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Abstract

This thesis investigates the formalism of matching in the electroweak sector of
the Standard Model in the minimal modified subtraction scheme. Two different
effective models are used to derive an expression of the weak mixing angle
below the particle threshold of the W-boson at one-loop order. One model
is based on a four-fermion contact interaction, while the other one resembles
the electroweak sector of the Standard Model due to the introduction of a
pseudo gauge boson Z’, whose mass is not generated by the Higgs mechanism.
The findings are compared to already published results and shortcomings in
the existing literature are pointed out. It is demonstrated that the previously
published matching condition of the weak mixing angle for integrating out the
W-boson is not based on a well-defined effective theory and needs to be replaced,
for example by a formula derived in this thesis.

The related concept of running coupling parameters in terms of the renor-
malization group equation is discussed in addition. The perturbative treatment
of the running electromagnetic coupling as can be found in the literature is
presented in detail.

The overarching goal is the precise determination of the parity violating
interaction at zero momentum transfer for which electroweak one-loop corrections
are discussed including the role of the weak mixing angle. It can be used to
derive the parity violating asymmetry of elastic electron-proton—scattering which
is going to be measured in the P2 experiment in Mainz to determine the weak
mixing angle.




Zusammenfassung

In dieser Arbeit wird der Formalismus des ,Matching* im elektroschwachen Sek-
tor des Standardmodells in MS-Renormierung untersucht. Zwei verschiedene ef-
fektive Modelle werden verwendet um einen Ausdruck des schwachen Mischungs-
winkels unterhalb der Teilchenschwelle des W-Bosons in Einschleifenordnung her-
zuleiten. Das eine Modell basiert auf einer vier-Fermion-Kontaktwechselwirkung,
wéahrend das andere dem elektroschwachen Sektor des Standardmodells auf-
grund der Einfiihrung eines Pseudo-Eichbosons Z’, dessen Masse nicht durch den
Higgs-Mechanismus generiert wird, &hnelt. Die Ergebnisse werden mit bereits pu-
blizierten Resultaten verglichen und Mangel in der bestehenden Literatur werden
benannt. Es wird aufgezeigt, dass die zuvor publizierte ,Matching“-Bedingung
des schwachen Mischungswinkels fiir das Ausintegrieren des W-Bosons nicht auf
einer wohldefinierten effektiven Theorie basiert und ersetzt werden muss, zum
Beispiel durch eine in dieser Arbeit hergeleitete Formel.

Das verwandte Konzept der laufenden Kopplung im Rahmen der Renormie-
rungsgruppengleichung wird diskutiert. Die storungstheoretische Behandlung
der laufenden elektromagnetischen Kopplung, wie sie in der Literatur zu finden
ist, wird im Detail dargelegt.

Das iibergeordnete Ziel ist die prézise Bestimmung der paritatsverletzenden
Wechselwirkung bei verschwindendem Impulsiibertrag fiir welche elektroschwa-
che Einschleifen-Korrekturen inklusive der Rolle des schwachen Mischungswin-
kels diskutiert werden. Diese kann verwendet werden um die paritéitsverletzende
Asymmetrie der elastischen Elektron-Proton—Streuung zu berechnen, welche
am Mainzer P2 Experiment zur Bestimmung des schwachen Mischungswinkels
gemessen werden soll.
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1. Introduction

1.1. Experimental Motivation

In the past century, particle physicists made great progress in describing the
behavior of particles that are thought to be fundamental. The discovery of
quarks and the development of the associated gauge theory of the strong
interaction, quantum chromodynamics (QCD), as well as the discovery of the
heavy W*- and Z-bosons and the unification of the electromagnetic and weak
forces led to a compound theory of elementary particles. This theory was
successful in describing virtually all phenomena occurring in high energy physics
and hence established as the Standard Model of particle physics over the course
of the years. The Higgs particle that was detected in 2012 at the Large Hadron
Collider was said to be the last missing piece predicted by the Standard Model
and required for its completion, as the masses of all other particles are generated
via the Higgs mechanism.

Besides its great success in describing experimental observations, people hope
for a grand unification of the three distinct gauge groups SU(3), SU(2) and U(1).
In particular, the unification of the electromagnetic and weak sector in terms
of the electroweak gauge group SU(2)xU(1) was a great theoretical success
and a lot of effort was made in order to find a grand unification consistent
with observations. This led to an uncounted number of unifying theories of
which Supersymmetry, for example, is probably one of the most known ones. A
unification of the gauge groups would reduce the number of free parameters,
as the current gauge couplings would be related to a set of group theoretical
constants. Despite the theoretical beauty of some of these theories, no reliable
experimental evidence was found for any of the proposed extensions of the
Standard Model up to date.
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1. Introduction

Extensions and alternative models were not more successful than the Stan-
dard Model itself, but the Standard Model is not the end of the story. Even
though it predicts almost all observations in experiment, it is known to be
incomplete. A wide range of experiments confirmed that neutrino oscillations,
predicted already in 1957 by Bruno Pontecorvo, occur. That is, a neutrino of
a given flavor may alter to a neutrino of another flavor when propagating at
macroscopic distances. The physical mechanism describing this effect requires
a non-vanishing mass difference between the three neutrino flavors, while the
Standard Model describes neutrinos as massless particles. The masses of the
neutrinos may be incorporated into the Standard Model easily, but other devia-
tions, like the anomalous magnetic moment of the muon hint at the necessity
of a new theory. In addition, certain observations like the matter—antimatter
asymmetry in the observable universe can not be explained within the Standard
Model.

On top of that, the Standard Model does not contain a description of gravity.
When matter is in a state of ultra-high density, for instance shortly after the big
bang or in neutron stars or black holes, gravitational effects become significant
on the scale of particle physics. In this regime, the Standard Model can not be
applied and hence needs to be understood as an effective model with a particular
scope of applicability. Furthermore, there is no explanation of dark matter or
the hypothetical dark energy within the Standard Model, up to now. Although
there is no satisfying explanation for dark matter, ultra-precise experiments
probing the Standard Model might be sensitive to some kind of proposed force
between dark and visible matter, like a dark photon.

All these flaws of the existing model, commonly summarized as “New Physics”,
suggest that the Standard Model is just an effective part of a greater unified
theory. In order to search for or get a better understanding of new physics,
it is necessary to probe the Standard Model to the greatest possible extent,
to see at which point — if at all — its predictions fail. One possibility to do
so is by performing scattering experiments at high energies, to be sensitive to
resonances of hypothetical new heavy particles. One famous facility performing
high energy experiments is the CERN at which the Higgs boson was discovered
in 2012, and the W* and Z bosons in the eighties of the past century.

12



1.2. Theoretical Motivation

Measurements at the Z-pole also allowed to obtain a precise value of the weak
mixing angle, which parametrizes the relation between the fields of the physically
observable photon and Z-boson and the fundamental SU(2)xU(1)-gauge fields.
The value obtained at the Large Electron-Positron Collider, that is in the high
energy regime, is the most precise determination of the weak mixing angle to
date. This value also fixes the prediction of the Standard model for the weak
mixing angle at low energies. However, some types of new interactions (like a
dark photon) might give a measurable contribution to the weak mixing angle at
low energies only and thus evade the discovery of new physics at high energies.
This makes the low energy regime an excellent place to look for new physics.

Thus, a complementary approach to experimental high energy physics is, to
study new physics at medium or low energies. Since, the effects of new physics
are still small, low energy measurements have to be exceedingly precise in order
to be sufficiently sensitive. A particular example of a low energy precision
experiment is the upcoming P2 experiment in Mainz. Its aim is to measure
the weak mixing angle at low momentum transfer (Q2? ~ 4.5 - 1073 GeV?) with
much higher precision than previous low energy experiments. The goal is to
obtain a value with 0.15 % relative accuracy [1].

1.2. Theoretical Motivation

The accuracy of an experiment is meaningless without a precise theoretical
prediction of the measured observable within the Standard Model to see whether
the Standard Model fails and if one of its extensions or a different model is in
better agreement with the experimental outcome. Precise theoretical predictions
require the calculation of loop diagrams; in this context, the renormalization
group equation is a particularly useful tool, as it allows resumming large
logarithmic corrections up to any order by solving a differential equation. The
corresponding solution describes the running of coupling parameters with respect
to the energy scale. This formalism can be used to obtain a low energy prediction
within the Standard Model itself. However, at low energies it is more convenient
to use an effective model that does not incorporate heavy particles which are

13



1. Introduction

insignificant at low energies. The parameters of the effective model can be
obtained by matching it with the Standard Model, the corresponding equations
are called matching conditions.

By construction, the matching conditions depend on the formulation of the
effective model and are not applicable without a precise definition thereof. In
QCD, the construction of an effective model is apparent since one can omit heavy
fermions without altering the fundamental properties of the strong interaction.
This is a consequence of the gluons being massless and avoids a model ambiguity
in the context of matching conditions. In the electroweak sector of the Standard
Model on the other hand, the gauge bosons carry a mass and should be removed
in the transition to an effective model, too. This does change the underlying
forces and allows choosing different types of effective models that correspond
to potentially unequal matching conditions. All these matching conditions are
valid within their respective model, but a direct comparison is inadequate.

In addition, the weak mixing angle is a property of the fundamental gauge
group of the Standard Model SU(2)xU(1) and its definition within an effective
model is not evident, initially. It is easy to write down an effective parameter
and the relation to the weak mixing angle in the Standard Model is obtained via
the matching. However, the physical interpretation of the effective parameter
remains unobvious, as the fundamental fields that are mixed according to the
weak mixing angle are not present in the effective model.

In this thesis, the matching condition of the weak mixing angle is studied
within the minimal modified subtraction scheme MS in two different effective
models. This requires a discussion of the renormalization group equation of the
weak mixing angle and the electromagnetic coupling in addition. A detailed
outline of the following chapters is given in Section [1.3|.

1.3. Outline

Chapter |2 defines the Lagrangian of the Standard Model’s electroweak sector
in Section [2.1] and gives a brief introduction to the concept of renormalization
in Section 2.2l Conventions used throughout the thesis are defined in Sec-

14



1.3. Outline

tion [2.3. Finally, Section [2.5] gives a short introduction to the basic ideas of
running coupling parameters, the renormalization group equation and matching
conditions.

In Chapter |3, the running of the MS-renormalized electromagnetic coupling &
is discussed, as it is required for a calculation of the weak mixing angle at
low energies. This chapter includes the derivation of the coupling above the
non-perturbative regime using an unsubtracted dispersion relation approach
in Section [3.1] and its running in terms of the electromagnetic renormalization
group equation in Section 3.4l Eventually, a simple derivation of the matching
condition of the electromagnetic coupling is presented in Section [3.5, which is
based on a calculation of the vacuum polarization in perturbation theory in
Section 3.3l

In Chapter |4, the parity violating interaction required for the measurement
in the P2 experiment is calculated within the Standard Model, with the final
result given in Section 4.2 This requires the derivation of the irreducible vertex
functions in Section [4.1] that also serve as a basis for the matching conditions
later on. The chapter is closed by a discussion of the g-function of the weak
mixing angle in Sections |4.3| and [4.4, which builds upon the running of the
electromagnetic coupling discussed in Chapter |3.

Chapter |5 is dedicated to a concise derivation of the matching conditions
of the electromagnetic coupling and the weak mixing angle. First, basic ideas
and previously published results are presented in Sections |5.1] and [5.2 The
matching condition of the weak mixing angle found in the literature is based
on a method that is not convincing when applied to the electroweak sector
of the Standard Model; the shortcomings are pointed out. In Section [5.3| the
matching conditions are calculated for an effective model in which the Higgs
and W-boson are missing, but neutral current interactions are mediated by a
pseudo gauge boson. This calculation is repeated in Section |5.4]in the context of
an effective contact interaction model, in which the neutral current interactions
of the Standard Model are effectively described by a four-fermion vertex.

Finally, the thesis is summarized in Section |6.1]in which the main results of
the previous chapters are highlighted. An outlook over possible future work
and improvements is given in Section |6.3}
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2. Theoretical Background

2.1. Electroweak Sector of the Standard Model

The Standard Model of particle physics is a non-abelian quantum field theory
that is invariant under a transformation according to its fundamental gauge
group SU(3)xSU(2)xU(1). The subgroup SU(3) is the gauge group associated
with the sector of the strong interaction, while the remaining SU(2)xU(1) is
the unbroken gauge group of the weak sector that historically emerged from the
effective Fermi interaction theory. The gauge groups determine the number of
gauge bosons that mediate the interaction of the three forces that are combined
in the Standard Model. There are eight bosons in the strong sector, the gluons,
and 341 bosons in the electroweak sector. The gauge bosons of the electroweak
sector are organized in an isotriplet and one isosinglet, commonly referred to
as Wj,a = 1,2,3 and By, respectively. A quantum field theory with SU(N)
as the fundamental gauge group is called a Yang-Mills theory, for which the
Lagrangian of the self-interacting gauge fields A}, reads

2
Bt = —i (auAg — 8,42 + g ;f“bCAZAZ‘i) D abe=1,...  N2—1,
,C

(2.1)
The number of fields N2 — 1 of the theory is the number of generators of
the Lie-group and gy, is the coupling constant of the theory. The structure
constants f®¢ are not present in a theory with an abelian gauge group, but
give rise to the self-interaction in theories with non-abelian gauge groups via
three- and four-point interaction terms; ultimately, this self-interaction is the

reason for confinement and asymptotic freedom in quantum chromodynamics.
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2. Theoretical Background

The dynamics of the gluon fields and the isotriplet in the electroweak sector
are determined by two different Yang-Mills terms of the form (2.1), while the
isosinglet is described by a term of the non-selfinteracting field B,

Zp = —=(8,B, — 8,B,)?, (2.2)

1
4
similar to the photon field in quantum electrodynamics. The part of the

Standard Model that describes the dynamics of the gauge bosons is the sum of
these three pieces,

2
1 ~a ~a . 5 abe 3b ¢
gBosons = XB - Z (8;1/41/ - al/Au + g Z f b AMAV)
b,c=
o=t (2.3)

2
1 i i > ij j
- (auw,, -0 W, + g2 ;15 J’fwgwj> ,
]7 =

with i = 1,2,3; a = 1,...,8 and where A refers to the gluon field. The
tensors ¢ and £%¢ are the structure constants of the gauge groups SU(3)
and SU(2), respectively, and § and go are the corresponding coupling constants.
As local gauge invariance prohibits the insertion of mass terms for the gauge
bosons, the masses of the physical W- and Z-bosons are generated by the Higgs
mechanism. The Higgs field ®(x) is a complex scalar doublet and the associated
Lagrangian of the Higgs sector reads

with the covariant derivative
o .Y
DM = 8N - 2g2?WZ" + ZglEBN (25)
and the Higgs potential

A
V(@) =Tlef - pPeft, >0, (2.6)

18



2.1. Electroweak Sector of the Standard Model

where ¢, i = 1,2,3 are the Pauli matrices, Y is the hypercharge and ¢ is the
coupling constant of the U(1) gauge group. Equation (2.6 defines a Mexican
hat potential with a continuous global minimum off the origin. Following the
notation of Reference [2], the Higgs doublet ®(z) may be parametrized as

_ 5 (x)
Pl =@ (f (o) + if(:v))) | =0

where <<I>>T = <O, %) is a vacuum expectation value of the Higgs field, whose
absolute value is determined by v = % The value v is fixed by the minimum of
the Higgs potential, but the orientation of <<I>)T in the SU(2) space is arbitrary.
Inserting the parametrization (2.7)) into Equation (2.4) yields kinetic and various
interaction terms for the fields ¢ (z), n(z) and £(x) as well as the mass terms

(D, @) (0 (@))] v

v
mass terms 8

{g% (Wi +iw2) (Wi —aw)
+ (ngu + QQWj’) (ng“ + 92W3“> ]

1 1
= My WIw + S M3 717"
(2.8)
The masses of the physical W- and Z-boson emerge from the vacuum expectation

value of the Higgs field; they read My = %vgg and My = %v\/g% + g2 in terms
of the fundamental coupling constants and the vacuum expectation value of the
Higgs field. The corresponding fields are defined as

1
NG

\V9i+ 93

(W wiw?), (2.9a)

N

Z, = (gng‘j + ngu) = cos HWWS’ + sin Oy B, (2.9Db)
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2. Theoretical Background

in terms of the weak mixing angle fy,. It is defined by a ratio of the fundamental
gauge couplings,’
2
91
gi+93

sin? Gy = (2.10)
and serves as a parametrization of the mixing of the Wg’ and B, gauge fields
into the physical Z, and A, fields. The latter one remains massless after the
spontaneous symmetry breaking and reads

1
Ay = (_glwg + gQBM) = —sin 0WW3 + cos Oy By,. (2.11)

\V 91+ 93

Solving Equation (2.10) for the weak mixing angle, one finds at tree-level

2 2
cos® Oy = M—VQV, sin? @y =1 — My (2.12)
Z
as the relation between weak mixing angle and masses of the massive gauge
bosons. The cosine and sine of the weak mixing angle are commonly abbreviated
with ¢ and s, respectively. A definition including arguments and accents will be
given in Section [2.3|
The previous introduction covers the essential properties of the Standard
Model in the fundamental basis of the W;i‘ and B,-fields and is required to
understand the origin of the weak mixing angle. For the discussion of matching
conditions later on, it is convenient to work in the physical basis of the W/f—,
Z,- and A,-fields. And since the strong interaction is not directly relevant
for the matching of electroweak parameters, it is sufficient to only discuss
the electroweak sector of the Standard Model (EWSM). The results of QCD
calculations are taken from the literature where needed, but the strong sector
of the Standard Model will not be discussed.
The starting point for the discussion of matching conditions is the Lagrangian
of the EWSM in terms of the physical fields. For brevity, terms involving

! Although less precise, the term “weak mixing angle” is often used as a synonym for sin® Oy,
too.
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2.1. Electroweak Sector of the Standard Model

the physical Higgs boson 7 and interaction terms that do not contain either
the photon or Z-boson are not given explicitly, as these are not required for
the calculation of the parity violating interaction at one-loop order, which
is the main goal of this thesis. The WW-box graph does contribute to the
parity violating interaction, but the corresponding terms can not be absorbed
into universal parameters and do not contribute to the matching conditions,
consequently. The full EWSM Lagrangian may be separated into several pieces
according to

$:$f+c%+$bs+$H+$Y+$ﬁx+gg, (2.13)

where .Z; contains the kinetic terms of fermions and their interaction with the
gauge bosons and %, constitutes the free gauge boson Lagrangian as well as
the couplings among gauge bosons. The kinetic terms of the scalar fields and
the interaction terms that involve gauge bosons and scalar fields are combined
in %s. The pieces Ly and % describe the interaction between the scalar fields
and the Yukawa couplings, respectively; they contribute to the gauge boson’s
self-energies only at higher loop order. The two remaining pieces Z5, and .Z;
are the gauge-fixing Lagrangian and the Lagrangian of the Faddeev—Popov
ghosts, respectively. The exact definition of all pieces except for £ and % is
given in the following.
The fermionic piece reads [3]

Ly =Lyw + 3 [T —my) f = eQrFA"fA,]
f

_r _ (2.14)
+> 9z TR A 1 = QT ] s
f

where Zry describes the interaction between fermions and the W-bosons
and gz = % is used as an abbreviation for the coupling constant of the Z-boson.
Conventionally, the masses of the fermions are generated by introducing a
Yukawa-coupling between Higgs and fermion fields. Here, they are introduced
as independent parameters of the theory for simplicity. The purely gauge bosonic
terms in the Lagrangian are
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2. Theoretical Background

G~ o, — o —ie (Wi —ww)
_ % ‘(%Zl, — 0 Z, +igz (WJWJ - WV_WJ) ’2 (2.15)
- % 0. W, = 0w, —ie (WA, - Wi A,)

+igz (W2, - Wqu)’Q

and %, is given by

2
10X — iSW;¢+ +iMyZ, — 22 7,x

1
a%szi 9

2
. e
Zu¢t —iMw W, + QSWJX‘ + ...

(2.16)
the ellipsis represents kinetic and interaction terms of the physical Higgs n. The
gauge-fixing Lagrangian in 't Hooft gauge reads

2 — g2
2cs

+ 00T +ied, ¢t —ie

L= = o (AL (O A) — o (0°2,) (0 Z) + M0 Zyx
28 287
§z .20 1 +\ (Aavi— 2.17

—iMy ("W, o™ — "W 6T — ewME6toT,

where £4,&7 and &y are the gauge fixing parameters, and the Lagrangian of
the Faddeev-Popov ghosts is

Ly = —at ("0 + My ) ut —u (0"9, + My ) u”

+ ie (8“ﬂ+) <A“ — EZ“> ut —ie (a“ﬂ_) (AM — EZ“> u 4.
(2.18)

The ellipsis stands for the kinetic terms of u? and uZ and for interaction terms
between the ghost particles and scalars and W-bosons.
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2.2. Regularization and Renormalization

The Lagrangian defined above is not yet renormalized even though a special
index indicating bare quantities was omitted for readability. Calculations beyond
tree-level require a renormalization of the Standard Model, which is obtained by
replacing the bare fields and parameters by renormalized ones. For the following
discussion, it is sufficient to only introduce renormalization of the neutral gauge
and fermion fields by means of the replacement

AH Ag AH V1+06Z4 0Z Az
— =X ) X = ,
YA Zg s 5ZZA A% 1+ 5ZZ (2 19)

LN W

Masses need to be renormalized, too, but will be expressed in terms of the bare
masses denoted by a subscript “0” in the following.

2.2. Regularization and Renormalization

The above definitions determine the theory unambiguously only at tree-level.
The computation of diagrams containing loops requires an integration over
all possible loop momenta, which diverges due to the lack of an upper bound
of the integration variable. Since the divergences stem from the integration
over unbounded momenta, they are commonly referred to as ultraviolet diver-
gences (UV-divergences). Regularization techniques can be used to quantify
the divergence which is a mandatory step for making physically meaningful
predictions.

The most common technique for regularizing the integrals is dimensional
regularization, as it preserves all the symmetries of the underlying theory,
including gauge symmetry. The divergent integrals are dimensionally regularized
by replacing the four-dimensional integration with a D-dimensional one,

d4 dP
/(2754 —>u4_D/(27T)qD, (2.20)
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2. Theoretical Background

where p is an arbitrary mass scale that is introduced to keep the mass dimension
of the integral fixed. This way, the integral becomes a meromorphic function
with a pole at D = 4. The one-loop divergences that occur after integration are
of the form

2
Ay = A+ log % (2.21a)
2
A= 1—Dp EM + log 4, (2.21b)

where M is a particle mass and ygv = 0.577215. .. is the Euler-Mascheroni
constant. Only the first term in the definition of A is divergent in the physical
limit D = 4, but conventionally, the entire expression A is referred to as a
UV-singular piece.

The constants and fields that appear in the Lagrangian have no precise physical
meaning as they are not measurable. The observable quantities like cross sections
are functions of these constants and fields as well as the meromorphic loop
functions in the limit D = 4. Since the observables have to be finite, the terms
that arise from the constants and fields of the Lagrangian have to cancel the
poles of the loop integrals such that the theoretical prediction of the observable
is finite, eventually. In addition, different choices of regularization will lead
to different results for the loop integrals that may or may not depend on an
unphysical scale parameter or cutoff. However, physical observables and the
theoretical predictions for these observables must not depend on an unphysical
scale or a particular choice of regularization prescription. To work around these
issues, the theory needs to be renormalized, which allows obtaining physical
meaningful predictions.

The theory is renormalized by rescaling the bare fields and constants with
appropriate renormalization constants and requiring that these renormalization
constants cancel the divergences of the space-time integrals. This requirement
fixes the singular parts of the renormalization constants; however, the finite
parts of the renormalization constants are arbitrary and one particular choice
of a system of equations that determines all renormalization constants is called
a renormalization scheme.
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2.2. Regularization and Renormalization

The on-shell renormalization scheme (OS) constrains the renormalization
constants such that the renormalized coupling constants and masses coincide
with the experimentally measured ones. The fields are renormalized by setting
the residue of the corresponding particle’s propagator to unity. This is not
strictly necessary but allows avoiding the computation of self interactions of
the external particles when calculating matrix elements. The OS scheme is
appealing, as it gives physical meaning to the constants in the theory, but is not
universally applicable. For instance, the mass parameters are set equal to the
experimentally determined pole masses, but since light quarks do not exist as
free particles at low energy due to confinement, the OS scheme is not applicable
to QCD.

In the minimal subtraction scheme (MS), the renormalization constants do not
contain any finite terms, but only the terms proportional to (4 — D)fl. They
are defined such that they cancel precisely the corresponding poles emerging
from the loop integrals. The MS renormalization constants can be obtained
from the OS ones by keeping only the ﬁ—terms and correspondingly, the
renormalized MS loop expressions are derived from the unrenormalized ones
by removing these singular terms. A similar scheme is the modified minimal
subtraction scheme (MS), in which the renormalization constants also include
the finite terms —vygy + log 47 (see Section 2.3.1). The MS and MS scheme are
particularly useful in QCD, as the OS scheme can not be applied. Due to the
simplicity of the renormalization prescription, it is technically possible to avoid
renormalization constants altogether and just omit the UV singular terms when
evaluating Feynman loops.

The bare parameters of an unrenormalized theory are unphysical, as they can
not be determined in experiments. The measurable quantities are combinations
of the bare parameters and parts of the singular loop corrections. As these
combinations are finite, the bare parameters need to be singular themselves,
in order to cancel the singularities of the loop corrections. The process of
renormalization replaces the combination of loop singularities and bare parame-
ters by a new set of renormalized parameters such that all singularities in the
renormalized theory cancel. Eventually, all observable quantities are rendered
finite.
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2. Theoretical Background

The scale dependent logarithms log A’ff—é arising in dimensional regularization
are absorbed into the renormalization constants in the on-shell scheme the
same way the singular terms are absorbed. Consequently, the OS-renormalized
parameters are independent of the renormalization scale. In schemes like MS
and MS, in which the logarithms are not separated from the one-loop correc-
tions, the logarithms remain a part of the renormalized theory, rendering the
renormalized parameters scale dependent.

2.3. Notation

The physical setup described above closely follows the one outlined in Refer-
ence |2]. Accordingly, the one-loop results presented therein can be adopted.
The notation that differs and other conventions are described in the following
subsections.

2.3.1. MS Renormalization

The MS-renormalized one-loop functions are obtained from the unrenormalized
ones by subtracting the UV-divergent terms ﬁ, where D is the dimension
of space-time in dimensional regularization, as well as the Kuler-Mascheroni
constant and log 47 that arise with every UV-divergent term. MS-renormalized
quantities can be obtained from the unrenormalized ones by applying the

following rule to the singular quantities Aj,s introduced above,

2 2 MS «
AM:m—’YEM—HngLW—Hog% M Ay = log

12

i (222

As in case of A u, the MS-renormalization of one-loop functions is indicated by
a hat in the following.

2.3.2. Matching

Matching is the process of determining effective model parameters by comparison
with a theory that is less approximate than the effective model; the details are
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2.3. Notation

laid out in Chapter [5. Since the more complete theory could be an effective
one itself and because the Standard Model is considered an effective theory
nowadays, it is misleading to refer to the two models as effective and complete
ones. Instead, the model with reduced degrees of freedom will be referred to as
child theory; in analogy, the other model is called parent theory. This reflects
the fact that the child model inherits some properties regarding renormalization
when performing the matching.

2.3.3. Abbreviations

o As will be described in Section [2.5.4], subsequently integrating out particles
from a theory allows defining the MS-renormalized quantities as piecewise
functions. These functions exhibit discontinuities in the scale parameter p
at matching thresholds. Consequently, &(M) is ambiguous if M is a point
of discontinuity. To avoid ambiguity, the superscripts “+” and “—” are
commonly used in the literature to denote the right- and left-handed limits
of the MS-renormalized coupling parameters, respectively. This shadows
the fact that the two limits are not calculated within the same model of
the interacting theory. In light of the findings of Chapter [5, the notation

aP(M) = lim &(M + ¢), a(M) = lim &(M —¢) (2.23)
e—0 e—0
is used to highlight that the two numbers stem from a child (c¢) and a
parent (p) model.

e When appropriate, a is used as a short form of the fraction 7,

a=2. (2.24)

s

Super- and subscripts as well as arguments are understood as decorations
of «a; for instance, as(u) denotes the MS-renormalized strong coupling
constant o at scale p divided by 7.

e The common short notation ¢ and s for cos 6y and sin Oy, respectively,
is used. Similarly, 3*(u) reads sin? Oy (1) and so forth.
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2. Theoretical Background

e Transverse and longitudinal parts of self-energy and irreducible two-point
functions are denoted by a subscript “T"” and “L”. The applied convention
for the decomposition reads

qud qu9
B () = (o + 23 ) Srle?) - B (225)
for a generic self-energy function.

e A subscript “fin” is used to denote finite terms of a self-energy function,
that is all terms remaining when dropping the Aj; defined in Equa-
tion (2.21). The piece Ajs contains finite terms which are also not part
of a self-energy with subscript “fin”.

e The operators & and <& are used to denote the real and imaginary parts
of complex numbers, respectively.

2.3.4. Neutral Current Interactions and Vector-Axial Vector
Coupling Constants

There are different options to parametrize the coupling of the neutral current.
In Reference [2], the coupling of a fermion to the Z-boson is expressed in terms
of the electric charge e = v/4ma and the vector and axial vector couplings

T

T —252Q
BHS _ 3 f d BHS _ 296
v 2cs o “ 2cs’ (2:26)

where @y and TE{ denote the charge and the third component of the weak
isospin of a fermion, respectively. As will be described later, in Section [4.2.3],
one can absorb certain loop corrections in the weak mixing angle that occurs
in the numerator of the vector coupling constant. However, these correction
terms leave the denominator of Equation (2.26) unaltered, making it more
difficult to redefine sin? 8y consistently. Therefore, it is convenient to express
the fermion—neutral current interaction in terms of the Fermi constant

T

Gp=——1% _
V2c2s2 M2

+ 0(a?). (2.27)
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2.4. Fermi Constant

Using the Fermi constant is also favorable, as it s known much more precisely
than the mass of the W-boson. The Feynman rule of the fermion-Z-boson
vertex that reads ievy, (v?HS — a?HSfyg,) in Reference [2] then changes to

f
> = iMp\/V2GEy, (vp —apvs), (2.28)
f
where
v =T] —25%Qy, (2.292)
ap=T] (2.29b)

are the vector and axial vector coupling constants that are used instead of the
ones in Equation (2.26) in the following.

2.4. Fermi Constant

As stated before, using the Fermi constant G is beneficial, as it can be
determined accurately by measuring the lifetime of the muon. The Fermi
constant is defined by the relation

1 Gim,, m? 3m, o« (25
— = 1—-8-—¢ - £ (— 2) 2.30
7. 1927 m? s T a7 ) 330

where 7, is the muon’s lifetime and m, and m,, are the masses of the electron and
muon, respectively. This formula stems from a leading order calculation of the
muon decay in the Fermi interaction model plus photonic one-loop corrections
that could already be calculated within this model. These corrections include
the emission of real bremsstrahlung photons and a virtual photon line between
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2. Theoretical Background

the muon and the electron. For historical reasons, these photonic corrections are
part of the definition of Gp. At one-loop order, the Fermi model is insufficient
to describe the muon decay properly and several additional diagrams have to
be taken into account in the Standard Model.

In the Standard Model, the virtual photon correction that is included in
Equation (2.30) is in fact a part of the yWW-box graph. The remaining part of
this box graph has to be combined with the vertex and external leg corrections
as well as the massive box diagrams and the W-boson’s self-energy diagram.
This calculation was first done in Reference [4], where it was shown that the
combination of all one-loop corrections factorize as

_ T 1
B V2e2s2M2 1 — Ar’

where Ar accounts for the corrections. In the OS scheme, the correction reads [5]

Gr (2.31)

7 — 452
Ar =10VW(0) + 4:52 (6 + T; log c2> : (2.32)

where TIVW(0) is the transverse part of the OS renormalized self-energy of
the W-boson evaluated at zero momentum transfer. In the MS scheme, the
relation (2.31) holds with a different correction term Af7. The corresponding
calculation of A7 in the MS scheme was performed some time later [6] with the
result?| [7]

W 27, 2
A?:%(ETA 0) 2r (MZ))

2 ~ 2
My My (2.33)
oe o I 7 9
_ 9% alog £+ (=L —6)loge® +6| .
e i l ez " (232 ) BT

Equation (2.33) is expressed in terms of the MS renormalization constant of the
electric charge %. Due to the simple prescription of MS, the renormalization

*Note that the expression given explicitly in Reference [6] was obtained using u = Mz and
is less general than Equation (2.33])
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2.5. Coupling Parameters

constant can be obtained from the OS one by dropping the UV divergent pieces
according to Equation (2.22); It reads [2]

oe a |4 9 m? 9
2% =22 log —L — Tlog ¢?| . 2.34
& lyen, dm 3;Qf %8z T ORE (2:34)

As the Fermi constant is an observable, the one-loop expressions of Ar or A7
can be used with Equation (2.31) and the mass of the Z-boson to determine
the mass of the W-boson, for which the experimentally determined value is less
precise than the value of the other observables.

2.5. Coupling Parameters

This section is dedicated to an introduction of the concept of running coupling
parameters, the renormalization group equation and matching conditions. The
following subsections are organized as follows: The energy dependence, that
is the “running” of coupling parameters, is discussed in Section |2.5.1, which
is followed by an introduction of the renormalization group equation in Sec-
tion [2.5.2 The latter can be used to rescale a coupling parameter by solving a
differential equation as discussed in Section [2.5.3. Last, the concept of matching
two different theories to integrate out heavy particles and create effective low
energy models is presented in Section 2.5.4. An example of how to apply the
methods described in the following can be found in Appendix [Al

2.5.1. Running Coupling Parameters

Coupling parameters, as all other parameters of a given model, are obtained by
measurements of an observable at a certain energy scale, making them momen-
tum transfer dependent. “Coupling constant” refers to such a parameter for a
fixed momentum transfer, which could in principle be addressed as normalization
scale or normalization point of the theory. For instance, the electromagnetic
coupling constant « is measured in the Thomson limit; experimental difficulties
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(a) (b)

Figure 2.1.: Leading order and next-to-leading order Feynman diagrams of
electron-electron scattering.

left aside, it could also be obtained from scattering experiments with momen-
tum transfer close to the Z-pole. But regardless of whether a = a(¢? = 0)
or a(¢®> = —M3) is used, the theoretical predictions for any observable need
to agree up to a certain level of precision. In a less precise manner, “coupling
constant” is also used for parameters that “run” due to the momentum depen-
dence. To avoid ambiguities, “coupling constant” is to be understood as usual,
while “coupling parameter” refers to the more general momentum dependent
coupling strength in this section.

Linking the initially undetermined coupling parameter of a given theory
with experimental data requires a theoretical prediction for the outcome of the
experiment, which can be inverted in order to compute the coupling parameter
within this theory. For instance, the electromagnetic fine-structure constant
in QED can be measured in an electron—electron scattering experiment. The
leading order diagram of Mgller scattering is depicted in Figure 2.1a; the corre-

sponding theoretical cross section U?g)gner(QQ) can be obtained using Feynman

rules, depends on the squared momentum transfer ¢> and is proportional to the

coupling constant a%o), where the subscript “(0)” indicates that gy and o?g)auer

are tree-level quantities.
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2.5. Coupling Parameters

Initially, cy(g) is undetermined; it can be obtained at a certain energy scale ¢
by equating the theoretical cross section with the experimentally measured one.
This yields

2
aly (¢%) = Gexy(4) ), (2.35)
© ‘7?(})1) (4%)

where oexp (q2) refers to a cross section measurement at momentum transfer ¢
and

%\g;aller (q2)
(0)

is introduced to separate (g from the cross section. The common fine-structure
constant « that accounts for the coupling strength of charged leptons in the
Thomson limit is defined by o := a(g)(¢* = 0).

At next to leading order, it is necessary to take into account the one-loop
diagrams depicted in Figure [2.1b. The self-energy is a tensor that may be
decomposed according to Equation (2.25). Using the Feynman rules (B.1)
and (B.3), the concatenation of a propagator, the self-energy and another
propagator reads

Qv —t 2y Guly 1 2
(—ow + 20) SRR - LS, (230)
Z’Y’Y 2
where H;Y:; 1 r(@®) = T/Léi};(q) denotes the vacuum polarization function. The

subscript R denotes a certain renormalization scheme, as the evaluation of the
loop integral in the self-energy requires the introduction of a regularization
and renormalization prescription that cancels the occurring singularities. The
terms proportional to ¢,q, do not contribute to matrix elements due to the
conservation of the electromagnetic current. Consequently, the sum of the
propagator and the previously determined concatenation may be written only
in terms of the transverse piece,

_ig v
q;‘ (1- 177, (%) - (2.38)
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Incorporating Diagram [2.1b| and omitting terms quadratic in I}/, Equa-
tion (2.35) becomes®
2 (.2
Oexp ((12) 1 a(O) (q )

2 2 2
ak(q”, 1) = = . (2.39)
oty (@%) 1= 21775 (¢%, 1) 1= 210775 (g%, 4?)

where p refers to the renormalization scale and H%VR x ap implicitly contains a
factor acg. In case of on-shell renormalization, the renormalization conditions are
imposed such that the coupling constant is identical to the tree-level constant,

!
Qos ‘= Qos (QQ =0, Mz) =a) = H%j{os (q2 = 07#2) = 0. (2.40)

It is common to use « without any subscripts to denote the OS coupling
constant, which will also be used in the following. On the other hand, the
modified minimal subtraction scheme requires subtracting a certain set of
terms from the regularized self-energy. Following the prescription outlined in
Section [2.3.1) one finds

A2 2
A (¢ = 0, 02) = 2D 1o 22 2.41
T (q Oalu) 3 Ogmg7 ( )
which leads to
-1
2a(p?) , p?

A27 O\ A2/ 2 2 2
& () =a%(¢" =0,p°) = o (1— i logﬁg ; (2.42)

with an implicit squared charge factor Q2 = 1. The MS-renormalization process
removed the singularities from the loop integrals but left behind a scale depen-
dence. This dependence of the renormalized coupling constant is necessary, as
it precisely cancels the ones of the loop corrections.

The one-loop cross sections in the OS and MS-scheme read

—2
0os(4%) = ®all) (%) |1+ o5 (¢%)] (2.43a)

3This is not Dyson resummed, as the contribution of Diagram [2.1b|is added to the theoretical
cross section.
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Z’W n(q2)
s (%) = % (2.43b)
and
A -2

ox(@®) = a2 ()l (@) [1+ 17 (6% 02)] (2.44a)

A 2 Z’Y’Y (q2)
7 (2, 12) = L 1og Ho 4 Z0fin 2/ 9 44
7 (65 p) = gl s+ — (2.44b)

after Dyson resumming the reducible higher order contributions, where .17
is the finite part of the self-energy given in Reference [2]. Inserting Eq{la—
tion (2.42) into Equation (2.44)) and expanding the fractions in Equations (2.43)
and (2.44), one finds that the scale dependence cancels at one-loop order in the
MS-prediction,

2\ _ 2 th 2}’7ﬁn(q2) O (o 4
ovis(@”) = « 7 (0) 1—2T + 0(a%), (2.45)

and that the OS and MS cross sections are identical, when terms of order & (a?)
are neglected,

7Y 2
o0s(q%) = a”olg)(¢*) <1 - 2%2((1)) + 0(a?). (2.46)

The electromagnetic coupling constant is defined as the coupling strength
in the Thomson limit; consequently it does not depend on the energy scale ¢.
However, Equations (2.45) and (2.46)) illustrate that the change in the vacuum
polarization corresponding to a change in momentum transfer can be described
by an observable modification of the coupling strength, which may be referred
to as a running coupling parameter,

Tos/mis (1°) = tun ()0 (5) (6) + O (), (2.47a)
E"/’Y 2
P (4°) = (1 - 2T’ﬁ“2(q)> . (2.47D)
q
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2.5.2. Renormalization Group Equation

The previous section showcased the scale independence of an observable when
combining the coupling with the self-energy function. In the simple example in
Section [2.5.1| the renormalization scale p was arbitrary but fixed; the scale that
was used when determining 64(,u2) from experiment was the same as the one
used in making the prediction (2.44)). If two different scales are used, the scale
dependent terms do not cancel as before. Using 11 to denote the scale that was
used to determine coupling parameter &(uq) by comparison with experimental
data and po as the scale for which the cross section should be computed yields

N -2
ons(a?) = 6> (1)t (¢) [1+ 107 (a2 13) |

2 E’Y’Y ( 2)
Q. K 7,fin\4
= 0‘20?3) <1 — 2; log M—% — Tnz + ﬁ(a2)>

(2.48)

in a naive calculation. The scales do not cancel, and the result depends on a
logarithm of the ratio £2. Equation (2.48) is incorrect, as &2 (p3) must be used

instead of &2 (,u%) as first factor. Accordingly, it is necessary to obtain d(u%)
from experimental data itself or derive its value from the experimentally de-
termined &(u%), that is to rescale the coupling constant. In this section, the
renormalization group equation is introduced, which can be used to rescale a
coupling parameter and resolve the problem sketched in Equation (2.48). The
concrete application of this new technique will be presented in Section [2.5.3.
The starting point for rescaling the coupling is the fact that physical observ-
ables must not depend on the particular choice of the scale p. This can be
expressed as
QiO(OJ m, u?) =0 (2.49)
/’l/ dl,l,2 9 Y ILI/ 9y *
where O is an observable whose expression depends on the coupling, a mass
and the renormalization scale. Equation (2.49)) is based on the assumption
that the theory involves only a single mass m and a single coupling constant a.
More general discussions also including anomalous dimensions can be found in
textbooks [3| 8]. As shown in Section 2.5.1, the coupling parameter generally
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2.5. Coupling Parameters

depends on the scale u, but also on the mass and the coupling itself. The same
applies to the renormalized mass, so that the parameters in Equation (2.49)
need to be understood as functions of three parameters,

ap = OZR(O(,m, M2)7 mp = mR(a,m, /’LQ) (250)
The subscript R denoting the renormalization scheme is used to highlight

that ag and mpg are functions instead of constants. This allows rewriting
Equation (2.49) as

u2< 0 dagp 0 dmpg 0

_ - = s 2 _
o2 du2 0 dp? 8m> O(ag, mg,p”) =0, (2.51)

which contains the two important derivatives

d

5(0477”7#2) = /’LQdilulQaR(aama u2)7 (252)
d

v(a,m, p?) = quTﬂmR(avm, 1), (2.53)

Equation (2.51)) is called renormalization group equation (RGE) and implies
that a change of the renormalization scale p induces a shift of the renormalized
coupling parameter and mass that compensates for the change in the expression
of O, which is required as the observable must not depend on the unphysical
scale, ultimately. This shift is governed by the - and y-functions defined in
Equations (2.52)) and (2.53). Given an expression for 5 and 7, which can be
readily obtained once the theory is properly renormalized, one can solve the
differential equations® to find the running mass and coupling parameter.

In a perturbative approach it is convenient to expand Equations (2.52)
and (2.53) as a power series in the coupling parameter. This also allows
systematically taking into account strong interaction effects that enter via

4The associated differential equations are called characteristic equations but will also be
referred to as 8- and ~-functions throughout this thesis.
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quark loops. For instance, the MS-3-function describing the running of the
electromagnetic coupling constant in the Standard Model reads [9]

5 <:>Z 43, (‘j:ﬂ + 0(a%a) (2.54)

when neglecting mixed terms of the order &és within the brackets. Since the
[B-function is unambiguously defined as the derivative of the coupling parameter,
Equation (2.54) serves as a definition for the coefficients on the right-hand
side. Inserting Equation (2.42)) into (2.52)) allows obtaining the leading order

coefficient .

The n-th coefficient of the S-function is determined by the result of an n+ 1-loop
calculation. The coefficients are fixed by the scale dependent logarithms, only.
Therefore, they can be obtained without evaluating the full integrals.

2.5.3. Renormalization Group Evolution

The scaling behavior of the coupling is given by the RGE introduced in Sec-
tion [2.5.2] and is a consequence of observables being independent of the scale.
In this section, the RGE will be used to rescale the electromagnetic coupling
and resolve the issue that was posed in Equation (2.48). To the lowest order in
perturbation theory, all terms in the S-function except one may be neglected
and one obtains . »

ijg =L h+ 0(a?), (2.56)
with the leading coefficient 3, given in Equation (2.55). Equation (2.56) is an
ordinary differential equation that can be solved by imposing an initial value
condition, &(ud), where 3 is the initial scale. The solution reads

2

7 7 N 1
- = - + Bolog —5. (2.57)

a(p?) — ad) VT
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and does not make use of any additional approximations. It can be used to
express &% (p3) in terms of & (u?),

:l 1 501 H2]2
a(d) w8

_ a2(u) (1—2 ol )5010%1)%( 0

(2.58)

As stated before, Equation (2.48)) is incorrect, as it mixes the coupling parameter
at scale uy with the self-energy function at scale pus. The correct cross section
in which po is used in the electromagnetic coupling parameter as well as the
self-energy function can now be obtained using Equation (2.58). Combining all
pieces, one finds

a* (13)
UW((f) = 023) (4%) o : 12
{1 — Iy <q2n“!2)}

th ( 2\ A2(, 2 « 145

1 ) (2.59)
2 m2 T.6in\d
1+ —log—§ —2— 4
+ 3108 ; 2 + 0(a”)
E’Y’Y q2
= a’o(g)(¢) [1 - 2Tﬁqnz()] +0(at),

where Equation (2.42) was applied to &(u3) on the last line. The final expression
when combining the electromagnetic coupling and self-energy function with the
same scale po is identical to the result of Section [2.5.1| that was obtained using
only one scale. This shows that the scale i is arbitrary to some extent, but one
has to be careful to only use quantities with the same scale. The RGE can be
used to relate the matching parameter at different scales. Another important
observation can be made: The exact solution of the RGE on the first line of
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Equation (2.58)) contains not only the leading term that is given explicitly on
the second line. Expanding the denominator of Equation (2.58) in &(u?) yields

oo A2( 2 2\ "
a?(u3) = a*(uf) Y n (a ST“ ) 5y 10g Z;) , (2.60)

n=0 2

which also contains higher order contributions of the scale dependent logarithm.
These additional terms correspond to reducible n-loop diagrams that contribute
to the photon propagator and are automatically accounted for when the RGE
is solved analytically. If the difference of the scales spans several orders of mag-
nitudes, the logarithm becomes large itself leading to a more slowly converging
perturbation series. This is the reasons why the use of the RGE is advantageous,
as it automatically resums the large logarithms.

Although the coupling parameter as a function of y is not an observable and
the relation to (2.47) is not obvious, it is also referred to as running coupling
parameter in the literature. It turns out that the RGE-running as described
in this section contains a relevant part of the momentum dependent coupling
parameter introduced in Section 2.5.1°.

2.5.4. Matching Conditions

The scattering of particles at low energy is dominated by light particles that
are sufficiently light to be produced as real particles in the process. Heavier
particles may occur in the scattering cross section as virtual particles in loops
but play a secondary role, as their numerical contributions are small compared
to that of the light particles. This has been proven for any renormalizable theory
in terms of the “decoupling theorem” [11], given that the mass of the heavy
particle is sufficiently large: The effective theory without the heavy particle is
accurate up to order %, where p is an energy scale and M is the mass of the
decoupling particle.

®This can be seen when comparing the weak mixing angles as defined in References [9)
and [10].
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Accordingly, it is desirable to describe scattering processes at low energy
using a theory that does not contain the heavy particles, in order to simplify
calculations and theoretical predictions for physical observables. The framework
of effective theories is the appropriate tool in this context. The effective
Lagrangian is derived from the “complete” one by omitting the heavy particle
but using a different set of parameters (coupling constants and particle masses)
for the effective theory [12]. Then, one has to relate the parameters of both
theories in order to construct a physically meaningful effective theory. As will
be shown later, the effective model will inherit the renormalization prescription
of the “complete” theory. Since the Standard Model has to be considered
incomplete and because this concept can also be applied to the removal of heavy
particles from an effective model, the term “complete theory” is unsuitable.
To highlight the relation between the model including the heavy particles and
the one with only light particles, they will be called parent and child model,
respectively.

By construction, the child theory will fail at high energies where the heavy
particles become active degrees of freedom and can be produced as real particles.
However, it needs to be in agreement (up to the accuracy dictated by the
perturbative expansion) with the parent theory below the creation threshold of
the heavy particles in order to be physically relevant. This requirement allows
determining the parameters of the effective theory by equating (matching) it
with the parent theory, yielding the so-called “matching conditions”, relations
between the parameters of both models.

The derivation of matching conditions in pure QCD has been extensively
studied (see References [13-15] and citations therein). While the applicability
to the electroweak sector of the Standard Model is not obvious, these results can
be directly used in QED. However, in case of the electromagnetic coupling, the
matching conditions can be derived in a less systematic but more simple way,
which will be briefly illustrated in the following. A more systematic approach
to the matching including the weak interaction will be discussed in Chapter |5

The momentum dependent coupling parameter (2.39) reads

P (¢% 1?) = o (14 T (¢% 12)), (2.61)
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2. Theoretical Background

where the superscript “c/p” refers to the parent (p) or child (c) theory, re-
spectively. For readability, the superscript “y~” is omitted here and in the
remainder of this section. In case of the MS-renormalized QED of an electron
and a muon, the vacuum polarization function at one-loop order is given by

2 2
L e, « 2 M 2 2
7' (¢%,1%) = o <10g +log ) + 170 (0°) + My (0), (2.62)
’ 3 m2 m2 A Thfin 2 2
where the terms are separated into pieces originating from the electron and
muon, respectively. The effective one-lepton QED can be derived from the
two-lepton theory by decoupling the muon. Using oe% and o as an abbreviation
for the coupling parameters of the two-lepton and one-lepton QED, respectively,

and inserting Equation (2.61) yields

A A o2 2
aP (g%, p?) — ac(¢%, 1?) = o log % + aQH%ﬁn (¢%) + 0(a®) (2.63)
1

for the difference of the coupling parameters, confirming that the coupling
parameters of both theories are identical at tree-level. The first term on the right-
hand side of Equation (2.63) carries the scale dependence, while the remaining
part of the vacuum polarization function contains all terms independent of pu.
The electromagnetic coupling constant is determined in the Thomson limit,
that is ¢> = 0, in which case Equation (2.63)) simplifies to

AP 2 AC 2 0[2 lu’2 3
O‘(M)_O‘(N)ngﬂlogﬁ"'ﬁ(a): (2.64)
m

as IT4. . (q?) vanishes at zero momentum transfer.
A common technique is to define a coupling parameter as a piecewise function

of the form

. aP(p?), p=m

a(p?) = AC( 2) " (2.65)
ac(p1?), n<my

and with additional pieces if more particles exist that are removed successively.

The definition (2.65) spans several effective models, is discontinuous in general

and usually also referred to running coupling parameter.
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2.5. Coupling Parameters

The scale p* at which the theories are matched, that is the scale that de-
termines &° in terms of &P, has to be fixed. While the particular choice of
the matching scale for each particle is arbitrary, it has a small effect on the
numerical value of the coupling parameter at the final scale. In case of QCD, it
was shown that a variation of the matching scale by approximately one order of
magnitude alters the strong coupling constant at the final scale by less than
one percent [15,16]. It is reasonable to choose p* such that no large logarithms
occur, pu* ~ my, to fully exploit the resumming properties of the RGE. A
convenient choice is p* = m, as all scale dependent logarithms vanish in this
case and the matching condition is determined by the finite terms, solely. Here,
this leads to a continuous coupling parameter (2.65)), as the finite part of the
vacuum polarization vanishes at one-loop order; at two-loop order, the vacuum
polarization contributes to Equation (2.64) inducing a discontinuity at each
particle threshold.

A second choice of p* that is worth mentioning is the one that is determined
by equality of the coupling parameters at the matching scale, &P (u*?) = a°(u*?).
Since IT§ (¢?) is independent of p, it is possible to tune u* such that the terms
on the right-hand side of Equation (2.63) cancel. In case of Equation (2.64)
it coincides with p* = m,, but will differ when two-loop effects are taken into
account. This choice is more laborious but has been used for the running
of the weak mixing angle in a region where the coupling parameter can be
constrained only phenomenologically due to strong interaction effects that break
perturbation theory [17] 18].

The matching was introduced in order to decouple a heavy particle, that is to
remove a particle and switch over to an effective theory. As indicated before, the
matching conditions also need to be applied when switching from an effective
theory to another effective theory; both for adding or removing a particle. This
allows finding the appropriate coupling parameter of a theory including heavy
particles when the parameters have been obtained from experiment using an
effective theory without those heavy particles.

The steps that are necessary for the renormalization group evolution of a
single coupling parameter including the application of appropriate matching
conditions are outlined in the following:
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2. Theoretical Background

. Obtain a numerical value for the coupling constant by comparing a the-

oretical prediction with experimental data similar to Equations (2.39))
and (2.42).

. Use the RGE to evolve the parameter close to an appropriate matching

scale of the next lighter (heavier) particle as done in Equation (2.58]).

. Use the matching conditions to determine the coupling parameter of the

theory without (including) this particular particle by equating observables
or Green functions similar to Equations (2.61) and (2.64). Go to Step |2
if additional particles need to be decoupled (incorporated).

. After crossing the last particle threshold, use the RGE to evolve the

coupling parameter to the final scale.

Since fermionic matching conditions in QED at one-loop order do not cause a
discontinuity at threshold, two-loop effects need to be taken into account to
demonstrate above steps in a simple example. The required two-loop expressions
are introduced in Chapter |3/ so that the applied illustration of this section is
postponed till Appendix [Al
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3. Electromagnetic Coupling in the
Modified Minimal Subtraction
Scheme

The electromagnetic coupling constant is required for a prediction of the parity
violating asymmetry Apy at tree-level which is needed to determine the weak
mixing angle in low energy experiments like P2. Since the electromagnetic
coupling constant is measured as the strength of charged particle couplings in
the Thomson limit, that is at zero momentum transfer, there is no difficulty in
obtaining a precise value for the theoretical prediction of the parity violating
asymmetry. The most precise determination of the weak mixing angle on the
other hand stems from measurements at the Z-pole which can not be directly
used in the calculation of a low energy observable. In principle, the weak mixing
angle at low energies can be obtained by solving the S-function as shown in
Section [2.5.3] but this requires a value of the electromagnetic coupling constant
at the same scale as will be seen later. In order to find a prediction of the weak
mixing angle at low energies one has to calculate the electromagnetic coupling
constant at high energy scales in a first step.

Difficulties arise due to hadronic effects in the low energy regime that can not
be treated perturbatively. The electromagnetic coupling is defined unambigu-
ously at tree-level, but becomes renormalization scheme dependent at higher
loop orders as described in Section [2.5.1. While the OS scheme is defined
such that the vacuum polarization vanishes in the Thomson limit (IT}7(0) = 0),
leaving the OS coupling « the same for all orders of perturbation theory, the
coupling in the MS-scheme acquires a loop correction and a dependence on
the renormalization scale p induced by 12[:}7(0) # 0. The vacuum polarization
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3. Electromagnetic Coupling in the Modified Minimal Subtraction Scheme

at zero momentum transfer can be perturbatively derived in the electroweak
sector of the Standard Model, but hadronic effects render it impossible to treat
quarks and the strong interaction the same way at energy scales less than
roughly 1.2 GeV.

One possible solution is the application of an unsubtracted dispersion relation
approach allowing the computation of the vacuum polarization - and thus
the calculation of the electromagnetic coupling constant - by integrating over
experimental data. Choosing appropriate data allows deriving the EM coupling
in an energy region, where the strong interaction may be treated perturbatively,
too. Utilizing the renormalization group equation, one can then evolve the
coupling constant to higher energy scales.

In this chapter, the renormalization group running of the electromagnetic
coupling is discussed based on Reference [9]. The starting point is the relation
between the electromagnetic coupling in the OS and MS-schemes in terms of
the vacuum polarization function, which will be computed in the following.
Using Equation (2.39), the relation at leading order, that is without Dyson
resumming reducible diagrams, readd’

o (1)

B @
1— f[p(q2 =0, uQ).

(3.1)

Apart from Section [3.1.2], this chapter reproduces and verifies the results of
Reference [9]. It is organized as follows: An unsubtracted dispersion relation
approach to work around hadronic effects is described in Section (3.1 and the non-
hadronic effects are discussed in Section 3.2l The results of these two sections are
needed to obtain a theoretical value of the electromagnetic coupling just above
the non-perturbative energy regime using Equation (3.1). This value can be
used as a starting point for the RGE evolution of &(u) towards the Z-pole. The
evolution of the coupling follows the ideas laid out in Sections[2.5.3|and [2.5.4 and
requires a solution of the RGE, which is described in Section 3.4. A perturbative
expression of the vacuum polarization at large energy scales needed for the RGE

!The notation of Reference |19] which is used as a source for perturbative QCD expressions
and Reference |9] differs from the present one in that a factor of 47w« is separated from the
vacuum polarization function.
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3.1. Dispersion Relation Approach to the Vacuum Polarization Function

as well as the matching conditions is derived in Section [3.3] Based on this, the
matching condition for integrating out the W-boson is presented in Section 3.5l
A treatment of the non-perturbative regime is required to obtain values of the
electromagnetic coupling for scales between the pion creation threshold and
the hadronic scale. This is a necessity for the calculation of the weak mixing
angle at low energy, as it depends on the electromagnetic coupling at low energy.
A method to constrain the electromagnetic coupling phenomenologically and
avoid perturbation theory in the non-perturbative regime was investigated in
References [9, 18] but will not be discussed in this thesis.

3.1. Dispersion Relation Approach to the Vacuum
Polarization Function

As mentioned before, the hadronic contribution f[;?had to the vacuum polar-
ization function can not be calculated perturbatively. In this section, the
unsubtracted dispersion relation approach as applied in Reference? [9] is dis-
cussed that allows deriving a numerical value of the electromagnetic coupling
constant for the scale p just above the non-perturbative regime. As this section
deals with hadronic effects only, the subscript “had” is omitted in the following
and will be put back in Section [3.2. The superscript “yv” and subscript “T"”
will be omitted in the entire chapter, as no other self-energies contribute to the
electromagnetic coupling when neglecting electroweak two-loop effects.
Employing the analyticity of the vacuum polarization function, its value at
the origin can be obtained by means of Cauchy’s integral formula. Avoiding

large values of the momentum, II can be written as®
A 1 ﬁ(s) 2
I1(0) = — ds —= <4 3.2
0) =55 74550 ST o S0 S et (32)

with sg < 4m72ri arbitrary. The vacuum polarization function contains a branch
cut on the real axis above the creation threshold of the pions. Accordingly,

2The dispersion relation approach using subtraction is much older [20].
3The p dependence is left out for readability in this section.
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3. Electromagnetic Coupling in the Modified Minimal Subtraction Scheme

@
T =

2 S0
4m:

Figure 3.1.: Schematic view of the integration contour for the integral in Equa-
tion (3.3). The real axis is excluded for R(¢?) > 4m?2 and the
distance between the two horizontal contour lines is infinitesimal.
The arrow on the top right arc indicates the integration direction.

Equation (3.2)) only holds for*| sp < 4m? .. For values of sy above this threshold,
the integration contour has to be changed in order to exclude the discontinuity
on the real axis. Since Cauchy’s integral formula can be generalized to non-
circular integration contours, this can be achieved by using the integration
contour depicted in Figure 3.1, which translates to the contour integral

A 1 Il 1 [% (s +ie) Ti(s—i
f1(0) = 7?{ ds 1(s) + 7/ ds (s —|—.ze) (s .ze) ‘
215 J|s|=s0 S 21 4mii s+ i€ S — 1€

(3.3)

4The correct threshold is sp < mio, but the contributions of the process v* — w’y are tiny
and negligible compared to the experimental error of the measured cross section.
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3.1. Dispersion Relation Approach to the Vacuum Polarization Function

The terms in parentheses account for the part of the integration contour that
bends around the branch cut. They can be combined according to

()= s (f[(s +ie) —TI(s — ze)) — i€ (f[(s +i€) + (s — ze))
T 5% + €A2 . (3.4)
STI(s + i€) STI(s + €)

O () m2i 2T

= s
52 + €2 S

where the property IT (z) = II(z*) was used implicitly, by using the relation
II(s —ie) = RII(s + ie) — iS1I(s + i€). Inserting the argument of the branch cut
integration (3.4) into Equation (3.3) yields®

R 1 50 STI(s + i 1 I
11(0) = — lim gs SHetio | 1 as 1),

=0 Jam?2 | s 273 J|s|=so s (3.5)

As mentioned previously, the strong interaction prevents a calculation of the
hadronic vacuum polarization in perturbation theory. Accordingly, the first
integration of Equation (3.5) has to be evaluated using input from experiments,
while the second integral can be treated within the framework of perturbation
theory, provided sg is well above the hadronic scale. The integration along the
real axis can be rewritten using the optical theorem

R(s) = lim 12731 (s + ie), (3.6)

where
otot (€Te” — hadrons)

oo(ete” — putp™)

R(s) = (3.7)

is the observable hadronic production rate defined as a ratio of cross sections.
In the following, I will be used as an abbreviation for the second integral. Using

®The author of Reference |9] substituted s with s — ie but omitted the corresponding change
of the integration boundaries. The limit of the integral had been omitted before for the
sake of readability, but was introduced back now, to emphasize that fl(()) does not depend
on the auxiliary e.
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3. Electromagnetic Coupling in the Modified Minimal Subtraction Scheme

the substitution s = spe?, ds = isdf, with the angle # bounded by 0 < 6 < 2,
to rewrite the contour integration yields

1(0) = R+ 1, (3.8a)
~ S0
R= 3/ as ) (3.8b)
3 4m2i S
=L [Tas TI(s0e") (3.8¢)
= o 0 Sp€ . .

A particular choice of sg allows computing the contour integral perturbatively,
which is done in Section |3.1.1. The first term of Equation (3.8)), the integrated
hadronic production rate R, can be evaluated using data from experiments. With
the integration boundary sy = (2 GeV)?, a similar quantity can be obtained [18],

= (58.71+0.45) - 107*, (3.9)

5 oM /4GeV2 4s _ B0)
37 4m? s (M% )

which is based on results from References [21] and [22]. The difference of
Equation (3.9) and R as defined in Equation (3.8) is [9]

1 My
s s(MZ—s)

o [5

ds R(s) [ ] ~—6-107", (3.10)

3T 4m2

which is well below the uncertainty of 4.5-107° given in Equation (3.9).

3.1.1. Fixed-Order Integration of the Contour Integral

The contour integration of Equation (3.8) requires an analytic expression of
the vacuum polarization function I1(g) as a function of ¢ = —sg = — (2 GeV)?.
The exact value is determined by the choice of the boundary for the evaluation
of the integrated hadronic production rate that was made above. Because the
particular choice sy = (2 GreV)2 is smaller than the charm production-threshold,
the vacuum polarization can be computed in an effective QCD with only three
light quarks. On the other hand, s¢ is much larger than the masses of the light
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3.1. Dispersion Relation Approach to the Vacuum Polarization Function

u,d,s

quarks, so that an expansion of f[(qQ) in % is sufficient for the treatment
of the light quarks. The vacuum polarization function was derived for a single

massive quark up to order ¢ in Reference [19], with the subscript 1q used as
an index to indicate that the quantities refer to the contribution of a single
quark coupling to the photon. The full vacuum polarization function is then
obtained by summing over all quarks of the effective theory and neglecting the
mass terms of the quarks that are considered massless. In the three-loop case,
the expressions implicitly contain the sum over all quarks in the inner loop,
but the masses of these quarks were neglected. The relation between f[lq(qQ)
and the full vacuum polarization function of an effective three-quark QCD is
worked out below. The three-loop terms need additional work in order to be
applied in the present context and will be discussed in detail, while the one-
and two-loop results will be given without comments. Following the notation of
Reference [19], a superscript (n) is used to denote terms of (n + 1)-loop order.
The relevant equations in terms of the MS mass read [19]

S

(3.11a)
.(0) 3a[20 4 8m g
1 Al iy SN o —4 .11b
© 4ﬂ[9 e o(T)|. (3110)
(1) 3a 55 A g

with the three-loop order terms

A (2 ~ (2 ~ (2 A~ (2
M2 (¢%) = CRIT) 4 + CaCHTTy e g + CrTrmllye + CRTRT2 . (3.12a)

categorized into the four pieces ng)A, Hf;)NAv H&?F and ﬂg),l The group

theoretical constants of SU(3) read Cr = 3, Cyp=3,Tr = %, respectively,
and n; = ny—1 denotes the number of light quarks, where n, is the number of all

o1



3. Electromagnetic Coupling in the Modified Minimal Subtraction Scheme

(a) (b) ()

Figure 3.2.: Examples for some of the Feynman diagrams that belong to the
three-loop vacuum polarization. The photons coupling to the quark
loop at the small crosses are left out. Figure [3.2¢| stands for all

A (2
diagrams with an internal quark loop that sum up to Hﬁ), rt ng{l,
while Figures 3.2al and (3.2b| represent the “abelian” and “non-

2)

A ~ (2
abelian” diagrams that give rise to Hg% 4 and Hﬁi N A, Tespectively.

quarks in the effective theory. The first two pieces correspond to the three-loop
Feynman diagrams without internal quark loop, that is diagrams with two gluon
lines connected to the outer quark loop and diagrams with an internal gluon
loop or a single gluon vertex, respectively. One example of a diagram with two
independent gluon lines and no internal quark loop is depicted in Figure |3.2a.
These diagrams are part of the abelian part of QCD, as the same diagrams with

(2
photons instead of gluons exist and account for the piece ngf 4% The “non-
abelian” diagrams that contain gluon-gluon interactions, like Diagram [3.2b, sum

A (2
up to Hg(; ~4- The remaining diagrams contain an internal quark loop like the
one shown in Figure 3.2cl They are separated into diagrams in which the inner
and outer quark have the same mass m, and diagrams in which the mass 7y

of the inner quark is negligible. Hg) p corresponds to the first set of diagrams,

5The diagrams with an inner quark loop, as the one shown in Figure [3.2c| belong to the
“abelian” part of QCD, too, but are not included in f[g)A
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3.1. Dispersion Relation Approach to the Vacuum Polarization Function

while ﬁi)l corresponds to the second. Accordingly, the functions ﬁf]) r and ﬂf])l

are identical in the limit 1, = 0. Diagrams with a massive quark in the inner
loop and a massless quark in the outer loop were not considered in Reference [19].
For this reason, strange-quarks in the inner loop are considered massless, too,
and the contribution of charm- and bottom-quarks that may occur in the inner
loop is discussed later on. The explicit expressions for the individual pieces read

. 14 1
e [— 13 3T @)+ 10¢65) + <L

14 = yr 72 6
4m2 /1667 5 35 51 9
q — 203 = 2Z6(5) = =L L2> 3.12b
q2<96 12“) 6C() s 11 ( )
A4
m
+0| 1|,
~(2)  3a[44215 227 5 41 11, 11
Mg va = 47 [2592 18 ¢(3) 34(5) 8 L+24L + BC(B)L
Am2 /1447 4 85 185 11
q = _ iy L2> 3.12¢
+ 2 (96 +3<(3) 124(5) 51 © T3 ( )
~ 4
m
+0 ]|,
.2 3a| 3701 38 11 1., 4
M7, =22 | -2 L 220(3) 4+ —L— L2 — —¢(3)L
lal =y [ 648+9€()+6 6 SC()
4m2 7 95 13 1 i m
—a(-= L—LZ) ol—2)+o|-2
+ q> ( 24+16 2 * q* + g |’
(3.12d)
(2) _ 3o 3701 38 .1, 4
1. ™ yp [ 648 + 9C(3)Jr 6L 6L 34(3)13
4?2 1 223 13 1 na (3:12¢)
my 2> my
a2y L--L ol =4
+q2 ( 24+C(3)+16 2 + <q4>]’
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4
where the abbreviation L = log _%2 was introduced, terms of order —¢ were

neglected and ; was used to denote the mass of a quark that is light compared
to the heaviest one.

Equation (3.12) accounts for the contribution of a single massive quark in
the outer loop and n; = ny — 1 massless quarks in inner loops to the vacuum
polarization function. Due to the choice of s = 2 GeV, it is safe to neglect the
masses of the up- and down-quark, which yields

2
(u/)d = [CFﬂgq)A + CACFng)NA + CrTF <an§q)l + ng)F)} -

(3.13)

2 2 2
[CFHQA - CACPITY g a + CpTr(m + >H§£l]
mg=0

for the contribution of the first generation quarks. The third term accounts for
three massless quarks in the inner loop, because a strange-quark in the inner
loop is treated as a massless quark as mentioned above. Similarly, the individual
contribution of the strange-quarks reads

~ (2
() = {CFHQ 4+ CaCFIT 4 + CrTpmITs + CFTFHEZ)F} '

)

The polarization function given in (3.11)) does not include the electromagnetic

charge of the outer quark that stems from the coupling to the photon. Hence, the

full three-loop vacuum polarization for all three quarks is obtained by summing

the products of the one-quark functions in Equations (3.13)) and (3.14) and the
appropriate charge factors,

ity —@ 12 () + Q1Y (¢) + QA1 (¢?)

anﬁq) at CaCEll) o+ CpTr(m + 1)n§q),}
mg=0

(3.15)

m? d
; [OFHEJA L eucpit

~ (2
+ CFTFnlngq)J + CFTFHf])’F .
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3.1. Dispersion Relation Approach to the Vacuum Polarization Function

The first bracket in Equation (3.15)), which is proportional to % =Q2+Q%+Q?,
accounts for the terms of all three quarks that are independent of mass; the

terms on the last line are proportional to mg. Following the approximations
-4
of Reference [9], terms of order ZLf were neglected, which allows expressing

the terms on the last line in terms of a derivative with respect to mg, which
automatically removes all terms that are independent of the quark mass.

The integration of I defined in Equation (3.8) requires integrating logarithms
of the form log<—%ei9). The branch cut of the logarithm is not crossed
because of 0 < # < 2m, allowing to simplify the logarithmic terms by using
log(—%ew) = log % +i(0 — ), with a trivial dependence on the integration
variable 6. The real part, log %, does not depend on the integration variable 6,
vanishes when assigning p? — sg, eventually. For this reason, it can be left
out immediately. However, the strong coupling constant &g depends on the
scale i, too. Substituting u? with ¢® after the integration, that is assuming ¢
is constant along the integration contour, is called fixed order perturbation
theory (FOPT). Replacing p? with ¢? before the integration and taking into
account the running of &5 when integrating corresponds to the contour improved
perturbation theory (CIPT). The two different integrals are defined as

1 27 . )
Teorr = 5 | [ a0 =sue )| (3.16)
2T 0 /12280
Tepr = — 2Wdaﬁ 2= g0e" 1% = spe® 3.17
apr =50 | (¢° = spe”, u* = spe”). (3.17)

The FOPT integral can be readily evaluated using the vacuum polarization given
above, while the CIPT formalism requires substituting &(u) with its analytical
expression before carrying out the integration. Following the prescription of
Reference [9], FOPT is used in this section, but the integration in CIPT and a
comparison are given in Section (3.1.2l

The integration of the vacuum polarization function in Equation (3.11) can
be divided into three diffelge)nt ir(lt)egrals I?,) I and I, corresponding to the
0 1:[ 1 2

integration of the pieces f[lq , 1T}, and ﬂ3q , respectively. Since the vacuum
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polarization th only accounts for diagrams in which a single quark couples to
the photon, one has to sum over all quarks and multiply each term with the
appropriate charge factor Qg. As described above, the correct summation of
the three-loop vacuum polarization functions is more involved; making use of
the expression in Equation (3.15) one can write

IropT = Z Qg [Io(mq) + Il(mq)] + jg. (318)

q=u,d,s

Here, the quark sum in the last term is implicitly included in the definition

of ﬁ:()f]), which is the integrand of the integral I,

Iy = 1 { i de fI:(f) (¢* = spe® qu)} : (3.19)
2 0 q ’ ;LZZSO
The integrations can be carried out using [Z"d0(0 — 7) = 2" dfe ? = 0.
Inserting the explicit expressions given above, one finds
3020 1 . % 3 mi [ o Qb
Ip="""——i | do(o— 4 [ dge ¥ = —= 2
0= 4r 9~ 8rd’ 0 (0 =m)+ 473 59 Jo € w3’ (3.20)
55 mZ 1 2 :
L=22 (2 4@ —12i—2— [ do e
T \12 so 21 Jo
(3.21)
aag 55 m2
== —4¢(3)+ 121
T (12 B+ so )’
~ 2002 | 118379 31 791 25 403 1?2
Ip=22% —(2) — SC3) + () + e e
2 37r772[ 2592 1208 T g S B+ e
3701 1 19 7 2
C0 ey o3y — LS
+ ”l< 1296 T 6P T 9B 33 soﬂ (3.22)
20 a? (34525 9 715 25 125 1n?
= 0% (2292 Ty - L2e3) + 25y 2T
37T71'2<864 44() 184()+3<(>+12 80>7

where n; = 2 was used for the number of light quarks on the last line to combine
the terms that stem from the Feynman diagrams with an inner quark loop with
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the remaining ones. The final result of the integration following the FOPT
prescription can be found by inserting Equations (3.20)), (3.21) and (3.22)) into
Equation (3.18), which yields’

200 | b « a?
IropT = — { + SKI(:‘QO)PT + SK%PT}

3 |3
9 55 mg
Kiopr = 15— 4C3)+27%, (3.23)
3 34525 9 @ 565 1
KiBer = “gar — 702) — T20(3) + 2C0) + G

The two-loop order terms denoted by KIE?C))PT stem from a Feynman diagram, in
which the quark-antiquark pair exchanges a gluon. The corresponding diagram
with a photon instead of a gluon gives the same result but with the coupling <=
substituted by 2 [23] (see also Section 3.3). The additional factor 1 arises,
since Cp° = 4 has to be replaced by C3*° =1 and the squared charge sum
> g—ud.s Q by > g—ud.s Q4 . Modifying Equation (3.23) accordingly to
also account for the virtual photon Within the fermion loop, the final expression
for the nonperturbative part of the vacuum polarization function in fixed order
perturbation theory reads [9]

- 20 ) b s O
M(q* = 0,5) = R+ a{ + (a + ;) Ko

e (2)])

where F' is used to parametrize the effect of massive charm-quarks that may
occur in inner loops of Feynman diagrams of the type |3.2cl The corresponding
contribution of a heavy quark to a fermion vertex was calculated exactly in
Reference [24] and the contribution to the vacuum polarization was given as an

(3.24)
+

K(O)PT+F<

"The mass term at two-loop order is neglected in Reference [9].
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3. Electromagnetic Coupling in the Modified Minimal Subtraction Scheme

expansion in terms of the strong coupling constant &, in Reference |25]. The
explicit expression for F' is given in Reference [9] as

2 11  logx 2 2
F(z) ~1 2C3) - =+ B e
() ogx{3((3) B 1 ] x[25 135 ogx]

2 { 1513 logx] 3 [ 1853 log x }
— - + .
2116800 5040 80372250 127575

(3.25)

3.1.2. Contour Improved Perturbation Theory

As described in Section [3.1.1], the u-dependence of &5 can optionally be taken into
account when carrying out the integration of Equation (3.17)), which corresponds
to the CIPT formalism. It is convenient to express the strong coupling in terms
of a power series, as it leads to a straightforward evaluation of the contour
integration. The strong coupling constant can be expanded in a power series
by solving the S-function iteratively. A higher order solution of the S-function
of QCD will be discussed in Section 3.4.2, but the integration in this section
will be calculated with the leading solution of the S-function, only. Using the
abbreviation as; = %, the S-function of the strong coupling constant reads [26]
d 00 Bs o~
gt == %&’QH(MQ) =200+ o@) (320
k=1

and can be solved by separation of variables. The leading order solution of the
strong coupling constant reads®

0 u? -
&s(u2)=< > +6§CDlog2> (3.27)

&s (,U'O) Ho
when neglecting higher order contributions beyond the SByp-term. Expanding
Equation (3.27) yields

2
(12 = s (1) — 2(4) B log 5 + 0(a2). (3.28)
0

8Terms of order & (ai’) were neglected in the S-function, but the solution (3.27)) is exact in
that sense that it solves the approximated S-function exactly.
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3.1. Dispersion Relation Approach to the Vacuum Polarization Function

which will be used for the integration in the following. To that end, u3 = sg
is used as initial value condition and u? = sge’? according to the definition of
Equation (3.17).

The integral Iy defined in Equation (3.18)) does not contain é; and is the same
in FOPT and CIPT, accordingly. I is proportional to a2, for which reason
the additional terms arising from CIPT are of order a as and may be neglected.
Evaluating I requires the previously used auxiliary integrals

2
/ d0ib-rx) =0, (3.29)
0
2 .
dg e =0, (3.30)
0
2 .
do i (6 —m)e " = —2r, (3.31)
0
as well as
2T 9 2
dg i (6 — ) = ——n°, (3.32)
0 3
2w .
do 2 (0 — ) e = —4r (3.33)
0

and yields terms of order a? that have to be added to I. The additional terms
that arise when taking into account the u-dependence of o read

2 2 2
Ap = —Qﬁ‘lﬁo ( 2g + 3((2)) _ oo (27m + %ZC@)) , (3.34)

50

where 33 = i (11 — %nf) = %, was obtained for ny = 3. Summing over the

three light quarks results in an additional factor of % (or % in case of the mass

9
term), leading to the final expression of Equation (3.23) in CIPT. Using KI%PT

to highlight the deviation from the previous calculation, it becomes

2 2
2 y 9 209 12
ZI =3 { “Kider + [K%m BT So] } |

(3.35)
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3. Electromagnetic Coupling in the Modified Minimal Subtraction Scheme

Order FOPT CIPT Ratio F%Fl;q‘;
LO 2.81 -1072 2.81 -1072 1

NLO —0.037-1072 —0.037 - 1072 1
NNLO —0.048 - 1072 —0.173 - 1072 3.63
sum 2.73 1072 26 1072 0.95

Table 3.1.: Numerical comparison of Equations (3.23) and (3.35), corresponding
to FOPT and CIPT integration of Equation (3.11)). The input for the
numerical evaluation is &g = 0.1, ms = 0.1 GeV and s¢g = (2 GeV)2.

The two formalisms are compared numerically in Table [3.1, where the ratio of
the two-loop terms is dominated by the ((2)-term, as the strange quark mass is
much smaller than sy and all other terms are identical in either formalism. The
overall relative difference between the vacuum polarization function obtained
using CIPT and FOPT is roughly 4.6 %.

3.2. Non-hadronic Contributions

Section [3.1| dealt with the calculation of the hadronic part of the vacuum
polarization function that enters the expression (3.1) of the MS-renormalized
electromagnetic coupling. The vacuum polarization also obtains a contribution
from charged leptons that needs to be added to the previously determined
hadronic contribution and which will be presented in the following.

As mentioned previously, the non-hadronic contributions to the vacuum
polarization function can be computed perturbatively. The one-loop expression
can be readily obtained from Reference [2] and is given in Appendix |Cl It reads

fhepg* = 0.11) = W{g (ZQ?IOgmlz) ~1%8am g O
!

(3.36)
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3.2. Non-hadronic Contributions

where the fermion sum is over leptons, only. In order to evaluate this sum
within an effective theory at a certain energy scale u, particles that have been
integrated out must not contribute to equation (3.36). For p < 2GeV, it is
reasonable to not include the contributions of the W-boson; as the scale at
which a particle is included into the theory is ambiguous, the terms arising
because of the 7-lepton may be included or left out. Following Reference [9],
the 7 is not included, and one obtains

R o 2 2
Mhiep (4% = 0, 1) = o <10g £+ log :;) +0(a?). (3.37)
e 1t

The first calculation of leptonic two-loop contributions to the vacuum polar-
ization function was published in Reference [23]. These contributions can also
be obtained from the results of Reference |19], in which the contribution of a
single heavy quark to vacuum polarization is given. Dividing the expression
in terms of the on-shell mass by three to remove the implicit color factor, the
leading terms are’

. 1 2 N 15 2
Miep(q® = 0, 1) = = [3 log £ + = ( +log X ) +0(a%), (339

m2  Ax \ 4 m2

where Cr = 1 and Q% = 1 was used to adopt the expression to the leptonic
case and the strong coupling constant & was replaced with the electromagnetic
coupling &. Equation (3.38)) describes the contribution of a single lepton with
its mass defined according to the OS definition. Adding the contributions of
the electron and muon yieldg'"| [9]

. al/l & 2 2 15 &
Hlep(q2 = Oaﬂ) = - l(s + 471') <10g::12 +10g H ) + g; +ﬁ(0&3) (339)

2
™ TTL’u

The last term contributes to the matching conditions which will be discussed in
Section [3.5, so it is important to highlight that it is the sum of the identical
contributions of the electron and muon.

9The complete equation for QCD is given in Equation (3.46).
9Tt should read 22 instead of 2 in Reference [9].
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3. Electromagnetic Coupling in the Modified Minimal Subtraction Scheme

The relation between the MS-renormalized coupling & and the vacuum polar-
ization was given in Equation (3.1). With the hadronic contributions to the
vacuum polarization function given in Equation (3.24)) and the leptonic terms
given in Equation (3.39), the electromagnetic coupling constant for 1 2 1.2 GeV
can be derived using

a(p)

«
B 1-— 1/_\Iha‘d(q2 = Oa,u) - fIlep(q2 =0, :u) '

In a next step, the electromagnetic RGE can be used to evolve the coupling
parameter & to larger scales j? > so; one possible solution of the 3-function is
discussed in Section [3.4l

(3.40)

3.3. Perturtbative Expression of the Vacuum Polarization
Function

The previous sections dealt with the calculation of the electromagnetic coupling
above the non-perturbative regime. This required a perturbative expression
of the leptonic part of the vacuum polarization function which was derived
in Section |3.2| as well as the unsubtracted dispersion relation approach of
Section 3.1 to handle hadronic effects. In order to obtain a value for the
electromagnetic coupling at higher scales, one can make use of the RGE to evolve
the coupling by solving the differential equation associated with the g-function.
The S-function is determined within the framework of perturbation theory and
requires a power series of the vacuum polarization as input, accordingly. The
leptonic contribution to this power series was already derived in Section [3.2] but
the hadronic contribution needs to be determined in addition. The hadronic
contributions that were derived in Section [3.1.1] for the contour integration were
obtained assuming small quark masses compared to the momentum transfer,

that is the expressions are the leading terms of a power series in 7:;—23. This power
series can not be used for the derivation of the S-function that requires the
contribution to the renormalization constant, which is determined at vanishing
momentum transfer. This section deals with the perturbative contribution
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3.3. Perturtbative Expression of the Vacuum Polarization Function

of quarks to the vacuum polarization at zero momentum transfer, which is
required not only for the S-function but also for the derivation of the matching
conditions of the heavier quarks.

The vacuum polarization function can be found in Reference [19] in terms of
the on-shell mass, but in order to obtain an expression in terms of the MS-mass,
one has to express the on-shell mass in terms of the MS-mass as a first step.
The relation between the two different mass parameters reads

az(p)

A s (1) 3 ~3

where L = log 5722 depends on the scale and the on-shell mass and the second
order coefficient is

3 3 71 1 13 1
22 Tng (— + =C(2) + —L + - L?
3 >)+cp nq(96+2<<>+24 +3 )
7 21

15 3 9
+C2 (128 - 5@ = 7B + 5L+ L2 +3(2) log(2>>

Ny :C’FT<

32 32
1111 1 5 3 185 11

+203) — oL

+CrCa (_ 351 T2 Ty 96 32

3
L= S0@)log(2)).
(3.42)
Neglecting terms of order aﬁ, it is easily solved for the on-shell mass by re-
placing the on-shell mass m with the MS-mass 7 on the right-hand side of

Equation (3.41). The result in terms of a mass ratio reads

N 2
=1+ O‘S;“)CF (1 + %log a ) + 0(a?), (3.43)

m(p?)

m?
which can now be used to express the logarithm log 7’:1—22 in terms of the MS-mass;

the result is

2 A 2
log L log o G Cr (2 + §log /f2> +0(a2). (3.44)
m m s 2 m
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3. Electromagnetic Coupling in the Modified Minimal Subtraction Scheme

Substituting equations (3.43) and (3.44) into Equation (3.41) and neglecting
3 results in the expression for the OS mass m in terms of the

MS mass m up to order d2

mzz?):H e

terms of order &

[4 + SL}
(3.45)

&g (1)

A3
+2 - lw( $+6L+9L7) — N[ + 0(62),

with the scale dependent logarithms abbreviated as L = log 5722 Here, the
explicit C%-term stems from the substitution of Equations (3.43) and (3.44)
into the term of order &(és) in Equation (3.41). With Equation (3.45) at hand,
it is now possible to derive the vacuum polarization function in terms of the
MS-mass.

The vacuum polarization of a single heavy quark with charge @ is given in
Reference [19], with the mass m as defined in the OS renormalization scheme
and reads

I1(0 4 2 as(p?) (15 2 a2 (u?
© :a{logM+C’F Er)< +1lo :1>+ ig)ngLﬁ(di’) :

f 2
N/ ch 4 | 3 m 4
(3.46a)
The coefficient of the &%-term is
23 7
Koy =CpT | ——+14 —
2= CoT (=2 +4¢2) + 150 )
917 4 4 1,
77 (B3
2 [E— J— —_— —_
+C3 (1 +56@) - 8c@)og(2) - L+ £ )
14977 127 157 11
+CoCa (g5 — 562 +AC2)log2 4 oo 0() + 2o L+ 511
(3.46b)

where the abbreviation L = log ;‘1—22 for logarithms in terms of the OS mass was
used as before. As mentioned in Section 3.2, Equation (3.46) can be also used
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3.3. Perturtbative Expression of the Vacuum Polarization Function

to derive the vacuum polarization function (3.38) of a single lepton; this is done
by dividing by the implicit color factor Ny = 3 and inserting C'r = 1. Utilizing
the mass ratio (3.45), Equation (3.46) can be written up to order &2 in terms
of the MS mass 77,

1272 TI(0) . &, (p?) 3.0 13\  &Z(u?) - 5
— i on (2 A 4
NCJCQ% o L - Cr <4L 16) + > Ko+ 0(a3), (3.47a)

where the third-order coefficient in terms of L = log 2 reads

m? (u2)
21 2 1. 361
=CpT <_8 + *C( )) -l-CFTTLq( L — gL 216>
27, O
+CF < sLto5 EC( )) (3.47b)

;0 7, 223 5021

ity _ e
+CFCA( ST AR A= C) 864)

Equation (3.47) is the vacuum polarization function for a heavy quark coupling
to the photon and quarks inside the inner quark loop of the double bubble
diagrams'!| are treated massless. This expression is required not only in the
calculation of the S-function, but also in the derivation of the matching condition
for integrating out the heavy quark. Since the quarks in the inner loop are all
treated massless, it is not sufficient in this regard. Heavy quarks also appear in
the inner loop of a double bubble diagram in which a light quark couples the
photon and the vacuum polarization associated with these diagrams enters the
matching, too. The corresponding contribution can be reversely extracted from
the results of Reference [27], in which the matching condition!? for integrating
out a heavy quark is given Replacing Cr, C4 and T with their respective
numeric values, that is 3, 3 and 1 , yields the final expression for the perturbative
vacuum polarization function that accounts for all Feynman diagrams containing
at least a single heavy quark. Using R; (Rj) to denote the contributions of

1A double bubble diagram is shown in Figure [3.2c.
12The authors of Reference [27] use the term decoupling relation.
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3. Electromagnetic Coupling in the Modified Minimal Subtraction Scheme

three-loop Feynman diagrams in which a light (heavy) quark couples to the
photon, it reads |9

A 2 ~A2(,.2
11(0) = iN!Q? {i+ (1) (13 —i) + %T(r/; ) (Rn + R)) + ﬁ(ai)},

32 T 12
655 3847 5. 11 .2 361 1. 1 .2
= 2@y 05 2 Sk S
Bn= 10~ 561 68 3 " (1296 187 12 ) ’

295 11, 1 .2
R, = 2= - L-—L
: XZ:QZ (1296 727 12 ) ’
(3.48)
with the sum evaluated for all n; = ny — 1 light quarks that are treated massless.

3.4. Electromagnetic Renormalization Group Equation

Using Equation (3.40)), the results of Sections 3.1 and 3.2 allow determining
the MS-renormalized electromagnetic coupling for scales at the lower end of
the perturbative regime p = 1.2 GeV; here the particular choice p = 2 GeV was
made. As described in Section [2.5.2], a solution of the S-function can be used
to calculate a value at higher energy scales. The derivation of the coefficients
in the S-function requires a perturbative expression of the vacuum polarization
function that was derived in Section 3.3l In this section, the S-function of the
electromagnetic coupling is introduced and the solution of the corresponding
differential equation is presented in Section |3.4.1. The solution depends on an
auxiliary integral parametrizing strong interaction effects, which is discussed
in Section [3.4.3, based on a solution of the S-function of QCD derived in
Section 13.4.2,

The p-function describing the running of the electromagnetic coupling con-
stant & including higher order terms is determined by the derivative of the
coupling with respect to the scale p. Using the relation between vacuum polar-
ization function and electromagnetic coupling given in Equation (3.1)), it may
be written as

B=——p— |—=I(* = 0,p)| . (3.49)
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3.4. Electromagnetic Renormalization Group Equation

The definition of the coefficients of the power series of Equation (3.49)) is given
in Equation (2.54). Since the one-loop diagram is purely electromagnetic,
the leading coefficient parametrizing strong interaction effects denoted by 30,
vanishes. The leading Bi—coefﬁcients can be obtained by differentiating the
expressions in Section 3.2l Keeping in mind that Equation (3.39) contains
the implicit charge factors Q? and Qf, corresponding to the one and two-loop
diagrams, one finds

A 1 A 1 .
BO:_gszQi"a Bl :_ZZN]"QZ}7 50:07 (350)
f f

where the sum includes all fermions and the color factor Ny was introduced to
account for the multiplicity of quarks.

The higher order coefficients parametrizing strong interaction effects, Si,i > 0,
can be obtained by differentiating the contribution of quarks to the hadronic
vacuum polarization with respect to 2. The contribution of a single massive
quark is given by the vacuum polarization in Equation (3.48). Computing its
derivative also requires differentiating the coupling &g and the mass m with
respect to p?; & is the expansion parameter and the mass occurs in logarithms L.
The derivatives are the 8- and y-functions of the strong interaction, which can
also be expanded as a power series in ¢&. The generic power series in terms of the
coefficients ﬁ?CD and 'YZQCD are similar to the expansion of the electromagnetic
beta function. They read [27]

2 d 643 . QCD as e QCD 6‘? ~3
1=
1 2 d A = QCD &s i QCD @s QCD @2 ~3
T T () =i G oe), @)

where only the leading terms that are relevant in the following are kept on the
right-hand side. These leading coefficients read [25]

gop 111 aop _ 1 gop 1 (202 20

9 71 - 16
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3. Electromagnetic Coupling in the Modified Minimal Subtraction Scheme

with the number of quark flavors denoted by n,. Neglecting terms of order a2,
the derivative of the scale dependent logarithm is

d ©? & as\2 /101 5
2 S s
—1 =1+2|— — _— = — 3.54
Wz ®me =T w+<w) <24 36”q> ! (3:34)
which can be used to find
AQ ~2 A 2
d T A & & 11 125
2 2 2 s | Oy
M| (4 ”‘)] wa{ i g [72 Ma 48]
(3.55)

for the derivative of the vacuum polarization function in Equation (3.48). The
leading term accounts for the coeflicient 3, that was already given above, while
the remaining ones determine d; and d2. Comparing Equations (2.54) and (3.55)
yields

Q2
=2 Q¢ =-NCr =1, (3.56)
q q
11 125 125
b= Q2 [mnq—%} NOFZQ2[144 "My~ 195 (3.57)
q

for the coeflicients parametrizing the strong interaction effects on the electro-
magnetic coupling in agreement with the expressions given in Reference [9].
In order to make use of the renormalization group evolution as was sketched in
Section [2.5.3, one has to find a solution of the differential Equation (2.52)). Since
the coefficients of the S-function can only be obtained perturbatively, one has
to restrict the discussion to leading terms in the power series of the S-function.
The differential equation that will be discussed in the following accounts for
diagrams up to four-loop order and reads'’
a? R Y () P (7 B @§(u2)>
5 5

d
M2d7/¢2a: <ﬁ0+51 +ﬁ2 o) + 01

(3.58)

BEquation (3.58) includes the 3,-term but is otherwise identical to the differential equation
solved in Reference [9].
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3.4. Electromagnetic Renormalization Group Equation

with the electromagnetic three-loop coefficient 32 and the third strong interaction
coefficient d3 given in Reference [9].

Depending on the number of coefficients taken into account, it could be impos-
sible to find a solution in terms of elementary functions, but a series expansion of
the solution up to any order'? can always be obtained by solving the differential
equation iteratively. In case of Equation (3.58)), it is possible to separate the
variables and integrate either side analytically when omitting terms of order &
relative to the Bo—term that correspond to a product of Bl— and &;-terms. The
result is an implicit function of the electromagnetic coupling which can be
used for numerical evaluations. An explicit series expansion of the coupling
parameter up to any order can then be constructed by iteratively inserting the
implicit function into itself.

The differential equation of the electromagnetic coupling depends on the
strong coupling due to the non-vanishing coefficients ;,i > 0. As a consequence,
the S-function can only be solved with an expression of the strong coupling
at hand, which requires a solution of the S-function of QCD, in turn. It can
be obtained from the solution of Equation (3.58), since the S-function of QCD
exhibits a similar structure. Therefore, the following discussion is split into three
parts: The separation of variables and integration of Equation (3.58) is outlined
in Section |3.4.1. The intermediate result will depend on an auxiliary integral
of the strong coupling as explained above. In Section |3.4.2, this intermediate
result is used to determine an expression of the strong coupling that solves the
B-function of QCD. Eventually, the auxiliary integral is solved in Section |3.4.3
by inserting the outcome of Section [3.4.2; the solution can be inserted into the
intermediate result of Section 3.4.1| to find the final solution of Equation (3.58).

3.4.1. Intermediate Solution

Terms of order & (&) relative to the 3y-term in Equation (3.58) are denoted
by €; in Reference [9] and account for higher order Feynman diagrams in which

14The solution may include logarithmic terms stemming from reducible Feynman diagrams up
to any order, but will only account for the S-function coefficients that were not omitted in
the differential equation.
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3. Electromagnetic Coupling in the Modified Minimal Subtraction Scheme

photons and gluons appear side by side. Since these terms were neglected
in the differential equation, the product of Bl and any &; can be dropped
when solving the differential equation without loosing accuracy. This allows
separating the variables & and p?. Dividing both sides by the sum of the purely
electromagnetic coefficients BZ times the appropriate power of the coupling
constant and dropping Bl and BQ in the denominator on the right-hand side
yields

dé& 1

2 d ads e\ | du?
— S 1+@F(as)+ﬁ< ;,3)]“2,
& (o+ B2+ M%) T m )] e

Bo dp?

where the auxiliary function F' defined as

2 d 2 & 2 R d2 2 R 6[3 2
ug M &

accounts for the contribution of the strong interaction coefficients 5. As
explained before, solving the integral in Equation (3.60) requires an expression
of the strong coupling constant in terms of the scale u?, which will be derived
from an intermediate solution of Equation (3.58) in Section |3.4.2. For the time
being, the integral F'(é) is kept as an unknown function and will be calculated
in Section |3.4.3| eventually.

Both sides of Equation (3.59) can now be integrated independently. It is
convenient to introduce the abbreviations

X1 = B — 2B0Be, (3.61a)
X2 = B — 4B0Be, (3.61b)

B} — 2B X
B* = -1 +,/8} - 460526%_745252 =B+ ﬁ? (3.61c)

for combinations of the S-function coefficients that appear in the final solution.
The parameters y; and o are positive because of Sy < 0 and 2 > 0, and as a
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3.4. Electromagnetic Renormalization Group Equation

consequence, B* is real valued. Using C to denote the integration constant,
the integral of Equation (3.59) can now be written as
1 BT 1 1 B3
- - log| - + BB+ 2B, BT — =Bt
Bodi(u?) 27 (O&MQ) X1 ( 260
B~ 1 1
~ B g( v (amroms - L)) o)
X1 2ﬁ
2 F(&
:C——log’%— (as)'
T Ho 5o
Since the solution of the differential equation is used to relate the coupling
parameter at two different scales, a reasonable choice for the initial value

condition is lim_, 2 &(u?) = &(ud), which directly leads to
1 B* 1 1 32
C=—— 7 log + 1Bz +26: BT — -B*
/3’004(#(2)) 2m 32 ( (13) w1 ( 2630

B~ 1 1 _ & _
o log< (D) + — <ﬁ152 +2062B ~ 2% >> )
(3.63)

The logarithms that occur explicitly in Equation (3.62) can be combined with
the ones in the integration constant. Introducing L* (& (u 2)) as an abbreviation
for the combination of the logarithms as a function of &(u?),

a(ud) | a(u) +_ B pt
s o \P1B2 +262B~ — 55-B
a(n?) X ( 7 ) . (3.64)

Ei<d(p2)) :=log )
1+ (6162 + 2B9B* — 25510 Bi)

X1

the particular implicit solution reads
Af2 2
vy
( 0) 8o log /%
™ Ho

o>

(1) _ 1 4 pay) +

(1?)

o>

U g () + L (a)]
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When inserting the leading term zgiig = 1 into Equation (3.64)), the logarithm
vanishes, showing that L* is of order & (a). This allows deriving an explicit
power series of Equation (3.65) by performing a fixed-point iteration up to
the desired order. The explicit expression will contain a chain of logarithms,
but a simpler expression can be obtained by calculating the corresponding
series expansion. Including terms up to four-loop order, the explicit solution of
Equation (3.58) reads

B - (440) (e (422
N (a(::%))S ., (B’z - /3’0281 L) (3.66)
N (d(:%)>4L2 (_ﬁj BByl + Bgflﬁ) +0(a%),
where )
L :=log 53 (3.67)

is used as an abbreviation for the scale dependent logarithms. The terms of
order 0 (&4 (u%)) contain only logarithms stemming from reducible diagrams,

as the coefficient 33 was omitted in Equation (3.58). Since Equation (3.66)) is
an expression of the inverse coupling & * (1?), calculating the coupling using
this series expansion will include resummed terms beyond the four-loop order.

3.4.2. Running of the Strong Coupling

The expression of the electromagnetic coupling in Equation (3.66) is not com-
plete, as the terms arising from QCD corrections to the vacuum polarization
function were collected in the yet undetermined function F(&s) defined in
Equation (3.60). Carrying out the integration is only possible when the strong
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3.4. Electromagnetic Renormalization Group Equation

coupling as a function of the scale parameter p is known. In order to obtain
an expression for &;(u?) one has to solve the S-function of QCD, which is
addressed in this section. The final expression of the auxiliary integral will then
be determined in Section 13.4.3l

The S-function of QCD reads up to four-loop order [26]

d as(u?) ag ssby s a0
27(1“2 T =2 By + 51 + ﬁzﬁ + /335 ; (3.68)
with the leading coefficients
as 1 2
as 1 38

The variable n, denotes the number of quarks in the theory and changes when
decoupling the heaviest quark. A superscript “s” is used to denote S-function
coefficients of QCD in line with the subscript of the strong coupling constant é&s.
The solution of the QCD-g-function is conventionally expressed in terms of
the so-called asymptotic scale parameter A [28]; it is obtained by performing
a series expansion but the final expression of &;(u?) is not given in terms of
an initial value &g (,u%). For the present case, it is more convenient to derive
a series expansion of the strong coupling constant similar to Equation (3.66]),
which is done in the following. The series expansion can then be integrated
trivially, as the entire scale dependence is carried by positive powers of the
logarithm (3.67).

Equation (3.68) is similar to the S-function of the electromagnetic coupling
constant without the QCD terms parametrized by 4;. Not taking into account the
four-loop order term 63, Equation (3.68) can be obtained from Equation (3.58)
using the substitutions 6; — 0, & — @&, and 5 — ,B Accordingly, the
three-loop solution may be derived from Equation (3.66) by making the same
substitutions. In order to facilitate the integration in Equation (3.60)), it is
convenient to find a solution of & (u?) instead of the inverse - (1u2) . Expanding
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3. Electromagnetic Coupling in the Modified Minimal Subtraction Scheme

the inverse of Equation (3.66), applying the substitutions mentioned above and
neglecting terms of order &'(&2) yields

bs(p?) _ bs (1) \ 25 as()\* ) T 252
&S(N(Q)) =1- < T /BOL - T L |:51 - (50) L:|
&S(MQ) ° X Dasas ~s3
- ( - . ) L {52 - 55051L+50 Lﬂ (3.71)
O 2 4 ~S AS AS 3/\8
B <as7r/io)> L2{53—3ﬁ0ﬁ2L—2ﬁ12L

13 15245 ~sd "
+§,30 51[/2 — B L] + ﬁ(ag).

The B;—term on the last line can be guessed by looking at the logarithmic terms
stemming from irreducible diagrams at lower orders in the series expansion,
but was verified explicitly by inserting the solution (3.71)) into the differential
Equation (3.68).

3.4.3. Solution of the Auxiliary Function Parametrizing the Strong
Interaction

In Section 3.4.1} the solution (3.66) of the electromagnetic S-function was given
in terms of the undetermined auxiliary function F'(és), only. Section [3.4.2
was dedicated to the solution of the S-function of QCD in terms of a power
series, which is required for the integration of the auxiliary function defined
in Equation (3.60). In this section, the result of Section 3.4.2 is utilized to
perform the integration, which is the last step required for the final solution of
Equation (3.58).

Since the expression of the strong coupling parameter was constructed as
a power series that is polynomial in the scale dependent logarithms, the only
integral required in this section is

/“Qdfﬂ og 1

2 . MZ
= log"™" —. 3.72
T AR (3:72)

m
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3.5. Matching Conditions

Inserting the expansion of the strong coupling (3.71) into the definition of F'(&s)
in Equation (3.60) and neglecting terms of order & (a ) yields

N PN 2
F(és) = (asgru%)> 51L+ (asgrm%)) I {A2 - 1%&4

. (asg@))y

~ 2 4 ~ 2 5
+ <a8<“0)> L2, + (aSST“°>> L2cs + 6(a8),

85 — BadaL — B161L + 50351 L2] (3.73a)

s

where the coefficients of the fourth and fifth order are

ASA ~53A

5 AS AS A 5
3 BaL 4 SBoBIBIL B04 !

3 asa AS A
Cq = —55053 - 5

A8 A

DN
3asn PERN 1) Tasnasna 0
s = —56153—5252—%%% SoL - LpyBin + D0 (3T3)

AS2 A8 A

A5 ASA A83 A
+ ,805251[/ - ,80 52L2 BO 6151[/2

Equation (3.73)) coincides with the series expansion of the QCD terms of the
solution in Reference [9] when neglecting terms of order ¢'(43). It can be
inserted into (3.66) to obtain the final solution of Equation (3.58).

3.5. Matching Conditions

The concept of matching a child theory onto its parent theory has been outlined
in a simplified manner in Section 2.5.4. A more sophisticated formalism will
be introduced in Chapter [5, but when neglecting weak interaction effects, the
previous concept is sufficient. This section is based on the simplified ansatz in
order to reproduce the matching condition for integrating out a heavy fermion
that was published in Reference [17].
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3. Electromagnetic Coupling in the Modified Minimal Subtraction Scheme

The relation between coupling constant and vacuum polarization function

is given in Equation (3.1) and allows expressing the difference of the inverted

coupling constants in terms of f[c/p,

~ D
Apl — = ! :—H 0 - . (3.74)
aP(p?) - ac(p?) a
The superscript p (c) introduced in Section 2.5.4]is used to denote the coupling
parameter and vacuum polarization of the parent (child) theory. Feynman
diagrams that do not contain the heavy fermion are the same in either theory so
that the numerator on the right-hand side of Equation (3.74) is precisely given
by Equation (3.48) when omitting non-hadronic two-loop effects. The purely
electromagnetic terms at two-loop order induced by a single fermion were given
in Equation (3.38)) and should be added in line with Equation (3.40). The final
matching condition becomes [17]

& 15 &5 513 &2 295
_ _ _ONFoal2 _ Fs2lo | Qs 290 2
aP(m?)  a‘(m?) o« (9T T 79I T 22 1296 ;Ql

a2, [655 3847 361

- 393 (71550~ a1 + 157

(3.75)
when choosing p1 = my as the matching scale to drop all logarithms and where
the terms proportional to &; must be omitted for leptons.

The derivation of Equation (3.75) is simplified by the fact that the strong
coupling does not change at fermion threshold when neglecting two-loop contri-
butions. This is used when cancelling the terms stemming from light fermions
in Equation (3.74), and it is the reason for omitting the argument of &s in

Equation (3.75). To be more precise, the term

NG (axmd) as(md)) 13
1272 12

(3.76)

m s

was silently omitted. Since the matching of the strong coupling at one-loop
order is proportional to a logarithm of the ratio of fermion mass and scale u [14],
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3.5. Matching Conditions

Equation (3.75) is indeed justified. However, the threshold effects of QCD have
to be taken into account at higher loop order. In a sophisticated approach,
the child and parent model could be defined including QCD and the matching
conditions for the electromagnetic and strong coupling parameters would then
be obtained simultaneously. A more systematic ansatz for deriving matching
conditions is worked out in Chapter 5, but restricted to a discussion at one-loop
order where threshold effects of QCD do not play a role.
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4. Parity Violating Interaction and the
Weak Mixing Angle

Probing the weak force at low energies is a difficult task due to the suppression
of amplitudes by the inverse mass of one of the heavy gauge bosons. Compared
to the exchange of a photon, the exchange of a heavy gauge boson is hardly
distinguishable from background noise. Hence, the measurement of weak effects
on observables at zero or small momentum transfer requires a sophisticated
suppression of the electromagnetic interactions, as these dominate parity con-
serving interactions. A practical solution to this problem is to take advantage
of the parity violating property of the weak force. Probing observables that are
sensitive to a parity transformation allows discriminating between the weak and
the parity conserving electromagnetic force. Measuring a cross section or count
rate by scattering particles of opposite polarizations (left- and right-handed)
yields tiny differences in a polarization dependent observable. This variation is
tiny, but subtracting the “left-handed observable” and “right-handed observ-
able” will cancel all parity conserving effects and the remainder quantifies the
parity violation of the observable. An important example is the parity violating
left-right asymmetry of electron-—proton scattering!| that is investigated in the
P2 experiment to determine the weak mixing angle.

The one-loop corrections to the charged current interaction of muon decay
give rise to correction terms that need to be taken into account when expressing
neutral-current amplitudes in terms of the Fermi constant. These correction
terms may be absorbed in the Fermi constant as described in Section 2.4l
Similarly, higher order corrections to the neutral current interaction between

Tn the following, parity violating asymmetry will always refer to the left-right asymmetry
of electron—proton scattering.
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4. Parity Violating Interaction and the Weak Mixing Angle

two fermions contribute to the neutral current interaction and give a correction
to the overall coupling strength and the weak mixing angle as will be shown in
Section [4.2. Originally, this was used to define an effective weak mixing angle
that contains the renormalized one-loop corrections, but will also be used as a
basis for the derivation of matching conditions in Chapter [5l

In this chapter, the parity violating interaction is derived in the Standard
Model. The Lagrangian of the Standard Model was introduced in Section [2.1],
but as described in Section [2.2| the calculation of loop effects requires a renor-
malization of the theory. In Section [4.1), the irreducible two- and three-point
vertex functions of the EWSM are derived, which are required for a systematic
renormalization of the model. The renormalized vertex functions are used in
the second part, in Section 4.2, to derive the MS-renormalized parity violating
interaction. The S-function of the weak mixing angle is derived in Section |4.3
and a possible solution published in Reference [17] is presented in Section (4.4}

4.1. Irreducible Vertex Functions

4.1.1. Bosonic Two-Point Functions

The tree-level two-point functions are determined by the terms in the Standard
Model Lagrangian that are bilinear in the respective fields. In case of the
bosonic fields, these terms read

1 v 1 v 1 2 1 2 1 2
.,%b — _ZF/»“’FM - EZ,LLI/ZM + §M0’Z Z#ZM - 26714 (8“148) - 2{7 (8“Z6L) .
(4.1)

The propagator is the two-point function

(—isr S oL Jexp (i da [ L+ Je A, + J47,))

Gab , — : ,
(1, 2) §J (21)0JY (z2) J2[...]exp(iS)
(4.2)
where [ Z[...] denotes the functional integration over all degrees of freedom

and a,b =, Z. In order to evaluate the functional derivative, it is convenient,
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4.1. Irreducible Vertex Functions

to rewrite Equation (4.1) in terms of a matrix multiplication, in which the
derivatives of the kinetic terms and counter terms are sandwiched between a
vector of the gauge fields. Using X to denote the matrix of renormalization
constants defined in Equation (2.19), Equation (4.1) can be written as

Lo =3 (A 7)) (‘2) , (43)
with
M =ixT9Xx,
y_ [0 -0 (1-2&) 0 (4
0 g (0% + Mo 2%) — r0r (1- L)

The Lagrangian (4.3) is now expressed in terms of the renormalized fields and
the renormalization constants d Zx are absorbed into the definition of ™. The
bosonic two-point Green function is related to the inverse A, (z,z’) of ™,
defined by

" AP (x,2) = 0W (2 — 2/) g, (4.5)

which allows determining the Green function by inverting the matrix in Equa-
tion (4.4). With the shifted fields

Au _ (Au . o, / Jp(ml)
(Z) ) <Z> AR <J§<x'>>7 o)

where J' 2‘ and J g are the sources, the bilinear terms read

/ Az (L + JHA, + T4 Z,)

i < s\ (A
- / d'z (4, 7,)T <ZV> (4.7)

) / P (! P! ' Jate
_§/d4a:d43? (JA(x) JZ(QZ)) Aup(l',x) < A( ;)
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4. Parity Violating Interaction and the Weak Mixing Angle

Due to translational invariance of the path integral, the fields Au and Z u can
be replaced by A, and Z,,. Equation (4.5) is equivalent to the momentum space
expression

()AL (¢) = g, (4.8)
where A,”(q?) is the Fourier transform of A,” (21, z2),
d4q —iq(x1—x 2
Ayp(.fl,xg) = /(271_)46 q( 1 Q)Al,p(q ), (49)

and

(%) = —iXT9 (%) X,

o (97— (1) 0
g(q ) - w2 2 Ty 1 ’
0 g (q —Mo,z)—qq (1—5)
(4.10)
Inserting the bilinear Lagrangian (4.3)) instead of the complete Lagrangian of the

EWSM into Equation (4.2) yields the tree-level propagator (in matrix notation)
Gzryee(xlaxQ) = _A/ux(xlyx2), (411)

which implies

()Gt (@) = 4", (4.12)
for the tree-level propagator Gf,r;fe (qQ) in momentum space. By construction,
the tree-level propagator Gt;fe (q2) contains the full dependence on the renor-
malization constants 6Zx. The solution to Equation (4.12) can be easiest found
by separating " into transverse and longitudinal parts. However, for the
calculation of the irreducible two-point vertex function, the explicit expression
of thrpee (qQ) is not required. The complete propagator including all possible
Feynman diagrams can be derived in terms of the self-energy functions ¥ (¢?).

Using the matrix (iw(qz)) , = ¥ (¢%) and omitting the argument ¢* for
a

simplicity, the propagator in matrix notation reads

Gl = Giree 4 Glreois®glrce 4 Glreeis® qee 0G4 (4.13)
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4.1. Irreducible Vertex Functions

For the summation, it is convenient, to decompose tree-level propagator and
self-energy into transverse and longitudinal parts according to Equation (2.25).
Then, the Dyson series (4.13)) becomes

~ -1
G,u,y _ (_g,uu + QZQV> Gtree ( _ Z'ETG‘%ee)

qudv Gtree (1 - trec) L
- —i2.G
q2 L ( L )

(4.14)

The irreducible two-point vertex function I'**(¢?) is the inverse of the propagator,
defined by
T (¢*)G,P = —gM*, (4.15)

and can be readily obtained from Equation (4.14). According to Equatlon (4.12),
the inverse of the tree-level propagator can be expressed in terms of I, which
yields

v — < g+ q:q > [fTJrzZT} - q;q {FLHEL] (4.16)

Using the same separation into transverse and longitudinal parts as before, the
matrix elements of I'*” in the Standard Model are given by

T =iq*(1+02a) +i(q° — Mg 2)025 4 + 57 (¢°), (4.17a)
2 2
I =il (1+6za) +i | L — M2, 622, +ix) (6?), (4.17b)
£ &z ’
2% — (q — M&Z) (14 6Z2) +iq*6 73, + 47 (¢?), (4.17¢)
2 2
TZ% = (g - M&Z> (1+0Z7) + ig—dZE,Z +i%7%(q%), (4.17d)
A A
T97 = iq%6Zaz/1+ 024 +i (q2 - M&Z) 5Z7aN1+ 027 +i%3% (¢),
(4.17e)
F’YT = Z?(SZAZ\/ 1 + 6ZA +7, ( - Moz> (SZZA\/ 1 + (SZZ +ZE’YZ( )
(4.17f)
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4. Parity Violating Interaction and the Weak Mixing Angle

and I‘f{] = FZf due to the symmetry of the vZ-mixing. Equation (4.17)) was
derived without approximations and is valid to all orders of perturbation theory.

Equation (4.17)) also motivates the particular choice of X in (2.19)): If the off-
diagonal elements in X had been defined using a square root, the factors 624,
and 6Z% , would be replaced by §Z4z and §Zz4, respectively. This would
be counter-intuitive, as the yZ-mixing terms in I')) and FﬁVZ are clearly of
two-loop order.

4.1.2. Fermionic Two-Point Functions

The terms in the Standard Model Lagrangian determining the tree-level propa-
gator of a single fermion f read

Zpy = foi (i@ —mo.z) fo, (4.18)

where fo = f& + f&. One needs to introduce renormalization constants for
the left- and right-handed fields separately as given in Equation (2.19)), which
yields the expression

I+
2

_ 1 —
gfb:f[z’a <1+ 27552{+ 5Z};> —mop\1+02i\1+0zL| f

(4.19)

in terms of the renormalized fields. The remaining derivation of the fermion

propagator is similar to the calculation of the bosonic propagator. The tree-level

propagator S}O)(q) equals ¢ times the inverse of the terms in the square brackets
in Equation (4.19) and the corresponding equation in momentum space reads

(a0, )7L L= L+
i(5(a) :g<1+ 507+ = 52};)

—mo g1+ 0251+ 62,

(4.20)

As in case of the bosonic two-point functions, the propagator including the self
energy insertion can be resummed in terms of a Dyson sum. Using »f (q) to
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4.1. Irreducible Vertex Functions

denote the self-energy function of the fermion and omitting the momentum
dependence, it reads

_ ¢0) (0) ;52 f ¢(0) (0);52f ¢(0) ;52 f o(0) _ o) [1 _f @]t
Sy =8 + 5Pl $0 + sPinl sPinS s 1 = $P [1—infsP]
(4.21)
The self energy is a Dirac matrix and can be decomposed into vector, axial
vector and scalar parts according to

2 (q) = 427 (6) + ¢ (¢) +mo s 2L (4?). (4.22)

The irreducible two-point vertex function I'y is the inverse of the propagator.
Inserting Equations (4.20) to (4.22)) yields

i@ =i (sP@) "+ ()
— a1+ 557 (62 + 2l - )
# (62 + 20 (a*) + 2 (qz))}

— mo s (\/1 + 5Z£\/1 +07) — zg((f)) .

(4.23)
+

For later use, it is convenient to group the terms of Equation (4.23)) in terms
of scalar, vector and axial vector parts. Using the vector and axial vector
renormalization constants

571 + o671, 571 — 671
57 = CLIOTR ana gz) = TR 0L (4.24)
as an abbreviation, the irreducible vertex function can be written as
i0s(q) = g (14 32) + 2 (¢*) + g (02 + 2 (eY))
(4.25)

—mo (\/1 +5Z{\/1 + 07} — zg(q2)> .
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4. Parity Violating Interaction and the Weak Mixing Angle

4.1.3. Three-Point Functions

At leading order, the one-particle irreducible vertex functions are simply the
Feynman rules for the interaction vertices. In the Standard Model, they are
determined by the terms

< + 1 =75
—eoQyFomeol + 9020 (T2 = 50°Qp ) FoZ

= T [ — e0Q; (1 + 671 + 52;‘,75) V1+46Z4

+82 () - ajrs) 02z | A" (4.26)
+ fw QOT’Z (v} — a}'y5) V1+0Z7
—eoQs (1+02] +062%75)0Zaz | f 2"
in the Lagrangian density, in which the constants
vj =17 (1+02] - 02%) — 250°Qs (1+ 02, (4.27a)
aj =T} (1+02] - 52%) + 250°Qs0 2, (4.27b)

are used as abbreviations for vector- and axial vector coupling constants con-
taining the fermionic renormalization constants. Equation (4.26]) indicates that
the off-diagonal renormalization constants §Z 47 and 0Zz 4 do not only induce
a mixing of gauge boson propagators at higher loop order, but also play an im-
portant role in the renormalization of the coupling constants, as they affect the
interaction vertices, too. Higher order corrections may be separated according
to transformation behavior with respect to Lorentz transformations. Following
the notation of Reference [3|, the tensor structure of the vertex functions can
be decomposed according to

A (@) = 7M@) + s A (6P)

P+2),  r (p—p) (4.28)
X T BATTa2 7“Affa 2 -~ 7
me S (q ) + 5 me P (q )7 a v, 4,
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4.1. Irreducible Vertex Functions

where Agff “(¢?) with a =v,Z and X =V, A, S, P are used to parametrize the
vector, axial vector, scalar and pseudo-scalar contributions, respectively. The
irreducible fermion-photon and fermion-Z vertices in terms of Aﬁf (g% read

oL 0.0) = —ieoQpy (14020 +62%n5) I+ 024

(4.29)
+ Z.go2,z Y (U} - a?%) 6Zza —ieoM T (¢?),
P 0.0) = + %520 (v — ajs) VI+922 (4.30)

— iegQ (1 + 071 + 525175) §Zaz + ig()T’ZAﬁfZ(qQ)

and serve as a definition for the Ag(f “_functions. The numerators of the coef-
ficients of Agf X and Ag X are expressed in terms of the pole mass? 7, as it
avoids the occurrence of mass ratios when applying the Gordon identity. Since
the vertex functions are loop corrections themselves, the choice of the pole
mass instead of the bare or renormalized mass has no practical consequence
at one-loop order. Comparing Equations (4.29) and (4.30) with Reference [2]
yields the explicit one-loop expressions that are given in Appendix |Cl

The electromagnetic coupling constant is determined by the fermion—photon
interaction. In order to renormalize the coupling constant or derive the electro-
magnetic coupling in an effective theory in terms of matching conditions, one
has to calculate the fermion—photon interaction at zero momentum transfer.
The corresponding Green function in position space defined by means of the

functional integral reads

—4)2i63
Gl faw = -
(21, 22, 73) 0.5 (1)dm (22) 811y (x3)

REID exp{i[diz[Z + )]}
[ 9][...]exp(iS) ’

2The definition of the pole mass is intricate in case of unstable particles and confined quarks
do not possess a pole mass at all. The notation of Equations (4.29) and (4.30)) is still
valid, as the factor m;l can be cancelled by an appropriate normalization of the vertex
functions.

(4.31)

a=",42,
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4. Parity Violating Interaction and the Weak Mixing Angle

where the source term Lagrangian in the exponential function in the numerator
is defined as

Ly =JEA 4+ TG Z+ ) (ﬁff + Tnf) : (4.32)
f

The function G//%¥(p,p') is used to denote the Fourier transform of the ffv-
Green function in the following, p and p’ refer to the incoming and outgoing
fermion momenta, respectively, and

g=p—p (4.33)

is the momentum of the outgoing photon. The interaction described by (4.31)
includes the one-particle irreducible fermion—photon vertex derived above, as
well as the fermion—Z coupling paired with a yZ-mixing propagator. Due to
charge universality, the particular choice of the charged fermion f is irrelevant.
The family index ¢ is omitted for brevity.

The Green function G/77# (p,p’) is represented by the sum of the Feynman
diagrams shown in Figure 4.1, The white circular disks at the vertices are
the one-particle irreducible functions denoted by F{}J;K i (p,p’) and F{IJ;IZ’ i (p,p).
The filled blobs inserted in the external propagators denote all loop corrections
including the reducible ones; that is, the attached propagators represent the
two-point functions defined by the functional derivative (4.2)). Translating the
diagrams yields

GIP (p,p)) = S (0TI (0.9) S (P) G ()
+ 8 (PP (0.0) S () GZY (2)

in terms of the irreducible vertex functions, where G}, and Sy are defined in
Section |4.1. Like before, it is easier to deal with the amputated vertex function.
Multiplying with the inverse propagators of the external particles yields

(4.34)

a(p)) T (p. 0 )u(p)e” = a(p)T1E, (0. 1) u(p)e"
i),

+a(p\ DI, (0.0 ) ulp) 2l et
HPLp G (¢?)
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4.1. Irreducible Vertex Functions

f f

Figure 4.1.: Diagrammatic representation of the terms that make up the Green
function G//7#(p,p’). The contribution of the irreducible ffZ-
vertex arises due to the yZ-mixing.

where Gﬁ}b (a,b =, Z) are the transverse parts of the bosonic propagators. In
the on-shell scheme, the renormalized v Z-propagator vanishes at zero momentum
transfer, simplifying Equation . In the general case, however, the second
term needs to be taken into account. Using the subscript T' to denote the
transverse parts of the irreducible vertex functions (4.16) and (4.17)), too, the
ratio of the propagators reads

G7'(@*) _ T7(d)
Gil(¢?)  T77(e?)

(4.36)

The amputated vertex function I'//7 is obtained by inserting Equations (4.36]),
(4.17), (4.29) and (4.30) into (4.35).
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4. Parity Violating Interaction and the Weak Mixing Angle

In order to compute the renormalization constant of the electromagnetic
coupling, it is necessary to determine the projection u(p’) Fl{f 7(p,p')u(p) for on-
shell fermions in the limit p’ — p. Sandwiching the first term of Equation (4.35))
between Dirac spinors and making use of the Gordon identity yields®

a(p)TL] (0, p)u(p) = —ieu(p)yu(p) (V — 5 A) u(p),

V= Qs (1+020) VI+6Za — S20i6Zza+ NP (0) + A5 (0),  (a37)
A=—QpZ\1+0Z4s— %a}azm — A 0).

The projection of the second term in Equation (4.35) is similar, but also includes
the propagator ratio,

Zny 2
ST o) =~ (01 (V = 254) o) L

V =viV1+0627 — 2gifo (1+02]) 6Zaz + M/7(0) + A7 (0),  (4:38)

A= apTH 027 +2 Q3740247 = M (0).

4.2. Parity Violating Fermion—Fermion Interaction

With the derivation of the two- and three-point functions in the previous section,
it is now possible to derive the parity violating interaction excluding box-graph
contributions in the Standard Model. The first derivation of the parity violating
interaction at one-loop order was done in Reference [29] for the scattering of
electrons and quarks. In this section, the findings therein are generalized to
fermion—fermion scattering with no particular choice for the scale u. The result
of this section also serves as a base for the derivation of matching conditions for

3Applying the Gordon identity also yields a term proportional to ouvq” which corresponds
to the fermion’s magnetic moment. This piece is irrelevant for the renormalization as it is
UV finite and will not be discussed in the following.
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4.2. Parity Violating Fermion—Fermion Interaction

bil fo

bil fo

Figure 4.2.: One-particle reducible Feynman diagrams of neutral current
fermion—fermion scattering. The dark grey blobs depict the sum of
all reducible and irreducible self-energy diagrams.

the parameters describing electroweak phenomena in an effective model, which
will be discussed in Chapter [5.

The parity violating amplitude of fermion—fermion scattering contains terms
that are process dependent, that is they depend on the type of the scattering
fermions, and universal terms that are the same for all external fermions. In
order to separate the universal terms, box diagrams do not need to be treated
explicitly in this section, as they only contribute to the process dependent
terms. The contribution of these diagrams at zero momentum transfer will be
abbreviated by U = [, + U,z + Uzz + Oww, which is understood to also
include crossed diagrams. Explicit expressions for the box diagrams can be
found in Reference [29]. The remaining terms of the parity violating interac-
tion are determined by the four Feynman diagrams that are obtained when
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4. Parity Violating Interaction and the Weak Mixing Angle

inserting photons and Z-bosons for the mediators in Figure 4.2l The parity
violating interaction can be parametrized in terms of scalar functions 0{3”1 (¢%)

and C{jcl (q2) that depend on the squared momentum transfer and the type of
the scattering fermions. Separating the Fermi constant Gr and a factor %,
the parity violating matrix element reads

Gr ~f2 ;o\ _
Moy () = i—= |C17, (61w Ty vysus
V2 G g (4.39)

+ O3 () mmsu ayus| + O(q?),

where u; (u2) is the spinor of fermion f; (f2). This general structure will be
reasoned in the following subsections. As indicated by the big O notation, there
may be additional momentum transfer dependent terms that stem from the
contraction of scalar and pseudo-scalar terms which do not fit the parametrization
in terms of C4 #, due to a differing Dirac structure; these do not contribute at
zero momentum transfer as will be shown in Section 4.2.1. At zero momentum
transfer, this parametrization corresponds to the effective contact interaction
constants Cjq = C’;(O),i =1,2,q = u,d, introduced in Reference [29]. Without
further specification of the fermions, the set of Feynman diagrams in Figure 4.2
is symmetric under the exchange fi <+ fa2, so that the remainder of the section

is restricted to the discussion of 6{3”1 (¢%).

4.2.1. Contribution of Scalar and Pseudo-Scalar Terms

It is not obvious that Equation (4.39) is a valid parametrization of the parity
violating matrix element, as the vertex corrections (4.29) and (4.30) also contain
scalar and pseudo-scalar terms in which the Lorentz index is carried by the
fermion momenta. These terms are parametrized by the scalar functions Agf A
AT

and , respectively, where A = ~, Z. Additional treatment is required in

order to derive the contribution of those pieces to the effective coupling C{fﬁ

and show that no other terms exist beside C’{]%l. Since the scalar term does
not contain a ~ys-matrix, it may only contribute to the vertex correction of the
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4.2. Parity Violating Fermion—Fermion Interaction

fermion f1, for which the vector terms are required. On the other hand, the
pseudo-scalar term contributes to the vertex correction of the fermion fy only,
because of the presence of ~s.

At one-loop order, the pseudo-scalar term can only contribute when contracted
with a vector term @ (p})y,u1(p1). Using the Dirac equation and identical
masses for initial and final fermionsf; and f{, one finds

( )wul p1)t2 (Ph) g vsus(p2)

W () (g, — g, ) wr (pr) o () ysua(p2) = 0, (4.40)

where ¢ = p{ — p'l“ = pIQ“ — ph is the four-momentum transfer. It remains to
derive the contribution of the scalar term to the low energy coupling constants.
When terms of two-loop order are neglected, the Dirac structure of the only
matrix element in which the scalar term can enter reads

Msa =y (p))guui(pr) T2 (ph) Y ysu(p2) = w1 (p))ui(p1) T2 (ph) dysua(p2),
(4.41)
in which the pseudo scalar term is contracted with the tree-level axial vector term
as indicated by the subscript “SA”. Equation (4.41) does not contribute to C’1 o
which can be seen when calculating the square of the matrix element .#g4 and
the product of .#s4 and

My A =T (P))ypu1(p1) o (ph) Y y5u2(p2). (4.42)

Using ¢v5 = p,75 + V5P, Equation (4.41) can also be written as

Msa = 21,7 (p1)u1 (p1) Tz (p2) ysuz(p2), (4.43)

which yields

| Msal* = —4m3, Te{p1p1} Te{p2v5075} | (4.44)
where p; and p} are the fermion density matrices of the incoming and outgoing
fermions f; and f/, respectively. The contribution to the asymmetry is obtained
by inserting py = 54, <p2 + me) and py = i, + my,, where sy is the spin
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four-vector of the incoming fermion fo. Two of the ys-matrices cancel and the
second trace becomes

Tr{;éQ (pz + mf2> V5 (;75’2 + me)} . (4.45)

Since the number of independent four-vectors is less than four, the trace van-
ishes and | g A\Q does not contribute to the parity violating asymmetry. The
product g Ay 4 reads

Mg My 4 = 205, Tr{prph 7} Tr{ p2ysphy™ s} (4.46)

where the contribution of the second trace vanishes when inserting the density
matrix ps = 54, (%’2 +m f2) due to the same reason as before. This completes
the proof that the scalar and pseudo scalar terms do not contribute to the parity
violating asymmetry at one-loop order.

4.2.2. General Structure

As shown in Section 4.2.1, the only relevant terms that stem from the sum of
the vertex functions on the second lines of Equations (4.29) and (4.30)) are the
vector and axial vector parts and read

() [ A (6) + s AT ()] i), (4.47)

where i = 1,2 denotes the fermion and X = v, Z the gauge boson. This allows
decomposing the one-particle irreducible vertices in Equations (4.29) and (4.30)
according to

a(p)T{hL, (o0 Yulp) = () (it v (@) + DA (@) ulp) + .
(4.48)
with

DL (%) = — ieQy (1 + 525) V1+06Z4+ i%zv; 6774 — ieA T (¢?),
(4.49a)
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T A (@) = = 1eQp6 241+ 624 — i%za} §Zz4 — eI (g) (4.49b)
and

M7 (%) = 7vf\/1 +0Z7 —ieQy (1+02)) 024z + ig?ZA{/fZ (6?),
(4.50a)

M7, (¢%) = —z—af\/l 027 —ieQ 674624y + ngAffZ( %), (4.50b)

where the ellipsis in Equation (4.48) represents the terms that do not contribute
to the parity violating interaction. It is convenient, to define an effective vertex
to also account for normalization factors that stem from the LSZ theorem. As
shown in Appendix [D] the matrix element is obtained by amputating the Green
function and inserting the LSZ factors. A fermion line with a single - or
Z-interaction vertex denoted by a = =, Z becomes

1 1 . 1 1
a(y) (1 — 50%v + 2755%) ot (0.7 (1 ~ 50%y — 2755%) u(p), (4.51)

where 6%y and 6%, are given in Equation (D.23) in terms of fermionic
self-energy functions. At one-loop order, the product of LSZ normalization
factors and loop corrections may be neglected, which allows writing the fermion

lines as
_ . ffa _ff
u(p') <WF1PI v (@) + 2 01pra (q2)> u(p) + ... (4.52)

in terms of effective interaction vertices denoted by I' that are defined as

fr .
FIP;/V(q2) F{QV(QQ) +1eQ 02y, (4.53a)
fr .
Diprald®) = F{£¥A(q2) +ieQ 024 (4.53b)
and
v ffZ .
Ty (g ?) = P{]éIZV( )+ Z% (—vpd2yv + apdZy) , (4.54a)
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v ffZ .97
Dypra(a®) =TI A (%) i (—vpdZs + apdZy) . (4.54b)

As before, the ellipses in Equation (4.52) represents terms not contributing to
the parity violating interaction.
Using these definitions, the invariant amplitude that corresponds to the

C’{icl—piece of Diagram (4.2 reads

PV — _
Ay =~ (py) yuur(p1) U2 (ph)y" ysuz(p )
flfla f2f2b 9 4.55
- > T (@) G (@) Tiprald®) (4.55)
a,b=,Z

where the subscript VA refers to the vector—axial vector type of interaction.
The ¢*¢”-terms in the gauge boson propagators drop out due to current con-
servation, so that the amplitude can be expressed in terms of the transverse
parts of the propagators. In the limit ¢> = 0, the second line in Equation (4.55)
can be written in terms of an effective coupling constant C’{]%l. Adopting the

notation

Gr 1, _ _
My = *Zﬁcﬁvlul(m)’mul(m) Uz (p2)7"v5u2(p2) (4.56)
of Reference [29], the effective contact interaction strength C’{J%l for arbitrary
fermions f; and fy reads*

fifia faf2b
lel B _17 qhgo > ey ()G (@) Diprale®) + 0, (4.57a)
a,b=v,2Z

o =cfy (4.57b)

where G is the Fermi constant and [J denotes the contribution of box diagrams
as mentioned before. The parameters C’{J%l and Cg}l also include the tree-level
interaction and the second relation is a consequence of the symmetry mentioned
above. The limit in Equation (4.57) must not be commuted with the sum, as

“The authors of Reference [29] restricted the discussion to f» = e and omitted the superscript.
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some terms in the sum are individually singular in ¢? = 0, but the poles cancel
in the sum, eventually.

If one of the fermions is a quark, Equation (4.57) needs to be understood
as a component of a scattering hadron. One has to be careful to not double
count vertex corrections on the hadron side, as these may already be part of
the experimentally determined form factor. A brief discussion is given at the
end of Section 4.2.3. In the following, all contributions are treated as if the
fermions were free particles.

4.2.3. MS-Coupling Parameters in the Standard Model

The calculation of C{jcl in the Standard Model can be simplified by inserting

MS-renormalized loop expressions and dropping all renormalization constants,
as these account for the UV-divergent pieces in the loop integrals, only. The
definition of C{jﬁ includes a factor G}l, which is introduced for convenience,
to write the parity violating amplitude (4.55) in terms of the Fermi constant
instead of the Z-boson mass. This way, the inverse Fermi constant cancels
with the fundamental coupling constants that occur in Feynman rules up to
loop corrections. The relation between coupling constants and the Fermi
constant at one-loop order is conventionally given in terms of Ar. It was first
derived in Reference [4] and the corresponding MS-expression A7 was given in
Equation (2.33).
Here and in the following, a hat is used to denote MS-quantities, while the
tilde symbol refers to OS-renormalized quantities as before. This allows writing
~ 2
(‘;/f = 8%6232 (1—AF), (4.58)
which is expressed in terms of the on-shell Z-mass and electromagnetic coupling
constant and where A7 is given in Equation (2.33). In order to obtain a relation
in terms of the corresponding MS-parameters, one has to express the OS mass

in terms of the MS-mass via M2Z = MQZ - %iiz (M2Z), and use |7]

1 1 e
- 1 9= 2 4.
Z =2 [ z ]Ms—l-ﬁ(ée ) (4.59)
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to also rewrite the electromagnetic coupling in terms of its MS-definition.
Equation (4.59)) is valid at one-loop order only, but is sufficient within the
present approximation. Eventually, Equation (4.58|) becomes

V2 (. S0 a /7 A2
G7F:8§2 b e  Ans? @_6 log
d w ) (4.60)
H 2

. SWW
where the operator R was omitted, because X is real valued at zero momen-
. . . 52
tum transfer and the coupling constants were expressed in terms of §% = -5

.
Equations (4.58) and (4.60|) account for radiative corrections to the muon decc;y
at one-loop order. These diagrams do not enter the parity violating interaction,
but need to be taken into account to make use of the Fermi constant, which is
determined by measuring the muon’s lifetime.

To facilitate the discussion of C’{]%l, the loop contributions are split up into
51

four distinct pieces

e Omitting the arguments of the propagator and vertex functions, the first
piece is
A N2 [whhZ yyufafeZ
C{iﬁ( = 'ar Dipry Gr7Tipra (4.61a)

tree-level

and accounts for the tree-level expression including LSZ factors.

e The second piece contains all terms with a photon propagator but without
~vZ-mixing and reads

"2
B M, o i1y < fofory
C{jﬁ( )= 8 g2ZF1;’ITVG%VF1;I?A- (4.61b)
A

5The second and fourth pieces are functions of ¢2, as they contain g~ 2-terms that were
mentioned above. However, the poles cancel in the sum, which is independent of ¢2.
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~ 2
The Fermi constant was expressed in terms of A;Z at tree-level only, since

Z
two-loop effects are neglected in the present calculation.

e Terms with a Z-vertex on either side but without the tree-level expression
are combined in the third piece,

c M My NNhZ ~gzplafe? hNZ gz pafaZ
C{jﬁ( = (FliDIlvG Typra — |Tiprv GZ7Tipra ) :
tree-level
(4.61c)
e The fourth piece includes all vZ-mixing contributions,
MZ AN pyzefef2Z | 2 fiNZ o zysfafey
C'1f1( )= " (PﬁDIlVG7 Dypra +DiprvGETipra ). (4.61d)
A

These pieces are labelled with a superscript (z), x = A, B, C, D and sum up to
the effective coupling 01 o

A B C D
ofz =l 1 el 4 o9y oD (4.62)

Following the notation of Reference [29], the goal is to write the effective
coupling C{;l in the form

Cfi = —ap0 2T} - 4Qp 3] + 0, (4.63)

where the parameters ¢ and s are used to collect all one-loop order effects
except for the box graph contributions that are denoted by [J. The parame-
ter o is defined as a coefficient of the vector coupling constant vy, instead of
the weak isospin component T}”l for convenience, as the product of ¢ and
accounts for reducible two-loop effects that stem from a simultaneous one-loop
correction of the overall amplitude and the diagrams contributing to sc. How-
ever, a complete two-loop calculation is required to see if the product terms
contained in Equation (4.63) correctly describe all two-loop effects that stem
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from reducible two-loop Feynman diagrams. At tree-level, one has o = > =1,
which yields C{}%l = —2vy,ay, for the leading order coefficient when inserted into
Equation (4.63)). In the following, the four pieces will be calculated at one-loop
order.

The first piece is obtained by calculating fermion—fermion scattering at
tree-level including the appropriate LSZ factors given in Equation (4.54). In
addition, Equation (4.60) needs to be inserted to account for the relation of the
Fermi constant that enters via the definition (4.57) and the heavy gauge boson
mass stemming from the propagator. Omitting terms of two-loop order, the
first piece in MS reads

V2 gy i
lel( ) = — 71? [Ufl(l - 5gvfl) + aflégAfljl _MQ
VA
g
-27Z {—ah(l — 53”‘52) - Wﬁﬁ”f]
M2 2
= —QUflan{l Trs? l4log]w% + (2 —6) loge® 4+ 6

S (0
- 1;\42( ) sl sl y gl + Zhagf}.
w fi f2

(4.64a)
The electromagnetic tree-level interaction is parity conserving. Hence, the only
contribution to the second piece stems from a vertex correction to the fermion
line of fermion f5, which is encoded in F{%?X. Due to the presence of the inverse
squared momentum transfer in the photofl propagator, one needs to take into
account the derivative of FI%IQZ‘, too. The LSZ factors in Equation (4.64al) stem
from the effective f fZ—vertex (4.54); here, they appear again as part of the
effective photon vertex (4.53). Inserting Equations (4.53)), (4.29) and replacing
the LSZ factors using (D.23) yields

~ 2

.M faf:
i = —872 (- zeQm e [Qn Sk (m3,) — A7(0) — 2 (0))
Z
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Rewriting the trivial factors to facilitate the discussion with respect to the
notation of Equation (4.63), the second piece becomes

. M
lel( = 2(—252Qf1)af2 (_ T3 qzz)

&2 o fafoy
|-enshen) + 45"

(4.64Db)
(0) + > A% (0)

The first two terms in brackets in Equation (4.64b) on their own are not well-
defined in the limit of vanishing momentum transfer, due to the inverse factor
of the squared momentum. These terms appear as the corresponding Feynman
diagrams are not individually gauge invariant and cancel with the corresponding
singular terms in the vZ-mixing self-energy as will be shown later. The third
piece obtains corrections from three different sources: each of the two vertices
and the propagator; the sum of these three contributions is

i ( A2Z%> (_Miz> ( gZAfoQZ(O))

Z

Z

~ 9 ~

¥/ 770 5
8 (z'gzvﬁ) —i wa ) (—z’gz%)

9z 2 M 2

~ 9 N

) =

which can be combined to

iZZ(O) f2f22 AhZ
lel( )_ _2vf1af2 TA D) 3 AA2 ’ ( ) Avl ' ( ) (4.640)
My, T

The remaining piece is the one that contains the yZ-mixing self-energy. Due
to the presence of the photon propagator, the expression at zero momentum
transfer contains a derivative of the self-energy and the Z-boson’s propagator.
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In addition, a term proportional to ¢—2

terms in equation (4.64b)). One finds®

2 VA ~YZ! R
IR JEy [ET 0, 50, 5 <o>] (~i82a,,)
gz

arises that corresponds to the singular

1f1 2 4 ~ 2
g2 M, My My

by ’y zZ!
= —2(-2%Qp) ap,- (-5 [ Tq; Ly Lﬁ L1 55 <o>]
(4.64d)
Apart from box graphs, the four Equations (4.61a) to (4.61d) account for all
loop corrections to the MS-renormalized parity violating interaction at one-loop
order. Instead of summing all pieces and inserting explicit expressions for
the self-energy functions and LSZ factors, it is more convenient, to group the
different terms according to their contribution to the tree-level amplitude.
Due to the presence of the factor vf ay,, the loop contributions in Equa-
tion (4.64a) and the terms in brackets in Equation (4.64c|) can be absorbed into
a global correction factor that is multiplied with the tree-level expression. On
the other hand, Equations (4.64b) and (4.64d)) may be understood as corrections
to the weak mixing angle due to the charge factor s, that allows absorbing the
expressions in the second term of the vector coupling constant vy, = T})’l —25%Q)y,.
This facilitates combining all loop corrections derived above in two different
constants, ¢ and s». With Equation (4.63) in mind, one finds

~ L7 ~WW
Xp (0) Xp (0) a p? ( 7 ) A2
—1 _ - slog X+ (L —6)1 6
¢ +( i MZ, sz |tz T o et
~fifiZ

szl Yisap AV O gy Vg Aa (0
Uf Uf af, T

(4.65)

5The terms in brackets are the first two orders in the Laurent series of the vZ-propagator at
one-loop order. The second term accounts for the derivative of the tree-level Z-propagator
with respect to ¢2.
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n ~vZ ~vZ
LB S (0) e
n = 3 q2 + M2 T ( )
) Z (4.66)
~2
¢ M A,
“m s [—QpE5,(m3,) + AR(0) + AL (0)]

Equations (4.63), (4.65) and (4.66) are of limited use, as p and s are no universal
corrections, since they depend on the charges and weak isospins of the external
fermions f1 and fs. To obtain a more convenient form, in which terms that are
independent of Q) and T}g are separated from the process dependent terms, one
has to insert the explicit expressions of the loop functions occurring therein.
As mentioned earlier, the sum of the ¢ 2-terms in the parameter s vanishes,
when inserting the explicit one-loop expressions given in Equations (C.3)), (C.12)
and (C.18). The remaining terms are

eSI20)  ewnz 2 o g
x=1- = ) - TET (0) - 273M2AAQ 2 (O), (467)
5 M, s Tf2

with the corresponding one-loop expressions given in Equations (C.3)), (C.4)
and (C.31)). Using Qp = Q5 — 2T]§’ to express the charge of the weak isospin
partner f5 in terms of quantum numbers of fermion f,, the parameter » can be
written as

« 5 1 p? 7 52 1 2

=1- ZP+ — )1 ——— YN log
g 2ms? {(20 " 12) Bz Tg Ty Tz Qs
w f f

m2 —_ 973 m2,
+7a2 Qpvp 1—6log Af; —|—Qf2 3 f2 1 —6log —5° .
st )9 i 1877 N

w
(4.68)
In order to compute the parameter p, it is helpful to derive the explicit one-loop
expressions of the fermion residue first. It is determined by Equation (D.23),
with the corresponding one-loop functions given in Equations (C.11), (C.12)),
(C.14) and (C.16). The axial vector piece dﬁi{ is identical to the self-energy
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in Equation (C.12); neglecting the fermion mass compared to the mass of the

heavy gauge bosons, the vector piece becomes

; o ) 12 2
6£PV:Z Qf 4+10g~72+210g~2
7 m m
d / (4.69)
vi+al [ 1 2 1 1 2
! 5 2f <—+log'i12> +-— <—+10g AM2 )}
4c*s 2 N, 4s 2 My,

The terms on the second line of Equation (4.65)) cancel to some extent. Inserting
Equations (4.69)), (C.12)) and (C.20) yields the fs-correction terms

v L < fafoZ o c? W«
—6Z P+ fég;}j? — ﬁAA‘" *2(0) = wla log I EQQ%, (4.70)
2 2

Similarly, the terms on the second line of Equation (4.65) that stem from
and (C.19) and read

fermion f; are determined by Equations (4.69)), (C.12)
1. 4g2 2 2
_szh 4 isph LA 0= & (2 - 3Qﬁ) Slog - — 2203
Uy U U 8 M 4m
(4.71)

Combining Equations (4.70), (4.71)) and (C.10|) leads to the final result
2
7+ 161og A’j[—%

le' 1 3 5)
I e T P —
¢ +47r c2s? <4s2+2 s)ogc 452
R

2 16—19521 |
o — —log —
gnﬁv 2 812

R
452 MIZ/V 4c2s2

Q CQ 2
_— g > 2(Q%1+Q3”2)

+ 45? 0g —5— —
U 52 MIQ/V
c?log w —flog“—z log”—Q—.flog“—2
3 Ny My 3 Ny, M
452 c2—¢ 4c2s2 1-¢ ’
(4.72)
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~ 2

where £ = J‘J\jg and My = ¢M 7 + O (a) were used. Equation (4.72) can be

Z
greatly simplified by combining the scale dependent logarithms, in which case
the p-dependency drops out almost entirely, with the term proportional to @,
being the only remnant. Eventually, one finds the much simpler expression

2
o 3 7 3 m? 3¢ |log F log &
14 2 P g Lo 2T 08 £
e + 47 {484 BC T s T g2 M3, * 452 [02 —¢ * A(1=9)
12

2
acQp o 2 2
G8%h g K 2y .
T v, M An (0% + 1)

_|_

(4.73)
It is clear that the first two terms of the parameter o and the first line of
Equation (4.68)) are independent of the particular choice of the scattering
fermions f; and f2, while the last term in Equation (4.73) and the second
line in Equation (4.68) are not. The third term in Equation (4.73) depends
on the charge and vector coupling of fermion f;, but may be rewritten as an
fi-independent correction to sz. It is reasonable to define universal parameters p
and k that are completely independent of f; and fo and keep all process
dependent terms separate. To that end, the symbols p and x are used to denote
the expressions that were given in Reference [29]". They read

2
a | 3 3 m?2 3¢ |log% log &
14+ 2] g Ly 2T O S
P +47r{434 % e TR T et aa-9o|(
(4.74)
Q 74 1 w2 7 s 1 w2
—1- L2y S \og Ly L2 2 N log 1
8 2rs? {<2C +12> %60z T3 32}; r@ros %z
(4.75)

"The choice u = My was made in Reference [29]. Here, the terms proportional to log J\;—z
w

(including the third term of Equation (4.73)) in k are kept, as these reproduce the correct
B-function-coefficient of the weak mixing angle.
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and allow writing the effective coupling 0{12”1 similar to Equation (4.63), but
with the process dependent terms separated. Appending the process dependent
terms that do not stem from box diagrams at the end, it reads

(6%
C{]%l = —afpp 2T‘]§1 - 4Qf1:‘£32} + O+ 4af22)flﬂ (Q?ﬁ + Q?Q)

2 3

mf2> Qf? - 2Tf2 m 2
2 3

MZ 2Tf2

8]
+ 97Qf1af2 Qpvf, <1 —6log

(4.76)
For the particular choice fi = u, fo = e and u = My, these process dependent
terms in Equation (4.76|) read

8 1 :
(@) (1-5) - (-0 (F-mE).

The term proportional to Q2 stems from a photonic correction of the quark
vertex and naturally occurs along with the Q?cl -term of the charged lepton in a
free-quark calculation. The obvious question is how one should use the result
of a free-quark calculation to compute low energy observables of semileptonic
processes that depend on the hadronic structure. Hadronic structure effects can
not be calculated perturbatively and a comprehensive theoretical prediction of
an observable requires experimental input in terms of form factors or particle
distribution functions. An in-depth discussion of the combination of radiative
corrections and form factors can be found in Reference [30]. After all, the
correct treatment of the radiative corrections depends on the determination
of the form factors, as various radiative corrections may or may not have
been subtracted from the measured cross section before fitting the form factor
functions. The Q2-term mentioned above is universal as it does not depend on
leptonic properties and may be absorbed into the electromagnetic form factors
of the scattering hadron. According to References [31, 32], the electromagnetic
form factors of the proton given therein were obtained using the results of
Reference [33] which include contributions of the photonic vertex correction
that gives rise to the @2-term. To not double count this correction, the term
should be omitted which confirms the long known result [29].
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4.3. The (-Function of the Weak Mixing Angle

Just as in the case of the electromagnetic coupling, the running of the weak
mixing angle is governed by its renormalization group equation. The coefficients
of the corresponding S-function are determined by the logarithms of the scale
that contribute to the weak mixing angle. These are fixed by the renormalization
scheme and can be obtained from the counter term associated with the weak
mixing angle. Instead of calculating the counter term in a separate step, it
is also possible to derive the S-function from the result of Section [4.2.3, in
which all one-loop contributions to the weak mixing angle were collected in the
effective constant k. Differentiating Equation (4.75) with respect to u? yields
the S-function of the weak mixing angle in the MS-scheme,

d « 43 7
2 ~2 2\ 2 : 2

The two rightmost terms are now expressed in terms of the squared sine s>

instead of ¢2 = 1 — s? and stem from W-boson loops in the vZ-self-energy
function and vertex corrections.

The subscript f in Equation (4.78)) indicates a sum over all Dirac fermions,
but can be transformed into a sum over all chiral degrees of freedom, which
is convenient for solving the differential equation. Since the weak isospin of
the right-handed fermions vanishes, but the charges of left- and right-handed
fermions are identical, the vector coupling constant v of a Dirac fermion is
given by

v =T} -25%Qr = Y (T7 - 5°Qi). (4.79)

i=lg,ry

Here, the indices [y and 7, denote the left- and right-handed chiral fermions
of flavor f. In order to denote different particle types in this section and
Section 4.4, the notation of Reference [17] is adopted. The different subscripts are
summarized in Table4.1] Rewriting the sum as a sum over chiral fermions allows
combining the fermionic and bosonic terms and facilitates solving the S-function
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Field Yo
Particle Subscript Real scalar 1
Dirac fermion f Complex scalar 2
Dirac quark q Chiral fermion 4
chiral fermion 7 Majorana fermion 4
chiral fermion or boson D Dirac fermion 8
chiral fermion or boson iq Massles gauge boson =~ —22
Table 4.1.: Subscripts used to denote Table 4.2.: Weight factors 7y, in
different particle types. the weak mixing an-

gle’s p-function.

in terms of the solution of the electromagnetic coupling. Using 7, to denote
particle type specific factors called weight factors in Reference [17], one finds
2 - 3 22
B =5 >Ny (100 - 5°Q). (4.80)
P
Comparing Equations (4.78) and (4.80) yields ; = 4 for chiral fermions. The
bosonic terms in Equation (4.78) can be obtained, when summing over a pair of
massless gauge bosons (v, = —22) and one complex Goldstone boson (yg = 2,

T = —G—%, Qc = +1). The weight factors mentioned in Reference |17] are
displayed in Table 4.2/

4.4. Solution of the Weak Mixing Angle’s 5-Function

The solution of the S-function of the weak mixing angle is simple from a
technical point of view. One just needs to plug the S-function (4.80) into one
of the first order solutions derived in Chapter |3l The obtained solution may
then be used to rescale the weak mixing angle. However, the g-function is
obtained using perturbation theory, which is not suitable for treating effects
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4.4. Solution of the Weak Mixing Angle’s S-Function

of the strong interaction. As in the case of the electromagnetic coupling, the
naive solution is ill-defined below the hadronization scale, if light quark effects
are taken into account. In Chapter [3| the workaround was to make use of the
optical theorem and experimental data in order to obtain a value of &(u?) above
the hadronization scale and avoiding the non-perturbative region altogether.
In order to treat the coupling parameters at low energies, a different ansatz
is required. As described in References [17, |18], the coupling parameters can
be constrained phenomenologically in the non-perturbative region, which is
facilitated by relating the running of sin® Oy to that of the electromagnetic
coupling parameter. Using the solution of the latter, allows constraining the
weak mixing angle indirectly in the non-perturbative region, too. To that end,
the solution of the weak mixing angle in terms of the electromagnetic coupling
is discussed in this section.

The [S-function of the weak mixing was derived at one-loop order in the
previous section. The fermionic contributions stem from the fermion loop in
the vZ-mixing and can be deduced from the photonic self-energy. Some higher
order corrections can be taken into account by replacing the color factor N;
with [1§]

o 3 L&\ as (62125 11 Lora\® o
K’_Ni{@w%)*ﬁ(ﬂ) s a2 (F) Ky

k=3

10487 55 707 55 77
KO _ 55, ( 59 ) B 2
i 1728 T 189 "\ ges T 52%) T 388"
(1 2665349 182335 605 31375
P T e s BT 16T s @
(11785 L8625, 715, 13325 >
_ ., (1178 TS
7\ 648 864 3 481 432 b
4720 3163 . 55 107 1
2429 55 s (107 1
"q (31104 12065 T 7244) Tty (15552 + 108C3> '

(4.81)
The term independent of &g applies to all fermions, while the remaining terms
stem from the strong interaction and need to be dropped for leptons. The
bosons are treated at one-loop order, that is K = 1. K; as defined above
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4. Parity Violating Interaction and the Weak Mixing Angle

only accounts for non-singlet contributions, as these enter the electromagnetic
coupling similarly. Singlet contributions are also present in the electromagnetic
case but have a different structure and need to be treated separately. The
singlet contributions may be parametrized in terms of o according to [18]

o=—5 a {55—5@,]—1-

a4
A
216 9 4

™

{11065 34775 95 3875

3156 3456 T34 T s ©

275 205
~ M <1728 %Q” C 144<5>]
(4.82)
This way, the renormalization group equation of the weak mixing angle becomes

2
{z i (eai-120,) 4o (Y0
p q

() ()]

The singlet contributions are proportional to the vector coupling constants v, of
the virtual quarks; in order to relate the S-function of the weak mixing angle to
that of the electromagnetic coupling the quark’s vector coupling constants were
already split up in Equation (4.83)). Using the same separation of the bosonic
terms into two massless gauge bosons and one Goldstone boson as explained
in Section 4.3| allows writing the S-function of the electromagnetic coupling
constant in a similar form,

2 da_ 67 iZK- Q+a (> Q 2 (4.84)
1 dH - |2 : Vil - q . .

Using Equations (4.83) and (4.84)), it is straightforward to derive

2 (F) L s peg, - O S (S e (4.85)
Pap\a) ” Taan & T (Lt ) '

2d
e

>HQ>

(4.83)
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4.4. Solution of the Weak Mixing Angle’s S-Function

The solution of Equation (4.85) is not trivial, as the right-hand side still depends
on the scale p due to the presence of &(u) and é&s(p) within K; and 0. When
neglecting terms of order & (dQ) and O (&és )Pl the differential Equation (4.85))
can be simplified by the introduction of five auxiliary coefficients Aq,..., M\
and . The coefficients \; are independent of the coupling parameters and the
scale p and allow writing Equation (4.85) as

d 52—)\ 3\ o A
2 1 3 N 2 A2 A A
— — —-1 + - - —+ . 4.
0 12 dy 2 ( ~ | og & ) ﬁ(a ,OéOés) ( 86)

Using Equation (4.86) as an ansatz, the coefficients can be computed by in-
serting the derivatives of é&(u) and 3%(y) and expanding in powers of coupling
constants & and d&g. This yields a system of equations which eventually leads to

Zq C?qzﬂé3 1 2 3
S o =g RN (et 1),
> Nivi (aQf — TPQP) s_ 2o
As = > NiviQ? 7 7= Fé‘jg’ (450

1

2
AL =M\ <2Qq> ) (ZT(?) (ZQq) -
q q q
The expression of A is a simplification of

A — D Niq%qﬂzQiq
Ziq Niq%'q %q ’

(4.88)

in which the sum is taken over chiral quarks, as indicated by the index i,.
Rewriting the two sums as sums over Dirac quarks yields the result given in
Equation (4.87)). Due to the particular form of the coefficients A; and Ag, the
sum over quarks in \s cancels, allowing to sum over chiral leptons i # ¢, only.

8Terms of order & (&évs) have been neglected in the solution of the electromagnetic S-function,
too.
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4. Parity Violating Interaction and the Weak Mixing Angle

This can be easily verified by inserting equation (4.88) into the definition of As.
However, quarks still contribute to Ag via A1 in the sum over chiral leptons. The
precise values of the coefficients in Equation (4.87)) depend on the field content
and change when integrating out a fermion. Explicit values can be found in
Reference [17].

Since Ag is independent of u, the differential Equation (4.86) can be readily
integrated; without any additional approximation one finds the solution [17]

20y = M) o _ a(p)
) = 252 )+ 0 (1- 52

& u) )\2 ,u2 3 d(u) ~ ~ A3 A2
SR 22100 B 2,0 - o 5).
+ = <3 ogMng4 30gd(uo)+0(uo) a(p) | +0(a°, a%ay)

(4.89)
The term & (643, 642645) in Equation (4.89)) indicates the error that stems from
the approximation made in Equation (4.86). However, as the -function was
derived without taking into account electroweak two-loop effects, there are
also terms of order &(a?) that are missing in the solution (4.89). On the
other hand, the & (d2)—terms that stem from the two-particle irreducible purely
electromagnetic two-loop diagrams are taken into account due to the two-loop
solution &(u) derived in Chapter 3. These are accompanied by two-loop terms
that arise due to the resummation of one-particle irreducible terms. Either type
of two-loop contributions can be identified by expanding Equation (4.89) in
terms of &.

The solution (4.89) is particularly useful, as it expresses the running of the
weak mixing angle in terms of the running of the electromagnetic coupling. That
way, phenomenological constraints of hadronic effects in &(u) can be indirectly
applied to the weak mixing angle. Additional uncertainties because of non-
perturbative effects arise from the singlet contribution and the parameters A;.
The coefficients A\; need to be changed at particle thresholds, which are not
well-defined within perturbation theory.
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5. Matching Conditions

5.1. Introduction

5.1.1. Concept

The effect of heavy particles on low-energy observables is often negligible and
keeping those particles as degrees of freedom is an unnecessary complication. In
MS-like renormalization schemes, this may be addressed by using an effective
model, which does not contain the heavy fields. The parameters of the effective
model are initially unknown, but can be linked to the parameters of the complete
theory by the so called “matching”. The general procedure of integrating out
heavy degrees of freedom is to introduce renormalization constants in the
effective theory, which are determined by equating Green functions or observables
of the effective and the complete theory, respectively. This follows the process
of renormalization closely, but the matching conditions (in analogy to the
renormalization conditions) depend on calculations in two different models.
As a simple example, the matching condition that fixes the electromagnetic
coupling constant in the effective theory reads

a(p)TA (0, p)ulp) = a(p)TL (p, p)u(p) (5.1)

for an arbitrary but fixed value of the momentum p. Here and in the following,
primes are used to denote quantities of the effective theory. If the quantity is
momentum dependent, the prime is used as a subscript to avoid confusion with
the derivative with respect to the momentum. Equation (5.1)) allows drawing
two conclusions. First, if the Green function of the complete theory is properly
renormalized, that is free of UV divergences, the Green function of the effective
theory will be as well. Second, the matching procedure may be understood as a
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5. Matching Conditions

generalization of renormalization; for instance, the renormalization condition
for the electric charge in the on-shell scheme,

a(p)T}7 (p, p)ulp) = —ieQ fu(p)yuu(p), (5.2)

may be understood as matching the theory with the tree-level expression.

Equation (5.1)) contains an ambiguity due to the presence of the mass scale p
that is introduced in dimensional regularization. At one-loop order, it appears
in logarithms of the form

Ly, :=log — (5.3)

where M}, refers to the mass of one of the heavy particles that are being
integrated out. The particular choice of p that has to be made in order to
obtain a meaningful matching condition, is called matching scale. Its precise
value is arbitrary, but it is advisable to choose a value of the order of Mj,
to prevent the occurrence of large logarithms. If the masses of the heavy
particles span several orders of magnitude, large logarithms inevitably occur
when removing all heavy particles at once. In this case, it might be better
to integrate out the particles one at a time: Suppose there are two particles
with masses M7 > M. In a first step, one constructs an effective theory
without the particle of mass M; and matches it with the complete theory
at the scale u; ~ M. In a next step, the renormalization group equation
(RGE) of the effective model can be used to evolve the effective parameters to
a different scale pus ~ Msy. Now, the Ms-particle can be removed by creating
a second effective theory and matching it with the first one at the scale uo.
In this procedure, the large logarithms reappear when evolving the effective
parameters from scale p; to po. However, the benefit of this approach is that
the large logarithms are automatically resummed when the S-function is solved
analytically.

5.1.2. Published Calculations

The process of matching an effective theory with the one including all degrees
of freedom has been worked out first in [34] and studied in the context of grand
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5.1. Introduction

unification in [35]. The calculations in these two publications were carried out
for simple gauge groups only, raising the question, whether the direct application
to the electroweak Standard Model (EWSM) is viable. In particular, the mass
mixing between the fundamental fields B, and Wﬁ’ that is induced by the
vacuum expectation value of the Higgs,

2
”Zgl g2 B W3 = esM2ZB, W3, (5.4)
was not taken into account. Since Equation (5.4) describes a tree-level effect, it
needs to be resummed in a Dyson series. This is crucially different from the
~vZ-mixing induced by loop diagrams, which can be treated perturbatively.
The matching conditions'| for integrating out the W-boson or a heavy fermion
in the SU(2)xU(1) product group of the EWSM were presented in References [9]
and |17], citing the work of Hall [35]. The results for the effective coupling
constants when removing the W-boson given in References [9, |17] read (u = Myy)

1

1 1

- 5.5
« 04’—i_67r7 (5-52)
2 _ o a2\ o2, @ 2

$2=1 a,(l 9% =s +67r(1 7). (5.5b)

In a more recent study [36], an effective low energy model was constructed by
integrating out the top, Higgs, Z and W simultaneously. Omitting the top-quark
contributions, the findings are

1 1 1 7

T4 5.6

a o + 6r  Ar "V (5:6)
and confirm the result (5.5a). By integrating out the Z-boson, the weak mixing
angle was removed from the theory and consequently, no equation analogous
to (5.5b) was given in Reference [36]. However, a validation of Equation (5.5b)
is desirable, as it is not clear whether the application of the methods described

in References [34, [35] to the matching of the weak mixing angle can be justified.

'In the following, the term “matching condition” will be used interchangeably for the defining
relations like Equation (5.1) and its corresponding solutions like Equation (5.5).
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5.1.3. Outline

The key ideas of the derivation of matching conditions based on Reference [35]
are presented in Sections [5.2.1/t0 [5.2.3] In Section [5.2.4] the results are applied
to integrating out the W-boson, reproducing the results given in Equation (5.5).
This calculation is insufficient in describing all electroweak effects that are
required for the matching of the weak mixing angle. The precise problem is
briefly discussed in Section [5.2.5. Overcoming the inadequacy and deriving
meaningful matching conditions requires a new ansatz that is discussed in the
remainder of this chapter. Two similar calculations based on different effective
models are presented in Sections 5.3 and 5.4, including precise definitions of
the effective models and matching conditions for all relevant amputated two-
and three-point functions.

5.2. Calculation in the Context of a Grand Unified
Theory

The calculation outlined in Reference [35] was done in the context of a grand
unified theory whose gauge group is spontaneously broken. The goal was to
investigate the relation between the known interactions of the Standard Model
and a hypothetical unified interaction that is described by a single simple gauge
group. Additional assumptions like gauge invariance of certain terms in the
effective theory were made, and it is not clear, if the prescription can be directly
applied to the EWSM. The ideas and results of Reference |35 are outlined in
the following subsections nonetheless, as they allow reproducing the matching
condition (5.5b|) published in Reference [9]. Different approaches that do not
rely on the assumptions made in Reference [35] are discussed in Sections 5.3
and 5.4

5.2.1. Heavy Particles at Zero Momentum Transfer

The effect of heavy particles at zero momentum transfer can be directly calcu-
lated in the Standard Model. The heavy particles appear as virtual particles in
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5.2. Calculation in the Context of a Grand Unified Theory

the self-energies of the gauge bosons, which can be separated into transverse
and longitudinal parts according to Equation (2.25). Calculating the matching
condition for a gauge coupling requires the computation of the field renormaliza-
tion constant of the associated gauge field; to this end, it is sufficient to take into
account the coefficients of the metric tensor, only’. Accordingly, the ¢g”-terms
will be omitted in the following, so that the one-loop corrected propagator of a
massless gauge boson reads

—i0uw | e (.aB) M98v _ —lGuw B b
i (iz27) = (1 = ) . (5.7)

Any particle that couples to the mediating gauge boson, occurs in the self-energy
and contributes to this correction, but the terms that stem from the heavy
particle may be factorized. Using E% to denote the contribution of the heavy
particle and ETT for all remaining terms (ET = E?; + EI), the one-loop corrected
propagator can be written as

— i »T —igu »T »T
> (1 —~ 2) = —k (1 - =) 1= 2T oSl (5.8)

q q q q
T
The correction 2—’5 can be expanded in AqTQQ, where M)}, is the mass of the heavy
h

particle. For small values of ¢? it is dominated by the zeroth-order term of its
Taylor expansion and the propagator (5.8) may be approximated as

—Z’QQW {1 _ (z{)' (¢ = 0)] (1 - ij) +o(zEsT) + ﬁ’(&}) , (5.9

q

assuming that 2,7;(0) = 0. In case of a massive gauge boson, the result is similar,
but the calculation is more involved. The proper derivation including the mass
is carried out in Section 5.3l

2This is justified by the results of the complete calculation in Section 5.3
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5.2.2. Effective Theory

The effective model does not contain the heavy field as a degree of freedom, but
is constructed such that it includes the same correction of the propagator as
shown in Equation (5.9). This is achieved with the “free” Lagrangian
A 1 a a 2 1 2 qa qap
Lee= (141 |~ (0uAz - 0,45)" + S MAALA

2 (aﬂAa) } (5.10)

!/
of the gauge field Ajj, where the correction [ is defined as [ = (Zg) (> =0)
at one-loop order. Usmg integration by parts and omitting surface terms, this
may also be written as
1+1 1
Z=rrta [ w8+ M) — 0" (1 - ga)] As. (5.11)
Formally deriving the propagator in the effective theory shows that Equa-

tion (5.11)) is in concordance with (5.9). The propagator is the tree-level
expansion of the Green function

52
G v ) =(—1 2
v (21, 2) = (—0) §JH (21)6J (z2)
D . (5.12)
J 21 Jexp (i f dPa |2 + JrAg])
[ 2][...]exp (iS) ’
Jn=0
where Z[...] denotes the functional integration over all fields of the effective

theory. The argument of the exponential function in the numerator of Equa-
tion (5.12) can be rewritten as usual,

1+1- 1 ~a

[dbalz+amas] = [abe - H{“”(E)Q—l—Mf‘)—a“a”(l—@)]Ay
D D,/ 7 N V(]
+ 1—|—l/d zd¥a" JHM(x) A (z, ") TV (2)),

(5.13)
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where D is the dimension of space-time, A,,,, is the Green function of the bracket
in Equation (5.11),

1
[g“” (0% +M5) — 00" (1 - 5)] A (z,a') = 6P (z,2'),  (5.14)
and D
A a D
A, = A} — i d”z" Az, 2")JP (). (5.15)

Due to translational invariance of the functional integral, the shifted field AZ
can be replaced by Aj. Inserting the Lagrangian (5.13) into Equation (5.12)
allows obtaining the Green function. Expanding the remaining exponential
function yields

52
(SJ“(Il)(SJV(CL'Q)

1 D
2141

G:ere (‘Tla 'T2) =

(5.16)
) /dDg; dPy’ J“(x)AW(:E,:L"')J”(:U’)]
JH=0

for the tree-level Green function. It can be evaluated using the solution of
Equation (5.14), which reads

~DJ (2m)P c

p* = M3 (p* - M3)(p? - §*M3)

(5.17)
in terms of a D-dimensional Fourier integral. Inserting A, (z,2’) into Equa-
tion (5.16)) yields

D a
Auy(l',.r/) 1 d p —ip(qj—aj’) [ g}Ll/ p,upl/(l _é. ) ]

dPp : 1
tree _ —ip(z1—x2)
Gﬂl/ (zl’xZ) /(ZW)D € 141
. *ig/w i ip,upu(l - ga)
p*— M3 (p*— MZ)(p? — £°M3)

(5.18)

The Fourier transform of this expression is the Feynman rule for a propagator
in momentum space and in agreement with Equation (5.9) in Feynman gauge.
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The Lagrangian in Equation (5.11)) is not normalized canonically because
of the leading factor (1 +[). The canonical normalization can be restored by
rescaling the field according to

Ala
Aa — [ad
roVITHT

where the prime denotes the quantity of the effective model. It is now evident
that the constant [ introduced as a correction factor carrying contributions of a
heavy particle plays the role of a renormalization constant in the effective theory.
To avoid confusion between the two closely related concepts of renormalization
and matching, the renormalization constants in the effective theory will be
called matching constants and denoted by a lowercase [, while Z is used for
the renormalization constants of the Standard Model. Besides the bilinear
terms, the gauge field also occurs in the interaction terms, which stem from the
covariant derivative, the self-interaction and the gauge fixing. Replacing the
field of the complete theory with that of the effective model in the covariant
derivative gives a contribution to the interaction term,

(5.19)

1
VI+1

The standard form of the covariant derivative can be restored, too; this time by
introducing an effective gauge coupling that is scaled with the inverse factor to
cancel the corresponding normalization of the gauge field,

g=gVv1+I. (5.21)

8y — igT A% = 8, — igT" A0 (5.20)

Equation (5.21) is called the matching condition and relates the effective cou-
pling ¢’ to the coupling g of the parent theory. With the definition of the
matching constant [, the coupling constant of the effective theory is solely deter-
mined by the self-energy function of the associated gauge field Aj in the parent
theory. This is similar to the renormalized electric charge in the Standard Model,
which only depends on the self-energy function of the photon.
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Figure 5.1.: Gauge boson self-energy diagrams excluding the Higgs-tadpole
diagram. The dashed line represents any particle with mass My .

5.2.3. Application to the Fundamental Gauge Bosons of the
Electroweak Sector

The self-energy of a gauge field was derived in Reference [35] by computing the
diagrams with the topologies shown in Figure 5.1 in a general context. The
part of the result that can be applied to integrating out the W-boson is®

4872
where A denotes the gauge field and ¢ is the corresponding gauge coupling

constant. The matrices t4 are the generators of the broken gauge group in the
adjoint representation. Evaluating the trace yields

g = Tr(tAtA), (5.22)

lB - 07
L g2 (5.23)
W2 = T o2

for the U(1) and SU(2) gauge groups, respectively. The result [p = 0 represents
the fact that the B,-field does not couple directly to any of the fields with
mass Myy.

3Note, that the definition of I in Reference [35] comes with a relative minus sign compared
to the present definition.
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5.2.4. Derivation of the Electromagnetic Coupling and the Weak
Mixing Angle Via the Fundamental Gauge Couplings

The matching for the electromagnetic coupling constant can be obtained in terms
of the vacuum polarization function by applying the results of Section [5.2.2
in the physical basis, that is the basis in which the mass matrix of the gauge
bosons is diagonal. This calculation is carried out in Section [5.2.5| Since the
electromagnetic coupling constant is defined in terms of the gauge couplings g1
and gy that are associated with the gauge groups,
¢ 1 gigs

o= —

= — === 5.24
4 4w g+ g3’ ( )

the matching can also be derived from the matching of the couplings g; and go.
The latter approach also allows deriving the matching for the weak mixing angle,
which is defined as )
2 91
s = . (5.25)
g+ 93
Inserting Equations (5.21)) and (5.23) into the definition of « yields the matching
condition [17]

1 2
Z —4r 1+lwf2 /21+lB - — +— 4+ ﬁ(a) (526)
o 91 92 ol 6m

A similar calculation for the weak mixing angle also produces a matching
condition of the weak mixing angle,

(%

2= =22 (lys — ) + O(0?) = ° + 5
7r

? + 0(a?). (5.27)
Equation (5.27)) is the matching condition used in References [17, 18] to de-
termine the weak mixing angle at low energies. As mentioned before, the
calculation presented above is not sufficient for deriving the matching of the
mixing angle of the EWSM, which will be briefly illustrated in Section |5.2.5.
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5.2.5. Matching of Electromagnetic Coupling in Terms of the
Photonic Self-Energy Function

To understand the shortcomings of the previous ansatz, the matching condition
for the electromagnetic coupling constant is now derived using the self-energy
of the photon directly. Following Section [5.2.2, the matching condition for the
electromagnetic coupling constant reads

d
e=-¢e1+1,, lo = [dqQZ%’MW (qz)] , (5.28)

7*=0

where ZX/’ISV denotes the transverse part of the photon’s self-energy that stems
from a loop with a particle of mass Myy. The matching constant [, is a power
series in «, allowing to write the matching condition as

R (529

62 612 62

Dropping the fermionic part, the contribution to I, from the MS-renormalized
photon self-energy reads [2]

a d

M2
i et e ) e o

7*=0

where the function F(q2, M, M) is the UV-finite part of the two-point Passarino—
Veltman function By(g?, M, M) with the Taylor expansion

¢ ¢
F(¢*, M, M) = aEt @7<M4> . (5.31)

With a = %, the matching condition for « reads

P PN
JE— R og ——— —
alw) — o/(n) " d4x |T®0 T3

. (5.32)
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The matching scale is arbitrary to some extent and yu = My is a convenient
choice, for which one finds [17]

1 1 1
O] = @ny) e (5.33)

which confirms the results of the previous sections. The renormalization and
accordingly the matching condition of the electric charge is not solely determined
by the self-energy of the photon, but depends on the vZ-mixing, too [37]. This is
the reason, why the scale dependent term in Equation (5.32)) deviates from the
result given in Reference [36]. The latter one also includes the vZ-self-energy
contribution

VA
s (0 « M?
Z

which does not appear in the present calculation. Adding Equation (5.34) to
the matching constant . yields the result of Reference [36], but is without
justification at this point. The problem is that the present ansatz accounts for
the self-energy of the investigated boson, only. This is sufficient if the gauge
bosons of different gauge groups do not communicate like in the case of a
simple gauge group which is the basis for the calculation in Reference [35]. As
a consequence, the effect of vZ-mixing can not be reproduced by the results
presented in Section [5.2.3.

The reason for the inadequacy of Reference [35] in the context of the EWSM is
similar. The product group SU(2)xU(1) contains two different subgroups whose
gauge bosons mix due to the interaction with the Higgs boson. The mixing
is not accounted for as can be seen in Equation (5.23), where the matching
for either subgroup is derived independently. To overcome this shortcoming,
a different ansatz is discussed in Sections 5.3/ and 15.4] based on two different
effective models, in which the matching conditions are obtained by equating
Green functions instead of self-energy functions. This follows the ideas of
renormalization closely and guarantees that also all interactions between gauge
bosons are taken into account.
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5.3. Z as a Pseudo Gauge Boson

The ansatz described in Section [5.2| for the effective model does not include
effective terms that describe the mixing between photon and Z-boson via a
WHW ~-loop. This mixing occurs at one-loop order in the EWSM due to
the yZ-self-energy diagrams. Furthermore, the previous calculation also does
not take into account vertex corrections, although the renormalization of the
electromagnetic coupling constant and the weak mixing angle also depend
on vertex functions. All these one-loop corrections have to be reproduced in
the effective theory by means of effective interaction terms. Additionally, the

matching of the weak mixing angle was calculated, presuming that gz = <

is a valid relation in the effective theory. However, in the effective theorC;f,
the coupling constant gz should be treated as an independent and elementary
parameter at first. Calculating the matching conditions will then provide a
relation to the physical parameters of the EWSM allowing to give a physical
interpretation of the effective parameters.

In this section, a more versatile ansatz is used and matching conditions for
all two- and three-point functions are derived. An effective model including the
Z-boson but without charged current interactions is introduced in Section [5.3.1.
The motivation for this model is to determine the matching conditions in the
electroweak sector when integrating out the W-boson, but it may also serve as
a basis for integrating out fermions, subsequently. The irreducible two- and
three-point functions of the effective model are given in Section [5.3.2. In
Section [5.3.3| the matching conditions of the field renormalization constants and
electric charge are worked out and the matching of the weak mixing angle is
determined in Section 15.3.5l

5.3.1. Lagrangian

In order to get rid of the shortcomings described above, one needs a more
sophisticated ansatz for the derivation of matching conditions. The starting
point is the electroweak Standard Model in terms of the physical fields as
discussed in Section 2.1/ and an ansatz for the effective model. The Lagrangian
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of the effective model is obtained from the EWSM Lagrangian by omitting all
terms that include a scalar, a W*-field or a ghost-field. To compensate for the
omitted interactions with the Higgs field, additional effective mass terms of
the Z-boson and the fermions are introduced. The explicit expression for the
effective Lagrangian reads

2 =S (i0 = mig) £ = QT AL + gy (TFFPZ " = 2QiT 2 )|
f

1 / / 1 / / 1 I 250 1
_EFMVFMV_ZZMVZMV_'_iMO,Z ZMZM_

1
26

b
267

(9,A")° (9,2")°,

(5.35)
where primes denote effective fields and parameters. Additional non-diagonal
terms that would mix the photon and the Z-field are not included, since the
introduction of appropriate matching constants will allow for a non-diagonal
matching of the fields in the effective theory to the corresponding fields in
the EWSM (see Equation (5.37) below). The Lagrangian does not preserve
the SU(2)xU(1)-symmetry of the Standard Model due to the lack of two
components of the SU(2)-vector field, that is Wﬁ and Wi Additionally, the
Z-mass is not generated by a Higgs mechanism so that the Z,-field can not be
a gauge field. Accordingly, £/ is not a gauge fixing parameter but merely an
undetermined parameter of the model that has no practical relevance in the
present use case. However, the effective photon field is still invariant under the
local U(1)-symmetry transformation

fi = 1 —ie'Qp00" f, Al AL+ 8,00 (5.36)

so that the electric charge is conserved. Equation (5.35) describes only neutral
current phenomena, that is all interactions are diagonal in flavor space. Charged
current interactions like muon decay could be introduced by means of effective
contact interactions of four fermions, but these interaction terms are not required
for the matching of the electromagnetic coupling and the weak mixing angle.
The Lagrangian is parametrized in terms of bare masses my ; and My 4, that
may be expressed in terms of the pole masses or MS-masses, later on. It is
also possible, to introduce a renormalized mass and mass counterterm, which is
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briefly discussed in Section [5.3.3l Since the effective model does not exhibit a
W-boson, the transition from the Standard Model to the effective one may be
understood as the process of integrating out the W-bosons degree of freedom.

For now, the effective fields have no physical meaning as there is no link
to the Standard Models’s degrees of freedom. The relation between the fields
of the EWSM and the effective theory is parametrized in terms of matching
constants l'y; the defining equations are

fER = fL/R\/1 +l1{/R’

The off-diagonal elements in L are intentionally defined without a square root;
the motivation for this was explained at the end of Section 4.1.1. Equation (5.37)
allows expressing the effective Lagrangian in terms of the original fields and
derive Green functions with respect to those fields.

5.3.2. Irreducible Vertex Functions

The derivation of the irreducible vertex functions is identical to the calculation
in Section 4.1, due to the great similarity between the effective model and the
neutral sector of the electroweak Standard Model. As a consequence, the previ-
ously obtained expressions can be adopted by replacing the Standard Model
parameters with the effective ones and the counter terms dZx with the ap-
propriate matching constants [x of the effective theory. The self-energy and
vertex functions also change since the fields missing in the effective model do not
contribute. The matrix elements of the bosonic irreducible vertex function I'}*”
in the effective model are given by

U7 = ig? (1 +1a) +i(q® — My )G 4 + 50 (¢%), (5.382)
2 2

Iy = %(1 +1a) +i (g, — M67Z2> 124 +i27 (%), (5.38D)
A Z
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P57 =i(q* = My ;") (1 +12) + iq*Bhz +iSH (62), (5.38¢)
zz g’ r2 7 o ZZ (.2
U =1 <€,Z — My z ) (1+1z)+ ialAz +i%717 () (5.38d)

Ty = ig?laz/T+1a+i (= My ) lzavT+ 1z +iS) (@), (5.38¢)

2 2
)y = ig,Alszl +la+i (g,z - M6,22> a1+ 1z +iS)7 (%),  (5.38)

and F,il = I’;LZV. Here, the prime is also introduced for the self-energy and
amputated two-point functions to make its connection to the effective model
explicit. Since F?ﬁy and E%Z /1 are not just constants, the prime is used as
a subscript in order to avoid confusion with derivatives with respect to the
momentum transfer which will be denoted by a superscript prime, later on. In

analogy to Equation (4.25)), the fermionic two point function reads

ilp(q) = — mg ¢ (\/ 1+ U1+ - 2;}(612))

(5.39)
+4 (1+ 1 +20(e%) + s (H + 23 (6D)
where
foof f_ gt
Iy = Ul JQF 'r and Iy = m—lp 5 L (5.40)

are used to rewrite the left- and right-handed terms as vector and axial vector
parts. It is convenient, to introduce the effective coupling constants

it =T} (141 = 1) —25°Qs (1+1), (5.41a)
ap =T} (1+ 1 1) +25°Q, (5.41b)

to absorb some of the fermionic matching constants and where a double asterisk
is used to avoid an ambiguity with respect to the definition in Equation (4.27).
Finally, the irreducible fermion-photon and fermion-Z vertices in terms of
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the effective vertex functions A,f)];a (¢%) are defined like the vertex functions in
Section 4.1.3| and read

/
B0 p) = = i€ Qpr (L+ ), + Uhys) VIFLa +i%, (v — af3s) Lza

~ie lwAfv’f”(qQ) + AL (6)

P+, sy (p—1")
ALY (2 HAffV 2
2y s (@) + s AR ) |
(5.42)
/
D0 8) = 1% (v = 50" ) VIH1z = i€Qpr (141 + Uhs) laz
g
i [W\/fvfz (%) + AL (¢°)
(P+0), iz (p—1)
M T ASfZ 2 HASTZ(02)]
T o, M) T AR ()
(5.43)

The explicit one-loop expressions can be obtained from the formulae in Ap-
pendix |C| by omitting the terms that correspond to charged current interactions.

5.3.3. Matching Conditions of Two- and Three-Point Functions
Bosonic Two-Point Functions

Instead of equating two-point Green functions, it is easier to obtain the matching
conditions by equating the irreducible vertex functions, which are the inverse of
the Green functions. Then, the generic matching conditions read

Ii5(0) = TE(0), (5.44a)
d ab (2 d ab( 2
AP Tih(g )LQZO = I%(q )]qz:o’ (5.44b)
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where a,b =+, 7 and P =T, L denote transverse and longitudinal parts. Due
to the symmetry of I'), Equation (5.44) includes twelve distinct equations. As
the bosonic sector of the effective model is determined by seven parameters, five
additional relations emerge. Since the system of Equations is overdetermined,
explicit calculation will show, if the effective model is able to reproduce all
effects of the EWSM. A violation of one of the excess equations proves that the
effective model is not a valid ansatz for the description of the entire EWSM at
low energy. The Implications are briefly discussed at the end of this section.
The bosonic irreducible two-point vertex functions of the EWSM and the
effective theory are given in Equations (4.17) and (5.38), respectively. Inserting
these expressions, the six equations that stem from the transverse parts become

My%lga = Mg 76254 — =7 (0), (5.45a)

a4+ 1%, =024+ 082%,+377(0), (5.45b)

MG (1 +17) = M3 5(146Z7) — £72(0), (5.45¢)

Iy +1%, =027+ 672, + 527 (0), (5.45d)

MZlzaNT+1z = M§ 362241+ 627 — $72(0), (5.45¢)
LazV1+1a+1zaV 1+ 17 =6Zaz 1+ 024+ 6Z74V 1+ 627 + E}Z’(O),

(5.45¢)

where a superscript prime is used to abbreviate the derivatives and the notation

—ab a a
Srn(d) = ETb/L (¢°) - E/IIE/L (4%) (5.46)

is used for the difference between unrenormalized self-energy functions of the
EWSM and the effective theory. So far, no assumptions about the renormal-
ization of the EWSM theory were made. One could omit the renormalization
constants on the right-hand sides of the above equations, but then the effec-
tive model needs to be renormalized additionally. It is easier, to derive the
matching conditions using a renormalized version of the EWSM, in which case
the effective theory “inherits” the renormalization prescription. The matching
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conditions (5.45)) need to be iteratively solved order by order, as the (n+1)-loop
self-energy functions depend on the n-loop matching constants. For complete-
ness, the full analytic solution is given, nonetheless. Equations (5.45b)), (5.45d)),
(5.45¢) and (5.45e) are readily solved in terms of l4z,

Iy =300+ 024+ 62% 4 — 154, (5.47a)
ly =S77(0)+ 62, + 622, — 12, (5.47b)
<Z7Z
;2 Mg 4(1+6Z7) — 77 (0) 5 47
0,2 =ZZ! 9 5 ( . C)
1+ %77 (0)+022+ 623, — iy
Iga= a1+ 522 (0) + 627 + 623, — 13, (5.47d)
M2 02741 027 — 57 (0)
21 = s (5.476)

Mg ,(14022) = 577 (0)

which can be used in conjunction with (5.45f) to derive an equation for [4z.
The quadratic equation has only one positive solution, which reads

2 =21 (1457 (0) + 027 +023,)

l = —
AZ Vit ’
20 = 507(0) 4+ 6 Zag/1+ 024+ 6254/ 1+ 62, (5.48)
=377(0) + 624 +62%4
=Z7Z!

+Z%( +ET ( )+5ZZ+5Z,242) — 22129.

The corresponding one-loop approximations

=VZ
> 0
=074+ 377 (0), lga = 0Zz4 — ]’{42()
0,2
=VZ
by 0
ly =625+ 527 (0), laz = 0Zaz + 537 (0) + ]\T42()
0,2
=77 =77
Mg = Mg, (1-577(0)) =577 (0)
(5.49)
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are much simpler and show immediately that the parameters of the effective
theory and the Standard Model coincide at leading order and that the particle
being integrated out contributes in the effective model indirectly by means of
appropriate matching constants. The solution of the matching constant [ is
given in terms of the derivative of the Z-boson’s self-energy function instead
of its value at zero momentum transfer. This is a consequence of the different
masses M(’), », and My 7 that appear on the left-hand and right-hand side of
Equation (5.45c), respectively. Equation (5.49) also makes clear that the particle
being integrated out contributes in the effective model indirectly by means of
appropriate matching constants and that the renormalization of the remaining
fields in the effective model is “inherited” from the Standard Model: The terms
that account for the renormalization, that is UV pieces as well as finite terms
that occur due to the renormalization prescription, are adopted by the effective
model. The renormalized mass M} = M; , — dM7 is an exception to this
observation, as My and M7 may be chosen freely and only the sum Mj , is
fixed by the matching condition.

The matching conditions that are obtained when inserting the longitudinal
parts of the two-point function into (/5.44)) read

MgglGa = M§ 70254 — 21 (0), (5.50a)
1+1la 12 1+6Z4 072
T a2 0% 0024 L s 0), (5.50b)
€A 37 €a £z
Mg, 7% (1+1z) = M3 ;(1+6Z7) — 51" (0), (5.50¢)
Ltlg Uy 1407z 023,  «zz
+ A2 = + + 3470, 5.50d
g o & T e (5.50d)
Mz a1+ 1z = ME 362247/ 1+ 627 — S12(0), (5.50¢)
I l 5z 57 _
%MJF %mz &Z‘Z 14024+ 52,4 1+0Z7 +217(0).
A Z Z
(5.50f)

The renormalized longitudinal self-energy of the photon vanishes in the EWSM,
but is kept, so that Equation (5.50al) is valid in the general case. Equa-

132



5.3. Z as a Pseudo Gauge Boson

tions (5.50b) and (5.50d) can be solved for &y and £}, but the solution is
cumbersome when inserting the explicit expressions of the other matching
constants. For brevity, only the two- and one-loop expansions are given,

o1y (1-=7"(0) - 62a4) (i?f’(o) - zp’m))

&y &a &a
11\ 0 (EF(0) 5 -
+ <§A — §Z) M&Z ( M&Z —2(5ZZA> —I—ﬁ(oa ) (5.51a)
<!
_ i _i_i’LY/’Y’(O) B 2T (0) + ﬁ(aQ)’
€A &a
1 1 —Z7 —Z7 EZZ,(O)
g:§+<1_ET (0)—522) (EL (0)—T£Z>
1 1\ (Z70) | vz S0) vz
g o) ( g, “”) ( g, T “’)”52“‘2)
+0(a%)
=ZZ!
= = +5770 - 2 o)
A &z
(5.51b)

The solutions of the matching constants were derived using only a subset of the
conditions (5.45)) and (5.50). The system of equations is overdetermined due to
the remaining matching conditions. This is a consequence of the effective model
being less potent than the EWSM,; it lacks a few parameters to be guaranteed
to restore all the low energy properties of the EWSM. Inserting the solutions
derived above into the remaining equations yields the five additional relations

. 2
(M3 ;02247 T+ 825 — 7 (0))
M2 ,(1+627) — £77(0)

B7'(0) = Mg 76274 —

z (5.52a)
et
= E%Z(O) (25ZZA — ZJ@Q;?) + ﬁ(a?’)’
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S7(0) =57(0), ab=1,2 (5.52b)
4! a4
4! _ X1 (0) i . i Xr (0) 2
X;7(0) = £ (fA €Z) M2, + 0(a”), (5.52¢)

where the second equation is a short notation for three independent condi-
tions. Equation (5.52b) stems from (5.50f) and is given at one-loop order, only.
Equation (5.52a)) states that the photon remains massless when taking into
account loop corrections and has to be fulfilled for the model to be physically
meaningful. At one-loop order, it is trivially fulfilled due to X (0) = 0+ & (a?).
Equations (5.52)) test the effective model to some extent, as a failure of one of
the equations will hint at which of the EWSM properties can not be reproduced.
The one-loop expressions of the MS-renormalized effective parameters read

a (2
lga=0Z74 — 4129AW, (5.53b)
T s
« c 1 1+ 2¢2
luz =067 — -+ —]A )
AZ Az + . {(55 + 605) w + os } , (5.53¢)
1 a (2
—=14+—(=+3A 5.53d
7 +4ﬂ<3+ w), (5.53d)
1 — _
— =1+377(0) -7 (0), (5.53¢)
37
o 19 1 42 (2 - 52)2
ly=6Z7+ 2L (32 + L ap -2 e —5)
z z+ 47 (3 652 + 602> W 342 + 6c2s2
« 1 11 14¢ My Moy z
B it log £ — log —H70,Z
A7 126252 l 3 Ta—g 8t e (5,530
5—¢ 2 ‘
4+ ——=(1-&"+2€logé
(1-¢)° ( )

L0 01601 +§>log£]

6(¢ —1)°
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+ @ (1 +§+2§i°fi)
(1 g s o )|

(5.53g)
and are obtained by inserting the unrenormalized one-loop self-energies given in
Appendix |C|and {4 = £z = 1 into Equations (5.49) and (5.51). For readability,
the & (aQ)—notation was omitted and [z used as an abbreviation in the expression
of M(’)Qz The one-loop approximations confirm Equations (5.52a)) and (5.52b),
but Equation (5.52c)) is violated, as the left- and right-hand sides do not agree,

%%#%3—; [<;+9c2) Aw+1+262:|. (5.54)
The disagreement in Equation (/5.54)) is not surprising, as the effective model
defined in Section [5.3.1] is not a gauge theory due to the introduction of the
Z-boson’s mass without the Higgs mechanism. As a consequence, one has to
expect that the effective model fails to reproduce the longitudinal degrees of
freedom of the Standard Model that are associated with the masses of the heavy
gauge bosons. A different choice of the parameters determined by the matching
conditions (5.50a) to (5.50f) allows fulfilling Equation (5.52c)), but one of the
longitudinal matching conditions can not be met.

When contracting the longitudinal part of the Z-boson’s propagator with
fermion spinors, it vanishes if the two fermions interacting with the Z-boson
have the same mass. Since the neutral interaction is not flavor changing, this is
always the case when the fermions are on-shell. Consequently, the longitudinal
part of the Z-boson’s one-loop propagator can only give a contribution when
coupled to off-shell fermions. This happens in box diagrams and at higher loop
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order where the coupled fermions are virtual particles themselves. Both cases
have been excluded in the calculation of the parity violating interaction, which
means that the restriction of the effective model is of no concern for the present
discussion.

Fermionic Two-Point Functions

Similar to the bosonic case, the fermionic constants of the effective model need
to be fixed such that the propagators of the effective theory and the EWSM
coincide in some limit of the fermion’s momentum. Since the UV-divergent
terms are independent of the momentum, any choice of the limit renders the
effective model finite. The pole mass® is a convenient choice for the matching
point, even though the renormalized propagator does not have to be singular at
the pole mass.

In that case, Standard Model and effective theory need to share the same
value and derivative of the propagators at ¢> = Th?, where 7y is the pole mass
of the fermion. In the most general case, the residue of the Dirac propagator is a
matrix with an axial component (see also Appendix D)), which yields independent
matching conditions for the vector and axial vector parts. The matching of the
propagators is achieved by imposing

2 (2
iy (") u(q) i iT(¢*)u(q) po (5.55a)
. qd+my . 2 _ g+my . 2
qZIer%? m@l“,f (¢°)u(q) = qQIE?hf, pop——l 2 il (q%)u(q). (5.55b)

Due to the projection onto the Dirac spinor u(q), the scalar and vector parts
of the vertex function are combined. Accordingly, Equation (5.55) is a set of
four distinct equations, two for the “scalar + vector” part and two for the axial
part. However, the two axial matching conditions are identical, leaving three

4A pole mass does not exist for light quarks. This is of no concern in the following calculation,
since the parity violating interaction does not depend on the quark masses. In a naive
calculation, the quark masses enter the parity violating interaction via the running weak
mixing angle, which can be worked around using phenomenologically constraints. |17} [18]
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independent equations for the three effective parameters. It is convenient, to
rewrite Equations (4.25) and (5.39) by grouping terms proportional to ¢ — 7y,
which yields

i) =g (1+ 1 + 2, (¢%) — mi s <\/1 F U1+ - z,fs(qQ))
+ s (U + 2 (7)) (5.56)
+ (g —mg) (141l + 55 (@) + (4 - ) 5 (K + BLa(6?)

in case of the effective vertex. The (¢ — 7 )-terms vanish when projected onto
the Dirac spinor, so that the first matching condition (5.55a)) can be readily
solved. The solutions are

1 = 629 + = (m?) (5.57)
and

m f f f f 52
mh, 0f<\/1+5z\/1+5z —sh(m )>+lv—5ZV—EV(mf)

my V1+ 11+, — Sl (m?)

(5.58)
where the notation (5.46)) is used to abbreviate the difference between self-energy
functions of the Standard Model and effective theory. The field renormalization
constants and matching constants drop out of the matching condition of the
fermion mass at the one-loop level,

Mg Mos  wf oy w0 2

The second condition (/5.55b)) requires a Taylor expansion of the terms on the
first line of Equation (5.56) around ¢? = m% and one finds

= 678 + S (m3) + 2m3 [zé’(m%) + (mOfES/( m3) — 7;2# (mf)ﬂ .
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The one-loop order expression of Equation (5.60)) is easily obtained by replacing
mé)’f

mpy

mo g
mf
appropriate one-loop approximations.

Again, the mass may be chosen arbitrarily by introducing an appropriate
mass counter term, as only the sum of the mass parameter and the mass counter
term is physically meaningful. The field renormalization constants on the other
hand are entirely determined by the renormalization scheme of the Standard

Model.

the mass ratios and with unity and the self-energy functions with the

Matching of the Electromagnetic Coupling Constant

When computing S-matrix elements within the effective model, it is insufficient
to just cut off the external propagators; one also has to take into account
the matching constants of the fields associated with the external particles as
prescribed by the LSZ reduction formula. As in case of the renormalization
constants, these matching constants are the residues of the corresponding
on-shell particle propagators. Due to the matching conditions of the previous
sections, these matching constants are identical to the associated renormalization
constants of the Standard Model. Accordingly, they are not required for the
matching of three- or four-point functions, even if the residues are not normalized
to unity as in the OS scheme. For this reason, external lepton leg corrections are
omitted in this section so that the matching condition for the electromagnetic
coupling constant is determined by the vertex function, only. It reads

a4 (0, p)ulp) = a(p)LL (0, p)ulp),  p* = w3, (5.61)

for on-shell fermions at vanishing momentum transfer. The right-hand side
of Equation (5.61) is defined by (4.35)) and is the sum of Equations (4.37)
and (4.38)). Like before, the subscript prime denotes the quantity of the effective
theory and can be obtained from Equations (5.42) and (5.43)). Equation (5.61)
contains two independent conditions, due to the presence of vector- and axial
vector-terms in the three-point function. A discussion of the axial vector part
of Equation (/5.61]) is postponed to the end of this section, as the vector part of
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Equation (5.61)) defines the electromagnetic coupling according to its definition
as the coupling strength of parity conserving scattering at low energy. It reads

/
Qs (1) VIFTa = S0t + AP 0) 4 A 0)
L7 (0)
T77(0)

Ll 2¢/
92 [ VI - 2 0yt + 6470+ A7 0)

=e {Qf (1 +5Z‘J;> m— g—ivf(SZZA _|_A{/f'7(0) +A£f’¥(0):|

- 9 270
=+ Q?Z Uf 1 + 5ZZ — giQf(l + 6Z‘J;)5ZAZ + A{/fz(o) + Aéfz(o) FgZ((O))
L Z T
(5.62)

and solving for ¢’ requires the matching constants lx of the effective theory
that were derived in the previous sections.

The matching conditions derived before include the renormalization constants
of the EWSM, but for matching with the MS-renormalized EWSM it is easier to
drop the renormalization constants 0 Zx and replace all corresponding one-loop
functions with the appropriate MS-renormalized ones. Using g', = j—; + 0(a)
and the equality of effective and EWSM coupling constants at tree-level®| the
one-loop order expansion of Equation (5.62) reads

Z
€ v F/T’Y(O)
2¢cs fF,%FZ(O)

l v
% [Qf (1 +1+ ;‘) - Q—CJ;ZZA + AL (0) + A,J;f”(o)} +

(5.63)

£ i e T77(0)
:é(Qf+AV”(0)+AS 7(0)) + vyt + O(a?),

where a hat is used to denote MS-renormalized quantities. Constants without
primes or hats were used when the difference between effective and EWSM
parameters is beyond one-loop precision. The terms involving the ratio of
amputated two-point functions are identical due to the matching conditions

SWhile reasonable, these equalities were not yet proven and will be justified in Section |5.3.5.
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of Section |5.3.3] Replacing the matching constants l{/, l4 and [z 4 with the
solutions derived previously yields

517 NI < ffr
(i/ -1 vf 2; (0) — 27TZ(0) n AV (0) _ Alf‘}W(O) . AS (0) B A,fsf’y(())
e 2csQy MQZ Q; a0,

5 (570 - 57 0) - (i’;(mi) - Efv(m?f))
2
f

(5.64)

Using the one-loop expressions of the self-energy and vertex functions given in
2
Appendix [C|and neglecting terms of order & <]:;2f ) without using the big O no-

- w
tation explicitly, the MS-renormalized self-energy and vertex functions required

for the matching of the electromagnetic coupling constant when integrating out
the W-boson read

Ay (6 4
57(0) - 537'(0) = = { > NQRA +

2 2
. 5 +3log “2] } ., (5.65a)
F s

1%
2 2 2
. ~ o veta 1 |1 7
Ev(mi)—zzfv(m?‘):—ﬂ{ FA+ fcsz+S[2—10gW ;
W
(

4 4 22 4 2
5.65h)
N - . ~
Sy (m}) — Bl (m}) = Sg (m}) - Ble(m3) =0, (5.65¢)
2
A A Q _C~2 o
w
2 2
A gy — @ 3 vr T ay
Ay (0) = Ay 7(0) —M{—Qf Qr~yza A (5.65¢)
Qf/[ proo1 3T})’l 2 1”
+ lo — =+ = |log — — =
2 ~ 2 2 ~ 2 )
4s 2| " 2s 3, 6
(5.65f)
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Aéfv

(0) — A7 (0) =0, (5.65¢)

which eventually results in the final expression

m
~

47 \ 3

|

a (1 7. M3 a2
=14+ —(Z+-log=— % |+ =25 N/Q3A. .
+ ( +20g M2>+47T3Zf: Q7 (5.66)

The final result being independent of the fermion f, confirms the charge uni-
versality of the pseudo gauge boson model that was proved by verifying the
U(1)-gauge invariance in Section |5.3.1. The appearance of UV-singular and
UV-finite terms is a consequence of matching an unrenormalized model with
the renormalized SM. Equation (5.66) is similar to the renormalization of
the electric charge in the SM, showing the close relation between matching
and renormalization. The first term which stems from the contribution of the
W-boson is free of a UV divergence, as the effective model was matched with
the MS-renormalized SM, which is UV finite. Accordingly, the A-term stems
from one-loop functions of the effective model. If one started with an MS-
renormalized effective model, these A-terms would disappear. Equation (5.66)
is general, but commonly only the UV-finite term is referred to as matching
term.

The matching of the electric charge in the effective model allows obtaining the
corresponding matching condition for the electromagnetic coupling constant /.
Dropping the UV—angular term to compare with published results and using

o

the relation o/ = ¢—, one finds

1 1 1 7 2
—z——i———i——logu

—_— 5.67
& o 6m Arw MI%V’ ( )

which confirms the matching condition (5.6)) that was obtained from the results
published in Reference [36].

Taking into account the axial part, Equation (5.61) contains two indepen-
dent equations that seem to form an overdetermined set of equations for the
electromagnetic coupling constant. The additional equation also appears in
the charge renormalization of the Standard Model but is fulfilled automatically.
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Using MS-renormalization of the Standard Model as before, the axial part of
Equation (5.61) at one-loop order reads

A &2
Fo Ay 1y af (E7(0) A ap Yp (0)
@sla+ QCSZZA +A47(0) + 2¢s ( M% lza ) = A4 (0) + 2¢s M% ’

(5.68)
where the matching constants [z4 on the left-hand side cancel immediately.
The right-hand side is identical to @ ffli (T’hfc) in the Standard Model, which
can be readily verified by inserting the appropriate loop functions. Replacing
the remaining matching constant l£ on the left-hand side by (5.57) yields

Qs (iﬁ(m}) - z{,(m?)) +A(0) = infl(m}). (5.69)

The function E,VTZ (0) was omitted, as it vanishes in the effective model. Equa-
tion (/5.69) can be verified with the aid of Appendix C, showing that the axial
vector part of Equation (5.61)) is fulfilled automatically and does not add an
additional constraint to the matching of the electromagnetic coupling constant.

In general, the vertex correction also contains a scalar term that was split
into a contribution to the vector piece and a term proportional to 0,,¢” by
means of the Gordon identity. A matching of the 0,,¢"-term is not necessary,
as the contribution induced by a virtual photon is identical in the Standard
Model and the effective theory at one-loop order. The only difference arises
from virtual heavy particles that are not present in the effective theory, but
these contributions are of the order & (%), where M is the mass of the heavy
particle, and can be neglected, accordingly.

5.3.4. Parity Violating Fermion—Fermion Interaction

In the previous sections, two- and three-point functions were matched with the
ones obtained for the EWSM in Chapter 4], which also led to an expression of
the effective charge in terms of the EWSM charge. In this section, the parity
violating interaction is determined within the effective model; it is then used
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5.3. Z as a Pseudo Gauge Boson

to construct a matching condition for the weak mixing angle and the neutral
current coupling strength g7, in Section [5.3.5. Due to the similarity to the
EWSM, the calculation of the parity violating interaction in the effective pseudo
gauge boson model follows closely the steps outlined in Section 4.2. However,
there are two noteworthy differences. First, counter terms (called matching
constants in the context of the effective model) need to be taken into account
explicitly to incorporate the terms stemming from the matching. Second, the
effective parameter Ar’ that accounts for the relation between Fermi constant
and elementary coupling as well as Z-boson mass and which is defined by

r_ V2 97
Grsir,

1—Ar (5.70)

is kept as an unknown in the beginning. This is, because the relation between
Fermi constant and coupling constants in the effective model is not yet known. It
is defined in terms of the MS-mass of the Z-boson to obtain simpler expressions
that do not involve the relation between the unrenormalized effective mass and
the MS-mass. To simplify the calculation further, the tree-level equality

A

R e
Gy = b7+ 0(a) = £+ 0(a) (571)

is used where applicable to omit terms of two-loop order. The relation (5.71)
is reasonable but will be justified later, when calculating g/, explicitly. Match-
ing the effective interaction with the SM expression allows giving a relation
between Gp and g/, and determining Ar’, eventually. Consequently, Ar’ is
explicitly contained in the low energy coupling piece C’{;I(A)I, while its contri-

bution to the remaining pieces C{%(B)/ to C{;I(D)/ is of two-loop order and will

be neglected. Otherwise, the corresponding definitions are identical to (4.61a)
to (4.61d) except for the replacement of SM quantities by effective ones.
Following the prescription of the matching of the electromagnetic coupling
in Section |5.3.3, MS-renormalization is used for the Standard Model. The
matching constants of the effective theory are kept to account for the matching
conditions of the two- and three-point functions. Due to the matching of the
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5. Matching Conditions

two-point functions, the transverse parts of effective and SM propagators are
identical. This simplifies the calculation of the parity violating interaction,
since the one-loop corrections in C{;I(D)/ stem from the vyZ-propagator only.
Accordingly, this piece is identical to the one derived in the Standard Model,
C’{;l(D)/ = C’{}ED). The remaining pieces can not be taken over as easily and
require a separate calculation. Using the matching constants derived before
and omitting terms of two-loop order, the three other pieces in the effective

model can be written as

Ol = —20pa5 (1 - Ar)

(5.72a)
: (1 — o sl 4 s %5gj2’>
Ui afa
f2(B a
oy = —2( - 282Qf1>afzﬂ
2 172 2 } (5.72b)

Qpvf mj <Mz,

RO M2 T3

+2a5, {THU! +205Qp,1az = A7 (0)}

VA VA
) 0 A22Z
(5.72c¢)

Similarly to the calculation outlined in Section |4.2} the loop corrections to C{%

may be separated into three different groups: corrections to the overall amplitude
denoted by p/, corrections to the weak mixing angle denoted by '’ and process
dependent terms that can not be absorbed into a constant independent of the
external fermions. Omitting terms of two-loop order, the effective low energy
coupling can be written as

2 «
Off = —ape! (273~ 4Qw's) + tupap, 1= (@3 + Q2) (5.73)
(0% mfc 9
+QfoUfaf<1610g 2>+D’+ﬁ(a),
1 2 2 297T M%

144



5.3. Z as a Pseudo Gauge Boson

77 (0)
= (1-Ar) 1+7M72+ZZ + 0(a?), (5.74)
Z

~vZ A
SI700) S(0)  anz
Z

2 1 r2 2
a ¢t Mz I

L7 00
+27r52 q? OgM‘%V+

(5.75)
EZAZ + ﬁ(aQ),

where [J' denotes the box graph contribution in the effective model. Since the

effective model does not contain the W-boson, the process dependent term
2

Wz,
universal matching condition can be found for the parameters p’ and x/°. The
missing term may be restored by introducing an effective contact interaction
term in the Lagrangian. However, for the discussion of Mgller scattering or
charged lepton—quark scattering as required by the P2 and Qeak €xperiments,
this is not necessary, because the term vanishes due to the vanishing charge of
the weak isospin partner, ) = 0. When inserting [ 47 in terms of self-energy
functions as given in Equation (5.49)), most of the terms in &’ cancel yielding
the expression

containing 6 log in Equation (4.76) is not reproduced; as a consequence, no

2
/ «a H
K =1+ W%:Nfcgfuf (A—i—log m%> (5.76)

which does not contain terms that stem from the W-boson interactions. This is
expected, as the effective model was constructed without W*+-fields.

5.3.5. Matching of the Weak Mixing Angle

With the parity violating interaction calculated in the previous section, it is now
possible to derive the matching conditions for the weak mixing angle s’ and the

5The same issue is raised by the missing W-box in the effective model. It needs to be added
separately but will be ignored in the following.
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5. Matching Conditions

effective coupling ¢%,. These are obtained by equating the low energy coupling

constants 0{12”1 and C{]%l of the Standard Model and the effective theory. Since
the equality needs to be independent of fi; and fs, one obtains two distinct
equations,

p = p, (5.77a)
K's? = ks, (5.77b)

Inserting the results (4.74)), (4.75)), (5.74) and (5.76)) yields

/2 5 « 7 4 1) u? 7 82 1
=5 - — = —Jlog=—5+-—-——4+=> N A .
s s o {(26 + 5 og M%V + 9 3 + 3 ; Qv , (5.78)

~WW

Yo (0) ac? u?
A =L 28 qgg B4
TTTME a2 8w Y

) (5.79)
log'u— + (7 - l) log ¢ + 6
M2 252

+

4s?

The effective weak mixing angle (5.78)) is similar to the s-parameter in the
Standard Model given in Equation (4.75) with two notable differences. First,
the one-loop corrections in Equation (4.75)) contain an inverse factor of s2, as x
is multiplied with s?> when entering the effective coupling C’{]%l. Second, the
fermionic terms contain only the UV-divergent terms but not the logarithmic
ones. They account for the renormalization of the fermion loops that are
present in the effective model, which is also the reason for the opposite sign in
front of the sum. Dropping the fermionic renormalization terms yields what is
conventionally called the matching condition,

7 1 27 s
st=g2 - 2 {(202 + ) log'u— + - - S} . (5.80)

Cor

These terms are identical to the corresponding ones in the Standard Model
that make up the W-boson contributions to the weak mixing angle at zero
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5.3. Z as a Pseudo Gauge Boson

momentum transfer. In the effective model they have to be part of the definition
of the weak mixing angle as they are not dynamically reproduced by the theory
by construction. The matching of the weak mixing angle at W-threshold in
the pseudo gauge boson model differs from the matching condition published
in Reference [17] that was given in Equation (5.5b)). The numerical difference
between Equations (5.80) and (5.5b) for u = My is

2 a (4 s? N 4
As —67T<3—2>+ﬁ(a)~4.7‘10 , (5.81)
which is obtained by inserting values of the Particle Data Group [3§], a =
7.297 - 1072 and s?> = 0.231. It is small compared to the numerical value of
the weak mixing angle (As'? - 572 ~ 0.2%), but almost seven times larger than
the total theoretical error of 7- 107 published in Reference [18] for the weak
mixing angle at low energies.

Combining Equations (2.33)), (4.58)), (5.70) and (5.79) allows relating the
neutral current coupling constants gz and ¢/,

2 _ 2 a021 2 l O 2
97 = 9z 1+;8*2 Ogm— z+0(a%) s, (5.82)
NV

where the matching constant I = %7 (0) — ¥%%’(0) can be obtained explicitly
using Equation (C.6). The coupling constant (5.82) also contains UV singular
terms hidden in the matching constant [z that are responsible for rendering the
effective theory finite. Dropping the UV singular pieces, yields the matching
condition for matching an effective theory that was MS-renormalized before the
matching.

The results given above are obtained using the pseudo gauge boson model
defined in Section [5.3.1. Section [5.4] discusses the matching of an effective
model based on the same idea, but in the context of an effective contact
interaction model similar to Fermi’s four-fermion interaction theory. Therefore,
the summary of the findings of this section and a comparison with the results
of Reference [35] are postponed to Section 6.1, where the results of Section [5.4
will be included.
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5.4. Contact Interaction Model

5.4.1. Lagrangian

The effective pseudo gauge boson model described in Section |5.3) was obtained
by omitting the W*- and Higgs-fields but keeping the Z-boson as a massive,
pseudo gauge boson. The model is uncommon, but resembles the Standard
Model in the neutral and electromagnetic sectors. In this section, a contact
interaction model is discussed that is obtained by dropping the Z-boson, too,
and introducing a four-fermion contact interaction term. As before, additional
terms could be introduced to account for effective charged current interactions,
but these are not required for the present discussion. The pseudo gauge boson
model of Section |5.3|failed to restore all process dependent terms of the Standard
Model. As explained before, this is not an issue, as the missing terms do not
contribute to charged lepton scattering. The effective contact interaction model
does not contain a Z-boson so that none of the process dependent terms will
be dynamically reproduced. This is the reason, why the coupling in Fermi’s
four-fermion interaction theory carries fermion indices and why the matching
conditions that will be derived later can not be expressed in terms of universal
constants, only.

The definition of a weak mixing angle without Z-boson is not obvious. Here,
it is introduced as part of an effective vector coupling in the neutral current that
is proportional to the charge of the fermion, just like in the Standard Model.
The Lagrangian can be written as

L =3 [F(id—miy) f = Qi F AT
f

1 ) / (5.83)
/ / / !
- ZFMVF - 28 (aMA M) - KJNC/LJI\/IA(D
A
where the effective neutral current JI/\’fC is defined by
_ o
JII\IILC — Z (T})’f’L"y"f’L _ fo/,y,uf/) . (5.84)

f
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5.4. Contact Interaction Model

Just like in the Standard Model, the part of the coupling proportional to the
weak isospin’ applies to the left-handed fermions, solely. Again, primes are used
to denote effective fields and constants and K is used to quantify the strength
of the contact interaction. It has mass dimension —2 and the corresponding
term in the Lagrangian is a dimension-6 operator. An additional coupling
of the neutral current to the photon could be introduced at this point but
determining its strength by matching yields a vanishing coupling constant, as
the corresponding interaction vanishes in the Standard Model at one-loop order.
The Feynman rule of the new interaction vertex is given by

1 )

=~ (o - ajis) @ (v — i) . (659

1 fo

and can be used to calculate the new Feynman diagrams induced by the contact
interaction. The effective vector and axial vector coupling constants read

v =T} (141 1) = 252Q, (1+1]) (5.86a)
af =17 (1+ 1, — 1) +252Q41), (5.86b)

with ; ; ; ;
o % i = % (5.87)

in terms of [, and [r that are the matching constants of the effective theory
defined as before. The special product symbol “®” is used in the Feynman
rule (5.85)) to emphasize that the gamma matrices must not be contracted

"The model does not exhibit a SU(2)-symmetry and the weak isospin is introduced as an
auxiliary parameter, only.
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directly, but need to be wrapped between Dirac spinors associated with the
fermion lines of the fermions f; and fs.

The remainder of this section is organized similar to the previous one. In
Section [5.4.2) the two- and three-point functions of the model are determined.
Section [5.4.3|is dedicated to the matching of two- and three-point functions and
the electromagnetic coupling constant. The parity violating interaction within
the contact interaction model is derived in Section 5.4.4 and the weak mixing
angle and effective parameter K are obtained in Section [5.4.5]

5.4.2. Irreducible Vertex Functions

The derivation of the bosonic two-point function is simpler than the derivation
in the Standard Model, as the propagator is not a two by two matrix. Apart
from that, the steps that need to be carried out are the same. Consequently,
the irreducible two-point vertex function in the effective model can be obtained
from the first equation of the Standard Model result (4.17) by omitting the
mixing terms,

qudv . .
00 = (= gw+ 25°) 1?0+ L) + 52 (0P)]
(5.88)

2
_qgg" [éé(l +1a) + z'z,”g(q?)] :

The fermion propagator in terms of the fermionic self-energy functions E,fX
does not change and is identical to Equation (5.39) when replacing the self-energy
functions and counter terms with the ones of the contact interaction model.
The derivation of the self-energy functions requires the evaluation of a new loop
diagram that is induced by the contact interaction and is depicted in Figure |5.2.
Omitting terms of two loop order by dropping all matching constants, the
self-energy that corresponds to the loop diagram reads

ik dPk iK F-m
NT_14 = Z/ (27T)D Tr {47# (vfl - af175) Zﬁﬁyu (Ufz - af275) )
f2

2 (5.89)
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f2

L -

f1 fi

Figure 5.2.: Tadpole diagram in the effective theory that arises from the self
interaction of a fermion line with a Z-boson in the Standard Model.
The loop may contain any fermion that is part of the effective
theory.

where the vector and axial vector coupling constants U;Z* and a’}* were replaced
with the Standard Model ones, as the difference is of two loop order. The
solution of the loop integration is

. K 12
—i%f = L) > (agap, —vpop)m, (A +log —- + 1) +0(a?)  (5.90)

f my,

in four space-time dimensions, which gives a contribution to the scalar part of
the fermionic self-energy function, only. The diagram in Figure [5.2]is a tadpole
diagram in which the loop does not depend on the momentum of fermion fi.
This is the reason why the corresponding self-energy function only depends on
the mass of fermion fo. As a consequence, the loop merely induces a shift of
the fermion mass my,, which can be absorbed in a suitable matching constant.
Since the goal of the matching is to reproduce the mass of the parent theory, one
could get away with ignoring these tadpole diagrams altogether. For the sake of
completeness, they are kept nonetheless, which means one has to distinguish m
and m’f for the masses in the SM and in the effective theory, respectively.
Due to the reduced field content compared to the Standard Model, the only
vertex diagram that contributes in the effective contact interaction model is
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the one with a virtual photon connecting incoming and outgoing fermion lines.
Its structure is identical to the vertex (5.42) when omitting the matching
constant [z 4,

THEL (0. 0) = — i€ Qg (1 +i+ lf;’)/5> V1+tia
— i€/ [WA/’CW (@®) + 7007 (4°) (5.91)

+(p+p’)

p—p
“AD (2 252

BATIY (o2
2 omy; P (@)
As before, the appropriate matching constants and loop functions of the contact
interaction model have to be inserted.

5.4.3. Matching Conditions of Two and Three Point Functions

Bosonic Two-Point Functions

The effective model exhibits only one gauge boson propagator, so that there are
only four matching conditions for the bosonic two-point functions as opposed
to the twelve conditions in the EWSM; they read

F;YCI:Y/L(O) - F%V/L(O)a

(5.92)
I571,(0) = T7,0).
Inserting the transverse parts of the vertex functions yields
0=—M§ 46234+ 57 (0), (5.93a)
Ia=0Z4+06Z% 4+ S0 (0), (5.93b)

with the short notation (5.46|). At one-loop order, the mixing counter term 6274
does not contribute, so that the first equation is trivially fulfilled because
of X11(0) = £77(0) = 0. Using the derivative of the unrenormalized photonic
self-energy function, the second equation becomes

2
o =024 — % |:3AW + 3:| + ﬁ(oﬂ) (5.94)
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when neglecting terms of two-loop order. Inserting the longitudinal parts of the
vertex functions into equation (5.92) yields

0=—M321%,+%,'(0), (5.95a)
1+1 1+8Zy 672 -
Tla_2F0%4, 90%%4 s, (5.95b)
€4 §a £z

where the first condition is trivially fulfilled at one-loop order, too, and the
second one reads

;4 = ; (1 + % |:3AW + g]) +0(a?) (5.96)

when inserting Equation (5.94).

Fermionic Two-Point Functions

As mentioned in Section [5.4.2] the structure of the fermionic two-point function
is the same as in Section [5.3| and consequently, the matching conditions are
identical to Equations (5.57) to (5.60). Using the result of Section |5.4.2} the
unrenormalized parts of the fermionic self-energy read

5 o

S (mf) = QF (Af +2) + 0(o?), (5.97a)

B/, (m3) = 0(a?), (5.97b)
_ o 2

Sls(md) = — 197 (6 +4log %)

K ) , (5.97¢)
) Z (agap, —vsvg)my, (Ap, +1) +0(a”).
f2

The vanishing axial vector piece at one-loop order implies that the matching
constant [ 4 is identical to the renormalized axial vector part of the self-energy
function in the parent theory when neglecting higher order terms,

=62} + 2 (m3) + 0(a?). (5.98)
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The differences of the derivatives of the fermionic self-energies vanish when
neglecting the fermion mass compared to the heavy gauge boson mass so that
inserting the self-energy functions into Equations (5.59) and (5.60) yields

ma,f:mo’f_a{v]%%-a} <A 1)

My my 4w | 4c?s? Z7 9
+ vffc;;?” (AZ + ;) + 4—; |:AW = H } (5.99)
+ % fZ (agag, —vpvp,)m3, (Ap, +1) + 0(a?),
« 1)22 + a? 1 1 1
Z‘J; - 5Z‘J; T { iczszf <AZ - 2) t e [AW = 2] } + 0(a?). (5.100)

Three-Point Functions

The effective three-point Green function G,fuf "(p,p’) is similar to the Standard
Model one, but due to the lack of vZ-mixing, it consists only of a term like
the first one in Equation (4.34)). Consequently, the amputated vertex function
is similar to (4.35) when omitting the second term, implying F,fufv = F,flgm.
The one particle irreducible vertex function was given in Equation (5.91), but
the derivation of the vertex functions parametrising the loops requires the
calculation of a new Feynman diagram shown in Figure |5.3. Using the generic
notation Vi, Ay, Vo and Ay for the vector and axial vector couplings at the
left- and right-hand side of the loop, the transverse part of the self-energy
corresponding to the generic fermion loop reads

e) 1 4
ETf(q2) — 167r2§ %:Nf{GAlAQm%Af

+ ¢> {A1A2 — (A1A2 + V1 V3) Af] + ﬁ(q4)}
(5.101)
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f1
f

f2
bt

Figure 5.3.: New Feynman diagram contributing to the f f~-vertex in the effec-
tive contact interaction model.

when expanded at zero momentum transfer. The A; As-terms do not contribute
to the Feynman dlagram depicted in Figure|5.3|due to the coupling to the photon.
Inserting Vi = ¥ and V5 = —ieQ ¢ allows writing the vertex function Ay N1 ag

2 .
AR (@) = %Qj”q (Ah +2log n% + 2) - K Gn s, (2, +0(d").
1 f

(5.102)
The photonic contribution is identical to the one in the Standard Model, but
the terms induced by the heavy gauge bosons are missing. As before, the scalar
and pseudo-scalar vertex functions do not contribute to the matching, allowing
to write the one-loop expansion of the vector part of Equation (5.61) as

¢/ s (0) — =2(0 o of
2" 1- =L © 5 7 (0) - (2\/(7”?”) - E/V("ﬁ”))
Ny s (5.103)
AO-MO v 220, 00
Qy 2csQy M%
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when inserting the matching constants derived before and using MS-renormali-
zation for the Standard Model. The Standard Model terms are identical to the
right-hand side of Equation (5.63)) and primes and hats are omitted when the
difference is beyond the precision of one-loop order. Derivatives of the fermionic
self-energies that are part of the matching constant l‘f, do not contribute, since

the photonic terms are identical in the effective theory and Standard Model and
2

all remaining terms are of order & < oy

SVER ) Inserting the individual differences

' 12 2
577(0) — S1(0) = 1 { ZNfoA + [3log —5 Mgv + 3] } ,  (5.104a)

2 2 2
N ~f 1 u
Ev(mi) -y (mif) = 4 { Qf o ng <—2 + log M%)

(5.104b)
LI R T
R _— O —_—
152 |2 T8 | [
2 2
Fiv ffy o 3 Yy T 9 p 1
Ay(0) - A ()—+{—QA+Q 5
47 ! 4¢252 M2 2
’ 2 1] 3T} 2
$ O o T g B
452 [T° M2, 2| 242 M2, 6
(5.104c)

and Equation (C.3) into (5.103)) yields an expression for the effective electro-
magnetic coupling constant in terms of the MS-renormalized coupling,

~

a (1 7 u? o 9
=14+—|5s+:1 — » NQFA. 1
+47r <3 OgM%,) +671'2f: fo (5.105)

| ®

Once again, the UV-singular term is a consequence of matching an unrenor-
malized theory with a renormalized one and accounts for the renormalization
of the electric charge in the effective model. Omitting this term by assuming
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MS-renormalization of the effective model, the matching condition for the fine
structure constant reads

11 7 2
=5+ —+—log a
«Q

o I AT (5.106)

=

Equation (5.106) is identical to the matching condition (5.67)) derived in the
context of a pseudo gauge Z-boson.

The axial vector part of the matching condition (5.61) yields an additional
equation. The right-hand side is identical to the right-hand side of Equa-
tion (5.69), while the left-hand side is similar to the left-hand side of (5.69)
but does not contain the mixing terms. At one-loop order, the axial matching
condition reads

Qsth + A7(0) = QS a(m). (5.107)

Because of I/, = ii (%) and since the axial vertex function AT vanishes in
the contact interaction model, Equation (5.107) is fulfilled trivially.

5.4.4. Parity Violating Fermion—Fermion Interaction

Due to the lack of the Z-boson, the parity violating interaction in the contact
interaction model is solely determined by Feynman diagrams including an
effective contact vertex. At leading order, only the tree-level diagram contributes,
which is identical to the diagram in the Feynman rule given in Equation (5.85)).
Including the LSZ factors, the terms of one of the fermion lines at one-loop
order reads

) <1 — 553?; + 253”£75) Yu (vf —ay ’y5) (1 — 563?; — 26330%) u(p)
)V [v;‘c* — vféﬁ‘”‘f + aféﬁ‘j — 5 (a}* - aféff‘f + vfd,@i{)} u(p)

(0) v (05 = ag75)sy [1 = B (%) = 20 (i (m?) + S5 (72 ) | u(p)-
(5.108)

The last line is obtained by inserting the explicit expression (5.86) of the

vector and axial vector counter terms and the LSZ factors in terms of the

S

I
gl

Il
g
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self- energy functions as given in Equation (D.23)°l In addition, the axial vector
piece Z, (M f) was omitted since it vanishes in the effective contact interaction
model. Here, the subscript “s — s’” is used to highlight that the vector and axial
vector coupling constants vy and a; are still expressed in terms of the effective
weak mixing angle, as only matching constants were written out explicitly. The
vector part of the fermionic self-energy was given in Equation (5.97)). Since
the tadpole Dlagram 5 2| does not contribute momentum dependent terms, the
derivatives E and E are identical to the Standard Model expressions when

omitting terms of order o ( ) Using Equations (C.14) and (C.16) allows
writing

2
(P )y (vf —agys), o u(p) - [1 - —Qf (Af +2log — A 5 + 4) (5.109)

f

for the contribution of the fermion lines including the LSZ factors. Using
Equation (/5.109), the “vector—axial vector”-part of the entire tree-level matrix
element becomes

iK
= Wnan)o g w(p)yuu(p1) w(p2) v y5u(p2)

A
.[1 . Z Qf<Af+2log~%+4>

f=f1,f2

(5.110)

Using Equation (4.56) to define the effective coupling constant C{}i in the effec-
tive model, the tree-level diagram including LSZ factors yields the contribution

A V2 K A
cfp? = - G 1 (Uhan)ssy {1 o 2 9 <Af+2log ~3c+4>

f=f.f2
(5.111)

8The counter terms used in Equation (D.23) refer to the model itself and not the parent
theory. Within the context of this section, one needs to apply the substitution §Zy — l‘f/
and 6Z4 — UY,.
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fi fi fa

f1 bil fa

Figure 5.4.: Fermion loop diagrams contributing to the parity violating interac-
tion in the effective interaction model.

The superscript “(A)” is used to separate the contributions of different diagrams
and follows the definitions in Equations (4.61a) to (4.61d). The complete cou-
pling C{% is the sum of the individual pieces as written down in Equation (4.62)).

For the following discussion, the loop diagrams are categorized as diagrams
with or without a closed fermion loop. The two one-loop diagrams contributing
to the parity violating interaction that include a closed fermion loop are shown
in Figure 5.4, It was shown that Diagram [5.3| does not contribute to the
matching of the electromagnetic coupling constant, as the self-energy vanishes
at zero momentum transfer when the photon propagator is amputated. In
case of Diagram |5.4al, the photon propagator is not amputated and accounts
for a factor ¢—2. This induces a contribution in terms of the derivative of the
self-energy function Z‘;}f at zero momentum transfer. The series expansion

of EIQ ' was given in Equation (5.101) and readily allows obtaining the derivative.
Following the notation of Section |4.2.3, this contribution counts towards the
piece C{;I(D)/, as the diagram is a remnant of the yZ-mixing in the Standard
Model and can be obtained by replacing the Z-propagator with the effective
contact interaction vertex. The longitudinal parts of the photon propagator

and self-energy vanish because of current conservation and will be omitted
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5. Matching Conditions

immediately; leaving out terms that do not belong to the “vector-axial vector”-
part of the matrix element in addition, the Feynman diagram in Figure [5.4a
translates to

a(ph) (—ilem)u(pl);; (=27 () a(vh) (zfam 75) (p2)

K o _ _
= I Qharn 3ZNf' (QpropAp) - a(p1)vuu(pr) Wpa)vursu(p2),

(5.112)
where the generic vector and axial vector couplings in Equation (5.101) were re-
placed by A; =0, Vi = —ieQ and Vo = vy, Comparison with Equation (4.56))
yields

f2(D)1 V2K «a
Cljcl( )y _ G 44 Qfl fgSZNf/ f”Uf'Af’ (5113)

for the corresponding contribution to the low energy coupling constant Cf 2'.

The second diagram with a fermion loop is depicted in Figure [5.4b| and can

be understood as the low energy version of the Z-boson’s self-energy diagram

0{2(0)/
S

in the Standard Model and contributes to the piece , accordingly. The

“vector—axial vector”-part of its matrix element reads

) , K
u(ph) ——onwu(p) (_ZEIQf(QQ))u(pé)jaf27u75u(p2)
Gp_ V2 K% v a4 2
= i 5P v (p)u(ph) 1 su(pe) - G- s > Npmi A,

7
(5.114)
where the generic axial vector coupling constants were replaced by A1 A, =
a?, = i. For convenience, the Fermi constant was introduced to separate the
trivial factors in Equation (4.56) from the terms that are part of the low energy
coupling constant C{% The contribution to C’{j{ is given by the terms following
the dot on the second line.
The one-loop diagrams contributing to the interaction that do not contain a
closed fermion loop are obtained by adding virtual photon corrections to the
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5.4. Contact Interaction Model

f1 f2 fi f2

i f2 fi f2
(a) (b)

Figure 5.5.: Photonic corrections to the parity violating interaction in the
contact interaction model. The diagrams with a photon connecting
the fermions fi; and fo are process dependent remnants of the
~vZ-box graphs in the Standard Model and will not be discussed.

tree-level diagram. The relevant Feynman diagrams are depicted in Figure |5.5.
The similar diagrams with a photon between the left and right fermion lines
are process dependent and can not be absorbed into the universal parameters p
and k, assuming a definition or the parameters similar to the corresponding
one in the Standard Model and the model described in Section |5.3. These
additional diagrams are linked to the yZ-box graphs in the Standard Model
which have been excluded from the discussion. For this reason, only the photonic
corrections shown in Figure [5.5| will be discussed in the following. It is sufficient
to calculate only one of the associated matrix elements, as the diagrams are
symmetric under the exchange of the external fermions. At one-loop order, the
matrix element of Diagram |5.5al reads

4-D VNP PR my,
u —Ze(;) (3

. + k4 my ‘ i B )
.z(fll—i_k)g m; (—lth’Y“) ﬁu(m) U(plg)’)/ (1}f2 —af275)u(p2>’
A

T (Uf1 - af1’75)

(5.115)
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where p| = p1 — ¢q. Except for the couphng , the fermion line of fermion f;
including the virtual photon is identical to the corresponding expression of
the photonic vertex correction in a Standard Model calculation. This allows
copying known results from the vertex function in Equation (C.17). Keeping
“vector—axial vector”-terms only, one finds

Gr_ V2 K )\2
ZEU(PQ)WU(M) a(ph) v ysu(p2) - G Uflaf24 Q}, |Ap +2log —- . +2
(5.116)

for the contribution of Diagram |5.5al to the parity violating interaction. The
expression for Diagram |5.5b|can be obtained from Equation (5.116) by replacing
the subscript f; inside the brackets with fs.

The piece C{;I(C), is made up of terms that correspond to the terms stemming
from loop corrections of the neutral current interaction in the Standard Model.
In the effective model, these are given by Equations (5.114) and (5.116) as well
as the corresponding contribution of Diagram [5.5b. Combining all pieces, the
low energy coupling constant becomes

C \fK a
C{jcl( )/ G 4 vy f24 ( 877& ZNf/mf/Af/ —|—V(f1) +V(f2)) ,

(5.117)

2
V(f) :ch (Af+210g)\2+2>.
my

The remaining part C’{;EB)/

since the only axial vector coupling of a fermion to the photon at one-loop

vanishes in the effective contact interaction model,

order is depicted in Figure [5.4a} and counts towards C{;ED),. Hence, the ef-
fective low energy coupling in the contact interaction model is determined by
Equations (5.111)), (5.113)) and (5.117). It reads

C{% =—app (2T]§‘1 - 4Qf1/<;’3’2)
VK (5.118)
+G 8vf1af2 (Qfl—FQfQ)-FD/-Fﬁ( )
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5.4. Contact Interaction Model

when using [J’ to denote the vZ-box remnants and where the process independent
parameters p’ and k' are defined as

V2 K K
f
«
HI =1 + W ZNfo’UfAf. (5.119b)
f

These parameters are meaningless without a proper definition of the coupling
constants K and & which will be deduced by the matching in Section |5.4.5.

5.4.5. Matching of the Weak Mixing Angle

The process dependent terms in Equation (5.118) stem from a combination
of photonic vertex corrections and LSZ factors. They are identical to the
corresponding terms in the Standard Model that are given in Equation (4.76).
In the Standard Model there are also terms resulting from vertex corrections
including heavy gauge bosons, which are missing in the contact interaction
model. As explained in section [5.4.1] this is the reason why the matching
condition C{% = C{;l can not be fulfilled with process independent constants K
and s’; the process dependent terms would need to be absorbed in either
parameter. The missing correction induced by the W-boson in the Standard
Model could be restored by introducing an effective flavor changing four-fermion
interaction, but the missing Z-boson terms can only be reproduced with an
additional effective contact interaction that depends on the fermion type. This
is because the ffvy-vertex with a virtual Z-boson degenerates to the Feynman
Diagram [5.3| in the contact interaction model, which is the low energy analogue
of the yZ-propagator at one-loop order. Consequently, it is impossible to
separate the process dependent vertex correction and the universal propagator
within the effective contact interaction model. In fact, a distinction of process
dependent and universal contributions is only meaningful in the Standard Model,
in which all degrees of freedom contribute to the low energy interaction.
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5. Matching Conditions

When ignoring the issue regarding the process dependent terms, the correc-
tion k' given in Equation (5.119) determines the matching condition of the
weak mixing angle. Assuming the same set of fermions, it is identical to the
matching condition obtained in the pseudo Z-boson model that was given in
Equation (5.76)). Accordingly, the matching condition of the weak mixing angle
when matching the effective contact interaction model with the Standard Model
is identical to the one derived in Section [5.3, with the final result given in
Equation (5.78). The equality is a consequence of identical fermion contents
and the lack of a W-boson in either effective model, as the weak mixing angle is
corrected only by fermion and W-boson loops in the Standard Model at one-loop
order.

The expression for the effective coupling strength K can be calculated by solv-
ing the matching condition that is obtained when equating the p-parameters and
neglecting the process dependent terms. With the Standard Model expression
given in Equation (4.74), one finds

Gr Gra m?c 3

K_8ﬂp+wzf:NfM%Af+ﬁ(a ), (5.120)
where one factor of the Fermi constant in the second term was replaced with
its definition in terms of the electromagnetic coupling constant «. As before,
the UV-divergent piece appears, since the contact interaction model was not
renormalized beforehand. At leading order, the effective contact coupling is
proportional to the Fermi constant showcasing the close relation to Fermi’s
four-fermion interaction theory. The coupling K accounts for the Z-boson
propagator at zero momentum transfer and the square of the neutral coupling

2
strength, K ~ %. While the matching of the weak mixing angle is identical in
zZ

the contact interaction and pseudo Z-boson models, the matching of K and g’Z2
differs considerably. The obvious reason is that the Z-boson’s propagator is
missing in the contact interaction model.

Inserting the matching condition (5.120) into Equation (5.119) yields the
effective parameter p’ in terms of the Fermi constant, which is identical to
the corresponding Standard Model parameter p given in Equation (4.74), by
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5.4. Contact Interaction Model

construction. In a second step, p’ = p, k¥’ and s’ can be inserted into (5.118). Due
to the matching, the product x’s'? is identical to the corresponding expression
in the Standard Model. Eventually, one finds

C’{JQ{ =—app <2TJ§’1 — 4Qf1/<cs2)

o ) ) ) ) (5.121)

+ 4’Uf1afzﬂ (Qfl + QfQ) + O + ﬁ(a )
Equation (5.121)) is almost identical to the Standard Model coupling (4.76), but
the process dependent terms stemming from vertex corrections with a virtual
heavy gauge boson are missing in the effective contact interaction model. As
mentioned above, these terms can not universally be reproduced within the
current model. In addition, the box graph contributions were not calculated in
either model and could add to the deviation.

5.4.6. Matching at a Fermion Threshold

So far, the discussion was restricted to the matching of the effective models
with the Standard Model. Since the effective models are incomplete in the
heavy gauge boson sector, the transition from the Standard Model to one
of the effective models can be considered as integrating out the degrees of
freedom associated with (some of) the heavy gauge bosons. In order to obtain
a prediction of the weak mixing angle at low energies, the remaining fermions
are integrated out successively [17, |1§]. The appropriate matching conditions
for removing a fermion are different and require an additional calculation; the
expression given in Reference [17] is valid for 1 = my, only, and reads

12 _ .2 a\* 15 N 30 0(a3
§T=5"+ ) 9 f?)fo—l- (a ) (5.122)
when omitting higher order terms and QCD effects. The one-loop order term
vanishes for y = my so that the leading term beyond tree-level is of order & (a2).
It stems from a fermion loop with a virtual photon inside the loop.
To obtain the matching condition for integrating out fermions in the effec-
tive contact interaction model, the model with a set of light fermions .%; is
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5. Matching Conditions

matched with the model with the same light fermions as well as a set of heavy
fermions %% = .%; U.%},. Typically, the set %, will contain only a single fermion
much heavier than all the light fermions. To stick with the notation used before,
the two models will be referred to as child and parent theory, respectively.
By construction, all terms that do not depend on a sum over all fermions in
the effective model are identical in parent and child theory. This includes the
contribution (5.111) to the low energy coupling constant, which contains a
sum over the external fermions, solely. The only fermion loops that contribute
to the parity violating interaction are depicted in Figure |5.4] and give rise to
the two fermion sums in Equation (5.119). As before, the generic matching
condition is (5.77). To comply with the previous expressions, the parent theory
is MS-renormalized, while the child model remains unrenormalized. Inserting
the corresponding parameters into Equation (5.77) yields

K u? , K’ 5
K(l 3272 Z meflog f) =K (1_327.‘.2 Z mefAf),

feF feF
(5.123a)
2
82 <1+ 6 ) Z Nfovflog 2) (1+6 B} Z Nfo?}fAf)
fez my fez
(5.123b)

where the primes denote quantities of the child theory. At leading order, the
corresponding solutions in terms of K’ and s'? are

K =K — K ZNm log s K ZNmA—i—ﬁ(K?’) (5.124a)
3272 i T 32n2 Iy A
fETn feF
12
§'% =42 6 Z NfoUflOg Z NQrvrA + ﬁ( ) (5.124Db)
fEF f fegl

Omitting the UV-divergences that account for the renormalization of the child
theory, the matching conditions are exclusively determined by a term stemming
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5.4. Contact Interaction Model

from the heavy fermions that are missing in the child theory. In particular,
the matching condition of the weak mixing angle for integrating out a single
fermion f becomes

2

2 L NQ vy log % +0(a?). (5.125)
i

2
=s +67r

8/
Due to the scale dependent logarithm, Equation (5.125) reduces to the trivial

matching condition s'2 = s? at the fermion threshold and confirms Equa-
tion (5.122) at one-loop order.
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6. Conclusion

6.1. Summary

This thesis dealt with the derivation of the parity violating interaction at zero
momentum transfer. To that end, the scaling of coupling parameters according
to the renormalization group equation and matching conditions of effective
parameters were discussed. In particular, the matching condition of the weak
mixing angle for integrating out the W-boson was discussed, and it was pointed
out that the expression found in the literature needs to be corrected.

The electromagnetic coupling was discussed in Chapter [3. In the MS-re-
normalization scheme, the electromagnetic coupling parameter & is accessible
from first principles only, if the vacuum polarization function can be calculated
perturbatively. This is not the case for energy scales at which hadronic effects
play a role, as the strong interaction can not be treated perturbatively at low
energies. This fundamental challenge can be avoided using the unsubtracted
dispersion relation approach discussed in Section 3.1, The final result (3.8)
with Equations (3.9)), (3.24) and (3.25) can be used to obtain an expression
for the vacuum polarization function just above the non-perturbative regime.
The input are experimental data as described in Section 3.1 and a contour
integral of perturbative expressions given in Section|3.1.1} In a second step, the
electromagnetic coupling can be obtained using Equation (3.1).

In the following, the coupling at higher energy scales can be obtained using
the solution of the renormalization group equation given in Equations (3.66)
and (3.73), which is based on perturbative expressions of the vacuum polarization
derived in Sections |3.1.1] and |3.2l Evolving to high energy scales requires
incorporating the heavy particles via matching. The matching conditions were
derived in a simple context in Section 3.5 with the result (3.75)).

169



6. Conclusion

Chapter [4) discusses the parity violating interaction in the Standard Model,
which is expressed in terms of low energy effective coupling constants. The
final result (4.76) of Section 4.2 reproduces the long known expression of
Reference |29] but is also valid for arbitrary fermions. The irreducible vertex
functions discussed in Section [4.1] are an important ingredient for the parity
violating interaction as well as the matching conditions derived later on. Finally,
the renormalization group equation of the weak mixing angle and its solution
were presented in Sections 4.3 and 4.4. The solution (4.89) expresses the
weak mixing angle in terms of the running electromagnetic coupling. This
allows making use of the treatment of non-perturbative effects entering the
electromagnetic coupling in the context of the weak mixing angle without
additional treatment and links Chapters [3| and |4l

In the main part of this thesis, Chapter 5, the matching conditions in the elec-
troweak sector of the Standard Model were discussed in the MS-renormalization
scheme. The matching conditions are the relation between the parameters of
an effective model and the parameters of its parent theory and are used to
switch from one model to the other, which corresponds to integrating out or
incorporating heavy particles. The basic concept of matching was introduced in
Section [5.1] and existing calculations were presented in Section [5.2l The main
problems described there are the lack of a properly defined effective model and
that the interaction between massive gauge bosons via the Higgs sector is not
properly respected. The first issue might be fixable by specifying an effective
model and clarifying how to use the matching conditions in the calculation
of an observable, but the second issue is more fundamental and needs to be
resolved in a new ansatz.

These deficiencies are overcome by the explicit introduction of two different
effective models in Sections [5.3] and [5.4. The first one in Section 5.3 resembles
the electroweak sector of the Standard Model but introduces an artificial pseudo
gauge boson. The second model, on the other hand, is a four-fermion contact
interaction model that does not comprise a Z-boson at all. In either case the
matching conditions were derived by equating irreducible vertex functions and
observables with the corresponding expressions in the Standard Model derived
in Chapter |4}
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6.2. Discussion of the Electromagnetic Matching Condition

The final results for the matching of the weak mixing angle at the W-boson
threshold are identical due to the same fermionic field content and the lack of the
W-boson in either model; the explicit expression was given in Equation (5.78]).
The difference between the matching condition for integrating out the W-boson
derived in this thesis and the one used in the literature [17, L8] was given in
Equation (5.81). The deviation is almost seven times larger than the total
theoretical uncertainty of the weak mixing angle at low energies and requires a
correction of its calculation.

Finally, in Section |5.4.6, the matching condition for integrating out a fermion
in the contact interaction model was derived and found to be in agreement with
the known expressions presented in Section |3.5|

The main drawback of the contact interaction model is that it does not allow
introducing a process independent weak mixing angle as it can not reproduce
the process dependent terms induced by the Z-boson in the Standard Model.
The model of Section [5.3| on the other hand needs to introduce a pseudo gauge
boson and does not restore the longitudinal properties of the Standard Model,
even though the longitudinal part of the pseudo boson’s propagator exists.
Nonetheless, both models are applicable in the context of the parity violating
asymmetry and other theories with a different set of parameters leading to
different matching conditions could be used, too. In any case, a complete
calculation of the observables is needed for a proper theoretical prediction, as
the coupling parameters are not observable and need to be paired with the
outcome of loop calculations to compensate the scale dependence.

6.2. Discussion of the Electromagnetic Matching
Condition

The findings of Chapter |5 suggest that taking into account electroweak effects
at two-loop order makes the simple ansatz of Section |3.5| inappropriate. In
particular, the W-boson will appear in vertex corrections at two-loop order,
which seems to require the treatment of all loop diagrams and not just the
corrections to the vacuum polarization function. At least, this is the reason, why
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the two effective models can be expected to yield different matching conditions
when accounting for electroweak two-loop effects, as the contact interaction
vertex will appear in the matching of the weak mixing angle. However, an
explicit calculation of all vertex corrections for the derivation of the matching
condition of the electromagnetic coupling is probably still not necessary. The
fact that the renormalization of the electric charge in QED depends only on the
field renormalization of the photon field is guaranteed by the Ward identity. As
a consequence, vertex corrections can be ignored as they cancel with external leg
corrections. In the EWSM, the Ward identity is slightly different and causes the
charge renormalization to also depend on the Z-mixing self-energy [3]. This is
the reason, why Equation (5.34) had to be manually added to (5.32) to obtain
the correct dependence on log J\/}‘—W And at higher loop orders, the vZ-mixing
self-energy will also contain finite terms that require a rigorous treatment, even
if the matching scale y = My is kept.

An effective model will not exhibit the same symmetries as the EWSM, but
most probably needs to restore the Ward identity for two reasons. First, the
Ward identity follows from a symmetry of the functional integration and not
from specific model properties. Second, the Ward identity ensures that the
photon remains massless at higher loop order, which must be the case in an
effective model, too. Consequently, the application of the Ward identity will
probably allow skipping the calculation of vertex corrections at higher loop
order, too, but a more detailed discussion of the topic is required.

6.3. Outlook

As pointed out in Section [6.1, the matching condition of the weak mixing angle
for integrating out the W-boson needs to be corrected. This will alter the
numerical value of the weak mixing angle right below the W-threshold and
subsequently the running of the weak mixing angle at lower energy scales. In
particular, this also will lead to a small change of the weak mixing angle at zero
momentum transfer that was published in References [17, |18] and requires a
recalculation thereof.
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6.3. Outlook

In the light of the findings of Chapter 5, a discussion about a suitable effective
model for the matching of the weak mixing angle and the electromagnetic
coupling is due. The contact interaction model described in Section [5.4] seems
natural but requires the introduction of a process dependent weak mixing angle
and other models that were not discussed in this thesis might be suitable, as
well.

An aspect that was not discussed but is relevant for the P2 experiment is
the effect of the hadronic structure of the proton. Using a compound target
particle requires a treatment of the hadronic structure which is parametrized in
terms of form factors at low energy. Form factors can not be calculated from
first principles and need to be determined in an experiment. Accordingly, they
may or may not contain all sorts of radiative corrections depending on the data
analysis performed after the measurement. In order to avoid double counting
of certain effects, one has to exclude all diagrams from the calculations in this
thesis that are already part of the form factors.

In the long run, a discussion of electroweak two-loop effects is very much
desirable. These will increase the theoretical precision even further but also
discriminate between the effective models proposed in Chapter 5. In addition,
the discussion of electroweak two-loop diagrams will explicitly show that the
published ansatz for the calculation of the electromagnetic matching conditions
requires a modification as mentioned before.

173






A. lllustration of the RG-Running and

Matching Conditions in a Simple
Model

The general steps that are required in order to evolve a coupling parameter
from one energy scale to another were laid out in Section [2.5.4. These steps
are illustrated in the following in case of an effective QED that incorporates
electrons and muons.

The electromagnetic coupling constant is derived from experimental data
obtained at zero momentum transfer below the creation threshold of the electron,
where no logarithms of the type log #TZQ occur in the MS-scheme. Accordingly,
the PDG value corresponds to an MS-determination of &(ug) with no active
particle. The initial scale pg can be selected freely; pg = me will be used in
the following.!| The steps 2 and 3 described at the end of Section |2.5.4/ need to
be executed two times due to the crossing of two particle thresholds. In the
following, 2a, 3a, 2b and 3b are used as numeration for the recurring steps. In
order to keep the equations simple, they are expressed in terms of a = 7 instead
of a.

1. As explained above, the initial value is given by experimental value of the

electromagnetic coupling, a(uo = me) = *BRG = &,

2a. This step is not required, as the initial value a(uo = me) = a is already
given at threshold.

!Since the B-function vanishes below the electron threshold, &(u) is constant for p < me.
This implies that any other choice pu( with uj < me is identical to po = me.
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3a.

2b.

3b.

The finite parts of the vacuum polarization at zero momentum transfer do
not vanish at two-loop order, which leads to a discontinuity in &. Using
the results of Section [3.5 and the notation introduced in Section 2.3, one

has

15 15
aP (me) = a(me) + ¢ (@ (me))’ = a+ —d®.

o (A1)

The solution of the two-loop S-function in QED reads?

2
a() = a(po) —a*(10) o log %JFGS(MO) (ﬁo log? AT — B1log Mg> . (A2)
0

Ho

Replacing a(jo) by aP(m.) and neglecting terms of order & (a?) yields

15 my, 1oo,my 1. m
a° 155, 0 log? £ 4~ g 4
a“(my) = a+ —a’ + ogm +a <9 og? g+4og ; + O(a?),

16 3 z
(A.3)
where the coefﬁcients Bo and f3 1 were replaced by the appropriate numerical
values —% and — 3 of the effective one-particle QED, respectively, and

the threshold Value aP(me) was expressed in terms of a by inserting
Equation (A.1).

The matching condition of the muon is the same as the one of the electron
given in Equation (A.1l) yielding

a2 2 m2 2
1 1 m
1 1 E+-1 £
3 ogm +a <90g g—|—40g g+

e

+ 0(a?),
(A.4)

where the two individual matching constants of the electron and muon
have been combined.

1
&p(mu) =a+ - §

%It can be derived from the three-loop solution given in Equation (3.71)).
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4. The final result for &(us) with an arbitrary scale g > m,, is obtained by
inserting a’(m,) into Equation (A.2). It reads

2 2

m2 2
et m? m2 1. m’ 15
a(uf)—a—i—?logﬁg—&— <glog E—I—Zlog g+§

2 2 2
2 4 m
+ Za?log —L 1y 5 T oo 3log Ll log —£
3 # 9 l% m2

4 My N?f
+a3<9102m + —log - +0(a), for up>m,.

Sy

u 1
(A.5)
This time, the RGE-coeflicients 3, and 3, were replaced by the val-
ues —% and —% according to the field content of the full two-particle

QED. Equatlon (A.5)) can be simplified by expressing all logarithms in

the form log , which also separates the individual logarithmic contri-

butions of the electron and muon,

2 2 2 3 2 2
. a 2 2 © H
a(ps) =a+ — <log Lt log f) <log Lt log é)
3 m2 my, 4 m2 my,

o3 2 2\ 2
1
9 <log y + log ] ) —i—a?’g + 0(a), for up >my,.
,u
(A.6)

The final result (A.6) obtained via RGE evolution and matching of effective
theories is the same as the expression of the electromagnetic coupling one
obtains when calculating in the full theory and deriving &(us) directly as in
Equation (2.42): Dyson resumming Equation (2.39)) yields

a(p) = o [1+11(¢* = 0,22)] (A7)

for the relation between MS-renormalized and OS coupling parameters, where I
consists of contributions of irreducible diagrams, only. The two-loop vacuum
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polarization function of QED including electrons and muons is given by (see
Section |3.2)

Al,2 A2 2 2 A2(,2
soo oo G(p?) _l_a(,u) me my, Ea(ﬂ)
(g =0,u%) = - < 3 . log 2 + log 2 + S

(A.8)
Inserting Equation (A.8) into (A.7) yields an implicit equation for &(u), as II is
given in terms of &(u) instead of . It can be solved by iteratively replacing every
occurrence of &(u) with the right-hand side of Equation (A.7) and neglecting
terms of order & (a4). The result of that iterated process coincides with the
previously determined expression (A.6).
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B. Feynman Rules

The Feynman rules including the corresponding sign conventions are taken from
Reference [2]. Since an explicit calculation of most of the Feynman diagrams
can be avoided when using the self-energy functions given in Appendix [C| only
a couple of Feynman rules are needed throughout this thesis. For completeness,
the ones that are used in this thesis are collected below, with the notation
adjusted according to Section [2.3.

The Feynman rule (B.3) describes a self-energy insertion into one of the gauge
boson propagators or the vZ-mixing; hence, the expression on the right-hand
side includes only the blob without the attached propagators. The coupling of
the blob to the attached propagators is part of the self-energy Ezl;, too. The
tensor structure of Eff; and its decomposition in terms of the transverse and
longitudinal self-energy functions is given in Equation (2.25).

The single additional Feynman rule required for calculations in the effective
contact interaction model in Section [5.4] is not listed and can be found in
Equation (5.85).

12 12 ~ _iguu
N . + mf
- = Zgz_imz (B.2)
f q 7
= iny (B.3)
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f
= —1eQ vy (B.4)
>
f
f
> = Mz V26 (vp —apys)  (B5)
f
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C. One-Loop Functions at Zero
Momentum Transfer

This appendix contains a list of one-loop functions and their derivatives evaluated
at zero momentum transfer or ¢ = fnfc, which are used in the calculations
throughout this thesis. As before, the mass parameter /s is the on-shell
mass of the fermion f. Except for the derivatives of the vertex functions, the
expressions were derived from the complete formulas provided by Reference [2]!
with the help of Package-X [39]. The derivative of the axial part of the fermion-
fermion-photon vertex functions was calculated from scratch with the aid of
FeynCalc |40|, FeynHelpers [41] and Package-X. To facilitate the notation
of the Z-boson’s self-energy, the ratio of Higgs- and Z-mass is abbreviated
as £ = J‘Aj—% Additionally, the notation f = fif f # v, and f =1 if f = 1 of
ReferenceZ[2] is adopted.

Terms in brackets stem from W-bosons or the Higgs sector and do not appear
in the effective model of Section [5.3], that is the self-energies in the effective
theory are obtained by dropping all brackets. Hats indicate MS-renormalization
as before. The unrenormalized quantities can be obtained when reintroducing

the UV-divergent terms by means of the substitution log A’/‘[—z — Ay, where Ax
X
is defined in Equation (2.21). Some of the series expansions of Passarino—

Veltman base functions needed for the evaluation of the self-energies are given
in Section |C.4l

!There is a typo in the axial part of the self-energy in Reference [2]. The terms that stem
from the Z-boson loop need an additional factor of —1. Moreover, the V-A term on the
first line of Equation (5.30) should read vo — a5 instead of v, ~as7ys and there is a closing
parenthesis missing on the second line of the Z f f-Feynman rule, right after the first Q™.
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C. One-Loop Functions at Zero Momentum Transfer

C.1. Bosonic Self-Energies

The transverse parts of the self-energies, their derivatives with respect to the
momentum transfer and the corresponding longitudinal parts that are identical

to the transverse parts read

z Z a | M2 w2
2 (0)=3%,(0)= — [2=W log
T() L() 47T[ s OgM‘?V’
2
Z1 Q 1
S = N log ——
r (0) 47T{ SCSZ RO Ogm?
c 1 p? o 142c2
e 2o
* (3$+6 ) gM2 + 3cs }’
“ 77 “ 77 9
Xp (0) Xy (0) o 1 Zﬁlog p?
M2 M2 47 2¢252 7 M2 m?
2 2 2
~Z71 _g vf—i-af L
T (0)_471'2 3c2s2 log m2
f f
Lo (3 19 1)1 p2 4 (2 —s?)?
JR— [ — PR O — — — . A—
A7 652 6¢2 & MI%V 352 6c2s2
o 1 11 1+¢ MgM
G 2T oge
Am 12¢252 [3 T g et ey
5—¢ 2
+ ——= (1 —-&4+2€logé
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(C.1)

(C.2)

(C.3)

(C.5)

(C.6)
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C.1. Bosonic Self-Energies

The remaining longitudinal self-energy functions that were not specified in the
equations above, that is all longitudinal parts that differ from the respective
transverse part, are

VAL « 1
ST0) = — | — C.7
V0= 5] ()
NYAA
770 1 1 2 M?2
Lg)zg <4+2—2>10g E - gzlog i
MZ A c S MW 6c?s MW
1 M2 1 log &
— 1 Z 1 2 C.8
6c2s2 8 M%, +240252< et f1—5) (C8)

6252 (1-¢ M3,

izz/(o) o [ -3 -9+ 11+ 66(3 - logE ¢ —s* My
L T Ar 24c252(1 — €)3 3s2 M7,

+5_5 <1+21+£)log§—logMHMZ>]

] (©9)

A particular important quantity is the difference of the Z- and W-boson’s
transverse self-energies that enters at many places in the renormalization pre-
scriptions. For instance, it is part of the p-parameter required by the parity
violating interaction as can be seen in Equation (4.65). The terms cancel to
some extent so that the difference is less complex than the individual pieces.
Using My = ¢Mz, which is sufficient for the one-loop calculation, confirms the
result given in Reference [42],

~ZZ “WW
by by 1 1
r (0) &7 0) _ « ( 7 —7+232>10g02

M2 M2, ar ) 252 \4s?
+1<13 42>1 o AT 3 mi (C.10)
= ——4s"|log 5 +— +—F5—5 .
2\ 1 SM2, T4 T 42 M3,
2 2 2 2
g Clogp-—¢Elog {3 log{z —&log
2 W o A H
452 2 ¢ 4c?s2 1-¢
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C. One-Loop Functions at Zero Momentum Transfer

C.2. Fermionic Self-Energies

Using A as an infinitesimal photon mass to regularize the infrared divergences,
the fermionic self-energies read

2 2 2 2
S ~ 92 _ (6% 2 l,L 'Uf—i_af ]_ /"L
3¢ () =+ {Qf <2+logm}> t e _§+10g@
(C.11)
4 T log -
—_— —_ O —_—
12 |2 % [
2 2
~A a | vra o o
Sr(m2) = —— {024 —Z 4log Lt C.12
s () 47r{2c2s2< 2+OgM%>+42[ 2" M‘%V]} (C.12)
2 2 _ 42 2
&S (-9 a J 2 I Yy~ % Iz
) =_— 6441 2 + 4log — C.13
f(mf) Ar {Qf< + Ogﬁl?) + 40252 + 4 log % ) ( )
2 9 2 2
AV a Q A vit+at 1 1 1
gVieay o f @ (o ;T ay
s () +47r{ m;( ) AR VPR TR E Ve U
(C.14)
2 Al g a |vray 1 1 1 C
=—— — | — 15
s (my) 47r{202$2 302 T4 |32 | [ (C.15)
2 9 2 9
~ S «a Q v as 2
ST (M) = +—1{2—L (241 R 1
f (mf) +47r{ m}( tlog m;) 4¢2s2 M2 (C.16)

C.3. Vertex Functions

The photonic vertex corrections are infrared divergent in general and need to
be combined with bremsstrahlung diagrams to cancel the singularities. The
infinitesimal photon mass is again parametrized by A and f’ denotes the weak
isospin partner of the fermion f. Note, that there is a mistake in the photonic
contributions of Reference [2]. The correct expressions can be obtained using
the exact vertex correction given in Section |C.3.2.
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C.3. Vertex Functions

C.3.1. Function Values at Zero Momentum Transfer

2 2 2
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- (C.17)
i [ ] 5 [aw g
e AW T o A TG
3
vy — @ 2Ufaf< _1) Qf’{ _1} ?’Tf[ _1]
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2 2 2
1Yy o« 9 A vf—l—Saf 1
, (C.19)
22 = o o
+ 152 Aw 2 +3Tf 2 Aw 5
2 2 2
Zgy @ 2 o1 3”f+“f< 1
AY7(0) = 47T{anf<Af 2log 2 +2>af 122 Ay 5
, (C.20)
£ = o o
+ 152 Aw 5 +3Tf82 Aw 5
m2
A2y =0 <Mg> (C.21)
w

C.3.2. Derivative of the Axial Fermion-Fermion-Photon—Vertex

Previously, only the vertex functions evaluated at zero momentum transfer were
given. For the parity violating interaction at one-loop order, one also needs
the derivative with respect to the momentum transfer of the axial piece of the
f fy-vertex correction evaluated at zero momentum transfer, Aﬁf 7(0). The
expressions in Reference [2] are not suitable to obtain the derivative at ¢? = 0,
as they are defined in the limit m?c < ¢?, only. The results of Reference [37]
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C. One-Loop Functions at Zero Momentum Transfer

M
3
!
My
M
mpy
/ 1
(b)

Figure C.1.: Feynman diagrams that contribute to the axial vertex correc-
tions Aﬁf 7 and Af;f 2. The Arabic numbers index the vertices
in order to facilitate the generic notation gfc,z' = 1,2, 3, for the
corresponding coupling constants.

are exact in the momentum transfer, but were obtained by neglecting light
fermion masses, which is insufficient for computing the derivative. A calculation
from scratch for the axial piece Af;f 7(¢?) and its derivative at zero momentum
transfer is presented in the following. All results are written in terms of a
photon as external gauge boson, but the calculation is generic and can also be
used in a neutral current calculation when substituting the coupling constant
appropriately.

There are only two types of Feynman diagrams contributing to Aﬁf 7(0), one
with a virtual W- or Z-boson that is attached to the incoming and outgoing
fermions and one with two virtual W-bosons that form a triple gauge boson
vertex with the external gauge boson. They are displayed in Figure [C.1] and the
functions AQ{Z) and AIJ;]E;’) will be used to denote their individual contributions
to the axial vertex function,

MY = AP+ AT (C.22)
Using C; and Cj; to denote the scalar Passarino—Veltman functions as defined
in Reference [37] and omitting their arguments (m%, >, m?, M, m’f, m’f) for the
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C.3. Vertex Functions

sake of readability, the expression for the generic fermion—fermion—gauge-boson
vertex Diagram |C.1al can be written as

Mg = —iet(p2) v su(pr) - X

e R
X=—;9929 — 9199 [2000—1—(]2 (Co+ C1 + Co + Ch2)

1672e
+m?(Co+ 20, + 205 + C1y + Caa + 2012)}
z'm’f2 L
+ 150, C0 (979395 — 919 97).

(C.23)
A notation similar to the one of Reference [37] is used: g; (g;), i = 1,2,3,
denote the generic left (right) handed couplings associated with the loop vertices.
The parameter M refers to the mass of the gauge boson within the loop and m}
is the mass of the fermions f weak isospin partner when M = My, and identical
to my otherwise. The matrix element (C.23) represents the contribution of a
single Feynman diagram, only. In order to obtain AQJEZ), one has to sum over
all possible virtual gauge bosons inside the loop. A diagram with a virtual
photon does not contribute to the axial fermion-fermion-photon vertex, as QED
is not parity violating. In case of a fermion-fermion-photon vertex with a virtual
Z-boson inside the loop, the coupling constants read

- T})’ - 52Qf 1+ 52@]‘ + _

- _ _ _ Jr _ . - . .
g =gy =le—————", g] =gy = —le— =, g5 =03 = —ieQy; (C.24)

if the virtual boson is a W-boson, they read

_ _ e _ .
9 =9 = 5 g =93 =0, g3 = g3 = —ieQy. (C.25)

For identical incoming and outgoing fermions, the Passarino—Veltman functions
obey the relations

Cy (mfc,qz,m?,M, m'y,m’) = Cg(m?c,qz,m?c,M, m'y, m’), (C.26a)
Cll(m},q2,m?,M, m'y,m’) = 022(m3c,q2,m?f,M, m'y,ml), (C.26Db)
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C. One-Loop Functions at Zero Momentum Transfer

which can be used to further simplify Equation (C.23]). The Passarino—Veltman
functions can be easily Taylor expanded in the squared momentum transfer
with the help of Package-X. Inserting Equations ((C.24) and (C.25)), one finds

ffy 2y @ [Qruray 1y Qp 1
AA(“)(q)_ 477{ 2c252 (AZ 2)4_432 Aw 2

2
@ o) Qusay 1 my
- = 1—6log —L

47rq { 2¢252 QM% 8 M%

2
& 1 1—61 % + MMy LZL
452 M2 o832 My MA
w w w w

Similarly to Equation (C.23), the Feynman diagram in Figure |C.1b evaluates
to the matrix element

My = —iet(p2)yuysu(pr) - X

_ [6000 —1- q2 (C1+ Cy + Ch2)

X =—
1672e

+m? (Cy 4+ Cy 4 C1q + Cog + 2012)} (gl_gg - gfg;) g3,
(C.28)
but this time with C;;; = Cj 5 (m%, 7>, m%, m'y, M, M). Inserting the coupling
constants

- = t_gf =0 = e C.29
gl 92 \/587 gl 92 ) g3 ) ( . )
eventually leads to?

T3 1 5q2 me,m/, 4
oy oo IF C 1) 5g £ q
Moy () =~ 900 K?’AW 2) 9M5V1+ﬁ< My >+ﬁ<M§V>'

(€.30)

2The Feynman rule for gs depends on the orientation of the gauge bosons, that is the direction
of flow of the charge. This is determined by the isospin of fermion f so that QTf is used to
parametrize Equation (C.30.
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C.4. Passarino—Veltman Functions

Adding Equations ((C.27) and (C.30) confirms Equation (C.18)) and yields the
derivative

2
ATy = -2 ) Qroar (g, ™
A 4 | 18c2s2M?2 M2

2 3

' m4, 5T

+7C§f2 [1—610g g]—[zgu
36s2M2, M2, 1852 M2,

(C.31)

of the axial part of the vertex correction at zero momentum transfer.

C.4. Passarino—Veltman Functions

Primes denote derivatives with respect to the first argument and X\ and f’
have the same meaning as before. The parameter M is used to denote the
masses of the heavy gauge bosons My, and Myz. In case of M = My, one
also has my = my. If M = My, the difference my # my in the By- and

2
Bj-functions becomes relevant when taking into account terms of order & (;{) .
w

Polynomial terms in the photon mass A are omitted without indication.

2

Bo(m},ms,A) = A+ log 'u—2 +2 (C.32)
m
f
By(mmp, ) = —— 2+ log 2, (C.33)
f gy \2¥ o8 7
2
2 2 1 9m2 log 1. 4 4
2 o H mf+ mf/ Og M2 mf7mf/
Bo(mf,mf/,M)_A—i—logW—kl—i— e +0 Ve
(C.34)
1 m2, m2,
12 _ fr0f
Bo(mf,mf/,M) = N2 + ﬁ( M4 ) (035)
By(m2msA) = — L (A 1022 43 C.36
1(mf)mfa )_ 2 + log 2 + ( . )
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C. One-Loop Functions at Zero Momentum Transfer

1 A2
2
1 pr o1 m%, m>,
, 9 1 m%,m?‘/

C.5. Propagators

For completeness, the transverse parts of the one-loop gauge boson propa-
gators in terms of the bosonic self-energies are given in this section. The
relation between polarization components and the propagator can be read off
Equation (2.25).

: E'Y'Y 2
G (¢%) = 5 (1 - §" )> (C.40)
q q
. Z /92
vz 1 Sy ()
G (¢°) = pElrER 7 (C.41)
77,2y _ ! _ 2#(d%)
GT (q ) - q2 _ M% (1 q2 — M% (C42)
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D. LSZ Reduction Formula for
Fermions in the EWSM

This appendix is dedicated to the derivation of the LSZ reduction formula
for fermions and the corresponding normalization factors in a theory in which
left- and right-handed fermions have different interactions. The LSZ theorem was
first published in Reference [43] and gives a relation between Green functions and
S-matrix elements in a quantum field theory. The calculation in the following
subsections is based on Reference [44].

D.1. In- and Out-fields

The incoming and outgoing states that are used to describe scattering amplitudes
are defined as free-particle states with the physical mass m and normalized
to unity. They are created by the fields ¥; and 1,, where the subscripts are
used to denote incoming and outgoing fields. The fields are normalized by
the requirement that the corresponding particle wave functions are properly
normalized and need to obey the Dirac equation

(2(? - m) wz/o(x) =0. (Dl)

The normalization condition reads

4
O (i@} 0) = [ Gze ™o isy, (D2

where b
1S (k) = 1ﬁ (D.3)
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D. LSZ Reduction Formula for Fermions in the EWSM

is the unperturbed momentum space propagator and m is the on-shell mass.
The fields 1; and v, can be constructed from the interacting field v that adheres
to the Dirac equation

(i) — mo) ¢(x) = j(=), (D.4)

where my is the bare fermion mass and j(z) describes the coupling of the
interacting field to other fields or external sources. Using the retarded and
advanced propagators

d*k

See,y) = 0(a* ~ ") | e ISR, (D.5)
4
Suae(a) = 00 =) [ gz M8 (), (D.5b)

the in- and out-fields can be written as
2 H(a) = v@) = [ d Suala ) (i) + (mo— ) v(»). (D)
27 (w) = 0(@) — [ d'y Suane,y) (i) + (mo — ) 6ly))  (D.6b)

in terms of a yet undetermined normalization constant 2. Technically, the con-
stant 2 is closely related to the field renormalization constant that is introduced
in quantum field theories to hide UV-singularities and renormalizing 1 directly
affects 2, as can be read off Equation (D.6)) and as will be shown explicitly
in Section [D.3. However, the physical reason for either normalization is very
different. By construction, the fields defined by Equation (D.6]) solve (D.1)
and Z can be adjusted so that the condition (D.2)) is fulfilled, too, which proves
that (D.6)) are in fact the in- and out-fields introduced in the beginning. The
normalization % is allowed to carry an axial structure and the parametrization
and shortcuts

1 1
VZ = \/1+0%) +06Za75 =1+ 0%y + 50%ans + 0(82), (D.7a)
VI =1+ %5?\/ — %53?4’}/5 + 5(52) (D.7b)
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D.1. In- and Out-fields

with perturbatively small real valued numbers 6% and §Z4 will be used in
the following. The matrix structure needs to be respected, because it im-
plies ¥;/0(v) 2 # Z;)o(7). Due to the use of the retarded and advanced
propagators, v; and 1, obey the limiting behavior

Y(z) 5= 775y, (D.8a)
Y(z) B2 775y, (D.8b)

by means of weak operator convergence/'| The in- and out-fields can be Fourier
expanded using creation and annihilation operators,

Yijo(a) 2Wgz/ (asso(p)e ™ + 0 B, ()], (D9w)
Bigol) 2Wgzj ()b (P)e ™ +7 ()ai] (p)e ], (D.9b)

where u*(p) and v*(p) are Dirac spinors in terms of the physical mass and a} /o
and b7 ¥o obey the anticommutation relations,

{aso@) a5 b)) = {03,0), 65 () } = 2B,(27)%6P (p = p)dswr,  (D.10)

with all other anticommutators equal to zero. The inverse of Equation (D.9)
regarding the particle creators and annihilators reads

ai/o /d3$ 1/]1/0 ( ) :E’ (Dlla)

30(P /d z u T (p)iijo(m)e TP, (D.11b)

and will be required to express one-particle state in terms of the in- and out-
fields.

!See References [43] and [44] for details.
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D. LSZ Reduction Formula for Fermions in the EWSM

D.2. Reduction Formula

With the in- and out-fields constructed in the previous section, it is now possible
to derive the reduction formula. To that end, consider the scattering amplitude

Spa—p = ,{Bl(ps), &), (D.12)

where |(ps),«), and (3| are in- and out-states, respectively, (ps) denotes a
single fermion with momentum p and spin s and « and S refer to an unspecified
state of many particles. Using Equation (D.11), the amplitude S, 3 can be
written as

S(BI(ps), ), = (8 = (ps)]a); + (8l (o] (p) — a5t (p)) |a),

= 08— b + [ (3] (v](@) — vi(@)) e Pu(p) o),

(D.13)
The term (3 — (ps)|a); is the scattering amplitude in which the fermion (ps)
is removed from the final state denoted by 3. The state (8 — (ps)| is unequal
zero only if 8 contains a fermion with momentum p and spin s. In that
case, Sp o describes a forward scattering process which would be represented
by disconnected Feynman diagrams. Hence, the first term on the right-hand
side of Equation (D.13) will be omitted in the following. Replacing the in- and
out-fields using the asymptotic condition (D.8)) yields

Spaca ~ = (lim_ = 1w ) [ @ (6161 @)V Ze 70 ) o),

P (D.14)
_ 4 - S —ipx
= [d' (Blyg (P10 Zup)e ™) fa)
where the tilde sign indicates that the forward scattering term is missing. The

expression on the last line is obtained with the aid of the fundamental theorem
of calculus. As u®(p)e™"P* solves the Dirac equation, its time derivative is

yoﬁaiou%p)eim = VZH(yV —im) u®(p)e P2, (D.15)
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D.2. Reduction Formula

Using integration by parts and omitting surface terms allows combining the
differential operators. One finds

/d4 Ka s )) WV +(a)VZ(yV —im)} s (p)e~ i

_ _Z/d4x 5 < S m) S (D.16)

—

where the derivative @ acts on ¥(x) only. Inserting Equation (D.16)) into (D.14)
expresses the scattering amplitude in terms of an expectation value of the
fermion field ¥ (z),

Spaca i [[dle (B5() ), VEF (id +m) wpe . (D7)

Using the Fourier transform v (x f o 4e_iqxa(q) of the fermion field yields
the momentum space expressmn

Spass ~ —i o (BI0(—p) |a); VZT (p—m) w (p). (D.18)

The calculation outlined above can also be applied to removing a fermion from
the out-state. Repeating the same steps when starting with _((ps), 8|a); leads
to the similar result

Sasps ~ =T (p) (p—m) VZ (Bl(-p) |a),. (D.19)

Equations (D.18]) and (D.19) can be repeatedly applied until all particles in the
initial and final states are represented by field operators sandwiched between
vacuum states. Such a projection (0|1 ...y |0) is a Green function of the
theory, so that the reduction formula gives a relation between S-matrix elements
and Green functions, eventually. It remains to derive an expression for the LSZ
factors 2, which is done in Section [D.3
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D. LSZ Reduction Formula for Fermions in the EWSM

D.3. Normalization

The normalization constant 2 in Equation (D.6) accounts for self interactions
of the interacting field as can be seen in Equation (D.8)). Accordingly, it is
fully determined by the two-point functions of the in- and out-fields and the
interacting fields. Equation (D.8)) implies the relation

1
01 T{e@)P() } 10} gpghen> = 22 O1T{Wi/0(@)Bis0(¥) } 10)onspen 2* 2
(D.20)
for large 20 and 3", but since the two-point function only depends on the
difference of x and y, the equation is universally valid and can be used to
determine the normalization constant %. Inserting the propagators of the free
and interacting theories yields

1 1
FEr @m@ (D.21)

where X(p) is the renormalized self-energy of the interacting theory and m
and mg are the on-shell and bare mass, respectively. Since (D.21)) is a matrix
equation, it is convenient to project either side onto a Dirac spinor, as the
resulting equation is still sufficient to solve for 2. Taking the inverse on either
side and projecting onto the spinor u(p,m) yields
1

p—m
This expression can be solved for 625 and 624 when inserting Equation (D.7)).
The calculation similar to the one outlined in Section [5.3.3 and yields

173 (p—mo+2(p)) 2 2ulp,m) = ulp,m).  (D22)

0%y = Sy (R?) + 02y +2m? (B, (R?) + D (m?)) (D.23a)
6% = XA (1?) + 62, (D.23b)
where 7y and 624 are the vector and axial vector renormalization constants,
respectively. If one decides to not renormalize the fields (0Zy = §Z4 = 0), the

LSZ factors (D.23)) will pick up the leftover UV-poles, so that the scattering
matrix elements are finite even though the Green functions are not.
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D.4. Amputation of Green Functions

D.4. Amputation of Green Functions

Equations (D.18)) and (D.19) give a relation between S-matrix elements and
Green functions of the interacting theory. The S-matrix element is obtained by
multiplying the corresponding Green function with the LSZ factors

~iVZE (p— ) u (p,17) (D.24a)
for each incoming fermion and
—iw* (p, ) (p —m) VZ (D.24b)

for each fermion in the final state. The external fermion lines of the Green
functions represent the fermion propagators, so that the product of a Green
function and LSZ factors contains terms of the form

! 7 s n) = _%us m a
m@(ﬁ’ —m)u’(p,m) = Z2u’(p,m), (D.25a)
u’® (p, Th) ( — m) \/?; =’ (p7 m) gi_%. (D.25b)

p—mo—i—Z(p)

The right-hand sides are immediate consequences of Equation (D.21). Ac-
cordingly, an S-matrix element is obtained by multiplying the corresponding
amputated Green function with the right-hand sides of Equations (D.25a)
and (D.25b) for incoming and outgoing fermions, respectively.
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