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Supervisor’s Foreword

The standard gauge theory of the interaction among quarks, leptons, and gauge
bosons is extremely successful in describing most of the strong and electroweak
phenomena. In spite of the success, there are a few phenomena that suggest the
current standard model might be an effective theory of the deeper fundamental
theory. One of the leading candidates for such theories is the supersymmetric
extension of the standard model (SUSY). The symmetry between fermions and
bosons naturally solves one of the theoretical concerns of the standard model, the
hierarchy and/or the fine-tuning problem. Since the construction of supersym-
metric theory more than some 30 years ago, tremendous efforts to search for its
signal have been made. In high-energy collider experiments, the production
of supersymmetric particles has been investigated directly. A complementary
approach is the low-energy precision test of the symmetry. The electric dipole
moment (EDM), which is a CP- and P-violating quantity, is one of the good
places to search for the new physics. The standard model, where the Cabibbo—
Kobayashi-Maskawa mechanism is the basic source of CP violation, makes an
extremely small contribution to flavor diagonal EDM. Currently, the EDM is
measured for a variety of systems such as the electron, neutron, atoms, and
molecules. Recent precise data of the EDM has started to constrain the models of
the new physics.

In this thesis, Nodoka Yamanaka has performed a systematic study of the EDM
to disentangle the structure of the Minimal Supersymmetric Standard Model
(MSSM) within R-parity-violating (RPV) interactions. The R-parity is defined
from the spin, the baryon, and lepton numbers, where a particle has opposite R-
parity from its supersymmetric partner. One of the achievements of the thesis is a
systematic study of the loop effects on the EDM and CP-violating fermion
interactions within RPV-MSSM. The elementary EDM of the fermions are then
used to evaluate the EDMs of hadrons, nuclei, and atoms by using the current
state-of-the-art procedure. The second feature of the thesis is the development of
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an analysis tool for the full RPV interaction space of the EDM instead of the
conventional single coupling dominance assumption. With this method together
with the proposed classification scheme of RPV couplings, complete exploration
of the RPV model space has been carried out, and the prospects of the coming
EDM experiments have been clarified.

Osaka, March 2013 Prof. Toru Sato
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Chapter 1
Introduction

The construction of the quantum chromodynamics [1-3] and the electroweak theory
[4] with three generations of fermions [5] lead to the establishment of the standard
model (SM) of particle physics. The SM has been able to describe consistently
many data from the accelerator experiments, and all particles except the Higgs boson
[6-11] within the model have been discovered so far. We can say that the SM is one
of the greatest success of modern physics.

However, despite this great success, particle physicists are not always satisfied
with the SM. The SM is actually known to have problems with phenomenology:

e The small mass of neutrinos is difficult to explain in the framework of the SM
[12].

e The CP violation due to the CKM mechanism is not sufficient to realize the abun-
dance of the matter in our Universe [13].

e The SM does not have candidates for cold dark matter and hence is not consistent
with observations [14-16].

e 73 % of the energy the Universe is filled by the unknown dark energy which cannot
be explained in the SM. This fact is suggested by the observations of the type Ia
supernovae [17, 18].

e The gravity is not included in the SM.

e Recent experimental data, like the anomalous magnetic moment of the muon or
the decay asymmetry of the B hadron show discrepancies from the SM predictions
[19-21].

In addition, theoretical and convincing arguments against the SM also exist:

e Hierarchical problem due to the radiative corrections of Higgs scalar. The fun-
damental Higgs scalar poses a serious problem which requires the SM Higgs
parameter to be “ fine-tuned” (at the level of 103411, if the fundamental scale is
the Planck scale).

e The choice of gauge group (SU (3). x SU(2)1, x U(1)y) is ad hoc. Many particle
physicists believe that this needs the existence of a “Grand unification” of gauge
groups to explain.
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e The spontaneous breaking of electroweak symmetry is introduced by adjusting the
Higgs potential, which is an ad hoc manipulation. The origin of the Higgs scalar
and its potential must be explained.

e The flavor structure and masses (Yukawa couplings) of quarks and leptons are
given ad hoc. The flavor seems to be arranged in three
generations, but their origin is not known.

All these theoretical arguments strongly suggest the existence of a new physics
beyond the SM. Especially, the fine-tuning problem due to the radiative correction of
Higgs scalar and the ad hoc choice of the Higgs potential give us a hint that the scale of
the new physics is relatively close to that of the electroweak symmetry breaking. The
problem of the fine-tuning with fundamental scalar particle merits some explanation.
The masses of fermions and gauge bosons (with no scalar in the theory) are protected
by symmetries. For example, the radiative corrections to the mass m of fermions
is dm o« mlIn(A/m), where A is the cutoff of the effective theory. This can be
understood by the fact that the radiative correction cannot flip the chirality without
the mass insertion, so thatm o m. The radiative corrections to the mass of the gauge
boson is ultimately kept zero by the gauge symmetry. The scale dependence of the
theory is then only logarithmic, and we have some stability in fixing parameters, such
as the masses of particles. When we insert a scalar particle in the theory, however,
the situation changes drastically. An example of the radiative correction of the scalar
mass at the one-loop level is shown in Fig. 1.1. After performing loop integrations,
we obtain that these one-loop corrections both lead to §m o A%. What happens
in the case of the SM is that the Higgs scalar with mass around m%{ ~ (100 GeV)?
receives corrections of order A}%lanck ~ (10"°GeV)? if the fundamental scale is taken
to the Planck scale. This gives a 103* times larger correction! The expected mass
of the Higgs boson is O(100GeV), so we must tune the parameter of the theory to
1 part in 1034, which seems to be very unnatural. As said above, this fact suggests
the existence of a new physics which incorporates the SM as an effective theory
near the scale of electroweak symmetry breaking. Theoretically, the resolution of the
fine-tuning problem is the most important requirement in constructing models with
new physics.

It is generally beleived that the supersymmetric extension of the SM is an impor-
tant candidate model with new physics. The supersymmetry was first introduced
by Wess and Zumino [22]. Thanks to many works, the supersymmetry acquired

(a) (b)

Fig. 1.1 One-loop correction to the scalar mass. Dashed lines represent the scalar propagator, and
solid lines the fermion propagator. a Is the correction due to scalar quartic interaction, and (b) is
the one-loop correction generated by Yukawa interaction
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a considerable popularity in particle physics. Compared with the other candidate
models with new physics, its phenomenological advantages is particularly interest-
ing [23-26]. Here we can list the following topics:

e The fine-tuning problem due to the radiative corrections of Higgs field can be
resolved.

Soft supersymmetry breaking terms can induce the electroweak symmetry break-
ing.

Lightest supersymmetric particles (LSP) can be candidates of dark matters.

Soft supersymmetry breaking terms can provide new CP violating mechanisms.
e The three running gauge couplings have a better unification at high energy scale.

If the supersymmetry is the true symmetry of the nature, particles discovered so
far should have their supersymmetric partners with the same charges and masses.
These particles were of course not observed in any past experiments, so we should
think that the supersymmetry is a spontaneously broken symmetry. To keep the can-
cellation of the power divergences in radiative corrections, the supersymmetry must
be broken softly. We do not know the definite breaking mechanism of supersymme-
try, so the soft breaking terms are introduced by hand. The spontaneous breakdown
of supersymmetry is important in phenomenology, since it can provide a new mass
scale which is expected to be near above the electroweak scale. The price for intro-
ducing the supersymmetry breaking by hand is that we obtain more than 100 soft
breaking terms. The soft breaking terms all have mass dimension, and give masses
to the particles, which have not been discovered up to 1 TeV [27-31]. The gen-
eral soft breaking interactions can also have large flavor violation and CP phases,
which are also constrained phenomenologically [32]. Other than soft breaking terms,
the supersymmetric extension of the SM allows baryon or lepton number violating
interactions. These interactions are generated by a set of gauge invariant polynomials
of chiral superfields which do not conserve the baryon or lepton numbers, and are
called R-parity violating (RPV) interactions. To prevent from such violation, we often
assume the conservation of R-parity. This manipulation is however ad hoc. A strong
argument to consider RPV interactions comes from the fact that many theoretical
physicists believe in the existence of a Grand unified theory of particles and interac-
tions. In Grand unified theories, there are no convincing reasons to distinguish RPV
interactions from the R-parity conserving matter fermion-Higgs interactions which
give fermion masses, or Higgs self-interactions. Thus it is natural to consider also
the violation of R-parity. Many studies of RPV interactions have been done [33-36].
These interactions can generate large baryon number, lepton number, flavor and CP
violations, and are therefore strongly constrained by phenomenology.

As discussed above, the models based on the supersymmetric extension of the SM
have been studied extensively. To test such models, we can use the available data. But
we also need new data which will soon be available from many on-going experiments.
The collider experiments at the LHC, through the direct production of new high
energy particles, can help to probe the masses of the supersymmetric particles or
their lower bounds. There are also many low energy experiments. The Super-K
experiments can probe the decay of protons, the mass differences and flavor mixing
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of neutrinos. The double beta decay experiments will search for the lepton number
violations. The muon decay experiments will probe the violation of lepton flavor.
Many available experimental results already give significant bounds on parameters
of the supersymmetric models, for both R-parity conserving and violating sectors.

In this thesis, we focus on the electric dipole moments (EDM), a promising experi-
mental observable which can probe the CP violation originated from the new physics
[37-41]. The search for large CP violation is a very important subject in particle
physics, since it is known that the CP phase of the CKM matrix cannot provide
enough CP violation to realize our matter abundant Universe. In searching for large
CP violation, the EDM is an excellent tools for many reasons. First, the EDM is a
very “clean” observable. The EDM receives a very small contribution from the SM,
due to the higher order effect of the CKM phase. It is also a static observable, so that
the final state interaction effects do not disturb the observation. The second important
advantage of the EDM is its high accuracy. Due to the strong experimental limits,
the EDM has constrained so far many parameters of many candidate models with
new physics including the supersymmetry.

The EDM is measurable in a variety of systems, ranging from the elementary
particles like the muon to the complex bound states such as molecules. The current
experiments already provide very accurate data for each of the systems. The exper-
imental techniques are being improved and many next generation experiments are
being prepared, such as the experiments using ultracold neutrons, storage rings, cold
molecular beams, ion trap method, etc.

The main objective of this thesis is to investigate the phenomenology of the
R-parity violation within the EDM experimental data. There were many previous
works in this subject, and many upper limits on the CP violation of the RPV interac-
tions were obtained [42-52]. The RPV interactions contribute to the EDM observ-
ables via two leading contributions. The first one is the EDM of quarks and charged
leptons, and also the chromo-EDM of quarks. The other contribution is due to the two-
body interactions between fermions (lepton-quark, 4-quark and 4-lepton). The tri-
linear RPV interactions which are the main focus of the study, contribute to the
fermion EDM starting from the two-loop level [43, 45]. This is due to the helicity
flip of the EDM operator and the structure of the RPV interactions. It was shown by
Godbole et al. that the the fermion EDM generated by the RPV contributions at the
one-loop level does not exist. The detailed analysis of the two-loop contributions to
the fermion EDM due to the R-parity violation was done by Chang et al. They found
that the Barr-Zee type two-loop diagrams give the leading contribution, with other
suppressed with more than one factor of light quark mass. The P, CP-odd 4-fermion
interactions are generated within R-parity violation by sneutrino exchange, and their
tree level effects have been studied [46-48].

The two elementary P, CP-odd processes discussed above contribute to experimen-
tal EDM observables via intermediate mechanisms, and RPV interactions involved
can be constrained by the available experimental data of EDMs of neutron, atoms
and molecules. It was shown that the imaginary parts of many bilinears of RPV
couplings (A;j;Afi ;. Aijjhip, and )x;jj)\.;}ik, where i, j, k = 1, 2, 3) can be con-
strained via these two processes [43, 45-48]. It is noticed that in those analyses, the
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dominance of single RPV bilinears is assumed, and the interference between RPV
bilinears were neglected.

Recently, we have noticed that the previous calculation of the Barr-Zee type
diagram within R-parity violation was not correct [53]. Since the fermion EDM or
quark chromo-EDM receive the leading contribution from Barr-Zee type diagram,
the entire analysis of EDM within R-parity violation should be revised.

The purpose of this work is to rederive the fermion EDM and the quark chromo-
EDM generated from RPV interactions, and analyze the available EDM observables
(EDMs of neutron, atoms and molecule) with the corrected formula for Barr-Zee
type diagram together with the P, CP-odd 4-fermion interactions. We also predict the
EDMs for the planned experiments. As a first step of the extended analysis, we also
try to analyze the subleading contribution [54].

In Part I, we briefly review the framework of supersymmetry, the minimal super-
symmetric extension of the SM, and the R-parity violation, needed for deriving the
P, CP-odd elementary processes contributing to the EDM observables. In order to
evaluate the EDM of atoms, nuclei and hadrons, we need to investigate P, CP-odd
interactions at the hadronic, nuclear and atomic levels. At each level, we encounter
difficult many-body and non-perturbative physics. In this work, we use the best avail-
able information on those problems. Part I is a review of the subject on EDM. In Part
III, we describe our analysis of the R-parity violation within the EDM-constraints.
We first derive the fermion EDM and quark chromo-EDM within the two-loop level
Barr-Zee type diagram with detailed explanations of our corrections. Together with
the tree level P, CP-odd 4-fermion interaction, we then try to obtain upper bounds
on RPV couplings from the atomic, nuclear and hadronic EDM observables using
the consequences of the many-body physics presented in Part II. In doing this, we
have shown clear classification of RPV bilinears into six types, which clarifies the
dependences of the RPV couplings on EDM observables and helps our subsequent
analysis. The first step of our phenomenological analysis is to derive upper bounds
when single RPV bilinear is considered. This is an update of the previous analy-
ses, including the corrected formula for fermion EDM and quark chromo-EDM. In
the next step, we have analyzed RPV contribution to EDMs when all leading RPV
bilinears are relevant. In this analysis, the interference between RPV bilinears are
also taken into account, within a 10-dimensional parameter space. We also predict
the EDM observables for planned experiments. They are also compared between the
case of single RPV bilinear dominance and the case where interference can occur.
The prospect for each future EDM experiment is discussed from the point of view of
the determination of RPV couplings. After that, we present the investigation of one
of the subleading contribution to the EDM observables within R-parity violation, the
analysis on the P, CP-odd 4-fermion interactions at the one-loop level. This analysis
is done by assuming the dominance of one RPV bilinear. This analysis is interest-
ing since the atomic EDMs have a large sensitivity against the P, CP-odd 4-fermion
interactions and we can expect that even the subleading RPV contribution can be
constrained. It is also the first step of the extended analysis including the subleading
RPV contribution to EDM observables. The last chapter is devoted to the summary.
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Part I
Supersymmetry and R-parity Violation



Chapter 2
The Supersymmetry

2.1 Supersymmetry Algebra

The supersymmetry (SUSY) algebra can be explained by using the Wess-Zumino
model [1]. The Wess-Zumino lagrangian can be written as follows:

1 5 1 5 - | PPN 1-
Lwz = E(BﬂA) +§(8,LB) —I—EWGW—E(F +G°)—m 51//1// —GA—-FB).
(2.1)
Here, A and B are complex scalar fields, 1 a Majorana spinor field, G and F auxiliary

fields (no kinetic term) with mass dimension 2. This Lagrangian is invariant (up to
a divergent term) under the following infinitesimal transformation:

SA = iaysy

3B = —ay

8¢ = —Fa +iGysa + § ysAa + id Ba . 2.2)
SF = iaj ¢

5G =aysd ¥

Here, « is an infinitesimal anti-commuting Majorana spinor parameter, and has mass
dimension — %

We can generalize the SUSY transformation by using the SUSY generator Q
which is a Majorana spinor and obeys the following algebra:

[P o Qa] =0,
[Muv. Qu] = _%(le)ab O, (2.3)
{Qa. 0b} = 2Py (¥ b,
where M, are the generators of the Lorentz transformation. These relations are from

a direct extension of the Poincaré algebra. The middle line of the above equations
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(commutation relation between Lorentz and supersymmetric generators) means that
the supersymmetric partner of a particle has spin which differs by 1/2. This describes
well the statement that “supersymmetry is symmetry between bosons and fermions”.
We must note that the last line is an anti-commutation relation, and gives a result
that creates momentum. This is an example of graded Lie-algebra (algebra with
anti-commutation), and its elements can mix with the space-time. We can think that
supersymmetry is part of the extended space-time geometry (we call it super-space).

2.2 Chiral Superfields and Superpotential

Let us now see how the supersymmetric field theory is formulated. It is known that
the general scalar function of the super-space has two terms which always give a
total divergence [for example, see the supersymmetric transformation of F and G of
Eq. (2.2)]. This property allows us to construct the general supersymmetric lagrangian
by defining the scalar super-spatial function with the conditions of interest (gauge
invariance, renormalizability, conservation of given parities, etc), and taking these
terms invariant up to total derivative. This approach is called the superfield formalism,
and the lagrangian of the supersymmetric models is formulated in this manner.
The general scalar field of the super-space can be written as

N _ | 1 - -
B(x,0) = . — iN20ysy — %(9)/59)/// +5@0).4 + %(Gysyue)V”

_ _ j 1 - 1
+i@ys)IO(h + %a )] — Z(@yseﬁ[@ - 58254, (2.4)

where 6 is the Grassmann Majorana spinor variable. Fields in the super-space are
called superfields. The supersymmetric transformation can be expressed in terms of
Grassmann variable 6 as follow:

5b = [&Q, cé] - (—&% —iay 9) é. (2.5)

The supersymmetric transformation of the above superfield @ is then

87 = iN2aysy

Y = —%(a///+i)/50h/1/+i)’uavu +y53Ya)

sl =a (1+iVI)y)

SN =iays (A + /29 w) 20
SVHI = —iayti + v2ad"y

A = —iysaD — %[a, YulVHia

89 = ajysi
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We remark that the general superfield can be separated into three irreducible
multiplets which transform independently (up to total derivative). The first two are
the left- and right-chiral superfields, defined as

1
S = —(A+iB) 2.7
ﬁ( iB) 2.7
1
YrL/R = 5(1 Fys)Y, (2.8)
1 1
F=—(FLiG)=—(HAFiN), 29
ﬁ( iG) ﬁ( FiAN) 2.9
VH = 4it.7, (2.10)

We see that by setting V#, A and Z to zero, the supersymmetric transformation of
the Wess-Zumino model [see Eq. (2.2)] can be obtained. The fields ., v/ /g and 7
thus form an irreducible supermultiplet. The left- (or right-) chiral superfield is used
in defining matter fields. The left-chiral superfield can be written as

S =9 +iv20y +i06,.F, @2.11)

where 67, = Pr 0. The supersymmetric transformation for the left-chiral scalar super-
field is

8.7 = —i2ay;
Sy = —2Fap + 29 Lag , (2.12)
8.F =iv2aj yr

where o) = %(l — ys)a and ag = %(1 + ys5)a.

The remaining third type supermultiplet, called the curl superfield, consists of
FrY = 9lrVY — gVVH, A and 2. The supersymmetric transformation of the curl
superfield can be written as

SFIY = —ja[ya" — yH9V I
Sh = —iysa? + 3lyv, WIF*a . (2.13)
87 = ag ysh.

This supermutiplet is used to express supersymmetric gauge fields. We should note
that for the curl superfield, it is not possible to set .7, ¥1 /g and .# to zero [see the
term with V# in the second line of Eq. (2.6)]. The supersymmetric transformation of
this supermultiplet is in fact not irreducible. In gauge theories however, it is possible
to introduce an additional degree of freedom to remove this dependence.

By observing the supersymmetric transformation [Eq.(2.6)], we find that 2 is
only transformed by a total derivative. This fact suggests that the 2 component of
a general superfield is supersymmetric. The first idea for the construction of the
supersymmetric lagrangian is to take the component & (we call it the D-term) of a
field polynomial with the conditions of interest (gauge invariance, renormalizability,
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conservation of given parities, etc). By considering the D-term of the bilinear of
left- and right chiral superfields (YLT -71), we obtain the kinetic term as follows:

Lp =S, S + %&a v+ I (2.14)

The bilinear 522 7. is called the Kdihler potential. The Kidhler potential is generally
introduced to generate not only the kinetic terms, but also the gauge interactions
which will be explained in the next section.

In a general superfield, there is one more term which leaves only a total derivative
after supersymmetric transformation. This is the term with .% in Eq.(2.11) (see
Eq.(2.12) for its supersymmetric transformation). As a general rule, polynomials of
left-chiral scalar superfields are also left-chiral superfields. It is therefore possible to
obtain the supersymmetric lagrangian by taking the F-term of some polynomial of
superfields with the conditions of interest. This left-chiral polynomial is called the
superpotential. In a renormalizable theory, the superpotential is a polynomial with
at most three factors of superfields, and the interaction lagrangian generated from it
is given by the following formula:

Lp==73

i

2
F=

A NN
1 - 92 92
_Ezlﬂi (A—fA) PL+(A—fA) Pr | ¥j,
ij 051075 ) g_ o 051055 ) g_ o

(2.15)

af
3.9

where indices i and j denote the label of each superfield.

We see that the superpotential generates mass terms, mixing bilinears, Yukawa
and scalar 4-point interactions. By setting the superpotential f — fwz = m.S?,
the Wess-Zumino lagrangian (2.1) is obtained. For the supersymmetric extension
of the standard model, the superpotential is composed of quark, lepton, and Higgs
superfields.

2.3 Supersymmetric Gauge Theory

The next task is to extend the Kéhler potential to include the gauge interaction. The
supersymmetric extension of gauge theories is less obvious than that of the matter
fields, due to the freedom associated with the gauge transformation. It can be obtained
with the superfield formalism using Kihler potential. We will proceed in three steps
in constructing the supersymmetrizing gauge theories. The first step is to express
the gauge transformation in terms of the gauge potential superfield. The second is
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to couple gauge superfields to the chiral superfields, and the third is to construct the
gauge kinetic term.

We begin by defining the supersymmetrization of the gauge transformation. The
gauge transformation of the left-chiral superfield 5% (with components ., ¥ and
%) can be written as follow:

PR, 0) = [ I8t (®) Lb%,(;e, 0), (2.16)

Here, we have defined the gauge transformation parameter Qasa superfield. Actu-
ally, the gauge transformation needs to be a left-chiral superfield (and consequently
so does the transformation parameter superfield £2) in order to keep the field after
transformation a left-chiral superfield. This is due to the fact that the coordinate x
(=xl+ %9_ y5y10) also has degrees of freedom in the Grassmann super-space. This
is also the result of the supersymmetric extension of the space-time. The gauge cou-
pling g is defined by the gauge covariant derivative D* = 9 — i gA’étB where ¢ is
the generator of the gauge group. Note that the convention for the sign of the gauge
coupling in the Ref. [2] is opposite.

Our next step is to couple gauge superfields to the chiral superfields. For that, we
construct the Kéhler potential containing the left- and right-chiral scalar superfield
in a gauge invariant way, and finally take its D-term to obtain the gauge invari-
ant lagrangian of chiral fields (We can avoid dealing with chiral interaction terms,
because these do not contain any derivatives).

We now introduce the gauge potential superfield @ Its gauge transformation can
be written as

’

. A 2 : A
e281AP) _ ListpS2p 2814 P ,—iglo R0 (2.17)

By using this property, we can construct the following gauge invariant Kéhler
potential:

K = Fteabs &, (2.18)

The gauge potential superfield can be expressed in the form of a general superfield,
but its components are not all physical (the scalar, fermion and auxiliary term), so we
need to eliminate the unphysical part. Actually, the gauge transformation of the left-
chiral scalar superfield can furnish the degree of freedom needed in the cancellation
of the unphysical components of the gauge potential. This gauge fixing is called the
Wess-Zumino gauge. We can think that the Wess-Zumino gauge fixing is a gauge
fixing over the super-space. After this fixing, the gauge potential superfield can be
written as

~ 1 - ”w " .= = 1 - 2
P4 = 5 Oysy0)(Vy + 08" xa) +i0y500h4 — 7 (O50)"Za- (2.19)

Here, V#*, A and 2 are respectively the gauge field, gaugino (the fermionic supersym-
metric partner of gauge boson) and the auxiliary Z field. Since the gauge potential
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is real, the number of degrees of freedom that can be supplied is exactly one for the
abelian gauge theory ( N in SU(N) gauge theories). This gives the free parameter
of the gauge theory, and the consistency is kept safe. This result is quite general and
works as well in the non-abelian case.

If we take the F-term of the Kéhler potential in the Wess-Zumino gauge, we find

Lyauge = SVIV + 0u?) 1) + 75
— i3, gt - VS +iS gt - VIS + S [gt - D+ g2t V)]
S T Y T Y2
n (ﬁgyTzAiA I_T)’Sw + h.c.), (2.20)
which is the final form of the gauge interacting supersymmetric chiral lagrangian.
‘We must now build the gauge kinetic term. For that, we construct a gauge invariant

left-chiral superfield from the gauge potential, and then take its F-term. Let us define
the following left-chiral (spinor) superfield

i

graWy = ngR[e—ngC"SC DLezgthSB], 2.21)

where D, D, D 1 and Dg are supercovariant derivatives defined as follows

[p =2 _igo
=£—127
D E—i+iéa. (2.22)
36
Dg = PrD
D, = P.D

Itis important to note here that the superfield Wyisa spinor in the above construction.
This left-chiral superfield is actually gauge covariant in the adjoint representation,
like the field strength F,,4 (Indeed, the superfield e8'4%4 s not gauge covariant
and there was a necessity to bring a gauge covariant superfield). Thus we are led to
the idea of constructing a gauge invariant superfield by combining W4 with another
left-chiral gauge covariant superfield which is transformed like ¥ under Lorentz
transformation. The only (renormalizable) possibility of such a combination is

WEWa. (2.23)

Note that WZ transforms covariantly under gauge transformation. We can now take
its F-term to give the lagrangian. After some manipulation, we obtain the following
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gauge kinetic lagrangian
i- 1 w1
Lok = shaPache = 7 FuvaFy" + 57494, (2.24)

where A and C are gauge indices in the adjoint representation, and

Fuva =0, Vo4 — 0, Vyua + gfapcVus Vo, (2.25)
(DM =dra —ig(tgVp)achc. (2.26)

The final supersymmetric lagrangian is £ g + Zgauge- The derivation of the super-
symmetric gauge theory is carefully presented in the excellent book of Baer and
Tata [2].

2.4 Non-Renormalization Theorem

We have seen previously that the quadratic divergence of th e one-loop corrections
on the scalar mass is cancelled by the fermion loop. This helpful cancellation is due
to the general property of the supersymmetry, in which any loop corrections can be
written as a D-term, and F-terms do not receive any loop corrections. This is the non-
renormalization theorem. It means that the superpotential is not generated from loop
corrections. Since the mass of scalar particles is given by the superpotential, loops
cannot contribute to their mass correction. Since the wave function renormalization is
at most logarithmic, the loop corrections to the scalar propagator (one-loop example
shown in Fig. 1.1) can also be at most only logarithmic, and thus leads to the absence
of the fine-tuning problem associated with the quadratic divergence of the Higgs
boson mass corrections. This aspect was first shown in Ref. [3] using the supergraph
methods, and directly in Ref. [4].
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Chapter 3
Minimal Supersymmetric Standard Model

3.1 Supersymmetric Extension of the Standard Model

The minimal supersymmetric extension of the standard model (SM) can be obtained
by taking the F- and D-terms of the Kéhler and superpotentials formulated previously.
The left-chiral superfields for quarks, leptons and Higgs should be combined with
the following conditions:

e SUB) x SUR2)r x U(1)y gauge group.

e Three generations of quarks and leptons.

e Higgs potential with anomaly cancellation of the higgsino.

e Renormalizability.

In constructing the superpotential, the chiral-superfields listed in Table.3.1 are
needed. The superpartners of leptons and quarks are named with a prefix s-(for
example, the superpartner of the quark is called squark). For the superpartners of
bosons, we add the suffix-ino (for example, the superpartner of the gauge boson is
called gaugino).

‘We must note that there are two Higgs fields in the supersymmetric extension of the
SM. This is due to the fact that the superpotential cannot have a complex conjugate
Higgs field needed for generating the masses of up and down quarks. Therefore
we must introduce a new field which transforms in the conjugate representation of
SU(2)r. The second Higgs field is also needed for the cancellation of the chiral
anomaly of the higgsinos.

The supermultiplets of the MSSM must be coupled to each other at the level of the
superpotential and the Kihler potential, following the gauge invariance and renor-
malizability. We remark here that if we construct the fully allowed superpotential,
some baryon and lepton number violating terms will also be allowed, such as

rarb e / ra Ab e / rapb 11 Fre Be PHe
Aijk€apLi LjEk , )‘ijkgllbLi QjDk , MigapLi H )‘iiji DjDk , (3.1)
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Table 3.1 Chiral-superfields in the MSSM

Field SU@B3)¢ SUQ) L Uy
- v 1
L=1|{. 1 2 —5
(%) :

e 1 1 1
- ar 1

= - 3 2 z
0 (dL) 3
Ue 3 1 2
D¢ 3* 1

[T

N ht

H, =\ /4 1 2
L, (hg)

N hs

H; = Ag 1 2% —

Quark and lepton fields are composed of 3 generations

NI—

where i, j, k denote the generation, and a, b are the SU (2) indices (SU (3), indices
were omitted). We can avoid the baryon/lepton number violation if we introduce the
following R-parity

R — (_1)3(B—L)+2S , (32)

where B, L and s are respectively the baryon, lepton numbers and spin. By imposing
this parity conservation, processes generated from the superpotential do not violate
baryon and lepton numbers. It is now possible to yield a renormalizable, gauge
invariant and R-parity conserving phenomenological supersymmetric extension of
the SM. We call it the minimal supersymmetric standard model (MSSM).

3.2 SUSY Breaking Terms

The supersymmetry requires the existence of a supersymmetric partner (sparticle)
which has the same properties and the same quantum numbers (especially the mass),
for each particle in the SM. However, no such sparticles have been observed so far,
so we must think that the supersymmetry is a spontaneously broken symmetry. As
discussed in the introduction, the mechanism of the spontaneous supersymmetry
breaking is not well known, and we need to break it by hand. To avoid the regener-
ation of the fine-tuning problem, we must break it without generating any quadratic
divergences. This is called the “Soft SUSY breaking”.

The classification of the soft SUSY breaking terms can be made by inspecting the
tadpole diagrams. Girardello and Grisaru [1] listed the following soft SUSY breaking
terms
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u% (A2 + B?)  (mass shift of the scalar)

/,L%(_A2 — B?)  (mass splitting of the complex scalar) (3.3)
U3AA (mass shift of the gaugino)
M4(A3 — 3ABZ) (scalar trilinear interaction)

Including these terms in the MSSM, the resulting lagrangian breaks the supersym-
metry softly and is of the following form

Lot = [ jT d;im%)..de + ’/N‘Jlf?im%]--ﬁR./

+L] i L, +eR,m2E erj +myy | Hy> + my, | Hyl ]
- E[Ml)\_o)\o + MaAada + M3Zp@s]
- %[M{)\_O%)\o + MiAavsha + Még_B’Ysg’B]
+ [(au)ianb Q?Hubﬁ-}-ej + (@q)ij Q?Hdaj;-g' + (ae)iji?HdaéTRj + h.c. ]

I:(Cu)tjgabQ buRj + (Cd)lj QaHda + (Ce)ijl:? Hj, éTRl + h.C.]
+[bH,Hyy, + he. ], (3.4)

where Ao, A4 and gp are respectively the gauginos for the U(1)y, SU(2)r and
SU (3). gauge groups. The matrices with flavor indices all have off-diagonal compo-
nents. All these SUSY breaking terms can have CP violating phases. We must note
here that although SUSY is broken softly by the gaugino bilinears (due to the gauge
invariance: cancellation of the tadpole diagram), but hardly by the chiral fermion
bilinears (i.e. generate quadratic divergence). In fact the chiral scalar field gains (or
loses) their mass, but the mass of the chiral fermion field is not shifted in the soft
SUSY breaking. The soft SUSY breaking lagrangian enlarges considerably the para-
meter space of the MSSM. After the introduction of SUSY breaking terms by hand
(field redefinition taken into account, ¢ parameters neglected), the model has 124
parameters. To obtain the physical spectrum of the MSSM, we must diagonalize the
mass matrices. The detail is presented in Appendix A (see also Ref. [2]).

The study of the spontaneous breakdown of supersymmetry is a very rich subject
[3], but it is beyond the scope of this thesis.

3.3 Phenomenological Constraints on Supersymmetric SM

Since we do not know the true mechanism of the SUSY breaking, we are forced to
accept the huge number of SUSY breaking parameters. However, as seen previously,
the parameter space of the MSSM is restricted by phenomenology. In the following
we will review the constraints on the parameter space of soft breaking terms.
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x°(LSP)

Fig. 3.1 Example of production and cascade decay of sparticles. The final state terminates only
with neutral LSPs which bring high missing transverse energy

Constraints on sparticle masses from collider experiments

Sparticles, not discovered so far, are given lower bounds to their masses from high
energy collider experiments. The experimental principle for the detection of sparti-
cles is the measurement of high missing energy in collision processes. Particles in
the MSSM with R-parity conservation all decay successively (cascade decays, see
Fig.3.1) to final state with the lightest supersymmetric particle (LSP), which yields
a large missing energy. The analysis of large missing energy with jet, lepton and
photon final states at the LHC has excluded colored sparticle masses (squarks and
gluino) less than 1 TeV [4-6].

Constraints on flavor and CP violations

The data from experiments on testing fundemenal symmetries have provided useful
constraints on the soft SUSY breaking parameters, especially on the soft breaking
mass matrices of fermions [1st, 2nd, 5th and 6th lines of Eq.(3.4)] [7]. The most
known constraints are from the non-observation of the flavor changing neutral current
processes. The first type of constraint is the suppression of the quark flavor changing
neutral current, due to the K (sd), D (cit) and B (bd) oscillations (see Fig.3.2).

Experimental results restrict the flavor off-diagonal components. The ratio between
Am?
the latter and flavor diagonal terms is approximately restricted to mz" ~ O1073).

q
The CP violation of the K system yields also a constraint of same order to the
imaginary part of the squark mass matrices.

Fig. 3.2 Example of super- 3 d
symmetric AF = 2 process: S —— - - - 3 X = = = o > d
KO mixing
g g
d — « 4 -4 L« S
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Fig. 3.3 AF = 1 lepton 5
flavor violating process

nL - X = -
” \ e
/ \
KR I | eL
X0
Fig. 3.4 Mass correctif)n.to d dy - X~ - dr
quark. There are also similar A
contribution for other light / \
fermion d; R \ d
7

The second type of constraint is the AF = 1 flavor violating process. These
constraints apply to the lepton sector, and are obtained from the following flavor
violating process:

w—e+. (3.5)

Of course, we can replace electron and muon by particles of other flavor. Figure 3.3
shows its typical contribution. The experimental results give tight bounds especially

on the flavor off-diagonal component of the trilinear coupling [a,,, a4, a. of Eq. (3.4)].
2

i~ 0(1073) (processes involving the third

Am

The suppression is approximately —

generation do not give strong constraint).

Flavor conserving processes can also yield restrictions. The third type of restriction
comes from the mixing of fermion with their chiral partner (intra-generation mixing,
L < R). This constraint applies only to the flavor diagonal components of the
trilinear interaction [terms with a,,, a4, a. in Eq. (3.4)], for both quarks and leptons.
The typical process is depicted in Fig. 3.4. This is a mass correction to fermions, and
it must not exceed their masses, so only the first and second generations suffer this
suppression.

Finally, measurement of the electric dipole moment constrains the imaginary part
of the flavor diagonal components. Figure 3.5 shows its mechanism. The experimental
results strongly constrain the imaginary part of the trilinear Higgs-sfermion-sfermion

Fr N c | Fgr
X; g

Fig. 3.5 Contribution to the EDM. F is an arbitrary fermion
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1/,

102 1016
Energy (GeV)

Fig. 3.6 Unification of gauge coupling is better in MSSM than in the SM

interactions [terms with a,,, aq, a. in Eq. (3.4)]. The first generation (electron, u and d
quarks) is tightly constrained because the available experimental data depend mainly
on the first generation fermions. The EDM is the main subject of this thesis, and will
be studied in detail.

Renormalization group analysis

The supersymmetric extension of the SM has also an important impact on the renor-
malization group analysis. Since the quadratic divergences are removed by supersym-
metry, it is possible to extrapolate the parameters of the MSSM to very high energy
scale using the renormalization group. The inclusion of additional supersymmetric
degrees of freedom can deviate significantly the renormalization flow in the high
energy region. Surprisingly, the three gauge couplings have a very good unification
at 10 GeV(= Agur) in the MSSM [8] (see Fig.3.6). This fact strongly suggests
that the MSSM is an effective theory of some underlying grand unified theory.

The soft breaking terms were also analyzed with renormalization group based
on the grand unification [9-13]. We suppose that the soft SUSY breaking terms are
also unified at the same scale as gauge coupling unification (Agyt) by imposing the
following universality relations

8GUT =81 = 82 = &3, (3.6)
mip =My =M, =Ms, (3.7)
my=mh =my =mh =m} =m}i =m} =m} . (38
Ag=A; =Ap,=A,, (3.9)

and evolve them along the renormalization group equations to obtain the sparti-
cle masses at the electroweak scale. The supersymmetric model obtained with these
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boundary conditions are called the constrained-MSSM (cMSSM). The gauge charges
of the particles have a strong influence on the evolution of the running of the para-
meters. As a consequence of renormalization group, the masses of colored particles
grows very fast, and the mass mg, varies the least between Agyr and the elec-
troweak scale. One important feature of this renormalization group approach is that
the Yukawa coupling decreases the growth of the soft breaking masses. It was dis-
covered that for sufficiently large Yukawa coupling of the top quark, the Higgs
mass parameter becomes negative, and thus induces the spontaneous breaking of the
electroweak symmetry [14—19]. This is actually one of the strong argument which
supports the supersymmetric extension of the SM. In this thesis, the analysis will be
done without constraining the relative size of sparticle masses. In future work, the
result of renormalization group analysis will be taken into account.
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Chapter 4
R-parity Violation and Phenomenological
Constraints

4.1 R-parity Violating Interactions
The R-parity violating (RPV) interactions are generated by the following superpotential:

1 1
Wi = wigan Lf By + S hijkeap L LGE )i + X jpean L QF(D) + S 45 (U);

(D) (D) (4.1)

with i, j, k = 1, 2, 3 indicating the generation, and a, b = 1, 2 the SU (2), indices.
The sum is taken for each index. For the baryon number violating interactions (terms
with 1”), the SU (3). indices have been omitted. The lepton left-chiral superfields L
and E¢ are respectively the SU(2); doublet and singlet. The quark superfields 0,
U*¢ and D¢ denote respectively the quark SU (2) doublet, up quark singlet and down
quark singlet left-chiral superfields, and H, the up type Higgs left-chiral superfield.
The RPV superpotential gives rise to the following baryon or lepton number violating
interactions (see Fig.4.1).

Ly = [P (i) —@p(Rf) ] +he.
- %A,jk [BiékPre; + ejacPuv + &y Prej = (< )] +he.
— Ak I:‘jid_kPLdj +dpjdy PLvi + djy o6 Prd;
—éridyPruj — i jdy Pre; — J;kéi”PLuj] +h.c.

1 -t
- zx,jk[ iy PLf + ity P + djg i PLS ] + e 4.2)
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€j u; d;

c-»--- ERK - <---CLi __,___de

1z dy. u;

Fig. 4.1 Example of Yukawa interactions generated from R-parity violation. Arrows indicate the
lepton or baryon number flow

where Pp = %(1 — ¥s5), and h,, denotes the up type higgsino. The first three terms
in Eq. (4.2) are lepton number violating and the last term is baryon number violating.
There are also RPV scalar quartic interactions, but we do not consider them since
these interactions have less effects on observable.

We can also add the general soft SUSY breaking lagrangian in the RPV sector:

T

fRSOfI = /-'L;zl ii H, + 7';131 Hd ii
1 ~ o~ ~ / ~ o~ o~ 1 " ~ ~ o~
+meg [EA?jkxijkL,»LjE; + AfrijxLi QiDf + EA?jkx;’ijfD;D,g}
+h.c., (4.3)

where the field operators with tildes are the scalar component of the chiral-superfields.
The SU (2)r and SU (3). indices were omitted, but fields must be combined in a gauge
invariant way.

As mentioned before, the motivation of eliminating the RPV interactions is mainly
to prevent the proton decay in the theory. However, there is no definite reasons to
forbid all RPV interactions. On the phenomenological ground, there is actually no
reasons to prefer R-parity conserved models than RPV models. Furthermore, the
RPV interactions can play roles in the grand unification. If we believe the grand
unification, the quarks and leptons should be embedded in the same multiplets, and
the conservation of R-parity seems to be incompatible. Many grand unified models
which effectively give RPV interactions at low energy have been studied [1-6].
From the point of view of the grand unification, there is no preference between the
R-parity conserving and RPV models, and all grand unification models do not have
any generic prediction for the size of the RPV interactions. (In string theories, it is
also possible to construct models with or without R-parity [7, 8]). We can say that
the study of RPV interactions has potential to provide us with knowledge about the
grand unification.

4.2 Bilinear R-parity Violation
The study of bilinear RPV interactions (mixing between lepton and Higgs) is inter-

esting by itself. The bilinear RPV interactions can be rotated away by redefining the
Higgs field as
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A H +3 ¢ /.lA,l?
H;va— Hiddq Z balt; (4.4)

24w i+

where the massive parameter w of the first term in the numerator is the coefficient
of the mixing between up type and down type Higgs (the so-called p-term of the
superpotential). This redefinition also converts the Higgs-fermion-fermion (stan-
dard Yukawa) terms of the superpotential to the RPV superpotential (for example,
Eab Ql“ I:I,ﬁ7 0; — Eab QI“IA,Z 0; ). This is the reason why we often treat bilinear and
trilinear RPV interactions separately. We must note that this rotation cannot get rid
of the bilinear RPV soft breaking terms. In the case where these soft breaking terms
are present, the sneutrinos also develop vacuum expectation value.

By using the above properties, it is possible to construct a scenario with R-parity
which breaks spontaneously using the following superpotential [9]:

f= Z I:(fu)ijgabé?ﬁlff]; + (f0)ij Q?I:Idaf); + (fe)ijl:?l:ldaé;
ij=123

+ (®)ijean L ALDS + @5 B80S | + ol Bl —eHd,  (45)

where QS, S‘i and ﬁf are the new chiral superfields with lepton numbers 0, —1 and +1,
respectively, and they are all with baryon number 0. The mechanism goes as follows.
First, the scalar potential gets vacuum expectation values in the directions of Vg;,
S, h0 and hO These vacuum expectation values break the lepton number, thus
generatlng the effectlve bilinear RPV interaction (both the superpotential and the soft
breaking lagrangian). This can also be redefined in a basis with the RPV trilinear
superpotential and the vacuum expectation value of the sneutrinos. Note that this
spontaneous breakdown of R-parity does not change the proton life time since the
superpotential of Eq. (4.5) does not minimize to baryon number violating vacuum.

4.3 Phenomenological Constraints on Trilinear RPV Interactions

Many of the trilinear RPV interactions are constrained phenomenologically. We will
review in detail the most important ones.

Constraints from the Non-Observation of the Proton Decay
The simultaneous presence of lepton and baryon number violating RPV interac-

tions leads to proton decays (see Fig.4.2). As the proton decay is not observed in
experiments, the combination of A, A or A”, A" are strongly constrained [10-12].
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Fig. 4.2 Existence of both u > u
baryon and lepton number
violating RPV interactions
induces proton decay U U
—_—— -( —_——
T +

d 3, b (&
Table 4.1 Upper limits on combinations of RPV couplings from double beta decay experiments
RPV couplings Vi MioMo MizMag
Upper limits ([msusy]®) 7.7 x 107° 4.0 x 1077 1.7 x 1078

[msusy]® is the mass of the SUSY particle (d squark involved in the decay) in unit of 100 GeV

Constraints from proton life time can be written as

Ak A < 10720 ~ 1071,

Ihijkh | < 1071~ 1073, (4.6)

which set very strong upper limits [10-16]. Due to this result, we often assume in
theoretical analysis that baryon and lepton number violating RPV interactions do not
co-exist.

Constraints from Lepton Number Violating Processes

The non-observation of the neutrinoless double beta decay sets also strong constraints
on RPV couplings [13-21] (see Fig.4.3).

The combinations of RPV couplings '3, M 12A]5; and A 345, are constrained
as shown in Table4.1.

The effective Majorana mass of the neutrino can also be generated by lepton
number violating combination of RPV interactions [13-16, 22-24] (see Fig.4.4). As
the neutrino (Majorana) mass is constrained by observation, it is possible to limit

Fig. 4.3 Example of neu- d

- > - >
trinoless double beta decay CZ
amplitude induced from RPV e

interactions

Y

Y
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Fig. 4.4 RPV contribution d — %
to the Majorana mass of the
neutrino

RPV couplings contributing to the process. This gives a relatively tight constraint on
the RPV coupling A55: [A)33] < 3.5 x 1073,

Constraints from Precision Tests: Lepton Flavor Violating Process

Some combinations of RPV interactions are tightly constrained by lepton flavor
violating processes. Here we present the example of the flavor changing radiative
decay of charged lepton [ — I’y [13-16, 25] (see Fig.4.5).

This process gives the following constraints on RPV interactions:

Aokl < 5.7 x 107,
WAl < 5.7 x 1072,
|M3yrist] < 11 x 1074,
WS M i < 4.5 x 1074,
M55 Mianl < 7.7 x 1073,
|A553M 33l < 1.0 x 1072,

Iyl < 1.2 x 1072, 4.7)

where k (= 1, 2, 3) and n (= 1, 2) denote the generation of charged leptons.

Constraints from Precision Tests: Rare Hadron Decays

Hadron decays are very sensitive probe of RPV interactions since they receive contri-
bution from the four-fermion interaction generated from R-parity violation [13-16,

Fig. 4.5 © — ey process

within RPV interactions R

KR [ | €R
vj
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Fig. 4.6 RPV contribution to v Ve
the K — mwvv

26-31]. Here we will present the example of the semi-leptonic K+ — 7wt vi decay.
This K meson decay is induced by the following effective interaction (see Fig. 4.6)

Mk _ kM - B}
Lx = —zdj)/u'PLdj/ ViYuvir — —zdk)/‘LPde/ VirYuVi + h.c.. (4.8)
2m£z 2m£z
Rk Lj

The branching ratio of the purely RPV K — 7T vi decay is given by [28-31]

e BKY = w0%tve) (A5 M MM 49)
= 22 2 - 2 ’ :
16' VMS | GF ngn md‘-Ln

Brpv(KT — b))

where r; = 0.901 is the isospin correction factor. The branching ratio of the K
decay into isospin partner is given by B(Kt — 7%%v,) = (5.07 & 0.04) x 1072,
The above RPV branching ratio should not excess the discrepancy between exper-
imental data [32-35] and the standard model prediction [36]. Recently, experiment
has observed the rare KT — 7 tvp decay, and the result is consistent with the stan-
dard model prediction. The RPV contribution is therefore constrained and should
not excess the error of Bexp — BswM, the difference between experimental value and
the standard model contribution. We do not consider the interference between RPV
and standard model contributions. The experimental value of the branching ratio of
the decay K+ — m+vb is [32-35]

Bexp(KT — mtvi) = (1.737)02) x 10717, (4.10)

The theoretical estimation of the standard model contribution is [36]

Bsm(KT™ — i) = (7.81705) £0.29) x 10711, (4.11)
where the first error is related to the uncertainty of the input parameters and the
second one to the theoretical uncertainty. We obtain then the following inequality
for the bilinear of RPV couplings:
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A./* )\'/ )\.,* )\'/ 2
4.1 x |2nljin | TindTin2 155 10710, (4.12)
[den]2 [mdL,,]z

where the expression with [- - - ] denotes the mass of the sparticle in unit of 100 GeV.
The right-hand side of the above equation is the error of Bexp — Bsm. This gives then
the following bounds to the RPV couplings:

Wil <73 x107%mg. PP [Ajn Mnl < 7.3 x 107%my, 12, (4.13)

jln
where the dominance of the single bilinear of RPV couplings was assumed. Note
that we have not considered the interference of the RPV amplitudes with standard
model and R-parity conserving supersymmetric contributions.

This limit can be used to constrain RPV interactions with other flavors via fla-
vor mixing. The change from the current basis to the mass basis yields the change
dydy — dpd;, >~ Vi V55d + - - - for the quark bilinear in the effective lagrangian.
We then obtain the following upper limits

Mgl < 5.7 x 107 [my_ 1,
Aiael < 0.14[mg, 1. (4.14)

wherei,k =1,2,3andm =1, 2.

Similar analysis holds for the B meson decays [37—40]. The effective lagrangian of
Eq. (4.8) involving b quark generates the following purely RPV decay BT — X,v Vi
and can be expressed as follows [37]

2 /
i 3k MM s

2m~

B(BY — Xcetve) — 8G3 |vch\2fps(mc/mb> 2m?

drk

BRPV(B+ g Xs‘)jii) Z l

4.15)

where fps(x) = 1 — 8x + 8x> — x* — 12x%Inx? is the phase space factor. By
using the quark masses m, = 1. 29+8 (1)? GeV and m, = 4. 194_'8:(1)2 GeV [39, 40], we
obtain fp S(mg / mi) ~ 0.5. The notations X and X denote the strange and charmed

hadronic final states respectively. From the review of Particle data group, we have
[39, 40]

B(BY - Ktvi) < 1.3 x 1072, (4.16)
B(BT — K*(892)"vi) <8 x 107, (4.17)
B(BT — X.etv,) = (10.8 £0.4) x 1072, (4.18)

From the upper two inequalities, we have B(Bt — X,v1) < 1 x 10™*. The standard
model prediction is Bsy (BT — Xvb) < 5% 1073 [37]. By neglecting the standard
model contribution, we obtain the following bound to the RPV interactions:
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’ /% —4 2 / 1% —4 2
Mo el < 58 x 1074 my . [Moh sl < 5.8 x 1074 my 12, (4.19)

As for the K — mvv decay, the change from the current basis to the mass basis
can set limits to other combination of RPV couplings. The mixing between s and b
quarks gives the following bound

where i,k =1, 2, 3.

Constraints from Precision Tests: Electric Dipole Moments

The electric dipole moments of neutron, YbF molecule, 20571 and 199Hg atoms can
set severe constraints on the CP phases between RPV couplings. This topic is the
main subject of this thesis and will be discussed in detail in Part III.

Constraints from Precision Tests: Universalities

The universality of the gauge coupling is an important tool to rule out the interactions
of new physics. If the universality of the weak coupling holds, the contribution from
the RPV must be embedded in the uncertainty of the standard model. This can
be applied to the RPV interactions by noticing that the weak decay of leptons

(or hadrons) can be mimicked by RPV amplitude with the same Lorentz structure

[41, 42].

Letus examine the decays of leptons. The lepton number violating RPV interaction
Aijk also contributes to the process. In Fig. 4.7, an example of the RPV muon decay
process is shown. This contribution can interfere with the muon beta decay, and leads
to the following redefinition of the Fermi weak coupling constant for the muon decay

2

Gr 5 My 2
= 1+ [A21k]” | - 4.21)
2 2.2
V2 8myy, 83Mz,

Similarly, the Fermi constants for the decays of t lepton to electron and to muon

will be shifted by (m?, /ggngk ) 231k|% and (m3, /ggmgkk )|A324 |2, respectively. The

decay ratios Ry, = I'(t™ — pu o)/ I'(u~ — e Vevy) and Ry = I'(t™ —
e vevy)/I'(t™ — v, vy) will then be shifted by

Rew = [Roulsw {1+ 200y /g3m2 aai® = Gy /g3m?, a1} 4.22)

Re = [Relsw {1+ 200n /g3m2, D haul® = ondy /edm? b1} . 423)
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Fig. 4.7 Example of process U,
with RPV interactions inter-

fering to the SM weak process

(example of muon decay)

o M
A
erp
e
The standard model prediction of these ratios are
[Ry.dsm = 1.309 x 10,
[R:]sm = 1.028. 4.24)

These values were calculated by taking into account the radiative corrections and the
running coupling [42]. The experimental values listed by the review of Particle data
group are [39, 40]

[Ry] = (1.315 +0.006) x 10°,
[R.] = 1.025 £ 0.003. (4.25)

The consistency between the experimental values and the standard model predictions
implies that the RPV couplings must be within the experimental errors. The following
constraints can then be given:

[221%] < 0.05[mgp, 1,
[A31k] < 0.03[mgg, 1,
|A32k| < 0.05[mzp, 1, (4.26)

where k = 1,2, 3. [-- -] denotes the mass of sparticles in unit of 100 GeV. Here we
have also assumed the dominance of single RPV couplings.

Similar analysis holds for the decay ratios I'(m~ — e V) /I'(m™ — [ Vy)
and I'(t~ — 7 v)/I'(r~ — p v,), and also for the decay ratios rp® —
wtv,K7)/r(D° — etv,K™), (DT — ptv, K%/ r(Dt — eTv.K") and
It — putv,K*892)%)/r(D* — eTv,K*(892)"). These processes receive
contribution from lepton number violating RPV interactions A; k> SO it is possible to
constrain them. This method has the advantage to cancel the theoretical uncertainty
due to the meson form factors, and the ratio can be fully calculated in the standard
model. In these cases, the uncertainty of the CKM matrix elements V,; and Vs has
to be taken into account. For detailed discussion, see Ref. [42].
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RPV at Colliders

The RPV processes can also be observed in collider experiments [22, 41, 43, 44]. The
first type of manifestation of the R-parity violation is the resonance of the sneutrino
in pp collision, as shown in Fig.4.8. The analysis of the data accumulated at the
LHC provides a stringent constraint on the coupling A%,,, if the  sneutrino is the
LSP. The non-observation of such resonance gives A5, < 102 for my, = 1TeV
and }‘511 < 1073 for my, = 100GeV [43, 44].

The other way to constrain RPV interactions is to analyze the displaced vertices
of the heavy particle decay. The typical process is the decay of the lightest neutralino
as shown in Fig.4.9. No significant result was found at the LHC, and it was con-
cluded that the product between the production cross-section and the decay branching
fraction of the neutralino is less than 5pb for m; = 1.5 TeV [43, 44].

Constraints from Cosmology

The non-conservation of R-parity leads to the decays of lightest sparticles (LSPs)
(example of the decay is shown in Fig.4.9) [13-16, 22]. This fact can disturb the cur-
rent picture of the Universe in two ways, and we need to constrain RPV interactions
in each case.

The first topic is the stability of the supersymmetric dark matters. The candidates
of dark matter in supersymmetric models are the lightest neutralino or sneutrino. To

Fig. 4.8 Example of d ut
resonance process with RPV
interactions in collider search

_——— - - =

Fig. 4.9 Neutralino decay e
within RPV interactions

X0
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reconcile the scenario of supersymmetric dark matters with the existence of RPV
interactions, the following constraint must hold:
hijil Nl 1] < 1072, (4.27)
for mgusy = O(100GeV), where i, j, k = 1,2, 3. Of course these limits do not
apply when the dark matter is not composed of supersymmetric particles.
If unstable LSPs with RPV interactions is larger than 10729, there is a second type
of constraints. The LSP must actually decay before the nucleosynthesis to not disturb

the nucleosynthesis [45]. The decay of LSPs before nucleosynthesis is translated to
the following lower bounds

gl M el 1A7 ] > 10712, (4.28)

The other cosmological source of strong constraints on RPV interactions is the
dilution of the baryon asymmetry [46—49]. The RPV interactions can dilute the
baryon number asymmetry of the Universe when the expansion rate of the Universe
is smaller than the decay rate of matter. The non-dilution of the matter imposes also
constraints on RPV interactions as follows:

il I3l 4] < 16 107 Im 1Y% (7 > m ),
hijiels IAels IA7 ] < 1.6 X 10*6[mf]1/2 (T <mj), (4.29)

where [m ;] is the mass of sfermions in unit of 100 GeV. We must note that these
bounds do not apply simultaneously to all RPV interactions. It is possible to pro-
tect the baryon number asymmetry by imposing the above constraints to a fixed
generation.
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Electric Dipole Moments



Chapter 5
Backgrounds and Motivations for EDM Search

The study of the electric dipole moment (EDM) began in the measurement of
neutron EDM done by Purcell and Ramsey in 1949 [1]. Attentions were paid to
EDM, known as parity-odd observable, when parity violation was discovered in the
decay of polarized ®*Co [2, 3]. Landau pointed out however that EDM can not probe
the parity violation since it is also time reversal-odd [4—6]. The time reversal symme-
try (or equivalently CP, within the assumption of CPT theorem) of the theory must be
broken to observe finite EDM. The parity (P) and time reversal (T) violations of the
EDM can be explicitly shown in the following way. Consider the EDM interaction
hamiltonian H = —d(o) - E (the EDM is proportional to the spin unit vector (o)
since it is the only vector quantity in the system). We then have

P

—dio) - EL —d(o) - (—E) = —H, (5.1)
—dio) - EL —d(—(6))-E = —H. (5.2)

After the CP violation in the K meson system was discovered [7], the importance of
EDM search was then fully recognized.

The EDM is an observable measurable in a variety of systems. It was tested
also for many atoms from 60’s. In 1963, Schiff gave the famous Schiff’s screening
theorem [8] which states that the EDM of non-relativistic, point-like components is
screened in a neutral electrostatically bound system. The EDM of components in
atoms suffers then from the screening due to the rearrangement of the system. Schiff
also pointed out the loopholes of the theorem. Atomic EDM can arise due to the
following mechanisms:

e Relativistic effect to electrons with intrinsic EDM.

e P, T-odd interactions between electron and nucleus.

e Finite size effect of the nucleus: the residual effect, the nuclear Schiff moment is
not screened by electron rearrangement.

The 70’s was an era of a great development for CP violation in theoretical
physics. Kobayashi and Maskawa predicted the existence of 6 quarks with the famous

N. Yamanaka, Analysis of the Electric Dipole Moment in the R-parity 39
Violating Supersymmetric Standard Model, Springer Theses,
DOI: 10.1007/978-4-431-54544-6_5, © Springer Japan 2014
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Cabbibo-Kobayashi-Maskawa (CKM) mixing and successfully included the CP
violation in renormalizable theory [9]. The EDMs of neutron and electron were then
evaluated, but exhibited a very small contribution from the CKM matrix. This will
be shown in the subsequent chapter.

The potential role of the Strong CP lagrangian was also pointed out. The QCD
lagrangian can also have the Strong CP 6-term, which contributes to the P, CP
violation of the hadron sector. The 6-term has a large contribution to the neutron
EDM [10]. It is then possible to use the experimental data to constrain the size of
the O-term. An extremely fine-tuned coupling @ (to better than one part in 10”) has
been obtained. This unusual fine-tuning is known as the Strong CP problem. This
fact goes to the development of the dynamical relaxation of the Strong CP problem
introduced by Peccei and Quinn [11], which solves the problem by making the
f-term unphysical while giving rise to the pseudo-Nambu-Goldstone boson, the
axion. The axions are still not discovered in experiment, and this subject is one of
the most important experimental challenges in particle physics.

While the CKM theory was very successful in describing CP violation in exper-
iments, it has also a serious problem in interpreting our matter abundant Universe.
Our Universe is thought to be initially empty of matter, and need satisfy some condi-
tions to dynamically generate baryon and lepton number asymmetries in a sufficient
manner. Sakharov pointed out the famous three criteria for realizing matter abun-
dant Universe [12, 13]: (@) The existence of baryon number violating interactions;
(b) Sufficient C and CP violations; (¢) Departure from thermal equilibrium. In the
CKM theory, the CP violation (condition (b)) was estimated to be too weak to explain
the matter abundant Universe. The baryon number asymmetry of our Universe is now
known to be one of the serious problem of the standard model (SM). We need there-
fore some new physics beyond the SM. The supersymmetric extension of the SM is
known to be one of the candidates of new physics which has the potential to solve
such problems and has been developed and analyzed by many theorists. The super-
symmetric extension of the SM can provide many CP violation via the soft breaking
terms, thus being a very interesting target of the EDM analysis. The CP violation
given by SUSY also has a large contribution to the EDM, and current experimental
data give constraints to the CP violating phases of soft breaking terms. It is then pos-
sible to constrain the CP phases of the supersymmetric SM from experimental data of
neutron and atomic EDMs by more than 2 orders of magnitude (when supersymmet-
ric particles have masses around TeV, which is preferred by the hierarchy between
the breakdowns of supersymmetry and electroweak symmetry). This unusual tuning
is called the SUSY CP problem. Studies of other models, such as the multi Higgs
doublet models [14—-16], left-right symmetric models [17, 18], give also constraints
on the CP violation of the model considered.

Up to now the EDM searches give only null results in every system studied.
However, as seen above, the search and analysis of EDMs gave us many hints and
visions of what new physics look like, and stimulated the development of many
theoretical investigations. The search for EDMs are still one of the most important
challenges in particle physics, with the main goal: beyond the standard model.
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EDM has many advantages in searching new physics. Its experimental study can
be categorized in the low energy precision test of the SM, with lower cost than
high energy experiments using colliders. In General, the low energy precision tests
including EDM experiments and high energy experiments are complementary in new
physics search. Moreover, the EDM can be measured in a variety of systems: the
EDMs of each system (neutron, atoms, molecules, muon, nuclei, etc) are sensitive to
their own parameter space of new physics, and each EDM is complementary. This
is one of the important motivations for the EDM search. Many EDM experiments
are now being planned or prepared to search for EDMs in a large variety of systems
[19]. The small SM contribution must also be emphasized. The CKM contribution
to the EDM is known to be be very small, due to the suppression in low orders
of perturbation. These more or less accidental suppressions give a very small SM
background on EDM, which makes the EDM to be a very good probe of new physics.
This topic will be discussed in detail later.

The sensitivity of the EDM on new physics in comparison with other experimen-
tal approaches is also remarkable. This can be illustrated by making a very naive
comparison of the two experimental approaches. Let us assume that the contribution
of the new phyics to the EDM is from the one-loop mechanism with a O(1) coupling
with CP phase. For the neutron EDM d,,, we then obtain

Y,e 1072
~ ec
472 Mnp Mnp/GeV

~
n

m, (5.3)

where Myp stands for the mass of the particles in the loop, and Y, is the quark
Yukawa coupling. If we interpret the mass of the intermediate particles to be the
scale of new physics, for d, < 1072% ecm, we are probing new physics of the scale
of 100 TeV. This value is well beyond the current sensitivity of the present high energy
experiments (for LHC, Ecy = 14 TeV). Of course, small CP phases or accidental
suppression of interactions contributing to EDM can upset this argument, and probing
these scenarios is more or less limited, but this naive comparison nevertheless tells
us the power and the potential of EDM experiments.

With all these arguments seen above, we can affirm that EDM is a very interesting
topic of particle physics, and this subject must be discussed.

There are now many EDM experimental data available for many systems. The
present experimental upper bounds of EDMs are given in Table 5.1. This table shows
the importance of the EDM search. The future plans of many experiments on EDM
have been made. The present planned neutron EDM experiments targets O(10728) ¢
cm level sensitivity by increasing the ultracold neutron density stored in cells (PSI,
Los Alamos, RCNP-TRIUMEF, J-PARC, etc). For paramagnetic atoms, the search
for the EDM of Francium is prepared in Tohoku university, aiming at O(1072%)
e cm. For the EDM of diamagnetic atoms, '?°Xe (Tokyo Inst. Tech., 0(10730)
e cm), 2»Ra (Argonne, O(1072%) ¢ c¢m), radon (TRIUMF, O(107%°) e cm) are
planned. Searching for molecular EDMs is also planned in many facilities (with
ThO, PbO molecules, etc). The atomic and molecular EDM measurements have
known significant improvements with laser trap techniques. On the side of charged
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Table 5.1 Current experimental limits from direct EDM search and methods used in measurement

System Experimental limit (e cm) Techniques

Neutron d, <29 x 10726 Storage of Ultracold neutron [24]
20571 atom dn <94 x 107> Beam of Tl atoms [25]

199Hg atom dyg < 3.1 x 1072 Storage of Hg atoms in vapor cell [26]
129Xe atom dxe < 4.0 x 10777 Spin exchange pumped maser [27]
YbF molecule (do < 1.05 x 10727) Beam of YbF molecules [28]

Muon dy, <1.8x 1019 Storage ring [29]

For the case of YbF molecule experiment, the corresponding limit to the electron EDM is shown

particles, muon (prospected sensitivity 0(1072) ¢ cm), proton (0(107%) ¢ cm),
deuteron (0(10=%) ¢ cm) EDM measurements are prepared at J-PARC and BNL.
The measurement of charged particles uses the new technique with storage ring
[20-23]. This new technological innovation opens up the possibility for the mea-
surement of light nuclei, such as the 3He nucleus.

To give constraints on parameters of new physics from EDM experimental data,
we need to analyze the hadronic, nuclear and atomic many-body physics [30-34].
The EDM of a composite system depends in fact on many underlying P, CP-odd
mechanisms and the relative sensitivity varies between systems. This is the reason
why the EDM data for different composite systems are complementary. The depen-
dence of EDMs on the underlying mechanisms are illustrated in Fig.5.1.

The accuracy of the hadronic, nuclear and atomic level calculations is therefore
crucial for the search of new physics through EDMs. Details of these calculations
are explained in the subsequent chapters.
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Fig. 5.1 Dependence of the EDM observables on the underlying P, CP-odd mechanisms [32]
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We will review in detail the many-body physics contributing to EDMs, the
prediction of the EDMs within the standard model and the constraints on super-
symmetry. In the next three chapters, we will see the detail of the hadronic, nuclear
and atomic many-body calculations. In Chap. 9, we will review the prediction of the
small EDM in the standard model. In Chap. 10 we will present the constraints on
supersymmetry.
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Chapter 6
Hadron Level Calculation

The first many-body physics relevant to the evaluation of the electric dipole moment
(EDM) is the effects on the hadron level. In this chapter we present the calculations
of the contributions from the leading P, CP-odd hadronic mechanisms. The processes
considered are the nucleon EDM, P, CP-odd nucleon-nucleon interaction, P, CP-odd
electron-nucleon interaction due to the P, CP-odd quark level operators, the quark
EDM, quark chromo-EDM, gluon chromo-EDM (i.e. Weinberg operator), 6-term,
P, CP-odd 4-quark interaction, and the P, CP-odd electron-quark interaction. The
schematic dependences of the hadronic scale operators on the quark level operators
are shown in Fig. 6.1.
The P, CP-odd lagrangian on the hadron level

ghadron = o%dm + gﬂNN + D%Ns (6~1)
with
e the nucleon EDM
i _
Leam =~ NZ dyNoyyysN F*, (6.2)
=p,n

e the P, CP-odd pion-nucleon interaction

3
NN = Z Z[gl(roj)\,Nl\_fr“Nn“—I—gj(rl])\,N]\_anO—l—gf])\,N(]\_/r"Nn“—3Nr3N7t0)],

N=p,na=l1
(6.3)
where a denotes the isospin index, and
e the P, CP-odd electron-nucleon interaction
G _ _ 1 _
Ly = —7’; > |:CIS\,PNN éiyse + CEONiysN ée + EC;{,G’””GNUMUNéUpge}.
N=p,n
(6.4)
N. Yamanaka, Analysis of the Electric Dipole Moment in the R-parity 45

Violating Supersymmetric Standard Model, Springer Theses,
DOI: 10.1007/978-4-431-54544-6_6, © Springer Japan 2014



46 6 Hadron Level Calculation
14
Y
< NR quark model q_Cﬁq
quark EDM
N N
g
Nucleon EDM \
v ’
T anve,
R k ch -EDM
N TN quark chromo.
i n Factorization >::<
N N ! +PCAC q
N === N —D—O—b— N P, CP-odd 4-quark
o N H N interaction
i P, CP-odd 7i-N interaction
N N ChPT ‘.'
P, CP-odd N-N x,
interaction i
Low energy th.
o Do
0-term
e e
e e
P Multiply
- quark condensate
N N q q
P, CP-odd e-N

P, CP-odd e-q

interaction interaction

Fig. 6.1 Detailed flow diagram of the dependence of the hadron level P, CP-odd processes on
leading quark level P, CP-odd operators. The hadron level processes are shown in the left side and
the quark level operators in the right side. The Weinberg operator contribution is not discussed in
our analysis

The P, CP-odd nucleon-nucleon interaction receives the leading contribution from
one-pion exchange as shown in the flow chart of Fig.6.1. It can be obtained by
combining the above P, CP-odd pion-nucleon interaction .y with the standard
P, CP-even pion-nucleon interaction (£ = g, NNNiystN - 7).

P, CP-odd quark level operators include the 6-term, quark EDM, quark chromo-
EDM, four-fermion interaction and the Weinberg operator (gluon chromo-EDM).
These operators with the lowest mass dimension, give the leading contribution to the
hadron level P and CP violations. The leading quark level P, CP-odd interactions are
the followings:

e O-term: 2
8
2y = 64;29 "G ,Glhy (6.5)
e quark EDM:
Logom === D dg GouysgF"’, (6.6)

q=u,d,s
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e quark chromo-EDM:
i _
ZeEpM = ) Z dy 8sGountaysq Gy, (6.7)
qg=u,d,s
e P, CP-odd 4-quark interactions:
Gr o 1, po - .
Lig=—= Coa(G0)(@riysq) + =C.. €% (G6,,9) (G100 q7) | .
V2 > “aq
q.q9/=u,d,s,c,b

(6.8)
e P, CP-o0dd electron-quark interactions:

Gr . o1 _ _
Log = z I:Ces;qqel)@e + qusqusqee + chTqS’w’wqauvqeapoe] ,

_ﬁq:u,d,s,c,b
(6.9)
e Weinberg operator [1]:
Ly = wZL pabeapriGa Gb Gl (6.10)
6 \/5 po ™~ By '8

where f@¢ is the SU(3) structure constant of the Lie algebra. (The Weinberg
operator will not be discussed in this thesis, since it is not relevant in our analysis.)

To obtain the P, CP-odd hadron level interactions, we need the results from model cal-
culations which need many inputs, such as hadron matrix elements, quark masses, etc.
Strong interaction processes should in principle be calculated within the framework
of the Quantum chromodymanics (QCD). However, we still do not have fully ana-
Iytic non-perturbative methods to calculate hadron level processes starting from quark
level interactions. One way of calculating them in QCD is the Lattice QCD simula-
tion, which consists of numerical analysis using Montecarlo techniques in discretized
space-time, but not many data for hadron matrix elements needed in EDM analysis
are currently available, and their calculations remain one of the important home-
work. On the side of model calculations, many results are available. Hadron matrix
elements needed in EDM analysis were essentially evaluated using non-relativistic
quark models, low energy theorems, chiral techniques and QCD sum rules [2]. In
this thesis, we mainly focus on the chiral approach using low energy theorems for
the evaluation of hadron matrix elements. The first reason of this choice is that many
calculations of hadron matrix elements are available. Since different models have
different source of errors, it is very important to use the same model for every hadron
matrix elements needed in the analysis. The second reason is the systematic estima-
tion of the precision of hadron matrix elements. We will also use the results from
ab initio lattice QCD calculations if available. In the following, we first examine the
quark contents of nucleon which are needed in many subsequent analyses. We will
then briefly review the method using low energy theorems which provides us with the
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relation between quark level P, CP-odd operators and the P, CP-odd meson-baryon
couplings. After obtaining meson-baryon couplings, we will discuss the calculation
of nucleon EDMs using the chiral method. The Peccei-Quinn mechanism is then
reviewed. We finally summarize the results.

6.1 Quark Contents of the Nucleon

In the evaluation of the hadron level effective P, CP-odd interactions, we often need
the quark contents of the nucleon with suitable Lorentz structure. (for example, the
P, CP-odd electron-nucleon (e-N) interactions CZS\,P]\_I Neiyse =, p Cf; (N|gq|N)
qq eiyse.) Explicitly, we must calculate (N|gq|N), (N|qiysq|N)and (N|go" q|N)
(N=p,n;q=u,d,s, c,b). We begin first with the evaluation of the scalar content
of nucleon (N |gq|N). The physical meaning of these matrix elements is the fraction
of the quark mass over the nucleon mass. In the classic phenomenological approach
using SU(3) symmetry and breaking with baryon mass splitting [3, 4], and the u, d
quark content of the nucleon (the so-called o term, o = W( pliu + dd|p) =
55 ~ 75MeV [5]), we obtain the following values:

(pluulp) =171, (6.11)
(pldd|p) = 6.9, (6.12)
(plss|p) = 4.2, (6.13)
- mO 71110
where we have equated the proton-neutron mass splitting (p|uu — dd|p) = mf:_m; ,

the &-A mass splitting (p|iu +dd — 25s|p) = 3% and the o -term above. The
recent values of the quark and baryon masses have been used, with m, =~ 2.5 MeV,
myg ~4.9MeV, my =~ 100 MeV, m(,), — mg = —2.05 MeV (nucleon masses without
electromagnetic contribution), mz = 1321 MeV and m4 = 1116 MeV [6-8]. The
quark contents of the nucleon were also evaluated in lattice QCD [9-13]. The u
and d quark contents are in agreement with lattice QCD simulations, and the result
shows that the chiral expansion in u and d quark masses works well. The strange
quark content of the nucleon merits a short discussion. The earlier quenched lattice
QCD simulations for (N|ss|N) showed agreement with the classic value (Eq. 6.13).
However, recent lattice analyses with dynamical quarks indicate that the strange
content of the nucleon is suppressed about one order compared with the classic
values. This can be understood by the suppression of disconnected quark loop (sea
quark) contribution. In this analysis, we adopt the results of the lattice QCD analyses
with dynamical quarks [10—-13]. Calculations present a small result with

(plss|p) = (N|ss|N) = 0.1, (6.14)
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derived with mgy = 100MeV. This disagreement shows that the chiral expansion
in terms of strange quark mass is rather difficult. The result of Eq. (6.13) was from
using the first order expansion of the strange quark mass. However, higher order
corrections can be important since m; is far from the chiral limit. For these reasons,
we will use the result of lattice QCD calculations ({p|ss|p) ~ 0.1) [10-13] in this
thesis.

The charm and bottom quark contributions can be calculated by using the heavy
quark expansion [3, 4]. The leading order contribution of the heavy quark condensate

is given by
1
N>+0(—2), (6.15)
"o

where Q stands for heavy quark. By neglecting higher order terms of O (1/ mz), we
obtain

Qg

(N|QQIN) ~ —<N' Gv.aG™’

12rmg

(N|éc|N) ~3 x 1072, (6.16)
(N|bb|N) ~1 x 1072, (6.17)

where the quark masses m, = 1.3GeV and mj; = 4.2 GeV were used [6-8].
We now calculate the matrix element (N|giysq|N) by using PCAC and axial
anomaly [14] to get

(plaivsalp) = = (A’ + 2> Ag), (6.18)
mgy 2
where Aq’ is the fraction of the axial vector current of the quark ¢ in the proton, Ag
is defined by (p|Tr GWG’“|p) = —2mpyAgitpiysu, [14], where G, is the gluon
field strength and G,w its dual. We use Au’ = 0.82, Ad’ = —0.44, As’ = —0.11
[15, 16], (as/2m)Ag = —0.16 [14] and the recent values of quark masses cited
previously. This gives

(pluiysu|p) = 2438, (6.19)
(pldiysd|p) = —115, (6.20)
(plsiyss|p) = —2.5. (6.21)

The pseudoscalar condensate of the bottom quark can also be calculated in heavy
quark expansion [3, 4]. The leading order contribution is given by

N> +0 (iz) (6.22)
Mo

— . O ~
(N|QiysQIN) ~ —<N‘8m; GuvaGl’
Q
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This gives

(N|Giysc|N) ~ =9 x 1072,
(N|biysb|