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Abstract

Atomic nuclei exhibit many phenomena not limited to excited states, decays, reactions,
and clustering. Nuclear processes control the evolution of stars and explain the abundances
of chemical elements in the universe. Nuclear physics can be used to answer fundamental
questions about underlying particle physics and cosmology, such as the symmetry between
matter and antimatter or the nature of neutrinos. The discrepancy between theoretical
predictions and observations motivates improved theory and can provide evidence for new
physics. A predictive model of nuclei is needed as input for experimental tests and for
astrophysical models.

Nuclei are complex strongly-interacting quantum many-body systems. Accurate the-
oretical techniques are required to predict the rate of nuclear decay processes, the cross
section of nuclear reactions and the distribution of the emitted particles. Ab initio nuclear
theory takes advantage of the recent rapid increase in computing power to calculate nuclear
structure and reactions solely from realistic interactions between the constituent nucleons.

In this thesis, we first present beta-decay calculations using the ab initio no-core shell
model. Our calculations provide an explanation for the quenching of Gamow-Teller beta-
decays, provide nuclear structure corrections to the beta-spectrum necessary to interpret
experiments seeking to find new physics and provide estimates for the hypothetical process
of neutrinoless double-beta decay. Second, we present radiative capture calculations using
the no-core shell model with continuum, an extension which places bound and scattering
states on equal footing. The rate of radiative capture reactions in big bang nucleosynthesis is
required to estimate the abundance of isotopes in the early universe. In addition, anomalies
in recent radiative capture experiments claim the discovery of a new boson. Comparing to
these experiments requires prediction of the distribution of electron-positron pairs produced

by radiative capture.
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Lay Summary

The components of the atomic nucleus are protons and neutrons. The numbers of these
particles determine the characteristics of the nucleus. For example, adding one more proton
or neutron can destabilize the nucleus and cause it to decay. There are many types of decays
which emit different particles. From measurements of decay rates and decay products, we
can refine our understanding of the known fundamental forces or find new forces.
Accurate theoretical predictions are needed which can be compared to observations.
In this thesis, we use sophisticated computational techniques to predict the properties of
many different nuclei and the rates of their varied decay modes. We also predict the rate
of nuclear reactions corresponding to recent measurements with unexplained anomalies.
The discrepancies between theory and experiment point the way towards refinement of

theoretical models or may provide evidence for new physics.
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Preface

This work is based on published and unpublished material. Chapter 1 introduces the field
of nuclear physics, defines ab initio nuclear theory and outlines the thesis. Chapter 2,
Chapter 3 and Chapter 4 are based on common literature and describe the mathematical
and computational tools used in our calculations. Chapter 5 presents results which were
originally published in [1-3], with the exception of Section 5.2.2 which is original unpub-
lished material. Chapter 6 provides the theoretical basis for the following chapter. The first
two sections are based on common literature, while the second two are original expository
material. The first section of Chapter 7 presents results which were originally published in

[4], while the second section presents original unpublished material.

e The results of Section 5.1.1 were previously published in

1] P. Gysbers, G. Hagen, J.D. Holt, G.R. Jansen, T.D. Morris, P. Navratil,
T. Papenbrock, S. Quaglioni, A. Schwenk, S.R. Stroberg, K.A. Wendt,
Nat. Phys. 15 (5) (2019) 428-431.

G.H., T.D.M. and T.P. performed the coupled-cluster calculations. G.R.J. computed
three- nucleon forces for the coupled-cluster calculations. P.G., S.Q., P.N. and K.A.W.
performed calculations for the two-body currents. P.N. developed the higher-precision
chiral three- nucleon interactions used in this work and performed no-core shell model
calculations. G.H. and T.D.M. derived and implemented the new formalism to in-
corporate higher- order excitations in coupled-cluster theory. S.R.S. and J.D.H. per-
formed VS-IMSRG calculations. All authors discussed the results and contributed to

the manuscript at all stages.
e The results of Section 5.1.2 were previously published in

2] A. Glick-Magid, C. Forssén, D. Gazda, D. Gazit, P. Gysbers, and P.
Navratil, Phys. Lett. B 832, 137259 (2022).

A. G. was the principal author of the manuscript. A. G. and D. G.(2) derived the

expressions for the nuclear structure corrections. D. G.(1) and C. F. developed the



momentum-dependent operators. P. N. developed the formalism for translationally-
invariant operators and densities. P. G. implemented and tested the operators in the

no-core shell model. All authors discussed the results and edited the manuscript.
The results of Section 5.2.1 were previously published in

3] S. Novario, P. Gysbers, J. Engel, G. Hagen, G.R. Jansen, T.D. Morris,
P. Navratil, T. Papenbrock, and S. Quaglioni, Phys. Rev. Lett. 126,
182502 (2021).

S. N. was the principle author of the manuscript. S. N., G. H., G. R. J., T. D. M. and
T. P. performed the coupled cluster calculations and contributed to the development
of improved coupled cluster methods and codes. J. E. provided the radial parts of
the neutrino-less double beta decay matrix elements. P. G. implemented the double
beta decay operators and performed the no-core shell model calculations with the
assistance of P. N. and S. Q..

The results of Section 5.2.2 are unpublished. This work was performed in collaboration
with T. Miyagi, P. Navratil, S. Quaglioni, J. Engel and S. R. Stroberg.

J. E. provided the radial parts of the neutrino-less double beta decay matrix elements.
P. G. implemented the double beta decay matrix operators and the SRG evolution of
3-body operators in the no-core shell model with assistance from P.N. and S.Q.. T.M.
developed SRG evolution technology within the IMSRG with assistance from S.R.S..
Calculations were performed by P.G. and T.M..

The results of Section 7.1 were previously published in

[4] C. Hebborn, G. Hupin, K. Kravvaris, S. Quaglioni, P. Navratil and P.
Gysbers, Phys. Rev. Lett. 129 042503 (2022).

C. H. was the principal author of the manuscript, and further improved the capa-
bilities of the NCSMC codes for two-nucleon projectiles. This was based on previ-
ous development by G.H., P.N. and S.Q. and assisted by K.K.. P.G. performed the
SRG evolution of the electromagnetic operators and benchmarked the contributions
to NCSMC transition matrix elements. All authors discussed the results and edited

the manuscript.
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Chapter 1

Introduction

1.1 Nuclear Structure and Reactions

Since its discovery by Rutherford in 1911, the atomic nucleus has been at the forefront of
modern physics. Through increasingly sophisticated experiments, the internal structure of
nuclei has been revealed. The nucleus was discovered to be built of discrete components:
the nucleons (protons and neutrons).

The number of protons is Z, the atomic number, which controls the chemical properties
of the atom (in a neutral atom there are also Z electrons). The total number of nucleons is
A, the mass number, which differentiates “isotopes” (nuclei with the same Z but different
A). Different isotopes have a differing number of neutrons N (since A = Z + N). For
example, the element helium (Z = 2) is found in nature as isotopes with N = 2 (*He) and
N =1 (°He).

The nuclear chart (Figure 1.1) contains thousands of isotopes, each with its own spec-
trum of bound-state energies, shapes and sizes. Most nuclear states are unstable and decay
or break-up into smaller nuclei or free nucleons. Decays emit radiation, as the nucleons fall
to a lower energy configuration. For example, v-decays emit photons while 8-decays change
the charge state by emitting electrons (or positrons). Emission of an entire “He nucleus is
called a-decay. The rates of decay range across many orders of magnitude.

Nuclei can also transform through collisions with other nuclei. In the process of scat-
tering they may undergo nuclear reactions: capturing nucleons, fusing together or breaking
apart, releasing energy in the process. Nuclear reactions power the Sun and all other stars.
All the chemical elements in the Earth were created in stars billions of years ago after many
chains of reactions, building heavier and heavier nuclei.

The use of rare-isotopes has applications in materials science and medicine. For many
years, it was not possible to explore the vast nuclear landscape and all the possible nuclear
reactions that can occur. From the 1980s until the present the acceleration of short-lived

nuclei has become possible allowing the study of exotic nuclei and nuclear reactions. Rare-
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Figure 1.1: (a) The full chart of nuclides showing the observed isotopes arranged ac-
cording to the number of protons (Z) and the number of neutrons (N). The
isotopes coloured black do not decay, i.e. they are stable. The other isotopes
are coloured according to their most dominant decay mode. Several thousand
isotopes are shown but several thousand more are predicted to exist. “Exis-
tence” is generally defined as bound with respect to the strong force, i.e. decays
are via electromagnetic or weak forces which act at a much longer time scale
compared to the strong force. (b) A subset of the chart of nuclides, including
only up to Z = 9 and N = 18. Figures adapted from [5] (which sources data
from [6])



isotope production facilities have been constructed across the world including TRIUMF
(Canada), FRIB (USA), RIKEN (Japan), GSI (Germany), GANIL (France) and ISOLDE
at CERN (Switzerland).

In experiments, which attempt to emulate the highly ionized and high-temperature
regime of stellar processes, it is extremely difficult to obtain the counts necessary to accu-
rately measure nuclear reaction rates. Hence, predictive theories are needed to extrapolate
beyond data. These theories are also needed to explain the vast collection of nuclear struc-
ture properties. In the past, simple models have been constructed to describe experimental
observations. The liquid drop model was developed to account for trends in the binding
energy of nuclei as a function of (A, Z). The deviations from this model motivated the more
sophisticated shell model of Mayer and Jensen for which they won the Nobel prize.

A major goal of theoretical nuclear physics is to describe all of these phenomena from
first principles. Recent advances in computing have enabled the study of nuclear properties
in the low- and medium-mass regime, by the so-called “ab initio” methods: the no-core
shell model [7], quantum Monte Carlo [8], coupled-cluster [9], and in-medium similarity
renormalization group [10], to name a few. Their aim is to provide an accurate description of
nuclear properties with controlled approximations and uncertainties starting from nucleons
and the interactions between them.

Although the nucleons have internal structure (unlike, for example, the electron which
appears to be an elementary particle), the nuclear interaction can be connected to a funda-

mental theory.

1.2 Elementary Particles and Interactions

The Standard Model of particle physics is the quantum field theory that classifies all of
the known elementary particles and describes three of the four fundamental forces: the

1. This section is a summary, mostly based

electromagnetic, weak and strong interactions
on [11, 12], see [13-16] for more details.

The particles of the Standard Model (shown in Figure 1.2) are categorized into two
types, fermions and bosons, which obey different statistics. Fermions (quarks and leptons)
make-up the bulk of the matter of the universe and follow Fermi-Dirac statistics. Two
identical fermions cannot occupy the same quantum state (the Pauli exclusion principle)
and hence collections of fermions take up volume. Bosons follow Bose-Einstein statistics
and multiple bosons can occupy the same quantum state. Hence, collections of bosons can
add coherently and act as force carriers between the fermions. Particles are identified as
excitations (or “quanta”) of their corresponding fields (e.g. an electron is an excitation of

the electron field).

IThe fourth force, gravity, has not yet been integrated and its inclusion is a very active area of physics
research. However it is apparent that gravity acts in a “classical regime” and is not relevant at the energy
scales discussed in this thesis.
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Figure 1.2: The Standard Model of elementary particles [17]: the 12 fundamental
fermions and 5 fundamental bosons. Brown loops indicate which gauge bosons
(red) couple to which fermions (purple and green). The value for “charge”
reflected in figure is the electromagnetic charge. The mass values reflected in
the figure are as of 2019 (periodic reevaluations are carried out by the Particle
Data Group, see [18] for the latest).

Interactions between different particles can be constructed by combining together the
fundamental vertices shown in Figure 1.3. Each vertex involves a coupling constant, and
incoming and outgoing particles (fields). The photon field mediates the electromagnetic
force and has a non-zero coupling with any field that has electric charge. The W and Z
fields mediate the weak force, coupling with all the fundamental fermion fields and each
other. The gluon fields mediate the strong force, coupling with quarks and the gluon field
itself. The Higgs field couples to the masses of the other fundamental fields and itself.

In principle, the probability of any process is calculated by summing over all the rele-
vant diagrams (with the required incoming and outgoing particles) using the Feynman rules
extracted from the corresponding Lagrangian. In practice, this is only possible when the
coupling constants at the vertices are small (e.g. in electromagnetism), where the contri-
butions from complicated diagrams with large numbers of vertices and internal loops are

suppressed. The theory of electron-photon interactions, quantum electrodynamics (QED),



has made the most precise predictions in all of theoretical physics?. The vast fields of

chemistry and materials science depend on these interactions.
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Figure 1.3: All vertices allowed in the Standard Model: ¢ is any quark, ¢ is a gluon,
X is any charged particle, v is a photon, f is any fermion, H is the Higgs, m
is any particle with mass (with the possible exception of the neutrinos), mp
is any boson with mass. In diagrams with multiple particle labels separated
by /, one particle label is chosen. In diagrams with particle labels separated
by |, the labels must be chosen in the same order. For example, in the four
boson electroweak case the valid diagrams are WWWW, WW ZZ, WW~~,
WW Z~. Lines on the left correspond to incoming particles, while lines on the
right are outgoing. The diagrams can be rotated such that an incoming particle
becomes outgoing (or vice versa) resulting in conjugation of the corresponding
field. The conjugate of each listed vertex (reversing the direction of arrows) is
also allowed. Adapted from [20] and [21].

2The original theory used only the electromagnetic vertex of Figure 1.3. Modern predictions (as collected
in [19]) include corrections from all the other vertices in the form of internal loops. At low energy, QED can
be considered an effective field theory of the Standard Model.



A fundamental concept in physics is Noether’s theorem, the idea that symmetries in the
Lagrangian of a theory result in conserved quantities and conversely, every conservation law
reflects an underlying symmetry. For example, energy and momentum conservation corre-
spond to symmetries of translation in time and space respectively while angular momentum
conservation corresponds to rotational symmetry. In special relativistic theories we also
have invariance under boosts, i.e. Lorentz invariance. The combination of translations,
rotations and boosts is called the Poincaré group. Particles appear as different representa-
tions of the Poincaré group. The simplest representation are one-component scalar fields,
while the next simplest is a four-component Dirac spinor. The four components correspond
to two spin states plus the two spin states of a distinct antiparticle. For example, the
electron field is “spin—%” with four components: electrons with spin up and spin down, and
anti-electrons (“positrons”) with spin up and down. The spin corresponds to an intrinsic
amount of angular momentum. Bosons have integer spin while fermions have half-integer
spin.

The application of symmetries in particle physics invites the use of group theory which
will be mentioned only in passing in this thesis. For example, the group of all rotations
in three dimensions is SO(3), it is closely related to the group SU(2) which describes the
symmetry of particle spin3. A spin—% particle transforms under rotations according to the
two-dimensional representation of SU(2) (a spin-0 particle would transform under the one-
dimensional representation and spin-1 under the three-dimensional, etc).

We associate with each particle several “charges”, corresponding to so-called “internal
symmetries” or “gauge symmetries”. For example, electric charge can be associated with
a U(1) gauge symmetry, i.e. the dynamics of particles under the electromagnetic force
can be described by a Lagrangian which is invariant to a U(1) gauge transformation (in
addition to Poincaré transformations). Additional symmetries one might expect are time
reversal, parity (¥ — —7) and charge conjugation (changing the sign of all internal charges,
converting each particle into its antiparticle).

The forces of the Standard Model are based on symmetries of the gauge group SU(3)¢ X
SU(2), x U(1)y. The strong force is invariant under the SU(3)c gauge symmetry which
corresponds to the so-called “colour-charge” of the quarks and gluons, hence the theory of
this sector is termed quantum chromodynamics (QCD). The remaining SU(2)r, x U(1)y is
termed the electroweak sector (a unified theory of electromagnetism and weak interactions).

The electroweak interaction is complicated, in fact weak processes violate parity and
charge-conjugation (and likely time-reversal) symmetries. The quark and lepton fields are
chiral, i.e. they have left-handed and right-handed particles. In the massless limit, chirality
is equivalent to helicity and a right-(left-)handed particle is one whose spin and momen-

tum are aligned (anti-aligned). Only left-handed fermions participate in weak interactions

3The difference is that a spinor under a rotation of 360° differs from the original spinor by a minus sign.
A spinor is symmetric under a rotation of 720°.



and have charges (termed “weak isospin”) under SU(2)r. Both chiralities have a “weak
hypercharge” under U(1)y (which differs between left- and right-handed).

The electroweak gauge symmetry should forbid a Dirac mass term in the Lagrangian,
which would mix left-handed and right-handed fields, but we observe fermions with mass
in nature. A mechanism to generate mass for the charged fermions and weak gauge bosons
is provided by the Higgs field. The Higgs field is a complex scalar field and the Lagrangian
contains a peculiar potential. The minimum of the Higgs potential corresponds to a non-
zero value of the field and so the local field about this minimum does not have the same
symmetry, one of the two degrees of freedom becomes fixed (this is known as spontaneous
symmetry breaking). The observed W=, Z and photon are linear combinations between the
SU(2)r, and U(1)y gauge fields. Interactions with the Higgs field play the role of a Dirac
mass in the Lagrangian and so the measured masses of the fermions and weak gauge bosons
are a function of coupling strengths and the vacuum expectation value of the Higgs field. The
photon remains massless as it is the gauge field of a U(1) subgroup of SU(2)r x U(1)y, the
electric charge is a linear combination of the weak isospin and hypercharge. The discovery
of the Higgs boson in 2012 [22, 23] was a very important confirmation of the Standard
Model.

So far nuclei and nucleons have not yet been mentioned. They come about as an
emergent phenomena of low-energy QCD. The QCD coupling strength between colour-
charges does not decrease with distance resulting in the property of confinement, i.e. bare
quarks are not observable but rather are constituents of colour-neutral composite particles
(hadrons). We see in nature combinations of quarks: three quarks (baryons), or a quark
and anti-quark pair (mesons). The physics of nuclei can be calculated at the level of the

constituent nucleons with effective interactions connected to the underlying QCD.

1.3 Nucleons and Nuclear Forces

At low energies relevant for nuclear physics (in the tens of MeV far below the baryon mass
scale A, =~ 1 GeV), QCD is non-perturbative and thus very difficult to solve. While the
technique of lattice QCD has been successful in describing hadronic spectra (possible states
and their masses), calculations of two or more baryons are at present basically impossible
using quarks and gluons as the degrees of freedom [24].

Consequently when calculating properties of atomic nuclei, we use nucleons and pions as

the degrees of freedom. Nucleons are the baryons which consist only of the lightest quarks

w and d: protons p = uud and neutrons n = udd. Pions are the mesons: 71 = ud, 7~ = ud,
V= % (uﬂ — ch). The quantum field theory of nucleons and pions is an “effective field

theory” (EFT) of QCD.
The connection to QCD is achieved via chiral effective field theory (YEFT) [25]. xEFT
has the same symmetries as QCD, in particular chiral symmetry which is spontaneously

broken. In the limit of massless quarks, QCD is a chiral theory in which left- and right-



handed quarks can transform independently under flavour. The non-zero expectation value
of the quark condensate due to the strong gluon interaction spontaneously breaks this
symmetry. The symmetries that remain correspond to conserved isospin (see Section 2.4)
and baryon number. Pions are generated in the theory as Nambu-Goldstone bosons [26].
xEFT describes interactions between nucleons by a hierarchy of terms consisting of
pion exchanges and contact interactions [27, 28]. The mass of the pion m, ~ 140 MeV
gives a “soft” scale, above which there is a mass gap to the next lightest meson, the rho
(m, =~ 770 MeV), giving a “hard” scale A, ~ m,. One can perturbatively expand the
xEFT Lagrangian in powers of () € {/%7 ’X—;‘}, a simultaneous expansion in terms of the
external three-momenta |p] = p and the pion mass [29]. The result is a finite set of diagrams
at each order (Q)” (shown in Figure 1.4). The power of an irreducible diagram involving A

nucleons with L loops is

y:—4+2A+2L+ZAi, (1.1)
i
where each vertex 7 has dimension

and d; is the number of derivatives and/or pion-mass insertions, while n; denotes the number

of nucleon fields (nucleon legs) involved in vertex i [29, 30].

Two-nucleon force Three-nucleon force Four-nucleon force

oe X+ — _
oo XEEIMET - -
mow ] X -
moe  JCEHEL B - B B X T LR -
woen el bt b bt - LR KH O L YA -

Figure 1.4: Hierarchy of nuclear forces in YEFT from [29]. Solid (dashed) lines denote
nucleons (pions). The solid dots, filled circles, filled squares, filled diamonds,
and open squares refer to vertices of dimension A; = 0,1, 2,3 and 4 respectively,
as defined in (1.2).




XEFT contains parameters (low-energy constants or LECs) at each vertex, that are in
principle calculable from QCD. However, at present these parameters are fitted to proper-
ties of few-nucleon systems (e.g. nucleon-nucleon scattering and properties (energies and
decay rates) of the deuteron (?H), triton (*H) and Helium-3 (*He). yEFT is systematically
improvable as including higher-order terms result in increasingly small corrections. The
importance of spin-orbit terms and tensor forces arise naturally in nucleon-nucleon (NN)
interactions in yEFT. Three-nucleon (3N) and higher-body forces also naturally appear and
are required to reproduce experiment.

Effective field theory techniques are also used to connect the nucleons to the other
Standard Model interactions. The electric charge of the protons and magnetic moments of
both nucleons allow the nucleons to interact electromagnetically. Hence, the nucleons in
nuclei can rearrange to more energetically favourable configurations by emission of photons
(v-decay). The weak interaction allows the conversion of u <+ d quarks and therefore n <> p
nucleons by emission of W bosons (which quickly decay into a lepton and anti-neutrino, i.e.
B-decay).

The Standard Model (SM) is an extremely precise theory but it does not explain every-
thing, for example: gravity, dark matter and the properties of neutrinos. Nuclear physics
can provide a test bed for beyond the Standard Model (BSM) theories as observed de-
viations from SM predictions of nuclear properties and reactions would provide evidence
for new physics. However these predictions require reliable and accurate computational

techniques such as ab initio methods.

1.4 The Nuclear Hamiltonian

Ab initio approaches start from a microscopic Hamiltonian of an A-nucleon system which
includes the kinetic energy of each nucleon and a nuclear interaction. The interaction typ-
ically includes nucleon-nucleon (NN) and three-nucleon (3N) terms which are realistic in
the sense that they reproduce few-nucleon data. In principle, higher many-nucleon contri-
butions can be included but in general they are not needed.

The Hamiltonian is written as

A q
Z pﬂ +Zv;§-” Z VY - (1.3)

1<j=1 1<j<k=1

where my is the nucleon mass* and p; is the momentum of the i-th nucleon. The sum over
i < j prevents double-counting of identical pairs (i.e. >, <j = %Z#]) Since nuclei are
self-bound, the kinetic energy term that appears is the intrinsic (relative) kinetic energy

Trel, i.e. the difference between the total kinetic energy T and the kinetic energy of the

4In calculations we take the mass of the proton m, and neutron m, to be equal, and use the average
nucleon mass: my = 3(mp + my).



center of mass TooMm:

Tret =T — TcooMm )
lZ(ﬁi_ﬁj)z: pzz _ P2 (1.4)
A = 2mpy - 2my  2mpyA’ '

where P = >, Di is the total momentum. The electromagnetic interaction is included via
the Coulomb force within VN and applies only to pairs of protons. The nuclear interaction
is more complicated.

Since the work of Yukawa in 1935, there has been evidence of the exchange of heavy
particles. Since then, phenomenological forces have been fit to data e.g. meson exchange
models such as CD-Bonn, Argonne V18, etc. However once QCD was discovered in the
1980s, these pictures needed to be connected. The pioneering work of Weinberg in 1990
[31] proposed to use YEFT to derive nucleon-nucleon forces from QCD as pion exchanges.

Using the underlying theory of QCD would require interactions between the constituent
quarks but if we zoom out to the level of nucleons we are able to use an effective field
theory. According to Weinberg [32], the steps of building an effective field theory are first,
to identify the relevant degrees of freedom (in this case nucleons and pions) and second, to
write down all possible interactions which preserve the underlying symmetries.

Nuclear interactions can be systematically derived in the framework of chiral effective
field theory. The Lagrangian of QCD is expanded at low energy with protons, neutrons
and pions as the degrees of freedom and arranged into a power series where the hierarchy
between two-, three- and higher-body forces emerges naturally. The high-energy physics
being left out is absorbed into the low-energy constants (LECs) which can be fitted to
experimental data (in principle they could be computed via lattice QCD but despite much
progress this is currently infeasible).

Effective field theories require choices in the regularization scheme and energy cutoff of
the required integrals. Greater or fewer degrees of freedom can be used (e.g inclusion of
the excited baryon state A or pion-less schemes). In principle, baryons and mesons with
heavier quarks (e.g. strange) can be used, creating “hyper-nucleon” interactions.

The parametrization and fitting technique of nuclear forces are not unique. These choices
create a zoo of theoretically equivalent forces but due to the change in the weighting of
different LECs they may result in better predictions in different nuclei. This creates an
obvious source of uncertainty in ab initio predictions but it is difficult to quantify without
the ability to perform a single prediction with every available force. In practice to make
new predictions we choose interactions with a good track record. The quantification of
uncertainty due to the choice of nuclear force is a highly active area of research [33]. In
principle YEFT will produce many-body interactions beyond three-body, but in this study
we use only up to three body. The contribution of higher-body terms is generally small. Ab
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initio calculations of very heavy systems have shown that NN+43N is sufficient [34].

The Hamiltonian is non-relativistic and hence we can use the framework of non-relativistic
quantum mechanics. The properties of a system can be retrieved from the wavefunction,
which is a solution to the Schrodinger equation. A nuclear Hamiltonian must conserve some
symmetries, in particular intrinsic angular momentum and parity. Isospin (Section 2.4) is
approximately conserved. The eigenstates of the Hamiltonian will be simultaneous eigen-
states of the corresponding operators and hence the nuclear wavefunction will be labelled
by J, m and Mp. The goal of ab initio nuclear theory is to find the nuclear wavefunction

and then expectation values of operators will correspond to different observables.

1.5 Applications of Nuclear Theory

Ab initio nuclear theory provides insight to explain experimental results and can be com-
bined with experiment to make predictions.

For example, theoretical calculations have recently been applied to solve the puzzle of
nuclear beta decay quenching. Historically beta decay rates were observed to be systemat-
ically smaller than expected based on the rate of decay of free neutrons. This quenching
effect can be explained by a better description of both the beta decay operator and the
nuclear wavefunction. The operator contains a higher-order term in which the weak force
acts on two nucleons simultaneously. Ab initio methods also include stronger correlations
of nucleons compared to phenomenological shell models.

An accurate description of the nucleus is needed to find new physics in experiments
involving nuclear systems. For example, nuclear structure can influence the distribution
of momenta of outgoing electrons in beta decay. New experiments which measure the
kinematics of the electrons must take into account these effects.

Another example is the hypothetical process of neutrino-less double beta decay. If
measured the neutrino mass can be extracted from the decay lifetime using the nuclear
matrix element from theory. The expected size of the nuclear matrix element influences
which nuclei would be good candidates for measuring this yet-unseen decay mode. The
observation of this process would expand the Standard Model by providing more information
about neutrinos and could provide part of an explanation for matter-antimatter asymmetry
in the universe.

Astrophysical quantities like cosmological isotopic abundances also require theoretical
input. Reaction rates demand integrals over all energies but measurements are limited
to discrete points. Ab initio nuclear theory has the potential to resolve conflicts between
previous predictions and measurements of the cosmological lithium abundance.

Another cosmological mystery is dark matter. Proposed theories require new particles
both to form the dark matter and to connect between the Standard Model and dark sector.
Recent experiments report seeing the potential signature of a new particle with mass 17

MeV (the so-called X17 boson) which decays into an e*e™ pair. This particle is emitted
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during the decay of a ®Be resonance in proton scattering experiments on 'Li, i.e. the
radiative capture reaction "Li(p,ete™)®Be. A predictive nuclear model is needed to rule

out a Standard Model effect and justify the claim.

1.6 Organization
This thesis is organized as follows:

e Chapter 2 introduces the mathematical tools necessary to build a nuclear wavefunc-
tion. This background provides the basis for the no-core shell model (NCSM) tech-

nique which can be used to compute the bound states of many light nuclei.

e Chapter 3 connects the Standard Model to expectation values of nuclear operators

using nuclear decay as a motivating example.

e Chapter 4 describes the technique of Similarity Renormalization Group (SRG) which
is a method in which unitary transformations are used to improve the Hamiltonian.
This pre-processing step results in faster convergence of calculations. The NCSM
is a computational method which scales poorly with the number of nucleons A and
quickly becomes very expensive. While the amount of available computing power is
continually increasing, the development of techniques which can improve results for

the same amount of resources can be very useful.

e Chapter 5 presents the results of NCSM calculations. The NCSM was used to bench-
mark more approximate many-body methods, in this case “coupled-cluster” (CC) and
“in-medium SRG” (IMSRG). All three ab initio methods were used to calculate the
nuclear matrix elements for Gamow-Teller (GT) beta decays across a large range of
nuclear masses and demonstrate that quenching is not observed in ab initio methods.
The NCSM calculations demonstrate the power and necessity of SRG. NCSM calcu-
lations were also used to compute higher-order terms in the GT beta decay spectrum
of ®He — SLi. These nuclear structure corrections will appear in future high-precision
experiments and should not be mistaken for beyond the Standard Model physics. Fi-
nally, the NCSM was used again to benchmark CC and IMSRG in the calculation of

neutrino-less double beta decay matrix elements.

e Chapter 6 introduces nuclear wavefunctions of unbound (continuum) systems and
describes the method of no-core shell model with continuum (NCSMC). The NCSM is
solely a bound state method and does not have the capability to describe the unbound
states which occur in scattering and reactions. The NCSMC can describe both bound
states and scattering states by including explicit cluster states. The scattering state
amplitudes connect to cross sections of scattering processes and radiative capture
reactions. The theory of electron-positron pair production in radiative capture is

presented and compared to pair production in bound-state decays.
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e Chapter 7 presents the application of NCSMC to the radiative capture reactions
“He(d,v)Li and “Li(p, v)®Be with extension to "Li(p,eTe™)®Be. The first reaction
has applications to °Li production in big bang nucleosynthesis.The second and third
may be used to benchmark experiments in the search for BSM physics, in particular
the claimed X17 boson.
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Chapter 2
Many-Body Calculations

Note: The mathematical expressions in this chapter and the following will use natural units
MeV
C

i.e. h = ¢ =1. This means that masses are measured in MeV (rather than *$%). Distances
are sometimes quoted in fm= 10~1"m (femtometre is often called “fermi” in nuclear physics
after physicist Enrico Fermi). Momenta are quoted in either MeV or fm~!, the conversion

factor is hc =197.327 MeV fm [19].

2.1 The Quantum Harmonic Oscillator

A very simple picture of the nucleus is of independent nucleons influenced by a central
potential. (One can imagine this coming about as the averaged interaction with all the other
nucleons). One model of the mean nuclear potential is the harmonic oscillator potential:
V(r) oc r? = - 7. This picture is clearly not the full story but introducing the process and
solutions with this potential is a useful step towards a more realistic model.

We want to solve the time-independent Schrodinger equation:
Hy = By, (2.1)
where we have the Hamiltonian, with kinetic energy 71" and potential energy V:

H=T+V,

H= Z [2mN , (2.2)

with mpy the nucleon mass and §2 the harmonic oscillator frequency. Each particle labeled
by ¢ is independent in this model and solves a single-particle Hamiltonian:
2

P 1 2 2
H = — Q . 2.3
S + 5 MNET (2.3)

The momentum is calculated through the gradient operator in quantum mechanics (7 —
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—zﬁ) and so the momentum squared gives the Laplacian, i.e.

ST — o (2.4)
L1 0 (20 1 (10 oy 1
v “2or \" or +r2 sin 6 00 Smg@@ +sin298¢2 ’

10 (,0)\ L

=2 < a) T (25)

where L is the angular momentum operator:

- I (.0 1 0
Lerpz—erVz—z(gbae—981n0&¢>. (2.6)

The Hamiltonian is spherically symmetric and does not dependent on angles. This

admits the separable solutions:

Y(7) = Bne(r)Yem (0, ) = onem(7) , (2.7)

where the angular wavefunction Yy, are the standard spherical harmonics [35]:

Yion (6, 9) =\/ ey cost) (2.8)

and P are the “associated Legendre polynomials”. The spherical harmonics are eigen-

functions of the angular momentum operators:
LY =0(£ 4+ 1) Yo (2.9)
The ¢ determines the parity of the state, by # = (—)e . £ can be zero or any positive integer

and for each value of ¢ there are 2¢ + 1 possible values of m (—¢ < m < ¢).

The remaining piece is the radial Schrodinger equation:

1 d [ 5d myQ2r?
S 2SN U R (r) =ER 2.11
{2mN7"2 [ dr (T dr> ( )} 2 ne(7) nefne(r) (211)

which has another set of solutions related to generalized Laguerre polynomials (A.32) [36].
n is any positive integer (or zero).
The radial and angular wavefunctions are normalized such that they form orthonormal

bases of functions of their respective coordinates, i.e.

/TZdTRn/g(T)Rng(T) = Opp (2.12)
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and

/ dcos 0dGYE: (0, 6)Yim (0, ) = Sup O (2.13)
The combined solutions are labeled as |nfm), where
(Flntm) = @pem () - (2.14)
They are the eigenstates of the Hamiltonian operator:
H |ntm) =E,¢|nfm) , (2.15)

and are orthonormal, i.e.

(n'0'm’ |ntm) = (n't'm/| </ d3r |7 (F]) |ném)
— [ i (Pain()
=00/ 000 Ot - (2.16)

The energy depends only on the so-called “principal” quantum number N =2n+ L,
Enw = Eg = (N + %) Q. For reference, we can calculate the energy by evaluating the

expectation value of the Hamiltonian by (2.15) or via an integral i.e.

1
<n/€/m/| H |n€m> :/d?’rgo;';/g/m/ (T_) <_2mN + QmNQQT2> Spnfm(F)
= nf‘snn’dﬁ’(smm’ . (217)

The two components of this Hamiltonian are very similar:

(W Om| T [nm) =600 Sy ( 204 04 2] Bt + (B + ) \/ (n+1) (n foq ;)) 3
- - (2.18)

(n'0'm! | V Intm) =640 0y ( -2n +4+ Z Onnt — (Onpr—1 4 Oppry1) \/(n +1) (n +0+ 2)) % :
_ _ (2.19)

This potential creates a “ladder” of equally separated states (“rungs” or “shells”) which
the nucleons can occupy. A model of the nucleus can be made by filling harmonic oscillator
states, the most naive “shell model”.

This filling must be limited by the fact that protons and neutrons are fermions with spin
% i.e. nucleons obey the Pauli exclusion principle (Fermi-Dirac statistics). For example,

we can have 4 particles in the N = 0 shell (two protons and two neutrons, one of each has
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spin +% and —%) When a shell is filled like this, it is referred to as “closed” and energy is
required to add a nucleon as it must go to the next higher shell. “He has this property and
is more tightly bound than °He or °Li (both of which are in fact unbound).

The particular combinations of Z, N that are strongly bound compared to their neigh-
bours in the nuclear chart are known as the “magic numbers” (2, 8, 20, 28, etc.). With
respect to Z these correspond to helium, oxygen, calcium, nickel, etc. These are analogous to
the numbers of electrons which fill the shells responsible for the periodic table in chemistry
(2, 10, 18, 36, etc. correspond to the noble gases). These experimentally observed numbers
were a motivation for the introduction of a “spin-orbit” term, described in Section 2.2.

The exact energy differences between shells depends on the shape of the nuclear poten-
tial. Historically phenomenological mean field models have been created, for example the
Woods-Saxon potential [37], and were fitted to observed nuclear properties.

To create a truly first-principles approach, motivated by the Standard Model, our goal
is to build the nucleus from the NN+43N interactions. The harmonic oscillator states ¢,¢m
are still very useful as we can use a linear combination (of products) of these states as the

solution to the true Hamiltonian (as we’ll see in Section 2.7).

2.2 Spin and Angular Momentum Coupling

Nucleons are spin—% particles, so a nucleon wavefunction should include a spinor Yy, i.e.

lb(ﬁ U) =Pnlmy, (F)Xsms (U) = <ﬂn€m€> <U‘Sm8> ) (2‘20)
where the spinor is an eigenfunction of the spin operators:

52 |sm) =s(s + 1) [smy) (2.21)
S, |sms) =mg|smg) . (2.22)

We expect that the Hamiltonian is symmetric under rotations and reflections and so
the total angular momentum and parity of a nuclear state, J™, should be conserved. The
total angular momentum operator is J =L+ S. The orbital angular momentum ¢ adds
to the spin s such that the state has a total angular momentum quantum number j (this
corresponds to the notation (¢s)j). We should therefore use states with good j, created by

combinations of (2.20) with the following expression (dropping n for brevity):

|(€s)jm) = Y (Emgsms|(€s)jm) |eme) [sms)

msmy

=Y (bmgsms|jm) [tmyg) |smy) . (2.23)

msmy

The coefficients (¢mysms|jm) are known as the Clebsch-Gordan (CG) coefficients.
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The observed magic numbers motivated the presence of an attractive, single-particle

spin-orbit term in the nuclear potential [38], i.e.
Vio=—0v(r)L- S . (2.24)
The dot product between the spin and orbital momentum can be calculated via
2L - S |nlsjm) = (J2 — L? — S?) |ntsjm)
=[j(G+1)—L(l+1)—s(s+1)]|nlsjm)

14 s=1j=10+

(2.25)
(~(e+1) s=}i=t-

= |nlsjm) -

Nl—= N

This shifts the energy of states with the highest ¢ and j in a shell down towards the next
lower shell. If the coefficients vy, = [ drr?Ryu(r)Rue(r)v(r) are strong enough (E,, =
Eg — v < L-S >), the experimentally observed magic numbers can be reproduced. For
example, the harmonic oscillator alone produces the magic numbers: 2, 8, 20, 40, 70, etc.
The spin-orbit term pushes states fromn =0,¢ =3, j = % down, with sufficient energy gap
that these 8 states are labelled by a new magic number. States from higher energy levels
are also rearranged, with the result: 2, 8, 20, 28, 50, etc. [39].

This addition to the nuclear potential was enough to make the single-particle shell model
predictive, in the sense that the J™ of the ground state of a nucleus can be accurately
predicted simply by filling the shells. However there remain many exceptions and the
excited states of nuclei are not as easily predicted. To calculate these energies we need to
work with a more realistic inter-nucleon interaction.

Since the interaction should depend on the relative position of pairs of particles 7} — 7%,
we would like to use two-nucleon wavefunctions. We can again use the CG coefficients to
couple the individual angular momenta j; and jo to create states with good total angular

momentum 7, i.e.

|(Grg2)im) = > (Gimagamalim) [jrma) |jama) - (2.26)
mimso
For 3N interactions we expect to need three-particle wavefunctions. The total operator
would be J = jl + jg + jé, which can be coupled by successive coupling of first jig = ji + fg
and then J = flg + J_'g, i.e.

((j12)draga)im) = > (jramazgsmalim) |(jijz)jrzmaa) |jsms)

m3mi2
= > (rmazgsmslim) | > (jrmajameljizmaz) [jima) [jame) | |jams) .

m3mai2 mimsa

(2.27)
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But this is not unique, we could also couple jl + fzg or jig + fg The values of the quantum
number j do not depend on the coupling order but the states corresponding to different
coupling schemes are not the same [40]. To convert between these different bases we need

the Wigner 65 symbol (A.11), the array with curly braces below:

Hipdiadi & A Ji J2 J12
|(71(J23)723) ) :Z()”ﬂ?mﬂm]gs{ o i }|((]1]2>]12]3)]m> - (2.28)
3 23

Ji2

2.3 Spherical Tensor Operators

The observable properties of a quantum state are extracted through the expectation values
of operators i.e. the matrix element. For example, for an operator which depends only on

the spatial coordinates, we have
(n''m'| O |ntm) = / A3ro s (F)O(F) Prnom (7) - (2.29)

The Hamiltonian is the operator corresponding to the energy. For example, single-

nucleon energies come from the matrix elements ((2.17) again)
<n’€’m" H ]n€m> :Engdnn/(SZg/(Smm/ . (230)

It useful to transform any operator with dependence on the nucleon coordinates into an

expansion over the spherical harmonics, i.e.
O(F) =) _ Ol =Y OA(r)Yau(0,9) - (2.31)
Ap Al

Each component Oy, is a component of a spherical tensor of rank A. The Hamiltonian
is a scalar (rank 0), since it has no dependence on the angular coordinates.
Another example is the Cartesian position vector #¥ = (x,y, z) which can be converted

into the so-called “covariant” components r = :F% (x £ 1y) and ro = z [40]. We have

Ty = ﬁrYlu(ﬂ, ®) (2.32)

where 1 = 0,41 and r = |F]. Therefore, the spherical components of the position vector
form a spherical tensor of rank 1.
The Wigner-Eckart theorem [35] is a procedure which separates out the projection pu

dependence to simplify calculations. We obtain the relation:
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(3'm'| Oxy [jm) = (=)25"~" (GmAuli'm") (7' |OAl 17) (2.33)
where the “hat” notation means j = /2j + 1 and the quantity (5| |O,]|j) is the reduced
matrix element (which contains the physics of the matrix element and is rotationally in-
variant). The CG coefficient immediately gives us selection rules, i.e. the matrix element
is zero unless A(j'Aj) (the triangle condition: |j' — j| < A <j 4 j) and m 4+ p=m'.

Complicated operators such as the electromagnetic interaction will be decomposed as
a series of spherical tensor operators, as will be shown in Section 3.1. However, some
operators are already a single irreducible tensor. For example, the identity 1 is a scalar,
angular momentum J is a vector and Y), alone is a component of a rank A tensor.

It is useful to list the reduced matrix elements of these [40]:

(5| 1L15) =657 (2.34)
(') 1TV 15) =055737/5(5 + 1), (2.35)
@Yl = (-)" @f}fr ( lo ﬁ é ) , (2.36)

()

where in (2.36) appears the 3j symbol (A.10).
As an example, (2.37) can be determined by combining (2.22) and (2.33), i.e.

(s'm’| S, [sm) =mbsy Sy (2.38)
/ !/
:W;'Sm) (s']1S]s) - (2.39)
Setting m = s = s’ then:
5510|ss
s =010 15115 (2.40)

and for s = %:

1

<;"S|‘;>:S.§.(stﬂ(ﬂss):;\/§' =4/=. (2.41)

—_
=
[\

A standard notation for s = % is to relate S = %, where o; are the standard Pauli matrices
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(see Section A.1). The result is

o]

2

(3

When using a coupled basis, we may still need to compute expectation values of operators

1> 5. (2.42)

which are also coupled, i.e.

O = [0x, ® Opyly, = D (A Aapial At) Oy Oy - (2.43)
B2

The reduced matrix elements, where O), acts on the j1, j; space and O), acts on the ja, j5

space, are calculated via [41]

-/ -/ -/
Ji J2 )

(31d; 3 [ OAl ldrdas 3) =3'AG g1 g2 3 ¢ (1O 1dn) (5] 1O, | li2) - (2.44)
A1 Ag A

The array in brackets is the Wigner 95 symbol (A.13). When A\ = 0 then 95 reduces to a
67 (see A.14), i.e.

R g1 g5 7 ) ) ) )
(175 3| [OLPLlol 1d1de; 5) =615 ()2 ”1{ Lo }(JHIOLHﬁMJé\!PLHJQ> :
Jjoon L
(2.45)

An example is the spin-orbit term in the Hamiltonian, which is a scalar product between

vectors:

-/

o 5 r s ﬁ’ 8/
Y ) S SIS J
(¢s':5'||[L- 8] |16s:3) =85 (-) { S

} (C|IL110) (s||S]]s) . (2.46)

We may also have operators which act only on a subspace. For example, we may need to
calculate just o for state |(¢s)j) by using the same formula (2.44), setting Oy, =1 (A =0,
A = A2 = 1) (again a zero in the 95 gives a 65 (A.14)). Therefore:

1 . 1 . 1 1 An /il 3
<£l2;j/ 62;j> _<2 2>5M’J]/(—)e I {
oy (e[ 247

=V60¢jj (—) P (2.47)

One last (and defining) property of spherical tensors is how they transform under rota-

o] o]

. Nl
Q\ N[
~
——

. N

tions. A rotation in three-dimensional Cartesian space induces a unitary transformation on

angular momentum eigenstates [jm) in the Hilbert space of dimension 25 + 1 [41].
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The matrix elements of such a transformation (for a rotation R about the Euler angles

a,  and ) are the Wigner D-matrices, i.e.

{m'| R(a, B,7) ljm) =D? , (o, B,7) - (2.48)

State vectors transform according to
Rljm)=> DI, |im') . (2.49)
m/

and correspondingly the spherical tensor operators which act on those state vectors trans-

form as

ROMRI =Y Oxw D)y, (2.50)

m

See Section A.3 for more details.

2.4 Isospin

Because of the very close masses of the proton and neutron, these particles can be modeled
as the two projections of a two state system, i.e. a spinor x. This approximate symmetry
is known as isospin. The proton and neutrons are eigenstates of the isospin operator T
with quantum number ¢t = % Our convention is that protons have projection m; = % and
neutrons m; = —%.

Analogous to Section 2.3, operators can be separated into spherical tensor operators
acting in isospin space. Rank-0 operators are known as “isoscalar” and have no isospin
dependence. Rank-1 operators that depend on 7 (7, or 74) are “isovector”.

A single-nucleon basis therefore consists of the states

(Fot|nljmms) =Qnejmm, (750, T)

= Z (Emfsms,jm) ‘pnfmg(f')xsms(a)xtmt(T) ) (2‘51)

myems

where s = % and t = % is implicit in the first line. In the following sections we often use a
collective index o = {nljmm}.

Spin—% particles transform under rotations in physical space according to the two-
dimensional representation of the group SU(2). In the case of isospin—%, the particles
transform under rotations in an abstract “isospin space” [11]. This is an internal symmetry
corresponding to the invariance of the nuclear force with respect to quark “flavour” i.e. the
type of quarks engaged in an interaction. Interactions between any pair of quarks or linear
combinations of quarks are identical. The full symmetry would be the group SU(6) (as

there are 6 quark flavours) but this symmetry is explicitly broken by the widely differing
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masses of the quarks. The up and down quarks are sufficiently close in mass that they form a
very good approximation of the subgroup SU(2). We can assign u(d) the isospin projection
+%(—%), hence the combinations p = uud and n = udd have —i—% and —% respectively.

Spin and isospin both combine according to the rules of angular momentum addition
using the CG coefficients (2.23). To be explicit, for spin—%, let 1) = ’s = %,m = %> and
) = |s =1,m=—%). With two spinors (xMx®) we have the four combined states:
), [T4), [41) and |[)). They are eigenstates of the combined spin projection operator
S, = S,gl) +S§2) = % (021) + ng)), i.e. they have the eigenvalues 1, 0, 0, and -1 respectively
(as m = mq1 + ma).

The total spin corresponds to the operator:
- - - - 2 2 - —
§2 = (S0 4+ 8@) . (§0 4+ 50 = (s0) 4+ (5@) "4 250 5, (2.52)

The first two terms return eigenvalues of the total single-particle spin and will each be
always % e.g. (S(l))2x(1)x(2) = (%X(l)) 3 = %X(l)x(z). The last term can be calculated
via S . §2) = i (U;(,;l)ag(gz) + 03(,1)01(/2) + agl)agz)), using the action of the Pauli matrices
(Section A.1) which may flip the spins: o.(1,]) = (1, 1), oy(1,)) = (=i |,i 1) and o, (1, ]
) = (T,— {). For example:

505911y = 7 [(o891) (02 1) + (o8 1) (o 1) + (o8 1) (o2 1)]
= IO+ G D) + (D) )]
= T2 - 1) (2.53)

It follows for the other states:

IT1) 1)

gu.go| M [_L1] 2Wh-I | (2.54)
41 41 21 -1
[ )

[11) and ||} ) are eigenstates of the total spin, e.g. S2 [11) = % (B3+3+2)|11) =2|1). They
are therefore spin-1 states (|]sm) = |11) and |1 — 1) respectively) as s(s+1) =2 = s=1.
The remaining two states must be mixed to create eigenstates, i.e. [10) = % (It + [41)
(spin-1) and [00) = % (Itd) — [41)) (spin-0). The necessary coefficients in the linear
combinations, coupling two spin—% to spin-1 or spin-0, are exactly the CG coefficients:
(%mlémg\sm). A pair of spin—% particles therefore can form four orthogonal states which
are eigenstates of the total spin, a symmetric triplet with total 1 and an antisymmetric
singlet with total 0.

An identical argument follows for isospin, i.e. s — t,0 — 7 (7; are the same Pauli
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matrices as o; for spin but acting in isospin space). A pair of isospin—% particles can be
arranged into an isospin-1 symmetric triplet and an isospin-0 antisymmetric singlet. Com-
bined with spin, two nucleons have sixteen possible states. However, due to the necessary
anti-symmetry of fermions, if we have a symmetric function of the spatial coordinates, the
allowed states can only be in the combinations (symmetric spin, anti-symmetric isospin)
or (anti-symmetric spin, symmetric isospin) e.g. (spin 1, isospin 0) or (spin 0, isospin 1).

lts+t

The explicit condition for anti-symmetry of two-nucleon states is (—) —1. Likewise

three-nucleon states have spin and isospin of % or % and must be anti-symmetrized.

2.5 Many-Body States

The naive way to model a system of A particles would be to assemble a many-body
state as the direct product of single-particle wavefunctions ¢a,(Z;) (q; = nil;jimimy,
T = T0iT;) 1. Paga, (T, -, Ta) = (T1---Talar - aa) = ¢, (Z1) - pa, (Fa). How-
ever this method cannot be correct as the states do not have the anti-symmetric ex-
change property of fermions. To enforce the Pauli principle we must have ¢q,qa, (1, T2) =
— Py (T2, 21). Two fermions should not be in the same state or at the same position, i.e.
Qbaa(flan) =0= ¢a1a2(fv f)

We can enforce the Pauli principle by assembling states |¢,), normalized such that
(da|da) = 1, through Slater determinants, i.e.

1 ar (T1) 0 Pas (1)
<fl"'fA!¢a>:<151"'3?A0<1"'0<A>3D:ﬁ : : . (2.55)

Qpal(fA) (paA(fA)

Slater determinant (SD) states allow us to use the formalism of creation and annihilation
operators (“second quantization”). The algebraic relations of these operators precisely

capture the desired anti-symmetry.
]

We start with a vacuum state |0) (no particles). The operator a; creates a state which
has a particle with index ¢ (i.e. with the quantum numbers «;). However if that index is
already occupied we get zero. Similarly the operator a; destroys a particle with index ¢ but

returns zero if that index is already empty. This is summarized by

10y — |5 N
a; |0) =17) , a;|t) =0,
i 10) =1i) [4) (2.56)
a;|i) =0) , a;]0) =0,
with the algebraic properties:
{ai,aj} =0 5 {a!,a}} =0 5 {ai,a}} :(51'3' s (2.57)

where the curly braces denote the anti-commutator: {a,b} = ab+ba. The Slater-determinant

24



state is exactly recovered by successive application of creation operators, i.e.
lat - aa)gp :aLI---aLA |0) . (2.58)

The calculation of many-body operators is greatly simplified by this formalism. If we
have a spherical tensor operator which acts on the coordinates of a single nucleon, we can
evaluate the expectation value for the entire nucleus by summing over all of the single-
nucleon expectation values. The rank and projection of an operator Oy, are transferred to

a pair of creation and annihilation operators, i.e.

O/\,u = Z <Oé’ O/\u |B> aLag ) (259)
af
Ox ==Y (al [OAlI) A~" (als) (2.60)
ab

where the labels a, b include nfj (in contrast to «,5: nfjm). A phase is added to the
annihilation operator such that it obeys the correct tensor transformation properties: a;,, =
(V" 4 42,

If we have the SD wavefunctions [1¢) and |¢;) then the reduced many-body transition

matrix element is simply

(Wl 10l Js) = = > (al [OA]19) A~ (wygl | (akn) | 1) - (2.61)

ab

The (14| ‘ (aj,,&b> /\‘ |4i) term is referred to as the one-body transition density matrix element
(OBDME). The only components of the OBDME which will be non-zero are those in which
|¢;) and |¢f) don’t have state b occupied and have state a empty respectively.

Some operators are more complicated and intrinsically depend on the coordinates of
more than one nucleon at a time. One clear example is double-beta decay (explained in
Section 3.2.3) In this case there are two protons in the final state where there were two

neutrons in the initial state. Such operators are two-body operators and are computed via
(s Ox ) = D (@Bl Ox, ) (Wg| alabasary i) - (2.62)
FIY A (Wi A Y fl1Oalgdsty |1y
afyd

These can be computed with coupled pairs of nucleons via the two-body density matrix

elements (TBDME) <¢f|H[aLaZL [Geda] ch] ‘|wi>,i.e.
ab A

1 ~
Wf\ ’OA‘ W}Z> = _Z Z l)abl)ch_1 <ab; Jab‘ ’OA) ’Cd; ch> <¢f| ’ [[alaﬂ J [acdd]ch:| ‘ |¢Z> )
abed ab A

(2.63)
where D, = v/1 + 45 appears because |ab; Jy;) are orthonormalized [43].
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Similarly for three-body operators (in particular the 3N force), we have

(s Onu lthi) = D (aBy] Oy 10ers) (1| afalial apacas [7) -

afyder

It is far too memory intensive to store three-body densities and so the matrix elements are

generally computed “on-the-fly”.

2.6 Intrinsic Coordinates

The nuclear Hamiltonian should describe the physics intrinsic to the nucleus. The harmonic
oscillator Hamiltonian (2.2) has an external potential which cannot be physical. The true
Hamiltonian (1.3) must use coordinates which are measured from the center of mass i.e.
7 — 7 — R (where R = L5, 7) and p; — Py — %ﬁ (where P = > ;Di). Alternatively
the Hamiltonian can use relative coordinates (i.e. T' that depends on p; — p; and Vyy that
depends on r; —7;). The nuclear force should naturally depend only on the relative positions
of nucleons and cannot be easily calculated otherwise as the center of mass position is not
known a priori.

However we can still use the harmonic oscillator states to build up the nuclear wavefunc-
tion because they have very useful transformation properties. The center of mass depen-
dence factors exactly [44]. We may use harmonic oscillator states which are functions of the

relative coordinates. We choose to use the following set of so-called “Jacobi” coordinates:

.1 .
€=\ =[P+ +7a) = VAR, (2.64)

(2.65)

Figure 2.1: Schematic diagram of the Jacobi coordinates with three particles.

A many-particle state may be created simply by coupling harmonic oscillator states
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that depend on each coordinate i.e. ©pn,e,m, (§1)Pnotams(§2) < Pra1ta_yma_y(§a—1). For
example, a two particle basis may use only the & coordinate and coupled spin and isospin,

i.e.

(Gor0umima|ntsjmime) = 37 (bmesmalim) @nm, () (1) X(02)) g, CCTOXT2)) 1, -

mems

(2.66)

Additional particles have a coordinate that depends on their position relative to the center
of mass of the other particles. & adds dependence on 7 but relative to 3 (71 + %) as shown

in Figure 2.1. For three particles, we have to couple ¢ys; (51) and @Nﬁj(é), ie.

(6162010203 (nbsiNLTINIM ) = 3~ (GMIMITM) Gutojm(€)oncam(@)  (2.67)
mM

where N = 2n + £+ 2N + L. Implicitly, we are adding along with 52 another spin—% for og
and we should also couple isospin: <7‘1727'3‘(t%)T ).

In order to maintain anti-symmetry we need a specific combination of states, i.e.
INiJT) = (nlsjt; NLT||NiJT) [nlsjt; NLT; JT) (2.68)

where we have another set of numbers (nlsj; NLT||NiJT), the “coefficients of fractional
parentage” (CFPs). There is a straightforward algorithm for constructing states of many
particles with Jacobi coordinates and obtaining the CFPs [45]. An A-body state is a simple
extension onto an (A —1)-state. However, as A increases this becomes much more expensive
than a SD basis (and is not often done at A > 7 [46]). The set of indices i increases with
N.

The connection between Slater determinant and Jacobi-coordinate bases comes from the

Talmi-Moshinsky transformation [44]. With two nucleons the relation is

D (temalama| LM) @ty (7)) Prptams (F2) = Y (RENLLnylinola L) we
mims némNLM "

X (EmLM|LM) Gnom (E)on 1 (&) -
(2.69)

The quantities (n¢N LL|ni¢1nal2L) sy are the so-called harmonic oscillator brackets for two
M1
particles of mass ratio % (in this case 1) [47].
We have a choice of which basis to use, single-nucleon SD or Jacobi. In either case we

have to solve an equivalent equation.
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2.7 Solving the Schrodinger Equation

We may calculate the wavefunction of a nucleus by using an ansatz which is a linear com-

bination of an (infinite) orthonormal basis, i.e.

’¢> = Z Co |¢o¢> ) (270)

«

where (¢q|dg) = 0ap-
We may find an approximate solution by using a finite basis. This can be done by

solving the eigenvalue problem:

Hy) =Ex|¥y) (2.71)

where we must calculate all the matrix elements:

Hpo = (¢s| H [¢a) - (2.72)

Through the variational principle, adding additional states to the basis will always
improve the agreement between the lowest energy and the true ground state (if the trial
wavefunction has any overlap with the ground state). The ground state [ig) corresponds

to the set of coefficients ¢(?) which minimize the energy, i.e.

Eo = (Y| H [o)
= Z " (5] HZ 0 [
—Zc“”* 9 (p5] H |pa) - (2.73)

The next excited state has the minimal energy of states formed from the space orthogonal

to the ground state. The next has minimal energy orthogonal to the first two. And so on...

2.8 The No-Core Shell Model

The no-core shell model (NCSM) is an ab initio technique which uses an expansion over a
many-body harmonic oscillator basis to construct a many-nucleon wavefunction [7].

The goal is to find the solutions of the Schrodinger equation (1.3) (i.e. the eigenvec-
tors of H (2.71)). These solutions will be eigenstates with good J™Mr quantum numbers

(approximate T') and eigenvalues E}, i.e.

‘xpj’;TMT> = [ANTT M) | (2.74)

28



where
H |ANJ™T My) =Ey\ |ANJ™T Mry) . (2.75)

The strategy of the NCSM is to find the coefficients of an ansatz wavefunction. The basis
is made up of SD states of single particle harmonic oscillator states or harmonic oscillator

states with Jacobi coordinates. The eigenstates are a sum over configurations, i.e.

Nmax
JANTTTMp)y = Y > el M | ANewad "TMy) (2.76)
Nex=0 «

The label N denotes the total number of excitations of nucleons above the lowest Pauli-
allowed configuration. As the nucleons are in harmonic oscillator states, the excitation level
for the i-th nucleon corresponds to its principal quantum number: N; = 2n; + ¢;. The
minimum configuration has Nex = Npin (Nmax = 0) determined by the Pauli principle, e.g.
in He all nucleons may be in N = 0, therefore Nyn = 0, but for 6Li, there must be at least

one proton and one neutron in N = 1 therefore Npin = 2 (see Figure 2.2). Hence
A ~
Nex =Y Ni — Nuin - (2.77)
i

The label @ = {ay--- a4} denotes the configuration of nucleons with that Ney. For
example, Nex = 2 includes all possible combinations of two nucleons excited by +1 level
and one nucleon excited by +2. The sum over Ng is restricted by parity to either an even
or odd sequence. The number of configurations grows exponentially with N, and A. This

is the main limitation for computation.

N = Nmm + 1\ !. /

Figure 2.2: Truncation diagram for the NCSM. As an example, the solid circles in-
dicate the lowest Pauli configuration of OLi. Here “N” corresponds to the
harmonic oscillator excitation level (IV in the text).

The matrix elements of the kinetic energy can be easily computed analytically using
(2.18). The matrix elements of the interaction from chiral effective field theory are computed

via numerical integrals of the radial harmonic oscillator wavefunctions e.g. (n'¢'| V |nf) =
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[r2drR: ,(r)V (r)Rye(r). A useful property of harmonic oscillator states is that they are
eigenfunctions of the Fourier transform [48], sometimes the matrix elements are easier to
calculate in momentum space i.e. (W’'|V |nf) = [p?dpR:,(p)V (p)Rne(p).

There is a compromise in the choice of basis between the scaling of the basis size with
A versus the ease of removal of the center of mass. The Jacobi £ are defined in an anti-
symmetric way and therefore an A-nucleon eigenstate described by A — 1 intrinsic coor-
dinates can be directly related to an eigenstate expanded in the Slater determinant basis

using (2.69), omitting spin and isospin, i.e.

(1o Falt)sp = (€1 Eaa ) woool&) - (2.78)

When using the Jacobi coordinates, center of mass motion does not contribute at all to
the eigenenergies or eigenstates. However when using SD states, the excitation of the center
of mass state pnra(&o) can create spurious eigenstates that can appear at similar energy
to real states. To remove the ambiguity between physical and spurious states the method
of Lawson projection is used [49]. A term is added to the Hamiltonian controlled by the
parameter 5 ~ 1 — 10 which pushes eigenstates with the center of mass in an excited state

to a higher energy above the physically relevant states, i.e.
3
H=Tq+V+p <HC0M — 2Q> , (2.79)

where

P2 myAQR?
Heon = , 2.80
CoM =g AT 3 (2.80)

Ty is defined in (1.4) and V' consists of the remaining terms in (1.3).

The main computational hurdle of the NCSM is the diagonalization of a very large
sparse matrix. The Lanczos procedure is an effective tool as it finds the extremal eigen-
values (and corresponding eigenstates) first (which are most physically relevant) [50]. The
Hamiltonian is block-diagonal. For each J™T' block, we have a matrix with respect to the
INo) (|NaJ™T)) states, schematically:

(00| H [00) (00| H [10) (00| H |11)- - (00| H | Nomaxmax)

H= (2.81)

<Nmaxamax‘ H ’Nmaxamax>
The expansion has two input parameters which must be chosen to do a calculation,
Nnax and the oscillator frequency §2. The predictions of any NCSM calculation will have

some theoretical uncertainty based on the variation with respect to these parameters. For

a given A value there will be a value of {2 which gives the lowest ground state energy.
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Generally the largest possible Nyax is used, but by computing at a succession of values we
can determine whether our calculation is converged. An uncertainty of the ground state
energy can be given based on an ad hoc extrapolation to an infinite basis by fitting the

parameters (Fo,a,b) of an exponential function, i.e.
E(Nmax) = Eoo + ae™Nmax (2.82)

A fundamental limitation of the NCSM is that for finite Nyax the asymptotics of weakly
bound states cannot be correctly reproduced and the properties of continuum states (E > 0)
cannot be calculated. This is because the states of the harmonic oscillator states fall to
zero very quickly past the oscillator length. This is addressed with the extension NCSMC

described in Section 6.2.

2.9 Static Nuclear Properties and Many-Body Operators

The wavefunction of the nucleus contains all the information needed to predict observable
quantities. Each observable property corresponds to the expectation value of an operator.

One example is the size of the nucleus. The spatial extent of a single particle can be
directly determined from the projection of the particle’s state on the spatial coordinates,
i.e. (r|i) = ¢;(r). The mass density distribution should be simply * (7)1 (), normalized
such that (1[y) = [ d3ry*(7)(F) = 1. To determine, for example, the average radius we

insert the squared-radius operator:
2 2 _ Bk (A2
<rf>=@|re|Y) = /d r* (F)re () . (2.83)

The average radius is 7 = V< r2 >, as we require a scalar operator 2 = 7- 7 to calculate a
scalar quantity. < 7> will give the dipole moment (for protons).

For a many-body state |¢,), the notation (¢pa|ds) implies that we integrate over all the
nucleon coordinates (Z; = 7o;7;) i.e. [d& = [ Hf‘ d3r; > ma.m, Such that

(dalda) = /dw;(fl, e EA)ba(Fre T =1 (2.84)

In the impulse approximation, we also attach to any operator a sum, the matter density
operator pp,(7) = Zf §(7 — ;) and integrate over d®r. A many-nucleon operator is then
reduced to a sum of single-nucleon operators. The normalization factor is the mass number,

i.e.

(Gal ()60 = [ ¢ [ droi @, 7)Y 80 F)onl@r o ) = AL (285)
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The matter radius of a nucleus is:

(Gal 2 100) =5 [ A6 [ @roian, - Far S0 - Touldr, - Fa) . (250)
J

using the operator:
A
1
r2 = 1 /d?’rZrQé(F— 7). (2.87)

where 7 is taken relative to the center of mass. It is common to write this directly in the

form
1 A
2 _ E : 2

If we want to count only the protons (neutrons) we use the isospin projection operator

% (%) The point proton and neutron radius operators are then

A
1 1+ 7
1“127 = E 5 22 (2.89)
3
A
1 11—y
2 _ 2: 20 2

%

In the above, for the operators we should have used coordinates with respect to the
center of mass i.e. 7 — R. Typically these are rewritten into a two-body form proportional
to 7j — 7j, which are then used with the two-body transition densities [51], e.g. the matter
radius (2.88) would be

e MCRURCR
— e Y- (291)

i<j

We would then integrate over only the internal coordinates, i.e. [d¢ = [ Hf:ll 36y

Some operators can be easily converted to two-nucleon relative coordinates. Different

Ms,mt "

operators may have a different scaling factors depending whether they depend on the spatial
coordinates versus for example spin [51]. It depends whether we are summing A nucleons,
A(A-1) . A(A-1)(4-2) | .

—5— pairs of nucleons or ———¢g—= triplets.

The orbital angular momentum operator with coordinates defined with respect to the
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center of mass can be converted as

R L = .
L —Xi:(n - R) x (i — 5 P)
1 L L
:Z Z(n — Tj) X (pi — pj) . (2.92)
i<j

However, when the single-nucleon spin operator § is upgraded to a two-nucleon coupled

spin, we need a different A-dependent scaling factor, i.e.
i

) (2.93)

1<j

General operators (i.e. spherical tensor operators) which depend on the single-nucleon
coordinates (and momenta) can be evaluated with Jacobi coordinate basis states by using
translationally invariant transition densities and replacing the coordinates in tandem with
applying appropriate scaling (when using a harmonic oscillator basis). The standard SD

matrix elements (2.61) contain center of mass contamination, i.e. the matrix elements:

1 ) . .
sp (AApJ¢ O |ANTi) sp = — 3 > (nilija] |OA(7, )| [nalaga)
1,2

% sp (AN Jf] ‘ <al1l1j1d”2l2j2))\‘ ANiT)ep - (2.94)

However, eigenstates in the SD basis may still be used with the matrix elements of the
eigenstates in the Jacobi basis and translationally-invariant densities, to compute the trans-

lationally invariant matrix elements:

1 . A—-1- .
(AXp T OA AN ;) = — T > (nlj] |Ox(—y 60| [n'li)
-1
x (M
( )nljn’l’j’,n1l1j1n2l2j2
x sp (AApJy| ‘(aﬁllm%zm%’ |ANiTi)sp (2.95)

where € is short-hand for £4_; (2.65) and the sum is over all quantum numbers which do
not appear on the left. The transformation matrix M* is defined in [52] and combines with

the OBDME to form a translationally invariant quantity. The general strategy is to replace

7 — \/%gand ﬁrﬁ—\/%ﬁg.
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2.10 Charge and Current Densities of the Nucleus

To calculate the charge density distribution p(7) of the nucleons, we again use 1+2T“' to select
only the protons, i.e. with the operator:
A
o 1+7.,, o
p(7) —ez; Tzzd(r — 7). (2.96)
1=

For generality we can evaluate the expectation of the operator acting between two different

nuclear eigenstates |i) and |f) (which are linear combinations of the basis states |¢,)), i.e.

A
(o) i) = 3 57 [ deup@e o 006 - il Fa) . (207

J

The total charge is normalized to Z, i.e.

{(flpli) Z/d‘o’?“ {(Flp() 1) = Zoyi - (2.98)

The nucleons are moving within the nucleus. This creates a charged “convection current”

density fc which can be summarized via the velocity distribution of the protons, using
»_ P —iV
T=-L - =¥

e oy e

2mpy

- 1471 (Bid(F— 7)) + 6(F — 7)p;
Je(P) =€y 5 J< ( )+ 3 ) > (2.99)

Because p and § do not commute, we must use the symmetric combination [53, 54]. The

result for many-nucleon states is

1

17 i) = —ie Y ;nj:j/dw;z(fl,--- )Y (T, Fa) - (2.100)
J

There are corrections to the current due to the presence of charged exchange particles
(pions) in YEFT which will be discussed later (Section 3.1.2 and Section 3.2.1).
The divergence free part of the current can be separated out and described as the curl

of a magnetization, i.e.
Je(F) =J(7) + V x fie(7) , (2.101)

defining j = jc —Vx iig, where v j =V jc The magnetization comes from the component

of the protons motion contributing to their angular momentum i.e. it is proportional to the
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orbital angular momentum operator L and can be written as

-

A —
. e 1+ 7 Lz5(77—7_';)—|-5(7_”—7_';)L1
) = 53 ( ! . (2.102)

)

The nucleons also have intrinsic magnetic moments due to their internal structure.
Part of the magnetization is simply a sum over the individual magnetic moments: protons

fip = gpptnG and neutrons f[i,, = gnpun0, proportional to spin with the corresponding g

factors: g, = 2.793 and g, = —1.913, in units of the nuclear magneton uy = ﬁ, ie.
A
s (F) =D ad (7 = 7)3; , (2.103)
i
14+ 72 1— 7y
Hi :MN< 5 zzgp 9 zlgn> (2.104)

The intrinsic magnetization is a clear example of the isoscalar/isovector breakdown of an

operator. It can be rearranged, i.e.

pi =p 4+l (2.105)
1
' =5 (g +m) (2.106)
Tzi
i == (9p — m) - (2.107)

The total electromagnetic current operator is then

T(7) =Jo(P) + ¥ X [is(7) = J(7) + ¥V x (fis(7) + fZe(7)) - (2.108)

The charge and current determine the interaction between the nucleus and the elec-
tromagnetic field. As will be discussed in Section 3.1, a nucleus may change state by
interaction with the electromagnetic field. The charge and current distribution can be de-
composed into spherical tensor operators (multipoles) as in (2.31) and their interaction with
a classical electromagnetic field defines the static electric (E) and magnetic (M) moment

operators [54]:

M/\E/J(TT') :T)\YAM(QT)/)(F) ) (2'109)
M) = (ﬁs(F) +5 i 7 X fﬁ)) VY (Q) - (2.110)

The multipole order is limited to A > 0 for £ and A > 1 for M.
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Chapter 3
Electroweak Decays of Nuclei

According to Fermi’s Golden Rule [11], the rate of a decay is proportional to the product
of the “amplitude” M for the process (corresponding to a nuclear matrix element) and the
available phase space volume (all possible final states and combinations of momentum).

The general formula for the decay rate I' of an initial particle of mass M7 to N particles is:

~ dpp

where ¢ and f label available internal states of the initial particle I and final outgoing
particles F', respectively. S is the symmetry factor that corrects for double-counting of
identical particles in the final state, it gets a factor 1/n! for each group of n identical
particles [11].

The bar on the first sum 2 means an average, as an initial state may be in superposition
of quantum numbers. For example, in an unpolarized collection of spin—% particles, the
projections —i—% and —% are equally likely and so we average by dividing by two. For
particles with total angular momentum J the projection M may vary from —J to J and so
dom = ﬁ dom

The infinitesimal phase space volume for a particle of 4-momentum P = (E,p) is 27r)4
The 4-momentum phase-space is reduced to 3-momentum by the constraint that initial and
final momenta be “on-shell” (P? = m? = E? —p? and E > 0), i.e

ip Ed? 27
/ d 27r<5( —p? —m?)0(E) :/d dp —\V/p?+m?)

(2m)* (2m)* 2./p2 +m2
d3
:/(2%)5215' (3.2)

The amplitude (or matrix element) will depend on the interaction of the initial and final

quantum fields of the process. For forces that can be described by a perturbative theory,

the interactions can be understood as a hierarchy of diagrams as laid out by Feynman
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(originally for QED [55]). The Feynman rules can be derived from the Standard Model (or
EFT) Lagrangian. Each particle is represented by a line and the interactions are represented

by a vertex (the connection between lines). A simplified version of the rules is as follows:

1. For each incoming particle we insert a wavefunction |I). For each outgoing particle

we have a conjugate wavefunction (F|.
e leptons (such as electrons and neutrinos) are described by Dirac spinors u®(p)
with spin s
e photons are described by a polarization vector €)(q)
2. At each vertex we insert the coupling constant and operator corresponding to the

interaction. In addition we have a § over the 4-momenta going into and out of the

vertex. Some examples:

e For elementary particles the vertex is extremely simple, e.g. for an electron
interacting with a photon we have iey" where e is the charge coupling constant

(€? = 4ra, a ~ ﬁ), ~* is a Dirac gamma matrix

e For nuclei we have a more complicated operator. As we will see in Section 3.1,
the interaction of a nucleus and a photon can be wrapped into the nuclear current
operator J,(q). In principle, the current should have additive contributions from
each nucleon but the vertices should take into account the internal structure [53].

See Section B.3 for more details.

3. Finally, if necessary, we add a propagator for particles corresponding to any internal

lines and integrate over the internal phase space.

. iM . 4
e For photons, insert —mq—é and integrate over f (37314

The vertex factors arise from interaction terms in the Lagrangian of a theory while the

propagators come from the “free” terms [11].
3.1 Electromagnetism: v Decay

P (o
e
(] \\Qi
Y

Figure 3.1: The Feynman diagram and kinematics for photon emission.
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Electromagnetic interactions are relevant to nuclear reactions (especially radiative cap-
ture) but here we first present the formalism for bound-bound decays.

In a gamma decay we have a one particle in the initial state (the initial nucleus) and
two particles in the final state (a different nuclear state and a photon). The leading order
(“tree level”) Feynman diagram corresponding to this process is shown in Figure 3.1. A
physical (massless) photon with 4-momentum @ = (w, §) is limited by the condition || = w
and has two possible polarizations A = =£1.

The ~-decay rate for a nucleus at rest with mass My (P; = (My,0)) is

AQ pF
QMIZZZ/‘MFI‘ (2m) 32w (2m)32Ep (3.3)

The rate depends on an average over possible initial states and a sum over the possible final
states (including an integral over the final phase space).

We have the initial state with the nucleus in state |I) and no photons |0). The final state
is |F') with a photon state |QA). The strength of the interaction between the photon field
and the nucleus is the expectation value between these states of the overlap of quantum

fields over all space, i.e.
MG = (Fi @) [ dtoa,(0)7"@) |150) (3.4)

Due to gauge invariance we can set the scalar part of the radiation field to 0, i.e.
choose A = (0,4). J = (p,J) is the nuclear current operator which extracts the dis-
tribution of electromagnetic charge and currents in the nucleus. Since the states can be
factorized ((F|(QA| and |I)|0)), the operators act separately on the nuclear and photon
spaces ((QA| Au(x)|0) and (F| J*(x) |I)). The above assumes first-order perturbation the-
ory because the coupling constant (the proton charge) e is small. Here e is absorbed into
the definition of the nuclear current. Because the quantum states are eigenstates of their
respective Hamiltonians, the time dependent parts of the wavefunctions are exponential:
Ya(Z,t) = (Z]|a) e *Fal, and so the integral over time will give a § for the energies i.e.
[ dte™! = 2w§(w). Therefore:

M9 = / dte'Erteiwt o —iErt / Bz (F| QN AZ) - T (@) 1) |0)
—2m8(Er +0— E) [ &% QN A@)[0) - (FI T @) . (3.5)

The photon field has the form [13, 56]:
R dgk' o 7N k@ 7 TN\ —ikF 7.
A(m):/(Z(ex(k‘)ek ax(F) + & (B al (7)) . (3.6)

27)32wy, B
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where we have the creation and annihilation operators ai, ay with commutation relations
for bosons: [aA(Q),aTA,(E)} = 2w, (2m)363(7 — k) with wg =w = |q] and wi, = k|. e\(k)
are polarization vectors with A = £1. They satisfy €) - €}, = d\» and €} = (—1))‘6’,)\. The
final state is then (QA| = (A = (0] ax(¢) and only the af term of A survives, i.e.

(@A A7) [0) = (0] x(@) / e > e @ o
=& (e 7 (3.7)

The nuclear states can be factorized into an intrinsic state and a center of mass wave
[53], i.e

1) = | P, i) = /2B R |5) |
|F) =|Pr, f) = V2Erer B |f) | (3.8)

where the normalization treats the nucleus as a generalized Dirac spinor. The matrix
clement of (F| J (&) |I) is evaluated as an integral over the spatial center of mass coordinates
R and all of the nucleon intrinsic coordinates summarized by &. Inserting (3.7) and (3.8)
the integral in (3.5) is

/ a (A () [0) - (F| T (@) |1)

o antien e

=\/2E12Ep / d¢ / d*R (f1¢) —WFR[ -i(f)} PR (€li) (3.9)

We may change variables &' = 7 — R to evaluate the matrix element with operators of
intrinsic coordinates (as in Section 2.9 and Section 2.10). The current operator should be

translationally invariant and the integration over R returns & , l.e.

Jae [@riige R | [ area@ e . 5@+ B o @
= [acung | [ @reoemon) [ o g@- 7@ €
@5 — e — D) (1@ T@ 1) (3.10)

The matrix element contains the standard nuclear current transition operator (the Fourier

transform of the spatial charged current density operator of Section 2.10):

J(@) = /d3 -y (3.11)
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Inserting (3.9) and (3.10) into (3.5) we have the amplitude for gamma-decay:
M =) 64 (P — Pr — Q)\2E2Er (f16(@) - (@) i) (3.12)
We use the property [6(xz)]* = % and E; = M7 and the decay rate becomes:

2 d%q  dpr
(2m)32w (27)32ER

r :2;4[2 >3 [ntst e - Pe - Qa2 (715 (@) - @) 10

EZE : (FlEx(@) - T (@) i) i d33q 2r6(My — Ep —w) . (3.13)
(2m)32w
i f A

3.1.1 Multipole Decomposition of Electromagnetic Current

The electromagnetic current operators J(7) = (p,J) (sometimes called “form factors” or
“response functions”), needed to evaluate the rate, are the Fourier transforms of the spatial
charge and current distributions of the nucleus (p(7) and J(7) defined in Section 2.9). The
charge density operator is defined by

@) = [ dre

has a straight-forward decomposition into spherical tensor operators,

’Ql
‘ii

(3.14)

The plane wave e """

ie.
7 i Y Yo ()Y ) (3.15)

with J >0, —J < M < J. To simplify later equations we combine the Bessel function and

spherical harmonic into the useful quantity:

MJM((], 77) = jJ(qT)YJM(QT). (316)

The charge density operator is then

PO =47 S Vi (90) [ e (0. (317)

—47rz Y0 (Q)Con(q) (3.18)
which defines the “Coulomb multipole operator”

Crala) = / &BrMp(a, Pp(F) (3.19)
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This is simplified by setting e, = ¢ (then only M = 0 contributes as Yz (6, = 0) =
\/%51\40)7 Le
= V4r Z Y JCr0(q); . (3.20)

This also means that the operators don’t need to be written in terms of ¢, but depend on
q = |q.

A vector operator like the current can be spanned by the polarization vectors, including
the longitudinal, €y = €., in addition to the transverse, €11 = :F% (€y £i€y). Using this

basis, the current can be decomposed as
= T(@Ne . (3.21)
A
The components of the current density operator are then

T(g,\) =&\ - T (q)
= / d3re T, j(?)

/ (4”2 ) s(ar YJM(QT)Y;M(Qq)> o - J () - (3.22)
The spherical vector harmonics, which are defined as

Yiom(Q) =Y (LmIAJM) Y (Q)Ey (3.23)

mA

can be combined with the Bessel functions to form
Myp(a,7) =jrlar)Yooar() (3.24)
and then with the vector current, to obtain the quantity:
MyLm(q) = /dgT‘]L(qT)YJLM( P - J(r) . (3.25)
Using the inverse relation for vector spherical harmonics:

Yy (@)@ =D (JMINLm) Ym(€) , (3.26)
Lm
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the components can be simplified (preemptively swapping J <+ L), i.e

4”2 D) Y (Q /d37“jL(q7“) <Z (LM1A|Jm) ?JLm(QT)) - I (7)

Jm

_47rz LL‘S\/KO Z(LMM!Jm)/d?’rMJLm(q,F)-j(r)

_\ﬁz DL (LOINJN) Myra(q) - (3.27)

We have two cases: A =0 and A = £1. For A = 0 we have

WZ i)EL (L010].J0) M y10(q) - (3.28)

Alternatively, we can use

e i \ﬁz i)’ IMyo(q,7) (3.29)

then

e~ TTEy =e~197g,

:éﬁe—wz
—fz JJ VMJO(q,) (3.30)
The result is
J(q, WZ ) JL10(q) , (3.31)

where we have the “longitudinal multipole operator”

Lym(q) = /d3 (vMJM(% )) -J(r) . (3.32)

For A = £1 we do the sum over L, which is limited to {J—1,J, J+1} by the CG coefficients
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(evaluated via (A.9)), i.e
=ViAr Y (=) 71T = 1) (J = 101A1TA) M1 (9)
=

+ (=i)7 T (JOINIX) Myga(q) + (=) 71T + 1) (J + 101A|JN) ]
:\/%Z(—i)J |:7;\/ J + 1MJJ,1)\(q) —AV2J + 1MJJ,\((]) — i\/jMJJ+1)\(q):| .
J=1

(3.33)

An equivalent relation is

q‘ﬂ \/72 (i\/mMJJ—l)\(%F) —)\mMJJ)\(q,F) —i\/jMJJ_H)\(q,F)> .
(3.34)

Using the identity [56]:

1o - J - [T+1 -
-VxM =— 4/ —M N ——— M 3.35
. X Mym oy JJH1M + 1 57 41 Mrs-1ar s (3.35)

the expression is further simplified, i.e.

T(g, A =+1) WZ )T (TR = TH) | (3.36)

which defines the “transverse electric multipole operators”:
Thu() =/d3r61] (ﬁ x My (g, r)) - T (r) (3.37)
and the “transverse magnetic multipole operators”:
Tin(a) —/dSTMJJM(q,T) -J(r) . (3.38)

Real photons are limited to A = 1. The relevant operator for photon emission (as in
(3.13)) is then

A T(@ 1)

<f\5§'~7(®\> (f ! re-
Z( \ﬁj [TFA(@) + AT (@] 10) - (3.39)
J
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3.1.2 Approximations
In the long-wavelength approximation (¢r < 1), the Bessel functions can be expanded as

r l 1 r 2
Jitar) :(2§q+)1)!! {1 - 32q+)3 A } ’ (3.40)

where (2¢ + 1)!! denotes a “double factorial” (i.e. for odd n: n!! =n(n —2)---3-1).
This leads to a decomposition in terms of the multipole operators we already defined in
Section 2.9 (integrating 2.109 and 2.110):

SN Y
My = e 5 = Yo () (3.41)
A 1 1474
MY, = 21155 2L ) Vi (r] Yo () A2
=3 (2 g ) 9o ) (3.42)

The Coulomb operators can then be approximated by
J

q
Crm(q) %meM : (3.43)

Another approximation uses the conservation of vector current:

5. 70

V-T=1 (3.44)

Substituting the time evolution operator, evaluated between energy eigenstates, we have

d
<d—':>:<—i[H,p] >=—i <wp >, (3.45)

where w = Ef — E; and < --- >= (f]---]i). This is known as Siegert’s theorem [57] and
with this relation the longitudinal multipoles can be replaced. First using integration by

parts to move the gradient, i.e.

Liv(q) :2 /d3T6MJM(q’T) -J(r)
7

q/&mwM@mﬁuﬂm

=— gCJM(Q) : (3.46)

The transverse electric can first be directly related to the longitudinal, i.e.

J+1 Cj2J+1

Tﬁw(Q) = 7 Lin(q) —1i 7 Myiiim(q) - (3.47)
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Then making use of Siegert’s theorem, and neglecting the second term of (3.35) (in which

the integral (3.25) will have an extra factor of ¢r), we have

w [J+1
The(g) =~ — VT Crm(q) (3.48)
J—1
wq J+1. g
= M5y - A4
7+nity g M (3:49)

The transverse magnetic operator can be approximated as

q’ J+1
(2J + 1) J

Tin(q) = My - (3.50)

In all of the above we have focused on the tree-level diagram of a photo-nucleus inter-
action. However there are higher order diagrams. The size of the electromagnetic coupling
e makes any additional photon vertices small and therefore we neglect them in this study.
But there are additional diagrams coming from the yEFT description of the nuclei. The
photon is not simply interacting with the nucleons but also with the charged pions being
exchanged. Siegert’s theorem helps with this for the electric multipoles, as the pions will
contribute to the current J and the continuity equation (3.44) makes the matrix element
only depend on the charge p. However for magnetic multipoles we do expect contribution
from meson-exchange currents (MECs). There has been some effort in the literature to
derive and compute the two-body operators corresponding to the MECs (e.g. [58]). The
overall effect is on the order of 10% in some nuclei.

In this study we include only E1, M1 and E2 and neglect two-body exchange currents.

3.1.3 Final Formula and Selection Rules

If we insert (3.39) into (3.3), the rate of decay of an excited nuclear state is

2J+1ZZZ/ 27r32 O = Ep —w)

M; My

2

X |(Jp My V2r Yy (=) T [TH(0) + AT ()] 1JiM)] (3.51)

where the coupling constant is explicitly removed from the current operators. The integral

measure is d3q = w?dwd() and so we can use the § to integrate dw, i.e.

w?dw w
O0(M; — Ep —w) = — .52
[ 600~ B - ) =51, (352)
where on the right w is fixed to the value M — Er and f, is the recoil factor f, = (1— MLF)_l
P2

(which takes into account the motion of the final nucleus Er ~ Mp + 5 MF)
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CG coefficients are inserted in order to use the reduced transition matrix elements
TS = (J¢||T7||Ji) where the o and ¢’ can take the values 0 or 1, corresponding to electric
or magnetic respectively. The sum over the Ms in the CGs gives §;;, using (A.7) to reorder
the CGs, i.e.

222

2

Jfo\Z O T [TE (@) + NTH ()] | JiM5)

M; My A
=Sy (Z(_i)Jjj;I (JiMiJ — A J; M) X’Tf,’) <Z(—1)J’j’j;1 (JiM;J — N|Jp My) AU’T};/)
M; My X Jo J'o!

-~y . o
=3NS () L My = Ml = N) (<) S (M = Ml - )
A

x (=) JIINTG (i)~ TN TS

=>"> arteTyTs

A Joo!

=23 |19 (3.53)
Jo
where the sum over A fixes 0 = ¢, i.e.

D> AT =25, (3.54)
After integrating over the angles [ dQ = 4r and replacing e? = 47a, the final rate is
= > i3 (3.55)
bri=gg a2t ‘

The selection rules for a decay (displayed in Table 3.1) are enforced by the reduced
matrix elements. A decay will be dominated by the transition type furthest to the left in
the table. Higher multipoles are “forbidden” in the sense that their rates are suppressed
by additional factors of w?. For example, 1~ — 07 will be an “allowed” E1 transition and
forbidden for M2 (still possible but suppressed). Similarly, for 17 — 0, M1 transitions are
allowed and E2 are forbidden.

oJ
EI] Ml [E2] M2
AJ ] 0,1 (except 0 —0) [ 0,1,2 (except 0 — 0,1, § — §)
AT | yes ‘ no ‘ yes

Table 3.1: The selection rules for allowed -decay transitions. For a given AJ and
A7 the furthest left multipole in the table will be dominant.
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3.2 Weak Interactions: § Decay

A ~-decay changes only the internal configuration of the nucleus (observed by a change of
the energy and possibly angular momentum and parity) but it remains the same isotope.
A [-decay is a type of process which changes the nucleon make-up i.e. (4,7) — (A, Z£1),
changing the isotope but remaining an “isobar”. A neutron within the nucleus decays to
a proton by emission of an electron and anti-neutrino. The electron is referred to as a §~
particle. In some nuclei it is possible to have S decay where a proton decays to a neutron
by emission of a positron and neutrino. In this thesis we reduce the scope to S~ decays.

A p-decay is a 1 — 3 decay (corresponding to the Feynman diagram in Figure 3.2a),

i.e. we have the rate

1 <« . o d3k A3k d3Pp
e s$ (K _ 3.56
2M1;;§/‘ Fi(K)] (2m)32E (27)32F (27)32EF (3.56)

where K = k + k with k for the electron and k for the anti-neutrino. The amplitude must
contain §(Pp + K — P;) which can be used to do the integral over d®Pp. To get the rate, we
sum over the outgoing lepton spins and integrate over their momenta (usually neglecting the
neutrino mass). This is a somewhat involved process which will not be described here, see
[11] for details. The kinematics of an analogous process (electron-positron pair production)
will be discussed in Section 6.4.

The Standard Model describes 5 decay through an interaction between quarks and
leptons via W boson exchange as shown in Figure 3.2b. The flavour of the quarks changes
and the W carries the resulting difference in charge. The weak interaction is described by a
so-called “V-A” theory meaning that the interactions have both vector (V) and axial-vector
(A) contributions.

We can successively apply EFT to simplify this diagram. First, we can consider the W
as acting on the nucleon as a whole rather than at the quark level (Figure 3.2c). The vertex
factor for a W —lepton or W —quark interaction contains the “V-A” operator v#(1—+s). For
nucleons this must be upgraded with form factors Fy (K?) and F(K?): v* (Fyy — Fays) to
account for the internal structure, where Fi/(0) = gy ~ 1 and F4(0) = g4 ~ 1.27.

Second, the mass of the W boson is much heavier than the relevant scale (my ~80

GeV). The original diagram depends on two vertices each with a —L coupling as well as

2v/2

the propagator of the massive particle ~ The large mass allows us to drop the

1
K (as m¥, > K?) and replace the internal line in the diagram with a contact interac-
tion (Figure 3.2d). The resulting lepton-nucleon coupling depends on the square of the

quark/lepton-level coupling and the mass [54], i.e.
G g°

= , (3.57)
V2 8mi,
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Figure 3.2: The leading order Feynman diagrams for a 8~ decay at different levels
of EFT. Solid lines represent fermions (nucleons, quarks and leptons). Wavy
lines represent bosons (the W). (a) The diagram for a nuclear decay including
the kinematics. The circle at the vertex represents an effective operator. (b)
The diagram for § decay including the W boson at the level of quarks. (c)
The diagram for 5 decay including the W boson at the level of nucleons. (d)
The diagram for 8 decay at the level of nucleons, where the dot represents an
effective operator.

where G is the “Fermi” constant which takes the value 1.1663787 x 1075 GeV~2 [19]. It
was measured first through nuclear 8 decay and the relation between g and myy was later
reverse-engineered through more sophisticated experiments.

The final step is to sum over the single-nucleon operators and we get a current operator
evaluated between the initial and final nucleus wavefunctions just like in (3.12) (Figure 3.2a).

Schematically, the amplitude of the diagram in the W picture (Figure 3.2c) is

d*K - g
M ~ / oL <(27r)4(5(k +k—K) (er| 2757“(1 —5) |0>)

(77,u1/ - Kﬂ!;zKy>
S ((2m)*6(Pp + K — Pr) (p| 7" (9v — gavs) ) (3.58)
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which becomes (Figure 3.2a):

M~ o) 5+ F = P61 T ) 5.59)

where / is the lepton current defined through the Feynman rules by

éu = ﬂs(k)7u (1 - 75) V§(7€) (360)

and jvl{/ is the nuclear current operator for the weak interaction.
Just like in (3.4) this comes from the integral of interacting fields. We have the lepton
field:

-

= d*k SN\ JRTE | 3t o se 7\ —ik-@
K(z) —/MZ [aksu (k)e"™™ + b, v°(—k)e ] , (3.61)

S

where a (b) create leptons (anti-leptons) described by Dirac spinors u (v) with momentum

k and helicity s. The amplitude is then

71 = (F; ksks| \% /d4:ch#(x)\7V‘[‘,(:U) |T;0)

:%QmS(EF VE+E-E) / B (ksks| K,u(Z) 0) (ABLEp (F| T(@) [8) | (3.62)

where

(ksks| K,.(Z) |0) =L,e "7 (3.63)
Combining these, the rate is
r o<§_: Z Z G—Q 10 (f] (T + jA) |z)‘2 x (phase space factor) . (3.64)
i f sS 2

The weak-nucleon interaction is exactly analogous to the electromagnetic interaction

with two exceptions:

1. In addition to a vector component, the current operator also has an axial-vector

component.

Exactly like electromagnetic theory, we can use a multipole expansion. This

time every operator has two components Cyy — cv + CA, etc.

2. It can be charge-changing! (i.e. decays via W¥).

!The weak force also contains a neutral current (corresponding to the Z boson) but that will not be
discussed here.
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A [ decay requires the current to be charge-changing so we attach the isospin

operator:
Ty =5 (7" +T") . (3.65)

The summed squared matrix element is then (45.17 in [54]):

1 2
M|

7G72 47 "
2 2Ji+1
1 " 2
5 5 BB T T 1)
A==+1 J>1
+ Zuz (TP L ) 1T 1P+ ol 1T | 1C | T3)]
J>0
— (L5 (Tl |La][Ti) (Tfl [Cal [ i) + hec) | (3.66)

where we use the covariant components of ¢, = (¢, (1,0—1,(,).

The vector part of the weak nuclear current is the same operator as the electromagnetic
nuclear current (conserved vector current (CVC) theory [54]). Therefore in the same way,
the longitudinal multipoles can be removed by relating them to the Coulomb multipoles just
like in Section 3.1.2. However the axial-vector current is not conserved and must explicitly
contain longitudinal multipoles. The sum over lepton spins will create different kinematic

dependence on each nuclear operator (as we will see in Section 6.4).

3.2.1 Leading-Order Beta Decay Operators and Two-Body Currents

The long-wavelength approximation (|I? | = 0) leads to a great reduction in the number of
non-zero multipole operators [54]. The only remaining terms are C¥ and 7. The leading
order terms of these operators correspond to two types of “allowed” decays.

Decays which do not change the nuclear angular momentum are so-called Fermi (F)

decays and correspond to the operator:

A
1
crE - > T (3.67)

In these decays AJ = 0, meaning the electron and anti-neutrino must couple to total spin
S=0.
Decays which do change nuclear angular momentum are so-called Gamow-Teller (GT)

decays. In this case AJ = 1, meaning the electron and anti-neutrino must couple to total
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spin S = 1. The corresponding operator is
; A
Tl =V2Ly = ——=ga Y Teown - 3.68
1M 1M \/@9 ; 1 ( )

Experimentally certain nuclei (i.e. particular states of nuclei) may decay primarily by
one operator or the other. As in Section 3.1 there are selection rules. Only first-forbidden
B decays change parity. In this study, we focus on allowed GT decays where parity is
conserved.

Higher order diagrams emerge from yEFT in the same way as in electromagnetism. Two
nucleons may simultaneously contribute to the matrix elements through a pion exchange
or a contact operator [57]. The additional operator corresponding to these terms is termed
a two-body current (2BC). The 2BC is related to the nuclear force, as the pion exchange
and 3N contact term share LECs [59, 60].

—> e _7_'('_ —>

LO, o1 Heavy meson Pion exchange
exchange c3, C4
CD

Figure 3.3: Diagrammatic representations of terms that contribute to the axial-vector
charge-changing current up to N?LO in the limit K — 0. Solid lines represent
nucleons while wavy lines represent the W boson. The left-most diagram yields
the standard (one-body) o7 transition operator, the other diagrams form the
leading 2BC.

3.2.2 The GT Beta Decay Spectrum

To leading order, the GT decay rate depends on £4 (3.68). Experiments are starting
to reach the level of precision where corrections to this approximation are necessary in
theoretical predictions.

Assuming a neutrino with zero mass, k = E, the phase space can be easily integrated
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over the neutrino momentum. The rate is proportional to this phase space factor, i.e.

3k 43k _

oc/wwé(EF—EI—E—E)

B / K2 dkdQy E2dBdQ; -
(2m)*  (2m)?

[ kBAEdQdQ;

-/

(Emar — E—E)

(Emax - E)2 9 (369)

where E = \/k2 +m2, dE = £dk and Ey., = Er — E.

The full expression for the differential distribution of electrons is

dl'¢; 4 .
g = 52 Bnae — B KECen F(Z, B) (1124
E 4 Am
_— m
%3 (1 + 5?) (1 +ag b+ bpfe> : (3.70)

The Fermi function F(Z, E) takes into account Coulomb distortion [61] of the electron’s
wavefunction and Cl, contains non-nuclear corrections (e.g. finite size effects). Here
E = %, with & and E the momentum and energy of the emitted electron and 7 is the unit
vector for the direction of the momentum of the emitted anti-neutrino. The V-A structure
of the weak interaction in the Standard Model implies that for a Gamow-Teller transition
the angular correlation coefficient ag, has the value of —% while the “Fierz interference”
term bp is expected to be 0. The deviations from this expectation are denoted 55 and 65
defined by ag, = —% (1 + (553) and bg = 55 respectively.

The presence of a beyond the Standard Model interaction could induce a non-zero value
in the §s. However this must be differentiated from Standard Model effects e.g. the finite
momentum transfer, higher-order transition operators and nuclear structure. The Standard
Model corrections (515 , 57 and 55 are related to ratios of the leading 5‘14 operator with

additional multipole operators (Ci* and Tlv’M, see [2, 62] for more details).

3.2.3 Double-Beta Decay

When the energy of the adjacent (Z + 1) nucleus is too high (such that single beta decay is
kinematically forbidden) it may still be possible to double-beta decay, if the nucleus of the
Z =+ 2 isobar has low enough energy.

This process has been observed [63] with a very low rate. Since two neutrinos are
produced, this is known as 2v3f3. Like single 8 decay, it has two modes, Fermi and Gamow-
Teller which are products of the same single-beta-decay operators. A difference is that the
matrix element must also include a sum over intermediate virtual states of the nucleus and
a corresponding energy dependent weighting.

Given the unknown nature of neutrinos, the mass of the neutrino has yet to be incorpo-

rated into the Standard Model, it may be possible that the neutrino is its own anti-particle.
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Figure 3.4: Feynman diagrams for (a) two-neutrino double-beta decay (2v3/) and
(b) neutrino-less double-beta decay (0v3[3).

If neutrinos are “Majorana” it would be possible to observe a different process, Ov3g, if
the two neutrinos annihilate. The kinematics of the electrons would be used to differentiate
this mode. The ratio between the total energy of the emitted electrons in 2v53 and the
available nuclear transition energy is a continuum between 0 and 1, peaked at i, while in
Ovf3B the peak would be at 1 [64].

Neutrino-less double-beta decay is a hypothetical process. If discovered it would provide
evidence of lepton number violation and determine the Majorana character of neutrinos. It
is expected to be extremely rare. The rate of this decay depends on the neutrino mass and
hence can be used to determine the mass; however, the nuclear matrix element is required

to compute it. The halflife formula is

2
it = o (220 3.1)
MmMe
where G% is a phase-space factor (an integral over the possible outgoing electron momenta),
me the electron mass and (mgg) is the effective neutrino mass [65]. The quantity of interest
that will be computed here is the nuclear matrix element My, .

In principle, the matrix element can be computed through multipole decomposition of
the weak current and chiral effective theory. However its derivation is beyond the scope
of this thesis. The leading order operator consists of four contributions (the Gamow-Teller

[GT], Fermi [F], Tensor [T] and contact [C]), and so the total operator is
MY = Mg + My + MY + Mg . (3.72)

Fach component has different spin dependence and can be derived by connecting a neutrino

potential to yEFT [66]. The existence of the contact is a relatively recent theoretical
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discovery [67]. For now we will neglect it, its inclusion is a very active area of research [68].

The operator takes the following form:
M, :H:J:yx7_1+7—2+ s (3'73)
where the spin dependence of the operator is contained within

1 ifx=F,
Yy =\ 01 02 lfl‘:GT, (374)
BLY,(7)S1p iz =T,
where 812 = 3(51 . ’f‘)(o_"g . f’) — 6:1 '0_"2.

H, depends on the relative coordinate r = &; and is input through harmonic oscillator

radial matrix elements of a neutrino potential, i.e.

2R/ q- fo(qr)ha(q?) (3.75)

q+E

with the approximate nuclear radius R = A%ro (ro = 1.2 fm). The f, are Bessel functions,
i.e.
jo ifx=FGT,
Jz= (3.76)
jQ ife=T s
and the h, are form factors to correct for the finite size of the nucleons. For example, hp

depends on the vector form factor gy and a “finite-size cutoff” parameter Ay :

he(e?) = —— . (3.77)
(1+4)

The hgr and hy are more complicated (depending on ga, A, my, my,, and py, ) and are

not shown for brevity. They are tabulated in [69], following the derivations of [65] and [70].

H, contains the radius R which could also be computed with ab initio techniques but in

our application of this operator (benchmarks with other models) that would introduce more

model dependence. This form of the operator makes use of the “closure” approximation

to remove the sum over virtual nuclear states. The appropriate closure energy Egl will be

different for different nuclei as we are averaging over the states of the particular intermediate
isotope [71].

It is important to note that by definition the 0v 35 operator must depend on two-nucleon

coordinates. Therefore it is implemented using a coupled isospin basis. It must be a rank-2
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Chapter 4
Similarity Renormalization Group

In a basis expansion technique, the elements of the Hamiltonian matrix which inhibit con-
vergence the most are those that connect high and low energy i.e. the off-diagonal elements.
The method of Similarity Renormalization Group (SRG) applies a unitary transformation
which is designed to suppress these elements. Effectively it reduces the resolution of the
interaction, so that short-distance (high-energy) features are removed but low-energy ob-
servables are unchanged [72].

A nuclear interaction with a strong short-distance component is often referred to as
“hard”, hence applying SRG creates a “soft” interaction. The original Hamiltonian is
referred to as “bare” and after SRG the “evolved” Hamiltonian should have the same
expectation values (energies) but they will converge more rapidly with respect to the model-
space size (the parameter Ny, in NCSM calculations).

In this section technique of SRG evolution is summarized. The implementation of general
SRG-evolved operators of three-nucleons in the NCSM contributed to the results presented
in Section 5.2.2.

4.1 Softening Potentials with Flow Equations

The nuclear Hamiltonian itself is not observable thus one can apply an arbitrary unitary
transformation without changing observable quantities. The Hamiltonian is taken to be a

function of a continuous parameter s, i.e.
H(s)=U(s)HU(s) , (4.1)

where U is a unitary transformation parameterized by s (U(s)UT(s) = UT(s)U(s) = 1). The

parameter s sets the amount of renormalization. s = 0 is the original “bare” Hamiltonian:

H(s=0)=H, U(s=0)=1. (4.2)
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The evolution of the Hamiltonian is carried out by choosing a generator 7(s) and integrating

the flow equation:
dH (s)

ds

from s = 0 up to a finite value of s.

= [n(s), H(s)] , (4.3)

The choice of generator depends on the application, in this work we choose a commutator
with the kinetic energy: n(s) = m&/[T, H(s)] [73]. The parameter s must have units that
are the inverse [-4] of those of the generator [+4] (in natural units). Typically the results
are presented with respect to A = s~/4, as A then has units of momentum (fm~'). A = oo
corresponds to the bare Hamiltonian. A typical stopping point for s is A = 2fm~! (=~ 400
MeV), this corresponds to roughly twice the Fermi energy of the nucleons in the nucleus
and is an arbitrary but reasonable separation between high- and low-energy.

It is also possible to find a flow equation for U(s) as well, i.e.

dU
ds n(s)U(s) , (4.4)
but in practice this is not necessary. Historically calculations only evolved H. We may

calculate U(s) from eigenvectors of H(0) and H(s) (|¢(0)) and |¢(s)) respectively), i.e.
U(s) = Z [i(s)) (i (0)] - (4.5)

An important point is that the Hamiltonian is defined in a two- (or three-) nucleon
space. It is upgraded to the form in (1.3) by summing over all pairs (triplets) in the A-
body system. We perform SRG on the two- (three) body space and so the eigenvectors
mentioned in (4.5) will be two- (three-) nucleon states. After upgrading the A-body space
and solving the A-body Hamiltonian we will have A-nucleon eigenstates so there exists an
A-body version of U(s) but it is impractical to compute.

Another note is that there is an ambiguity in the relative phase of the two eigen-
states |¢(s)) and |1(0)) that cannot be determined uniquely by the diagonalization of H(s)
and H(0) respectively. Since we expect that SRG will only affect short-range terms and
not produce a drastic change to the wavefunction, the relative phase is chosen such that
Wi(0) 44i(s)) = 0,

The choice of generator determines how the structure of the Hamiltonian is modified.
Since the kinetic energy is tri-diagonal in the harmonic oscillator basis, using it in the gen-
erator forces the Hamiltonian to evolve towards being (tri-)diagonal. This is schematically

shown in Figure 4.1.
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Figure 4.1: A schematic representation of the effect of SRG evolution on the Hamilto-
nian matrix. The matrix elements are arranged according to the total number
of harmonic oscillator excitations N (corresponding to N = 2n+ ¢ in the text).
At successively smaller stopping points, Ag > A1 > A9, the matrix elements
near the diagonal become larger compared to those further from the diagonal.
Adapted from [72]

4.2 SRG Evolution of Operators

When the transformed Hamiltonian is used in a many-body calculation the resulting eigen-
functions will be different but the eigenvalues should be the same (due to unitarity). Other
observables have corresponding operators that should also be evolved and the result should

be the same between the evolved and unevolved wavefunction [74], i.e.

(Y| Ofy) = (¥(s)| O(s) |¢(s)) (4.6)
There is an analogous flow equation to (4.3) for operators:

dO(s)
ds

= [n(s),0(s)] , (4.7)

but if we extract the transformation U(s) we can calculate O(s) directly in the 2- (3-)

nucleon space, i.e.
O(s) =U(s)OU(s) . (4.8)
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4.2.1 Induced Many-Body Terms

SRG transformations induce higher-body terms in operators (including the Hamiltonian)
and these need to be included in order to maintain unitarity [75]. These terms will be missing
if the evolution is carried out in a few-body space i.e. evolution in two-body coordinates
will be missing three-body terms. A two-body potential in the Hamiltonian will produce
a three-body term if evolved in three-body coordinates. This occurs as spectator nucleons
will be linked through the repeated product with the generator.

One way to see this is to write the operator in terms of creation and annihilation

operators (al,a respectively) [75]. Schematically (suppressing indices and sums):
(0) = <O(1)> ala+ <O(2)> a'a'aa + <O(3)> a'a'a’aaa (4.9)

The product of two one-body pieces (i.e. a'a with aTa) will result in a two-body piece
afataa (after normal ordering).
Another way to see this is to differentiate O = O19 + O13 + Oa3 + O123 explicitly with

respect to s and compare to the flow equation calculated in each subspace [76], i.e.

dO dO dO dO dO
_dYz A3 | dUas | dOrs

ds ds ds ds ds
=[[T,H],0] (4.10)
=[[Th2, Vi2] + [Th3, Vi3] + [T23, O23] + [T, V23] , O] , (4.11)

where O12 is a two-body operator operating on particles 1 and 2 and Oq93 is an irreducible
3-body piece. The s-dependence of H, V and O operators is implied here. Each two-body
part results from the sub-equation:
dOij
ds

=[[T3, Viz], O4] (4.12)

where, even though we have three particles, the dependence on the third coordinate 7T} com-
3 22 2 2
mutes (1 = Tyj+Ty, where T = 377 5lie = 5Lt 20, g = pi—pj, k = § [pr — 5 (i + p))])-

2mpy ~ 2m

If we cancel the ij terms on both sides then

dO123
ds

= [[T12, Vi2] , (O13 + Oa3 + On23)] + {123 — 132}

+ {123 — 231} + [[T, Via3] , O123] - (4.13)

Even if Hio3 = V23 = 0 and Oj93(s = 0) = 0, a non-zero Oj23 will be induced through the

evolution as % will be non-zero.
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4.2.2 Calculations of SRG-evolved Operators

The induced terms need to be separated out in order to be used. The irreducible 2- and
3-body components must be embedded into the many-body separately as they have different
scaling factors with the total nucleon number (due to combinatorics, see Section 2.9). The
evolution is carried out separately in each space and then the two-body total is subtracted
from the three-body after embedding.

To make the notation clear:

oW =3"(i|0|j)ala; , (4.14)
ij
0@ =3 "{ij| O|kl) alalaay , (4.15)
ijkl
DI ’ ot ot
(O] =3 (0 |k) (1) afalaay (4.16)
ijkl
0B = Z (1jk| O |lmn) aza}alanamal, (4.17)
ijklmn
3)
[0(2)] - Z (i3] O |lm) (k|n) a}a}alanamal . (4.18)
ijklmn

Two-body evolution of a two-body operator is calculated from a two-body unitary, i.e.
0% (s) = UP (5)0PUt@(s) . (4.19)

The irreducible three-body induced operator is isolated by subtracting the two-body evolved

operator from the operator evolved in three-body space:

(3) (3)

0B (s) = U (s) [o@)} Ut (s) - [U<2>(s)o<2>UT<2>(s) . (4.20)

In principle evolution should be carried out in every subspace up to A-body as schemat-
ically shown in Figure 4.2 but here we truncate at three-body. Generally a hierarchy of
importance is expected in the induced terms, i.e. higher-body terms are smaller. The size
of the missing terms can be determined by the variation of the parameter s. In addition,
U®) will depend on three-body interactions in the Hamiltonian if they are included.

In the two- and three-body level the Hamiltonian is a block-diagonal operator in terms
of the quantum numbers J, m and T for total angular momentum, parity and isospin
respectively. The Hamiltonian and therefore the unitarity transformation U can be com-
puted independently for each J7T channel. Some operators connect blocks with different

spin and/or isospin. The operator must then be evolved by multiplying the corresponding
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Figure 4.2: The process of preparing an operator for an A-particle calculation. A
diagrammatic summary of Section 4.2.2. Adapted from [72]

4umm

blocks on either side, i.e.

<J’“’T’ U7 ™ (50Ut (5) | J7T) (4.21)

O(s)|J™T) = <J’“/T’

The additional expense of calculating the SRG evolution is not prohibitive as it is
carried out in the two-, or three-nucleon space in which the potential is formulated. While
computationally expensive at the few-body level, the benefit is seen at the much more
expensive many-body level. In addition, since 3N forces are included in the calculation
anyway, the cost of including 3N induced terms is not insurmountable.

SRG is performed with the Jacobi basis which may use a basis with much higher Ny,q,
compared to the SD basis in the two- and three- body spaces. In this basis the numerical
calculations of evolution are more precise. In the two-body space we can include up to
Niaz = 300 but in the three- we use Ny € {30 — 50} with lower Np,q, for higher J
blocks.

In summary, the workflow of an NCSM calculation for a two-body operator with SRG

is as follows:
1. Choose an NN + 3N Hamiltonian (H® + H®),
2. Solve (4.3) for a®.
3. Extract U. 5(2) and apply to O,
4. Solve (4.3) for [H® + H®)]®).
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5. Extract U§3) and apply to [0(2)](3).

6. Subtract O from [0®]Pto obtain OF.

s

7. Embed [H(Q) (+H(3))L into A-body and solve for A-body eigenstates.

8. Calculate < Oz >=< Og) >4+ < O§3) >,

In our terminology, using only H 5(2) is the NN result, [H (2)} 23)

[H® + H®) s the NN4+3N full.

is the NN+3N induced, and
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Chapter 5

NCSM Results

5.1 Beta Decay

Beta decay is the dominant decay mode of many nuclei in the nuclear chart (blue and
pink in Fig. 1.2), hence it is an important testing ground for comparing nuclear models to
experiment. The discrepancies between calculations and observations motivate ever more
sophisticated theoretical techniques.

One such discrepancy is the historical difference between theoretical predictions and
experimental observations. This is known as the quenching problem. A decay within a
nucleus is observed to be less likely than expected based on free neutron decay. For Gamow-
Teller decays, phenomenological models can easily match the decay rate if the parameter
ga (in (3.68)) in calculations is modified (“quenched”) by a factor of about 0.75.

In Section 5.1.1, we address quenching by using more accurate operators in ab initio
methods. Part of the quenching can be explained by inclusion of higher-order operators e.g.
two-body currents (2BCs) where the presence of pions in the nucleus modifies the nuclear
transition operator. In addition, the accuracy of the operator’s expectation values requires
that the operator be SRG-evolved consistently with the input Hamiltonian.

Future discrepancies may arise as experiments improve their precision beyond that of
theoretical predictions. In order to keep up, calculations must begin including corrections
to the leading order 5 decay operator.

In Section 5.1.2, we address the search for beyond the Standard Model (BSM) physics
in measurements of S-decay spectra. In particular, we calculate the nuclear structure cor-
rections that must be anticipated in order to identify BSM effects in measurements of the

%He — SLi decay.

5.1.1 SRG and 2BC in GT Decay

In our paper [1], we computed [S-decay rates for nuclei across the nuclear chart. We chose

strong GT transitions for which quenching should dominate, rather than nuclei like 'C in
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Figure 5.1: Theory-to-experiment ratio for the Gamow-Teller matrix elements of six
strong transitions in light nuclei for the NN-N4LO+3N,,; interaction developed
in [1]. The subscripts in the legend denote the total angular momenta of the
parent and daughter states. All initial states are ground states. In the case
*H — 3He,He — %Li and "Be — 7Li§ , the daughter nucleus is in its ground

2
state, while the "Be — 7Lil,gHe — 8Li; and '°C — 1°B; are decays to the
2
first excited state of the daughter nucleus, and the *O — ¥N; is a decay to

the second excited state of MN. Hollow symbols correspond to results obtained
with the standard Gamow-Teller o1 operator, and full symbols include 2BC.
The results are converged to within 3% with respect to the model-space size.
This uncertainty is slightly larger than the marker size and is not shown for
transparency. Figure reproduced from [1].

which fine-tuned cancellations occur.

In light nuclei, we applied the NCSM to compute nuclear wavefunctions and the 5-decay
transition matrix elements. These calculations contributed to an understanding of the effect
of two-body currents (2BCs) in the decay. Figure 5.1 shows the result of inclusion of 2BCs
compared to the leading order operator (3.68).

The two-body currents which can be derived from xEFT [57, 60] share parameters with
the 3N terms in the Hamiltonian. In fact the low-energy constant c¢p was fit using the
SH — 3He decay including 2BCs (which is precisely why that result agrees so well with
experiment) [60].

The Gamow-Teller beta decay operator is a good example of SRG in action. Figure 5.2

shows the effect of two-nucleon SRG on the GT operator in two different transitions. The
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leading order GT operator (3.68) is denoted as “o7”. As the interactions used in calculating
the wavefunctions were evolved, it is necessary to consistently evolve the operators. Not
evolving the operator consistently results in the dotted lines which have a large spread with
respect to the evolution parameter of the input Hamiltonian. This spread is significantly
reduced when the operator is evolved (the dashed line).

The inclusion of the higher order operator improves agreement with experiment, result-
ing in the solid lines of Figure 5.2. The lack of spread with respect to A indicates that the
effect of three-nucleon terms will be small enough to neglect. This is because the domi-
nant term (GT) is a one-body operator and its two-body induced contribution is already
small. The three-body induced term will be smaller and the two-body current (a two-body
operator) is already relativity small, and so will also have a small induced term.

The decrease due to the 2BCs is not entirely consistent, for example in ®He the matrix
element increases, it is only when looking across the nuclear chart that this trend is seen.
The NCSM was used to verify the effects of the 2BC in light nuclei and benchmark the op-
erators for more approximate ab initio methods like coupled-cluster (CC) and in-medium
similariy renormalization group (IMSRG). The CC and IMSRG techniques were used to
calculate the matrix elements for much heavier nuclei. These more approximate methods
were used to calculate GT rates across a wide range of nuclear masses. Figure 5.3 shows
IMSRG calculations for many-medium mass nuclei as compared to experiment and phe-
nomenological shell model calculations. The overall theory vs experiment slope was greatly
improved towards 1.

The strongest GT transition is tin-100 (1°°Sn) which, while difficult to compute with ab
initio techniques due to its large size, is a good candidate for coupled-cluster calculations
because it is doubly-magic (Z = N = 50). Figure 5.4 shows the GT matrix element of
10081 computed with CC for a number of nuclear interactions. The inclusion of the 2BCs
reduces the size of the transition strength giving an equivalent result to phenomenological
models where a quenching factor was applied.

With ab initio methods the quenching factor becomes unnecessary. Two-body currents
in combination with an ab initio description of the nuclei explain the observed quenching

of the GT strength across the nuclear chart.
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Figure 5.2: Convergence of the *H — 3He (a) and ®He — °Li (b) Gamow-Teller ma-
trix elements with respect to the NCSM basis size for three values of the SRG
evolution parameter \. Dashed and full lines show results obtained with one-
body only and one- plus two-body operators respectively. The NN-N*LO+3N;,,;
interaction was used with both the interaction and transition operators consis-
tently SRG evolved. The dotted and dash-dotted lines show results obtained
with the same SRG evolved interaction using only the one-body operator with-
out any SRG evolution. The shadow bands represent the experimental values
with their uncertainties. Figure reproduced from [1].
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Figure 5.3: Comparison of experimental [77] and theoretical Gamow-Teller matrix
elements for medium-mass nuclei. Plots of the Gamow-Teller matrix ele-
ments: sd-shells (top) and pf-shells (bottom). Theoretical results were ob-
tained using phenomenological shell-model interactions [78, 79] with an un-
quenched standard Gamow-Teller o7 operator (open orange squares) and using
VS-IMSRG approach with the NN-N4LO+3N,,,; interaction and consistently
evolved Gamow-Teller operator plus 2BCs (filled green diamonds). The linear
fit show the resulting quenching factor ¢ given in the panels, and shaded bands
indicate one standard deviation from the average quenching factor. Experi-
mental uncertainties, taken from [77], are shown as vertical error bars. Figure
reproduced from [1].
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Figure 5.4: Comparison of the Gamow-Teller strength ]MGT\Q for the [-decay of
1008y calculated in [1] compared to data [80], systematics [81], and other mod-
els (extreme single-particle model (ESPM), shell-model Monte-Carlo (SMMC),
large-space shell-model (LSSM), quasiparticle random-phase approximation
(QRPA) and finite Fermi systems (FFS)) from [80]. Open symbols represent
results obtained with the standard Gamow-Teller operator (o7), filled symbols
also include two-body currents (2BCs) and partially filled symbols show values
following from the multiplications of the computed Gamow-Teller strength by
the square of a phenomenological quenching factor. Each of our °°Sn calcula-
tions carries a conservatively estimated uncertainty of about 10% (not shown
to avoid overcrowding the figure). Figure reproduced from [1].

5.1.2 Precision Beta Decay

In the previous section, ab initio techniques were used to improve agreement between ex-
perimental observations and theoretical predictions from the Standard Model (SM). These
calculations are approaching the precision needed to differentiate between the SM and new
beyond the Standard Model (BSM) physics.

[-decay observables are sensitive to interference between currents of SM particles and
hypothetical BSM particles. Such couplings are proportional to (%)2 where v = 174 GeV
is the SM vacuum expectation value and A is the new physics energy scale. A coupling
on the order of 107% would suggest new physics at a scale beyond the reach of current
particle accelerators. Such small deviations from the SM demand high-precision theoretical

calculations of -decay observables with quantified uncertainties.
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Figure 5.5: Dependence of nuclear matrix elements on the NCSM model-space pa-
rameters and nuclear Hamiltonians. The light to dark bands correspond to
Nmax = 8,10,12 for the NNLOg,; (blue) interaction and Npa.x = 10,12,14
for the NNLOyp (green) interaction. The width of the bands show the vari-
ation with HO frequency A2 = 16,20,24 MeV. The solid (dashed) line shows
the result with the NNLOg,¢ interaction at Npax = 12, A2 = 20 MeV com-
puted with translationally-invariant (standard) one-body densities. Figure re-
produced from [2].

In our paper [2], as a feasibility study, we computed ([-decay observables of the pure
Gamow-Teller transition ®He(0%) — ®Li(1%). These are very light nuclei for which NCSM
calculations are very tractable, in addition there are several ongoing experimental campaigns
to make very precise measurements with per-mil accuracy.

We used technology developed in [82] to evaluate ¢ dependent current operators in the
NCSM. We calculated the wavefunctions of He and °Li with the NCSM with two different
nucleon-nucleon forces (NNLO,,; [83] and NNLOg,[84]). We computed the transition matrix
elements for several multipole operators. For this transition the contribution of 2BCs is
small enough that they can be neglected (within the error budget of other quantities).

Figure 5.5 shows the transition matrix elements for the axial Coulomb and axial longi-
tudinal nuclear operators (C{* and £{' respectively (see Section B.3)) and the vector trans-

”

verse magnetic nuclear operator 7'1V’M (referred to as “My"” in the figure). We estimated
uncertainty bands for each nuclear force by varying the NCSM parameters: €2 and Ny qq.
In addition, we compared the results of computing the transition matrix element in the
standard way (2.94) and using translationally invariant densities (2.95). Figure 5.6 shows
similar uncertainty bands for the components of the nuclear operators (in terms of the
“basic” multipole operators given in Section B.4).

It is clear that there is greater dependence on the choice of nuclear interaction than on

the NCSM parameters. We also found that the transition matrix elements are sensitive to
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Figure 5.6: Dependence of nuclear matrix elements on the NCSM model space pa-
rameters and nuclear Hamiltonians. Light, medium, and heavy filled bands cor-
respond to Npax = 8,10, 12 for the NNLOg,; interaction including 3NF (blue
bands), and Npax = 10,12,14 for the NNLOgp; interaction with only 2NF
(green bands). The width of the bands show the variation with HO frequency
hQ = 16, 20,24 MeV. The solid (dashed) line shows the result with the NNLOgyt,
interaction at Npax = 12, A2 = 20 MeV computed with translationally-
invariant (standard) one-body densities. Figure reproduced from [2].

contamination by the center of mass. The gradient operator induces spurious center of mass
effects. The most sophisticated description of this transition is the Ny, = 12, A2 = 20
MeV, NNLOyg,; calculation with translationally invariant densities.

The total energy dependent corrections to the 8 spectrum are pictured in Figure 5.7.

The total spectrum corresponds to the partially integrated rate (3.70) i.e. dgEfi. Overall

we find that the Standard Model corrections do differ from zero and must be accounted for
in experiments to differentiate from BSM effects. The corrections correspond to 1% of the
spectrum and a 2% correction to the angular correlation.

Our prediction for the Fierz term is g-independent at leading order and has the value

bp = —1.52(18) x 1073 . The term bp 7% should therefore make a non-zero appearance in
the spectrum and imitates BSM physics at the TeV scale. Our theoretical prediction carries
a cumulative uncertainty of less than 15% i.e. the Fierz term has a predicted value on the

order of 10~3 with an uncertainty of 1074, so experiments at 10~* precision must certainly
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take into account these calculations.
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Figure 5.7: (a) Calculated energy dependence of the spectrum of ®He f-decay, in
arbitrary units. Dashed line is the pure GT spectrum, while the filled bands
include nuclear-structure dependent corrections. (b) The residual nuclear struc-

ture correction 6%+6 ~ compared to the pure GT spectrum. (c) Energy depen-
dence of the angular correlation ag,. Dashed line corresponds to the SM value,
aglzf = —1/3. (d) Relative size of the 547" correction. The width of the
dark filled bands shows the variation with the employed nuclear Hamiltonian
and NCSM model space parameters for HO frequency hf) = 16,20,24 MeV,
Nmax = 8,10,12 (10,12, 14) using the NNLOg,at (NNLOgpt) interaction, using
translationally-invariant one-body densities. The width of the light filled band
shows the total estimated theory error. Figure reproduced from [2].

5.2 Neutrino-less Double Beta Decay

Neutrino-less double-5 decay is a hypothetical process in which a nucleus undergoes two
simultaneous 3 decays but emits no neutrinos, as discussed in Section 3.2.3. The observation
of this decay would provide evidence of a lepton-number violating process and identify the

neutrino as a Majorana particle, thus providing insights towards the origin of the matter-
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antimatter symmetry in the universe and the neutrino mass. Current experiments have
established a lower limit on the lifetime of about 10%° years [85-87] and sensitivity will be
improved by several orders of magnitude further in the coming years.

Essential for planning and interpreting these experiments are the nuclear matrix el-
ements (NMEs) that relate the decay lifetime to the neutrino mass scale (3.71). These
matrix elements are not known and cannot be measured. Theoretical computations based
on different models and techniques lead to factors of 3 to 5 in predicting these numbers.
Further complication is the recent discovery that within YEFT, the standard decay oper-
ator must be supplemented by a contact operator of uncertain strength [67]. Efforts are
underway to compute this contact from QCD and better understand its impact.

The candidate nuclei for experimentally measuring Oy decay e.g. **Ca [88, 89] are
heavy and cannot be computed with the NCSM using current computing resources. There-
fore numerical methods with additional levels of approximation are needed. Calculations of
fictitious decays of lighter nuclei are still of value, as they can be compared to the NCSM
as a benchmark. In realistic scenarios these decays would not be detectable as they would

be swamped by single beta decays or would be energetically forbidden.

5.2.1 Coupled-Cluster Benchmarks

Our recent paper [3] presents calculations of the %8Ca — 48Ti decay via OvBS. This was
calculated with the coupled-cluster method (CC). NCSM calculations were used to gauge
the quality of coupled-cluster in several light nuclei by calculation of fictitious decays. Using
several interactions, we calculated the NME for OvS8 using the closure energy of 5 MeV
(defined in Section 3.2.3).

In Figure 5.8, the NCSM NMEs are compared to the CC NMEs. The coupled-cluster
method approximates a nuclear state with an expansion over particle-hole excitations of
nucleons with respect to a particular reference state. Each calculation requires a choice of
reference state. The CC results are shown as two pairs. Each pair corresponds to a different
reference state. The first (second) point with each pair show CCSD (CCSDT-1) approx-
imations, corresponding to the inclusion of singles+doubles [90] (singles+doubles+triples
[91, 92]) excitations. The error bar on the NCSM results corresponds to the extrapolation
to infinite model space. These results demonstrate that if the coupled-cluster calculations
choose the correct reference state and go to triples excitations, their calculations are com-
parable to NCSM.

The coupled-cluster method has much better scaling with A than the NCSM. This
allows it to calculate the 038 matrix element for **Ca which is a promising experimental
candidate [88, 89]. A comparison of the %Ca — “*Ti NME with various phenomenological
methods (and the ab initio method IMSRG+GCM [94]) is shown in 5.9. While the ground
state of *Ca is spherical, that of *®Ti is deformed. The error band corresponds to the

choice of deformed vs spherical CC reference state. Based on the benchmarks against the
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Figure 5.8: Comparison of the Ov5S nuclear matrix element in several light nuclei
computed with the coupled cluster method and the no-core shell model. The
first two columns correspond to different choices for the coupled-cluster refer-
ence state, and results for the CCSD and CCSDT-1 approximations are shown
in each. The error bars indicate the uncertainties coming from variations with
the model-space size. Each case utilizes the 1.8/2.0(EM) interaction [93] ex-
cept for 220 — 22Ne which disregards the three-nucleon forces to more rapidly

converge the NCSM results. Figure reproduced from [3].
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NCSM, we would expect the CC prediction using a deformed reference state to be the most

accurate.
3.0 4 —
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Figure 5.9: Comparison of the NME for the 0vf33 decay of “8Ca, calculated within
various approaches. The coupled-cluster results use both the CCSD and
CCSDT-1 approximations with both the spherical and deformed reference
states. For IMSRG+GCM [94], the double bars show the effects of uncer-
tainty in model-space size; otherwise they show those of uncertainty in short-
range correlation functions. The other results are the realistic shell model
[95], the quasiparticle random phase approximation [96], the interacting boson
model [97], various energy-density functionals [98, 99] and phenomenological
shell models [66, 71, 100, 101]. Figure reproduced from [3].

5.2.2 VS-IMSRG Benchmarks

The same calculations with a different nuclear force was carried out for a similar suite of
light nuclei and the operators were consistently SRG-evolved. This was compared with the
technique of VS-IMSRG ( “valence space in-medium SRG”), which has an additional unitary
transformation on top of regular SRG [10]. VS-IMSRG, like coupled-cluster, is also capable
of calculating the **Ca decay.

SRG calculations were carried out at both the two- and three-body level. As Ov3g is
a two-body operator, it was expected that the three-body induced term would be bigger
(compared to that of single beta decay). However our finding is that the three-body induced
effect is quite small. The spread with A is not always improved relative to two-body evolution
and the overall contribution is very small. Some examples are shown in Figure 5.10 and
Figure 5.11.

Figure 5.10 demonstrates the matrix element for light mirror nuclei where the isospin
changes by AT = 0. This is a hypothetical mode because single-3 decays are possible and

in the case of "He — %Be the change in charge is enough that the new nucleus would be
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Figure 5.10: Nuclear matrix elements of the neutrino-less double-beta decay transi-
tions with AT = 0. From left to right, columns correspond to the transi-
tions: ®He(0]) — %Be(07), °Be(0]) — 1°C(0]) and “C(0]) — MO(07).
The numerical calculations use the parameters 2§2 = 20 MeV and N,,q = 8
(émaz = 12) in the NCSM (IMSRG). The NCSM calculation at A = 14 uses an
additional approximation known as “importance truncation” [102] to obtain
a result at Nz = 8.

unbound due to Coulomb repulsion (see Figure 1.1). Figure 5.11 shows the more realistic
case of AT = 2 which corresponds to the situation in experimental candidates. The matrix
elements here are significantly smaller.

Overall, the spread in A becomes smaller as the 2N-induced and 3N-induced contribu-
tions are included, indicating the 4N induced term is less important. A few exceptions are
observed i.e. the M2%. term for NCSM in “He and IMSRG in '*C. This benchmark indi-
cates an difference of about 3, 8, 20% for A=6, 10, 14 respectively. According to a previous
study, the A = 14 difference is especially large due to neglected triples in VS-IMSRG [94],
inclusion of these in progress [103].

These results indicate some deficiencies in the IMSRG for smaller nuclei. Generally
NCSM agrees with the couple-cluster method (with the deformed basis) which has been
found to give smaller Ov3/ matrix elements than the IMSRG [94]. Overall, ab initio calcu-
lations with different methods are relatively consistent and report smaller matrix elements

than phenomenological models possibly reproducing a quenching-like effect.
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Figure 5.11: Nuclear matrix elements of the neutrino-less double-beta decay transi-
tions with AT = 2. From left to right, columns correspond to the transitions:
8He(07) — ®Be(07), “He(0]) — °Be(0]) and *®Ca(0]) — *®Ti(0}). The
numerical calculations use the parameters h{) = 20 MeV, except h{2 = 16
MeV for A =48, and Npuzr = 8 (€mae = 12) in the NCSM (IMSRG).
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Chapter 6

Scattering and Reactions of Nuclei

Calculations of continuum phenomena like nuclear reactions, for example, radiative capture
and photo-disintegration are important for the study of astrophysics. Nuclear reactions
drive the life and death of stars but many of the reactions involved occur at energies where
counting rates are too low to be reached by experiment. A predictive theory is needed to ex-
trapolate to that domain from higher energy experiments (e.g. 2C(c, v)'®O measurements
at TRIUMF [104]) and therefore provide reliable input to astrophysical models.

The basis expansion of the NCSM is made of square-integrable states which must go
to zero at large distances. Weakly-bound states require the description of this far-distance
behaviour and so are difficult to construct, needing many more high-energy excitations.
Unbound states such as resonances and scattering states are impossible to reproduce.

The no-core shell model with continuum (NCSMC) [105] is a many-body method which
provides a unified description of bound states and continuum dynamics. To introduce this

technique, we will first discuss the general theory of scattering and reactions.

6.1 Scattering Theory

Ignoring the internal structure of the particles, a two-particle collision (between a projectile
with mass Mp and a target with mass M) can be simplified to a one variable problem as
the reaction should not depend on the overall center of mass motion. We can solve for the
wavefunction of the system as a function of only the relative position.

We expect that the initial state of scattering is a plane wave: e**? and the final state
should be a spherical wave: ?, where k = /2uFE is the wavenumber, E is the available

kinetic energy and p is the reduced mass of the system:

MpMr

— _—PT 6.1
s vy v (6.1)
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We look for solutions with the ansatz [36]

Y(r,0) = N <ek + £(0) e:) : (6.2)

where N is a normalization factor.

The differential cross section is the observable which can be measured in an experiment,
where a beam impinges on a target. It is defined as the proportionality constant D(6)
between the number of particles dN entering the infinitesimal area do and scattering into

the infinitesimal solid angle dQ2 (see Figure 6.1). i.e.

_1dN _ do

where £ is the luminosity (the number of incident particles per unit area per unit time).
The probability dP is the probability density |¢|? times the infinitesimal volume dV .
Conservation of probability equates the initial and final probabilities, for particles with

speed v, in time dt to relate the cross section to the wavefunction, i.e.

dP; =dPp
)2 AV = [yp[*dV,

2
IV vdtdo = |N|? ’TflvdterQ ,

A0l (6.4)

Hence f(6) is the scattering amplitude, the probability amplitude of elastic scattering in
the direction 6. The normalization N cancels out so in the following we will set it to 1.

We must solve the Schrodinger equation for (r,#), giving f(f) from which we can
directly extract the scattering cross sections. We can’t use Fermi’s golden rule because the
nuclear interaction is not weak, but it will apply to electromagnetic transitions as will be
shown in Section 6.3. If we already knew the wavefunction we could extract the scattering
amplitude via an integral [106], i.e.

:27r

£0) = 1 [ v e, (65)
but we will instead calculate it directly as a solution to the Schrodinger equation.

6.1.1 Partial Wave Analysis

Due to conservation of angular momentum (and parity) different channels scatter indepen-
dently. Correspondingly the Schrodinger equation with a spherically symmetric potential
admits separable solutions () = Ry(1)Ysn (0, ¢), ue(r) = rRy(r) satisfies the radial equa-

78



do

Figure 6.1: A particle incident on area do scatters into the solid angle d€2. b is
the impact parameter, the distance by which the incident particle would have
missed the scattering center, had it continued on its original trajectory. Figure
reproduced from [11].

tion:

[ d2 e+ 1)

= —mnqm+kﬂufzo. (6.6)

Each channel ¢ gives a different wu(r). The Yy, (0, ¢) are again the spherical harmonics

(2.8).
0(0+1)

In the far field (r — o00), the interaction V(r) and the centrifugal term =5~ go to zero

and the spherical wave solves

d2

In the intermediate region (assuming V' (r) goes to zero more quickly than the centrifugal
0(0+1)
7,‘2

potential) we have the equation:

& e+ 1)
dr? r2

+ kﬂ up =0, (6.8)

which admits the Bessel function solutions Ry(r) = j¢(kr),ne(kr) which can behave like
a outgoing spherical wave when combined. We therefore expect a solution to be a linear

combination:

b(r,0,0) = > (Apmje(kr) + Bemne(kr)) Yem (0, ¢) (6.9)

Im

Only m = 0 can contribute due to the cylindrical symmetry of the system, i.e.

P(r,0) = (Agje(kr) + Beny(kr)) Py(cos ) , (6.10)
l

where Py(cos ) are the Legendre polynomials (coming from Y2(6, ¢) = \/%Pg(COS 0)).

A plane wave is made from a combination of only j, (since ny is not finite at the origin),
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i.e.

etk* = %:ie(% + 1)je(kr)Py(cosB) , (6.11)

which can be expressed as a combination of an incoming spherical wave I, and an outgoing

spherical wave O, via:

ehs =3 (20 + 1)%% (L(kr) — Ou(kr)) Py(cosh) , (6.12)
¢
where
Ij(kr) =kr (ng(kr) — ije(kr)) , (6.13)
Oy(kr) =kr (ne(kr) +ije(kr)) . (6.14)

The wavefunction is often expressed in the form:

i, 0) =3 (20 + 1)%% (L(kr) — S,04(kr) Po(cos 6) (6.15)
V4

where Sy is the “S-matrix element” (not yet a true matrix but will be generalized into one

in Section 6.1.3). The I,, O, asymptotically go to i‘e™**" i~fe™*" respectively. Therefore

we can match to our expected asymptotic solution:

FO) L —(r,6) -
_Z (20+1 %ki (L(kr) — S,04(kr)) Py(cos 0)
_ zg:%(% + 1)%% (L(kr) — Oy(kr)) Py(cos 6)
:;if(2£+ 1)%% (1L — 1] + (1 — S)Oy) Py(cosb) |
FO) =320+ 1)1]{ (1 - Sg) Py(cosb) . (6.16)

L

This can be again redefined in terms of the “partial-wave amplitudes”:

ag = 7; (Sp—1) . (6.17)

With the incoming plane wave explicit, our wavefunction solution looks like:

ikr

_ ikz 2 €
W(r,0) =e —i—%:f ag—

Py(cosb) (6.18)
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and we can identify:
£(0) =Y PagPy(cost) . (6.19)
¢

The problem of finding f(6) has now been transferred to the problem of finding ay,
which is generally done by finding the solutions to the interior wavefunction (where the
potential V(r) dominates) using a different method and then using matching conditions
at some r = a. This is the principle behind the R-matrix method described later in this
section and in Section 6.2.2.

The scattering amplitude and S-matrix can be reparametrized using the phase shift g,

ie.
ap :i (e%ae — 1) = leiég sin §y (6.20)
2ik k ’ '
S, =20t (6.21)

The phase shift is the only effect of the central potential on a spherical wave, i.e. due
to conservation of probability the incoming and outgoing spherical wavefunctions can only
differ by a phase, the factor 2% [36].

6.1.2 Coulomb Scattering

In nuclear scattering the incident particles have electric charge. This means the interaction
includes the Coulomb potential: Vo(r) = £, Since this V(r) potential does not drop off
more quickly than the centrifugal term, we can no longer use the Bessel functions.

In this case we have the equation:

2 U(0+1) 2k

13 = R u=0 (6.22)

where n = FLL2 = 4L j5 the Sommerfeld parameter. The incoming and outgoing waves now
depend on n i.e. Iy(n, kr) and Og(n, kr) respectively, where Iy = Gy+iFy and Oy = Gy —iF.
Fy(n, kr) and Gy(n, kr) are the Coulomb functions [107, 108], which reduce to krjs(kr),
krng(kr) at n = 0.

The Coulomb wave solution analogous to the plane-wave (6.12) is:

(Ie(n, kr) — Og(n, kr)) Py(cosB) . (6.23)

Yo(r,0) =Y i'(20+ 1)%%

‘
The asymptotic scattering states have the following form:

ei[k:r—n In 2kr]

Yo(r, 0) =e k=l 4 go (), (6:24)
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where fo = 52 Y, 2 Py(cos 6) [e2i04(77) — 1] and o4(n) = arg (¢ + 1 +in). fc has the more

compact expression [109]

1

:2k — 0€2i(aofnlnsing) ) (625)
S1in” 5
2

fe
The presence of an additional short-range potential in addition to the Coulomb potential
adds a second term to the asymptotic wavefunction, i.e.

ei[kzr—n In 2kr]

U(r,0) =po(r,0) + f(0)———— . (6.26)

r

The coefficient f(#) is now a “Coulomb-distorted amplitude”[107, 109] which has an S-

matrix element with an additional Coulomb phase oy, i.e.

1

F0) =52 > %%t (Sy — 1) Py(cos ) . (6.27)
l

Analogous to (6.15) the asymptotic wavefunction is:

v 1

5 767" (Le(n, k) — SeOe(n, kr)) Pe(cos 0) (6.28)

W(r,0) => (20 +1)

14

The total elastic differential cross section will be the combination:

8 et iR (6.29)

The matching condition used to find the wavefunction is the inverse logarithmic deriva-
tive (at 7 = a). This defines R-matrix element
1 uémt)(ka) 1 u(mt)(ka)

Ry =——% = - : (6.30)
a uélnt)/(ka) a uée:{:t)/(ka)

(

where uémt) denotes the radial part of the interior wavefunction, numerically integrated,

and uéewt) is the radial component of the exterior wavefunction (6.28), i.e.

uéemt) = % [Ip — SiOy] . (6.31)

The matching conditions allows us to solve for Sy:

Iy — aRyl;

= Oy~ aR O]

(6.32)

In practice the resolution of all radial equations is not computationally feasible and we

must truncate at some ¢. Thankfully, phase shifts are strongly suppressed by the centrifugal
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term when w;%l) > k% [110]. Experimentally high ¢ states will also be suppressed by
screening of the Coulomb potential [106].

6.1.3 Multi-channel Scattering and Reactions

The nuclear reaction may change the composition of the colliding particles, i.e. the final
internal states of the projectile and target may be different than their initial internal states.
When the incoming particles are composite particles they may have many internal states.
The different combinations of internal states as well as different mass partitions (i.e. a
different number of nucleons in each nucleus) can be collected under the term “channels”.
Each channel |v) can be thought of as two internal wavefunctions ¢ coupled together [109],

i.e.

(J7M)
} , (6.33)

v = |[o4 0 %] o vi0n)

where 7, is the relative coordinate between the center of mass of the two clusters. The
system with a total A nucleons is split between two clusters with A; and Ay nucleons

respectively (where of course A; + As = A) and so the coordinate 7, is defined by

1 Aq 1 A
Fy = (7"1/)97‘,,5 ¢7’u) = Ail ZT_‘; — A72 ' Z 'F} . (634)
=1 ]:A1+1

The total angular momentum J, projection M and parity m must be conserved and so
there will be a different set of v and corresponding equations for each J™M. The J™M
labels will be suppressed in much of the following. The stationary scattering wavefunction

with entrance channel v; will look like:
By = 3 Ay Yelre) (6.35)
Vi - TV ’

where A is the anti-symmetrization operator (with respect to exchanges of nucleons between

the clusters [111]). The radial part u,,, must have the asymptotic form:

?

uVVi(rV) - 2\/@*
v

and solves the Schrodinger equation:

[51/1/1‘-[1/(771/7 kl/rl/) - SI/VZ‘OV(T/V? kVTV)] ) (636)

2 (0 +1)

32 2 2wVt kﬁ] Uy (1) = 241 Y / Ar' Wy (7 Yy, (') =0 . (6.37)

W, is a non-local potential that occurs due to the necessary anti-symmetrization W,,, =
(wo(r, — r)VAS(ry — ') |V) — |V |V) d(r — ') [109]. The wavenumber is k, =
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2u, (E — E,) where E,, is the threshold for the channel v. The relative velocity is v, =

ky,/p, and the normalization v, 3 keeps the S-matrix unitary.

The S-matrix becomes S,,, which will have dimensions corresponding to the number
of initial channels and the number of available channels. This leads to the definition of
the diagonal phase shifts d,: S,, = €2 and the eigen-phase shifts d, where €20z are the
eigenvalues of S. The S-matrix must be block-diagonal with respect to the total angular
momentum J and parity 7. The off-diagonal S-matrix elements where v and v; have different
mass partitions would correspond to nuclear reactions. Off-diagonal matrix elements with
the same mass partitions but different internal states would be deemed inelastic scattering.

Colliding systems in the entrance channel v (now denoting just the mass partition and
internal states labeled by total spin S1, S2) can have different initial orientations M; and
Ms. When those projections are selected, we have an asymptotic form analogous to (6.26),
i.e.

i(k,ir—n,, In 2k 1)

w”M1M2(T’ 9) 1!}0(?“ 9)¢V]\)41 VMz + Z r f://’]\l\/?{j\]\?/( )¢( M/¢(’M2
/M/M/

(6.38)

This wavefunction can also be constructed by summing over coupled channels (6.33), i.e

Viar

wVM1M2 (7"7 9) = k,

> Le't (S1My 8o My|SM) (LOSM|TM) yyear(r,6) , (6.39)
Jmr SL

with M = My + Ms. The projection of L must be zero due to the cylindrical symmetry
about the beam.
Scattering and reaction rates will depend on the partial amplitudes f V,]\A/?,AA/% which fur-

ther depend on the multi-channel S-matrix (6.36), i.e

v Vv 4 T _ilop+op,
Tty (0) :Tﬂ DD Leortor) (S1My Sy Mo SM)

Jr SL S'L'
x (LOSM|JM) (S} M| SyMb|S' M) (S'M'L'M — M’|JM)
X (Oubs50LL — Swsriwsr) Yo (v—mry(6) - (6.40)

A cross section is proportional to the square of the scattering amplitudes and we average
over initial orientations and sum over final orientations. For elastic scattering, the initial

and final channels are the same and we have a pure Coulomb term:

doy_s, 1 v 2
S e >3 [Fe @t + FAREO)] (6.41)
3182 M Mo M/M/
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For inelastic scattering, or a reaction, we have

d v—v/
T3S | (6.42)
S 52 My M M{ M,

6.1.4 Cluster States from NCSM

The internal quantum numbers of the clusters can be included through the NCSM. A two-
cluster state with total angular momentum J, parity m and isospin T can be described
by:

TT) 6(r —ry)

Ty

@) 7) = [(]A1A18”1T1> | A2 22532 15)) ") Yo (6r,, 6r,) (6.43)
The intrinsic (internally anti-symmetric) wavefunctions of the clusters are |A; A1 S7'T1) and
|AaX2S52T5). They are individually eigenstates (i.e. NCSM solutions denoted by A) of the
Aj1- and As-nucleon Hamiltonians respectively. The brackets denote implicitly the angular
momentum coupling of S1.52 to s and sf to J and the isospin coupling 7775 to 1. The
intrinsic cluster quantum numbers and the quantum numbers denoting different partial
waves are grouped together into the single index v = { A1\ ST T1; Ao X2 552 Th; st}

In the technique known as the resonating-group method (RGM), or “NCSM/RGM”
[112], these states are used as a basis to construct an A-nucleon wavefunction for a given

entrance channel v, i.e.
RZARS! Z / drr2%w ), 27T (6.44)

The ’y,;];;T(r) are the variational amplitudes of the relative motion between the clusters.
The operator A, is the inter-cluster anti-symmetrizer. It depends on the v because it will
depend on the mass partitioning.

In this basis the A-nucleon Schrodinger equation can be mapped to a one-dimensional

coupled-channel equation for the amplitudes:

s

> [ B ) - BT ) ) g, (649

where H and N are the integration kernels of the Hamiltonian and norm respectively. They

are simply the matrix elements connecting the basis states, i.e.

HV’V(Tla T) = <(I)1/7"/| A, HA, |(I>zxr> s (6.46)
NZ/’V(rlv ’f’) = <(I)1/7°/| AI//AI/ |(I)ur> . (6.47)
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In practice, the kernels are calculated by discretizing the cluster states as an expansion

over harmonic oscillator states, i.e.

Niyel

Z Rné ’(I)Vn 5 (648)

where

Bun) = | (AN ITTY) [ Ao XI5 1)) ) Yy (6, b1,

(J7T)
} Rnf(ru) ) (6'49)

and the number of harmonic oscillator excitations N, used is comparable to the parameter
Niag of the internal NCSM states [111].
The Hamiltonian can be factorized into intrinsic parts Hy, Hy acting on the A, As

clusters separately plus part which depends only on the relative coordinate, i.e.
H =H,q(r)+ Hy + Ho , (6.50)

where

Ho (1) =T1el(r) + Vo (r) + Viee (6.51)

2 .
% is the average

Trel(r) is the relative kinetic energy between the clusters, Vo(r) =
Coulomb potential (Z3,, and Zy, are the charge numbers of the clusters of channel v). Vi,
is the short-range part of inter-cluster potential, i.e. the nuclear interaction summing the
over the nucleon pairs ij with ¢ in 1 and j in 2 and triplets ijk with ij in 1 and & in 2 (and
iin 1 and jk in 2). The long-range Coulomb term is subtracted i.e. Vioe = VNNi+3N — Ve.

Despite the similarity, the v,,, amplitudes do not represent a wavefunction. However,

we can define the function y,,, (r) which is [113], i.e

X””ﬁ Z / dr’r’2N2 )LW(T/) . (6.52)

,r./
It solves a Schrodinger equation analogous to (6.37):

1 1d/,d L(l+1) Xow,; (1)
R — V. AVViLT)
20y { r2dr (r dr) + r2 + C(T)} r

/
+3° / Ar'r2 W, (r, o) 22 :j/(r) —(E-E,) X””;(T) , (6.53)

where p, is the reduced mass in channel v and E, = E), + E), is the threshold at which
channels containing |A1) |A2) become open.

When scattering is possible (at energies £ > E,), the asymptotic form of x (in the
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region where W = 0) should be the same as (6.36) i.e.

X&c;ft)( ) = [6vw: Le(Mws k1) + Spu, O (n, k)] (6.54)

2,/
When E < E,, the radial Schrodinger equation has the asymptotic solutions which are the
Whittaker functions Wy(n,, kr), i.e

X}(/ea:t) (7”) :CVWE(T/W k”l”) ) (655)

with C, the asymptotic normalization constant. A discrete set of these solutions exist giving
bound states of the A-nucleon system. Note the lack of second index v;, as it applies only
to the scattering states.

The solutions are found by an R-matrix method, analogous to that mentioned in Sec-
tion 6.1.2. The internal wavefunction is discretized by expansion over a convenient basis,
in particular a Lagrange mesh [114]. Then the matching conditions are implemented with

the introduction of a Bloch operator £, into the Schrodinger equation:

1 { L d <r2d>+E(€;1)+Vc(r)—(E—E,,)}’m

2u, | r2dr dr r
(int) (.1 (int) (ext)
Xy, (') Xowy () Xowi (7)
dr'r 2 Wy (r, 7 ) =t 4 L, 20— =, 2 6.56
+ Z / r'r (r, ") 7 + . . . (6.56)
where, with matching radius a,
1 d B,
£V _QMV (5(7“ — a) (d’r — 7“> s (657)

and B, is an arbitrary parameter, tuned depending whether a scattering or bound solution
is sought. See [115] for details.

6.2 The No-Core Shell Model with Continuum

6.2.1 A Unified Basis

A generalized cluster expansion can be used to describe both bound states and scattering
states of an A-nucleon system on an equal footing.
We write a new ansatz which is a superposition of discrete energy eigenstates of the

A-nucleon system and continuous cluster states of A1-, As-nucleon states, i.e.

wD) =) el AN +Z/drr2%” ) Ay @0 (6.58)
A
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The combined wavefunction contains the NCSM eigenstates of the full A-nucleon system
in the first term. The second term is the RGM wavefunction described in Section 6.1.4.
Multiple NCSM calculations are needed to construct this basis and often fewer than the
number of all possible NCSM eigenstates are included, but generally only the subset cor-

responding to the energy region of interest are needed. Finding the unknown coefficients

ci;T and amplitudes w‘leT(T‘) then allows us to construct realistic wavefunctions which can

be used to predict observable properties of the nuclear system.

6.2.2 Solving the NCSMC
Schematically, the Schrodinger equation in the NCSMC looks like

)= ) (659

Making the conversion v — x via (6.52) (known as orthogonalization) this becomes:

G )=00) "

As the NCSM states are already eigenstates the upper left of the left-hand side is Eyy =

X

FE)\d) while the upper left of the right hand side is §yy/. The diagonal norm kernel with
S(r—r")

rr!

the orthogonalized cluster states is A,/ (r,7") = d,,/

The Hamiltonian kernel in the orthogonal basis is

1

1 1
Ho (r,r') = Z//dydy’gﬁyaj\/w2 (r,y) H e (v, y’)NH,E,(y',r’) ) (6.61)
p

The remaining off-diagonal blocks are the coupling-kernels:

1

D) =3 [ dr'n (AN Alom) N 21 (6.62)
known as the cluster form factor, and
_ 1
h (1) :Z / dr'r”? (AN HA ¢y ) N, 2 (7)) (6.63)

the coupling form factor.

Just as in the RGM we can use an R-matrix method. The addition of the A-nucleon
NCSM states adds additional terms to the discretized RGM equations and upgrades the
Bloch operator £ to a matrix of zeros with the RGM L in the lower right [111]. We are left
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with a diagonalization problem:

(6.64)

I Ql
N——
I
&
/N
= Ql
N———

(H+£)<

withH:N_§<§ h)zwé,(
hoH

6.2.3 Transition Matrix Elements

= ol
N———
|
=
+
D=
N
= O
N——
=
I
N
Q O
[DNSY
N——

The transition matrix elements of operators connecting NCSMC states will be a sum of
the internal transitions (operators acting on each cluster) and the operator acting on the

relative motion. Similarly to (6.50), operators can be separated into parts:
0 =0" + 0@ 4 0t (r,) (6.65)

which act on the projectile, target and relative motion respectively.

For electromagnetic operators of rank K, the component of the operator acting on
the relative motion Ogel) will depend on the effective charge ¢7,. This is because the
coordinates of the protons in the clusters differs a little from the center of mass of the
clusters. In the first cluster rpcz, = _TAQT,, and the second rpcz, = %ru [116]. For

example:

AV (%)K + Zay (—%)K if o = E(exact for K = 1),

I (Zlu (%) + Zoy (j—;)) ifo=ME=1). (6.66)

g _
QK —

The electric and magnetic multipole operators are then

o M}?(l) + M}]g@) + ¢EerkKYk(Q,,) if o = E(exact for K = 1),
M = MO M©) . M 3 . B (6.67)
K +MK +ql,KMN ELTU lfO'—M(K—l) .

After we solve the NCSMC for the coefficients ¢y and +,,, we then assemble the transition
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matrix elements by inserting the expansions on each side, i.e.

JemeT ﬂ'z ) .
< Ty J >:Zc,\fc>\i (ANp Iy Ty | Ok | | AN T3 T)
X g
+Zc drr? (AN s J e s Ts| |Og Ay | | pimiTe Youi (1)
5, [ A (AN Ty 10w A [T 22
Afv
+ZC)\ /drﬂ% l/f <¢Jf7Ffo“_AV/OKHA)\ JimiTy)
v/

J TI'Z 1> Yoy, (T/)

7,/

)VIV() Jrm T
§ d2 d//2 f < fff
1/1/’/ / 7

(' )

The first term is simply the NCSM matrix elements of the full operator. For the other
terms we insert the operator components. Evaluations of O®) will require insertions of
completeness over the internal states >, [A4;);) (4;);|, resulting in a combination of the
internal matrix elements and the coupling kernels. The last term is expressed in terms of

the norm kernels.

6.3 Radiative Capture

Radiative capture is a type of fusion nuclear reaction in which two nucleons collide and form
a larger bound nucleus and the extra energy is released through a photon. “Radiative” since
radiation is emitted and “capture” because the projectile is captured by the target nucleus.
Figure 6.2 shows this process diagrammatically.

When interactions between particles are weak then again Fermi’s Golden Rule can be
applied. For example, when there are two particles in the initial state with 4-momenta
P, = (E1,p1) and Py = (B9, p2) the cross section is [11]:

43
=0 2E12E ZZ/ M H (27) gE (6.69)

The amplitude M contains the transition matrix element for the interaction that induces a
transition between the initial and final states. An addition to (3.1), is the incoming relative
velocity v:

]32P2 mlm%

v = E . (6.70)

In a radiative capture reaction T'(P,~)F, we calculate the cross section for a 2 — 2
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Figure 6.2: The Feynman diagram and kinematics for radiative capture.

process, i.e.

1 1 — AQ 2 d3q dgpF
p— . . ].
? v4EpETZi Zf ZA ‘MFI (27)32w (27)32E (6:71)

The amplitude is very similar to (3.3), but the initial state is two clusters: the target T
and projectile P. The average over initial states is an average over the angular momenta
of both clusters (target |symr) and projectile [spmp)), i.e. >, = @ Y mpmyp- The sum
over final states |JyMy) is >, = ZMf.

Similarly to (3.12), the amplitude is

MG =(27)*6(Pp + Pr — Pr — Q) (f| &} - T(¢) |i) 8EFEpEr . (6.72)

Cancelling the 2F factors and doing the final state integral, the cross section is then

€2 d3q - fil2

: (6.73)

where
H{' = (f|&- T@ i) . (6.74)

Implicit in the definition of the multipole operators is that the A\ polarizations are
transverse to ¢, the direction of the photon. However the projection of the spherical tensor
operator should be defined in the same coordinates as the quantum states it acts on. In a
reaction, we define the angular momentum projection of the nuclear states with respect to
the relative velocity (i.e. the direction of the beam). This requires us to rotate the operators
(or states) using the Wigner D-matrices (Section A.3).

In principle, if the initial bound state in v decay were polarized with respect to some

axis, the differential decay rate would require a rotation of the operator to change basis
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from the axes set by measurement of the photon to the axes set by the polarization [54].
The set of coordinates defined relative to Z along the beam is the “0-frame”, the set
of coordinates defined relative to Z along the photon is the “g-frame”. In our case, the
direction of the photon is described by the polar coordinates (6,4, ¢4) in the 0-frame. The
corresponding rotation & — § is R(¢g, 0g, —¢g) [117]. The state |i) in the ¢-frame is [i), =
R(¢q,0q, —¢q) |i),, related by a rotation operator to the state |i) in the 0-frame. The matrix
element is expanded over multipole operators via (3.39) in the ¢-frame. In order to use states
in the v-frame we apply the rotation operators. Using (A.19) and (A.29) the result contains

the D-matrices, i.e.

(Fly €5 - T(@)i)g = {F1, R(q, 60, ~09)E5 - T (O)R(6,6,=0) |i),
= (f1, RN (g, 0q. —bq) D (=1)'V2m] [TE () + AT\ ()] R(0,6,~9) |1},

jm
= (fly R(=¢g, —0g, ¢¢) Y (=Y V27 [TE \(0) + AT\ (@)] RT (=0, -0, 9) |i),,
im

= {(fl, D (=)V2r] [TE(q) + AT (@)] DIy (—bg, —04, b0) i), -
jm
(6.75)

In the following manipulations we use |7) = |i), and so we insert into (6.74) the operator:

& - J(a) =Y (=i V2rj [Tin(@) + ATii(a)] Do, (=g =04, 0q) - (6.76)

jm

The initial state can be expanded over a coupled basis, i.e. we combine (6.39) and
(6.43):

47

ﬁ

> Let (spmpspmy|SM) (LOSM|JM) [ LSTM) . (6.77)
Vi JLS

|lvimpmy) = ’
|v; LS J M) represent scattering states in a coupled basis (e.g. NCSMC states |w1f;fw >) where

here v; describes the mass partition and internal states.

The sum in (6.73) can be expanded

2 1
=2 22
SPST

o> Mgl Y Dl [\/ﬂj)\“(—i)jﬁ%} |spmpsTmr)

mpmr My A ojm

EyEl

< | (IMyl S DI, [\/2%}’)\”(—@')1'7}7;1/} spmpsrmr) |
O./j/m/

(6.78)

where ¢ = (0,1) corresponding to (E,M) respectively and the v; labels and 6,, ¢, are
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suppressed.
First, we substitute (6.77) (|spmpsrmr) = [vimpmr)), using the replacement: X7 =
VIn 2 AT (~iY TG, Le.

383 S 3 |af] =
i f A

> ZZ{ (JpMy| > DI X7,

mpmr My ojm

x > Le' (spmpspmr|SM) (LOSM|JM) |LS.JM) }
LSJ

{<Jfo| > Dl X
a’j'm/
x > L't (spmpsrmy|S'M) (L'0S'M'|JM') }L’S’J’M’)} :
s

(6.79)
We make use of the sum over mp, mr (A.4):
> (spmpsymp|SM) (spmpspmy|S'M) =6ssy (6.80)
mpmr M
and the Wigner-Eckart theorem (2.33):
(JpMy| X8, |LSJTM) :jf—l (JMjm|JpMy) (Jy| | XT||LSJ) . (6.81)

Defining X;?LSJ = (Jy| ‘X;’ |LSJ) and making use of (A.31) with m = m/, we have

EOPDICIEDHHIPIPH AL

My X ojm LSJIM o'j" L'J'
XJfLSJXf;fL,SJ, > (=)™ (jmg" = m|K0) (j — Aj'AIK0) Df,
K
x (LOSM|JM) (L'0SM|J'M) (JMjm|JsMyg) (J' Mj'm|J;My) .
(6.82)

We identify D (—¢, —0,¢) as the Legendre polynomial P (cos 6,). The sums over m
and M produce 6js by making use of (A.7) and (A.12) repeatedly, i.e.

Z Z (jmj’ — m|K0) (LOSM|JM) (L'0OSM|J'M) (JMjm|J s My) (J'Mj'm|J; M)
J J K J J K

= (=) g , (LOL'0|K0) . (6.83)
A L' L S

The remaining sum over projections is Y My = j? And so converting X back to T and

93



|LS.J), we have

using the shorthand T;;LSJ = (Jy| ’7;"

8%5%2 Z Z ‘Hﬁ _Jf Z Z Z Z Z LL'eor=ow) XJfLSJXJfL/SJ/

oj LSJ o'y L'J’

!/ !
Jg Jy L' L S

X (LOL 0K0) (j — Aj'AIK0)

7T2 S ’
:%JJ% o> <Z(—)A (j — A'A|K0) X’*")

ojolj! SLLTT'J \ X
V=3[ [ eiloL—opr) T3> Z
x (—i)) /' LLe g TJfLSJ Jmsr 2K

s J T K J J K
x (=)°~ Jf]]’JJ’{ . }{L/ I }(LOL’0|K0).

Jgog Iy
(6.84)
This can be simplified, similarly to (3.54), with:
ZA”U ) (= MAIKO) = (=)' (j — 17/1|K0) + (=)7T7 7 (15’ - 1|K0)
== [1+ ()7 (- 15711 K0)
—9 if (_)a+a'+j+j’ — (_)K : (6.3

= (j — 1j'1|K0)
0  otherwise .

The result is

§P§TZZZ’H§\% _1671' ZPK Z Z S Jf—&—lAA/JJ/LL/ i(op—oypr)
i A

oo’jj" SLL'JJ'
1 J J K J J K
i=J o' 5’
x (=) TJfLSJTJfL’SJ’ { iq } { ' L S }
x (LOL'0|K0) (j — 15'1|K0) , (6.86)
where Y/ ;7 has the condition (— yoto'titit = (K,
The angular momentum algebra can be collected into a coefficient:
aKg = Z Z S Jp+1 7 ]j JJ/LL/ i(op— OL/)(_i)jij/T;;LSJTg;]['//;kSJ’
oo’jj SLL'JJ’
J J K J J K
x< 7 (LOL'0|K0) (515" — 1| K0) . (6.87)
i g Jy L L S
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Inserting everything into (6.73), where v has been absorbed into the normalization of the
scattering wavefunctions, we first integrate over ¢, to get a factor of 2w and the move

dcos 8, to the left-hand side to get the differential cross section

do 2rw?dw - 12
—4 26(Ey — Ep — ‘Hf i
d cos b, i (27)32w m0(Er = Er w); Z ; A

:awfrw Z ag P (cosfy) , (6.88)
53,57,

w— pp cos by )

where f, = (1 +
MF is the mass of the final state bound nucleus. All the Pk (cosf,) with K # 0 integrate

to 0 (neglecting recoil).

is the recoil factor, with pp the projectile momentum and

The integrated cross section is then

327T ow Jf
2 % 2 aop , (6.89)

where

S Jf+1 AA/ 3/ / z(crL O'L/) oj U,j/*
a0 = Z > JJILL e TyinsiTymsy
oo'jj SLL'JJ'

J J 0 J J 0
L0OL'0|00) (515" — 1]00
{a ) Jf}{L/ L S}( )

=22 ‘TgijSJ‘ : (6.90)

cj SLJ

This leaves us with the same result as the v-decay rate (3.55) but with a sum over initial

LSJ channels rather than just J; and the additional normalization factor -

k?
In the long-wavelength limit this becomes
32n’a _Jj W jA 1 ‘ v/ 2
o= = g Ty Ma ‘I’J 5 ,>’ : 6.91
k? s%s% 7 [(27 + DNJ? Z ‘ ‘ ’ S;L; ( )

ZS’LJ’L

matching the literature up to normalization conventions [107, 108].

6.4 Pair Production

If the photon emitted in a 7-decay or radiative capture has high enough energy (w >
2m,) then an electron-positron pair may be produced. Diagrammatically this is shown in
Figure 6.3 and Figure 6.4. The rate is much lower than photon decays (except in 07 — 0F
transitions where 7 decays are forbidden [118, 119]) but recent experiments have been able to

measure the rate, in particular in radiative capture reactions [120] where additional energy
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is provided by the initial kinetic energy. The relevant nuclear operators and kinematics are
analogous to electron scattering [56, 121] but with the complication of a larger final phase

space.

Figure 6.3: The Feynman diagram for the pair production process.

W) P vi; Pr

Figure 6.4: The Feynman diagram and kinematics for radiative capture with pair
production.

6.4.1 Pair Production in Bound-Bound Decay

This process is simpler to calculate in a bound-bound transition, just as y-decay (Section 3.1)
is simpler than radiative capture (Section 6.3).

We need to calculate the decay rate of a 1 — 3 process, i.e.

3 3
Sys5— 2 d3 D+ d°p_ d’pr
6.92
2M];;SZS |M (2m)32E, (2m)32E_ (2m)32Ep (6:92)
+ —
where Py = (E4,p4+) and P = (E_,p_) are respectfully the 4-momenta of the emitted
positron and electron and Pp = (Ep, pr) is the 4-momentum of the final state nucleus. The
intermediate photon has 4-momentum @ = (w, q).

The amplitude of the diagram in Figure 6.3 is evaluated following the Feynman rules
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listed in Section 3.1. We insert the Dirac spinors 4°~ for the outgoing electron and v*+ for

the outgoing positron, then insert the propagator _875‘” for the exchanged photon between
the vertex factors iey, and ieJ, where we use short-hand for the nuclear current J, =
(f| Tu(q) 7). The amplitude is

—in

Maye =a-(P2) o) (g ) o) v (P2 (6.93)

We then insert the appropriate delta functions and normalization factors and integrate over

the intermediate 4-momentum @), i.e.

Z Z Z/ om)4 }MMS ‘ (2n)46(P; — Pp — Q)(2n)*6(Q — Py — P_)AE;Ep

7 S4S5—
5% S My [P 2m)1S(P; — Py — P — Pp)AM Ep . (6.94)
i Sys— f

After this step, the symbol Q is defined by the external momenta:

Q=Py+P_, (6.95)
Q* =2(E_E4 —p_pix+m?) , (6.96)
¢ =p> +pi +2p pra. (6.97)

To simplify the expressions we define x = cos .. = Py - p— and m = Mme.
The lepton tensor is computed by via the lepton currents, summing over the final spins,

ie.

by = Z (as_ (P-)uvs, (PJr)) (175+(P+)'yl,u5_ (P,))

S5

=Tr [yu (P—+m) v (Py —m)]
=4 [P_, Py + P_yPiy —n (P- - Py +m?)] . (6.98)

Folding this with the nuclear current, we get

ZZZWM-\ NS evge g, (6.99)
i 7

i 545_

where the lepton tensor and nuclear current contractions result in

FTR T =Py ) (P T°) + (P T°) (P ) = (T - T°) (Py - P-4 m?)
_& _(ﬁ+-§)(ﬁ-§)>

|p| (E+E_+ﬁ+'ﬁ_—m2)+‘._7T‘2 <E+E_+m2 2
q

(6.100)
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where p is the charge density and JT is the transverse current:
Jr=> (é“; : f) &, (6.101)
A==1
or equivalently
JT=(a-J)a+(5-9)e. (6.102)
7 —Q? 0, jT) via

(

The result (6.100) is not obvious and comes about through several steps.
e It can be shown that we may make the replacement J = (p,J) — &
similar arguments to Siegert’s theorem i.e. longitudinal components may be related

to the time-like component [53]. This is shown later in the manipulations simplifying

(6.118) into (6.122).

e Defining o = _T; p, we have the intermediate result:
)= E-e(#e- ")

1 vV or¥
T T Ty =2E,E_|of?
—Eio (ﬁf : fT*) —E_¢* (ﬁ+ : fT) — Eo
(e T (- T7) + (e T7) (- )
2\ /= oo
—(1oP = |77*) (BE -, - - —m?) (6.103)
e The terms which mix ¢ and JT must vanish as p does not change the M of the initial

state but J7T does. This is because J7 consists of the operators J+. The terms which
q), we may extract

Q ‘"@i
<y

mix A =1 and A = —1 will also be zero e.g. J+J*.

e p. and p_ lie in the same plane, so since ¢ is along 2
(6.104)

the transverse components of the momenta pr = p —
— 2T _
p-J =peTe + Py ajy
(P - @) (P- '@) ‘jT‘Q

ﬁ-ﬁ- 'ﬁ— - 2
q
(6.105)

and so
7)) (5o 77) (- =

The charge density relates directly to the Coulomb operators, i.e.
= 47 2
2 2 _ C
ZZW:ﬁZ‘Cﬂ = |M|", (6.106)
i f i J>0

while the transverse current relates to the transverse electric and magnetic operators
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72
i J; J>1

ST - SOITEE +| T = | MM (6.107)
f

Putting everything together, we first do the integral over the final nucleus momentum:

A d3py d3p_ .
dl' = 2n0(M; — Fp — Fy — E_ M TET, . (6.108
( Q > @B, (rypap. oM B By )Z; T - (6109
Second, we do the angular integrals. There are four angles determining the directions of
the positron and electron momenta. The amplitude only depends on the relative separation
angle ... Therefore by measuring the direction of P, relative to p_ we can replace the
integration dcosfy — dcosfe = dz. The remaining three angles (d¢;dcosf_de¢_) then

give a constant factor (872) in the total rate, i.e.

dra\ > 1 27Td;1:]93_dpJr 4mp? dp_ s
dr = ( o2 > <E+E_> (2r)? 2n)? 2r6(M; — Ep — B — E_)Zi: Zf:e TiT .

(6.109)

Third, we insert the lepton-nuclear tensor contraction and do the integral over dp_

Vpi+m?2 gl
p— - b

-1
(1 + % (1 + %)) .We can change integration variables p,dp; = FE;dFE,, resulting

in the differential decay rate:

using the remaining 6. We get a factor of and a recoil factor f, =

dr 40 Q. o2
dedE, ZTQZLP—P—FJCR [q4 |M ‘ (E+E— +Pp4p-T — m2)
+ [ MEMP? (E+E_+m2—wzzw>} : (6.110)

This matches [122] where they make the further change of variables to the dimensionless

kinematic variable y (the “asymmetry parameter”) defined by:
E,-FE =yw. (6.111)

The integral is then presented using dy = $dE, . y can be integrated from —(1 — me ) to

w
1-— %ﬂ, equivalent to integrating E. from 0 to w — 2me..
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6.4.2 Pair Production in Radiative Capture

When pair production occurs during a radiative capture reaction, i.e. T(P,ete™)F then

we must calculate the cross section for a 2 — 3 process. The cross section is

U4EPETZZ > |

545

d*p,  dp. dPpp
(2m)32E, (2m)32E_ (27)32ER

(6.112)

Following Section 6.4.1, we have

1 1 &py dPp dPpr
vA4EpEy (2m)32E (2m)32E_ (27)32ER

4 -
X i 2T
i f

_let dpy d’p- 218(Ep + Er — Ep — B4 — ZZWJ (6.113)
0 Qt (2m)32E, (2m)32E_ VP T ET T AR T S v

do = (2m)46*(Pp + Pr — Pp — P, — P_)8EpErEyp

Here again the lepton 4-momenta are Py = (Ey,py) and the final nucleus 4-momentum is

Pr = (Ep,pr). The lepton tensor (6.98) is again £, = 4 [P_HP+1, +P_,Pry — N (P_ P+ m2)]
The contraction between the lepton tensor and nuclear currents are much more compli-

cated in this case. The kinematics mix in additional nuclear operators, and rather than the

two terms in (6.110), the cross section will separate into six terms. Following the notation

of [123, 124], we have

_ 6
%ZZW”JM@* => wR;. (6.114)
i f j=1

The expansion of the contraction is done by collecting like terms, in this case we do
not make the J — (75222 jT) substitution, but rather make use of J = (p, Jz, Jy, J>)

explicitly where J, = % p. The lepton-nuclear tensor contraction is then

YT = (P J) (P T+ (P T (P 9) — (- T°) (P Pk m?)  (6115)

as in (6.100).
Let’s define A = P, and B = P_ to avoid typing so many subscripts. Q = A+ B and
we define C = A — B (such that A = 1(C+ Q), B = 5(C — Q)). This simplifies the

equation, i.e.
1 1
45111/‘_7“‘7: —_—|‘7|2 (A‘B+m2) —3 |C‘\7\2 , (6.116)

but the evaluation then expands it into something complicated. We write A = (a,d) =
(E4,py) and B = (B,l_;) =(E_,p)sow=a+pPand §=a+ b. Finally, C' = (¢,¢) =
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(S, €z, ¢y, ;) wherec =a—fand c=d — b.

Expanding, we have

1 - 1
T == (p* = J2= T3 = J2) (aﬁ —a-b+ m2> -3 [§2p2 + I 2T+ 2 JE

—sce (pJy + Jup™) —scy (pJy + Jyp*) — sz (pJ} + J.p*)

+ ¢y (JIJ; + JyJ;) + cpcy (JoJT + J.J)) + cycs (JyJ;f + JZJ;)] . (6.117)
We collect like terms (sometimes dropping the || for brevity). R; here really means >, > Iyt

Term 1: p%, J2, pJ%, J.p*

Ry =— (p* = J?) <aﬁ—c‘i-5+m2)—%(<2p2—<chJj—cZ§sz*+c§J§)
2 2
21— g bam?) -t e—e L) 2
— ) <1 q2><aﬂ a-b+m?) 2<§ czm) P2 (6.118)

Simplification requires some manipulation. We use ¢, = %, and some identities:

_182 . 042

=w , (6.119)
Q° =’ — ¢, (6.120)
Q° -
5 =af —d-b+m?. (6.121)

O
(@ (@) (@Y
ey
q 2
(2 i) o)

This is identical in form to the |./\/lc‘2 term in Section 6.4.1).
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Term 2: pJy, Jpp*, JoJ%, JoJ%

1
'UQRQZ—i
1
V) =— —=
2 ﬂ

where we’ve used:

[—scx (pdy + Jup®) + coce (Jody + T JD)]

cx<a—6—§162> ;

Ry =Re(p" (Jy —J-)) ,

Jep* + pJ; =2Re(Jyp")

Term 3: pdy, Jyp*, J.Jy, JyJ

1
UgRg = - =

2
1

V3= — —=

V2

=2Re(— (11 = ) ).

[=sey (pJy + Jyp*) + czey (Jody + Ty J7)]

cy<a—,6’—|%cz> ,

Rs =Im (p* (J+ + J-)) .

Since J, has the additional factor of i:

Jz, Jy Cross Terms

Jyp* + pJy =2Re(J,p")

The remaining terms are

(12 + 1) (A~ B +m?) =

We use

|J:Jc|2 =

1
2
|Jy| =

1
2

2

:2hn(_;(J+—%J;)pﬂ.

1
5 (Gl + 1P+ eoey (ody + 4, T3)) -

Wﬁ—@ﬁ—Lﬁ+mﬂ,

Wﬁ+hﬁ+Lﬂ+Mﬂ,

* —1 * *
h@z;@ﬁ+hL—LLﬂLﬂ,

Jy*]; =

L
2

Wﬁ—hﬁ+Lﬂ—Mﬂ,
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(6.123)

(6.124)

(6.125)

(6.126)

(6.127)

(6.128)

(6.129)

(6.130)
(6.131)
(6.132)

(6.133)



and

| Tol? + [y =T + I

Todi 4+ JyJs = —i (JpJ* — J_J%)

Then

Aol + Ty + cacy (Jod + JyJ7)

1
=5 (2 +c2) <\J+]2 + yJ_|2)
1
—5 (2 — cz) (JoJ5 + J_J7)

—icgey (JpJ* — J_J}) .

Term 4: |J¢|?, |J_|?

(6.134)
(6.135)

(6.136)

viBy = (1142 + 1) (ap — -5+ m?) - % - % (& +3) (1742 +17-1)

1 —
_ [_4 (2+c2)+aB-a- b+m2] [\J+I2 + |J7|2} :

1 o
U4E—1(C§+C§>+O[/B—C_L"b+m2,
Ry =I5+ I

vyq exactly matches the coefficient in front of ‘MEM ‘2 in Section 6.4.1, since
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(6.139)

(6.140)
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Term 6: J J* — J_Jy

veRe = — % [—icoey (JoJ2 = J-JY)]
= — czeylm (J1J2)
U6 = — cacy (6.142)
Re =Im (J1J_) . (6.143)

Differential Cross Section The six terms will be inserted in to the differential cross section
after shifting to spherical coordinates d®p = p?dpdQ) and using the § to first do the integral
over p_, then making the change of variables: pydp; = ELdE,, i.e.

4 a2 pP— p+dE+dQ+dQ_
do :;@ r ZU] R
ddo 40 frp p_
- Z viR; (6.144)

dE,dQ,dQ.  (2n)pB v QF

p— Ep
In radiative capture we have to compute on the matrix elements of the transverse elec-

tromagnetic current (i.e. with A\ = 41). Those operators are X;’,;\l = \/747\/ 27r§')\”)(—i)j7;‘fn

where o denotes electric or magnetic multipoles (o = 0,1 respectively). In pair production

-1
where appears the recoil factor f, = (1 + (g> P=tP42-Dp COS 9‘) .

we have a virtual photon and hence the polarization can also be A = 0. This is apparent
due to the presence of (f|p|i) terms in the cross section.

To evaluate both p and J terms (and their combinations) we define the operator N‘ﬁn
where pu = 0 corresponds to the charge operator p. p = +1 corresponds to the current
operator with A = £1: ./\fﬁn =>. XJ"Q (Hy in Section 6.3). We have

\/ 47
Nj === V4mj(=i) Cjpm , (6.145)
Vv 47T A N
N ==V > ON(=iYT, (6.146)
g
We will have to multiply by a more general D-matrix Dl mp where € (0,£1). If we
define the leptonic coordinate system to have an axis perpendicular to both the internal

photon and initial velocity, i.e. 2= ¢ and g =0 X § (Z = § x 2), the necessary rotation is
R(¢q,84,0) and so D,];w(—gbq, —04,0) appears. We define

NM_ZN]’;@D-ZH (=g, —04,0) . (6.147)
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R; N, N?
2 NoN¢
Re(p(J4+ — J-)*) | Re(No(N4+ — N_)*)
m(p(J4 +J-)) | Im(No(N4 + N_)*)
Ji+J2 Ny Ni +N_N*
Re(J4J*) Re(NLN¥)
Tm(J, ") (N, N¥)

Table 6.1: Notation for R; in terms of V.

In the end we will evaluate in terms of the reduced matrix elements

(Tl INFHLST) = Ny » (6.148)
analogous to ngLSJ'
The R; terms correspond to the combinations in Table 6.1 where
NulN: = ZZ f\ZDm (N 10) fIZD N |2) (6.149)

A general expression for N, N} follows from very similar steps to Section 6.3, i.e.

*

NuN; = Z Z (J My Z Dm M ]m |spmpsTmr) (5 M| Z Diﬂ’*ﬂN’ﬁm'

mpmy My jm j'm/

1 i(ocL—0opr) mk 1’ i K%
2D 2 LS TID, ()DL N s NG s
My jm LSJM j' L'J'

x (LOSM|JM) (L'0SM|J' M) (JMjm|J M) (J'Mj'm|J s My)

> > ) Luetew NZLSJNZJL’SJ’

My jm LSJM j' L'J'

)" (jmy" — m|KO0) (j — pj'k| K (k

|spmpspmy)

SPSTJf

SPSTJf
X Z :u)) Dé?m—u)
LOSM]JM) (L’OSM]J’M) (JMjm|JsMy) (J'Mj'm\Jfo)

:A2A22 Z

S
PST 55 spogy

XZ{ . }{ L }(LOL’0|K0) (03" = AIE (s = 1) S 0(0)

(6.150)

. "
S Jr— /-eJJ/LL/ 'L(O'LfUL/)NL;]LfJL/SJ/ ;;L*SJ

J Jy
(6.151)

where using (A.21), we have DI, (—¢q, —0,,0) = df5,(—0,) = d%(0,).

The full differential cross section is difficult to compute explicitly for the 5-dimensional
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phase space but this can be simplified and made into a form that may be compared to

experiment by considering only the case where the photon is perpendicular to the beam
such that the electron and positron are in the same plane i.e. ¢, = %‘ &y = C— %(j’(

¢; = 0 in this situation). In this case, v = vg = 0, in addition R3 = 0, and so we actually

only need ¢? and cg. We have

—»‘ 2
02_(0 g)

. =

q - -
((@—b) (=d—b))?

q
(b2 _a2)2
_(¥"—a)” 6.152
qQ (6.152)
and
; ﬁ
a4
q>
:C2 C
q>
. b2 _ g2)2
:a2—26-b+b2—w. (6.153)
(7] v | villy=5.0a=5.0=—3) |
T q
%(aﬁ + abx — m?) %(aﬁ + abx — m?)
4| —3(E+c)+af—abr+m? | —; <a2+b2—2ab$ (b*—a?)” )+a5—abx+m
5 % (c?: — CZ) —% <a2 + b2 — 2abx — 7(b2;a2)2>

Table 6.2: Simplified formulation of kinematic factors wv; corresponding to the
ATOMKI experimental setup.

(KM [ dfe®) [ dgy(5) ]
0,0 1 1
1,0 cosf 0
1,+1 :F% sin @ q:%
2,0 % 3 cos? 9—1) —%

2,+1 :F\/>sm20 0
2,£2 \/gsm 0 +4/3

Table 6.3: Relevant values of the Wigner d-matrix factor [35].

We then can convert the kinematics into a form (Table 6.2) that depends only on the

relative angle through @ - b = |@||b| cos fee = abax as in Section 6.4.1. Shown in Table 6.3 are
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the simplified expressions that result for d{; —n)o(eq) (which appears in (6.151)).

6.4.3 Hypothetical Intermediate Particles

There have been claims that there are contributions to pair production in radiative cap-
ture from BSM bosons. This hypothetical particle has an unknown spin and parity but
the presence of a signal could be enhanced by a resonance in the nuclear system, if the
corresponding operator has complementary J™. There have been a number of attempts to
understand the observations of experimental anomalies from a particle physics perspective
[125-127].

Here we approximate the transition operators in the low-energy limit. In practice the
calculation is then to insert a new operator OX) into the transition strength of the radiative
capture (6.91). The label o would then be dropped and we look at the leading multipole
7 = 1. These operators may be sensitive to the momentum transfer carried by the new

2

particle i.e. kx = 4/w?* — mg( The total available energy w is determined by the difference

between the initial kinetic energy and final state bound state energy.

For a vector particle, we set the operator proportional to the E1 [128], i.e.
W) pkx
OV =ey M{"— . (6.154)
w

For a pseudo-scalar, the operator is X" [129] which reduces to S in the long-wavelength

limit, i.e.
OW) =epSkx . (6.155)

For an axial vector we also get an operator proportional to S [130], i.e.

m2
O =, 54/2 + Tg . (6.156)

In principle, the couplings ex would be fitted to match experiments.
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Chapter 7

NCSMC Results

Radiative capture reactions are an important pathway by which heavier nuclei can be cre-
ated in astrophysical environments. For example, d(p,~v)*He occurs as a primary step in
stellar burning. Using the NCSMC technique we may address radiative capture simulta-
neously with the nuclear structure of the composite system, elastic scattering, inelastic
scattering and reactions involving the same total mass number.

In the A = 6 system, we computed *He(d,~)%Li. This reaction is an contributor to the
prediction of the primordial abundance of 5Li. Accurate determination of the rate requires
prediction within the big bang energy window (30 keV - 400 keV), which experimentally
hindered by low counting rates, current data require extrapolation to low-energy. In our fully
microscopic approach we include previously neglected M1 transitions which enhance the
capture probability below 100 keV. Overall, we reduce the uncertainty of the thermonuclear
capture rate by a factor of 7

In the A = 8 system, we addressed reactions involving p + "Li <> ®Be <+ n + "Be. Re-
cent improvements of the NCSMC have made possible the investigation of reactions such as
"Li(p, v)®Be, "Be(n, v)®Be or "Be(n, p) Li. These reactions are important channels by which
"Li is created or destroyed. They are the main contributors to the prediction of cosmolog-
ical lithium abundance of which current estimates differ significantly from measurements
[131]. A related reaction which is also accessible with NCSMC is “Li(p,eTe™)®Be. A recent
experiment at ATOMKI reported an anomaly in the electron-positron spectrum from this
reaction [120]. The decay of the two 17 excited states of the ®Be to the 07 ground state pro-
duces the emitted particles. These excited states are just above the "Li + p threshold. The
spectrum of the particles from the second 17 state suggests their production is delayed by
an intermediate particle that is not the photon. One possible interpretation of this anomaly
is a new boson with mass of 17 MeV [132], which could be a mediator between the visible
and dark sectors [127]. Our full ab initio calculation of this reaction has some discrepancy

with the data, but is improved compared to previous theoretical calculations (e.g. [122]).
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7.1 “He(d,~)°Li Radiative Capture

There are currently significant discrepancies between theory and experiment in the case of
the primordial abundance of °Li, which is under-predicted by three orders of magnitude
[133]. This could be due to systematic discrepancies in extracting the abundances from
astronomical observations of metal-poor stars [134, 135]. Another possibility is an inaccurate
prediction of the relevant reaction rates as nuclear reaction rates are the main input to
models which predict the primordial abundances of elements. Constraining the uncertainties

on these reaction rates is an important goal.

7.1.1 The °Li Composite System and “He(d,d)*He Elastic Scattering

The NCSMC wavefunction needed for the system is given in terms of °Li NCSM eigenstates
|6Li)\J“T> and continuous “He-d cluster states ’Q);,T:T> built from “He () and ?H (d) NCSM
states, i.e.
- ) Yo (1) -
(o™ = EA: ex [SLINTT) +) / drr? 22 A, |91 (7.1)
v

where

X —— (7.2)

TTo.d

2T = [(|*Hera Iz 1) PHAGTL) 7 Vi) 2T

vr

We use the first 15 NCSM eigenstates of °Li, the single bound state of “He (experimen-
tally bound by 19.82 MeV below the *He + p threshold) and the single bound state of H
in combination with ?H “pseudo-states”. The pseudo-states are NCSM eigenstates that do
not correspond to real bound states, but their inclusion can partially account for the p + n
continuum as d is very loosely bound (experimentally the ground state is -2.22 MeV). In
total 9 NCSM states are included (3 each from channels J™ = {1%,2% 3%} corresponding
to {381 =3 Dy, 3D, 3D3 =3 G3} (S =1, L = {(0,2),(2),(2,4)}). The NCSM calculations
were up to Ny = 12 and the relative motion between the clusters expanded to N, = 11
culminating in an NCSMC calculation with N, = 11. NCSM calculations were repeated
with two choices of 3N force (3Nj. [60] and 3Ny,; [136]). The first overbinds the °Li ground
state by 250 keV (compared to experiment) and the second underbinds by 590 keV. This
difference motivated the choice of 3N;,. in the NCSMC predictions.

The ground state energy and the position of the low-lying resonances was predicted
with NCSMC (Figure 7.1) with different choices of the nuclear potential. The inclusion
of a 3N force improved the 2+ — 3T splitting, nearly exactly reproducing the 3% energy.
Despite inclusion of a 3N force, the ground state of %Li was still overbound by about 350
keV. By adjusting the ground state energy of °Li in the NCSM (i.e. the values in the Ey
NCSMC kernel) we can accurately reproduce the ground state energy. The 17 eigenstates
were shifted to reproduce the experimental °Li ground state energy. This is denoted in the

results by NN+3Nj,.-pheno. This phenomenological approach loosens the first-principles
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paradigm to compensate for insufficiencies in the nuclear force as in several previous studies
[137-139]. The exact energies and resonance positions are fitted to experiment but the
widths, structure and transition strengths are predictions.

As a further benchmark we calculate the elastic scattering cross section ‘He(d, d)*He
and compare to data. Figure 7.2. Without phenomenological adjustment the results already

agree well with experiment.

NCSMC Exp.
5 NN-only NN+3Njo. NN+3Njoc-pheno
4
1 4.17
4 30 K. 374 e T =150
T =299 =277 I =2.77
2+
i 2.84
3 2.67 267 e _
T - a I =1.30
222 .7 I =0.83 =0.83
21 I =0.63
0.99 4
1 . 3
I —0.08 02 0w 0.71
' =0.02 I' =0.02 I =0.02
0 T D R T I LT
1 L+
1.47 -1.47
-1.85 S178 e 2.5, g.5.
-2 5. &5

Figure 7.1: Low-lying spectrum of 5Li obtained with the NCSMC at N4, = 11 using
the SRG-evolved N3NLO NN potential [28] (NN-only) with A = 2 fm~!, the
NN+3ny,. [60, 140] without (NN+43Nj,.) and with the phenomenological energy
adjustment (NN+3N,.-pheno) compared to experiments [141]. The zero energy
is taken as the predicted (resp. experimental) “He 4 d threshold for NCSMC
(resp. Exp.)

7.1.2 The *He(d,~)°Li S-factor

The cross-section of the “He(d, v)®Li reaction is calculated via (6.91). We present the results

in terms of the astrophysical S-factor. The S-factor is a rescaling of the cross section to
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Mani et al. (165°)
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109 10t
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Figure 7.2: NCSMC predictions of “He(d, d)*He elastic scattering. Both NCSMC
predictions obtained without (NN+3Nj,.) and with the phenomenological
adjustment (NN+3N;,.-pheno) reproduce the experimental elastic-scattering
“He(d, d)*He cross section at the deuteron backscattered to the angle § = 164°
(142, 143).

remove the Coulomb repulsion [107], i.e.
S(E) =Ee*™q(E) , (7.3)

where 7 is the Sommerfeld parameter in this case n = @ = %

2 (2en) I

The predicted S-factor agrees well with data as seen in Figure 7.3. The prediction agrees

since v = 2uk =

well with LUNA at low energy already with only the NN potential but fails to reproduce
the resonance peaks (37 at 0.71 MeV and 2% at 2.84 MeV). The resonances are reproduced
with the NN+3N;,. but the g.s. is overbound. The NN+3N;,.-pheno achieves both.

The relative importance of the different electromagnetic multipoles (E1,M1,E2) varies
with energy. The 31 resonance is predominately E2 but the low-energy is a mix of E2 and
M1. Previous studies (e.g. [144, 145]) did not include the M1 transitions and we find they
have a significant contribution at low-energy. The internal dipole magnetic moments of
the Li and d contribute to this transition strength and therefore our microscopic model is
well-motivated. Phenomenological approaches often find sizable E1 contribution which we

refute.
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Figure 7.3: Top: Predicted S-factor for the “He(d,~)°Li compared with data taken
from Refs [146] (red circles), [147] (blue squares), [148] (green up-triangles),
[149] (black down-triangles). Calculations are obtained using the SRG-evolved
N3LO NN potential [28] (NN-only) with A = 2 fm ™2, the NN+3N,. [60] with-
out (NN+3Ny,.) and with the phenomenological energy adjustment (NN-+3N,.-
pheno). Bottom: E2, E1 and M1 components to the predicted S-factor for the
“He(d, v)°Li obtained with the NN+43N,.-pheno.
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7.1.3 The Effect of SRG on M1 Contributions

We investigated the effect of consistent SRG evolution of the electromagnetic operators
(since we use an SRG evolved potential). Because E1 and E2 operators are long-range,
their matrix elements depend mainly on the wavefunctions are large distance and hence the
SRG transformation has a negligible impact [74, 150].

The electromagnetic transition strengths in the NCSMC are decomposed into four
contributions (6.68). The dominant terms in this case are the <6Li)\’ ‘ "TlM ’ }6Li)\> and
<2H)\Zl| ‘7'1M ‘ ‘QH)\d> transitions. In fact interference between these cause the minimum
near 0.5 MeV and enhancement at low-energy. This emphasizes the fact that a microscopic
model is needed to describe this reaction.

We compare in Figure 7.4 calculations obtained where the internal NCSM contributions
to the transitions are SRG-evolved (M1) and where they are not evolved (M1 bare). The
effect is small, although visible and has a negligible effect on the total S-factor except at

the lowest energy.

107°
—— Total E2+E1+M1
107 —.—. Total E2+E1+M]1 bare
........ M1
—TL
= 10 ---- M1 bare

o LR

(U S "
10-10 "“'*:::\\ ,».f-"""ﬁ‘
10-11 RN

—12 ' I
10 TR 10V
E [MeV]

Figure 7.4: Influence of the SRG transformation on the M1 operator. The experi-
mental data follow the same legend as in Fig. 7.3.

7.1.4 Thermonuclear Reaction Rate

From the S-factor (cross section), we obtain a thermonuclear reaction rate for *He(d, v)SLi
and compared this to data (Figure 7.5). Our result falls within the bounds of the NACRE II
evaluation with reduced uncertainty by an average factor of 7. The uncertainty in our cal-

culation is estimated based on the truncation error of the model space (Np,q, convergence)
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and the choice of 3N force.
The reaction rate requires the folding of the energy-dependent cross section with the
Maxwell-Boltzmann energy distribution as a function of temperature. Expressed as the

Maxwellian-averaged rate < ov > times the Avogadro number Ny [151]:

8 oo E
N =Ny | ———= FEo(E E . A4
A <ov>=Nay/ (kT /0 o(E)exp [ kBT} d (7.4)

where kp is the Boltzmann constant, p the reduced mass and 7' the temperature. A more

typical expression uses Ty, the temperature in units of 109 K

10° 11.605E
Ny < o >=213 210 /ﬂ Eo(E [ 005 }dE, (7.5)
,uT3 Ty

where E and o(F) are in units of MeV and barn respectively, and f is the reduced mass in
atomic mass units. This results in a rate is in units of cm® mol=! s™1.
We predict an even lower reaction rate than previous predictions, therefore the discrep-

ancy of the predicted °Li abundance is larger than previously reported.

2.00
—— NACRE II
—— LUNA 2017
1.50 - —— NN+3Njpe-pheno
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Ratio with NACRE II
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Figure 7.5: Ratio of the predicted thermonuclear reaction rates (black line) for
“He(d,v)®Li with the NACRE-II evaluation (red line) [151] for different temper-
ature Ty in GK. Our results are also compared with the recent thermonuclear
reaction rate derived from the measurements of the LUNA collaboration (blue
line) [152]. The shaded areas correspond to the uncertainty of each calculation.
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7.2  'Li(p,7)*Be Radiative Capture

The study of reactions involving ‘Li, "Be and ®Be has several motivations. 'Li has a
cosmological abundance problem of smaller in magnitude to that of °Li and in the opposite
direction (the ratio of predicted/measured is about 3). "Li is stable in contrast to the
Beryllium isotopes mentioned. "Be has a 53 day half-life and therefore is most important
in its influence on the "Li abundance in BBN.

®Be is unstable and is a resonance of a + « at 91.8 keV (with a width of 6 eV). It is
a bottleneck of nucleosynthesis and is part of the “triple-alpha” process by which 2C is
produced, leading to many of the most important elements for life (e.g.1°0). The threshold
for "Li 4+ p is at 17.2551 MeV below which there are 5 ®Be states (o 4+ o resonances).
Reactions of "Li + p are enhanced through ®Be resonances above this threshold. There are
two 17 resonances with only “Li + p channels, above which is the "Be + n threshold (since
"Be is less bound than “Li due to Coulomb repulsion). The spectrum becomes extremely
complex above this point (see Fig. 7.6).

8Be has recently been brought to attention in experiments. In particular, anomalies
were observed in the electron-positron pair production distribution from proton capture on
"Li [120]. These were interpreted as the decay of a new boson. To assist in interpretation
of the anomaly, the NCSMC can be applied to calculate radiative capture and the related

pair production.

7.2.1 The ®Be Composite System

The NCSMC wavefunction needed for this system is given in terms of Be NCSM eigenstates
and cluster states composed of “Li NCSM eigenstates with a single proton and "Be NCSM

eigenstates with a single neutron, i.e.

TS = > ex [$Be,A) + Z/dmy(r)jt,, |"Li+ p,v) + Z/dwu(r),fl# |™Be + 1, 1) .
v 7

A
(7.6)
We use the lowest 5 NCSM eigenstates each from "Li and "Be. They are mirror nuclei
and so the lowest states have the same J™: {%_,%_,%_,%_,%_}. We use the 30 lowest NCSM
eigenstates of ®Be (15 positive parity and 15 negative parity), covering the energy range of

interest.

7.2.2 "Li, "Be and ®Be NCSM Results

Our NCSMC calculation requires as input NCSM eigenstates. We used the recently devel-
oped nuclear force from chiral EFT NN+-3N;,,; [136]. This Hamiltonian is fully determined in
A = 2.3 and 4 systems (nucleon-nucleon scattering and properties of the deuteron, 3H, *He
(including the *H half-life) and the *He binding energy). It is SRG-evolved to A = 2 fm ™.

This interaction has already been tested in A = 7,8 systems. The predicted excitation
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energies are shown in Figure 7.7. The convergence of the ground state is shown in Figure 7.8.
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Figure 7.7: Excitation energies from the NCSM for (a)"Li, (b) "Be and (c) ®Be using
the NN+43Ny,; interaction [136]. The lowest states most relevant for input to

the NCSMC are in the correct order. Only the lowest 5 states are shown for
7
Be.
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7.2.3 Resonances and Phase Shifts

As we do not include |a 4 «) states in our basis we cannot expect to precisely predict the
resonance positions below the “Li + p threshold. In our calculations these are considered

as bound states. However inclusion of some cluster degrees of freedom still improves the

117



A A7Be NCSM |
'10 T T T T 7, .
A v VLi NCSM
NS 0--0°Be NCSM
20k Y% -~ %8¢ NCSMC|
N 7
N -~ "Be Expt
N LN - "Li Expt
< 30 O RN - - *Be Expt |-
% 30 N V‘::‘ﬁ. a
= AN TV IIIzAC---a
g, ‘o I A
w- -40f \\ E
~
pY
50l \\\\M -
----0
o
B | | | | | |
60 0 2 4 6 8 10 12
Nmax

Figure 7.8: The convergence of the ground state energies of “Li, "Be and ®Be with
the model-space parameter Ny, using the NN+3Ny,,; interaction [136].

description of the asymptotics of the wavefunction. The resulting ®Be energies from NCSMC
with respect to the "Li + p threshold are shown in 7.1. The improved ground state is also
added to Figure 7.8 to compare to the NCSM result.

Figure 7.9 shows the eigen-phaseshifts for scattering with "Li + p and "Be + n channels.
Calculations for Ny, = 9 are shown. The eigen-phaseshifts § are calculated from the
eigenvalues €2 of the S-matrix. The S-matrix is computed as a function of the center of
mass energy, shown here up to 8 MeV. The maxima in the derivative of the eigen-phaseshifts
correspond to resonances. The eigen-phaseshift corresponding to the last 27 state, which is
bound in experiment (see Table 7.1), shows up as an extremely narrow resonance and can
be seen in the bottom-left corner of (a). The next two resonances are 1T resonances which
correspond to the spin aligned and anti-aligned interactions between the proton and the
%7 ground state of “Li. The 11 resonances appear clearly in the level-scheme Figure 7.6.
New phase shifts occur past the threshold of “Be + n which is higher than "Li 4+ p. We
reproduce the 3% pair in particular and find many resonances which have not yet been seen
in experiment. The data are complex and the TUNL evaluation includes the results of
phenomenological R-matrix fits [154].

The convergence of the eigen-phaseshift with N,,., is shown in Fig. 7.10 . The 17
do not change much. The 3T7is not as well-converged, interestingly there is a crossing at
Nz = 9. The 3T resonances are mixed between the p + “Li and n + "Be mass partitions
and the amount of mixing depends on N4, as seen in the diagonal phase-shifts (Fig 7.11).
The same figure shows that the two 11 have different interpretations, corresponding to total
channel spin 1 and 2 respectively. We can also extract the isospin character, the first is

predominantly 7" = 1 and the second T = 0.
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Figure 7.9: “Li+ p eigen-phase shifts at Ny,qr = 9, even (a) and odd (b) parity.
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Energy [MeV] Excitation Energy [MeV]

NCSM | NCSMC | Expt. | NCSM | NCSMC | Expt.

0" | -15.96 -16.13 | -17.25 | 0.00 0.00 0.00
2+ | -12.51 -12.72 | -14.23 | 3.45 3.41 3.03
4T | -3.97 -4.31 -5.91 11.99 11.82 11.35
27 | +0.76 -0.10 -0.63 | 16.72 16.03 16.63
2T | 4+1.09 +0.31 -0.33 | 17.05 16.44 16.92

Table 7.1: The bound states of ®Be are well reproduced with the NCSMC. One minor
exception is that the 3rd 2% is slightly above the "Li + p threshold.
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Figure 7.10: Dependence of the “Li 4 p eigen-phase shifts on the NCSMC basis size
characterized by Nz for the 17 (left) and 3" (right) resonances. Ej;, is the
kinetic energy of the "Li + p in the center of mass frame.
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Figure 7.11: Selected P-wave "Li + p phase shifts. The "Be + n threshold is at 1.64

MeV.
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7.2.4 p+ "Li Scattering

The differential and integrated cross sections can be calculated from the full multi-channel
S-matrix. These quantities are observables that can be compared to experiments. The cross
section is enhanced by the presence of resonances.

Figure 7.12 shows the differential cross section for "Li(p, p) "Li elastic scattering (meaning
"Li remains in the ground state and so kinetic energy is conserved). The integrated cross
section diverges due to the Coulomb repulsion but the differential cross section can be shown
at each energy. The dependence of the differential cross-section on N, and the pheno
correction is shown. Data from inverse kinematics experiments i.e. p(7Li, 7Li)p is shown.
The lab energy is 5 and 5.44 MeV per nucleon (i.e. "Li with a beam energy of 35 and 38.1
MeV) [155, 156]. To compare to our calculations dependent on the center of mass energy,
we multiply by the ratio with the reduced mass %: 4.38 and 4.76 MeV. These energies
are beyond the point at which phenomenological shifts of the resonances are applied. Our
calculations predict a huge number of resonances and their individual contributions to the
cross sections has not yet been fully analyzed.

The cross sections for inelastic scattering and transfer reactions are also obtained in our

formalism. Results will be compared to data in a future publication.

—— NCSMC: Nppr =9, 476 MeV | |\ Noar =7
109 NCSMC: N,r = 9, 4.38 MeV 10?4 === Npazr =9
{  Data: 5.43 MeV/u — Nmae = 9-pheno
= {  Data: 5.00 MeV/u — (NCSMC: 4.76 MeV)
= 2
e)
E =
S L ]
3 102 7] 3 102,
S S
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Figure 7.12: The differential cross section for “Li(p,p)Li elastic scattering. © is
the angle between the incoming proton and outgoing proton in the center
of mass frame. (a) A comparison between inverse scattering data at 5 and
5.44 MeV/u and NCSMC calculations at the corresponding center of mass
energies: £ = 4.38 and 4.76 MeV. Data from [155, 156]. (b) The convergence
of NCSMC calculations at E = 4.76 MeV with the input parameter Ny,qz.

7.2.5 The "Li(p,y)®Be Cross Section

Using (6.91) we calculate the radiative capture cross section between the initial cluster

scattering state and the first 07 and 2+ ®Be bound states, considering E1, M1 and E2
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multipolarities.

For much of the energy range the dominant term in the integrated cross-section is the F'1
transition strength, corresponding to transitions from the 1= cluster channels, in the case
of transitions to the ground state. However within the 1" resonances, the M1 transition
strength is greatly enhanced. The E2 transition strength is negligible at the order of 1%.

In Figure 7.13, we compare the NCSMC predictions of the integrated cross section to
an experiment [157]. After phenomenological adjustment the calculations match the data
extremely well. The adjustment shifts the position of the peaks but the size of the transition
strength is already fairly well predicted, indicating that the ab initio wavefunctions are
already a reasonably described. We are missing some of the mixing between the T=1 and
T=0 resonances, which could be another sign of the insufficiency of the nuclear force.

For completeness, we include the S-factor and phase shifts with the resonances shifted
to emphasize the connection between the presence of a resonance and an enhancement in

the cross section.

7.2.6 Pair Production and the X17

Attention has been brought to the ®Be system due to recent claims of signals of the discovery
of a new BSM particle. Anomalies were observed in the electron-positron pair production
from proton capture on “Li and *H by the ATOMKI collaboration and interpreted as the
decay of a new boson with the mass 17 MeV (hence “X17”) [120, 158]. The signal of this
new boson is the apparent excess that appears in the data at © ~ 140° in Figure 7.14.

The theory of Section 6.4 has been applied making use of the electromagnetic transition
matrix elements calculated with the NCSMC.

Combinations of the E1 and M1 transition strengths can be used to provide an ab initio
prediction of the pair distribution. Using the Siegert’s theorem, Coulomb matrix elements
are replaced with electric multipoles. The E2 is suppressed by additional factors of ¢ and a
numerical coefficient < ﬁ.

Unlike [122] we do not fit the E1/MI1 ratio but rather predict it. Our prediction is
supported by the calculation of radiative capture (Fig. 7.13), the E1 and M1 components
are plotted separately in Figure 7.17. In Figure 7.14 the pair production is predicted
using approximated transitions, i.e. the bound-bound theory is used as in [122] (but with
NCMSC transition strengths inserted into (6.110) with appropriate normalization factors
(such that we reproduce the radiative capture cross section through the scaled v-decay
formula)). In this method the 17 and 1~ scattering states do not interfere. In Figure 7.14,
we compare scaling the predicted curve (as the data is in relative units) to match the data
at two different angles characterizing low and high angles. When matched at low angle, the
predicted background is much higher than data at high angles. In contrast, when matched
at high angle, the predicted background at low angles is lower than the data.

Like in [123] we can include the interference from different partial waves in the scattering
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Figure 7.13: The cross-section for "Li(p,v)®Be capture. (a) The integrated cross
section of "Li(p,v)®Be calculated at Nyue = 7 (and without "Be + n degrees
of freedom). (b) The integrated cross section of “Li(p,v)®Be calculated at
Npaz = 9 with phenomenological adjustments. g is the capture cross-section
for proton capture resulting in the ground state of ®Be. ~; is the capture
cross-section resulting in the first excited state (2) of 8Be. Data points are
taken from [157]. (c) The "Li(p,y)®Be astrophysical S-factor (proportional to
the cross section in (b) via (7.3)) (d) The phenomenologically adjusted phase

shifts at Npar = 9.
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state using the full theoretical prediction (6.144). The results are shown in Figure 7.15 and
compared against the more approximate method in Figure 7.16. The additional interference
terms reduce the cross section at high angles and improve agreement with the data. The
difference is less severe when the full range of possible electron-positron energies (in terms of
y (6.111)) are included but due to experimental limitations the limited range —0.5 < y < 0.5
is better prediction of the observed background rate. This could give some support for the
X17 boson claim.

An estimate of the reaction "Li(p, X)®Be was calculated with three X17 candidates: a
pseudoscalar [129], axial vector [130] and vector [126]. The cross section is computed by
substituting a leading-order operator in the long-wavelength approximation into the formula
for radiative capture (6.91). The results are shown in Figure 7.17.

We estimate the "Li(p,ete™)®Be cross section by integration of the bound-bound for-
mula. It is essentially proportional to the y-emitting proton-capture cross section with its
magnitude scaled by a factor of ~ a/27 ~ 1073, It is understandable that no anomaly would
be observed at the first resonance which is swamped by the very high electromagnetic M1
rate. The effect from the hypothetical X17 boson would be expected at second resonance
in the case of a pseudoscalar or axial vector character. Any anomaly present between the
resonances would be consistent with a vector particle and is the preferred candidate in the
most recent ATOMKI publications [159].

The claims of new BSM physics have spurred the development of new experimental
programs to search for corroborating evidence. One example at TRIUMF is the DarkLight
experiment which will be installed in the new ARIEL e-linac beam hall. Another is the

NewJEDI program at several facilities in Europe which has begun taking data.
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Figure 7.14: The pair creation distribution calculated with NCSMC transition
strengths but using the bound-bound formula and compared to the ATOMKI
data [160]. The calculation are scaled to match data (a): at 65 degrees, (b):
at 105 degrees. The dimensionless parameter y (6.111) is integrated from -0.5
to 0.5 as in [122, 123]. The E1 (17) and M1 (1) contributions are displayed.
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Figure 7.15: The pair creation distribution calculating with the full continuum-bound
formula and compared to the ATOMKI data [160]. The calculation are scaled
to match data (a): at 65 degrees, (b): at 105 degrees. The dimensionless
parameter y (6.111) is integrated from -0.5 to 0.5 as in [122, 123].
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Figure 7.17: The integrated cross section of various X17 candidates vs the standard
radiative capture cross section. Interferences between + and X are not in-
cluded. The electron-positron integrated cross section is based on a numerical
integral of the bound-bound formula. The coupling constants are approxi-
mated based on [161], which scales the operators based on the strength of the
signal in the 2016/2019 data [160].
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Chapter 8

Conclusions

Ab initio techniques in nuclear theory allow accurate predictions of nuclear structure, decays
and reactions. The NCSM is one such technique and accurately calculates the spectrum of
bound states and B-decay rates in many light nuclei.

Demonstrated in this thesis were predictions for the rates of GT [-decay transitions.
Through collaboration with practitioners of more approximate ab initio methods, we could
compute the nuclear transition rates for nuclei over a much wider range of masses. The
inclusion of two-body currents, more sophisticated many-body calculations and consistent
SRG evolution resulted in nuclear transition matrix elements that were consistently more
agreeable with experiments than the phenomenological shell model. This provided a resolu-
tion to the historical discrepancy between theory and experiment in strong GT transitions,
removing the necessity of applying a quenching factor to the weak coupling constant g4.

In the %He — SLi transition, we demonstrated that there are nuclear structure correc-
tions to the leading-order 8-decay operator that must be taken into account in experiments
which measure the distribution of the emitted electrons. The level of precision in current
and future experiments is such that these higher-order effects will be detected and must not
be mistaken for new BSM physics.

In addition, using the NCSM, we provided benchmarks of Ov3/ nuclear transition matrix
elements for several light nuclei, as a test for the ab initio methods of coupled-cluster and
IMSRG. The NCSM generally supports coupled-cluster calculations which use deformed
reference states, while IMSRG matrix elements are often larger. The coupled-cluster and
IMSRG methods were used to predict the matrix element for the experimental candidate
48Ca. These methods also provide predictions for Ge and in the future will also calculate
136X e, providing several avenues to study neutrino physics through this decay mode.

Extensions to the NCSM, like NCSMC, provide access to an even greater range of
phenomena i.e. scattering and reactions, while simultaneously improving the description of
weakly bound states.

In this thesis, we calculated properties of the *He + d system, culminating in the predic-

tion of the cross section for the radiative capture reaction *He(d,~)%Li. We revealed that
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a fully microscopic approach is needed to achieve the important M1 contributions to the
cross section. Our calculations provided state of the art predictions for the astrophysical
S-factor in the BBN energy range and reduced the uncertainty on predictions of the ther-
monuclear reaction rate. This result indicates that the uncertainty in this reaction rate is
not the reason for the discrepancy between prediction and observation of the cosmological
Li abundance.

We also calculated properties of the “Li 4 p system, including both ®Be states and the
possibility of nucleon exchange to n + "Be. The description of ®Be states was improved
compared to existing NCSM calculations. In addition, the 11 resonances above the “Li+ p
threshold were reproduced. This culminated in the prediction of the radiative capture cross
section "Li(p, 7)®Be as well as novel extensions: Li(p,eTe”)®Be and "Li(p, X)®Be. The
standard radiative capture reaction could be calculated in a agreement with experiments.
The radiative capture with pair production was first calculated in a simplified bound-to-
bound-like formalism summing up separate electric and magnetic contributions in agreement
with other theoretical predictions. We demonstrated that a full-continuum calculation that
takes into account the interference between different multipoles improves agreement with
the observed pair-production distribution in the ATOMKI “Li(p, e*e™)®Be experiments.

The developments in this work leave much room for further study. For example, SRG
evolution should be applied to g-dependent 5-decay operators and the Ov 55 contact opera-
tor. The more accurate g-dependent multipole operators will be used in future calculations
of beta decays and electromagnetic observables. In particular nuclear structure corrections
to Fermi decays and GT transitions of heavier nuclei, for example supporting measurements
of 23Ne decay [162].

In addition, the calculations of deuteron and proton capture presented here are the
starting point towards application of the NCSMC to many more reactions. The A = 8
NCSMC calculations presented here contain the information needed to extract the rates of
the transfer reactions "Li(p,n) Be and "Be(n, p) "Li, which can be compared to experiment.
The highly-complex spectrum of ®Be will be investigated through the effects of resonances
in scattering and reactions. Finally, the new capability to calculate electron-positron pair
production and the emission of hypothetical particles will allow the investigation of similar
anomalies in the *H(p, eTe™)*He [163] and "B(p, e*e™)'2C [164] reactions. These calcula-
tions of the Standard Model background may form the basis for comparison to the claims

of the discovery of new particles.
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Appendix A

Preliminary Material

This section compiles useful definitions and identities. Further properties of CGs, 3njs and
D-matrices are tabulated in [35, 41, 165, 166].

A.1 Pauli Matrices

We use the convention:

01
0 —
oy = ( C o ) (A.2)

A.2 Angular Momentum Coupling

A.2.1 Properties of Clebsch-Gordan Coefficients

The orthogonality property:

Z (jimagamalim) (jimajamalj'm') = 855 6mm: - (A4)

mima

The completeness property:

Z (j1m1j2m2|jm) (]1m/1]2m/2|]m) = 5m1m’15m2m’2 . (A5)

jm
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The entries may be reordered by

(jimijamaljm) = (—)j2+m2 = (J2 — majm|jimy)
J1

= (—)]1 " ~ (ijl - m1|32m2)

J2

= (=) (jomggimalim) .

Some particularly useful values (from [53]):

((G = DOLA[jA) =

O
—~~
S

|‘+
—_

—_

SN—

(OLA[jA) = — \% ,
((G + 1)OIAA) = 20 .j+ 3

A.2.2 Definitions and Properties of 3nj Symbols

The 35 symbol is defined in terms of the CG coefficients:

1 J2  J3 e A - . .
( ) = (—)jl J2mms J3 ! (J1m1J2m2|Js - ma) .
mp Mz M3

Explicitly the 65 is defined by a sum over four CGs:

{ 1 2 12 }: (_)j1+j2+j3+j

o — (Jimagameljizmaz) (Jrzmazjzms|jm)
J3 7 J23 J12J23

mimse
X (jamajzms|jaszmas) (j1majagmas|jm) |
but it also appears in the appropriate sum over three CGs:
Wtististi & o~ ) J1 J2 Ji2 o .
(=) Grggag § 7T 1T T (jumajagmasjm) =
J3J J23

Z (J1majame|jizmiz) (Jizmizgsms|jm) (jamajsma|jesmes) -
m2
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The 95 symbol is defined by:

o J2 12 TR S J3  ja jm
J3  Ja Jsa :ZZZ Z < >< my m34>

313 ]24 ] mM1Mm2 M3mn4 M121M34 M131M24M mi m2 mi2 ms
o i3 J2a J i J3 Ji3 J2 Ja J2a iz Jsa 7
miz Mg M mip mg M3 ma M4 M2y miz M34 M
(A.13)
When one of the elements of a 95 is zero, we can reduce it to a 67, i.e.
1 J2 g2 i
. . A_lA— io+j13-Hi2+j 1 J2 J12
J3J4a J3a = 5j12j345j13524]121]131 (_)]12+]13+]2+j3 . . . . (A'14)
j j 0 Ja 33 J13
13 J24
A 65 can be reduced , i.e.
1 J2 3 (=) Hets L
{ 0 i }: T‘Sjgjgéjgng(]l]ﬂS), (A.15)
3 J2

which introduces the triangular delta, defined as

L if |51 — jof <3 < j1+Je
A(j1j273) = : (A.16)
0 otherwise

Sometimes angular momentum coupling is expressed in terms of the Racah symbols:

W (jrgalaly; jals) = (—)frethttz o J0 g2 03 L (A.17)
li 1y I3

A.3 Rotations and Wigner D-matrices

A rotation of the coordinate axes by the Euler angles «, 3,7 induces a unitary transfor-
mation on angular momentum eigenstates |jm). The rotation R(«, 3,7) corresponds to a
rotation about the z axis by the angle «, then about the new 3 axis by 3, and then about
the new 2" axis by ~ (all right-hand rotations). This is equivalent to the following sequence
of rotations about the original axes: first v about z, then 8 about y and then « about z.

These steps correspond to the operator:

R(O[, ﬁ, ,7) :e—i’yJZ//e*iﬂJyle—ian

—e 1)z o iB Ty g—iv (A.18)
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where J¢ is the angular momentum projection operator for the axis { (following the con-

ventions of [35]). The inverse of the rotation is:
R_l(a7 67 7) = RT(a7 Bv 7) = IR’(_’Y? _5> —Oé) : (Alg)
The Wigner D-matrix is the matrix element of the rotation operator, i.e.
(3'm’ | R(ev, B,7) jm) = 850 Dy (v, 8.7) (4.20)
where
D), (a,B,y)=e""" , (B)e "™ (A.21)
with the “small d-matrix” defined by
&, (B) = (jm'| e |jm) = DI, (0,8,0). (A.22)
It follows from (A.19) that
D‘Z;,m(()[, IB’ 7) = Dﬁn/m(_')/; _ﬂa —O£) . (A23)
The conjugate is also related by the identities

DI, B,7) = ()" F D" (o, 8,7);, (A.24)
DI, Bor) = ()™ D7 (@, B.7) - (A.25)

When both indices are set to zero, the D-matrix elements are given by ordinary Legendre
polynomials, i.e.

Dijy(a, B,7) = dy(8) = Pj(cos B) . (A.26)

The D-matrices relate quantum states in the rotated frame to a linear combination of states

in the original frame, i.e.
R, B,7) [jm) = ZDmm ,B,7) |im’y (A.27)

The wavefunction in the rotated frame 1, (r, ¢, ¢', 0’) is related to ¥jm(r,0,¢,0) in the

original frame by

Yjm (r,0', ¢, 0") ZDmm B, ) (1,6, ¢, 0) (A.28)

Here 0, ¢ and 6, ¢ are the polar coordinates in the initial and rotated frames (and o and

o’ are the initial and rotated spin variables respectively). A spherical tensor operator
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transforms as

R(a, 3,7)0jmR (@, B,7) =Y D2, (0, 8,7)Ojm - (A.29)

D-matrices (with the same angles) can be combined by the product rules:

J+i’
D! D!, = 2:(ﬁm%ﬂﬂm+nﬂﬂﬂﬂﬁu%+ynD&ﬂww%q, (A.30)
J=|j—j'|
o j+i’ -
D! D%, = 2:(ﬂm_(MJ—nﬂﬂm—nﬂHﬂﬂ—HU%—H»D&ﬂmw%W
J=|j—j'|

(A.31)

A.4 Useful Functions

Explicitly the radial harmonic oscillator wavefunctions are given by

2T'(n +1 2 3 (r?
Ry (r,b) = 3 (n+1) rexp (_7“2> Lln+2 <T2> , (A.32)
(B2) 20 (n + 1+ 3) 2 b

1
. . . . +5 .
h_ is the oscillator length, I' is the Euler gamma function and L, 2 is a
my <)

where b =
generalized Laguerre polynomial.

The first three associated Laguerre polynomials are

L?%@): , (A.33)
Llﬁ% (@) =l —x + g , (A.34)
Llﬁ(x) :é (1 + g)(z + g) —2(1+ g)x + 22 (A.35)
Further polynomials can be derived via the recursion relation [40]:
L?%@):Lf%@)—Liéu). (A.36)
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Appendix B

The Connection between QED and

Nucleon Currents

B.1 Relativistic Formalism

We use the metric:

n= . (B.1)

The 4-momentum of a particle is P = (E, p) where the energy is the first component E = PY
and the other components are the 3-momentum p. The square of the 4-momentum is the

squared mass for observable “on-shell” particles, i.e.
P?=P'P, = PP, =E* —p* =m”. (B.2)

We use the following convention for Dirac gamma matrices (where each block is a 2 x 2

matrix (1 = Iaxa, 0; are Pauli matrices)):
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We can also form the anti-symmetric tensor:

v /l: v 14
ot =5 (""" =) (B.6)

Any 4 x 4 matrix can be constructed as a linear combination of 1, v°, v#, y*~° and o*. We
sandwich them between 4-component Dirac spinors to create scalars, pseudoscalars, vectors,
axial-vectors, and anti-symmetric tensors respectively. For example, a lepton vector current

is: £# = uvytu.

B.2 Non-relativistic Expansion of Dirac Spinors

In QED, fermions are 4-component spinors. However, in non-relativistic quantum mechanics

we have a 2-component spinor y. A Dirac spinor of mass M takes the form:

u(p, o) :\/E+M< ey ) . (B.7)

E+M Xo

We use the notation @ = ufyg and with this convention ufu = 2F (u = 2M). We can take
the non-relativistic limits of matrix elements between @(p’, s’) and u(p, s) by expanding in
powers of inverse mass [57, 167) as shown in Table B.1. We neglect terms of order O(57z)

and define ¢ = p — p'.

La(p, ) () ulp,s) [ 2Mxl () xs |
1 1
75 %
° 1
- A (7))
b pQJ\Z (tﬁz)M
70'75 - fMp
s a
]\14002 0
ﬁo.ij eU]\k/[Jk
27005 i
ﬁo”]% 0

Table B.1: Equivalent matrix elements between Dirac spinors (left) and those taken
in the nonrelativistic limit (right).

B.3 Nucleon Currents

Following [53], we can model the nucleon as a Dirac spinor but the vector interaction must
include two form factors Fy(q?) and Fy(q?). For protons: Fi,(0) = F,(0) = 1, while for

neutrons: Fi,(0) = 0, F5,(0) = 1. The single-nucleon vertex for a vector interaction (e.g.
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with a photon) is

K

N =Fiy +is——Fotq, (B.8)

2mpy
where « is the anomalous magnetic moment. In principle x is non-zero for electrons as well
due to QED corrections but is very small [106].

The form factors are often rearranged into the linear combinations Gg = F; — %Fg
and Gy = F}| + «kFy. To leading order in WZ—%, Gep =1, Gen =0, Grp = gp = 1 + Ky,
Gurn = gn = Kn. In the isospin picture, the form factors have isoscalar and isovector
components F; = 3 (F° +7.F"), and so F{Y = F =1, F§ = g, + g, = 0.88, and
FY = g, — gn = 4.706.

We treat the nucleons as non-relativistic point particles with spin and a non-zero anoma-
lous magnetic moment. Using the expansion above in Section B.2, we can attach the form
factors to the multipole operators. We have a clear correspondence between e’yg/ and the

charge operator, i.e.

QmNﬂ(p'7 s"ernd ulp, s) ~eFixtxs (B.9)
14T
=€ 9 ZXLXs, (BIO)

whereas e7" gives the convection current and magnetization (as in Section 2.10):

1, : P+ i(7x3) ik
~ | F F B.11
2mNU(p ,8)ey u(p, s) ~x., | Fi Srin ey + o 120 % 7 | X (B.11)
l4+7 + p+p 1 =
=5 Xy Xs o + Xy [/N X a} Xs - (B.12)

A free nucleon is a spinor times a plane wave. The nucleons in nuclei can be decomposed
into linear combinations of these states. The vector current density j,Y (7) is evaluated by
inserting V/Y between those basis states. The spatial dependence can be organized into
multipole operators and we must attach the appropriate form factors.

For p = 0 we may write

p(q) :/d3TZCyM(QaT)
JM
Con(a,m) =Mjn(q,7)Fi(q?) . (B.13)

For u € (x,y,2), we decompose into the longitudinal and transverse multipoles (as in
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Section 3.1.1). Schematically (dropping ¢, r and JM):

Q

LV =—=2pM, (B.14)
q
viE _ 4 r Gu
TVE =1 [FlA + 2} : (B.15)
my
TvM - _; 1 [FlA - GME’} : (B.16)
my

where we use the short-hand multipole operators listed in Section B.4.

The nucleon axial-vector current is:

Vi =Favuvs — iFpauys (B.17)
where F4(0) = ga and the pseudo-scalar form factor is determined via Fp = Qmjrv Fa due to
the Goldberger-Treiman relation [54]. And so we have the operators:

A iq 1 Q "

=— — |FyQ—=-(Fs——Fp |2 B.18

¢ i [ At — 5 ( A S ) ] ; (B.18)

e
LA =i [FA + Fp] ", (B.19)
2mp

TAE —iF,5 (B.20)
TAM —F,5 (B.21)

B.4 Seven Multipole Operators

Single-particle multipole operators can be expressed as product of form factors and the

following seven operators [168, 169]:

1.
Mjnm(q,r), (B.22)
2. o
; %
Agni(g,r) = Mysn(q,7) - i (B.23)
3. ) 3
AV - \Y4
"lgr) =—i (q X MJJM((L"")) e (B.24)
4.
Som(a,r) = Mysn(q,r)- @, (B.25)

152



(Y S R
Ef]M(Q; ) = —i (q X MJJM(QJ“)) 10, (B.26)
6. B
" V —
Eoule,r) = (qMJM> o, (B.27)
7. B
.V
Qym(g,r) = Mynm(q, 7)o rE (B.28)

where M jar(q,7) = j7(qr)Y a(€2,) and MJLM(Q, r) = jL(qT)?JLM(QT) and the gradient \V/
is with respect to 7.

In some situations it is useful to form the combination:

- 1
Yy =Mymd -V + §2§M : (B-29)
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