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The values of the coupling constants f 6~g~'=0.07, f l2C12N
——0.004, and f I4&I4o' ——0.00014 have been

extracted from the polological treatment of" the. Li(p, n) Be, "C(p,n) "N, and "N(p,n)"0 reactions. A critical
discussion of our present knowledge of the pion couplings to these nuclei and of existing methods of their
determination is given.

NUCLEAR REACTIONS Initial nucleus-pion-final nucleus coupling constants.
PCAC hypothesis. Ana].yticity. ~Li(p, n)SBe, C (p „~i2N 14N(p, n) 0 at 0.144

GeV.

I. INTRODUCTION

In the elementary particle approach to nuclei it
is convenient to introduce the initial-nucleus-pion-
final nucleus vertex function f„b'(q'}, the pion-
nucleus coupling constant being the corresponding
vertex function for a pion on its mass shell, i.e. ,
f„,'(-m, '). The coupling constants f„,'
—=f„b (-m, ) play an important role in the descrip-
tion of pion-nucleus and nucleus-nucleus scat-
tering processes. One of the basic questions here
is the question of whether the coupling constants
f„b' are smaller or larger than their elementary
analogue f,»2-0.081. The first possibility would
indicate the presence of expected "shadowing ef-
fects" in nuclei. ' In fact, different analyses of
scattering data involving even such light nuclei
as 'He, 'H show' ' a rather significant reduction
of the coupling constant f, s„, 2„,.2 It would be
interesting to explore how this reduction changes
with the size of the nuclear system. The study
of the pion coupling to theA =6, A =12, andA =14
nuclei would h(elp clarify this question.

The paper is organized as follows. In Sec. II we
summarize our knowledge about the pion coupling
to theA =. 6, A =12, and A=14 nuclei obtained by
applying the partially conserved axial-current
(PCAC) hypothesis to the evaluation of the matrix
elements of the axial weak current between the
relevant nuclear states. In Sec. III the infor-
mation about these couplings obtained on the basis
of studying the n' photoproduction near threshold
on 'Li and ' C by means of low-energy theorems
is discussed. In Sec. IV we present our own
polological treatment of the P+'Li-n+'Be, P
+ "C-n+ "N, and P+t4N-n+' 0 reactions with
the extraction of the coupling constants f,s„,sn, s,

f 12ct2N and f,ltsn14o This is followed by a gen-
eral discussion and conclusions in Sec. V.

II. PCAC HYPOTHESIS

The PCAC hypothesis leads (see, e.g. , Ref. 5}
to the following relations:

f„'(0)=a, 'E„., (0),

f„,'=a,-'E„...(-m, s)[l+a.,(-m, s)]2

2 m 2

A'ab

where a, =0.94+ 0.01 is the pion decay constant
defined by and determined from the observed
value of the v'- p,'+ v„decay rate, F„.„,(q') is
the axial nuclear form factor, and 2:,b(-.m, s) is
fixed by the observed rate of p, +b - p, +a. We
will discuss here neither the basis nor the deri-
vation of these relations but will proceed straight-
forwardly to their applications to specific pro-
cesses.

In Ref. 8 the values f,s«sn, s(0) =0.059,
f,tsoisn (0) =0.011, and f,t4„a4o (0) =0.000002 have
been worked out on the basis of Etl. (I) using
information on F„,s„,sn, (0)y Ex tsctsN(0), and
E„.&«44o(0) frOm the beta deCayS 'Be-'Li+e
+ p N C+g + p and Q g+g +p No
attempt was made to determine the physical cou-
pling constants by means of Etl. (2).

In graf. 5 using the observed rates of ' 8- ~C

+e +v, and ' C-"N+e +v, the values f, ~ttso( 0)

=0.024 and f,t 44„2(0)=0.00000008have been
:deduced. (Our values of f' are by definition 4v
times smaller than those used in Ref. 5.) More-
over, using the impulse approximation

F...,(q') F....(q')
F„., (o) F„.,(o) '

where F„,,b(q'} is the weak-magnetism nuclear
form factor, and the conserved-vector-current
(CVC) hypothesis
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(e') u(e')
~„.,„(0) p(o) '

where p(q') is the transition magnetic moment
determined from the observed cross section for
the inelastic electron scattering e +b-e +5~ and
the observed rate for b~-b+y decay, the values
for the coupling constants f,12212p'= 0.149',""„

14p 14N =0.009 have been worked out on the
basis of Eq. (2).

'Li 'Be

III. PION PHOTOPRODUCTION AT THRESHOLD
AND LOW-ENERGY THEOREMS

This approach allows one to determine the pion-
nucleus coupling constants from the measured
y+a - 5+m' cross section near threshold exploiting
low-energy theorems. These theorems are'based
to a considerable extent on the PCAC hypothesis.
Strictly speaking, they are only applicable to off-
shell amplitudes involving soft (zero four-mo-
mentum) pion. However, some procedures have
been proposed and used" to relate these soft
pion results to the real world.

Let us state, for example, Low's theorem: the
two lowest terms —of order E ' and of order zero
in E—of the series expansion, in powers of the
photon four-momentum E, of the scattering ampli-
tude depend only on the f„,' coupling constant
and on the electromagnetic constants (charges
and anomalous moments) of the participating nuclei
a and b.

In the center of mass. system the differential
cross section at threshold is"

IKi do
lim

dn 4m

, (1+-,'m, /m. )'
187m' "' (1+m/m)'

where K and q are the photon and the pion mo-
mentum and I is the reduced matrix element

M(y+~-b+v') = W~ ~1 — -+1 m. p,,+p., m'l
2 m, 4 m, '&

(6)

Here p,, and p, , are the total magnetic moments
of a and b, respectively.

In Refs. 7 and 8 the values f,e„,e„,2=0.020 and

f 122 12p —0.006 have been deduced by analyzing
the measured y+'Li-'He+~' and y+ "C-"8+m'
cross sections near threshold by means of Eqs.
(5) and (6).

FIG. 1. The t channel x' pole in the reaction p+ Li
n+6Be. The pole is at cosa= 1.049.

t anom ~e-nolo)-
ZO )=

~t-anom+~a-nole — t-anom e-noleX (7)

Be

FIG. 2. The u channel 5Li pole is in the reaction p
+ Li n+ Be. The pole is at cose=-3.00.

IV. POLOLOGICAL TREATMENT OF THE p+6Li~n
+kg p+ C-+7g+ N AND p+ &4N~7g+ &~O

REACTIONS

In principle, the most model-independent way
of determining the pion-nuclei coupling constants
would be by the exploitation of the analytic prop-
erties of the scattering amplitude either in the
form of forward dispersion relations or as an
analytic continuation of da/dOin the cos8 plane. A

detailed account of the use of analyticity in nuclear
physics can be found in Ref. 9.

Recently" the differential cross sections of the
three reactions, p+'Li-n+'Be, P+' C-n+ 'N,
and P+' N-m+'0 have been measured at 144
MeV. These data invite one to make an attempt
to extract the coupling constants f.a«s, ',
f 1~ 12N and f, 14N14p by continuing analytically
da/dQ to the n' pole. The method is well known.
For example, it has been used" to determine the
coupling constant f,~,a„,' from data on the p
+ '8-n+'He differential cross section.

The nearest singularities of da/dA in the cos8
plane for the three reactions are shown in Figs.
1-9. The relevant formulas for finding the
positions of these singularities can be found,
e.g ~ in Bgf. 12,

In order to carry out the extrapolation to the
pion pole in an optimal way we first symmetrize
the positions of the nearest singularities by means
of the bilinear transformation
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12C

Be

FIG. 5. The g channel C pole in the reaction p+ C
n+ N. The pole is at cos8=-6. 12.l2

FIG. 3. The graph. corresponding to the lowest t chan-

nel anomalous cut in the reaction p+ Li n+ Be. The
cut starts at cos8=1.127.

where x = cos~.
The cut so plane is then transformed into the

unit circle by means of the mapping

to represent the experimental data. It converges
inside the whole circle. Here C is a factor de-
pending on kinematics. Its explicit form is the
following:

m„'m, ' 20(r )' SC q'
S Z u. +1

(1+%)' '- (1 —tS)' '
u(av) =

(1+gal)&&~+ (1 gf)&&» (8) where f,~2=0.182, hc =0.1973 GeV fm,

which maps the cuts onto the circle. Finally, the
unit circle is mapped into itself by means of the

bilinear transformation

z(u) =
I+Au ' (9)

(z z )2 ( )
y

2
~ C ~

c% ( dx

where X is chosen so as to symmetrize the region
containing the fitted data around the origin in the
z plane where expansion in powers of z converges
most rapidly, X(P'Li-n'Be) =-0.448, X(P "C-n "N) = -0.495, and &(P ' N-n ' 0) = -0.510.

Inside the unit circle in the z plane the dif-
ferential cross section has a second order pole
at z =z,. We eliminate it by multiplying da/dA

by the factor (z —z,)' and use the expansion

S = 2m, (T+m~) +m~ +m, ',
T =0.144 GeV,

[S—(m, + m, )'][S—(m„- m, )']
4S

[S- (m, ~m„) ][S (m, -m.)']

1/&' (0'- 1' transition),
~

~

1/K (1'-0' transition),

4, is the spin of the target nucleus, and

lf,(,) l
=~ „'.(1-.)(.— )',

1

2

f,(,) '=P, , l-x, l(, —~)',
1

(12)

(13)

(14)

(18}

(17)

(18)

a„s"—8", (10)

n

12C N

12C 12N

FIG. 4. The t channel 7t' pole in the reaction p+ 2C

n+ N. The pole is at cos8=1.046.

FIG. 6. The graph correspondigg to the lowest t chan-
nel anomalous cut in the reaction p+ C n+ N. The
cut starts at cos8=1.121.
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14p

FIG. 7. The t channel 7t' pole in the reaction p+ N'

n+ O. The pole is at cos8=1.040.

f,(r,) 2=P.(1+x,)(1-x,)2,

'lip

FIG. 9. The graph corresponding to the lowest t chan-
nel anomalous cut in the reaction p+ N n+ 40. The
cut starts at cos8=1.122.

[z(z 4-m„) ~z'(z+m, )]2
(z+m, )(z +m„)

(20)

(0'- 1' transition),

KEO

I,z'z, (1'- 0' transition),

z (Jc2 m -')"'
p t

(21)

(22)

z~=(z" +m 2)1~2 (23)

V. DISCUSSION AND CONCLUSIONS

Our value f,3L13aa, '=0.0V is more than three
times larger than the value f,3„,3„,'=0.02 ob-
tained in Bef. 7 by studying the photoproduction

13N

FIG. 8. The u channel N pole in the reaction p+ N
n+ O. The pole is at cos8 =-6.95.

E, is the c.m. energy of the spin-zero nucleus,
E, is the c.m. energy of the spin-one nucleus, and

M, is the mass of the spin-one nucleus.
Equation (11) has been deduced on the basis of

the decomposition of the general form of the Born
amplitudes corresponding to the Feynman dia-
grams shown in Figs. 1, 4, and 7 into helicity
amplitudes as given in Bef. 6.

'The results of the fits are shown in the Table I.
According to the X'/ndf criterion we conclude that

f, 3113aa, -0.0V, f, a2Q12N -0.004, and f, a4N14o'
=0.00014. The errors given in Table I reQect
only the statistical and the V% normalization
errors on do/d& once N is fixed.

of m' on 'Li near threshold. We cannot explain
this difference.

Our value f, 12c 12„=0.004 is in fair agreement
with the value f/2 aaa2 c --0.006 obtained m Ref. V

by studying the photoproduction of m' on ' C near
threshold. However, both these numbers are in
violent disagreement with the value f, a2aa 12c'
=0.149',"~~6 obtained in Ref. 5 on the basis of
the PCAC hypothesis. One possible explanation
for this serious discrepancy could be that the
par ametriz ation

F11:12aaa2c(af )
F„,12aa 12c(0) (1+q'/2. Vm, ')" (24)

which was used in Bef. 5 both for the description
of experimental data in the "physical region" and
for the extrapolation to the unphysical point q'
=-m, ' [see Eqs. (2) and (3)] should not be used
for the latter purpose. In fact, in Bef. 4 it was
shown that one gets a large reduction in the cou-
pling constant f, 3a 3a by choosing another pre-
scription for extrapolation instead of Eq. (24).
We also take here the opportunity to nc. te the dis-
crepancy in the values f, 12aa 12C (0) =0.024 and

f,a2ca2„(0) = 0.011 used by the authors of Refs.
5 and 6, respectively.

Finally, our values f,14Na4o'=0. 00014 is in
qualitative agreement with the value f, a4C14N'

=0.009 deduced in Bef. 5 on the basis of the PCAC
hypothesis. Here we call attention to the dis-
crepancy in the values f,a4ca4N2(0) =8 &&10 and

f, 14N a«'(0) = 2 x 10 ' used by the authors of Refs.
5 and 6, respectively.

Our analysis shows that the pion coupling con-
stants to the A =6, A =12, and A =14 nuclei are
smaller than the elementary coupling constants
f,»'. However, one cannot interpret this as
presence of significant shadowing effects in these
nuclei. The point is that we have determined the
coupling of the pion to the ground states of the
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TABLE 1. The results of the fits of Eq. (10) to the experimental data on do/dQ.

p+'u -n+'Se
N X /ndf f» tlat, g 6g~

53/1O O.031 + O.OO1

3.3/9 0.070 + 0.006
2.7/8 0.088 + 0.024

P+ C-n+ N

X /~df f, 12~ &2@

7.4/9 0.0023 + 0.0001
2.7/8 0.004 + 0.001
2.0/7 0.008 + 0.005

P+'4N -n+ "O
X2/gdf f AN 14O2

2.7/3 0.000 14 + 0.000 01
0.2/2 0.000 05 + 0.000 06

nuclei and not the effective coupling constants.
The latter are determined by means of the for-
ward dispersion relations (see Ref. 9) and are
directly comparable to the elementary coupling
constant. Only in light nuclei such as A =3, where
there are few excited states the pion-nucleus cou-
pling constant, e.g. , f, 3s 3s,.', obtained from the
analysis of the charge exchange P+'H-n+'He,
can be directly compared to f,„„'.On the other
hand, our results could be analyzed in terms of
a quenching of the pion coupling constant in nu-
clear matter by means of some solvable models"
(this work is in progress' ) or indirectly con-

nected to the critical opalescence of the nuclear
pion field. "
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