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Abstract Chiral effective field theory describes the interaction of nucleons and pions in the low-energy regime

of QCD. This theory offers a consistent picture of nuclear forces and nuclear current operators. We study the

electromagnetic processes based on ChEFT dynamical picture and compare our predictions to results obtained

in the conventional framework. In particular, we consider low energy photo-disintegration of the deuteron at

different orders of the chiral expansion. We investigate a role of different ingredients in the two-nucleon current

operator. For the first time calculations involve consistent contributions from long-range two-pion exchange

currents which appear at next-to-leading order of the chiral expansion. We present novel results for cross

sections and various polarization observables.
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1 Introduction

Chiral effective field theory (ChEFT) provides a
systematic and model-independent framework to an-
alyze hadron structure and dynamics according to
the scheme of the spontaneously broken approximate
chiral symmetry of QCD. This approach is a power-
ful tool for the derivation of the nuclear forces. Ex-
change vector and axial currents in nuclei have also
been studied in the framework of ChEFT. Since the
pioneering work of Park et al. [1] heavy-baryon chi-
ral perturbation theory has been applied to derive
exchange axial and vector currents for small values of
the photon momentum. These calculations employed
time-ordered perturbation theory. The resulting ex-
change vector currents were applied first to analyze
radiative neutron-proton capture within a hybrid ap-
proach.

ChEFT has been also used to study the electro-
magnetic properties of the deuteron, elastic Compton
scattering on the deuteron and some other reactions
[2]. However, no applications to electron or photon
inelastic reactions with two or three nucleons at small
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momentum transfer have been carried out so far. A
recent review on the theoretical achievements in this
field based on conventional framework can be found
in [3]. A strong interest in ChEFT predictions for this
type of reactions, especially in view of planned exper-
iments, resulted in the application of this framework
to the above-mentioned processes. This requires a
consistent derivation of the nuclear Hamiltonian and
the electromagnetic current operator for a given few-
nucleon system.

In the two-nucleon (2N) system the leading contri-
butions to the exchange current originate from one-
pion exchange and are well known. Further contri-
butions to the 2N current operators were recently
worked out by Pastore et al. in Ref. [4]. They ob-
tained the electromagnetic 2N current operator us-
ing time-ordered perturbation theory. In the present
work, on top of simpler ingredients, we apply also the
leading two-pion exchange 2N operator from Ref. [5].
This part of the 2N current operator was derived
within ChEFT using the method of unitary trans-
formation, consistently with the way in which the
nucleon-nucleon (NN) force was obtained earlier [6].
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2 Formalism

The formalism to describe 2N reaction requires
the knowledge of the consistent potential and elec-
tromagnetic current. The NN potential based on
ChEFT is well known up to next-to-next-to-next-to-
leading order of the chiral expansion. We will, how-
ever, consider only next-to-leading order (NLO) con-
tributions to the 2N current operator and thus confine
ourselves with a NLO NN potential. At this order, it
contains one- and two-pion exchanges (TPE) as well
as various contact interactions [6]
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The effective current operator for the 2N system is a
sum of the single-nucleon operators j*(i),i=1,2 and
two-nucleon operators of different origin (5*(1,2))

Jon = 3" (V)45 (2) 455 (1,2) +2 (1, 2) 45600 (1,2), (2)

where the expressions for the single-nucleon and one-
pion-exchange (OPE) currents have been known for a
long time. In this report, we concentrate on a treat-
ment of the long-range TPE contributions to the 2N
current operator derived in Ref. [5]. The TPE current
operator given in the momentum space involves the
standard loop functions and the three-point functions
in a form suitable for numerical calculations.

The TPE four-current operator consists of many
terms j* = (j°,7) and quite generally can be written
as
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where ¢, =p’ — p is the momentum transferred to nu-
cleon i, T, is the 2N isospin operator, O%() and OP
are the (momentum dependent) spin operators in the
2N space, fP° and fP are scalar functions. They do
not contain any free parameters. Further information
about these operators can be found in Ref. [5].

In the 2N current operator which we use in our
present calculations, the contact terms in (2) are
missing and we focus on the role of the TPE part.
Due to their isospin structure they do not contribute
to elastic electron-deuteron scattering. It is then nat-
ural to study photo-disintegration of the deuteron.
We choose a chiral potential Voy consistent (in its
TPE part) with the current operator and generate
the deuteron bound state, |Wouna), and the proton-
neutron (pn) scattering |PX.,,) state in order to ob-

tain the nuclear matrix element N* from which all
observables can be calculated:

Nt = <y75€aﬂ |jgN |Wbound> . (4)

We use the solution of the Lippmann-Schwinger equa-
tion, t = Von +tGoVay, in order to write N* as

N¥ = (po | (1+1Go) jin [Phouna), ()

where G, is the free 2N propagator and pj is the rel-
ative pn momentum in the final state.

We work in momentum space and employ stan-
dard partial wave decomposition (see for example
Ref. [7]) of our chiral potential. Thus we have to rep-
resent the TPE current operator in the same form. To
this end we first prepare all the spin and isospin ma-
trix elements using Mathematica and then calculate
the resulting fourfold angular integrals (6) on the par-
allel supercomputer IBM Blue Gene/P of the Jilich
Supercomputing Centre (JSC).
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3 Results

We present preliminary results for the deuteron
photo-disintegration process at the photon laboratory
energy of 60 MeV. We calculated the following ob-
servables: the differential cross section, the deuteron
tensor analyzing powers, the photon analyzing power
and the outgoing proton polarization. The results are
shown in Fig. 1. The plots show contributions from
the different parts of the 2N current. Note that the
results depend on the two cut-off parameters present
in the chiral potential. While the first cut-off pa-
rameter A appears in the regulator function for the
Lippmann-Schwinger equation, the second parameter
A is defined in the spectral function regularization
(SFR) and denotes the ultraviolet cut-off value in the
mass spectrum of the two-pion-exchange potential.
The bands reflect the dependence of the results on
variations of A and A. The cut-off values vary be-
tween 450 and 600 MeV for A and between 500 and
700 MeV for A. For these choices we followed Ref. [8].
We show also some reference results obtained with the
phenomenological AV18 potential [9] and the corre-
sponding exchange currents. We see that in all ob-
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servables the 2N current operator plays an important
role and that a restriction to the single nucleon cur-

the deuteron tensor analyzing powers we see quite a
good agreement between the very reliable AV18 po-

rent operator would be unjustified. In particular, for | tential prediction and our chiral results.
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(color online). The preliminary results for the unpolarized cross section and selected polarization

observables in the deuteron photo-disintegration process at the photon laboratory energy of 60 MeV displayed

as functions of the nucleon emission angle. The solid black line is for the standard calculation based on the

AV18 potential, the blue band covers results obtained with the single-nucleon current only, the grey band

represents predictions based on the single-nucleon and OPE parts, and the pink band contains additionally

TPE parts.

4 Summary and outlook

We applied TPE current densities, recently de-
rived within the framework of ChEFT, to the de-
scription of deuteron photo disintegration and com-
pared different contributions to the chiral 2N current
operator for the unpolarized cross section and several
polarization observables. Our dynamical framework

is in development. Consistent short-range contact

| and other higher-order terms in the 2N current op-

erator are still missing. Such a consistent framework
will be used to analyze electromagnetic processes
with two and three nucleons.

We would like to thank Dr. E. Epelbaum and S.
Kolling for providing us with their preliminary re-
sults about TPE currents and many stimulating dis-
CUSSIONS.
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