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The o- + co model of nuclear forces has many desirable properties, including approximate chiral symmetry
(partial conservation of axial vector current) and renormalizability, and it gives a good account of nuclear
structure. It is therefore a useful framework within which to explore the modification of pion-nucleon
dynamics in a nuclear medium, a problem which resists the usual soft-pion current-algebra curn analyticity
techniques owing to the presence of anomalous thresholds (nuclear structure effects). It is found that through
order 6" (for pion elastic scattering) and 6' {for pion absorption or emission) the chiral invariance ensures
sufficient cancellations between otherwise large terms so as to produce little renormalization of free-particle
dynamics. Moreover, the pseudoscalar-coupled o. + m model is equivalent in pion emission or absorption,
through O(G ), to a pseudovector-coupled phenomenological model {with no m-o. interaction, but with a form
of partially conserved axial vector current). Thus, the question of whether one can distinguish experimentally
between pseudoscalar and pseudovector mNX coupling is probably meaningless.

NUCLEAR REACTIONS &(m, 7t)&, &(P, vr)B, &(m,NN)C. E~ & 50 MeV. %'ick-form-
alism treatment of field-theoretic o-model Lagrangian with &N coupling. Conse-
quences of broken chiral symmetry for finite-mass pions in nuclei. Nonl. inear

effects.
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FIG. 1. Time-ordered diagrams representing the
dominant contributions to g-wave z-nucleon scattering.
(a) Standard I'8 Born term. {b) 0 exchange.

I. INTRODUCTION

The o model' gives a good account of pion-nu-
cleon dynamics at low energies, and especially the
small m Nscatte-ring lengths. It is useful to con-
sider how this comes about, from two different
viewpoints: First, the large, repulsive, s-wave
nucleon-antinucleon pair term I Fig. 1(a)] predicted
by the pseudoscalar coupling in Born approxima-
tion is almost identically canceled by the large,
attractive, o-exchange term IFig. 1(b)] to order
t"' in perturbation theory. (The higher-order
terms contain similar cancellations, so the full
scattering amplitude remains small. ) The second
viewpoint is to note that the o model, by construc-
tion, ' predicts a partially-conserved axial-vector
current (PCAC)-this dynamical symmetry, to-
gether with some plausible assumptions about the
analytic structure and kinematic properties of the
mN amplitude, allows the proof of a low-energy
theorem (analogous to that for Compton scatter-
ing' ') relating vN scattering lengths to the pion

decay constant. 4' '
From the first point of view we see that some-

thing quite interesting might happen to the mN .

scattering if the nucleon and pion were no longer
isolated, but could interact with the other nucleons
in a finite nucleus. In the (on-shell) elastic scat-
tering, we would have to worry about the fact that
an NX pair might require substantially less energy
to create in a nucleus, than in free space —this
effect would greatly increase Fig. 1(a) while leav-
ing Fig. 1(b) unchanged, thereby spoiling the can-
cellation and giving rise to a large (s-wave) re-
pulsive 7t-nucleus interaction. Such an effect con-
tradicts the low-energy elastic scattering data, '
and so can be presumed not to take place.

A closely related problem was recently pointed
out' by Bertsch and Riska: If the process
A(v, NN)B may be thought of as proceeding via
the effective two-body amplitude of Fig. 2(a) (ne-
glecting, for the moment, charge-exchange
terms), and if the vN rescattering may be decom-
posed as in Fig. 1, into the separate pieces 2(b)
and 2(c), we may expect (because the intermediate
pion is fa.r from the mass shell) that the v-ex-
change term Fig. 2(c) will be substantially dimin-
ished relative to the pair term 2(b) by the o-
meson propagator (1+@„'/m,') ' = 0.8, once again
spoiling the cancellation, and (naively) increasing
the amplitude fourfold. '

From the second point of view (PCAC+ pion pole
dominance), we can say nothing about what happens
in a nucleus, since the presence of anomalous
thresholds prevents the application of the pole
dominance idea. ' Put another way, for themN case
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FIG. 2. Decomposition of the s-wave rescattering
part of the pion absorption amplitude into basic pro-
cesses.

it is plausible that with good accuracy we may
write (-m, '& q'& m, ')

(q' —m, ') 'Z(-q') = (q'-m, ')K(-m„'),

where K(-q') is the (pseudoscalar) nucleon struc-
ture factor, with a "size"- M '- 0.2 fm (the nu-
cleon "core" radius) much smaller than m,
=1.4 fm. In the nuclear case, however, the cor-
responding structure factor would be characterized
by a length R (the nuclear radius) at least as large
as m, ', even for light nuclei, and generally much

larger. About all we can do with current algebra,
then, is to express the hope that somehow the dy-
namical symmetry [chiral SU(2) x SU(2)] embodied
in PCAC will lead to cancellations which will com-
pensate the large effects noted above. If we wish
to study nuclear problems, therefore, we must re-
sort to a specific model.

A variant of the o model, in which a neutral vec-
tor meson (v) coupled to the (conserved) baryon
current has been introduced, has had considerable
success in accounting for a number of important
nuclear properties. ' " Thus it seems worrisome
that the o+ ~ model should have trouble with pion-
nucleus dynamics, especially since it does well
for the zN system (where it is essentially the o

model). The object of this paper is to show that
a consistent treatment of m-nucleus elastic scat-
tering and absorption in the o+ ~ model eliminates
the troubles alluded to previously by bringing in
additional large corrections which precisely can-
cel the offending terms.

II. THE 0+m MODEL

The Lagrangian of the o+ ~ model is

2=-Ã[ -iy" 8„+M+Gr y"~„+G(a+i y v m)]N+ 2g""(&„ff~ s„ff+s„os„o)+,'F""F&„——,—'m '~"&u„

1, 8XM21'. .. 4M--,'m~ff. ff- —m'+ lo' —x (m ff+ff')'+ ff(ff ff+o')
g2 ) Q

(2)

2Mm
0 A"=- g„m, (4)

nor the renormalizability" of the theory.
The average nuclear dynamics (in the Hartree-

Foek sense) is given by the effective one-body Dir-
ac Hamiltonian

Heff -icT V+ pM+pU+ V (a =y'y, p=y')

where

U(r) = G(g.s.lo(r)I g.s.), y(r) = G,(g.s.l~'(r)lg. s.),
(6)

and the space components of the ~ field, as well

The inclusion of the vector field co" alters neither
the conservation of the vector current

~p (3)

nor the partial conservation of the axial current

as of the pion field, average to zero for reasons of
symmetry. As pointed out elsewhere, "we may
regard the p meson as of secondary importance in
determining average nuclear properties, and so
omit it from the present discussion.

Let us now calculate the diagrams, Figs. 1(a)
and 1(b), in canonical fashion, taking the spinors
to be solutions of the Dirac equation with H, ~~ from
Eq. (5), rather than of the free Dirac equation:
We then find the effective m-A potentials, to order
G', to be

l/(r)
&.ff =(2&') ' —-M (g s.l&'(rÃ(r)

I g.s.). (7)

Equation (7) represents a repulsive potential
(some 300 MeV strong at the nuclear center)
which behaves like p'(r). Clearly, such a thing is
not observed —what has gone wrongV The source
of the difficulty can only be that in keeping certain
O(G') terms leading to Eq. (7) (which corresponds
to the covariant diagrams of Fig. 3), we have ne-
glected other diagrams of the same order and
density dependence.
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) =, a&[ A)+(E„+Iz'+i@-E) 'gqjA). (10)

The portion of the Hamiltonian containing pion in-
teractions is

d'x iCNZ(x)y'y'(x n(x)K(x)+A[n n+o']'

FIG. 3. Covariant diagrams representing part of the
0(|") effects on the PS Born term. 4M'

+ o(x)(n n+o'),

III. ORDER-G CORRECTIONS TO ELASTIC SCATTERING

and using Eq. (11) in the expression (9) for the
source term J-k we find

In order to identify the missing terms, we write
the elastic m'-nucleus scattering amplitude in the
Wick" formalism

(8)

k =-

3 ik'
X 8 ( - f m p

( ),q, ( „,),g-, 1 z GN (x)y y'7, N(x)

+ v(x) n, (x)

where

is the source term in the pion field equation, (A)
is the target wave function (containing no asymp-
totic pions), and a~, is the creation operator for

k
a positive pion of momentum %'. The initial-state
@rave function is

+ 4X(n " n+ o') n, (x)) .

putting Eq. (12) into Eq. (8) and performing the
requisite commutations, as well as using the re-
lation

we find for the on-shell elastic amplitude the ex-
act expression

~k~k
g 3~ &

i{k -k )' x

(2n)' 2k '
i

G
x(x)+44[x (x) x(x) x(x)]+BXx,(x)x (x)I g)

(14)

There are several ways to approach the. reduction of Eq. (14): (a) We might attempt to eliminate the

antinucleon states by means of a suitable Foldy-Wouthuysen transformation. Unfortunately, the usual FW

transformation" does not preserve the chiral invariance which characterizes the 0+ & model and leads to

PCAC, and we have so far failed to find one which does maintain PCAC. (b) A second approach is to in-

sert various sorts of intermediate states between the pion field operators appearing quadratically in the

first term of (14), and between the source operators in the second term. (Naturally, this expansion would

be truncated at some point. ) In this way we should be able to obtain coupled Low equations for elastic and

inelastic m-A. scattering, including crossing, analogous to those derived by, e.g. , Miller. " Here we shall

stop with the Born terms appropriate tom-nucleus elastic scatteringin s waves, to order G' and G", since our

aim is to show that the large 0 (G') Born term Eq. (7) is appropriately canceled.

From Eq. (14) and Eq. (12) we can easily find the terms in T),, & which are of orders G' and G': To

(overt) order G' we have

(V 2 iG)'
(2n')32k o

d'x' d x' e""'" "'" ' A. Z x y'& x E -O'H 'X x' y'X

+&&I N„(x')y'N, (x )(E„I'+g-+ z&) 'I7, (x)y'Ã„(x)~ A) ),
whereas the terms which are (overtly) of order G' are
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T (4)
k'k'

i (k~ x-k ~ x')
d'x' 2, , 2&, f(A~ 4&[(x'(x)+ v(x) ' n'(x)+2m (x)n (x)]~A)5(x-x'))

+(i Gv 2 ) (A~[N~(x)y'N„(x)(E„-O'-H) 'c(x')w (x')+c(x)v, (x)(Z„—O' H)-'Z„(x')y'N~(x')

+N„(x',)y'N, (x' )(Z„+k'+ iq -H ) 'o (x)v, (x) + c(x' )v (x' )

x (E„+0'+iq H) -'N~(x)y'N„(x)1 I A&

8M' '
gx g+ x Eg —~ +'l7/ —II + Eg —0 —II gx g x +H c, Q ~ (16)

The O(G') portion of the last part of (16) arises from diagrams such as Fig. 4. Now, in fact, the claim
that Eq. (15) is of order G', and Eq. (16) of order. G' is misleading: The interacting fields actually contain
all orders of the coupling constants, as do the wave functions ~A) (since they are eigenstates of H). The
best we can do, therefore, is to say Eq. (15) is at least of order G', and Eq. (16), at least of order G'.

The leading contributions to Eq. (15) correspond to the diagra. ms in Figs. 1(a) and 1(b) which we write as
2 m 2 m2

T'-'-'„=- ~, ,' @ -„,), ( ),
e"" " '"(A~N (x)y'N(x)~A)

+

G2

mAO
8" " '" (A[Nt(x)N(x)~A). (17)

0-m I
x- x'I

4G f Ixx'I Nt (x' )y'N(x' ),
(18)

and upon taking as the most important class of
intermediate states in the Green's functions
(Z H) ', the —states containing a nucleon-anti-
nucleon pair in a,ddition to the A nucleons in the
state [A) . (Since such NZ pair excitations have
energy- 2M greater than the state ( A), we may
take both Green's functions to be constant, ne-
glecting k' and the internal excitation energies. )
Since, to this order,

Equation (17) follows from Eq. (15) upon substitu-
tion for o'(x), the lowest-order (in G) contribution
to it

Eq. (17), exactly as for free nucleons.
There are three O(G~) contributions from Eq.

(15), two extremely important, the other some-
what smaller. Suppose, for a moment, that the
potentials in (5) were constant: Then we would
have

(N~y'N) — . J(NtN ) = [ 1+(U+ V)/M](N~N ) .1+U/M)
1-V/Mj

(20)

2M+U —V—I, (21)

Although it is correct to say that (U+ V)/M is 0 (G'),
it is a relatively small correction, of order 0.1.
On the other hand, the energr required to make an
XZ pair would be

(A[N (x)y'N(x)iA) =(A[N (x)N(x)j A), (19)

we see that at low pion energies there is almost
complete cancellation between the two terms of

which amounts to a factor of 2 correction to the
repulsive term of (17). In fact, a more careful
treatment, using the effective Hamiltonian (5),
leads to

G2 2

d x&l e4(k-k') ~ x ~ (A[Nt(x)N1 (xI )IN(x' )N(x (22)

Equation (22) is just Eq. (7) corrected to eliminate
such self-diagrams as those in Fig. 5, which are
in principle already included in the vertex and
propagator renormalizations. [Equation (20) should
be regarded as similarly corrected. ]

When we look for additional O(G') contributions
from. Eq. (15), we find only two further classes:

The first comes from expanding states such as
N(x)~ A) in powers of the interaction:

N(x)~A) N (x)~A)
~ q, x+

( ).~. c*'"(H-E~-e.) '~;I».
(23)
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FIG. 5. Typical self-diagrams which should be omit-
ted since they are implicitly contained in the renor-
malized masses and coupling constants.

FIG. 4. Elastic scattering of the external pion from
thb nuclear pion field, mediated by 0 exchange.

The "current" Jq contains m, v, and u fields, and
the new term will give rise to diagrams such as
Fig. 6, in which the pion is absorbed (or emitted)
by one nucleon, which at some point exchanges an
M or a neutral pion with q, second nucleon, which
then emits (or absorbs) the pion. For charged
pions this can only occur on an np pair. The rea-
son that only the e or w' exchange is important in
Fig. 6 is that in order to have a large matrix ele-
ment for two mesons on one nucleori, the product
of two even or two odd operators is necessary,
giving yy'=—y% for the case of u exchange (the ex-
ternal pion introduces a y' on each line). Because
of the antinucleon intermediate states which domi-
nate Fig. 6, none of the four amplitudes can be con-
sidered part of the model wave function IA), by con-
trast with the time component of ~ exchange which,
being even, is included. Thus no double counting is in-
volved here. As it happens, the s-wave parts of the
graphs in Fig. 6 sum to zero both for ~ and m' ex-
change. There is no important v-exchange amplitude
because the aleÃ coupling is an even operator. Finally,
although the 0+ ~ model contains no isoscalar,

Thus, if we solve by successive approximation (and
make sure to normal-order all nucleon operators
at the end, consistent with our ".tree" approxima-
tion) we have

o(x) =o,(x)+o,(x)+ ~

where o,(x) satisfies Eq. (18), and

(m, ' —V')o, (x) = ——,
'

m, ' —o,'(x), (25)

or

pseudoscalar meson (for which the amplitude cor-
responding to Fig. 6 would not vanish), the q me-
son is found in nature and one might reasonably in-
quire why it should be neglected. The answer is
that the @NB coupling constant is badly known, but
small, "and so q exchange can be neglected.

The only significant O(G') correction arising
from Eq. (15) [other than (22)] is a correction to
the nuclear o field. That is, the (time-independent)
equation of motion for the o meson is [from Eq.
(2)]

m, 'o(x) 1+
2

— +- —— - v'o(x)3 Gv(x) 1 Go(x)

= —G&(x)N(x) . (24)

8M& 3 4
G'

o', (x) A = --',—m, ' —,— d'x' d'x" D(x, x', x" ) (AIN (x'%t(x" %(x" )N(x')I &) (26)

where

exp[-m, (Ix —rI+I y-rI+Iz —rI )]
(4.) I.---I ly--I I-. -1 (27)

The c, field, Eq. (25), corresponds to the process
of Fig. 7.

Ne are now in a position to calculate the overtly
G' terms from Eq. (16). Certain self-terms, such
as Fig. 8(a), should be omitted because they are
vertex or propagator renormalizations, whereas
others [Fig. 8(b)] are known (small) corrections
to the zN scattering amplitudes. The remaining
contributions from the terms in (16) linear in
o(x)n, (x) are small, as we shall see in Sec. IV be-
low [see Eqs. (42)-(44)].

(28)

This cancellation is more general than it might

The contribution from the term in (16) corre-
sponding to Fig. 4 [this is obtained by introducing
the one-o intermediate states in the Green's func-
tion between c(x) and o(x'), and neglecting the ex-
citation energies by comparison with m, ] precise-
ly cancels that from all the charged meson terms
in the first bracket, under the approximation that

~ 2e ~al~-"I
5(x -x')—,,

I

—-0 .
4max -x'



J. V. GOBI E 20

pi

p n /~4
/

/

Gl P
)ip

/
/

m+/ n

7l'4~ . n Ip

eu n'(

p n '&~4

i'

(a)

+ '~+

(b)

p n /m+
/

/

/
]'n cu p

/
/

/
m+/ n p

p n /w4
/

/Ql

p
FII'

)I
/

~4/ n p
/
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nucleon PS structure function. (b) Terms representing
known, small corrections to the x-nucleon scattering
amplitude.
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FIG. 6. Elastic pion scattering from a neutron-
proton pair, mediated by exchange of a spacelike w

meson.

appears, so we expect the cancellation to persist
in higher orders. We are left with the n'm' term
which, after summing all contributions, is

, I:,+~to=0 (29)

seem at first: The terms quadratic in charged-
pion fields correspond to the time-ordered dia, —

grams Figs. 9(a) and 9(b) (with time increasing
upward), in which the blobs are s-wave nii elastic
amplitudes (including c exchanges, loops, etc.).
In a T = 0 nucleus, both terms wQl appear with
equal weight, ' thus, only the vanishing linear com-
bination of mm amplitudes'

To obtain (30) we have assumed pure T =2, s wave
for the w'm' elastic amplitude, and have used Wein-
berg's theoretical value' of t, (but with g„=1 for
consistency).

Combining all O(G') terms including (20), (22),
(26), and (30), we obtain

T",'„= d'x d'x' 2n 2k' ' A. N~ x ~ x' N x' N x A.

G4 e mgix x
X—— e"k

M' 4vi x -x'i

-~~~ x-g
~
ei(k-k') ~ (x-x'&/a(l ~2/~ 2)

l6n 0

m~ «D(» ~ ~ii) 3&k-k ) x

m', .„~ — '~z'ti-i'& t -*' i (A~Ã~(xllv (x )pr irv' 'r pT( )~(x)ig)I''
&92m M'

im+ a4i

r X4 m4i is 4

FIG. 7. Elastic scattering of the external pion from
the nuclear 0 field, mediated by 0 . This process may
also be regarded as a nonlinear effect of the dynamical
equation of the 0.

FIG. 9. Time-ordered diagrams representing elastic
scattering of the external (positive) pion from the
charged nuclear pion field.
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By neglecting the range of the propagators, we
obtain the approximate, equivalent (repulsive)
local potential

v,« ——(2k')-'[U(2. )/M] '

function (with incoming-wave boundary conditions,
as the superscript reminds us), and gz is the cur-
rent

3

y

IV. PION ABSORPTION NEAR THRESHOLD —EFFECTS
OF ORDER G AND G

%e consider here the process n +A. - anything
(where "anything" means a state with no explicit
pions) very near the threshold. The amplitude for
this process is

&/; =& B' '
I &Tl A}, (33)

where I
B' ') is the final continuum nuclear wave

(32)

This potential has a central depth of - 31-42 MeV,
depending on how we handle short-range correla-
tions, which is about what is needed in pion-nu-
cleus low-energy scattering. ' Note that the first
term in the pa, rentheses in (32) comes from the in-
exact cancellations in the bracketed terms in
(31)(with a correction for an NN hard core),
whereas the second term was from the T = 2 part
of mn scattering, which is singled out for a nu-
cleus with Ã=S.

+4/(o'+w ~ w)w (x)

+ — «(x)w (x)].

(34)
If we were speaking of a pionic atom in its
ground state, the pion plane wave would be re-
placed by an appropriate pionic atom wave func-
tion, e.g.,

~ ~ w

e ilier (g+~)3/2w-1/28-znmr
(2w)3/2 (36)

and we would speak of a capture rate, rather than
a T matrix. In either case, we shall assume that
the variation of the "free" pion wave function over
the nuclear region is slow.

Performing the same hierarchical ordering as
'in the previous section, we find that the
X(a 2+ w'. )w term is O(G3) and so can be dropped,
whereas the X~y y'N~ term is overtly of order G,
but in fact contains an important (dominant) order-
G' part due to interactions. Finally, the e(x)w (x)
term is of order G' ab initio. Thus,

d g
(2 )3/2(2~2)i/2' [&B I2G~N (x)y y 2( )I )+( e — ) ~ &B' 'Io(x)w (z)IA)] . (36)

Now to evaluate the first term in (36) we use a trick: We may write

(B '-'
IN t(x)y'y3N, (x) IA)

&B I [N t(x), H] I C)(C Iy'y'N2(x) IA)
(E E)

&B I N„(x)y y I C)(C I [If,N&(x) ] I A )
(E,-E ) (37)

The state IC) has one fewer nucleon than either IA) or lB~ ~), so Ec Ew=Ec -E„-=-/If. Thus, performing
the indicated commutations (with the full Hamiltonian) and using closure, we find

&B' 'IN t(x)y'y'N2(x) I»=-, «B' 'IN'. (x)y'», (x) I» - '
&B' 'IN'(x)N(x)w (x) IA}

+ " (B '-'IN'„(x)y'y'N, (x)~'(x) IA), (36)
which we approximate, to order G', as

&B IN„(x)y'y'N2(x)IA) ——
2 &B l(1+G„~'(x)/M)v. Nr(x) ooN (x)IA)

&B' 'IN (x)N(x)w (x)IA).
iGF2 (39)

putting Eq. (39) into Eq. (36), and assuming we can neglect the variation of the pion wave function over the
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nuclear volume (this is a. correction of order mAZo( for the pionic atom case, and of order kR for capture
from a continuum state), we find that the divergence term from (39) drops out, leaving [to O(G')]

G 2

T&; — d x d g'
3&2+ o

— N x gpss

G2
~L

2M

e-mMI x-x' I

4n )x —x')
/ e-m(x-x' (

4v Ix —x'
I

G2 e-m I x-x

2M' 47I [x—x'i
&-n:ol x-x' (

~ N'(x')Ã(X') A ) .

(40)

In Eq. (40), normal ordering between the nucleon
operators is implied (since the self-terms are al-
ready implicitly included in the renormalized val-
ues of the coupling constants), but the equation is
written in (density) x (density) form for clarity.
The terms within the brackets in Eq. (40) are ob-
tained as follows: The fields (d'Qx and cr(x) are
written in terms of nucleon coordinates

(d'(X) = G,„
e-mM I x-x'

I

'( ') ( '), (41)

and o(x) as in Eq. (18); PCAC is used to write

v(x)= — —
2 V ~ $(x) (42

[theA'(x) term is dropped, as being O(m/2M)],
and the axial current is expressed in terms of
nucleon coordinates alone by using the expression"
(good to order G'—= 1)

vanishing contribution, which we identify as the
last term of Eq. (40), and which would dominate
the small (noncanceled) s-wave remainder pro-
portional to

yn
(deute rium target)

2M' 4)T Ix —x'I ~

large nucleus . (46)

and

G2 p

(' free" pion-nucleon re scatte ring)

(47)

However, there is an m contribution from the
mNN vertex renormalization which almost cancels
the o contribution. Clearly, the criterion for
which term will dominate is the relative size of
the factors

g (x) = ~2K„(x)oI7p(x) + —
2 V[V ' X (x)],

so that

(43) G' m G 'm
(o'+ (d effects) .2~'m m, t"'m„ (48)

e-m l%-%' I

X (x) = m'v 2 d'x'4

x V' ' N„(x')oA)'~(x') . (44)

[The procedure leading to Eqs. (42}—(44) was
used to obtain Eq. (31), as well as to neglect the
terms in (16) linear in orr. ] Finally,
used the result

e-m~ I x" -x' I e-m)%" -x l

3 1l

8-m I j-%' I -mal%-%' I

(45)«Ix-x'I 4~Ix-&'I '

The expression (42) is used together with (44) to
rewrite the last term of (39), giving the second
term in brackets in (40); the first term comes
from the V&@'(x) term of (39) using (41), and the
last term comes from the o(x))) (x) term of (36),
using (42), (44), and (45). We see that there is
exact cancellation between the second term and
the first part of the third term (this is good to
m/2M) corresponding to the almost perfect can-
cellation of Figs. 1(a) and 1(b) in free wN scat-
tering. As Bertsch and Biska' have pointed out„
the finite mass of the o meson leads to a non-

We see that if there had been no u contribution,
the relative size of 0 and 7t terms would have been
2.6 for deuterium (v=- 1) and 35 for a large nucleus
(v=2). With the e correction, the ratio of (48)
to (47) is either 0.4 (v=1) or 5 (v=2). Per-
haps a word is in order here as to why the
power v in Eq. (47) is different for the A = 2 sys-
tem and heavier nuclei. It is simply that in z N
s-wave scattering, the recoil correction is-(1—
m/2M) ' for neutrons, (1+m/2M) ' for protons.
With a deuterium target, only the m n rescattering
term is present, whereas for a large nucleus we
get the average of m n and z"P terms. More
generally, the combination of mN scattering lengths
which enters, 2a, &2+ a, &„ is zero within experi-
mental error.

What we have learned from the above exercise
is why the usual impulse approximation works on
m d - 2n, whereas with heavier targets, it is the
average o and ~ fields which prevail. However,
they tend to cancel, and so lead to reasonable ab-
sorption rates (we must keep in mind that the NN
short-range correlations present in realistic
nuclear wave functions will tend to slightly reduce
the o+ (d term).
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V. THE PSEUDOSCALAR-PSEUDOVECTOR (PS-PV)
EQUIVALENCE THEOREM

In a previous paper, " I. noted that pion emission
or absorption by a nucleon described by the
Hamiltonian (5) would have the effective vertex

d'xX xy cr&Xx V X x x
(49)

as a consequence of orthogonality of initial and
final nuclear states, where the form of f(x) de-
pends on whether y'g or y"y'&~m coupling is as-
sumed, with

f(.) (I-v(x)/M) ', r'
(50)

~

5

~

~

(I+U( )/M)(l -V( )/M) ', r"r'.
(A closely related result was also found by Friar. ")
Although for threshold (P, w'), e.g. , there is still
a substantial difference (perhaps a factor of 3 in
rate) between the two forms of f(x), the prediction
of (49) was a great improvement over earlier
attempts" " to apply relativistic nucleon wave
functions to this process.

However, the result we have found in Eq. (40) is
that in the 0+ ~ model, although we have pseudo-
scalar mNÃ coupling, the constraint of approxi-
mate chiral symmetry (PCAC) is such as to re-
store completely the PS-PV equivalence. As we
see from Eq. (40),

d'xGv2
(2 )~~ 2(p~~)~ a~ &f I+.(x)o~~(x)

I
&)

x V[II(x)+ V(x}/M],

which is just what we get from (45) with the pI/
form of f(x). This is a result I had expected to be
true, but have been unable to demonstrate until
now.

, VI. CONCLUSIONS

In a, sense, it should not have surprised us that
terms independent of pion mass should cancel
completely in the o+ co description of m-nucleus
elastic scattering: In the exact chiral limit (m,
-0) the scattering length is proportional to'
(G'/8m) m, /M', which vanishes as m, 0. Even
with nonzero pion mass, the amplitude to scatter
from an elementary T = 0 target vanishes. ' Inspecting
the effective v-2 potential Eq. (32},we see that the
dominant term (~ m, ') would vanish in the chiral
limit, but that the term arising from w-m elastic

scattering would appear not to. The reason for
this is that near m, = 140 MeV the mm amplitude
times the nuclear m' source is approximately inde-
pendent of m, . As m, -0, this term. becomes pro-
portional to m„A. and so vanishes. It is worth noting
that in the absence of Pauli correlations there
could be no nonvanishing matrix element of [w'(x}]',
to 0(G'), so this effect is due to the compositeness
of the nucleus. The fact that for a T =0 target
there is a nonvanishing scattering length for physi-
cal pions is also a consequence of the composite-
ness of the nucleus. It is interesting that the net
violation of the Weinberg theorem (which may be
attributed to failure of the impulse approximation)
is very small.

In retrospect, the complete cancellation of the
effects involving &u exchange (from m-nucleus
scattering amplitudes) should not have surprised
us either, since the (d has nothing to do with
chirality, i.e. , the chiral invariance, upon which
the major cancellations (provable by soft-pion
techniques) depended, involves only the v, o', and
N parts of the Lagrangian.

What should, perhaps, surprise us is that the
terms which survive as the pion mass is increased
from zero, are of order (m/2M)' or (m/m, )',
rather than of order mR or (mR)'. Somehow, the
presence of anomalous thresholds does not in-
troduce another (and much smaller) energy scale
from that appropriate to z&N scatteririg. In a way
this is quite si.milar to what happens when we
consider corrections (due to retardation or higher
multipoles) to the integrated nuclear photoabsor-
ption cross section in the dipole approximation"—
rather than being of order kR, the corrections are
of order kM '. Since soft pions and soft photons
are rather similar, it may be possible to find a
connection between these phenomena which ex-
plains the relative paucity of nuclear structure
effects.
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