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Abstract. A recent paper by P. Reinert et al. [Eur. Phys. J. A54, 86 (2018)] showed
a possibility of improving chiral nucleon-nucleon potential models by employing a semi-local
regularization in momentum space. The authors derived nucleon-nucleon potentials with this
kind of regularization completely up to the fifth order of the chiral expansion and considered
additionally some contact interactions which appear at the sixth order. Such a chiral interaction
has never been applied to study electromagnetic processes in two- or three- nucleon systems.
Here we continue our research of photodisintegration processes, now using the improved chiral
force. In particular, we discuss our predictions for the deuteron photodisintegration reaction
in the photon energy range up to 100 MeV. The results of our calculations reveal that the
new potential yields predictions characterized by a weaker dependence on the regularization
parameter and faster convergence with respect to the chiral expansion order compared to the
older chiral potentials.

1. Introduction

Chiral effective field theory (%EFT) is currently the most important theoretical approach to
study low-energy nuclear physics. This theory has been intensively developed for nearly 30
years, resulting in sophisticated two-nucleon and many-nucleon interactions [1].

Recently, the Bochum group has derived a completely new version of the chiral potential, with
semi-local regularization in momentum space (the so-called ”SMS” potential) [2]. In this model
the nucleon-nucleon (NN) interaction is derived up to the fifth order of chiral expansion (N4LO).
Even some contributions from sixth order could be tested within the so-called N4LO+ model
of the chiral NN force. Beside the new regularization method, there are also other important
improvements in the SMS model. For instance, a new way of fixing parameters for pion-nucleon
vertices or the fact that revised NN database [3] was used to fix free low energy constants [2].

It is well known, that the non-local regularization of the chiral forces leads to a strong
dependence of the predictions on regularization parameters already at N2LO (see [4, 5, 6] for
the corresponding results in the electromagnetic sector). In order to evaluate the reliability of
the new model, one needs to apply the SMS force to many processes and obtain observables
which could be compared with data. The chiral nucleon-nucleon (NN) interaction with semi-
local regularization in the momentum space has never been applied to study the electromagnetic
processes in two- or three- nucleon systems and we present here such first applications, especially
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focusing on the dependence of predictions on the regularization parameters and on the chiral
order.

In the present work we follow the line of our previous research [7] and test the new chiral
potential in the deuteron photodisintegration reaction for the photon energies up to 100 MeV.

2. Theoretical approach
The theoretical formalism, which is used in the present work has been already described several
times (e.g. in [7, 6]). Thus we mention here only the main steps of our calculations.

Figure 1. The differential cross-section d~f for the deuteron photodisintegration as a function of
the proton scattering angle dp in the center of mass frame. The upper (lower) row shows results
at photon energy EY = 30 MeV (100 MeV). In the left column predictions from various orders of
chiral expansion with cut-off parameter A = 450 MeV and from Argonne V18 (AV18) model [§]
are shown. The middle column represents truncation errors with respect to the order of chiral
expansion. The right column shows the convergence of predictions for two cut-off parameters at
the fifth chiral order (N4LO). All data points are taken from [9].

The crucial quantities in the description of electromagnetic process from which one can obtain
observables are nuclear matrix elements. For the deuteron photodisintegration process, nuclear
matrix element N”eu can be defined as:

NL = , 1)
where the proton-neutron scattering (final) and the deuteron bound (initial) states are
represented as and I”oUnd),and j%N is a four-component electromagnetic current

operator. The deuteron wave function is obtained from the Schrodinger equation using the
Hamiltonian which corresponds to a given model of the NN interaction V. The same potential
is included in the Lippmann-Schwinger equation for the t-operator,

t=V + tGoV, (2)

where GO is the free NN propagator. Using the solution of Eq. (2), it is possible to construct
the scattering state |"2Citt) and to express N”eu as



27th International Nuclear Physics Conference (INPC2019) I0P Publishing
Journal of Physics: Conference Series 1643 (2020) 012111  doi:10.1088/1742-6596/1643/1/012111

where |J0) denotes an eigenstate of the relative proton-neutron momentum.

The 2N current operator jbN is a sum of one- and two- nucleon operators, and up to now the
two-nucleon current, consistent with the SMS potential, is unavailable. So in this work we use
only the single-nucleon current with separate proton and neutron parts.

The zeroth component (charge density) of the single-nucleon current has the form:

4

while the vector part is a sum of the so-called convection and spin currents

In Egs. (4) and (5) p and p ' are single-nucleon momenta, GEn and GM are electromagnetic
formfactors, P is the vector of Pauli spin matrices and np,n are projection operators necessary
to distinguish the different electromagnetic properties of the proton and neutron in the isospin
formalism, finally np= b (1 + (£)3) and nn =1 (1 —(t)3) with isospin matrix t.
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Figure 2. The deuteron tensor analyzing power ThO for a photon energy EY = 30 MeV as a
function of the proton emission angle dp. The left column shows dependence of predictions on
the order of chiral expansion when A = 450 MeV. The right one shows a dependence on the
cut-off parameter (at N4LO). For the sake of comparison, the AV18 model [8] predictions are
also shown.

Despite the fact that we are not able to use the explicit two-nucleon currents, there is a
possibility to include some their contributions. In the presented here results we use the Siegert
theorem as an alternative way to include many-body contributions to the nuclear current.
More detailed information about our formalism and the Siegert approach can be found in
Refs. [10, 11, 12].

As XEFT is a perturbative theory, there are uncertainties of predictions which are connected
with neglecting of higher orders of chiral expansion in practical calculations. Using methods from
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Ref. [13], we are able to estimate the truncation errors 5(X)(i). Here X denotes an observable
at i-th order of chiral expansion, where i = 0, 2, 3, ... . For the chiral expansion parameter Q,
truncation errors are:

S(X)O > max(Qb X Q) , X (i*0) - X (j"0) ),
5(X) () = max(Q3 X (0 .Q AX@® , X("b- X({™D) (6)
£(X)(i*3 = max(Qi+l X (0) ,Qi-1 AX () ,Qi-b AX(@3) ).

In Eq. (6) X (i) is a predicted value for observable X at i-th order of expansion, AX (2) =
X (2 —X (0), and AX (i) = X (i) —X (i-1) (for i > 3). Of course, such errors do not provide us
with full information about uncertainties of our calculations. In addition, there are limitations
connected with the Siegert theorem instead of the explicit two-nucleon current and others. But
it can give us information, which order of chiral expansion is important for the calculation of a
particular observable, and whether we need to go to higher orders or not.

3. Results of calculations

In order to test the new potential [2], we performed calculations of two observables for
the deuteron photodisintegration process at two photon energies in the laboratory system:
Ey = 30 MeV and Ey = 100 MeV.

In Fig. 1 the differential cross-section is presented. One can see that the data description for
lower energy is much better than for the higher one, what is likely related to the neglection of
two-body currents. One the other hand, we see that convergence with respect to chiral orders
for both energies is fast enough. The cut-off dependence is weak. Truncation errors at N4LO
are quite small, which is represented by the fact that the red band (the darkest one in the black
and white version) in the middle column of Fig. 1 is thin. Thus one should not expect large
contributions from higher orders of chiral expansion.
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Figure 3. The same as in Fig. 2 but for the photon energy of 100 MeV.

Figures 2 and 3 show deuteron tensor analyzing power T2 for the photon energies
Ey = 30 MeV and Ey = 100 MeV, respectively. Both figures show fast convergence with
respect to chiral order and weak dependence on the cut-off parameter. Again we observe that
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the current order of chiral expansion is sufficient to describe the analyzing power up to 100 MeV
and large contributions from higher orders should not be expected.

4. Conclusions
In the present work, we have applied the chiral SMS potential [2] to a calculation of selected
observables for the deuteron photodisintegration reaction. Our calculations for the cross section
revealed that the present chiral interaction shows better, compared to the older chiral models [7],
convergence with respect to the chiral order (fast for I, = 30 MeV, and only a little bit slower
for I2, = 100 MeV) and good behavior with respect to the cut-off parameter. In addition, our
results show small truncation error at N4L.O, what means that one should not expect significant
contributions from higher orders.

The data description is not perfect (especially for the higher energy: Fig. 1 (bottom row)). It
can be connected with a simplified current operator used in these calculations. Nevertheless, our
results reveal very welcome properties of the SMS potential to study electromagnetic processes.
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