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Pion electroproduction amplitude

E. Truhlı́k*
Institute of Nuclear Physics, Academy of Sciences of the Czech Republic, CZ–250 68 Řežn. Prague, Czech Republic
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We analyze amplitudes for the pion electroproduction on proton derived from Lagrangians based on the local
chiral SU(2)3SU(2) symmetries. We show that such amplitudes do contain information on the nucleon weak
axial form factorFA in both soft and hard pion regimes. This result invalidates Haberzettl’s recent claim that
the pion electroproduction at threshold cannot be used to extract any information regardingFA .
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I. INTRODUCTION

The low energy theorems for the pion production by
external electroweak interaction were formulated after
development of the current algebra and partial conserva
of the axial current~PCAC! @1,2#. According to this devel-
opment, the amplitudeMl

n j(q,k) for the production of a soft
pion pn(q) off the nucleon by a vector-isovector curre
Jl

j (k),

Ĵl
j ~k!1N~p!→pn~q!1N~p8!, ~1!

given by the matrix element

Ml
n j~q,k!5^N~p8!pn~q!uĴl

j ~0!uN~p!&, ~2!

is written as

f pMl
n j~q,k! →

q→0

iqm^p8u E d4ye2 iqyT

3@ Ĵ5m
n ~y!Ĵl

j ~0!#up&1«n jm^p8uĴ5l
m ~0!up&.

~3!
Here the matrix element of the nucleon weak axial curren
@3#

^p8uĴ5l
m ~0!up&5 i ū~p8!@gAFA~q1

2!glg5

22ig f pDF
p~q1

2!q1lg5#
tm

2
u~p!, ~4!

q15p82p5k2q andgA51.267.
Starting from Eq.~3!, a ‘‘master formula’’ for the ampli-

tudeMl
n j(q,k) can be derived@4#. For this purpose, the con

tribution to the divergence due to the coupling of the ax
current to the external nucleon lines@Figs. 1~a! and 1~b!# can
be extracted from the current-current amplitudes. The res
ing equation is

f pMl
n j~q,k!

5
g fp

2M
ū~p8!@q” tnSF~P!Ĵl

j ~k!

1 Ĵl
j ~k!SF~Q!q” tn#u~p!1«n jmiū~p8!

3@gAFA~q1
2!glg522ig f pDF

p~q1
2!q1lg5#

tm

2
u~p!.

~5!
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The vector-isovector currentĴl
j (k) is defined as

Ĵl
j ~k!5 i FF1

V~k!gl2
kV

2M
F2

V~k!slhkhG t j

2
. ~6!

It is clear that besides the nucleon Born terms, the s
pion amplitude, Eq.~5!, contains the Kroll-Ruderman~con-
tact! term including the nucleon weak axial form factor, an
almost the pion pole production term, which is expected
contribute for both the pion photoproduction and electrop
duction. To have this term present, Adler@4# changed by
handq1→q12q in the induced pseudoscalar term@the last
term on the right-hand side of Eq.~5!#, thus adding anO(q)
piece. It was shown@5# that the evaluation of the contribu
tion to the divergence of the current-current amplitudes us
the current algebra and PCAC due to the process of Fig.~c!
with B5p yields two pieces@6#: one is exactly the pion pole
production term and the other one cancels the induced p
doscalar term. Then the soft pion production amplitude c
responds to Fig. 2 and it is

Ml
n j~q,k!5

g

2M
ū~p8!@q” tnSF~P!Ĵl

j ~k!

1 Ĵl
j ~k!SF~Q!q” tn#u~p!

1
~k22q!l

~k2q!21mp
2

Fp~k2!«n jmgū~p8!g5tmu~p!

1 i
gA

2 f p
FA@~k2q!2#«n jmū~p8!glg5tmu~p!.

~7!

FIG. 1. The current-current amplitudes contributing to the fi
term on the right-hand side of Eq.~3!. ~a!,~b! The nucleon Born
terms;~c! the pole terms of theB5p or a1 range.
©2001 The American Physical Society01-1
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EMIL TRUHLÍ K PHYSICAL REVIEW C 64 055501
The q dependence in the form factorFA@(k2q)2# can be
neglected.

Elimination of the induced pseudoscalar term from t
pion electroproduction amplitude and the restoration of
pion pole production term was discussed also in Refs.@7,8#.
Nevertheless, the amplitude with the induced pseudosc
term was applied to extract the axial and pseudoscalar f
factors from the pion electroproduction at threshold in R
@9#. The same flaw is present also in the earlier study of
pion electroproduction amplitude@10#.

Low energy theorems for the amplitudeMl
n j(q,k) were

derived@1,2,5,11# using the current conservation and PCA
These theorems have found copious applications~see Refs.
@12–15# and references therein!. The relevance of the
nucleon weak axial form factor to the pion electroproduct
off the nucleon has been revisited recently by Haberz
@12#. The pion production amplitude@16,17# was rederived
@12# using an analog of Eq.~3! valid beyond the soft pion
limit. Neglecting possible Schwinger terms, the amplitude

Ml
n j~q,k!5

q21mp
2

f pmp
2 F iqm^p8u E d4ye2 iqyT

3@ Ĵ5m
n ~y!Ĵl

j ~0!#up&1«n jm^p8uĴ5l
m ~0!up&G .

~8!

The current-current amplitudes were constructed@12# by in-
serting photon lines in all possible places in the nucle
weak axial current graph of Fig. 1. After calculating the d
vergence of the current-current amplitudes, Haberzettl@12#
obtained Eq.~19!, which differs from our Eq.~8! by revers-

FIG. 2. The soft pion production amplitude according to Eq.~7!.
~a!,~b! The nucleon Born terms;~c! the pion pole term;~d! the
Kroll-Ruderman term.
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ing the left- and right-hand sides and by an additional te
ū(p8)Wlu(p), accompanying the pion production amplitud
in the right-hand side of Eq.~19!. According to the discus-
sion @12# after Eq.~20!, in order for Eq.~19! to be consistent
with Eq. ~8!, this term should vanish:

ū~p8!Wlu~p!50. ~9!

The derivation of Eq.~19! inspired Haberzettl to argue tha
the entireFA dependence of its left-hand side is retain
solely in Wl on the right-hand side, since the pion produ
tion amplitudeMl

n j(q,k) itself does not depend onFA . Then
the conclusion followed@12# that the pion electroproduction
processes at threshold cannot be used to extract any info
tion regarding the nucleon weak axial form factor.

This claim has been criticized@18,19#, but the critics have
been promptly refuted@20#. Actually, the only merit of the
criticism made in Ref.@18# is that it attracted attention to th
problem. Otherwise, the argument that the contribution to
first term on the right-hand side of Eq.~3! in the soft pion
limit is only from the diagrams 1~a! and 1~b!, is incorrect.
The point is that if one of the currents is axial, then it c
couple to the pion ora1 meson lines that emerge from th
vector-current–B-boson vertex, and also by direct contact
this vertex. The processes due to the pion emission con
ute to theB-pole current-current amplitude by a portion

DTml
p,n j~B!5 i f pqmDF

p~q2!DMl
n j~B!, ~10!

while the divergence of the current-current amplitudes due
the other two processes yields

iqmDTml
c,n j~B!5 f pDMl

n j~B!1C l
n j~B!, ~11!

whereDMl
n j(B) is the associated pion production amplitu

and a termC l
n j(B) appears, since the chiral group is no

Abelian. Then the sum of the two contributions to the div
gence of theB-pole current-current amplitude in Eq.~3! is

iqm@DTml
p,n j~B!1DTml

c,n j~B!#5 f pDMl
n j~B!1C l

n j~B!,
~12!

and a new contribution to the pion production amplitude
the vector-isovector current appears even in the soft p
limit. As we have already discussed above for the caseB
5p and as we shall see later also forB5a1, this picture is
valid, indeed.

In our opinion, Guichon’s argument@18# against the ap-
plied formalism is also irrelevant. It is true that the forma
ism developed in Ref.@12# for the treatment of the interac
tion of the axial and vector currents is not standard, but i
formally correct. After making our own study of the proble
reported here and comparing it with the earlier results@12#,
we came to the conclusion that the problem is not in
formalism, but is rather with a misinterpretation of the r
sults by Haberzettl@12#.

We shall first study the structure of the pion electrop
duction amplitude derived from chiral Lagrangians based
the local chiral symmetry SU(2)3SU(2) @3,21–25#. These
models have recently been used@26# to construct the one-
1-2
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PION ELECTROPRODUCTION AMPLITUDE PHYSICAL REVIEW C64 055501
boson axial exchange currents for the Bethe-Salpeter e
tion and the transition amplitude for the radiative muon c
ture by proton@3#. For the chiral Lagrangians@3,23#, we
shall derive the pion electroproduction amplitude in the sa
way as it was done in Ref.@12#: we shall construct the
current-current amplitudes and then we shall calculate
divergence. It will become clear that this way of constructi
the pion production amplitude cannot change its conte
Once the amplitude is built independently within the sa
concept ~which is the case of the method developed
@12,16,17# and in our approach, too!, then to calculate it
using the divergence of the current-current amplitudes
mere exercise in calculating the diagrams, since one sh
get the identity. Our chiral models provide the contact te
of the pion production amplitude with the nucleon we
axial form factorFA(k2) in the soft pion limit, as it should
be, since the chiral invariance restricts them in such a w
that they reproduce in the tree approximation predictions
the current algebra and PCAC. On the other hand,
method of Refs.@12,16,17#, avoiding chiral invariance and
based on the gauge invariance only, can produce in the
electroproduction amplitude the contact term retaining o
the form factorF1

V(k2) in the soft pion limit.
Our pion production amplitude is valid for both soft an

hard pions. We use first a minimal Lagrangian@21#, built in
t

05550
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terms of the Yang-Mills gauge fields, for the direct constru
tion of the pion electroproduction amplitude. For the L
grangian @23# reflecting the hidden local SU(2)3SU(2)
symmetry@24,25#, we first construct the current-current am
plitudes and then we calculate the divergence. We show
besides the amplitudes of Figs. 1~a! and 1~b! both exchanges
p anda1, contribute to the amplitude of Fig. 1. As a resu
we obtain the pion production amplitude of our model min
the last term on the right-hand side of Eq.~3!, as it should be,
if the calculations are consistent. On the other hand, the
vergence of the pion pole current-current amplitude provi
the standard pion pole production amplitude, and the div
gence of thea1 meson pole current-current amplitude pr
duces the new contact term, containing again the nucl
weak axial form factorFA(k2) and other terms of the orde
at leastO(q) in the soft pion limit.

In Sec. II, we introduce the necessary formalism, in S
III we construct the pion production amplitude. Our resu
and conclusions are summarized in Sec. IV.

II. FORMALISM

Direct construction of the amplitudeMl
n j(q,k) will be

carried out using the minimal Lagrangian@21,22#. Here we
write only the necessary vertices
DL Npra1

Y M 52N̄gm]mN2MN̄N2 i
g

2M
N̄]” ~PW •tW !g5N1 igr

gA

2 f p
N̄gmg5~tW•rW m3PW !N2 igAgrN̄gmg5~tW•aW m!N2 i

gr

2
N̄

3S gmrW m2 i
kV

4M
smnrW mnD •tWN1grrW m•PW 3]mPW 2

1

f p
S rW mn•aW m3]nPW 1

1

4
rW mn•PW 3aW mnD , ~13!
where

rW mn5]mrW n2]nrW m . ~14!

From the associated one-body currents we present only
vector-isovector current
he

JY M,l
j 52

mr
2

gr
rl

j . ~15!

We use the Lagrangian model@3,23#, reflecting the hidden
local symmetry to derive the amplitudeMl

n j(q,k) employing
Eq. ~8!. It reads in the needed approximation
L Npra1

HLS 52N̄gm]mN2MN̄N1 igN̄g5~PW •tW !N2 igr

gA

2 f p
N̄gmg5~tW•rW m3PW !N2 i

grgA
2

f p
N̄gm~tW•aW m3PW !N

2 igAgrN̄gmg5~tW•aW m!N2 i
gr

2
N̄S gmrW m2 i

kV

4M
smnrW mnD •tWN1 i

grgA

4 f p

kV

2M
N̄g5smn~PW •rW mn!N

1grrW m•PW ]mPW 2gr]nrW m•rW m3rW n1gr~rW m3aW n2rW n3aW m!•]maW n1
1

f p
S rW mn•aW m3]nPW 1

1

2
rW m•]nPW 3aW mnD .

~16!
1-3
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The associated one-body currents are

JHLS,l
j 52

mr
2

gr
rl

j 22 f pgr~aW l3PW ! j1O~ uPW u2!, ~17!

JHLS,5m
n 52

mr
2

gr
am

n 1 f p]mPn22 f pgr~rW m3PW !n

1
1

gr
F S 1

2 f p
]nPW 2graW n1eAW nD3rW mnGn

. ~18!

III. PION ELECTROPRODUCTION AMPLITUDE

This section is devoted to the construction of the p
production amplitude starting from the chiral Lagrangia
and currents of the preceding section and using the stan
Feynman graph technique.

A. Pion electroproduction amplitude from the minimal chiral
Lagrangian

Generally, the amplitude is graphically presented as
Fig. 2. The Born terms, Figs. 2~a! and 2~b!, are of the same
form as the first two terms on the right-hand side of Eq.~5!,
but only the currentĴl

j (k) is given @3# by the vector domi-
nance model

Ĵl
j ~k!5 imr

2Dlz
r ~k!S gz2

kV

2M
szdkdD t j

2
. ~19!

Then the Born term is

MB,l
n j 5

g

2M
ū~p8!@q” tnSF~P!Ĵl

j ~k!1 Ĵl
j ~k!SF~Q!q” tn#u~p!.

~20!

Also the pion pole production term, Fig. 2~c!, is of the stan-
dard form with the pion form factor provided again by th
vector dominance model

M pp,l
n j 5mr

2Dlz
r ~k!~q1z2qz!DF

p~q1
2!«n jmgG5

m~p8,p!,
~21!

where

G5
m~p8,p!5ū~p8!g5tmu~p!. ~22!

However, the contact term, Fig. 2~d!, deserves more atten
tion. Visually, it is given by two graphs of Figs. 3~a! and
3~b!.

The amplitude corresponding to the graph Fig. 3~a! is

Mc1 ,l
n j 5 i

gA

2 f p
mr

2Dlz
r ~k!«n jmG5z

m ~p8,p!

→ i
gA

2 f p
F1

V~k2!«n jmG5l
m ~p8,p!, ~23!

where
05550
s
rd

n

G5l
m ~p8,p!5ū~p8!glg5tmu~p!. ~24!

This is the Kroll-Ruderman term in the pion production am
plitude, which can be obtained by the minimal substituti
@27#

]l→]l6 ieF1
VAl

in the pseudovectorpNN interaction@the third term on the
right-hand side of Eq.~13!#. Let us now present the contac
term, Fig. 3~b!, arising from the last two vertices of Eq.~13!:

Mc2 ,l
n j 5 i

gA

f p
«n jmmr

2@knDlh
r ~k!2khDln

r ~k!#

3~qn1 1
2 q1n!Dhz

a1 ~q1!G5z
m ~p8,p!. ~25!

This amplitude is transverse by itself. Taking into accou
that q15k2q, we can write

Mc2 ,l
n j 5 i

gA

2 f p
mr

2DF
r ~k2!DF

a1~k2!k2«n jmG5l
m ~p8,p!

1DMc2 ,l
n j , ~26!

where in the soft pion limit

DMc2 ,l
n j 5O~q,k2!. ~27!

Summing up the amplitudes given in Eq.~23! and ~26!, we
get the total contact termMc,l

n j of this model in the soft pion
limit

Mc,l
n j 5 i

gA

2 f p
FA~k2!«n jmG5l

m ~p8,p!1O~q,k2!. ~28!

In deriving Eqs.~23!–~28!, we used the Weinberg relatio
ma1

2 52mr
2 @28# and the vector dominance model form of th

form factorsF1
V(k2) and FA(k2), which is incorporated in

the model Lagrangian, Eq.~13!.
The contact term, Eq.~28!, coincides in form with the last

term of the soft pion amplitude Eq.~7!. Let us stress that the
nucleon weak axial form factorFA(k2) appears in the con
tact term in order to satisfy the local chiral invariance. T

FIG. 3. The contact terms arising from the chiral Lagrangia
Eq. ~13!. ~a! corresponds to the fourth term;~b! is constructed from
the last two terms.
1-4
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PION ELECTROPRODUCTION AMPLITUDE PHYSICAL REVIEW C64 055501
gauge condition for the pion electroproduction amplitude
this model, given by Eqs.~20!–~25!, is in agreement with the
Ward-Takahashi relation@29#

kl@MB,l
n j 1M pp,l

n j 1Mc1 ,l
n j 1Mc2 ,l

n j #

52
mp

2 1q2

mp
2 1q1

2
«n jmgG5

m~p8,p!. ~29!

B. Pion electroproduction amplitude from the hidden local
symmetry Lagrangian

In this section, the pion electroproduction amplitude w
be obtained via Eq.~8!, and for constructing the curren
current amplitudes we use the chiral Lagrangian, Eq.~16!,
and the associated currents, Eqs.~17! and~18!. This formal-
ism has been employed in Ref.@3# for the derivation of the
current-current amplitudes for the radiative muon capture
protons. Those amplitudes and the ones we need to calc
here are related by time reversal. The minimal amplitud
direct analogs of the current-current amplitudes of Fig. 3
Ref. @12#, were derived for the radiative muon capture@30#
almost 40 years ago and they were used directly in R
@31,32# for calculating the transition rate of the reaction

m1p→n1nm1g. ~30!

The case of the pion electroproduction is simpler, since o
the vector- and the axial-isovector currents contribute.

1. Nucleon Born terms

Let us start with the nucleon Born terms. According to o
Lagrangian equation~16!, we use the chiral model with th
pseudoscalarpNN coupling, and in addition to the graph
Figs. 4~a! and 4~b!, the contact term Fig. 4~c! should be
calculated. There are three nucleon Born current-current
plitudes:

Tml
B,n j~1!52ū~p8!@ Ĵ5m

n ~q!SF~Q!Ĵl
j ~k!

1 Ĵl
j ~k!SF~P!Ĵ5m

n ~q!#u~p!, ~31!

Tml
B,n j~2!52

gA

2
qmDF

p~q2!mr
2Dlz

r ~k!«n jmG5z
m ~p8,p!

[ i f pqmDF
p~q2!MB,l

n j ~2!, ~32!

Tml
B,n j~3!5 i

gA

2
qmDF

p~q2!
kV

2M
mr

2Dlh
r ~k!kz

3d jnū~p8!g5szhu~p!

[ i f pqmDF
p~q2!MB,l

n j ~3!. ~33!

The contribution of the induced pseudoscalar part of
axial currentĴ5m

n (q) to the amplitudeTml
B,n j(1) is
05550
f

l

y
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s,
f

s.
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r

-

e

Tml
B,n j~p,1!5 f pū~p8!@gg5tnSF~Q!Ĵl

j ~k!

1 Ĵl
j ~k!SF~P!gg5tn#u~p!

[ i f pqmDF
p~q2!MB,l

n j ~1!. ~34!

Calculation of the divergence of the amplitudeTml
B,n j(1),

Eq. ~31!, yields

iqmTml
B,n j~1!5 f pmp

2 DF
p~q2!MB,l

n j ~1!1 f p(
i 52

3

MB,l
n j ~ i !.

~35!

Then it follows from Eqs.~32!, ~33!, and~35! that

iqm(
i 51

3

Tml
B,n j~ i !5 f pmp

2 DF
p~q2!(

i 51

3

MB,l
n j ~ i !

[ f pmp
2 DF

p~q2!MB,l
n j , ~36!

whereMB,l
n j is the nucleon Born pion electroproduction am

plitude for the pseudovectorpNN coupling, Eq.~20!. The
amplitudesMB,l

n j (2) and MB,l
n j (3) ensure the PCAC con

straint.

2. Pion pole terms

The current-current amplitudes due to the pion excha
in Fig. 1~c! are presented in Figs. 5~a!–5~d!. They are

Tml
pp,n j~a!5 i f pqmDF

p~q2!mr
2Dhl

r ~k!

3~q1h2qh!DF
p~q1

2!«n jmgG5
m~p8,p!

[ i f pqmDF
p~q2!M pp,l

n j , ~37!

Tml
pp,n j~b!52i f pmr

2Dmh
a1 ~q!DF

r ~k2!~q1•kdhl

2khq1l!DF
p~q1

2!«n jmgG5
m~p8,p!

1 i f pmr
2DF

a1~q2!Dhl
r ~k!~q•q1dhm

2qhq1m!DF
p~q1

2!«n jmgG5
m~p8,p!, ~38!

Tml
pp,n j~c!522i f pmr

2Dml
a1 ~q!DF

p~q1
2!«n jmgG5

m~p8,p!,
~39!

FIG. 4. The nucleon Born current-current terms given by
Lagrangian equation~16! and the currents, Eqs.~17! and ~18!.
1-5
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FIG. 5. The pion pole current-current ampl
tudes given by the Lagrangian equation~16! and
the currents, Eqs.~17! and ~18!.
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f the

m

pli-
Tml
pp,n j~d!52i f pmr

2Dml
r ~k!DF

p~q1
2!«n jmgG5

m~p8,p!

1 i f pDF
r ~k2!~kmq1l2q1•kdml!DF

p

3~q1
2!«n jmgG5

m~p8,p!. ~40!

The process of Fig. 5~a! is the only one where the axia
current is attached to the pion emitted from the vect
current–B-boson vertex. The associated pion production a
plitude M pp,l

n j is given by the same graph without the ax
current wavy line.

Let us first calculate the divergence of the amplitud
Eqs. ~38!–~40!. It is easy to find that the divergence of th
first part of the amplitude, Eq.~38!, and of the second part o
the amplitude, Eq.~40!, cancels. The rest provides

iqm (
x5b,c,d

Tml
pp,n j~x!

5 f pM pp,l
n j 2 f pq1lDF

p~q1
2!«n jmgG5

m~p8,p!,

~41!

whereM pp,l
n j is the pion pole production amplitude define

in Eq. ~37!, and it coincides with the amplitude, Eq.~21!, of
Sec. III A. Let us note that Eq.~41! is a particular form of the
general result given in Eq.~11!.

Then the divergence of the pion pole current-current a
plitudes, Eqs.~37!–~40!, is

iqm (
x5a,b,c,d

Tml
pp,n j~x!5 f pmp

2 DF
p~q2!M pp,l

n j

2 f pq1lDF
p~q1

2!«n jmgG5
m~p8,p!.

~42!

Using this result and Eq.~4! for the matrix element of the
nucleon weak axial current, we immediately see from Eq.~8!
that the induced pseudoscalar disappears from the pion
troproduction amplitude, and the pion pole production a
05550
-
-

,

-

ec-
-

plitude M pp,l
n j , Eq. ~21!, appears instead, as already d

cussed above. Evidently, this statement is independent o
pion being soft or hard.

3. a1 meson pole terms

The contributions to the current-current amplitude fro
the a1 meson pole term, Fig. 1~c!, are given in Figs. 6~a!–
6~d!. They have the form

Tml
a1p,n j

~a!5gAmr
2qmDF

p~q2!$Dnz
a1~q1!DF

r ~k2!@~k•q!dnl

2knql#1 1
2 Dnl

r ~k!DF
a1~q1

2!@~q•q1!dzn

2qzq1h#%«n jmG5z
m ~p8,p!

[ i f pqmDF
p~q2!Ma1p,l

n j ~a!, ~43!

Tml
a1p,n j

~b!52gAmr
2qmDF

p~q2!Dlz
a1~q1!«n jmG5z

m ~p8,p!

[ i f pqmDF
p~q2!Ma1p,l

n j ~b!, ~44!

Tml
a1p,n j

~c!5gAmr
4Dlh

r ~k!@~q1h2qh!Dmn
a1 ~q!Dnz

a1~q1!

1qnDmh
a1 ~q!Dnz

a1~q1!2q1nDmn
a1 ~q!Dzh

a1 ~q1!#

3«n jmG5z
m ~p8,p!, ~45!

Tml
a1p,n j

~d!5gAmr
2DF

r ~k2!@khdml

2kmdlh#Dhz
a1 ~q1!«n jmG5z

m ~p8,p!. ~46!

The two processes, Figs. 6~a! and 6~b!, contribute to the pion
production amplitude providing the termsMa1p,l

n j (a) and

Ma1p,l
n j (b), which are given in Eq.~43! and ~44!, respec-

tively.
Let us calculate the divergence of the sum of the am

tude equations~45! and ~46!. The result is
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FIG. 6. The a1 meson pole current-curren
amplitudes given by the Lagrangian equation~16!
and the current equations~17! and ~18!.
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iqm (
x5c,d

Tml
a1p,n j

~x!5 f p (
x5a,b

Ma1p,l
n j ~x!

2 igAmr
2Dlz

a1~q1!«n jmG5z
m ~p8,p!.

~47!

Then it is clear that the divergence of the sum of all thea1
meson pole current-current amplitudes, given by Eqs.~43!–
~46!, is

iqm (
x5a,b,c,d

Tml
a1p,n j

~x!5 f pmp
2 DF

p~q2! (
x5a,b

Ma1p,l
n j ~x!

2 igAmr
2Dlz

a1~q1!«n jmG5z
m ~p8,p!.

~48!

Substituting this result into Eq.~8! we find that the first term
in the matrix element of the axial current, Eq.~4!, is can-
celled. However, it does not mean that the dependence o
pion electroproduction amplitude on the nucleon weak a
form factor is eliminated. This will become clear in the ne
section, where we present the resulting pion production
plitude.

4. Resulting pion electroproduction amplitude

Now we present the pion electroproduction amplitude
tained in Secs. III B 1–III B 3 from the Lagrangian mode
Eq. ~16!. For this purpose, we insert the results for the div
gence of the current-current amplitudes, Eqs.~36!, ~42!, and
~48!, into Eq. ~8!. The resulting pion electroproduction am
plitude is

Ml
n j~q,k!5MB,l

n j 1M pp,l
n j 1 (

x5a,b
Ma1p,l

n j ~x!. ~49!

It is clear that the matrix element of the axial current
cancelled. The amplitudesMB,l

n j and M pp,l
n j are the well-

known nucleon Born and pion pole terms, respectively.
only the contribution of thea1 meson pole to the divergenc
of the current-current amplitudes remains to be conside
05550
he
l

t
-

-

-

o

d.

Let us write the last two terms on the right-hand side of E
~49! explicitly. From the definitions in Eqs.~43! and~44! we
have

Ma1p,l
n j ~a!5 i

gA

2 f p
ma1

2 $Dnz
a1~q1!DF

r ~k2!@knql2~k•q!dnl#

1 1
2 Dnl

r ~k!DF
a1~q1

2!@qzq1h

2~q•q1!dzn#%«n jmG5z
m ~p8,p!, ~50!

Ma1p,l
n j ~b!5 i

gA

2 f p
ma1

2 Dlz
a1~q1!«n jmG5z

m ~p8,p!. ~51!

In the soft pion limit, the amplitudeMa1p,l
n j (a);O(kq),

while the amplitudeMa1p,l
n j (b) restores the contact term re

taining the nucleon weak axial form factorFA . For its con-
struction, the presence of the contact current@the second
term on the right-hand side of Eq.~17!# is decisive. So this
model is also consistent with predictions of the current al
bra and PCAC. Let us emphasize that the amplitu
Ml

n j(q,k), Eq. ~49!, satisfies the gauge condition, express
in Eq. ~29!.

Of course, the amplitudeMl
n j(q,k) obtained from the La-

grangian equation~16! directly, does coincide with the on
obtained from Eq.~49!. However, the construction of thi
section allows us to see how the pion anda1 meson poles
contribute to the divergence of the current-current am
tudes.

IV. DISCUSSION AND SUMMARY

We have studied the structure of the pion electroprod
tion amplitude obtained from the Lagrangians incorporat
the local chiral symmetry. From the minimal Lagrangia
equation~13!, constructed in terms of the Yang-Mills heav
meson fields, and using the current equation~15!, we ob-
tained the pion production amplitude directly. Actually, th
model provides two contact terms. One of them is prescri
by the gauge invariance and it contains the form factorF1

V .
1-7
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Another one is due to the gauge chiral invariance. This te
is transverse by itself. Combining these contact terms res
in another contact term containing the nucleon weak a
form factor and a piece of the orderO(qk2) in the soft pion
limit.

The Lagrangian equation~16!, reflecting the hidden loca
symmetry, helped us to construct the current-current am
tudes of Fig. 1. Subsequent calculation of the divergenc
these amplitudes and the use of Eq.~8! led us to observe tha
the pion anda1 exchanges in Fig. 1~c! do contribute non-
negligibly even in the soft pion limit. The contribution pro
ceeds in such a way that the matrix element of the a
current@the second term on the right-hand side of Eq.~8!# is
eliminated and the pion pole anda1 pole pion production
terms appear. Moreover, one of thea1 pole pion production
amplitudes is nothing but the Kroll-Ruderman term conta
ing again the nucleon weak axial form factorFA(k2) in the
soft pion limit. It was noted many years ago in Ref.@4# that
this contact term originated from thea1 meson exchange.

It is to be noted that the derivation of the pion producti
amplitude via Eq.~8! does not supply any additional dynam
cal input that is not already present in the considered mo
and we get the pion production amplitude, Eq.~49!, which is
the same as the one obtained from the Lagrangian equa
~16! by the direct construction.

It follows from our results that the pion electroproductio
amplitude does not contain the induced pseudoscalar pa
the nucleon weak axial current either for soft or hard pio
which is at variance with Ref.@18#. It also means that the
measurement of this quantity@9# is a misconception.

Let us now compare our results with those of Ref.@12#. In
this paper, the formalism of the vector-current-axial-curr
interaction is formulated in such a way that the divergence
the current-current amplitudes, where the axial current is
tached to the pion line, provides the whole pion product
amplitude. As discussed@12# in connection with Eq.~19! for
the pion electroproduction amplitude, Eq.~9! should hold. It
was checked@12# that Eq. ~9! is satisfied for the nucleon
without the electroweak structure. Actually, Eq.~9! conforms
to what we have, with the difference that in our model, o
observes explicitly the validity of an analogous conditi
@the right-hand side of our Eq.~8! contains only the pion
production amplitude# also for the nucleons having elec
troweak structure. In order to get sensible results beyond
soft pion limit, the same condition should hold also in t
approach@12#. Otherwise, the pion production amplitude, d
rived directly, would differ from the one obtained via th
-

r-

05550
m
lts
l

li-
of

l

-

el

on

of
,

t
f
t-
n

e

he

current-current amplitudes. This would be a dubious res
since it would not be clear which amplitude is correct. In o
opinion, absence of a transparent proof of Eq.~9! @12# for the
nucleons with the electroweak structure makes the wh
Haberzettl calculation doubtful. Let us note that such a pr
can be done only if this structure is introduced not pheno
enologically, but at a microscopic level. This is achiev
here within the concept of the hidden local symmetry a
respecting the local chiral SU(2)R3SU(2)L invariance.

Moreover, it is not true that the right-hand side of Eq.~19!
@12# depends onFA only via Wl , as stated in the paragrap
after Eq. ~21!. In other words, fulfilling Eq.~9! does not
mean the elimination of the dependence of the pion elec
production amplitude onFA . The point is that it is the dy-
namical content of the model that dictates the form factor
the Kroll-Ruderman term. As we have seen in our study
the model respects the local chiral symmetry, then this fo
factor is FA(k2) in the soft pion limit, as it should be, in
order to be in accord with the current algebra and PCA
Actually, this result should be valid for any model possess
the local chiral symmetry. On the other hand, models,
specting the gauge invariance only, will provide the Kro
Ruderman term retaining the form factorF1

V(k2). So the
claim @12# that the pion electroproduction processes
threshold cannot be used to extract any information rega
ing the nucleon weak axial form factor should be conside
as precipitous.

On the contrary, the measurement of the nucleon w
axial form factorFA(k2) in the electroproduction of charge
pions on the proton at threshold makes a good sense. In
recent measurement@33# of this form factor by the
p(e,e8p1)n reaction, the pion electroproduction amplitud
Eq. ~7! with the addedD excitation terms was used to an
lyze the data. The valueMA51.07760.039 GeV was found
for the axial mass enteringFA(k2), which is consistent with
the value of MA known from neutrino scattering exper
ments.

Let us note that the study of the electroproduction
charged pions on the proton at threshold can also provide
information on the pion charge radius@15,34,35#.
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