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Abstract

CHIRAL DYNAMICS WITHOUT A, .
by

Joseph M. Petito
Advisor: Professor Ngee Pong Chang

The nonlinear realization method of Weinberg is used to construct a
chiral invariant Lagrangian consisting of 7, N, N*(1236) and © but
not Al' Chiral invariance can be, of course, maintained without
invoking the Al meson. In view of the experimental status of Al’
it may be worthwhile studying such a model. The tree diagram
technique is used, with an off mass-shell N* propagator, to calcu-
late pion nucleon S wave scattering lengths, isobar production

parameters and single pion photoproduction differential cross

sections. A comparison with the current algebra method is made.
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CHAPTER I

INTRODUCTION

In the study of the properties of strong interactions among
hadrons (pions, nucleons, etc.), curiously enough, the structure of
the weak interactions, in which these hadrons also participate, plays
a very central role. This role is embodied in the Gell-Mann postu-
lates of current algebra and the partial conservation of axial vector
current (P.C.A. C.) hypothesis, which we briefly review. 1

From the Fermi theory, it is known that the weak interactions

can be described in terms of an effective Lagrangian

Ijﬁ,— G'F I 3:\ (1.1)

where GF=,'- 107 5/m . is the Fermi coupling constand and J A is

roton
the current which consists of leptonic and hadronic parts

2 A
Jy= 3+ 35 1. 2)
The leptonic current is .
5. = . — .
J5 = B (=¥l + Ve ¥, (1% 2 (L. 3)

where U(2) and Yu(Me) are the fields associated with the muon
(electron)and its neutrino. When the effective Lagrangian (1.1) is
used to lowest order in GF, it describes very well both the leptonic
and non-leptonic decays of the hadrons. If the leptonic decays of the

hadrons are studied, a measure of the matrix elements of the hadron



current, Jf‘ , between initial and final hadron states, can, in
principle, be obtained.

The hadron current can be decomposed into several pieces:

(i) V;\ , vector current, (ii) A 1> the axial vector current. These cur-
rents can in turn be further subdivided into parts labelled by the inter-
nal quantum numbers they carry, viz. @) VA(AS:“C’) , the strangeness
conserving vector current, which transforms as an isovector under
isospin rotations of the initial and find hadron states, () VA(MS’” ),
the strangeness changing vector current, which transforms as an
I=1/2 spinor under isospin rotations. Similarly for the axial vector
current.

These currents transform in a simple way under the operations
of a symmetry group which relabels the hadron internal quantum
numbers. Thus, under an SU3 transformation, the vector and axial
vector currents seemto transform as members of an octet. The suc-
cess of the Cabbibo theory of weak intera.ctions2 in fitting with experi-

ments serves to confirm this.

The current algebra hypothesis of Gell-Mann, 3 with far-reach-
ing consequences, is to fix the scale of the hadron currents by impos-

ing the equal time commutation rules
Vg, Vidsal = - £ 4R VR 0 59
v/, MO0] = - $ R ARG s o
[hits,0, Abgi] = 4R VRG o 56-9)



With these commutation rules to fix the magnitudes of the matrix ele-
ments of the hadron currents, the magnitudes of the weak decay are
given by (1.1). The most important point is that the commutation
rules involve hadron dynamics only and therefore the current algebra
hypothesis places restrictions on hadron dynémics.

Evaluation of these commutation relations leads to sum rules
which, in princ;iple, can be tested by experiment since the matrix
elements of the hadron currents are measurable in weak interaction
physics. However, this is not a very practical procedure. In order to
obtain useful physical information from these sum rules, the P. C.A.C.
hypothesis and infinite momentum limit are introduced.

The P, C.A.C. hypothesis is

— —

A= T a.s
where Kﬂ_ is the strangeness conserving axial vector current and is
the pion field. Note that the divergence of .KA cannot be zero be-
cause the pion has mass and the pion decays weakly. To the extent
that mgis small, K}L is almost conserved.

The usefulness of the P. C. A. C. condition lies in the relation of :
the sum rules of (1.4) to the sum rules containing zero pion mass cross
sections on hadron targets. The extrapolation from these cross sec-
tions to the physical cross sections is expected to be smooth and since
m#— is small in hadron physics, the sum rules, now involving meas-
urable quantities, can be confronted with experiment. This was first

done by Adler and Weisberger and the succes of current algebra has



since been well established in many other areas of low energy hadron
dynamics. |

The method of chiral dynamics arose from attenipts by Weinberg,
Schwinger and others? 9 to place the results of the current algebra
and P.C.A.C. procedures in a Lagrangian context. A field theoretic
model in which the cui-rents satisfy a SU2 X SU2 algebra and the axial
vector current satisfies the P.C. A.C. condition is the so called
<~ model. 6,1

The Lagrangian in the <~ model is

= —NI¥vy= v+ iz 5v)N
- {0 T) O] - 2 72w 0.6

2 - 2 m’l- m 2
- glme-mi] Sy T g = ()T

and the P.C.A.C. condition comes from a variation of this Lagrangian

under the chiral gauge transformations
N— (1+ ¢2%Y¥)IN
- T - v a.m

T— v+ -7

The axial vector currents associated with these chiral gauge trans-

9 ¥ SU2 algebra with the vector currents asso-

ciated with the isospin gauge transformations.

formations form an SU



In the ¥ model, chirality is treated as a linear symmetry and
the pion is assigned to the four dimensional representation of SU2 X SU2
along with an isoscalar, scalar field, the ¥ meson . Since the v me-
son does not seem to appear in nature, it is desirable to find a model
where the P.C.A.C., and current algebra relations still hold, but not
requiring a ¥” meson.

Within the framework of the ¥~ model, Weinberg and others4’ 8,9
have accomplished a nonlinear realization of chiral symmetry which
exhibits all the features of current algebra and P.C.A.C. They trans-
form away the ¥ meson field by rewriting the chiral and isospin in-
variant condition

T =C" @.8)
as a field equation for ¥ , C being a c-number constant. At the same
time, a transformation dependent upon the pion field is performed on
the nucleon so that the NN vertex is pseudovector. In order to repro-~
duce the current algebra results, the Lagrangian, construcied as
indicated, is used in lowest order perturbation theory in conjunction with
the tree diagram technique. Only those Feynman diagrams, given by
lowest order perturbation theory, having no internal loops are considered.
It is for this reason that the Lagrangian is called the phenomenological
chiral Lagrangian.

It is the purpose of this work to extend the considerations of
10,11

phenomenological Lagrangians to include the N*, spin 3/2, resonances.

We rely heavily on the technique developed by Weinberg for a general



construction of chiral invariant Lagrangians, 12 This technique is
reviewed in the next chapter.

In constructing the chiral Lagrangian, we have omitted the
A1 meson. The doubtful existence of A1 meson has long been a con-
troversy. While the outcome of this controversy is by no means clear,
- we entertain here the possibility that A1 meson may not exist,

It may be surprising, but a chiral invariant Iagrangian can be
constructed without the presence of Al'

This chiral Lagrangian is given in Chapter III. Applications
to T N— TN, T Ne—r T N*, ¥ N— 7T N are discussed in detail in

Chapters IV, VI, and VII.
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CHAPTER II
'NONLINEAR REALIZATION METHOD

TRANSFORMATION LAWS

One procedure for constructing general chiral Lagrangians
was described by Weinberg. The construction is generally called
the nonlinear realization method. In this method, a chiral SU2
transformation carries the pion field, which has isospin one, into a
nonlinear function of itself. This same chiral transformation induces
a linear isospin gauge transformation on any othér field,’\l/ except
that the gauge depends on the pseudoscalar pion field. The rules for
constructing chiral invariant Lagrangians are then simply to write
down isospin invariant Lagrangians, except that where derivatives are
involved, they are to be replaced by the covariant derivatives, DA/)U .
D,u_’}p transforms under chiral transformations in the same way as '\D
In chiral invariant Lagrangians, the pion field appears only in DA"IU
and in its own covariant derivative D,.J-?

There are other methods of constructing chiral Lagrangians
that have been discussed in the literature. a9 We have chosen to
emphasize the method of Weinberg because of its simplicity and far-
reaching generality. Since our construction rests so heavily on it, we
present a review of the technique in this chapter. We shall also sum-
marize in a table the transformation laws of all the fields that we shall

need.



The generators of SU2 X SU2 will be denoted by Qi (isospin
generatory), Qsi (chiral generator) with i = 1,2,3 and have the com-
mutation relations

P »,] — i ciyROR
[Q ) P = LETRY
i g] _ otk AR
(65,05 = i e#2 2.1
[QS')QS‘ =g Qs
First, consider the pion field T{'* which is intrinsic to all

chiral transformations of the realizations of SU2 X SUZ. Under iso-

spin transformations Ql,TT*being an isovector, we have

[QL) Tﬂ‘_\ =L 5%* Wﬁ @.2)
and under Q5i we write

[os 78] =- i) 2.3

where -}11"5'(7'1') is an arbitrary function of 77 . From the Jacobi
identity _ .
ot Loz A1) +[[¢ 1, o)+ [95 ] =0 e
we find .
(¢ 57%m)= L m +ie ¥
or .§i'"§f(1’?) is an isotopic tensor and combining this with the fact
that {-L%(‘fr) has positive parity (under parity Qzl—s -Qsi,Tr.i-,—ﬁ),
§¥%)  canbe written as

$) = § 45 @ + T g 2.6

It is assumed that )C’;*(-T‘r) does not contain derivatives of the pion

field. Next, from the Jacobi identity
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[0 [oa ][04 T4, 0] +[r4 04 @fl=0 e

follows
[0 %) - (08 § i) = -i[s - s#Rn]] o
T gt = 10t [l $m)]) = @i (m) ld"? (2. 9)
(2 = infinitesimal chiral parameter
we find

_{f_*i@{y - éf__.(lf‘* y=§ At — s#R (2.10)
and a condition between -5-(11"’) and /(T is obtained
gy = 1+2£@3 $ (0 (2. 11)

F — 277
The transformation (2. 3) with %(i‘r‘) given in (2. 11) can be shown to be

unique up to a redefinition of the pion filed. Following Weinberg, we

pick
L@ = (‘?‘v/z) (—4" T (2.12)
where -S:n. is the pion de_e?.y constant. Thus
and P = Sy (2.13)
[0 74 =t )57 T S 42k ot 0.1

Now that the pion field transformation are known, we can use them to
determine the transformation laws of other fields.
Consider an arbitrary field ’YJ which transforms under Qi as
: L
[QL)“P]':"t Y (2.15)
where tl is the epprOpriate isospin matrix associated with ")U
(for the nucleon field N, ti = TL/Z }. Under QBi, assume that /)D

has the following transformation law linear in ’71/
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104 A= it ¥ 2.16)
If the Jacobi identities (2. 4)) (2.7), with ’5" substituted for 77‘&, are

;
used, YWUT) is determined to be

) = £ R RYEy 2.17)

T = $E + &(ﬁ%ﬁﬂ_'

and with the form (2.12) for 'f (7

V(Y = fy

: -1 i : (2.18)
[05) ¥]= & e ptmh oy
A covariant derivative of the pion field can be defined such that
\ L, )
D= "%y T 2.19

i 0.rd = e
(05 DT H] =~y @ EH® Dk

du ('T;r) can be determined by using the Jacobi identity process as be-

fore. It turns out that

L»k Ay ....)_.:.2 —={
d ) = i+ 477 (2. 20)
or
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DT = [+ 427" (2. 21)
It is necessary to introduce a covariant derivative of the pion field
because chiral (Q5) transformation of the pion field is nonlinear and it
is only possible to couple TI'.’,A. and "HA’L to form invariants through
the covariant derivatives. Pseudovector coupling is, therefore, built
into this model, e.g., nucleon and pions are combined in the following

manner in a Lagrangian
N YN DT (2. 22)

This would complete the construction of chiral Lagrangians if
only pions and nucleons exist in nature. To extend the construction to
other higher spin resonances, it is easy to generalize the discussion
above.

The vector mesons may be introduced into the analysis by de-

fining a covariant derivative of the general field ’7(/
’ . L
¥ = = ife28)F ®.23)
and requiring

[(P';; o\l’ﬂ =—t*D. P
(@ )= whaE sy

Since we know the transformation laws of ¥ , this imposes the follow-

(2. 24)

L
ing transformation law on the field PAA-
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(0.4,62] = —iv s £ReR - 150, 9% ) .29

Vi f(_”_) is given earlier in (2.17), (2.18). A covariant curl \fuv
of the e field can be deflned
Viw = %8 =305 +45, £ HR 0¥ R 2. 20
such that
[st; \4&3] =L Y e R LR (2. 27)
Note that since the ® field has a nonlinear chiral transformation law,
it is not possible to write a chiral invariant { mass term involving
the € field alone in a Lagrangian. However, a new quantity gﬁ}j’ ,
which has the same transformation law as the field ’jb , Viz.

[@5} @u. ]=~Lv (TT)(S *‘& @L‘k can be constructed out of the -é,_,,

and 'n' f1e1ds and is given as follows"

S = 02 R+ é"*’"‘nﬂ’a LTR
‘The © mass term is then J

- -2 A =02
- G0 = -ME TR + 260 (1447 T X
= - @EAMZ - 2/'}?’:2-5-_i BT XTI
2. eJe {—IT e“ M
( higher order)
2.29)
in the pion field

Now, if "I/ is identified with the nucleon field and @ is indentified

with the © meson field, we see that the E’ NN and QI IT coupling con-
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stants are not equal ( e‘* is not coupled to the pion like an ordinary

gauge field) but if the condition that { is universally coupled to pions

6
and nucleons is imposed, then they are equal and
2 2 =2
e = 2/ Sy (2. 30)
which is the Kawarabayashi, Suzuki, Riazuddin and Fayyazuddin re-

7-9
lation.

Finally we state how the N*(1236) field transforms. It is as-
sumed that the N* field transforms lineafly under chiral transforma-
tions (similar to the ¥ transformation) . Let Ny 4 be the positive
parity nucleon isobar with 1J= 3/2, 3/2 where and ,Ar aré the space
time and isotopic vector indices respectively. There is an implied iso-
spin index, i.e., Np.%= (N‘ua',)c: o = 1,2 (Appendix A). In the absence

of interactions, this object satisfies the subsidiary conditions:

Y Nuy=o0
(@. 31)
du N}W =0
and
T NH’ =0 @. 32)

Under chiral transformations we have
[Q;, Nﬂﬂ = YY) gtR_ | £t ﬂ No & (2. 33)

The results of this chapter are summarized in Table 1.
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The N, field we use here does not satisfy the Dirac equation

(X3 N, =0 2. 34)
In the context of Lagrangian field theory, the N, field does not appear
in the free Lagrangian, Thus, we do not consider the N, field to
correspond to a fundamental particle. |
In order to obtain an understanding of our use of the Ny field,
let us look at the following intuitive picture. Consider 1T N scattering
in the s-channel. The success of current algebra and chiral dynamics
seems to indicate that the amplitude (q,q’ = pion momenta, s = -p2)
N LS (‘5) 1’,‘ P) — NUCLESGN S-CtHANNEL PoLE Te ﬂm] N (2. 35)
is approximated at low energies by
fn v N Auw N (2. 36)
where Dy (p) is no longer a sensitive function of q,q'. In what fol-

lows, we ignore q,q'. The effective propagator is given by

2 Lo
— 2 Z L+ z
AP = S dm™ N im®) Sy (B V507 S (@ + T (o) Sm(p)}
P=m™
z Lo s (2. 36)
where SA\,(P)) S,:-w(P)) S};v(f’) are the J = 3/2, 1/2(+parity),
1/2(-parity) spin projection operators respectively. The spectral
functions VI (m?2) contain the correct s-channel unitarity and N
contributes to the J= 3/2 partial wave amplitude, V3 , Vg contri-
bute to the J=1/2, ¥ parity partial wave amplitudes respectively.

Experimentally a resonance (N*) is observed in the TN
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system at 1238 MeV. The usual procedure would be 10 assume that
the propagator A,uv is approximated well by the N* and use the

10

Rarita-Schwinger™ = propagator for 4, .

In the Rarita-Schwinger formalism, each of the spectral
functions Vi, V3 , V; are assumed to have a S (m2 - mN*z) such
that the propagator Auy contains only J = 3/2 on the N* mass shell
(p2 = —mN*z), However, this is an unrealistic assumption about dy-
namics. |

A more realistic approach would be to assume that the J = 3/2
partial wave amplitude is saturated in the region of 1238 MeV. by the
N* resonance, i.e.,V, hasa simple pole at m? = mN%“" imN*r'
while the J = 1/2 % spectral functions do not have poles at mN*z on
the second Riemann sheet. If we saturate the propagator in this
manner, in the zero width limit, V; hasa § (2 - mN*z ) and the
propagator A, contains only J=3/2. It is in this manner that we
use the N* field. |

Of course, Q}'(mz) has the correct analyticity properties, but
in the § -function approximation we lose this analyticity aspect of Vl'
However, in a complete theory, this analyticity and unitarity could
bé restored by using a full V; (mz). The singularities due to the

: 2
kinematic projection operation S;{, we thus consider spurious.
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TABLE I

Summary of the infinitesimal SU, x SU2 transformation pro-

perties of the quantities cited in the text.

1 sospiv CHIRAL

T = PIoN FIELD
§T = Bx7 §Tr= ﬁ{ao-f;ﬁau&,;’ﬁa--ﬁ}
2

DT = COVARIANT DERVATIVE
OF THE PION
I
= [+ AT

§ DT = D XDuT S D] = 7 (EXTIX DT
'@L= RHo MESoN FIELD
(8= ®x0u § Bu= S J@X TG 7 ToxauT }

B=Bo+ % Desyd T T

sl

my
$,=Tx 4 53, =5 (@xH)x b
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iy = COVARIANT CURL OF @

= é,u'?v _BVFPAL‘f‘-S'(: é‘XFV
g\?}ky - El.))(-\zky S_\7AU= 'g-;rl (_(EX 'ﬁ)XY/;v
N= NueLeoN FIiELD

R .. . -l L Y -
SN=-L&-Z sN=i{, &-ZxTN
2 2

Ny, = N(1236) FIELD

SNuy= [ ;&;gw%zw]m SN b | LT i
+(wxw}1£}gﬂwﬁk

Here® and @ are the infinitesimal parameters associated with the

generators Q and Q@ respectively.
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CHAPTER Il

A. CHIRAL DYNAMICS WITHOUT A4

In the conventional analyses of chiral symmetric theories, i.e.,
those analyses where chirality is treated as a iinear symmetry like
isospin, both vector and axial vector guage fields must be introduced
simultaneously in order to preserve chiral invariance. 1,2 Of course,
the introduction of these fields in a phenomenological model requires
the indentification of some known particle with them. On the level of
SUy x SUy, the vector fields are associated with the well known rho
mesons. As far as the axial vector fields are concerned the experi-
mental situation is not quite clear as to the existence of axial vector
mesons with which the é.xial vector fields can be associated. 3 The
most likely candidate for an axial vector meson is the Ay but its ex-
istence is in doubt.4’ 5 It is, therefore, questionable if chiral
Lagrangians should contain the Aq as a fundamental field.

Note that in the discussion of the chiral transformations of the
various fields in the nonlinear realization method, especially the vec-
tor or rho field, it was not necessary to introduce an axial vector
field to preserve chiral symmetry. In fact, it is possible to introduce
vector fields independent of the axial vector fields without destroying
the chiral symmetry. We make the simple observation that there can
be chiral invariance in a Lagrangian theory without the Aj field.

Hence, we will consider a chiral invariant phenomenological

20
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Lagrangian model that would apply to reactions involving pions, nuc-
leons, nucleon isobars, Q mesons, but no A; mesons. This model
will be used to determine the pion nucleon S wave scattering lengths,
partly as a check, nucleon isobar S wave production parameters and
single pion photoproduction threshold cross sections, these parame-
ters being most accessible to experimental analysis. The experiment-
al fit is found to be quite good. (Even if we were to include the Aq

meson, its contribution is found to be negligible.)
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B. PHENOMENOLOGICAL LAGRANGIAN

In this section we write down the Lagrangian that will be used
in our applications. We have followed several overall requirements:
(i) We demand chiral invariance (and, of course, isotopic invariance).
The nonchiral-invariant part of the Lagrangian, following Weinberg, 6
is assumed to involve only the pion fields and will not affect the reac-
tions to be considered. (ii) We construct the Lagrangian out of nucleons,
nucleon isobars N*(1236), pions aﬁd {Q mesons. Note first that our dis-
cussion is a.f the level of SU2 X SU2 and not that of SU3 X SU3. More
importantly, we consider reactions involving 77 ,N,N*, ¥ and at the
phenomenological level the Lagrangian should involve these fields ( Y
comes in through vector dominance). The most important fact about
our requirements is that we do not consider the A; meson in our
Lagrangian.
The experimental status of the Al meson is not too clear4’ 5
and it is perhaps relevant theoretically to consider phenomenological
theories where the A, is not present. We make the simple observation
that theories without the Al meson can be nevertheless manifestly
chiral invariant,

Therefore, based upon the two principle requirements, we have

the following:7
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$=-Nrs+my)N
A DFDF -y Vo — 7 B B
- (Yom) Ni %X EN- DT
~ (Iney ?r//mn)iﬁh 4 $au N DT ¥ +(?m"‘“w/mn)fi-ﬁl\/,mt,r D
= (In*n o /mN%) Nw Tam & K:"ENM DT
5% Ni%TN-Gu

= Cewén fmm) Ry g0 Yo N Vi 6.1

- where the notation and chiral transformations of Chapter II have been
utilized. (The relative phases of the coupling terms are those of
Sakita and Wali.)®

With this Lagrangian at our disposal, we then use the tree dia-
gram technique to perform the calculations for any given process (we
consider those graphs given by lowest order perturbation theory where
no integration over internal momenta is required or retain only those

graphs which have the structure of trees).
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C. VECTOR AND AXIAL VECTOR CURRENTS

An interesting aspect of our model, in connection with our de-
leting Al from the Lagrangian, is that the field current ideni:ities9 no
longer fdllow, e. g., in the usual field current identities the axial vec-
tor current, apart from a CQ)JT term, is directly proportional to the
Al field. This is not so in our model because we have no Aq; but, if

10

the currents are defined in the manner of Gell-Mann~Levy, " the cur-

rents obey the same SU, x SU,, algebra as before.
The vector current and axial vector current are given by the

Gell-Mann- Levy equations
Vi o) = 8%
§ W)
' 3.2)
§%
S 3 (W

A}:(x) =

and

3Vl = 8%
§ WHX)

YA = 52
§ @)

where the ccordinate dependent form of the transformations in Table I

(3. 3)

are to be used. In our model these equations are given as (we ignore

the N* field for simplicity):
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V= (mi/5)8 - 50+ T (@)
—L+ 52757 FxauT

+ (2m)[1+ 52T NG GENS T 6

A= AU T -5 26 7]
+ (ULPUCH/MéL) 1 +‘};2'TT2]‘]7‘7- X,

~ (k) NN D7+ 0]

— (S famgtr) NS EN 5 7 D7

(3. 5)

From these equations it follows that under isospin transformations

gv}.\, = "LGX\&L 5/61;.; WXA;UL (3. 6)
and under chiral transformations
SV = WXAL §A = WXV (3.7)

The transformation laws (3. 6), (3.7) are equivalent to
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[VJ&); fo(?ﬂ S Vf(s‘o 5G—)
Vo), Ao | = - 498 A 26 s6-3)

(A, Ado) =- 4RV 539 we

In other words, in a chiral invariant world without the Ay meson,
the currents still satisfy the SU2 X SU2 algebra. The axial vector cur-
rent propagator, in such a world, will not be saturated by a simple 1t

meson state as can be seen from equation (3. 5).



27

D. SPIN 3/2 PROJECTION OPERATOR

If the Lagrangian (3.1) is used to determine the pion nucleon S

wave scattering lengths, it is found that when the standard N* projection

operator

/2 —_

=, MooN g =

(P 5, 2 BR _ i B¥ o %R _Lb,&h’v:]
2R LVTS T S g 3 s 3

(3.9)
is employed in the calculation, the experimental fit is not good unless

large contact terms (S wave NNT'T term in a phenomenological Lagran-

11 These contact terms correspond to the

gian) are postulated ad hoc.
usual YV mesbn terms of the current algebra. Note, that it might be
possible to adjust the coupling constants in (3. 1) to give the correct
scattering lengths; but in our case these contants are to be independently
fixed by experiment.

Also, the high energy behavior of the pion nucleon elastic
scattering matrix elements so found is bad. By arranging the contact

term (isospin even), the isotopic even amplitude can have good behav-
ior at infinity but the isotopic odd amplitude would still be badly diver-
gent, 12 This prompts us to consider an alternative approach. A new
""off mass’’ shell N* projection operator is proposed and the results
obtained using this projection operator are in good agreement with ex-

periment.
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We pick an N* projection operator which is a projection opera-

tor for spin 3/2 both on and off the mass shell and is given as follows

M = N (65) N,\(FS) ?’/W

ZPO 5=-3/2
(CL¥PH=P) Sy L 2 BB _LBY i %R 1 %Y
1P 3 -P7 3P 3P 3

(3.10)
which was constructed by taking the subsidiary conditions I\,{L =0,
h;‘_ N = O as operator identities. The usual spin 3/2 projection

operator is obtained by putting p2 = -mN*z or when /\ }W(P) is on
the N* mass-shell. This freedom, in picking a projection operator,
is allowed because of the ambiguity in quantizing the N* field, e.g.,
in Q.E.D. one has the freedom of taking 3 a =0 either as a ma-
trix element or operator identity. Also with this choice of N* projec-
tion operator a pole and branch cut are introduced at p2 = 0 but since
the tree diagram method is only an approximation scheme in lowest
order perturbation theory and does not contain unitarity, it is possible

that these singularities are cancelled by higher order terms. In any

case this is an assumption upon which we proceed.
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E. COUPLING CONSTANTS

It is assumed that the coupling constants given in the Lagran-
gian (3.1) are determined experimentally. The renormalized pion
nucleon coupling is g where gz/ 4T = 15 and the universal vector me-
son coupling constant is ff‘ where ‘f;/q:n' =2-"f“. Also, EN*NT 2.13
which is based on a N* width PN* = 120 MeV. and ENFNH {8/ 5}8
wﬁich can be determined from U(6, 6) or superconvergence argumentg.’ 13
The ©NN* coupling constant is determined from the dominant Y¥NN*
coupling constant C3 by employing vector dominance in the usual
manner. Briefly, this is done as follows: Gourdin and Salin have
given a phenomenological form for the Y NN* vertexM’ 15 which in-

volves three possible couplings, characterized by the constants C3,

Cs4> Cs5

7‘:{‘ — "-QCB//mW' N—)\ ?«A#LXV\JS'N Euy
— R Cy [y évN;; Yau =N By

+2 Cs/imy N,\ %#?fgavf\/ Py (3.11)

It is then found by experimental fit to single pion photoproduction in
the region of the N* that C3 is the dominant coupling and 04, C5z 0.
Then by using vector dominance, 16 we find -&’N N¥= C3 '&e where

C3 = ,37. We remark that the Gourdin and Salin analysis was done
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. . A . 2 _ 2
with the N* propagator ™ (P) on the mass-shell, i.e., p” =-my".
If the propagator (3.18), which is not on the mass-shell, is used, we
find that the results of Gourdin and Salin are reproduced because the
2 2

data was fitted in the region of the N* where p~ "M,

also investigated the effect on this analysis by the inclusion of the A1

We have

and found it to be negligible.
The relative phases of the coupling terms are chosen by com-
parison with the relative phases as would be given by a U(6, 6) invari-

8

ant theory.”~ Purely experimental considerations could not, of course,

yield phase information on the coupling constants.
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CHAPTER IV

PION NUCLEON S WAVE SCATTERING LENGTHS

Let the amplitude for the process
N + TG — N(P) + TR @.1)
where p(p') and q(k) are the four momenta of the incident (final) nuc-

leon and pion respectively, be given byl
<THRNE) \S] T NEYT

= &i TemS(phn-p-9) [m2 1 ™
Lo g VER 5k
T = ool A+ 50540 R ING .2

and the isospin amplitudes are
i + i - o
T =TT + Talzh 7]
+ I/ 3/
T =5HT7"%+277) 4.3)

T =5(1T%- 7%

The normalization is such that the differential cross section is given

by
av -_—-(.m’f*l._)l_,éS ]T{L 4. 4)
d L Larw, W
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A further decomposition into two component helicity amplitude form

can be given for T as

Ty, = X ’fl,’)z)[ﬁ + VAP | LI};Toqu,:,/

Azy Ay = helicity of the final and initial nucleons

§ = Eximy L A= (w—my)B]
4 §ITW
(4. 5)

{ =- E—/WIN[A + (W M) B]
> §ITW -

E= nucleon energy in the ¢. m. frame

In terms of the usual partial wave amplitudes

£+ cocod, = Z[Unfy, + 25,] B(coed

i
—-—

‘S’z = é [a&_ ——_&_’] Fcoss) @. 6)

& = c.m. scattering angle

i
The amplitudes T, A, B, {; , J%. are all invariant functions of the

Mandelstam variables s = -(p+q)2, t= -(q-k)z, u= _(p_k):?. and the
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-'ﬁl are functions of s = W2 alone. Finally the scattering lengths are

Ay = T @.n
(-?32 3=
Our main interest here is in the 8 wave (R=0) scattering lengths given
by
+ + .
Ag = _| | [_A — My B ]%20(4,3)

b | Mar
my

Referring to the Lagrangian (3.1), it is easily seen that the pro-
cesses which contribute to elastic TT N scattering are N and N*, s
and u channel poles, and a e meson t channel pole, Fig. 1. The con-
tribution of these processes to the amplitude Tji are calculated using

the tree diagram method and given as follows:

= e

L DGR (R +omy iR A N
My =
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¥ L2 i
Tyx = W0 Neo | uy Aws(pra) R

”n'!?'- WN;-— S

3M*hv/\;&v(P"~R) PN* _] NP
Mm% —

ﬁ{* L = ‘:!;7[285" - J—\’_'z:é"cﬂ

T =_ % Ny divgen[eiz] NG g
=2

where the subscripts indicate the appropriate pole diagram. In terms

of the invariant amplitudes (4. 2)

A:,‘—“-;?fi B+”‘“j[ | :{

me "‘S M;-"'u

i —
My—S — My—w
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+ 2
A= ( 2/3) m_‘! iEMNT\@(%_M% L5-my+mg] 5~fm,T>

-3} my (S 3

_ (S=mg—mq (s~ +/m1r)}

6\,3— me’t“S

+ (S—?'u)t—?t)}

- e 3 LS

B = - (/) %N*mr?[t 2y 4 [=mprmi]”

+ Dy (S=my+m) _ 2 tmy (g +¥8)|_1L
5 \ls_ 3 MN*—-S

— 2.
B<J = _ (4.10)

+ 2. Z
Ay = _ ¢ | z(m’)rr } 1
Yo+ \zimy) 1= M g

My H‘-/}n”"
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a’;v= 3 :/l(/l’i’nrr)L+ ' [

W j+me 2My) \— g mr

M Sy

iy
aN*:O
+=
ae 0
_— 2 2,

YT A\Mp | )+ T g 4.11)

YIN

and the scattering lengths a; are just the sum of the appropriate

terms and the result is

+ ~
A" = —o0.0]

’T, 4.12)
a~ = 0.08 M

which is in good agreement with the experimentally determined va.lues2

at

i

~0.009 My !
4.13)

—

~ —{

4 = 0.093 /n?;r
Observe that the e meson term aé is the dominant contribution (@bout
ten times as large as the nucleon term) and is therefore consistent with

the usual e dominance assumption. This would not be so if the usual
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on mass-shell N* propagator were used, since the N* pole term would
give a large contribution to a™. It is then necessary to make assump-
tions about including other particles, whose existence is doubtful, in
our Lagrangian, e.g., an IJ = 0 meson, and fix their couplings in such
a way that their coni Toution cancels the large N* value. We avoid this
difficulty by our choice of N* propagator and including only known par-
ticles in the Lagrangian. Furthermore, it should be noted that this
selection of N* propagator introduces a technical problem. Consider
the expression (4.10) for the invariant amplitudes Af(s,t,u) and
B(s,t,u). We find that they have poles and branch cuts at s,u= 0
which is in contradiction to what is known about the analytic properties
of these amplitudes. These spurious poles and cuts do not cause much
difficulty, since the tree diagram method is just an approximation
scheme used in lowest order perturbation theory and it is possible that
higher order terms will cancel these singularities. Also, we are not
too disturbed by these singularities since the poles are at s,u=0
which is far from the physical region and the branch cuts, which are
of the square root type, can be chosen away from the physical region

in the s plane.
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N .
N Fig.1
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CHAPTER V
CURRENT ALGEBRA
A COMPARISON WITH THE P_i-IENOMENOLOGICAL
LAGRANGIAN METHOD

Consider the pion nucleon scattering process

NP +TTH) — N(p) + TR (5.1)

and let the amplitude 1! pe given by (4.2). By using the Lehmann,

Symanzik, Zimmerman (LSZ) formalism and contracting the final pion

c Tﬁb = (R my; )<N(P9|7Téf0)|N(P)7T @i 6. 2)
A Fo\FzT

With thls expression it is posmble to test the P.C. A, C. hypotheswl
é A}A_(x) - /m'rrﬁrﬂ- (X) , where AA(x) is the axial vector
current and 'f.”. is the pion decay constant ( {'J'T =190 MeV.). In-

serting this relation in the expression (5. 2), we find

T LR b LA ALoING T @),
3 f’o dia_ iy

(5. 3)

2 2 2

and the usual procedure is to let q” = “Me, k™ = 0 and evaluate this

expression by a method devised by Adler. 2 ffwelety =-P§ then

42
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(5. 3) will give only terms of zeroth order in V but in order to calcu-
late the pion nucleon S wave scattering lengths first order in V/ ,

which is the main contribution, viz., the £ meson term in (4.11),

is needed. This requires us to proceed to a further, more complicated
expression about which additional assumptions will have to be made.

Contracting out the initial pion in (5. 2)

%{;‘.Tﬁ ‘= (§%+mi) (Kermni) Lgd“x[m'x@(rle( T '@)INE)
o [0 (5. 4)

and substituting the P.C.A. C. expression for both pions

™ T'= (Femz) o) < S ' )| T3, A o3, D INGY
P Po it jc_;' - (5.5)

Applying the usual Ward-Takahashi technique we obtain
A,
M T
f'fo

= ()R g z § 5P, VR TOA ING

T =
M4 5

+ igvg 4% ["R'x Stxa) NG| [Ai ) A.,f 3] INe)>

o d:.txﬁ-ak-xgao)(mg[A‘i'(o)j W’(xﬂlN(P?}
(5.6)
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For the first commutator in (5. 6) we insert the current algebra rela-

tionship
St AT, A )= — €78V R0y 500+ 5.7 5.1

where S.T. is the Schwinger termS which is symmetric in ij. It is
customary to ignore this term since it only serves to make the T-pro-
duct covariant and is assumed not to affect the results. The last com-

mutator in (5. 6) is symmetric in ij and is assumed to be
S0 LAu(d, THa) = $¥ S10) 6. )

which is the usual § meson term. The result is

fa fo

- a%mf’?@ﬁm@wfx f‘”"ﬁ,& v <MY T( Al Abia)] NG)/
M- T

;iR v <N | VJ”(»I NP/

- S%LM;JCF <N@) IV N(p)?} (5. 8)

and to evaluate this expression, we let q, k —> 0. This procedure

gives off mass-shell quantities which must be extrapolated to on shell

values by some suitable method. 4

Calculation of the pion nucleon scattering Ieng'ths has been done

4,5

by Raman and the reader is referred to his paper for details. A

brief description of his results for the S wave scattering lengths will
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be given here and 2 comparison will be made with those given in

Chapter IV obtained by using the phenomenological Lagrangian method.
Consider the T-product in (5. 8) which has contributions from

N* and N pole terms. Following Raman, it is found the N pole gives the

values

+ -

_ o (5. 9)
to be compared with those given in (4.11)
-}
6{N+-'= —0.01}0 /m‘ﬂ'
- - (5.10)
ClN = 0. 0008 /my
For the N* pole, we hé.ve the values
-+ =
QN% =—0.06 /MMy
(5.11)

C\;‘]* = 0. 60l /}’)77.;-,

which are different from the values given in (4.11), which are

aiI* = 0. Also, note that the value of the aN,,:" given by the current
algebra method is about ten times larger than the experimental value
for the total at = -0. 009 mn: 1. This difficulty can be removed by
assuming that the ¥V meson term in (5. 8) is adjusted in such a way that
it gives the experimental result for a’t when combined with the N and

6
N* contributions. TheW meson term is fixed by this procedure and
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the consistency can be checked by looking at the P wave scattering

lengths. 5 Finally, the vector current term in (5. 8) gives

Ay = _1 2mg | |
T &> |+ o gr (5.12)
. 7
dy — O

and using the K.S. F.R. relation , (2.30), we find this is identical
with the Q meson contribution in (4.11). We note that the £ meson
(vector current) term is the dominant contribution to the S wave scat-

tering lengths in both methods.
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CHAPTER VI
A, JTN—-TN*S WAVE THRESHOLD

PRODUCTION PARAMETERS

The tree diagram method can be easily applied to the produc-

tion process

(8 +NP® — TR+ NP 6.1)

where  N¥* is produced in a relative s-state. Of course, this method
will give N* in any state, but the data is not sufficient to give infor-
mation on states other than s-states accurately.

Let the matrix element for this process be given by

N¥e) TRy I SINGR Ty

= §¢j + L'(zn)‘*scpfm-r—fa)\}fmwpm_l_ T
R P 4ghe

and in terms of the invariant amplitudes 6.2)

T=1Ny (P)Gva LA jut PRt R (Cgut D R V) 6. 3)

where A, B, C,D are invariant functions of s,t,u and multiplication by
an overall Clebsch-Gordan coefficient for specific charge states in
understood. The value of T at threshold, which is what we are inter-

ested in, is given by the following simple two component form:

438
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This - %3320 TA- myermyrmn) B}y -
me n( Po+My)

i.Xl-(s') TP fy Xis) F

W

(6. 4)
DMN(PO'FM”)
Fo= [A~mpx+mmntmm Bl §) k=0
and the total cross-section at threshold is
( I )v = g% mwx_ |FI*
PI -F)lzo I—sz (MN*-HMH)Z f?:"'/mN 6. 5)

There are five processes that may contribute 7T N—r 77 N¥*,
Fig, 2. These are the s and u-channel N and N* poles and the t-chan-
nel @ pole. Both the N and N* s-channel poles, Fig. 2(a) and 2(c),
will not, however, contribute to isobar pfoduction in a final state S
wave. This can be seen by the following arguments: (i) The s-channel
N pole, Fig. 2(a), does not enter since conservation of angular momen-
tum at fhe Tr NN* vertex will permit only relative P waves or higher.
(ii) The s-channel N* pole, Fig. 2(c), is forbidden by parity conserva-
tion at the 77 N*¥*N* vertex. If the final 7y N* is in a relative S wave,
then its parity is negative and the parity of the intermediate state is

positive, thus, violating parity conservation.
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From the Lagrangian (3. 1) of Chapter ITI, we find that these

diagrams give

= pewr ¥ i @) g 3{ + 20my(myt s

my 2N My —n
My —n.

Tux = Jwxwr ¥N¥ww LN, (5) %TE

2/mMp> mir

s ( 2(P-R-R 4 My 2 (e +0) (P-RO-R

" Nt 3 N maen
_ 2 (/T )(MJNW'%N))
1 /m;'* _—
+ K-
+ LX'Z 3«,-,-(_ 2 (P-R-R (myx+0x) _ | +J_ (- RO (=)
3 W m;"*—‘uL I yu nn’,,:\c ~ WU
- (m)N*'!"\l—-)
S g -w




ol

o= 2fwente L N ?AT(—- Iy g - L fr ¥
me—t Me—L

where, as usual, the subscripts indicate the appropriate pole. At

threshold these yield the following results:

F=-% Wxm o, E_I__fm_]

Ay A -

[y = QAT NPT oy Mt 1 |+ 3t

3y 2 /Mm% NW Myx K
_ (Mpe+my +My) (m MW=y ')'2/)9771-)]
MM%‘ —U

Me™— (yx— my )1

and the X’ are the relevant Clebsch-Gordan coefficients. The full

threshold amplitude F is given by
F::FN"—FN*_,_FP (6. 8)

The isotopic spin content of isobar production is fairly simple.

Conservation of isospin allows production I=1/2, 3/2 channels, i.e.,



92

there will be only two independent amplitudes for this process. For
convenience of calculation, we pick the processes 'IT+ P—) 7T+N *+

and TT P> N *T and list the pertinent Clebsch-Gordan coef-
ficients in Table II. We can decompose the two amplitudes F(TITP-»TN ,H)
and F (Tl'"'f’ -> 7T'N*+) into isotopic spin invariant amplitudes for the

I1=1/2, 3/2 channels as follows:

+ ¥y =

F(rTe—> 1 w=-{24 T/,
6. 9)

- — ¥ty - 2 -~ (
Frp—r-N*)= 3% 25~ F /.
where the subscripts represent the isotopic spin. In order to compare
with experiment, we use the notation of Olsson and Yodh1 and define
production parameters in terms of the F's by mulitplication with an
appropriate scale factor. If the S wave pi'oduction parameters are

defined as a then

21

azj: = 6 F_'L (6.10)
where
8 = M /soo 6.11)

Combining the results of (6. 7), (6.9), Table II, we find

Ay = o0.0/48F

(6.12)
A} = o0.022 F

and the results are in fermis.
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B. COMPARISON WITH EXPERIMENT

The experimental analysis of single pion production data, in
reactions TN TTN apove the N* threshold, by Olsson and
Yodh, ! win provide the basis for comparison of the theoretical pre'-
dictions from the previous section. Some discussion will be required
becausé of ambiguities involved in extracting data on the final JTN*
states from the observed T T N states.

Olsson and Yodh have been able to fit single pion production
data near the N* threshold by assuming that the final T 7T N state pro-
ceeds predominantly through a 77N* state in a relative S wave. This
requires the initial J N state to be either D13 or Dgq where the nota-
tion is L212 J

L

relative orbital angular momentum of the initial state

J

1l

total angular momentum of the initial state
I = isotopic spin of the initial state
The predictions for the S wave isobar production parameters from the

analysis of Olsson and Yodh are

L4

A3 = 0.017$ T 0.000¢ F

6.13)
& - 33E.T (

a3

or
a, = 6.059 + o, 00S F (6.14)
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where the errors are statistical. There are, also, model dependent

errors (S wave 7 N* final state), determined by Olsson, 2 in the ratio

3-1/ ag. His estimate of the error in a1/ag is %1 thus introducing
further uncertainty in the production parameter a;. Recently, Morgan
has analyzed isobar production'in the I=1/2 channel. 3,4 He finds that
there are possible effects on the D13 amplitude from dipion {=J =0
being strongest) resonating final states; whereas Olsson and Yodh com-
pletely neglect this. Morgan assumes that the D1 3 amplitude is a
combination of JTN* and ¥V N (Olsson and Yodh consider only 77 N*)
which would reduce a, by a factor of . 57. Futhermore, according to
Morgan, the Olsson and Yodh estimate of the D13 partial wave cross-
section is in disagreement with the known experimental result. Instead
of the Olsson and Yodh value of 8. 5 mb, it should be 4mb. reducing aq
by a factor of \4/8.5 —~ .8. Combining this with the other factor,
we find aq should be reduced by about .4 from the Olsson and Yodh
value., The "adjusted' value of a4 is then

a;~0.022 F ‘ (6.15)
It should be noted that Morgan retains the Olsson Yodh result for the
I = 3/2 channel. We can now compare the theoretical predictions given
in (6'. 12)with those in(G. 13) and{g. 15)a.nd we see the agreement is quite

good.
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C. COMPARISON WITH CURRENT ALGEBRA

The use of current algebra in the usual way, i.e., q =k, g—0
for calculating isobar production, involves certain technical ambigui-
ties and thus there is no real comparison with current algebra. To
the extent possible, we discuss here briefly the difficulties in the
current algebra approach.

For instance, consider the expression (5.8) with the final nuc-
leon state N(p') replaced by the isobar state N*(p') everywhere. There
is an immediate difficulty if we set q = k, g—> 0. ¥ energy and mo-
mentum are to be conserved, this would require m, =mg, for the
usual application of current algebra or the baryons are extrapolated
off the mass shell. Let us consider for a moment the condition
mN = mN*. In applying the reduction technique, then, as usual, we
encounter the ¥ term which cannot now be ignored since it could be
isotopic spin two, thus connecting N* and N and we would have to
estimate it somehow. The vector current term does not contribute
here since it vanishes in the limit k=q, q—> 0, mN = My A parity
and angular momentum analysis of isobar production in a final S state,
tells us that the initial 77 N must be in 2 D wave and this presents a
further difficulty if q, the initial pion momentum, is allowed to go to
zero.

An alternative to the current algebra approach is to take one of

the pions off the mass shell (in the case of isobar production the natur-
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al one would be the final pion) and restrict the other to be on the
mass shell. This will provide a test of the P.C.A. C. hypothesis. An
expression similar to (5. 3) is obtained in the limit q2 = hm,,-z, k—0
or
— Y
T = ig2em7) ku <N¥e)| Au] TONEY )&ﬁo

fr $=-iy
(6.16)
Arons has calculated the S wave isobar production parameters

using the Adler technique to evaluate the right hand side (R.H.S.) of
(6.16). Briefly, only terms on the R.H.S. which have poles as k— 0
will contribute. These terms are just nucleon and N* poles coupled to
the external nucleon and N* respectively through the axial vector cur-
rent A o The results obtained for the production parameters are
similar to ours.

Of course another approach would be to keep both pions on the
mass shell (g2 = -mﬂ-z, K2 = -my 2) but all this does is to give the
usual L.S.Z. formula for the process 7w N— 7 N* which we are not
interested in, It should be képt in mind that with any of these proce-

dures, an additional assumption must be made as to how one extra-

polates from off the mass shell to on mass shell quantities.
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TABLE @I

COEFFICIENT
REACTION X ale e
+' ¥t | |2 k' 2
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Table II. Clebsch-Gordan coefficients appropriate to
each pole term for given initial and final charge

states in iscbar production.
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CHAPTER VII

SINGLE PION PHOTOPRODUCTION

The Kroll-Ruderman theorem1 gives the threshold pion photo-
production amplitude to lowest order in m-,r/mN and to all orders in
strong interactions in terms of the Born approximation alone. If this
amplitude is used to calculate the threshold differential cross-section,
it is found to be in disagreement with experiment, indicating that higher
order corrections in my /mN are not negligible. The tree diagrams
can be evaluated without taking the my/my limit and can be expected
to agree better with experiment than the Kroll-Ruderman theorem. Of
course, in the limit of my /mN—’ 0, the tree diagrams reproduce the

Kroll-Ruderman results.

Let the invariant amplitude for the process

¥(4) + N(P)— T (R)+N(PY) (7.1)

be given by

T= 2 N(p')[A LS+ BRYHCRY+ D@.ﬁkgl‘o;N(m Fuv §)

b= Pat P .2
Fanl®) = 4 Evt9) — FWERS)
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At threshold, the differential cross-section is

m 2 PR
§ av| - o*_ | (1+ £ )" |moh- Pg B-&g C|
§ AT = . 1
R dse|keo 4T Q—f%ﬂ') My T -

Consider the process
YP— mTm (7. 4)
In the presence of electromagnetism, the interaction part of the

Lagrangian (3. 1) for this process can be written as

;fem. = RPUSuPAm — L M i PR
V= My

—i 2 ¥ Wi Yep AT+ i — T W) An
32 my,

—_ ., + Ce— '
~2C3 N* 1% Ye P(Av-2va) - L v LwmNt yar
yre Y2 v s P(Av=vAy) = e e

+3e mupp @7 + 2fery iy W BT A
\FN

mr
+ (HICHER oRDER

IN THE FloWN (7. 5)

where we have added a @7y interaction term. Thepn¥coupling constant
is determined from the tw® decay rate into 7°¥ by SUg
arguments and based on a width

(w2 7%) = L1s MoV, (7. 6)

we obtain

3Fwery = fory = . 1375 7. 7)
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A similar Lagrangian can be written for the processes
Im— P

(7.8)
¥P—27mep

The process §p—->T° P requires the addition of wiry and «w NN inter-
action terms.

jtu = i’- ?LX#PM; + 4,_3_{-(:_@’ L E#v,lv'bpw:a,\ A
< My (7.9)

Tree diagrams, which contribute to the three photoproduction processes,
are given in Figs. 3, 4, 5. 2 At threshold, the N* intermediate states
do not contribute to any of the three processes because of our choice

of N* propagator. The Q and« t-channel diagfams gives negligible
contributions to all three processes and thus the nucleon, pion pole
diagrams and the contact term give the dominant contribution to all
processes. The results for charged pion photoproduction at threshold

are

& A (fpomrn) = 2= 3 | l

R do W W 2mg (;+_m~ )3
M

(7.10)
=< |S M BARNS [sTeR,.

O e

= |+ /my
AV (Xp— mrrh) My (7.11)
A2 = IS
3

to be compared with the experimental values
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£ AT (¥PTn) = (156 tos) abarnsfs g,

& ds (7.12)
R= L2acsto 618
For neutral pion photoproduction
. 3 2 A
$ AT (¥pomrp) = £ & | My
R d<2 YTogT 2my )+ Mo 2/m;
My (7.13)

= 0.2¢ A bARNS [sT=R
which is about half of the experimental value.
We note that a current algebra calculation of single pion photo-
production, using the P. C.A.C. condition with electromagnetic inter-

action, gives exactly the same results. 4

Futhermore, if the on mass-
shell N* propagator is used, the charged pion photoproduction results
remain unchanged and the neutral pion differential cross-section is in-

creased somewhat but not enough to explain the discrepancy with the

experimental data.
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Fig. 3
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APPENDIX A

For convenience, we indicate here the method used to deter-
mine the isospin content of N, _5, . In what follows, the space-time
index 4 is suppressed and the isospinor index & = 1,2, is written

explicitly, If Q’E 2=1,2,3,are the isospin generators, then

[:Q’Nf] (Tﬁ) N’x AT N (A.1)
where ( TR =-i £*™ Using this relation and the subsidiary con-
dition

¥ N;e =0 A.2)

Nz -N"Az
= ([N +N"iz
N/ -N"Az
[N T N
\Lf=\l_2/T N*
N,={z75 N

The convention that all operators destroy when operating foward is

Ho

l
8]

used,



