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Abstract
The structure of the The structure of the weak axial pionweak axial pion  exchangeexchange

currentcurrent  isis  discussed in various modelsdiscussed in various models..
It is shown how the interplay of theIt is shown how the interplay of the  chiralchiral

invarianceinvariance  and theand the  double double countingcounting    problemproblem
restrictsrestricts  uniquely the form ofuniquely the form of  the the pion pion potentialpotential
currentcurrent, , in the case when thein the case when the  nuclear dynamicsnuclear dynamics
is describedis described by  by the Schrothe Schroeedinger equationdinger equation
withwith  static static nucleonnucleon--nucleon potentialnucleon potential..
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The semileptonic weak nuclear interaction

INTRODUCTION



Congleton-T, PRC 53, 957 (1996)

A.A. Vorobyov et al., Hyperfine Interact. 101/102, 413 (1996).



L.E. Marcucci et al., PRC 66, 054003 (2002)



The cornestones of this field of research:

• Chiral symmetry
• Conserved vector current (CVC)
• Partial conservation of the axial curent  (PCAC)

The PCAC reads (Adler, 1965):



The current is for the system of A nucleons
the sum of the one- and two--nucleon components 

Let us describe the nuclear system by the Schroedinger equation

For the one- and two—nucleon components of the total axial current



Space component of the WAEC is of the order

Being of a relativistic origin, it is model dependent. This component of the
WAEC was derived by several authors in various models.

In the standard nuclear physics approach :

Chemtob-Rho,  1971
Ivanov-T,  1979
Towner,  1987
Adam-Hajduk-Henning-Sauer-T,  1991
T-Khanna,  1995
Schiavilla,  1991
Tsushima-Riska,  1992
Ananyan,  1998

BS currents:

Dmitrasinovic,  1996
Khanna-T,  2000



Gross equation:

Jaus,   1976 

EFT’s:

Park-Kubodera-Min-Rho,  1998
Butler-Chen-Kong,  2001

Accepting the chiral symmetry as the basic symmetry governing the

nuclear dynamics, it is expected that the WAEC of the pion range,

constructed within approaches respecting this symmetry and in

conjunction with the given nuclear equation of motion, should

exhibit model independence

Situation is not transparent



The WAEC of a given range has two parts:

••potential currentspotential currents

•• non-potential currents non-potential currents

The potential WAEC is such that it satisfies the part of

the continuity equation containing the commutator

The pair term is one of the exchange currents that belong to
the potential current. It is obtained by the non--relativistic
reduction of the negative frequency part of the nucleon
Born term. Besides, other potential currents can appear.
Then the total potential WAEC is defined as the sum of all
potential terms of a given range.



The approach is the only one that is not based on chiral Lagrangians. It uses
the relativistic nucleon Born terms and the WAEC is obtained by
imbedding the nuclear potential into the negative frequency part of these
terms, thus directly connecting the potentials and the WAEC.

•Tsushima-Riska

The pion pair term is obtained using the pseudovector  pi-N-N coupling.

Being of the order                       it is negligible .

•Adam-Hajduk-Henning-Sauer-T

The WAEC is derived within the extended S-matrix method, using the chiral
Lagrangian model with the PV pi-N-N coupling. The resulting potential
current is of the order                and it is given by the difference of the
nucleon Born term and the first Born iteration.



•T-Khanna

The same potential current is obtained from the chiral model  with the PS
pi-N-N coupling. In this case, besides the pair term, the PCAC constraint
term contributes.

•Schiavilla

The pion pair term is derived from the PS pi-N-N coupling that is not chiral
invariant.

•Park-Kubodera-Min-Rho
The WAEC is derived within the HBChPT approach, but the nucleon Born
term is considered as fully reducible and therefore omitted.



•It is not clear from Sci,TR,PKMR that the constructed WAECs of the
pion range satisfy a particular form of the PCAC, or in conjunction
with a specific nuclear equation of motion they can be used.

•The problem of double counting is overlooked.

These currents do not satisfy the PCAC as stated above, if used in standard
nuclear physics calculations, based on the Schroedinger equation and static
nuclear potentials.

Here we discuss the role of the weak axial pion pair term in fulfilling
the nuclear PCAC for the WAEC in conjunction with the Schroedinger
equation and the static nuclear potential. Simultaneously, we  consider the
problem of the double counting.

In pionless EFT, the pion source is zero: the WAEC should be
conserved



Constructing the pion pair term and the related potential
current in two models:

•Starting from the ChPT Lagrangian of the pi-N system from which we
construct in the leading order (tree approximation) the WAEC of the pion
range. We explicitly show how the potential and non potential parts interplay
with other components entering the nuclear PCAC so that it is satisfied.

The resulting pion potential term is the same as the one derived earlier  from
the hard pion Lagrangian of the N-Delta-pi-rho-a_1 system.

•Later on, we derive the pion potential term in the leading order of the
HBChPT approach. We show that the obtained current is the same as the one
derived within the ChPT approach.



•We compare the space component of the long-range part of the WAEC
computed in various models

•We calculate the effect of the pion potential term in the deuteron weak
disintegration by low energy neutrinos in the neutral current channel.



The pion pair term and the nuclear PCAC

Start from the set of relativistic Feynman amplitudes satisfying
the PCAC equation.

In general, these amplitudes are not yet the nuclear exchange currents,
because of the double counting problem: the presence of the potential
term (and related pair term) in the exchange current operator is related to the
equation, describing the nuclear states. If the nucleon propagator in the first
Born iteration is the fully relativistic one then this iteration is equal to the
nucleon Born term and the exchange currents do not contain any potential
term, in order to avoid the double counting. This is the case of the axial
currents constructed  in conjunction with the Bethe--Salpeter equation.
In this case, the nucleon Born term is fully reducible. In the case of the
Schroedinger equation, the nucleon Born term is not fully reducible. The
propagator of the first Born iteration contains only the positive frequencies .
If the Feynman amplitudes are constructed using the chiral model with the
PV coupling, the positive frequency part of the nucleon Born term does not
coincide with the first Born iteration and  the difference should be calculated.



Then the resulting potential current is equal to this
difference, since the negative frequency part of the
nucleon Born term (the pair term) is suppressed by a
factor                and therefore, negligible.



The weak axial pion pair term within the ChPT



We need to extract from the ChPT Lagrangian  the lowest order
vertices:

The Feynman amplitude reads

The contact part of the one-nucleon current is



In calculating the contribution of the amplitude
 to the exchange currents, one splits the nucleon propagator into
the positive- and negative frequency parts and  the non-relativistic
reduction is made.

The contribution to the space component of the negative frequency part
of the Feynman amplitude- pion pair term-
is of the nominal order                    and therefore, negligible.

In the extended S-matrix method

and the positive frequency part of                           is 



Here                     is the positive frequency part of the nucleon Born term
obtained using the static PS pi-N-N coupling. It is the current containing a
contribution from the potential, since it coincides with the first Born
iteration of the Lippmann--Schwinger equation, if the static one-pion
exchange potential is used. In order to avoid the double counting, the
contribution from such a graph is not included in the exchange current
since it is reducible.



The current                       arises from the contact interaction and, in the non-
relativistic approximation, its space component is given by

This current coincides with the potential term derived earlier from the hard
pion Lagrangian with the PV pi-N-N coupling  and it contributes to the
space component of the WAEC in the same leading order in 1/M as
other pion exchange currents.

The well known Foldy-Dyson unitary transformation of the nucleon field can
be used  in the Lagrangian to obtain the PS pi-N-N coupling



The powerful representation independence (equivalence)
theorem

In order to extract the nuclear WAEC from the relativistic amplitudes in this
case, the reducible part of the nucleon Born amplitude                is  isolated.
This is the positive frequency part

It holds

where                   is the negative frequency part of the nucleon Born term
obtained with the PS pi-N-N coupling.



Explicitly, one has for the  space component of the pair term

and for the PCAC constraint term

In the chiral model with the PS pi-N-N coupling, the potential current
is obtained as the sum of  the negative frequency part of the nucleon
Born term (pair term) and the PCAC constraint term.
The result is the same current                as obtained in the chiral model
with the  PV pi-N-N coupling.



•In a chiral invariant model with the PS pi-N-N coupling, additional
potential term arises, that makes the resulting current equivalent to the
current of the chiral model with the PV pi- N-N coupling.
•It follows that the necessity of constructing the WAEC within the chiral
models and not simply in terms of  pi-N-N couplings was by Sci and T-R
overlooked .

•In order to avoid  double counting, the reducible part of the potential
current should be removed, since it is taken into account already at the
level of the impulse approximation calculations. This procedure depends
on the nuclear equation of motion used for the description of nuclear
states. Here the calculation is carried out for the Schroedinger equation and
static one-pion exchange potentials.
• In our opinion, the problem of the double counting was by Sci,T-R and P-
K-M-R omitted.
•Since the pion pair term is absent in P-K-M-R, it is concluded that those
currents can be used in conjunction with the Bethe-Salpeter equation.



      The continuity equation
It can be shown that the nucleon Born term due to the contact part
of the one-body current  of our model satisfies the continuity equation

The related nuclear continuity equation for the nuclear current reads

Here the space part of the current                         is given by
with the divergence



It holds for the time component that

The pion absorption amplitude is obtained by the same method used
above for the derivation of the current

Besides the contribution                        from the energy dependence of the
pi- N-N vertex of the internal pion, the contribution                       from the
energy dependence of the pi-N-N vertex of the external pion arises with the
result



It is straightforward to obtain for the static one-pion exchange potential
and the one-nucleon axial charge density that

The continuity equation  which is in the leading order in 1/M of the form

is satisfied exactly. The contact term                   is related to the part of the
continuity equation, containing the potential and can be called as the true
potential current.



The rho-pi current



Our model Lagrangian contains a                 vertex

providing another contact current that is a part of the full contact term

This current is required by the current algebra prediction for the weak
pion production  and it corresponds to the well known rho-pi current. It
looks like a potential one, but it is not connected to the potential and it
satisfies the PCAC equation

The amplitude                 is generated from the N-N-pi-pi term



The non-relativistic reduction  yields

Let us note that the contact term                  is present in all the discussed
model currents.



The weak axial pion pair term
within the HBChPT formalism

•First derive the positive frequency nucleon Born term for the weak pion
production amplitude on  the nucleon in the leading order.
•Start from the lowest order HBChPT Lagrangian

Taking into account  only the weak axial external interaction,
 we obtain in the leading order



Then the amplitude, corresponding to Fig.1a reads



According to the generalized Weinberg's counting rules, such an amplitude
has                 like the contact amplitude             .

One can obtain from the interaction               a contact amplitude

that is of the same form as                  .  Non-relat. reduction:



Comparison of the WAEC

•Standard nuclear physics approach (Ivanov-T, T-Khanna, Congleton-T,
Adam et al.), based on the chiral hard pion Lagrangians

The space component of the WAEC of the pion range – the long
range part



•The leading order HBChPT currents (Park et al., PRC 67, 2003)

with the potential current              added:

The currents         and                   have an identical structure. This was
achieved by respecting  the chiral invariance and solving the double counting
problem in conjunction with the Schroedinger equation. In our opinion, it is
the current                    that should be used in the nuclear physics calculations
with the nuclear wave functions derived using the Schroedinger equation.

one should remove the reducible piece from the positive frequency part of the
nucleon Born term and add the rest to the already derived exchange current

•Riska-Tsushima
currents



If the pion exchange current  is constructed with the PS pi-N-N coupling,
one should sum up the PCAC constraint term and the negative frequency
Born term (the pair term), both with the potential imbedded. The resulting
potential current will be the same as in the PV pi-N-N coupling case.

Schiavilla’s currents
One needs to add the PCAC constraint term to the pair term, in order to
obtain
the chiral potential current.



BS currents from HP Lagrangian
Khanna-T, NPA 673, 455 (2000)







    e + d --->  e’ + n + p;    I.Sick, Progr. Part. Nucl. Phys 47, 245 (2001)



R. Gilman, F. Gross, J. Phys. G28, R37 (2002)



Numerical estimate of the effect
We compute the contribution of the potential current to the cross section for
the low energy electron neutrino-deuteron inelastic scattering in the neutral
current channel

This reaction is important for studying the solar neutrino oscillations and it
has been intensively studied both theoretically (Butler et al., Ando et al.,
Nakamura et al., Mosconi et al., Ying et al.) and experimentally (SNO).

The model axial current considered contains the one—nucleon current and
the  one-pion WAEC , to which we add also the contribution from the
isobar excitation of the       range.



Table 1
Cumulative contributions to the cross section                                from the
weak axial exchange currents  for various neutrino energies.

It is seen from Table 1 that the effects of the rho-pi and potential terms are
about 1 % and they cancel each other to a large extent. Since the total  effect
from the space part of WAEC is at the level of a few percent, it is important
to correctly identify all the components of the WAEC that satisfy the
PCAC and contribute sensibly.



Table 2
The values of the constant            obtained  by the fit to the cross section
of the reaction                                      calculated using the NijmI potential.

The effective cross section [Butler et al., PRC 63, 035501 (2001)] is
presented in the form

 dimension of            - fm^3.

[L_{1,A}]



Interactions of the solar neutrinos with the deuterons

MosconiMosconi-Ricci-T: -Ricci-T: Nuclear Physics in Astrophysics,Nuclear Physics in Astrophysics,
                                                            DebrecenDebrecen, Hungary, May 16-20, 2005., Hungary, May 16-20, 2005.



A. B. Balantekin and H. Yuksel, Phys. Rev. C68, 055801
(2003); hep-ph/0307227



M. Butler, J.W. Cheng and P. Vogel, Phys. Lett. B549, 26 (2002);
nucl-th/0206026



Scattering lengths and effective ranges for the 1S0 NN states









Results and Conclusions
•The question of the interplay of the chiral invariance restriction and of the
double counting problem in the construction of the weak axial potential
exchange currents of the pion range is discussed.

•Only the part of the nucleon Born term, that is not contained in the first
Born iteration contributes to the exchange currents.

•The total potential exchange current, with the pion pair term included,
satisfies the PCAC constraint.

•The resulting potential term is the same in the ChPT and HBChPT and it
coincides with the potential term derived earlier from the hard pion
Lagrangians.

•Numerically, the contribution of the pion potential term is at the same level
as the contribution from the well-known rho-pi current and the both
contributions tend to cancel each other at low energies.
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