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Abstract. A dynamics of low-energy nuclear forces is investigated for low-energy electromagnetic and weak
nuclear reactions with the deuteron in the Nambu-Jona-Lasinio model of light nuclei by example of the
neutron-proton radiative capture (M1l-capture) n + p — D + +, the photomagnetic disintegration of the
deuteron v + D — n + p and weak reactions of astrophysical interest. These are the solar proton burning p
+p—D+e" + v, the pep-process p + e~ 4+ p — D + v, and the neutrino and antineutrino disintegration
of the deuteron caused by charged ve + D — e~ 4+ p + p, % + D — e' + n + n and neutral ve(7,) + D

— Ve(Ze) + n + p weak currents.

PACS. 11.10.Ef Lagrangian and Hamiltonian approach — 13.75.Cs Nucleon-nucleon interactions (including
antinucleons, deuterons, etc.) — 14.20.Dh Protons and neutrons — 21.30.Fe Forces in hadronic systems and

effective interactions

1 Introduction

Recently [1] we have developed the Nambu-Jona-Lasinio
model of light nuclei [2], or differently the nuclear Nambu-
Jona-Lasinio (NNJL) model, invented for the description
of low-energy nuclear forces at the quantum field-theoretic
level. We have shown that the NNJL model is fully mo-
tivated by QCD [1]. The deuteron appears in the nuclear
phase of QCD as a neutron-proton collective excitation, a
Cooper np-pair, caused by a phenomenological local four-
nucleon interaction. Strong low-energy interactions of the
deuteron coupled to itself and other particles are described
in terms of one-nucleon loop exchanges. The one-nucleon
loop exchanges allow to transfer nuclear flavours from an
initial to a final nuclear state by a minimal way and to
take into account contributions of nucleon-loop anoma-
lies determined completely by one-nucleon loop diagrams.
The dominance of contributions of nucleon-loop anoma-
lies is justified in the large N approach to the descrip-
tion of non-perturbative QCD with SU(N¢) gauge group
at N¢ — oo, where N¢ is the number of quark colours.
In this paper we apply the NNJL model to the descrip-
tion of low-energy nuclear forces for electromagnetic and
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weak reactions with the deuteron by example of the evalu-
ation of the cross-sections for the neutron-proton radiative
capture n + p — D + v for thermal neutrons caused by
the 1Sy — 39; transition (the M1-transition), the photo-
magnetic disintegration of the deuteron v + D — n + p
and weak reactions of astrophysical interest: 1) the solar
proton burning p + p — D + e + v, 2) the pep-process
p+e 4+ p— D+ v, and 3) the reactions of neutrino
and antineutrino disintegration of the deuteron caused by
charged ve + D — e~ +p+p, V% +D — et +n+n
and neutral ve(7.) + D — 1ve(Pe) + n + p weak currents.

1.1 Low-energy electromagnetic nuclear reactions with
the deuteron

It is well known that the reaction of the neutron-proton
radiative capture n + p — D + ~ for thermal neutrons
plays an important role for the primordial nucleosynthesis
in the Big-Bang model [3]. Indeed, the deuterons produced
via the neutron-proton radiative capture n + p — D + ~
burn to *He through the reactions D + p — *He + v and
3He + n — “He + . Therefore, the correct description
of the neutron-proton radiative capture n + p — D + ~
is essential for the theoretical prediction of the amount of
the matter in the Universe.

The reaction of the photomagnetic disintegration of
the deuteron v + D — n + p is related to the neutron-
proton radiative capture n + p — D + ~ via time-reversal
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invariance of strong and electromagnetic forces. The inves-
tigation of this reaction is conceived to get an additional
check of our result for the M1-capture related to the analy-
sis of the energy dependence of the cross-section calculated
in the NNJL model at energies far from threshold.

The cross-section o(np — Dv)(T,,) for the neutron-
proton radiative capture has been measured for thermal
neutrons at the laboratory kinetic energy T;, = 0.0252eV
that corresponds to the laboratory velocity v, /c = 7.34 x
107C (the absolute value is v, = 2.2 x 105 cm/s) [4]:

o(np — DV)exp(Th) = (334.2 £ 0.5) mb. (1.1)

For the first time the cross-section for the neutron-proton
radiative capture has been calculated by Austern [5] in
the Potential model approach (PMA):

o(np — Dv)(T,) = (303 £ 4) mb. (1.2)

The observed discrepancy about 10% has been then ex-
plained by Riska and Brown [6] in terms of the contribu-
tions of the exchange currents and the A(1232) resonance.

Recently the evaluation of the cross-section for the
neutron-proton radiative capture n + p — D + ~ has
been carried out by using Chiral perturbation theory in
the framework of the Effective Field Theory (EFT) ap-
proach [7-10] formulated by Weinberg within Effective
Chiral Lagrangian description of nuclear forces [11] (see
also refs. [12]). The theoretical results obtained in refs.
[7-10] for the cross-section for the neutron-proton radia-
tive capture are rather contradictory. Indeed, in ref. [7] the
experimental value of the cross-section for the M1-capture
has been reproduced without free parameters, the defini-
tion of which demands a fit of experimental data, with an
accuracy better than 1%, o(np — Dv)(T},) = (334+£3) mb.
In turn, in the more recent publications [8-10] the predic-
tions are not so much optimistic. Indeed, in ref. [8] there
has been obtained the value o(np — Dv)(T},) = 297.2mb
which is about 11% less compared with the experimen-
tal one eq. (1.1). As has been stated in ref. [8] for the
evaluation of the correct value of the cross-section for the
M1-capture within the EFT one needs to add a free pa-
rameter undefined in the approach. This parameter should
be fixed from the fit of the experimental value eq. (1.1).
This program has been realized in ref. [9]. Then, in refs.
[10] the neutron-proton radiative capture has been calcu-
lated for the center of mass energies of the np pair up to
Top < 1MeV, Ty, = 2T, by including the contribution of
the El-transition in addition to the M1. This has added
new free parameters with respect to that introduced in
refs. [8,9], where only the MI-transition has been taken
into account.

In the NNJL model we calculate the cross-section for
the M1-capture both in the tree-meson approximation and
by including the contributions of chiral one-meson loop
corrections and the A(1232) resonance. For the evalua-
tion of chiral one-meson loop corrections we apply chiral
perturbation theory at the quark level (CHPT), [13] de-
veloped within the extended Nambu-Jona-Lasinio (ENJL)
model with a linear realization of chiral U(3) x U(3) sym-
metry.
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In our consideration the A(1232) resonance is the
Rarita-Schwinger field [14] Af(x), the isotopical index a
runs over a = 1,2, 3, having the following free Lagrangian
[15,16]:

Liga(2) = A5 (2)[~ (i7" 00 — Ma) g

1 e v a
+77° (17" 00 = Ma)ysn"145(x),  (13)

where M = 1232MeV is the mass of the A resonance
field Af(z). In terms of the eigenstates of the electric
charge operator the fields Af,(z) are given by [15,16]

Al( ) _ 1 AI"'(:];) - Ag(x)/\/g
TR Aty VB - Ar@) )

AQ( )_ i A:Jr(w)JrAg(x)/\/g
TR Aty VBt AL@) )

2
. At (z
Aulw) = \/§<Al2((x))>

The fields Aj(x) obey the subsidiary constraints:
OHAL(x) = A (x) = 0 [14-16]. The Green function
of the free A-field is determined by

(1.4)

(OT(Au(@) Ay (22))]0) = ~iS (21 —x2).  (L5)

In the momentum representation S, (z) reads [15-17]:

1
S;Lu(p) = MA —]3
1 1 yupy — Yy 2 pupy
— G + =YYy + = - .(1.6
x( 9u +3'Y/’Y+3 Ma +3Mi (1.6)

The most general form of the TN A-interaction compatible
with the requirements of chiral symmetry reads [18]

Lana(z) = 9275\;1? A%(2)0¥? N(z)0,m%(x) + h.c.

— gmNa L7 z)O“’n(x)0, 7 (x
_\/EMN[\/iAI( )6 n(a),m (2

—%A‘&@)@%(@%f(@
A (2)67p(x) D (x)

— A% (2)0%¢p(2) 0,0 (2) + ... |, (1.7)

where My = M, = M, = 940MeV is the nucleon mass.
The nucleon field N(z) is the isotopical doublet with the
components N(z) = (p(z),n(z)), and 7*(z) is the pion
field with the components 7'(z) = (7~ (z) + 7t (2))/V2,
72(x) = (7~ (2) — 77 (2))/iv2 and 7°(x) = 7°(x). The
tensor ©“¥ is given in ref. [15]: O¥¥ = ¢g¥¥ — (Z +
1/2)y“~%, where the parameter Z is arbitrary. There is no
consensus on the exact value of Z. From the theoretical
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point of view Z = 1/2 is preferred [15]. Phenomenological
studies give only the bound |Z| < 1/2 [18]. The value of
the coupling constant g,na relative to the coupling con-
stant grNN 1S grna = 2 gann [19].

Assuming that the transition A — N + « is primarily
a magnetic one the effective Lagrangian describing the
A — N+~ decays can be determined as [19-21]

g o
Lona(z) = ie 2’;\41\1 N(x )’yavsA%(m)Fﬁ (z) 4+ h.c.

=~ )" A5 ()

+1(2) Ve AY(2) FP* (2) + hec.,

(1.8)

where F*#(x) = 0%AP(x) — 9P A%(x) is the electromag-
netic strength field tensor and A*(z) is a vector poten-
tial of the electromagnetic field. The value of the cou-
pling constant g,na relative to the coupling constant grnn
is gyna = 0.14 g-nn caused by the SU(6) symmetry of
strong low-energy interactions [19].

The NNJL model realizes the Lagrange approach to
the description of low-energy nuclear forces [1]. For the
evaluation of the effective Lagrangian of the transition n
+ p — D + « it is necessary, first, to determine the effec-
tive Lagrangian of the strong low-energy transition n +
p — n + p, or more generally N + N — N + N, where
N = (p, n) is a nucleon field. Since the NNJL model de-
scribes low-energy interactions of the deuteron in terms
of one-nucleon loop exchanges the effective Lagrangian of
the transition N + N — N 4 N plays an important role.
Due to the transition n + p — n + p the np pair on-mass
shell in the initial state transfers itself into the np pair off-
mass shell couples to the deuteron and the photon through
one-nucleon loop exchanges. Then, the one-nucleon loop
diagrams are calculated at leading order in the 1/My ex-
pansion that corresponds to the large N¢ expansion due
to the proportionality My ~ N¢ valid in the multi-colour
QCD with SU(N¢) gauge group at Ng — oo [22].

Such a procedure of the evaluation of effective La-
grangians in the NNJL model resembles that has being
used in the ENJL model [13,23-25] for the derivation of
effective chiral Lagrangians up to the formal replacement
q(@) — N(N), where q(q) is a quark (antiquark) field.
In the ENJL model the dominance of the leading order
contributions in the 1/M, expansion, where M, is a con-
stituent quark mass, has been explained by a dynamics of
quark confinement, whereas in the NNJL model the domi-
nance of the leading contributions in the 1/My expansion
is justified by the large N¢ approach to non-perturbative
QCD.

Since relative momenta of the np pair in the reaction
of the M1-capture are smaller compared with the mass of
the pion M, = 135MeV, for the derivation of the effective
Lagrangian of the strong low-energy transitionn + p — n
+ p we can follow the ideology of the EFT [7-12] and inte-
grate out pion degrees of freedom as well as other heavier
degrees of freedom. The result of the integration can be
represented in the form of two contributions, where the
first is the explicit one-pion exchange, whereas the second
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is a phenomenological one describing a collective contri-
bution of both many-pion exchanges and heavier meson
degrees of freedom such as 0(660), p(770), w(782) and so
on.

The effective Lagrangian L2770 (2) of the strong
low-energy transition n + p — n + p in the one-pion
exchange approximation is defined by

n(@)][p(x)7°p()]
—2[ (@)’ n(@)][m(@)y’p(x)]},  (1.9)

where grnn = 13.4 is the 7NN coupling constant, n(z)
and p(x) are the operators of the interpolating fields of
the neutron and the proton. The effective Lagrangian eq.
(1.9) is local, as we have neglected the squared momen-
tum transfer —q¢? with respect to the squared pion mass,
—q? < M?2. Since in the reaction n + p — D + v the np
pair couples to the deuteron and the photon in the 'S,
state, we should rearrange the operators of the neutron
and the proton interpolating fields in the effective interac-
tion eq. (1.9) by such a way to introduce the products of
the np operators creating the np states with definite total
spins. This rearrangement can be carried out by means of
the Fierz transformation that gives

one—pion( ) - gWNN {[ﬁ( )

1 1 1
1 1
+3 777 C® O 5 0"C ® Cop, (1.10)

where o = (yH4¥ — 4¥y*) /2. By virtue of eq. (1.10) we
recast the effective Lagrangian eq. (1.9) into the form

Eﬁ{M)SC@mmww%un

Hp(@)y"y"ne (@)][n ()77 p()]
)

L one-pion (¥) =

Hplane @) )p(e)]
3 p(e)n (2)] [ (2 ()]
45 [p)o n @) () (). (1L11)

Here n¢(z) = n’(2)C and n¢(z) = CaT (x), where C is a
charge conjugation matrix and T is a transposition. The
first two terms in the effective Lagrangian eq. (1.11) de-
scribe the strong low-energy 'Sy — 1Sy transition of the
np pair in the 1Sy state. Thereby, the effective Lagrangian
providing the 'Sy — 'Sy transition of the np pair and
caused by the one-pion exchange we would use in the form

o {[p(2)y*n® (@)][ne ()7 p()]

aMz
Hp(@)y"y (@) [nf (@) vy p()]}- (1.12)

The phenomenological part of the effective Lagrangian re-
sponsible for the strong low-energy 'Sy — 1S, transition
of the np pair in the 'Sy state we would choose by follow-
ing the EFT ideology [7-12] as well and write

2T ayp

Lon M) = -1 {[p(2)7"n(@)][n(2)7°p()]

+ [p(2)y"y°n (@)][nc(x)7 p(2)]}, (1.13)

one-pion(T) =
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where a,p = (—23.75 £ 0.01) fm is the S wave scattering
length of the elastic np scattering in the 'Sy state [17].

The appearance of the S wave scattering length for
the definition of the phenomenological coupling constant
of the strong low-energy transition n + p — n + p, or
differently low-energy elastic np scattering is rather nat-
ural in the EFT. Indeed, in the EFT pions are treated
perturbatively and at leading order in the pion-exchange
approximation for the description of the S wave scattering
length of low-energy elastic np scattering in the 'Sy state
Weinberg has introduced a phenomenological four-nucleon
interaction with a coupling constant [11]

ATanyg

Co = My

(1.14)

As has been stated in the EFT this constant is a col-
lective contribution coming from the integration over
all meson degrees of freedom heavier than the pionic
ones. Since in our approach we separate the pionic de-
grees of freedom from that with masses heavier than
the pion as well, the integration over these heavy me-
son degrees of freedom should have the same form as
it is postulated in the EFT. We have only halved the
coupling constant Cp defined by eq. (1.14) in order
to distribute symmetrically phenomenological contribu-
tions between couplings [p(z)v°n¢(x)][nc(z)y°p(z)] and
[B()7me (@) 7 ()7, ().

The total effective Lagrangian describing the strong
low-energy transition n + p — n + p of the np pair in the
18y state is then determined by

Lo (@) = Lopepion(®) + Loy 7 (2) =

= Oxn A{[p(2)y"n(@)][n°(2)7"p(2))]
+ [Py 0 (@)][ne(2)7,7°p(2)]}, (1.15)

where the effective coupling constant Cyn of the strong
low-energy transition n + p — n + p is equal to

2
oman )
Cry = TN %Np =327 x 1073 MeV 2,

(1.16)

Note that the contribution of the phenomenological part
to the effective coupling constant Cyy makes up less than
33%.

Since nuclear forces are isotopically invariant [26], the
effective Lagrangian of the strong low-energy N + N —
N + N transition of the NN pair in the 15y state can be
defined as follows:

L3N (@) = Onw {[p(2)7°n ()] [ne (2)7°p(x)]
+ [p(x)7 'y ne (@) [ne(2) 7,7 p(@))]
[ ()7 ne (@)][ne ()7 n ()]
+ [a(2)y"°nc (2)] [0 (x),0 ()]
+ %[ﬁ(w)v5pc(x)][ﬁc($)75p(x)]
+ [p(a)y " p¢ (2)][p () vuy*p(2)]}- (1.17)

+

N =
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We would like to emphasize the effective Lagrangian eq.
(1.16) describing strong low-energy N + N — N + N tran-
sitions is obtained in complete agreement with the EFT
ideology.

In the low-energy limit the effective local four-nucleon
interaction eq. (1.17) vanishes due to the reduction

[N (2)7u7”Ne(@)[N“(2)7"7” N (@)] —

~[N(2)y’ N¢()][N(z)y"N ()], (1.18)
where N(z) is an operator of the neutron or the proton
interpolating field. Such a vanishing of the one-pion ex-
change contribution to the NN potential is well-known in
the EFT approach [11,12] and the PMA [26]. In power
counting [11,12] the interaction induced by the one-pion
exchange is of order O(p?), where p is a relative momen-
tum of the NN system. The former is due to the Dirac
matrix v° which leads to the interaction between small
components of Dirac bispinors of nucleon wave functions.

In the one-nucleon loop exchange approach the
contributions of the interactions [N(z)y,7’N¢(z)] -
[N“(2)y**N(@)] and [N (x)y°N(a)][N*(z)y* N(z)] to
the amplitudes of nuclear reactions are different and do
not cancel each other in the low-energy limit due to
the dominance of nucleon-loop anomalies [1]. This pro-
vides the interaction between large components of Dirac
bispinors of nucleon wave functions that distinguishes the
NNJL model from the EFT.

1.2 Low-energy weak nuclear reactions with the
deuteron

The weak nuclear reaction p + p — D + et + 1, the solar
proton burning, plays an important role in Astrophysics
[3,27]. Tt gives start for the p-p chain of nucleosynthesis
in the Sun and main-sequence stars [3,27]. In the Stan-
dard Solar Model (SSM) [28] the total (or bolometric)
luminosity of the Sun Lo = (3.846 & 0.008) x 1026 W
is normalized to the astrophysical factor S,,(0) for the
solar proton burning. The recommended value Sy, (0) =
4.00 x 1072 MeVb [29] has been found by averaging over
the results obtained in the Potential model approach
(PMA) [30,31] and the Effective Field Theory (EFT) ap-
proach [32,33]. As has been shown recently in ref. [34] the
inwverse and forward helioseismic approach confirm the rec-
ommended value of Sp,(0) within experimental errors on
the helioseismic data and solar neutrino fluxes.

In this paper we apply the NNJL model to the de-
scription of low-energy nuclear forces for weak nuclear re-
actions with the deuteron of astrophysical interest: 1) the
solar proton burning p + p — D + et + v, 2) the pep-
process p + e~ + p — D + 1, and 3) the reactions of
neutrino and antineutrino disintegration of the deuteron
caused by charged vo + D — e~ +p +p, Ve + D — eT
+ n + n and neutral ve(7.) + D — ve(7e) + n + p weak
currents. The reactions v, + D — e~ 4+ p + p and v,
4+ D — v, + n + p caused by charged and neutral weak
currents, respectively, and induced by solar neutrinos are
planned to be measured for solar neutrino experiments at
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Fig. 1. One-nucleon loop diagrams of the contribution of the
effective coupling [p(x)y°n®(z)][nc(2)y*p(x)] to the effective
Lagrangian of the M1 transition n + p — D + ~.

Sudbury Neutrino Observatory (SNO) [35]. In turn, the
cross-sections for the reactions 7o + D — e™ + n + n
and U, + D — U, + n + p caused by charged and neutral
weak currents, respectively, and induced by reactor an-
tineutrinos have been recently measured by the Reines’s
experimental group [36]. In the sense of charge indepen-
dence of weak interaction strength the observation of the
reaction 7, + D — eT + n + n is equivalent to the obser-
vation of the reaction of the solar proton burning p + p
— D + et + v, in the terrestrial laboratories.

The paper is organized as follows. In sect.2 we eval-
uate the amplitude of the Ml-capture n + p — D +
7 in the tree-meson approximation. The contribution of
low-energy elastic np scattering to the amplitude of the
process n + p — D + v is obtained in agreement with
low-energy nuclear phenomenology. In sect.3 we evalu-
ate contributions of chiral one-meson loop corrections to
the amplitude of the M1l-capture in chiral perturbation
theory at the quark level (CHPT), developed within the
ENJL model with a linear realization of chiral U (3) x U(3)
symmetry. In sect.4 we include the contribution of the
A(1232) resonance and analyse the total cross-section for
the neutron-proton radiative capture for thermal neu-
trons and compare it with experimental data. In sect.5
we treat the reaction of the photomagnetic disintegra-
tion of the deuteron v + D — n + p related to the
neutron-proton radiative capture n + p — D +  via time-
reversal invariance and analyse the energy dependence of
the cross-section at energies far from threshold. In sect. 6
we evaluate the amplitude of the solar proton burning.
We show that the contribution of low-energy elastic pp
scattering in the 1Sy state with the Coulomb repulsion
is described in agreement with low-energy nuclear phe-
nomenology in terms of the S wave scattering length and
the effective range. In sect. 7 we evaluate the astrophysical
factor for the solar proton burning and obtain the value
Spp(0) = 4.08 x 10725 MeV b agreeing well with the re-
commended one Sp,(0) = 4.00 x 10725 MeV b. In sect. 8
we evaluate the cross-section for the neutrino disintegra-
tion of the deuteron v, + D — e~ + p + p with respect
to Spp(0). In sect.9 we adduce the evaluation of the as-
trophysical factor Spep(0) for the pep-process relative to
Spp(0). In sects. 10 and 11 we evaluate the cross-sections
for the antineutrino disintegration of the deuteron 7, +
D—-et+n+nandve +D — ¥ +n + p and av-
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Fig. 2. One-nucleon loop diagrams of the contribution of the
effective coupling [p(z)v*7°n®(x)][n°(z)vayp(z)] to the effec-
tive Lagrangian of the M1 transition n + p — D + ~.

erage them over the antineutrino energy spectrum. The
average values of the cross-sections agree well with ex-
perimental data [36]. The cross-sections for the weak nu-
clear reactions of astrophysical interest are calculated at
zero contribution of the nucleon tensor current [1]. This
makes the description of low-energy nuclear forces within
the NNJL model compatible with the predictions of the
SSM [27,28]. In more detail this is discussed the conclu-
sion and appendix. In the conclusion we discuss the ob-
tained results. In the appendix we evaluate the effective

Lagrangian EsﬂpﬁDeJr"C (z) of the low-energy weak tran-
sition p + p — D + e™ + v.. The contribution of the
nucleon tensor current [1] to the effective Lagrangians of
low-energy weak nuclear transitions of astrophysical inter-
est like p + p — D + e + 1, and so on is evaluated and
discussed.

2 The M1-capture in the tree-meson
approximation

Since the NNJL model realizes a Lagrange approach to the
description of low-energy nuclear forces [1], the first thing
that we have to do is to evaluate the effective Lagrangian

;C:fprD’Y(IL') of the transition n + p — D + . In the tree-

meson approximation the effective Lagrangian ngfp_’DV(x)
is defined by one-nucleon loop diagrams depicted in figs. 1
and 2. The evaluation of these diagrams at leading order

in the large N¢ expansion yields

np—D € gv
Eeffp T(z) = (ftp — fin) M An2
xCOxn DY, () F* () [p ()7 n ()]
. e g
+i (pp — fin) N ﬁ Cnn My

x D} () F™ () [p* ()77 °n ()],

where *F(z) = LetePE,5(x), pp = 2.793 and p, =
—1.913 are the magnetic dipole moments of the proton
and the neutron measured in nuclear magnetons, D,,(z) is
the operator of the interpolating field of the deuteron and
D,.(z) = 0,D,(z) — 0,D,(z), gv is a phenomenological
coupling constant of the NNJL model related to the elec-
tric quadrupole moment of the deuteron Qp = 0.286 fm?
[1]: g3 = 27?Qp M.

(2.1)
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The matrix element of the transition n + p — D + =~
we define in the usual way

/ d (D (kp )y (k)LD (@) [n(p1)p(p2)) =

M(m+p—D+7)
V2E\V 2E,V 2EpV 2wV
(2.2)

(2m)*6@W (kp + k — p1 — pa)

where E; (i = 1,2,D) and w are the energies of the neu-
tron, the proton, the deuteron and the photon, V is the
normalization volume.

The wave functions of the initial |n(p;)p(p2)) and final
(D(kp)~(k)| state we take in the usual form

[n(p1)p(p2)) =
(D(kp)y(k)| =

where af (p1,0;) and a;g(pg,ag) are the operators of cre-
ation of the neutron and the proton, and ap(kp, Ap) and
a(k, \) are the operators of annihilation of the deuteron
and the photon.

The matrix element of the transitionn + p — D + ~
reads

al(p1,01) T(P2,02)\0>,

(Olap (kp, Ap) a(k, X), (2.3)

M(n+p—>D+7)—

e o v
(pl)]a

x[uc(p2)(2 kDu - MN%)V"U
where ez(k, A) and eZ(kD, Ap) are the 4-vectors of the po-
larization of the photon and the deuteron, then u®(ps3)
and u(p;) are the bispinorial wave functions of the
proton and the neutron, respectively, normalized by
u®(p2)u(pe) = —2 My and @(p1)u(p1) = 2 Mx.

In the low-energy limit when

e, (kp, Ap)

(2.4)

[ue (p2) 1y u(p1)] = —guo [u€(p2)y u(p1)] (2.5)

and kp, — g,0 2Mn the matrix element eq. (2.4) acquires
the form

— ) S9v
P /"Ln 87‘[‘2

e*(kp, Ap)[u(p2)7 u(p1)].(2.6)

Mm+p—D+7v)=ce(u
XCNN (k X e*(k,)\)) .

The evaluation of the matrix element eq. (2.6), the effec-
tive vertex of the n + p — D + ~ transition, we have
carried out with the wave functions of the neutron and
the proton in the form of the plane waves. However, a
physical 1Sy state of the np pair is defined by low-energy
nuclear forces. For the description of the contribution of
low-energy nuclear forces to the physical 1Sy state of the
np pair coupled to the deuteron and the photon we sug-
gest to sum an infinite series of one-nucleon bubbles with
vertices defined by the effective Lagrangian £,F """ () eq.
(1.15). The result of the summation can be represented in
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the following form

Mn+p =D +7) = ey — i) oy
Cnn (k x e*(k, N)) - e *(kp, Ap)[u(p2)y u(pr)]
T o [ 11 1 ’
+16%/7T_2C£U{V5MNQPQA75MNC]QA}
2.7)

where P = p; +p2 = (24/p? + MZ,0) is the 4-momentum
of the np pair in the center-of-mass frame. Then, Q =
aP+bK =a(p1+p2)+0b(p1—p2) is an arbitrary shift of
virtual momentum with arbitrary parameters a and b, and
in the center-of-mass frame K = p; — ps = (0,2p). The
explicit dependence of the momentum integral on @ can
be evaluated by means of the Gertsein-Jackiw procedure
[37] (see also ref. [1]). It is given by

dq 5 1 5 1
Ttr Yy = =~ = =
i My—¢-P-Q My—q-Q

d*q 5 1 s 1
—= tr = <
/w% {W MN—q—P7 My —q

—2a(a+1)P? - 2b? K2

(2.8)

For the evaluation of the momentum integral over q we
would keep only the leading order contributions in the
1/My expansion caused by the large N expansion [1].
This yields

5 1 5 1
rey — =" —— =
My—-G¢-P-Q Mn—G-Q
—8a(a+1)ME +8(b* —a(a+1))p* —i8t Mxp. (2.9)

The expression eq. (2.7) we reduce to the form

)
M (4D =D +7) = e — 1m) ooy O

82
x(k x e*(k,\)) - e*(kp, Ap) [t¢(p2)7>u(p1)]
Z

x . (2.10)

1 .
1-— §rnpanpp2 + tanpp

Here we have denoted

Cnn My
e

a(a+1)) —

i_l_a(a—i—l)
z 272

2 1

Tnp = (b2 o MN

Cnn MR, (2.11)
where 7, = 2.75 4+ 0.05fm is the effective range of low-
energy elastic np scattering [17].

Renormalizing the wave functions of nucleons
VZu(p1) — u(p1) and vVZu(p2) — u(ps), we arrive at
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the expression

M (n+p—=D+7)=e(up— VCNN
(k x e*(k,\) - e
1

5g
)8
*(kp, Ap) [u€(p2)y u(p1)]
: (2.12)

AU
1-— §rnpanpp2 + i anpp
where the factor 1/(1 — rnpanpp + i anpp) describes the
contribution of low-energy nuclear forces to the physical
1Sy state of the np pair coupled to the deuteron and the
photon. It has the form of the amplitude of low-energy
elastic np scattering in the 'Sy state in complete agree-
ment with low-energy nuclear phenomenology [26]. By us-
ing the relation expressing the phase shift d,,(p) of low-
energy elastic np scattering in terms of the S wave scat-
tering length ay, and the effective range ., [26]

! +
np 2

ctg dnp(p) = — rnpp , (2.13)

we can recast the factor 1/(1
the form

1 > | :
— 5TupGnppP” + i aypp) into

1 _ i0up(p) sin d,p(p) .

(2.14)
—App P

1-— §rnpanpp2 + 1 anpp

In terms of the phase shift d,,,(p) the expression eq. (2.12)
reads

M(n+p—>D+v)=
e(’u,p )8 2C'NN(kXe (k,)\))

i0up (p) S Onp (D)
_anp p

e*(kD7 >\D)

X [u€(p2)y u(pr)] e (2.15)

In the NNJL model low-energy nuclear forces between the
neutron and the proton in the physical deuteron state are
described by the one-nucleon loop exchanges in terms of
the phenomenological coupling constant gy which is de-
fined by the electric quadrupole moment of the deuteron
Qp, g% = 2m2QpM%Z [1]. The electric quadrupole mo-
ment of the deuteron is caused by nuclear tensor forces
[26]. Therefore, the relation g2 = 272QpM§g confirms at
the quantum field-theoretic level the fact pointed out by
Blatt and Weisskopf that the existence of a bound triplet
state of the meutron-proton system would be entirely due
to the tensor force [38]. Thus, in NNJL model through
the phenomenological coupling constant gy tensor forces
govern the existence of the deuteron as a bound neutron-
proton triplet spin state and strength of low-energy inter-
actions of the deuteron with nucleons and other particles
in terms of the one-nucleon loop exchanges. The evalua-
tion of one-nucleon loop diagrams at leading order in the
1/My expansion, or in the large N¢ expansion, reduces a
momentum dependence of nucleon diagrams to the trivial
form accounting for only the Lorentz covariant properties
of the interaction. In this approach the deuteron looks like
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a point-like particle. Such a representation is enough for
the evaluation of effective Lagrangians of different low-
energy nuclear transitions with the deuteron in an initial
or a final state describing effective vertices of low-energy
nuclear transitions defined at their thresholds. However,
for the evaluation of amplitudes of low-energy nuclear re-
actions for energies far from threshold one needs to take
into account a spatial smearing of the physical deuteron
caused by a finite radius rp = 1/yepMy = 4.319MeV
[17] determined by the binding energy of the deuteron
ep = 2.225MeV. The spatial smearing of the physical
deuteron we introduce phenomenologically in the form

1

Fo(p) =15 ey (2.16)

that is nothing more than the momentum representation

of the approximate 2S; wave state of the deuteron [26].
Substituting eq. (2.16) in eq. (2.15), we obtain the am-

plitude of the M1-capture calculated in the NNJL model:

Mm+p—D+7)=
5gV * *
~#n) g5 Onn (ke (k, A)) -e”(kp, Ap)

i6ap (p) S Snp (D) 1
—anpp 1+rdp?

€ (ﬂp

x [ue(p2)y ulpr)] e (2.17)

For thermal neutrons the kinetic energy of the relative
movement of the np pair is of order T, ~ 1078 MeV. This
yields the relative momentum of the np pair to be smaller
compared with the binding energy of the deuteron, p ~
3 x 1073 MeV < ep = 2.225MeV. Therefore, for thermal
neutrons without loss of generality we can calculate the
amplitude of the M1-capture setting p = 0:

Mm+p—D+9)=

1ty — ) 228 O I x (1, 1) - (kp, )
X [ue(p2)7 u(pr))- (2.18)

Thus, we have obtained that the amplitude of the neutron-
proton radiative capture n + p — D 4 v for thermal
neutrons coincides with the matrix element of the effective
Lagrangian EZ}I;HDV (z) given by eq. (2.6).

The cross-section for the M1-capture for thermal neu-
trons calculated in the tree-meson approximation is then
defined by

o(np — Dy)(Th) =

1 225 « 17T,

- )22l M, P

o (b — fn)? o QDCNN N5D< +2 D>

— 276 mb. (2.19)

The theoretical value o(np — Dv)(T,) = 276 mb is
about 17% smaller compared with the experimental one
o(mp — D¥)exp(Th) = (334.2£0.5) mb. Thus, in the tree-
meson approximation the NNJL model predicts the cross-
section for the M1-capture for thermal neutrons somewhat
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worse than the EFT, o(np — Dv)(T,) = 297.2mb [§8]. In
order to improve the agreement with the experimental
data we have to include chiral one-meson loop corrections
[7-9] and the contribution of the A(1232) resonance [6,7].

3 Chiral one-meson loop corrections to the
amplitude of the M1-capture

For the evaluation of chiral meson-loop corrections in the
NNJL we use (CHPT), developed in refs. [13] within the
ENJL model with a linear realization of chiral U (3) x U(3)
symmetry. Below we consider the contributions of chiral
one-meson loop corrections induced by the virtual meson
transitions T — a1, a1 — 7y, T — (w, p)y, (W, p) — T,
o — (w, p)y and (w, p) — o7, where o is a scalar partner
of pions under chiral SU(2) x SU(2) transformations in
(CHPT), with a linear realization of chiral U(3) x U(3)
symmetry [13].

The effective Lagrangians 0L55"(x) and 6L5;" (x),
caused by the virtual meson transitions m — a1y, a3 —
Ty, ™= (w,p)7, (W,p) = Ty, 0 = (w,p)y and (w,p) —
o7, we evaluate at leading order in the large N¢ expansion
[1]. The results of the evaluation contain divergent contri-
butions. In order to remove these divergences we apply
the renormalization procedure developed in (CHPT), for
the evaluation of chiral meson-loop corrections (see Ivanov
in refs. [13]). Since the renormalized expressions should
vanish in the chiral limit M; — 0 [13], only the virtual-
meson transitions with intermediate m-meson give non-
trivial contributions. The contributions of the virtual me-
son transitions with the intermediate o-meson are found
finite in the chiral limit and subtracted according to the
renormalization procedure [13]. Such a cancellation of the
o-meson contributions in the one-meson loop approxima-
tion agrees with Chiral perturbation theory using a non-
linear realization of chiral symmetry, where o-meson-like
exchanges can appear only in two-meson loop approxima-
tion. Then, the sum of the contributions of the virtual-
meson transitions 7= — p~y, 7 — p%y and 7° — wy to
the effective coupling nn+y is equal to zero. As a result the
effective Lagrangians 0 L5F" () and 0L23" (z) are given by

My

ie a,
JAGmNN T3 1675 F.

S (@) = i

2
ﬂ— JwalN

Ncap MN
1673 F
x [p(x)owp(z)] 1 (),
ie a, My
AMy — gAgsNNT-——3 1608 F.
x[n(x)opun ()] F* (x),

+9rNN M2 JwVN]

OLog" () =

2
7r Jﬂ'alN‘|

(3.1)

where a, = gp/47r = 2.91 is the effective coupling con-
stant of the p — 7 decay, F; = 92.4MeV is the leptonic
coupling constant of pions, and ga = 1.267 [39]. Then,
Jra;n andJryN are the momentum integrals determined
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by

d4 1
Jra = 5
N /7r2 (M2 +p?)(M2, + p?) (Mg + p?)
=0.017 M2,

d4 1
JWVN:/ T2 (M2 2)( M2 2y (M2 2
m (M7 4+ p?) (Mg + p?) (MR + p?)

= 0.024 M2, (3.2)

where p is Euclidean 4-momentum, My = M, = M,, =
770MeV [39] and M,, =2 M, [13].

At Nc = 3 the cross-section for the Ml1-capture ac-
counting for the contribution of the effective interaction
eq. (3.1) amounts to

o(np — Dy)(Th) =
25 a
64 7

2
2 2
gann . M7 ap 3
1+ /=T 51 J. — Jx
iy — i 37 w( N ogn IV

1
- (pp — pin)? 5 @b CRn Mx e}

= 287.2mb, (3.3)
where we have used the relation g,nn =~ ga Mn/Fr.
The theoretical value of the cross-section for the neutron-
proton radiative capture given by eq. (3.3) differs from
the experimental one by about 14%. This discrepancy we
should describe by taking into account the contribution of
the A(1232) resonance.

4 The A(1232) resonance

For the evaluation of the contribution of the A(1232)
resonance to the amplitude of the Ml-capture in the
NNJL model we have to obtain the effective Lagrangian
ESFI;HAN({,C) describing the strong low-energy n + p — A
+ N transition. For this aim we should use the procedure
having been applied to the evaluation of the effective La-
grangian L28"P(z) given by eq. (1.15). In refs. [6,7] the
evaluation of the contribution of the A(1232) resonance
in terms of exchange currents has been carried out in
the one-pion exchange approximation. Thereby, following
refs. [6,7] we suppose to evaluate the effective Lagrangian
EZHP_’AN(QU) of the strong low-energy n + p — A + N
transition in the one-pion exchange approximation. This
gives

1 gaNA gnNN

Enp—»AN( ): \/6 MN 4M7%
/ dtz ) {[BE(2) 0% nf(x)]
x [n°(z )7 p( ) + n¢(2)y°p(2)]
(2)

5(4)

—[A5(2) 6% p°(2)] [n°(2)7"p(x) + n°(2)7°p(2)]

+H1®7° = -7 ©7"7°}, (4.1)
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. 3
4 np— AN—D 4 4 4 np— AN 1 €gv grNA gyNA grNN
/d x L) M(z) = —/d z1d*wad zs (T(LEET 2 (21) Lupp (22) Lyna(ws))) = _EM_I%E;W amz

/ d'z1d*ead s / d*z %5“)@ — 1) T([p*(21)7°n(2) + p*(2)7°n(w1)] D} (w2) FF (w3))
X {<0|T([AI(Z) 6%, n®(w1)][p° (w2)y" n(w2) — ne(w2)y" p(a2)][p(ws)ysy” As (3)])[0)

—(0IT([AL(2) O 4 p° (@)][*(22)" n(x2) — 12 (22)7" p(@2)][(xs) 787" Aa(z3)])]0) + (V* @ 1 — —77” @ v”)} -

. 3

? €9V gnNA gyNA grNN 4 4 4 4 0 (4) — 5 - 5 t aB

— === | d"z;d x2d d*z—9¢ - T([pc c D F

3 M gox gonn A2 / z1d 2y 993/ S (z = @1) T([pe(z1)y n(2) + pe(2)y n(21)] Dy (22) F (23))

X {<0|T([53(2) 6%, n(21)][n°(22)7" p(2)][p(w3)v87" A% (23)])]0)

+(0|T([A2(2) ©% ¢ p°(x1)][p° (w2) 7" n(w2)] [A(w3)y87° A (w3)])]0) + (v° © 1 — —77° @ V”)} =

— ;%%ﬁ% / d*zi1d*zadizs / d*z %6(“(2 — m1){T([ﬁc(m1)'y5n(z) + p°(2)7°n(x1)) DL(mz)Fo‘ﬁ(azg))
X gtr{Saw(m —2) 6, k(21 — 22)7" Sp (@2 — 23)787°} — T([p°(x1) %y 1(2) + p°(2) 77 n(x1)] D) (22) F*° (23))

1 w v C
X =t1{Saw(va — 2) 0% 7" Sh (21 — 2)7" S (22 — 25)757°} }- (4.3)

where we have kept only the terms contributing to the In the momentum representation of the baryon Green
transition of the np pair in the 1S state into the AN functions the effective Lagrangian eq. (4.4) reads
state. Using then the phenomenological Lagrangian

Lupp ()=~ i gv[p*(x)y"n(z) — ne(z)y"p(x)) D} (x)(4.2)

/d4 EanANﬂD'y(z) _ gz‘egv grNA gyNA gf'rNN
3 ME grnN gann 4M2

4 4 4)
the effective Lagrangian describing the contribution of the / dzy / d*z 5( (z — 1)
A(1232) resonance to the low-energy transition n + p — 4 a4
D + v is defined by v / d"zod ks d “TSd ks o~ tka - (x2 — 71)
(2m)* (2m)*

xe~ha (23 =2V D ([ (@1)yn(z) + o(2)y (o)

4 .
<D () Fap(aa) [ St et (@ 2)

see equation (4.3) above

1 1
tr{ S (k1 + k3)O., = —
Thus, the effective Lagrangian EanANHDV( ) is equal to {5k + k) T My — k4 /€27 My — ko k

~T([pe(z1)17°n(2) + p°(2) 17" n(21)] D] (22)

d*k,
 FB (1)) / Ltk - (21 = 2) (0809 (k) + ks) O,

—AN— 2iegv grNA goNA G2 2
diqp LrooAN=Dy oy 2 o 7NN 24
/ off (@) 3 MZ gxNN gann 4M2 1 .1 5
Xy —7"}} (4.5)
9 My — i+ ks My —k
x [ d*zpdiaadizs [ d*z 8—5(4)(2 — ) N — k1 + k2 N — k1
Zp

< { (@077 n(z) + ()7 n(w1)] Dl (w2) F* (23))

1 w C
X ;tr{saw(lﬁ —2) 0¥, Sp(r1 — 22) Y Sk (22 — w:a)’)’ﬁ’ys} The effective Lagrangian eq. (4.5) defines the contribution
_ _ o of the A(1232) resonance to the low-energy transition n
T ()1 () + ()3 ()] D a2) P 1)) (1252) &

+p—D+~.
1 .
X gtr{Saw(azg —2) 0¥, VS5 (21 — x2)VH
. The matrix element of the neutron-proton radiative
xSk (T2 — 23)787Y }} (4.4)  capture caused by the contribution of the A(1232) reso-
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nance exchange is equal to does not depend on the parameter Z and reads
M@n+p— AN 5D +7) = Mam+p—D+n)=
i€ gV gxNA GyNA Gonn . 59v |1 g1 8 grna gona Gonn
 2ME 672 grnn gann 4M2 872 |5 gv 9 gaNN ganN 4M2
x[ue(p2)y u(pr)] (kaej(k) — kpel (K)) e (k) x(k x e*(k,\)) - e*(kp, Ap) [¢(p2)y u(p1)]. (4.11)
X juﬁa(k‘D,k) The coupling constants gr and ¢y are connected by the
pling g g Y
" ie glngA gyNA g?rNN relation [1]
PN 67 go g 4Mz \/g 0(1/v/Ne) (4.12
X2y ()] (ks (k) — Figes, (k) () gr = gov + O/ vNe). 12)
% js”“ﬁa(kD, k), (4.6) The total amplitude of the neutron-proton radiative cap-
5 5 ture for thermal neutrons reads
where the structure functions J2*”*(kp,k) and J5 "7 “(kp,k) 5gv
are defined by the momentum integrals Mn+p—D+7)=e(up - ) 5 ON
T o k) = e e () - (e o) o)
d*ky o gann M7 a, 3
7/ = tr{ (k1 + kp) S (k1 + k) Ouy <t ftp — pin 8T T raN gy 1 JevN
v } ST 1 B85, N 11 \/§ 1 8 grNA gyNA Gonn
241\1 —ki+kp Mn—k fip — fin 5 V 8 ONN 9 grnN gann 4DM2
vufBa _
j d(]ZDa k) - 4 1-27 1 é drNA g'yNA gﬂ'NN (4 13)
= / ! tr{(kl —+ kD) Saw(kl =+ k) ngp ’YV Hp — Hn C(NN 9 gxNN gnNN 4M72
2
1 1 The total cross-section for the neutron-proton radiative

X Mx— it i o Mx — i 77y} (4.7)  capture is then defined by

25 «
64 7 QD CNN Mn 5D

2 M? o 3
14+ _Yann Mz p<J7ra1N + 257 JrrVN)

1
At leading order in the large N¢ expansion the structure o(np — Dv)(p) = I (1p — i)
functions eq. (4.7) read

X

4

. o — pin 872
j5M5 (kDak) =35 ’

1
<Z — §> iMNEpﬂa)‘ kpa,

3 oL \/3 1 8 grna gona Ponn
2 1 ftp — fin 5 V 8 ONN 9 ganN grnn AM2
TIHP (ke k) = 3 <Z - 5) i ME etPev, (4.8)

) 2

+ 1-— 2Z 1 é grNA g’YNA g;erN‘| (4 14)
— 2 :

We have neglected the mass difference between the masses Hp =t ONN 9 gaNN gonn M7

of the A(1232) resonance and the nucleon. The matrix

element of the low-energy transition n + p — D +  caused 5
by the A(1232) resonance contribution is equal to o(np — Dy)(Ty)=325.5 (1+0.246 (1 — 2Z))” mb. (4.15)

M D ) = Thus, the discrepancy of the theoretical cross-section and
alp+p—D+7)= the experimental value eq. (1.1) can by described by the

e gv l_ P 8 gaNA gNA TN B, contributi.on of the A(1232) resonance. In order to fit
oMy 472 9 grNN gunN AM2 o the experlmental' value of th.e cross—sectloq we should set
Z = 0.473. This agrees with the experimental bound

The numerical value of the cross-section amounts to

xes(k, Ney, (kp, Ap) [u®(p2) (2kp, — My, u(pr)] = |Z] < 1/2 [18]. At Z = 1/2 that is favoured theoretically
5 1 3 3 [15] we get the cross-section o(np — Dv)(T,) = 325.5mb

— 29V |2 _ 7] S 9rNA YINA IrNN agreeing with the experimental value with accuracy better
8m2 |\ 2 9 grNN gann AME than 3%.

x(k x e*(k,\)) - e*(kp, Ap)[u¢(p2)y u(p1)]. (4.9)

In turn, the contribution of the nucleon tensor current [1] 5 The photomagpnetic disintegration of the
deuteron
6anD (33)

gr v _ uw i The amplitude of the photomagnetic disintegration of the
My [pe(z)o" n(z) — ne(x)o"p(x)] D), (z) (4.10)  geuteron v+ D — n + p is related to the amplitude of
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the neutron-proton radiative capture n + p — D + v due
to time-reversal invariance and reads

M('Y"’D—’H‘FP):e(Np_.Un)

297\2/ Cxn (k x e(k, X)) - e(kp, Ap) [@(p2)y u’(p1)]

2 M2 « 3
1+ _InNN_ P —p<J7ra1N+ ﬂJwVN

X
[p — pn 872 T

N 1 1\/3 1 8 grNa gyNA Fonn
fp =t 5V 8 ONN 9 grNN grnn 4MZ
2
1-2Z 1 4 gmNa g9NA Gann
tp = pn ONN 9 gaNN grnn 4M7Z

¢ ¢ Oup (p) BB Onp(P) 12 .
—anpp 141pp?

(5.1)

The cross-section defined by the amplitude eq. (5.1) is
then given by

o(vD — np)(w) = o9 <w>

€D
1 TDP
X (5.2)
1 2 1+ r3p2)2’
(1 - irnpanppz) +al,p’ (I +75p?)
where p = /Mn(w — ep) is the relative momentum of the

np pair in the 'Sy state, w is the energy of the photon,
and o is equal to

2 2504QD
19272

2 2
gann . M7 ap 3
- JTra Jﬂ'
Pp — fn 82 T ( 1N+29A VN

Gl

09 = (ﬂp — Hn)

X |14+

N 1 1\/§ I 8 grNaA gyNa INN
Pp = 5V 8 ONN 9 gaNN grnn 4M2

1-27 1 é grNA gyNA gf’rNN
Hp — Hn C1NN 9 9NN gnNN 4M7%

2
1 = 7.10 mb.

(5.3)

The energy region of the dominance of the photomagnetic
disintegration of the deuteron is restricted by the con-
straint rpp = v/(w — ep)/ep < 1 or differently w 2 ep =
2.225 MeV.

The numerical values of the cross-section for the pho-
tomagnetic disintegration of the deuteron at energies w <
2ep = 4.45MeV read

= 0.358 (0.380) mb,
w=2.62 MeV

= 0.302(0.327) mb,
w=2.76 MeV

= 0.094 (0.128) mb,
w=4.45MeV

o(4D = np)(w)|
o(7D = np)(w)|
7(7D — p) () (5.4)

where in parentheses we have adduced the theoretical val-
ues obtained by Chen and Savage in the EFT [10]. One can
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see a reasonable agreement between the results obtained in
the NNJL model and the EFT. Thus, the spatial smearing
of the physical deuteron caused by the effective radius rp
and introduced in the NNJL model phenomenologically
in the form of the wave function eq. (2.16) describes well
the energy dependence of the cross-section for the photo-
magnetic disintegration of the deuteron at photon energies
far from threshold. Note that in the critical region of the
photon energies w < 2ep = 4.45MeV the cross-section
for the photomagnetic disintegration of the deuteron cal-
culated in the NNJL model falls steeper with w than in the
EFT. However, in this energy region the dominant role is
attributed to the El-transition which we have not taken
into account.

For the correct description of the experimental data
on the photodisintegration of the deuteron [40] (see also
Chen and Savage [10]):

o(7D — np)exp(w)‘ — (1.300 = 0.029) mb,

w=2.62 MeV
o(7D — np)exp(w)‘wz2 oy = (1:474:£0.032) mb,
o(vD — np)exp(w)‘w:4 gy = (2430 £0.170) mb

(5.5)

one must include the contribution of the El-transition
[10].

Since the cross-section for the photodisintegration of
the deuteron having been discussed above does not con-
tain the contribution of the El-transition, our result can
be scarcely compared with the recent theoretical investiga-
tion of the photodisintegration of the deuteron carried out
by Anisovich and Sadovnikova [41] within the dispersion
relation approach based on the dispersion relation tech-
nique developed by Anisovich et al. [42]. This investiga-
tion represents a detailed analysis of the saturation of the
cross-section for the photodisintegration of the deuteron
by different intermediate states valid mainly for the pho-
ton energy region w > 50 MeV, where the contribution of
the El-transition is important.

6 The amplitude of the solar proton burning

The analysis of the reaction p + p — D + et + v, within
the NNJL model we should start with the evaluation
of the effective Lagrangian £°~"° () of the transition
1

p+p— D+ e’ + v In the tree-meson approximation

the effective Lagrangian LsﬂpHDemC (z) is defined by the
one-nucleon loop diagrams depicted in fig. 3. The detailed

. DeT v, L . .
evaluation of LPE™7° "°(z) is given in appendix.

! Below the analysis of weak nuclear reactions is carried out
in the tree-meson approximation. The inclusion of chiral one-
meson loop corrections goes beyond the scope of this paper
and demands a separate publication.
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Fig. 3. One-nucleon loop diagrams describing the effective La-

. De™
grangian L0FT7° e

D+ et + ve.

(z) of the low-energy transition p + p —

The result reads?
L£Pe=Detve oy o o M Gv3gv
eff () = —igaCnn M 2 a2 ;L(x)
x[pe(2)y°p(@)] [P, (€)1 (1 = 7°)ve ()], (6.1)
where Gy = Gp cosd¢ with Gp = 1.166 x 10~ MeV 2
and J¢ are the Fermi weak-coupling constant and the
Cabibbo angle cos¥¢ = 0.975.
For the derivation of the effective Lagrangian
+
LPP7PEVe (1) we have used the effective Lagrangian
LEN=NN(z) responsible for low-energy transitions N +
N — N + N defined by eq. (1.17).
The matrix element of the transitionp + p — D + et
+ v, we define in the usual way

/ A4 (D (kp)e ke e (R ) 222725 () [p (1) (pa) =

(2m)40W (kp + ket + Ky, — 1 — p2)
o Mmn+p—D+et + 1)
V2E\V 2B,V 2EpV 2B V 2E, V'

(6.2)

where E; (i = 1,2,D,e",v,) are the energies of the pro-
tons, the deuteron, the positron and the neutrino, V' is the
normalization volume.

The wave functions of the initial [p(p1)p(p2)) and final
(D(kp)et (ko+ )ve(ky, )| state we take in the usual form

Ip(p)p(p2)) = % al(p1,01) af(p2, 02)|0).

<D(kD)e+(ke+)Ve(kVe)| =
<0‘aD (kD7 )‘D) Qe+ (keJr , U) Gy, (kVe7 UI),

where af (p1,0,) and a;g(pg,crg) are the operators of cre-
ation of the protons. In turn, ap(kp, Ap), Ge+ (Ke+, Tet)
and a,, (k,.,0,,) are the operators of annihilation of the
deuteron, the positron and the neutrino.

The effective Lagrangian eq. (6.1) defines the effective
vertex of the low-energy nuclear transition p + p — D +
et + v,

(6.3)

3
ZM(p + p— D + €+ + l/e) = gAMN CNN GV Zl‘gT\Z/ 6;:(]61))

[k )7 (1 = ")k )] [ue (p2) 7 ulpr)], (6.4)
% This result is obtained at zero contribution of the nucleon
tensor current (see appendix and discussion in the conclusion).
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where e (kp,Ap) is a 4-vector of a polarization of the
deuteron, u(k,,), v(ke+), u(pz2) and u(p;) are the Dirac
bispinors of the neutrino, the positron and the protons,
respectively.

For the evaluation of the matrix element eq. (6.4) we
have used the wave functions of the protons in the form of
the plane waves. However, a real wave function of the pp
pair in the 1.Sj state is defined by low-energy nuclear forces
and Coloumb repulsion. In order to take into account both
low-energy nuclear forces and Coulomb repulsion for the
relative movement of the pp pair in the 1.5j state we would
sum up an infinite series of one-proton bubbles. The ver-
tices of these one-nucleon bubbles are defined by

Vppﬂpp(k/» k) = CnN ¢;p(k/ )

x[a(ph)y u’ (p))] [u® (p2)y ulpr)] ¥pp (K), (6.5)

where ¢, (k) and 5, (k") are the explicit Coulomb wave
functions of the relative movement of the protons taken
at zero relative distances, and k and k' are relative 3-
momenta of the protons k = (p; — p2)/2 and k' = (p{ —
Ps)/2 in the initial and final states. The explicit form of
Ypp (k) we take following Kong and Ravndal [33] (see also
[43]):

Gop(k) = e/ kTC (14 (6.6)

sivc)

where 2r¢ = 2/Mya = 57.64fm and o = 1/137 are the
Bohr radius of the pp pair in the 1S state and the fine-
structure constant. The squared value of the modulo of

Ypp(k) is given by

™ 1

pr(k)‘Q = Cg(k) = % Wv (6-7)

where Cy(k) is the Gamow penetration factor [3,29,43].

By taking into account the contribution of the
Coulomb wave function and summing up an infinite se-
ries of one-proton bubbles the expression eq. (6.4) can be
recast into the form

see equation (6.8) on next page

where P = p1 +p2 = (2¢/k? + Mg, 0) is the 4-momentum
of the pp-pair in the center-of-mass frame; Q = a P +
bK = a(p1 + p2) + b(p1 — p2) is an arbitrary shift of
virtual momentum with arbitrary parameters a and b, and
in the center of mass frame K = p; — py = (0,2k). The
parameters a and b can be functions of k.

The evaluation of the momentum integral we would
carry out at leading order in the 1/My expansion or dif-
ferently in the large N¢ expansion [1] due to proportion-
ality My ~ N¢ valid in QCD with SU(N¢) gauge group
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iM(p+p—D+e +v.) = gaMy Cxn Gv %(kD) [@(ku )Y (1= 7" )v(ker )]
[uc(pg)’y5u(p1)] Yop (k)

X o 7 N 1 . (6.8)
NN 2 5 5
1+ 16”2/E|wpp(|p+Q|>\ tr{v Mn—p_P-0" MN—ﬁ—Q}
at No — oo [22]. As a result we obtain Now, let us rewrite the denominator of the amplitude
A eq. (6.11) in the equivalent form
d’p 2
/7r2i e (lp+ Q)] {cosao(k) [1—a(a+1)0 gNN (b2 a(a+1)) k>
1 1
trev° 7’ = . Cnn My Grnn My
{FY MN—;ﬁ—P—Q’Y MN—ﬁ—Q} —smao(k‘)TkC@ } {cosao o
—8a(a+1) Mg 2 . Cnn
kC§(k k)|l — 1)——= M3
+8(b2—a(a+1)) 2 87 My k [ty (k)2 = xk Co(k) + sin ool )[ ala+ 155 Mx
—8a(a+1) M +%(b2_a(a+1))k2]}:
+8(b2—a(a+1)) 2 87 My kC2(k). (6.9) T ) L
— 1= =al rS k°+ h2kr +iap, kC , (6.13
Substituting eq. (6.9) in eq. (6.8), we get Z[ 2 PPPP (2krc) (k)] (6:13)
where we have denoted
3 e
iMp+p—D+et +rv.)=gaMyCnn Gv gv % {1 - % as oo k? + Zep h(2krc)} =
rc
k k. 1- ke
<Gtk k"0 =tk ) oo S 020 4 concoft
_ T
x[ue(p2)y u(pr)] e —m/dkre F(l + 2kr ) GrnN Cnn
© x[l—a(a—l—l) — (bg—a(a—i—l))kﬂ,
1 1 G NN M2+ Cnn 27 27
X a(aJr)22 Nto g 1 k2 (k) — kCNNMNkOk . k
Crn My 4 ~z app 5 (k) =cos oo )2— (k) + sinog(k)
x(1? —ala+ 1)k —i =2k CF(k )] . (6.10) Cxx 5 O s )
[1—a(a—|—1)2 > M3+ (P —ala+ 1)k ]

In order to reconcile the contribution of low-energy elastic (6.14)

pp scattering with low-energy nuclear'ph.enomenology Here Z is a constant which we would remove by the
[43] we should make a few changes. To this aim we should  epormalization of the wave functions of the protons,

rewrite eq. (6.10) in a more convenient form: ag, = (~7.8196 % 0.0026) fm and %, = 2.790 % 0.014 fm

[44] are the S wave scattering length and the effective
39\/ range of pp scattering in the 1.9, state with the Coulomb
iM(p+p—D+e" +ve) = gaMyCxn GV repulsion, and h(2krc) is defined by [43]

(kD) [ (ku) (1 - ) (ke+)]
;L e
i ) h(2krc) = —y + In(2krc) + ———— . (6.15)
X[Uc(Pz)V%(pl)] o) Gy (k) g T )
1—ala+ 1) GWNN MZ + Cnn The validity of the relations eq. (6.14) assumes the depen-
o ]\2/;' 3 dence of parameters a and b on the relative momentum
x(bQ—a<a+1))k Mkco(k)} . (611) Kk _
2 After the changes eq. (6.13) and eq. (6.14) the ampli-
We have denoted tude eq. (6.11) takes the form
3
iM(p+p— D+et + ve) = Gy ga My Cnn GV gv
e 4kr o k " _
ke r(1s %TC) o) ok (o) (k)7 (1~ 7)ok )
Co(k
oo(k) =arg I(1+ - — ). (6.12) X — — o)
e 1— 3 as ook + 1:[’ h(2krc) +ias, k CF (k)

where oo(k) is a pure Coulomb phase shift. x Z [ue(p2)y u(p1)). (6.16)
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Renormalizing the wave functions of the protons

VZu(ps) — u(p2) and vV Zu(p1) — u(p1) we obtain the
amplitude of the solar proton burning

Mﬂp+paD+e*+w)=

gaMn COxn GV ey, (kp) [@(ky, )y (1 = 7°)v(ker )]
y 1 eco(k)
1- 5 as ook + I;p h(2krc) +ias, k CF (k)

x [u€(p2)yu(p1)] Fo (k) (6.17)

where Fp(k?) is given by eq. (2.16) and describes the spa-
tial smearing of the deuteron coupled to the pp pair in the
LS, state.

The real part of the denominator of the amplitude eq.
(6.17) is in complete agreement with a phenomenological
relation [43]

o) =

1 1

ctgd? + =S k* — — h(2krc)|,
p C

2 pp
(6.18)

describing the phase shift (k) of low-energy elastic pp
scattering in terms of the S wave scattering length a°  and
the effective range rp,. Thus, we argue that the contribu-
tion of low-energy elastic pp scattering to the amplitude
of the solar proton burning is described in agreement with
low-energy nuclear phenomenology in terms of the S wave
scattering length apj, and the effective range rp, taken
from the experimental data [44].

7 The astrophysical factor for the solar
proton burning

The amplitude eq. (6.17) squared, averaged over polar-
izations of the protons and summed over polarizations of
final particles reads

Mp+p—D+et+rv.)=
54QD

GV AMN CVNN FD(k2)
o 1 - Ci (k) i
[1 3 apprppk2 P: h(2krc)] + (agp)2k2cg(k)
1
x (Ee+Eye — ke -kue), (7.1)

where m, = 0.511 MeV is the positron mass, and we have
used the relation g% = 272 Qp MZ.

The cross-section for the reaction p + p — D + et +
Ve is defined by

Upp_)Deere (Tpp) =
1
D +
U4E1E2/|M p+p—D+el +rv.)2
x (2m)* 6 (kp + ky — p1 — p2)
dBkp Blos d3kl,e

(27T)32ED (27m)32Eq+ (27m)32E,,° (7.2)
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where v is a relative velocity of the pp pair and k;, =
ke+ + Ky, is a 4-momentum of the leptonic pair.

The integration over the phase volume of the final
Det v, state we perform in the non-relativistic limit

/ d3kp Akor d3k,,
(27)32Ep (2m)32E.+ (2m)32E,,

X5(4)<k‘D + ky — — p2> (Ee+E,,e -

1 W+Tpp .
- / _ 2
3273 M / E2 —mZ Eg+

(W +Tpp)°
96073 My

(2m)*

1
ke ko, ) =

X (W + Tpp — Eer )2 dEer =

f&),  (7.3)

where W = ep — (M, — M)

0.932MeV and & = m./(W +
defined by the integral

1
=30 [ Vo Pa(l-afde =

(-3¢ -ag) i@
+1_25§41n<71+ “51_§2>

= (2.225 — 1.293) MeV =
Tpp)- The function f(§) is

=0.222 (7.4)
Tpp=0

and normalized to unity at £ = 0.
Thus, the cross-section for the solar proton burning is
given by
see equation (7.5) on next page

The astrophysical factor S, (Tpp) reads

see equation (7.6) on next page

At zero kinetic energy of the relative movement of the
protons Ty, = 0 the astrophysical factor Sp,(0) is given
by

_ 99AGYQDpMY 2 5 ¢(Me _
Sop(0) = 0 S G W (57) -

4.08 x 1072° MeV b. (7.7)
The value Sp,(0) = 4.08 x 10725 MeV b agrees well with
the recommended value Sp;,(0) = 4.00 x 10725 MeV b [29].

Unlike the astrophysical factor obtained by Kamion-
kowski and Bahcall [30], the astrophysical factor given by
eq. (7.7) does not depend explicitly on the S wave scat-
tering length of low-energy elastic pp scattering in the 1S
state. This is due to the normalization of the wave func-
tion of the pp pair. After the summation of an infinite
series and by using the relation eq. (6.18) we obtain the
wave function of the pp pair in the 'Sy state in the form

005, (k) _sin 05, (k)

Ypp(k) =€ “as kCo(k)’ (7.8)

that corresponds the normalization of the wave function
of the relative movement of the pp pair used by Schiavilla
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pp—»De+l/e (T ) _ 6—71'/7"0 v MNTpp a 9g GvQDMN C (W + T )5 f( Me )
PP/ v? 32074 NN PP W+ Tpp
« F]% (MNTpp)
1 2 .
[1 ) appTpp MNTpp + oy h(QTC V MNTPP)] + (app) MNTPPCO( MnTyp)
% 1 _ Spp(Tpp) e—ﬂ'/TC \/MNTpp. (7.5)
1 _ e—ﬂ/Tc\/MNTpp Top
Sop(Top) = 99AGYQp My Cin (W + Tpp)® ( Me )
PRATPP 1280m4 _ e—ﬂ/rc\/m W+ Top
X F]% (MNTPP) (7 6)
1 o . as 2 . . .
[1 ) AppTpp MNTpp + %Cp h(2rc MNTPP):| + (app) MNTPPCO( MxTpp)
et al. [31]. For the more detailed discussion of this problem  where Ne- = ZaJve- = ZaB, | Ele — mgf and v, is

we relegate readers to the paper by Schiavilla et al. [31] 3.

8 The reaction v, + D - e~ +p +p

The evaluation of the amplitude of the reaction v, + D —
~ 4+ p + p is analogous to that of the amplitude of the
solar proton burning. The result reads

iMve+D —e  +p+p) =

Gv 3 _
gaby 5 505 O e (ko) (ke )" (1= 7Julhi, )
" Co(k)
1 ag e
1-— 2apprppk2 pcp h(2krc) +ias, k C3 (k)

)] Fp (k).

The amplitude eq. (8.1) squared, averaged over polariza-
tions of the deuteron and summed over polarizations of
the final particles reads

x[@(p2) v u(p1 (8.1)

M(ve +D — e~ +p+p)* =

212572 ro Mg 9
Spp(o)m m? N F3(k*) Fy(Z, Eo-)

2
y 1 _ Co (k) !
[1 2apprppk2 I;P h(QkTC)} +(agp)2k203(k>
1

x (Ee_E,,C — sk -k,,c). (8.2)

where F,(Z, E.-) is the Fermi function [45] describing
the Coulomb interaction of the electron with the nuclear
system having a charge Z. In the case of the reaction v, +

D — e  + p + p we have Z = 2. At a?Z? < 1 the Fermi
function Fy(Z, E,-) reads [45]
- 27N
Fy(2,Be) = — 5 (8.3)

3 See the last paragraph of sect. 3 and the first paragraph of
sect. 5 of ref. [31].

a velocity of the electron.

For the evaluation of the r.h.s. of eq. (8.2) we have also
used the expression for the astrophysical factor

993 GY Qo My

Sop(0) = 1280747

OI%IN mg’ .QDe+ Ve (84)

where 2pe+,, = (W/me)®f(me/W) = 4.481 at W =
0.932MeV. The function f(me/W) is defined by eq. (7.4).

In the rest frame of the deuteron the cross-section for
the reaction v, + D — e~ 4+ p + p is defined by

O'VCD*}eipp(Ey ) —
e

/lM 7%etD e TprD)l

4MDE
1
x5 2m) W (kp + ky, — p1 — p2 — ke-)
d3p d3po d3k,-

(27)32E, (27)32E, (27)32E,- (8.5)

where E, , E, Ey and E,- are the energies of the neu-
trino, the protons and the electron. The integration over
the phase volume of the (ppe™) state we perform in the
non-relativistic limit and in the rest frame of the deuteron,

see equation (8.6) on next page

where T,- is the kinetic energy of the electron, Ey; is the
neutrino energy threshold: Ey, = ep + me — (M, — M) =
(2.225 + 0.511 — 1.293) MeV = 1.443MeV. The function
Qppe-(y), where y = B, /Eq, and Ey, = ep — (M, —

ppe™
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1 / d3p1 dspg d3/€e
2 (2m)32E4 (27)32E5 (2m)32E,-
CO (v MxTpp) FD(MNTPP) Fy(Z,E,.-)

@2m)* 8@ (ko + kv, — 1

X
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_p2_ke*)

1
[1 5 apprppMNT

CO(\/ NTPP)FD(MNTPP)F+(ZE )

X

2
U (31 TTop)|” + (a0 M Ty i

/2 3/
Ey MY ( Ewn 2me 1
- - — [ [ dTo-dTop8(Ev, — Euy — T — Typ)/To-Tp [ 1
12873 <MN Eq, th// o= dTop0(Bu, = Eun = Tom = Top)/To-Ton | 1+

1
E.-FE, — -k
(e e 38

K =

T, > T._
1+
Me 2Me

NTpp)

1
[1 5 —appTopMNTp

2
U 31/ TTop)|” + (050 M Ty i

5 7/2 3/2
S DN (D) (2 ) () _ap20 ()
1287 \ My | \ B | VY ppe= ),

(8.6)

NTpp)

M) + me = 1.443 MeV, is determined by the integral

1

Pope-(y) = / dx\/m<1 n i;h

e
0

By,
1 —_
X\/ * o (y

x F2(MxEw (y —

(y- D1 -2))

(1 —2)C2(\/MxEw, (y — 1) z)

1) x) Fy(Z,me + Em(y — 1) (1 — z))

1
X{ ll 2 pp ppMNEth (y — 1)

as ’
+ rpp h(2rcy/ MaEi (y — 1) x)
(¢

+(agp)2 MNEth (y - 1) ICSL

-1
X(VMxEm (y —1) x)} : (8.7)
where we have changed the variable Ty, = (E,, — Ew) =
The cross-section for the reaction v, + D — e~ + p +

p is defined by

gD PP, ) =

3/2 7/2
S.5(0) _640r¢ My / L / (y— 122,00 (y)
PP 7T*(ZDeJrue Eth 2me Y ppe= Y

=3.69x10° Spp(0) (y—1)*2, e (y), (8.8)

MeV cm?.  For
(7.7) the cross-

where  S,,(0) is measured in
Spp(0) = 4.08 x 1071 MeV cm? eq.
section g¥<P~¢ PP(E, ) reads
o P PP (B, ) = 1.50 (y — 1) 2ppe- (y) 1073 em?.
(8.9)

Recently the calculation of the cross-section for the reac-
tion v + D — e~ + p + p has been carried in ref. [46]
within the PMA and tabulated for the neutrino energies
ranging over the region from threshold up to 170 MeV.
Since our result is valid for much lower neutrino energies,

we give the numerical values of the cross-section only for
the energies from the region 4MeV < E,, < 10MeV:

oD PP(B, = 4MeV) = 2.46 (1.577) x 10~ *3 cm?,
oVeD=e PP(E, = 6MeV) = 10.04 (6.239) x 10~%3 cm?,
oVD=¢ PP(E, =8MeV) = 2.37(1.463) x 10~*? cm?
oveP=e PP (B = 10 MeV) = 4.39 (2.708) x 10~*% cm?
(8.10)

e )

The data in parentheses are taken from Table 1 of ref. [46].

Thus, on the average the cross-section o’<P—¢ PP(E, )
calculated in the NNJL model by a factor of 1.6 is larger
compared with the PMA ones.

Since the amplitude of the reaction v, + D — e~ +
p + p is completely defined by the amplitude of the solar
proton burning p + p — D + et + 1, that is described
in the NNJL model in agreement with other theoretical
approaches, our prediction for the cross-section for the
neutrino disintegration of the deuteron eq. (8.10) is a chal-
lenge to the experiments planned at SNO [35].

In order to compare the cross-section for the neutrino
disintegration of the deuteron v, + D — e~ + p + p with
experimental data planned to be obtained by SNO Col-
laboration we should average it over the 8B solar neutrino
energy spectrum produced by the 8 decay ®B — 3Be*
+ et + v, in the solar core. Using the ®B solar neu-
trino energy spectrum [47] and integrating over the region
5MeV < E, < 15MeV [48], where the lower bound is
related to the experimental threshold of experiments at
SNO and the upper one is defined by the kinematics of
the decay 8B — ®Be* + et + v, we get

(07 P PP(E, ))gsp) = 2.62 x 1072 em?. (8.11)

For the comparison of the theoretical cross-section with
the experimental one measured at SNO one should take
into account a possible decrease of the experimental value
in the case of the existence of neutrino flavour oscillations
[27,48].
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9 The astrophysical factor for the pep process

In the NNJL model the amplitude of the reaction p + e~
4+ p — D + v, or the pep-process is related to the ampli-
tude of the solar proton burningp +p — D + e + v, eq.
(6.17) as well as to the amplitude of the neutrino disinte-
gration of the deuteron v, + D — e~ 4 p + p. Indeed, the

effective Lagrangians £P5 PP (), ﬁepHpHDeJrVe(x) and
LP7¢ PP(1) are defined by the anomaly of the one-
nucleon loop triangle A AV-diagrams with two axial-vector

(A) and one vector (V) vertices (see appendix). The am-
plitude of the pep-process reads

3
Z'M(p—Fei —|—p—>D—|—Ve) = gaMn Cnn Gy 4:517\2/
xer (kp) [a(ky )y (1 —~°)u(ke- )]

Co(k)

X €
ap

. e 2
rcp h(2krc) +iag, k Cy(k)

x [u®(p2)y u(p1)] Fo (k?).

The amplitude eq. (9.1) squared, averaged and summed
over polarizations of the interacting particles is defined by

1 2
1-— 5 agprgpk +

(9.1)

M(p+e” +p— D))=

270
g%AMIET CI%IN G%/ 7T2D F]%(RQ) F+(Z7Ee*)
) k)
1 as 2
[1 - 5 ek 2 h(2krc)} T (a8, 2K2CA (k)
1
x (E+E — ke -kl,c), (9.2)

where Fy (Z, E,-) is the Fermi function given by eq. (8.3).
At low energies the cross-section oP¢ P~D¥e (T, ) for
the pep-process can be determined as follows [49]

11 A3k,
z © k. _
v AMZ / Gmren, 9"k

x/|M(p+e_+p—>D+Ve)|2

O_pe7 p—Duve (Tpp) —

A3k d3k
9 4 (4) _ . o B D Ve
X( 71') 1) (kD-‘rkue P1—D2 ke )(27T)32MD (27T)32Eue’
(9.3)

where g = 2 is the number of the electron spin states

and v is a relative velocity of the pp pair. The electron

distribution function n(k.-) can be taken in the form [45]

n(k,) =¥ = Lo /FTe, (9.4)

where k = 8.617 x 107! MeV K~!, T is a temperature of

the core of the Sun. The distribution function n(k-) is
normalized by the condition

/ A3k,

NCE

n(ke*) = TNe—, (95)
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where n.- is the electron number density. From the nor-
malization condition eq. (9.5) we derive

5 473 ng- (9.6)
(27 me kT,)3/? .

The astrophysical factor Spep(0) is then defined by

2
15 1 1 {Eg
Spp(0) — ———+ —
o )27r 2pe+y, MP <m6>

Spep(o) =

xe” /d?’kcf e Le-IKe g, (2, B,-).

For the ratio Spep(0)/Spp(0) we obtain
Spep(0) 232752 [0 Zn,-
Spp(0) Jop(0) m}
2
Em Me 2me
X(me> k:TCI<Z\/ k;TC>'

We have set fpp(0) = 2pe+,, /30 = 0.149 [45] and the
function I(x) introduced by Bahcall and May [45] reads

(9.8)

due ¥

The relation between the astrophysical factors Spep(0) and
Spp(0) given by eq. (9.8) is in complete agreement with
that obtained by Bahcall and May [45].

By virtue of the direct relation between the amplitudes
of the pep-process and the reaction for the neutrino dis-
integration of the deuteron vo + D — e~ + p + p that
we have in the NNJL model the agreement with the re-
sult obtained by Bahcall and May [45] is on favour of our
predictions for the cross-section for the reaction v, + D
—e +Dp+Dp

10 The reaction v, + D — et + n + n

veD—etnn

The effective Lagrangian L7 (z) of the low-energy
nuclear transition 7, + D — eT 4+ n + n we evaluate
+_
by analogy with £P P 7 () (see eq. (A.27)) of the ap-
pendix) through the one-nucleon loop exchanges and at
leading order in the large N¢ expansion. The effective La-
grangian LZ%DH‘?JF““(JU) is defined by the anomaly of the
one-nucleon loop triangle AAV-diagram as well as the ef-

. Dot
fective Lagrangian L2277 (1), The result reads

Gv 3gv
V2 42
x Dy, () [a()y°ne(@)] [, ()7 (1 = ")e(2)]. (10.1)

LZP= () = g MyCn
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The amplitude of the reaction 7o + D — et +n + n we
obtain in the form

iM(@e+D —et +n+n)=

Gv 3 1
— gaMy Oy —~ N

= :
V2 2m 1-— irnnannkz +iapy k

xep(kp) [0(ko, )7 (1 = 7 )v(ke+ )] [@(p2)y us(p1)], (10.2)

Fp(k?)

where the form factor Fp(k?) describes a spatial smearing
of the deuteron eq. (2.16). The factor 1/(1 — Franannk? +
iann k) gives the contribution of low-energy nuclear forces
to the relative movement of the nn pair in the 1Sy state.
The result is obtained by the summation of an infinite se-
ries of the one-neutron bubbles evaluated at leading order
in the large N¢ expansion. Since we work in the isotopical
limit, we set ann = anp = —23.75fm and rpy, = Tp =
2.75fm. The recent experimental values of the S wave
scattering length and the effective range of low-energy
elastic nn scattering are equal to an, = (—18.8 £ 0.3) fm
and r, = (2.75 £ 0.11) fm [50,51].

The amplitude eq. (10.2), squared, averaged over po-
larizations of the deuteron and summed over polarizations
of the final particles, reads

144 QpgR GY CRnMNFB (K?)

2 1 2
g (1— §rnnannk‘2) +afmk2

IM(De+D—et+n+n)|2=

1
X (Ee+ E,je - —ke+ . klje> .

3 (10.3)

The cross-section for the reaction o + D — e™ +n +n
is defined by

_ 1
O_veD—»c+nn(El7e) - BB, /\M(DQ+D—>6+ +n+n)[?
1
x5 (27)* 6W(Q + kg, — p1 — P2 — ket )
d3p1 d3p2 d3/€e+

[ [ Tt 10.4
“ (2r)32E; (21)32Es (27)72E.+ (10-4)

where Ep, Ej,, E1, Ey and E.+ are the energies of the
deuteron, the antineutrino, the neutrons and the positron.
The integration over the phase volume of the (nne™) state
we perform in the non-relativistic limit and in the rest
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frame of the deuteron
1 / d3p1 d3p2 d3ke+
2 J (2m)32E; (2m)32E, (27)32F 4+
x6"(Q + kp, — p1 — p2 — ket )

1
(EC+ By, = gkt -kﬁe) F2(My Tn)
X

1 2
(1 - ErnnannMNTnn) + ameN Tnn

7/2 3/2
Ep ME ( Ea 2 om N s
102472 \ My FEi nE2
V Te+Tnn F]%(MN Tnn)

1 2
(1 - §rnnannMNTnn) + ainMN Tnn

(2m)*

X / dT.+dTy,

T. T.
X <1+ e+> 1+ ol 6(Eﬁe_Eth_Te+_Tnn> =
Me 2Me

E M E / 27)L 3/
Do IVIN th e 1 2 0
- 2 nnr, ’
1024/ (Ml\ ) ( E/‘th > (y ) e(y)

where T}, is the kinetic energy of the nn pair in the 1S,
state, To+ and me = 0.511MeV are the kinetic energy
and the mass of the positron, y = Ej_/Ey, and FEyy, is the
antineutrino energy threshold of the reaction 7, + D —
e" +n+ n: By =ep +me+ (My — M,) = (2225 +
0.511 4 1.293) MeV = 4.029 MeV. The function {2n,5, (y)
is defined by

Pz, (y) =

(10.5)

z(1—z) FA(MxEwm (y—1) z)

8
—[dx 1 2
7T0 (1_§TnnannMNEth(y_l) x)+ar21nMNEth (y—]_).’L'

(14 By - a) e 2y 1y ),

(10.6)
where we have changed the variable T, = (Ey, — Ew) .
The function f(y) is normalized to unity at y = 1, i.e.

at threshold Ej;, = Ei,. Thus, the cross-section for the
reaction 7o + D — et + n + n reads

veD—etTnn
o”P (Es.) = 00 (y = 1)* Qunp, (1), (10.7)
where oy amounts to
7/2 3/2
o0 = Q CQ 99%G%}M§ % 2me _
07 ¥DENN"T519r4 | My Ea |
4.58 x 107 cm?. (10.8)

The experimental data on the antineutrino disintegration
of the deuteron are given in terms of the cross-section
averaged over the antineutrino energy spectrum [36]:

(07 P~ M (B V) e = (9.83 £ 2.04) x 10%% cm?.
(10.9)
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In order to average the theoretical cross-section eq. (10.7)
over the antineutrino spectrum we should use the spec-
trum given by Table YII of ref. [36]. This yields

DeDHe*’

(o () = 11.56 x 1074 cm?.

(10.10)

The theoretical value eq. (10.10)* agrees well with the
experimental one eq. (10.9).

11 The reactions ve(7.) + D — ve(Pe) + n
+p

The amplitude of the neutrino disintegration of the
deuteron caused by neutral weak current v, + D — v,
4+ n + p evaluated through one-nucleon loop exchanges
and at leading order in the large N¢ expansion reads (see
eq. (A.30) of the appendix):

iMVe+D = ve+n+p) =

Gr Sgv !

V2 4m? 1— 17,
2

xeu(kp) [a(ky, )v" (1 = 7”)ulky, )] [@(p2)y°us (p1)]. (11.1)

—ga My Cnn Fp (k?)

2 .
npOnpk” + 1 anp k

The amplitude eq. (11.1) squared, averaged over polariza-
tions of the deuteron, summed over polarizations of the
nucleons reads

IM(ve +D — ve +n+p)2 =
36 Qpgi GRORNMR F (k?) (

2 1 2
g (1 — irnpanpkz) +aﬁpk2

1
E E,——

Ve Ve 3

k;-ekye). (11.2)

In the rest frame of the deuteron the cross-section for the
reaction v, + D — v, + n + p is defined by

1
veD—venp E- ) =
7 (Ev.) AMpE,,

X/ M(ve +D — ve +n+p)[2

><(27r)4 5(4)(k’D +ky, —p1 —p2— k/ue)
X d3p1 d3p2 dSk/Ve
(2m)32F, (27)32F, (27)32E),

(11.3)

The integration over the phase volume of the (npv,) state
we perform in the non-relativistic limit and in the rest

4 This result is obtained at zero contribution of the nucleon
tensor current (see appendix and the discussion in the conclu-
sion).
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frame of the deuteron,

/ d*py d®py d*k),

(2m)32E, (27)32E, (27)32E),
x(2m)* 6D (ki + ki, —p1 —p2— ki, ) (B B~ ék K,,)

F]%(MNTnp) _

(1- %rnpaanNTnp)z + a2, MTop
E, Mg [ Ew & 7/2
e <MN> (0= 1) Dups () (11.4)

The function (2., (y), where y = Ep /Ey, and By, =
ep = 2.225MeV is threshold of the reaction, is defined by
the integral

anVe(y):
1
_ 2
%5 e 1 vz (1 x2) 2
TnpQ a
1 — 2 Tuplnp fl) Sop
0 (-7 e) P e
1

S Ty (11.5)

where we have changed the variable T, = (Ep, — Ew) @
and used the relation MyFEy, = 1/7"]23 at Fy, = ep. The
function (2,p,, (y) is normalized to unity at y = 1, i.e. at
threshold Ej, = Ey.

The cross-section for the reaction v + D — v, + n +
p reads

oV PP (B Y = g4 (y — 1) Qupu. (v), (11.6)
where oy amounts to
7/2
o0 = Op Cl%N 39?& G%M1§I %
14075 My
=1.84 x 10~ cm?. (11.7)

In our approach the cross-section for the disintegration
of the deuteron by neutrinos vo + D — v + n + p
coincides with the cross-section for the disintegration of
the deuteron by antineutrinos 7, + D — 7 + n + p,
gveD=vene (B ) = gPeD=venp( B ) Therefore, we have an
opportunity to compare our result with the experimental
data on the disintegration of the deuteron by antineutri-
nos [36]. The experimental value of the cross-section for
the antineutrino disintegration of the deuteron v, + D —
Ue + n + p averaged over the antineutrino spectrum reads
[36]

(o7 PP (B 1)) o =(6.08 £ 0.77) x 10~*° cm?. (11.8)
By using the antineutrino spectrum given by Table YII
of ref. [36] for the calculation of the average value of the
theoretical cross-section eq. (11.6) we obtain

(o7 P=7enP (B 1)) = 6.28 x 107%° cm?. (11.9)
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The theoretical value eq. (11.9)° agrees well with the ex-
perimental one eq. (11.8).

The cross-section for the neutrino disintegration of the
deuteron v, + D — v, + 1n + p averaged over the ®B solar
neutrino spectrum [47] for energy region 5MeV < E,, <
15MeV is given by

(g7 P (B, ) gspy = 1.85 x 10~ % em®.  (11.10)
This result can be directly compared with the experimen-
tal data obtained by SNO, since the averaged value for
the cross-section for the reaction vo + D — v, + n + p
caused by the neutral weak current should not depend on
whether neutrino flavours oscillate or not [27,48], of course
if no sterile neutrinos exist.

12 Conclusion

We have considered the description of a dynamics of
low-energy nuclear forces within the Nambu-Jona-Lasinio
model of light nuclei (the NNJL model) for low-energy
electromagnetic and weak nuclear reactions with the
deuteron. We have shown that the NNJL model enables
to describe in a reasonable agreement with both experi-
mental data and other theoretical approaches all variety
of low-energy electromagnetic and weak nuclear reactions
with the deuteron in the final or initial state coupled to
a nucleon-nucleon (NN) pair in the 1Sy state. In the bulk
the reaction rates for the neutron-proton radiative capture
n + p — D + ~ for thermal neutrons, the photomagnetic
disintegration of the deuteron v + D — n + p, the solar
proton burning p + p — D + e + 1, the pep-process p
+ e~ 4+ p — D + v, the disintegration of the deuteron
by neutrinos and antineutrinos caused by charged v, + D
—e  +p+pand 7 +D — et + n + n and neutral
Ve(Pe) + D — ve(Pe) + n + p weak currents are calcu-
lated in agreement with other theorical approaches and
experimental data.

When matching our results with those obtained in the
PMA we would like to emphasize a much more simple
description of the NN interaction responsible for the tran-
sition N + N — N + N and a substantial simplification
of the evaluation of matrix elements of low-energy nu-
clear transitions near thresholds of the reactions where
the NN pair in the 'Sy state is produced or absorbed
with a relative momentum p comparable with zero. Such
a simplification is rather clear in the NNJL model where
with a good accuracy the deuteron can be considered
within a quantum field-theoretic approach as a point-
like particle. Indeed, the spatial region of the localiza-
tion of the NN pair is of order of O(1/p). Near thresh-
olds the effective radius of the deuteron rp = 4.319 MeV
is much smaller than 1/p, rp < 1/p. This yields that
the NN pair does not feel the spatial smearing of the
deuteron and couples to the deuteron as to a point-like

5 This result is obtained at zero contribution of the nucleon
tensor current (see appendix and the discussion in the conclu-
sion).
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particle. A correct description of strong interactions of
the point-like deuteron coupled to the NN pair in the
1S, state is guaranteed then by the one-nucleon loop ex-
changes with dominant contributions of the nucleon-loop
anomalies. This implies that the effective Lagrangians
Lof™ (@), L85 (@), LU0 @), £ P @),

Z%D%emn(:c) and L7777 (1) are well defined. Thus,
the procedure of the derivation of effective Lagrangians of
low-energy nuclear transitions in the NNJL model treating
the deuteron as a point-like particle coupled to nucleons
and other particles through one-nucleon loop exchanges
seems to be good established. We argue that the appli-
cation of this procedure should get correct results for the
derivation of effective Lagrangians of any other low-energy
nuclear transitions, effective vertices, of nuclear reactions.

Some problems occur for the evaluation of the ampli-
tudes of nuclear reactions demanding the continuation of
matrix elements of low-energy nuclear transitions defined
by the effective Lagrangians to the energy region far from
thresholds.

The continuation of matrix elements of low-energy nu-
clear transitions demands in the NNJL model: 1) the spa-
tial smearing of the NN pair in the 1S; state and 2) the
spatial smearing of the deuteron caused by the finite value
of the effective radius rp. The spatial smearing of the NN
pair in the 'Sy state can be carried out by a summa-
tion of an infinite series of one-nucleon bubbles describing
rescattering or differently a relative movement of the NN
pair either in an initial or a final state of a nuclear reac-
tion. The result of the NN rescattering can be expressed in
terms of S wave scattering lengths and effective ranges in
complete agreement with nuclear phenomenology of low-
energy elastic NN scattering in the 'Sy state. However,
for the description of the spatial smearing of the deuteron
the abilities of the NNJL model are rescticted and most
what one can do at present level of the development of the
model is to introduce the spatial smearing of the deuteron
phenomenologically in the form of the Fourier transform of
the approximate 35; wave function of the deuteron nor-
malized to unity at p = 0: Fp(p?) = 1/(1 + r3p?). We
have chosen a simplest form of the spatial smearing of the
deuteron. Of course, Fjp(p?) can be taken in the more com-
plicated form of the Fourier transform of the explicit wave
function of the deuteron. Of course, such a dependence is
not absolute and the spatial smearing of the deuteron can
be taken into account in the form of phenomenological
form factors as it has been done by Mintz [52], for exam-
ple.

We would like to emphasize that the cross-section for
the Ml-capture n + p — D + v for thermal neutrons
has been calculated by accounting for the contributions
of chiral one-meson loop corrections and the A(1232) res-
onance. The total cross-section for the Ml-capture has
been found dependent on the parameter Z defining the
7NA coupling constant off-mass shell of the A(1232) res-
onance: o(np — Dv)(T,) = 325.5 (1 +0.246 (1 —22))? mb
eq. (4.15). In order to fit the experimental value of the
cross-section we should set Z = 0.473. This agrees with
the experimental bound |Z| < 1/2 [18]. At Z = 1/2



A.N. Ivanov et al.: Dynamics of low-energy nuclear forces for electromagnetic and weak reactions...

the contribution of the A(1232) resonance to the ampli-
tude of the M1-capture is defined only by the nucleon
tensor current. Setting Z = 1/2 that is favoured theo-
retically [15] we calculate the cross-section for the M1-
capture o(np — D7)(T,) = 325.5mb agreeing with the
experimental data with accuracy better than 3%.

When matching our result for the cross-section
for the Ml-capture with the recent one obtained in
the EFT approach by Chen, Rupak and Savage [9]:
o(np — Dy)(Tyn) = (287.1 + 6.517L;) mb (see eq. (3.49)
of ref. [9]), we accentuate the dependence of the cross-
section on the parameter 7 L; undefined in the approach.
This parameter has to be fixed from the experimental
data [9]. In the NNJL model the parameter *L; can
be expressed in terms of the Z parameter as follows:
7Ly = 5.90 + 24.60 (1 — 2Z) + 3.03 (1 — 22)%. Thus, in
the NNJL model the parameter ¥L; acquires a distinct
meaning of the contribution of the A(1232) resonance.

The obtained result for the M1-capture n + p — D +
v we have applied to the analysis of the photomagnetic
disintegration of the deuteron v + D — n + p. Due to
time-reversal invariance the cross-section for the photo-
magnetic disintegration of the deuteron can be directly
expressed through the cross-section for the M1-capture.
We have compared the numerical values of the cross sec-
tion o(yD — np)(w) calculated in the NNJL model with
the results obtained by Chen and Savage [10] and found
a good agreement. Nevertheless, it should be empha-
sized that in the critical region of the photon energies
w < 2ep = 4.45MeV restricting the energy region of
the dominance of the photomagnetic disintegration of the
deuteron the cross-section calculated in the NNJL model
falls steeper than the cross-section obtained in the EFT.
However, in this region the dominant role should be at-
tributed to the El-transition [10], which we have not con-
sidered. The comparison of our results on the photomag-
netic disintegration of the deuteron with the experimental
data demands the inclusion of the El-transition as well.
This is planned in our forthcoming publications.

The effective coupling constants of low-energy weak
transitionsp +p —D +et +v.,p+e” +p — D + v,
Ve+D—e” +p+p, v+ D—e" +n+nand ve(ve)
+ D — ve(Ze) + n + p have been found dependent on an
arbitrary parameter ¢ in the form gy — gy (1+ &) caused
by the contribution of the nucleon tensor current [1].

Since at £ = 0 we get the value of the astrophysical fac-
tor Spp(0) = 4.08 x 1072 MeV b in complete agreement
with the recommended one Sp,,(0) = 4.00 x 1072° MeV b
related to the Standard Solar Model [27,28], any non-
zero value of ¢ should lead to an Alternative Solar Model
(ASM). The problem of the formulation of the ASM goes
beyond the scope of this paper. Therefore, in order to
dwell within the Standard Solar Model [27,28] we have to
set £ = 0.

Setting £ = 0 we have shown that all low-energy weak
nuclear reactions of astrophysical interest i) the solar pro-
ton burning p + p — D + et + v, ii) the pep-process p +
e~ + p — D + v, and iii) the disintegration of the deuteron
by neutrinos and antineutrinos caused by charged v, + D
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—e +p-+pand 7 + D — et + n + n and neutral
Ve(De) + D — ve(Pe) + n + p weak currents are described
in the bulk in agreement with other theorical approaches
and experimental data. The effective Lagrangians of low-
energy weak nuclear transitions p + p — D + et + v,
pte +p—D+ve,ve +D—e€e +p+p, v+ D
— e" +n+ nand V(%) + D — ve(Ze) + n + p are
determined by the anomaly of the one-nucleon loop trian-
gle AAV-diagrams. This confirms the statement argued in
the NNJL model concerning the dominant role of the one-
nucleon loop anomalies for the description of low-energy
nuclear forces within a quantum field theoretic approach.

We have shown that the contributions of low-energy
elastic pp scattering in the 'Sy state with the Coulomb
repulsion to the amplitudes of the reactionsp + p — D +
et +ve,ve +D—e  +pt+pandpt+e” +p—D -+,
are described in the NNJL model in full agreement with
low-energy nuclear phenomenology in terms of the S wave
scattering length and the effective range. The amplitude
of low-energy elastic pp scattering has been obtained by
summing up an infinite series of one-proton loop diagrams
and evaluating the result of the summation at leading or-
der in the large N¢ expansion. The same method has been
applied to the evaluation of the contribution of low-energy
nuclear forces to the relative movements of the nn and np
pairs, respectively, for the reactions 7. + D — et + n +
n and ve(Z) + D — ve(¥e) + n + p. This has given the
amplitudes of low-energy elastic nn and np scattering de-
scribed in terms of S wave scattering lengths and effective
ranges in agreement with low-energy nuclear phenomenol-
ogy [26] as well.

The astrophysical factor Spep(0) for the pep-process, p
+ e~ + p — D + ve, evaluated relative to Spp(0) is found
in full agreement with the result obtained by Bahcall and
May [45].

The cross-sections for the antineutrino disintegra-
tion of the deuteron caused by charged 7o + D —
et + n + n and neutral ¥, + D — ¥, + n +
p weak currents and averaged over the antineutrino
spectrum (o (g ) = 11.56 x 1074 cm? and
{o7P=Penp (B ) = 6.28 x 107%% cm? agree well with re-
cent experimental data

veD—e

(7P~ M (B, ) o = (9.83 +2.04) x 107%° cm?,

(o7 P=7eP (B, ) op = (6.08 +0.77) x 107*° cm?

obtained by the Reines’s experimental group [36].

The cross-sections for the reactions 7, + D — et +n
4+ n and 7o + D — 7, + n + p have been recently calcu-
lated by Butler and Chen [53] in the EFT approach. The
obtained results have been written in the following general
form o = (a+b L1 ) x 10742 cm? (see Table I of ref. [53]),
where a and b are the parameters which have been calcu-
lated in the approach, whereas L s is a free one. In the
NNJL model the appearance of the free parameter is re-
lated to the contribution of the nucleon tensor current [1]
that effectively leads to the change of the coupling con-
stant gy — gy (1+ &), where ¢ is an arbitrary parameter.
The best agreement with the recommended value of the as-
trophysical factor for the solar proton burning [29] and the
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contemporary experimental data [36] on the cross-sections
for the antineutrino disintegration of the deuteron v, + D
— e +n+nand o + D — ¥, + n + p caused by
charged and neutral weak current, respectively, we obtain
at £ =0 (see appendix).

We would like to emphasize that the contribution of
the A(1232) resonance to the amplitudes of the low-energy
weak nuclear reactionsp +p —=D 4+ et +v.,p+e” +p
—Ve+D,ve+D—e +p+p,U+D—et +n+nand
Ue + D — Uy + n + p can be neglected. In fact, the con-
tribution of the A(1232) resonance to the amplitudes of
these reactions is of order of the momentum of the leptonic
pair. This is due to the gauge invariance of the effective
interactions ANW™ and ANZ which should be propor-
tional to W5, = 9, W,f —0,W,f and Z,,, = 0,2, — 0,2,
respectively. Since the amplitudes of the low-energy weak
nuclear reactions under consideration are defined by the
Gamow-Teller transitions, the terms proportional to the
momentum of the leptonic pair give negligible small con-
tributions. Thus, the cross-sections for low-energy weak
nuclear reactions enumerated above do not depend prac-
tically on the uncertainties of the parameter Z.

This distinguishes low-energy weak nuclear reactions
with the deuteron from the neutron-proton radiative cap-
ture analysed in the NNJL model. Unlike the low-energy
weak nuclear reactions the contribution of the A(1232)
resonance to the amplitude of the neutron-proton radia-
tive capture is essential for the explanation of the experi-
mental data.

The cross-section for the reaction v + D — e~ +p+p
has been evaluated with respect to Sp,(0). We have found
an enhancement of the cross-section by a factor of 1.6 on
the average relative to the results obtained in the PMA.
It would be important to verify this result for the reac-
tion e + D — e~ + p + p in solar neutrino experiments
planned by SNO. Indeed, first, this should provide an ex-
perimental study of S, (0) and, second, the cross-sections
for the antineutrino disintegration of the deuteron caused
by charged ¥, + D — e™ + n + n and neutral 7, + D
— Ue + n + p weak currents have been found in good
agreement with recent experimental data [36].

For the comparison of the cross-sections for the reac-
tions ve + D — e~ +p+pandve + D — 1 + n +
p caused by charged and neutral weak currents, respec-
tively, we have averaged the cross-sections over the ®B
solar neutrino energy spectrum at energy region 5 MeV <
E,. < 15MeV, where the lower bound is related to the
experimental threshold of the experiments at SNO and
the upper one is defined by the kinematics of the 3 decay
8B — ®Be* + et + 1, being the source of the 8B neutrinos
in the solar core. We have obtained

e

(0" PTr (B, ) p(sp) = 1.85 x 107* cm®,

<UVQD~>67PP(EV )>¢(SB) = 2.62 x 10742 Cm2,

The experimental value for the cross-section for the reac-
tion v, + D — e~ + p + p caused by the charged weak
current can, in principle, differ from the theoretical one
due to a possible contribution of the neutrino flavour os-
cillations [27,48]. In turn, the averaged value of the cross-
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section for the reaction v + D — v, + n + p caused
by the neutral weak current should be directly compared
with the experimental data, since it should not depend
on whether neutrino flavours oscillate or not. Of course,
the former is valid only if there is no so-called sterile neu-
trino [27,48] having no interactions with Standard Model
particles [39].

Concluding the paper we would like to emphasize that
the NNJL model conveys the idea of a dominant role of
one-fermion loop (one-nucleon loop) anomalies from ele-
mentary particle physics to the nuclear one. This is a new
approach to the description of low-energy nuclear forces in
physics of light nuclei. In spite of the fact that almost 30
years have passed after the discovery of one-fermion loop
anomalies and application of these anomalies to the evalu-
ation of effective chiral Lagrangians of low-energy interac-
tions of hadrons, in nuclear physics fermion-loop anoma-
lies have not been applied to the analysis of low-energy
nuclear interactions and properties of light nuclei. The
contributions of one-nucleon loop anomalies are strongly
related to high-energy NN fluctuations of virtual nucleon
fields [1,54]. An important role of NN fluctuations for the
correct description of low-energy properties of finite nu-
clei has been understood in ref. [55]. Moreover, NN fluc-
tuations have been described in terms of one-nucleon loop
diagrams within quantum field theoretic approaches, but
the contributions of one-nucleon loop anomalies have not
been considered. The NNJL model allows to fill this blank.
Within the framework of the NNJL model we aim to un-
derstand, in principle, the role of nucleon-loop anomalies
for the description of a dynamics of low-energy nuclear
forces at the quantum field theoretic level.
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Appendix A. The effective Lagrangian of the
transition p +p — D + e™ 4+ 1,

The reaction p + p — D + et + v, runs through the
intermediate W-boson exchange,p +p — D+ W+ —D +
et + v.. In the NNJL model we determine this transition
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in terms of the following effective interactions [1,39]:
Lopp(z) = *ng[ ¢(x)y#n(z) — n°(z)y"p(z)] D), (),
L "h(x) = 5 Oxn A [P(2) 77°p° ()] [p°(2) 77" p()]

+[p(x) v°p° ()] [P (x) ()]},

Lopw (@)= —2% cos V¢ [A(2)7" (1 — gay®)p(@)) Wy (2).
(A.1)

The transition Wt — e™ + v, is defined by the Lagrangian
(39]

(A.2)

Lyperw (@) == 2% [fu, ()7 (1 = 7" ) ()]

2f

The electroweak coupling constant gw is connected
with the Fermi weak constant G and the mass of the
W-boson My through the relation [39]

2
gw__ Ge (A.3)
8MG V2
For the evaluation of the effective Lagrangian
— + . . . . .
LPP7PETVe (1) it is convenient to use the interaction

Lupw (@) = [1(2)7" (1~ gar®)p(z)] W, (2)

and for the description of the subsequent weak transition
WT — et + 1, to replace the operator of the W-boson
field by the operator of the leptonic weak current

(A.4)

W, (x) —

v

’Yu(l —75)%(3«“)]7 (A5)

Gy -
_E [wue (l‘)

where Gy = G cosVc.
The S matrix describing the transitions like p + p —
D + WT is defined by

S — Tt [ d*2 [Lapp (@) + Lopw () + LEF PP (z) + ...
(A.6)

where T is the time-ordering operator and the ellipses
denote the contribution of interactions irrelevant for the

problem.
For the evaluation of the effective Lagrangian
ngﬁDw (z) we have to consider the third-order term of

the S-matrix which reads

-3
S(B) = ;—'/d4l‘1d4l‘2d4l‘3 T([ﬁnpD(l‘l) =+ ﬁnpw(.ﬁl)

FLPETP () 4
LR (30) 4.

FLPPTPP () 4

] [£opp (#2) + Lupw (22)
] [/:npD (z3) + Lipw (z3)

]) = —i/d41'1d41'2d41'3

XT(ﬁggépp(xl)EnpD (;Eg)ﬁnpw({,vd)) +... (A?)
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The ellipses denote the terms which do not contribute
to the transition p + p — D + W™ and the interaction

Lnpw (). The S-matrix element S(
transition p + p — D + WT we determlne as follows:

_ pw+ describing the

(3)
pp—DW+ —

—Z/d J)1d 1‘2d41}3 T(Esffp_)pp(l‘l)ﬁnpD(.%‘Q)ﬁnpw(xg)).
(A.8)

For the derivation of the effective Lagrangian

— + .
£PP~PWT () from the S-matrix element eq. (A.8)
we should make all necessary contractions of the op-

erators of the proton and the neutron fields. These
contractions we denote by the brackets as

<SI(J:;HDW+ = —i/d4a:1d4a:2d4x3 X

(T(Leg P (1) Lopp (22) Lopw (3)))- (A.9)

_ +
Now the effective Lagrangian £°2~PV" (z) related to the

S-matrix element (S;?HDW +) can be defined by

. — +
S o) =i [l (@) =
i / ey d esd*ay (T(LPR PP (21) Lapp (22) Lapwy ().
(A.10)

In terms of the operators of the interacting fields the ef-
fective Lagrangian llpp_)DW (x) reads

/d4x LEEHDWJF (x) =
‘/ At daad e (T(LPE PP (21) Lopp (22) Lopw (3))) =

1 .
—3 Cnn X (—igv) X (—ga)

X /d4331d4332d4$3 T([p*(z1) Yo7 p(21)] DL(@) W, (z3))
X (O T([p(a1)y*y°pe (2 )] [P (w) v n(w2) =0 (22) " p(22)]
x[7(z3)y" 7y p(x3)])]0) — %CNN X (=igv) % (—ga)

d*a1d*zad es T([p°(21)y p(a1)] D (w2) Wy, (23))

IT([p(z1)7p"(x1)][p
(z )7”75( 3)])[0).

“(w2) v n(w2) — né(w2)y" p(72)]
(A.11)

X X

(0
[

Since p + p — D + W7 is the Gamow-Teller transition,
we have taken into account the W-boson coupled to the
axial-vector nucleon current.
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Due to the relation n(xzs)y"p(xs) = —p¢(x2)y"n(z2)
the r.h.s. of eq. (A.11) can be reduced as follows

/ Az LWV () = — / A4y d*zadtas

X (T (LY P (1) Lupp (22) Lopw (23))) =

XOnN X (—igy) X gA/d4x1d4x2d4x3

X T([p*(x)7a7 p(2)] D@ W, (3)) (0| T([p(21)y* pTen)]

X [pe(2)y" n(x2)|[A(23)v 7 p(23)])]0) + Oxn X (—igy)

sga [ dtardtead oy (o)) plon)] DY) W (22)
)-

(01 T([p(z1)y°p* (21)] [P (wa)r* n(22)][(x5)y"7 p(3)])]0
(A.12)
Making the necessary contractions we arrive at the ex-
pression
/ Atz LWV () = — / A4y d*zadtas
T(Lg PP (1) Lapp (22) Lopw (23))) =
2 X CNN X (—igv) X gA/d41‘1d4CL‘2d4CL‘3

X T([p(21) Ya¥*p(21)] D} (2) W, (3))

x (=1) tr{y*2° (=) Si (21 — 22)9" (=)
xSp(wy — 23)7"y*(—i)SF (33 — 21)}

+2 x CnN X (—igv) X gA/d4$1d4$2d4$3

xT([p°(x1)7°p(x1)] Dl (x2) W, (x3))
x (=1) tr{y*(=i)SH(z1 — z2)y* (—0)
xSp(x2 — 23)7" 7" (—i)Sp(zs — 21)},

where the combinatorial factor 2 takes into account the
fact that the protons are identical particles in the nucleon
loop.

In the momentum representation of the Green func-
tions we get

/d4 EDPHDWJ’(QJ) _

dxad?ky dixsd?k
7ZQACNN8 2/d‘i / 2 ) 2 ‘;_) 3

(A.13)

—iko(z2—x1) —zkg T3—T1)

Xe
x T([p°(21) Yo7 °p(21)] D} (x2) W, (23)) T (k2, ks; Q)

d4 d4k d4z5d2k:
—ZQACNN /d4 / T2C N2 x‘j) 3

—’ik‘g (.TQ — .Z‘l —Zk‘g (.1‘3 — .Tl)

x T([p(21) ¥°p(x1)] D} (w2) W, (w3)) J* (2, k3; Q).
(A.14)

The  structure  functions — J*¥(ko, k3; Q)  and
TH (ka, ks; Q) are defined by the momentum integrals

see equations (A.15) on next page
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We have introduced a 4-vector QQ = a ko + b ks caused by
an arbitrary shift of a virtual momentum with arbitrary
parameters a and b.

In order to obtain the effective Lagrangian

ESEHDCU‘“‘(Q:) of the transition p + p — D + et +
Ve we have to replace the operator of the W-boson field
by the operator of the leptonic weak current eq. (A.5):

/d4 ﬁppHDe Vc(x) _

C GV av d4.’£2d4k2 d4l'3d4k3
N NN\/—S 5 uy 2m)7

—Zkg

(
x T([p°(21) Yo’ p(xl)] Df (22)

X [y, (xz)%(l =7 e(@s)]) S (ka, ks; Q)
4., 14 4., 14
+19ACNN\/—8 g /d4 /d x2d4k2d :;3;:1) ks
Xe—ik’g (.%'2 — 1‘1) —Zkg 1];‘3 — 1‘1)
x T([p*(x1) 7’ p(1)] DL(QUQ)
X [Py, (23) 7 (1 = ¥°) e (3)]) J* (K2, k3; Q).

—Zkg (1‘2 — .1'1 Ir3 — .%‘1)

(A.16)

Thus, the problem of the evaluation of the effective La-
grangian of the transition p + p — D + e’ + v, reduces
itself to the problem of the evaluation of the structure
functions eq. (A.15). The momentum k3 is related to the 4-
momentum of the leptonic pair. Due to the Gamow-Teller
type of the transition p + p — D + W7 the contribu-
tion proportional to the 4-momentum of the leptonic pair
turns out to be much smaller with respect to the contri-
bution proportional to the 4-momentum of the deuteron
ko. Therefore, without loss of generality we can set ks = 0
in the integrand. This gives

see equations (A.17) on next page

The evaluation of the momentum integrals at leading or-
der in the 1/My expansion corresponding the leading or-
der in the large N¢ expansion due to the proportionality
My ~ N¢ in QCD with SU(N¢) gauge group at N¢ — oo
[22] (see also ref. [1]) yields

TN (kg ks; Q) = 3 (k3 g""

1
+3 (1+2a) (k3 g"" + k5 g"*),
T (ka, k3; Q) = g""4 My Jo (M) ~

— ki gh®)

O(1/N2),
(A.18)

where the terms proportional to k4 have been dropped,
because they produce the contributions to the effective
Lagrangian multiplied by 0% D, («) vanishing by virtue of
the constraint 0/ D, (z) = 0. Then, Jo(My) is a logarith-
mically divergent integral defined in the NNJL model in
terms of the cut-off Ap = 46.172MeV such as Ap < My
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v ]- 1 v 1
T (ka, ks; Q / " "y 5,
MN*k*Q*”kQ MkafQ Mkafokg
1 1 . 1
T (ka, ks; Q / ~° " ——7"7" e (A.15)
MN—k—Q+k2 MN—kJ—Q MN—k—Q—kg
v 1 1 v 1
T (ka, ks; Q / " ——" — 1,
MN*k*Q*”kQ My — k Q Mka‘fQ
T (Ko, ks Q j/ ! el lA e (A.17)
mm—k Gtk My—k-Q —k-Q
[1]: transition p + p — D + e™ + 1, under gauge transfor-
mation eq. (A.22) imposes the constraint a = —1/2. This
d*k 1

J2(MN):/E(

MZ — k)2
P dk (ke Ap )’
2 D
0

The cut-off Ap restricts 3-momenta of the virtual nucleon
fluctuations forming the physical deuteron [1]. Due to the
uncertainty relation Ar Ap ~ 1 the spatial region of vir-
tual nucleon fluctuations forming the physical deuteron is
defined by Ar ~ 4.274fm. This agrees with the effective
radius of the deuteron rp = 1/v/ep My = 4.319 fm.

Keeping the terms of the same order in the large N¢
expansion we get the structure functions

T (ke k3; Q) = 3 (k3 g™ —
1

L (L4 20) (B0 + K0,

jMV(kQ, k37 Q) = Oa

The structure functions eq. (A.20) define the effective La-

. Det v,
grangian L0877 7° "¢ (x):

k3g"")

(A.20)

Egg—)DEJrue (J?) _

Gy 3
\/Y 89\2 o ()"

x[(aﬂD:ﬂ () —&/DL (z)+

p(@)] [y, (27" (1 = 7°)tbe ()]

gaCnn

1
57 (1+20)(9,D}(2)+0, D} (@)}
(A.21)

In order to remove uncertainty caused by the shift
of virtual momenta of the one-nucleon loop dia-

grams we demand the invariance of the effective La-

Det v,
grangian L0777 ¥¢(

the deuteron field

x) under gauge transformations of

DL(.T) — Dl(x) + 0,02(x), (A.22)

where 2(z) is a gauge function. The requirement of the
invariance of the effective Lagrangian of the low-energy

—Det
reduces the effective Lagrangian £207°" ¥ () to the form

Gv 3gv
V2 8712
x DY, () [p°(z)7"y°p(@)] [y, (z)7" (1

C.Det
LDV (1) = gaOnn—e

- ’75)"/16 (l‘)]
(A.23)

This effective Lagrangian is defined by the structure func-

tion J ¥ (ka, ka; Q):
T (ko k33 Q) = 3 (k59" —

The structure function J** (ks ko; Q) does not depend
on the mass of virtual nucleons and according to Gert-
sein and Jackiw [37] can be valued as the anomaly of
the one-nucleon triangle AAV-diagram. The requirement
of gauge invariance applied to remove ambiguities of the
structure function J**¥ (kq, k3; @) and to fix the contribu-
tion of the anomaly of the one-nucleon loop AAV-diagrams
is in complete agreement with the derivation of the Adler-
Bell-Jackiw axial-vector anomaly performed in terms of
one-nucleon loop AVV-diagrams (see Jackiw [54]).

The effective Lagrangian CZ&Dﬁeﬂm (z) describing the
low-energy transition 7, + D — e™ 4+ n + n can be ob-

Detue
LEETC () and reads

kY ghe). (A.24)

tained by the way analogous to

LZ?ED_)eJrnn( ) = —ga OnN 3\—/ Z;QT\Q/
X Dy, () [(2) 770 ()] [thy, (2)7" (1 = 7)o ()]
(A.25)

In the low-energy limit when D;fw(:c) [p¢(x)y*y°p(z)] —
— 24 My D] (z)[p¢(z)y°p(z)] the effective Lagrangian eq.
(A.23) reduces itself to the form

Gv 3
—iga My Cnn \/\149\/

"p(@)] [y, (2)7" (1 = 7)o ()] (A.26)

The low-energy reduction D, [n(z)y"y°nc(z))
—2i My D, (z)n(x)y*n(z) applied to the effective

EppHDe-*— Ve ({E)

x D} () [p*(x)

—
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: v.D—etnn :
Lagrangian L5 (z) gives
Gv 3gv

73 in?
n(@)] [t ()7 (1 — 7°)be()]-(A.27)

KZ%D—ernn(x) _ ZgA MN CNN

x D, (z) [a(x)y®

The effective Lagrangians eq. (A.23) and eq. (A.25) as
well as eq. (A.26) and eq. (A.27) testify distinctly that
the transitions p + p - D + eT + v, and U, + D — eT
n + n are governed by the same dynamics of low-energy
nuclear forces in agreement with charge independence of
weak interaction strength.

For the evaluation of the effective Lagrangian
LLP TP (1) of the transition v, + D — ve + 1 4 pin the

Nell\TJL model one should use the following Lagrangians:

—igy [p(x)y"n(z) — n(x)y"p°(z)] Du(x),
= O A{[p(z) v*9°nc ()] [n€(2) 7,7 p()]
+H[p(x) v°n(2)] [n°(x) v ()]},

Lxnz(x) = ga [PV y°p(x) — A(2)y" 7 n(z)] Z, (x),

Zy(x) — ﬁ [P (27" (1 = 7")tbe (@) (A.28)

npD( )
LoE"(x

The effective Lagrangian E"*D_’”enp( ) of the low-energy

transition v, + D — v, + n + p is then defined by

VeD—ven GF 39\/
L™ (@) = = 9a O 52 5 D ()

x[p(x)7" 7" n ()] [v (2)7" (1 = 7)1, ()] (A.29)

In the low-energy limit when D, (z)[p(z)y"7°n®(z)] —
—2iMN D, (z)[p(x)y°nc(z)] the effective Lagrangian re-
duces itself to the from

Gr 3gv
/24
n°(x)] [y, ()7" (1 —

LRV (1) = i ga My Onw —

x Dy (x) [p(x)° V)b, (2)]. (A.30)

For the evaluation of the matrix element of the transition
Vo + D — v + n + p one would use the wave func-
tion of the np pair in the standard form |n(p1)p(p2)) =
a;fl(pl,al)a;g(pg,og)|0>. The contribution of low-energy
nuclear forces to the relative movement of the np pair
in the 'Sy state should be described by the infinite se-
ries of one-nucleon bubbles evaluated at leading order in
the large N¢ expansion. The result should be expressed
in terms of the S wave scattering length ay, and the ef-
fective range 7y, of low-energy elastic np scattering in the
LS, state.

Now let us obtain the contribution of the nucleon ten-
sor current eq. (4.10). In terms of the structure functions
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the effective Lagrangian 5£pp_’De e (x)
/d4:L' 5£5§HD6+"C (z) =
B ACNN Gv gr /d4 / d*zod*ky d*asd?ks
82 \/_ 2MyN )4 (27r)

_ZkQ (iEQ — .’El) —’Lkg (153 — 1’1)
x T([pe(21) 707 p(xl)} D}, (x2)

X [u, (@3) 70 (1 = 7 )the(3)]) T (Ko, k3 Q)
_ CNN @ gr / /d $2d4k2 d4$3d4]€3
IAGR2 /3 20y A 2n)t

Xe—ik‘g . (.232 — xl)e—Zkg, (.’133 — .231)
x T([p*(21) V°p(x1)] D, (x2)
X[y, (@3) 77 (1 = 7°)e(w3)]) J* (ko k3; Q).

(A.31)
The structure functions are given by
see equations (A.32) on next page

where a 4-vector Q = a ks + bks is an arbitrary shift of a
virtual momentum with arbitrary parameters a and b.
The evaluation of the structure functions eq. (A.32)
at leading order in the large N expansion gives the fol-
lowing effective Lagrangian 6£§§HDE+V& (z) caused by the
contribution of the nucleon tensor current

5£§ffpéDe+"e( ) = ga Cnn ?/\—/ ;;2
(DL (@) 7 (@) *pl@)] - 51 0 DL @ 0 b))

[y, (@)7" (1 = 7 )e(2)]-

2M;

(A.33)

It is seen that the coupling constants of the effective La-
grangian depend on the arbitrary parameter a caused by
a shift of a virtual momentum.

The analogous expression one can get for the effective
Lagrangian of the transition 7, + D — et + n + n caused
by the contribution of the nucleon tensor current as well

5P @) =gn O T 2D, 0
<[a@)y" e (2)] - 5 D ()l (2]}
X[ (@)1 (1= °)e(2)] (4.34)

In the low-energy limit when

— 24 My Dj (z) [p¢(2)y°p(2)],
—2i MxD, (@) [a(z)yn()]
(A.35)

D}, (@) [p*(x)y"+°p(x)] —
Dy () [A(x)y"y°n(z)] —
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iz 1 AS 1
——— = =YY = = (>
Mka7Q+k‘2 MkafQ Mkafolﬁ
1 1
——0 ——— — 7, (A.32)
MN—]f—Q-i-kz MN—]C—Q MN—k'—Q—kg,

v d*k 1
T M k2, k3;Q) = [ =5~ trd~° =
w2

the effective Lagrangians eq. (A.33) and eq. (A.34) can be
recast into the form

(5£pp_)De ve (,T) = —1 gaA MN CNN

C? & DY) @ p(@)] [ ()7 (1~ ()],

5 :%Daehm(a:) —_ —igA My CnN
3Y S € Dy () () )] [ (2 (1= ()]
(A.36)

where £ is an arbitrary parameter related to the parameter
a as follows:

E=-

The total effective Lagranglans of the transitions p + p
—D+et +ve, Ve +D—=e"+n+nand v, + D —
+ n + p are defined by

(4 — a). (A.37)

£8P ) = 1+ €) g My O 30

x D} () [p° ()7 p(@)] [y, (2)7" (1 = 7°)be ()],

L7 M (1) = —i (14 €) ga My Cxn ?/Y igv

x Dy, (z)[(x)y°n® ()] [, (2)7" (1 = 7°)e ()],

LUV (@) = i (1+€) ga My O i; ii\;

x Dy, (z) [p(z)y"n(@)] [, (2)7" (1 = 7° )y, (2)],
(A.38)

where ¢ is obtained by using the relation gr = 1/3/8 gy

and is defined by
- 3
- i

Under the assumption of isotropical invariance of low-
energy nuclear forces, the best agreement with the rec-
ommended value for the astrophysical factor for the solar
proton burning [29] and the contemporary experimental
data [36] on the cross-sections for the antineutrino disin-
tegration of the deuteron 7, + D — et 4+ n + n and 7,
+ D — 7, + n + p caused by charged and neutral weak
current, respectively, we obtain at £ = 0.

(A.39)
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