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Abstract

This Ph.D. thesis presents a comprehensive investigation into the application of the
chiral potential to understand two types of processes with two- and three-nucleons. The
primary focus is on the application of the state-of-the-art semilocal momentum-space
regularized potential (SMS) potential to H, 3H, and *He photodisintegration processes,
as well as to pion absorption by the same nuclei. The SMS potential is taken up to the
fifth order of chiral expansion, N*LO", and augmented by the consistently regularized
three-nucleon force at N2LO.

The study employs the momentum space formalism, solving the standard Lippmann-
Schwinger equation to obtain the t-operator and the corresponding two-nucleon scattering
state. For three-nucleon processes, the Faddeev equations are utilized to include both
initial and final state interactions, allowing a thorough examination of observables such as
total cross sections, capture rates, differential cross sections, and polarization observables.

The main goal is to assess the quality and convergence of predictions based on the chiral
SMS potential, particularly in comparison to the semi-phenomenological AV18 potential.
The research explores the convergence of predictions with respect to the chiral order,
revealing that predictions based on the SMS interaction are generally well-converged,
indicating satisfactory model performance. Additionally, in this work I study the depen-
dence of predictions on the intrinsic cut-off parameter A, providing valuable insights into
the sensitivity of results to this parameter.

Furthermore, the study investigates the role of various dynamical components, includ-
ing final state interactions and two-nucleon current contributions. The analysis highlights
the significance of these components in influencing predicted values, emphasizing the im-
portance of a fully consistent model incorporating 2N forces, 3N forces, and one-, two-,
and three-body currents.

In conclusion, this work contributes to our understanding of electromagnetic and
strong processes in nuclear physics, demonstrating the high quality and convergence
of the chiral SMS potential. For all studied processes I point out especially interesting
observables and kinematical configurations, in which the role of individual components
of the Hamiltonian is highlighted.

This work is organized as follows. Chapter 1 provides an introduction to the theoretical
framework and the motivation for the study. Chapter 2 presents the formalism and
methodology used in the study. Chapter 3 presents the results of numerical calculations
for studied processes. Finally, I summarize in Chapter 4.
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CHAPTER 1
INTRODUCTION

Why we study few nucleon systems

The study of light nuclei and their reactions has been serving as an easy way to
investigate particles in nuclei and the forces between them for decades. A convenient way
to proceed may be to study the interaction of a nucleus with other nuclei, particles, or
electroweak probes such as electrons, photons, muons, pions, neutrinos, and hyperons. In
most cases, the study of elastic or inelastic scattering is possible. This can be done either
theoretically or by performing relevant experiments to test if the theory works. It should
be taken into account that nuclear interactions may be caused by different fundamental
forces, including strong, weak, or electromagnetic interactions. This depends on the type
of particle being scattered and the target of the reaction and requires different theoretical
approaches. Of course gravitational force is also in the game but due to its weakness it
is usually omitted in the nuclear physics.

In the past many experimental efforts have been undertaken and experimentalists have
been interested in electromagnetic reactions involving light nuclei for decades. There are
experimental data from the second half of the 20th century (e.g. [1-4]) which are still
useful for comparing theoretical predictions with experimental measurements. There
are several facilities providing sources of gamma rays (both low- and high-energy) and
other particles that have been operating for decades and still enable experiments to be
conducted. Let us mention here such facilities as TUNL with HIyS [5,6] or MAMI [7].

To accurately describe nuclear reactions, two important components of the Hamilto-
nian must be considered. They are nuclear interactions and nuclear currents. First of
all, various nuclear forces may act on the particles.

The strong nuclear force acts inside the nuclei and, among others, binds neutrons and
protons together. The description of strong interactions is extremely difficult as it deals
not only with the nucleons themselves but also with their constituents: quarks and gluons.
Quantum chromodynamics (QCD) is a modern theory describing strong interactions,
but, at the moment, it is not applicable at low energies (e.a. at Q* < 1GeV?). In such
a situation, various approaches are emerging. The most advanced is the chiral effective
theory and lattice calculation [8-10]. In this work we will use the results of the first
approach and the corresponding model is described in Sec. 2.

A study of three- (and more) nucleon systems showed that the strong two-nucleon
(2N) force is not efficient in describing N > 2 systems, thus a three-nucleon (3N) force
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(3NF) was introduced. The first applications of such a force showed that it brings a
sizable contribution to observables and cannot be ignored [11]. The contribution of the
3NF can be examined e.g. by comparing binding energies of light nuclei calculated with
and without this part of the Hamiltonian, and with respect to experimental data.

For example, the binding energy! for *H calculated with the Argonne V18 (AV18)
2N potential without 3NF amounts to E,(*H) = —7.628 MeV [12]. There are different
models that might add a 3NF contribution to AV18 (or other potentials). Using the
Tucson-Melbourne (TM) model [13] results in Ej(*H) = —8.478 MeV, and the Urbana
IX [14] 3NF provides us with Fj(*H) = —8.484 MeV. Looking at the experimental value
E,(*°H) = —8.482MeV, it is clear that the 3NF contribution makes the prediction much
closer to the measurement. Nevertheless, the parameters of the UrbanalX 3NF were
fitted to the experimental value for 3H, so there is no surprise in good agreement.

However one can also check the binding energy for other nuclei, which were not used
for the fitting. The 2N force (2NF) binding energy for 3He (calculated with AV18) is
Ey(®He) = —6.917MeV. The TM contribution makes it E,(*He) = —7.706 MeV, the
Urbana IX gives Fy(®He) = —7.739 MeV, while the experimental value is E,(*He) =
—7.718 MeV. One can see the importance of 3NF contribution also for the a-particle’s
(*He) binding energy: the AV18 alone gives Fj(*He) = —24.25 MeV, while the AV18 +
TM leads to —28.84 MeV, the AV18 + Urbana IX delivers Ej,(*He) = —28.50 MeV, and
the experimental value is —28.30 MeV [12].

Whereas the first applications included only early simplified "realistic" 3N potential,
the latter investigations, based on more advanced models, fully confirmed the above state-
ments [15,16]. Within new models, the four-nucleon (4N) interaction was constructed
to improve the description of He [17]. A broader discussion of models of nuclear forces
used in this thesis is given below.

The electromagnetic force appears between charged particles like protons, electrons,
or pions. That force acts also between charged particles and photons, so in photon- and
electron- scatterings on the nuclei it is a necessary component of a description. However,
electromagnetic interaction between nuclei manifests mainly at very low energies or for
specific kinematic configurations with two protons having approximately equal momenta.
Thus it is skipped in the lowest-order analysis.

The main contribution of electromagnetic interaction to disintegration processes in
hand is due to the current operator describing photon-nucleon vertex and second-order
processes. The structure of the electromagnetic current has been investigated in many
works by numerous groups [18] but it was H. Arenhdvel who performed a study of nu-
clear electromagnetic current in the few-nucleon sector. His long-term research, reviewed
in [19] demonstrated various theoretical models applied to the deuteron photodisintegra-
tion. He analyzed among others a nonrelativistic potential model, a relativistic impulse
approximation, and a relativistic meson-exchange model. These models were used to cal-
culate the differential cross section and various polarization observables, which describe
the probability of the process occurring at different scattering angles, photon energies,
spin directions, etc.

The calculated cross sections were then compared to experimental data, and it was
found that the relativistic meson-exchange model provided the best agreement with the
data at photon’s energies up to £, ~ 100 MeV. At higher energies agreement is observed
too but is getting worse. This model includes the exchange of virtual mesons between the
interacting particles, which accounts for the strong and electromagnetic forces between

More precisely it is a ground state energy, but I follow commonly used mental shortcut.
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them.

Overall, Arenhovel demonstrated the importance of including both strong interaction
and electromagnetic current operator in a description of the deuteron photodisintegration
process, and highlighted the need for accurate theoretical models to interpret experimen-
tal data.

The weak force is of great importance in the study of nuclear processes. One of
the main roles of the weak force is to mediate negative beta decay, which is a process
in which a neutron in a nucleus is converted into a proton, emitting an electron and an
antineutrino. This process plays a crucial role in the formation of elements in the universe,
as it allows for the conversion of neutron-rich isotopes into more stable, proton-rich
isotopes. Additionally, the weak force plays a role in neutrino interactions with matter,
which are of great interest in both astrophysics and particle physics. In nuclear physics,
weak interactions can also play a role in the decay of unstable nuclei, the production
of neutrinos in nuclear reactions, and the scattering of neutrinos off nuclei. The study
of weak interactions is therefore an essential component of the overall understanding of
nuclear physics and the behavior of matter on the subatomic scale. However, in the
thesis, I stick with electromagnetic and strong processes.

Models of strong interaction used in the thesis

In order to model the nuclear potential, physicists often use phenomenological or semi-
phenomenological approaches. It allows them to combine theoretical knowledge about
the studied processes and experimental findings.

Among many of such models, the AV18 [16] force is one of the most advanced and
therefore is used in the current thesis. To construct that nucleon-nucleon (NN) force,
authors combine long-range one-pion-exchange part with short-range phenomenological
one and supplement them with electromagnetic corrections. Free parameters were fitted
to the Nijmegen partial-wave analysis of pp and np data [20]. Authors showed, that the
AV18 potential delivers good description of nucleon-nucleon scattering data (x?/data =
1.08 for around 4000 pp and np scattering data points) as well as deuteron properties
(estimated binding energy is 2.2247(35) MeV vs experimental 2.224 575(9) MeV [21]).

Weinberg’s idea of using chiral symmetry to describe nuclear interactions at low ener-
gies was first introduced in his papers published in 1990 and 1991 [22,23]. In these papers,
Weinberg argued that the low-energy dynamics of nucleons could be described using a
chiral Lagrangian, which is the most general Lagrangian consistent with chiral symmetry
and its spontaneous breaking. This Lagrangian is expressed in terms of nucleon and pion
fields, which are the degrees of freedom that become relevant at low energies.

The chiral Lagrangian is the starting point for the development of the Chiral Effective
Field Theory (yEFT), which has become one of the most advanced approaches to low-
energy nuclear physics [24]. The use of the yEFT allows (at least in theory) for the
calculation of nuclear properties and reactions in a model-independent way. It is also
possible to quantify the uncertainties associated with the calculation. One of the key
features of the YEFT is that it allows for the construction of a nuclear potential, which
can then be used in relevant formalisms, e.g. to solve the Schrédinger equation and
to obtain bound and scattering state properties. The accuracy of the potential can be
systematically improved by including higher-order terms in the chiral expansion, which
leads to a better description of experimental data.

In the YEFT there are two natural scales: so-called soft scale () ~ M, - the mass of
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pion and the hard scale - A, ~ 0.7GeV - the chiral symmetry breaking scale. The ratio
between these two scales Q/A, is being used as an expansion parameter in YEFT with
power v: (Q/A,)". ?

The possibility of deriving nuclear potential is an important feature of YEFT. The
potential, as occurs in Lagrangian, is a perturbation expression of the same parameter
Q/A,. Considering so-called irreducible diagrams (which cannot be split by cutting nu-
cleon lines), Weinberg [22,23] came to the expression for the powers vy, of such diagrams

VW:4—A—20+2L+ZAi, (1.1)
where ¢ specifies a vertex number and
Aizdmt%—z (1.2)

In Eq. (1.1) C is a number of pieces which are connected, L - the number of loops in
the graph and A is the number of nucleons in the diagram. In Eq. (1.2) n; is a number
of nucleon field operators and d; - the number of insertions (or derivatives) of M.

Further analysis of Eq. (1.1) revealed some problems which occur for particular values
of parameters in the equation, namely negative values of vy, are possible while the order
has to take integer values from 0 to infinity. To deal with that, Eq. (1.1) was slightly
modified by adding 34 — 6 to it [10,27]:

v=uw +34-6=-2+24-20+2L+ ) A (1.3)

That convention above is widely used and we will also stick to it as well.

In YEFT the first order, "leading order" (v = 0) is followed by the next-to-leading
order (v = 2) 3, the next-to-next-to-leading order (v = 3) and so on. At each chiral order,
new interaction diagrams complete the potential. There are only two diagrams at the
leading order (LO): one is a contact term and the other one is a one-pion exchange, see
Fig. 1.1. Both diagrams reflect only 2NF. The same is for diagrams at next-to-leading or-
der (NLO), where more contact terms occur together with two-pion exchange topologies.
Each subsequent order includes more and more sophisticated diagrams describing nucleon
interaction via multiple pion exchanges and various contact vertexes. 3NF appears for
the first time at next-to-next-to-leading order (N?LO) while 4NF contributions start from
next-to-next-to-next-to-leading order (N*LO). This scheme establishes for the first time a
systematic way to include all the contributions to a strong nuclear force starting from the
simplest diagrams at LO and gradually adding more and more terms. It is also beneficial
in the way that one can obtain results using chiral potential at different orders and track
which one gives a large or small contribution to the final prediction. At the moment,
next-to-next-to-next-to-next-to-leading order (N*LO) is the highest order at which 2N
interaction has been completely derived. Nevertheless leading F-wave contact interac-
tions from N°LO have been combined with N*LO force leading to the N*LO™ potential,
which is currently regarded as the best available potential on the market. The progres-
sion of the chiral orders is reflected in a x?/data. Leading order results in x?/data = 73

2Note that exact values of some parameters are still under discussion [25]. We follow here approach
proposed by E.Epelbaum and collaborators, see e.g. [26]

3The contributions to the potential at order » = 1 completely vanish due to parity and time-reversal
invariance, so the next-to-leading order stands for the second order (v = 2) of expansion.
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(with neutron-proton data with Ej,, = 0 — 100MeV). Each subsequent order has better
and better results: NLO gives x?/data = 2.2, N?LO - x?/data = 1.2 and the highest,
NLO™, leads to x?/data = 1.08 |26]. Similar progress is observed for a wider energy
range, e.g for Ej, = 0 —300MeV x?/data is 75, 14, 4.1, 2.01, 1.16 and 1.06 at LO, NLO,
N2LO, N3LO, N*LO and N*LO™, respectively. The proton-proton data description has
a similar trend, so x?/data is 1380, 91, 41, 3.43, 1.67, 1.00 for the same energy bin and
chiral orders. At N*LO* y2?/data for proton-proton data stands a similar value (close to
1) as for neutron-proton. However for the proton-proton force, the convergence comes a
bit later, and the leading order has a way worse description than for the neutron-proton
potential. In my work, I will use chiral potentials from LO up to N*LO*.

2N Force 3N Force 4N Force

- XH

i

EAS

> KX
bos mmm ]

o B,

Figure 1.1: Feynman diagrams for each of chiral orders and different nuclear forces (two-,
three- and four-nucleon). Solid lines represent nucleons and dashed lines represent pions.
Small dots, large solid dots, and diamonds denote different types of vertexes A; (see
Eq. (1.1) and Eq. (1.2)). Further explanations are given e.g. in [28].

N3LO

+

The Argonne V18 potential [16], mentioned earlier, has 40 adjustable parameters,
while YEFT NN potential at N*LO [10] has only 27 low-energy constants (LECSs) fitted
to 2N data. The reduction of the number of free parameters of the yEFT-based potentials
has not only a theoretical but also a practical advantage in the studies of nuclear systems.

The general scheme outlined above was developed mainly by the Bochum-Bonn and
Moscow-Idaho groups. Both groups have similar approaches and were independently
and almost simultaneously developing their models. In 1998 Epelbaum and collaborators
from the Bochum-Bonn group presented a first version of their NN chiral potential [29,30].
Developing more and more sophisticated versions with higher chiral orders, authors pre-
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sented in 2001 [31] N®LO model which included 3NF contributions, and in 2005 [32]
N3LO NN potential. They were further developing their chiral model, taking into ac-
count more Feynmann diagrams coming to a higher chiral orders. At some moment the
Bochum-Bonn group faced a problem of potential regularization [33,34]. Solving it was
a necessary step but authors were struggling with finding an appropriate regularization
method to handle the divergences that arise in the yEFT calculations. Different tech-
niques were applied such as the cutoff regularization and the regulator function methods.
An important step was made when authors started using a semi-local regularization in
the coordinate space. The corresponding potential is called the SCS potential (semi-local
regularization in the coordinate space) [35]. Later similar regularization, but done in
momentum space was introduced, resulting in the most advanced chiral potential [26]:
the semilocal momentum-space regularized potential (SMS). It is developed up to N*LO™
at the moment.

On the other side of the planet, in Idaho, R. Machleidt and his group from Moscow (Ida-
ho) were also developing a chiral interaction. Their results from 2003 [36], following with
later investigations [37,38] and recently in [28| introduced a very similar model to the
one from the Bochum-Bonn group with minor technical differences.

There are a number of other attempts to construct the nuclear potential from the
XEFT. M.Piarulli et al [39,40] contributed to quite a similar approach, based on the
same chiral potentials but including explicitly A-isobar intermediate states up to the
third chiral order and taking into account sophisticated electromagnetic corrections.

Other groups try to improve already derived forces. Let us mention here works by
A. Ekstrom and collaborators [41,42| who, by using advanced fitting methods combined
with the statistical analysis proposed a so-called optimized interaction V,p which was
proved to provide a good description of nuclei properties and nuclear matter without
using 3NF'.

Another approach is the pionless effective field theory, which integrates pions out and
focuses on the various types of contact interactions between nucleons [43]. Obtained
potential has a very simple form, but cannot be applied to higher energies since pions
start playing an important role there.

Yet another promising approach is the Lattice Effective Field Theory (LEFT), which
is based on the Lattice simulations of the strong interaction. U.-G. Meifsner and collabo-
rators have developed a chiral effective theory for nuclear forces based on the methods of
lattice QCD calculations [44]. This approach has the advantage of being able to predict
the nuclear force directly from the first principles, without the need for phenomenolog-
ical input. However, currently, it is limited to small systems and low energies due to
the computational resources required for calculations. Up to now, the relatively simple
two-nucleon scattering problem and few-nucleon bound state have been solved within the
LEFT and more complex systems are still under attack. For more details please refer
to [44].

Technically, the chiral potential may be derived both in coordinate and momentum
spaces. Nevertheless, in both cases, it requires regularization which improves potential
behavior at small distances or at high momenta, which allows to avoid infinities. The SMS
potential is being regularized semilocally. It means that local or nonlocal regularizations
are being applied for different parts of the potential. In [32,36] the non-local regulation
scheme was applied to both short- and long-range parts of the potential while in the next
model [28,35] it affected only a short-range part. This regularization is applied directly
to the potential matrix elements in the coordinate space:
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Va(r) = Vi r(7) = Vi () (1 — exp(—rz/RQ)) , (1.4)

or in the momentum space

Ve (', 0) = Va(p",0) = Ve (i, ) exp [~ (0'/A)*" — (p/N)*"] (1.5)

where the cutoff R was chosen in the range of R = 0.8, ..., 1.2 fm, A = }% and n being

adjusted with respect to the considered chiral order. For specific case of the SMS force
A =400 — 550 MeV and n = 3.

The other way of regularization, the local one, is applied to the propagator operator,
already during the derivation of potential. Namely, the Gaussian form factor F(Z_Q) is
being used to reduce pions with higher momenta:

* p(u? F(P
/ LGS 0 s - (%) (1.6)
N /L2 12+ ,U2
with
= _Pym2
F(lI*) =e a7, (1.7)

M, is an effective pion mass, A - a cutoff parameter and [ is a four-momentum of the
exchanged pion. The form factor (1.7), being used together with the Feynman propagator,
ensures that the long-range part of the forces has no singularities.

The cut-off parameter A is not fixed and usually calculations are being performed
for its different values. The comparison of such results may reveal stronger or weaker
dependence on A and in a perfect case, which is expected at v >> 1, one will come up
with such a potential, where the cut will not affect results at all. One of the aims of
my thesis is to test how big cut-off dependency of predictions is observed for the SMS
force. To illustrate a cutoff dependency of the potential, in Fig. 1.2 I show values of the
matrix elements for 2N (p|V|p’) potential >S; —* D; as a function of the momentum |p]
with fixed value |p”|=1.798 fm~'. Please note, that the relatively strong dependency of
specific matrix elements on the potential is not always leading to a strong dependency of
observables, as observables comprise contributions from many matrix elements.

Let me add, that the regularization function used by R. Machleidt and collaborators
is non-local only [28,36]. That is the main reason for the observed differences between
predictions based on Epelbaum’s and Machleidt’s models.

Currents

The electromagnetic current operator for a few-nucleon system has both one- and
many-body contributions, which can be denoted as j}“ jﬁ, jﬁ, etc, respectively (where
g = 0..3 denotes a four-vector components). The leading one-body contribution, j}u
represents the photon’s interaction with a single nucleon. The many-body contributions
are known as meson exchange currents (MEC) and arise from the meson-exchange picture
of the nucleon-nucleon (NN) interaction. In that picture, the photon can couple also to
mesons exchanged between two nucleons, leading to two-body contributions to the nuclear
current. The necessity of introducing the MEC arises from the continuity equation. The
momentum and isospin-dependent terms in the potential require the introduction of two-
body MEC. Similarly, the inclusion of the three-body force into the Hamiltonian requires
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p' = 1.798 [fm~!]
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Figure 1.2: Matrix elements (p|V|p’) of the SMS potential in coupled partial waves
35, —3 D, as a function on the momentum p with fixed value of the momentum p’ =
1.798 fm~!. Potential element Vi, is taken between two states with angular momenta [
and !’ where | = 0 stands for 35, state and [ = 2 for 3D;.

the existence of three-body contributions to the nuclear current. However, the effects
of the three-body MEC are likely negligible in the low-energy region. Therefore, in
the thesis, I will consider one- and two-body currents, only. The continuity equation,
connecting the interaction and the current clearly shows that those two quantities should
be derived consistently from the same underlying theory of nuclear phenomena. 1 work
with the SMS chiral interaction and for that force the complete consistent MEC has not
been derived yet. Consistency includes here also the same regularization as used for the
interaction. While the derivation of such currents is ongoing [45], at the moment only
SNC is well established. Thus to mimic the effects of the MEC, I apply the Siegert
theorem [46,47]. In general, this theorem allows the substitution of explicit MEC terms
by the time component of the nuclear current (the charge density). It is less sensitive
to MEC contributions (compared to spatial components of j,) and thus in its case, the
SNC approximation is sufficient. I use here the formulation of the Siegert theorem given
in [47].

A more detailed discussion of electromagnetic currents and pion absorption operators
used here is given in the Sections 2.6 and 2.7, respectively.
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FORMALISM AND NUMERICAL
METHODS

Even though the deuteron problem was solved a long time ago, I will describe it briefly
to introduce the notation and formalism. With that, for more complex 3N cases only a
slight extension will be needed.

To calculate any observable for the deuteron photodisintegration, one has to find a
nuclear matrix elements:

NF = <lefinal | JH | \I/im'tial>7 (21)

with the two-nucleon wave function of the initial state W;,;tia1 = Vdeuteron; the two-nucleon
wave function of the final scattering state Wy, and a four-vector current operator J*
which acts between initial and final two-nucleon states. In case of 3He or *H photodis-
integration analogous nuclear matrix element (W fina|J"|Vinitiar) has to be found, but
now |U,nitiar) is either *He or *H bound state and (¥ t;,4| describes a 3N scattering state
with all three nucleons unbound after the reaction or Nd scattering state with the two
particles: nucleon and deuteron in the final state. In the following, I describe how to get
these quantities.

2.1 2N bound state

Let’s find a deuteron bound state wave function |¢4). The time-independent Schrédin-
ger equation for two particles is expressed as:

(Ho+ V) |pa) = Eq|da) (2.2)

with a kinetic energy Hy and potential V. The kinetic energy H, can be represented in
terms of relative and total momenta of the particles:

-2 -2 -2 52
Hy = P1 P3 :p__i_P_’ (2.3)
2my  2mo  2u  2M

where the relative and total momenta are defined as follows:

10
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. (mypy — mops
P o= ) , (2.4)
my + Mo

—

P = pi+pa, (2.5)

mim2

where M = mj + my is a total mass, yu = "7

is the momentum of i-th particle.
Potential V' is assumed to depend on the relative degrees of freedom only, so Eq. (2.2)
may be decomposed into two separate equations:

is a reduced mass of two nucleons and p;

T3

(0| Wine) + @V | Wing) = (Eqg — E){P | Yine) (2.6)
fm<73“1’> :E<73‘\Il> (2.7)

with <ﬁ, ﬁ‘Hg)¢d> =2 Pl Wine) + % (P|¥). So VU is a component of the total wave

2p
function, which reflects a deuteron as a single object with momentum P while W, 1s an
internal wave function describing the interaction between nucleons. Basis state |p) obeys
a completeness equation:

/ P77 (7 = 1. (2.8)

Eq. (2.6) is basically the Schrodinger equation for a single particle with mass p in
potential V' and Eq. (2.7) can be regarded as a Schrodinger equation for particle with
mass M in a free motion. Assuming that deuteron is at rest (F = 0) we can stick to the
Eq.(2.6) only. Using completeness relation (2.8) we get:

.
(5 ) + / 45 GV | PV | Uit = Balp | ane) (2.9)

Working in 3-dimensional space (i.e. directly with p" vectors) is difficult, especially
numerically, so I follow a standard path and introduce the partial-wave decomposed
representation (PWD) of the momentum state, adding spin and isospin degrees of freedom
in the following form:

lpa) = [p(ls)jmy) [tmy) , (2.10)

where quantum numbers 1, s, j, t are orbital angular momentum, total spin, total angular
momentum and total isospin respectively. m; and m, are total angular momentum and
isospin projections, respectively.

States |p(ls)jm;) can be further decomposed to the more basic states than it is in
(2.10), separating spin part as

Ip(ls)jm;) = Zc(lsj;ml,mj—ml,mj) Iplmy) |s mj—my) . (2.11)
my

Spin(isospin) states can be further represented via single-nucleon spin(isospin) states:

11
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1 1
§m1> ‘ims—m1> s (212)

1 1
§V1> ‘émt—yl> . (213)

In Eqgs.(2.11) -(2.13), ¢(...) are Clebsh-Gordon coefficients. Nucleons are spin 1 parti-
cles, and we also treat proton and neutron as the same particle in different isospin states,
using convention in which isospin v, = % stands for proton and v; = —% is for neutron.

The states | plm;) from Eq.(2.11) are orthogonal

11
|smy) = 26(558;m1,m5—m1,m3)

mi

11
[tmy) = 20(5575; Vi, My — V1, M)

vy

/ o(p—1p'
W' | plmyg) = %5”'57”””2 (2.14)

and satisfy the completeness relation:

i ) / dpp® | plmy) (plmy |= 1 (2.15)

=0 m;=—1

Projection of (p”| states to |plm;) leads to

—/ 5 | — N
(p"[plmy) = WYM (), (2.16)

where Y}, (p') is a spherical harmonic and ’hat’ denotes a unit vector X in direction of
X. Thus for the momentum vector:

p= |plp = pp. (2.17)

Nucleons are fermions so exchanging them leads to antisymmetry of the wave function.
In PWD it results in the additional requirement for allowed quantum numbers which is:

(=)t = 1. (2.18)

In general, nuclear NN force conserves spin, parity, and charge so

<p/04/|v|p05> - (Sjj/émm/dtt’dmtmt/635’%?gtmt (p/,p) (219)

which introduces restrictions for particular sets of quantum numbers « and /. Strong
interaction allows for change of the orbital angular momenta [ = j + 1, I’ = j' £+ 1. The
channels, in which [ # [’ is allowed, are called coupled channels and for the deuteron
bound state one can find only one such PWD state combination: two coupled channels
which are commonly denoted as ®S; and *D; (the naming stands for 2*![;). They
correspond to | = 0 and | = 2 respectively (with s = j = 1 and ¢ = m; = 0). I will denote
wave functions for these channels as ¢;(p) with { = 0,2, such that:

¢1(p) = (p(ls)jmal {tmu|Wine) = (p(11)1mal (00[Wine) ;1 = 0,2. (2.20)

In that new basis Eq.(2.9) takes a form of two coupled equations:

12
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—@ > / A/ (p(11)1mq| (00]V]00) [5/ (1) 1ma) 60 (3) = Euc(p),  (221)

for I = 0,2. In case one does not have a matrix elements for the potential (plm; |
V| p/l'mj) in analytical form, but only numerical values for some grid of points are
given, there is still one complication in the Eq.(2.21) - integration, which has to be
discretized. In order to get rid of the integral I use a Gaussian quadrature method of
numerical integration [48]. It allows me to replace an integral by the weighted sum:
fab f(z)dz = Zf\il w;f(z;). In current work I used N = 72 points in the interval from 0
to 50fm~'. Using this method, Eq.(2.21) becomes

P (o) + 3 ijp] (ps(11)1myg] (00[V]00) |p; (1) 1ma) éu (p;) = Eatu(p:).  (2.22)

2
H 1'=0,2 j=0

In practical computations, the same grid points p; are used for p and p’ in order to
optimize computational time. I solve this equation as an eigenvalue problem MV = E;¥
and in that way find simultaneously wave function values in a grid of p points and the
binding energy F,;. For example, the binding energy F; calculated with the SMS potential
at different chiral orders is presented in Fig. 2.1.

—2.10 T T T ! 1

=== experiment
—2.12

—2.14

—2.16 - -

—2.18F Y -

Ed [MGV]

—2.20F -

—2. 22 Y W
—2.24 .
1

LO NLO N2LO N3LO N4LO N4LO+
Chiral order

Figure 2.1: Deuteron binding energy calculated using the chiral SMS potential at different
chiral orders as a mean value over all cutoffs. Experimental data is taken from [21].

An example of such wave functions is demonstrated in Fig. 2.2. The left panel demon-
strates a wave function for [ = 0 - (3S)), while the right one for [ = 2 - (3D;). Both
plots consist of the curves for different cutoff values and using the chiral SMS potential at
N4LO*. The small deviation between lines shows that cutoff dependence is rather weak
at this stage but further discrepancies connected to the value of A may appear in other
components of nuclear matrix elements.
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S Y N B D D D B B I B N N W L . N L L L O
12 A [MeV] 3 C ]
- 400 - 0.20 .
10 — 450 ] B i
Q’_' sk = = 500 j Q'_' 0.15 .
%) - . 4 ™ L |
E | 5501 & i ]
= 6 1 = o0.10Q -

o B 7 [§]
S 4F 1 © I 1
i - o.osi .
2F . X ]
OEI I I N T S T O A |: OOO NN I T T O T I | |_
0 1 2 3 4 0 1 2 3 4 5
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Figure 2.2: The deuteron wave function ¢; for 1=0 (35; partial wave)(left) and 1=2 (*D,)
(right). Each curve shows results obtained with different values of the cutoff parameter
A. The chiral SMS potential at N*LOT was used.

2.2 2N scattering state

I work in the time-independent formulation of the scattering process. In such a case
the Hamiltonian is:

H=Hy+V, (2.23)

where again Hj is a kinetic energy operator, Hy = %, and V is a nucleon-nucleon inter-
action. For a free particle motion, V' will be absent and we will denote a corresponding
energy eigenstate as a free particle state |[p’). The scattering state |¢) fulfills similar
Schrodinger equation as [p), with the same energy eigenvalue, but with the presence of
the potential:

(Ho+V)[¢) = El).

We are interested in a solution for Eq. (2.24), so that ) — |p') as V' — 0 and both [¢))
and |p’) have the same energy eigenvalues E. As we have scattering process, the energy

spectra for both operators Hy and Hy + V' are continuous.
From Eq. (2.24) it follows that

vy = 5=V )+ 7). (225)

which guarantees that application of the operator (E — Hy) to the Eq. (2.25) results in
the second equation from the set (2.24).

In order to deal with a singular operator E_lHO in Eq. (2.25), the well-known technique
is used to make such an operator complex by adding a small imaginary number to the
denominator so Eq. (2.25) becomes

V) = Go(E £ie)V [ )+ | D), (2.26)

where G| is a free propagator:

14
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1
Go(z) = e (2.27)
Solution with G (E —ie) corresponds to the incoming spherical wave, while Go(E +ie)
- to the outgoing one. Since we are interested in the final scattering state, only the (+)
sign survives.
Eq. (2.26) is known as the Lippmann-Schwinger equation (LSE). Defining the transi-
tion operator t:

tp) =V |y) (2.28)

we can rewrite it as

[Y) = (14 Go(E +ie)t) |p) . (2.29)
With substitution of Eq. (2.26) into Eq. (2.28) we find an explicit form of the ¢ operator:

tip) =VGo(E+ie)V [ ) +V | p) =
=VGo(E+ie)t|p) +V | p) (2.30)

Getting rid off the initial state |p) in the Eq. (2.30) we can get the LSE for the
transition operator in the iterative operator form:

t=V+ VGt =
=V + VGV +VGVGV + ..., (2.31)

which constitutes an infinite series of subsequent NN interactions and free propagators
of nucleons.
In the partial-wave representation, the LSE Eq. (2.30) expresses as:

@'('s") g my | Fmw [H(E)[tme) [p(ls)jmy) = (' (I's")j'my | (¢'mu |V [tmy) [p(ls)jmy) +
+ Z/ dp// //2 l/ /)] my ‘ <t mt/|V\t mt”> \p”(l” //)] mj//)

a//

1

X Etic—p?m (" (1"s") 3" mgo | (" mn [E(E) tmy) |p(ls)jm;) , (2.32)

which after using symmetries of potential matrix elements (2.19) reduces to

') gtt(E)p(ls)jt) = (p'(U's)jt|VIp(ls)jt) +
+Z/ dp// //2 l/ )]t|V’p”<l” )]t)

l//
1

X
E +ie—p"/m

(p"(1"s)jt|t(E)Ip(ls)jt) - (2.33)

I solve Eq. (2.33) numerically, which again requires discretization and therefore leads
to a set of linear equations. Finally, using Eq. (2.29) and denoting the momentum state
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of two nucleons with spin projections my and m,, as (¢pmgm,,|, we can write Eq. (2.1) as

NF = (pmagmy| (1 + Go(E + i€)t) J* | Vgeuteron) (2.34)

2.3 3N bound state

The 3N bound state is described by the Schrodinger equation for 3N system, with
Hamiltonian comprising two- and three- nucleon interaction. The bound state total wave
function |¥) obeys the following equation:

3
[U) = Go(E +ie) Y _(V;+ Vi) |0), (2.35)
7j=1

where Gy is a 3N free propagator as in Eq. (2.27), V; - is a two-body potential acting
between nucleons k and [ (j, k and 1 - numerate nucleons, j, k,l € 1,2,3 and j # k # 1),
V] is a component of three-body potential V; = Z i1 V] symmetrlcal under exchange of
nucleons k£ and [, and E - is a 3N binding energy.

Eq. (2.35) can be split into three independent equations for so-called Faddeev compo-
nents |¢;)

3
)= |vy), (2.36)
j=1
which fulfills separately

;) = Go(E +ie)(V; + Vi) [¥) . (2.37)

Next, I introduce a permutation operator P, which is a combination of operators Pjy:

P = P12P23 + P13P32. (238)

The operator Pj;, acting on the state interchange the momenta and quantum numbers
of the nucleons j and k.
Using definitions (2.38) and (2.36), one can rewrite Eq. (2.37) as

[45) = Go(E +ie)t; P i) + (1 + Go(E + ie)t;)Go(E +ie)V] (1 + P) [vy),  (2:39)

where t; is a two-body t-operator which obeys Eq. (2.30) for corresponding two-body
potential V. I solve Eq. (2.39) numerically to find [¢;) and the binding energy £. To do
that, I perform PWD again.

The partial wave representation of the Eq. (2.39) is obtained using following 3N states:

. L. . 1
) = | (1907 O TGDIM ()T ) (2.40)
1
where index 1 states the choice of the Jacobi momenta, such that p is a relative momentum
of the nucleons 2 and 3. Values|, s, and j are quantum numbers in the two-body subsystem
consisting of nucleons 2 and 3. A is the orbital angular momentum with respect to the

c.m. of the particles 2 and 3, of the first particle which spin is % and [ is its total
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angular momentum. J and M; are the total angular momentum of the 3N system
and its projection on the z-axis respectively. ¢ is a total isospin of the 2-3 subsystem
whereas T' and M are the total isospin of the 3N system and its projection on the z-axis,
respectively. The Jacobi momenta p and ¢ for three particles with individual momenta
ki i =1,2,3 are defined as in [49]:

(kj — ki),

G o= kKR, [k ={L23}{231} 8,12 (241

Wl N~

2.4 3N scattering state

Let us introduce an asymptotic state }@?N > describing a free motion of three nucleons
J, k,l with particles £ and [ having relative momentum p and particle ;7 moving with
momentum ¢ with respect to the center of mass of (k — [) subsystem:

8 = (01— P [AR)70). (2.42)

The Jacobi momenta p and ¢ build the total energy of three nucleons in the 3N-c.m.
system:

3|q1*

2
E3n = ﬂ +
m 4m

(2.43)

Using a free propagator G(E3n — i€) we come up with the total 3N scattering state
1 _\ 3N
gV - )\p(. >> , 2.44
A O 2

3N
where auxiliary scattering states ‘\Ifgf)> are defined as [49]

— 3N . . N
‘\Ilg )> = 11_{% i€G(BE3y — ie) [@3Y) . (2.45)

3N
The state ‘\Ifg-_)> together with the state |®3) fulfills an equation [49)]

3N 3N
TV = [08) + Go (Vi + Vo + Vs + Vi) [B57) (2.46)

J

Defining the antysymmetrised Faddeev components, and using index "i" instead of
nsn

J

|FY) =Gy (Vi+ Vi) (1 + P) ‘\DE)>3N (2.47)

we obtain a 3N scattering wave function as:
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3

[7O)™ = % (Z |03Y) + Go (Vi + Vo + Vs + Vi) 23: ‘@§)>3N>
- 2o (Sl 3ol ) = e o)+ ).

In this case the nuclear matrix element N3V = (¥~[j#[¢);) (with |¢);) being the Faddeev
component of the 3N bound state (2.36)) is [50-52]:

(2.48)

v; f<

+ﬁ<

where U, fulfills the following equation:

OV (14 P)ju W) + —= (PN [t GE (1 + P)ju| i)

1
Vil e (2.49)

1
V|G P|UL) + 7 (O3V|P|U,Y,

1 ,
U,) = {thf{ + 5+ PG (14 th(T)] (1+ P)ju W)
) (2.50)
+ [thgP + 5+ PGy (1+1HGY) P] U,) .

Eq. (2.50) is being solved numerically in PWD scheme. The numerical techniques
applied are the same as those presented in [50] for N-d elastic scattering.

2.5 Nd scattering state

Analogously to the bound and 3N scattering states, one can express a nucleon-deuteron
scattering state using a permutation operator Eq. (2.38).

) % > ‘@§—>>Nd (2.51)

Nd
Further a scattering state )\Ifg_)> can be expressed in terms of asymptotic state

{Cbév d>, in which particles k and 1 form a deuteron and the third particle (nucleon j)
propagates freely with a relative momentum ¢ with respect to the deuteron:

vV = limie i€) [ @V
‘ j > = umee (ENd_ZE)‘q)j ) (2.52)
27 = |Paw) D) (2.53)

where |®q(,)) is a deuteron wave function and |gp) - a free particle state and G(t) is a
free propagator of N-d pair. Eyq4 is the total energy of the N-d system:

3|QO|2
dm
where Fj is the deuteron binding energy and m denotes the nucleon mass.

Eng = Eg+ 2200 (2.54)

‘\Il(_)>Nd can be expressed by the Faddeev components
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!@”Wtj%u+mww, (2.55)
where
3
) = [6) " GolVa + Ve + Va+ Vi) D [0 > (2.56)
j=1

The nuclear matrix element NY¢ =N¢ (U~ |5,|¥;) (with ¥; - bound state) is now
50, 51]:

NN = %@{Vd}(up)ju\\piﬂ%@{Vﬂpwﬁ (2.57)

with U, being a solution of Eq. (2.50). Fact that solving once Eq. (2.50) opens opportunity
to compute both NV ;ﬁv dand N 3N is a great advantage of the presented formulas.

2.6 Nuclear electromagnetic current

The electromagnetic current operator for 2N (3N) system is constructed from the one-
and many-body currents:

Iu = Ju ¥ G +3,): (2.58)

Here j}! is a contribution from the interaction between a photon and n nucleons (ob-
viously j/i is present in 3N system only). Each j} describes the interaction of a photon
with all relevant permutations of n nucleons, i.e. ji is a sum of photon interactions with
each of the nucleons in the system separately.

In the case of the photodisintegration process, I will use only a single nucleon current
(INC), so I stick to its definition here. In the Hamiltonian framework, the nucleons are
constrained to lie on the mass shell. The general current expression for a single nucleon at
the spacetime point zero, denoted as j}l(O), is computed between the initial nucleon mo-

mentum p = <p0 =M%+ ﬁ2,ﬁ> and the final momentum p’ = <p6 =\/M%+p?p )

with the latter one constrained by the four-momentum transfer ¢) from photon to nucleon.
This computation yields the following matrix elements:

@' 0)p) = u(p's") (Y FL +io™ (p' — p), F2) u(ps)
= a@(@s) (Gur" — B (0 +p)") u(ps).

In the above equation, the symbols u(ps) represent Dirac spinors for particle having
momentum p and spin s, F; and F; are the Dirac and Pauli form factors of the nucleon,
respectively, and G, = Fy+2My F, denotes the magnetic form factor of the nucleon. The
proton charge e is extracted from the matrix element. Further v* are Dirac matrices and
ot = % [v*,~"]. In this thesis, only the nonrelativistic limit of Eq. (2.59) is considered,
which leads to well-known expressions for the operators for the single nucleon current [53]:

(2.59)
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("|7o1P) = (Gp Hp + G, (2.60)

(ﬁ]j Ip) = (GPH”+G”H”)+W(GP I + Gy, 11" a x (p' —p) . (2.61)
N

The electric form factor denoted as Gg is defined as Gg = Fi + ( ) F5 and represents

the neutron (n) and proton (p) form factors. Both electric and magnetlc form factors
depend on Q% Gg = Gp(Q?) and Gy = G (Q?), and are normalized as:

G(0) =0

Gp(0)=1

G2, (0) = —1.913 (2.62)
GP,(0) = 2.793

The above values correspond to nucleons with point-like characteristics. While all the
form factors depend on the squared four-momentum transfer (p’ — p)z, in the nonrelativis-
tic regime, it is common to use as arguments of G and G, the squared three-momentum
transfer — (5" — p)* or even set it to zero for interactions involving real photons. Numer-
ous authors have investigated the properties of electromagnetic nucleon form factors
through theoretical and experimental approaches, as discussed in [54,55] but at low en-
ergies discussed here, all models lead to practically the same values of the form factors.
17 (II") in Eq. (2.61) is a proton (neutron) isospin projection operator.

The two-nucleon current contribution is in that work taken into account via Siegert
approach [46,47,53]. To do that we break down the single nucleon current matrix ele-
ments into multipole components and represent some of the electric multipoles using the
Coulomb multipoles, which arise from the single nucleon charge density operator [53].
This is acceptable because, in a low-energy regime, contributions from many nucleons to
the nuclear charge density are typically small. We then obtain the rest of the electric
multipoles and all of the magnetic multipoles exclusively from the single nucleon current

operators.
In 3N system we have following expressions for the 1INC:
P 1 n| =1 1
(L+7(1).) Fi ‘|‘§(1 —7(1).) FI'|p", q
——— 2 = SR
<p 4" = 3QP C_I> , (2.63)

o
7', q')do)P. @) = /dp”d ”< 75
ﬁ” q—»//>

9 1@>, (2.64)

<_»/ —/| -1, conv | —» =

j:l: b,q) =

_/dﬁ/ld—i//<—’/ —/

TR (1= 1)) 1T s

=/ =l
<p B

Wl Do
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<—»/ —»/‘]1 ,Spin —»’(j»> 2 /dﬁ//d—»//<—»/ —»/‘

" B (14 7(0):) (F +2mEp) + 3 (1 - 7(1).) (Ff + QmFQ)}

@0 x Qa7 (7. - 3

P, cj> . (2.65)

In Eq. (2.64) and Eq. (2.65) we present convection and spin currents which combined
together form a spatial component of the single nucleon current j'(u) = j'(u, conv) +
gt (e, spin). In my thesis I use a M. Garu and W. Kriimpelmann model [56] for which:

1 2mFP(0) = 1.793 (2.66)
Fr0)=0 2mF}(0) = —1.913. (2.67)

2.7 Pion absorption

For the pion absorption, I include explicitly two nucleon operator on the top of a single
nucleon absorption. Thus the absorption operator is p = p(1) + p(1, 2), where absorption
on a single nucleon is included in p(1) and p(1,2) plays a role of two-body operator. The
matrix element of the single nucleon pion absorption operator p(1) in momentum-space
for nucleon 1 relies on the nucleon’s incoming momentum (p) and outgoing momentum

(") [57]:

gaMy (p" +p) - 71

o) = 2

(71)-, (2.68)

where the values of the nucleon axial vector coupling, pion decay constant, and negative
pion mass are g4 = 1.29, F, = 92.4MeV, and M, = 139.57 Mcegv, respectively. p(1)
operates in the spin and isospin spaces and involves the Pauli spin (isospin) operator o4
(71) for nucleon 1 and the isospin lowering operator (7i)_ = ((71), —i(71),)/2. As before
I use the average "nucleon mass" M = % (M, + M, ) where the proton mass is M, and
neutron mass is M,,.

The 2N part of p at LO has the form [5§]

@ 74lp (1,215 o) = (Vo) 5 — (k) -1 )
il
X — [(7’1 X Ty), — (71 X T )y} , (2.69)

V2
where ki = §| — 1, k2 = P — P» and the form factor v(k) reads

1 gAMﬂ- 1

k) = .
v(k) (2m ) 4F3 MZ+ k2

(2.70)

In the case of the pion absorption process, we follow a standard procedure including
partial wave states for both 2N and 3N induced nuclei. It occurs that in such a case one

needs matrix elements of p. For 2N this is <ﬁ+ %ﬁf’p(l) ‘ﬁ— %ﬁf +P > and for 3N case
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(7+ %Pf‘p(l)‘cf— 2P+ B ).
For the 7= + 2H — n + n reaction, the nuclear matrix element for the transition
operator is given by:

Nunlma,ma,ma) = ) (Fymima B =0|p|gama P, =0), (2.71)

—

(=)
where ‘ﬁo miyme Py = O> denotes the 2N scattering state [59]. The total absorption

rate for this reaction is expressed as:

7\3
G MCIQM_M“”“ /dﬁoé S INawlmyma,ma) P (2.72)
mi,ma,mq
Turning to 3N system I investigate pion absorption in *He or *H with various final
states. For 7~ + 3He — n + d reaction the most important step in obtaining predictions
is calculating the matrix element of the 3N transition operator psy, which is the p acting
between the initial 3He and the final Nd scattering state immersed in 3N space:

Npa(my, mg, mspe ) = ) <\Ilnd My Mg ﬁf = O’pgN)\I/?,He M3He ﬁl = O> ) (2.73)

Given Eq. (2.73) the total absorption rate may be obtained from the following:

16 (a3 M, ) e M 1
Pna =R ( 9;\14{:) . /déo 2 Z | Nna (M, Mg, Mage ) |2 ) (2.74)
Min,Md,M3,
where M;y, = % is now the reduced mass of the 7= — *He system. The factor
He T

R = 0.98 appears due to the finite volume of the He charge [60]. The final state energy
is expressed in terms of the neutron momentum ¢
M, + Msye = M,, + M, —1—3%2 (2.75)
T 3He ~ n d 4 M ) .
The full 3N breakup is calculated in a similar way and the total absorption rate for
7~ +3He — p 4+ n + n reaction is defined as follows

16 (M ) eM [ . ]
Lpn =R oM.~ dq [ d¢, | db,sind,
0 0
Pmazx 4 1
X / dpp® \/g (MEpy —p?) 5 > Ny, mo,ma,mage ) |2 (2.76)
0 mi,m2,m3,M31yy,

with
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Npm(ml,mg,mg,msHe) = =) <\ijnn mq Mo M3 ﬁf = O‘ P3N ‘\IISHQ m3Hep; =0 > (277)

E,, is the internal energy of the final 3N state and can be expressed in terms of the
Jacobi relative momenta p and ¢

Mot Moo e 3M + 2o 2 30 —apy g —ang g e gy g Bma (g 7
R M T4M T pa = M A M

In Eq. (2.78) Pmar and ¢q, are maximal kinematically allowed values of Jacobi mo-
menta p and ¢, respectively.

Analogously, the total absorption rate for 7= 4+ 3H — n + n + n reads

2 (04]\4§H)3 cM ) 7 r )
Lonn = 7M. dq [ d¢, | db,sind,
0 0
Pmazx 4 1
X / dpp? \/§ (ME,, — p?) 5 Z | Ny (M1, my, ms, may ) | (2.79)
0 m1,m2,M3,M3y

with

Nmn(ml,mg,mg,mzH) = =) <\I/mmm1 mo M3 ﬁf = 0‘ P3N ’\I/3H mSHP; = 0> . (280)

In the Results section, I also demonstrate (for processes with three free nucleons in the
final state) predictions of the differential absorption rates. The natural domain is defined
by the energies of outgoing nucleons (£, F5); in such a case the differential absorption
rate d*T'p,,/ (dEy dE5) expresses as [59)

ATy 647% (0 Miy, )" cM® 1 ?
B, B, 3Mf— X5 D | Nown(ma,ma,ms, mane) [ (2.81)

mi1,Mm2,m3,M3,

The kinematically allowed region is restricted to energies fulfilling the condition

< BB 2 (2.82)
- 2yE\Ey, ’

with £ = E1 + E2 + Eg.
One can also calculate the differential absorption rate with respect to the dimensionless

variables x and y which are frequently used in the literature, specifically to build so-called
Dalitz plots [61]

v = V3(E,+2E,—FE)/E,
(3B, — E)/E . (2.83)

Such definition leads to a simple kinematically allowed region, namely to the disk r? =

23



CHAPTER 2. FORMALISM AND NUMERICAL METHODS

z*4y* < 1. One can evaluate d’I'y,,,/ (dz dy) or (using polar coordinates) d*T'y,,/ (dr d¢)

d2FP”" d2rnnn dQann dQann
BB The same can be done for T e and s

and relate it with

2.8 Theoretical uncertainties

Striving to achieve valuable theoretical results, we cannot omit the estimation of their
uncertainty. There are various sources of uncertainty appearing in predictions. The three
most important are: the truncation error, the cutoff dependence and the uncertainty
related to various models of nuclear interaction. The latter can be easily estimated by
computing predictions arising from various models, see discussion below. The way how
to estimate the first two types of uncertainties, together with a short discussion of the
remaining sources of theoretical errors is given below.

Truncation error

As mentioned above, each subsequent order of the chiral expansion provides us with
more and more sophisticated potential which is expected to increase the accuracy of
data description. Starting from the leading order (LO) and coming next to NLO, N2LO,
N3LO, etc., we take into account more topologies (equivalents of Feynmann diagrams)
and resulting potential is expected to provide us with more precise predictions for the
regarded process and observables. However, the chiral expansion (as any expansion) in
principle can be continued up to the infinity, improving the resulting series. In practice,
we are limited to finite, rather small, orders and we would like to find out the uncertainty
appearing from cutting off the remaining part of the expansion. That type of theoretical
uncertainty is called a truncation error. Various methods to estimate its value have been
proposed [35,62-65|. Typically predictions at lower orders serve as input information to
get truncation error at given order. It is worth adding that Bayesian analysis is also used
for truncation error estimation.

I use the method proposed in [63]. Let us regard some prediction X*(p) for observable
X which is calculated at i-th order of the chiral expansion with the expansion parameter
Q (1 = 0,2,3...)!. Here p specifies a momentum scale of the reaction. In the case of
photodisintegration, p is given by a photon’s momentum.

If we define the difference between observables at each subsequent order as:

AX® — ’)((2) _ X(0)|, AX(@>2) — ]X(i) — X(ifl)\, (2.84)
than chiral expansion for X can be written as:
X=X94+AX® L AX® 1+ AXD. (2.85)

The truncation error at i-th order, X @, is estimated using values of the observable
obtained at lower orders as follows:

! As mentioned in Sec. 1, we do not have a first order of expansion because this term in the chiral
expansion always vanishes and NLO corresponds to the quadratic term (v = 2)
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Additionally, following [63] I use the actual high-order predictions (if known) to specify
uncertainties at lower orders, so that:

6X 0 > m%x(]XjZi — X*=) (2.88)
J7
and to be conservative I use additional restriction:
6X® > Qox Y, (2.89)

All the conditions above assume that we use the whole available information at hand.
In [66] it was shown that such a method is equivalent to the Bayesian approach proposed
there.

Cut-off dependence

E, =30 MeV E, = 100 MeV E, = 140 MeV
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Figure 2.3: Total cross section of the deuteron photodisintegration process (normalized
to the maximal cross section among all A) as a function of the cutoff parameter A for
three photon energy values E, values: 30, 100, and 140 MeV.

Another theoretical uncertainty comes from the choice of the cutoff parameter’s value
of regulator described in the Chapter 1.

In the case of the SMS interaction, its free parameters have been obtained from data
for four values of the cutoff parameter A: 400, 450, 500 and 550 MeV [26]. Using each
of these values, one obtains different predictions which, of course, can further differ from
the actual (experimental) value. Therefore the choice of A value may affect the quality
of the prediction.

To study that I also use the same four values of the A parameter, obtaining in that way
a set of four predictions each time. That is exemplified in Fig. 2.3 for the deuteron photo-
disintegration cross section for the photon’s energy E, = 30 MeV, 100 MeV and 140 MeV.
The SMS model at N*LO* with two-nucleon force is used. Each subfigure shows pre-
dictions for the total cross section as a function of the cutoff parameter, normalized to
the maximum value among all cross sections obtained with various A. As we can see,
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there is almost linear dependence for that observable with a positive linearity coefficient
value: with higher A the cross section value increases as well. Note that the higher the
photon’s energy is, the stronger becomes the cutoff dependence: for E, = 30 MeV the
maximal difference between predictions is around 0.5 % while for 140 MeV it increases to
more than 8 %. These results are generally within our expectations that the chiral model
works better at smaller energies and is therefore less sensitive to the A value. Let us
remind that A governs the behavior of the potential at small internucleon distances and
only higher energy transfer probes that distances.

Other theoretical uncertainties

There are obviously more sources of theoretical uncertainties. Our model has several
either intrinsic limitations in the precision or some simplifications which may be improved
with further developments of the model.

Nuclear currents At the moment, our model is limited to a single nucleon current,
which may not be sufficient to accurately describe the processes under consideration.
This limitation will be further discussed and tested in Chapter 3. To address this issue, |
utilize the Siegert theorem, which enables me to incorporate some contributions from the
two-nucleon current, although it does not yet complete a job. It is worth noting that the
incorporation of the two-nucleon current can significantly affect the predicted observables,
as it includes additional physical effects that are not accounted for in the single-nucleon
current. Therefore, the ongoing development of a complete chiral two-nucleon current is
of great importance for our model to improve the accuracy of the predictions.

Nonrelativistic approach All the results presented here do not include relativistic
corrections. At the lower energies, the relativistic contribution might not be crucial,
but at the region with higher energy, we may see a lack of precision. This will be
also confirmed and discussed on example of the total cross section for the deuteron
photodisintegration (see Fig. 3.2).

Uncertainties in the potential free parameters Since not all the chiral potential
parameters are given by the theory, the fitting-to-data procedure is applied to obtain the
potential parameters [26]. The values of the free parameter of the SMS NN potential as
well as free parameters of the 3N interaction have been obtained from the data by the
least square fitting. As any fitting procedure, it introduces an uncertainty to the obtained
values which depends on the algorithm’s precision as these values are actually estimators
of expectation values only. These errors, in principle, are being propagated to the ob-
servables as different sets of parameters lead to different predictions. Indeed, in [26] the
whole correlation matrix for free parameters of the SMS NN force is given. Using that
knowledge, it is possible to study the propagation of the uncertainty of NN force parame-
ters to 3N observables. It is done in [67,68]| for the elastic and inelastic nucleon-deuteron
scattering. Resulting uncertainties have been found to be much smaller (typically one
order of magnitude) than uncertainties arising from truncation errors or from the cutoff
dependence. I expect the same uncertainty level in electromagnetic processes and thus I
do not intend to study that theoretical error in the presented thesis. Moreover, the esti-
mation of such errors is computationally expensive, since it requires significant amount
of computer processing power (separate calculations for each set of parameters). In the
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future, it could be interesting to check that type of uncertainty for photodisintegration
processes but it should be done after completing all pieces of Hamiltonian, specifically
after including many-body electromagnetic currents.

Uncertainties from the numerical method All my results are based on numerical
calculations, so we can come up with a lot of places where numerical methods with limited
precision comes into the scene. Our approach is based on partial wave decomposition and
in practice only a limited number of partial waves is included (usually for 2N scattering
we use all channels up to j™* = 4 which corresponds to 18 partial waves). For 3N
calculations we use j™* = 5 and J™* = 15/2 which corresponds to 142 partial waves.
In addition, I work with a grid of points which is used for the calculation of potential,
wave function, numerical integration, etc. The choice of grid affects the final results’
precision. Usually, we use a grid of 32 values which was proven to make a resulting
uncertainty very small [49].

Model choice 1 focus on the SMS potential, but using another model of interaction in
general leads to different predictions. That difference is also a theoretical uncertainty thus
we use predictions obtained with the semiphenomenological AV18 model to compare the
chiral results. The AV18 model is a widely used and well-established model of nuclear
interaction, which has been extensively tested and benchmarked against experimental
data. By comparing the predictions obtained from the SMS potential with those obtained
from the AV18 model, we can assess the robustness (compared to the AV18 results) of our
results and determine the extent to which they depend on the choice of the interaction
model. This comparison also helps to identify the strengths and weaknesses of each model
and provides insights into the underlying physics of nuclear interactions.

Machine precision Finally, it should be noted that every computer calculation in-
cludes limited numerical machine precision which can be noticeable for complex calcula-
tions. We perform our calculations via a CPU machine, where the particular choice of
the processor and memory card may lead to numerical uncertainty. However, we have
found that this uncertainty is much smaller than the uncertainties discussed above, and
its impact on our results is negligible. We have taken great care to ensure that our calcu-
lations are performed using appropriate numerical methods and sufficient computational
resources to minimize any numerical errors that may arise. This is done by careful choice
of the Fortran compiler and compilation options.
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RESULTS

In this chapter, I will present the results of my calculations. I will begin with the
deuteron photodisintegration process in Section 3.1, where I will provide predictions
for the cross section (Subsection 3.1.1) and polarization observables (Subsection 3.1.2).
Next, in Section 3.2, I will present my predictions for the observables in 3He photodis-
integration. Moving on to Section 3.3, I will give the results of calculations for Triton
photodisintegration observables. Finally, in Section 3.4, I will discuss the results of the
calculations for the pion absorption from the lowest atomic orbital of 2H, 3H, and *He.

3.1 Deuteron photodisintegraion

3.1.1 Cross section

I will show the results of my calculation starting from the deuteron photodisintegration
process. One of the most studying observable is obviously the cross section. There are
several papers which present measurement results for both differential and total cross
section [1,69-76] and it is interesting to compare our predictions with that experimental
results.

In Fig. 3.1 and Fig. 3.2 I present predictions for the total cross section o, [pb] which I
obtained using the chiral SMS potential at the N*LO™ order and with the cut-off parame-
ter A = 450 MeV. From Fig. 3.1, we see that at low photon energies (below 50 MeV) both
INC predictions and results which include 2N contributions to the electromagnetic cur-
rent via the Siegert approach, describe experimental results quite well qualitatively. We
observe that predictions based on the 1INC describe the data only up to approx. 10 MeV.
Beyond that energy, the 1INC current is clearly not enough to describe cross section as
corresponding predictions are well below the data. In that region 1NC+Siegert predic-
tions deliver better data description but overestimate the data. The difference between
INC and 1INC+Siegert cross section grows with increasing photon energies. At 5 MeV
the difference between 1NC predictions and 1INC+-Siegert is 297.54 pb (10.8 %), increasing
energy to 10 MeV it is 304.28 ub (20.4 %) and at 20 MeV it is 229.50 ub (39.2 %).

Here and later the relative difference between a set of predictions (xy, 3, ..., xy) is
calculated using the formula:
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max(x) — min(z)

% Zfil L

so in the specific case of comparison predictions based on INC current with "INC +
1INC+Siegert _ 1N
Siegert" ones I calculate the relative difference as A = O_I;(Ul — +Siegmial 1|V).

From Fig. 3.1 we see that the gap between these predictions continues increasing
even more with larger energies. The cross section predictions corrected via Siegert 2N
contribution reproduce experimental data better than 1NC model. However, Fig. 3.1
reveals the approximated character of the Siegert approach. It is clear that one has to
take with caution Siegert predictions at very small energies. Also above 20 MeV there is a
gap between Siegert results and experimental data, which points that more elaborated 2N
current should be included in the future. The observed discrepancy cannot be explained
by the cut-off dependence (see e.g. Fig. 3.5b below) or by the low order of chiral potential
(see e.g. Fig. 3.3 or Fig. 3.5a below).

While my main goal is to describe deuteron photodisintegration at energies E, <
50 MeV, where predictions seem to describe experimental data quite well, it is also inter-
esting to check how present theory works at higher energies. Above E, = 50MeV I find
that the discrepancy with experimental data is not only quantitative but also qualitative
see Fig. 3.2. This starts already above E, = 50MeV and is especially pronounced at
peak around 300 MeV seen in the experimental data from [73] which is not reflected in
my predictions. The reason for such discrepancy is most likely coming from the relativis-
tic effects which we do not take into account within this work. It is also confirmed by the
calculations in [19], where authors discuss various NN potentials applied to the deuteron
photodisintegration. Despite using much simpler models of the nuclear force than those
used in this thesis, their predictions, which include some relativistic effects, show that
such a peak appears in their predictions.

A:

- 100%, (3.1)

| | | | ! ! ]
== 1NC + Siegert

== 1NC 1

102

Trot [14D]

/
I

102 =1 I I I I I I —
5 10 15 20 25 30 35 40

E, [MeV]

Figure 3.1: Total cross section oy, for the deuteron photodisintegration process as a
function of the photon energy E,. The solid blue line presents results obtained with
INC+Siegert and dashed pink line - predictions based on the 1NC. In both cases the SMS
N'LOT A = 450 MeV force is used. The experimental data are from [73] (black filled
circles), |69] (empty circles), [1] (triangles), [71] (bold cross "X") and [72]| (diamonds).
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Figure 3.2: The same as in Fig. 3.1 but for the energy range 2.5 - 400 MeV. The experimen-
tal data are the same as in Fig. 3.1 but supplemented by the data above E, = 200 MeV
from [70] (crosses).
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Figure 3.3: Total cross section for the deuteron photodisintegration process as a depen-
dence on the chiral order for three photon energy E, values: 30, 100 and 140 MeV. Error
bands show an estimated truncation error at each order.

In Fig. 3.3 I present the total cross-section for the deuteron photodisintegration at
three photon energy values: 30, 100 and 140 MeV as a function of the chiral order.
Error bars show truncation errors calculated using Eq. 2.86 - 2.89. One can see that the
truncation errors are being reduced with each consecutive chiral order. At LO uncertainty
is the biggest: 29.46% at E, = 30MeV, 29.46% at E, = 100MeV and 41.82% at
E, = 140MeV. At N*LOT it is hardly visible at the present scale and amounts up to
1.3% for each energy (however increasing with the reaction energy). For each energy,
the prediction is within the uncertainty range at lower orders. We see that at lower
energy o, already at NLO reaches valve which remains practically unchanged at higher
orders. Contrarily, at two higher energies, contributions from higher orders are necessary
to obtain stable predictions.

Figures 3.4 and 3.5 show my predictions for the differential cross section g—g. In both
figures, the top, middle, and bottom row shows predictions at E, = 30, 100 and 140 MeV,
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respectively. For all predictions, the contributions of the 2N current are taken into account
via the Siegert theorem, and unless stated otherwise, I utilize the SMS N*LO™ potential.
The left column of Fig. 3.4 shows the predictions obtained at different chiral orders
(from LO to N*LO™) and with A = 450 MeV. Looking at the best predictions (N*LOT,
A = 450 MeV) for each energy, I conclude that the higher the photon energy, the larger
difference between the theoretical predictions and experimental data is. At E, = 30 MeV
(top panel) my predictions almost perfectly match the data and the difference is almost
always within the tripled experimental uncertainties. Moving to E, = 100 MeV (middle
row) the description of the data is deteriorating: theoretical predictions still match the
data qualitatively, but the gap for proton emission angle 6, in range (60° < 6, < 130°) is
up to 32 % of the predicted value and relative difference (calculated with Eq. (3.1)) is up
to 7%. At the highest energy (bottom row), it is even hard to say about good qualitative
description: the general trend of the angular dependence is present, but the predictions
are far from the experimental points. The relative difference between experimental data
and predictions obtained with N*LO* and A = 450MeV at 30MeV is less then 13 %
and absolute difference is < 3.07 %. At 100 MeV discrepancy is larger and the relative
difference reaches 46% with absolute difference up to 1.39 %. Coming to 140 MeV the
relative difference increases up to 48.6 % and absolute - 1.93 1;—];’. What may be helpful
for a better data description is a 2N current and relativistic correction mentioned earlier.
We observe improvements introduced by each subsequent chiral order, but stabilization
shows that some ingredients beyond 2N potential are missing.

The obtained results at each energy confirm the convergence of the predictions con-
cerning the chiral order. We see that the cross section at LO is far from both experimental
data and the most advanced N*LOT predictions, and the higher the photon energy, the
larger this difference is. With each subsequent chiral order, the curves are getting closer
to each other and the difference between N*LO and N*LO™ is hardly visible at the scale
used in Fig. 3.3. The relative difference between these two predictions at E, = 30 MeV
around the point of maximum (6, = 80°) is 0.05% which is 0.02 1;—?; at 100 MeV and
0, = 107° it is 0.79% (0.0252); and at 140MeV (same angle) it is 1.8% (0.043 L),
Having such small differences between predictions from the two highest chiral orders,
I can conclude that predictions are converged and using NN potential beyond N*LO*
chiral orders would rather not bring a significant contribution to the cross section values.
The difference with experimental data is systematic and is not related to the chiral order.

Predictions obtained with the AV18 potential (dashed-dotted purple line in the Fig. 3.4
left) are very similar to these from the N*LO* SMS force at lower energies (relative
difference at E, = 30MeV is 0.06% at the point of maximum 6, = 80°) and with
increasing energy to 140 MeV it grows up to 3.1% at the same scattering angle. It
can be connected with increasing uncertainty of the chiral potential, but AV18 can be
struggling with high energies as well. A similar discrepancy with the data observed
for both potentials once again shows that other components of Hamiltonian become
important at that energies.

In the right column of the Fig. 3.4 I compare predictions based on various assumptions
on nuclear current and dynamical mechanism. I again use SMS N*LOT, A = 450 MeV
force. At the lowest energy predictions comprising the plane-wave component only (with-
out rescattering part) and taking currents as SNC-Siegert, show relatively small de-
viation from the full predictions, but the difference increases at larger energies. At
E, = 30MeV the relative difference is 10 % (4.03 g—lro) at 0, = 80°. The same differ-
ence at 100 MeV and the same angle is 4% (0.21 ‘;—5’) and at 140 MeV it is 7% (0.21 i‘—f)
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In contrast, predictions without a two-body current component (1NC) have a much larger
gap with a full prediction: the difference is 46.5 % (13.67 2—?) at 30 MeV, 78.6 % (2.88 1;—:))
at 100 MeV and 77.8% (1.68 1;—];’) at 140 MeV at the same 6, = 80°. Obviously, 2NC
contributions are extremely important in this case, the difference connected with them is
much bigger than theoretical uncertainties or even rescattering contribution. For other
scattering angles, especially ¢, = 0° or 6, = 180°, the role of two-body current or FSI is
relatively even more pronounced.

The Fig. 3.5 (left) presents theoretical truncation uncertainties. That confirms our
expectations that for the regarded photoreaction chiral order N*LO* can produce con-
verged predictions: the black band (representing truncation error at N*LOT) is hardly
visible for the E, = 30 MeV (the relative error for N*LO™ at 80° is only 0.12%) and is
also quite narrow for larger energies (at 140 MeV the error at the same angle is 1.46 %).
At the lower chiral orders, this band is obviously much wider: at N2LO it is 1.25% at
E, =30MeV and 15.0% at E, = 140 MeV. I note, that the magnitude of the truncation
error is only very tiny depending on the scattering angle.

Last but not least, in the right column of Fig. 3.5 I show the cut-off dependence of the
differential cross section. In the ideal case, that dependence is so weak that the choice
of the parameter A would not introduce significant changes. In practice the choice of
this parameter is important as it makes a noticeable variation in prediction at higher
energies. Namely, at E, = 30MeV the cut-off dependence is so tiny that, in fact, all
the lines (for different A values) overlap each other and we cannot distinguish them with
the naked eye: the relative difference at the maximum of the cross section is 0.08 %.
This is approximately % smaller than the truncation error discussed above. However,
with increasing photon energy up to 100 MeV and 140 MeV (middle and bottom rows of
the right column of Fig. 3.5) the spread becomes bigger: the uncertainty related to the
A-dependence is 3.35% at 100 MeV and 5.66 % at 140 MeV (the same 6, = 80°). Thus
at two higher energies, the cut-off dependence becomes more important than truncation
errors at N*LO™. That shows, that proper choice of the A is important. However,
if T restrict myself to A = 450 MeV and 500 MeV, the dependence drops to 1.98 % at
E, = 140 MeV. Such a restriction is advocated by a better description of the scattering
data delivered by the SMS potential for those two values of A.

In the Fig. 2.3 we have already seen that the total cross section for the same energies
has the cut-off spread around 4.5 % for 100 MeV and 8 % for 140 MeV For E, = 30 MeV
it is below 1%. It means that cut-off dependence for that total cross section remains
relatively small, especially at the lower energies. Note, that the biggest relative difference
arises from regions with 6, close to 0° and 180°.

32



CHAPTER 3. RESULTS

(a) (b)

E, = 30 MeV

T ‘ T — T
1 o RN — Full ]

E, =30 MeV
1

E, = 100 MeV
T

bt g i

X
L ¥

d%6/dQ [ub st

O [deg] O, [deg]

Figure 3.4: Differential cross section f—s‘z’ as a function of the outgoing proton momentum

polar angle 6, in the centre of the mass (CM) frame for the photon energy 30 MeV (top),
100 MeV (middle) and 140 MeV (bottom). (a) Results obtained using the SMS potential
at different chiral orders (from LO to N*LOT) with the cut-off parameter A = 450 MeV
and 2NC contributions taken via the Siegert theorem. For the sake of comparison, pre-
dictions obtained with the AV18 potential are shown by a dashed-dotted purple line.
Data points (filled and empty circles) are from [75] for E, = 30 and 100 MeV and
from [76] for E, = 140MeV. (b) Predictions obtained with the chiral N*LO" poten-
tial and A = 450 MeV with various models of nuclear current and scattering state. The
blue solid curve represents our most complete predictions comprising the plane-wave plus
rescattering parts and 1NC+Siegert current operator (the same as N*LOT line in (a)).
The pink dashed curve shows predictions obtained with the single-nucleon current only
(without applying the Siegert theorem) and the green dashed-dotted curve represents
predictions with the full current (INC -+ Siegert) but plane-wave part only.
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(a) Truncation error bands. (b) Cutoff dependence.
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Figure 3.5: Theoretical uncertainties for the differential cross section ‘f—ﬂa as a function

of the outgoing proton’s momentum polar angle ¢, in the center of the mass frame for
the photon energy 30 MeV (top row), 100 MeV (middle row), and 140 MeV (bottom
row). (a) The truncation error bands obtained using the SMS potential at different
chiral orders (from NLO to N*LO™) with the cut-off parameter A = 450 MeV and 2NC
contributions taking via the Siegert approach. (b) Results obtained using different values
of the cut-off parameter A. The double-dotted-dashed red curve, the solid black line, the
dashed green line and the dotted blue line represents predictions obtained with A =
400, 450, 500 and 550 MeV respectively and the chiral potential N*LO*. Data points
are the same as in Fig. 3.4a.
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3.1.2 Polarization observables

In this subsection, I will present my predictions for the selected polarization observ-
ables in the deuteron photodisintegration process at two photon energies: E, = 30 MeV
and E, = 100 MeV. A priori, various polarization states and measurements are think-
able for the v + d scattering. Polarization of the target deuteron leads to the deuteron
analyzing power. Similarly using the polarized photons results in the photon asymmetry
measurements. Using both polarized photon and deuteron allows for spin correlation
measurement. Finally, detecting the spin polarization of at least one nucleon in the final
state would deliver final polarization or spin transfer coefficients. However, such exper-
iments are very challenging and, up to my best knowledge, have not been done yet at
regarded here photon energies. Thus, in the following, I will restrict myself to results for
polarization observables arising from the polarization of the initial particles.

I start with deuteron vector Ty, and tensor Ty, Ty and Tos analyzing powers, which
arise from various spin states of the deuteron.

Deuteron tensor analyzing powers connect with the cross section by [74]:

Z—g = % {1 — \/3/4P, sin Oy sin pyThy + /1/2P.. [(3/2cos* Oy — 1/2) Tog —

—+/3/8sin 205 cos o Ty ++/3/8sin? Oy COSQQﬁHTgQ}}, (3.2)

where oy is the unpolarized cross section, P, (P,,) is the vector (tensor) target polariza-
tion, Ay - is the angle between polarization axis and photon momentum, and ¢y - is the
angle between the polarization plane (containing the polarization axis and momentum of
the photon), and the reaction plane (containing the momenta of the proton and neutron).

In the Figures 3.6(a,b) and 3.7(a,b) I show my predictions at E, = 30 MeV, for the
Tag, Ty, Tog and Ty, respectively as functions of the outgoing proton momentum polar
angle 0, in the CM frame. Each of them is organized in a similar way: the top panel
shows a dependence of the predictions on the chiral order of the potential. The middle
subfigure is showing a correspondent truncation error for each of the predictions from a
top row (except LO, because its uncertainty is too large and will spoil the clarity of the
figure). The last (bottom) panel shows the cut-off dependence at the chiral order N*LOT.
All results have been obtained using INC+Siegert model of nuclear current.

All the analyzing powers present here show excellent convergence with respect to a
chiral order as it is hard to distinguish the predictions from each subsequent order starting
from the N2LO. The relative width of the N*LO" truncation band for Ty, T and Tay are
0.06 %, 0.05 % and 0.19 % at 6, = 90°, 60° and 90°, respectively. The slowest convergence
is observed for iTy; (Fig. 3.7b) where we can still recognize N?LO band in the figure.
Nevertheless, at the N*LO™ the width truncation band at 6, = 20° (maximum point) is
only a 0.2 %. The cut-off dependence for all regarded observables is weak and predictions
for each value of the A are hardly separable with the naked eye. The relative spread of
the predictions based on various A at the same angles as above is 0.87 %, 0.94 %, 3.42 %
and 0.68 % for Ty, T1, Toy and 7Ty, respectively.

Corresponding predictions at the photon energy E, = 100 MeV (Figs. 3.8 and 3.9)
preserve similar trends for each observable. In general, predictions are being converged
starting even from the N2LO and only for the iTy; I find that truncation error’s bands
are noticeably wide even at N*LO and N*LO*. Cutoff dependence at this energy is a
bit stronger compared to those at E, = 30 MeV, especially for Ty, and ¢T;; analyzing
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powers (Fig. 3.9 vs Fig. 3.7), where one can see the slightly stronger discrepancy at the
maxima and minima points.

The choice of A does not affect predictions substantially even at that higher energy:
the relative spread among all cut-offs for Ty is 1.54 % around the point of maximum
(6, = 90°). For other components of the tensor analyzing power spread amounts up to:
0.14 % at 6, = 60° for Tay; 3.68% at 0, = 90° for Ta; and 4.91% at 6, = 75° for iTy;.
We see again that ¢T;; has much larger spread in the maximum and is more sensitive to
the cut-off choice. However, summarizing my findings for the deuteron tensor analyzing
powers, I conclude that cut-off dependence is generally weak also at E, = 100 MeV.

Turning our attention to the chiral order convergence, we observe that predictions are
mostly converged starting either from N2LO or N3LO. The relative widths of N*LO*
truncation band for Ty, Ty and Tay are 0.7%, 0.7% and 0.04 % respectively (at the
same angles as used above). Another case is Ty, for which this width is much larger:
6.8 % at 6, = 20°. The truncation uncertainty for all analyzing powers is much smaller
than one, related to the choice of the cut-off parameter. However, ¢T;; seems to be more
sensitive both to the choice of the cut-off parameter and to the chiral order than other
regarded observables. Even for ¢T;;, the cut-off spread is almost twice larger than the
truncation error. Standing out of other tensor components, iTq; can be useful for the
investigation of the cut-off dependence of the model. Of course, we can repeat once more
that our model is less accurate at higher energies which is reflected in a stronger cut-
off dependence and slower chiral convergence. However, I conclude that even at higher
energies tensor analyzing powers are well converged with respect to the chiral order.

Comparison of the predictions obtained using the chiral N*LO™T potential A = 450 MeV
with ones obtained taking AV18 potential show a very good agreement: the relative
difference at E, = 30MeV is below 6% for the regarded tensor analyzing powers at
specified angles. Picture at E, = 100 MeV is even better: the difference does not exceed
4% for all observables and a whole range of scattering angles.

In Fig. 3.10 together with our most advanced "Full" predictions (N*LOT, A = 450 MeV,
the Siegert theorem), at E, = 30 MeV I show predictions obtained with 1INC only and
the Siegert predictions but with plane-wave contribution without rescattering part. In
the case of deuteron’s tensor analyzing power components, the contribution of the rescat-
tering part is important for Ty, To; and Tay (the relative difference is up to 20% in
extremes) and crucial for iT; where the plane wave (PW) part equals to zero. The 2NC
component taken into account via Siegert theorem has a dominant contribution here. We
see that INC predictions are absolutely away from the "Full" predictions and in the case
of iT1; it does not even reflect complete prediction qualitatively.

Fig. 3.11 presents similar results but for E, = 100 MeV and it is interesting that the
difference between Full and 1NC prediction becomes smaller and it is especially visible
for Toy. At this energy, the relative difference between "Full" and 1NC predictions at

» = 90° is 43.6 % compared to 122.8 % at E, = 30 MeV. Similarly, the difference for Ty
at E, = 30 MeV (0, = 90°) is 91.4% and at E, = 100 MeV it drops to 28.8 %. This may
also be affected by the fact that values at 6, = 90° are quite small for the Full prediction,
nevertheless, the difference still becomes smaller at the E, = 100 MeV. This trend is
noticeable by looking also on the results present below. Nevertheless, in both cases 2NC
(via the Siegert) brings important contributions and cannot be omitted for obtaining the
full picture.

In the following figures, I will compare my predictions with experimental data. In
some cases, I will keep a similar way as it was done in |74] where due to experimental

36



CHAPTER 3. RESULTS

conditions results are given not at single photon energy, but for a specific ranges of E,,. In
the Figures 3.12 - 3.18 I show an angular dependence of the Ty; (i = 0, 1,2) for a specific
energy bands: 25-45MeV, 45-70 MeV, 70-100 MeV, and 230-330 MeV. The solid blue
line shows an average value of the observable in the specified energy intervals: obtained
at N*LO* with A = 450 MeV, while the pink dashed line is a prediction obtained with
the same setup but without using contributions from Siegert approach (single nucleon
current only). Bands for each prediction specify the spread of predictions due to the
energy range.

One clearly sees that the data description is better for the predictions with Siegert
contributions included and the 1NC alone is not able to describe the experiment properly.
Our Full model nicely describes data up to E, = 70 MeV. With increasing energy (above
100 MeV), the difference between predicted values and experimental data becomes larger
(especially for Tys), which shows the necessity of improving the theoretical model before
applying it to higher energies. Nevertheless, even with approximations used, the data
description remains reasonable. We observe that quite often and in particular in Fig. 3.17
and Fig. 3.18 the data description is worse for smaller angles. Especially for the tensor
analyzing power T4, the group of data point lying closer to 6, = 30° are farther from the
theoretical prediction than the second group. In Fig. 3.18 the description of data points
for Ty seems to be better with the INC (dashed line), but in this case, it is only an
accidental match as we do not observe similar trend for any other angular range or for
different observables. In addition, experimental uncertainties are larger at small angles,
and in all cases our description is inside 30 uncertainty.

In the Figure 3.19 the energy dependence of Ty and Ty at specific angle 0, = 88° is
present for the energy range 0-400 MeV. Besides my predictions, I also demonstrate the
experimental data from [74] and [77] as well as theoretical calculations from |[78|. For
Ty all models are able to describe experimental data well, even at high energies. On the
other hand, T, is not described so well: for the energies below 140 MeV the predictions
are within uncertainties of experimental data, but further the difference with the data
increases. Above 140 MeV Full predictions do not reflect the qualitative nature of the
data. Namely, I observe that data points start ascending which is not represented in
my predictions. Theoretical predictions from [78] (brown dashed curve) are also not able
to describe data quantitatively for Ty, but increasing of Ty towards data is present.
The predictions in |78] are obtained with a one-body current using the Bonn one-boson-
exchange potential in coordinate space (OBEPR) NN potential with the major part
of meson exchange currents (MEC) included implicitly via the Siegert operators plus
explicit pion exchange currents (MEC), isobar configurations (IC) and the leading order
of relativistic corrections (RC). So authors use a different potential, but probably the
main difference in predictions is coming from the more advanced model of the current
operator and the RC included there. We see that experimental errors are quite large
which is not so surprising given that the experiment was conducted back in 1989. New
experiments would be a great support in development of the nuclear interactions and
currents as we expect relativistic calculations in the future [79].

The Fig. 3.20 presents analogous results to those given in Fig. 3.19 but with vari-
ous values of the cut-off parameter. The deviation between these predictions is rather
small (especially below 150 MeV), while the difference with the calculation from [78] and
experimental data remains as discussed above.

Similar picture is seen in the Figs 3.21 and 3.22 where I show an energy dependence
of the mean of deuteron analyzing powers over specific angular ranges (following the
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data from [74]). In Fig. 3.21 we see that only predictions for Ty are able to reflect
the experimental results, while for Ty; and Tsy my results are reasonable (quantitative
wise) only for lower energies and the difference with the data becomes larger when energy
increases. Predictions for Ty, and Tsy once more confirm an insufficiency of INC and
the importance of 2-nucleon current contributions. The description is better for bigger
6, (Fig. 3.22): at lower energies (below 140 MeV) the correspondence to experimental
data is good for all three observables but above that threshold, all predictions (especially
for Tgs) move away from the data. Again, big experimental uncertainties call for the
experiment to be repeated.

In the Fig. 3.23 I demonstrate predictions for the photon asymmetry >, for the
deuteron photodisintegration at E, = 20 MeV (a) and 60 MeV(b) together with the ex-
perimental data of [80-83]. Both (a) and (b) figures are organized similarly to the figures
I showed above for the tensor analyzing powers (e.g. Fig. 3.7). That is the top panel is
aimed to demonstrate predictions obtained with the chiral SMS potential at different or-
ders of the chiral expansion, the middle one shows a truncation error and the bottom one
presents the cut-off dependence. For that observable we see an excellent convergence with
respect to the chiral order. For both regarded energies predictions at different orders are
very close to each other except the LO and NLO curves. Nevertheless, at E, = 60 MeV
the truncation error bands reveal some uncertainty connected with the chiral order and I
conclude that even some higher chiral orders would still contribute to the predictions at
this energy. The relative width of the truncation band are 0.26 %, 5.04 %, 5.05%, 5.73 %
and 14.96 % for N*LO™, N*LO, N3LO, N2LO and NLO respectively and at 6, = 90°.

The cut-off dependence is also much stronger at 60 MeV. One clearly sees that
predictions are different for various values of the A. The relative difference between
predictions to the cut-off parameter at 20 MeV is 0.26 % while at the photon energy
60 MeV it is 4.41 % (both calculated at 6, = 90°). So the theoretical uncertainty related
to the regulator value is nearly 17 times bigger than that due to the truncation error
(4.11/0.26 = 16.96).

Comparing my predictions to the experimental data, I observe that for the lower
energy predictions are almost perfectly overlapping with experimental points within the
error bars. For a few data points our predictions are outside data error bars, but they
are still within 30 range. For 60 MeV, experimental data points are systematically below
theoretical curves, especially in the middle of the angular range. It seems that some
systematic uncertainty is present in predictions and ad hoc multiplication by some factor
(around 0.8) could help predictions be closer to the data. But very likely the observed
discrepancy points to the simplified character of the model used in my calculations.

In the Fig. 3.24 the predictions obtained with the Full set of components (PW -+
rescattering and INC + Siegert, solid blue curve) are shown together with predictions
obtained with the same current but without rescattering (green dashed-dotted line) and
without contribution from the Siegert but keeping rescattering (pink dashed line) for the
same photon energies as above: E, = 20 MeV (left panel) and E, = 60 MeV (right panel).
For E, = 20 MeV the difference between Full and PW is quite small, whereas 1INC differs
noticeably from the Full prediction, especially around the smallest and biggest angle
values. For E, = 60 MeV the difference between such predictions is larger: we see not
only quantitative, but also qualitative variations. The INC curve has much larger values
and its shape becomes more asymmetric with respect to the 6, = 90° point.

In the Fig. 3.25 (left) I present a dependence of the photon asymmetry 3, on the
photon energy at a fixed value of the outgoing proton polar direction 6, = 90° (following
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the data published in [84] and [81]). It is noticeable that with increasing energy, the
predictions are systematically above the experimental data and the discrepancy is growing
with energy. This trend was also observed in the angular dependence of the asymmetry
at 60 MeV so I conclude that within our framework, >, is sensitive to the initial photon
energy and some theoretical contributions are missing to get satisfactory predictions at
higher energies. From the Fig. 3.25 we can say that large discrepancy with data starts
already above E, = 35MeV. It is worth to note that data of [81] are above these
from [84] (however still inside 30 experimental error bands) and remain in agreement
with my predictions even at E, = 60 MeV.

The right panel of the Fig. 3.25 shows an impact of the different model components to
the obtained predictions. We see that the difference between the Full predictions (solid
blue line) and the one obtained with a INC only (without the Siegert contribution) is
larger than the difference with predictions with the PW part only (without rescattering).
Both these incomplete predictions are farther from the experimental data, (for PW at
larger energies only) and have different shapes as well.

The proton polarization is demonstrated in Fig. 3.26 for the photon energy 30 MeV (a)
and 100 MeV (b). In this case even at higher energy (such as 100 MeV) predictions reveal
neither slower convergence concerning the chiral order nor stronger cut-off dependence.
Figures for both energies show that only next-to-leading order brings a relatively high
contribution while taking into account other subsequent orders does not change predic-
tions significantly. In the case of the cut-off dependence, we see that curves for each value
of A are very close to each other. The relative difference of the predictions with respect
to the cut-off parameter is 4.04 % at the minimum point 6, = 130° of E, = 30 MeV and
5.62% at 6, = 160° and E, = 100 MeV. The dependence is slightly stronger for higher
energy, but both values are comparable. Again, the cut-off-related uncertainty exceeds
the truncation error.

Predictions for the neutron polarization at the energies 2.75 MeV and 100 MeV are
shown in the Fig. 3.27. The choice of energy is conditioned by the availability of exper-
imental data, which were taken in 1965 in Livermore [85] and in 1986 at TRIUMF [86]
facilities. In the case of E, = 2.75MeV (Fig. 3.27a), we see that predictions reflect the
behavior of experimental data points qualitatively, having more o less a constant offset
of the values. A similar offset was obtained also in [19], where various approaches were
present. Authors compare different models which leads to very similar theoretical results
even though different potentials are used with and without relativistic correction. One of
the theoretical predictions is included even in the experimental papers [85] and authors
state that there might be a systematic error in the calibration of the analyzing power of
the neutron polarimeter which could affect experimental results precision. Interestingly,
predictions clearly show a symmetrical form of the curve, while the experimental data
have some deviations from the symmetrical form. This suggests that some problems with
the data can be in this case (taking into account also that the experiment had been done
in 1965). In [85] authors even make a plot of the theoretical curve multiplied by the
factor 0.879 which almost perfectly overlaps with experimental data afterward.

At the energy E, = 100 MeV (Fig. 3.27b) my predictions describe the data very well.
For most of the data points, predicted values are within error bars, and only some of
the points (e.g. around 50°) have a prediction in a distance of more than one standard
deviation. Nevertheless, these data points look like they are out of general trend and
may be a result of imprecise measurement. Observing the stability of my predictions on
the chiral order and regulator value I conclude that nucleon polarizations are not the

39



CHAPTER 3. RESULTS

observables, which, even measured with much better precision, than it was done in [85]
or [86] would be an indicator of the model convergence or stability.

Concluding my results for the deuteron photodisintegration, I can point that pre-
dictions for E, = 30MeV (and below) are very stable with respect to the potential
parameters (chiral order or the regulator). The SMS potential shows an ability for a
good data description. For higher energies (especially above 100 MeV) the quality of
predictions deteriorates: the dependence on the cut-off value is stronger and discrepancy
with data grows. Still, predictions are converged with respect to the chiral order. The
general problem in my calculations is a lack of explicit 2N currents and in the case of
higher energies omitting relativistic corrections.
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Figure 3.6: The deuteron tensor analyzing powers Tgy (a) and Ts; (b) as a function
of the outgoing proton angle ¢, in the centre of the mass frame for the photon energy
E, = 30MeV. The top row presents results obtained using the SMS potential at different
chiral orders (from LO to N*LO™) with the cut-off parameter A = 450 MeV. The middle
row shows truncation errors for each chiral order starting from NLO, and the bottom
row presents a cut-off dependence at N*LO™T. For the sake of comparison, predictions
obtained with the AV18 potential are given as well. For all predictions 1NC+Siegert
model is used.
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Figure 3.7: The same as in Fig. 3.6 but for the deuteron tensor analyzing power Tsy (a)
and the deuteron vector analyzing power iTy; (b).
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Figure 3.8: The deuteron tensor analyzing powers Ty (a) and Ty (b) as a function of
the outgoing proton angle ¢, in the CM frame for the photon energy E, = 100 MeV.
The top row presents results obtained using the SMS potential at different chiral orders
(from LO to N*LO™) with the cut-off parameter A = 450 MeV. The middle row shows
truncation errors for each chiral order starting from NLO, and the bottom row presents
a cut-off dependence at N*LO*. For the sake of comparison, predictions obtained with
the AV18 potential are given as well. For all predictions 1NC+Siegert model is used.
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Figure 3.9: The same as in Fig. 3.8 but for the deuteron tensor analyzing power Tsy (a)
and the deuteron vector analyzing power iTy; (b).
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Figure 3.10: The deuteron tensor analyzing powers Ty, Ts1, Tos and the deuteron vector
analyzing power ¢T; as a function of the outgoing proton angle ¢, in the CM frame at
E, = 30MeV. Similarly to Fig. 3.4b predictions obtained with chiral N*LO™ potential
and A = 450 MeV are present for three theoretical models. The blue solid line is the most
complete prediction we have (plane-wave plus rescattering parts, INC + Siegert), the pink
dashed line shows predictions obtained with PW plus rescattering but with single-nucleon
current only (1INC) - without the Siegert contributions and the green dashed-dotted line
is a prediction in which I neglect the rescattering part and stick to the plane-wave part
only but keeping the Siegert contributions.
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Figure 3.11: The same as in Fig. 3.10 but for E, = 100 MeV.
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Figure 3.12: Tensor analyzing powers Ty, Ty and Tyy as a function of the outgoing
proton angle 6, in the CM frame. The solid blue line is the mean value of my predictions
obtained at energy values from 25 to 45MeV (step 5 MeV) with the SMS potential at
N4LO™ chiral order and with A = 450 MeV and with 1NC used together with the Siegert
approach. The pink dashed line is a similar prediction but with the 1INC only. The
corresponding bands show the limits of predictions in the regarded energy region. Filled
circles are experimental data from [74] for the same energy range.
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Figure 3.13: The same as in Fig. 3.12 but for energy bin 45 — 70 MeV.
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Figure 3.14: The same as in Fig. 3.12 but for energy bin 70 — 100 MeV.
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Figure 3.15: The same as in Fig. 3.12 but for energy bin 100 — 140 MeV.
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Figure 3.16: The same as in Fig. 3.12 but for energy bin 140 — 180 MeV.
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Figure 3.17: The same as in Fig. 3.12 but for energy bin 180 — 230 MeV.
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Figure 3.18: The same as in Fig. 3.12 but for energy bin 230 — 330 MeV.
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Figure 3.19: The tensor analyzing powers Tay (left) and Ty (right) as a function of
the photon energy E, at fixed outgoing proton angle ¢, = 88° in the CM frame. My
predictions (blue solid line) are obtained with the SMS potential at the chiral order
N4LOT, with the cut-off parameter A = 450 MeV and with 2NC contributions included
via the Siegert theorem. The dashed pink curve shows predictions obtained with the same
interaction but without 2NC contributions. The dashed-dotted brown curve presents
theoretical results from [78]. Experimental data are taken from [74] (filled circles) and |77]
(empty circles).
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Figure 3.20: The tensor analyzing powers Ty (left) and Tsy (right) as a function of
the photon energy E, at fixed outgoing proton angle 6, = 88° in the CM frame. My
predictions have been obtained with the SMS potential at the chiral order N*LO*, with
the different values of the cut-off parameter A (from 400 MeV to 550 MeV). The dashed-
dotted brown curve presents theoretical results from [78]. Experimental data are taken
from [74] (filled circles) and [77] (empty circles).
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Figure 3.21: The averaged tensor analyzing powers Ty (left), Ty (middle) and Tay
(right) as a function of the photon energy for the outgoing proton momentum polar
angle 0, in range 24° — 48° in the CM frame. The solid blue curve is a mean value of
my predictions at energy values ranges from 25 to 45 MeV (step 5 MeV), obtained with
the SMS potential at N*LOT chiral order and with A = 450 MeV and with INC used
together with the Siegert approach. The pink dashed curve represents similar predictions
but with the nuclear current reduced to the 1INC only. The corresponding bands show
predictions at border energies 25 and 45 MeV. The filled circles are experimental data
from [74] for the same energy range.
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Figure 3.22: The same as in the Fig. 3.21 but for the 6, in range 70° — 102°.
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(a) Ey =20MeV (b) E, = 60 MeV

Figure 3.23: The photon asymmetry ., as a function of the outgoing proton angle in
the CM frame for the photon energy 20 MeV(a) and 60 MeV(b). The top row presents
results obtained using the SMS potential with chiral orders from LO to N*LO™ and with
the cut-off parameter A = 450 MeV. The middle row shows truncation errors for each
chiral order starting from NLO and the bottom row presents a cut-off dependence for the
chiral potential N*LOT. Filled circles are experimental data from [80], empty circles -
from [81], filled squares - from [82] and triangles are from [83]. For the sake of comparison,
predictions obtained with the AV18 potential are given by the dashed-dotted curve as
well.
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Figure 3.24: The photon asymmetry >, as a function of the outgoing proton angle 6,
in the CM frame at E, = 20MeV (left) and E, = 60 MeV (right). Similarly to Fig. 3.4b
predictions obtained with chiral N*LO™ potential and A = 450 MeV are present for three
theoretical models. The blue solid line is the most complete prediction we have (plane-
wave plus rescattering parts, INC -+ Siegert), the pink dashed line shows predictions
obtained with plane-wave plus rescattering part, but with single-nucleon current only
(INC) - without the Siegert contributions and the green dashed-dotted line is a prediction
in which we neglect the rescattering part and stick to the plane-wave part only but keeping
the Siegert contributions. Filled circles are experimental data from [80], empty circles -
from [81], filled squares - from [82] and triangles are from [83].
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Figure 3.25: The photon asymmetry >, as a function of the photon energy at the fixed
outgoing proton’s momentum polar angle 8, = 90°. On the left panel, each curve corre-
sponds to the particular value of the cut-off parameter and chiral potential used here is
the N*LO™ one. On the right panel, the blue solid curve represents our most complete
predictions comprising the plane-wave plus rescattering parts and 1NC-+Siegert current
propagator (the same as 450 MeV line in left). The pink dashed curve shows predictions
obtained with the single-nucleon current only (without applying the Siegert theorem)
and the green dashed-dotted curve represents predictions with the full current (INC +
Siegert) but with plane-wave part only. Filled circles are experimental data from [84],
empty circles - from [81].

53



CHAPTER 3. RESULTS

(a) Ey =30 MeV (b) E, =100 MeV
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Figure 3.26: Proton polarization P,(p) as a function of the outgoing proton’s momentum
polar angle in the CM frame with the photon energy 30 MeV (a) and 100 MeV (b). The
top figures present results obtained using potential with different chiral orders (from LO to
N*LO™) with cut-off parameter A = 450 MeV. The middle panel shows truncation errors
for each chiral order starting from NLO, and bottom figures present a cut-off dependence
of predictions based on the SMS N*LO potential. For the sake of comparison, predictions
obtained with the AV18 potential are shown as well.
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(a) E, = 2.75 MeV

(b) E, = 100 MeV
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Figure 3.27: The same as in Fig. 3.26 but for the neutron polarization P,(n) and at
photon energies 2.75MeV (a) and 100 MeV (b). Data are from [85] (empty circles)
and [86] (filled circles).
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3.2 Helium-3 photodisintegration

3.2.1 Three-body breakup

In this section, I will discuss results for the differential cross-section for *He — p+p+n
obtained with the INC + Siegert model of nuclear current. For three free nucleons in the
final state, it is convenient to introduce, as a kinematical variable, the arc-length of the
S-curve. For a given direction of two momenta p; and py, the S-curve spans in the plane
defined by kinetic energies of the same two nucleons, F; and FEs collecting kinematically
allowed points.

For three particles and known initial energy and momenta five kinematical variables®
are required to define the final kinematics. We choose four variables as directions of
outgoing nucleons No 1 and 2: 6, ¢1,6s and ¢,, with the z-axis aligned to the photon
momentum. Choosing F; as the fifth variable would introduce ambiguity, as in some
cases two values of E5 could be allowed. Instead, the location on the S-curve defines the
kinematical configuration unambiguously. The various possible locations of the S-curve
in 6; — 6, plane, as well as the convention on choosing the S = 0 point is given in Fig. 1
of [50].

In the Fig. 3.28 T demonstrate a differential cross section mf;ﬁ as a function of the
S-arclength and as in the previous section, I study the convergence with respect to chiral
order and the cut-off dependence. The photon energy is E, = 30 MeV; the kinematic
configuration 6; = 15°, ¢; = 0°, 6, = 15°, ¢ = 180° and predictions have been obtained
without 3NF.? On the left, we see that only NLO and N?LO introduce relatively large
truncation errors. The maximal width of a band for NLO is 37.6 % at S = 10 MeV, for
N2LO it is 12.4 % at the same S-value and it is gradually decreasing coming to 0.13 % at
N*LO™. The cut-off spread (right) is biggest around maxima values but remains below
3%. It reaches 0.78 % at the minimum point (S = 10 MeV).

With larger energy E, = 100MeV, for which predictions are demonstrated in the
Fig. 3.29, both truncation error and cut-off spread become larger. The truncation band
at the maximum point at S = 10 MeV for NLO is 55.0 % decreasing to 2.2 % at N*LO*
which still is around 3 times larger than it was for predictions at E, = 30 MeV. The cut-
off spread also becomes larger with increasing energy value: 9.0 % at the same (maximum)
point which is also ~ 3 times bigger than the one we observed for the lower energy.

Results for the same E, = 100 MeV but other angular configuration 6; = 75°, ¢; = 75°,
0y = 75°, @9 = 105° are given in Fig. 3.30. The top row shows results obtained with 2NF
only, while predictions obtained with 3NF are shown on the bottom row. It seems that
3NF does not change much the convergence with respect to the chiral order: truncation
error band at the point of maximum S = 35MeV (N*LO") is 1.11% and 1.16 % with
and without 3NF, respectively. As it is almost the same, I conclude that inclusion N2LO
3NF practically does not affect chiral order convergence. Note, 3NF at N2LO has been
used for all forces above NLO.

The cut-off dependence, in turn, is affected by the presence of 3NF. Predictions with
2NF only have 13.7 % spread at the same maximum point S = 35 MeV, while predictions
with 3NF have only 1.23 % relative spread, so the difference is tremendous.

! Among nine variables describing final state p;,p» and p3, four can be derived from energy and
momentum conservation laws.

2Different kinematic configurations 6;, ¢1, 2 and ¢, have been tested with a step of 15° and most
interesting cases (showing the largest discrepancies) are present in this work.
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0, = 15°.6, = 0°0, = 15° ¢, = 180°

L I L I L I L LI I L I L I |. T
To25F + =
> - I ]
S = ¥ ]
Z 20fF X =
) u I .
2 15F =+ 3
2 = NLO T ]
& 10F B N2LO 0 = 400 | ]
o N . \3LO T — 450 =
& - I N4LO €I m— = 500 ]
'% 0.5 s B N4LO+ =+ = 550 =

= L b b by L b b by
0 5 10 15 200 5 10 15 20

S [MeV]

Figure 3.28: The five-fold differential cross section for the photon energy E, = 30 MeV
for the kinematic configuration ¢, = 15°, ¢; = 0°, 65 = 15°, ¢o = 180°. The left figure
presents truncation error bands obtained using the SMS potential with chiral orders from
NLO to N*LO*, and with cut-off parameter A = 450 MeV. The right figure presents a
cut-off dependence at N*LO*. Results are obtained with two-nucleon force only and 1INC
+ Siegert current model.

Similar trends are present also in other configurations, demonstrated for the compar-
ison in Fig. 3.31, Fig. 3.32 and Fig. 3.33.

The exclusive cross-sections shown above, in Figs. 3.28-3.33 are small and unfortu-
nately below the possibilities of current experimental techniques. The semi-inclusive
measurement is more likely to be performed, thus in Figs 3.34 and 3.35 I show the dif-
ferential cross section (mf)ﬁ' I choose the same photon energies as above: E, = 30 MeV
and E, = 100 MeV. Each figure consists of subfigures where each row presents results
for a proton momenta polar angle 6, = 10°,50°,90°,130° and 170°. The left part of each
subfigure shows detected chiral order dependence while the right - the cut-off dependence.

At the photon energy 30 MeV the chiral dependence is relatively weak: at the maxi-
mum point (£, ~ 3.8 MeV) the relative difference varies between 12 % and 28 % at LO
for different angles. This difference decreases with each subsequent order resulting in
maximum 0.15% at N*LO™T. At the energy E, = 100 MeV truncation errors are larger:
at the maximum around E, ~ 1.46 MeV the discrepancy is around 40 % (NLO), 15%
(N2LO), reaching 1.5 % at NLO™.

A typical cut-off uncertainty at E, = 30 MeV is around 2% and at E, = 100 MeV
increases up to 8 % for all angles and at the same values of E, as regarded above.

Observed small uncertainties allow me to conclude that the semi-inclusive cross-section

sz)ngp is not useful in studies aiming on pin-down the details of the chiral force.
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Figure 3.29: The same as in Fig. 3.28 but for the photon energy E, = 100 MeV.
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Figure 3.30: The same as in the Fig. 3.29 but for the kinematic configuration at 6, = 75°,
¢1 = 75°, 6, = 75° and ¢ = 105°. Results obtained with the chiral SMS 2N force are
present on the top row. The same, but with the N2LO 3NF included is present on the
bottom row (starting from the N2LO - where 3NF appears for the first time).
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Figure 3.32: The same as in the Fig. 3.31 but for the kinematic configuration at ; = 45°,
le = 750, 02 = 45° and (bg = 105°.
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Figure 3.33: The same as in the Fig. 3.32 but for the kinematic configuration at 6; = 165°,
¢1 = 15°, 05 = 15° and ¢y = 165°.
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Figure 3.34: The semi-inclusive differential cross section
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3.2.2 Two-body breakup

The differential cross section do/dQy for the *He +~ — d + p reaction is shown in the
Fig. 3.36 (for the photon energy E, = 30 MeV) and in the Fig. 3.37 (for E, = 100 MeV).
We see a significant enlargement of both truncation and cut-off uncertainties with in-
creasing photon energy. The relative spread of the truncation error at the maximum
point (6, = 105°) for the lower energy is 0.05% at N*LO™T, while for the larger energy

similar spread is 0.45 % (at N*LO™, 6, = 120°).

The cut-off dependence is also stronger for the larger energy: it is 1.45% at 30 MeV

and 4.01 % at 100 MeV (at the points of maximum).
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Figure 3.36: Differential cross section for the two-body photodisintegration of *He as
a function of the d — v angle in CM. The initial photon energy E, = 30MeV, Full

model (2N+3N force, INC-Siegert) is used.
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Figure 3.37: The same as in the Fig. 3.36 but for the photon energy E, = 100 MeV.
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3.3 Triton 3N photodisintegration

In this section, I will discuss results for 2H — n + n + p process in the case when two
neutrons are detected and similarly to the previous chapter, I will present the convergence
of predictions and their cut-off dependence.

In the Fig. 3.38 I show a differential cross section mf;ﬁ as a function of the S-
arclength. As for the example present in Fig. 3.28 I use the photon energy E, = 30 MeV
and the kinematic configuration ¢, = 15°, ¢; = 0°, 65 = 15°, ¢o = 180°; predictions
have been obtained without 3NF. We see that only NLO and N?LO introduce significant
truncation errors. The maximal width of a band for NLO is 30.95 % at S = 10 MeV, for
N2LO it is 6.79 % at the same point and it is gradually decreasing coming to 0.10 % at
N*LO*. The cut-off spread around maxima values is 6.25% (at S = 4MeV) and 1.81%
at S = 10 MeV.
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Figure 3.38: The five-fold differential cross section for the photon energy E, = 30 MeV for
the kinematic configuration 6, = 15°, ¢; = 0°, 65 = 15°, ¢ = 180° with detected particles
proton (number 1) and neutron (number 2). The left figure presents truncation error
bands obtained using potential with chiral orders from NLO to N*LO™, and with cut-
off parameter A = 450 MeV. The right figure presents a cut-off dependence at N4LO™.
Results are obtained with two-nucleon force only and 1NC-Siegert model of nuclear
current.

At bigger energy, E, = 100 MeV, demonstrated in the Fig. 3.39, the truncation band
at the maximum point S = 10 MeV for NLO is 50.26 % decreases to 2.00 % at N4LO™.
The cut-off spread also becomes larger with increasing energy value: 9.52 % at the same
maximum.

Both truncation error bands and cut-off dependence are very similar to what was
found for the three-body Helium-3 photodisintegration and the relative errors have similar
magnitudes.

Results for other angular configuration with E, = 30 MeV and at ¢, = 75°, ¢ = 75°,
Oy = 75°, ¢o = 105° are demonstrated in Fig. 3.40. Both truncation errors and cut-off
dependence are smaller with such a configuration: the relative width of the truncation
band at NLO is 9.39 % (at the maximum point S = 8 MeV) and drops to only 0.1 % at
N4LO*. The relative cut-off spread is 0.93 % at the same point.

At the bigger energy, E, = 100 MeV, demonstrated in Fig. 3.41 uncertainties grow.
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Figure 3.39: The same as in the Fig. 3.38 but for the photon energy E, = 100 MeV.

The truncation bands are 44.42 % and 2.09 % (at NLO and N*LO™ respectively) and the

1.25

1.00

0.75

0.50

0.25

0.00

RESULTS
0, = 15°,¢, = 0°,05 = 15°,4y = 180°
:I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 1 1 + I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 E
3 NLO T p X
- s N2LO F 3
— I N3LO 0, -
~ I N4LO 0 .
[ I \4LO+ =4 —]
- L L L I L L L I L L L I L L L I L I__— L L L I L L L I L L L I L L L I L \I__
0 20 40 60 80 0 20 40 60 80
S [MeV]

cut-off spread is 13.04 % (all at S = 35MeV in maximum).
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Figure 3.40: The same as in the Fig. 3.38 but for the kinematic configuration defined by

01 = 75°,¢1 = 75°,05 = 75°,¢ = 105°
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O, = T5°, ¢y = T5°, Oy = T5°, o = 105°.

Similar trends are present also in other examples, demonstrated in Figs. 3.42-3.47.
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Figure 3.41: The same as in the Fig. 3.40 but for the photon energy E, = 100 MeV.
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Figure 3.42: The same as in the Fig. 3.40 but for the kinematic configuration defined by
01 = 15°, ¢1 = 105°, O = 15°, ¢y = T5°.
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Figure 3.43: The same as in the Fig. 3.42 but for the photon energy E, = 100 MeV.
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01 = 45°,¢; = 75°,05 = 45°,¢o = 105°
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The same as in the Fig. 3.42 but for the kinematic configuration defined by

O, = 45°, ¢y = T5°, Oy = 45°, ¢y = 105°.
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Figure 3.45: The same as in the Fig. 3.44 but for the photon energy E, = 100 MeV.
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Figure 3.46: The same as in the Fig. 3.44 but for the kinematic configuration defined by
01 = 165°, ¢ = 15°, O3 = 15°, ¢ = 165°.
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Figure 3.47: The same as in the Fig. 3.46 but for the photon energy E, = 100 MeV.
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3.4 Pion absorption from the lowest atomic orbital

In the following subsections, I present my results for the pion absorption processes
on 2H, 3H, and 3He. For these reactions, the total absorption rate is observable which
attracts the most attention, mainly due to the relatively simple experiments needed to
measure it. Namely, in such measurements, only detection of nucleons is required but
there is no need to measure their momenta or energies.

In the case of the pion absorption on 2H, if measurement is restricted to unpolarized
particles, the capture rate is the only interesting observable. That is because the initial
state is at rest which is a reason for the opposite momenta of two neutrons in the final
state. Due to the rotational symmetry, the directions of those momenta are not impor-
tant. In contrast, in the case of absorption on 3N bound state one can be also interested
in various differential absorption rates. Thus in the following, I show predictions for the
differential and total capture rates for absorption on *He and *H, while for the absorption
on the deuteron, I will restrict myself to the total capture rate.

3.4.1 Pion absorption in ?H

x 1015
2 T T T T ]
3.5 =@ * 400 MeV
- @ —=— 450 MeV ]
3.0F M —@— 500 MeV —
A s@== 550 MeV
-/ 25 :— "‘ —— Experiment—:
'& = ]
£ 20F —
— - ]
15F —
1.0F =
o e

LO NLO N2LO N3LO N4LO N4LO+
chiral order

Figure 3.48: Absorption rate for the 7= + ?H — n + n reaction. The rates were calcu-
lated using the SMS force with different chiral orders and cut-off values. The results were
obtained using the single-nucleon transition operator supplemented by two-nucleon con-
tributions at the leading order. The figure shows the results obtained using the plane wave
(PW) plus two-neutron rescattering (Full) parts. The experimental value extracted from
the hadronic ground-state broadening in pionic deuterium is taken from Refs. [87,88|.

In Fig. 3.48 the absorption rate Iy, is shown for the process 7= +2H — n +n as a
function of the chiral order (horizontal axis) and the cut-off parameter (different lines)
together with experimental data extracted from [87,88]. We see a significant difference
between predictions obtained using different A. The impact of chiral orders is large
at LO and NLO (each subsequent order differs from the previous by ~ 40% and ~
30 %, respectively) and is gradually decreasing, and N3LO-N4LO-N*LO™ steps are almost
invisible (the relative difference between subsequent orders is ~ 5%). The comparison
with experimental data shows that our predictions converge to a correct value coming
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closely to it at high chiral orders and all As except A = 550 MeV which is clearly separated
from other predictions. The bias T30 — I'é*P at N*LO™ is still 0.178 x 10" s~ which is
12.7%. Such a result reveals that NN interaction with A = 550 MeV is inadequate in
data description. However, using it gives an additional measure of uncertainty related to
the cut-off parameter value.

3.4.2 Pion absorption in *He

In Fig. 3.49 and 3.50 the total pion absorption rates are present as a function of the
chiral order and for different values of the cut-off parameter for 7~ +3He — p+n+n and
7~ +2 He — n + d reactions, respectively. Both figures show that with fixed chiral order
the arrangement of absorption rates obtained with various values of the cut-off parameter
remains the same, namely with increasing A, the absorption rate decreases. The only
exception in both cases appears at N3LO where prediction with A = 550 MeV goes above
other predictions. At the next order, N*LO, it comes back to the usual arrangement. This
behavior may be connected to the *He wave function resulting from the 3NF used for the
calculation. In order to prove that, I show in Fig. 3.51 a corresponding figure for a 3He
proton radius r, calculated with and without 3NF (left and right panels, respectively).
Results obtained with the 3NF show also a deviation at N3LO where A = 550 MeV and
A = 500MeV are very close to each other while for the radius computed without the
3NF a clear separation is present. Nevertheless, the spread of predictions concerning the
cut-off values seen in Fig. 3.51 is much smaller with the 3NF and deviation seems to be
not crucial as the total difference between predictions in this case is very small.

There are also experimental data for the I'y,,, and I',4 available on the market. As it
was discussed in [89], experimental data for the I',,,, and I',,4 can be extracted from [90-92]
and they are

oP = (24740.65) x 105! (3.3)
[P = (6.8+1.9) x 1057,

My predictions can be summarized as follows:

Ly = (1287077 £ 1.02) x 10'%s7! (3.5)

Tha = (207504 1.6) x 107571 (3.6)
where the first uncertainty is related to the cut-off parameter and the second one to the
chiral order (truncation error). The latter error is a half-width of the band of truncation
uncertainty. The first uncertainty simply shows ranges of minimal and maximal value of
the absorption rate taken among the predictions with A € (400,550) MeV. The values
of the absorption are those for N*LOT and A = 450 MeV. We see that our predictions,
present in Figs. 3.49 and 3.50, are much smaller than experimental values, but they
overlap each other within the uncertainty range, giving large experimental errors as well
as theoretical ones.

By its nature, the total absorption rates cannot deliver details on the distribution of
contributions arising from various dynamical ingredients to the absorption process in the
phase space. Thus in the following, I show various intensity plots revealing phase-space
regions of special interest.
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Figure 3.49: Absorption rate for 7~ +3He — p+n+n reaction as a function of the chiral
order and with different values of the cut-off parameter A. Predictions were obtained
with the SMS NN interaction at a given order combined with N2LO 3NF.

Let me remind, that in the case of absorption rates, only two kinetical variables are
necessary to define the exclusive kinematical configuration. That is, because for that
process there is full rotational symmetry, as none of the vectors define the z-axis.

In Figs. 3.52 and 3.53 I show such intensity plots for the double differential absorption
rates d*I'p,,/dE1dE; for the 7= +° He — p + n + n process as functions of the nucleons
energies (assuming nucleon number 1 to be a proton) and of the Dalitz coordinates (z
and y), respectively.

The coordinates x and y are defined as:

x=3(E, + 2E, — E)/E,
y = (3B, — E)/E, (3.7)

where F is a total kinetic 3N energy. These coordinates are restricted to the region where
r?=a224+9y? < 1.

Each of the two figures consists of four panels representing predictions obtained with
different values of the cut-off parameter A. The difference between predictions which
can be immediately noticed with the naked eye is that the area of the central region
(corresponding to the smallest rates) becomes larger with increasing A. It coheres to
what we saw in Fig. 3.49 where the total absorption rate was inversely correlated with
the cut-off parameter. The dominant contribution comes from the region with the lowest
proton energy values of Fy — 0 where both neutron energies have similar large values.
This is a situation of quasi-free scattering(QFS) - when a proton is a spectator and both
neutrons share equally all energy. In Fig. 3.53 this region is located at y — —1 and
x — 0.

Another region with a high absorption rate is the neutron-neutron final state interac-
tion configuration (FSI(nn)). It is located at high F; values when a proton gets two-thirds
part of the total energy while neutrons both get one-sixth of it. It means that proton’s
kinetic energy is four times larger than neutron’s. In Fig. 3.52 we see this region at
the very right region (with E; — 85) with rapid growth of the absorption rate and it

72



CHAPTER 3. RESULTS

x 1015

- o 1 T ]

- e, .

30 __ i T@r—— o mmm o @ == 1 s m— *__

— 25 3

| B —

o0, | @ o ]

T20fF ... —— —

—~ B RN §

: .’ f. — ‘e :

1sp_ —7 T — — — 8

. B .’ o" '. ------------ [ ) 7

LO-e’ , | -
N2LO N3LO N4LO N4LO-+

chiral order

Figure 3.50: The same as in Fig. 3.49, but for 7= +3 He — n + d reaction.
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Figure 3.51: Proton radius r, for *He nuclei as a function of the chiral order calculated
with different values of the cut-off parameter A. The radius was calculated with 2NF and
3NF (the left panel) or with 2NF only (the right panel).

is observed at every value of the cut-off parameter. The very same region is present in
Fig. 3.53 at y — 1.

In [89] we have shown the comparison of our predictions with one more experimental
data, from [61]. In that paper, the authors consider four specific regions (I; for i =
1,..,4) and give experimental results for each of them separately. The renormalization
procedure was applied to our predictions in order to compare results with experimental
data. Following [61], we divide the predictions I'; for each particular region "i" by the
total value Z?Zl I';. Results are present in the Table 3.1. We see that our predictions
are very close to experimental results and retrieve the same pattern of the absorption
rate distribution over the regarded regions. The observed discrepancy can arise from the
higher contribution for the nuclear current, which should be checked in the future.

Next in Figs. 3.54 and 3.55 I show similar intensity plots for the predictions obtained
with plane wave component only (without rescattering part). They reveal that the differ-
ence of predictions obtained without rescattering part with ones including it (Figs. 3.52
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Table 3.1: Absorption rates in the four regions of the phase space I; defined in Ref. [61]
for the 7= + 3He — p + n + n reaction calculated with the chiral SMS NN potential
supplemented by 3NF at N2LO with different values of the cut-off parameter A.

Normalized absorption rates I';

A (MeV) I I I3 I,
400 0.804 0.152 0.029 0.016
450 0.797 0.152 0.032 0.019
500 0.792 0.152 0.035 0.021
550 0.793 0.151 0.036 0.020

| Gotta et al. [61] | 0.844 | 0.099 | 0.033 | 0.023 |

and 3.53) is very big. Predicted values are a few times larger and the distribution of dom-
inant areas is completely different. The FSI(nn) region is not present here in the sense
that there is no peak compared to other regions. That is natural, as the FSI(nn) peak
arises from strong interaction in the final state, which by definition is not in the plane
wave approximation. On the contrary, the QFS region is present. Results of Figs. 3.54
and 3.55 tell us that one has to take into account the rescattering part in order to obtain
realistic predictions for that process.

Results have been obtained with the plane wave plus rescattering parts but with the
single nucleon current only are present in Figs. 3.56 and 3.57. As previously, each panel
in the figures presents predictions obtained with different values of the cut-off parameter
A. In contrast to the combinations shown above, the change in the cut-off value has a
larger impact here: we observe that there is a different pattern in each panel. It does
not change the picture dramatically, but two peaks inside the figure become more or less
clear. On the other hand, the distribution of the absorption rate is very different from
the one, obtained with a more complete components setup (Figs. 3.52 and 3.53).

Figs. 3.58 and 3.59 show results obtained using similar dynamical components as in
Figs. 3.52 and 3.53, but each panel includes predictions obtained at different chiral orders
of the SM'S NN potential. We see that predictions are not sensitive to the chiral order and
even N?LO predictions are pretty much similar to ones obtained with the most advanced
N4LO™T potential.

Presented above intensity plots correspond to exclusive processes with two particles
detected. Now we would like to test if the same behavior of the capture rate is observed for
the semi-inclusive observables. Thus following figures demonstrate the same phenomena
but from a different point of view. Namely in Fig. 3.60 I show differential absorption
rate dI',,/dE, that is the same as in e.g. Fig. 3.58, but integrated over E, (= E;). All
the results are obtained with the most advanced setup (PW -+ rescattering, INC+2NC,
2NF+3NF). The left panel consists of the results with A = 450 MeV and each curve
corresponds to a particular chiral order. An interesting region here is a maximum of
dl'pnn/dE, which corresponds to the bottom part of the circles from Fig. 3.58. At the point
of maximum N2LO prediction distinguishes from other results as its point of maximum is
noticeably higher. At E, = 0.92MeV (maximum point) the value of N°LO is 1.37 times
larger than one from N*LO™ (3.44 x 107" fms™! vs 2.52 x 10" fms™!) and the relative
difference is 31.1 %. At the same time, the relative difference between all the predictions
except for N2LO is 8.3 %.

The right panel of the Fig. 3.60 shows a cut-off dependence of the dI',,,/dE, obtained
with the SMS NN chiral potential at N*LO* supplemented by N2LO 3NF. In this case,
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Figure 3.52: Intensity plots for the double differential absorption rates dQFpnn JdE\dFE,
for the 7= +2 He — p + n + n process, obtained using the SMS NN potential with all
contributions possible: PW -+ rescattering, INC+2NC, 2NF+3NF. Each panel presents
predictions obtained with different values of the cut-off parameter A: from A = 400 MeV
(upper left) to A = 550 MeV (lower right). Nucleon 1 is a proton.

the maximum point is interesting as well. We see that predictions with A = 500 MeV
and 550 MeV are quite close to each other: the relative difference between them at E, =
0.92MeV is only 1.5 %. In turn the spread between A = 400 MeV, 450 MeV and 500 MeV
is 40 % (at the same E,). This cut-off dependence is hidden when looking at the col-
ormaps Fig. 3.52, but from the current perspective it is clearly present. Anyway, the
highest A, the biggest dI'},,/dE, is. I conclude that observable could be an interesting
experimental test for the cut-off value, however, it requires measurement at low proton
energy (~0.8 — 1.0 MeV) which is an experimental challenge.

Similarly in Fig. 3.61 dI',,,/dE, is present. We observe similar trends as above.
They are also shown up at the maximum point, which is around E, = 66.9 MeV now:
the difference between N2LO and N*LO* predictions at this point is 29.0 %; the relative
difference between all the predictions except for N2LO is much smaller, but still is approx.
7.5%; the N*LO™ predictions are also very similar for A = 500 MeV and 550 MeV (the
spread is 1.6 %) while all remaining predictions are easily distinguished - the spread is
39.1%. I find that observable very interesting in the context of experimental studies as
a measurement of neutron at £ = 70 MeV is nowadays within our reach.

Moving on to the next figures, Fig. 3.62 and Fig. 3.63, I show 1-dim dependence of the
absorption rate on the Dalitz coordinates r = \/2? + y* and ¢ = arctan £, respectively.
A similar trend is preserved, namely chiral order figures show that N2LO predictions
outstand from all other predictions, and noticeable cut-off dependence is observed.
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Figure 3.53: The same as in Fig. 3.52 but for the double differential absorption rates
d°T pn [ ddy.

In general, I can conclude that predictions are converged starting from the N3LO
chiral order (for NN force) as most of the demonstrated results show that the difference
between N3LO, N*LO and N*LO™ is negligible. At the same time, we observe a strong
cut-off dependence with predictions obtained with A = 500MeV and 550 MeV being
very similar, but with a large spread of all the rest results. This nature of the cut-off
dependence is also reflected in the total absorption rate, shown in Fig. 3.49.
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Figure 3.54: Intensity plots for the double differential absorption rates dQFpm JdE\dE,
for the 7= +2 He — p +n + n process obtained using the SMS NN potential at N*LO*
supplemented by N2LO 3NF with plane wave part only (without rescattering). All other
contributions are the same as in Fig. 3.52: 1INC + 2NC and 2NF-+3NF. Each panel
presents predictions obtained with different values of the cut-off parameter A: from
A =400 MeV (upper left) to A = 550 MeV (lower right). Nucleon 1 is a proton.
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Figure 3.55: The same as in Fig. 3.54 but for the double differential absorption rates
d’T pn/ dxdy.
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Figure 3.56: Intensity plots for the double differential absorption rates d2Fpnn JdE\dE,
for the 7= +2 He — p +n + n process obtained using the SMS NN potential at N*LO*
supplemented by N2LO 3NF with 1INC only (without 2N) currents. All other contribu-
tions are the same as in Fig. 3.52: PW+rescattering and 2NF+43NF. Each panel presents
predictions obtained with different values of the cut-off parameter A: from A = 400 MeV
(upper left) to A = 550 MeV (lower right). Nucleon 1 is a proton.
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Figure 3.57: The same as in Fig. 3.56 but for the double differential absorption rates
d°T pn/ dxdy.
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Figure 3.58: Intensity plots for the double differential absorption rates szpnn /dEdE; for
the 7~ +3He — p-+n-+n process obtained using the SMS potential with all contributions
possible: PW + rescattering, INC+2NC, 2NF+3NF. Each panel presents predictions
obtained with different chiral orders of the SMS NN potential: from N?LO (upper left)
to N*LO™ (lower right) and with A = 450 MeV. Nucleon 1 is a proton. 3NF was taken
at N?LO in each case.
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Figure 3.59: The same as in Fig. 3.58 but for the double differential absorption rates
d°T o/ ddy.
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Figure 3.60: Differential absorption rate dI',,,,/dE, as a function of the proton energy E,
for the 7= +3He — p+n-+n process. Left panel shows results obtained with the NN N2L.O
(green dashed line), N3LO (blue dotted line), N*LO (red dashed-double-dotted line) and
N*LOT (black solid line) chiral orders plus N*LO 3NF, and with A = 450 MeV. The right
panel includes results obtained with the N*LO* SMS NN potential plus N?LO 3NF with
different values of the A: 400 MeV (red dashed-double-dotted line), A: 450 MeV (black
solid line), A: 500 MeV (green dashed line line) and A: 550 MeV (blue dotted line). All
predictions were obtained with "(PW-rescattering)-(INC+2N)-(2NF+3NF)" setup.
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Figure 3.61: The same as in Fig. 3.60 but for the differential absorption rate dI'p,,,/dE,
as a function of the neutron energy E,,.
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Figure 3.62: The same as in Fig. 3.60 but for the differential absorption rate dI',,,,/dr as
a function of the parameter r of the Dalitz coordinates: r = /22 + y2.
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Figure 3.63: The same as in Fig. 3.62 but for the differential absorption rate dI',,/d¢
as a function of the azimuthal angle ¢ of the Dalitz coordinates: ¢ = arctan Z.

83



CHAPTER 3. RESULTS

3.4.3 Pion absorption in *H

In this subsection, I will show the results of calculations for the 7= +3H — n+n+n
process. In this case, only a three-body breakup is allowed as no two-body configuration
can be composed out of three neutrons. Note, the pion absorption on *H delivers the
rare possibility to study pure three-neutron interaction.

The total absorption rate I';,,,, for that process is shown in Fig. 3.64 as a function
of the chiral order of the SMS NN potential while each curve represents different cut-off
values used to obtain the prediction. The most advanced dynamical model was used
in this case, namely PW + rescattering part, both single- and two-nucleon absorption
operators and two-nucleon plus three-nucleon (at N?LO) interaction.

Similarly to the three-body break-up of 3He, we see that with each subsequent chiral
order predictions become closer to each other, so the cut-off dependence gets weaker.
Also, the prediction with A = 550 MeV at N3LO is strangely above the prediction with
A = 500 MeV. We can also notice, that at N*LO predictions with cut-off values 500 MeV
and 550 MeV are much closer to each other than to results obtained with other As.

x 1015
- I [ |
2.5-& —@ - 400 MeV ]
- . —@— 450 MeV ]
N\ —®— 500 MeV
2.0 . =@+ 550 MeV ]

0.5 =2 l | 1
N2LO N3LO N4LO N4LO+
chiral order

Figure 3.64: Absorption rate for 7~ +3H — n +n+ n reaction as a function of the chiral
order with different values of the cut-off parameter A. Predictions were obtained with
3NF at N2LO.

My predictions from the Fig. 3.64 can be summarized by the value from N*LO™:

Do = (L1132 4£0.9) x 1057, (3.8)

where the uncertainties show cutoff dependence and truncation errors, and were obtained
as for 'y, (Eq. (3.5)).

In Figs. 3.65 and 3.66 I show intensity plots for the double differential absorption
rates d°Tppn/dE dE; for the 7= +3 H — n + n + n process as functions of the nucleons
energies (Fig. 3.65) and of the Dalitz coordinates (Fig. 3.66), respectively. Each panel in
the figures presents predictions obtained with different values of the cut-off parameter A.
On the contrary to the 3He case, we see a symmetric distribution of the absorption rate
with respect to the center of the figure. It is because of the symmetry of the three-body
system as there are three identical particles - neutrons - in the final state. The dominant
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contribution comes from QFS(nn) regions - where one of the neutrons is a spectator
and has the lowest energy (close to 0) and the rest two are sharing almost all the energy
equally. In Fig. 3.65 these regions are around (F1, Ey) = (0,65), (65,0) and (65,65) MeV.
Same regions are placed in Fig. 3.66 around (z,y) = (0, —1), (—0.85,0.5) and (0.85,0.5),
respectively. We see that predictions are not sensitive to the cut-off value. The only
difference between those various panels is seen in the distribution of the region with the
lowest values of the ', (the center of each figure). It is mostly probably caused by the
fact that the very small values introduce larger calculational uncertainties.

Figs. 3.67 and 3.68 show similar intensity plots with predictions obtained without
rescattering part of the interaction. We see that the absorption rate in FSI regions
around (Ei, Ey) = (21,85),(85,21) and (21,21) MeV in the Fig. 3.67 and (z,y) =
(0,1),(0.75,—0.5) and (—0.75,—0.5) in the Fig. 3.68 is much smaller compared to the
PW-rescattering model discussed above. This is natural as rescattering brings the most
in FSI. Except for these regions, the figures are very similar to the full model’s prediction
and do not show any interesting or disturbing deviations.

In turn, Figs. 3.69 and 3.70, which represent predictions obtained with 1NC only, have
a completely different structure and even scale. The contribution from the 2N absorption
operator is not located in a particular region but affects the whole picture. We see three
minima appear around the central one which are not observed in full model’s predictions.
This once more confirms the importance of the inclusion of a proper 2N absorption
operator in the model.

Figs. 3.71 and 3.72 show similar intensity plots to those shown in Figs. 3.65 and 3.66,
but here each panel includes predictions obtained at different chiral orders of the SMS
NN potential. Each of the panels reveals very similar distributions of the absorption rate,
except for the N?LO one, where the central region (with the lowest T, values) is less
pronounced.

It is further confirmed in the Fig. 3.73 (left panel) where differential absorption rate
dlpn /dE,, at N?LO has much larger peaks (at around E, = 0MeV and FE, = 68 MeV)
while all other predictions are relatively close to each other. The relative difference at
E, = 68MeV is 61.0 % with respect to the chiral order and 32.0 % with respect to cut-off
parameter A. On the right panel of Fig. 3.73 we see that only the prediction obtained
with A = 400 MeV differs from others. It is interesting to notice, that such a difference
is nearly invisible from the intensity plots.

A very similar tendency is observed in Figs. 3.74 and 3.75, where I show the differential
absorption rate with respect to the Dalitz radial coordinates r and ¢, respectively. As
in Fig. 3.73 we see that N2LO and A = 400 MeV predictions are different from other
results, while all the other curves are very close to each other. The relative spread of
dln/dr at r = 1 is 62.6 % with respect to the chiral order and 33.5 % with respect to
cut-off parameter A. The similar spreads for dI',,,,,,/d¢ at ¢ = 60° are 45.5 % and 32.5 %,
respectively.
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Figure 3.65: Intensity plots for the double differential absorption rates d?I',,, JdE\dE,
for the 7= +3 H — n + n + n process obtained using the SMS NN potential at N*LO*
supplemented by N?LO 3NF with all ingredients possible: PW + rescattering, INC+2NC,
2NF+3NF. Each panel presents predictions obtained with different values of the cut-off
parameter A: from 400 MeV (upper left) to 550 MeV (lower right).
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Figure 3.67: Intensity plots for the double differential absorption rates d?I',,, JdE\dE,
for the 7= +3 H — n + n + n process obtained using the SMS NN potential at N*LO*
supplemented by N?LO 3NF with following ingredients: PW only (without rescattering),
INC+2NC, 2NF+3NF. Each panel presents predictions obtained with different values of
the cut-off parameter A: from 400 MeV (upper left) to 550 MeV (lower right).
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Figure 3.68: The same as in Fig. 3.67 but for the double differential absorption rates
d*T i/ dzdy.
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Figure 3.69: Intensity plots for the double differential absorption rates d?I',,, JdE\dE,
for the 7~ +*H — n+n-+n process obtained using the SMS NN potential at N*LO* sup-
plemented by N2LO 3NF with following ingredients: PW + rescattering, 1INC (without
2N operator), 2NF+3NF. Each panel presents predictions obtained with different values
of the cut-off parameter A: from 400 MeV (upper left) to 550 MeV (lower right).
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Figure 3.70: The same as in Fig. 3.69 but for the double differential absorption rates
d*T i /dzdy.
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Figure 3.71: Intensity plots for the double differential absorption rates d?T,,,, JdE\dE,
for the 7=~ +* H — n + n 4+ n process obtained using the SMS NN potential with all
contributions possible: PW + rescattering, INC+2NC, 2NF+3NF. Each panel presents
predictions obtained at different chiral orders of the SMS potential: from N2LO (upper
left) to N*LO™ (lower right) and with A = 450 MeV. The 3NF is taken at N2LO in each
case.
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Figure 3.72: The same as in Fig. 3.71 but for the double

differential absorption rates

d*T i /dzdy.
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Figure 3.73: Differential absorption rate dI',,,/dE, as a function of the neutron energy
E,, for the 7= 4+3H — n+n+n process. Left panel shows results obtained with NN force at
N2LO (green dashed line), N3LO (blue dotted line), N*LO (red dashed-double-dotted line)
and N*LO™ (black solid line) chiral orders, and with A = 450 MeV. The N2LO 3NF was
used. The right panel includes results obtained with the N*LO* NN SMS potential sup-
plemented by the N?LO 3NF with different values of the A: 400 MeV (red dashed-double-
dotted line), A: 450 MeV (black solid line), A: 500 MeV (green dashed line line) and A:
550 MeV (blue dotted line). All predictions were obtained with "(PW-rescattering)-

(INC+2N)-(2NF+3NF)" setup.
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Figure 3.74: The same as in Fig. 3.73 but for the differential absorption rate dI',,,/dr
as a function of the parameter r of the Dalitz coordinates: r = /2 + y2.
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Figure 3.75: The same as in Fig. 3.74 but for the differential absorption rate dI',,,/d¢
as a function of the azimuthal angle ¢ of the Dalitz coordinates: ¢ = arctan Z.
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SUMMARY

In this thesis, I investigated the 2H, 3H and *He photodisintegration processes as well
as the pion absorption by the same nuclei. To analyze these reactions and to calculate
predictions for observables I used a chiral model of interaction - the SMS nucleon-nucleon
potential up to N*LO* order of the chiral expansion augmented by the consistently reg-
ularized three-nucleon force at N?LO. Results prepared with the semi-phenomenological
AV18 potential have been shown as a reference point. In the case of the photodis-
integration reactions, the electromagnetic current is taken as a single nucleon current
supplemented by the Siegert theorem. For the absorption processes the leading order
two-nucleon absorption operators are included explicitly on the top of the single nucleon
operators. Both processes are studied in momentum space. The standard Lippmann-
Schwinger equation is solved to get the t-operator and consequently 2N scattering state.
For the three-nucleon processes, the formalism of Faddeev equations has been applied.
I solved corresponding equations for Faddeev components both for the bound and 3N
scattering states. In that way, I include all initial state as well as final state interactions.
[ am also able to test the importance of FSI by restricting computations to plane wave
approximation only. The used formalism allows me to study not only the total cross sec-
tion or total absorption rates but also various differential cross sections and polarization
observables. The latter ones are very important to test the model. That in turn allows
me to conclude on the sensitivity of various observables on studied model components
and to pick up observables which after measurement could deliver the most valuable
information.

The main goal of this work was to investigate the quality of currently available pre-
dictions based on the chiral SMS interactions if applied to the studied here processes.
Such information is necessary due to expected two- and more- nucleon currents at higher
orders of chiral expansion, consistent with the SMS potential. Various features of the
model can be studied in that context. Firstly, I investigated if the predictions based on
the SMS interaction are converged with respect to the chiral order. It would then be a
hint whether the development of higher-order contributions to the potential is required.
In most of the results, I observe very well-converged predictions which I conclude from a
small difference between the last two investigated chiral orders: N*LO and N*LO*. This
difference in most of the regarded cases does not exceed a few percent. Another piece of
evidence is the width of the truncation bands for N*LO™ predictions. For the deuteron
photodisintegration process, observables have a maximum truncation error below 1% for

95



CHAPTER 4. SUMMARY

the two studied photon energies: E, = 30MeV and E, = 100 MeV. The same trend
is present also for other investigated reactions. This leads me towards the conclusion
that further chiral orders would not improve the predictions much and the current model
shows satisfactory convergence. This is also confirmed by the AV18 predictions which
are always very close to N*LO™ (see e.g. Fig. 3.8, Fig. 3.26 etc.).

Another interesting point in the chiral potential research is the dependence of its
predictions on the value of the potential’s intrinsic cut-off parameter A, the four values
of which (400, 450, 500 and 550 MeV) were investigated. I have shown that the relative
spread of predictions concerning the cutoff value is higher for the higher energies. For
example, the spread of the differential cross section for *He photodisintegration at E, =
30 MeV at the characteristic point (maximum) is around 3 %, while at £, = 100 MeV
it is three times larger - around 9% (see Fig. 3.28, Fig. 3.29 and relevant discussions).
Nevertheless, usually for higher energies the difference between the predictions obtained
with different values of A is smaller than the difference with experimental data (where
available) which is visible e.g. in Fig. 3.5(b).

I have also studied the role of the various dynamical components of the model by
checking how they influence the predicted values. Namely, I compared predictions ob-
tained with plane wave part only (first term in the Eq. (2.31)), with those taking into
account the final state interaction. I also investigated the role of two-body contributions
to nuclear current or absorption operator by performing computations that take or do
not take two-body operators into account. For example, in the Fig. 3.4b there are pre-
dictions for the deuteron photodisintegration cross section obtained without rescattering
part, without 2N contributions to the current and full predictions. The contribution
of rescattering processes is relatively small for the predictions at F, = 30MeV, but
grows with increasing energy. In some cases the analysis of the relative difference at
the specific 6, value does not show this trend (the differences are 10 %, 7% and 4 % for
E., = 30, 100 and 140 MeV respectively at 6, = 80 %), but we see that at the lower
energy, all predicted cross section values are qualitatively very similar and they differ
mainly around the maximum point. In contrast, for the larger energies, predictions differ
qualitatively, and the analyzed point depicts the region where the difference is relatively
small. The discrepancy between the full predictions and the ones, where only 1INC was
used is much bigger: even for the lowest energy inclusion of two-body currents changes
the cross section by around 50 % and for the larger two it grows up to ~ 78 % . Clearly,
both rescattering part and 2NC contributions are very important and bring significant
contributions. Similar trend is visible also for other observables(see e.g. Fig. 3.10) and
processes (see Figs.3.52, 3.54, 3.56 to compare contributions for the pion absorption on
SHe).

That complex pattern reveals the interplay between interaction and the current oper-
ator, and is one more recommendation after derivation fully consistent model, i.e. with
consistent 2N forces, 3N forces, and one-, two- and three-body currents/absorption op-
erators. Such a model must be applied only within the reliable scheme to compute ob-
servables. My work culminated in the preparation of such a scheme, for both analytical
and numerical sides, and now we are ready to study more sophisticated Hamiltonians.

Giving mentioned above results, I conclude that the current version of the chiral SMS
potential is of very high quality: it rather does not require any additional development
in the sense of adding higher chiral orders or regularization. Contrary, for both types of
processes the 2NC should be completely derived as it is expected to bring a significant
contribution and thus improvements in our understanding of processes with photons or
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pions.
Among my results, I would like to highlight the following conclusions:

1.

The chiral SMS nucleon-nucleon interaction at higher orders of chiral expansion
(above N2LO) leads to a very stable behavior of predictions for the photodisintegra-
tion and pion absorption processes. That confirms previous findings for processes
in pure nucleonic systems. I have not observed any strange or warning pattern for
observables that could be related to deficiencies in the nucleon-nucleon interaction.
In consequence, I conclude, that NN force is known with sufficient accuracy to be
used in studies of nuclear processes with external probes.

. 2NC is very important for the regarded electromagnetic processes and observables.

Even including it via the Siegert theorem allows seeing significant improvements
(e.g. Figs. 3.2, 3.6 and 3.8 for the deuteron photodisintegration process).

. The same is true for the pion absorption process. I took into account 2N absorption

operator at leading order and the difference between predictions shown in Fig. 3.52
and Fig. 3.56 (single-nucleon absorption operator only) proofs its importance. In
addition, the discrepancy with the existing data for the total capture rates calls for
a more advanced model of two- and three-body absorption operator.

. The importance of 3NF is less obvious looking at my results. For example, for

3He photodisintegration in Fig. 3.30 3NF makes cutoff dependence weaker, but the
difference between predictions with and without 3NF is not very big. Thus, the
investigated here processes are not the best field to study details of the three-nucleon
interaction. The only exception is pion absorption on *H, see below.

. For 7+3H there are three neutrons in the final state. It is one of very few such situ-

ations and it allows us to investigate the neutron-neutron two-body force as well as
the neutron-neutron-neutron three-body interaction. Relevant experiments are cer-
tainly challenging and difficult to perform, but could provide valuable information,
important for the understanding and modeling the 2N and 3N interactions.

. In general, I observe that uncertainty arising from the truncation error at the high-

est studied chiral order N*LO* is much lower than the spread of predictions with
different cut-off values. In Fig. 3.5 at photon energy 30 MeV both of these uncer-
tainties are very low (below 1%), but at E,, = 140 MeV the relative truncation error
is 1.46 %, while the relative cut-off spread is 5.66 % at 6, = 80°. Similar is observed
in Fig. 3.29, where the N*LO™ relative truncation error at S = 10 MeV is equal to
2.2 % while the relative cut-off spread is 9.0 %.

. Investigation of the differential cross section is beneficial compared to the total cross

sections as it allows us to see smaller details of the reaction mechanisms and the
model in a sense of convergence and cutoff dependence. One may observe the reason
for particular discrepancies. It is also less computationally expensive as the total
cross section is obtained via integration of the differential cross section through
the whole region. Thus, while exclusive or semi-inclusive experiments are much
harder to do than the measurement of the total cross sections or absorption rates,
experimental efforts should focus on such types of measurements in the future.
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8.

10.

11.

12.

Photodisintegration of 3N bound state delivers more opportunities to study details
of the chiral model compared to the deuteron photodisintegration. That is due to
the much larger phase space in which in various kinematical configurations different
components of the model can be emphasized. For example, we see that the kine-
matical configuration present in Fig. 3.28 is less sensitive to the model parameters
than the one in Fig. 3.30.

. In my opinion, for the pion absorption it would be interesting to have measure-

ment data for FSI(nn) region. As we do not have a fully consistent 2NC, it would
be beneficial to take into account experimental data when analyzing predictions
obtained by approximations or (in future) by fully consistent 2NC. Comparing re-
sults from Fig. 3.52 and Fig. 3.54 we see a huge difference in the region around
E, =85MeV, Ey = 21 MeV, where the FSI(nn) configuration is located.

Analyzing the FSI contribution to the cross section of the deuteron photodisinte-
gration I observe that it becomes bigger at higher photon energies. For example, in
Fig. 3.4b we see that the difference between "PW" and "Full" curves is smaller at
E, = 30MeV and is getting bigger with each subsequent photon energy. Similarly,
it increases for the photon asymmetry ., Fig. 3.25(right). In turn, I do not observe
such a dependence on the energy of FSI contribution to analyzing powers. When
compared Fig. 3.10 and Fig. 3.11, the difference between PW and "Full" predictions
do not change much increasing the photon energy from 30 MeV to 100 MeV. So if
one would like to investigate the FSI contribution to the deuteron photodisintegra-
tion, it is smarter to measure (or calculate) either cross section or photon asymmetry
at large energies.

Our Full model nicely describes data up to approx. E, =~ 70MeV. It is not a
strict value, but the general trend is that for higher energies the difference between
the model and the data increases. For example, predictions for the total cross
section and the tensor analyzing powers for the deuteron photodisintegraion nicely
describe experimental data even up to E, = 100MeV (Fig. 3.2, Fig. 3.19), but
photon asymmetry starts deteriorating already at E, = 40 MeV (Fig. 3.25).

Concerning the pion absorption, I would conclude that the most interesting process
is, due to its final state, 7~ +>H — n+n+n one. It is more beneficial compared to
the absorption in 2H as the system has more degrees of freedom and allows investi-
gation of more configurations. My results for 3He and 3H show similar sensitivity to
FSI and 2N absorption operator contributions (see Figs. 3.52-3.57, Figs. 3.65-3.70
and relevant discussions). Nevertheless, a complementary measurement of these re-
actions would open the way to studies of the isospin dependence of the two-body
absorption operator.

The further research direction in this field is rather clear. I observed throughout all
my results, that 2N current’s contribution is significant, so we should use an explicit 2N
current operator instead of an approximation via the Siegert theorem. In addition, a
higher chiral order INC and 2NC operators should be included. The 2N pion absorption
operator should be derived and applied beyond the leading order as well. The work in
both of these directions is ongoing, e.g. in the Bochum group.

Next, obvious but challenging ideas to improve my predictions are extensions to incor-
porate Coulomb to include contributions from the Coulomb force and relativistic correc-
tions. Some steps in this direction have been also made already. If successful, they could
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significantly improve our understanding of the phenomena examined in this thesis. Thus,
I believe that photodisintegration and pion absorption processes have great potential to
be developed both theoretically and experimentally in the future.
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