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Summary:

Electric dipole moments (EDMs) break parity (P) and time-reversal (T") sym-
metry and thus, by the C'PT theorem, C'P-symmetry. Once measured, they
will be unambiguous signs of new physics since C'P violation from the complex
phase of the Cabibbo-Kobayashi-Maskawa matrix in the Standard Model predicts
EDMs that are experimentally inaccessible in the foreseeable future. The #-term
of Quantum Chromodynamics (QCD) and extensions of the Standard Model such
as supersymmetry and multi-Higgs scenarios comprise P- and T-violating inter-
actions which are capable of inducing significantly larger EDMs. The extensions
of the Standard Model give rise to a set of effective non-renormalizable operators
of canonical dimension six at energies Ap.q = 1 GeV when the heavy degrees
of freedom are integrated out. The effective dimension-six operators are known
as the quark EDM, the quark-chromo EDM, four-quark left-right operator, the
gluon-chromo EDM and the four-quark operator.

Starting from the QCD #-term and this set of P- and T-violating effective
dimension-six operators, we present a scheme to derive the induced effective La-
grangians at energies below Agcp ~ 200 MeV within the framework of Chiral
Perturbation Theory (ChPT) for two quark flavors in the formulation of Gasser
and Leutwyler. The differences among the sources of P and T violation manifest
themselves at energies below Aqcp in specific hierarchies of coupling constants
of P- and T-violating vertices. We compute the relevant coupling constants of
P- and T-violating hadronic vertices which are induced by the QCD 6#-term with
well-defined uncertainties as functions of the physical parameter . The relevant
coupling constants induced by the effective dimension-six operators are given as
functions of yet unknown Low Energy Constants (LECs) which can not be deter-
mined within the framework of ChPT itself. Since the required supplementary
input from e.g. Lattice QCD is not yet available, we present Naive Dimensional
Analysis (NDA) estimates of the coupling constants. These estimates prove to
be sufficient to reveal certain hierarchies of coupling constants.

The different hierarchies of coupling constants translate into different hier-
archies of the nuclear contributions to the EDMs of light nuclei. We calculate
within the framework of ChPT the two-nucleon contributions to the EDM of the
deuteron up to and including next-to-next-to leading order and the two-nucleon
contributions to the EDMs of the helion (*He nucleus) and the triton (*H nucleus)
up to and including next-to-leading order. These computations comprise thor-
ough investigations of the uncertainties of the results from the P- and T-violating
component as well as the P- and T-conserving component of the nuclear potential.
We present quantitative predictions of the nuclear contributions to the EDMs of
the deuteron, the helion and the triton induced by the QCD #-term as func-
tions of 6 with well-defined uncertainties. The EDM predictions for the effective
dimension-six sources are given as function of the yet unknown LECs with NDA
estimates.



We present several strategies to falsify the QCD #-term as a relevant source
of P and T violation by a suitable combination of measurements of several light
nuclei and, if needed, supplementary lattice QCD input. If the QCD 6-term fails
these tests, one or several of the effective dimension-six sources encoding physics
beyond the Standard Model are most likely the source(s) of P and T violation.
We demonstrate how particular effective dimension-six sources can be tested by
EDM measurements of light nuclei with eventually supplementary Lattice QCD
input.
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Chapter 1

Introduction

1.1 Motivation

The Standard Model (SM) has proven to be a highly accurate theory of ele-
mentary particles and their interactions. However, there are some observations
which are apparently irreconcilable with this otherwise successful theory. Among
them is the significant excess of matter over antimatter in the universe. WMAP
and COBE measured a baryon-antibaryon asymmetry parameter at the photon
freeze-out point of [1]:

Ap = (ng —ng)/n, = (6.079 +0.090) - 1071 (1.1)

where ng 5 denote the number densities of baryons and antibaryons, respectively,
and n, the number density of photons in the cosmic background radiation. The
SM prediction of the baryon-antibaryon asymmetry Ag ~ 107! [2] on the other
hand deviates from this measurement by approximately eight orders of magni-
tude. If one assumes that the baryon-antibaryon asymmetry was absent shortly
after the origin of the universe (after the inflationary epoch), it had to be gener-
ated dynamically. This observation implies the existence of a mechanism which
is responsible for profoundly different production rates of matter and antimat-
ter. According to A. Sakharov [3], such a mechanism generating baryons has to
simultaneously obey the following three conditions:

1. Any difference in the abundances of baryons and antibaryons implies the
existence of interactions which violate baryon number conservation.

2. If the theory is invariant under charge conjugation C, each baryon number
violating transition would be compensated for by its charge conjugated one.
Therefore, different production rates of baryons and antibaryons require the
violation of the charge conjugation symmetry. Furthermore, the theory can
not be invariant under the combination of charge conjugation and the parity
transformation P. As pointed out in [4], C'P conservation yields — after

1



2 CHAPTER 1. INTRODUCTION

integration over phase space and summation over all spin configurations
— equal transition rates of baryon-number violating transitions and their
charge conjugated transitions. C'P conservation would, therefore, also imply
a vanishing dynamically generated baryon-antibaryon asymmetry.

3. According to the C'PT theorem, all Lorentz invariant and local quantum
field theories with a hermitian Hamiltonian are invariant under a simulta-
neous application of charge conjugation, the parity transformation and the
time reversal transformation 7. Since a physical system in thermal equi-
librium is time independent, the C'PT theorem requires the theory to be
symmetric under C'P, which contradicts the previous condition. The dy-
namical generation of the baryon-antibaryon asymmetry had to take place
outside of thermal equilibrium.

Any theory describing physics beyond the Standard Model (BSM) has therefore to
comprise C'P-violating interactions which are capable of accounting for a signifi-
cantly larger baryon-antibaryon asymmetry than the Standard Model prediction.

This conclusion has triggered the development of new low-energy experimen-
tal concepts to assess physics beyond the Standard Model [5]. Electric dipole
moments (EDMs) of atoms, nucleons and nuclei are commonly regarded as some
of the most promising signals of C'P-violation and their upper bounds have gained
remarkable accuracy since the null measurement of the neutron EDM by Purcell
and Ramsey in 1957 [6]. This approach to assessing new physics constitutes a
complimentary approach to high-energy collider experiments that is also likely to
require significantly less financial means.

The EDM is defined as the displacement of positive and negative electric
charges (p: distribution of electric charges):

d= / Prp(F)7, (1.2)

which is a polar three-vector. For an elementary non-degenerate massive Spin 1/2
particle in its rest frame, the only three vector is given by the particle spin S and
the EDM has to be proportional to S which is an axial vector: d = dS This
is equally true for the magnetic dipole moment of the particle: [ = ,uS . The
Hamiltonian in the non-relativistic limit of a spin-1/2 particle in a electromagnetic
field is then given by

H=-uB-S—dE-S, (1.3)

where B is the magnetic field and E is the electric field. Whereas the magnetic
field and the particle spin have both P eigenvalue +1, the electric field has P
eigenvalue —1. The respective T' eigenvalues are of opposite sign, which demon-
strates that the EDM of an elementary particle violates parity and time-reversal
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invariance simultaneouslyf’}

H=-uB-§—dE-S§ & —uB-S+dE-S, (1.4)
H=-uB-S—dE-§ L —uB -§+dE-S (1.5)

Utilizing the CPT theorem, the simultaneous violation of P and 7' invariance
implies the simultaneous violation of C'P and CT invariance. For a composite
particle such as a nucleus, the elementary particle spin in the above equation has
to be replaced by the total angular momentum J of the composite system.

The complex phase of the Cabibbo-Kobayashi-Maskawa (CKM) matrix is the
conventional source of C'P violation within the SM, which only starts to con-
tribute to EDMs at the three-loop level and thus gives only very small EDMs [5].
The SM predictions for the EDMs induced by the complex phase of the CKM
matrix of the neutron and the electron, for instance, amount to d,, ~ 1073 e cm
and d, ~ 10738 ¢ cm, respectively [5]H The O-term of quantum chromodynamics
(QCD) [9] and extensions of the SM such as supersymmetry [10] and many-Higgs
scenarios [11] (subsequently referred to as new physics) might yield profoundly
larger values.

As emphasized in [5], there are three majoxﬂ categories of intrinsic EDM mea-
surements: the EDMs of paramagnetic atoms and molecules, the EDMs of dia-
magnetic atoms and the EDMs of hadrons and light ions. In paramagnetic atoms
or molecules where the total electron angular momentum does not vanish because
of an unpaired electron, the permanent EDM is due to the EDM of the valence
electron and to P- and T-violating electron-nucleus interactions. The permanent
EDM of a diamagnetic system with vanishing electron total angular momentum
is caused by P- and T-violating nuclear interactions [13]. If the nucleus itself has
non-vanishing angular momentum, the well-known Schiff theorem states that for
non-relativistic systems composed of point-like, charged particles in an external
electric field the shielding is complete. The violation of the Schiff theorem due
to finite sizes of nuclei and relativistic effects gives rise to EDMs of diamagnetic
atoms with non-zero nuclear spin.

Until now, there have not been any non-zero measurements of the EDMs of
paramagnetic atoms, diamagnetic atoms, the electron or the neutron. The upper
bound on the EDM of the neutron is currently at d, < 2.9-107*°e cm [14].
The upper bound on the EDM of the proton, d, < 7.9 -107* e c¢m, has been
inferred from a measurement of the diamagnetic *Hg atom [15], and the one

1Since an induced EDM is proportional to the square of the electric field E? (quadratic Stark
effect), it does not signal P and T violation.

2The nucleon EDMs from the loop-less SM mechanism of |7,)§] are estimated to be of com-
parable sizes.

3Since the current upper bound of the muon EDM ~ 107! e cm [12] does not compete with
the experimental upper bounds of the EDMs of the proton, neutron and electron (see below),
this category of EDM measurements is disregarded in this thesis.
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of the electron, |d.| < 1.05-107%"¢ cm, from a measurement of the dipolar
YDbF molecule [16,(17]. The ACME collaboration recently further reduced the
upper bound on the electron EDM by a measurement of the EDM of ThO to
|de| < 8.7-107% ¢ c¢m [18]. These upper bounds have to be put into relation
to the above SM model predictions. The EDMs of composite particles such as
hadrons are expected to be intrinsically larger than the EDMs of elementary
particles, e.g. the electron, due to their finite sizes. The current upper bound
of the neutron EDM is therefore closer to its SM prediction than the current
upper bound of the electron EDM to the SM electron EDM prediction. These
null measurements already provide valuable insights into new physics since they
impose strong constraints on parameters in BSM theories.

Another conceptual approach entails the high-precision measurements of the
electric dipole moments of the proton and other light nuclei in storage rings
[19-23]. Light nuclei are electrically charged systems that can not be stored in
traps while exposed to an electric field. The Storage Ring EDM collaboration and
the JEDI (Jilich Electric Dipole moment Investigations) collaboration propose
direct measurements of the EDMs of the proton and of light nuclei in dedicated
storage rings and aim to increase the sensitivity of EDM measurements to the
region of d, ~ 107* e cm. The underlying principle of this kind of measurement
is the following [24]: since the EDM of a particle is proportional to its spin (or
total angular momentum for a composite particle as a nucleus), any exposure to
an electric field results in a change of the spin with respect to the time ¢ by

= —dx E*, (1.6)

where E* is the electric field in the rest frame of the particle. In a storage ring
with a radial electric field in the ring plane, the EDM of an initially longitudinally
polarized particle causes a precession of the spin (or total angular momentum)
around the beam axis out of the beam plane. Such a spin precession can be
detected by using polarimeters. This class of proposed experiments is the primary
motivation of this work.

1.2 Objective

In recent years various theoretical studies have focused on the calculation of
EDMs of light nuclei [25-33]. These studies have largely been triggered by the
above mentioned plans for experiments to measure EDMs of light nuclei in dedi-
cated storage rings. These calculations revealed that different P- and T-violating
mechanisms contribute to the EDMs of different probes at different strengths.
A single successful measurement of an EDM of a nucleon would signal P and T
violation beyond the CKM mechanism of the SM, but would not suffice to isolate
the specific P- and T-violating mechanism. Therefore, non-zero measurements as
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Figure 1.1: P- and T-violating dimension-six sources at different energy scales.
A P- and T-violating vertex is depicted by a solid black box.

well as controlled calculations of the EDMs of nucleons and of light nuclei, e.g. of
the deuteron (?H nucleus), the helion (*He nucleus) and the triton (*H nucleus),
are necessary to reveal additional information on new physics.

Within the SM, the source of P and T violation which is of interest for our
analysis is the previously mentioned QCD 6#-term. The topologically non-trivial
structure of the QCD vacuum gives rise to a P- and T-violating term param-
eterized by the dimensionless constant # which has to be added to the QCD
Lagrangian. It can be rotated into a complex phase of the quark mass matrix
by an axial U(1) transformation which vanishes if one of the quarks is massless.
However, there is no evidence of a vanishing quark mass for any quark flavor [34].
The QCD 6#-term is then a P- and T-violating quark operator of canonical di-
mension four.

In order to establish the connection between the high-energy sector of BSM
physics at an energy scale Agsy and operators at the significantly lower hadronic
energy scale Aqcp ~ 200 MeV, a two-step effective field theory approach is em-
ployed. The concept of effective field theories entails the following: when passing
from high energies at a scale Apign to energies below a certain low-energy scale
Ajow, the heavy degrees of freedom with masses above A, have to be systemat-
ically integrated out from the underlying theory to obtain the set of low-energy
operators. The resulting theory with low-energy degrees of freedom at the energy
scale Ay, the effective field theory, is then essentially an expansion in powers
of 1/Apign. The heavy degrees of freedom manifest themselves as (1/Apign)™ cor-
rections (with n being a positive integer) to the leading terms composed of the
remaining light degrees of freedom.
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The first step entails the evolution of operators from extensions of the SM
at a characteristic energy scale Aggy to the energy scale Ayp.q = 1 GeV, which
has been performed in [5,/10,35-40]. Since the SM successfully describes the
physics at Ay.q, any extension of the SM has to exhibit the same gauge symmetry
and contain the degrees of freedom of the SM. After integrating out all heavy
degrees of freedom from extensions of the SM with mass of ~ Aggy and also
the heavy SM degrees of freedom (W=, Z°, Higgs), the set of effective operators
at the energy scale Ap.q is obtained. These effective operators are composed
of the light SM degrees of freedom, i.e. the up quark, the down quark, the
gluons and the photonF_r]. By compiling the list of all leading P- and T-violating
operators at the energy scale Ay.q, any bias favoring one particular extension of
the SM is avoided. This procedure gives rise to five non-renormalizable operators
of canonical dimension six (subsequently referred to as effective dimension-six
sources or operators) known as the quark-chromo EDM (¢qCEDM), the four-
quark left-right operator (4gL R-op), the quark EDM (¢EDM ), the gluon-chromo
EDM (gCEDM) and the four-quark operator (4g-op). These effective dimension-
six operators and the corresponding operators with heavy SM degrees of freedom
from which they originate are depicted in fig.[I.I} Since the ¢EDM and the
qC' ED M both have an isospin-conserving and an isospin-violating component and
since the 4g-op contains two components with different color structures, there are
actually eight independent effective dimension-six sources which, together with
the QCD 6-term, serve as the starting point of the analysis presented in this
thesis.

The second step entails the transition from operators at the energy scale
Anaa 2 1 GeV to operators at the energy scale Aqep ~ 200 GeV. The descrip-
tion of physics at and below Aqcp requires the employment of non-perturbative
techniques. The analysis presented in this thesis is based on two-flavor Chiral
Perturbation Theory (ChPT), which is the effective field theory of QCD and as
such preserves its symmetries, but is formulated in the language of hadrons. It
admits a consistent expansion of hadronic operators in the pion mass M, over
A, ~ 1 GeV. Instead of quarks and gluons, the effective degrees of freedom are
now hadrons, namely pions and nucleons.

P and T violation induced by the QCD 6-term and the effective dimension-
six sources within the Weinberg formulation of ChPT (see e.g. chapter 19 of [41]
and appendix have recently been studied in [39,42]. The first objective of
this thesis is to refine these studies within the Gasser-Leutwyler formulation of
ChPT [43,44]. The link between operators at the energy scale Ay,q and operators
at energies below Aqcp is mainly established by the transformation properties of
operators under chiral SU(2); x SU(2)g rotations. The study of the P- and T-
violating hadronic operators at the energy scale Aqcp induced by particular P-

4Since the aim of this thesis is to investigate the EDMs of light nuclei in the ground state,
strange quarks and all other heavier quarks can be neglected.
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and T-violating operators requires a detailed investigation of the representation
theory of the group of chiral transformations SU(2) x SU(2)g.

The QCD 0-term expressed as a complex phase of the quark mass matrix
is part of the same isospin multiplet as the isospin-violating component of the
quark mass matrix and can thus be treated within standard ChPT. Therefore,
the leading P- and T-violating 7NN vertices induced by the #-term arise from
terms in the effective Lagrangian whose low-energy constants (LECs) are related
to quantitatively known observables such as the quark mass induced contribution
to the neutron-proton mass difference, the 7N sigma term and the quark mass
induced component of the squared mass splitting between charged and neutral
pions. This allows for a computation of the leading P- and T-violating coupling
constants as functions of the physical parameter 6.

The effective dimension-six operators transform as elements of new and sep-
arate isospin multiplets, which requires an amendment of standard ChPT, that
is accompanied by the introduction of new unknown LECs. The P- and T-
conserving isospin multiplet partners of the effective dimension-six sources also
yield minor contributions to previously mentioned P- and T-conserving observ-
ables, such as the quark mass induced contribution to the neutron-proton mass
difference. It is therefore impossible to disentangle the different P- and T-
conserving operators and to infer the sizes of the new LECs from hadronic ob-
servables.

This implies that there is no means available within the framework of effec-
tive field theory alone to assess the sizes of the coupling constants of leading P-
and T-violating vertices which are induced by the effective dimension-six sources.
Supplementary input from other non-perturbative techniques are required in or-
der to obtain values for these coupling constants. Among these non-perturbative
techniques, Lattice QCD has the most accurate predictive capacity. Since Lattice
QCD is not expected to produce any results for the new LECs soon, one has at
least for now to resort to Naive Dimensional Analysis (NDA) to obtain order of
magnitude estimates for the coupling constants.

The computation of the EDM of a single nucleon has been the subject of vari-
ous publications [45-51]. The O-term starts to contribute at the one-loop level, at
the same order as unknown counter terms which absorb the loop divergences. The
predictive capacity of ChPT is therefore limited without any quantitative knowl-
edge of the unknown counter terms. A quantitative assessment of the counter
terms requires the employment of e.g. Lattice QCD. The currently available
Lattice QCD data produced by several groups are still for large unphysical pion
masses [52,53]. An interpolation of the available Lattice QCD predictions for
the EDMs of single nucleons to physical pion masses in order to quantify the
counter terms (as done in [51]) yields still too large uncertaintiesﬂ As pointed

®More recent Lattice QCD predictions for the single-nucleon EDMs indicate that the uncer-
tainties of the Lattice QCD input which underlies [51] is significantly understated. A revision
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out in [25], the study of EDMs of light nuclei might evade this problem since
the O-term induces tree-level nuclear contributions to the EDMs of a light nuclei
at leading order. This implies a potentially significant enhancement of nuclear
contributions compared to the single-nucleon contributions.

Therefore, the second objective of this thesis is to compute the EDMs of the
deuteron, the helion and the triton on the basis of the previously obtained sets
of P- and T-violating hadronic operators within the framework of (amended)
ChPT. The first nucleus under investigation is the two-nucleon (NN) system of
the deuteron. The previous studies presented in [25}27,29,30,133] focused on the
leading-order nuclear contribution to the deuteron EDM according to the power
counting presented in this thesis. For a computation with controlled uncertainties,
also subleading nuclear contributions have to be taken into consideration and the
uncertainty originating from the P- and T-conserving component of the nuclear
potential has to be investigated.

The computation is then extended to the significantly more complicated three-
nucleon (3N) systems of the helion and the triton. The isospin selection rules
of the deuteron channel impose strict constraints on P- and T-violating nuclear
operators to yield non-vanishing contributions. Since these constraints are absent
in the helion and triton channels, these 3N systems provide additional information
on the underlying P- and T-violating mechanism. This thesis presents a more
refined analysis of the nuclear contributions to the helion and triton EDMs than
the previous ones published in [28,30,33]. In particular, it includes an assessment
of the above mentioned uncertainties due to the different realizations of the P-
and T-conserving component of the nuclear potential. The computation of the
EDMs of the helion and triton required an extensive development of parallel
software designed to run on the supercomputers JUROPA and JUQUEEN of the
Forschungszentrum Jiilich.

Several schemes to infer the source(s) of P and T violation from a combination
of EDM measurements of light nuclei and (eventually) supplementary Lattice
QCD input are presented as the main result of this thesis. The quantitative
knowledge of the dominating coupling constants in the #-term case translates
into quantitative predictions with well-defined uncertainties for the nuclear EDM
contributions. The NDA assessment of the coupling constants of leading P- and
T-violating vertices induced by the effective dimension-six sources still allows
for qualitative statements on the origin of P and T violation on the basis of
larger experimental input (more measurements of nucleons and light nuclei EDMs
compared to the f-term case).

of the interpolation in [51] on the basis of [53] for still large but smaller unphysical pion masses
is in the pipeline (private communication with the authors of [51]).
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1.3 Outline

This thesis is organized as follows:

Chapter 2: in this chapter, the foundations of QCD needed in the subsequent
analysis are briefly presented and the origin of the QCD #-term in topologically
non-trivial field configurations is explained.

Chapter 3: P and T violation from physics within and beyond the SM is
discussed in chapter three, where the approach of refs. [10,[35-H40] to describe the
manifestation of high-energy BSM physics at significantly lower energy scales is
presented. The evolution of P- and T-violating BSM operators to the energy
scale Apaq ~ 1 GeV itself proceeds in two substeps: the first step is to compile
the list of all independent P- and T-violating operators composed of the SM
degrees of freedom above the electroweak spontaneous symmetry breaking (SSB)
scale. The second entails integrating out all SM degrees of freedom with masses
above A, ~ GeV, i.e. the Higgs, W= bosons, the Z° boson and heavy quarks.
The evolution of operators yields the previously mentioned P- and T-violating
effective dimension-six operators (¢(CEDM , 4qLR-op, g DM, gCEDM, 4q-op).
The QCD 6-term and these effective dimension-six sources serve as the basis of
the subsequent analysis of the EDMs of light nuclei.

Chapter 4: a brief introduction into Chiral Perturbation Theory (ChPT) is
provided which contains all major aspects required for the computation of the
EDMs of light nuclei. The set of P- and T-violating vertices induced by the
O-term and the hierarchy of their coupling constants (as well as their explicit cal-
culation whenever possible) is derived within the framework of standard ChPT.
The incorporation of the effective dimension-six operators into a chiral effective
field theory framework (referred to as amended ChPT below) is presented, which
also comprises a detailed study of the representation theory of the chiral group
SU(2)xSU(2)r. A method to identify the altered ground state of QCD and like-
wise (amended) ChPT in the presence of P- and T-violating terms is explained
and applied to the sets of P- and T-violating operators induced by the #-term and
the effective dimension-six sources. Technical details are explained and derived
in the appendices [A] B], D] and [ The connection between the Gasser-Leutwyler
formulation and the Weinberg formulation of SU(2) ChPT is explained in ap-
pendix [C]

Chapter 5: equipped with the results of chapter 4, the computation of the
NN contributions to the EDM of the deuteron induced by the #-term within
standard ChPT is presented in two different ways: the first way entails a largely
analytical calculation by utilizing a parametrization of the CD-Bonn [54] potential
and the separable rank-two PEST potential [55] to take P- and T-conserving
interactions in the intermediate state into account. Since not all realizations
of the P- and T-conserving component of the nuclear potential are expressible
in terms of separable potentials, the second way is a complementary numerical
computation in which the phenomenological Argonne v;3 potential [56] and ChPT
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potentials [57] are also considered. The discussion is subsequently extended to
the deuteron EDM induced by the effective dimension-six sources. The solutions
to some fundamental integrals which occurred during the analytic calculation
are listed in appendix [E] Some matrix elements of NN potential and transition
current operators needed for the numerical computation are given in appendix
Furthermore, a very efficient technique to calculate matrix elements of spin and
isospin operators is briefly explained in appendix [H]

Chapter 6: the complete numerical computation of the nuclear contributions
to the EDMs of the helion and the triton induced by the 6-term is presented
within the framework of ChPT. The CD-Bonn potential, the Argonne vg po-
tential and ChPT potentials are utilized for the P- and T-conserving component
of the 3N potential. The discussion is then extended to the helion and triton
EDMs induced by the effective dimension-six sources within the framework of
amended ChPT. Several schemes of inferring the source(s) of P and T violation
from a combination of measurements of light nuclei and (eventually) supplemen-
tary lattice QCD computations are presented as the main result of this thesis.
The partial wave decompositions of some NN potential and transition current
operators required by the numerical computation are listed in appendix [F]

Chapter 7: the main conclusions of this thesis are briefly summarized and an
outlook on pending work is given.

1.4 Conventions

e Electric charge of the electronf]: e < 0

e Fine structure constant: a.,, = e*/(4m) ~ 1/137.036 [34]
e Pion decay constant: F; = 92.2 MeV [34]

e Pion mass: M, = (Mo + 2M,+)/3 = 138.04 MeV [34]

e Nucleon mass: my = (m,, +m,)/2 = 938.92 MeV [34]
123 _ |

e Epsilon-tensor: €

e Pauli matrices:

01 0 —1 1 0
01,71 = (1 O) ) 02,T2 = <'l 0) ) 092,Ty = (0 _1>

e Minkowski metric: ¢" = diag(1,—1,—1,—1)

e Four-vector: v* = g"'v,

6Convention consistent with appendix A of [58].
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Dirac matrices: {7, 7"} = 2¢""1, v5 = 70717273

0123 _

Levi-Civita tensor: € = —€g13 = 1

Euclidean Levi-Civita tensor: €l =1

The Einstein summation convention is always assumed unless stated other-
wise



Chapter 2

Quantum chromodynamics

Quantum chromodynamics (QCD) is the accepted quantum field theory of the
strong interaction. It is a color SU(3) Yang-Mills theory for N; quark flavors.
Since the focus of this thesis is on the two lightest quarks, the up quark and the
down quark, all heavier quarks are neglected below. A quark field is therefore a
spin-1/2 Dirac spinor, a color SU(3) triplet and a quark flavor SU(2) doublet.
The flavor symmetric QCD Lagrangian for massless up and down quarks and
gluons is given by:

. — 1 a a,uv
Lacp =1 i7" (Dp)j drk — 1Gw G (2.1)
f’j’k
(7,k=1,2,3,4, f =1,2, a =1, ...,8) with the SU(3) covariant derivative:
(Dp)ij = 0550, —igs(te)iz Ay s (2.2)

where g is the strong coupling constant, Af are the gluon fields and ¢ are the
generators of SU(3) with Tr(t#t?) = 6°°/2. The gluon field strength tensor G%,
is defined by Gy, = 0,47 — 0, A} + gs fabcAZAzb,, where f%¢ are the structure
constants of the Lie algebra of SU(3).

The quark fields can be decomposed into their right- and left-handed compo-
nents by utilizing the projection operator Pz = (1 +~°)/2:

1 1
qr = 5(1 +7°)q, qL= 5(1 —7")q. (2.3)

The Lagrangian L3¢y, is invariant under chiral SU(2)xSU(2)g transformations:
q(z) = exp(itpay) Prq(z) + exp(itpah) Prq(z) (2.4)

where 7, are the Pauli matrices which act on the flavor space. Lgqp is also
invariant under the U(1)gxU(1),, transformations:

q(z) = exp(iag) Prq(z) + exp(iar) Prq(z), (2.5)

The chiral-symmetry-conserving QCD Lagrangian ﬁ’éCD is therefore invariant un-
der the group of SU(2) xSU (2) gxU (1) xU(1)g ~ U(2),xU(2) g transformations.

12
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2.1 Gauge anomalies in QCD

Although the group of axial U(1) transformations, U(1)4, is a symmetry group
of Eécm it is not a symmetry group of the generating functional of QCD:

Waep = /DquDAZ exp (z/ d*z EéCD) . (2.6)

A continuos symmetry group of the classical action S is also a symmetry group
of the quantum field theory if and only if the generating functional Wqcp is
invariant under this group of transformations. The fermion measure DgDq of
Waqcep transforms non-trivially under the group of axial transformations Ua(1).
The divergence of the Noether current associated with U4 (1) does not vanish:

Jy () = q(a)y*»q(x),  OuJ5 (x) = Alz), (2.7)

where A is the Uy (1) gauge anomaly.

The anomaly A is most conveniently calculated in Euclidean space-time
[41,59]. The presentation below follows the lines of these two references. The
transition from Minkowski space to Euclidean space-time is facilitated by the
Wick rotation:

To = —iry, Oy=10y, Ab=iAk, (2.8)

where Aﬁ are the color SU(3) gauge fields. The euclidean gamma matrices are

defined by '

Ja=0" =07, je{1,2,3}, (2.9)
such that {3/,7*} = —207%1 for j,k € {1,2,3,4}. The tilde is omitted for
convenience below. The hermitian Dirac operator in Euclidean space-time is
given by

where t* are the generators of the color SU(3) gauge group with normalization
Tr(tktl) = 6% /2. The Euclidean Dirac operator I) then has a complete set of
orthonormal spinor eigenfunctions:

D ¢u(x) = Xy Gn(), (2.11)
with A, € R which obey

[ 0,@) on (@) =, Y on@ehn) =00 -1, (212)

This enables us to express the fermion fields ¢ and ¢ in terms of these eigenfunc-

tions:
g(x) = andn(z), @)= ¢u(@) bn, (2.13)
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where a,, and b,, are Grassmann variables. The fermion measure is then given by
Dq(x) Dq(x) = I, ,, db,, da,y, . (2.14)

For a general local transformation in flavor space
U(z) = exp(ins t* o (x)) = 1 +iy* tF o (z) + - - -, (2.15)
with t* = (1,71, 72, 73) and k = 0, 1,2, 3, the quark fields transform according to

(@) =Y antn(@) > 3 / 8y 00 () U) () am bulz) . (2.16)

n

Let the Jacobian J be defined by

I = [ e S @U0ua) = [ A bl + it w) - o)
(2.17)

For the Grassmann variables a,, the change of the integration measure is then
given by I, da!, = det(J) ' I, da, and for the complete functional measure of

eq. (2.14) by ) )
1L, ndbmday, — 1L, , det(.J) ?db,,da,, . (2.18)

Utilizing det(.J) = exp(Tr(In(J))) and In(1+€) = e+O(€?), the complete Jacobian
can be rewritten as

det(J)™? = exp -, (2.19)

22Trcf</d4 quT Ytk )qu(a:))

where the subindices ¢ and f indicate that the trace is to be taken over the color
and the flavor space. The integrand in the argument of the exponential,

AF(z) == =2 Tr. <Z¢T 1Y tE D ( )) , (2.20)

is singular and has to be regularized by a monotonically decreasing smooth reg-
ulator function g (e.g. g(s) = exp(—s?)):

g: Ry —[0,1], g¢(0)=1, lir%g'(s) s =0, lim g(s) = lim ¢'(s) s =0. (2.21)
S—> §—00

5—00

By exploiting eq. (2.11]) and eq. (2.12)), the anomalous term A*(x) then becomes
k t sk (A
Aa) = =2 Jim Toeg (S el () on (o

2
= —2 lim lim Tr. <v5tkg (ﬁ2> oW (z — y)) : (2.22)

M—o0 y—x
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with |A,| < M Vn for some scale M. The Fourier transformation of the d-function
leads to

Az) = =2 lim lim %Trqf (ﬂk (£2>)exp(zki (1)
= —QJ‘/IIiLnOOM‘L/ é:)iTrcf( t*g ([ik + D, /M) | (2.23)

where the substitution & — k M has been made.In the limit M — oo, a non-
vanishing term in the expansion of ¢ has to be at most of order 1/M*. It also has
to be the product of at least four gamma matrices in order to survive the Dirac
trace. A*(z) therefore equals:

d*k 0?g(k?)
k Em 5.k 9
=— | —— t ) —. 2.24
A¥(z) /(2@ ( D, k) (2.24)
Due to the above stated properties of the regulator function g, the integral reduces

to
d'kp g(k*) _ 1 [ 5,0%(K) _ 1
/(2#)4 (ak2)2 - 1671'2/0 dk= k (8k2)2 TR (2_25)

By utilizing

2 1 .
D, = =D; = 3l ligete Giy(x) - and - Te(v* [y, vl 7)) = 16 €5, (2:26)

the anomalous term A*(x) becomes:

2

At (@) = el Gl (@) Gl (@) T (1) (2:27)

since Tr.(t4t™) = (1/2) §'™. The analogous expression in Minkowski space is of
opposite sign, i.e.

2
gs vpo
Af(z) = ~39,2 e Giy(x)Géo(x)Trf(tk) : (2.28)

When t* — 1, A(z) is called the Chern-Pontryagin density.
An infinitesimal local transformation thus shifts the fermion measure in

eq. by
DqDq — DqDq exp (z / d*z o (z) Ak(x)) + O((a®(x))?). (2.29)

Although A*(x) can be expressed as a divergence,

1 vpo vpo a a s abc pa c —
SEGL (@)l (@) = 0,2 (AyapAa e ALALA ) 0. K" . (2.30)

viiptto
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the integral over A¥(x) in eq. does not vanish due to topologically non-
trivial solutions for AZ as demonstrated below. The above calculation proves
that the fermion measure is not invariant under transformations with generators
that have a non vanishing trace. This gives rise to the U(1)4 anomaly:

2
0,Jt = —%ewaegy(@elpa(@ . (2.31)
The conserved current associated with U(1)4 of the classical action is not a con-
served current of the quantum field theory.

The SU(2) x SU(2)r symmetry is explicitly broken by the non-zero masses
of the up and the down quark and by the different electric charges of the quarks.
The complete QCD Lagrangian is thus given by

Laocp = ‘CéCD + EéCD ) (2.32)
Licn = 0"eQA.q— My, (2.33)

where Q is the two-flavor quark electric charge matrix, M is the two-flavor quark
mass matrix, A, is the electromagnetic field and e < 0 is the electric charge of
the electron. The matrices ©Q and M are defined by

1 1 My + My My, — My

Q 5 +273, M 5 + 5

T3, (2.34)

where m,,, mg are the masses of the up and the down quark, respectively.

As pointed out by Gasser and Leutyler [43,44,60], a quantum field theory is
not completely determined by the global chiral SU(2), x SU(2)r symmetries of
the classical action. In the absence of anomalies, the set of all Green functions
and chiral Ward identities can be incorporated into a generating functional by
rendering it invariant under local chiral transformations. The Green functions
and Ward identities of particular (composite) operators can then be studied by
regarding these operators as additional currents J7#(z) in the Lagrangian which
couple to external fields f/(z). This method is briefly explained in appendix
Therefore, the Lagrangian is amended by the sum over the products of these
currents and source fields,

S — / d*z (%CD + Z fi(x) J”(m)) , (2.35)
where

Z f/{ JIH — qw(v;‘Tj + CL;-LTJ"}/5> q-+ cjv”vl(f) q

J
—q (sol + s;1; — i pol — i’y5pj7j) q. (2.36)
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The source fields a? , vf , U,(f), 5, 80, Pj, po transform as basis states of particular

irreducible representations of O(4) (of which SU(2),xSU(2)g is a double cover-
ing group as explained in appendix |B|) complementary to their associated quark
bilinears, such that all terms f] J* are locally SU(2)r x SUg(2) invariant. The
two-flavor QCD Lagrangian is thus amended by

Lacp = Lep + ‘CéCD =Lep + T (Vi + af'Ty’) g + Q_V#U;(Ls) q

—q(sol + s —iy’pol —in°pimi ) q,  (2.37)

where the source fields (aff = r§ =1, v} = ri 1%, ol = r$+15) are transformed

under local SU(2);, x SU(2)rx U(1)y transformations by (see eq. (2.3)),eq.
and eq. ):

Rri'n RN +iRO"RT, (2.38)
LUt +iLO"LT, (2.39)
Rr)R" +iRO,RT, (2.40)
LIPLT +iLo,L", (2.41)
R (s + ipimi) LT, (2.42)
R (s — ipiTi)LT ’ ( )
R (so +ipo) L', (2.44)
R(so —ipo) L. (2.45)

(87 + ipiTi)
(sm - ipm)
(80 +ipo)
(50 — ipo)

IT1 11111

I

The complete generating functional of QCD is then given by

WQCD :/Dqu DAZ exp (Z/d4l' EéCD + ‘CéCD(Sov Sivavph,U(S),M?,va af)) )

(2.46)
and Green functions involving products of currents are obtained by differentiating
the generating functional with respect to the corresponding source field:

(LT () - Tl (2a)[0)
1 1 4 16 ; .

= - .. A WQCD[Hl’”"#n

Waon[0] i £t (x1) 16 £ ()

L (247)
{fik }=0

We will resort to the following notation for the source fields in the subsequent
discussion:

o=l adt =dlin, si=sel +sim, pi=pol T (2.48)

2.2 The QCD 6-term

As mentioned in section [2.1] the U(1)4 anomaly eq. (2.31) does not vanish al-
though it can be expressed as a divergence due to the existence of topologically
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non-trivial field configurations of the gauge fields associated with a particular
gauge group SU(N). These field configurations are known as instantons [61].
This section provides a brief explanation of instantons along the lines of refer-
ences [41161].

Consider a map of the three-sphere $* into the simple Lie group SU(N). As
shown in [62], the third homotopy group of SU(N) is m3(SU(N)) = 7Z and all
such maps are homotopic to a map of $3 into a particular SU(2) subgroup of
SU(N):

f: 8% = SU©2) C SUN), ¢ = (¢1, 02 ¢3) > f(1, b2, P3) . (2.49)

If {by,---,b,} is the basis of the fundamental representation of SU(N), this
subgroup is taken to be the one which acts on the subspace spanned by {b;, by }.
Since f maps into a matrix group, the Maurer-Cartan form is given by f~'df.
The integration of the Maurer-Cartan form gives the functional

0f(¢) 0f(¢)

w[f} = /d(bl dpo dos €k Tr (fl((b)&—(bzfl((b) 8(b]

oY <¢>) ,

Oy

(2.50)
which is independent of the parametrization of the manifold $* and, in particular,
homotopy invariant. Therefore, eq. is a function on the homotopy classes [ f]
of maps f : 8% — SU(N), i.e. on m3(SU(N)) = Z. Furthermore, the functional
w has the following property under the product of homotopy classes induced by
concatenation of homotopies, [f1] * [f2]:

wllfil L]l =w[A]] +w[lf)] = w[lf]"] =vw[lf]. (2.51)

v is called the winding number (the Brower degree of the map f). When [g] is
the generator of m3(SU(N)), a straight forward calculation shows:

wllg]] =24n*, = wllg]"] =247"v. (2.52)

The Euclidean space-time can be regarded as bounded by $? in the limit of
large 7 = /2% + 1% + 23 + 22 — oco. Consider an SU(3) gauge theory and let
ij denote the Euclidean field strength tensor with Euclidean gauge fields A¥,
structure constants f*™ and g, = 1:

Gl = 0,AF — 9, AF + fHmALAT (2.53)

()

Consider a gauge field which is a pure gauge at large r, i.e. on $3:
tRAF(7) = Ai(7) — —i0, f(F) F(7) " (2.54)
where ¢ are the generators the gauge group SU(3) with Tr(¢t't/) = §;;/2. The
field strength tensor eq. (2.53)) then vanishes on $? and eq. (2.50) becomes (with

7= T, T= f(qsl? ngv ¢3))
i OFq OTy O
w[[f]] = —i lim »* / depydydgpy e9* 2 0 2L
r—00

06, 90, 00y Aedode) - (255)
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The current K, (see eq. (2.30))) in Euclidean space-time obeys:

g - - 2. . . 1 ..
K =26 Ty (AjakAl+i§AjAkAl> . 0K, = §egklanggl. (2.56)

In the limit r — oo where Af(x) becomes a pure gauge (G = 0), the current K;
is given by

4 .. IO
Ki—ig €M Tr(A; A A)) . (2.57)

Applying Gauss’s theorem and inserting eq. (2.57)), the functional of eq. ([2.50))

reads

wllf]] = —z /d4:r;E 0, K; = —%#“/d‘*m GLGY, =247 v, (2.58)

J

Eq. || demonstrates that eg’”ng i does not vanish if topologically non-

trivial field configurations for A; exist. Such field configurations are called in-
stantons. An element h of the homotopy class of the generator of w5(SU(3)) (i.e.
with winding number v = 1) is given by

h(7) = (M) € SU(2) c SU(3), (2.59)

r

where 7% are the generators of an SU(2) subgroup of SU(3). A field configuration

with winding number v = 1 is then given by [61]

7“2

ZAZ<£L'> = —T2 T A2

K (P)Oih(7) (2.60)
where A € R—{0}. This field configuration is clearly a pure gauge on $*. v-fold
concantenation of g yields the general instanton solution of winding number v.

This result confirms that the U(1)4 anomaly does in general not vanish al-
though it can be expressed as a divergence. The violation of the U(1) 4 symmetry
in QCD by the functional measure is therefore an inherent property of QCD. In
order to avoid violating the cluster decomposition theorem [41], the only way of
including the instanton solutions into the generating functional of QCD is by a
factor exp(ifv), which is parameterized by the so called #-angle. This amounts
to an amendment of the QCD Lagrangian by the term (in Minkowski space)

2
gS Vo a a
£¢9 - _Q@EH pG#VGpU, (261)
which breaks parity as well as time-reversal invariance. The fermion measure of

the generating functional of QCD generates terms which only differ by some real
number from eq. (2.61) under Ux(1) transformations. The parameter ¢ instead
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of the functional measure can therefore be regarded to transform non-trivially
under U(1) 4 transformations (see eq. (2.31)), Ny: number of flavors):

9|—>8+2NfOéA. (262)

The full QCD Lagrangian for up and down quarks and gluons is then given
by

1 2
Loco = qlil — exp(ig) Mg — ~G%, G — §-Te_emorge o (2.63)

4" 6472 po

where ¢ is just an arbitrary complex phase of the quark mass matrix. The QCD
f-term can be removed by a U(1) 4 transformation with ay = —60/4 at the price
of modifying the complex phase of the quark-mass matrix [42,63]:

Ul)a: exp(io)M — exp(if) M, (2.64)

where § = 2¢— 6. Assuming f < 1, the quark mass term in the QCD Lagrangian
after the U(1)4 transformation with a4 = 6/4 can be decomposed into [42]

Loop = —mqq+ (¢ +2aa)miqysq — em qrsq + (¢ + 204)emiqysTaq + - - -
0 . 0
= —mqq+ 577‘1 iqy5q — €m qr3q + éem 1GYsT3q + -+ -, (2.65)
with n
My +m My — M
o= e T T T T (2.66)
2 My, + Mg

The quark mass matrix of in eq. (2.65)) serves as the starting point of the inves-
tigation of the hadronic operators induced by the #-term in chapter 4

2.3 Summary

The classical action of QCD is invariant under local SU(2) x SU(2)grx U(1)y X
Ua(1) transformation. The fermion measure of the generating functional of QCD
which is not invariant under local U(1) 4 transformations gives rise to an anoma-
lous term consisting of gluon fields. Although this anomalous term can be ex-
pressed as a divergence of another term, it can not be removed by an application
of Gauss’ theorem due to topologically non-trivial solutions for the gluon fields.
These topologically non-trivial gluon field configurations give rise to a P- and T-
violating term in the QCD Lagrangian parametrized by a dimensionless constant
6, which is referred to as the QCD f-term. The anomalous term generated by the
fermion measure of the generating functional of QCD under U(1)4 transforma-
tions is identical to the QCD f-term up to a real constant and can be regarded to
define the transformation law of the QCD #-term under U(1)4 transformations.
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The QCD 6-term can be removed from the QCD Lagrangian by an U(1)4
rotation at the price of generating a complex phase of the quark mass matrix.
The QCD 6-term expressed as a complex phase of the quark mass matrix is given

by

(mu + md) . é (mu — md)
9 1qYsq + 5 9

N D)

Lqocp =+ + 1qYsT3q + (2.67)
where § = 2¢ — 0 with a general initial complex phase ¢ of the quark mass
matrix. The QCD 6#-term can be removed completely if one of the quark masses

vanishes: the quark mass matrix is then equivalent to a real matrix by an axial
SU(2) x SU(2)g rotation as demonstrated in section (see eq. (4.148))).



Chapter 3

Sources of P and I’ violation

Extensions of the SM manifest themselves as effective operators to the energy
scale Apaq ~ 1 GeV. The aim of this chapter is to present the complete set of
leading non-leptonic P- and T-violating operators at the hadronic energy scale
Apaga- The content of this chapter is a brief summary of the results published in
refs. [35-3§], which have been utilized and extended in the recent publications
[39,40]. It is intended to serve as the starting point of our analysis of the EDMs
of light nuclei which are induced by BSM physics.

The SM is an SU(3)oxSU(2)xU(1)y (C: color, L: left, Y: weak hypercharge)
gauge theory and its Lagrangian for three generations before the spontaneous
symmetry breakdown SU(2); xU(1)y — U(1)ey, is given by (see e.g. [39,64])

Lo = iqDas + i Pusy + idpDdsy + il3 PIG + ieh Pey
— 18 fee%d — @ [ uSd — G5 fUdS%d + hec.

(D) (D6) 4 5266 — 5 (610)°

1 a a, v 1 7 o, WV 1 v
— GG = W, W — B, B
92
_GWEM P G/LVGpO' . (31)

The quantities ¢, and [, in eq. (3.1) denote the SU(2). doublets of left-handed
quarks and leptons for all three generations with implied summation over the
generation index a:

U c t v, v V.
¢ = It = © " 7 . 3.2
o ((d>L’ (*S)L7 (b)L) Lot ((G)L7 (M)L7 (T)L) (32)
The right-handed quark and lepton singlets in eq. (3.1]) are also understood to be

vectors in generation space:

up = (ug,cr,tr), dgs = (dr,sr,br)r, €% = (€r,lr,TR). (3.3)

!The notation and conventions of [64] are adopted in this chapter. The brief explanation of
the SM Lagrangian follows [64].

22
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The complex scalar SU(2);, doublet field ¢ in eq. (3.1 is defined in polar
coordinates @ by

b(z) = (ZZ) - U\;é&) (U ;;1 (I)) . U(@) = exp <%62(x) . T) 34

The complex scalar SU(2), doublet field 6 is defined by ¢ = imy¢*. The terms
proportional to x? and to A in the third line of eq. constitute the potential
of the scalar ¢. For pu? > 0, the scalar SU(2); doublet develops a vacuum
expectation value (VEV):

(01610} = E@ - (0]as]0) = {0]aj0) = 0. (35)

By the gauge transformation U(&) as defined in eq. (3.4)), the field ¢ can be re-
expressed (in the unitary gauge) as

v 0
z) — ¢ (x) =U(d(z))p(x) = — . 3.6
ole) = (a) = V@)oo = (o) (36)
The Higgs boson field A is an excitation of the ground state. All primes denoting
fields in the unitary gauge are subsequently omitted for convenience.
The covariant derivative of a general matter field ¢ with hypercharge Y is
given by:

Dutte) = (0= SAix = omWi - LYgB, vl @D

where W,ﬁ and B, are the SU(2).xU(1)y gauge bosons, respectively, and Af, are
the SU(3)¢ gauge fields (gluons) with Gell-Mann matrices A%. g, is the SU(3)¢
coupling constant and g and ¢’ are the SU(2); and U(1)y coupling constants,
respectively. The term involving gluons is absent from the covariant derivative for
leptonic fields and the scalar doublet field ¢. The hypercharges Y of the particles

in eq. (3.1)) are given by:

Y(g) =5 Vi) = 5, Y(de) = ~3.¥(0s) = 1Y (er) = -2
Y(9)=1, Y(¢)=-1. (3.8)

The matrices in generation space f¢, f* and f¢ in the second line of eq (3.1]) are
the Yukawa couplings between fermions and the scalar doublet field ¢.
The SU(2), and U(1)y field-strength tensors in eq (3.1)) are given by

Wi, = 0W.—0,W,+ ge?*WIw}, (3.9)
B, = 0,B,—09,B,. (3.10)
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The physical states of the SUL(2) and Uy (1) gauge fields are the W= bosons,

1
Wt =—
V2

the Z boson and the photon field A,

(W, FiW7), (3.11)

Z, = cos(0,)W; —sin(6,)B,, (3.12)
A, = sin(6,)W; + cos(8.,)By (3.13)
(3.14)

where 6, is the Weinberg-angle. The coupling constants ¢ and ¢’ obey

g/
= = tan(6,) . (3.15)
g
Eigenstates of the fermion mass matrices are in general linear combinations
of gauge eigenstates, which implies the existence of couplings of fermions from
different generations. The quark mass matrix can be diagonalized by a biunitary
transformation. For three generations, the resulting diagonal 3 x 3 matrix has
one overall complex phase. The left-handed SU(2);, quark doublet has therefore
to be redefined by

!
o u c t d, d
q; — % IS Y S , sl1=V1]s], (3.16)
L L L b b

where V' is the Cabibbo-Kobayashi-Maskawa (CKM) matrix.

3.1 P and 7T violation in the Standard Model

There are two different sources of P and T violation within the SM. The CKM
matrix (for three generations) has one P- and T-violating complex phase. As
pointed out in [5], any diagram in the SM inducing a P- and T-violating quark-
photon coupling has to involve four electroweak vertices and is thus at least a two-
loop diagram. Furthermore, the authors of [65] demonstrated that all diagrams
potentially contributing to quark EDMs with two loops vanish and the leading
non-vanishing contributions emerge only at the three loop level [66,67]. Due to
this significant suppression, the computation of the d-quark EDM, for instance,
yielded a numerical estimate of [5,/66] dg &~ 10734 ¢ cm. The only other source of
P and T violation within the SM is the above mentioned QCD #-term which is
parametrized by the physical parameter . Depending on the size of 8, the f-term
is capable of inducing significantly larger EDMs than the complex phase of the
CKM matrix. The current bound on the parameter 6 is || < 10710 [45,|48]|51],
which has been inferred from the current upper bound on the neutron EDM [14].
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3.2 P and T violation from BSM physics

Extensions of the SM involve heavy particles with masses of the order of the
energy scale Agpsy > Agy ~ 250 GeV (which is significantly larger than the elec-
troweak symmetry-breaking scale). Since the SM successfully describes physical
phenomena up to the energy scale Agy, any BSM theory should obey the fol-
lowing principles [5,135-37]: it must exhibit at least an SU(3)ex SU(2), xU(1)y
gauge symmetry, it has to contain the degrees of freedom of the SM (either as
fundamental fields or composite fields) and it has to reduce to the SM at energies
well below Agy if no still undiscovered light, weakly coupled fields exist. There-
fore, the SM itself can be regarded as an effective field theory for all possible
extensions of the SM. At the energy scale Agy, all heavy degrees of freedom from
extension of the SM have to be systematically integrated out in the generating
functional, which leads to an amendment of the standard SM Lagrangian by an
infinite set of terms. These effective terms are of canonical dimension larger than
four, are not renormalizable and admit an ordering by their dimension:

1 1 1
Lo = Lo+ —Ls+—5—Le+ 5L+ (3.17)
ABSM ABSM ABSM

The effective Lagrangian is therefore an expansion in powers of Agy/Apsy. The
higher the dimension of an effective term, the larger is its suppression by powers
of Agn/Apsu.

The analysis in the remaining paragraphs of this section focuses on the leading
effective terms of dimension five and six since contributions from higher-order
effective terms to the EDMs of light nuclei can be assumed to be numerically
irrelevant. In this sense, the most general effective Lagrangian accounting for
all possible extensions of the SM is obtained by identifying the complete set of
independent operators of dimension five and six. Only the subset of non-leptonic
P- and T-violating effective operators is of relevance for the investigation of EDMs
of light nuclei. Since the ultimate goal is to compile the list of P- and 7T-violating
effective operators at the energy scale Ap.q ~ 1 GeV, the derivation proceeds in
two substeps: after identifying the effective operators at the energy scale Agy, the
heavy SM degrees of freedom (W=, Z, Higgs and heavy quarks) are systematically
integrated out.

The list of independent dimension five and six operators at Agy is presented
in [35-39]. The P- and T-violating operators relevant for our analysis either
involve dual field strength tensors or emerge as complex phases of P- and T-
conserving operators. Since effective leptonic operators yield only irrelevant sub-
leading contributions to the EDMs of light nuclei, only the non-leptonic effec-
tive operators in this list are retained. The leading effective operators then
prove to be of dimension six. With the subscript ¢ denoting a quark field, A
a SU(3)e x SU(2)r, x U(1)y gauge boson field and ¢ the Higgs field, the list of
independent effective dimension-six operators relevant for EDMs of light nuclei
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reads [37,[39)

52?1)14(75 = daiqrLot A qbuRG“ + oy iqrot qubuR o T ) qua‘“’gguRBW + h.c.
+ 5(; iqrLo" \apdr G, + 5 iqLo" TipdpW,, + 5 iqro" ¢dr By, + h.c.,

(3.18)

L0, = Bo [ eI GE Gl GO + By €78 BV TV WP, (3.19)
£E46A¢¢ = ag ¢l GG, + aw ¢Toe W W, + ap ¢l Bog By,

+ awad T Wi 5By, (3.20)

LY o= 7"i(6'0)qrdur + 1" i(6'¢)qrodn + hec., (3.21)

L0 = e (@ un) (@ dr) + ps i€ (@A ur) (@ N dr) , (3.22)

Lo, = wi(¢liD,e)ary" dp + h.c., (3.23)

where 5%’7%/73, ag, aw, ap, awg, Baw, el 1,8 and v; are the effective coupling
constants ~ 1/A%q. Below the electroweak symmetry-breaking scale (of the
breakdown SU(2), X U(1)y = U(1)em), ,C((]?])A¢ in eq. (3.18) becomes

L3 = i0g G0 N Gl 6% 30" 5 NaTs G,

+i0p 0" g Fr  +i03 G0 575q Fru

+i05 G0 Ysq Zus  +10% G0 5T3q Ly

+ 0y qio" vsq WE W, + iy, qio™ vsmsq WS W, + hc.

+i0% dpo" ug W, + 0%, apotdg W +he)(1+h/v), (3.24)

where ¢ = (u, d) is the (isospin) doublet of up and down quarks. The most impor-

tant operators in Eé?A ¢ are the quark-chromo electric dipole moment (¢qCEDM)
and the quark electric dipole moment (¢qEDM ):

qCEDM : ig(6% 1 + 62 73) 0" 150% G (3.25)
qEDM : ig(6% 1 + 63 13)0" 5 Fuy (3.26)

with 523’31; = v( 04 p +6¢ 1) /2. These operators count naively as dimension five,
but are in fact dimension-six operators due to the original couplings to the Higgs
field. The qCEDM and qEDM are chirality-changing quark operators as the
quark-Higgs Yukawa couplings in eq. and hence as the quark mass terms.
The couphng constants of the remaining dimension-six operators in eq. (3.24)),
5% ' and 657 are linear combinations of the coupling constants (5W B in eq. (3.18).
The effectlve operators in the third, fourth and fifth line of eq. are referred
to as weak dipole moments, which either contribute to the qEDM and qCEDM
via loop diagrams or give rise to four-quark operators with one derivative of di-
mension seven [39]. This profound suppression renders the weak dipole moments
irrelevant for our analysis.
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The first and the second term in eq. are known as the gluon-chromo
electric dipole moment (gqCEDM) and the electric dipole moment of the W
boson. The electric dipole moment of the W boson yields interactions of at least
two heavy gauge bosons below the electroweak symmetry-breaking scale and gives
only numerically insignificant contributions to the gEDM and ¢qCEDM |[39].

Below the electroweak symmetry breaking scale, eq. generates numerous
effective operators involving gauge bosons:

L0 =( acgle™PGlyGe, + awg* e P WisWi, + apg”®e’ BasB,,
2

v

2

The first term on the right-hand side of eq. without Higgs fields constitutes
a correction to the QCD f-term eq. . The second term on the right-hand
side of eq. without Higgs fields is a correction to the SU(2),, #-term which is
not displayed in eq. . The SU(2), 6-term can be derived in the same manner
as the QCD 6-term, but is not discussed in this thesis. It is suppressed since the
weak couplings ¢ is small at low energies in contrast to the strong coupling g;.
The integral over space-time of the third term on the right-hand side of eq.
vanishes. The fourth term on the right-hand side of eq. without Higgs fields
contributes to the weak dipole moments and the magnetic quadrupole moments
of the W* bosons [39,68]. By integrating out the Higgs fields from those terms
in eq. (3.27) with a least one Higgs field, suppressed loop contributions to the
qEDM, the qCEDM and the weak dipole moments are obtained [39].

Those terms in eq. which do not include any Higgs fields yield minor
corrections to the Yukawa couplings in eq. . i.e. they constitute a small shift
of the CKM matrix. Those terms with at least one Higgs field give suppressed
loop corrections to the gEDM, qCEDM and gCEDM (see [39)]).

The terms in eq. are chiral symmetry conserving P- and T-violating
four-quark operators (quark quardrilinears) which are referred to as 4¢g-operators
below. Eq. can be rewritten into:

+ aWng’ewﬂWj,,Bag) (1+h/v)?*, (3.27)

ﬁﬁfi,i,q = iul(ﬂucz%d_—l— trysudd — ng,u_ﬂd - Jlfﬂ’)%d) i
+ipg (A udysA\*d + s A\ ud\*d — dys AN uuAd — dA\ uuysAd)
(3.28)

Due to the covariant derivative in eq. (3.23]), the only terms without Higgs
fields below the electroweak symmetry-breaking scale are flavor-changing cou-
plings to W= bosons [38,/39)]:

,C((;;qu = Zyl(quZDugb) ﬂR’yudR + ZVl(QET’LDMQS) CZR’)/MUR

2
. qgu _ 7 _
= ZV12—\/§(UR’7“CZRW: + dpy"urW, ) (3.29)
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In order to obtain the effective operators at the energy scale Ay.q, the W= bosons
have to be integrated out. These P- and T-violating vertices combine with
their P- and T-conserving counterparts to P- and T-violating effective four-quark
terms at the energy scale Ay.q [38139],

. gzvz‘/’ud — 7 m 7 — s
wlM—Q(uR%deL'y ur, — dpy,uptr Y dr)
W
= iV1Vud(ﬂR%deL7“UL — dR’}/MURfLL’}/MdL) , (330)

where My, = gv has been used and V4 is an element of the CKM-matrix. Al-
though it breaks chiral symmetry, this four-quark term does not exhibit an explicit
dependence on quark masses and is therefore unsuppressed. This operator will
be referred to as the 4¢L R-operator below.

The evolution of operators from the energy scale Agy to Apaq is in gen-
eral accompanied by a mixing of different effective operators, since the effective
dimension-six sources are composite operators whose renormalization can require
counter terms which are proportional to other composite operators. The recent
publication [40] is dedicated to this issue. In particular, the evolution of operators
gives rise to another 4qL R-op operator with a more complicated color structure
and a coupling constant vg which is not independent from vy:

iv8Voa(Up Y, N drdpy* Nur, — dry, AN upiipy* Ndy) . (3.31)

3.3 Summary

Extensions of the SM manifest themselves as non-renormalizable effective oper-
ators of canonical dimension larger than five at the energy scale Ay.q = 1 GeV.
The effective P- and T-violating operators which are relevant for our analysis of
EDMs of light nuclei are the dimension-six operators

qEDM : iG (0Ll + 6373) 0" y5q Fuy (3.32)

qCEDM : g (051 + 6473) 0" 15000 G, | (3.33)

4qLR-0op : i1nVyy (ﬂR%dRCZLv“uL — CZR'yMuRﬂL'y“dL) , (3.34)

iVSVud (fLR’yﬂ)\adRJL’}/u/\auL — CZR’)/'“)\GUREL’}/'“)\CLdL) s (335)

4q-op : iy (audysd + aysudd — dysutid — dutiysd) (3.36)
ipg (AN udys A\*d + uys N ud\*d — dys N ua\d — d\“utiys\d)

(3.37)

gCEDM : Bg f™e™f Go G5 GSP (3.38)

which are graphically depicted in fig.[I.1} This set of leading P- and T-violating
dimension-six operators together with the QCD 6#-term serve as the starting point
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of our analysis in this thesis. The effective dimension-six sources constitute an
amendment of the standard QCD Lagrangian. The QCD Lagrangian amended
by these dimension-six sources will be referred to as amended QCD Lagrangian
below.

The 4gL R operators eq. and eq. transform identically under chi-
ral SU(2), x SU(2)g rotations and it is impossible to disentangle them within
the framework of ChPT. Instead of repeating the same analysis for the opera-
tor eq. , only the operator eq. is considered below. The 4q operators
eq. and eq. also exhibit the same transformation properties under
chiral transformations and are treated in the same manner, i.e. only the op-
erator in eq. is discussed below. Finally, it is impossible to separate the
gCEDM from the 4¢g-op by chiral symmetry considerations, which leaves us with
six independent BSM classes of P- and T-violating operators.



Chapter 4

P and T violation in ChPT

4.1 Chiral perturbation theory

The spectrum of strongly interacting particles at low energies exhibits a significant
mass gap. The masses of the mesons of the pseudoscalar octet are much lighter
than all other hadrons. This is particularly true for the triplet of pions (with
masses M+ = 138.57MeV, Mo = 134.98 MeV [34]), whose masses are well below
the masses of the vector-meson resonances and also well below the masses of the
lightest mesons with strangeness content, i.e. the Kaons (Mo = 497.61 MeV
[34]) and the n (M, = 547.83MeV [34]). If the SU(2), x SU(2)r symmetry
of massless QCD translated into a symmetry of the ground state or the particle
spectrum, parity doubling would be observable and another triplet of bosons with
even parity would exist, since axial rotations couple odd and even parity states.
The absence of such degeneracy implies that the ground state is not invariant
under axial rotations and Q%]0) # 0, where Q¥ is the charge associated with
an axial SU(2) x SU(2)g transformation. The SU(2), x SU(2)r symmetry is
spontaneously broken down to an SU(2)y symmetry. According to Goldstone’s
theorem [69,(70], each broken charge Q¥ implies the existence of a massless state
with zero spin known as Goldstone boson. In our case, the three Goldstone
bosons are identified with the triplet of states with the lowest masses, the pions
;. The Goldstone bosons possess the same transformation properties as the
broken charges Q, i.e. they are parity odd (pseudoscalars) and transform under
SU(2)y rotations as a triplet:

QY ()] = ie"ma™. (4.1)

In particular, the Goldstone bosons couple to the vacuum through the Noether
currents J3" = gyFys7'q/2,

(O[3 (0)| ' (p)) = is"pF, (4.2)
where F' # 0 is the pion decay constant in the chiral limit. The current phys-
ical value F, = F(1 4+ O(m, + my)) is 92.2 MeV [34]. Eq. (4.2) proves to be

30
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a sufficient and necessary condition for the spontaneous symmetry breakdown
An effective field theory with the lightest mesons as dynamical degrees of
freedom is only defined for momenta below a certain scale, which is naturally
defined by the lowest masses of the resonances outside the meson octet. The
chiral symmetry breaking scale A, can also be identified as the one-loop scale

Ay~ ATF =~ 1.2GeV . (4.3)

4.1.1 The effective Lagrangian in the pion sector

The transformation properties of the Goldstone bosons are completely determined
by the geometry of the groups SU(2), x SU(2)r and SU(2)y [60,/71]: let G be a
simple Lie group, H C G a subgroup and F': G x B — B be the action of the
group G on the space of Goldstone boson fields B which obeys

Fogy (Fgy (1)) = Foyg,(m) (4.4)
Let the ground state vy € B be invariant under the subgroup H:
F:HCGxB— B, Fp(vg) =v9 YheH. (4.5)

Every pion field 7 can be obtained by a suitable g € G such that Fj(vy) = ,
which implies g € G — H. Furthermore, Fy, (vy) = F,,(vo) if and only if g1 = g2+ h
for all g1, 9o € G and suitable h € H. This demonstrates that F' factors through
the left cosets G/H:

F:GxB—G/HxB—B, (4.6)

and there is a one-to-one correspondence between Goldstone boson fields 7 and
the left cosets G/H. The most convenient parametrization of the left costs G/H =
SU(2),xSU(2)r/SU(2)y is by normal coordinates:

B— G/H, mx)— Ux):=exp (FL an(:c)) . (4.7)

SU(2)y is the diagonal subgroup of SU(2), x SU(2)g:
SU@2)v = {(91,92) € SU2).xSU(2)r| g1 = g2} - (4.8)
A general element of G/H is then given by

(91,92) H="(91-95"92.92) - H=(g1-95",€) (92, 92) - H = (195 ", e)- H, (4.9)

and is transformed under G by

(91,92) - H = (R-g1,L-g2) - H=(R-g1-g5" - L, e)- H, (4.10)
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i.e.

U(x) = R(x)U(z)L'(z). (4.11)

Note that although the matrix U(x) transforms linearly, the pion fields m;(x) do
not transform linearly.

A major accomplishment at the early stages of chiral perturbation theory
was the proof that an effective field theory whose Lagrangian exhibits the same
symmetries as the Lagrangian of the underlying theory yields transition ampli-
tudes and low-energy theorems which are identical to the ones derived by current
algebra and PCAC (see e.g. [72-75]). Therefore, the low-energy effective La-
grangian can be constructed by writing down all hermitian, Lorentz invariant
and SU(2) x SU(2)g invariant terms composed of the matrix U. As shown by
Gasser and Leutwyler [43.60], the effective field theory is not sufficiently deter-
mined by a Lagrangian which exhibits the same global symmetries as the one of
the underlying theory. The low-energy analysis should rather be based on the
Green functions of the underlying theory and the Ward identities they obey.

Ward identities are a consequence of the invariance of the generating func-
tional under particular local transformations. The effective Lagrangian has to be
constructed to yield exactly the same Ward identities as the underlying theory
when inserted into the effective generating functional:

WQCD[Sapa auvvu] = Weff[87pa CLM,'UM] . (412)

The effective Lagrangian is then to be invariant under local SU(2) x SU(2)g
transformations and a hermitian Lorentz scalar [43}44],

Leg = Leg(U, DU, DU, -+ ,8,D,a,,0,, ), (4.13)
where D), is the covariant derivative
D, U(z) = 0,U —ir,(x)U(x) +iU(x)l,(x), (4.14)

and the dots denote higher order derivative terms of U and potentially further
source fields. The covariant derivative generates the right- and left-handed field
strength tensors

Ry, == 0,r, — Oyry —i[ru,m), Ly = 0ul, — 0l —ill,, 1], (4.15)
which transform under SU(2);, x SU(2)g by
R, — R(z)R,, R'(z), L, +— L(z)L,,L(z). (4.16)

The source fields of the scalar and pseudo-scalar currents in eq. (2.37) can be
combined into one object x = 2B(s+ip) which transforms under SU(2),xSU(2)r
by

X = 2B(s +ip) — R(x)2B(s + ip) L' (), (4.17)



4.1. CHIRAL PERTURBATION THEORY 33

where B is a constant to be determined later. The generating functional of
the low-energy effective field theory of QCD, called Chiral Perturbation Theory
(ChPT), is then defined by [43]

Weg[s, p, v*, a"] = /DU exp( /d x Log|U, s, p, v* a“]) : (4.18)

The low-energy effective Lagrangian is a sum of an infinite number of terms
which admit an ordering by the number of covariant derivatives and pion masses
each term contains:

Lag=LD +LD 4O ... O =00, W =00p", --. (419)

The leading order Lagrangian is given by [43] (with (---) denoting the trace):

F? F;
£ = —HDUDMU)) + —F (U + Ux'). (4.20)

The building block x is considered to be O(p?), which can be inferred from
the following observation: Green functions of QCD correspond to perturbative
expansions in derivatives of pion fields. The scalar quark condensates are obtained
from functional derivatives of the effective generating functional eq. (note
that sp is a matrix here):

1 1)
Oluwl0) = ) Weg!80,0,--+,0
Olawl0) = 00 5oy () el -

= [01 F2 /DU ) (U (2)+ Uz ))1exp(/d4x£ )

S ame— /DU ( (Fj; +) exp (i/d“xﬁf))

:—F,?B+-~. (4.21)

The result demonstrates that the constant B is proportional to the scalar quark
condensate and (by setting so = M) that the squared pion mass is proportional
to the sum of quark masses at leading order:
M? = B(m, +mg) + -+ . (4.22)
This relation was already known before the advent of ChPT and is known as the
Gell-Mann-Oakes-Renner relation [76]. The quark mass matrix M is therefore
considered to be O(p?). The vector and axial-vector source fields v* and a* are
regarded as O(p) since they are contained in the covariant derivative D*.
The power counting scheme for diagrams devised by Weinberg [77] is based on
a linear rescaling of the external momenta p; — tp; and a simultaneous quadratic



34 CHAPTER 4. P AND T VIOLATION IN CHPT

rescaling of the Goldstone boson masses M? — t>M2. When L denotes the
number of loops and N} the number of vertices of O(p*) in a particular diagram
in the pion sector, the chiral dimension D of the diagram is given by [41},77]

D=2+2L+) (k—2)Ng, (4.23)
k

The chiral dimension increases with the number of loops and insertions of higher
order vertices, which demonstrates that the chiral expansion is also an expansion
in the number of loops.

By utilizing the equations of motions of E;Q), the set of independent terms of
O(p*) can be obtained. The O(p*) pion sector ChPT Lagrangian contains seven
independent chiral structures with low-energy constants (LECs) and a number
of chiral-singlet terms with so called high-energy constants. The next-to leading
order effective Lagrangian in the pion sector can be cast in the form [43,[78]

l

LY =j<DuU(D“U)T> f< U(D, U)W DrU(DYU)T)
l l
+ 160U+ UXT) + H(DU(D* )T + Dyx(DHU))
1
+ 15 (R, ULM™UTY — §<LWL“”+RWR””>}
l
+ z'—f"<JRWD#U(D”U)T + L, (DU DYU)
z (4.24)
_ 2 T T2
16<><U Ux'")
hi + h hy —h
# 2Bty + BB 4 o

+ (xUT = Ux")? —2(xU\UT + UXTUXU}
— 2hy (L L™ + R R .

The LECs [; are not constrained by any symmetry considerations and encode
also physics of resonances which are not degrees of freedom of the effective field
theory [79]. The LECs have to be determined from experimental data by relating
them to measurable quantities or from Lattice QCD. The LEC [;, for instance,
is related to the square of the strong mass difference of charged and uncharged
pions [43l|44],

, 2 B>
(M) = (M2, = M2 = (my — ma)’

T 171+ 0(M)). (4.25)

which is driven by the n-meson due to n—m-mixing [44]. In SU(3) ChPT the
effective mass term contains a term o nmy [44] and the strong pion mass difference
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equals [43/44] (Dashens theorem)

(M. — M)
3(M3 — M2)

(OM2)*r = TR (4.26)

The so called high-energy constants h; in eq. (4.24) do not appear in physical
low-energy processes.

4.1.2 The Wess-Zumino-Witten action

The effective Lagrangian in the above presented form does not yet exhibit the
full range of symmetry properties of the QCD Lagrangian. Whereas the patterns
of spontaneous and explicit symmetry breaking are accounted for, any notion of
anomalies is still absent from the effective generating functional Weg. In order
to incorporate the anomaly structure of QCD into the effective field theory, the
effective Lagrangian has to be extended by a non-invariant term which generates
the anomalous terms upon the corresponding transformations. Wess and Zumino
explicitly constructed generating functionals that reproduce the anomalous Ward
identities of QCD [80].

By exploiting a purely geometrical argument, Witten [81] provided an ele-
gant derivation of this extension in SU(3),x SU(3)r ChPT: the Euler-Lagrange
equations of the leading order effective Lagrangian can be amended by a P- and
T-violating term,

2
O (%an*) AT QU QU QU (0U) =0, (427)

where A is a constant and the matrix U is — for now — the SU(3) counter part
of U in eq. . The procedure to construct the corresponding extension of
the effective action is the following: let space-time be regarded as a large four-
dimensional sphere $*. The matrix U constitutes a map from $* into the SU(3)
manifold. Since the fourth homotopy group of SU(3) is trivial, m4(SU(3)) = 0,
the image $* can be considered the boundary of a five-dimensional disk ID%. This
disk is not uniquely determined and $* can also be regarded as the boundary
of another disk (D%)’, such that both disks combined are homeomorphic to the
five-dimensional sphere $°. There is a unique antisymmetric rank-five tensor
Wijkim Which is invariant under SU(3)grx SU(3),, transformations. This tensor is
stationary at the point U = 1 under SU(3)y transformations and is given by

wizsss = Y _ 580(0) Trltoyto@tod)to@tor) (4.28)

where the sum is over all permutations of indices o and t; are five basis elements
of the Lie algebra of SU(3). The tensor at other points of the SU(3) manifold
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is obtained by SU(3); x SU(3)g transformations. The corresponding five form
is closed and the integral of this five form is homotopy invariant. The extension
of the action, Sy, ,y,, which is called the Wess-Zumino-Witten action, may be
expressed in different ways,

/

SI(}VZW = / Ay ikim Wijkim SSVZW = —/ dktm Wijkim 5 (4.29)
D5 (D5)’
which leads to the requirement exp(iS% ;) = exp(iSY, 4y ), or equivalently
/ dS TR G = 20N, N € N. (4.30)
g5

Let 75(SU(3)) = Z be generated by the map $°— 35 C SU(3) and w be normal-
ized to
/ AX T i = 27T (4.31)
$3
For local coordinates {y;} of D®, Witten arrived after identifying $) and normal-
izing w at (see [78,81])

Swzw = 51072 /1135 d3 7M™ Ty [UL,iUL,jUL,kUL,lUL,m , neN (432

where

A

ou . oUt.

UZ'I:UT -, Uvil——.U7
R, ayz L, 8yz

(4.33)

and U is the generalization of the standard map U to five dimensions which
can be defined by U = U(y1, y2, Y3, y4)¥® with y5 € [0, 1]. Expanding the matrix
(3

A

U = exp(iys0(y1, Y2, Y3, y4)/ Fr) and utilizing Stokes’ theorem, eq. (4.32)) becomes
at leading order in powers of Goldstone boson fields |78} 81]

n

Swaw = 40725 / d*z " Tr[¢p 0, 0 0,0 O + - - |, (4.34)

for ¢ = At + A\2¢? + - - with the Gell-Mann matrices \°.

The Wess-Zumino-Witten action S,y has also to be extended if a particu-
lar subgroup of SU(3)xSU(3)r is to be gauged. Let t§  denote the generators
of that particular subgroup. A gauge invariant additional extension can be con-
structed if these generators obey Tr[t¢]? = Tr[t4]? [81] for all @ in accordance
with the usual cancellation condition for anomalies in QCD. The Wess-Zumino-
Witten action in the presence of the external fields r, and [, ({,,7,: source fields
of egs. (2.38)), (2.39)-(2.41)) generalized to SU(3)) is given by [78,82-85]

n

Swzw Ul ru] = Sy zwlU] — 9672

/d4xEHVPUTr[Z”UpU(U’ l,uv 7’#)] , (435)
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where Z,,,, is defined by (with derivatives acting only on the next object on the
right-hand side)

Zpe = ULUT,ULUT, +2U1,1,1,U'r, — 2U'r,r,r,Ul, + 2iU0,1,1,U'r,
—2iU0,r,1,Uly + 2i0,r,UL, U r, — 2i0,1,U'r Ul,
—2iU%0, UL, U, Ul, + 2iU0,U'r, UL, U'r, — 2iU0,ULl,l,
+2iU0,U'r,rr, + U0, UUO,r,Ul, — UO,UUO, LU,
+Ut0,UUr,Ud,l, — Ud,UULU,r, —2U0,UU 0, UU Y, UL,
+2U0,U'U0,UTUL U r, 4+ 2U10,Ul,0,l, — 2U0,U'r,0,r,
+2U10,U0,1,l, — 2U0,U'0,r,r, + U'0,ULU0,UI,
~Uo,U'r,Ud,U'r, —2iU'0,UU0,UU0,Ul,
+2iU0,U'U0,UTUd,U'r, . (4.36)

By considering the coupling to electromagnetism, the integer n in eq. (4.32)) and
eq. (4.35)) was identified as the number of colors, N [81].

4.1.3 The effective Lagrangian in the pion-nucleon sector

A detailed study of the effective Lagrangian in the pion-nucleon sector is contained
in [86,[87]. This section provides a brief summary of the main aspects which are
of relevance for this thesis. In order to include pion-nucleon interactions into
the effective field theory, an appropriate transformation law for the fermion fields
of the proton and neutron has to be established [88-90]. The discussion below
follows the lines of [86,90,91]. Let

N(z) := (p <x)) (4.37)

denote the isospin doublet of the proton and neutron fields. Consider the com-
position of two elements of SU(2),x.SU(2)g, an axial and an arbitrary transfor-
mation:

(L,R) - (u',u) = (Lu', Ru) = (Lu' KT, RuK") - (K, K), (4.38)
Eq. (4.38) implies that the matrix u is transformed under SU(2), x SU(2)r by

w— RuK" = KuL', u?— RuK'KuL'= RUL'. (4.39)

The square of the matrix u transforms identically to the U matrix, which allows
for the identification u?> = U. K € SU(2) is in general a function of U, R and
L and is called the compensator field. Eq. defines a linear operation of
SU(2) xSU(2)g on the pair (U, N) by

(U/N)+— (RUL', K(R,L,U)N), (4.40)
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since K(e,e,U) =1 and

(U,N) = (RyUL}, K(Ry, L1, U)N)
— (RyRyULILY, K(Ry, Ly, RRULNK (Ry, Ly, U)N)
= ((RyR))U(LoLy)', K(RyRy, LyLy, U)N) . (4.41)

In analogy to the construction procedure of the effective Lagrangian in the
pion sector, the effective pion-nucleon sector Lagrangian consists of all hermi-
tian terms which are invariant under local SU(2); x SU(2)g transformations and

Lorentz scalars. The covariant derivative for the pion-nucleon sector is defined
by

DN = (0, +T,— )N, D,KN=KD,N, (4.42)
where the connection I';, is given by
1
r,= §[uT((9H —ir,)u +u(0, — il,)u']. (4.43)

Furthermore, the following fundamental building blocks are defined:

u, = iu'(9, —ir)u—u(d, —il,)u'], (4.44)
ye = ulyu!+uyu, (4.45)
W= uRMul T L (4.46)

The chiral dimension of a digram in the one-nucleon sector can be obtained
analogously to eq. (4.23) and is given by [79]:

D=2L+1+Y N (k—2)+> NiV(K —1), (4.47)
k k'

where L denotes the number of loops, N/™ the number of pion vertices of order
k and N7V the number of pion-nucleon vertices of order &’ in the considered
diagram.

The so called heavy-baryon chiral perturbation theory provides a consistent
framework in the extreme non-relativistic limit by integrating out the light com-
ponents of the nucleon fields in the generating functional of ChPT [92,93]. The
four-momentum of a nucleon in a nucleus p* can be decomposed into the on-shell
component described by the four-velocity v* with v? = 1 and a small off-shell
momentum k* (my: nucleon mass):

P =myv* + k. (4.48)

The nucleon field N can be split into a heavy component H and a light component
h by employing the velocity projection operator P, := (1 + ¢)/2 [93]:

N(z) = e ™ (H(z) + h(x)), oH=H, yh=—h. (4.49)
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Any product of Dirac matrices can be expressed as a combination of the velocity
v* and the Pauli-Lubanski spin operator S* = iy®c* v, /2, which equal in the
nucleon rest-frame v = (1,0,0,0) and S = (0,5)/2. After integrating out the
heavy component h in the generating functional as done in [93], the pion-nucleon
Lagrangian as a series in powers of 1/my and derivatives of H is obtained. The
leading order and next-to leading order Lagrangians in the pion-nucleon sector
are given by [87,93[[]

£Y = Hi(iv-D+gaS-u) H, (4.50)
1

L% = —H' (v D)~ D*—iga{S-D,v-u})
2mN

1! () = A0 + S ) + 184 S

Ce Cr

SkOSHfE —
mN[ ’ ]/_w z4mN

besks —i 5, 5 ;>)H, (451)

where the hat denotes the traceless component of a general chiral structure A

(€.9. Xx), X

A=A— 5(A4), (4.52)
and the quantities ¢; are LECs. g4 is related to the pion-nucleon coupling constant
g=nN =~ mpyga/F, at leading order. The LEC c¢5 in eq. (4.51)), for instance,
is related to the quark mass induced contribution to the neutron-proton mass
difference:

SMyy) = (my, —myp)™" = 4By (1my — ma) c5 . (4.53)
The strong neutron-proton mass splitting is (5mff; = (2.6 £ 0.5) MeV [94]E| by

current estimates. The LEC ¢; can be related to the mN-sigma term. Reference
[95] provides a compilation of various extractions of ¢; [91,/96198] and gives a
value of

c;=(—1.0£0.3)GeV !, (4.54)

!The hats over the LECs in the heavy baryon ChPT Lagrangians of [87] are omitted through-
out this thesis.

2The error of 5mf,fpr in this reference is understated. The uncertainty has to be increased to

at least 0.85 MeV to ensure consistence of dmy’ with the prediction in [43].
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4.2 The P- and T-violating effective Lagrangian

This section is concerned with the P- and T-violating terms in the chiral effec-
tive field theory Lagrangian which are induced by the QCD 6-term eq. (its
expression in terms of a complex phase of the quark mass matrix is contained in
eq. (2.65)) and the effective dimension-six sources egs. ([3.32)) - (3.38). The tran-
sition from (amended) QCD to (amended) ChPT involves the introduction of
source fields. Those transformation properties under chiral SU(2), x SU(2)r
rotations are assigned to each source field which render the combination of a par-
ticular source field and the associated quark term invariant. This implies that an
investigation of the SU(2);, x SU(2)g transformation properties of quark terms
is required to establish the connection between the levels of QCD and ChPT.
A P- and T-violating quark term induces in general an infinite set of P- and
T-violating terms of different orders in the (amended) ChPT Lagrangian. This
ordering of terms in the (amended) ChPT Lagrangian can be different for each
source of P and T violation. The aim of the remaining sections of this chapter is
to identify the hierarchies of coupling constants of the leading P- and T-violating
vertices for each considered source of P and T violation.

4.2.1 Chiral transformation properties of quark bilinears
and quark quadrilinears

As demonstrated in appendix [B] quark multilinears transform as states of repre-
sentations of O(4) and can be decomposed into quark multilinears which trans-
form as basis states of irreducible representation of O(4). According to ap-
pendix an irreducible O(4) representation can be labelled by a pair of half-
integers or integers (ji1,J2) with j; + jo € N. For each case of j; = j, = j,
there are two different irreducible O(4) representations which are labelled by the
superscript #: (j,7)%. The list of quark bilinears (two-quark terms) and the
irreducible representations of O(4) to which they belong is given by

dim=1 (0,0)" : qYMq, (4.55)
dim=1 (0,0)" C gy ysq (4.56)
dim=4 (1/2,1/2)% : (iqys7q, qq), (i1§o"" 579, 40" q) , (4.57)
dim=4 (1/2,1/2)" : (qrq,iqv5q), (Go"'1,q,i1G0" v5q) , (4.58)
dim=6 (1,0)®(0,1): (¢7"7q, ¢v"1574) - (4.59)

The Dirac vectors and tensors in this list are understood to combine with other
fields to form Lorentz invariant objects.

Quark quadrilinears (four-quark terms) transform as states of symmetric ten-
sor products of the irreducible representations of O(4) in egs. (4.55)-(4.59). An
arbitrary quark quadrilinear decomposes in general into a sum of quark quadrilin-
ears which transform as basis states of specific irreducible representations of O(4).



4.2. THE P- AND T-VIOLATING EFFECTIVE LAGRANGIAN 41

For the details of the connection between quark quadrilinears and the represen-
tation theory of O(4) the reader is again referred to appendix [Bl The complete
list of Lorentz invariant quark quadrilinears which transform as basis states of
one particular irreducible representation of O(4) is derived in appendix [B| (see

eq. (B92)-(B9)) and is given by

(0,0)” 1P -state : @yuTeq@Y"57hq (4.60)
(1, 1)* 3 PT states @ €"qy,miqq7" V5754, (4.61)
(2,0) @ (0,2) 5P -states : (030510805 —20:50k1) Y, Ti9qY v575q ,  (4.62)
(0,0)” 1 PT -state  :  GqGivsq — qTeqqivsTq (4.63)
(L,1)* 3PT -states :  GqqivsTiq £ qTiqqinsg (4.64)
(1,1)” 6 PT -states : qriqqivsTiq &+ qTiqivsTiq i # J, (4.65)

qTrqqivsTiq + qqqivsq - (4.66)

The first column contains the (ji, j2) labels of the irreducible representation of
O(4) of dimensions (2j; + 1)(2j2 + 1). The second column shows the number of
P-violating (and T-violating) quark quadrilinears in a particular irreducible rep-
resentation which are listed in the third column. Summation over equal indices is
implied except for the index ¢’ in eq. . Note that the two different relative
signs in eq. (and also in eq. ) define two different sets of tensors which
both transform as the same basis states of the (1,1)* (or the (1,1)7) represen-
tation (as demonstrated in appendix . This list of quark quadrilinears reveals
Fierz identities between two quark quadrilinears: in order for a Fierz identity
between two quark bilinears or two quark quadrilinears to exist, they have to
transform as the same basis state of the same irreducible representation as iden-
tical tensors. This is the case for the quark quadrilinears in eq. and the
quark quadrilinears in eq. with relative minus signs.

Other Lorentz invariant quark quadrilinears can emerge when external fields
such as the photon field are taken into consideration. Since the photon field, for
instance, has to be integrated out to obtain tree-level nuclear operators without
photons later on, such quark quadrilinears are suppressed and are disregarded in
this thesis.

Only the following two of the eight quark quadrilinears in eqgs. —
are of relevance for our analysis: the 4g-op eq. can be re-expressed in terms
of quark flavor doublets by

i(tudysd + uysudd — dutiysd — dysuid)
= i(q5999 — §V5T394739 — §V5T2qqT2q — qY5T19GT19)/2 (4.67)

which demonstrates that it transforms as a basis state of the (0,0)~ representation
of O(4). The 4qLR-op eq. (3.34) can equally be rewritten in terms of quark flavor



42 CHAPTER 4. P AND T VIOLATION IN CHPT

doublets by

gy, drdiy ur, — idpy,urtisydr,
= =Gy TiqrAL YT/ 2
= I TiqqsTia/4, (4.68)

and thus exhibits the transformation properties of a basis state of the (1,1)* rep-
resentation of O(4). Although the above list contains further P- and T-violating
quark quadrilinears, eq. and eq. are the only unsuppressed ones as
established in chapter [3 The other quark quadrilinears can be neglected until a
BSM mechanism can be identified which renders an additional quark quadrilinear
unsuppressed.

4.2.2 Source fields and P- and T-violating terms in chiral
effective Lagrangian

It has been explained in section that the connection between standard QCD
and ChPT is drawn by the introduction of source fields for each quark term
in the standard QCD Lagrangian. We extend this method to QCD when it
is amended by effective dimension-six terms, which requires the introduction of
further source fields. In order to ensure that the effective field theory obeys
the same chiral Ward identities as the underlying theory, the source fields are
assigned transformation properties under local SU(2),xSU(2)g transformations
and the group Zs of parity transformations which render the Lagrangian of the
underlying theory — QCD or amended QCD - locally invariant. The effective
Lagrangian is then obtained by compiling for each source of P and T violation
the set of all possible combinations of these source fields with the fundamental
building blocks of standard ChPT. The source fields for each source of P and T
violation are defined and the resulting terms in the (amended) ChPT Lagrangian
are subsequently discussed in this section.

f-term

The 6-term eq. (2.61) is rotated into a complex phase of the quark mass matrix by
an axial Uy (1) transformation via the anomaly. The resulting P- and T-violating

quark bilinears are given by eq. (2.65)),
iqvsq and 473754 (4.69)

which transform as basis states of the (1/2,1/2)~ and (1/2,1/2)7 irreducible rep-

resentations of O(4) according to eq. (4.58)) and eq. (4.57)), respectively. They are
thus connected by SU(2),xSU(2) g transformations either to the isospin-violating

component of the quark mass matrix or to the isospin-conserving component of
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the quark mass matrix. This implies that their corresponding source fields are
given by the well-known x source fields pgl and ps73 of standard ChPT. Their
assigned transformation properties under local SU(2),xSU(2)g transformations
are identical to their global transformation properties and naturally reflect those
of the corresponding quark bilinears, i.e. the source fields transform as the same
basis states of the same irreducible representations [43]:

(1/2, 1/2)7 . (SlTl,SQTQ,Sng,ipo) s (470)
(1/2,1/2)+ : (iplTl,ipng,ipng,So) . (471)

Therefore, the #-term induced effective Lagrangian for two quark flavors is just
the standard SU(2) ChPT Lagrangian as provided by [44] for the pion sector
and by e.g. [91] for the pion-nucleon sector. The terms which are induced by the
f-term are the pg and ps components of all terms with insertions of the building
block .

Before discussing the P- and T-violating terms in the ChPT Lagrangian in-
duced by the f-term in detail, a few general remarks which apply to all sources of
P and T violation are required. The decomposition of the fundamental building
block x. into a traceless component (x;) and a component with a non-vanishing
trace ({x4)) corresponds to the decomposition of the eight dimensional repre-
sentation of source fields combined in x into the two irreducible representations
(1/2,1/2)” and (1/2,1/2)". The same is true for the building block f1”, which
contains the source fields v!'7;, a!'r; and v and constitutes a reducible seven
dimensional representation. The decomposition of this building block into the
components f* and (f*) corresponds to the decomposition into the irreducible
representations (1,0) & (0,1) and (0,0)" (see eq. (4.55) and eq. (4.59)).

Combinations of these fundamental building blocks correspond to tensor prod-
ucts of the above mentioned irreducible representations of O(4). Consider a build-
ing block containing a P- and T-violating source field denoted by A pr for which
another P- and T-conserving counterpart Apr exists that transforms identically
under SU(2) xSU (2) g transformations. Let this building block be combined with
a P- and T-conserving building block Bpr that also has a P- and T-violating
counter part B pr- In the language of group theory, the combination A prBpr
transforms identically to the combination of building blocks APTBPT, in which
the former building block is replaced by the building block associated with its P-
and T-conserving partner source field and in which the latter building block is
replaced by its P- and T-violating counter part. This is the justification for the
definition of the building block x_ in eq. (.45), in which a particular source field
is combined with the chiral structure of its partner source field. It is apparent
that this building block can only occur in combination with other building blocks:
there is no term such as F2(iy_)/4 in the pure pion sector Lagrangian eq. (4.20)),
for instance, whereas the term —I7(x_)?/16 exists in eq. (this is just reflec-
tion of the fact that the representation (1/2,1/2)T®(1/2,1/2)7 is identical to the



44 CHAPTER 4. P AND T VIOLATION IN CHPT

representation (1/2,1/2)"®(1/2,1/2)~ ). This reasoning extends to the pion-
nucleon sector where the property of P and T violation can also be absorbed by
products of Dirac matrices which act on nucleons fields and are contracted with
other quantities.

The terms of the ChPT Lagrangian which are induced by the #-term are
contained in the expressions that include insertions of the building blocks (x+)
and x4+ with the replacements of the source fields py and p3 according to eq. :

0 _ 0 _

Py — oM, Ps — gme - (4.72)
However, it will be demonstrated in the next section[4.3|that the presence of chiral
symmetry breaking P- and T-violating terms in the QCD Lagrangian alters the
ground state of the theory and requires a redefinition of the quark fields by an
axial SU(2), x SU(2)g rotation. As a result of this redefinition, for instance, all
terms with a factor of p3 vanish. The P- and T-violating Lagrangians discussed
in this section are thus the naive P- and T-violating Lagrangians in (amended)
ChPT induced by the #- term (or by the effective dimension-six sources) before
the correct ground state of the theory has been selected. Furthermore, It will be
shown in the next section that the selection of the ground state procedure ensures
parametrization invariant leading order terms in the pion sector Lagrangian. The
induced terms in the naive P- and T-violating Lagrangian discussed in this section
in an arbitrary parametrization are obtained by the replacement of the matrix U
by the generalized U matrix of [99] with a parametrization function g,

7.7 [ 2 17 =2
= ' — — =1 | =+ 4.
oo (T (5)) o(F) =1 lerg Hro 0
where « is a real constant defining the parametrization (v = 0 corresponds to

the so called o-parametrization of SU(2) ChPT). This replacement is equivalent
to the following replacement of terms at leading order in powers of pion fields:

172 2

The terms induced by the f-term in the leading order pion sector Lagrangian

of [44] are given by eq. (4.20)

Fr
LY = o ) e
7T2
= (2Bp3)Frms (1 - —6F2> 4 (4.75)

where the dots denote — throughout this section — either terms which are P- and
T-conserving and not induced by the #-term or terms of higher orders in the
pion-field expansion.
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The fourth-order pion sector Lagrangian of [44] leads to the following naive
P- and T-violating terms induced by the #-term (see eq. (4.24))):

13 l7

4 _ 2 2
272 272
~ 21,285 (26m) F( ors ) ~ 2B @B 1 (1- 37 )
e (4.76)

The naive P- and T-violating terms induced by the #-term in the second-order
pion-nucleon sector Lagrangian eq. (4.51)) read after the redefinition H — N (see
also [91])

L8 = q(ININ - s NI N+
2 I 2
3 o fTT 0
o (4.77)

The naive fourth-order pion-nucleon sector Lagrangian of [91] which is also
given in appendix contains identical structures at leading order in the pion-
field expansion:

L0 = easO 2NN + eso (R R )NTN + - -

272 2m?
= 63832(2B80)(2Bp3)F 3[2 + 64016(2333)(23190) Ja 32
. (4.78)

These terms constitute corrections to the leading P- and T-violating 1NN ver-
tices of L 2N shown in eq. , but prove to be negligible as demonstrated in
the next section. The leadlng order P-and T- Vlolatmg ~IN N vertices also emerge
from the forth-order pion-nucleon Lagrangian ,C7T ~ of [91] and read

LY = engilx ) ("™ IN'S,u,N + eryi{(x_)NTf* S, 0,N
+ernat(f1Y >NTX SN + eqgi(fL7x— >NTSu’U,,N—|— e
= ¢1108¢(2Bpy)NT S, v, NF* 4 611146(23P0)NT7’38M’UVNF“V
+e1122¢(2Bp3) N1 735,0, NF* + e1134e(2Bp3) NS, v, N F*
T (4.79)

The P- and T-violating terms above extracted from [91] have also been found
recently by [42] in the Weinberg formulation of SU(2) ChPT. The complete list
of P- and T-violating terms which are naively induced by the #-term is provided

by appendix [D.2]
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There are numerous four-nucleon contact terms induced by the #-term which
lead to the following leading order naive four-nucleon Lagrangian induced by the
f-term:

Liv =  Ci{x;3)NTNNTN + Cy{x)NTS,NNTSHN

+C3NTY NNTN + CyNT¢, S,NNTS*N

+Csi{x_YNTND,(NTS*N) + Csi{x_)N'ZN - D,(NTS*7N)

+07iNT§<_NDM(NTS“N) + CgiNY{X_,7}N - D,(NTSFFN) /2

_|_ .

C14(2Bps)m NTNNTN/F + Co4(2Bp3)msNTS,NNTSH N/ F,

+03 (2Bpo)N'7 - FNNTN/F, + C42(2Bpo)N'7 - 7S, NNTS* N/ F,
—Cs4 (2Bp0)NTND (NTS*N) — Cs4(2Bpo) NT#N - D, (NTFS*N)
—~C72(2Bp3)NTr3sND,(NTSHN) — Cs8(2Bp3) NI N - D, (NTS 3 N)
4 (4.80)

Eq. is a re-derivation within the Gasser-Leutwyler formulation of ChPT
of the results previously presented in [39]|42,|49] in the Weinberg formulation
of SU(2) ChPT. The naive set of P- and T-violating terms induced by 6-term
presented here is in agreement with the one derived in the Weinberg formulation

of SU(2) ChPT in [42] at all relevant orders.

qCEDM

As pointed out in [39,/49], the isospin-conserving and the isospin-violating com-
ponents of the qCEDM, eq. , transform identically to the corresponding
components of the f-term in eq. as basis states of the (1/2,1/2)~ and
(1/2,1/2)" irreducible representations of O(4) (see eq. (4.57) and eq. (4.58)):

(1/2,1/2) + (igTo"" G, \q, gt G, A q) (4.81)
(1/2,1/2)" : (q7a"™ G5, A q, iGgo" G\ ) - (4.82)

The components of the qC' E DM constitute additional, separate isospin multiplets
which are not connected by SU(2). x SU(2)g rotations to the corresponding
isospin multiplets of the standard QCD Lagrangian which contain the components
of the #-term in eq. - (see eq (4.57)) and eq. - In the Gasser-Leutwyler
formulation of ChPT, this observation requires the introduction of an additional
set of source fields, which can be combined in the new object y in analogy to the
definition of y in standard ChPT:

X = 2B(so+ 8171+ SaTo + 8373 +ipo + ip17T1 + ipeTo +ipsT3),  (4.83)
X = 2C(30+ 5171 + 597y + 8373 + ipg + P17y + iPaTe + ip3T3) . (4.84)
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Whereas the quantity B of eq. (4.17) in standard ChPT is proportional to the
scalar quark condensate, y contains an additional corresponding quantity denoted
by C' which is defined by

Olaul0) = —F?B+---, (4.85)
(Olac™ G5, N ul0) = —F2CH+---. (4.86)

Since the effective dimension-six sources of P and T violation constitute an
amendment of standard QCD, their treatment within the effective field theory
requires an analogous amendment of standard ChPT. This leads to the definition
of further fundamental blocks Y4, in analogy to x4, by

e = ulyu' +uyu, (4.87)
Ye = u'xu' +uyu. (4.88)

For the qCEDM, the source fields py and p3 have to be subsequently replaced
according to eq. (3.25)) by

Po— —0%, Py — —02. (4.89)

The existence of new source fields has serious implications for the naive (before
the selection of the correct ground state) P- and T-violating Lagrangian which
is induced by the qCEDM. Since the two additional isospin multiplets give rise
to new LECs as emphasized in [39,/49], all observables originally related only to
source fields in x such as § ML and (dm2)*"", for instance, are now also related to
the source fields in xy. The new LECs encode BSM physics which is expected to
yield only minor modification to the SM at the energy scale Ay.q and below. The
contributions from the new LECs to P- and T-conserving observables can then
safely be considered insignificant compared to the ones from the standard LECs.
Therefore, it is in general impossible to infer the values of these new LECs from
measurements of P- and 7T-conserving observables.

The leading P- and T-violating terms induced by the ¢C'E DM in the modified

pion sector Lagrangians 5(2]2, and E;ﬁlj)v are contained in the structures

™

AN (4.90)
O 4 X-‘r X+ ) .
and
LY = —l3 (x4)? + —l~3 (X+)” + —lé X4+ (X+)
T 16 16 16
- A 4 )
_ - _ - _ _ _ . 4.
16<X ) 16<>< ) 16<X JX-) + (4.91)

In the absence of the f-term, only those terms in L’Efj)v proportional to the LECs
ls, 15, Iz and I, contain P- and T-violating components which are induced by the
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qCEDM. Due to the insignificance of the P- and T-conserving components of
(X+) compared to those of (x), the P- and T-violating terms from the structures
proportional to the LECs [ and [, clearly dominate.

All these statements are transferable to the pion-nucleon sector: the leading
P- and T-violating terms induced by the ¢qC'E DM in the pion-nucleon Lagrangian
are contained in

L2 = alx)N'N + a3 )NV
+es NI N + ENIY N+ (4.92)

If the qCEDM is the sole source of P and T violation, only the structures
proportional to the LECs ¢; and ¢; contain P- and T-violating terms. By the
same procedure of duplicating structures with insertions of x., higher order P-
and T-violating mTNN-, yNN- and 4N-terms are obtained from Lg,, 5;4]2, and
L4y as described above for the O-term case. All P- and T-violating terms listed
above for the f-term case are also induced by the ¢qCE DM when the source fields
and LECs are replaced by the ones for the gCEDM. The findings regarding the
naive set of P- and T-violating terms induced by the qCEDM presented here
are in agreement with those of [39] derived in the Weinberg formulation of SU(2)
ChPT at relevant orders.

4qL R-op

The 4qL R-op eq. transforms as a basis state of the (1,1)% irreducible rep-
resentation of O(4) according to eq. . Expressing the positive parity basis
states of the (1,1)" representation in eq. in terms of symmetric tensor
products of quark bilinears, one obtains the new and separate isospin multiplet

(LD (T g a7 vuq — T 59 TV, € GTV g T uv5q) s (4.93)

where i, j,k = 1,2,3 and the summation only over the indices [, m in the three
P- and T-violating terms is implied. The isospin multiplet eq. consists of
six P- and T-conserving (left part) and three P- and T-violating (right part, see
eq. (4.64)) quark quadrilinears.

Due to the absence of source fields in standard ChPT which transform as basis
states of the (1,1)", a genuinely new set of source fields has to be defined (by the

symmetric tensor product form of eq. (B.57) and eq. (B.58))
6 (1) R (7)1 + () 2(75)R) + 18" (7) R (o)L, (4.94)

with 4,5, k,[,m = 1,2,3 and summation only over the indices [, m in the second
term. The symmetric tensor ¢;; and the vector 7 are the (1,1)" counter-parts
of the quantities sg, s; and pg, p; associated with the (1/2,1/2)* representations
in standard ChPT. Note that the implied product of 7-matrices in this formula
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is the symmetric tensor product of matrices (see eq. (B.86))), whose constituent
7-matrices transform under SU(2), x SU(2)g as indicated by the subscripts L
and R (see appendix [B| for details):

4 (7)) r(T5)L + (7)r(75)L) + 6€"™ (1) R (7o) L
= Qij((RTiRT>R(LTjLT)L + (LTZ‘LT)L(RTJ'RT)R) + rkeklm(RTlRT)R(LTmLT)L )
(4.95)

According to eq. (B.75) and eq. (B.76) in appendix [B] there is another basis

of the (1,1)" representation which exhibits the chiral structure associated with
the product of familiar source fields p3so:

ire (I = DI+ (W] - (75 1)

- %z’rk (IR — (LrRY IR+ (LLRY] ~ (e ¢ 1))
(4.96)

where the subscript in (t)4, t = 1,71, 72,73, and the dagger indicates the above
defined SU(2), x SU(2)g transformation behavior of 7, and 1. The three source
fields in eq. (4.96)) correspond to the P- and T-violating basis states of the (1,1)"
representation in decompositions of the symmetric tensor products of the irre-
ducible representations (1/2,1/2)*®(1/2,1/2)% (see eq. (B.8§)). As previously
mentioned, the two expressions of the source fields associated with the P- and
T-violating basis states of the (1,1)" representation in eq. and eq.
are Fierz equivalent.

The 4gL R-op induces then all terms in the amended ChPT Lagrangian with
insertions of the new building block 7., which is defined four the two expressions

of the source fields eq. (4.94) and eq. (4.96) by

ny = (2Dry)e"™ (ul ) (urpul) 4 - - - (4.97)
ne = i(Dry) ((u'mul — urpu) (ulu + w'1ul) — (7 > 1)) + - - -
= i(2Dry) ((u'mpu’) (ulu) — (umu) (u'1ul)) + -, (4.98)

where the dots denote terms proportional to P- and T-conserving source fields
and the product between the brackets (i.e. (---)(---)) is understood to be the
symmetric tensor product of matrices. The quantity D is defined by

(0|uy"uuy,u — uy ysuuy,ysul0) = D+ - - -, (4.99)

where the P- and T-conserving component of the building block 7, obtained from

ca. (T91)

Ny = (2inj)((u7iuT)(uTTju) + (UTTZ‘U)<UT]’UT>> +oee (4.100)
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has been utilized.

In analogy to the definition of the building block 7x_ as a P- and T-violating
counterpart of y, in standard ChPT, the building block 7_ (which corresponds
to the (1,1)” representation) can be defined by (see eq. (B.77) and eq. )

n- = (2Dry) ((u'rpu’) (ulu) + (urpu) (u'1ab)) + - - . (4.101)

The terms induced by the 4¢L R-op in the effective Lagrangian are obtained by
compiling the list of all chiral structures with insertions of 7 and by subsequently

replacing (see eq. (3.34))

n Vud
2 )

In the pion sector, the first expression of 1, eq. (4.97) yields at leading order the

P- and T-violating termd’]

rg — L =T2 = Qi =0. (4102)

m Tk 2 7T2
D)™ U, U = (D)5 7E (1 - gﬁ) . (4.103)

whereas the second expression of 7y eq. (4.98)) gives a more familiar structure
with identical P- and T-violating terms:

i(2Dr) (R UNYWUY — (m UNUT)) = 5 (i UT — n,UNU + UT)
T 2 72
= (zDrk)SE (11 — §F_3) 4+

(4.104)

The chiral structure in eq. is resemblant of the P- and T-violating com-
ponent of the familiar chiral structure (y,)? in LY of eq. with the product
of conventional source fields (2Bsg)(2Bp3) replaced by (2Dr3). In this sense, an
insertion of n, is equivalent to two insertions of x, for instance, with the re-
placement (2Bps3)(2Bsg) — (2Dr3). In the pion sector, the leading term is thus
given by

7T3 2 7T2
<X+>2 ~ (2D71k)8i (]1 _ gﬁ) 4, (4.105)

The next pion tadpole term arises from a chiral structure with a simultaneous
insertion of 7, and y.:

[
‘li’gR(2Dr3)(2Bso)63lm<TzUTmUT><UT +U) = l4qLR8DT3BSO% +-- . (4.106)

3Note that the selection of the ground state procedure discussed in the next section ensures
parametrization invariant 37 vertices. The naive 37 vertex in eq. (4.97) is not the same for all
parametrizations.
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The leading order P- and T-violating 7NN vertices induced by the 4¢L R-op
can be extracted from the fourth-order Lagrangian Eg, by the above described
replacement of the source fields (2Bs3)(2Bps3) and of the LECf}

2 2

The 4q L R-op also induces all isospin-violating terms in the Lagrangian £,y in
eq. at leading order in the expansion of pion fields, i.e. those proportional
to the LECs Cy, Cy, C7, Cs. The corresponding terms induced by the 4qL R-
op are obtained by insertions of n+. The remaining isospin-conserving terms in
eq. (4.80)) at leading order in the pion-field expansion are obtained by simultaneous
insertions of 74+ and y4 and are therefore suppressed. The yNN vertices in
eq. (4.79) at leading order in the pion-field expansion are also induced by the
4qL R-op. The isospin-conserving term in eq. is in this case generated by
a simultaneous insertion of n_ and fﬁ”, whereas the isospin-violating term arises
from an insertion of n_ and (f%”). The naive set of P- and T-violating terms
induced by the 4¢L R-op derived here is in agreement with the previous results
of [39] derived in the Weinberg formulation of SU(2) ChPT.

qEDM

The isospin-conserving and isospin-violating components of the ¢ E DM eq.
transform identically to the corresponding components of the gCEDM as basis
states of the (1/2,1/2)~ and (1/2,1/2)" irreducible representations of O(4). In
contrast to the qC EDM, the ¢ DM has an explicit insertion of the photon field.
This requires the new source field to be identified with the photon field and to
transform identically to the source fields py and ps73 in . The set of all P-
and T-violating terms in the amended ChPT Lagrangian is therefore obtained
from all possible insertions of the building blocks y4 and F* by replacing the
qC EDM source fields (2Cps) and (2Cpg) by the new defined ¢gE DM counterparts
vp and ws. All resulting terms contain at least one photon field, which has to
be integrated out in order to generate P- and T-violating pion-, 7/N/N- and 4N
vertices at the price of picking up a loop factor of ae,,/(47). Therefore, all such
vertices are heavily suppressed by a factor of at least ., /(47) with respect to
vertices involving photons. The leading P- and T-violating v/N N-terms are given

4Note that the 3m NN vertex in eq. (4.108) is not in a parametrization invariant form. To
obtain this vertex in another parametrization, eq. (4.108]) has to be replaced by

3 2 72 n T3 172 72 "
C4qLR(2D7"k)8F7T <Il 3FT%) N'N — C4QLR(2DT}€)8FW (]]. 2F. OZF,T2 NN . (4107)
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2

Y e 14 ™ 14
Z<X—>NTSuUVNFu ~ 4oy (1 — ﬁ) NTSHUVNF” + e (4.109)

7_T"7?7T3

OF?

iNTXY_S, v, NF" ~> 2wsN' (7'3 — ) S, o, NF* 4 ... (4.110)

These terms constitute the leading isoscalar and isovector contributions to the
single-nucleon EDMs induced by the gEDM and they are in agreement with the
previous results derived in the Weinberg formulation of SU(2) ChPT which are
published in [39,49].

4g-op and gCEDM

The 4g-op and the gCEDM are chiral singlets and thus transform as the basis
state of the (0,0)” irreducible representation of O(4). They are not connected
to other terms in standard QCD by SU(2), x SU(2)g or U(1) transformations
as the f-term. In order to derive all terms in the amended ChPT Lagrangian
which are induced by the gCEDM and the 4g-op, a new P- and T-violating
source field has to be introduced that transforms as an SU(2), x SU(2)g singlet.
The leads to the definition of the new fundamental building block ¢~ and its
P- and T-conserving partner chiral-singlet building block ¢* (analogous to the
definition of ix_ as a partner building block for x,). Since ¢~ is a P- and T-
violating source field, there are no non-vanishing chiral structures with insertions
of ¢~ (note that a P-violating counterpart to the standard source field v,(f) would
also not generate non-vanishing terms). The complete list of P- and T-violating
terms in the amended ChPT Lagrangian induced by the 4g-op and gC'EDM is
thus obtained by all possible combinations of ¢t with the fundamental building
blocks of standard ChPT (and setting py = p3 = 0 if # = 0). This procedure can
be illustrated by the following example: let Apy and Bpr be two conventional
fundamental building blocks with P- and T-violating partner building blocks A Pr
and B pr- Chiral structures induced by the 4g-op and gCEDM are then of the
form:

§+APTBPT, §+APTBPT. (4111)

Some chiral structures induced by the 4¢-op and the gCE DM obtained in the
manner described above are given by

Looooas () it ) )y s
Loy i {XINTN, icTNTX_N, ic"NT[S - u,v - u]N,
st( ﬁ”)NTSHUVN, §+NTfﬁ”SMUVN, e
Liv © STNTND,(NTSEN), c"NTFN - D,(NTFSN), --- . (4.112)
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Induced vertices involving pions emerge from terms with insertions of x4 (or
multiple derivatives (see the third term of L,y in eq. (4.112)))) and are thus sup-
pressed by M2/m3%. This observation is just a reflection of Goldstone’s theorem.
The leading P- and T-violating YN N and 4N vertices emerge from the third and
fourth line of eq. , respectively. These results are in agreement with the
findings of [39] derived in the Weinberg formulation of SU(2) ChPT.
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4.3 Selection of the ground state

If the ChPT action functional S is invariant under SU(2), x SU(2)g transforma-
tion, the SU(2)y subgroup to which SU(2);xSU(2)g breaks down is not unique.
The presence of terms in the (amended) QCD Lagrangian or equivalently in £,
which explicitly violate the chiral SU(2),xSU(2)g symmetry impose a constraint
on the selection of the SU(2) subgroup such that it is then in general well de-
fined [63,/100]. The definition of this subgroup also implies the definition of the
ground state of QCD and of (amended) ChPT around which the effective field
theory is expanded. The selection of the ground state procedure is referred to as
vacuum alignment in the Weinberg formulation of ChPT [41,42]. The impact of
an altered ground state due to effective dimension-six sources has been computed
recently in the Weinberg formulation of ChPT in [39].

This section provides a thorough derivation of the ground state selection pro-
cedure and its impact on the effective Lagrangian in the Gasser-Leutwyler formu-
lation of SU(2) ChPTP} This section is organized as follows: before computing
the ground states of (amended) ChPT for all considered sources of P and T vi-
olation, the general selection procedure of the ground state in standard QCD
and standard ChPT in the Gasser-Leutwyler formulation is discussed. The set of
relevant P- and T-violating vertices for our analysis is given by

LO+ LY 4+ LB+ L9+ Lan
= myAsmsm? + goNT7 - N + gt NTmg N

—2dyN1S*M”"NE,, — 2d,N'138"0" NF,,

+CINTND,(NTS*N) + CIN'FN - D, (NTSH7N)

+CNTyND,(NTS*N) + CsNTND,(NTm3SHN) + - . (4.113)
As the main result of this chapter, the coupling constants in eq. are either
calculated explicitly or estimated by the means of NDA and the relative ordering
by their absolute values is identified for each source of P and T violation. By a
detailed study, all other vertices which are not displayed in eq. prove to

yield negligible contributions to the EDMs of light nuclei and are not discussed
in this section.

4.3.1 Selection of the ground state in standard QCD and
ChPT

The correct SU(2)y subgroup of standard QCD is identified by minimizing the
QCD potential

V= / d'r (s04q + $3qT3q — iPoGVsq — iP3qY5T3q) - (4.114)

®Parts of this section were published in [101].
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Since explicit chiral symmetry breaking constitutes at most a small perturbation,
the minimum can be identified by an infinitesimal variation of the quark fields
defined by:

q — exp(iT30 o, + 573 007, (4.115)

i.e. the multiplication of ¢ by a diagonal matrix (this corresponds to the procedure
presented for SU(3) ChPT in [102]). This variation yields the ground state
condition

oV =2 / d4l’ (j(SoZ"‘)%Tg + 83i75 + PoT3 +p3)q (504?4 =0. (4116)

The quark fields can be redefined by

q — exp(ivsm3 5/2)q, (4.117)

in order to obey the ground state condition eq. . However, the ground
state condition is only fulfilled if p3/sy = po/s3 holds, which is in general not
true. As argued in [42], the assumption that the ground state has to be P and T
conserving as well as isospin conserving requires eq. to be evaluated at

qT3q = qivsq = qivysT3¢ = 0, (4.118)

which reduces the ground state condition eq. to the requirement that the
coefficient of igy573q in eq. has to vanish (i.e. pj = 0 of eq. (£.139)). This
condition is obeyed if the angle 5 in the transformation eq. applied to the
quark fields in eq. (4.114) is chosen to be

[ = arctan (]2) . (4.119)
S0
The ground state selection procedure can equivalently be carried out in ChPT.
The ground state is identified by minimizing the leading order potential in the
pion sector Lagrangian of ChPT which is given by

F2
V=— / d%f(xUT +UxY, (4.120)

with
X = 2B(sol 4 s373 + ipoll + ips73), (4.121)

as usual. The minimum of this functional is identified by a variation of U = u?:
since for each pair g,¢g' € SU(2) there is a g € SU(2) such that ¢ = gg, a
variation of the field U(z) € SU(2) amounts to the multiplication by an element
G(z) € SU(2):

U(x) — G(x)U(x) = exp(iT - d(z))U(x) . (4.122)
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The minimization of V leads to
2

F
oV = zf /d4CL’<—XUTTi +7UxNa; = 0, (4.123)

which gives the ground state conditions
(nUX" —xU'r) =0, i=1,2,3. (4.124)

For py = p3 = 0, these conditions reduce to the set of equations

i=1,2,3: so(r(U — UN)) + s3(msmU — mimUT) = 0,
& solr(U = UN) — s (m(U+UN) =0,
& so(r;(U =U)) =0, (4.125)

which has the unique minimum solution U = 1. py # 0 does not alter the ground
state since the corresponding terms in the ground state conditions eq. (4.124)),

—ipo(r;(U+UN) =0, (4.126)

vanish trivially for ¢ = 1,2,3 (there is actually no term proportional to py in

£ of eq. ) The situation is entirely different for p3 # 0, which alters the
ground state conditions eq. (4.124]) to

i=1,2: so(r(U— U —ipse¥ (r;(U — U'))=0, (4.127)
i=3: solrs(U—U") —ips(U+ U =0. (4.128)

Eq. (4.127)) requires the U matrix to be of the form
U = exp(it33) = cos(B) + itz sin(B) . (4.129)

The insertion of this expression for U into eq. (4.128]) yields the familiar ground
state condition eq. (4.119)):

[ = arctan (@) . (4.130)
S0

This demonstrates that the U matrix has to be transformed in the presence of a

non-vanishing P- and 7T-violating and isospin-violating source field ps by an axial

rotation A=R=LT=exp(i33/2):

U AUA. (4.131)

The ground state itself is then given by Uy = A? ~ exp(i 73 p3/s0).

The ground state conditions eq. in the presence of a non-vanishing
source field ps is somehow obvious due to the following group theoretical argu-
ment: as demonstrated in the previous section and in particular in appendix [B]
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the source fields transform inversely to their associated quark bilinears as basis
states of the (1/2,1/2)* irreducible representations of O(4):

(1/2,1/2)+ : (p1717p27'2,2937'3750)7 (4-132)
(1/2,1/2)7  :© (s171, 8272, 8373, 1po) - (4.133)

Any SU(2); x SU(2)g transformation of the quark fields or the matrix U, there-
fore, is equivalent to the inverse SU(2), x SU(2)g transformation of the source

fields:

(1/27 1/2)+ : (plTlaPQTQap?)T?n 80) = (p/1T17p/2T2apgT3a SE)) ) (4134)
(1/2,1/2)7 : (8171,82T2,8373,’ip0> — (SllTl,SlzTé,SIBTg,ip6> . (4135)

The axial transformation of the source fields can then by chosen to yield p; =0
and the ground state is again simply given by Uj = 1. If this axial transfor-
mation is undone, the actual ground state for p3 # 0 is on the path defined by
the one-parameter subgroup exp(it33). The infinitesimal axial SU(2), xSU(2)r
transformation of the quark bilinears or the U matrix to remove ps corresponds
the following inverse axial SU(2), x SU(2)g transformation of the source fields

50, 83, po and pa:

sy =0+ Ops+ - =s0+ps/so+ -, (4.136)
sy = 83+ fBpo+ - =s3+pspo/so+ -, (4.137)
Po=Po — Bs3+ - =po—p3ss/so+ -+, (4.138)
Py=p3—PBso+ - =p3—p3+-- =0+ (4.139)

As a result of the axial transformation, the original terms proportional p3 are
absent from the QCD Lagrangian and equivalently from the entire effective La-
grangian.

The ground state selection procedure ensures the absence of leading-order
pion tadpole terms. However, a further pion tadpole term emerges in the pion

sector Lagrangian £ of eq. 1’

— U= U = 207(2Bpo) (2Bsg) - (1= S ) -+, (4.140)

which can be removed by another axial rotation A" = exp(ir3’/2). Pion tadpoles
which occur at subleading orders cannot be rotated away within one specific order,
since such a rotation would reintroduce the tadpole terms previously removed
from lower orders, in this case the leading order. The axial rotation has to be
chosen such that no tadpoles occur at all orders up-to-and-including the one from
which the tadpole is to be removed. In the above case, this entails that the axial
rotation has to generate terms in the leading order pion sector Lagrangian £
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(eq. (4.20)) which cancel the tadpole term in £ (eq. (4.24)). This procedure
may be iterated up to any desired order.

Before concluding the general discussion about the selection of the ground
state, a few further issues have to be mentioned. The electromagnetic field A,, is
not contained in eq. and does thus not affect the selection of the ground
state. All terms apart from the l3 and the [; term in ,c;‘” are invariant under the
axial rotation A: the l; and the [, term are invariant since [D,, A] = 0. In the
sole presence of the electromagnetic field, the Iy term vanishes due to

where Q is the SU(2) quark charge matrix of eq. (2.34). The [5 and the ls term
are invariant under A since

(R, Al = [Lw, A =0, (4.142)

nz

and the h;-terms are designed to be chiral singlets which are also invariant under
A. Therefore, the presence of an electromagnetic field A, does not affect the
selection of the ground state.

The selection of the ground state also ensures parametrization invariant lead-
ing order terms in the pion sector. This statement can be illustrated by the
following example: let the U matrix be the one defined in eq. with a
reparametrization function g,

77 (7 2 17 =2
U= 3 — — =1 | =+ 4.143
w(Ee(B)) o(B) -l e
where « is a real number. Eq. (4.140)) before the second axial rotation to remove
the subleading tadpole term is then given by

T3 <1 172 2

lz t 2 _
E(XU Ux")" = 217(23p0)(2333)E §F3+O‘F_g)+ . (4.144)

The second axial rotation A’ = exp(it3(’/2) causes a shift of L2 of eq. (4.20)
which cancels the pion tadpole term and the parametrization dependent compo-

nent of the 37 vertex in eq. (4.144)):

F2 2
f(xUT +x'U) = —B'(2Bso) Fys (1 + a%) e (4.145)
Another issue is the role of U(1)4 transformations. The U(1)4 anomaly of
QCD gives rise to the Wess-Zumino-Witten term in ChPT discussed in section

4.1.2] which is given by [46]:

J —%Ni B(ln(det(U) - ln(det(U*))} , (4.146)



4.3. SELECTION OF THE GROUND STATE 29

(N.: number of colors, a: constant related to the 1, masses as mentioned be-
low) and exhibits the same behavior under U(1) 4 transformations as the fermion
measure in the generating functional of QCD eq. . This ensures the one-
to-one correspondence with respect to axial U(1)4 transformations between the
QCD Lagrangian and ChPT. In standard SU(2);,xSU(2)r ChPT, the generator
of U(1)4 is not associated with an additional degree of freedom (the n or 7’)
and is irrelevant for the selection of the ground state. If the U(1)4 generator is
regarded as an additional degree of freedom which might be called  and which
is an admixture of the physical n and 7’ mesons, the Wess-Zumino-Witten term
constitutes a mass term with Mﬁ = 2a/N., for that additional degree of freedom.
In the resulting U(2), x U(2), ChPT, the chiral symmetry breaking terms de-
termine the U(2)y subgroup to which U(2), x U(2)g breaks down. The ground
state conditions are more complex due to the additional degree of freedom. In
particular, also 1 tadpoles emerge at leading order in the pion sector Lagrangian
which have to be removed. Further subtleties of U(2), x U(2)g ChPT have also
to be taken into consideration: the low-energy constants, for instance, are in gen-
eral not the same as their SU(2), x SU(2)r counterparts, which is particularly
true for l7 in £ since its size can largely be attributed to manifestations of the
n and 7’ (see the paragraphs on n—n%mixing in [43,/44]).

4.3.2 Selection for the 6-term and the hierarchy of cou-
pling constants

We will now focus on the selection of the ground state in the presence of the 6-
term. We start from the expression of the #-term as a complex phase of the quark
mass matrix as in eq. (2.65). As explained in the previous section, the correct
ground state is obtained by subjecting the quark fields in the QCD Lagrangian
or likewise the matrix U to an axial rotation A=exp(it3//2) with (see eq. (4.75])
and eq. (4.119))
7] _
B = arctan (@) = —c+ 0. (4.147)
So 2

This implies a simultaneous shift of the parameter py by (see eq. (4.72) and
eq. (4.138))

— 2 =0m*, (4.148)
with m = (m, + mq)/2, € = (my — mq)/(my + myg) = —0.35 £ 0.10 [34] and

the reduced quark mass m*. The f-term has thus been rotated into the isospin-
conserving component of the quark mass matrix:

Om* qivsq . (4.149)
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This redefinition of the quark fields also alters the naive set of P- and T-
violating terms in the ChPT Lagrangian of section by setting po = Om*
and p3 = 0 in egs. —. Furthermore, the subleading pion tadpole term
in eq. has to be canceled by a small shift of the leading order P- and 7-
conserving term proportional to so in F2(x,)/4 of eq. that is induced by a
second axial rotation of the ground state defined by the angle 5’ (see eq. (4.139))):

_ 4Bl M? -
B(f) = — 3P0 o (1 - )50+ 0(0"). (4.150)

2
FZso E

This shift of F?(xy)/4 removes the tadpole term and modifies the term propor-
tional to m3m? in —I7(x_)?/16 (see eq. (4.76)) and eq. (4.140))):
2 2

%<X+> — —3'(0)(2Bso) Frs (1 - 67T—F7%) + (4.151)

The LEC ;7 included in [’ is related to the strong-interaction component of the
pion mass-square splitting (§//2)5"" mentioned in eq. (4.25)) and given by [43]

(5M73)Str = (Mz"' - Mio) strong
= 2(my — mg)’ B3y /F? - ~2M,-0.18MeV. (4.152)

The leading contribution to the 37 coupling constant Az in eq. (4.113)) induced
by the f-term, AJ, is obtained by adding the second term on the right-hand side

of eq. ({4.151)) to the 37 term in eq. (4.76)):

N B'(0)(2Bso) N Al7(2Bs5)(2Bpo) \ _ (0MZ)*"(1 — €?) 3
3 My 6F, 3F3 4F, mye
= (—0.0004 £ 0.0002) 4. (4.153)

All additionally induced terms in the pion sector Lagrangian are of higher orders.
The redefinition of the ground state generates new structures in the pion-
nucleon Lagrangian £§f’}v of eq. 1’ as pointed out in [42]:

— . 7T2
a{x)N'N — —45’(9)01M3Fi (1 — 6F3) NIN .-, (4.154)
77 (1-2)07s

sNTX N — —25’(9)056M3NT( )N+ .-+ (4.155)

F, 2€

The terms proportional to the LECs ¢y, c3, ¢4, ¢g and ¢; in the pion-nucleon
Lagrangian eq. are invariant under the axial rotation A when the electro-
magnetic field is the sole external current. The second term on the right-hand
side of eq. is O(6?) and can be disregarded. The coupling constant of
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the P- and T-violating and isospin-conserving 7NN vertex is then obtained by

inserting eq. (4.148)) into eq. (4.77) and adding eq. (4.155)):

P T

cs (4Bm*0 — 26'(0)eM?) N N+ (4.156)

™

These terms are proportional to the LEC c¢; and thus related to the to the
quark mass induced part of the proton—neutron mass difference 5mff; according
to eq. (1.53)). It can be quantified from three different sources: (i) the use of dis-
persion theory to quantify the electromagnetic part of the proton—neutron mass
difference [94,/103-105], (ii) lattice QCD [106], or (iii) from charge-symmetry-
breaking (CSB) studies of pn — dr® [107]. All analyses lead to consistent results,
where the most recent is given by [94]]]

4B(m, —mg)cs = dmSe = (2.6 + 0.5) MeV . (4.157)

np

The first term in eq. (4.156)) is the dominant contribution to the 7NN coupling
constant go of eq. (4.113)) induced by the #-term, which is denoted by g) and

equals
5mstr(1 . 62) B B

np — (—0.018 £ 0. . 4.1
e 0 = (-0.0184£0007)0 (4.158)

90 =

This expression agrees with the prediction of ref. [50] when eq. (14) of ref. [50] is
inserted into the corresponding eq. (8)E| It turns out that the value of gj is more
than a factor of 10 smaller than the estimate from NDA given by 0M2/(myF}).
The second term in eq. constitutes a small correction to g§ which is given
by

_ dmsY (1 — €2) 7 (5 M2)str o (OM2)st™

o TR vt (4.159)

reproducing the corresponding term in eq. (113) in [42].

The dominating contribution to the P- and T-violating and isospin-violating
mNN coupling constant g; of eq. induced by the f-term, ¢¢, is given by
eq. (4.154)), which includes the LEC ¢; and can thus be related to the 7N sigma
term. The value for this LEC is given in ref. [108], which contains a compilation
of various extractions of ¢; [91,(98,|109}/110]:

¢, =(—1.0£0.3)GeV !, (4.160)

SThe error of §m;!7 in this reference is understated. The uncertainty has to be increased to

at least 0.85 MeV to ensure consistence of 5mff; with the prediction in [43]. The insertion of
this larger uncertainty of (5mff; into eq. increases the uncertainty of g§ from 0.0076 to
0.008 6.

"The result of ref. [50] has the opposite sign to ours (which is compensated by the opposite

sign of €). Furthermore, F; is defined twice as large there.
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Figure 4.1: P- and T-violating 7° NN vertex ¢{ (black square) induced by 7’
n-mixing and the P- and T-violating n/N N vertex (open square).

The coupling constant ¢¢ then equals:

2 M2t (1 — €2) _
g =2l ’}2 1=y (4.161)
€

Inserting the relation [111]

B (m,—mq)® € M}
T4 ME— M2

™

(SM2) =

b Crr vy (4.162)

into eq. (4.161)) yields the result

p  all—e)e MY -
~ 0 = (0.003 £0.001) 0 4.1
a1 F, = 2 (0.003 £0.001) 6, (4.163)

where the uncertainty of this contribution to ¢¢ is dominated by the uncertainty
of ¢;. The expression given in (4.163]) exactly agrees with the one presented in ap-
pendix which is derived from n-7° mixing, see ref. [26] and fig.|4.1], provided
the strange-quark content of the nucleon is vanishingly small. An alternative
derivation which uses SU(3) ChPT input instead of sigma-term estimates is pre-
sented in appendix . Taking the rather large SU(3) errors into consideration,
the SU(3) estimates for ¢¢ (and gj) are compatible with our final values.

In addition to the contribution eq. to g7, there is an another linearly
independent operator structure that contributes to ¢? (see ref. [42]). In our

notation, it is given by eq. (4.78)):

o m 2m?
640<X+X+>NTN = 64016(2.883)(23]90)?3 (]. - ﬁ) + - (4164)

Unfortunately, this operator structure contributes to P- and T'-conserving ob-

servables at such a high order that it cannot be constrained from a study of, say,
wN scattering. We therefore need to estimate the value of ey differently. The

term in eq. (4.164) could have been replaced in eq. (4.78)) by the term NT(y_)2N,
which has the same P- and T-violating structure but does not explicitly appear
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in eq. (4.78)) since it is not independent of NT(x ¢, )N. Therefore, the assess-
ment of the contribution of the ey term to ¢¢ can equally well be performed by
considering NT(y_)2N.

While the operator y leads to terms that are even (odd) in the pion field for
P- and T-conserving (violating) contributions, these relations are inverted for the
operators x_: P- and T-conserving (violating) contributions are given by terms
that are odd (even) in the pion field. Thus, a natural resonance saturation esti-
mate for the operator of eq. is given by a diagram, where one insertion of
X _ converts the even-parity nucleon into the lowest odd-parity nucleon-resonance,
the S11(1535), which then decays via an isospin-violating decay into a neutral
pion and a nucleon. The latter step may be modeled by a S;;(1535) decaying
into 7N which then converts into 7°N via 7 — 7 mixing. This contribution is
potentially important, since the coupling of this nucleon resonance to nN is very
significant [34]. However, an explicit calculation shows that the mentioned con-
tribution does not exceed the value estimated from NDA: the magnitude of the
unknown LEC can be assessed by the means of resonance saturation. According
to ref. [34] the mass, width and N7 branching ratio of the Si;(1535) odd-parity
nucleon-resonance are my;,.,. = (1535 + 10) MeV, I'y,.,. = (150 £ 25) MeV and
Bnysgs—sng = (42£10) %. Finally the CM-momentum is p* = 186 MeV. The par-
tial decay width I'y,,,;ny is then approximately 63 Mel/, such that one finds
for the effective coupling constant for the decay N* — Np

r
1] = 4 [ SN g g (4.165)
p*

where we assumed an energy-independent decay vertex. By inserting
Wix_) = —MZ2(1—€*)0(1 — ix?/F2) + e2M2ms [ Fr + .. (4.166)
into the effective interaction Lagrangian
Lysgsn = hNT5s3(ix YN + hee. (4.167)

we get

N _ oM
Loy = hNJzo (—M§(1—e2)9 et .)N + h.c. (4.168)

™

The first term provides the P- and T-violating transition of a nucleon into the
N*. As illustrated in fig.[4.2] we may model the second vertex by the decay of the
resonance into an 7 and a nucleon, followed by n-7° mixing. Using the leading
order ChPT expression for the mixing amplitude

B(mg — my,)
Eﬂ-On ~ \/gw ~ 137%, (4169)
n T
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Figure 4.2: Effective P- and T-violating and isospin-violating w3 NN vertex esti-
mated as P- and T-violating transition (black square) from the even-parity nu-
cleon to the odd-parity Si;1(1535) nucleon-resonance (double line) which in turn
decays into nN (open circle) with subsequent isospin-breaking by n — 7°
ing (black circle). The second topology of the diagram, where the pion emission
comes first, is included in the calculation.

mix-

we can express h by g* and €0, as

. F.¢*
h = EWO,IQE—W . (4170)
Thus the interaction Lagragian (4.168]) can be rewritten as
F.(1—%)0
ﬁN*Nxf = g*Eﬂ-On <—% + 7T3> Nik535N + h.c. (4171)

In summary, we get the following estimate for the odd-parity contribution to the
P- and T-violating isospin-breaking m N N coupling constant

2 OF:(1=¢%) /(=€)
MNy535 — TN

which is only one third of the NDA estimate

39y = 19" *(exo) ~ (0.6+£0.3)-1074, (4.172)

4

ML _
|50 ~1.7-107°6.
myFr

Moreover, in order to get the proper SU(3) chiral limit of QCD, the 1 should be
coupled with a derivative even to nucleon resonances — the resulting Lagrangian
is given in ref. [112] — which leads to an additional suppression. We therefore
consider it safe to estimate the additional g?-uncertainty due to our ignorance
of e49 from an NDA estimate which is equal to eM?/(m3 F;) ~ 0.002. In what
follows we will therefore use

g% = (0.003 £ 0.002)8, (4.173)
which includes zero within two sigma. In particular, we find for the ratio

0 5M2 str
9 _ 8aOM)™ o401, (4.174)

0 str
gO 6mnp
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The value of ¢¢/g8 is numerically about a factor of 25 larger than the SU(2) esti-
mate of order eM?/m%, which would follow from the first relation in eq. (4.174))
if the scaling omg ~ eM?/my were assumed. The main origin of this difference
is that g§ is unusually small — instead of two powers in the counting the relative
suppression numerically is of the order of one power in the expansion parameter
M. /my. It is this observation that we will use in the power counting as outlined
in the next chapter.

In order to summarize the results, the numerical or NDA estimates of the
coupling constants defined in eq. (4.113]) induced by the f-term are listed:

Smstr(1 — €2) _ _ _M?
g = %9 = (—0.018 £ 0.007)0 ~ em—; : (4.175)
s N
2 5M2 str 1 — 2\ _ Mﬂ_
= al ”; 6( ‘ )9 = (0.003 % 0.002)8 ~ —m—Ngg, (4.176)
SM2)str(1 — €2) _ _ M?
A} = ( Z} W(LNE ‘ )9 = (—0.0004 £ 0.0002)0 ~ m—;gg, (4.177)
T N
_ _ M?
db = dejpe M*(1—3)0=0 (06—;) : (4.178)
my
_ _ M?
d = 2eeM}(1-)0=0 (ee g) : (4.179)
my
_ M? _ eM?
V= V=0(0== =03 =002 ). 4.1
C; Cy (’)( F3m§v)’ Cy =Gy 0( Fgmg> (4.180)

The NDA estimate of the coupling constants C7, have been obtained by the
following reasoning: a P- and T-violating 4N vertex can be regarded as a P- and
T- violating exchange of a heavy meson of mass my. Taking the NDA estimate
of g3, M2 /(mnF,), as a scale for the P- and T-violating meson-nucleon coupling,
M./ F; as a scale for the P- and T-conserving meson-nucleon vertex, a factor of
1/m% for the heavy meson propagator and removing one factor of M, for the
derivativs in the vertices belonging to C7, (see eq. ), one obtains the order
estimate OM2/(F2m3;). The order estimates of the vertices C7, involve another
factor of eM?/m3 associated with an additional insertion of (2Bs3). The NDA
estimates of dff ; and C’ﬁ’g’ are in agreement with those in [42].

4.3.3 Selection for the qCEDM and the hierarchy of cou-
pling constants

In the presence of effective dimension-six sources, a few differences to the above
discussed selection of the ground state for the 6-term occur which are due to the
existence of additional LECs. Since the numerical values of these LECs are in
general unknown, quantitative assessments of the pion-nucleon coupling constants
are now impossible within the framework of ChPT alone. Until Lattice QCD
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might be able to provide numerical values for the new LECs, any estimates of
the relevant coupling constants in eq. induced by the effective dimension-
six sources rely on NDA. As demonstrated in section [£.2.2] the source fields of
the qCEDM are py # po and p3 # p3. Due to the existence of new separate
isospin multiplets, a simultaneous removal of p3 and ps by an axial rotation A =
exp(i134/2) is impossible and only the leading pion tadpole is removed from the
amended ChPT Lagrangian. Assuming a vanishing 6-term, one has py = p3 = 0.

The minimization of the potential eq. with the generalized mass term
of eq. leads to the ground state conditions in the presence of the qCEDM,
which are obeyed if Uy = exp(it3/) with

[ = arctan Cps = Cps
BSo+C§0 BSO+C§0

A chiral rotation A = exp(it3/3/2) of the quark fields or equivalently of the matrix
U = u? in the effective Lagrangian results in corrections of all other terms in
the amended QCD and the amended ChPT Lagrangians. Utilizing egs. (4.136))-

(4.139), x and x are shifted by
)2 — )2’ = 20(501 + 537'3 + ’L(ﬁo — 553)]]_ + Z(ﬁg — 550)7—3> 4. , (4182)
X = X/ = QB(SOIL + 8373 — iﬁs;;]l — 2'5307'3) 4+ (4183)

where the dots denote terms which are proportional to higher powers of py 3.

T (4.181)

The axial rotation A profoundly affects the pion-sector Lagrangian £

eq. (4.90) in the presence of the qCEDM source fields. Utilizing eq. (4.182) and
eq. (4.183)), the next-to-leading order pion tadpole term after this axial rotation
reads

LY = [1:(2BBs3)(2Bs3) — (20 (po — B33))(2C53)
—1(2C(po — B33))(2Bs3) + 15(2BBs3)(2C53)
+13(2C50) (20 (p3 — B30) — I3(2Bs0)(2BBs0)
+15(2C(ps — B50))(2Bs0) — I5(2B350)(2C5)]

2
x2;—i (1 - ;;7?) T (4.184)
Since [5p| < |so| and |33] < |s3|, the tadpole term essentially reduces to
LY = [I;(2BBs3)(2Bs3) — 15(2Cpo)(2Bs3)
—15(2Bs0)(2Bfs0) + 15(2Cp3) (2Bso)]
2
><2;—i <1 . ;;3) T (4.185)

This next-to-leading order tadpole term is removed by subjecting the effective

Lagrangian to another axial rotation A" = exp(it34’/2) with

_ 4l7B2ﬁs§ — 15 BCpyss — 13B*Bs2 + I5BCp3sy

F2(Bsg+ C3) ’

g (4.186)
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which causes a shift of the leading order mass terms F2?({x)/4 and F2(y,)/4 in
eq. (4.90) in analogy to the #-term case:

Fz’?((m) + (X+)) = —F:.B'[(2Bso) + (2C50)|m3 (1 - 67T_]j,$) +-o- . (4.187)

This second axial rotation A’ corresponds to a second axial rotation of the source
fields in x and y:

X = X' =2B(sol + 8373 — (B + F)szl —i(B+ B)soms) + -, (4.188)
X = X =200l + 8373 +i(po — (B + B')33)1 +i(ps — (B + B')s0)73) + - .
(4.189)

The coupling constant Ag of the P- and T-violating 37 vertex in eq.(4.113
is then obtained by adding the second term on the right-hand side of eq. (4.187

to the 3m-term in eq. (4.185)):

A, = BBt %) (4.190)

Fﬂ'mN

By inserting eq. (4.188) and eq. (4.189)) into eq. (4.92)), the leading P- and T-
violating 7NV coupling constants go and g of eq. (4.113) are obtained in analogy
to the previous section (5 := 3+ f'):

. 4650]30 - 4BC5833 +

8¢,C'p3 — 8Beysof3
F N — + .

F. o

90 9 (4.191)

Similar expression for the coupling constants dp; and C’?:S’ in eq. involve
further new LECs (corresponding to e.g. ej10 and ejq1 in eq. and to C5-Cy
in eq. ) which are not discussed here since they are not required for NDA
estimates.

All coupling constants of eq. induced by the qC' EDM are proportional
to the quark mass as in the case of the 6-term since the qCEDM emerges from a
coupling to the Higgs field at higher energies (see eq. ) Since the qCEDM
has an isospin-conserving as well as an isospin-violating component, the only
difference to the hierarchy of coupling constants for the f-term is that gy and
g1 are now induced at the same order and are thus expected to be numerically
comparable. The same is true for the three pairs of coupling constants dy,
C’? 3 and C’g 3 respectively. Since the P- and T-violating 37 vertex arises from an
additional insertion of the quark mass (i.e. and additional insertion of the building
block ), the coupling constant Aj is suppressed by a factor of M?/m?3, with
respect to gop and g;. The NDA estimates of the coupling constants in eq.
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is then given by

M? M?
= g T A = i 4]_ 2
90 (51 @ (CFﬂ'mN) ) 3 @ (Cmei’V) ) ( 9 )
My Mz
d0:d1:O(C€m—§V>, C?:C‘f:(g(CFEm‘?V)?
M2
00203:(’)(0 u ) : (4.193)
I A\ I

where ¢ is a generic O(1) constant parametrizing BSM physics. The NDA esti-
mates are in agreement with those in [39).

4.3.4 Selection for the 4¢L R-op and the hierarchy of cou-
pling constants

In the case of the 4¢L R-op, the only non-vanishing P- and T-violating source field
is the one given by eq. (4.94)), i.e. pg = p3 = 0 and r3 # 0. The most convenient
form of the leading order ChPT potential V' is obtained by utilizing eq. (4.97))

and eq. (4.100)):
F? F?
V = —/d4$< Zﬂ-<23($0]1 -+ Sng)TU> -+ Iﬂ<2B<80]1 + 83T3>UT>
+ (2Dg;)){UnUr; + UlnUT;) + (2Dr3)e3lm<nUTmUT>) . (4.194)
By employing the variation of U,

U(zx) = G(x)U(z) = exp(iT - d(z))U(x), (4.195)

with ay = as = 0 and a3 # 0, the ground state condition for a non-vanishing
4qLR-op is obtained (neglecting terms proportional to [2Dg;;| < [2Bso|, |2Bss3]):
Z.FzBSO

2

<7'3U — T3UT> + 41)7”3<7'1[]7'1[]Jr + TQUTQUT> =0. (4196)

This ground state condition requires the ground state to be Uy = A% = exp(i73.3)

with

_ 8(2Dr3)
7 s

The higher order tadpole term eq. is removed by a second axial rotation

A" = exp(it3f’) with " defined by

(4.197)

B 4l4qLRDT3

B = > (4.198)
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The matrix U in the amended ChPT Lagrangian has therefore to be subjected
to an axial rotation A’A = exp(i733/2) with 3= 8+ in order to adjust the
amended ChPT Lagrangian to the altered ground state.

The leading order contribution to the coupling constant of the P- and T-
violating 37w vertex in eq. , A, is given by the sum of the 37 term in
eq. (4.105)) and the shift of F2(x)/4 caused by the axial rotation A:

—32DT3 + BS()ﬁFﬁ 8DT’3
A3 = 4.0 =—
3F3my F2my

(4.199)

The shift from other P- and T-conserving terms proportional to 2Dg;; < 2Bsg
are heavily suppressed and have been neglected here. The second axial rotation
A’ generates further contributions to Az, which are two orders suppressed with
respect to the one displayed in eq. due to the smallness of 3. The axial
rotations also generate further P- and T-violating terms in the pion-nucleon La-
grangian Eg{, from P- and T-conserving terms proportional to the LECs ¢; and
Cs:

2
a(x)N'N = —45C1M§% (1 - %) NIN 4+, (4.200)
2Bcse M2
NN — —%NU?FN T (4.201)

The term on the right-hand side of eq. (4.200) constitutes a correction to the
dominating contribution to the coupling constant g; of the P- and T-violating

w3 NN vertex eq. (4.108)):

(1604qLRDT3 — 4301M§)
I +

g = (4.202)
The term on the right-hand side of eq. is the leading contribution to the
coupling constant gg: R
2Bcse M?
5
The first axial rotation A generates in principle leading order terms from leading
order chiral structures, since 3 = O(1) in contrast to ' = O(M?2/m%). One

would naively expect gy and g; to be of the same order. Neglecting the first term
on the right-hand side of eq. (4.202)), the ratio of gy and g¢; is given by

9o = (4.203)

omstr 0026 + 0. M?
g _ s Omy (0.0026 £ 0.0005) GeV ~ —0.017 4 0.006 ~ 27
0 2c;  8c;M2 T (—0.1524 4 0.0457) GeV m

N
(4.204)
which reveals a (potential) suppression of gy with respect to g; by at least two
orders in magnitude.
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The following hierarchy of the coupling constants defined in eq. for the
4qL R-op emerges: since the 4qL R-op is not proportional to the quark mass, the
NDA estimate of g; equals the one for the gqCEDM with the factor accounting
for the quark mass suppression, M2/m%, removed. The coupling constant g is
suppressed by a factor of M?/m3; with respect to gy as revealed by eq. .
In contrast to the qC ED M, the coupling constant As does not arise from an ad-
ditional insertion of the quark mass. Its NDA estimate therefore equals the one
of the gC EDM multiplied by a factor of m}, /M2 The yNN coupling constants
are generated by insertions of n_ and f!”, which yields NDA estimates that equal
the ones for the qCEDM times a factor of m% /M?2. C}, vertices are obtained by
insertions of the building block 77_, whereas the coupling constants C?,Q are gener-
ated by the first axial rotation A in the same manner as the coupling constant gg.
Since there is no basis to assume that either C7, or C7, are unnaturally small or
large, the NDA estimates for these coupling constants equal the respective ones
for the gC EDM without the suppression factor associated with the quark mass.
The list of NDA estimates is then given by

Mf my my
gO_O<CFﬂmN) ) 91—(9(0?”> ) A3_O<CT,,) )
ce C C

where ¢ is again a generic parameter of BSM physics. The NDA estimates are in
agreement with those in [39].

4.3.5 Selection for the ¢E DM, the 4¢g-op and ¢gCEDM and
the hierarchies of coupling constants

The selection of the correct ground states for the g DM and the chiral singlet
sources 4q-op and gCEDM is performed in analogy to those of the previously
considered sources of P and T violation. The effects of the ground state selec-
tion procedure on the coupling constants of leading P- and T-violating vertices
induced by the ¢E DM are twofold: the already heavily suppressed coupling con-
stants of vertices without photon fields (by a loop factor of a,,/(4m)) receive
corrections of the same order. The same is true for the leading YN N coupling
constants dy ;. Since the ¢&ZDM has both an isospin-conserving and an isospin-
violating component, the effect of the ground state selection procedure is predom-
inantly a mixing of the coupling constants of isospin-conserving vertices and of
their isospin-violating counterparts. On the basis of NDA, the hierarchy among
coupling constants of P- and T-violating operators is then the following: dy and
dy are the leading coupling constants. ¢g, g1, Az and the 4N coupling constants
Cﬁ’g’ are at least suppressed by a factor of ae,,/(47) with respect to do;. Since
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the ¢ DM arises from a coupling to the Higgs field at higher energies, the NDA
estimates of all coupling constants of vertices induced by the ¢ E DM also include
a factor of M?/m3,.

The adjustment to the altered ground state in the presence of the gCEDM
and the 4g-op removes the leading pion tadpole term and the leading 37 vertex
and also causes a mixing of terms of equal order. The C?, and dy; coupling
constants dominate whereas the coupling constants of vertices involving pions,
go, g1 and Ag, are suppressed by a factor M?/m3, since the are protected by
Goldstone’s theorem. The NDA estimates of the coupling constants of isospin-
violating vertices C},, g1 and Ag have an additional factor of e. These findings
are in agreement with the findings in [39).

4.4 Summary

In order to assess the manifestation of the various sources of P and T violation
discussed in the previous chapter on the hadronic level, the employment of non-
perturbative techniques is required. The analysis of hadronic operators has been
presented within the framework of two-flavor ChPT, the low-energy effective field
theory of QCD. Only the #-term allows for a treatment within standard ChPT,
since it can be considered as a regular term of the standard QCD Lagrangian.

The effective dimension-six terms are new non-renormalizable terms by which
the standard QCD Lagrangian is amended. This implies that the treatment of
their manifestations on the hadronic level are equally beyond the realm of stan-
dard ChPT as pointed out in [39,49]. A complete analysis of the manifestation of
the sources of P and T violation in or as extensions of QCD has been presented
within the Gasser-Leutwyler formulation of ChPT. The results previously pub-
lished in the Weinberg formulation of SU(2) ChPT in [39,|49] are consistent with
our results. Each source of P and T violation gives rise to a particular hierarchy
of the coupling constants of P- and T-violating hadronic vertices defined by

LO 4+ LW 4 L8 + L% + Loy
= myAsmsm? + goNT7 - N + u NTms N
—2dgNTS#v"NF,, — 2d,N'r38"v"NF,,
+CINTND,(NTS*N) + CYN'FN - D, (NTSH7N)
+ C3NTND,(NTSHN) + CENTND,(NTr3SHN) + -+ . (4.206)

The hierarchies of these coupling constants are summarized in table[d.I] Those
coupling constants in tab.[.1] which can not be computed due to unknown LECs
have been assessed by NDA. Tab.[4.I] underlies the assumption that for an ef-
fective dimension-six source with an isospin-conserving and an isospin-breaking
component both respective BSM parameters are of comparable sizes. The quan-
titative assessments of the coupling constants can be refined by the means of
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Table 4.1: Numerical or NDA estimates for the coupling constants of P-
and T-violating vertices induced by the 6-term, qCEDM, 4qLR-op, qEDM,
gCEDM and 4¢-op 6 is the physical § parameter, the constant ¢ is an O(1)
parameter for BSM physics, e is the electric charge of the electron, F) the
pion decay constant, M, the pion mass and my the nucleon mass. A factor of
e=(my—mg)/(my+mg) arises from insertions of the isospin-violating component
of the quark mass matrix.

90 91 Az do 1 ijé"
—MQ —MS —M4 —MQ B M2
f-term — — 00— el— 05
my my my my FZmy,
M? M? M2 M? M?
qCEDM c—= c—= 3 ec— Cos
TN F.my Fomy, my F2my,
M2 my myn 1 1
4qLR- u — —
qL R-op c o c 28 c 7 ecmN c Fmx
Qe M2 Qe M2 Qo M2 M?  a,,, M?
EDM T em T em e T em T
1 “dr Fomy Tdr Fomy Cdr Fomy O md, Cdm 2
M? M? M*? 1 1
gCEDM c—" Pl e = ec c
Fomy F.omy Fom3; my F?my
4 Mg eMT% eM;% 1 1
-0 c c c ec c
Top F.my EF.omy Fom3; my F2my

Lattice QCD, which might be able to supply the yet unknown LECs and hence
complete the connection between the energy scales of QCD and ChPT.

The existence of different hierarchies of coupling constants for different sources
of P and T violation which are expected to translate into equally different nuclear
EDM contributions provides the main incentive to investigate the EDMs of light
nuclei.



Chapter 5

The EDM of the deuteron

: :

J tf%‘ll = Vpy + Jpy

Figure 5.1: Total CP-violating transition current. The P and 7' violation stem
from either P- and T-violating two-nucleon potentials or two-nucleon-irreducible
P- and T-violating transition currents.

In this chapterE], the two-nucleon contributions to the deuteron EDM up to
next-to-next-to-leading order from the QCD 6-term are computed. The discussion
is subsequently extended to the effective dimension-six sources. There are two
types of contributions that are relevant for the present study, namely P- and
T-violating NN interactions and P- and T-violating irreducible NN — NN~
transition currents — c.f. fig. For the deuteron EDM, the latter kind of
contributions contains at its leading non-vanishing order loop diagrams that are
calculated in this chapter for the first time.

Two complementary computational approaches are employed in this chapter.
The first approach is a largely analytical computation of the EDM contributions
from the leading irreducible NN interactions and irreducible transition currents.
The second numerical approach is employed for two reasons: (i) The analytic
computation involves a parameterization of the NN potential in the intermediate
state which is not available for most phenomenological and all ChPT potentials.

IParts of the following sections of this chapter were published in [101]: introduction, section

(-1} section [5.2] summary.

73



74 CHAPTER 5. THE EDM OF THE DEUTERON
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Figure 5.2: Contributions to the P- and T-violating two-nucleon potential: (a)
LO contributions, (b)-(f) NLO and N2LO contributions, where the former class
contains the g) and the latter the ¢¢ coupling. Solid lines denote nucleons and
dashed lines denote pions. The P- and T-violating vertex is depicted by a black
box. For each class of diagrams only one representative is shown.

(ii) Since the number of relevant states in 3V systems is significantly larger com-
pared to the NN system, an analytical computation is not a viable approach for
3He and 3H nuclei which are investigated in the next chapter. The parallel pro-
gram developed to numerically compute the leading EDM contributions allows
for a detailed study of the uncertainties attributed to the P- and T-conserving
component of the nuclear potential.

The chapter is structured as follows: On the basis of the findings of chapter
where the hierarchies of the leading coupling constants have been derived, the
power counting of P- and T-violating NN operators is presented in sect. 5.1} Sec-
tion[.2] contains the derivation of the two-nucleon contributions to the deuteron
EDM induced by the #-term. The contributions from NN interactions and tran-
sition currents are discussed in subsections [5.2.1] and [5.2.2] respectively. The dis-
cussion is extended to nuclear contributions induced by the effective dimension-six
sources in section [5.4l Complementary to the largely analytical calculations of
the nuclear contributions, the results of the numerical analysis are presented in
section 5.3 Finally, a short summary of the presented results is given in sect.

5.1 Power counting

It is crucial for this study to identify a power counting that allows for a comparison
of the contributions to the nuclear EDMs from P- and T-violating transition
currents to those from the P- and T-violating NN potential. The power counting
originally proposed by Weinberg for nuclear matrix elements [113], in spite of its
many successful applications [114], is not able to explain analogous ratios studied
numerically in ref. [115] — we will therefore modify it slightly, as explained below.
An alternative scheme is presented in ref. [30].
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In Weinberg’s counting, contributions to the deuteron EDM that come from
a P- and T-violating potential (c.f. fig. are regarded as reducible, while the
transition currents are counted as irreducible. Thus, one needs to power-count the
nuclear wave functions and the photon couplings separately, making it necessary
to assign a scale to a disconnected nucleon line. For dimensional reasons the
corresponding 0® function is identified with 1/p?, where p denotes the typical
momentum appearing in the evaluation of the integrals, identified with the pion
mass, M,. However, if indeed nucleon momenta are of order M, the two-nucleon
intermediate state appearing between the photon coupling and the P- and T-
violating NN potential is off-shell. Thus, also this contribution is to be regarded
as irreducible with the two-nucleon propagator counted as (p?/my)~", where my
denotes the nucleon mass. Again p is identified with M,. This power counting
properly explains the numerical observations of ref. [115] and will be used in this
work as well. For more details we refer to ref. [116].

5.1.1 Power counting for the contributions of the single-
nucleon EDMs

In a world where P and T violation in the SM is driven by the #-term, within
the effective field theory the single-nucleon EDMs start at the one-loop level.
At the same order there are two counter terms — the d; terms in eq. (4.113).
The isospin structure of the loops gives that the isoscalar component of the
single-nucleon EDMs is suppressed by one order in the counting compared to
the isovector one [45,63]. However, this suppression is not present for the counter
terms [48,/117], and therefore for the power counting we may estimate both the
contribution from the dy as well as the d; term from the estimate for the leading
loop contribution given by (E, = M,)

M. 1 1 M2 .M
2] ™ T gt s
go X T X eEr X . X o X @) ego m—c (5.1)

where the dimension-full factors in the first line come from the regular TN N ver-
tex, the photon-pion vertex (with the electron charge e < 0), the propagators and
the integration measure, respectively, and we identified (47F,) ~ my. In order
to derive from this the total transition current we need to multiply the estimate
with (1/F2) x my/M? from the NN potential and the two-nucleon propagator,
respectively. We therefore find an estimate of the order of egf/(FymyM,) from
the single-nucleon EDM for the leading contribution to the total transition cur-
rent. Thus, the single-nucleon EDMs start to contribute to the deuteron EDM
at NLO, as we will outline in the next subsections — c.f. tab.[5.1]
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Table 5.1: Power-counting scales of the P- and T-violating NN potentials (left)
and (total) transition currents (right) relevant for the two-nucleon contribution
to the f-term-induced EDM of the deuteron, where the equivalence 47 F, ~ my
is assumed.

NN potential (total) transition current
LO  go/(mnFr) ~ g1/ (M Fy) ghe/(MZFr) ~ gi emn /(M Fr)

NLO  goM,/(miFy) ~ i /(mnFry) goe/(MzmyFr) ~ ¢ e/ (M2F)
NLO ggMg/(m?\fFﬁ) ~ ngﬂ/(m?VFﬂ> gg 6/(m?VF7r) ~ 9? e/<M7rmNF7r)

5.1.2 Power counting of the irreducible P- and 7T-violating
NN potential operators

The leading diagrams for the irreducible P- and T-violating NN potential are
shown in fig. 5.2l The leading, isospin-conserving, P- and T-violating one-pion
exchange can be estimated as

1 M, 4

ggx@x?ﬂ—MﬂFﬂ. (5.2)
However, as will be discussed in the next section, this term does not contribute
to the deuteron EDM due to selection rules. The first non-vanishing contribution
comes from the subleading, isospin- and P- and T-violating coupling ¢¢. It is
estimated to contribute as ¢¢ /(M Fy) ~ g8 /(mnFy), where we used the empirical
relation, presented in the previous section, ¢¢/g4 ~ M, /my. This contribution
will be called leading order (LO).

A P- and T-violating pion exchange potential from a g§ coupling on one vertex
and an isospin-violating, P- and T-conserving coupling on the other also leads to
a non-vanishing contribution to the deuteron EDM [26}30]. As long as we focus
only on contributions to the deuteron EDM, the impact of the resulting potential
is effectively a redefinition ¢ — ¢?[1+g8531/(29497)] [30], where 3, is the strength
parameter of the isospin-violating, P- and T-conserving 7 NN vertex and g4 is
the axial-vector coupling constant of the nucleon. The Nijmegen partial-wave
analysis provides |3;| < 1072 [118], which is consistent with estimating its value
from the same mechanism used in ref. [26] and appendix , namely via n-m°
mixing — see fig. . Thus the inclusion of 8 shifts g¢ by a few percent at most
and can therefore be neglected, given the significant uncertainty of g.

The first relativistic correction is the recoil correction to the g4 vertex, given
by —ga/(2myF;)S - (p1 + p2)v - kT® where p; 2 are the nucleon momenta and k
is the outgoing pion momentum. The corresponding contribution is suppressed
by three orders relative to the one of the g4 vertex due to the additional energy
dependence (since v = (1,0) and k = p; — py).



5.1. POWER COUNTING 77

To one-loop order there are a couple of diagrams as shown in fig.[5.2 The
power counting gives for these diagrams (e.g. diagram fig.[p.2(d), E, = M)

exleﬂxlxMﬂxlxM’%—gng (5.3)
DA " R 2 F, B, 4r? T miLE, ‘

where we identified 47 F,; ~ my. Thus, the loop contributions with the P and
T violation induced via the coupling gj are suppressed relative to the leading,
non-vanishing contribution to the potential (proportional to ¢{) by one power of
M, /my and therefore contribute to NLO. However, as outlined below, the spin-
isospin structure of all these diagrams is such that they do not contribute to the
deuteron EDM. At N2LO the same topologies appear, however, with g§ replaced
by ¢¢. In addition, also triangle topologies of type (d) with the 7w NN vertex
from 5572]2, [58] as well as vertex corrections (diagrams (e) and ( f)) formally appear
at this order. As shown below, besides the latter class none of the mentioned
diagrams contributes to the deuteron EDM.

On dimensional grounds P- and 7T-violating four-nucleon operators start to
contribute at order M, /my relative to the leading term. Their largest f-term-
induced contributions are isospin conserving. Thus, as a consequence of the Pauli—
principle, they change the two-nucleon spin. Therefore they do not contribute
to the deuteron EDM. However, their isospin-violating counter parts contribute,
but have a relative suppression of order (M, /my)? and are therefore of N3LO.

In summary, to the order we are working, the only contribution to the P-
and T-violating NN potential that needs to be considered for the deuteron EDM
is the isospin-violating tree-level contribution proportional to ¢¢ and its vertex
corrections.

5.1.3 Power counting of the irreducible transition cur-
rents

We now turn to the transition currents. As explained in the beginning of this
section, in order to compare the contribution from the P- and T-violating NN

Figure 5.3: Isospin-violating P- and T-conserving 7NN vertex (black circle)
induced by 7%-n-mixing and the P- and T-conserving nN N coupling (open circle).
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Figure 5.4: Contributions to the P- and T-violating transition current: (a) NLO
contribution, (b)-(1) N2LO contributions. Solid lines denote nucleons and dashed
line denote pions. The P- and T-violating vertex is depicted by a black box, a P-
and T-conserving, but isospin-violating vertex by a filled circle. For each class of
diagrams only one representative is shown.

potential to that of the P- and T-violating transition currents, the former needs
to be multiplied by emy/M?2. Thus, the leading order contribution of the total
transition current is estimated to scale as ¢{ e my/(M32F;) ~ g8 e/(M2Fy).

The tree-level contribution, shown in fig. [5.4] is formally of NLO, however,
turns out to be of isovector character and thus does not contribute to the deuteron
EDM.

The one-loop contributions to the irreducible transition current are estimated
as (e.g. diagram fig.[5.4|(b), E, = M,)

, 1 E. 1 M, 1 1 M gie
0

X — X — X — X — X — X e X — X I = .
DA R w2 F B, B T 4n2 T myF,

(5.4)

gde/(m3 Fy) and are therefore of N2LO. The naive power counting of the
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diagram classes depicted in fig. [5.4|(d) and fig. [5.4|(e) is slightly more subtle due
to the cancellation of one of the nucleon propagators by the energy dependence
of the mmy vertex. Therefore these diagrams are part of the irreducible transition
current and appear at N2LO.

Finally there are two additional structures — fig. [5.4|(k) and (1) — that ap-
pear since the zeroth component of the ym7 vertex is proportional to the energy
exchanged and thus gets sensitive to the total neutron—proton mass differenceﬂ
dMy,yp. The contributions of the diagrams of fig. |5.4|(k) and (/) can be estimated as
gbedmy,/(M3F,) and giedm,,/(myMZ2F,), respectively. Thus the former (lat-
ter) appears to be suppressed by dm,,,/M; (6m,,/my) compared to the leading
order. Based on NDA one might asign dm,,, ~ eM?/my such that diagram (k)
would appear at NLO, while diagram (I) would appear at N2LO. However, as
argued above the nucleon mass difference is significantly smaller that its NDA
estimate — this observation made us asign ¢¢/g) ~ M, /my, and not (M, /my)?
as would follow from NDA. In full analogy we now asign diagram (k) and diagram
(1) the orders N?LO and N3LO, respectively. Therefore the former is included in
our calculation while the latter can be neglected.

In tab.[5.1] the power-counting scales of the P- and T-violating irreducible NN
potentials and those of the irreducible as well as of the total transition currents
can be found. The power counting scales of specific P- and T-violating and P-
and T-conserving vertices are listed in tab.[5.2] Since most of the vertices in
tab.[p.2] are irrelevant for the deuteron system, their power counting scales are
derived in section 6.2l This completes the discussion of the power counting. In
the next section the various diagrams are discussed explicitly.

5.2 EDMs from the 0-term

The computation of the two-nucleon contributions to the deuteron EDM is most
efficiently performed in the Breit frame defined by ¢ = P—P" = (0, P—P ) where
P and P’ denote the total four-momenta of the incoming and outgoing deuteron
states and ¢ the momentum of the external ‘Coulomb-like’ photon. The electric
dipole moment d of the deuteron nucleus of mass mp is then defined (in analogy
to the magnetic moment case) by

, (5.5)

2We would like to thank J.de Vries, U.van Kolck and R.G.E. Timmermans for drawing
our attention to these currents. The same effect in a different context is discussed in detail in
ref. [107].
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Table 5.2: Power counting scales of leading P- and T-conserving vertices (left
column, see appendix A in [58]) and P- and T-violating vertices induced by the
O-term (right column, see section . A P- and T-violating vertex is depicted
by a solid black box, whereas a P- and T-conserving vertex is depicted by a solid
black dot in the figures in this table. Note that the appearance of M, does not
necessarily mean that the vertices vanish in the chiral limit. M is also used as a
scaling for the 3-momentum here.

where the electric dipole form factor Fj is related to the P- and T-violating
transition current operator (Jgg*)* by

—

<J — 1,0 = 41 P ()| T =1, . = :I:l;]3>

31 3
— AN A 56
Fq 5 ) ( )

where J is the total angular momentum of the deuteron and J, and J. its z-
components for the in- and out-state, respectively.



5.2. EDMS FROM THE 6-TERM 81

The total P- and T-violating transition current J}?}al can be separated into two
contributions of different topology (see fig. : two-nucleon-reducible transition
currents where the P- and T-violation is induced by a P- and T-violating two—
nucleon potential on the one hand, and irreducible P- and T-violating transition
currents on the other. These will now be discussed in detail.

5.2.1 Contributions from the P- and T-violating NN po-
tential to the deuteron EDM

In order for a P- and T-violating two-nucleon potential to contribute in the
deuteron channel, it must induce 35;-*D; — 3P, transitions, i.e. isospin 0 to
isospin 1 and spin 1 to spin 1 transitions since the photon-nucleon coupling is
spin independent — it therefore must be antisymmetric in isospin space and
symmetric in spin space.

Contributions to the P- and T-violating two-nucleon potential can be further
separated into irreducible and reducible potentials. The latter class consists of a
P- and T-violating potential and of multiple insertions of the NV potential in the
351-3D, state and/or in the intermediate 3P, state, which can be either absorbed
into the deuteron wave functions, or into the intermediate NN interactions in
the 3P, state and therefore do not need to be considered separately.

The leading contribution to the P- and T-violating two-nucleon potential is
the class of tree-level diagrams depicted in fig. [5.2](a). The tree-level potential
induced by the g vertex is given by [25,[119]

0
= goga

a l = =
20 =% B

(Cy=F@) Ty " T (5.7)

where [ denotes the pion momentum running from nucleon 1 to nucleon 2. It is
spin antisymmetric and isospin symmetric and does not induce 35;-*D; — 3P,
transitions [25,27/119).

The potential induced by the g¢ vertex reads

-

0
9LO (7% _ 9194 ! - - 3 3 - - 3 3
Vo (D) =17 - F B [(0<1>+0(2>)(T(1) —T(z)) + (G(1)—F(2)) (T(1y+72)) | (5.8)

with [ as above. It is the same as in [25,[27,[119] with ¢¢ replaced by g;. This
potential-operator has a spin-symmetric and isospin-antisymmetric component
and thus contributes to the transition current in the deuteron channel. In order to
evaluate its contribution to the EDM of the deuteron we resort to the parametriza-
tion of the deuteron wave function of [54] with a ?D;-state probability of 4.8%.
In order to include the NN interactions in the intermediate 3 P;-state we use the
separable rank-2 representation of the Paris nucleon-nucleon potential of ref. [55]
(PEST). The resulting contributions to the deuteron EDM listed in tab.[5.3|are in



82 CHAPTER 5. THE EDM OF THE DEUTERON

Table 5.3: Leading order contributions to the deuteron EDM from the ¢ vertex
without (d%y,, PW: plane wave) and with (d4,5, MS: multiple scattering) inter-
mediate ®Pj-interactions and the total leading order contribution d!y in units of
(99/g8)GY e fm with G? = g8gamy/Fy — calculated in Zero-Range-Approximation
(ZRA), with the Argonne v1g [56], Reid93 [120] and CD-Bonn [54] potentials.

Potential 3D;-adm. d%yys db;q ds
[25,129] ZRA — ~1.8-1072 — —1.8-1072
[27,133] Avg 5.76% —1.43-1072
[27] Reid93 5.7% —1.45-1072
[31,132] Reid93 5.7% ~1.93-1072 0.40-102 —1.53-107?
This work CD-Bonn 4.8% ~1.95-1072 0.44-1072 —1.52-107?

agreement with the results for g; of refs. [27] using the Argonne v,5 potential, of
ref. [27,[31,132] using the Reid93 potential, and of ref. [25,29], where the deuteron
wave function has been used in the Zero-Range-Approximation (ZRA). The 3D;-
admixture is found to enhance the deuteron EDM by about 20 %, whereas the
interaction in the intermediate ?P;-state reduces the contribution by about the
same amount.

Loops formally start to contribute at NLO. The reducible component of the
box potential of fig. (b) constitutes a static one-pion exchange and is already
accounted for either by the deuteron wave functions or by the interaction in the
intermediate 3 P;-state. Its irreducible component may be obtained by shifting the
pole of one of the nucleon propagators into the half plane of the pole of the other
nucleon propagator, as outlined in [121H123]: i/(—v - p; + i€) — —i/(v - p; + i€).
For the sum of the irreducible part of the box potential of fig. |5.2{(b) and the
crossed-box potential of fig. |5.2|(c), one finds in dimensional regularization in d
space—time dimensions

e ggh  1+3¢ ln(v1+f+\/g>
BAY T I6m2FE e+ &) \VITE—E

-

X Ty - T2)(Fa) — ) - (5.9)

with & = [2/(4M2). The divergence has been absorbed by a redefinition of the
four-nucleon coupling constant CY (the scale p is introduced in dimensional reg-
ularization)

0.3 2
0 o Y9094 3 1 2
ot S () ) -2 e

T

with
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where vy = 0.577215- - - is the Euler-Mascheroni constant.
The triangular potential of fig. [5.2)(d) gives

VENLO (T} _ - ghga 1+fl VI+E+VE
530 (D) = arrs\ e \VTre—E

X Ty - T2) (G — F2)) - (5.12)

where the divergence has been absorbed by a further redefinition of C3:

1 > 2

™

98 ga

CY — CY — 5

These results reproduce those of ref. [119]. Note that all g§ potential-operators
up to one loop as well as the four-nucleon vertex operators are isospin symmetric
and spin antisymmetric and therefore vanish in the deuteron channel.

At N2LO there are the same topologies as just discussed, however, with the g§
vertex replaced by its isospin-violating counter part ¢¢. The triangular-potential
operator fig. |5.2|(d) vanishes at the considered order. The class of the crossed-
box-potential diagrams of fig. (c) gives

N — _Z-gfgi 1 1453¢ ln(v1+§+\/g)
0:-4(¢) 8F3 | 1672 \/E(1+€) \VIFE—VE

3 1 2 1
3L — 2 m( L) 1) -
+{ 2167 (H<Mg) ) 1672} }

X [(7(31) — 7)) (F(1) + T (2))

Resorting again to the method presented in [121-123] to isolate the irreducible
component of the box potential-operator fig. |5.2|(b), the latter is found to be the
negative of eq. and to cancel the crossed-box-potential-operator fig. (c)
Therefore, contributions to the total P- and T-violating transition current in-
duced by the P- and T-violating two-nucleon one-loop potential are absent to
N2LO — not only in the deuteron channel.

The only non-vanishing N2LO contributions are thus the vertex corrections
shown in diagrams [5.2|(e) and (f). The vertex correction on the P- and T-
conserving vertex is readily accounted for, since we use the physical 7 NN coupling
constant in our calculations. The situation is somewhat different for diagram
5.2|(e), where the physical value of the coupling constant is not known, but was
calculated /estimated in sect. . Since g only appears at the one-loop level in
the case of the deuteron EDM, we only need to consider ¢g{ here. The quoted
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uncertainty for g? is of the order of 50%. On the other hand, the corresponding
correction for the P- and T-conserving m/NN coupling constant, the so called
Goldberger—Treiman discrepancy, is very small [124], such that we may safely
assume that the uncertainty given for ¢¢ is sufficiently large such that it includes
vertex corrections.

Thus, the only piece of the NN potential that is P- and T-violating and
contributes to the deuteron EDM is the tree-level diagram depicted in fig. (a),
with the ¢¢ coupling employed in the P- and T-violating 7NN vertex: it is the
LO potential.

5.2.2 Contributions from the P- and 7T-violating irre-
ducible NN transition current

In order for an irreducible transition current not to vanish in the deuteron chan-
nel, it has to induce 2S;-3D; — 3S51-3D; (isospin 0 to isospin 0 and spin 1 to
spin 1) transitions. It therefore needs to be an isoscalar operator, symmetric
in spin space. Therefore the tree-level transition currents — c.f. fig. [5.4|(a)
— that are all isovector in character, do not contribute to the deuteron EDM.
The relevant P- and T-violating irreducible one-loop NN current operators are
listed in fig. [5.4|(b)-(7). Diagrams involving P- and T-conserving N N7y vertices
have been neglected here since, to the order we are working, they do not yield
EDM contributions: according to eq. EDM contributions are extracted from
the 0*"-component of matrix elements of transition currents. The leading order,
P- and T-conserving N N7y vertex ie(ga/Fy) e - Se®*7® (see appendix A of [58]
where v is the “Coulomb photon”, ¢ = (1,0)) does not have a non-vanishing
0™-component for S = (0,5/2).

The diagram classes depicted in fig. |5.4{(¢g) and fig. [5.4|(h) are of order
g8 e/(m3 F,) and thus N2LO. For a photon coupling to nucleon 2 the two-nucleon-
irreducible component of diagram fig. |5.4/(¢g) and diagram fig. |5.4{(h) give

0.3
on2Lo \* _ €9094 1 2
(BE%) = asernr, |Tre * ve et V]
X () - T2y =7) (Fy—=F2) - (7% — P2 + @) (5.15)

with &€ = |p¥ — 7> + 71> /(4M?) in terms of the initial (final) momentum p;(p) of
nucleon ¢ and the momentum of the out-going photon ¢. Although the operator
contains an isospin-symmetric component, it is spin-antisymmetric and
vanishes in the deuteron channel.

The diagram classes depicted in fig. [5.4|(d) and (e) vanish in the deuteron
channel, since they are isovectors.

In addition there are diagrams at N2LO where the photon couples to a vertex
correction (fig. [5.4/(4) and (j)); however, terms that contain the g vertex turn
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out to be isovectors and thus do not contribute to the deuteron channel, and
those that contain g{ start to contribute only at N3LO.

The triangular diagrams depicted in fig. [5.4|(b), fig. [5.4|(c) and fig. |5.4|(f) are
all of order N%2LO. Diagrams of the types of fig. H(c) and fig. (f) vanish in
the deuteron channel which can be readily seen from their isospin components:
diagram fig. |5.4/(c) is proportional to 7(32) (photon coupling to nucleon 2) and
diagram fig. (f) is proportional to 27(2) +i(7(1) X T(2)). A class of currents that
has a spin- and isospin-symmetric component is depicted in fig. (b):

0
210\ " €909 A - S
<b50> = = v (T - T — Ty)
AF3
X (I(pr=ph) (B —p1) - Gz + (1 4 2)) (5.16)

with I(l) = —arctan(|f|/(QMW))/(8W|f|) [58]. Resorting to the CD-Bonn wave
function of the deuteron as used above, the resulting g9-contribution to the
deuteron EDM for the 25; state and ®D; admixture is found to be

dEpy = —2.00- 107" x G efm —0.53-107" x G} efm (5.17)
3‘;5',1 3D1j2:dm.

where GY := gfgamy/Fy.
The class of diagrams depicted in fig. |5.4(k), see ref. [30], gives

20\ ° €090y .
( L>O> = —i— () Ty — 7))

day - (P1—p) + 0 - (P2 — P2)
(71 =pY)? + M) [(P2—p4)* + MZ]
The explicit evaluation of the EDM contribution of fig. |5.4!(k) yields 0.31-107* x
GY e fm, which justifies the classification as N2LO.

The absence of both — divergences and (undetermined) counter-terms up to
N2LO— ensures the predictive power of the two-nucleon contributions to the
deuteron EDM that is induced by the §-term. Together with the ¢¢ contribution
the total two-nucleon contribution to the EDM of the deuteron induced by the
f-term is then given by:

(5.18)

0 6 0
dy = dio + dyz0
9

where the uncertainty accounts for not considered higher order contributions
according to the power counting. Alternatively we may express the result directly
in terms of , the strength of the QCD 6-term, and write

6
- {(—15.2 A o.22> + 0.03] x1078 G2 e fm (5.19)

dy = dio + dyeio )
= —((5.943.9) = (0.5+0.2)) x 10~*fefm, (5.20)
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where the uncertainties now contain, in addition to the one given in eq. , also
the uncertainties in the coupling constants g4 and g¢. Therefore the final result
is completely dominated by the contribution from the P- and T- and isospin-
violating tree-level potential proportional to g¥.

5.3 Numerical analysis

Additional to the largely analytical computation of the previous sections, the
numerical analysis of the P- and T-violating form factor in the low-g regime and
of the LO NN contribution to the deuteron EDM is presented in this section.
Before turning to the results of the numerical computation, a brief explanation
of applied numerical technique is given.

5.3.1 Numerical analysis technique

Let |¢21) denote the deuteron state and O(q) the complete NN transition current
operator which has in general a P- and T-conserving as well as a P- and T-
violating component. If the Breit frame is chosen as the reference frame with
the photon momentum ¢ = (0,¢), the transition current operator O(q) only
depends on the photon three-momentum ¢. The operator O(q) acting on the
deuteron state |¢z) is considered to be the initial arrangement of particles (i.e.
the starting seed in the iteration procedure described below).

The complete NN interaction Hamiltonian is comprised of three components,

H .= Ho+V +Vpyp=H+ Vpp, (5.21)

where Hj is the free N N Hamiltonian, V' is the P- and T-conserving N N potential
and Vpyp is the P- and T-violating NN potential. By utilizing the resolvent
identity [125], the full NN propagator G can be re-expressed as

. 1
G = ,
E —H — Vpyp +ic
B R S 1
~ E—H+ie E—H+ie ""E—H—Vpp+ic
= G+ GVPT G. (5.22)

Since Vpy constitutes only a small perturbation of the P- and T-conserving NN
potential V', all terms in GG proportional to powers of Vpy larger than one can be
neglected and the above iteration terminates after one step. A viable approxima-
tion of G is thus given by

G~ G+ GVpyG. (5.23)

The complete NN propagator eq. (5.23]) has to be applied to the initial arrange-
ment of particles O(q)|1=y) in order to construct the form factor of the deuteron.
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The resulting state |¥) which describes an incoming photon coupling to the nu-
cleus with multiple P- and T-conserving and P- and T-violating interactions of
the nucleons in the nucleus is given by

W(@) = lmieGO@)|wm) + -
= 11_{% (ieG +ie G Vpy G) O(Q b)) + -+ - . (5.24)
For the bound state of the deuteron, the application of the P- and T-conserving
operator G yields
1€

Glgm) = lim —— 7T —[m) = |Ym) - (5.25)

One then obtains for the matrix element (¢z;|W):

W[ U(@) = (om| (1 +1im Ver G ) O@)]abn) (5.26)

Eq. is already sufficient as a starting point for the numerical analysis of the
nuclear contributions to the deuteron EDM. However, as shown in chapter [6] the
investigation of 3N systems requires the application of the resolvent identity for
G, ie.

G=Gy+G\VGE, (5.27)

with G = (E — Hy+i€)~'. The desired final expression of the form factor is then
given by

(| (9)) = (Y| O()[them)
+ 11—% <w2H‘ (VPT Go + VPT Go VG) O(§)|wm> + - (5.28)

Since the interest of this section is in the leading order contribution to the
EDM of the deuteron, the transition current operator O(q) is identified with
the leading order P- and T-conserving photon-nucleon coupling as depicted in
fig. (5.5). The first term on the right-hand side of eq. is then the P- and
T-conserving form factor at leading order in ChPT which admits an expansion
in even powers of ¢. The second term and the third term on the right-hand
side of eq. constitute the leading P- and T-violating components of the
form factor and admit expansions in odd powers of ¢. Since only the second
and the third term are relevant for the computation of the deuteron EDM, the
first term on the right-hand side of eq. is neglected from now on. One
contribution of second term is diagrammatically depicted in fig.|5.5| (a), whereas
one of the diagrams corresponding to the third term on the right-hand side of the
above equation is depicted in fig|5.5| (b). The second term dominates the third
term, which constitutes the correction to the second term due to multiple P- and
T-conserving N N interactions in the intermediate state.
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: — 2

Figure 5.5: The P- and T-violating vertex is depicted by a black box. For each
class of diagrams only one representative is shown. The shaded box in the center
of diagram (b) denotes P- and T-conserving interactions in the intermediate P;-
state

The full P- and T-conserving propagator G can be rewritten for the NN-
system in terms of the NN T-matrix t as G = Gy + Gyt Gy since

G=Gy+GotGy=Go+ GV Go+ Gy V Gyt Gy
= GotGy = G0<V+VGOt)G0

The second term on the right-hand side of eq (5.26)) then becomes:
iy (s Vi Go O(@[to) + iy Vi Got GoO@im) . (5.30)

As explained in section [5.2.1] the intermediate state is the P,-state and P- and
T-conserving NN interactions do not allow for transitions into other states since
the total angular momentum, the total spin and the total isospin are conserved
in NN interaction. The inversion of the operator (1 — G V') required to obtain
the T-matrix,

t=(1-VGy) 'V, (5.31)

is then particularly simple to compute in the absence of coupled channels.

The leading order photon-nucleon vertex in heavy baryon ChPT is given by
ie (1+73)/2. The effect of the operator O(q) is, apart from the potentially isospin-
changing isospin operator component, a shift of the momentum of the nucleon to
which the photon couples. The architecture of the developed program to compute
the matrix elements of eq. requires all operators to be decomposed into their
partial wave components. The partial wave decomposition of O(q)|Yz) is given
by in appendix [F] The partial wave decomposition of the considered P- and
T-violating NN potentials, the g; induced one-pion exchange potential, is given
by eq. . The decompositions of the g; induced one-pion exchange potentials

for n-, p- and w-mesons, eqs. (F.16]), (F.17), and (F.18)), are obtained by slight
modifications of eq. (F.10)).
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5.3.2 Numerical analysis of the deuteron EDM

Since the P- and T-violating form factor is included in the total form factor

(| W), the EDM of the deuteron d& is according to eq. (5.5)) and eq. (5.6) in
the Breit frame equal to

dit = —i lim 2 (og; J'=1,J.=1,—-q/2|V; T=1,J,=1,7/2). (5.32)
lal=0 [g]

The deuteron EDM has been computed by using the two phenomenological po-
tentials Avig and CD-Bonn as well as NLO, N2LO and N3LO ChPT potentials
for the P- and T-conserving component of the nuclear potential. The numeri-
cal implementations of the phenomenological potentials have been provided by
A. Nogga [126] and those of the ChPT potentials by E. Epelbaum [57]. The nu-
merical routines used here which generate the deuteron wave functions for each
of the considered potentials have also been developed by A. Nogga [127]. As
explained in detail in [57], the regularizations of the P- and T-conserving ChPT
potentials require two kinds of cutoffs: (i) for loop contributions to the potential,
e.g. the two-pion exchange NN potential, the Spectral Function Regularization
scheme is employed to render the expressions finite. Within this scheme, the
potential obtained from dimensional regularization is re-expressed in its spectral
representation, which reads for the central component [57]:

2¢* / * 1 p(p) .
Ve = — dit— ————, =TIm(Ve (0" —ip)), 5.33
cla) = — . P (1) (Vel( 1)) (5.33)
with the spectral function p(u) and four-momentum transfer . The dimensional
regularization of the potential leads to the emergence of artificial and model-
dependent large momentum (short-range) contributions. When the spectral func-
tion is subjected to the cutoff [57]:

p(p) = pM()OA — p) (5.34)

all large momentum components above ¢ > A are removed from the regularized
expression. (i) The fact that ChPT potential does not decrease with an grow-
ing momentum transfer renders the Lippmann-Schwinger equation for the ChPT
potential ultraviolet divergent. Divergences of the Lippmann-Schwinger equation
are removed by the application of an additional cutoff parameter A in the regula-
tor function f* which is applied to the potential V (p, p': incoming and outgoing
relative momentum of the NN system) [57]:

V(p,p') = exp(—p®/A°)V (p, p') exp(—p°/A%). (5.35)

The results of the numerical analysis are presented in tab.[5.4] There are
now two separate power countings when ChPT potentials for the P- and T-
conserving component of the NN potential are considered: one for the P- and
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Table 5.4: Leading order nuclear contributions to the deuteron EDM from the ¢y
vertex without (dpw, PW: plane wave) and with (darg, MS: multiple scattering)
intermediate ®P;-interactions and the total leading order nuclear contribution day
in units of 1072 G e fm with GL = g,gamy/F, — calculated with the Argonne v;g
potential [56], the CD-Bonn potential [54] and chiral potentials up to N3LO for
several combinations of Lippmann-Schwinger cutoffs (LS) and Spectral Function
Regularization cutoffs (SFR) [57].

Potential LS SFR This work [27] 133
[MGV] [MGV] de dMS dZH d2H d2H
Avig — — —1.93 0.48 —145| —1.43 | —1.45

CD-Bonn — — —1.95 0.51 —1.45 — —
ChPT (NLO) 400 500 | —1.86 0.21 —1.65 — —
ChPT (NLO) 550 500 | —1.88 0.23 —1.65 — —
ChPT (NLO) 550 600 | —1.87 0.24 —-1.63 — —
ChPT (NLO) 400 700 | —1.86 0.22 —1.63 — —
ChPT (NLO) 550 700 | —1.86 0.25 —1.61 — —
ChPT (N2LO) | 450 500 | —1.88 0.32 —1.56 — —
ChPT (N2LO) | 600 500 | —1.92 0.43 —1.49 — —
ChPT (N2LO) | 550 600 | —1.92 0.50 —1.43 — —
ChPT (N2LO) | 450 700 | —1.89 0.42 —1.47 — —
ChPT (N2LO) | 600 700 | —1.94 0.65 —1.29 — —
ChPT (N3LO) | 450 500 | —1.65 0.25 —1.40 — —
ChPT (N3LO) | 600 600 | —1.60 0.26 —1.34 — —
ChPT (N3LO) | 550 600 | —1.62 0.26 —1.36 — —
ChPT (N3LO) | 450 700 | —1.68 0.26 —1.42 — —
ChPT (N3LO) | 600 700 | —1.62 0.27 —1.35 — —

T-violating component of the NN potential which has been described in sec-
tion and one for the P- and T-conserving component of the NN potential.
Only the leading order P- and T-violating NN operator which does not vanish
in the deuteron channel, eq. , is considered in this section, whereas P- and
T-conserving ChPT potentials up to N*LO are utilized. The reason for the con-
sideration of ChPT potentials up to N3LO is to investigate the uncertainty of P-
and T-conserving component of the nuclear potential. Since only the leading P-
and T-violating potential operator is considered, the power counting mentioned
below and in tab.[5.4] is exceptionally the one of the P- and T-conserving com-
ponent of the nuclear potential. As pointed out in [57], the cutoff parameters A
and A of the ChPT potentials have to be chosen carefully in order to ensure that
only the momentum regime where ChPT has full predictive capacity is consid-
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ered. The numerical analysis of the leading order EDM contribution from ChPT
potentials has been performed for various combinations of Lippmann-Schwinger
cutoffs (LS) and Spectral Function Regularization cutoffs (SFR).

The results from the Av;g and CD-Bonn potentials are in agreement with the
results obtained in section and with those of [27,[33]. The phenomenological
potentials do not allow for an assessment of the uncertainties attributed to the P-
and T-conserving component of the nuclear potential. When ChPT potentials are
employed, estimates of the inherent uncertainties can be obtained by considering
different orders and by studying the cutoff dependence, i.e. different combina-
tions of LS- and SFR~cutoff parameters. The ChPT potentials yield results which
do not significantly deviate from the results based on the considered phenomeno-
logical potentials. In particular, the NLO ChPT potential gives plane-wave (PW)
contributions which are very close to those obtained from the phenomenological
potentials. This observation can be attributed to the fact that the dominating
35, channel of the deuteron wave function is already quite accurately described
by the LO one-pion exchange potential (see [57]). The inclusion of N?LO nuclear
interactions does not alter the plane-wave contributions significantly. Surpris-
ingly, this order-independence of the plane-wave contributions does somehow not
extend to N3LO nuclear interactions: the plane-wave contributions from the N3LO
ChPT potential are well outside the bands defined by plane-wave contributions
from the NLO and N?2LO ChPT potentials. By inspection of the plots of the radial
component of the deuteron wave function in [128], unexpected oscillations in the
large-distance part of the deuteron wave function (2 2 fm) were revealed?] Due
to this unexpected observation, the results from the N3LO ChPT potential are
disregarded in the assessment of the uncertainty of the deuteron EDM, but are
still displayed for completeness.

The multiple-scattering (MS) contributions —the contributions from P- and
T-conserving interactions in the intermediate P, state— do not exhibit any order
independence: the band defined by the N2LO multiple-scattering results is much
broader and does not comprise the band defined by the NLO results. The N%2LO
contributions to the nuclear ChPT potential include two-pion exchange diagram
classes which cause a significant difference to the NLO ChPT potential [57]. The
smaller cutoff dependence of the NLO results with respect to the N?LO results
has to be attributed to the following reason: since for the NLO ChPT potential
the next higher-order contact interactions appear at N*LO, the cutoff dependence
is regarded as an N3LO effect [57]. However, the cutoff dependence of N?LO
results reveals that this inferred uncertainty profoundly understates the actual
uncertainty. The SFR regularization of the two-pion exchange diagrams enhanced
by a factor of 7 is mainly responsible for the larger cutoff dependence of the total
N2LO results. Therefore, the difference between day from the NLO and from

3Private communication with the author of [57]: numerical implementation of the N3LO
ChPT potential is currently being revised.
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Table 5.5: Nuclear contributions to the deuteron EDM from the ¢g; induced one-
meson exchange without (dpy, PW: plane wave) and with (dars, MS: multiple
scattering) intermediate ®Pj-interactions and the total nuclear contribution day

for heavier mesons in units of 107° G, efm with G,  , = g/"“G, ., where
Gy, pw are the P- and T-conserving nIN, pN, wN coupling constants, respectively,

and g™ their P- and T-violating counterparts. The EDM contributions are

calculated with the Argonne vig [56] potential and the CD-Bonn potential [54].

Meson | Potential This work [27] 133
dpw  dus  dm da dapy
i Avig —0.30 0.15 —-0.16 | —=0.16 —0.16
n CD-Bonn | —0.34  0.17 —0.17 — —
p Avig —0.14 0.08 —0.06 | —0.06 —0.06
p CD-Bonn | —0.17 0.10 —-0.07 — —
w Avig 0.14 —-0.08 0.06 0.06 0.06
w CD-Bonn | 0.17 —0.10  0.07 — —

the N2LO ChPT potential is largely due to the dj;s contributions. The cutoff
dependence of the N2LO ChPT potential is therefore the most accurate one and
the N2LO ChPT potential is used to compute the nuclear contribution to the
deuteron EDM and its uncertainty.

The center of the range of values defined by the results obtained from the two
phenomenological potentials and the N?LO ChPT potential is chosen to be the
final result for the nuclear contribution to the deuteron EDM. The uncertainty is
then determined by the maximum deviation of these values from the center. The
leading order nuclear contribution to the deuteron EDM and its uncertainty are
given by: ,

Ay = (—1.43 + 0.14) - 1072 % GO . efm. (5.36)
0
This result is consistent with the analytical result in tab. (5.3)). The results for
contributions from higher-order P- and T-violating diagrams obtained in section
can be exploited to refine the uncertainty, which yields:

0
= (—1.43 +0.18)-102 2 G0 cfm
90
= —(0.5540.37) - 107 Fecm. (5.37)

For completeness, the contributions to the deuteron EDM from P- and T-
violating one-meson exchange potentials for the heavier n, p and w mesons are
listed in tab.[5.5, which provide an additional assessment of the short-range con-
tributions encoded in the P- and T-violating 4N vertices of eq. . Due to
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Figure 5.6: P- and T-violating dimension-six sources. The P- and T-violating
vertex is depicted by a solid black box.

isospin selection rules, only the isospin violating 4N vertex is of relevance in the
deuteron system, Which is classiﬁed as N3LO The one-meson exchange potentials
are given by eqs. , and , whereas their partial wave decom-
positions are easﬂy obtalned from the decomposmon of the g; induced one-pion
exchange potential operator eq. .

Taking into consideration that the P- and T-conserving nNN, pNN and
wNN coupling constants (for vector couplings) are numerically smaller than the
P- and T-conserving TN N coupling constant [33] and assuming that the P- and
T-violating NN, pNN and wNN coupling constants are in agreement with
their NDA estimates, the power counting of the short-range 4N contribution
to deuteron EDM is confirmed. Furthermore, the short-range sensitivity of the
potentials are revealed: the larger the mass of the considered meson, the larger is
the relative deviation of the result from the CD-Bonn potential to the one from
the Avig potential, for instance.

5.4 EDM from effective dimension-six sources

The different hierarchies of coupling constants of P- and T-violating vertices
for the considered sources of P and T violation translate into different nuclear
contributions to the deuteron EDM. The coupling constants of the P- and T-
violating vertices from the effective dimension-six sources can not be computed
within ChPT as established in section 4.2.2] which requires supplementary input
from other non-perturbative techniques, e.g. Lattice QCD. Since such predictions
for these coupling constants are not likely to be available soon, the only means
at our disposal to assess their sizes is NDA. Section provides NDA estimates
of the leading coupling constants as defined in eq. (4.113]) for each considered
source of P and T violation. The NDA estimates and the hierarchies of coupling
constants presented in section allow for the following statements on nuclear
contributions to the deuteron EDM from the effective dimension-six sources.

e qCEDM:
As demonstrated in section the gC EDM which is graphically depicted
in fig. gives rise to an isospin-conserving go 7NN vertex and an isospin-
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breaking g; 7NN vertex at leading order. Therefore, the estimates of two
P- and T-violating potential or current operators which only differ by the
type of the P- and T-violating 7NN vertex (go or ¢g; vertex) are identical.
The leading-order contribution is again defined by the P- and T-violating
one-pion exchange potential induced by the g; vertex. The contribution to
the deuteron EDM from this potential is given in tab. with ¢¢ replaced
by ¢1. Due to the absence of a suppression of g; with respect to go, the
order estimates of operators for the qC EDM is obtained from the one for
the 6-term by multiplying the order estimates of ¢g; induced operators for
the 0-term by my /M.

Contributions from the one-loop potential operators depicted in ﬁgs. (b)-
(d) are now of order N2LO with respect to the contribution from the leading
go and gy induced potential operator shown in fig.[5.2| (a). Contributions
from the irreducible current operators figs.[5.4 (b)-(f) are counted as N*LO
— with a possible m-enhancement for triangular diagrams. Furthermore,
the leading 4N vertex induced by the isospin-violating component of the
gCEDM which does not vanish in the deuteron channel appears at N2LO.
It is thus sufficient to consider only those one-loop diagrams with the largest
expected yield in order to ensure that no extraordinary enhancements occur
and the uncertainty estimates are reliable.

The relevant contributions from the P- and T-violating potential operators
were already discussed in the previous section. Additionaly, the share of the
deuteron EDM generated by the class of diagrams depicted in fig. [5.4|(b)
with ¢ vertices is found to be equal to the one generated by the class
shown in fig. [5.4|(c) with g; vertices and non-vanishing. The contributions
of the diagram classes depicted in fig.|5.4|{(d) and fig.[5.4|(f) vanish, whereas
the contribution of the diagram class pictured in fig.[5.4(e) is equal to the
sum of contributions of the diagrams shown in figs.[5.4|(b) and (c) times a
factor of —g%. All these diagram classes are enhanced by a factor of 7 that
commonly appears for triangle topologies:

gamy

50 = —1.34- 107" gy efm = dsa0)/(—97) (5.38)

™

These numerical results for each single diagram are in perfect agreement
with their m-enhanced N>LO power counting estimates, which demonstrates
that no extraordinary enhancements of particular diagrams occur. The
other diagram classes (fig. (g), (h), (i) and (j)) are suppressed due to
the absence of a m-enhancement and the smallness of dm; as previously
noted.

The leading order nuclear contribution to the EDM of the deuteron is given

by
gamn

doyg = (—1.43 £ 0.18) - 1072 g T

efm. (5.39)
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e 4qLR-op:
According to eq. , the 4qL R-op depicted in ﬁg. induces the ¢y
mNN vertex as well the Az 37 vertex at leading order. The leading or-
der contribution to the deuteron EDM is again defined by the ¢; induced
one-pion exchange potential, which is given in tab. with ¢? replaced by
g1- The corresponding gy induced potential operator (which vanishes in the
deuteron channel) is an N2LO operator. The 3w Ajz vertex starts to con-
tribute at the one-loop level and yields only suppressed EDM contributions.
The leading order nuclear contribution to the deuteron EDM is thus given

by eq. (5.39), where g is induced by the 4qLR-op.

o qEDM:
All coupling constants of vertices which do not involve photon fields are
suppressed by a factor of ae,/(47). The deuteron EDM induced by the
qE DM therefore equals its single-nucleon contributions at leading order:

digp = dy + dp + deg = dyy + dpy + Otem / (47)) . (5.40)

e 4q-op and gCEDM:

The leading order contributions to the deuteron EDM for these two
dimension-six sources (depicted in ﬁg. are induced by the P- and T-
violating YN N coupling constants dyp; and 4N coupling constants Cﬁ’g’ of
eq. (4.113). P- and T-violating 7NN vertices are suppressed by at least two
orders in magnitude. Since the leading coupling constants are not quanti-
tatively known, the leading order contributions to the deuteron EDM are
difficult to asses. The deuteron EDM from can tentatively be estimated
to equal the sum of the single-nucleon contributions if the leading P- and
T-violating YN N- and 4N vertices are indeed of the same order:

dl =~ d, +d, . (5.41)

These results confirm the conclusions presented in [30].

5.5 Summary

As already stated in the introduction, the established relation between the QCD
f-term and the P- and T-violating 7N N coupling constant is not sufficient to pre-
dict the size of the electric dipole moment of a single nucleon (neutron or proton)
within ChPT, since the calculable one-loop contributions are of the same order as
undetermined counter terms, which could be estimated by resonance saturation.
However, this unpleasant feature is not present for the two-nucleon contributions
to the deuteron EDM and other light nuclei, which contribute already at tree-
level order — unaffected by any counter terms — and which can be derived —
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admittedly with a large uncertainty — up-to-and-including N2LO, see egs.
and at the end of section . The N2LO contributions of these results are
(up to vertex corrections discussed in sect. solely governed by the irreducible
transition currents. The latter include loops which for the first time have been
calculated in this chapter. Any contribution with unknown coefficients can only
appear at N3LO. All nuclear EDM contributions are in perfect agreement with
their power counting estimates.

The dominant part of the deuteron’s two-nucleon EDM from the QCD 6-
term resulted from the isospin-violating and P- and T-violating 7NN coupling
constant g;. The isospin violation of this coupling can be estimated from the
strong contribution to the pion mass-square splitting (§M2)* /(M?2¢). Although
this ratio gives a small number, its contribution to ¢¢ gets enhanced by the
relatively large pion-nucleon sigma term. Nominally, ¢¢ should be suppressed by
two orders relative to its isospin-conserving counter part, gj. However, the latter
is governed by the strong part of the neutron-proton mass splitting and therefore
is found to be exceptionably small. Thus the isospin-violating coupling ¢¢ — as
already observed by Lebedev et al. [26] — is effectively only suppressed by one
power in the counting.

This is important since the one-pion exchange with one g§ vertex cannot con-
tribute to the two-nucleon part of the deuteron EDM because of isospin selection.
This was summarized in the folklore that the deuteron would be blind to the two-
nucleon contributions generated by the #-term. This folklore, however, should be
abandoned. A measurement of a non-vanishing neutron, a non-vanishing proton
and a non-vanishing deuteron EDM would suffice to determine the strength of
the QCD #-term, 6, from data. In fact, the two-nucleon part of the deuteron
EDM given in (5.20)) is of the same magnitude and therefore comparable in size
with the non-analytic isovector part of the nucleon EDM as calculated in ref. [48],

which is, using as input the value of g§ from eq. (4.158)),
Aot — (214 9) x 107 fefm, (5.42)

where the uncertainty contains both the variation of the loop scale as proposed in
ref. [48] as well as the uncertainty in g§. This number may presumably be taken
as a scale which governs the single nucleon EDMs. However, the non-analytic
contribution to the isoscalar part of the nucleon EDM is an order of magnitude
smaller due to a suppression by a factor M,/my as well as the absence of a
chiral logarithm. Whether the proton or neutron EDM are really of the same
magnitude as the two-nucleon part of the deuteron EDM is a question which only
experiments might eventually be able to answer in the foreseeable future.

The computation of the leading order nuclear contribution to the deuteron
EDM has been performed in two different ways. The first is a largely analyti-
cal computation up to N2LO utilizing paramterizations of the CD-Bonn deuteron
wave function [54] and of the PEST separable rank-two potential to account for
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interactions in the intermediate state [55]. Such parametrizations of the inter-
mediate state wave function are not available for most potentials. In order to
assess the uncertainty of the result from the P- and T-conserving component of
the NN potential, the cutoff and order dependence of the result when using P-
and T-conserving ChPT potentials have to be investigated. This has been done
by the second computational approach, which entails a numeric calculation of
the leading order nuclear EDM contribution by utilizing various phenomenolog-
ical and ChPT potentials for the P- and T-conserving component of the NN
potential. Out of all ChPT potentials considered, the N2LO ChPT potential is
identified to reflect the inherent uncertainties most accurately and is therefore
chosen in combination with the Av;g and CD-Bonn phenomenological potentials
to define the final result and its uncertainty. The uncertainty has then been ad-
justed to account for the uncertainty of the P- and T-violating component of the
NN potential obtained within the analytical computation.

Under the assumption that EDMs are driven by P and T violation that is
induced by the QCD 6-term, a relation between the EDMs of the deuteron d&7,
the neutron d,, and the proton d, and the calculated nuclear EDM contribution
of the deuteron dz; can be given:

d¥t =d, +d, — (5.54+3.7) - 10" *f e fm. (5.43)

A cross-check of the so-extracted @ value would be possible — still solely from
data — by a measurement of the EDM of *He. Another strategy to test or falsify
the 6 value would involve lattice QCD calculations and just two successful EDM
measurements, namely one single-nucleon EDM, i.e. the one of the neutron or
proton, and the deuteron EDM. If even all three of them are measured, then one
could use lattice QCD for a first test correlating the proton and neutron EDM
results in terms of the parameter § and to use formula for an additional,
orthogonal test.

If indeed the QCD 6#-term would have failed these tests — either by a direct
comparison of data or by the additional involvement of lattice QCD — then
the following picture would emerge: in case dp — d,, — d, is sizable compared to
what eq. in combination with experimental or lattice data predicts, then
the dimensional analysis reveals a dominance of the gCEDM and/or 4qLR-op,
feeding the coupling proportional to g [} On the other hand, if this difference is
very small, the 6-term, qC EDM and 4qL R-op are probably not at work, but one
or several of the other three dimension-six P- and T-violating operators. More
insight can be gained from a study of the EDM for *He. This reasoning stresses
once more the need for high-precision measurements, not only of the neutron
EDM but also of the EDMs of charged particles as the proton, deuteron and 3He.

“Note that ref. [30] stated the dominance of the quark-color mechanism already under the
assumption that dp — d,, — dp, itself is sizeable. The difference emerges since in ref. [30] the
relative suppression between g and gg was taken from naive dimensional analysis that predicts
a negligible contribution from the g¢ term.



Chapter 6

The EDMs of helion and triton

After the detailed analysis of the nuclear contributions to the EDM of the
deuteron presented in the preceding chapter, the focus will now shift to the analy-
sis of nuclear contributions to the EDMs of bound states of three nucleons, namely
the *He and *H nuclei’] The isospin selection rules which cause the EDM con-
tribution of the potential operator eq. to vanish in the deuteron channel are
absent in the helion and triton channel and the LO contribution is now defined by
eq. . As for the deuteron, the aim of this chapter is to provide an analysis of
these EDMs within the framework of ChPT. Proceeding analogously to the pre-
vious chapter we begin with the analysis of the 3He and >H EDMs induced by the
f-term and discuss the *He and *H EDMs induced by the effective dimension-six
sources afterwards. The power counting of the single-nucleon EDM contributions
and of P- and T-violating N N- and 3/N-potential and current operators are pre-
sented in section [6.2] The numerical analysis technique is employed in section
[6.3] and the results are presented and discussed in section [6.4] Section [6.5]is con-
cerned with the effective dimension-six sources. The NN and 3N contributions
to the *He and 3H EDMs are referred to as nuclear contributions below.

6.1 Single nucleon contributions

It is well known that the contribution of the EDMs of the constituent nucleons
to the EDM of the nucleus largely equals the neutron EDM d,, for 3He, since the
spins of the protons almost cancel each other to form a system of spin 0 by the
Pauli principle. The opposite is true for *H system, in which the two neutron
spins are anti-aligned, such that the single nucleon contribution to the H EDM
is approximately given by the proton EDM d,. More precisely, the total EDMs of
3He and *H, denoted by dé‘ﬁeﬁH, equal the weighted sums of their single-nucleon

!The content of this chapter will be published in [129].

98
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Figure 6.1: In order to compare P- and T-violating NN to 3N operators, a
P- and T-conserving one-pion exchange is extracted from the *He (or 3H) wave
function for a P- and T-violating N N operator, rendering it a P- and T-violating
3N operator.

components (d,, and d,) and nuclear components (dsy, and dsy) [30]:

digt. = 0.88d, — 0.047d, + dsye, (6.1)
dsfy = —0.050d,+ 0.90d, + dsy. (6.2)

The subsequent sections in this chapter are dedicated to the analysis of the nuclear
contributions.

6.2 Power counting

The power counting scheme for P- and T-violating NN operators presented in
section can be extended to the 3N system by embedding it into a power
counting scheme for 3V operators as proposed in [116] and graphically depicted
in fig.[6.1} by exploiting the Schroedinger equation [¢3n) = GoV|¢sn) for a 3N
bound state, a P- and T-conserving NN interaction can be extracted from the
wave function in which the nucleon unaffected by the P- and T-violating NN
interaction is involved. The resulting combination of the P- and T-conserving
one-pion exchange, the free 3N propagator and the P- and T-violating one-pion
exchange can then be considered a P and T-violating 3N interaction. To be
more specific, let Vpy(12) be a P- and T-violating interaction of the nucleons
labelled by (1) and (2) in the 3N system. When V(23) denotes the P- and 7T-
conserving NN component of the 3N potential V' of the nucleons labelled by (2)
and (3), the product Vps(12) Go V(23) is a 3N interaction, which allows for a
direct comparison to other P- and T-violating 3/V interactions.

The order estimate of an irreducible P- and T-violating NN operator has
therefore to be multiplied by a factor of my/(F2M?) (a factor of my/M? for the
free 3N propagator and by a factor of 1/F? for the P- and T-conserving NN
one-pion exchange operator extracted from the wave function) in order to obtain
the order estimate of this operator in the 3N system.

This power counting scheme should be compared to the one of Weinberg |113],
according to which a factor of 1/M? is generated when an NN potential operator
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Table 6.1: Power-counting scales of the P- and T-violating 3N potentials and
(total) transition currents relevant for the three-nucleon contributions to the 6-
term-induced EDMs of the 3He and 3H, where the equivalence 47F, ~ my is
assumed. The power counting scales of the three-nucleon potentials and three-
nucleon currents expressed in terms of g{ are obtained by the replacement gj —
¢my /M. The dimensionless quantities gj and g¢ are considered to be O(1).

3N potential (total) 3N transition current
LO  gomn/(FRMZ)  gimiy/(FiMy) | ghemiy/(FiMZ)  gf emiy/(FRMZ)
NLO  go/(FPMZ)  gimn/(F7MZ) | ghemy/(FZMz) oY emiy/(FRMY)
N?LO  gf/(F7Memy)  gf /(FZMZ) | gge/(FRM3) gf emy /(F7My)

is embedded into a 3N system. The ratio of the corresponding factor in our power
counting scheme, my /(F2M?), to this factor is Mymy/F? ~ 4xM,/Fy, where
47 F, ~ my has been assumed. The difference between both power counting
schemes regarding an NN potential operator embedded into a 3N system is
therefore is a factor of approximately 4.

6.2.1 Power counting of single-nucleon operators

The 3N power counting of contributions from single-nucleon operators is obtained
in exactly the same fashion. The power counting of the single nucleon YN N
operator eq. is explained in section[5.1] Embedding this power counting into
the 3N power counting requires the multiplication by a factor of (my/(F2M?))?,
which gives:

"] 2
9o e I M my g € 9
This single-nucleon operator formally induces an N?LO contribution here as
demonstrated in the next subsection.

6.2.2 Power counting of irreducible potential operators

Due to the absence of the strict isospin selection rules imposed on NN operators
in the deuteron system, the leading order (LO) contribution is now defined by
the diagram class of the one-pion exchange NN potential operator induced by
the g vertex which is depicted in ﬁg.(a): its NN power counting is given
by ¢4/(FxM,) according to tab.[p.1]in section The power counting of this
operator in the 3N system requires the multiplication of this NN power counting
by the above mentioned factor my/(F2M?):

98 mn 1 9 My
X X — =gy
F.M, M? F? 3M

(LO). (6.4)

w

™
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Figure 6.2: Contributions to the P- and T-violating 3N potential: (a) LO contri-
butions (for a g vertex), (b) N2LO contributions (for a g§ vertex), (c)-(e) N2LO
contributions. The diagrams (a) and (b) with g{ vertices instead of a g ver-
tices are further suppressed by one order in magnitude. The P- and T-violating
pion-nucleon vertex is depicted by a black box. A P- and T-conserving pion-
nucleon vertex is depicted by a solid dot. For each class of diagrams only one
representative is shown.

The power counting scales of the three leading orders are listed in tab.[6.1} Due to
the suppression of ¢gf with respect to gj by one order in our counting (see eq.[4.173
and the discussion in section , the order estimate of this diagram class induced
by the ¢¢ vertex is obtained by a multiplication of the above result by a factor of
M, /my and is thus counted as NLO. The g{-induced one-pion exchange operator
has defined the LO contribution in section [5.1] because of the isospin selection rule
of the deuteron. The power counting scales of P- and T-violating NN operators
in the 3NV system can be obtained from the power counting scales of P- and
T-violating operators in the NN system in section by the multiplication by
M,/my. An LO P- and T-violating operator in section is an NLO P- and
T-violating operator in the 3N system, an NLO operator in section is an N2LO
operator in the 3N system here and so on.

The order estimate of the Weinberg-Tomozawa vertex in the diagram class
depicted in fig.[6.2|(b) is M?2/(F?my). The order estimate of the diagram class
of fig.[6.2|(b) with a g vertex then reads

M, 1 M? 1 i

(7
X — X X —= X = ==
F, M2 Frmy 02T 3 Momy

(N2LO), (6.5)

which is the order estimate of an N?LO contribution. The P- and T-violating
7NN vertex in the diagrams of the class depicted in in fig.[6.2|(c) comes from
the terms proportional to the LECs dy7 and dyg in the third-order Lagrangian in
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the pion-nucleon sector eq. (D.14)). The LECs dy; and dig are related to the (3
coefficient in [42] by

Bi 8(—dy7 + d19)M73€ ; p
o SF N'9,m3SHN (6.6)

for which an upper bound of 8; = (0 £9) - 1072 30,130,131 exists. Expressing
(dy7 — dyo) in terms of f; and inserting the resulting expression into eq. (D.14)),
the coupling constant of the leading P- and T-violating 7w NN vertex becomes:
Bl — ) - ~ 5198 - - 51 ~ o

— - N'#.9,#S*N = —L_N'7.9,7S"N = —N'7.9,7#S"N, (6.7
1eF? wT omEy F, mSEN, (6.7)
where equation eq. (4.158) has been used. The NDA estimate of f;/0mS" is
1/my. Although the actual value of dm; is smaller than its NDA estimate, the
upper bound on (; indicates that it might also be smaller than its NDA esti-
mate eM?/m3; [132]. Furthermore, using the upper bound for 8; and eq. (4.157)),
B/ 5m5” approximately equals its NDA estimate times a factor of 7. The order
estlmate of the diagram class depicted in ﬁg.(c) then reads:

Mﬂ' 1 3 Mﬂ' 1 MTI' Bl gg

FWXMEXBlFﬂngxFW FEMW FEMﬂmN ( )’ ( )

“WgsuN =

This is the order estimate of an N2LO diagram class. Since the above value for 3,
is only an upper bound and the uncertainty of ¢¢ which induces the LO diagram
class is rather large, the digram class of ﬁg.(c) can safely be regarded as N2LO.

The order estimate of the diagram class depicted in fig.[6.2(d) can be obtained
by the following reasoning: the P- and T-violating 4N vertices can be regarded to
encode P- and T-violating exchanges of heavy mesons of mass my. Taking g§ as
a scale (or rather as an upper bound) for the P- and T-violating meson-nucleon
coupling, M, /F, as a scale (upper bound) for the P- and T-conserving meson-
nucleon vertex and a factor of 1/m?% for the heavy meson propagator, one arrives
at an order estimate of g§ M, /(m2 F) for the P- and T-violating 4N vertex. The
order estimate of the diagram class ig. (d) is then given by:

M, m M, 1 M, 0
ggﬂr—mfvxﬁgxﬁxﬁﬁxﬁ:% (N2LO), (6.9)

which is the order estimate of an N2LO digram class.

According to eq. m the coupling constant Az of the P- and T-violating
3m vertex in fig.[6.2(e) equals myAsz = gdM2/my. Inserting this expression

M? 1\ (M 9
(s 7T 0 2
— — — ] =—=———— (N°LO 6.10
de (i) *(F) =gty L0 @10
which means that it is also an N?LO diagram class. All other P- and T—V1olat1ng

irreducible potential operators with vertices from £ Eﬁ ~ and £ .~ which are
listed in appendix @ yield order estimates of at least N2LO.
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Figure 6.3: Contributions to the P- and T-violating 3N transition current:
(a)+(b) N2LO contribution (for a g§ vertex) , (c¢)+(d) N*LO contributions (for a
g8 vertex), (e)+(f) N*LO contributions, (g) N2LO contribution (for a g§ vertex).
Diagrams (a)-(d) and (f) with ¢{ vertices are further suppressed by one order in
magnitude. the P- and T-violating pion-nucleon vertex is depicted by a black
box. A P- and T-conserving pion-nucleon vertex is depicted by a solid dot. For
each class of diagrams only one representative is shown.

6.2.3 Power counting of irreducible transition current op-
erators

In order to compare the power counting of a 3N potential operator to the one of
a 3N transition current operator, the former has to be multiplied by a factor of
my/M? accounting for an additional free three-nucleon propagator and a factor
of e for the YN N coupling. The power counting scales of the P- and T-violating
3N transition currents from LO to N2LO are listed in tab.[6.1} Various diagram
classes of irreducible transition current operators are displayed in fig.[6.3

The diagram classes of fig.[6.3](a) and (b) have the same order estimates since
they only differ by a transposition of the P- and 7T-violating vertex and a P- and
T-conserving vertex. The order estimate of the P- and T-conserving YN N vertex
is given by emy/M?2, which yields the following order estimates for the diagram
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classes fig.[6.3|(a) and (b):

M, 1 g my M, 1 eM? 1 M, gle 2
RN R 3wy M2 F ~ram VO 61D

™

which is the order estimate of an N?LO diagram class. The power counting of
the diagrams pictured in fig.[6.3|(c) and (d) with one Weinberg-Tomozawa vertex
each is straight forward and yields N*LO:

M, 1 M? 1 eM? 1

6
0 _ 9o€ 4
F D2 Fomy D2 Ty 02 0T Faaz, (NLO) (612)

The P- and T-violating 7w N N vertex in fig.|6.3|(e) is same as the one in fig.|6.2(c),
which gives the following N*LO order estimate:
M, 1 eM? 1 M.gb " 1 M, gle

Mo o P % (NLO). (6.13
BN 02 Fomy M2 F, T Famz, VL) (G13)

Finally, the P- and T-violating y7m N N vertex in fig.[6.3(f) originates from terms
of the fouth-order pion-nucleon Lagrangian eq. . The order estimate of such
a vertex is gieM,/(Fym3/). The order estimate of the diagram class depicted in
fig.|6.3|(f) is then given by:

7] 2 2 7]
gOe]W7T 1 M, goe 4
- Mx) - % (N1LO 6.14
Fomd, (M};) % (Fﬂ) F3Mm2, (N'LO), (6.14)

which is the order estimate of an N*LO diagram class. The order estimate of the
P- and T-conserving yrmN N vertex in fig.[6.3|(g) is e/ F2. The order estimate of
the entire diagram fig.[6.3|(g) is then given by:

e 1\?> M, gle

™

This means that there is no irreducible transition current operator to be con-

sidered in this chapter. Other classes of diagrams not mentioned here are either

NN diagrams which have been discussed in the previous chapter or are of irrel-

evant subleading orders, i.e. of an order beyond NLO. The order estimates of all
vertices mentioned in this section are also listed in tab.[5.2]

6.3 Numerical analysis technique

The numerical analysis technique of the leading nuclear contributions to the
EDMs of *He and 3H from P- and T-violating NN potential operators is ex-
plained in this section. The technique described below is a generalization of the



6.3. NUMERICAL ANALYSIS TECHNIQUE 105

2 2

He —ik SHe SHe —il— He

(a) (b)

Figure 6.4: Total LO P- and T-violating *He transition current. The P- and
T-violating pion-nucleon vertex is depicted by a black box. For each class of
diagrams only one representative is shown. The shaded box in the center of
diagram (b) denotes P- and T-conserving interactions in the intermediate state.

numerical analysis of the leading order NN contribution to the deuteron EDM
presented in section to the 3N system. The subsequent explanation of our
numerical analysis technique is exactly the same for both 3N bound states. The
form factor of 3He (or 3H) is given by the generalization of eq. to the 3N
system:

(Yape| W) = (Vo1 O(T) |thsme)
+ <w3He| (VPT GO + VPT GO VG) O((D|¢3He> +eee (616)

where Vpp is either the P- and T-violating one-pion exchange NN potential
operator induced by a general gy or ¢g; vertex. Since the focus of this section is
on the leading EDM contributions, the transition current operator O(g) can be
identified with the leading order P- and T-conserving YN N coupling in heavy
baryon ChPT to all nucleon lines as in section [5.3, The P- and T-violating
component of the *He form factor is then given by the second matrix element on
the right-hand side of eq. .

The development of the parallel program designed to run on the supercom-
puters JUROPA and JUQUEEN in order to numerically compute this matrix
element involved a considerable programing effort. The architecture of the pro-
gram requires all operators to be decomposed into their partial wave components.
The partial wave decomposition of Vpy for the considered NN potential opera-
tors in the 3NV system is provided by eqs. and and the partial wave
decomposition of O(q)|1sue) by eq. in appendix [F] The second matrix ele-
ment on the right-hand side of eq. has to be multiplied by a factor of two to
account for the inverse time ordering. The completely symmetrized form for all
potential and transition current operators is implied. The two matrix elements
on the right-hand side of eq. correspond either to diagrams without P-
and T-conserving interactions in the intermediate state as the one depicted in
fig.|6.4|(a) or to diagrams with intermediate state interactions as the one depicted
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in fig.[6.4(b).

Whereas Vpy is a pure NN potential operator, the P- and T-conserving
3N potential V' comprises NN and 3N interactions. Let V;{\, denote the NN-
interaction of nucleons (i) and (j) for i,j = 1,2,3 and i # j. The 3N-interaction
of nucleons can be decomposed into three parts with each of them being symmet-
ric under an exchange of two nucleons:

V= Vi + Vi + ViR + ViR + ViR + ViR (6.17)
where the 3N potentials Va(f\; are defined by
PuViN Pos = Vi), PisVid Ps=ViY, PuViyd Po=Viy .  (6.18)

The nucleon transposition operator P;;, ¢ # j, transposes nucleon () and nucleon
(7) in the 3N system. By the means of nucleon transposition operators, the
potential V' can be re-expressed solely in terms of VQ(Ji,Q) and Vé(]?\}) :

V=Vin+ ‘é(f&) + PiaPos (Vi + V?,(]?\)f)) Py Py + Pi3Poy (Vin + Vg,(]?\’/)) Py3Py3 .
(6.19)

Exploiting the fact that cyclic permutation operators commute with the full
3N propagator G' and do not alter O(q)|>He), one arrives at

P23P12 G O(q_)|w3He> == P23P13 G O(@WSHJ - G O(@‘wSHe> . (620)
Inserting eq. (6.19) into eq. (6.16]) the third term on the right-hand side becomes

VGO@sm) = (14 PiaPos + PisPos) (ViR + Vay ) GO()tome)
= (14 P)(Vafi + Vi¥)GO@)|one) (6.21)
where P is defined by P = PyoPag + Pi3P»3 such that 1+ P is the (cyclic) nucleon
symmetrization operator. This allows us to define the Faddeev component |U(®))

b
’ V GO [thsne) = (1 + P) |UD). (6.22)

A concise introduction into Faddeev equations can be found in [125]. The Faddeev
component |[U®) obeys the following equation:

U®) = (Ve + Vi) GO i)
(Vo2 + Ve ) GoO(D) [thsre)
+(V3R + Vi) Go(1 + P) (Vo + V) GO e
= (V22 + VGO ome) + (ViR + VENGo(1 + P)U®)
(6.23)
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where the resolvent identity eq. (5.27)) has been utilized. However, this equation
does not have a compact kernel. Since the term V;2Go|U®)) contains a -function

for nucleon (3), the kernel is not fully connected even after a finite number of

iterations. The troubling term V,2G|U (3)) can be re-summed independently by

the application of an appropriately chosen operator to this equation. We therefore
write

(L= VaRG)IU®) = (V3§ + Vi@ )GoO(@) i) + ViR GoP|U)
+V) Go(1 + P)U®)y, (6.24)
and exploit the identity
tiz = Vo + t12GoVan
= (tlg — ‘/21]3 — tuGo‘/zlﬁf)Go =0
& (1 +t12G)(1 — V3nGo) =1. (6.25)
By multiplication of the left-hand side and the right-hand side of eq. (6.24]) by
(1 + t15Gy), the Faddeev component |[U®) is found to obey
U®) = 02GoO(@)lmne) + (1 +haGo)Viy GoO(@) i)
+112GoPIU®) + (1 + 112Go) VY Go(1 + P)[UY) . (6.26)
which has a connected kernel upon iteration and, therefore, has a well defined
solution. A numerical routine which iteratively solves a Faddeev equation of the
kind
U) = 112Gl A) + (L+ 12Go)ViY Gol A)
Ft15GoPlUPY + (1 + t1,Go) ViV Go(1 + P)UP) ,  (6.27)

for an arbitrary state |A) developed by David Minossi [133] has been applied in
the numerical analysis of the *He and *H EDMs in this work.

6.4 EDMs of ?He and ®H from the 6-term

SHe and ®*H are 3N bound states of total angular momentum J = 1/2. The
nuclear contributions to the EDMs of *He and *H , dsy. and dsy respectively, are

obtained in the same fashion as the one of the deuteron by extracting it from the
P- and T-violating 3He and 3H form factor F3(¢?):

F3(q?)

tot .
N T (6.28)
which is defined by
F 3
(J=1/2,J.=1/2, P'|(Ji")°| ] =1/2,J.=1/2, P) = iq3Lq). (6.29)

2 msHeng
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J, in the above equation is the z-component of the total angular momentum of
the nucleus, P (P’) is the initial (final) four-momentum of the nucleus, ¢* is the
photon four-momentum, msye 35 is the mass of the *He or *H nucleus and J;f’}“l is
the total P- and T-violating transition current operator. The calculation of the
EDMs of 3He and 2H are most efficiently performed in the Breit frame where no
transfer of energy takes place and which enables us to choose P = (0,¢/2) and
P’ = (0,—/2). ¢ can be chosen to point into the direction of the z-axis for further
convenience: ¢ = (0,0,q). The EDM of the 3N bound system is then given by
the derivative with respect to ¢ of the P- and T-violating form factor eq. ,
which has been computed numerically for the considered nuclear contributions as
explained in section [6.3}

2
A sy = —ilir%mw?,He’gH; J=1/2,J.=1/2,—q/2|¥; J=1/2, J,=1/2,7/2) .
, o
(6.30)

A set of numerical routines based on the Gauf-Legendre numerical integra-
tion method have been developed in order to compute the matrix element on
the right-hand side of eq. . The numerical routines have been subjected to
several tests: without the P- and T-violating one-pion exchange potentials the
above matrix element reduces to the P- and T-conserving *He (or *H) form fac-
tor at leading order in ChPT. By a computation of the dependence of the form
factor on the square of the photon momentum ¢?, the results of [134] for *He
have been confirmed. The implementation of the considered P- and T-violating
potential operator induced by the ¢¢ vertex has been tested to reproduce the
deuteron results when confined to the corresponding NN subsystem. Further-
more, a completely complementary Monte-Carlo based numerical implementation
of the above matrix element developed by A. Nogga and S. Liebig [135] which
does not account for interactions in the intermediate state provides an additional,
independent cross check. Whereas our numerical implementation takes P- and
T-conserving 3N interactions in the nuclear wave functions into account, these
3N interactions are not accounted for in the intermediate statd?l 3NV interactions
in the intermediate state can be assumed to shift the results at most by a few
percent (which will be demonstrated below) and can be considered irrelevant for
our analysis due to the larger uncertainties of the final results (not to mention
the uncertainties of gj and ¢?).

Two phenomenological potentials and three ChPT potentials have been uti-
lized in our analysis for the P- and T-conserving component of the nuclear poten-
tial: the CD-Bonn potential [54] with and without 3V interactions (subsequently
referred to as CD-Bonn TM and CD-Bonn, respectively), the Argonne vig po-
tential [56] with and without 3N interactions (subsequently referred to as Avyg
UIX and Awig, respectively), the N°LO ChPT potential with and without 3N

2The numerical routine provided by D. Minossi to solve the Faddeev type equation eq. 1'
does not yet include 3N interactions.
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Table 6.2: Binding energies Ey;, of the 3He and the *H nucleus with and without
3N interactions (3nf) in units of MeV from the Argonne v;g potential, the CD-
Bonn potential and N?LO and N3LO ChPT potentials for different combinations
of Spectral Function Regularization (SFR) and Lippmann-Schwinger (LS) cutoffs.

LS  SFR | ®He Ey, MeV] | °H Ey, [MeV]
Potential | [MeV] [MeV] | no 3nf with 3nf | no 3nf with 3nf
Avig | - - | -6.920 -7.753 | —7.619 —8.483
CD-Bomn | - - | =7262  —7.728 | —7.979  —8.460

ChPT N2LO | 450 500 | —=7.603 —7.725 | —8323 —8.440
ChPT N2LO | 600 500 | —=7.138 —7.716 | —7.845 —8.428
ChPT N2LO | 550 600 | —=7.378 —7.724 | —=8.091 —8.428
ChPT N2LO | 450 700 | =7.670 —7.738 | —8.395 —8.448
ChPT N2LO | 600 700 | —=7.165 —7.746 | —7.868 —8.447

ChPT N3LO | 450 500 | —6.891 — —7.633 —
ChPT N3LO | 600 600 | —6.405 — —7.097 —
ChPT N3LO | 550 600 | —6.579 — —17.290 —
ChPT N3LO | 450 700 | —7.191 — —7.924 —
ChPT N3LO | 600 700 | —6.392 — —7.079 —

interactions [57] and the N®LO ChPT potential without 3N interactions [57f]
The numerical implementations of the phenomenological potentials have been
provided by A. Nogga [126] and the numerical implementations of the ChPT
potentials have been developed by E. Epelbaum [57]. The routines generating
the wave functions of the considered nuclei from all these P- and T-conserving
potentials have also been created by A. Nogga [135]. For each of these poten-
tials, the isospin-1/2 and the less significant isospin-3/2 components of the 3He
and 3H wave functions have been taken into account as well as electromagnetic
interactions. The binding energies of the *He and *H nuclei from the considered
P- and T-conserving potentials are listed in tab.[6.2l The experimental binding
energies of 3He and 3H are given by Ep, = (—7.718043 4 0.000002) MeV [136]
and Ejy;, = (—8.481798 £ 0.000002) MeV [136], respectively. The differences to
the binding energies from the N2LO ChPT potentials amount to significantly less
than 1%.

The results of our numerical analysis for the two phenomenological potentials
are presented in tab.[6.3] for the go and the g; induced P- and T-violating one-
pion exchange potential operators and also for completeness for the gs induced P-
and T-violating one-pion exchange potential operator. The gy vertex is irrelevant

3Private communication with the author: numerical implementation of the N®LO ChPT
potential is currently being revised.
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Table 6.3: Leading order contributions to the *He and *H EDMs from the g, and
g1 and go vertex without (dpy, PW: plane wave) and with (dy;s, MS: multiple
scattering) intermediate interactions and the total contribution dsp. sy in units
of 1072 - G2 efm with G° = gogamn/Fy, 1072 - Gl efm with G = gigamn/F;
and 1072 - G% efm with G2 = gogamy/Fy , respectively — calculated with the
Argonne vg [56] potential and the CD-Bonn potential [54] and the corresponding
potentials with P- and T-conserving 3N interactions, Avg UIX and CD-Bonn
TM respectively.

This work [28] [33]
nucleus | coupling Potential dpw dyvs  dspesn | dspesn | dspesn
3He 90 Avig UIX —0.45 -0.12 —-0.57 | —1.20 | —0.55
SHe 90 CD-Bonn TM | —0.56 —0.12 —0.68 | —1.30 —
3He g1 Avg UIX —-1.09 -0.02 —-1.11 | —2.20 | —1.06
3He g1 CD-Bonn TM | —1.11 —-0.03 —1.14 | —2.20 —
SHe go Awvg UIX —-1.36 —-0.35 —1.71 | —3.40 | —0.67
SHe go CD-Bonn TM | —1.46 —0.38 —1.83 | —3.50 —
SHe 90 Awvg —0.46 —-0.13 —0.59 — —0.59
SHe 9o CD-Bonn —0.57 —-0.12 —-0.69 — —
3He [ Avyg -1.10 -0.01 -—-1.11 — —1.08
3He 31 CD-Bonn —-1.11 -0.01 -—-1.12 — —
BHG go A’Ulg —1.34 —-0.37 —1.72 - —0.68
3He Jo CD-Bonn -1.43 —-0.39 -—-1.81 — —
SH 90 Avg UIX 0.44 0.13 0.57 — 0.55
SH 90 CD-Bonn TM 0.55 0.11 0.66 — —
SH g1 Awvg UIX —-1.07 —-0.05 —1.11 — —1.08
SH g1 CD-Bonn TM | —1.09 —0.03 —1.12 — —
SH Jo Avig UIX 1.35 0.38 1.73 — 0.69
SH Jo CD-Bonn TM 1.44 0.36 1.80 — —
SH 90 CD-Bonn 0.56 0.11 0.67 — —
SH g1 Avyg —-1.08 —-0.04 —-1.11 — —1.10
SH g1 CD-Bonn -1.09 -0.01 -—1.10 — —
SH go Avig 1.33 0.41 1.74 — 0.70
SH g2 CD-Bonn 1.41 0.37 1.78 — —

for our analysis since it is not induced by any of the considered sources of P-
and T-violating. The g, induced one-pion exchange potential operator is given
by eq. (F.11)) in appendix [F| The results demonstrate that the impact of the 3N
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interactions in the *He and *H wave functions amounts to less than 4% of dst1e 311
Neglecting the relative sign, the results for *H deviate insignificantly from those
for He, which is a mere reflection of the fact that *He and *H are isospin partners.
The difference between both phenomenological potentials manifests itself most
prominently in the results for gg. The nuclear contributions to the EDMs induced
by P- and T-violating one-pion exchange potentials have been previously studied
by [28] and [33] with disagreeing results. Our results are in agreement with those
of [33] as far as go and g; induced potential operators are concerned, whereas a
significant discrepancy of the results for the g, induced potential operator exists.
On the other hand our results appear to be approximately half the results of |2§]
for all P- and T-violating one-pion exchange potential operators.

As briefly established in section [5.3| and explained in detail in [57], the ChPT
potentials require the imposition of two cutoffs: the Spectral Function Regular-
ization cutoff (SFR) and the Lippmann-Schwinger cutoff (LS). The results of our
numerical calculation from gy, g1 and go induced P- and T-violating one-pion
exchange potential operators and from ChPT potentials with different combina-
tions of cutoffs for the P- and T-conserving component of the nuclear potential
are listed in tab.[6.4] and tab.[6.5l Both sets of results obtained from the N?LO
and N3LO ChPT potentials resemble those from the phenomenological potentials
in tab.[6.3] quite accurately, where the larges deviations occur for the gy vertex.

The fractions of the total EDM contributions attributed to the intermediate
state interactions, dysg, (MS: multiple scattering), amount to almost 45% in some
cases, which demonstrates that these are indeed non-negligible contributions. The
relative dj;s contributions are significantly larger in the considered 3NN systems
than in the deuteron system, which has to be attributed to the larger number of
partial wave components of the *He and *H wave functions. The set of all results
for a particular P- and T-violating 7NN vertex defines the uncertainty of the
calculation: for g; and g, the values obtained from utilizing the phenomenological
potentials lie within the range of values obtained from the N?LO ChPT potential.
The results for gy are found to be very close to but still outside the range of values
obtained from the N2LO ChPT potential. The range of values obtained from the
N3LO ChPT potential is much narrower as expected. However, the ranges of
dpw results for all three types of P- and T-violating 7NN vertices from N2LO
and N3LO ChPT potentials either overlap only at the fringes (as for gy and gs)
or do not overlap at all (as for g;). This observation resembles the findings of
section where the range of N3LO dj,g results was well outside the ranges of
the corresponding NLO and N2LO results. In a private communication with the
author of [57] we have been informed that the used numerical routines for the
N3LO ChPT potential are currently being revised. The results from the N3LO
ChPT potentials are therefore displayed but disregarded in the computation of
the final results and their errors.

The contributions of P- and T-conserving 3N interactions in the wave func-
tions account for up to 12% of the EDM contributions dsy, sy for the gy induced
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P- and T-violating potential operator. This fraction is significantly less for the
g1 and g9 induced potential operators. In general, the contributions from P- and
T-conserving 3N interaction is much larger for P- and T-conserving ChPT po-
tentials compared to the considered phenomenological potentials. Since P- and
T-conserving interactions account for at most 45% of dsye sy, the contributions
from P- and T-conserving 3N interactions in the intermediate state may safely
be assumed not to exceed 6% of dsyesy. The uncertainties of our results have
thus to be increased accordingly. The total contributions from P- and T-violating
one-pion exchange potentials to the *He and *H EDMs are taken to be the center
of the range of values defined by the dsy, sy results from the Av,g, CD-Bonn and
the N2LO ChPT potential for all considered combinations of cutoffs. The uncer-
tainties are defined by the maximum deviations from the centers of the ranges.
The hereby obtained uncertainties are increased by contributions of P- and T-
violating operators of not considered orders, i.e. N2LO and beyond. The nuclear
contribution to the *He EDM is then given by

dspge = [(—0.77 £0.20) G° + (—1.11+£0.22) G1] - 10 % efm (6.31)
and for the *H EDM by
dsy = [(0.76 £ 0.19) G2 + (—=1.094+0.22) GL] - 102 e fm, (6.32)

with G% = gogamn/Fy and GL = gigamy/F,. In the case of the f-term, g5

of eq. (4.158)) and ¢? of eq. (4.173)) can be inserted into eq. (6.31)) and eq. (6.32)),

which gives:

dy. = [(1.78 £0.83) + (—0.43 £ 0.30)] - 107 fecm
= (1.35+£0.88)- 10 % fecm, (6.33)
dy = [(—1.74£0.80) + (—0.42 + 0.29)] - 1076 e cm
(—2.16 £ 0.85) - 107" fecm. (6.34)

These results have to be compared to the single-nucleon EDM contributions.
Predictions of the proton and neutron EDM are provided by [51], which read
after an adjustment of the signs:

dy=—(1.1+1.1)-10"%fecm, (6.35)
dy= (2940.9)-10"%fecm. (6.36)

More recent Lattice QCD data [53] shows that the Lattice QCD input which
underlies these EDM predictions understates the uncertainties. These EDM pre-
dictions are currently being revised on the basis of [53[f] The single-nucleon

4Private communication with the authors of [51].
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contribution to the 3He EDM approximately equals the EDM of the neutron ac-
cording to eq. (6.1]), which has the same sign as the nuclear contribution eq. (6.33)).
The single-nucleon component and the nuclear component interfere constructively
for the *He EDM, which is also true for the *H EDM.

In analogy to section [5.3] a tentative assessment of the short-range contribu-
tions is possible by considering heavier exchange mesons, namely the 7, p and w
mesons. The results for the g, g; and g, induces one-meson exchange potentials
are listed in tab.[6.6] as well as in tab.[6.7] These results agree with [33] for go
and ¢g; induced one-meson exchange potential operators as in the pion case and
deviate by a factor of two from results of 28] for g, g1 and go induced one-
meson exchange potential operators. The results amount to less than 10% of the
corresponding results for the go, g1 and go 7NN vertices if ¢/ G, ,., = G is
assumed. Taking into consideration that the sizes of the P- and T-conserving
meson-nucleon couplings are smaller than g4 (see [33] for instance), one may
safely conclude that the short-range contributions are indeed in agreement with
our power counting estimate of the P- and T-violating 4N vertex in section
The different short-range behaviors of the phenomenological potentials are also
revealed by the data presented in tabs.[6.6] and [6.7F whereas the only discrep-
ancy between the results for Av;g and CD-Bonn was seen for the gy vertex in
the deuteron case, the different short-range behaviors now profoundly manifest
themselves for all three types of meson-nucleon vertices.

6.5 EDMs from effective dimension-six sources

The different hierarchies of the P- and T-violating operators for the effective
dimension-six sources translate into different single-nucleon and nuclear contri-
butions to the EDMs of *He and 3H. The different hierarchies of coupling con-
stants of P- and T-violating vertices for each source of P and T violation implies
that the power counting of P- and T-violating operators is also different for each
source of P and T violation. The differences in the power counting of nuclear
operators for each source of P and T violation with respect to the one for the
f-term and the implications on single-nucleon and nuclear contributions to the
3He and *H EDMs are discussed in this section. The conclusions presented here
agree with the previous findings in [30].

e gEDM:
The gEDM is dominated by the single nucleon EDMs d,, and d,,, since each
P- and T-violating operator without an external photon field is heavily
suppressed by a factor of at least ., /(47). Therefore, the EDMs of He and
3H essentially equal their single-nucleon contributions at leading order [30]:

dit. =~ 0.88d, —0.047d,, (6.37)
dist ~ —0.050d, +0.90d, . (6.38)
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A quantitative prediction of d,, and d, for the qEDM heavily depends on
the nature of the BSM physics as well as the precise value of the associated
hadronic matrix elements, which only Lattice QCD might eventually be
able to deliver.

qCEDM:

According to section the go and the g; vertex are induced at the same
order by the qCEDM. The P- and T-violating one-pion exchange poten-
tial operators which they induce define the LO nuclear contributions to the
EDMs of ®He and 3H. Other P- and T-violating hadronic operators such as
the P- and T-violating YN N, 37 and 4N vertices yield N2LO contributions.
This implies a potentially significant enhancement of the nuclear contribu-
tions with respect to the single-nucleon contributions as pointed out in [30].
The quantitative assessment of gy and g; as functions of a certain param-
eter encoding the content of the BSM physics requires the computation of
hadronic matrix elements which might only be possible within the frame-
work of Lattice QCD. Expressed in terms of gy and ¢;, the contributions to
the EDMs of *He and *H induced by the qCEDM up to NLO are given by:

dit. = 0.88d, —0.047d,
+[(—0.77 £ 0.20) GY 4 (—1.11 + 0.22)G1] - 102 efm,
(6.39)
dit = —0.050d, +0.90d,
+[(0.76 £ 0.19) G° + (—=1.09 &+ 0.22)GL] - 1072 efm.
(6.40)

4qL R-op:

As explained in section [£.3] the isospin-violating g; 7NN vertex as well as
the P- and T-violating and isospin breaking Az 37 vertex are induced at
leading order by the 4¢qL R-op and define the LO contributions to the EDMs
of *He and *H (by the diagram classes depicted in figs.[6.2](a) and (e)).
The other P- and T-violating vertices including the gy vertex yield N2LO
contributions. This implies again a significant enhancement of the nuclear
contributions compared to the single-nucleon contributions. A computation
of the contribution induced by the P- and T-violating 37 vertex has not
yet been completed and might ultimately provide the means to distinguish
between the 4qL R-op and the qCEDM.

gCEDM and 4g-op:

The LO EDM contributions for these two chiral-singlet operators are in-
duced by P- and T-violating yYNN and 4N operators with a priori un-
known coefficients. Due to the Goldstone Theorem, nuclear contributions
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from the go and the g; 7NN vertex are suppressed by two orders in magni-
tude and only give N2LO contributions. Any attempt at disentangling these
two sources of P and T violation requires the quantitative knowledge of the
currently unknown 4N coupling constants for both sources, which -again-
only Lattice QCD might be capable of producing. A tentative estimate of
their nuclear contribution as functions of these coupling constants based on
P- and T-violating exchanges of heavier mesons has been presented above.
A direct calculation of the nuclear contributions from the 4N vertices is
marred with some difficulties and is subject of an ongoing computation.

6.6 Summary

If a non-zero EDM of a nucleon or light nucleus which is significantly larger than
its SM prediction is measured, further EDM measurements of other nucleons or
light nuclei are required to identify the responsible source of P and T violation.
Lattice QCD might eventually magnify the information extracted from the mea-
surement of a particular nucleus and reduce the total number of necessary EDM
measurements. There are several strategies to infer the responsible mechanism of
the P and T violation, of which those falsifying the 6-term are the most refined
due to the quantitative knowledge of g§ and gf. This knowledge allows for the
computation of the EDMs of 41, *He and 3H induced by the -term as functions
of # entirely within standard ChPT. Without any Lattice QCD input, one can
measure, for instance, d,, d, and dp and then extract § by using eq. . On
the basis of eq. , the EDM of 3He can then be computed and compared
to a measurement. Alternatively, since the single-nucleon contributions to the
3He EDM are dominated by d, according to eq. , 6 can be inferred from the
measurement of d,, and 3He only, which then combined with a measurement of
d, leads to a prediction for the EDM of ?H. Therefore, the measurements of the
EDMs of the neutron, the proton, *He and *H are required to test the #-term
without supplementary input from, e.g., Lattice QCD.

When predictions for the nucleon EDMs as functions of § on the basis of sup-
plementary Lattice QCD input are available, the measurement of just one nucleon
EDM would suffice to extract 6. Since the single-nucleon as well as two-nucleon
contribution to the deuteron EDM from the #-term would then be known, the
prediction for the deuteron EDM can then be compared to its measurement. Al-
ternatively, § can be extracted from the measurement of one nucleon and be used
as the input for the testable prediction of the other nucleon. A measurement of
the deuteron EDM or the *He EDM would provide an additional, orthogonal cross
check. These examples illustrate that supplementary Lattice QCD input has the
potential to profoundly reduce the necessary experimental effort. Unfortunately,
current Lattice QCD predictions [52] for the single-nucleon EDMs are still per-
formed for too large unphysical pion masses. A prediction of the nucleon EDMs



116 CHAPTER 6. THE EDMS OF HELION AND TRITON

by interpolation to the physical pion mass is given in [51]. More recent Lattice
QCD data [53] indicate that the uncertainties of the data in [52] are profoundly
understated and therefore also the uncertainties of the predictions of the nucleon
EDMs in [51]. The EDM predictions in [51] are currently being revised on the
basis of the more recent Lattice QCD input from [53[P}

The unavailability of quantitative predictions with well defined uncertainties
for the EDMs induced by the effective dimension-six sources within the framework
of ChPT has to be attributed to the fact that these constitute extensions of the
standard QQCD Lagrangian as pointed out in chapter 4l Any analysis within
the effective field theory needs to be supplemented by other non-perturbative
techniques — preferably Lattice QCD — to obtain quantitative predictions with
well-defined uncertainties. However, such supplementary input is not likely to
materialize soon. Therefore, one has at least for now to rely on NDA, which can
provide order of magnitude estimates of unknown coupling constants. However,
NDA might still be sufficient for a disentanglement of the effective dimension-six
sources and enable one to identify the responsible source of P- and T-violating
once several non-vanishing light nuclei EDMs — the more the better — have been
measured [30]: if the measurements reveal that deuteron and the 3He EDMs
approximately equal their single-nucleon EDM contributions, the involvement of
the gEDM can be inferred. If the EDMs of the deuteron and helion prove to
be larger than their single-nucleon contributions well outside the window of the
f-term EDM predictions, either the qC' EDM or the 4qL R-op are most likely the
source of the measured EDM. An assessment of the contribution from the P-
and T-violating 37 vertex for the 4¢L R-op might ultimately provide a basis to
distinguish between these two sources and is subject of an ongoing computation.
If the EDM measurements do not fit to any of the above described patterns, the
gCEDM and/or the 4g-op are probably the sources of P and T violation. Precise
statements about the these two chiral-singlet effective dimension-six sources is
difficult, since P- and T-violating v/N N and 4N vertices are induced at the leading
orders.

SPrivate communication with the authors of [51].
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Table 6.4: Leading order contributions to the *He and *H EDMs from the g, and
g1 and go vertex without (dpy, PW: plane wave) and with (dy;s, MS: multiple
scattering) intermediate state interactions and the total leading order nuclear
EDM contributions dsgesg in units of 1072 - G2 efm with G2 = gogamn/Fr,
1072- Gl efm with GL = gygamy/F, and 1072 - G% e fm with G2 = gogamy/Fy |
respectively — calculated with the N2LO ChPT potential [57] without and with P-
and T-conserving 3N interactions (3NF) for different combinations of Lippmann-
Schwinger (LS) cutoffs and Spectral Function Regularization (SFR) cutoffs.

nucleus/ | LS SFR without 3NF with 3NF
vertex [MGV] [MGV] de dMS d3He,3H de dMS d3He,3H
SHe go | 450 500 | -0.71 —-0.31 -—-1.02 | -0.68 —0.29 —0.97
SHe go | 600 500 | —-0.61 —-0.25 —0.87 | —-0.56 —0.22 —0.78
He go | 550 600 | -0.65 —-0.24 -0.90 | -0.60 —-0.22 —0.82
He go | 450 700 | -0.72 —-0.28 —1.00 | -0.69 —-0.27 —0.96
SHe go | 600 700 | -0.62 —-0.23 —-0.85 | —=0.56 —-0.19 —0.76
SHe ¢y 450 500 -1.05 -0.16 —-1.21 | -1.08 —-0.18 —1.25
SHe ¢, | 600 500 | —-1.07 —-0.08 -1.15| —-1.06 —-0.09 -—-1.14
SHe ¢, | 550 600 | —1.08 0.00 -1.08 | -1.10 -0.01 —-1.11
SHe ¢y | 450 700 | -1.06 -0.05 -1.11|-1.10 —-0.08 —1.18
He g1 | 600 700 | —1.10 0.15 —-0.95 | —1.09 0.14 —0.96
SHe go | 450 500 | —-1.51 —-0.44 —-195 | —-1.55 —-0.45 —-2.00
SHe ¢y | 600 500 | -1.35 —-030 —-1.65|—-1.35 —-0.29 -1.64
He g9 | 550 600 | —-1.45 -031 —-1.76 | —-1.48 —-031 —-1.79
SHe g0 | 450 700 | =1.56 —-0.40 —-1.95 | —-1.61 —-043 —-2.04
SHe gy 600 700 —-143 —-0.15 —1.58 | —1.42 —-0.14 —1.57
SH g9 | 450 500 0.70 0.30 1.00 0.67  0.28 0.94
SH g9 | 600 500 0.60 0.24 0.84 0.55 0.21 0.76
SH  go | 550 600 0.63  0.23 0.86 059  0.21 0.80
SH g0 | 450 700 0.71 0.27 0.97 0.68 0.25 0.93
SH g0 | 600 700 0.61 0.21 0.83 0.55 0.18 0.74
SH gy | 450 500 | -1.03 -0.16 -1.19 | -1.06 —-0.17 —-1.23
SH ¢ | 600 500 | -1.06 —-0.08 -1.12 | —-1.04 -0.08 —1.12
SH g1 | 550 600 | —1.05 0.00 -1.04 | -1.08 -0.01 —-1.09
SH gy | 450 700 | -1.04 -0.05 -1.09 | -1.08 —-0.08 —1.16
SH ¢, | 600 700 | —1.07 0.15 -093 | =1.07  0.13 —-0.94
SH g 450 500 1.49 0.42 1.91 1.54 0.43 1.97
SH g0 | 600 500 1.33 0.28 1.61 1.34 0.27 1.60
SH  go | 550 600 1.42 0.28 1.70 1.47  0.29 1.76
SH g0 | 450 700 1.53 0.38 1.91 1.60 0.40 2.01
SH ¢y 600 700 1.41 0.13 1.54 1.41 0.12 1.53
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Table 6.5: Leading order contributions to the *He and *H EDMs from the g, and
g1 and go vertex without (dpy, PW: plane wave) and with (dy;s, MS: multiple
scattering) intermediate state interactions and the total leading order nuclear
contributions dspe sy in units of 1072 - GY e fm with G2 = gogamn/Fy, 1072 -
Glefm with G = gigamy/F, and 1072 - G2 efm with G2 = gogamy/Fy |
respectively — calculated with the ChPT N3LO [57] potential without P- and
T-conserving 3N interactions for different combinations of Lippmann-Schwinger
(LS) cutoffs and Spectral Function Regularization (SFR) cutoffs.

LS SFR SHe H
vertex [MGV] [MGV] de dMS d3He,3H de dMS d3He,3H

) 450 500 | —=0.62 —0.27 —0.88 0.61 0.25 0.86
90 600 500 | —-0.53 —-0.19 —-0.72 0.52 0.18 0.69
90 250 600 | —-0.56 —0.19 —0.75 0.55 0.18 0.73
90 450 700 | -0.64 —-0.24 —-0.88 0.63 0.23 0.85
90 600 700 | =0.53 —-0.19 —-0.72 0.52 0.18 0.70

g1 450 500 | =091 -0.17 -1.09 | -0.89 —-0.17 —1.07
g1 600 500 | -0.90 -0.16 —-1.07 | -0.88 —0.16 —1.05
g1 250 600 | =091 -0.16 —-1.07 | -0.89 —-0.16 —1.05
g1 450 700 | =094 -0.17 -1.11 | -092 -0.17 —-1.09
g1 600 700 | -092 -0.16 -1.08 | —-090 -0.16 —1.06

92 450 200 | —=1.34 —-0.54 —1.87 1.33 0.52 1.85
92 600 500 | —-1.33 —-0.57 —1.90 1.32 0.55 1.87
92 250 600 | —1.33 —0.56 —1.89 1.32 0.55 1.87
g2 450 700 | =143 —-0.56 —1.99 1.42 0.55 1.97
g2 600 700 | =1.31 —-0.56 —1.87 1.30 0.54 1.85
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Table 6.6: Contributions to the *He EDM from the gi”*, ¢/"** and g5 nN,
pN and wN vertices. The results without (dpy, PW: plane wave) and with
(dars, MS: multiple scattering) intermediate state interactions and the total
nuclear EDM contributions dsye sy are shown in units of 1073 - g0”“ G, , , e fm,
107% - ¢! G, wefm and 1072 - g5 G,efm, where G, ,, are the P- and

T-conserving nN, pN and wN coupling constants, respectively.

This work [27] [33]
meson | coupling Potential dpw dys 310 d3He d3He
n 90 Avg UIX 0.41 0.06 047 — 0.48
n 90 CD-Bonn TM | 0.68 0.05 0.73 — —
p 90 Avig UIX 0.32 —-0.04 027 0.60| 0.27
p 90 CD-Bonn TM | 0.69 —-0.09  0.60 1.20 —
w 90 Avg UIX -0.20 0.01 -0.19 | —0.50 | —0.19
w 90 CD-Bonn TM | —0.38  0.04 —0.34 | —0.80 —
n g1 Avg UIX —1.42 0.40 —1.02 — —-0.97
i a1 CD-Bonn TM | —1.59 046 —1.13 — —
P g1 Avg UIX —-0.70  0.28 —0.42 | —0.90 | —0.40
p g1 CD-Bonn TM | —0.86  0.35 —0.51 | —1.10 —
w 31 Avig UIX 0.90 -0.32  0.57 1.1 0.52
w g1 CD-Bonn TM 1.10 —0.42 0.68 1.1 —
p 92 Avig UIX 0.94 -0.12  0.82 1.50 | 0.31
p 9o CD-Bonn TM 1.30 —0.24 1.06 1.90 —
n 90 Avyg 0.47  0.09  0.56 - 0.57
n 90 CD-Bonn 0.74 0.08 0.83 — —
p 9o Avyg 0.32 —-0.05  0.27 — 0.30
P 90 CD-Bonn 0.70 —0.09  0.61 — —
w 90 Avig —-0.22  0.01 -0.21 — —0.22
w 9o CD-Bonn —0.41 0.02 —0.39 — —
n g1 Awvig —-1.49 039 -1.10 — —1.07
i g1 CD-Bonn —-1.66 045 —1.22 — —
p 31 Avyg —-0.74  0.28 —0.45 — —0.44
p g1 CD-Bonn —0.89 0.35 —0.55 — —
w 91 Avgg 0.89 —-0.33  0.56 — 0.52
w g1 CD-Bonn 1.09 —-0.43  0.67 — —
p Jo Avyg 0.90 —-0.11 0.79 — 0.30
P 9o CD-Bonn 1.25 —0.23 1.02 — —
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Table 6.7: Contributions to the 3H EDM from the gg”*, ¢/*“ and g5 nN,
pN and wN vertices. The results without (dpy, PW: plane wave) and with
(dars, MS: multiple scattering) intermediate state interactions and the total
nuclear EDM contributions dsye sy are shown in units of 1073 - g0”“ G, , , e fm,
1072 - ¢! G, wefm and 1072 - g5 G,efm, where G, ,, are the P- and

T-conserving nN, pN and wN coupling constants, respectively.

This work [27] | [33]
meson | coupling Potential dpw dys dsg | dsg | dsy
n 90 Av;g UIX —-0.40 -0.06 —0.46 | — | —0.48
n 9o CD-Bonn TM | —0.67 —0.03 —0.70 | — —
p 90 Avig UIX —0.31 0.04 —-028| — | —0.27
p 9o CD-Bonn TM | —0.68 0.09 —-0.59 | — —
W 9o Avg UIX 0.19 —-0.01 0.18 | — 0.19
w 90 CD-Bonn TM 0.37 —0.04 033 — —
n g1 Avg UIX -139 037 —-1.01| — | —-0.97
n 01 CD-Bonn TM | —1.56 046 —-1.10| — —
P g1 Avig UIX —-0.69 027 —-042| — | —-040
p 9 CD-Bonn TM | —0.84  0.35 —0.49 | — —
w o3} Avig UIX 0.88 —0.30  0.58 | — 0.53
w g1 CD-Bonn TM 1.09 —-0.41 0.68 | — —
p 92 Avig UIX -094 011 -084| — |—-0.32
p g2 CD-Bonn TM | —1.30 025 —-1.05| — —
n 9o Avig —0.45 —-0.10 —-0.55] — | —0.57
n 90 CD-Bonn —-0.73 —-0.06 —-0.79| — —
p 9o Avg -0.32 0.0 —-0.27| — | —0.30
p 9o CD-Bonn -0.69  0.09 —-0.61| — —
w 90 Avg 0.22 0.00 021 | — 0.22
w 9o CD-Bonn 0.40 —0.03 037 | — —
n g1 Avg —-146 037 —-1.10| — | —1.08
n 9 CD-Bonn —-1.62 045 -—-1.18| — -
P g1 Avg -0.72 027 —-045| — | —-0.44
P g1 CD-Bonn —-087 034 —-0.53| — —
w 91 Avig 0.88 —0.31 0.57 | — 0.54
w g1 CD-Bonn 1.08 —0.42 0.66 | — —
p Jo Avig -090 0.09 —-0.81| — | —0.32
p 92 CD-Bonn -125 —-024 -101| — —




Chapter 7

Conclusions and outlook

This thesis provides a thorough analysis of the EDMs of the deuteron, helion and
triton. The existence of non-vanishing EDMs of nuclei with a non-degenerate
ground state implies the violation of the parity and the time-reversal symme-
tries in nuclear interactions. There are several sources of P and T violation: the
f-term of QCD is the only source of P and T violation within the SM beyond
the complex phase of the CKM matrix. Depending on the size of the physical
parameter , the f-term is capable of inducing EDMs of light nuclei > 107 e cm,
which is the envisioned accuracy of EDM measurements proposed by the Stor-
age Ring EDM collaboration and the JEDI collaboration [24]. Other sources
of significant P and T violation arise in BSM theories such as supersymmetry,
multi-Higgs scenarios, etc. All potential sources of significant P and T violation
would manifest themselves as EDMs of light nuclei. Since each source gives rise
to a specific hierarchy of EDMs of light nuclei, a disentanglement of the sources
of P and T violation on the basis of EDM measurements of several light nuclei is
feasible. These hierarchies of light nuclei EDMs have been derived in this thesis
and improve upon the results of previous studies [27-29,133] as described below.

In order to derive the hierarchies of the EDMs of light nuclei for each
source of P and T violation, hadronic observables at energies below the scale
Aqep ~ 200 MeV have to be determined. This entails that the connection be-
tween operators at high energies ~ Aggy with BSM degrees of freedom and oper-
ators at low energies < Aqep has to be established. This has been accomplished
by employing a two-step effective field theory approach as in [30,49]: in the first
step, high-energy BSM operators are evolved to the energy scale Ap,q = 1 GeV
as proposed and performed in [10}/35-38,/40]. By integrating out all degrees of
freedom with masses above Ay.q from P- and T-violating operators, the authors
compiled the complete set of leading effective operators at the energy scale of Ay,.q.
This list of effective dimension-six operators consists of the so called quark EDM
(qEDM), the quark-chromo EDM (qCEDM), the four-quark left-right operator
(4gLR-op), the gluon-chromo EDM (¢CEDM) and the four-quark operator (4¢-
op). They are graphically depicted in ﬁg.. These effective, non-renormalizable
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dimension-six operators at the energy scale Ay.q and the dimension-four QCD 6-
term were the starting point of the analysis presented in this thesis.

The second step involved the employment of ChPT, the low-energy effective
field theory of QCD, in order to complete the connection to hadronic operators
at the energy scale Aqcp. The QCD 6-term is a genuine element of the QCD
Lagrangian and allows for a treatment entirely within standard ChPT. Another
recent study of the #-term induced effective Lagrangian in the Weinberg formu-
lation of two-flavor ChPT is presented in [42]. This thesis provides a thorough
derivation of the induced effective Lagrangian within the Gasser-Leutwyler for-
mulation of two-flavor ChPT in chapter 4 and quantitative predictions of the
coupling constants of the most important P- and T-violating vertices for the first
time. These coupling constants have proven to be functions of either the quark
mass induced component of the neutron-proton mass difference or the strong com-
ponent of the square of the mass difference between charged and neutral pions.
By resorting to the latest results for these two quantities, the coupling constants
of the leading P- and T-violating isospin-0 and isospin-1 pion-nucleon vertices
have been found to be the following functions of #:

g5 =(—0.018 £0.007)0, ¢ =(0.003 £ 0.002)4. (7.1)

The inclusion of effective P- and T-violating dimension-six operators consti-
tutes an amendment of the standard QCD Lagrangian and implies that the treat-
ment of the effective dimension-six operators at energies below Aqcp is beyond
the realm of standard ChPT. The standard ChPT Lagrangian has to be amended
accordingly as pointed out in [30,39] by new, additional terms with unknown co-
efficients (LECs). The derivation of the amended ChPT Lagrangians induced by
the effective dimension-six operators in the Gasser-Leutwyler formulation of two-
flavor ChPT is presented in chapter 4 of this thesis. Since the new LECs are not
quantitatively known, the coupling constants of the leading P- and T-violating
vertices can not be computed explicitly as functions of parameters which encode
specific BSM physics. Other non-perturbative techniques are required to assess
the sizes of these coupling constants, among which Lattice QCD has the highest
predictive capacity. Lattice QCD results are, however, not likely to materialize
any time soon and one has — at least for now — to resort to Naive Dimensional
Analysis (NDA) in order to obtain order of magnitude estimates. In contrast
to the A-term analysis, neither the signs nor the center values of the coupling
constants of leading P-and T-violating vertices can be inferred from NDA. These
order of magnitude estimates might still be sufficient to determine the hierarchies
of coupling constants of leading P- and T-violating vertices for each source of P
and T violation [39]. The leading coupling constants of the P- and T-violating
isospin-0 and isospin-1 pion-nucleon vertices, gy and g; respectively, are estimated
to be larger than the #-term predictions and of the same order for the qCEDM,
for instance. The coupling constants induced by other effective dimension-six
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operators exhibit different hierarchies. These different hierarchies were found to
translate into different hierarchies of light nuclei EDMs, as described in chapters
5 and 6.

The isospin selection rules of the deuteron render it a rather selective system
in which the EDM contributions of most P- and T-violating operators vanish.
The selective nature of the deuteron and the quantitative knowledge of gj and g¢
allowed the O-term induced deuteron EDM to be computed up to next-to-next-to-
leading order. Whereas previous studies of the deuteron EDM in [25-H27,29-33]
focused on the leading order EDM contribution (according to the counting in this
thesis), a detailed analysis of next-to-next-to-leading order nuclear contributions
and a quantitative prediction with a well-defined uncertainty of the NN contri-
bution to the deuteron EDM as a function of 4 is provided — for the first time —
in chapter 5. The uncertainty of the result accounts for the uncertainty of the P-
and T-violating component as well as the P- and T-conserving component of the
nuclear potential. The 6-term induced deuteron EDM result is given by

dif = d, + d, + (—0.54 £ 0.37) - 10" fecm, (7.2)

where d,, and d, denote the EDMs of the neutron and proton, respectively.

When a single non-zero EDM of the deuteron, proton or neutron is measured,
additional information is required to identify (or rather falsify) the source of P
and T violation. The strict isospin selection rules of the deuteron are absent from
helion and triton systems and a measurement of the EDM of one of them would
provide necessary additional information. The analysis of the nuclear contribu-
tions to the helion and triton EDMs induced by the #-term up to next-to-leading
order with quantitative predictions and well-defined uncertainties is presented in
chapter 6 of this thesis. The results for the EDMs of the helion and the triton
induced by the #-term as functions of § are given by

dig = 0.880d, —0.047d,+( 1.35+0.88)- 10" Fecm, (7.3)
dig = —0.050d,, +0.900 d, + (—2.16 £0.85) - 107 fe cm . (7.4)

Effective field theory predictions for the EDMs of the neutron d, and of the
proton d, have limited predictive capacity due to unknown counter terms at
leading order as explained in the introduction. Supplementary input from, e.g.,
Lattice QCD is required to quantify these counter terms. The currently available
Lattice QCD predictions for the single-nucleon EDMs are at too large unphysical
pion masses [52]. By an interpolation to physical pion masses, the authors of [51]
found

dy=—(1.1+£1.1)- 10 fecm, (7.5)
dy= (29+0.9)-107"%fecm. (7.6)

More recent Lattice QCD data [53] indicates that the uncertainty of the Lattice
QCD data in [52] that underlies [51] is profoundly understated. A revision of
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the single-nucleon EDM predictions in [51] on the basis of [53] with most likely
significantly larger uncertainties is in the pipelineﬂ According to egs. —,
the single-nucleon and nuclear contributions to the helion and triton EDMs would
interfere constructively.

Based on these accurate predictions for the nuclear contributions to the EDMs
of light nuclei induced by the #-term, several schemes of testing the f-term are
proposed at the end of chapter 6, which involve the measurements of several light
nuclei. The measurement of the EDM of the radioactive triton is only possible
in very few laboratories (with military research divisions) around the world. The
triton EDM is therefore highly unlikely to be measured and can be disregarded.

1. Let the non-vanishing EDMs of the proton, the neutron and deuteron be
measured. The parameter 6 can then be calculated by using eq. and
be inserted into eq. to obtain a prediction for the helion EDM. A
measurement of the helion EDM can then falsify a significant involvement
of the #-term.

2. Since the single-nucleon contribution to the helion EDM approximately
equals the neutron EDM, the measurements of the neutron EDM and the
helion EDM would suffice to extract # by utilizing eq. . A comparison
of the #-term prediction for the deuteron EDM on the basis of eq. to
a measurement of the deuteron EDM and the proton EDM can then rule
out the #-term.

3. Supplementary Lattice QCD input to quantify the unknown leading order
counter terms in the single-nucleon EDM calculation is capable of reducing
the necessary experimental effort. A measurement of one of the single-
nucleon EDMs would then be sufficient to extract # and to compute the
other nucleon EDM which has not been measured. By using eq. or
eq. , testable predictions for the deuteron or helion EDM can be ob-
tained.

4. On the basis of Lattice QCD input, the @ value obtained from the measure-
ment of one single-nucleon EDM can be taken as input for the a prediction of
the other nucleon EDM. A measurement of the other nucleon EDM would
provide a test of the #-term involving only nucleon EDM measurements.
Measurements of the EDMs of the deuteron and/or the helion would then
provide an additional, orthogonal test of the f-term.

If these O-term tests fail, the source of P and T violation might be one (or
several) effective dimension-six operators. Chapter 6 provides predictions for the
nuclear contributions to the helion and triton EDMs induced by the effective

!Private communication with the authors of [51].
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dimension-six operators as functions of the coupling constants gy and g;, which
deviate from those of [30] by a factor of two and agree with those of [33]. The NDA
estimates of these coupling constants yield different patterns of enhancements of
nuclear EDM contributions, which has also been pointed out in [30]:

e qCEDM:

The mNN coupling constants gy and g1, which are both induced at leading
order, are potentially larger than their 6-term counterparts. This would
imply a significant enhancement of the nuclear EDM contributions to the
EDMs of the deuteron, helion and triton with respect to their single-nucleon
contributions. If the measurements of the EDMs of light nuclei reveal such
nuclear enhancements beyond the 6-term predictions, the qC EDM (or the
4qL R-op, see below) is most likely the source of P and T violation.

e 4qLR-op:

The leading P- and T-violating vertices induced by the 4¢gL R-op are the
isospin-1 pion-nucleon vertex with coupling constant g; and the three-pion
vertex with coupling constant Az. The coupling constant of the P- and
T-violating isospin-0 pion-nucleon vertex, go, is suppressed with respect to
g1 and As. Since the leading nuclear contribution to the deuteron EDM
is defined by the g; vertex, the nuclear contribution to the deuteron is
expected to be relatively larger for the 4¢LR-op than for other effective
dimension-six sources. Furthermore, the A3 induced leading order nuclear
contribution to the helion EDM might be sizable and provide another means
of disentanglement from the qCEDM.

e ¢EDM:
Since all coupling constants of P- and T-violating vertices without the pho-
ton field are suppressed by at least a factor of e, /(4m), the EDMs of
the deuteron, the helion and the triton are approximately equal to their
single-nucleon EDM contributions. If EDM measurements confirm such a
scenario, the ¢ EDM is likely to be the source of P and T violation.

e gCEDM and 4q-op:

If the f-term, the qCEDM and the 4qL R-op are excluded, the gCEDM
and the 4¢-op can also be the sources of P and T violation. These two
effective dimension-six sources are difficult to disentangle without Lattice
QCD input, since they induce P- and T-violating 4N and YN N vertices at
leading orders. Coupling constants of vertices involving pions are signifi-
cantly suppressed by a factor of M2 /m3 according to Goldstone’s theorem.
Therefore, the EDMs of the deuteron, the helion and the triton can be es-
timated to roughly equal their single-nucleon EDM contributions. In this
case, a disentanglement from the g DM which induces a smillar pattern
might prove to be difficult.
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The measurements of non-zero EDMs of light nuclei would therefore provide
valuable information on new physics coming from the #-term and BSM theories.
The identification of a hierarchy among EDMs of light nuclei would falsify par-
ticular effective dimension-six sources and therefore certain BSM theories that
dominantly contribute to one of the four types, e.g. left-right symmetric mod-
els [137].

The analysis of EDMs of light nuclei can be further refined: the 4¢LR-op
induces a leading order nuclear EDM contribution which involves the P- and T-
violating 3w Aj vertex. The inclusion of such 3N diagrams into our program is
subject of an ongoing effort. The computation of the EDM contributions from
P- and T-violating short-range 4N operators is another unresolved issue. Due to
the model dependence of the short-range components of the P- and T-conserving
nuclear potentials, this computation is marred with difficulties which we soon
expect to settle. Ultimate improvement of the results presented in this thesis
might come from Lattice QCIﬂ . The quantitative knowledge of yet unknown
coupling constants and counter terms would allow us to overcome the reliance
on NDA and to obtain accurate quantitative predictions for the EDMs of light
nuclei which are induced by the effective dimension-six sources.

2Note that the TN N coupling constant gg can be extracted from a Lattice QCD computation
of the Schiff moment of the nucleon [50].



Appendix A

Ward identities

The aim of this appendix is to explain how the set of Ward identities of a quantum
field theory can be encoded in the generating functional by introducing external
source fields for composite operators as demonstrated by Gasser and Leutwyler
in [43],|44L|60], for instance. The presentation below is based on reference [60,
78]. Consider a quantum field theory with degrees of freedom {¢'} and a set of
currents {J;'}. Let the classical action S be invariant under infinitesimal local
transformations of a Lie group G, which is parametrized by local coordinates
{e*(x)}. The action of the quantum field theory is assumed to be the sum of the
classical action S and an action S; which is comprised of all source terms 7’ for
the degrees of freedom and f]“ for the currents Jj’-‘ :

SHo' {70 = SHe' Y + Ssl{n'} {f} 3] (A1)

The extension of the classical Lagrangian S is given by

Syl @)} A} )] o= [ dta (Zn >+fo<x>Jz;>. (A2

Whereas S is invariant under G transformations of {¢'}, S is in general not
invariant under G' because the external source fields {n'} and {f}} transform
a priori trivially under GG. Since Green functions do in general not depend on
particular gauge transformations, the generating functional

exp(iZ[{n'(x)}. { [} (z /{be’}exp SHe' (@)} + Sel{n' ()} {ff (2)}])
(A.3)
has to be invariant under local G' transformations. Let us assume that the func-
tional integration measure is invariant under G and that the source fields {n’(z)}
and { fﬁ} transform in such a way that the complete action S is invariant un-
der G. The source fields transform complementary to the degrees of freedom
{¢'(x)} of the theory and the currents {.J7}, respectively. Since the currents are
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constructed from the degrees of freedom of the theory, i.e. JI = J/({¢'}), their
transformation properties are induced by those of {¢'}. Each source field n'(x)
or fﬁ(x) then transforms in general as a basis state of a particular representa-
tion D(;y or D;. We may in general assume that one source field for each basis
state of such representations exists and label the set of source fields {fJ'}, where
I =1,...,dim(Dy)). Let the structure constants of the corresponding Lie algebras
be defined by

i 19) = 3 it (A4)
where tl(j ) are the generators of the representation D(;). The source fields { fﬁl(x)}
then transform under local G transformations by (no summation over k)

FO(e" (), f'(x)) = Dy (" () £ (2) D) (" () — i0, D) (€ () D) (" ()
(A.5)

which amounts to the infinitesimal transformation
f3(x) = el (x) + ¢l fimen () . (A.6)

Note that the pure gauge term —i@uD(j)(ek(x))D(_ﬁ(ek(x)) may not exist for all
source fields. Similar expressions hold for the source fields of the degrees of
freedom {n'}.

For the generating functional whose functional integration measure transforms
trivially under G (i.e. in the absence of anomalies), one then finds:

expliZI{n' @)} AR @) = [ DI} exp (SO '} L21Y)
_ / D{¢'y ex (ST{(@) s ()} {(F2)'})
_ / D{(6")} exp (S F: L)'}, (Y })

_ / D{¢'} exp (S[{&': (')} {(F21)Y) -

(A.7)
Eq. demonstrates that the generating functional
W {3 = exp(Z[{n' ()}, {2 (2)}]) (A.8)
is invariant under G'transformations of the source fields {7’} and {f7'}:
W'} A2 = WH YA Y- (A.9)

Therefore, in the absence of gauge anomalies, Ward identities can be derived
from the invariance of the generating functional under local G transformations
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applied to the source fields while the degrees of freedom remain unaffected by the
G transformations:

4 R (o w 0 (Bl 0 i (] —
I <>[; S 2O sy | VA =0 (A0

where a; € C and the coefficients O,E:j J# denote in general operators. This relation
generates the set of Ward identities obeyed by the Green functions of the theory.
The completely G invariant generating functional W therefore encodes all Ward
identities.



Appendix B

Quark multilinears

The quark multilinears considered in section of this theses are quark bilin-
ears and quark quadrilinears. A chiral SU(2), x SU(2)g transformation of the
left-handed and right-handed quark fields in quark multilinears induces a trans-
formation in the space of quark mutlilinears. It will be shown in this appendix
that a quark multilinear in general admits a decomposition into quark mutlilin-
ears which transform as basis states of particular irreducible representations of
O(4), for which SU(2),xSU(2)g is the double covering group. In order to provide
a systematic study of quark bilinears and quadrilinears the connection between
the representation theory of O(4) and quark multilinears is explained and the set
of all quark bilinears and quark multilinears which transform as basis states of
irreducible representations of O(4) is compiled.

We will explain that the relationship between quark multilinears and the rep-
resentation theory of SO(4) is established by the set of SU(2), x SU(2)g group
actions on (symmetric) tensor products of elements of the quaternion algebra Hy.
There is a one-to-one correspondence between the quaternion algebra H, and the
real vector space of matrices spanned by the set {1,471, i7s,i73} with 7; being the
Pauli matrices. A group action F' of a group G and a space X is defined as the
group homomorphism of G into the group of homeomorphic maps from X onto
itself:

F:GxX =X, (g9,2)— Fyx),
FyoFy(x)=Fy.4(x) Yg1,00€ G,Vr e X. (B.1)

The connection between SU(2), x SU(2)g group actions on H, and quark
multilinears can be illustrated by the following example. The quark bilinear
—qv*13q can be re-expressed in terms of left- and right-handed quark fields:

iqy" (it3)q = iqpy" (i13)qr + iqrY" (i73)qR - (B.2)

The Dirac matrix v* can therefore be considered to define a group action on
(’iT k) € Hy:

(im) + (ite) = LT(im) L + R'(im)R, (L,R) € SU(2)xSU(2)g.  (B.3)
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This appendix is therefore organized as follows: the algebra of quaternions
H, is introduced in the first section of this appendix. The second section is
concerned with the investigation of SU(2), x SU(2)x group actions on H, and
the representation theory of SO(4). The third section of this appendix explains
the connection between the representation theory of O(4) and group actions on
(tensor products of) Hy, from which the set of all quark bilinears and quark

quadrilinears which transform as basis states of irreducible representations of
O(4) is derived.

B.1 Quaternions

The quaternion algebra H, is a four dimensional, non-commutative, associative
algebra over the real numbers (a detailed explanation of the quaternion algebra
can be found in e.g. [138-140]). Hy is generated by {1,i,7, k} where i, j and k
obey

i =% =k =ijk=—1 (B.4)

For a general element g € Hy, the conjugate ¢* € Hy is defined by
g=a+bi+cj+dk — g =a—-bi—cj—dk. (B.5)

The quaternion algebra Hy is isomorphic to the associative algebra generated by
{1,i7,i7y,i73}, where 7; denote Pauli matrices. The norm of a quaternion ¢ € Hy
is defined by

lall = VEq = V@ TR . (B.6)

Exploiting the isomorphism to the associative algebra generated by the set
{1,i04,i09,i03}, the norm of a quaternion can be expressed in terms of the de-
terminant of a complex 2 X 2 matrix:

a+1 id+c
det <id—c a—1b

):a2+62+62+d2. (B.7)

This proves that the group of quaternions of norm equal to one —called unit
quaternions— is isomorphic to SU(2):

{g € Haf [lqll = 1} = SU(2) . (B.8)

Let M be the isomorphism

. . . a+ib id+c
M.a+zb+yc+k‘dr—>(id_c a—z’b)’ (B.9)
and F' be the group action of SU(2),xSU(2)r on Hy defined by:

F: SU2),xSU(2)gp x Hy — Hy, q~ LM(q)R'. (B.10)
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Since F' preserves the norm for all ¢ € Hy, this group action is an automorphism
of SU(2) if restricted to unit quaternions. For all g € SU(2) the negative —g
is also an element of SU(2), which implies that F' is not injective on SU(2) x
SU(2)g since the pairs (L, R), (—L,—R) € SU(2);xSU(2)r map onto the same
homeomorphism of Hy onto Hy.

B.2 The representation theory of SO(4)

The connection between the group SU(2), x SU(2)g and the Lie group SO(4)
is drawn by the well-known Cayley-Klein decomposition of SO(4) matrices (a
detailed explanation of this connection between the quaternion algebra and SO(4)
is given in e.g. [138-143]). Let N denote the isomorphism between R* and Hy:

N:R*—=Hy, (a,bcd) v a+ib+jc+kd. (B.11)
An SO(4) rotation matrix A can be re-expressed as (Cayley-Klein)

AcSOM4),r€R: Av=(MoN)"LMoN(z)R"), L RecSU?2)Lr,
(B.12)
which demonstrates that the group action F' of eq. defines a 2-1 homo-
morphism SU(2), x SU(2)g — SO(4), since (L,R) € SU(2), x SU(2)g and
(—=L,—R) € SU(2),xSU(2)g map onto the same element of SO(4).
Let Dy;, j,) be a representation of SU(2);x SU(2) g of dimension (2j:+1)(2jz+)
for integers or half integers ji, jo. In order for Dy;, ;,) to be also a representation
of SO(4), it has to obey:

D(jhjz)(L? R) = D(j17j2)(_La _R) , Vv (La R) € SU<2)L X SU(2)R7 (B'l?’)

which requires j; + js to equal integer values. In general, multiple tensor products
of (fundamental) two-dimensional representations of SU(2); x SU(2)g,

D1/2,0)®- - '®D(1/2,0)1®\D(0,1/2)®' - ®@Do)2) :

—~ —~

m—times n—times
SU2)xSUQrxC’®- - 2C?C?® - @ C°
m—times n—?i,mes
- CC’®-- ®C?, (B.14)
m—times nfzgnes

are (not necessarily irreducible) representations of SO(4) if m+n is even. Let us
consider the set of such tensor products of rank two (i.e. m+n =1). The group
actions corresponding to irreducible representations of SO(4) of rank 1 can be
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defined by
dim=4  Dujeuje : M(q) — LM(q)R', (B.15)
dim=4  Dueiye : RM(q)L', (B.16)
dim=3 Dy : M(q) — LM (q)L', (B.17)
dim=3 Dy : M(q) = RM(q)RT, (B.18)
dim=1 Dy cM(1) =1 LM(1)L", (B.19)
dm=1 Dy M(1) =1+ RM(1)R', (B.20)

for ¢ € Hy and (L, R) € SU(2), x SU(2)g. Note that the group action on Hy
corresponding to a particular irreducible representation of SO(4) (and SU(2)y %

SU(2)g) is not necessarily unique. All group actions defined in egs. (B.15)-(B.20)

are formally different group actions.

Group actions F on the tensor product space of multiple copies of Hy,

can constitute higher dimensional irreducible representations of SO(4). Let the
notation (i7;)., and (i7;)g, j = 1, 2,3, imply the following definitions of SU(2), x
SU(2)r group actions on a subspace of Hy:

dim =3: (irj); — (Lit; L)1, (B.22)
dim =3: (itj)g — (RiT;R")R. (B.23)

The group actions on Hy ® Hy — subsequently referred to as the (rank 2) tensor
product of two elementary (rank 1) SU(2),xSU(2)g group actions — correspond-
ing to tensor products of the representations D o) and D) are then given by
(the '®’ is omitted for convenience below, e.g. (i7;)r,r (7)1 g IS meant to imply
(075) L.k @ (iTk)L,R)

s X (O, 1) : (iTj)R(’iTk)R —> (RiTjRT)R(RiTkRT)R, (B24)
(1,0)® (1,0) :  (i7j)(im)r = (LiT; L") (LiTe LY) (B.25)
(1,0)® (0,1) : (i7j)(im)r — (LiT; L") (RiTe RN g, (B.26)

which do a priori not constitute irreducible representations of SO(4) and may
decompose into direct sums of irreducible representation of SO(4). The basis
states of the lowest-dimensional irreducible representations are obtained by iden-
tifying linear combinations of the basis vectors (i7;)/r(i7x)r/r With well defined
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properties under exchanges of j and k& (summation of identical indices implied):

dim=1: (0,0) (0Tim) L (1T L (B.27)
dim=1: (0,0) (iTm)R(iTim)R (B.28)
dim=3: (1,0) (i) (i) — (ime)L(075) 1 (B.29)
dim=3: (0,1) (i7j)r(iTe) R — (i) R(1T}) R (B.30)
dim=5: (2,0) (075) (i) + (i75) £ (375) . — 2(i70 ) £ (0T ) 1 (B.31)
dim=5: (0,2) (i7j)r(ite) r + (i) R(iTj) R — 2(3T0) R(iTi)R,  (B.32)
dim=9: (1,1) (i75)L(iT) R, (B.33)
dim=9: (1,1) (i75)r(iT) L, (B.34)

In order to explore the SU(2)xSU(2)g group actions on Hy ® Hy correspond-
ing to the tensor product of representations D(;/21/2) ® D(1/2,1/2), the quantities
(to) and (t!) are introduced to imply the group actions on H, defined by

dim=4:  (t,) — (Lt R, (B.35)
dim=4:  (th)— (RtLLY), (B.36)

with
t():ﬂ, tlziTl, t2:7;7—2, t3:’iT3. (B37)

For g.s = diag(1,—1, —1, —1)[], the basis states of the lowest-dimensional irre-
ducible representations of SO(4) expressed in terms of tensor products of the
four-dimensional group action eq. (B.35]) are given by:

dim =1 (0,0) (ta)(t8) Gas » (B.38)
dim =343 (1,00 (0, 1) : (ta)(ts) — (t5) (L), (B.39)
dim =9 (1,1) H(ta)(tg) + (ts)(ta) — 2(ta)(ts) gas - (B.40)

By replacing (t.) by (tlﬂ) the lowest-dimensional irreducible representations
of SO(4) expressed in terms of tensor products of the group action defined in

eq. (B.36]) are obtained.

B.3 The representation theory of O(4)

The well-known connection between the quaternion algebra Hy and the Lie group
O(4) is the following [140}/142-144]: the group O(4) = SO(4) x Z5 consists of two
copies of SO(4) and is thus not connected. The parity transformation P defined
as the spacial inversion of three components of a general real four-vector,

P:R* = R*, (21,29, 23,24) — (T1, —29, —3, —T4) , (B.41)

"We do not distinguish between covariance and contravariance here.
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transforms an element of one connected component into an element of the other
connected component. By exploiting the isomorphism N of eq. between
R* and Hy, the parity transformation P is found to correspond to the following
Zs group action on Hy:

P:NPN_II ZoxHy — Hy, 1,im,im0,t73+— 1,—111,—170,—1iT3, (B42)

i.e. to be equivalent to the conjugation of quaternions (or to hermitian conjuga-
tion of 1 and i7y 2 3). The composition of the parity transformation with an SO(4)
matrix A then amounts to an exchange of the left and right unit quaternion in

the Cayley-Klein 2-1 isomorphism of eq. (B.12)):

PAx = (MoN)Y([LMoN(z)R
— (MoN)Y(R[MoN(z)]' L") = (MoN)"(RMo N(Pz)L).
(B.43)

Let D(;jy be a representation of O(4) and vy ® vy and element of the base
space of Dy; ;. Eq. (B.43) demonstrates that the representation of the element P
has to obey

D) (P) Dy (L, R)vi @ vs = Dy jy(P) (Dgy(L) v1 ® Dijy(R) vo)
= Dj)(R, L) D jy(P)vr @ vy
(B.44)

Therefore, a representation Dy, j,) of SO(4) is also a representation of O(4) if
and only if it is symmetric under an exchange of the indices j; and j,. For
arbitrary j; and j, the irreducible representation Dy, j,) of SO(4) induces the
symmetrized representation D(j, i,a(j»,j1) of O(4), which is irreducible if j; # j,
and decomposes into two irreducible representation of equal dimensions if j; = j5.
This observation implies that irreducible representations Dy, j,) of SO(4) with
Jj1 # j2 induce exactly one irreducible O(4) representation, whereas irreducible
representations D(; ;) of SO(4) induce two separate representations of O(4).

For arbitrary half integers or integers ji, j» with j1+ 7> € N, the generalization

of eq. (B.44)) reads:

D j2)e 2,00 (P) D1 g)ean) (L B) = Dy gyeiaun) (Bs L) Dy o) a.gn) (P) -
(B.45)
The action of D(j, j,)a(js.;1)(F) on an element of the base space v1 ® vy @ v3 ® vy
is required to be

D, ,j)@a,1) (P) (V1 @ 02 © v3 @ vg) = v4 @ v3 B v2 @ vy, (B.46)
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which can be proven by the following brief computation:

Dy j2)@(2.i1) (L7 R) (v1 ® vy @ vz ® vy)
= [D(Jl J2)®(j2, Jl)(P) (J1,72)®(j2,51) (L R) (Ul X V2 DUz '04)
= Diiimeti (P)D (J1,42)@(j2.71) (R L)D(Jl J2)® (JQJl)(P) (V1 ® V2 @ V3 ® vy)
= D(1.j2) (2.1 (P)D (J1,52)®(2,d1) (R L) (vg ® vz ® vz ® 1)
= D jn)etnan) (P) ( ( U1 ® D(12)<L)v3 ® D(j2)<R)U2 ® D(jl)<L)U1)
= DiGpy(L)vi ® D(]Q)(R)vg ® D) (L)vs @ Dgjy(R)vs)
- D(j17j2)@(j27j1)(Lv R) (11 ® vy ® v3 ®@ vy) .

(B.47)

Due to
[D(jl,]é)@(jz,jl)(P)]Q =1, (B48)

D, j2)®(jz,jr) (P) must have eigenvalues =1 and the basis states of the irreducible
representations have definite parity, p = 1. It is convenient to refer to the two
irreducible representations of O(4) in Dy; jye ;i) by Dgjj)+-

B.3.1 Representations of O(4) and quaternions

Utilizing the notation introduced by eq. (B.22)), eq. (B.23)), eq. (B.35)) and eq. (B.36|)
and defining

(0,0) dim=1: (1)~ (L1LNYz = (1), (B.49)
(0,00 dim=1: (1)g— (RIR")z = (1)g, (B.50)

the group actions of SU(2), x SU(2)r on Hy which correspond to the lowest-
dimensional irreducible representations of O(4) are given by:

(0,0)* dm=1 : (1) % (1)g, (B.51)
(1/2,1/2)*  dim=4+4: (o) £ @), ) F ), (B.52)
(]_, 0) D (0, 1) dim =6 : (iTj)L + (ZTj)R s (ZTj)L - (iTj)R . (B53)

For convenience, the tensor products (i7;), r® (7). and ( { ))®(tg)) are de-

noted by (¢7;) . r(i7%) .r and (tg))(tg)), respectively, in this subsection. The basis
states of the lowest-dimensional irreducible representations of O(4) expressed in
terms of tensor products of (i7;) read (which can also be proven by a direct
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computation):

(0,0)* (1T R(1Tm) R £ (i7m) 2 (1T 1 (B.54)
(1,0) @ (0,1) : (676%™ — 7™ [(im1) (i) £ £ (i) r(iTi0) R] , (B.55)
(2,0) @ (0,2) : (676%™ 4 §7m M — 26756"™) (i) L (im1) L £ (im)r(i7)R], (B.56)
(L, 1)" (i) (ime)r — (i) (k) — (5 ¢ ), (B.57)

(imj)(imi)r + (i75) (i) + (J < k), (B.58)
(L, 1)~ (i) p(ime)r — (i) Rr(iTe)L + (5 ¢ k), (B.59)

(i75)p(ite)r + (075)r(iTk) L — (§ <> k) (B.60)

The tensor product of two six-dimensional representations of O(4) decomposes
into:

I
o
—~
=)
[\
=
S
—~
—
—_
~—
S
—~
=
—_

)" ®[(1,0) ®(0,1)] @ (0,0)* @ (0,0)~,
(B.61)

i.e. into one 10-dimensional, two 9-dimensional, one 6-dimensional and two one-
dimensional irreducible representations of O(4), whose basis states with their

implied group actions are given by eq. (B.54)) and egs. (B.55))-(B.60]).
The other relevant tensor products of irreducible representations of O(4) de-
compose into

(1/2,1/2)* ® (1/2,1/2)* = (1,1)* @ [(1,0) & (0,1)] @ (0,0)*", (B.62)
(1/2,1/2)* @ (1/2,1/2)F = (1,1)” @ [(1,0) @ (0,1)] © (0,0)~ . (B.63)

Utilizing the notation for group actions defined by eq. and eq. , the
basis states with implied group actions of the lowest-dimensional irreducible rep-
resentations of O(4) expressed in terms of tensor products of (t,) and (¢]) are
given by:

(0,0)* dim=1 " : [(ta)(ts) £ (th)(th)]gas (B.64)

(L0) @ (0,1)dim =6 [(ta)(ts) £ (th)(t])] — [(ts)(ta) £ (th)(1)], (B.65)
(1,1)* dim = 949 (gap9se + YsoGac — 29asgee)|(ty)(te) = (L)) ()]

(B.66)

Note that the different relative signs in eq. define two identical (Fierz-

equivalent) sets of tensors (which are given explicitly by eqs. (B.67)-(B.68) and
egs. (B.71)-(B.72)), respectively). The basis states of the (1,1)" and (1, 1)~ repre-

sentations are given by eq. (B.69)-(B.70]) and eq. (B.73)-(B.74]) below, respectively.

The basis states of the irreducible representations of O(4) in the decompositions
of specific tensor products of four-dimensional irreducible representations of O(4)
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read:
(1/27 1/2)i ® (1/27 1/2)i 7’7] - ]-7 27 37 i 7£ ]

(1,0) & (0,1) dim=6: ()(t;)+ E)(E) -+ ), (B.67)
(to)(t:) — (th)(t)) — (0 > 1), (B.68)
(1,1)* dim = ) (t) + ) (E) + (), (B.69)
(to)(t:) — (th)(t)) + (0 <> 0) (B.70)
(1/2,1/2)* @ (1/2,1/2)F: i,j =1,2,3,i # j
(1,0)® (0,1) dim=6: (t;)(t;)— (t)H(th) — (i + J), (B.71)
(to)(t:) + (D) () — (0 > 1), (B.72)
(1,1)" dim=9: ()(t;) — (tHEth + (@« ), (B.73)
(to) (t:) + () () + (0 4), (B.74)

where only the six ”off-diagonal” (a # ) basis states for the (1,1)* representa-
tions are shown.

The ”off-diagonal” basis states of the (1, 1)* representations in terms of tensor
products of (t,) and (t;) are given by (i,7 =1,2,3 and i # j):

(L)' dim=9: (to)(t]) — (6§)(t:) + (t)(to) — (t:)(th) , (B.75)
(8:)(£]) + (¢D) (1)) + () (t:) + (t5)(t]) (B.76)
(L1)™ dim=9: (to)(t]) + (6)(t:) + (¢))(to) + (£:)(t5). (B.77)
(6)(£]) — (ED)(t5) + (E))(t:) — (&;)(t]). (B.78)

The basis states of the (1,1)" representation in eqs. — are identical
(Fierz-equivalent) to the basis states given in eqgs. (B.57)-(B.58) since they define
exactly the same SU(2)xSU(2)g tensors. Phrased differently, representations of
O(4) allow for different expressions in terms of group actions on (multiple) tensor
products of copies of Hy. In fact, the existence of Fierz identities is a direct
consequence of this statement. By the means of a Fierz-type projection [145] a
connection between them can be drawn: let

(XS & Xt,)z]kla (Yu & YfU,)’L]kIl ) X87 X£7 Yu7 }/v, € ®2 ® @2 ) (B79)

be two bases of the same space which can be expressed as a tensor product of
two spaces in more than one way. A scalar product B is defined by

B(X, @ X[, Y, ®Y)) =Y (X.® X))u(Ya @ Y)) . (B.80)
ijkl
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For instance, two different expressions of the basis states of the irreducible (1,0)
SO(4) representation are given by

(Ts)R = (]]')R(TS)Ry iGSItu(Tt)R(Tu)R. (B.81)

The scalar product eq. (B.80) of basis states from two different expressions in
terms of tensor products yields:

(1) r)ig [(76) Rl (7e) B35 [(7) R]uie™ ™ /4 = 0, (B.82)
[(1) &Il (7) R)is [(72) B () RIie™ ™ /4 = 0, (B.83)
[(1) &1l (7o) B1[(72) i [(Fu) Rline”™ /4 = —0se (B.84)
[(1) rLk[(72) R1l(7e) )i [(7u) Rliae” ™ /4 = bew (B.85)

B.3.2 O(4) representations and quark multilinears

So far only the regular tensor product of basis states of SO(4) representations
with implied SU(2), x SU(2)r group actions have been considered. However,
quark mutlilinears with more than two quarks constitute symmetric tensor prod-
ucts of basis states with implied SU(2);, x SU(2) group actions, since a general
quark multilinear is the commutative product of multiple quark bilinears. The
symmetric tensor product, denoted by ’®’, is defined for n vectors v; by

1
U1®.”®U”:ZEUU(U@.“@UU(”)? (B86)

g

where the sum is over all permutations o(1),--- ,o(n) of the index set {1,--- ,n}.
The symmetric tensor product of two irreducible representations of dimension d
yields a representation of dimension D =d+ (d —1) +---+ 1.

The interest of this thesis is in the decompositions of the symmetric tensor
products of the lowest-dimensional irreducible representations of O(4). The sym-
metric tensor product of the two 6-dimensional irreducible representations yields
a reducible representation of dimension 21 which decomposes into the irreducible
representations

[(1,0)® (0, )]O[(1,0)®(0,1)] = (1,1)T®(2,0)®(0,2)®(0,0) T (0,0), (B.87)

where the basis states of the irreducible representations (1,1)%, (2,0) @ (0,2)
and (0,0)* are given by eq. (B.54)), eq. (B.56), eq.(B.57) and eq. with
(itj)r(it)r = (iTk)r(iT;)r. Note that the basis states of the (1,1)” can not
be expressed in terms of symmetric tensor products of (i7;)r g. The symmetric
tensor product of two identical 4-dimensional irreducible representations yields a
10-dimensional reducible representation which decomposes into

(1/2,1/2)* ® (1/2,1/2)* = (1,1)" @ (0,0)* . (B.88)
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The basis state of the base states of (0,0)" and (1,1)" are defined by eq. (B.64),
egs. (B.69)-(B.70) and egs. (B.75)-(B.76) with (¢ ¢ ))(t(T)) (t,(é’)x (T)). The de-
composition of the symmetric tensor product of two dlfferent 4-dimensional irre-
ducible representations reads:

(1/2,1/2)* ® (1/2,1/2)F = (1,1)” @ (0,0) ", (B.89)

where the basis states of the of (0,0)” and ( 1) are defined by eq. (B.64),
egs. (B.73)-(B.74) and egs. (B.77)-(B.78) with (¢ )(tm) (t(ﬂ))(tg)).

When the quark field is defined to be the SU(2 ) flavor doublet of the two
lightest quark flavors (u, d), the space of quark bilinears is given by the symmetric
tensor product of the Clifford algebra of Dirac matrices (Ap) and the algebra of
the isospin Pauli matrices (\A;):

AD = {1,7#77#75,7570'#1/}’ .A[ = {iﬂ,Tl,TQ,Tg} . (B90)

Whereas the matrices in Ap define the chiralities of the quark fields in a quark
bilinear, the isospin matrices in A; determine the quark flavors in a quark bilin-
ear. Since quark bilinears are hermitian, they have to be eigenstates of the parity
transformation P : (L, R) — (R, L) which converts a right-handed quark field
into a left-handed quark field and vice versa. This is also true for quark quadri-
linears and quark multilinears in general which demonstrates the connection of
quark multilinears to the representation theory of O(4): a matrix in Ap defines
a particular SU(2), x SU(2)g group action on the isospin algebra A;, which can
be identified with the quaternion algebra Hy (the above defined basis of the A;
is obtained from the standard basis of Hy by multiplication of each element by
—1). The set Ap therefore corresponds to all possible SU(2),xSU(2)gxZz group
actions on A; ~ Hy, where Z, denotes the group of parity transformations. This
is however not a one-to-one correspondence, since two different matrices in Ap
can in general define the same SU(2); x SU(2)g X Zs group action, e.g. 1 and
o™, To illustrate this statement, consider the quark bilinear

1qTKY5q = VqLTRqR — YqRTEYL - (B.91)

The Dirac matrix 75 defines the SU(2), x SU(2)g group action on the element
it of Hy which is associated with a basis state of the (1/2,1/2)" representation
(see eq. (B.52).

One has to emphasize the subtle difference between the parity transformation
in relativistic quantum field theory and the parity group action on Hy: the parity
operation on Hy amounts to a combination of the exchange of the elements of
SU(2), and SU(2)r and the hermitian conjugation of the basis elements such
that all states of a particular irreducible representation have the same parity
eigenvalue. In the field theory case, the requirement of hermiticity causes quark
bilinears which transform under SU(2)  xSU (2) gxZ as basis states of a particular
O(4) representation to have in general different parity eigenvalues.
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Based on the findings of this appendix, the list of all quark quadrilinears
which transform as basis states of particular irreducible O(4) representations can
be compiled. The set of P- and/or T-violating quark quadrilinears, the irre-
ducible O(4) representation to which they belong (first column) and the number
of P- and/or T-violating quark quadrilinears each representation contains (second
column) is given by (summation over k implied, no summation over i’):

(0,0)” 1P -state : @V,7Rq@V"V5Tr (B.92)
(1, 1)*" 3 PT -states :  €qy,Tiqqv"v57iq (B.93)
(2,0)@(0,2) 5P -states : (030140804 —20;50k1) Y, TiqqY 5759,  (B.94)
(0,0)” LPT -state  : qqqinsq — GTrqqivsTid (B.95)
(1,1)*" 3 PT -states :  qqGivsTiq £ GTiqqivsq (B.96)
(1,1)” 6 PT -states :  qriqqivsTiq &+ qriqivsTiq i # J, (B.97)

qriqqivsTeq + Gqqisq - (B.98)

Note that the different relative signs in eq. and eq. define two dif-
ferent sets of tensors which transform as the same respective basis states of the
same representation.

This derivation of quark multilinears presented in this appendix immediately
reveals Fierz identities among quark multilinears. A Fierz identity between two
quark multilinears exists when they transform as the same basis state of the same
irreducible representation and as identical tensors. This is the case for

kij

qqqivsTeq — qTrqqiysq  and €Y@y, TqqY 5T (B.99)

for instance, which transform as the same basis state of the (1,1)" representation
and as identical tensors.



Appendix C

The Weinberg formulation of
SU(2) ChPT

The aim of this appendix is to demonstrate the connection between the two
equivalent formulations of SU(2) ChPT, by Gasser and Leutwyler [43] and by
Weinberg [41], respectively. The equivalence of these two formulations is based
on the observation made in appendix [B} a chiral SU(2);,xSU(2)g transformation
of the quark fields in a quark bilinear induces a vector or tensor SO(4) rotation
on the set of quark bilinears. The chiral SU(2);, x SU(2)g transformation of the
quark fields and the induced SO(4) transformation are just two sides of the same
coin. The relationship between quark fields in a quark bilinears and the vector
space of quark bilinears is resemblant of the relationship between vector spaces
and their dual vector spaces. The same is true for quark multilinears in general.

In order establish the relationship between the two formulations of SU(2)
ChPT, the derivation of the transformation properties of the Goldstone boson
fields has to be revisited. Let vy € B be the ground state in the field space B (i.e.
the state without Goldstone bosons) and let F' : G x B — B be a group action of
the group G on this space, with the ground state vy invariant under H C G-

Fy4,(0) = F, (Fy(v)) YveB, vy Fy(vg) =v9 VheH. (C.1)
F' defines a one-to-one map from the set of left cosets G/H onto B:
F:GXB—)G/HXB—)B, F|G/HX{UO}IG/HX{UO}<—>B. (CZ)

Since H C G is a subgroup of G, any product ¢; - g2, g1, 92 € G, equals ¢’ - h for
some h € H and ¢’ € G and the group action thus obeys

F91~92 = L'g’oh (C3)

for all g1, g € G and suitable ¢’ € G, h € H. Let {n'} be the set of Goldstone
boson fields, which are essentially the parameters of G/H, whose elements act on

142



143

the ground state vg. According to eq. (C.3)), the Goldstone boson fields transform
under G by

Fy o Fyiriy(v0) = Fy({niy.g) © Fh(iniy.g)(V0) = Fy({ri.g)(v0) , (C4)

where ¢’ and h depend on g and g({7'}).

Eq. is the starting point for both formulations of SU(2) ChPT. Both
formulations are discussed in the exponential parametrization [88,89] first. The
realization of the SU(2), x SU(2)gr group action on the ground state vy chosen
by Gasser and Leutwyler [43] is defined by an axial rotation of the ground state
vo = 1:

Fyrip(vo) = u(®) Tu(7) = U(7), u,U € SU(2), (C.5)

where U = v? is the standard U matrix (the group action F for a general g= (L, R)
is given by 1+ RILLT). The matrix U = exp(iT - 7) is essentially an axial
SU(2)4 rotation of the ground state vy = 1 parametrized by the Goldstone
boson fields {7'}. For this definition of F' (the Gasser-Leutwyler realization) the
transformation law eq. reads:

Fy o Fy(miy)(vo) = Ru(7)1u(7)LT = u(7") VIV iu(7') =U(7")

= Fg’({w}g) o Fh({wi},g) (’Uo) = Fg’({wi},g) (U()) s
(C.6)

for Ve SU2)y = H.

The other realization of the group action employed by Weinberg utilizes the
induced SO(4) transformation: since the Goldstone bosons map bijectively onto
G/H = SU(2)xSU(2)r/SU(2)y where SU(2)y is the diagonal vector subgroup
{(V;V)|V € SU(2)}, the elements {1, 1} and {—1, —1} are in the same left coset.
The spontaneous symmetry breaking pattern SU(2),xSU(2)r — SU(2)y is then
equivalent to SO(4) — SO(3) because of

SU(2)/{1,—-1} = RP?® = SO(3), (C.7)

where RP? is the real projective 3-space. Let the group action F on G now be
explicitly defined by the SO(4) rotations g € SO(4) and h € SO(3) C SO(4)
which act on the ground state denoted by the real four-vector vy. The Goldstone
boson fields map bijectively onto SO(4)/SO(3) and can be represented by an
SO(4) matrix U, (the Goldstone bosons parametrize the $* ~ SO(4)/SO(3)
manifold). The generators of SO(4) are readily obtained from the group action

of SU(2), xSU(2)r on Hy eq. (B.12) and read:

(T")is = —=(T") 4 = —ibgs,  (T")i; = (T")as =0, (C.8)
(Hl)l-j = —1€1, (Hl)i4 = (Hl)4i = (Hl)44 =0,
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where H* are the generators of H CG. A possible parametrization of the SO(4)
matrix Uy corresponding to an axial transformation of the ground state (i.e.
parameterizing SO(4)/SO(3)) is then given by:

0 0 0 —im/F;
_ . 0 0 0 —imy/Fy
Uy =exp |i 0 0 0 imy/ . (C.10)
i?Tl/FTF i?TQ/FTr 1.7T3/Fﬂ— 0
The four vector vy = (0,0,0,n), n € R, represents a ground state which is

invariant under H. The transformation law eq. (C.4]) of the Goldstone bosons
then reads:

Fy o Fyiriy)(vo) = g Us(®) vo = Us(7") h(T, g) vo = Uy(7')vo

= Fy((nitg) © Fiiniy.o) (0) = Fy((myg)(v0) » (C11)
where g € G and h € H C G are SO(4) matrices. The F in eq. has been
replaced by ™ here since the Weinberg realization of the group action can be
regarded as the group action induced by the Gasser-Leutwyler realization of F' in
the same manner as a map of the quark fields in a quark bilinear induces a map
on the vector space of quark bilinears.
Whereas in the Gasser-Leutwyler formulation the leading kinetic term, for
instance, in the effective Lagrangian is given by

car(0,U0"UY) = cqr2(0,7)(0"7) + - | (C.12)

the leading kinetic term in the effective Lagrangian in the Weinberg formulation
would read (see section 19.5 of [41])

2CW(8MU4U0)T(aMU4UQ) = 2CW71(8M7?)(8M7?) + .- s (Clg)

for some real constants cqr and cyy. The connection between both realizations
of the group action is established by the 2-1 homomorphism of SU(2);, x SU(2)g
onto SO(4) eq. -

There is another more convenient parametrization for the Weinberg realization
of the group action which is based on the standard stereographic projection of
the 3-sphere $? (the north pole is taken to lie on the fourth axis, 7% =mri+ra+73):

27T1/F0 27T2/F0 27T3/F0 1-— (7T1 +7TQ +7T3)/F0
1"‘7'('2/F10’1"‘77'2/F10’1"—71'2/.F()7 1+7T2/F0

>, F0:2F7r.

(C.14)
This parametrization can be expressed as an (axial) SO(4) rotation given by the
matrix

1— 272 ) F2 27r17r2/F 27r171'3/F2 2m1 /Fy
1+72/F2 1+7r2/F2 1+7r2/F2 1472 /F2
271y /F2 1— 273 /F2 _ 2mam3/Fg 272/ Fo
1+72/F2 1472 /F2 1+m2/F2 1+72/F2
U4 - 271'371'1//F'2 27‘(‘371'2/92 1 27T3//F2 2773/FQO ? (C 15)
1+n2/F3 1+n2/F2 T 14n2/F; 14+n?/FR
271/ Fo 2m2 /Fo 2ms3/Fo 177r2/F0

B 1+m2/Fg B 1+n2/Fg o 1+n2/F} 1472 /F}
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which acts on the north pole (0,0,0,n). This is the preferred parametrization in
the Weinberg formulation of SU(2) ChPT.

It has been demonstrated in appendix [B| that quark multilinears can be re-
garded as basis states of irreducible representations of O(4). In general, a chiral
symmetry breaking quark structure S, (i.e. a quark multilinear) exhibits the
same transformation properties under G as a corresponding structure Seg in the
effective Lagrangian:

SH{at] = SlFf({a})] = Fy (S [{ai}])
Sett[Fy((niy): vo] = Serr[Fy 0 Fygmyy, vo] = Fy 0 Fyiinay) (Sest[Fe; vo)
(C.16)

where F? is the group action on the quark fields, F' is the corresponding group
action in the effective theory (on the ground state or on the Goldstone boson
fields) and F* is the induced map on the (vector-)space of chiral structures,
which is identical for quark structures and chiral structures in the effective field
theory. The group action F'is in general a group action on an element of the
set {1, 71,72, 73}. The equation in the second line of eq. reveals the two
equivalent methods of constructing chiral symmetry breaking structures in the
effective field theory Lagrangian. In the Gasser-Leutwyler formulation, a chiral
symmetry breaking term in the effective Lagrangian can be constructed from
the Goldstone boson matrix U and its hermitian conjugate to transform under
SU(2), x SU(2)r (or equivalently O(4)) identically to the corresponding quark
multilinear. As an example one may consider the isospin violating component of
the quark mass matrix and its leading counter part in the pion-sector effective
Lagrangian, which read in the Gasser-Leutwyler formulation:

SH{ai}] = @umar + GrTsqr — S[F{({¢:})] = @wL'm3Rqr + qrR'm3Lqy ,
(C.17)

Seﬁ‘[Fg({Tri}), U[)] = <UT3 + UTT3> f—)Seff[FgOFg({ﬂ.i}), Uo] = <RULTT3+LUTRT7'3> .
(C.18)

In the Weinberg formulation of SU(2) ChPT, a term without Goldstone
bosons is constructed which exhibits the same transformation properties under
O(4) (or equivalently SU(2), x SU(2)g) as its corresponding quark multilinear.
The Goldstone bosons are then introduced by an axial SO(4) rotation (i.e. ex-

pressible in terms of Uy of eq. (C.10]) or eq. (C.15])) which is paramterized by the
Goldstone boson fields:

Seﬁ[Fe, 'UO] — Fg*({ﬂ'z}) (Seﬁ[Fe, UO]) . (Clg)

We demonstrate the Weinberg procedure of constructing chiral symmetry
breaking terms in the pion and pion-nucleon sector effective Lagrangian for the
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quark bilinears in the 4-dimensional (1/2,1/2)" representation of O(4). The
fourth component of a vector in this representation transforms as the isospin
conserving component of quark mass term, i.e. it transforms as a scalar under
H C G. The other components of a vector in this representation transform as a
P- and T-violating three-vector under H C G. The application of Uy of eq.
to the four vectors in the pion sector and the pion nucleon sector with the correct
transformation properties yields:

(U40,0,0,NTN)T)y = (7%/F,, (1 —72/(2F3)))N'N 4---, (C.21)
which is identical to the expressions obtained within the Gasser-Leutwyler for-

mulation. The list of further structures in the Weinberg formulation with their
corresponding structures in the Gasser-Leutwyler formulation reads:

NN < NN,
(U4(070707NTN)T)4 A <X+>NTN7
(Us(NTZN,0))s & NIZN = Ni(xs — ()N,
eFu (UD)a(Us)ji — (Ug)jn(Us))N'TuN) ,, <+ NTFEN = NT(fL = (fL))N,
where the antisymmetric matrix 7" is given by
0 0 0 =n
10 0 0 =
T = 0 0 0 (C.22)

—T1 —T9 —T3 0

Higher terms in the effective Lagrangian are tensor products of these repre-
sentations. They can be obtained in exactly the same manner by constructing
tensors without Goldstone bosons and with the correct transformation properties
under O(4) transformations. Whereas in the Gasser-Leutwyler formulation such
structures in the pion sector and pion-nucleon sector are easily obtained by com-
position of fundamental building blocks, the construction of higher order struc-
tures in the Weinberg formulation proves to be increasingly tedious. Furthermore,
the simple extension of SU(2) ChPT to SU(3) ChPT in the Gasser-Leutwyler
formulation is not possible for the Weinberg formulation of SU(2) ChPT.



Appendix D

The effective Lagrangian from
the 6-term

Based on the findings of section [£.2] this appendix provides the complete list
of P- and T-violating terms in the pion sector Lagrangian £, and in the pion-
nucleon sector Lagrangian L,y up to O(p*) which are induced by the #-term.
The Lagrangians listed below are the Lagrangians prior to the selection of the
correct ground state and represent the most general set of independent P- and
T-violating terms. The complete list of P- and T-violating terms in the pion-
nucleon sector induced by the f-term up to O(p?) is already implicitly contained
in [91]. The lists of pion-nucleon terms found below are thus compilations of the
P- and T-violating terms relevant for our analysis from [91].

The P- and T-violating terms in the effective Lagrangian from the #-term are
essentially those with insertions of the source field y, i.e. terms proportional to pg
and p3 and powers thereof. As explained in section .2, the qCEDM and 4qLR-
op require the introduction of new source fields. The P- and T-violating terms in
the effective Lagrangian induced by these two sources of P and T violation can
be obtained by a duplication of y4 structures. The eigenvalues of fundamental
building blocks and external fields and combinations thereof under P and T
transformations utilized to compile the lists in this appendix are given in appendix
L.

The following notation is adopted below: the quantities sy, 53, po and p3 de-
note 2Bsy, 2Bss, 2Bpy and 2Bps, respectively. Furthermore, a Lagrangian £
consists of all terms in the corresponding Lagrangian £ in standard ChPT which
contain P- and T-violating terms relevant for our analysis. The additional super-
scripts 0 and 3 indicate that the Lagrangian £ contains only terms proportional
to po and ps, respectively.

The only external field relevant for the analysis of EDMs is the electromagnetic
field and the left- and right-handed source fields are therefore set to

€ € s €
T, = _§T3A,u7 by — _57—3’4#’ U;(L) - _§A“' (D-1)
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The P- and T-violating terms provided below constitute the complete set of in-
dependent P- and T-violating terms before the correct ground state within QCD
and ChPT in the presence of P and T" violation has been selected. The ground-
state selection procedure results in a mixing of source fields as demonstrated in
section [4.3] Furthermore, in order to obtain terms in an arbitrary parametriza-
tion, the matrix U in the exponential parametrization has to be replaced by the

matrix U of eq. (4.73)).

D.1 The P- and T-violating Lagrangian in the
pion sector

The leading order P- and 7T-violating terms in the pion sector Lagrangian are
contained in the mass term of the chiral Lagrangian of [43]:

Fr

£ = U+ UxY, (D.2)
which gives rise to a leading order term (the wiggled arrow indicates that only
the leading P- and T-violating terms in the chiral structure are displayed)

Bt s uxty o 2 (12 (D.3)
—_— M —_— —_—— .

1 X X D3 Fﬂ WV

Within the selection procedure of the correct ground state the tadpole term is
removed, which reinstates the stability of the vacuum. The next-to-leading order
pion sector Lagrangian of [43,78],

l l
£ =+ (U + UX? = 2007 = UXD? - (D-4)
yields the P- and T-violating terms
l s 272
t _ T3
l7 2m
t 2
_1_6<XU UXT> ~ =2l7po 53 . (1 - m) ) (D.6)

which give rise to yet another pion-tadpole terms which are eliminated by the
ground state selection procedure.

D.2 The P- and T-violating Lagrangian in the
pion-nucleon sector

The complete pion-nucleon Lagrangian up to O(p*) is presented in [91], which
implicitly contains all P- and T-violating terms up to O(p?). The additional
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fundamental building blocks in the pion-nucleon sector which contain derivatives
of the pion fields and photon fields are the connection I';,, the axial vector u, and
the symmetric tensor h,,,. The building blocks I',, and u,, are defined by eq.
and eq. , respectively. The building block &, is defined by

hyw = Dy, w| + Dy, w,) - (D.7)

The expansions of these building blocks in powers of pion fields for the electro-
magnetic field as the sole external field read:

= _Fl’ﬂa“ﬂ T+6]1r3( PO T —T-RT-O7)
rea, ;:) (1 - 6?3) o (D.8)
L= i XfFM;) T n ie;‘lu (Tg (P g};r? 73 > D.9)
+2e2AuAy@ (D.10)

The leading order P- and T-violating terms in the pion-nucleon sector emerge
from the O(p?) ChPT pion-nucleon sector Lagrangian given by

Ef}, =1 (X4 )NTN + s NI, N, (D.11)

which leads to the leading order P- and T-violating pion-nucleon terms

2

a(x )NTN ~ deipy— 7 (1 — @) NN, (D.12)

71.2
i (1 - @)N (D.13)

Further P- and T-violating terms are contained in the O(p?) pion-nucleon sector

c5NTX+N ~ 25D NT

: (3) .
Lagrangian £

LE = diuN'{(S - ux )N +digNT[S - D, (ix )N, (D.14)
L = dsNT[R_ v u]N + dig(x+)N'S - uN + disNT[S - D, ix_|N
(D.15)

ZES’,’VO and 2532,3 are the sums of all structures in ES’K, which contain terms propor-
tional to pg and ps, respectively. The operators with pions in ES}{,O in-between
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NT and N give

(S-uxy) ~ —41505“7? 'Fa;ﬁ : (D.16)
[S-D,(ix-)] ~ 41503“7? éﬁ : (D.17)
whereas the operators with pions in Zg&? yield
o, v-u] ~ 4;53—(802 s (1 -~ GL];) 125, T ?}; O

—2p3 (7 X 8;7;) - TT + 41336A07T1T1;r7r272 (1 B 67?_;3)
oo, TS ;37? ). (D.18)
S-ulyy) ~ —4p35ﬂa*ﬁF—;”3 + apgegna X T)aTs XF??’”?’ , (D.19)
[S-D,iy_] ~ 2}@5“@ - QﬁgeS“Au—(ﬁ XF?S”?’ (D.20)

The list of all terms containing the source field y in the O(p*) pion-nucleon
sector Lagrangian £7(r4]2, is fairly extensive. By resorting to the same notation
as above, all str_uctures in_ﬁﬁf}, which give terms proportional to py and p3 are
combined into ﬁf})vo and E:’}z,g, respectively. All structures in Ef:l]z, which yield
terms simultaneously proportional to py as well as p3 are combined into LN,

TN
Those terms proportional to py are included in the Lagrangian
L = N(easita (- u) + ean (v 1)) + easu (R u) + eaqv - ulXou”)

+ear[ S, SYI (0 [wps wo]) + €281 S" VY [, ] + €299 [[Dys, X4 ], v - 1]
+eso[Dy, [P, X4]] + es1(x =) [S - u, v - u] + esov v (ix-) hyu
+egguu[DY, (ix )] 4 ean (X X+) + erwri[S*, SI(f ) X+

+e108i[S", S”|( A;)A(H + 10085 0" [ £, X o] 4 €101 0" (f,1,) (x )

+erniS*MY (=) N, (D.21)
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whose expansion in powers of pion fields yield the following terms:

X {u -

~ 4p0 ( +e2AﬂAH;—;—2eAH%>, (D.22)
X {(v-u)?)
5 ?( 7; 2A§F2 2eA0%), (D.23)
(X+u")
- 4130((8“7? ' %auﬁ 1) _ T F>3£A“<8“ﬁ>) , (D.24)
X4 u)
- 4y ( ?} ;0 %) (7% F)gF;rAO(E)OW))’ (D.25)

L 0,7 X 0,7 ms(A, -0, — A,7 -0,
~ 8zp0[S“S]< ( 5 L e )
A, 0,73 — A0,
Te ( uﬂ;g 1 7"3)) ’ (D.26)
Z.Suvy[f(-f—a hw/]
T x 0,0,7)-7 A FR-0,7m3 — 0,7 -TT
~s 8p05#vu(( ;‘2 ) _e M( ;2 3)
A (7T o R = 7 = (- )
. (T auﬂ'T;Z O, T - Tms) A, (7 x 7‘)1(6;7;1 +5,27r2)) 7
(D.27)
ZS [[Dwf(—i-]av U]
~s 4]505“ (/L (aﬂﬂ- XF207T) GA a T - 7TT3F37T . Ta,u,ﬂ-?)
—eAuaOW 773;37r 7807?3), (D.28)
[Du7 [’DM’ )A(+]]
S p o
N QPO(aMa“W T—eAu(a 7TF><T) 9eiiiA (’/T;T)S

—l—eZAMA“M) , (D.29)
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XS - uv- ]
0T X O,7) - T Az 0,7 — A, 0,7
- —8]505”11”(( T ><F2 ) T+e( 70,7 = uT - 0, T0)Ts
A, — A, 0,m3)T - T
—e( 0,3 FQMQ T3) T 7)7 (D.30)

"0 (X ) Py
~  8pgvHv” <8#8j T AulOT X T)s + A (07 X F)B’) ., (D.31)

- F,
tu,[D¥, (x-)]
(8,7 TR OuR (7 x P)ait - 17t
~ 4p0(F—7§ —eA, 5 , (D.32)
and
. s 272
(X4 X+) ~ 1683170}5r (1 - 3F72> , (D.33)
, v . o 5 7T 2
i S WS ~ —idBoe[S*, "] Fyu " (1 . 6F3> . (D.34)
2
15", SN fh%4) ~ —idpoelS*, Y]yt - (D.35)
v ) N Fﬂ- GFE 5
~ = =2 2
i [f X4] ~ —4poeS™v"F, M7 (D.36)

U (£ (ix-) ~ Sﬁoes“v”FW< - ) (D.37)

Ty — 21 7'3)

SHy” +(zX )~ 4ApeeS*UE,, <7'3—|— (D.38)

Terms proportional to p3 are contained in the Lagrangian

LY = NT(619<X+>< w) + e20(x+) (v - u)?) + ean[S*, 8" (x 1) [y, )
+e22[D,,, [D*, (x+)]] + e3a(X-[S - u, v - u]) + ez50" 0" (X -hyu)
+€362<Uu[ , X=]) + es7i[S*, SY ][U;u D, x-]] + ess(x+)(X+)

+erosi[ S, SN Y (xe) + ennsil S, S (x >+emz’s“v”<f,;>>¢

» X—

+ensiSMY(fhX-) + enai[S*, 8" fr. X-]) N (D.39)
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whose expansion in powers of pion fields gives the P- and T-violating terms

() (u - u)
_ [ m30,7 - O w2 , T X 0,T)3™
~  8ps3 (—3 MF3 +e*AMA, F33 —2wA“—< FM:" )s 3) )
(D.40)
(e (v -u)?)
[ 3(0pT)? ety . (X OpT)3m
~  8p3 <% + 2 Af F23 — 2zer% : (D.41)
[S*, 5", unJ{x+)
., A [ (0,7 X 0,7) - Tm A0, — A7 0,7
~  8ips[S*, S ](( . 73 )77y +e( = 73 TUOLERE
(A, 0,m3 — A, 0,m3)T - TT:
—e s 3 F;’ 3 3 ’ (D.42)
[D;u [DM’ <X+>]
2
_ T3 s
2] o
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0 0, AR-0,7— A, 70,7
~ —8p35“1)”(( uT ;2 )3 +€( T Mﬂ-FZ W7 OT)
(A, 0,73 — A,0,m3)
3 FEM 225 (D.44)
()
o g Qe (D.45)
Fr
i(u,[D", x-])
0,m 8“71'71'3 (7?)(8”7?)371'3 (7T2+7T2)7T3
~ —4}93( £ 73 A, 73 +eA,Ar-- F22 ,
(D.46)
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and
_ T 27
X+ {(X4) ~ 3250173?3 (1 - SFQ) (D.48)
2
. v e — v 7T3 Vs
i[S*, S”)( ;L><X+> ~  —i8pze[SH, S ]FWE (1 — 6F7?> , (D.49)
. b1 2 o ” 3Ty 3T T — AmimaT
IS, S i (x4) ~ —idpze[S", S"|F,, ( ;‘;:’ + o : 3) :
(D.50)
. _ Y T-7m
St ( /fy)zx, ~  4pseSHVYF, (TS — 2F23) , (D.51)
. 2
S“'UV< ;VZX,> > 4]3365”1}1’}1“/ (1 — ﬁ) s (D52)
(5,5 i)~ dipaclSP, 5], (DA TT | T T T
? puvo - ’ g Fﬂ 2F7§

(D.53)
Finally, terms proportional to py to p3 are included in the Lagrangian
LE = NT(esox4 (x+) + ean—(x-))N . (D.54)

The expansion in powers of pion fields of the terms in this Lagrangian yields at
leading orders

) . T-T 272 Y T-Tmg T
X+(x+) ~ 850po (1 — ) + 8533 — <T3 - ,

F, 3F2 F, 2F2  GF2
(D.55)
) a7 272 _ T3 T-Tms  wTs
X—{x=) ~ 850po I 1- 3 -|r853]93?7r T3 — 2 — 6F2 )
(D.56)

Only a fraction of the P- and T-violating terms presented above are relevant
for computation of the EDMs of light nuclei. The power counting of of a par-
ticular EDM contribution from each of the above vertices has to be discussed
separately. However, terms containing two photon fields generate highly sup-
pressed contributions, since one photon has to be integrated out giving a loop
factor of avy, /(47).



Appendix E

Fundamental integrals

This appendix provides the list of some master integrals in the analytic compu-
tation of the nuclear contributions to the deuteron EDM in section [5.2 As usual,
divergences are absorbed into the quantity

4—d

= f6772 {ﬁ + %['YE —1- ln(47r)]} : (E.1)

where the scale 1 is introduced in dimensional regularization and v = 0.577215...
is the Euler-Mascheroni constant. The integrals below are calculated for

M2+ 2(z— 1)k = 22(k-v)*>0, k-v=0+---. (E.2)

Expression proportional to v*, v#v”, etc. are disregarded since they would vanish
upon contraction with S,, S,S,, etc. The zero-components of nucleon momenta
are also disregarded since they are considered to yield subleading contributions.
Furthermore, the definition & := |k|2/(4M2) will be utilized below. The integrals
Ioo, T , I12 already appear in [58]. The solution of the integral I1; has already
been presented in [78].

1:

d*l 1

I =

o0 /k%%hwbwdw—Aﬁ+¢ﬂ@+kﬂ—k@+k]
1 arccot(2M,/|k|)

- - 4 E.3
8 |k| (E.3)

2:

o 4 1
0o /(27?)4 [+ i€)?[I2 — M2+ ie][(l + k)% — M2 + ie]
i [! 1
ISﬂA%w+m—mt@
1 ln(\/1+§+\/5) 1 L (£.5)
Ar? T A\VT+E—VE) AMZVEVT + ¢ ’ '
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ddl 'u4fd
_[ pu—
" / (2m)4 [12 — M2 + i€][(l + k)% — M2 + i€]
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1 1
- - - ... E.9
VIS R (E9)
6:
d*l 1
Iy = 1 53 5
(2m)4 v - 1+ d€]3[1? — M2 + i€]
1
= ——. E.1
16m M, (E-10)
These scalar integrals emerge also in the solutions of the following tensorial
integrals:
1:
/ d*l s
(2m)* [v - L+ ie)?[l2 — M2 +ie][(l + k)2 — M2 + i€]’
= CWpr 4. (E.11)
cn — _o (B.12)
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(E.13)

(E.14)

(E.15)

(E.16)
(E.17)

(E.18)

(E.21)

(E.22)

(E.23)



Appendix F

NN- and 3N-Operators

This appendix is concerned with the matrix elements of the P- and T-violating
potential operators and the leading order current operator in systems consisting
of two and three nucleons, which are used in the numerical computation of the
EDMs of the 2H-, 3He- and 3H-nucleus. The conventions for reduced matrix
elements, 9j-symbols and spherical harmonics and Jacobi coordinates are those
adopted in [146].

F.1 NN Operators

The two-nucleon (IVN) system is defined by the total momentum and the relative
momentum of the two nucleons,

the total spin s with its z-component m, and the total isospin ¢ with its z-
component m;. The NN system may equally be defined in terms of angular
momentum eigenfunctions with quantum number [, which couples with the total
spin s to a total angular momentum j and its z-component m. A state in this
basis is defined by the absolute value of the relative momentum of the two nu-
cleons, the total momentum of the NN system and the set of quantum numbers
{l,s,j,m,i,m;}.

An NN interaction such as the one-pion exchange conserves in general the
total momentum of the NN system, the total angular momentum j and its third
component m of the NN system and the isospin z-component m; of the NN
system, whereas all other quantum numbers as well as the absolute value of
the relative momentum may be subject to change. The matrix element in the
above defined basis of the spin-changing and isospin-conserving potential operator
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(equivalent to eq. (5.7)))

- GY (F—7) - (Ga) — Fw)
V(O) T (1) 2)) - L F.3
iy ZQmN (ﬁ_ ﬁ)Q _|_ Mz T(l) 7(2) Y ( )

where GI” is defined by GO = gomnga/Fyr, proves to be after a lengthy compu-
tation:

' (U85 m's 7 ml | VO p; (Is) g, ms i, my) =

(0) 0
C S Y B ) () 2k )

m
A1+A2=1 k=0

+1i

(20 +1)(200+1) : :
2s+1)(2s’+1)(27+1)(2¢+1
X\/(2A1+1)!(2A2+1)!\/( s+ (2 +1)(2i+1)
C(k, 0, A1, 0,1, 0)C (K, 0, A, 0,1,0)C(j, m, 0,0, ', m')C (i, ms, 0,0, &', m)
kok 0) (I 11 1/2 1/2 1 1/2 1/2 0
A A 1809 s 1 12 12 08 —d1/2 172 1
r 11 j 70 s s 1 s s 1
12 1/2 1
x41/2 1/2 1% . (F.4)
7! 70

Here p and p’ denote the absolute values of the relative momenta of the initial and
final NN system. The function g (p, p’) is the projection of the denominator of the
pion propagator onto the Legendre polynomial Py(cos ) with the normalization

i 20
/_1 d cos 0 P,(cos 0)Pj(cos ) = 2@,—_:_31, (F.5)
which is given by
1 Py(cos6)
)i= [ dcosf i . F.6
9:(p-7) /1 eos P2+ p? —2pp cost + M2 (F.6)

The functions C(jy,m1, jo, ma, j, m) denote Clebsch-Gordan coefficients for two
particles with angular momentum quantum numbers (j;,m;) and (js, my) cou-
pling to a total angular momentum (j, m). The 9j-symbols in eq. (F.4]) are defined
by
J1 Ja iz
V(212 + 1)(234 + 1) (213 + 1)(2j20 + 1) 4 Gz Ja s
J13 Jaa J
= (((1g2)dr2, (J3Ja)Jsa) g | ((rds) a3 (G2da) j2a)J) - (F.7)
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In the derivation of eq. (F.4)), the identity
((I's")7'I{A" @ B"}|(1s)7)

[ a
= V@D D2+ D+ 1) {8 s b A NIB]]s).
] c

(F.8)

has been exploited, which relates the reduced matrix element of a tensor product

of two spherical tensors A and B of ranks a and b, respectively, to yield a spherical

tensor of rank ¢ to the reduced matrix elements of the single tensors A and B.
The matrix element of the isospin-1 potential operator (equivalent to eq. )

G i)

7
i 4mN(P p) +M7%

(o) + 0(0) (7 = 7iy) + (00 = () (7 + )]

(F.9)
GSTI) = gimyga/Fy, which is comprised of two components that either conserve
the total spin and change the total isospin or change the total spin and conserve

the total isospin of the NN system, reads

s (s))g'm' i, ml V. |p; (1s)j, my i, my) =

D D Ve mgi(p, ) () (=) (2k 1)

A1+X2=1 k=0

my

T eI

xC'(k,0,A1,0,0',0)C(k,0, X2,0,1,0)C(5,m, 0,0, 5 ,m)C(i,m;,1,0,i,m})

kK k O U 11
X )\1 )\2 1 s s 1
U 1 1 i J 0
1/2 1/2 1 1/2 1/2 0 1/2 1/2 1 1/2 1/2 0
x[ 1/2 1/2 0 1/2 1/2 1 1/2 1/2 0% — 1/2 1/2 1
s’ s 1 7’ i 1
1/2 1/2 1 1/2 1/2 0 1/2 1/2 1 1/2 1/2 0
w12 172 0% —{12 172 1 1/2 1/2 0% + 1/2 1/2 1
s’ s 1 s s 1 7 71

The matrix element of the isospin-2 potential operator

G(Q) (P—p")-(Gu) — o)

‘7
2mN (P - Pl)g + ME

(37'(31)7'(32) - T(1) 7_"(2)) ) (F.11)

—
=)
~—
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with G = gomyga/Fy is given by

' (U85 m's 7 ml | V.2 p; (Is) g, ms i, my) =

G = :
i S 68V 1) g, ) () () (k4 1)
N X ra=1 k=0

" \/((22;114—+ 11)>'E§ZE;' V(s D+ 1) (25 +1)(2i+1)

X C'(k,0,1,0,1',0)C(k,0,X2,0,1,0)C(5,m, 0,0, 5 ,m)C(i,m;,2,0,i,m,)

k ok o) (U 11 1/2 1/2 1 1/2 1/2 0
xdh h 1508 s 1 12 12 0% —{1/2 172 1
r 11 j 70 s s 1 s s 1
1/2 1/2 1
xd1/2 12 1. (F.12)
i 1 2

So far only one-pion exchange operators have been considered. The potential
operators for heavier mesons, the 7, p and w mesons, are apart from the P-
and T-conserving and P- and T-violating 7NN coupling constants identical up
to relative and overall signs. Let ¢!, ¢7, g¥ be the P- and T-violating meson-
nucleon coupling constants and g,n, g,~, gun the P- and T-conserving meson-
nucleon coupling constants with ¢ = 0,1,2. Furthermore, we define Gg,? =
gr'mygmn/Fr for i = 0,1,2 and m = n, p,w. The leading one-meson exchange
potential operators induced by such P- and T-violating meson-nucleon vertices
are then given by (see [33] for instance)

" T By GopPRA M '
: Gy (01" - (G — G)
o _ _,4Yr (1) @)= = F.14
p Z2mN (ﬁ—ﬁ/)Q +M3 UORIVE ( ‘ )
0 — —, — —
0 _.Ge(u) (P —p") '(U(l)_U(Q)) : (F.15)

? Z2mN (ﬁ—p”)2—|—Mg
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for go-type nNN-, pNN- and wN N vertices,

13

GtV (= p) A . . 4
1) _— . ¥m ) ) 3 3N _ (Lt i 3 3
" i - P (o) +0(2) (70 =)= (911 =) (T +7()]

(F.16)
~ G(l) (ﬁ/—ﬁ)i . ' ' '
1) _ ,p i ) 3 . 3N (i i 3 3
» = iy G- PR + 02 [(o()+0t2) (7 = 7i2) = (1) =012 (T +72)]
(F.17)
. oW (7' — ) . . , ‘
1 . Mw i ) 3 .3 i i 3 3
= T e o 4 3 L )T i) (0t o) (1t + )]

for g;-type nNN-, pNN- and wN N- and

; Gy (F—7") (G~ F)
2 _ _;4r (1) (2) 98 3 _ = = .19
v 2my . (- D)+ M2 (37007 — Ty T2)) . (F.19)

for the go-type pN N vertex. The partial wave decompositions of these potential
operators can be readily obtained from the decompositions of one-pion exchange
potential operators with the same type of P- and T-violating 1NN vertex.

The operator O(q) describing the emission of a photon by one nucleon in the
NN system shifts the momentum of this nucleon by the photon four-momentum
q. Since all EDM calculations are performed in the Breit-frame where ¢ = (0, ¢),
this operator is a function of the photon three-momentum O(7). We assume that
the vector ¢ points into the direction of the z-axis, i.e. ¢ = gé,, and consider the
photon-nucleon coupling at leading order in heavy baryon ChPT, ie(1 + 73)/2.
Let W2y denote the deuteron wave function and ]3m the total momentum of
the incoming deuteron state. When the photon couples to one specific nucleon,
the transition matrix element of O(q) = O(q) from the sum over all deuteron
states with total momentum ]3m to an outgoing NN state defined by the total
momentum ]30, relative momentum p° and the set of NN quantum numbers
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{1°,5° j°, m°,i°, m?} proves to be

(0, B2 (1°5°) 1, 1, m|O(@) Wi, B =
min(11,1°)
iem Z Z Z B, — P° — q) Ogr g0
al m¢=—min(l1,l°) ml

I I I I I I I I
XC(loamlovs 7msa.]oamo> C(l 7ml75 7m37] 7m )

+1
X (/ d o8 0 Yio,_ynp(cos 0,0)Yr 1 (cos 0,0) S‘é(p’))
-1

1/2 1/2 1
X 511205m1m0+6\/27/ 10> m! 1,0,°m2) < 1/2 1/2 1 ,

i© il 1

(F.20)
where the angle ¢ and the momentum p’ are defined by
°cosf +2q/3
cos = preost+2q) : (F.21)
V)2 +4qpocost/3+44%/3
po= (p°)2+4qpocosf/3+4¢2/9. (F.22)

The ﬁrst summation in eq. is over all sets of quantum numbers a! =
{11, s, 57, m! i’ m!}. The application of the transposition operator to the system
consisting of the two nucleons labelled by (1) and (2) in order to account for the
photon coupling to nucleon (2) simply yields a factor of two.

F.2 3N Operators

The three-nucleon (3N) system is most conveniently described by the Jacobi
momenta

. L =

P2 = §(k1 — ko), (F.23)
. 2. 1 - -

p3 = gk’g - g(kl + kg) , (F24)
P = ki +ky+ ks ; (F.25)

where El, 122 and /23 are the three-momenta of the three nucleons in the 3N
system which may be labelled by (1), (2) and (3); pj2 is the relative momentum
of nucleons (1) and (2), p3 is the relative momentum of the subsystem consisting
of nucleons (1) and (2) and the subsystem of nucleon (3) and P is the total
momentum of the 3N system. Alternatively, the 3N system can be defined by
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the absolute values of the relative momenta pis and ps3, the total momentum P
and the set of quantum numbers {llg, S12, j12, lg, S3, J, ]\47 i12, ig, i, mz} Here l12
and s15 denote the angular momentum and total spin of the subsystem consisting
of nucleons (1) and (2), which couple to a total angular momentum j;5. The
angular momentum of nucleon (3), I3, with respect to the nucleon subsystem
comprised of the nucleons (1) and (2) and the spin of nucleon (3), s3, couple
to a total angular momentum j3. These total angular momenta then couple to
the total angular momentum J of the 3V system with its z-component M. The
isospin of the NN subsystem 715 couples with the isospin of nucleon (3), i3, to
the total isospin ¢ of the 3N system with the z-component m;.

The matrix elements in this basis of the NN potential operators eq. ,
eq. and eq. are obtained by embedding the NN system in the most
convenient way into the 3NN system. Let the potential operators only affect the
NN subsystem of nucleons (1) and (2). The momentum and spin space matrix
elements of these potential operators are expressed in terms of the above NN
system matrix elements by

(Phos Plys (119512) 312 (1485)75) T, M|V (12) [pa, pa; (Liasiz) 12 (1383) ) J, M)
l12 lll2 I3

- Z Z Z C(j127m/127j{37m37*]/7]\/[/) C<j127m127j37m3’J’ M)

miz=—li2 m{,=—1{, ms=—I3

S T AN 1o 7() . . 5(]73—193)5 5 5
X (Pha (112812)712m12| Vi (12) p12; (hias12) J12mi2) — 5 0111, 0

(pg> 595355 9mamf »

(F.26)

whereas the isospin space matrix elements are given by

((i98)i", mi| V.9 (12)] (i12i5 )i, m)
112 iq i3
= Z Z Z C(ih9, Mgy i3, Mz, ', my) Cire, Mira, i3, M3, 1, M)

mi12=—i12 m},,=—1i}, Miz=—13

X (i1, Ml |V (12)i12, mia) Oigit,Omigmt, -

(F.27)

The complete matrix elements for the 3N system are then obtained by summing
over all permutations of the three nucleons.

The operator O(q) shifts the (three-)momentum of one of the nucleons of
the 3N system by ¢. We first consider the case when the photon couples
to nucleon (3). Let Wy, denote the *He wave function, ﬁm its total mo-
mentum and ¢ = g¢é, the photon momentum in the Breit-frame. The tran-
sition matrix element of the operator O(q) from sum over all *He states to
an outgoing state defined by p{,, p%, P° and the set of 3N quantum numbers
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0 L0 0 Jo L0 j0 TJo o ;0 js0 ;0 0\ ia ot
{l1275127]12al37537j37‘] 7M 72127Z37Z 7mi} IS given by

(plg,pg, Pe; <<l12512)]12(l033)j§)J07 M?; (i?ﬂg)i",mflo@l%m, Py) =
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x5 s g5l 5 g3
° s° Je s gt
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+1 s
X (/1 d cos 0Yig mg(cos0,0)Yyr e(cos0',0) S‘H(p'))
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Y
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(F.28)
where the angle ¢ and the momentum p’ are defined by
S cost +2q/3
cost = P cosb + 2/ ) (F.29)
V(P8 +4qp3eosf/3 +4¢2/3
po= V(P2 +4qpscosf/3+4¢2/9).
(F.30)
The first sum is over all sets of 3N quantum numbers

aI = {l{% 3{27j12a léa S37]3a JI MI Z127 Zéa ZI? m;’} . (F31)

In order to obtain the full 3/N matrix element taking into account the couplings

of the photon to all three nucleons, the sum over all permutations of the nucleons
(1), (2) and (3) has to be computed.



Appendix G

Alternative derivations of gg and
0
91

This appendix has been published in [101].

G.1 An update of the derivation of Lebedev et
al.

This part of the appendix contains an update of the derivation of the P- and
T-violating NN coupling constants g§ and ¢{ in [26]. In addition to the usual
parametrization of the #-term-induced isospin-conserving and CP-violating 7N N
coupling

m,0

gg = (N|au — dd|N) (G.1)

™

the authors of ref. [26] introduced — via the 7% mixing|— the isospin-breaking
counter part

g_m*é\/g(md—mu)i _ 71 oe
g, = F d(m. — ) \/g(N|uu+dd 25s|N) . (G.2)

This is an alternative derivation of the result for ¢¢ eq. (4.173)) obtained from
the ground state selection procedure, discussed in section (1.3 because the I;
coefficient of the fourth-order Lagrangian effectively summarizes the 7°-n mixing
by the quark-mass dependent shift to the pion-mass-squared (§M2)5.

Inserting the strong-interaction contribution to the neutron-proton mass dif-

ference (m.,, —mg)(N|tu—dd|N) = éms% and utilizing the parameter € as defined

! Actually, via the m°-ng mixing. For consistency, we replaced here their 7°-n mixing angle
by the customary one of chiral perturbation theory [111] — note the explicit 7 subtraction in
the denominator.
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Table G.1: The value of ¢j, ¢¢, and the ratio ¢¢ /g predicted from egs. and
(G.10) with (i) the original SU(3) parameters bp and bg of ref. [58], with (ii) the
alternative set of parameters based on egs. and (G.14), (iii) in the case
that bp + br of (i) are replaced by c5 of eq. (G.12). The listed uncertainties do
not contain systematical SU(3) errors.

95 10] g7 0] 9%/ 9
(i) bp & by from [58]  —0.026 £ 0.002 0.00092 £ 0.00017 —0.036 % 0.007
(i) bp & bp alternative —0.023 =+ 0.005 0.00088 = 0.00016 —0.038 = 0.011
(i) bp+br — cs —0.018 £ 0.007 0.00092 & 0.00017 —0.051 + 0.022

at the end of sect. we derive (4.158]) again:

o 5m§g(1 —€?) 7

Jo = 4F ¢
Similarly, starting now from eq. (G.2)), we get

0 Mz

with M2 = 2Bm + O(M?) and M% = B(m, + m) + O(M?) for the square
of the pion and kaon mass, respectively, where here M is the quark mass ma-
trix for three light flavors. According to refs. [105,147] we have 7(N |uu-+dd —
255|N) = m{Nl|uau+dd|N)(1 — y) with o,y = o,n(0) = 7 {pltau + dd|p) and
y = 2(p|5s|p)/(p|uu + dd|p), where |p) denotes here the proton state. The final
result is therefore

0 6

M2
= TRE

1—)e—im
SRRV T2

O—7rN<1 - y) . (G4)

Inserting 6ms¥ = (2.6 & 0.5) MeV from ref. [94], F, = 92.2MeV, and the MS

np
quark masses at 2 GeV from [34], we get

g5~ (—0.018 4 0.007) § (G.5)
and

¢¢ ~ (0.0012 4 0.0004) 4 (G.6)

with o,x(0) = 45MeV and y = 0.21 £ 0.20 from [147] as additional input.
Thus we find
g & M on(0)(1—y)

g__< ~ —0.07 + 0.04 (G.7)
g 2 ME-MZ  omn
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as the ratio of the isospin-breaking wversus the isospin-conserving CP-violating
mNN coupling constants which are induced by the f-term. If we rather applied
the values o,y (0) = 59(7) MeV and y = 0 from refs. [148,[149] (for an update of
this work see ref. [150]), we would get

- 0

g ~ (0.0021 £0.0004)0  and L~ —0.1140.05 (G.8)

90

as values for gf and the ratio instead. In summary, the ratios listed in 1' and
(G.8|) are compatible with the estimate (4.174)).

G.2 Derivation via SU(3) chiral perturbation
theory

In SU(3) ChPT the D-type and F-type CP-violating 7’ NN coupling constants

are (see e.g. the U(3) ChPT calculation of ref. [151])

4BOm,, 4BOm.,
gfoNN = i3 bD and gfoNN = I3 bF,

respectively, whereas

—4BOm, b 4BOm,
977DNN = T% and giNN =T V3bp

are the corresponding nNN (actually nsNN) counter parts. Here 4Bbp and
4B b are the coefficients of the anticommutator (D-type) and commutator (F-
type) term of the quark mass matrix with the baryon matrix. Therefore, the

SU(3) counter parts of eqs. ([4.158) and (G.4) aref]
4BOm,(bp+bgp) - M?

9% = I :Gﬁ(l—EQ)(bD+bF), (G.9)
0 ABOm., 3bp—bp @md—mu
T TR T /B 4 mem
_M? e M?
= 0—"(1—€*) (3bp—bp) —— T 1

where (v/3/4)(mg—m,)/(ms—m) is the 7% (actually 7%-ng) mixing angle. Thus,
in this case we get the ratio
gf € Mz 3bF - bD

= . G.11
95 A(ME — M2) bp + bp ( )

2The proportionality of g? to 3brp—bp may come at first sight as a surprise. The strange-
quark content of the nucleon, however, is proportional to bg+bp—br to leading order in the
chiral expansion, such that g{ for small or vanishing y is factually proportional to 2bg+bp-+bp
which in turn is proportional to 2¢;. For more details see e.g. refs. [152,[153].
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If the values bp = —0.209 GeV " and bp = 0.066 GeV " of ref. [58] are inserted,
we get the first row of table However, there is a mismatch by a factor 1.5
approximately between the SU(3) octet quantity

m=—Mmy

_ME Y (20.143 + 0.004 -1
TAESTE) (—0.143 £ 0.004) GeV

bp +bp = —

used in 45,148,117 and the SU(2) low-energy coefficient (LEC)

o ,
c5 = T2 ~ (—0.097 £ 0.034) GeV ™, (G.12)
although according to SU(3) ChPT both quantities should agree to leading order,
see eq. (27) of ref. [152)f]
Moreover, an alternative procedure to parametrize the above sum is

bp +b i
¥ " 4(M12(+ - (M73+ - Mzo) - ME{O)
~ (—0.126 4 0.024) GeV !, (G.13)

where the electromagnetic mass shifts are removed (via the Dashen theorem [100]
in the denominator) and where the prediction falls in-between the original one
and the c5 value. Using an analogous parametrization for by, we get

Mmy—- — Mx+
8(M12(+ - (M73+ - Mjo) - M12<0)

brp =

~ —0.196 GeV ™! (G.14)

and bp = +(0.069 £ 0.024) GeV ™! from instead of the above listed values
from [58], such that the values in the second row of table are generated in-
stead. The result for 3br—bp is approximately the same in both parametrizations,
namely —0.69 GeV ™! in the original one [58] and —0.66 GeV ™' in the modified
one.

Finally, replacing bp + br of [58] by ¢5 of eq. (G.12), we get the values in the
third row of table

Only the last SU(3) value of the ratio ¢gf/g§ is in the range of our estimate
, but all three are compatible with the estimate of . The quoted
numbers of table however, do not contain a systematical error connected
with an SU(3) ChPT calculation. For standard quantities such an uncertainty
is certainly of the order of 50 %. For the quantity c¢; this uncertainty should be
rather 100 %—200 %, see e.g. footnote[3] Taking these SU(3) errors into account,
the estimates of table are compatible with the range quoted in (4.174).

3In fact, the latter equation which is based on eq. (5.7) of ref. [153] predicts that the NLO
correction to c¢s is much larger than c; (or bp + bp) itself, namely Acs = 0.49 GeV~!. This
quantity is of similar size as A¢; = +0.2GeV 1.



Appendix H

Trace technology

The aim of this appendix is to present an efficient technique to calculate spin
matrix elements of composite particles, which has been pointed out by Christoph
Hanhart. Let us consider a composite system which consists of two spin-1/2
particles. The spin space of particle (n) is spanned by

[vimy) = ((1)) o oGy = ((1)) : (H.0.1)

i.e. (Jui))r = dix. An arbitrary state of the composite two-particle system can be
described by a matrix A: '
1) = Ay [ofy) o) (1.0.2)
Another state can be defined in the same fashion by a matrix B.
Consider a matrix M) acting on particle (1) and a matrix N acting on
particle (2). The multiplication of e.g. the matrix M) with the vector |Uén)>

returns column 7 of the matrix M): (M(1)|Uzn)>)k = (M(1))ri- If both matrices
act on the composite state defined by the matrix A, the resulting state is given
by
(A)ij (M |vin))e (Neaylvigy )i = (May)ki (A)ij (Ni2y)uj - (H.0.3)
The projection on the hermetian conjugate of the state defined by B then yields
<U?1)|<U22)\(B*)klM(l)N(Z)(A)z’j|Ué1)>|UZ2)> = (B (Muy)ri (A)ij (Ne2y)i

= Tr[(B"Nw)" MuA]

= Tr[NjyB'MuyAl,  (H.04)
where the T" denotes the transposed matrix.

Spin-0 and spin-1 composite states, for instance, are expressible in terms of
Pauli o-matrices by

0,0) = _(Uz)ij‘vél)ﬂvé)% (H.0.5)

1 . .
LK) = —=(cF02)ylofy) o). (H0.6)
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for k = 1,2, 3, which are just the regular Cartesian representations of the spin-0
and spin-1 states. Spin matrix elements of spin operators involving composite
states are thus expressible as traces of products of o-matrices. By utilizing the
identity

o*(c")'o? = -, (H.0.7)

matrix elements of arbitrary spin operators in systems consisting of two spin-1/2
particles are easily obtained.

As an example one may consider the matrix element <1,t|(0€“1) + 02“2))|1, s),
which gives:

1 7 j * s m
§<U(1)’<Uf2)’(0t02)ij(<7§1) + Ué))(a UQ)lm\Uél)HU(zﬁ

- —Tr[aQUtaé‘;l)aSaQ] + ETr[(O?Q))TJQUtUSJQ]

= §Tr[0taé“1)as] - §Tr[aé“2)atas]

— Z'Etks _ Z'ek‘ts — ZiEStk .



Appendix 1

P and T’ transformations

This appendix provides the eigenvalues of operators under P- and T-transformations,
which are utilized in the derivation of the P- and T-violating Lagrangians.

I.1 Elementary observables

The behavior under P, T-transformations of the spatial four-vector z#, the deriva-

tive 0, = ;W, the momentum p,,, the four-velocity v, , the orbital angular mo-

mentum [ = ¥ X p, the spin %5, and the total angular momentum J is given

by

PPN +z, and z2* AN —T,,
9, 2 40" and 9, < —0OF,
i0, <=5 +i0" and 0, < +id",
Dy s At and p, o 4t
vy, PR +ov#  and v, AN +o#
I &+ and PN —f,
17 & 417 and 17 & -17,
J & +J and J gy T

1.2 The external fields

The corresponding behavior of the external fields (the vector field v, the axial-
vector field a,,, the scalar field s, the pseudoscalar field p, the electric four-vector
A,) can e.g. be found — in the isoscalar case — in [154], Chap. 3-4-4; see also the
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table in appendix . In detailﬂ

Uy &5 4or and vy = 40",
a, £ —ar and a, —— +(a")*,
s <2 +s and PRPIN +s*,
P PR —p and P AN —p*,
A, &5 44 and A, AN + A",
iD, < +iD" and D, < +iD",
iD,. < +iD! and iD,, <— +iD",

where D, = 0, +T', — ivl(f) is the covariant derivative acting on nucleons and
D =Dt — v (v- D).

1.3 The pion field and composite quantities

The behavior of the pion (Goldstone boson) field 7 = 7 7 follows from the one of
p of App.[.2l The matrix u = exp(in/Fy), x = s + ip, the electromagnetic field
strength tensor F,, = 0,4, —0,A,, the electric field E , the magnetic field B , O
and [m, d, 7] transform therefore according to App and App. as followsﬂ

P T .
T > —T and T o —7",
P 1 T %
U < u and u — u*,
U <L oyt and U < U,
P 1 T %
X — X and X — X5,
F, <& +F®  and  F,, = —Fm,
E <& —-E and E < +E,

B <& +B and B+~ -B,
o, &L o and oum AN +otT*
T, 0,7 <— +|m,J0"'7| an mT,0, | — —|mo'm|".
Oum] om d [r,d,7 orrl*

LOf course, here and in the following the omitted arguments of the fields transform as

(

Note that the anti-unitary time-reversal operator 1" can be written as the product T'= UK
where K complex conjugates everything to its right (KiK' = K~'K = —i), such that U is
an unitary operator, see e.g. [155]. Thus A* is the complex conjugate of a non-Dirac matrix A
(here an isospin matrix, in general a flavor matrix). Remember 7 = 7/. Thus if A contains
only the unity and 73 (or the unity, A3 and Ag) as flavor matrices, the complex conjugation can
be dropped.

)« (—2,t) and (1) < (T, —1).

qu

Note that z#,s,p,v,, a, 2z —at, s, p, —v,, —ay, see e.g. Ref. [154].
2 C T C T PCT 4 PCT
Remember that 7 +— 7 and U +— U~ , such that r+—= 7' =7 and U +— U.
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I.4 Bilinears of relativistic nuclear spinors

Compare with Sec. 3-4-4 of Ref. [154] and with App.[[.2]

_ P _ _ T _
nn <+— +nn and nn <— +nn,
_. P _. _. T _.
niysn  <—  —niysn and niysn <—  —niysn,
_ P _ _ T _
nytn <— +nyun and nyt'n <— +nyun,
_ P _ _ T _
nyFysn < —nyYsn and mytysn < +nysn,
_ P _ _ T _
no'n <— +nou,n and no'n <— —noy,n,
_w P _ o T _
notysn <— —no,n and  nofysn < —no,En,
s P q _w T
notiysn & —nowiysn an notysn < —no,YEn,
_. P _. _. T _.
nio"qn <— +nioyq’n  and  wmotqn — +nioq'n,
= UV P = v d not T - v
notq,ysn —Nowq YsN  an notrq,Ysn —NO g V51 .

1.5 Bilinears of heavy-baryon nuclear spinors
Compare with Sec. 5.5.3 of Ref. [78] and App.. Note that to leading order

NliysN = 0,

NiAHN = NN,

NiytysN = 2NTSEN

Nigh"N = 2" NTy,S, N,
Nigt N = 2i (v*NTSYN —v”NTSEN) |

where S* = Lo"v,~;. Note that S* = (0,15) if v* = (1,0). In summary, we
have
NIN & #NTN  and NIN <& NN,
Nis#N s —N'S,N and NTSEN <+ +NIS,N.
Note that the latter is consistent with the angular momentum behavior given in

App.

1.6 The conventional building blocks

The combinations of hermitian conventional building blocks transform as
scalars:

P T *
X+ ¢ +x+ and x4y <— x4,
~ P ~ ~ T ~
X+ «— +x+ and Xy <—  +Xi,
NtN &5 4NN and NN < 4NN,



1.6. THE CONVENTIONAL BUILDING BLOCKS

pseudoscalars:

vectors:
zT‘M
Niot N

axial-vectors:

Uy,

NTSHN

X —

antisymmetric tensors:

antisymmetric dual tensors:

symmetric tensors:

{uy, u,} PN +{ut, u"}

P )
+—— —ix_ and
P o~
+—— —iXx_ and
P .
e ] and
PN —G—NTUMN and
Ly e and
PN —NTSNN and
P
Fo, <
T
F., <
+ P
nv
+ T
Qv
. P
ifuy, w)] <—
. T
ifuy,w)] <—
e“”p"NTva(,N PN
e“”p"NTvaUN AN
Fo o
F, <=
€pvpot[U?, u7] &
€pvpot U, u’] &
_ P
n% —
_ T
Qv I
N[t SVIN
Ni[ok, SV N  «

and  {u,,u,} AN +{ut, u”}*
Ntvror N <25 4 Ntot? N and  Nforo? N s + NtV N ;

X
iX—

il
NTvr N

NTSHN

+FH

—

A

- (f+NV)* )
+ilut, u”] ,

(i[ut, u’])",
+6Wpo.NTva"N,
—€upo NT0PSTN ;

.y :

+EH

—€e"P7 i, Uy
=P (i[u,, ug)*
—fn
+()
—N'[v,, SN,
+NT[UM, S,IN ;
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symmetric ‘dual’ tensors:

hy s —hi

b 4 = ()"
Nti{vr, S"}IN 25 —Nti{v,, S,}N,
Nti{vr, S"|N + —Nti{v,,S,}N.

1.7 Some composites

N'iD,N 5 +NUDIN,
N'D,N <+ NUD:N,
Ntiv . TN <25 +Ntiv-TN,
Ntiv .- TN < Nt TN,
NSy, N 25 +NtS,uiN |
NSy, N <+ +NtSu'N
NTAN &5 +NTAN,
NTAN 55 +NTAN,

Nti[S" S*|B,,N <+ +Ni[S" SY|B,,N ,
Nti[S" S*|B,,N <+ +N%i[S" SY|B,,N,
Nteweo Qo oN s +NieweoC,, N
Nteweo Qo N s +NieweoC,, N

with
A:<U'D)27 D27 {SZD,’UU,}, (U'U)27 u-u, <X+>a 55—1-’
B, = tuyu,, f, v,(ﬁ,);

Clvop = 05, B s
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I.8 Table of discrete symmetry transformations

Qu| P C T PT PCT | Qut
S| s ST § S |5
P -P pPT -P* p* P P
Ve | veovTove Vs, | Y,
Ay | -AR AT AR AT A, | A,
T | T TT, T T, Ty | T
Ty | T TT, T Tr) T | T
f,, |-fw AL e [, T | A

Table 1.1: Discrete symmetry transformation of the following quantities: scalar
field S, pseudo-scalar field P, vector field V,,, axial-vector field A, antisymmetric

tensor field T, and its dual 'TW, symmetric tensor field H,, and its ‘dual’ ITIW.
The last column shows that all quantities are (defined to be) hermitian. With
the exception of the (axial) vector fields, all other quantities have the eigenvalue
+1 under the combined PCT' transformation.
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