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Chiral Dynamics without Ai
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The nonlinear realization method of Weinberg is used to construct a chiral-invariant Lagrangian con-
sisting of n, N, N (1236), and o, but not A q. Chiral invariance can be, of course, maintained without invoking
the 3& meson. In view of the experimental status of A&, it may be worthwhile studying such a model. The
tree-diagram technique is used, with an off-mass-shell E propagator, to calculate pion-nucleon s-wave scat-
tering lengths, isobar production parameters, and single-pion photoproduction differential cross sections.
A comparison with the current-algebra method is made.

arranging the contact term, the isotopic even amplitude
can have good behavior at inanity, but the isotopic odd
amplitude would still be badly divergent. This prompts
us to consider an alternative approach. A new "off-
mass-shell" E*propagator is proposed, and the results
obtained using this propagator are in good agreement
with experiment. This new propagator has singularities
at p'=0, but since the tree-diagram method is only an
approximation scheme and does not include unitarity,
these spurious singularities are not bothersome.

In constructing our Lagrangian, we have followed
closely the nonlinear realization method of steinberg. ~

We limit our discussion to the level of SU2&SU~.
An interesting aspect of our model in connection with

our deleting A~ from the Lagrangian is that the Geld-
current identities no longer follow. The axial-vector
current obtained by the Gell-Mann —Levy construction'
will not obviously ever be proportional to the A~ field.
This means that in the propagator for the axial-vector
current there will be no dominance by a 1+ state in the
spectral functions. Nevertheless, the vector and axial-
vector currents continue to obey the SU2)&SU2 algebra.

I. INTRODUCTION

~HIRAL Lagrangians have been generally very~ useful in understanding the dynamics of pions and
nucleons. ' This success has prompted attempts to widen
the scope of the phenomenological Lagrangian to
include other resonances such as the E*(1236)nucleon
isobar, ' ' the p meson, and the A~ meson. ' ' The moti-
vation behind this is, of course, to seek an understanding
of the production reactions involving these resonances.

Of the empirical resonances mentioned, the A ~ meson
is the least established, 6 and it is perhaps questionable
if chiral Lagrangians should contain the A» as a funda-
mental Geld. We make the simple observation that there
can be chiral invariance of the Lagrangian mitholt the
Ai field. (By chiral transformations we mean here
the nonlinear transforrnations of Weinb erg~ and
Schwinger. s)

Therefore, we consider a chiral-invariant phenom-
enological Lagrangian model that would apply to
reactions involving pions, nucleons, nucleon isobars, and

p mesons, but no A~ mesons. We use the model 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 parameters being most accessible
to experimental analysis. The experimental Gt is found
to be quite good. (Even if we were to include the Ai
meson, its contribution is found to be negligible. )

In the case of the pion-nucleon scattering lengths, it
is found that, if the usual E* propagator is used to
calculate, the experimental Gt is not good unless large
"contact" terms are postulated ud hoc. These contact
terms correspond to the usual O.-meson terms of the
current algebra. A bad feature of the matrix element so
found is that its high-energy behavior is bad. By

II. PHENOMENOLOGICAL LAGRANGIAN

In this section, we write down the Lagrangian that
we shall use in our applications. In writing down this
Lagrangian, we have followed several over-all require-
ments: (i) We demand chiral invariance (and, of course,
also isotopic invariance). The nonchiral-invariant part
of the Lagrangian, following steinberg, ' is assumed to
involve only the pion Gelds and will not a6ect the
reactions considered in this paper. (ii) We construct the
Lagrangian out of nucleons, nucleon isobars 1V*(1236),
pions, and p mesons. Note Grst that our discussion is at
the level of SU2XSU2 and not that of SU~0&SUB. More
importantly, we consider reactions involving ~, E, E
and y, and at the phenomenological level the Lagrangian
should involve these fields (y comes in through vector
dominance). The most important fact about our require-
ments is that we do not consider the A~ meson in our
Lagrangian.

The experimental status of the A~ meson' is not too
clear and it is perhaps relevant theoretically to consider
phenomenological theories where A~ is not present.

' See, for example, W. A. Bardeen and B.W. Lee, in ENclear and
Particle Physics, edited by B. Margolis and C. S. Lam (W. A.
Benjamin, Inc. , New York, 1968).Also, for further references, see
S. Weinberg, in Proceedings of the 14th International Conference on
High Energy Physscs (CERN, Gene'va, 1968), p. 253.' H. W. Huang, Phys. Rev. 174, 1799 (1968).' R. D. Peccei, Phys. Rev. (to be published).

J. Wess and B. Zumino, Phys. Rev. 163, 1727 (1967).' B. W. Lee and H. T. Nieb, Phys. Rev. 166, 1507 (1968).
6 B. French, in Proceedings of the 14th International Conference

on High-Energy Physics (CERN, Geneva, 1968), p. 91.' S. Weinberg, Phys. Rev. 166, 1568 (1968).' J. Schwinger, Phys. Letters 24B, 473 (1967). e M. Gell-Mann and M. Lgvy, Nuovo Cimento 16, 705 (1960).
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Ke make the simple observation that theories without
the A~ meson can be, nevertheless, manifestly chiral-
invariant. What does not follow in such theories is the
Geld-current identity, where the axial current, for
example, is directly proportional to the A & Geld. But, if
the currents are deGned in the manner of Gell-Mann
and Levy, ' the currents obey the same SU2XSU2
algebra as before.

In other words, in a chiral-invariant world without
the A& meson, the currents still satisfy the SU2XSU2
algebra. The axial-vector current propagator, in such a
world, will not be saturated by a single 1+ meson state.

Returning to the construction of our Lagrangian, we

have, based upon the two principle requirements, the
following'0.

N(y rj—+ppzN)N Ng (y—rj+zpzNv)N.

——,'D„sz D„24—-', V„„V„„——s,m pp„pp
—(g/2mN)¹iypys~N Dpzz

(gN vN v/mv) Z¹jg1 pND pir

+ (gNvNv/mv)iNNpjDpir~

—(gNvN. „/22/zNv)NzjC)~i jv&,~N» Dpsz

+fpNzpp seN yp

(fpNvN/mv)NXjgkpZYvVSN I pv ~ (2.1)

In writing down the Lagrangian, we have followed

closely Weinberg's method, ' where E and E*Gelds are
taken to transform linearly under chiral transforma-
tions, p„and m- fields transform nonlinearly. Also,

Dp24= $1+222/f 2+'r)pzz,

~vip+ fpjOpxgv,

y„=9„+(f,/m, ') L~X a„~/(I+~'/f. ')j,
(2.2)

and

y„E»=0,
~.&»-=o

(y 4)+mN4)N». =0,

r~X»=0

(2.3)

(2.4)

Having this Lagrangian at our disposal, we then
utilize the tree-diagram method to perform the calcu-
lations 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. )

"The following metric is used: gII=g22=g33= —g44=1.
"W. Rarita and J. Schwinger, Phys. Rev. 60, 61 (1941).

transform linearly. E»- is the Rarita-Schwinger nota-
tion" for the positive-parity nucleon isobar with IJ= 2,
~3, where p, and j are the space-time and isotopic-vector
indices, respectively. There is an implied isospin index,
i.e., N» ——(N»), n= 1, 2 (see Appendix). This object is

restricted by the usual free-Geld subsidiary conditions

The following choice is made for the E* spin-2
projection operator:

A„„(P)= P N„(P,s)N&, (p, s)g&,„
8 3f2

( i~ P—+mN ) 2 P.P.
bp, +

P'+mN" p2

Pp yv . jpPv—sz- +sz- —sv.v. , (2 5)
( P2)1/2 ( P2)1/2

which was constructed by taking the subsidiary condi-
tion B„E»=0as an operator identity. The usual spin- —',

propagator is obtained by putting P'= —mN*' or when

Ap„(p) is on the N mass shell. This freedom in picking
a propagator is allowed because of the ambiguity in
quantizing the Ã* Geld, e.g., in quantum electro-
dynamics one has the freedom of taking B„A„=Oeither
as a matrix element or operator identity. Also, with this
choice of E* propagator a pole and branch cut are
introduced at P'=0, but since the tree-diagram method
is an approximation scheme and we are working in
lowest-order perturbation theory, it is possible that
these singularities are cancelled by higher-order terms.

It is assumed that the coupling constants given in the
Lagrangian are determined experimentally. The re-
normalized pion-nucleon coupling is g, where g'/42. = 15,
and the universal vector-meson coupling constant is f„
where fp2/4zr=2. 4. Also, gN*N =2.13, which is based on
an N* width I'N* ——120 MeV, and gN*N* = (9/5)g, which
can be determined from U(6,6) or superconvergence
arguments. ""The pEE* coupling constant is deter-
mined from the dominant yEÃ* coupling constant Cg

by employing vector dominance in the usual manner.

Briefly, this is done as follows: Gourdin and Salin have
given a phenomenological form for the yEE* vertex" "
which involves three possible couplings, characterized
by constants C3, C4, and C5,

X=—(eC2/m )N1,g),„iy„ysNFp„

—(eC4/m )rj~),g1,pysNF p„

+ (eCs/m )Nzg1pysr)„NRp. . (2.6)

It is then found] by experimental 6t to single-pion
photoproduction in the region of the E* that C3 is the
dominant coupling and C4, C5=0. Then, by using vector
dominance, "we find f,NN*=Csf„where C2=0.3'7. We
remark that the Gourdin-Salin analysis was done with
the N* propagator jap„(P) on the mass shell, i.e., p'
= —mNv2. .1f the propagator (2.5), which is not on the
mass shell, is used, we find that the result of Gourdin

» B. Sakita and K. C. Wali, Phys. Rev. 139, 31355 (1965).
I'H. F. Jones and M. D. Scadron, Nuovo Cimento 48, 545

(1967).
~4 M. Gourdin and Ph. Salin, Nuovo Cimento 27, 193 (1963).» M. Gourdin and Ph. Salin, Nuovo Cimento 27, 310 (1963}."L.Stodolsky, Phys. Rev. 134, 31099 (1964).
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and Salin is reproduced because the data are 6tted in
the region of the X*, where p'= —mN's. We have also

investigated the eGect on this analysis of the inclusion

of the A» and found it to be negligible.

III. PION-NUCLEON s-WAVE
8CATTEMN6 LENGTHS

Let the amplitude for the process

77

7l Tl ~"
r

be given by

N (p)+x'(q) ~ X(p')+~&(k) (3.1)

N+

~~7l 77 ~"

r
Cx

&~'(k)&(P')
I
~

I
w'(q)& (P))

=~ ~+ (2 )'~(p'+k P q)— —
&& [(mN'/Po'Po) (4qoko) ')'"T"

and

T&"=E/(p')[A&'+ sri7 (q+k)B&'gÃ(p),

T '= T+S,,+r', [r;,r,),--
(3.2)

FIG. 1. Tree diagrams which contribute to elastic rN scattering.

where T+, A, 8 are invariant functions of s= —(p+q)',
t= —(p —p')', I= —(p —k)', and the s-wave scattering
lengths are given by

"=(4~)-'(1+ m/ m)-zr'(A'-t'~')
I ..=o (3.4)

Using the Lagrangian (2.1), it can be seen that the
processes that contribute to elastic xE scattering are E
and E~, s- and I-channel poles, and a p-meson t-channel

pole, Fig. 1. The contributions of these processes to the
amplitude T&' are calculated using the tree-diagram
method and are given as follows:

g' ip k7s[—zp (p+q)+mz)z"t qrsP&&'
Tr/&' = E(p')—

47r m —s

find that the s-wave scattering lengths are

g' 1 (m )z 1 1
aN

4m 1+m /mr/ (2m'/J 1—m s/4m+ m

g 1 m~ 1
a~

4n. 1+m /mN 2m~ 1 m'/—4 m~' m

aN*+ =0,

a +—0

f,'(m.q' 1 1

4zr & mpi 1+m./m~ m.

(3.6)

zr. q'rs[ —zy. (p k)+my)z t kv—sPN".
&(P)

The scattering lengths a+ are just the sum of the
appropriate terms given here, and the result is

m~' —I
PN' =8;;+s[r, ,r;)",

a+=—0.0&m.-»

a =+0.08m
(3.7)

gN'Kw (kpqv~sv(p+q)PN
&(P')l-

m~" —s

ql'kpAsy(p k)PN+ Q+
mN+ —Q

Pz/ &'= s(2b;, ', [r,,r ))-——
[P (p )'v (q+k))l[;,.;)~(p),

mp —,t

a+= —0.009m

a =+0.093m —'. (3.8)

Observe that the p-meson term a~ is the dominant
contribution (about ten times as large as the nudeon
term) and is thus consistent with the usual p-dominance
assumption. This situation would not be so if the usual
on-mass-shell E* propagator were used, since the E~
pole term would give a large contribution to a+. It is
then necessary to make assumptions about including

which is in good agreement with experimentally deter-
mined values»~

where the subscripts indicate the appropriate pole zr S I R ph R 164 ~7M (t967}
diagram. Applying (3.3) and (3.4) to these result:s, we experi~mental results.
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other particles, whose existence is doubtful, in our
Lagrangian, e.g., an I'= J=0 meson, and to fix their
couplings in such a way that their contribution cancels
the large E* value. We avoid this diKculty by our
choice of E*propagator and by including only known
particles in the Lagrangian. It should be further noted
that this selection of E*propagator introduces a tech-
nical problem. If we calculate the amplitudes A(s, t, N)

and B(s,t,g) using (3.5), we find that they have poles
and branch cuts at s, u =0. This is in contradiction to
what is known about the analytic properties of these
amplitudes. These spurious poles and cuts do not cause
much diKculty, since the tree-diagram method is just
an approximation scheme used in lowest-order per-
turbation 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, N =0, which is far from the physical region, and the
branch cuts, which are of the square-root type, can be

the results with those in the previous section. "Consider
the process

X(P)+ '(q) ~ I'(P')+ '(&), (4 &)

T&"= (q'+m ') (k'+m ')i d4x

x -"*(I'(p')
I T( '(*) '(o))

I x(p)) (4 3)

where X(p), F'(p') are baryons of momentum p and p',
respectively, and s-'(q), s &(k) are pions of momentum q
and k, respectively. The scattering amplitude for this
process is given by

( '(&)I'(P')!s
I '(q)x(P))
=» ~+ (2s-)'i5 (p'+k —p —q)

XI (~w~./Po'Po)(4qs&o) 'j '" (4 2)
and

picked away from the physical region in the s plane. The partially conserved axial-vector current (PCAC)
relationship c)„A„'(x)= m 'f s'(x), where A„ is the

IV. COMPARISON WITH CURRENT ALGEBRA l t t d f th d t tis t e pion ecay constant,
In this section, we review the current-algebra calcu- is inserted in (4.3) and, applying the Ward-Takahashi

lation of pion-nucleon scattering lengths and compare technique, we obtain

(q'+m ')(k'+m ')
T&'= i d'x e ' 's*k„q„(F(p')

I
T(A„&(x)A„'(0))I X(p))

2 4
1r 5$%

+iq„d4x e 's' 5(x )(I (P') !LA (x),A„'(0))IX(P))

—m 'f d'x e "5(x,)(F'(p')
I LA4'(0), st(x) jIX(p)) . (44)

For the first conunutator in (4.4), we insert the current-

algebra relationship

5(x,)!A;(x),A„'(0)g= —i;;,V„s(0)5(x)+S.T., {4.5)

where S.T. is the Schwinger term" that is symmetric in

ij. It is customary to ignore this term since it only

serves to make the T product covariant and does not
affect the results. The last commutator in (4.4) is
symmetric in ij and is assumed to be

5(x,)LA4'(0), s (*)j=S,, 5(x), (4.6)

which is the usual 0--meson term. The resulting ex-
pression is

(q'+m ') (k'+res ')
T '= i d'x e

—"*k q„(F(P') I
T(A„'(x)A '(0))

I X(P))
4tg%-

+ sq.(I'(P')
I ~.'(0)

I X(P))—»'~-'f-(I'(P') I0 I X(p)) (4 7)

Having this relationship at our disposal, we let k, q ~ 0
and evaluate it. This procedure gives off-mass-shell

quantities which must be extrapolated to on-shell
values by some suitable method.

"For further details of current-algebra calculations, see S. L.
Adler and R. F. Dashen, Current Algebras (W. A. Benjamin, Inc.,
New York, 1968}."J.Schwinger, Phys. Rev. Letters 5, 296 (1959).

Equation (4.7) can be used to evaluate the pion-
nucleon scattering amplitude by letting X, Y=Ã. This
analysis has been done by Raman2' and the reader is
referred to his paper for details. We will brieQy describe
his anal result for the s-wave scattering lengths a+ and
compare it with the s-wave scattering lengths, given in

~ K. Raman, Phys. Rev. 159, 1501 (1967).
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(3.6), obtained using the phenomenological Lagrangian
method.

Consider the T product in (4.7) which has contri-
butions from E and Ã* pole terms. The S pole gives the
following values:

ag+= —0.0105m

a~ =+0.0008m -', (4 g)

a~~+= —0.06 m

a@* = 0.001m
(4.9)

and are consistent with those given in (3.6). The N*
pole yields the values

(a}

ri

()

these are in contradiction with the values given in (3.6)
which are a~*+=0. It is also noted that the value of
a~~+ is about ten times larger than the experimental
value of a+. This diQiculty is resolved by assuming that
the o.-meson term in (4.7) is adjusted in such a way that
it gives the experimental result for u+. This procedure
6xes the value of the 0--meson term and the consistency
can be checked by looking at the p-wave scattering
lengths. Finally the vector-current term in (4.7) gives

(4.10)

and using the Kawarabayashi-Suzuki-Riazuddin-
Fayyazuddin (KSFR) relation s' " we find this is
identical with the p-meson contribution in (3.6). This is
the dominant contribution to the s-wave scattering
lengths in both methods.

V. mN —+ m¹s-WAVE THRESHOLD
PRODUCTION PARAMETERS

The tree-diagram method can be easily applied to the
production process mX ~ mE~, where m.E* is produced
in a relative s state. Of course, this method will give
E* in any l state, but the data are not sufhcient to
give in.formation on states other than the s states
accurately.

I.et the matrix element for this process be given by
(4.2), where X and F are N and Na, respectively, and

T, the invariant amplitude, is given by

T=iN„(P')g„„PAq„+Bk„+iy k(Cq„+Dk„)gysN(P),

(5 1)

where A, 8, C, and D are invariant functions of s, t, and

' K. Kawarabayashi and M. Suzuki, Phys. Rev. Letters 16, 225
(1966).

"Riaznddin and Fayyazuddin, Phys. Rev. 147, 1071 (1966}.

77 r

FxG. 2, Tree diagrams which contribute to isobar production.

I and multiplication by an over-all Clebsch-Gordan
coefBcient for specific charge states is understood. The
value of T at threshold, which is what we are interested
in, is given by the following simple two component
forms:

ix/t(s')o pq;x(s)
Tl s', &=&

l 2m~(Pp+m~) /is

XL/1 —(m~ +m~+m. )Bjl s. ~,
ix,t(s')a pq;x(s)F

L2mN (P,+m~) 3'~s
'

P =LA —(m~ +m~+m. )Bgs. ,g, . (5.2)

There are five processes that can contribute to
~37 —+vrE~, I'ig. 2. These are the s- and I-channel E
and S~ poles and the t-channel p pole. Both the 2V and
N* s-channel poles, Figs. 2(a) and 2(c), will not con-
tribute to isobar production in a final-state s wave by
the following arguments: (i) The s-channel N pole,
Fig. 2(a), does not enter since conservation of angular
momentum at the ~A E~ vertex will permit only relative
p waves or higher. (ii) The s-channel N* pole, Fig 2(c), .
is forbidden by parity conservation at the xE~E*
vertex. If the anal xS* is in a relative s wave, then its
parity is negative and the parity of the intermediate
state is positive, thus, violating parity conservation.

Using the Lagrangian (2.1), we calculate these
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diagrams and obtain

gpv"N. g 2m'�(mpr+m~*) 2mpr
~»(p')g~-q. —1+- +- ~y q p,N(p}

m7r 2mN m~' —u mg —u

2mN* m

gxpxp gprppr
— 2 (p —k) Js exp —mx 4mxp (p —k) k 4mprp(m~+m~)

i% (P')g&. Xq. —— +-
3+u 3 Qu mN u—3 m~*s —u

4 (p —k) Js m~p 1
+k +iy qq, —— 1+

3 u m~' —u 3+u

2 m~* (m~* —m~) 2m~*
+iy q)'s,—

3 &u m~" —u mN~ —s
XysN (p), (5.3)

2f, rv xfp mx"+m~ 1 1
—~gi(p')gi, — tt, — r,ip p+ ir, 'Iy p)y p (p).

mx mp —$ mp —3 m, '—3

At threshold, these yield the following results:

g g N*N7r mN
p~ —- - — ——n~ 1+

2mN m7r ,. ...)
gN+N~gN*N* ~ 3 m~

F~p = — rrpr' 1+
3m~ po —m~ 2 m~* where

a sr P+I p (5.7)

where the subscripts represent the isotopic spin. In
order to compare with experiment, we use the notation
of Olsson and Yodh23 and define production parameters
in terms of the J" s by multiplication with an appro-
priate scale factor. If we define the production param-
eters a~y as

(m~*+m~+m ) (m~*—me+2m )

mN* (Po m )
(5.4) we obtain

P=m. /500,

a3=0.016 F, a&=0.023 F (5.8)

Fp
=2fp»*&fi +p 9

m, '—(m~* —m~)s

where the subscripts indicate the pole and the o.'s are the
relevant Clebsch-Gordan coeNcients. The full threshold
amplitude F is given by

P=P~+P~p+ P (5.5)

TABLE I. Clebsch-Gordan coefBcients appropriate to each pole
term for given initial, and anal charge states in isobar production.

+Coelllcient
Reaction+

~+p ~ ~+sr*+
7l- P~X S+

g2
0

(8/Z7) 1'
—V's

The isotopic spin content of isobar production is
fairly simple. Conservation of isospin allows production
in only the I=—,', ~ channels, or there will be only two
independent amplitudes for this process. For conve-
nience of calculation, we pick the processes s+p —+~+N*+

and sr p~rr N'+ and list —the pertinent Clebsch-
Gordan coefficients in Table I. We can decompose the
two amplitudes F(7r+p —p sr+N*+) and Ii (rr p-+7r N*)—
into isotopic-spin invariant amplitudes for the I= ~, ~3

channels in the following manner:

F( +p ~ ~+N*+)= —(-')"'& &,

I ( p-N*') = :(-:)"'I'u.--V'.i. , (56)-

and the results are in fermis.
Comparison of these va1ues with the experimental

results will require some discussion due to the am-
biguities involved in extracting data on the final xS~
states from the observed ~xS states. '4 Isobar production
has been analyzed by Olsson and Yodh" and they
obtain the following values for a~ and a3.

as =0.0175+0.0008 F, a, =0.059+P.P05 F, (5.9)

where the errors are statistical. There are also errors
which are caused by the specific model picked by these
authors, "and they introduce further uncertainty in the
production parameters. Also, Morgan" has analyzed
isobar production in the I=—', channel and he Ands a
larger dipion resonance contribution to the process
mÃ —& vr~E than do Olsson and Yodh. This can reduce
ar by as much as 50%. The "adjusted values" for the
production parameters are"

as= 0.0175 F, ar = 0.023 F, (5.10)

which are consistent with the results we have obtained.
The use of current algebra in the usual way, i.e.,

q= k, q ~ 0 for calculating isobar production, has
certain technical ambiguities. Consider (4.7) with
X=X, I'=E*.There is an immediate diKculty if we

"M. G. Olsson and G. 3. Yodh, Phys. Rev. 145, i309 (1966).
~ For details see M. E. Arons, Phys. Rev. 175, 1905 (1968)."M. G. Olsson, Phys. Rev. Letters 15, 710 (1965); 15, 768(E)

(&965).
, "D.Morgan, Phys. Rev. 166, 1731 (1968).



180 CH I RAL DYNAM ICS WITHOUT

attempt to set q=k, q
—+ 0. If energy and momentum

are to be conserved, this would require that re~=mN»
or the baryons are extrapolated off the mass shell and
we are faced with ambiguity of no choice of a definite
mass. We might circumvent this by picking some mean
mass. Next, note that the 0. term cannot be ignored since
it could be isotopic spin 2, thus connecting E* and
37, and this we would have to estimate somehow. The
vector-current term does not contribute at all since it
vanishes in the limit k=q, q~0, mz=nsz». A parity
and angular momentum analysis of isobar production
in a Anal s state, tells us that the initial m.Emust be in a
D wave and this presents a further difficulty if q, the
initial pion momentum, is allowed to go to zero.

There are two alternative ways of using the expression
(4.7). One is to let q'= —m ' and k ~ 0; this yields

2'= i(4/f-)(N*(p') I A.(o) I ~(q)N(p)) I.-o., =--. ,
(5.11)

and this expression has been used by Arons' to calculate
isobar production with good results. The other way is to
let q'= —m ' k'= —m ' in (4.7), and all this does is to
give the usual Lehmann-Symanzik-Zimmermann form-
ula for the process mX~ mE*, which we are not in-
terested in. We must keep in mind that with any of
these procedures an additional assumption must be
made as to how one extrapolates from the oG-mass-shell
to the on-mass-shell values.

VI. SINGLE-PION PHOTOPRODUCTION

The Kroll-Ruderman theorem'~ gives the threshold
pion photoproduction amplitude to lowest order in

(1+m,/mIv)'

mN'

g do 8~ 1

k dQ I =o 4or (1+m./m~)o

Im A PqB k.qC—I'—
X (6.3)

Consider the process

(6 4)

In the presence of electromagnetism, the interaction
part of the Lagrangian for this process can be written as

m /m~ and to all orders in strong interactions in terms
of the Born approximation alone. H 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 m /m~ are
not negligible. The tree diagrams can be evaluated
without taking the m /mN limit and can be expected to
agree better with experiment than the Kroll-Ruderman
theorem. Of course, in the limit of m /mIv-+ 0, the tree
diagrams reproduce the Kroll-Ruderman results.

Let the invariant amplitude for the process

'y(q)+N(p) (k)+N(P ) (6 1)
be given by

T= (e/m~)N (p') pAiy„y„+BP„y„
+Ck„y,+DiP„k„gyoN(p)F„. (q),

(6.2)P.=P.+P'
F"(q) =q."(q)—q."(q) .

At threshold, the differential cross section is

g eg
=epics„pA„—nip„yop8„vr —i nip„yopA„7r +ie(7r+8„7r or B„or+—)A„

&2m~ V2m~

eCo 1 gN~~~ fo efo ~
Ng*+gI,„iy„yoP(r7„A„B„A„) — in—N—„+—8„7r + nip„Pp„+ —ie„„I„B„p„+BI7rA„(6.5)

v3 m. K2 m.

where we have added a pry interaction term. The pry
coupling constant is determined from the or' decay rate
into m'y by SU3 arguments and based on a width

production processes, are given in Figs. 3—5.28 At
threshold, the E~ intermediate states do not contribute
to any of the three processes because of our choice of

we obtain

F (eI' —+ or'y) = 1.15 MeV;

f„o 7/3= fp v 0.1375. ——

(6.6)

(6.7)

I
l

I7l +
I

Yf
+r

r

P

A similar Lagrangian can be written for the processes

QI1 ~ ol p p Yp ~ or p (6.8)

The process pP ~ oroP requires the addition of ebs.y and
osÃ interaction terms,

', fIPiy„Po&„o+ (eX-3 ' v/m )is„,g,8„oo„o8)m'A, . (6.9)

Tree diagrams, which contribute to the three photo-

"N. M. Kroll and M. A. Ruderman, Phys. Rev. 93, 233 (1934).

I ro. 3. Tree diagrams involved in yp ~ 7l-+n.

"The crossed E* pole diagrams give small contribution and
have been neglected. See Ph. Dennery, Phys. Rev. 124, 2000
(&96&).
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FIG. 4. Tree diagrams involved in ye —+ x P. Fre. 5. Tree diagrams involved in pp -+ mop.

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

gator is used, the charged-pion photoproduction results
remain unchanged and the neutral-pion di6erential
cross section is increased somewhat but not enough to
explain the discrepancy with the experimental data.

ACKNOWLEDGMENTS

g do e g 1 1
——(qp ~ ~+e) =——
kdQ 4~ 4~ 2m~' (1+m /mN)'

do
R= (pn ~ p~-)—

dQ

do mx—(yp ~ N~+) =1+ =1.15,
dQ m jhf

APPENDIX

For convenience, we indicate here the method used
(6.11) to determine the isospin content of N». In what follows,

the space-time index p is suppressed, and the isospinor
index n= 1, 2 is written explicitly. If I~ (I= 1, 2, 3) are
the isospin generators, then

to be compared with the experimental values"

g do
——(yp ~ 7r+m) = 15.6&0.5 pb/sr,
kdQ (A1)

I would like to thank Professor N. P. Chang for
suggesting this problem and for his constant advice and
encouragement. Also I am grateful to Professors M. E.
Arons and R. P. Saxena for many helpful discussions.=15 pb/'sr,

E.=1.265&0.075.

For neutral-pion photoproduction,

(6»)

rE, =0, (A2)

where (T~)~,= i&~, U—sing t.his relation and the sub-

sidiary condition

g do e' g' 1 1 m'
hp~ 'p—)—=

k dQ 4x 4' 2m~' 1+m /m~ 2m~'

=0.24 pb/sr, (6.13)

which is about half of the experimental value.
We note that a current-algebra calculation of single-

pion photoproduction, using the PCAC condition with
electromagnetic interaction, gives exactly the same
results. " Furthermore, if the on-mass-shell E* propa-

we find

1Vg' N*'/Q6 1V*++/V2-—, —
N, '=i hlV*'/v'6+N*++/%23

&

N '=N* /V2 —N*+/Q6,

1V22=it'Nl* /42+ N*+/Q6g, —

N3'= (Q-', )1P+,
N3'= (v'3) N*'

(A3)

9 References to experimental results are given by G. W. Gaffney,
Phys. Rev. 161, 1599 (1967).

The convention that all operators destroy when operat-
ing forward is used.


