - )

w here  the  su b sc rip ts  re p re se n t the  isotopic sp in . In o rd e r  to  com pare
1

w ith ex p erim en t, we use  the no ta tion  of O lsson and  Yodh and define 

production  p a ra m e te rs  in te rm s  of the F 's  by  m ulitp lica tion  w ith an 

a p p ro p ria te  sc a le  fa c to r. If the S wave production  p a ra m e te rs  a r e  

defined a s  a ^  then

=  £  f z  (6- 10)

w here

^  — TTArf&OO (6.11)

Com bining the r e s u l ts  of (6. 7), (6. 9), Table n ,  we find

a3 « O.OMV F

CLf £=■ a .  o i 2 . F

and the r e s u lts  a r e  in  fe rm is .

(6. 12)



B. COMPARISON WITH EXPERIM ENT

The ex p e rim en ta l an a ly s is  of sing le pion production data , in 

re ac tio n s  7TA/“ ^ 7T7TN  above the N* th re sh o ld , by  O lsson and 

Yodh, * w in  p rov ide th e  b a s is  fo r com parison  of the th e o re tic a l p r e ­

d ic tions fro m  the  p rev ious sec tion . Some d iscu ss io n  w ill be req u ire d  

b ecau se  of am b ig u itie s  involved in ex tra c tin g  data  on the fina l TfN* 

s ta te s  from  the o b serv ed  I T T N s ta te s .

O lsson and  Yodh have been  ab le to  fit single pion production 

data  n e a r  the N* th resh o ld  by assu m in g  th a t the  fin a l IfTT N s ta te  p ro ­

ceeds p redom inan tly  through a  7TN* s ta te  in a  re la tiv e  S w ave. This 

re q u ire s  the in it ia l  f]"N s ta te  to  be e ith e r  o r Dgg w here the no ta-

t io n i s  L 2i 2j

L = re la tiv e  o rb ita l an g u lar m om entum  of the in itia l s ta te  

J  = to ta l an g u lar m om entum  of the in itia l s ta te  

I = iso top ic  spin  of the in itia l s ta te  

The p red ic tio n s  fo r  the S wave iso b a r  production  p a ra m e te rs  from  the  

an a ly s is  of O lsso n  and Yodh a r e

■ O ■ O } ~}S~ Stl OOC> g  f~
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w here  the e r r o r s  a re  s ta tis t ic a l. T h ere  a r e ,  a lso , m odel dependent
o

e r r o r s  (S wave 7TN* fin a l s ta te ) , de term ined  by O lsson , in the ra tio  

a l / a 3* H is e s tim a te  of the e r r o r  in a ^ /a g  is  ±1 thus in troducing

fu r th e r  u n ce rta in ty  in the production  p a ra m e te r  a^ . R ecently , M organ
3 4has analyzed  iso b a r production  in the I = 1 /2  channel. ’ He finds th a t 

th e re  a r e  possib le  effects on the am plitude fro m  dipion (I = J  = 0

being  s tro n g es t)  resona ting  fina l s ta te s ; w hereas O lsson  and Yodh com ­

p le te ly  neg lect th is . M organ a ssu m es  tha t the am plitude is  a

com bination of jpST* and V  N (Olsson and Yodh co n s id er only 7T N*) 

w hich would reduce  a^ by a  fac to r of . 57. F u th e rm o re , acco rd in g  to  

M organ , the O lsson and Yodh es tim a te  of the p a r t ia l  wave c ro s s -

sec tio n  is  in d isag reem en t w ith the known ex p e rim en ta l re su lt . In stead  

of the O lsson and Yodh value of 8. 5 m b, it should b e  4mb. reducing  a^ 

by a  fac to r  of ^4 /8 . 5 — ' . 8. Com bining th is  w ith the o ther facto r, 

we find a^ should be reduced  by about . 4 fro m  the O lsson  and Yodh 

value. The ''ad ju s ted "  value of a^ is  then

a^ 0. 022 F  (6.15)

It should be noted tha t M organ re ta in s  the O lsson Yodh re s u lt  fo r the 

I = 3 /2  channel. We can now com pare the th e o re tic a l p red ic tio n s given 

in  (6 .12)w ith those in(<J. 13)and(6.15)and we see the ag reem en t is  qu ite 

good.
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C. COM PARISON WITH CURRENT ALGEBRA

The use of cu rren t a lg eb ra  in the u su a l way, i. e . , q = k , q—* 0 

fo r calculating iso b a r production, involves c e r ta in  technical am bigui­

tie s  and thus th e re  is  no re a l com parison with cu rren t a lg eb ra . To 

the extent possib le , we d iscuss h e re  b riefly  the difficulties in  the 

c u rre n t algebra approach.

F or in stance , consider the exp ression  (5, 8) with the fin a l nuc­

leon sta te  N(pf) rep laced  by the iso b a r sta te  N*(p') everyw here. There 

is  an im m ediate d ifficulty  if we se t q = k , q—* 0. If energy and  mo­

m entum  a re  to  be conserved, th is  would re q u ire  m ^  = m ^* fo r  the 

u sua l application of cu rren t a lg eb ra  o r the baryons a re  ex trapolated  

off the m ass shell. Let us consider for a m om ent the condition

m = m . In applying the reduction  technique, then, as  u su a l, we 
N N*

encounter the te rm  which cannot now be ignored  since it could be

iso topic spin two, thus connecting N* and N and  we would have to

es tim a te  it  somehow. The v ec to r cu rren t te rm  does not contribu te

h e re  since it van ishes in the lim it k  = q, q —* 0, rn = m„T.. A parityN N*
and angular m om entum  analysis  of isobar production in a f in a l S sta te , 

te l ls  us that the in itia l 7TN m ust be in a  D wave and th is p re se n ts  a 

fu r th e r  difficulty if q , the in itia l pion m om entum , is  allowed to  go to 

ze ro .

An a lte rn a tiv e  to the cu rre n t a lgeb ra  approach is to  tak e  one of 

the pions off the m a ss  she ll (in the case of iso b a r  production the  natur-
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a l  one would be the  fin a l pion) and  r e s t r ic t  the o th e r to  be on the

m a s s  shell. T his w ill provide a  te s t  of the P . C. A. C. hypo thesis. An

2 2e x p re ss io n  s im ila r  to  (5.3) is  obtained  in the lim it q = ^m ^ , k —?0 

o r

T  =  U f + M r )  -M *  < M V ; I  A « .m I

(6.16)
A rons h as  ca lcu la ted  the S wave iso b a r  p roduction  p a ra m e te rs  

u s in g  the A dler technique to  eva luate  the rig h t hand side (R .H .S .) of 

(6 .16). B riefly , only te rm s  on th e  R .H .S . which have po les a s  k —7 0 

w ill contribute. T hese  te rm s  a r e  ju s t nucleon and N* poles coupled to 

the  e x te rn a l nucleon and N* re sp e c tiv e ly  through the a x ia l v ec to r c u r ­

re n t  A ^  . The r e s u l t s  obtained fo r  the production p a ra m e te rs  a r e  

s im ila r  to ours.

Of course  an o th e r app roach  would be to  keep  both  pions on the 

m a s s  sh e ll (q2 = - m T2 , k2 = -m ^ 2 ) but a l l  th is  does is  to  give the 

u su a l L .S . Z. fo rm u la  fo r the p ro c e s s  7TN-* 7T N* which we a r e  not 

in te re s te d  in. I t should  be kept in  m ind tha t w ith any of th e se  p ro c e ­

d u re s , an add itional assum ption  m u st be m ade a s  to  how one e x tra ­

p o la te s  from  off th e  m a ss  sh e ll to  on m a ss  sh e ll q u an titie s .
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TABLE H

" " - ^ C O E F F I C I E N T

R E A C T I O N
% < ^ N * - ° < p

7 r + P - » T T + N * + - J ? J J

V - p - > 7T ‘ N ^ + 0 - 4 5 4 ?

Table II. C lebsch-G ordan  coeffic ien ts a p p ro p ria te  to

each  pole te rm  fo r  given in itia l an d  fin a l charge 

s ta te s  in iso b a r production.
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CHAPTER V n 

SINGLE PION PHOTOPRODUCTION

1
The K ro ll-R u d erm an  theorem  g ives the th resh o ld  pion photo­

production  am plitude to  low est o rd e r  in  m-jr/m-^ and to  a l l  o rd e rs  in 

s tro n g  in te rac tio n s  in  te rm s  of the B orn  approxim ation  a lone. If th is  

am plitude is  u sed  to  ca lcu la te  the th re sh o ld  d iffe ren tia l c ro ss -se c tio n , 

i t  is  found to  he in d isag reem en t with ex p erim en t, ind icating  th a t h igher 

o rd e r  c o rre c tio n s  in m aY m ^ a re  not neg lig ib le . The t r e e  d iag ram s 

can be eva luated  w ithout tak ing  the m ^ /m ^  lim it and can b e  expected 

to  a g ree  b e t te r  with ex p erim en t than  the K ro ll-R uderm an  th eo rem . Of 

co u rse , in the lim it of m ^ /m j^ - ^  0, the tr e e  d iag ram s rep ro d u ce  the 

K ro ll-R u d erm an  re s u l ts .

L et the in v a rian t am plitude fo r  the p ro c e ss

(7.1)

be given by

T  N(P') A lYuYy -f ^N(f9 £Lv(j)

(7. 2)
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A t th re sh o ld , the d iffe ren tia l c ro s s -s e c tio n  is

d s i-
=  J ?

=0 w  f i + z ^ r  /hin3- v -7 r
^  m ” )  (7.3)

C onsider the p ro c e s s

V P  9 J T  /Y) (7.4)

In the p re se n ce  of e le c tro m ag n e tism , the in te rac tio n  p a r t of the 

L agrang ian  (3.1) fo r  th is  p ro c e ss  can be w ritten  a s

£̂|vr) ~ piVju.p/l.A. ^  W i 'ZfaXr P ̂ uJT
\jT /%

- i - A l  ®  V K r P / ^ ' + ^ r r + ^ T T -  
<5*/»iw

- i X 3  N * + f XM  i ^ v Xr p ( ^ v - ^ v / V )  -  - L  t e ?  i^A /A+ i Ai r
'I T

+  f l n ^ P  (£ "  +  ^ R ^ T T ' / V
/Wiilrr \

, fHlSHBK oftDBRJ
^  v  /w T B £  Pi0 ** /   ̂ J

w here we have added a  (P7TV in te rac tio n  te rm . The^nJS'coupling constan t 

is  d e te rm in ed  from  the decay ra te  into 7 T by SUg 

a rg u m en ts  and b ased  on a  w idth

r ( o j " -> j r ' r )  =  U s - M j i V  (7.6)

we obtain

j f ^ T r i r  -  “  . 1 3 I S  (7.7)
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A s im ila r  L agrangian  can be w ritte n  fo r  the p ro c e s se s

t f / n - *  77 p  

- »  7T °P

The p ro c e s s  y p _ j7j-°p re q u ire s  the addition of uinX  an<i <^NN in te r ­

ac tion  te rm s .

T ree  d ia g ra m s, which contribu te to  the th re e  photoproduction p ro c e s se s ,
2

a r e  given in F ig s . 3, 4, 5. At th resh o ld , the N* in te rm ed ia te  s ta te s  

do not contribu te to  any of the th re e  p ro c e s se s  because  of o u r choice 

of N* p ro p ag a to r. The ^  and^> t-ch an n e l d iag ra m s g ives negligible 

con tribu tions to a l l  th re e  p ro c e s se s  and thus th e  nucleon, pion pole 

d iag ram s and the contact te rm  give the dom inant contribu tion  to  a l l  

p ro c e s se s . The re s u lts  fo r charged  pion photoproduction a t  th resh o ld  

a re

f^TT (7. 9)

■h dUJ-

(7.10)

I +  M h  
to N

I. IS~
(7.11)

3
to  be com pared  w ith the ex p e rim en ta l values
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Jl _d5T (Xp-̂ TfVO -  (is:6 ±o.sr) br\RmJSTe.R.
^  i S L  (V. 12)

R =  ). ^ LS~ ±  a- 6 i  S  

F o r n e u tra l  pion photoproduction

JL as: (vfM/r°p) = ^  Jl j_ i . ^
d - n .  '/ - t t  W  z h u *  ) +  4 2 r  2 / h 7Nx

^  (7.13)
—  o - z i  M- bRf iNSJs t&R  

which is  about half of the  ex p e rim en ta l value.

We note th a t a  c u r re n t a lg eb ra  ca lcu lation  of single pion photo­

production , using  the P . C. A. C. condition w ith e lec tro m a g n e tic  in te r-

4action , g ives exactly  the  sam e r e s u l ts .  F u th e rm o re , if the  on m a ss-  

sh e ll N* p ro p ag ato r is  u sed , the charged  pion photoproduction re su lts  

rem ain  unchanged and th e  n eu tra l p ion d iffe re n tia l c ro s s -s e c tio n  is  in ­

c re a se d  som ew hat but no t enough to  explain  the d iscrepancy  w ith  the

ex p e rim en ta l data.
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APPENDIX A

F or convenience, we indicate here  the method used to d e te r­

mine the isospin  content of . In what follow s, the space-tim e

in d e x ^ is  suppressed  and the isospinor index W = 1 ,2 , is  w ritten  
a

explicitly. If Q , J? = 1 ,2 ,3 ,a re  the isospin g enera to rs , then

w here ( TA)m j = - i £  % Using th is  re la tion  and the subsid iary

dition

- z ( a . 2)

we find

N , ' =  N % r - N * / f c  

N 2' -

N , =  [ f / f e - N ' / f c  

K= t[N'/fe+N*/fc]
n ; = ^ n " +

N ; = ^ r
The convention that a l l  opera to rs destroy when operating foward is 

used.


