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INTRODUCTION

The semileptonic weak nuclear interaction
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We take the range f::,x y/4m= 0.23-0.36 reflecting the

various models: there 1s a large uncertainty i the value of
this parameter.

£p
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Our result for w15 —

2.52+0.03 which agrees with the
experumental value of -2
o3

55 Our result for M{(GT) 1s

0.977*x0.013 which also agrees with the experimental value
of 0.961%0.003.
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TABLE III. Capture rate I';, in sec™*, and angular correlation parameters A, 4,. and 4, . as defined
Eqs. (2.14)—(2.18), calculated usmg CHH wave functions corresponding to the AV18, AV14, AVIZ/UIX and
AVI14/TM Hamultoman models. The theoretical uncertamnties, shown mn parentheses, refiect the uncertamty m
the determunation of the NA transition axial coupling constant g7 .

Observable AVIS AV14 AVISUIX AV14TM

I 1441(7) 1444(7) 1484(8) 1486(8)

R ps=0.94+0.06.




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

The PCAC reads (Adler, 1965):

G < Tyl (0 >= ifmE AR(G) < Uyl (g)|; >
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The current. FEREA] 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

H|¥ >= E|V > H=T+V

For the one- and two—nucleon components of the total axial current
Ty p%(1,qi)| + -ifﬂn,?A”(qz)7‘72.4?;(’1.(]'.,:).
[T1 4Ty, p%(2,0)] + ([V.
+1 fﬂ'm;rA’j:(q‘) m2(2,q).
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Space component of the WAEC {4

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 1s not transparent




The WAEC of a given range has two parts:

spotential currents

 non-potential currents

The potential WAEC is such that 1t satisfies the part of

the continuity equation containing the commutator

VgL

1s one of the exchange currents that belong to
the potential current. It

. Besides, other potential currents can appear.
Then the total potential WAEC 1s defined as the sum of all
potential terms of a given range.




*Tsushima-Riska

The approach is the only one that is not based on chiral Lagrangians. It uses
the relativistic nucleon Born terms and the WAEC i1s obtained by
imbedding the nuclear potential into the negative frequency part of these
terms, thus directly connecting the potentials and the WAEC.

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

Being of the order [GJUWAUAMN 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 [QJJB¥E) 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.

ePark-Kubodera-Min-Rho

The WAEC is derived within the HBChPT approach, but the nucleon Born
term is considered as fully reducible and therefore omitted.




oIt 1s not clear from Sc1, 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 1s equal to this
difference, since the negative frequency part of the
nucleon Born term (the pair term) 1s suppressed by a
factor SEWAVE and therefore, negligible.




The weak axial pion pair term within the ChPT

FIG. 1: The weak axial nucleon Born term of the pion range.




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

The Feynman amplitude reads

. A l B A .
§(a+ —a )+ JSp(l(I)

= —i(p) [('-)f(‘(I‘z)-S'F(P) Tsu(1,9)

x Sp(Q)0T(~g2)5 (" +a )] u(py)AF(g3)(ph) 05 (qo)ulpa) + (1 = 2),

-

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 [@JEWAVEY and therefore, negligible.

In the extended S-matrix method
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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.




VAPl 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




Jt (pv) = J%,(ps) + J¢

9] /.l ) /.l ) /.l

(PCAC)

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 1s isolated.
This is the positive frequency part FEASAtII

“ o

It holds

]g (=) (ps) + J&¢

(PCAC)

[ S

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

92
J4(PCAC) = g4
J O( ) (1_4 (2;1[)3

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 AN 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.

oIt 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 1s 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

Gl z (B, c) = ifr Mz (B)

The related nuclear continuity equation for the nuclear current reads

qﬂjgﬁ-m(B’ ¢) = ifzmz2(2) + (Vi ps(Lc)] + (1 < 2))




It holds for the time component that

WA (pv) ~ O(L/M°)

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

= J5, plvert) + j5, plext) + j5, plret).

Besides the contribution & (9 ver ) from the enerii deiendence 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

ifem®(2,ver) = q-Aj%(pv),




It 1s straightforward to obtain for the static one-pion exchange potential
and the one-nucleon axial charge density that

is satisfied exactly. AN is related to the part of the
continuity equation, containing the potential and




The rho-p1 current




Our model Lagrangian contains a

L= = AT = 1
AﬁA’Ir;V;V — _’)f ;\' A;"‘fl- T ;\' . (’/T X A#)

~J T

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

> e au(py) ("m - m"#uqu> 7" u(p1) AR (q%) w(ph) OF (q2) 7" u(p2)

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

57 AW Ao ulen) AF(2) TEE)OF ()7 ulp2)

—

(1 = 2) = ifrmi(c).

The amplitude g




The non-relativistic reduction yields

a(pm) = —

Let us note that the contact term [Kjis ﬂ( 9l 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

v = —No[iv-D + ga Sy -ulN,

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

(] _

Y v ~ ,_a' Y a Jﬁ". Y = A

9ASy - % gar" Sy A = LS00,
s




Then the amplitude, corresponding to Fig.1a reads




M ;+ qd = M ;+d( ) + AM, c—l—d

) J—A 1\v 1\T _/
fr vo
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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

1 _ , 1 _
9((1+ —a” ) — SoypuPoi+(Q) vavs 5((1+ +a )} Uy

-11“11[ 47 5P11+(P) V1L

\12 V2 ( '(12) Uyg

that 1s of the same form as ENIEMEEd] . Non-relat. reduction: PaNEHEZD)
5. (PV) B B




Comparison of the WAEC

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

(Ivanov-T, T-Khanna, Congleton-T,
Adam et al.), based on the chiral hard pion Lagrangians

_94 <(2 {(fm\’A)QL

o (fanaNZ  2M V] o=
— i e — 1 -
+4 {{g‘4<f7.—A~*N> 9(Ma — M) + (1 +5, )] i(0

o — (L 45y )]i(G1 % @) + (94
(2 @) AR(G) + (1 < 2).




(Park et al., PRC 67, 2003)
added:

The currents and Mhave 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 m 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




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.

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

pp: ptp—d+e +v,,

hep: p+ - He— *He+e +v,.




BS currents from HP Lagrangian

chiral Lagrangians of the NA(1236)mpaj @ system

> .8  NESA  rp AT N
JH(1, i) = %mi: AT +ifz AR(gP)g" T}

gud “M(1,0)=[GTHpheati) +ea)G ™ pi) ] + ifams AT(gH) T Y,

=[6a(D). G} '], +ifamz AR(gH)T Y

Gl py=jpf — M.
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fjﬁifﬁn (ex) = [5,;[1] +é4(2), V ]_|_ +ifem; AR(g )M (2),

i

Gud g5 = [4(1)+84(2),G7'], +ifamz AT(g7IME,

where the mverse Green function 1s
=1 =1,
with

4 Vo F Vay + V.

“Hyy = (w)GT =0,

[ T | - 2 T : [ —— \
Gu (V| T Re| W) = ifamz AL (g7)(w | M| w).

T =iTH1 DG +iTH(1.2)GT + Tgelex) = Tih + T gelex),



et+d---> e +n+p; LSick, Progr. Part. Nucl. Phys 47, 245 (2001)
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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

ve +d — UV, +p+n.

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 g
isobar excitation of the g range.




0.0938 (-)

TA+A(7+p) || 0.0977 (1.041) | 1.126 (1.046) | 3.405 (1.050) | 6.935 (1.052) | 158.5 (1.077)

1.011) | 7.016 (1.012) | 161.1 (1.016)
0.990) | 6.940 (0.989) | 157.9 (0.980)

+pm 0.0986 (1.009) | 1.137 (1.010) | 3.443

( (
+p(r) 0.0978 (0.992) | 1.127 (0.991) | 3.408 (

It 1s seen from Table 1 that are
about 1 % and they . 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 reactio calculated using the NiymlI potential.

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

dimension of - fm"3.




Interactions of the solar neutrinos with the deuterons

Mosconi-Ricci-T:

5.4
1000




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

L., from Various Analyse

Butler-Chen-Vogel: 2.6 £5.5 (reactor anti-neutring)

Brown-Butler-Guenther: 4 8 +6 7 (helioseismology )

Balantekin-Yuksel = 4.5 28 (f_ is fixed, i']m',j1 and 8., are unconstrained)

Balantekin- T'll. ||| and H.E:z.ref:x:ed]




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

3.6 + 5.5 fm>.

7 fission 10~*em?/ fission)| Ly Alfm 3)
7CC Rovno 1.17 £ 0.16 174 £13.9

NC Rovno 2.71 + 0.47 2.0+ 13.8
U'CC Krasnoyarsk 1.05+0.12 —1.3+9.5
TNC Krasnoyarsk 3.00 + 0.30 1.8 +8.1

TCC Bugey 0.95 4+ 0.20 —1.5+£17.2

TNC Bugey 3.15+0.40 11.1 £11.7




Scattering lengths and effective ranges for the 1S0O NN states

OBEPQG

-23.740+0. mo
2.77 +0.051
7.8063+0.00267
2.794+0.014>
-18.5940.40
2.80+0.114

ef. [37]; © Ref. [38]; Ref 139]; TRl [40]




Table 4. Cross section and the differences 1n "% between cross

sections for the reaction (11). For notations, see table 3, anly
m=tead of £y now Ey 1= the antinetrninoe energye 1 MeW.
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Takle 6. Croass section and the differences in % betwreen cross
sections for the reaction (12, For notations, see table 3.

| Ev || onvogemr || Migml | NEGK | A, [ A || 4s |
: OO03as -5.5 -6 -7.6 -G.7 -
00455 -5 -3 G0 =20
.153 0.5 -6 -1.9 | -0.0
0. 340 1.5 01 G -6
613 1.0 0.4 G -5
(R 1.5 0.4 6 -G
1.438 (.0 -2.4 . )
1.0 -2 -2.3 .0 -0=
2655 0.1 -1.7 2. -1.0
3.415 3.3 13 -1.2
4. 27T 1.0 0.3 2.6 -1.5
5.243 0.7 02 2.9 -1.8
G.311 0.4 02 o =21
T.484 (.0 02 G -2.4
=760 -5 -1 4.0 2.5
10,14 -0 -1 4. -2
11.62 -1.3 -1 1. -3.6
13.21 -1.7 -0, ) -1
14.80 -2.4 -0.3 . -4 .5
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Tahle 6. Cross section and the differences 1n ' between cross
secticns for the reaction (13). For notations, see table 3.

TN iim ] Muyml | NeGK B As
00274 -1.3 -0 24 ] -1.5
0116 0.1 -1 21| -1.1
0.277 0.2 -2 -1.8 | -0.7
0514 0.5 -1 -1.7 | 06
0.520 0.4 -2 -1.7 | -6
1.224 (RE .4 -1.7
1.6597 0.7 .2 -1.45
2.240 0.6 0.1 -2.0
2876 0.4 0.0 -2.2
3.578 0.4 0.2 -2.3
4.353 .0 0.0 -2.6

=]

=]

—
L=

S B L

5.200 -0.2 0.1 -2.8
f.115 -3 0.2 -5
00T 0.5 0. -5.4
H.143 -1 0.2 -5.8
0251 -1.2 0.3 -4.1
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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 1s 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 1s 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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