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Zusammenfassung

Die Suche nach Physik jenseits des Standardmodells geht weiter. Diese Arbeit untersucht den Ansatz
der effektiven Feldtheorien. Wir prisentieren die geometrische universelle Beschreibung der effektiven
Feldtheorie des Standardmodells und iiberpriifen Ward-Identitdten bis zur Ein-Schleifen-Ordnung,
wobei die Theorie im Hintergrundfeld-Eichfixierungsschema quantisiert wird. Im Rahmen dieses
Formalismus entspricht Physik jenseits des Standardmodells einer nicht verschwindenden Kriimmung,
wahrend das Standardmodell dem kriimmungsfreien Fall entspricht.



Abstract

The search for Beyond Standard Model physics continues. This thesis explores the
Effective Field Theory approach. We present the Geometric Universal Development of the
Standard Model Effective Field Theory and verify Ward identities to one-loop order when

background field gauge is used to quantize the theory. The geometric SMEFT organizes
the theory and is the physics of curved field spaces. Beyond the Standard Model
corresponds to non-zero curvature, whereas the Standard Model corresponds to zero
curvature.
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1 Introduction

The search for Beyond the Standard Model (BSM) physics continues. After the discovery of the Higgs
particle at CERN][1], the quantum field theoretic description of elementary particles and their interactions,
summarized by the Standard Model (SM), can be regarded as complete. Despite its successes|2], the SM
fails to account for several key observations, such as missing neutrino masses, the baryon asymmetry of
the universe, and the apparent abundance of dark matter. In general, fundamental physics currently lacks
direct observational evidence for new physics. Promising tabletop experiments that search for quantum
features of gravity|3, [4], might shed some new light towards phenomenological physics.

The recent Large Hadron Collider’s (LHC) discovery of the Higgs boson in 2012 was a major success.
However, at the current energies or even with a moderate increase in the center of mass energy, a new
detection of any BSM particle is unlikely. Searches for supersymmetric particles, dark matter candidates,
and other exotic states at the LHC have so far yielded no positive results. While higher-energy colliders,
like the planned Future Circular Collider (FCC), extend the reach of experimental particle physics, it
remains uncertain whether such a facility will uncover new phenomena beyond the SM. One thing that
is certain is that with the high luminosity phase at the LHC, a new level of experimental precision will
be reached for many channels. Thus, this precision improves the sensitivity to potential deviations from
SM predictions.

Effective field theories (EFTs) offer a systematic and model-independent framework for analyzing such
new precision data, particularly in the absence of direct evidence for new physics. EFTs reveal high-
energy physics by precise measurements at low energy. To search for this new physics, both experimental
and theoretical progress is necessary. On the theory side, progress has been made by developing and
applying EFTs[5]. An EFT is a quantum field theory, which is not regarded as “fundamental”. That
means, the effective theory is only valid under specific circumstances, i.e. in a given energy range. In this
regard, the SM may serve as an effective low-energy approximation of a more fundamental UV-complete
theory at the energy scales currently accessible at the LHC. One such effective theory of the SM is referred
to as the Standard Model Effective Field Theory (SMEFT).

The basic idea of the SMEFT is to extend the SM in a model-independent way by systematically including
the effects of possible new physics at higher energy scales using the framework of effective field theories.
The SMEFT extends the SM Lagrangian by higher dimensional operators with Wilson coefficients, also
called low energy constants, which are suppressed by the scale of new physics and obey the SM symmetries.
These additional operators may not only describe new physics phenomena, but also shift masses and
coupling constants|6]. Fits to LHC data then give constraints on the coefficients and provide a tool to
analyze the SMEFT[7]. As an illustrative example of SMEFT-induced effects, we consider the process
h — 7. This process happens in the SM only through a loop, but in the SMEFT already at tree level.

One caveat of the SMEFT is its complexity. At dimension six, there are already 2499[6] independent
Wilson coefficients. However, there is a method to efficiently organize the physics of the SMEFT which
uses aspects of geometry and is hence called the geometric SMEFT (geoSMEFT). The geoSMEFT uses
the fact that after spontaneous symmetry breaking the Higgs field takes on a vacuum expectation value
(vev). Conceptually, the Higgs fields can be seen as a background field with curvature as in general
relativity. New effects and deviations from the SM appear through the metric defined on this curved
space, with non-vanishing Riemann curvature tensor[8]. The SM is flat and has zero curvature|9]. The
geoSMEFT organizes the theory and also helps to understand the SMEFT differently. This geometric
approach uses scalar field-space geometry and connections — which depend on the scalar field coordinates
— to write down the SMEFT Lagrangian in terms of these metrics and composite operator forms. The
geometric ideas can be seen as a result of the general field redefinition invariance.
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Moreover, one can use the so-called background field gauge together with the geoSMEFT formalism, which
is advantageous since this background field gauge invariance leads to the “naive” Ward identities. In what
follows Ward Identities are derived using the Background Field method (BFM). The BFM Ward identities
constrain n-point functions as well as masses, gauge couplings, and mixing angles in the SMEFT|10|. Since
the higher-dimensional operators of the SMEFT respect the gauge symmetry of the SM, one-loop Ward
identities formulated within the BFM are respected operators in the SMEFT. In this work, we verify
that this is indeed the case using the formalism of the geoSMEFT. The geometric formulation provides
a framework for performing calculations to all orders within the vev expansion of the SMEFT|11]. This
provides a clearer understanding of how neglected higher-order contributions affect the interpretation of
global SMEFT data. Fitting and constraining the parameters that encode deviations from the SM should
be guided as much as possible by these results, ensuring a robust bottom-up SMEFT analysis that forms
a key part of the LHC’s future program. The goal is to develop strategies to identify new physics (NP)
at short distances, i.e. at high energies|12]. We will conclude this introduction with the following phrase:
SMEFT and Higgs physics is the physics of curved field space(s).

The structure of the thesis is as follows. In Sec. [2] we give a short review on aspects of the SM and its
construction. We outline the success of the SM and also what the SM cannot explain. In Sec. [3] we will
go into some aspects of EFTs and will give the introduction to the SMEFT and geoSMEFT formalism.
In Sec. [ we briefly review the concept of two-point functions and as the first example we will give
the calculation of the vacuum polarization of the photon in quantum electrodynamics (QED). We also
introduce the method of background fields, gauge fixing and Ward Identities — they constrain two-point
functions — and will calculate those in the electroweak theory at one-loop in perturbation theory. In
Sec. [5| we present some preliminary material to be able to understand how we proceed in the calculation
of the Ward Identities in the electroweak geoSMEFT. This is illustrated within the QCD sector of the
geoSMEFT, since it is easier to see the principles. The same principles also hold in the electroweak
geoSMEFT. In Sec. [ we incorporate the complete electroweak geoSMEFT and derive the corresponding
Lagrangian. The associated Feynman rules are then obtained in Sec. [7] In Sec. || we present the results
for the Ward identities in the electroweak sector and Sec. [9is our conclusion.



2 The Standard Model

In nature, four fundamental forces or interactions are known to exist. These are the gravitational,
electromagnetic, strong, and weak nuclear forces. Gravity is described by GR, developed by Einstein.
The resulting paper and the field equations were published in 1915, ten years after the special theory
of relativity. The other three forces describe the other non-gravitational effects and interactions. They
describe the structure of matter and the corresponding interactions at a fundamental level. These three
forces are collectively combined in a theoretical model, which is called the Standard Model of Particle
Physics, or Standard Model (SM) for short. Many physicists spent decades working on the SM resulting
in many Nobel prizes. Here we will not give a detailed review of the SM but rather outline the key
features and ideas behind the model. Some texts that discuss the phenomenology of the SM include

16117 18]

The theoretical framework of the SM is relativistic quantum field theory (QFT), which describes the
fundamental elementary particles and interactions. The basis of the model is symmetry. It is a gauge
invariant QFT with the gauge group SU(3)cXx SU(2)r X U(1)y. SU(3) is the “color” group, describing
the strong nuclear interactions of quarks and gluons. SU(2);, x U(1l)y is the electroweak sector of
the SM with W and Z bosons, and the photon. The electroweak sector is the framework describing
electromagnetism — the interaction between charged particles and the photon — and the weak nuclear
force — the theory describing for example nuclear decay processes — in a unified way. Local gauge
invariance plays an essential role in this formulation. Inspired by the success of quantum electrodynamics
with the precise agreement between theory and experiment of the anomalous magnetic moment of the
electron, the principle of local gauge invariance was used as well in Yang-Mills theories. Yang-Mills
theories correspond to a local SU(N) symmetry.

Standard Model of Elementary Particles
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Figure 1: Standard Model of Particle Physics.

One feature of the SM is that the weak interaction only couples to left chiral fields which was experiment-
ally seen in the experiment by Chien-Shiung Wu. In this experiment a parity violation in 5-decay was
observed. This is also encoded in the description of the SM. There are three generations of left handed
leptons L' and quarks Q'. Here i=1,2,3 indexes the three observed generations. Then there are the right
handed leptons e’ and quarks ul,d%. This is also known as the fermionic sector of the SM. Then there is
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Figure 2: Agreement of SM observables on the Z-pole; LEP Electroweak Working Group \|

the bosonic sector with the gauge bosons mediating the interactions. The Higgs boson, which generates
the masses of the SM particles via the Higgs mechanism, completes the SM. This last part — the discovery
of the Higgs boson at CERN — completes the SM as a model of the fundamental particles and their
interactions. The data is in good agreement with the Standard Model predictions , see Fig.
Recent analysis showed a p-value of 0.53, corresponding to a 0.6 ¢ in a gaussian distribution. The
SM is a model with 19 parameters, which have to be experimentally determined. From then on, one
can make predictions. A schematic picture of the SM can be seen in Fig. Open questions remain, as
elaborated in Sec. 2.3.

2.1 Groups, Fields and the SM Lagrangian

We discuss the symmetry group and field content of the SM. The symmetry group is SU(3)¢ X SU(2)1, X
U(1)y. SU(3) with color charge C' belongs to the strong interaction and SU(2); X U(1)y belongs to
the electroweak interactions with weak SU(2) isospin and U(1) hypercharge Y. The L indicates that
only left-chiral fields couple to the weak interaction. After electroweak symmetry breaking, we obtain
massive W, Z bosons and the massless photon of quantum electrodynamics (QED) corresponding to the
unbroken subgroup written as U(1)qrp. Following electroweak symmetry breaking (EWSB) we obtain
massive gauge bosons and QED. The SM is constructed with fields having different charges under the
SM gauge group. In what follows the notation is:

(color charge, weak i80Spin)nypercharge- (1)

The SM scalar and fermion fields and charges are given by[16]:

H ~ (172)% € ~ (171)—1
L~(1,2) 4 d ~(3,1) 1
QN(3,2)% u N(?),l)%



A “1” indicates that the field is in a singlet representation of a given symmetry, a “2” corresponds to a
doublet and a “3” to a triplet. The Higgs field has no color charge and does not interact with the strong
force, but is a doublet under SU(2) and has hypercharge of 1/2. The SM Lagrangian is organized by the
following terms:

ESM = EGauge + £Fermions + EHiggs + £Yukawa~ (2)

The gauge term describes pure gauge kinetic and self-interaction terms. The fermionic part includes
fermion-kinetic and fermion-gauge interactions. The Higgs part covers the mass generation of the gauge
bosons, the Higgs kinetic term and the potential. Finally, the Yukawa term is needed for the generation
of fermion masses. All the terms are constructed to be local and gauge invariant. Gauge invariance is a
core feature of the SM. The SM is then given by:

1 v 1 I m 1 A Apv
EGaugc = _ZB[LUBM - ZW'U‘VW w ZG#VG K R
EFcrmions = ZElDL + %QB)Q + iéwe + lﬂlDu + Z(_ilbd )
Lotigs = (D, H) (D" H) + p2(HH) = NHH)?, (3)
EYukawa = - (YeLHe + YdQHd + YMQHU + hC) s

ESM = ‘cGauge + ﬂFermions + ACHiggs + EYukawa-

The B, W are the gauge fields in the weak eigenstate basis corresponding to U(1)y, SU(2). and G is the
gauge field of SU(3)¢. The equations of motion (EOMs) for the bosons follow from the Euler-Lagrange
equation and are given by:

g — _ —
DGy, = —EB[QW)\AQ + uy A+ dy, M) = T, (4)
DPWL, =~ L (DL H + Lo L+ Qo' Q) = JL (5)
D*B,, = —91YHHTZ'E>H — 1Yy = Jou B, (6)
D?H = y?H — 2\(H'H)H — Y eL — Y4dQ . (7)

The definition of the field strength tensors

Gh, = 0,G) — 0,G — gsfAPCGEGY (8)
W), =0,W, —0,W. — g /KWW, (9)
B,, = 3,B, —9,B,. (10)

2.2 Failings

As we have discussed, the SM is a a highly successful framework describing a wide range of phenomena,
yet it does not explain everything. Some open questions include:

e Neutrino masses



Baryon Asymmetry
Dark Matter
Dark Energy

Quantum Gravity
e The Hierarchy Problem
The Strong CP-Problem and Naturalness

Neutrinos are strictly massless in the SM. However, the fact that neutrinos can oscillate implies that
neutrinos are massive and their mass range is constrained by experimental results such as those from
KATRIN experiment|24]. An effective field theory may provide a characterization of the missing mass
description of the model.

Cosmological observations suggest that the SM is incomplete. Dark matter (DM), as postulated by Fritz
Zwicky after he noticed that the velocity dispersion in galaxies cannot entirely be explained by visible
matter alone|25], is not within the framework of the SM yet. The discovery of the cosmic microwave
background (CMB)[26] opened a door to precise cosmology and supports the big bang theory. This
discovery led to the conclusion that DM apparently dominates the matter density in the universe|27].
Therefore, the most compelling evidence for DM arises from observations of the CMB and the large-scale
structures of the universe. Another cosmological issue is the baryon asymmetry, meaning that the universe
is mostly composed of matter and not antimatter. To explain this asymmetry, Andrei Sakharov outlined
three necessary conditions|28]—known as the Sakharov conditions—that must be satisfied to generate a
baryon asymmetry from an initially symmetric state: C and CP violations, baryon number violation and
a departure from thermal equilibrium. Furthermore, the discrepancy between the theoretical prediction
and the experimentally measured value of the cosmological constant A remains a problem|[29] |30, |31].
Thus, the calculation of the vacuum energy using quantum field theory leads to unresolved inconsistencies.

A peculiarity of the SM is the strong CP problem in quantum chromodynamics (QCD). It concerns
the question of why the strong interaction does not appear to violate CP symmetry. Through the
totalitarian principle of Gell-Mann[32] — all terms in a Lagrangian that are not forbidden by symmetry
must be included — an additional term in the QCD Lagrangian exists,

r 092 o e 11

QCD D) 32’/T2 nv 5 ( )
which violates CP if 6 # 0[16]. G is the field strength, G the dual field strength, g, the strong coupling
constant and 6, a new parameter that is related to the degree of the CP violation. The 6-term in QCD
gives rise to an electric dipole moment (EDM) for the neutron that is directly proportional to 8, making
the EDM a sensitive probe of CP violation in the strong interaction. Since CP is not a symmetry of
the SM and is already known to be violated by the weak interaction, there is no reason within the
SM to expect 6 to be particularly small — it could naturally be of order one. However, experimental
measurements constrain € to be less than about 1071°[16], which implies an unexpectedly small value.
This extreme suppression, without an apparent theoretical reason, is known as the strong CP problem. A
way to resolve this issue is by introducing a mechanism that forces 6 to be zero. One such mechanism is
the Peccei-Quinn mechanism |33} |34]. This approach also results in a possible dark matter candidate, the
azion|35). However, despite the appearance of the CP violating term in the Lagrangian, there are still
arguments for CP conservation[36].The strong CP problem can be regarded as part of the naturalness
problem[37]. Tt is the question of why certain parameters take their specific value. The best example is
the Higgs mass. Why is the Higgs mass so low, when it should receive a large quantum correction through
the interaction with other particles of the SM[16]? This hierarchy problem|38] — though its significance is
debated between physicists — can also be seen as an issue, which could be resolved by some new physics.
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The SM describes three out of the four fundamental forces of nature. Gravity is not included. The
question whether gravity has quantum properties still needs to be answered. Tabletop experiments may
shed some light onto this issue[4], 3]. Theoretical models of quantum gravity do exist. GR can be regarded
as the low-energy theory of quantum gravity. Quantum gravity effects become important at 1073° m
(the Planck length)|16]. To describe any physics beyond the Planck scale — for instance, in describing an
evaporating black hole in the final stage of its lifetime — a new model, like string theory, is needed.

2.3 Physics Beyond the SM

In the last chapter, we discussed established problems of the SM. We now consider aspects of beyond
SM (BSM) physics that are of particular interest, yet still somewhat speculative. One such topic is charged
lepton flavor violation (CLFV). This refers to a process — for example, the interaction of p* — ety —
through which a lepton changes its flavor. Such processes are heavily suppressed in the SM. Thus, if one
observed such phenomena, it would indicate new BSM physics|39, 40]. Processes involving bound muons
can be of great importance. When a low-energy muon travels through matter, it gradually loses energy
and eventually comes to rest in a target material. At this point, it becomes bound to a nucleus N with
atomic number Z, forming a muonic atom pp. After reaching the ground state, it can undergo one of
three possible processes: muon-to-electron conversion, decay-in-orbit (DIO), or nuclear capture. Muon
conversion is described by the branching corresponding to the rate of muon conversion normalized to the
rate of muon capture:

(g — eN)

Bye = I'(pg — vuN')

(12)
N’ corresponds to the nucleus with atomic number Z — 1. The best measurement of R, with the upper
limit of R,. <7 X 107!3, was obtained by the SINDRUM-II|41]. Muon conversion, the process through
which a muon converts into an electron in the presence of a nucleus, provides a sensitive probe for CLFV
and is thus a promising probe of new physics.

Another topic is semileptonic B-meson decays. Using the branching ratio of BT — K+tu*p~ and BT —
KteTe™, one can look for possible lepton universality violation. Lepton universality is the principle that
all charged leptons — the electron, muon, and tau — couple to interactions with equal strength, meaning
that any differences in their behavior arise solely from their differing masses, not from any fundamental
difference. Such a difference, if measured, could indicate that new heavy particles interact differently
with different lepton flavors. Measurements at CERN indicate that the result is compatible with the SM
prediction within 2.6 o (standard deviations)[42]. A result with a 2.6 o deviation from the SM prediction
is not considered statistically significant in particle physics. To claim a discovery, a deviation of 5 o is
required. A similar case is the anomalous magnetic moment of the muon, which in recent years seemed to
indicate new physics. However, since June 2025 with the latest measurements from Fermilab, the result
appears to be in agreement with the SM prediction|43], [44].



2.4 Summary

To summarize, the SM is a well-tested model of elementary particles and their interactions. The SM of
particle physics is a relativistic quantum field theory using local symmetry principles for its construction.
It is a gauge theory based on the gauge group SU(3)c X SU(2), X U(1)y. Despite the successes, physics
beyond the SM is needed: Gravity is not included in the SM, it does not explain neutrino masses or
conceptual issues like the hierarchy and the naturalness problem, it offers no explanation of the observed
baryon asymmetry, neither does it explain the origin of dark matter and dark energy. Thus, further
theoretical work is required.



3 Effective Field Theories

One method to search for BSM physics is through EFTs. The hope or idea of having one fundamental
theory describing everything is still alive. Such a theory would describe all physics across all energy scales,
even beyond the Planck scale. The SM would then be described as a low-energy approximation[45]. This
approach of finding such a complete theory may be overly ambitious and recently has not been particularly
successful. A newer approach is to develop theories, valid in specific “domains”, i.e. energy ranges. The
idea is to reduce the complexity and the degrees of freedom of the model. This brings us to the concepts
of EFTs. EFTs provide a powerful framework to describe physical phenomena at a given energy scale
without requiring detailed knowledge of the underlying high-energy theory. The central idea is based on
the separation of energy scales: physics at low energies can often be described accurately by focusing
only on the relevant degrees of freedom at that scale, while the effects of heavier particles or high-energy
processes are encoded in effective interactions. Consider a QFT with a heavy scalar S coupled to light
fields denoted by J. The Lagrangian is then given by

£(S,J) = %(6#3)(3M5) — M2S? - JS. (13)

If one is interested in the effective Lagrangian — in an energy regime below the S — “without” the S, one
obtains

1

Lot =
T oMz

J2. (14)

A detailed description of the used procedure of integrating out a heavy field is given below in Sec. [3.1]

EFTS allow physicists to do calculations model-independently and enable a method for beyond SM phys-
ics.

We now discuss several examples. If one only operates in the energy range of £ < my, ~ 80 GeV, then
one can integrate out the W,Z bosons, the top quark and the Higgs. One is then left with a lighter,
effective version of the SM called weak effective field theory (WEFT). It consists of photons, the gluon
octet, the three lepton flavours and five quark flavours. In this theory, the underlying UV-complete
theory is known and the Wilson coefficients — we will discuss them later in more detail — are determined
by SM parameters. Since this theory contains no W and Z bosons, the symmetry is no longer the full
SM symmetry. It is only invariant under SU(3)c X U(1)qup. Specifically, weak interactions, which are
mediated by the exchange of W and Z bosons in the SM, appear in the WEFT as four-fermion interactions
between quarks and leptons. Many of these effective operators break the approximate flavor symmetry,
enabling transitions between different quark flavours. As such, WEFT provides the theoretical framework
for a broad range of phenomena in flavor physics, which involves studying transitions among mesons and
baryons composed of different types of quarks[45].

A historical example is the effective theory of beta decay. Although at the time of development and prior
to the development of the SM, it was not understood that beta decay can be seen as an EFT. This EFT
is the low energy description of an interaction without the exchange of the W-boson in beta decay. The
interaction is instead described by a four-fermion interaction vertex with an effective operator including
Fermi’s constant Gp. This constant is determined by matching, i.e. the SM and the EFT should give
the same result at a specific energy scale. This determines G . This is only possible if the UV-complete
theory is known. Otherwise, the constants remain undetermined and are free parameters. Fig. [3] shows
diagrammatically the difference between the full and effective theory.
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Figure 3: Muon decay: comparison between full and effective theory

Another EFT is chiral perturbation theory (ChPT). It is a method to describe light mesons — particles
consisting of a quark and an antiquark — such as pions and kaons. Since QCD is strongly coupling at ~
2GeV, the effective Lagrangian cannot be calculated analytically. But the chiral symmetry of QCD, if
the quark masses are set to zero, provides an organizing principle for the construction of an EFT[16].

For completeness, we briefly note that there also exists an effective field theory description of gravity
involving a massless spin-2 particle, the graviton|45, [16].

Another example is heavy quark effective field theory (HQEFT). We have seen that light mesons, at
lower energies can be studied using ChPT. In physics at center of mass energies /s > Agcp, one can
use perturbation theory in ag;. One can also use perturbation theory for charm and bottom quarks by
expanding in Ai—ip or =2=2[16]. HQEFT can be used to study bottom and charmed hadrons.

We now discuss two general approaches to EFTs and then look at how one can integrate out heavy fields
— as in the example above — using the path integral.
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3.1 Top-Down Approach

The first approach being discussed is the top-down approach. Here, the UV-complete model is known
— valid up to a given energy scale — and systematically derives a lower-energy description that captures
only the relevant physics at that scale. This can be done by integrating out the heavy-degrees of freedom
in the path integral. The symmetry is embedded into the low energy or infrared regime. An example is
the four-Fermi theory as mentioned above.

Now let us see how one can lower the degrees of freedom by integrating out fields[46, 47]. We start with
the Lagrangian of eq. (13)

L= 5(0,5)(0"8) ~ 5MES* — 1S = LSO+ M2)S — J5. (15)

We obtain the EFT by integrating out the heavy scalar by

B fDSeifd‘lrcE(S,J)

iZeff[J]
€ f'DSeifd4z£(S,/) ’ (16)
Before evaluating eq. (16), some definitions are useful:
D=0+ M2, (17)
D=~ [ diyae(e - )I(w) (1)
DAp(z —y) = —6W(x - y). (19)
Starting from the action as
/d‘*xL(S, J) = —/d% $[SDS—SJ—-8J+JD'J—JD 'J], (20)
= f/d‘lx L {SDS — S$DD~'J - D~'JDS (21)
+D 1 JDD 1~ JD |,
:—/d‘*a;%[(S—D*lJ)D(S—D*lJ)—JD*J], (22)
= 7/d4x 1[S'DS' —JD7'J]. (23)
In the second line we used integration by parts twice to arrive at
/d‘{ws = /d‘*zD*lDJS = /d%(D*lJ)(DS), (24)
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and used the field redefinition of S’ =5 — D~ 1J.

From there we conclude that

[1dS"] exp{—=% [d*z (S'DS’" — JD~'J)}
[1dS] exp{—% [ d*xz (SDS)}

exp(z'Zeff) =
Since the integration is over all the field content, we can take [dS’] = [dS] and we obtain

exp(iZerr) = exp (—; / P JD‘1J) — exp (—; / dod'yd (2)Ap(z — y)J(y)) . (26)

We can expand J at small distances

J(y) = J(2) + (0uJ (y))(x — )" (27)
and use the propagator
/ d'yAp(r —y) = / e (28)
(2m)* p* — M?
to arrive at
Zogt = / d%% — Log = 1/M2J? (29)

Thus, after integrating out the heavy degrees of freedom, the effective Lagrangian depends only on the
light fields, with the influence of the heavy sector entering solely through the heavy mass parameter Mg
and the current-current interaction.

A more general approach, which allows for loop improvement of this procedure, can be found in[48]. To
summarize, the logic of the top-down approach is as follows:

Having a UV model

Match onto the IR model

Make prediction of the low energy behaviour

Low energy constants are determined by matching
Symmetries of the UV are embedded in the IR

A
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3.2 Bottom-up approach

In the bottom up approach, the UV model is not known, only the IR one. The idea is to construct all
possible operators and use experimental data to constrain the UV model. Since the number of operators is
infinite, they are modeled and organized in a power counting. Symmetries in the UV region will constrain
the low energy constants (Wilson coefficients) in the IR regime. The method of calculating in both regimes
— the UV and the IR — and requiring that they agree is called matching. For example, Fermi’s constant
G can be determined by writing down the amplitude of muon decay using the full electroweak theory
with W and Z bosons and using Fermi’s interaction rule. By requiring that the amplitudes “match”, Gg
can be determined. The logic for the bottom-up approach is as follows:

1. UV model is unknown, only the IR

2. Low energy degrees of freedom are arbitrary

3. All possible operators are constructed and experiments are used for constraints
4

. Symmetries are reflected in the experimental constraints

3.3 Renormalizability

We also want to discuss renormalizability of EFTs. EFTs are usually non-renormalizable in the standard
sense, but they still can be used to make predictions at a quantum level[16]. Renormalizable theories are
of central importance in quantum field theory. Only a finite number of counter-terms are needed to make
the theory finite. As such, the SM is an example of a renormalizable theory. But sometimes they can
be very difficult and cumbersome to work with or it is even impossible to do calculations. That is the
advantage of EFTs. One can make the theory “simpler” by reducing the degrees of freedom and restrict
the domain of applicability. Despite the non-renormalizability, EFTs are predictive[16].

3.4 Standard Model Effective Field Theory

As already stated, this thesis will focus on the SMEFT. In this section, the basics of the SMEFT formalism
will be discussed. The SMEFT is an example of a bottom-up approach EFT. The SMEFT Lagrangian
contains all the field content of the SM and also an infinite set of higher-dimensional gauge-invariant
operators. For clarity, the SM has dimension four.

Let us now see this effective theory on a larger scale. It is an effective extension to the SM to a yet
unknown theory, which might be itself an EFT of some larger theory. The UV theory is valid at energy
scales A > my/|45]. At lower energies the SMEFT reduces to the SM and at even lower energies to the
WEFT, as mentioned before. Fig. |4 shows the different applicability of the specific models[45]. The
SMEFT formalism is a fully consistent framework and extension to the SM degrees of freedom. That
does not mean, however, that it is the “correct” description of nature since three assumption go into this
consideration|45].

1. QFT: That the model is described manifestly as a Poincaré-invariant local QFT
2. Mass Gap: That the scale A is for above the electroweak scale, i.e. A > m,,
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Figure 4: The ladder of EFTs describing nature, assuming SMEFT is a valid description of nature in the
regime 100 GeV <« E < A, with A > 100 GeV.

3. Gauge Symmetry: That the model describing the higher-energy effects is symmetric under the
SM gauge group SU(3)¢ X SU(2);, X U(1)y und the Higgs is a doublet

Here, we take the first two assumptions for granted, and briefly discuss the third assumption. The
principle of gauge symmetry has proven to be extremely successful. It is a foundational concept in QFT.
The question now is, why the SMEFT formalism should also respect this symmetry. In the end it should
describe new heavy particle physics beyond the SM. Also, gauge symmetry can be seen not as an actual
symmetry of the physical system, but merely as a redundancy in its description.

Now we want to discuss, how the SMEFT is constructed. The SMEFT Lagrangian is defined as

ol

= Q'Y ford> 4. (30)

i

Lsverr = Lsm + L9, £@ = Z

g

Q¢ are d-dimensional operators and C¢ are the corresponding dimensionless Wilson-coefficients. A is the
scale of the “new heavy physics” regime. The dominant extension of the SMEFT to the SM are the
dimension six operators, see App. There are no gauge invariant operators at dim=0,1 and 3. So the
first relevant operators start at dimension five. In dimension five there is only one operator known as the
Weinberg operator.
w_ e et it
o = T(H L)y"C(H L), (31)
which creates a majorana mass term after spontaneous symmetry breaking for the neutrinos. Cis
the charge conjugation matrix. One can then make an estimate on the scale of this physics by ¢® ~ 1
and m, ~ 1leV and then
A ~ 10" GeV. (32)

As such we neglect this dimension five operator in this thesis. For scattering at larger energy E than the
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particle masses, one finds[45] that

M~ (f)“. (33)

Thus, effects from four-dimensional operators are unsuppressed, effects in five dimensions are suppressed
by E/A, effects in six dimensions are suppressed by (E/A)? and so on. At dimension six, the SMEFT
formalism can be written in terms of 59 independent operators, which conserve baryon number[49].

Additional SMEFT operators at dimension six shift masses and gauge coupling constants|6], i.e.

93 =93 (1+Cucv?), 93 =92(1+Cuwo7), g =g (1+ Cupv}) (34)
- 7]2 ,02 =2 +—2 U4 B B ,U4 .
miy = B g = LD | O G 52 4 52) 4 T 3G, (35)

where v is the new minimum due to the operator Cy(H'H)? yielding

v? 3CH v? 1
H'Hy=—(1 = _v2. 36
= (14250 ) = 1og (36)
The renormalized mixing angles are:
= 2 - -2 =2
= L 14 LR oy (1)
V9T +33 2 91 93 +9i
- 2 - -2 _ =2
cosf= 22 {1 -9 % CHWB] (38)
Vit +35 2 9y 95 + 91

As already mentioned, the SMEFT is a tool to indirectly probe new heavy physics effects. One way to
search for such effects, might be through CP sensitive observables|45]. CP is the combined transformation
of Charge Conjugation (C) and Parity (P). CP is violated by the electroweak theory by Kaon decay
processes|[16]. CP symmetry physics is covered mainly by Kaon and B-meson decays. Also there is the
strong CP problem. There may be beyond-the-SM physics in CP violation just around the corner[16}, |45].

3.5 Geometric Standard Model Effective Field Theory

In this section we introduce the concept of the Geometric SMEFT, or “geoSMEFT” formalism. It is
a way to organize the SMEFT and provides a different way of understanding QFT and the SMEFT
using geometric aspects. The following geometric ideas can be seen as a result of the field redefinition
invariance of QFT and the SMEFT. GeoSMEFT organizes the theory (SMEFT) space in terms of field-
space connections G; multiplying composite operator forms f;. This decomposition is schematically
represented by/[9)
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LsMEFT = Zfz (A1, 9,..), (39)

where G depends on group indices A,J of the (non-spacetime) symmetry groups. Thus, the SMEFT can
be written in terms of a scalar field expansion and a derivative expansion. The fact that the theory can
be written in this form is a result of the completeness relation of the symmetry generators. The Higgs
doublet is written in terms of scalar field coordinates ¢r = {1, P2, P3, P4} with normalization

_ 1 patigy
o0 =75 | 20| (@0

The gauge boson field coordinates are combined into W4 = {W! W2 W3 B} with A = 1,2,3,4. The
geometric expressions that appear in the Ward Identities are related to the field space connections. Most
important are hyy and gap, which are defined by[9];

g 6 LsmerT
hri(¢) = * 7 = ) (41)
4 5D18D |,
2gmv9”" 521
945(0) =~ B S : (42)
YP1L(a,8)—0,CP-even

The variable d is the space time dimension and the matrix square root of these field-space connections
are defined as \/gap = (ga B>1/ 2. The explicit form of the above field space metrics is basis dependent.
Using the conventional Warsaw basis at £©) and some operators at £8 as defined in|50] hry and gap are
given by

hry=

14 ¢2C%) + Z ( > (01(5752”) - 03,222")) ] or

FI ¢KFK ¢L (6) ) .
+ AT 2A’L HD+Z< ) C}f}é), (43)

2\ n+1
9a5(01) = [1 —4 Z ( Cim?™ (1= 6a4) + Cz(t?;%)@u) (2) ]5,43
Z CSJVZS) ( ) (0'Th ;¢7) (6" TE k0™ ) (1 — 6a4) (1 — 0a)

Z Ciws <q;2> ] ("I ;07)(1 = 6.44)6B4 + (A & B)]. (44)

The rotation that transforms the weak eigenstate basis to the mass eigenstate basis is[9)
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Wit = /g*" UpcAS, (45)

ot = /g P UpeC, (46)
JK

¢! =Vh' Vi o, (47)

where @, = {®~,®t, x, h} and in the SM limit

aA = {927 92, 92, 91}7 WA = {Wla WQ? W37 B}7

50 - (92(1 _ Z)7 92(1 +Z); \/m((?osZé* Sin2 a), \/5%)5 AC = {W+a W77 Z7 A}

V2 V2 VIt + 93

The matrices U and V' are unitary and given by

1 1 i1
— = 0 0 - = 0 0
V2 V2 V2 o2
1 2
po_|— —— 0 0 K _ | — — o0 o
Urm=1yv2 V2 , VR = 2 V2
0 0 ¢ s 0 0 -1 0
0 0 —s5 ¢ 0 0 0 1

All classified field space connections for two- and three-point function can be found in[9]. It should be
noted that such explicit and finite metrics can be written down only for two- and three-point functions|9).
For higher-point functions, the number of field space connections is infinite. This infinite set of metrics
is related to the increasing number of operators at higher dimensions.

The geoSMEFT is a method for organizing the physics of the SMEFT using geometric aspects — such as
field space connections and defining metrics — as a result of field redefiniton invariance of QFT. Effects of
higher-dimensional operators are encoded in the curvature of the field space geometry and for two- and
three-point functions there is a finite amount of these metrics and they can be written down explicitly.

Since the effects of new physics (NP) are described geometrically, the redefined masses and gauge couplings
are expressed in terms of geometric quantities. The redefined masses are given by|9]

—92 5 =2 2
m%/V:%\/hler%v mQZ:%TZ\/h33T]%7 mi:O, (48)

and the relation of the gauge couplings to those of the SM are given by
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G2 = 929 = 925 (49)
_ 33 34 44 34
e=g2(s9v9" tcgvg ) =g1(covg +55v9 ), (50)
92 =% (eva® —3vg") = 5 (sva" —eva™). (51)
Z

Cz

For convenience, we have defined s3, c5 = 5,¢. The new minimum vacuum o7 is given by

2 (6) 2 4 2 —9
try U 3Cy vo v () ® ... ="
(HH) = 5 <1+ oo [9<CH) +4)\0H}+ >_ L (52)

As an example that the geometric formulation yields indeed the same expression as the ordinary SMEFT,
we verify it for the W-boson mass to mass dimension six. In SMEFT we have from Eq. (34,35)

95 (1 + cawvi)? .2

my = 1 T (53)
and the geoSMEFT yields from Eq. (48) and using the explicit form [*| of VR and \/§ij from|[51]
g2
Z(1+enw)’vr, (54)

4

with égyw = vicgw. Thus, both expressions agree, as expected. In addition to the SM mixing angle 52,
we have in the geoSMEFT formulation a second mixing angle s% given by:

g1 (\/§44§ - \/5346) o
92 (v5~e = v5™s) + 01 (V55 — 5")
5 = (91v7" — 92\/534)2 | 56
B (Ve + (Ve + a3 [(va®) + (va*)'| — 2019:v5™ (5 + v5*)

s% =

The covariant derivative acting on fermion fields 1 is then expressed as

g

7 (WITH + W, T7) +igy (Ts — s2Qu) Zy +iQueA, | . (57)

Dy = {au +igGATA +i

The mixing angle denoted by the subscript Z is introduced in order to express the covariant derivative,
as shown above, in a form analogous to that of the SM. The second angle diagonalizes the mass mixing
in the gauge boson sector.

INote that \/57”\/5”( =5l and \/EU\/EJK =5k .
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4 Two-Point Functions in the Electroweak Standard Model

4.1 Two-Point Functions

In this section, we give a short review of two-point functions. Two-point functions are functions that
describe the motion of a particle from one point in space-time to another and are therefore related to the
propagator.

First, we will have a look at the definition of a two-point function in canonical quantization and then in
the path integral approach.

4.1.1 Canonical two-point functions

For simplicity, let us consider the free field operator:

o dSk 1 —ikx Tik:c
do(x,t) = /W\/TT]C (ake +a, ) ) (58)

where ag, a;i are the time-independent creation and annihilation operators. Then the two point function
is defined as

(¢1(21)@2(2)) = (0| p1(21)P2(22) |0) , (59)

where two field insertions are present and x{ > x9. Particularly important are time-ordered products of
two fields:

OIT {1 (1) p2(x2)}|0), (60)

which accounts for both cases, i.e. 0 > 29 and 29 > 29 . These play an essential role in the calculation
of S-matrix elements for scattering processes.

The Feynman propagator D is defined as the time-ordered correlation function defined as in Eq. (60):

Dr(z —y) = (0]T{¢(x)p(y)}0). (61)

In position space, the propagator takes the form,

d4p { —ip(z—
DF(x_y):/(27T)4p2—m2+i66 P y)7 (62)

and in momentum space,

1
Dp(p) = ——— .
F(p) p2 —m2 Tie (63)

In an interacting theory, the propagator gets a correction from the self-energy ¥, i.e.
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Drp(p) = — (64)

—m?2 — X(p?) +ie

4.1.2 Path integral two-point functions

Another method to calculate two-point functions is using the path integral and generating functionals|16,
52]. We will discuss the generating functional in greater detail in Sec. 5.2. The path integral is a more
modern approach to quantum field theory and has some advantages over the canonical formulation|16].
For example, it allows for a systematic way to derive Feynman rules in perturbation theory. Two-point
functions in the free theory can be calculated by taking variations of the generating functional Z:

1 0?Zo[J]

OIT {1(21) da(@2)}10) = (=) o 5705 7

(65)

4.1.3 Two-point functions from the effective action

A useful application of the effective action is that it facilitates the derivation of Feynman rules and two-
point functions[16} [15]. To obtain two-point functions, one identifies the effective action with the action,
i.e. T[¢] = iS[¢] — where ¢ is a generic field. N-point functions and vertices are then {¢(p1), ..., ¢(pn)}
related by variations with respect to the fields. These variations generate 1PI Green’s functions (n-
point correlation functions) and two derivatives yield the inverse of the 1PI two-point function ( i.e. the
propagator)[16], i.e.

0 0

(61(21)2(2)) = {Wmam)

<—z‘>r[¢]} (66)

$=0

As an example, we calculate the interaction vertex for the interaction term

Eint = c¢(au¢) (aﬂ(b)’ (67)

with ¢ being a scalar field and ¢ a constant. We convert the interaction term into momentum space:

ZS = iC/d4l’1d4I2d4$3 5(502 - I1)5(1’3 - I1)¢(Il)(am2,/t¢(x2))(axs’ﬂ¢(x3))’ (68)
. d*pd*pad* ; L\ —ipaw o Ne—ipaT
= e [ atadandtey CEEREL s —)a(as = r)e P Op0) ip2)e P Ol ) (—ia)e 00,

B ic/ %(%)%@1 + p2 + p3)(—=p2 - p3)d(p1)P(p2)P(P3)-

We take the following variation
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§3iS d*prdipadips ., 4
satmsatsat) ~ | ey O ) o
X (611022033 + 011023032 + 012021033 (70)
612523531 + 513521532 + 613522631) (71)
— 2 2m) 5k + ko + ks) - 2[k1 - ka + ko - ks + Ky - k), (72)
(2m)

where 0;; = W .

The triple variation applied to the effective action is

5°T'[¢] i

5500 5 (k) 00— [amyd () 8D (ka4 ke + k) DOy, e ). (73)

Thus, we identify the Feynman rule for the interaction vertex of Eq. (67) as:
{(k1), d(ka), p(ks)} =T (ky, ko, ks) = —2ic[ky - ka + ko - ks + k1 - k). (74)

4.2 Functional and Background Field Method, Gauge Fixing and Ward Iden-
tities

In this section, functional techniques and the background field method (BFM) will be discussed. We
will have a look at the process of gauge fixing and will show how Ward identities can be derived using
background fields, which will be calculated in the following section at one-loop in perturbation theory.
The BFM is a technique to quantize gauge theories while maintaining explicit gauge invariance. The BFM
method can help to understand gauge theories differently and can also make calculations simpler|[52].

Cross sections and decay rates are among the most important quantities calculated in quantum field
theory, as they provide direct predictions for experiments. An important object in the calculation of cross
sections and decay rates is the S-matrix. The S-matrix is obtained via the LSZ reduction[16] formula
using Green’s functions. These Green’s functions can be determined by taking functional derivatives of
the generating functional with respect to the source

207 = / D exp {iS[¢]+i / d4xJ(x)¢(3:)}. (75)

The generating functional generates disconnected Feynman diagrams and can be seen as the QFT analog
of the partition function in statistical physics. Having a closed-form of Z[J] means that one has, in
principle, solved the theory|16].

The generator of connected diagrams is[52]

WI[J] = —iln Z[J]. (76)

- 21 -



The effective action I' is an important quantity in a quantum field theory. It is the generating functional
of 1PI (one-particle irreducible) diagrams[52]. The effective action is related to the generating functional
of connected diagrams W via[52]

N = W(Q) - [ dels@)Q) (77
where J is implicitly defined as the solution to
oW _ A
S — Q@) (78)

Thus T is a Legendre transform of W.

The basis of every gauge theory is the gauge invariant Lagrangian. In order to quantize the theory
and to derive Feynman rules to do calculations, one has to fix the gauge. However, the process of
gauge fixing leads to the appearance of two additional terms —the ghost term and the gauge-fixing term—
that explicitly break gauge invariance. Quantizing the theory can explicitly break gauge invariance.
Dimensional regularization can also violate gauge invariance[53]. In the end, any physical quantity must
be gauge independent. Quantities with no direct physical interpretation, like off-shell Green’s functions,
do not reflect the gauge invariance of the theory. As such, they need not be gauge invariant[52].
the BFM approach, background gauge invariance is still present after gauge fixing and ghost terms have
been added. In this formalism, Green’s functions obey Ward identities as we will see below. These
Ward identities arise naturally from gauge invariance. To introduce a propagator in an abelian (QED),
as well as in a non-abelian (SM) model, one has to fix the gauge[16]. The path integral approach gives
a way to gauge fix any model[17]. In the abelian case the procedure is quite straight forward. In the
non-abelian case however, we get new fields, called ghost-fields. Ghosts are not physical particles, because
their purpose is to cancel unphysical degrees of freedom. They also violate the spin-statistics theorem as
Grassmannian bosonic fields. Thus they cannot be physical particles. So now we have additional terms
in the Lagrangian £:

L— L+ ‘Cghosts + L:gauge; (79)

where £ depends on the model you consider. Lg,uge is the gauge fixing term. In QED one only has the
gauge term and no ghosts.

The BFM Ward identities can be derived from the invariance of the effective action with respect to
the background field gauge|10]. An example from QED illustrates how one arrives at Ward identities.
Without the gauge fixing term, the effective action is gauge invariant,

o' = 0. (80)
Thus:

or or or -

I'=—064,+— — 1
) 5A#5 M+5¢ 51/)(1—&-61/}(161/) (81)
or or -

[y = (e =) oo = ®
where a comes from the gauge term A, — A, + d,a(z) and from ¢ — e~**1) From that we conclude
that

or or -
75 — ; a = 5
s, e (e s )| =0 (%)

which is known as the Master Ward identity. Further identities are derived via variations with respect
to the fields.
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If we perform another variation with respect to A and respecting Lorentz invariance we get

52F momentum space . 52F

"5As4, 0 PusAsA,

This reflects that the photon is transverse. Also the photon mass does not receive corrections from
higher order terms and stays massless due to gauge symmetry. Furthermore, even though the gauge
fixing term explicitly breaks gauge invariance, the Ward identities still hold due to current conservation
and the abelian structure of the theory. In non-abelian models one needs background fields to obtain
gauge invariance and to arrive at the Ward Identities.

) 0. (84)

The background field method (BFM) is useful in non-abelian gauge theories to maintain gauge invariance
after gauge fixing. In this method the fields are split into background fields (denoted with AZ) and

quantum fields, i.e. R
Al — AL+ A (85)

in the Yang-Mills field strength. The quantum fields Aj are integrated out with fixed background fields

AZ Since only the quantum fields propagate by construction, only they need to be gauge fixed|16]. The
background fields are fixed by construction and do not propagate. The advantage of this method is that
one can choose a gauge fixing functional associated with the background field.

The Yang-Mills field strength, after applying Eq. (85), turns into|16]

Fuy — 0,A% — 0, A% + 8, A% — 9, A% + gfbe (AgAg + A A+ AL AS + AZAi) (86)
= F, + D, A2 — D, A% + gfe AL AC, (87)

where FZV = 8MAZ - 8,,21Z +g f“bczzlz;llc, is the field strength for the background field and

T- a a abe 1Y qc
DAL = 9,A% + gf*** A A (88)
is the covariant derivative.
The Lagrangian
1 /za T- a T a abc Ab pc 2
Lor=—, (FW + DA% — DAY + gf A#Al,) (89)
is invariant under
19 14 1 a abc 1€ a a abe c
Ay Ayt D — f abA,, Al — AL — [0V AS (90)

Since Au is not dynamical, we do not need its propagator and do not need to gauge fix the background
field. In this way we are able to keep the background field gauge invariance manifest throughout the
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calculation. We gauge fix A, through the Fadeev-Popov procedure using D uA, = 0 (instead of the usual
0, A, = 0) as the gauge condition. This gauge condition breaks the gauge invariance for the propagating
quantum A, but retains the background gauge invariance for the A,,.

The resulting Lagrangian is[16]

1 - - - -
Lprc = Lpp — 2fg(pﬂAg)z + (Dyue")(Dyc®) + gf**°(Dye®) Al et (91)
This Lagrangian is gauge invariant with respect to ffu and this type of gauge fixing is called background
field gauge.

This background gauge is parametrized by the background gauge parameter E . The effective action is
not guaranteed to be gauge invariant. However, it can be made gauge independent using the background
field method. It will be gauge invariant with respect to the background field gauge. This concept brings
us to Ward identities. As mentioned earlier in this section, Ward identities are a consequence of gauge
invariance of the effective action:

ST =0. (92)

4.2.1 Ordinary Gauge fixing vs BFM Gauge fixing

Ordinary gauge fixing can be achieved by using the path integral and a gauge function G[17]. For example,
in Yang-Mills theory the generating functional takes the form

7 / DA det (fg) [T, oG ese. (93)

0%(x) is an arbitrary gauge transformations, G%(x) is the gauge function. The final form of Eq. (93) is
then given by

Z x /DA DeDe exp (iSym + 1Sgh + 15¢) , (94)

where ¢ and ¢ stand for the ghost fields, Sy, is the ghost action and Sy¢ is the gauge fixing term. The
latter two Lagrangians are given by

Lo = —0,c 9" + gfr*eAC 9 b, (95)
1 ’ a Qv a
Ly = —ia* ASOV AL (96)

What is not obvious is that both approaches, with and without background fields, yield the same physics.
We will give now the proof, following Abbot|52], that the BEM approach yields indeed the same physics.

We start by defining the generating functional for a non-abelian gauge theory

_94 -



- /DA (gij) exp {iS[A] - /d‘*xzigGa(:c) -G(x) +i/d4xJ(m)A(x)}- (97)

Incidentally, the background field method for abelian models, is the ordinary “fields shifting” method. A
is the gauge field with field strength Fj, = 0, A7 — 0, A}, + gf“bcAZAf,.

The background field generating functional for the gauge theory is

Z[J, 6] = /DA<8§>exp{ [A+¢] — /d4 e éa(x)+i/d4xJ(x)A(x)}, (98)

where ¢ is the additional background field. For the following, we also introduce the following abbrevi-
ations:

/ PG (2)G (2) = G, (99)

/ d*zJ(z)A(z) = JA. (100)

After a field redefinition A — A — ¢ in Eq.(98) one finds

:/DA (g?) exp {15[ ] — %G (z) - G‘a(x)—l—iJ(x)A(x)—iJ(gc)(b(x)} (101)
= Z[J)exp{—iJ¢}. (102)

Taking the logarithm and multiply with (-i)gives
WJ,¢] = W[J] - J¢. (103)

After differentiating with respect to J and using that % =( and % = Q we obtain

Q=Q—¢. (104)

Now we use the definition of the effective action I' and Eq. (103,104), which gives

L[Q, ¢] = W[J,¢] - JQ (105)
=W =Jp—JQ=W[J|—Jp—JQ+ Jo. (106)

Thus, we finally obtain s B B )
IQ,¢] =W[J] - JQ =T[Q] =T[Q + ¢ (107)

And as a specific case, take Q = 0 so that

[0, ¢] = I'lg]. (108)
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Therefore, we see that the background field effective action is related to the ordinary effective action in
the presence of the background field ¢. Eq. (108) demonstrates that one can obtain the background field
effective action by vacuum graphs (graphs with no external legs) and it ensures that one gets the same
result as in the conventional approach. The gauge fixing term differs between the two approaches, yet
both approaches produce the same S-matrix elements. Thus, the background field method provides a
consistent framework for performing gauge theory calculations. Background fields can also simplify some
calculations, such as the calculation of the Yang-Mills S-function[52, [16].

4.2.2 Summary

The BFM is a method that keeps gauge symmetry explicit after gauge fixing. In ordinary gauge fixing,
gauge invariance is lost. Maintaining gauge invariance after quantization implies that the naive Ward
identities follow. The BFM yields the same S-matrix and is therefore an equivalent description of the
theory. Using background fields can help reduce the complexity of the calculations. Maintaining explicit
gauge invariance, as achieved in the background field gauge, is extremely useful.

4.3 Vacuum Polarization Tensor in QED

As a first two-point function we will calculate the vacuum polarisation tensor iII#”in QED. As we will
see, this loop diagram, see Figure [5| as a correction to the photon propagator, has a physical effect.

Figure 5: Feynman diagram of vacuum polarisation
The matrix element corresponding to this loop is

o [ d% Tr[v*(F = p +m)y” (F +m)]
iM = —(ie) / Cm)E (k- p)2 —m?2 +ie) (k% — m? +ie)’ (109)

where the additional -1 and the trace come from the closed fermion loop.

Using the trace formulas gives

Te[y"(k = p+m)y” (K +m)] = 4g" (=k* + k- p+m?) + 26"k — k'p” — k"p"] . (110)
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After using the Feynman parameters in the denominator and completing the square and going to d = 4—2¢
dimensions in the integral we obtain

T — 2 d/ / A Al (2 hp )+ AR R — R
[(k —p(1 — )2 4 p2x(1 — x) — m? + ie]?

RNGAEY
where [1 is used to keep the same mass dimension of the integral as in d = 4.

We can make the change k* — k* + p*(1 — z) and after omitting terms linear in k*, since they are odd
and vanish, we obtain

I = —4e2 A~ d/ / ddk: 2k1kY — g (k* — p*x(1 — ) - m?) — 2ptp?a(1 — 3:)7 (112)
(k2 — A+ ie)?
where A = —p?x(1 — x) + m?
Eq. (112) can be expressed in terms of the Master-integrals of dimensional regularization
1
i = —4e* it d/ dz{218" — g™ I1® + g (p*x(1 — x) + m?) I — 2pV'p" (1 — 2) [} . (113)
0
Since we make the replacement k*k" — ég‘“’k2 we can combine the first two integrals
d'k (3 —1)g"k? 2 g™ id d, . a
214 — WI<2>:/ d =—(=-1<— r(1— =)A=zt 114
279 (2m)? (k2 — A+ ie)? (d ) 2 (4m)% ( 2) ’ (114)
—igh" A d, ,d_o
= re-—-)Az7-. 115
ey (115)
In the last step we used that T'(2 — g) =(1- %)F(l — g)
Combining this result with the two remaining integrals we obtain
{2[5‘” ””1(2)—1—9“”(19 z(1—z) + m?) I — 2pHp” (1—,73)[2}
) d a_9
~am T
X [g’“’ (p*z(1 —z) + m?) — 2pF'p“a(l — 2) — g‘“’A}
7 d d_9
“lame A
[29’“’ 2x(1 —x) — 2ptpa(l — x)]
_ 2 d d_o pv, 2 [,V
—WH2—§)A2 ff(l—x)[g p —PP] (116)
Thus ydd .
d
it — SR 2o pup(o - f)/ doa(l — 2)A2 (117)
(4m)z 2" Jo
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Setting d = 4 — 2¢ and expanding around € = 0 we get

: 2 1 ~2
1 4
JII™ = ,%(pQQIJ«V 7plip1/)/0 dzx(1 — x) [e — v +1n MAW} 7 (118)

" we obtain the final result

where vz is the Euler-Mascheroni constant. Setting ji* = “23;
ie?

1 2
. 1 I
v _ 2 uv v
U0y = =55 (07" —p"p )/0 daz(1 — x) L th o A p%j(lm)} : (119)

This loop diagram has an effect on the Coulomb potential. It corrects the potential by the Uehling
term[16] and thus has an effect on electromagnetic interactions and on the splitting effect of atomic
energy levels, which can be measured, such as the lamb shift.

The loop can also be calculated using Mathematica with package X[54) |55] to again verify the general
structure, i.e. the transverse structure multiplied by a function dependent on p?. This structure is due
to Lorentz and gauge invariance. The result as calculated using Package X is

i (12m2 + 3 DiscB[p?, m, m| (2m? + p?) + p? (5 + % +3 log(%))) (7p/_pr +p? gw)
3672 p2 ’

i = (120)

where DiscB gives the part of the Passarino-Veltman B function containing the s plane branch cut. For
example, written out explicitly we have

2_5 S(—am S
Vs (—=4m? + s) log<2m +2m(2 dmA )>

S

Disc[s,m, m] = (121)

4.4 Ward identities and definitions

In this section, we calculate two-point functions in the electroweak sector of the SM at one loop and verify
some Ward identities. These Ward Identities are exact and hold to all orders in perturbation theory.

For this, some definitions and notation are required|10]:

e kkl, rard kk,,AA/
—iTy) —(—gw—i— K >E¥V — SV (122)

k2 k?

This refers to the two-point function of the background field bosons in terms of transverse and longitudinal
components. The first two Ward identities of interest to us are:

5T

GASA (123)
1 v
2

cSAis 5FZ =" 12y
i v

- 28 -



Eq. (123) refers to the fact that the photon is transverse. The A/Z mixing, from Eq. (124), vanishes for
zero momentum transfer. For the neutral sector we find the following Ward identities:

0= %22(k2) — imy DZX(k?), (125)
0 = k22X (k2) — imy DX (k?) + i‘%zTH. (126)

The first identity relates the longitudinal part of ZZ with with the Z§ mixing. Latter one relates Z /X
X/X with the tadpole TH.

The analogous identities corresponding to the charged sector are:
a i ~ ~ i ~
0=SV"W" (£2) £ my 2V (82), (127)

TN PR 2
0=k2SV T (12) £y, 22T (12) ¥ %TH. (128)

~t
¢ are charged background goldstone bosons and ¥ is the neutral background goldstone boson.

The tree-level masses, in the SM, are related by

v
mz =5 91 + 93, (130)
mp = V2\v, (131)

where v is the vacuum expectation value (vev), A the higgs coupling, g, = v/g7 + g3 and g1, g2 the U(1),
SU(2) couplings. The right hand side of Eq. (125-128) are related by

2F o 2F
L = kYA (k?) = —‘27, (132)
SX6Zv VAL D%
62T o
> 1
r
LIS (134)
SH

The different two-point functions (Sigmas) are calculated using Package X|[55], FeynArts[56] and FormC-
alc|57]. All the different Feynman diagrams contributing to the various two-point functions, can be seen

in the App [C}

4.5 Results

This is the section of the results of the calculation of the “Sigmas” and the Ward identities in the SM of
the previous section. We present the UV-divergent parts at one loop. They are for the Ward identities
of Egs. (123, 124):
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roa e 1SM 2.2 7

EAA k2 _ 9193 k2 _ 135
=T ( ) div - g¥ + g3 16m2¢ )’ (135)
P 1SM

E;}A(kz) = 0, (136)
N 1SM 4392 + g2

»AZg2) |7 = 22 2T 9 137
=7 ( ) div g3 + g3 9672 )’ (137)
PN 1SM

»42 (k2 =0 (138)

and for the neutral sector:

. 1SM 24 _ 4348 2/ 2 2\2( 2 2
[E%Z(kQ) _ 8k” (g 395) + 3(5;‘ 3)271 (912 +95)°(97 + 392)’ (139)
ldiv 7687%e(gi + 95)
270N _ (€4 3)v° (g +93) (97 +393)
27 ()2 _ 1 2)\91 P 14
{ L” (k)] div 25672 ’ (140)
Z5020]%M (€ +3)v\/gi +g5(9] + 393)
YAX(k) = — , (141)
ldiv 12872%¢
(142)
With the relevant charged Greens functions given by:
Gt i, — SM 23 3)v2(g? + 3¢2) — 344k?
{ZIW+W (kQ)} _ g5 [ (§+ )U (gl + 92) }’ (143)
div 7682
- oSM - oSM 2 4 3.2
div div 12872e
o SM s SM
LX) =m0 (k2 145
[V = [0 ()] (145)
1
= segac (07 (301 + 993 + 96X + 120306 + g7(695 +4€)) — 4(g7 + 363) (3 + O],
(146)
Lomsm (E+3)EX(gE +393)
= [T aiv e ; (147)
(148)
And finally the tadpole is given by:
3
[TH]SM = 25Z7T2€ (3% + 992 + 960> + 12g2\¢ + g2(6¢3 + 41E)) . (149)

The goal of the following sections is the calculation of one-loop Ward-Identities in the SMEFT also
employing the background field method and the geoSMEFT formalism. We require the Lagrangian
and Feynman rules to perform the computation of the identities. In order to achieve this, a number
of preparatory considerations are necessary. These will be demonstrated within the QCD sector and
subsequently apply equally to the electroweak sector of the SMEFT.
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5 GeoSMEFT, Universality and the QCD sector as an Example

We begin with the QCD sector to illustrate the formal structure. Using the geometric formulation of the
SMEFT, we include metrics to organize the theory. We include K as the metric for the operator, that
contains two derivatives and two field strengths and is typically treated as redundant in non-universal
theories. The universal theory[58] captures the leading BSM physics through dimension-six operators,
which include only SM bosons ("bosonic operators”). Possible UV completions of the effective theory
couple to the SM via the SM currents, see Sec. These operators involving these SM currents can
be eliminated in favor of bosonic operators by field redefinitions or, equivalently, by applying the SM
EOMs. The geoSMEFT formulation classifies all two- and three-point functions of the SMEFT. This
relies on the use of the EOM to reduce the operator structure[9]. Universality does not account for this
EOM redundancy. Our aim is to demonstrate consistency with the geoSMEFT formulation by using field
redefinitions up to and including dimension eight. In other words, we show that the reduction of basis for
universal theories also holds in the geometric formulation. In this section we eliminate higher-derivative
operators, such as those involving the K metric. Operators of the form K(DG)(DG) introduce additional
unphysical poles in the propagators, which we seek to avoid. We therefore restrict our analysis to theories
with physical propagators.

Our effective Lagrangian takes the form:

1 _
L= —ZFJABGZ‘VG“V’B + iy + Kap(D'G,)(DPGE) + FAPCGH GE GS (150)

with field space connections|9)

(642n) [ ° e
k0ap = kap = 0aB —40aB Z -5 ) (151)
n=0
Kéap =Kap =0an Z e < ) ; (152)
FfABC _ pABC _ pABC Z Cgi+2n) <¢;> _ (153)
n=0

For the remainder of the thesis, for a better reading experience we sometimes relax the raised and lowered
index convention for the Lorenz indices. This is possible as we work in flat space time. For example, in
Eq. (150) we ignored this rule in the last operator form (FGGG).

5.1 Field Redefinitions

Here we use the field redefinition invariance of QFT. In the path integral approach field redefinition
invariance follows directly from invariance of the measure. We will not show that invarince here, but we
give a small example: Suppose that we have the Lagrangian of the free scalar theory

L= 5(0,6)(0") — 6. (154)
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We proceed by performing a field redefinition of ¢ — ¢ + A¢3. This changes the Lagrangian, but the
matrix element for 2 — 2 scattering stays the same, i.e.

iM=0, (155)

as should be the case in a free theory without interactions.

We will use a field redefinition to remove the operator form (DG)(DG). Returning to Eq. (150) we
perform a field redefinition of the following form:

Gjl — G + G, = G} + MG (DPGE)). (156)

We find the following relations:

6G1, = D,0G; — D,6Gi — fAP9sGEGY (157)
SD'G}, = DG, — FAPCGRSGE, — FAPYSGESGY, (158)
= D*G; — D,D,6G: — f*P°D,(GEsG) — fAPYSGEGS, (159)
— fAPCSGE (D, 6GS) + fAPCSGE (D OGE) + fAPC O sGRSGLG) (160)
Applying the field redefinition yields
1 VB L .
L— = kGG E gy + FAPCGLL GGy, — TAMp DG (161)
0k o y
+ [Kop = rapME] (DVGL)(D"Gy) + =525 6" (Dug ) ME (D7 G )G

1 1% g 1% o
+ 3kan FAPMEMP G PD7GE DG + 2KapM& (DPGL,) D" DY D° G,
- QICABMg(DPGEp)(DQDUGgU) - QICABfACDMFC(Dnga)GVDM(D’YGE'y)
ABC A oD v o D B ~C
+3FAPC My [D' DGy, — D"D° G| GPGY,
1

- §/¢ABM(‘}‘MDB(D“D"GUCJ) [D.D"G]., — D,D"G}. ]

Choosing M g = kBCKcp, which removes the operator form D*G?, gives
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1 _
L£— = 1hapGLG" T + i Py + FAPCGI GGy, — Jin" Kep DTG, (162)

vp T pp

5!‘€AB p v
+ 57 ¢ (Dud )P Ko (DG )G

1
+ 5haBfAOP R K RGP (D7 G ) (DG
+6FAPCRAYK o p DI DG, GG, + 2K apk™ K1c(DPGY,) [(D* DY — D*) DG, |

—2Kap PR Kp(D7GE)GD (DVGE)

1
- iliABHAIK:[cK;BJ/CJD(D”DUGSU) [D,D"GY, - D,D'G]] + ...

We again used that KAB = (/{AB)_l and k4 Prpo = 6@. The +...+ indicates terms beyond dimension
eight.

The first line of Eq. (162) corresponds to the dimension-six operators plus metric coefficients. The
rest are dimension-eight terms still including two- or three-point functions, but are neglected, since
they correspond to higher orders in the derivative (momentum) expansion, which are neglected in the
geoSMEFT approach, which only seeks to sum the vev expansion. We are then left with:

1 -
L= —1rapG,G" P + iy + FAPCGH GU G, — Jhn"“KopDYG, + . (163)

vp - pp

The last operator of Eq.(163) (%) DG contains a derivative and can be reduced for consistency with
other conventional SMEFT treatments. We do a second field redefinition of the form,

G 5 GA B, (164)

and obtain:

1 _
L—s— ZKABGﬁVG”V’B + iy + FABCGE GB G5, — T4 BAP T, p (165)

v pp
0KkAB
562

+ P17 AKepB™ 1y 5, 4G, + 6FAPCBAP (D, J, p)GF,GS,

¢I (DH(JSI)BAD Jy,Dle’B

- Jy [HACICCD + KBDBBA] DVGE,y +

1 1
— 5feABBADBBFD#JV,D [DuJyr — DyJur] + §nABfACDBCfBDJJ 1y, G B

— k*KepBPF JNDY [DyJE — DI + PV B kACKep I T, r Gl

We eliminate the DG operator form by using kAP = KACKeopkTP. Again, the dimension-eight terms
belong to the derivative expansion for four- and higher-point functions and we can neglect them. Finally
we obtain:
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1 _
L= —1rapGp, G0 +ip Py + FAPCGGPGLL + K T g + . (166)

CAF
where K" = kACKoprPF = —BAF |

At each order, we can redefine Wilson coefficients such that K has the same form as K. Consider, we
expand K to dimension eight, obtaining

2
AP porC = c5atP 4 (el + Selfielhn ) (QZ;) 5P, (167)
Taking CE))G — C(DS)G 80532,0(6) we obtain
o0 2 n
kAP =3 otz (";) 548, (168)

n=0

We see that we can achieve the same form of k4% Kgek©P as Kap, this holds to all orders.

We have thus shown that we can make the universal SMEFT consistent with the standard geoSMEFT
classification of two-and three-point functions. We eliminate the (DG)? operator — removed by the
standard geoSMEFT classification — in favor of a four-fermion type operator.

5.2 Equation of Motion

The same result as in Eq. (163) can be obtained by neglecting dimension-eight and higher operators and
applying the equations of motion:

D, G4 = gAC 5;523 ¢'(Dug" )G P — kA T4 (169)

From there we obtain the relations:

Kap(D,G""*)(D,G""B) = ~Kapr©J, c(D,G*"B) (170)
—K:ABHACJZ,’C(DWGVY’B) = HDBICBAK;ACJV,CJV’D (171)

We have neglected dimension-eight and higher operator forms. With these relations we can replace the
higher derivative operator of Eq. (150) with the four fermion operator (KJJ) of Eq. (166).

We also obtain the same result by adding the equation of motion explicitly, i.e.
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5L 5L
0= xb I, XP. 172
5GD 0 T 59,GD 7 (172)
From the evaluation of Eq. (172) we obtain
0= —kapGh D XE — T YXP = —kapGA, D XE — JHX A (173)

Adding Eq. (173), using dimension-six terms only, to the Lagrangian and choosing X fl? = CP D“Gf#
gives

1 _ .
£ = ~3kapGil, G P + KapD,G,D,Gl, + D% — ranG, DX, Py T X P (174)
1 - 4 o
= —ZHABG;‘VG/W’B + i + (Kasdes — kapCR)(D*G),) (D7 Gh,) — JH X (175)

The choice O = kP4 4 removes the operator of the form (DG)?, yielding

1 —
L= — rapGil, G + i — ik CKap(D7GL,). (176)

We have used the notation that k4% = (kap)~! and k4Prpc = 5@. Applying the EOM again, choosing
XMA = BADJM’D yields:

1 .= o
L= —1rapGu, G0 +ip Py — 45" “Kap + B kpe)(D7Gyp) = J4BYY Jyp. (177)
Choosing B4 = —kACKaprPT removes the (11))(DG) operator and we finally obtain

1 _
L= fZGﬁuG””’B + iy — T4 Kepr™™ Jup (178)
1 _ —
= GG i Pb + K T4, b, (179)
(180)

where we again have defined P = kACKoprTP. This shows that, for our purposes, the EOM are
sufficient.

In Sec. [6] we will use exclusively the EOM approach for the full universal electroweak geoSMEFT, as we
have demonstrated the EOM are sufficient.

That the EOM are sufficient. This can also be seen due to the of the following:
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Suppose we take

¢ — ¢+ AG(9) = F(9). (181)

Taylor expanding in A yields

5S[F(¢)] 6F 52S[F SF\* A2
Sl — SIF@ Lo + Tl | A+ SEA(R)] T am
- A—0
where these expressions hold:
Fly,=9¢ (183)
SIF@),_,, = S[¢] (184)
oF
5 =60, (185)
From there we obtain: 55(d] x2 825[4]
S|¢] —>5[¢]+>\6—¢?G+? Wd’ G?+ - (186)
Treating ¢ and D, ¢ as separate variables yields (to order \):
60S[o, D 0S¢, D
S[¢. Dug] — S[¢, Dugdl + A [¢5’¢ TIE 5[(‘% (Z)‘M DG +--- (187)
I
) . 0S1o,
—5[¢7Dm]+/\< S[“z’éf’ J_p, ?&%‘ﬂ>0+m (188)

Where in the last equivalence we have used integration by parts to move the covariant derivative onto the
variation of the action. At leading order in the expansion in A, the use of the EOM is justified. If A ~ %,
then the EOM relates dimension-six operators. Going further in the expansion, i.e. A2, one gets the
EOM equation and additional terms. The EOM is no longer applicable. These extra terms correspond
precisely to higher derivatives, which we neglect in the geoSMEFT.
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6 Inclusion of the Full Universal Electroweak geoSMEFT

The full effective Lagrangian of the electroweak universal gecoSMEFT at dimension-six is given by

1 1 .=
L= —39a8WAW"P 4 Shiy (D) (D*6) + 6w =V = J.s6” (189)

+ Yap(D*WA)DPWE) + Hpy(D*¢) (D?¢)” + ki (D*¢) (D" ¢) Wy, + FAECW L WE WS

We will now remove the Y and H operator forms, just as in our QCD example, such that the propagators
are again not modified. The potential V is defined as

2 e’} 3+n
¢2 v? 6+2 </52
V=)= —-= n 190
(5-3) o (5) o
the Higgs current as
Ju.g =L'Y.eM;y + Q'YadM;; + Q'YyuMiy + h.c. (191)

and the following matrices are employed in order to write the Yukawa couplings in terms of ¢:

1L /i 100 - 100 i 1
M”‘ﬁ(() 0 i 1) M“_\@(i 10 o.) (192)

The definitions of the various metrics employed in the geoSMEFT|9] can be found in App. @

We need the following definitions and relations:

1 -
(Do) = (0061 = w3t 4o ) (193)
dDHp! Y
=—57D.J% (194)
owp 2
The W EOM is:
1 - v
DuWV“’A = _§9ABhIJ(DV¢I)7}]3K¢K - QABJB ) (195)

with current J defined as:
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Gty A=1,2,3

(Ji)a = (Jp)" = _
Yy, A=4.

With these definitions we obtain a relation for the Y/(DW)? term of Eq. (189)

Yap(D"W,)(DPW) = Y g) M [(D" ¢)idlcdua + Y 91MC Ty u.c

+ 10 P (D836l (DL )idlp .

where we used a shorthand notation:

[gY 9]°P = ¢9“Yapg®P,
[W(D¥¢1)3¢)c = [hrs (DY ¢1 )AL 6]

(196)

(197)

(198)
(199)

Now we absorb the g dependence into Y and take gY g — Y in complete analogy with IC4p5. With that

we can eliminate the operator form Y (DW)? yielding

1 1 -

L=—29asWa W E 4 Shiy(Dug) (D'6) +ip Py =V = Ju ko™
+ Hy5(D*¢) (D*¢)” + k7,(D"¢) (D" ¢)" Wi, + FABCWAWE WS
+YAP[J4 + [W(D¥ )79l Ju.B

Next we will remove the H operator form using the Higgs EOM. The Higgs EOM is:

1 6h %
(D) = 117 | 50,53 (D,0) (D01 ~ 2055 — T
From there we find
Hyn (D*¢)M(D?¢)N = [;i;gﬁc - JH,C] (REM HpgnhVE) L(;;/g(bK - JH,K}
_ HCK

5¢° 6¢°

In Eq. (205) we have taken hHh — H. The expression

- 38 -

SV 2 5V
( ) oC N +4— 0% Tm Kk + JH,CJH,K‘| .

(200)

(201)
(202)
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2
Yy = HOK (5‘2/2) ¢ & (206)

can be absorbed into the definition of V. The redefinitions of Y and H are discussed in App. As in
the QCD example this amounts to a redefinition of the Wilson coefficients.

Thus, we finally obtain the effective Lagrangian

1 1 .
L= =29asWL, WP & Shiy (D) (D 6)” +ip Py =V = Ju k¢ (207)
+ K’IIL‘J (DH¢)I(DV¢)JG/?V + FABCGﬁVGEpG/?M

%

+YMC [T, + (D" 6)idlar] Juc + HOK [‘W

¢ + JH,C:| Ju, K.

This Lagrangian of Eq. (207), together with the Lagrangian of the QCD sector of Eq. (150) defines the
geometric universal SMEFT (geoUSMEFT). The next step is to work out the Feynman rules in terms of
the geometric quantities, such as the metrics.

We can relate the result of Eq. (207) with the purely dimension six results found in|58]. We define:

O¢ = A|H|° (208)
1
On = 5 (0| H|*)? (209)
O, = |H[*(HuyJ§ + h.c.) (210)
Osy = Tl I8 (211)
Onsw = %(HT 0" D, H)J" (212)
O2gw = Ty, Ty (213)
Ow = (H'e" D, H)D" W, (214)
Quo = |H[’O|H|? (215)
And:
1 Tﬁ 9 1
§(H wH)" < 2Qup — iQHD (216)
We see:

2
Oy = |D2H|? 22, (ZU4|H2 — AN*?|H|* + 4)\(”)6> — (W? (HoJJ +hic) —200y) + Oy (217)
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We obtained the following relation:

5
H;;(D?¢){(D%*¢)’ =V + 4HCK%¢C + JoH K Jg. (218)

Eq. (217) can be compared with Eq. (218). The first parenthesis corresponds to V. The second parenthesis
corresponds to the shifted Yukawa couplings, and the last term corresponds to the four-fermion operator
going as J7.

We also have:

1 3 3 1 1
O = (292>\U2|H|4 +92(96> + (492011 - ZQZQHEI - 292>\QH> - <4920y) - Quiw — (202JW)
(219)

We can relate Eq. (219) with our result:

Yan(D*WA)(DPWE) = [0V g D 63l T + 11V 6D 9)3dlclh(D, + 9)3d]o+
oY g1 T e (220)

The second parenthesis corresponds to the two-derivative operator form and Qg w to our first term,
which can be thought of as interactions coupled to the SM via the current JZ}/M~ Os jw corresponds to
the four-fermion operator. The first and third parentheses do not appear in our result. These terms
contribute to potential and Yukawa terms. They are missed, since we retain the third H*D? operator,
whereas most bases replace this via the EOM with O, and shifts to the potential.

~ 40 -



7 Feynman Rules

We gauge fix the geoUSMEFT using the background field method following|8, [59] and Sec. We
illustrate the determination of the Feynman rules with an example. Our goal is to derive the rules in
terms of the geometric expressions (=metrics). We will expand in orders of field insertions by expanding
the metric to classify all possible Feynman rules contributing to an n-point function. This can be done
in the following way:

1. Operator forms result differently in the number of field insertions. For example, the operator form
(D,®)! (D*¢)” will result in at least two fields, while the operator form GﬁqupGEM results in at
least three.

2. For a two-point function, one needs at most four fields. Thus, for the first operator form in (1)
we expand h;; to include at most two fields. For the second operator of (1) we expand Fapc to
include at most one field.

3. We can then derive the Feynman rules in terms of geometric quantities such as the metric.

In the next section we provide an explicit example. We explore the gluon two-point function at one-loop.
This calculation shows the development of Feynman rules and the results. The same principles are then
applied to the full electroweak theory.

7.1 The Transverse Gluon

Due to the unbroken structure of the SU(3)¢ symmetry, the gluon remains transverse and we have

2
pH— 0T —0. (221)
6GHp)oGB(—p)

Thus the longitudinal part, as defined in Sec. [£.4] vanishes. Moreover the transverse part also vanishes
at zero momentum transfer, i.e. Y% (0) = 0.

The Lagrangian contributing to the gluon two-point function is

L= —inABGﬁVGW»B +ip Dy + FAPCG, GG, + KAP A TS (222)

v pp

The first three term terms contribute to the two-point function at one-loop order. So we expand &, see
App. for additional details:

k= (k) + (kp)VE* H + (kpg) (h*)H*
+ (kra) [2<h11> whw™ + (B33 W + (b H2] 4 (223)
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The subscript R (A) stands for the radial (angular) component of the metric. The radial component
includes interactions with the goldstone bosons. Notice that there are no w™w™ or w™w™ terms as they
would violate QED. Both terms appear, each with opposite signs, and thus they cancel each other. Now
we are ready to determine the Feynman rules:

Go | = =i (kr) ()T VR (p1?ph" —py - p2ph?), (224)

= —2i (kra)(R™) (k)T (P2Ph* — p1 - pamtih2), (225)

Ga | = _9i (kpa) (h¥3) (k)L (P2 Dl — py - pa i), (226)

C2 | = 2i [(mra) + (rm)] (K0 (R) 2 (AP — pa - 2™ h2) (227)

Sufise

The relevant Feynman diagrams contributing to the gluon two-point function are shown in Fig. [6]

0, ,£
H,u'w u@ G
A
]

u® G q G
“' . "‘ \s//
u® G q H

Figure 6: Diagrams contributing to the gluon two-point function
Where in Fig. |§| w are the goldstone bosons and u® are the ghosts. The above rules result purely from
the metric expansion. The rules for gauge fixing and ghosts are not included here. The rules for gauge

fixing and ghost terms can be found in|8, 59].

The gauge fixing parameter in the QCD sector is denoted by £ and in the electroweak sector by &y .
We use again FeynRules[60], FeynArts[56], FormCalc[57]and Package X[55].

We work in d = 4 — 2¢ dimensions and the pole is written compactly as
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| =

1
= - —vg + In(4n), (228)
€

where vg is the Euler-Mascheroni constant.

The first three bubble diagrams of Fig. [f] are transverse on their own and yield

55, = 1ﬁM7m4>VM%m&@(&”%+Agkwmy)+z@ﬂmmM>GW?%+ﬁﬁgwmag

31672 e
(229)
44 My Fl=2
+ (h**) ((krR) + (kRA)) = T4 [m] )| (230)
Where the finite part of the scalar Aq is defined as:
F(=-2 2 5

As we work in dimensional regularization, the scaleless ghost and gluon tadpole-like diagrams vanish
exactly. The sum of the ghost and gluon loop diagrams gives:

A G2N, 11 59 — 54 9¢%2, 11
%:%Ezﬂ‘—&+%+ﬁﬁﬂm

3€ 36 3
<K§>_3/2Nc
1672

+ (F)|2g°p* + (k) ~/*(F)p°

[‘:’ — 14 3B (p%,0, 0)] . (232)

The finite part of the scalar B function is given by:

2, =2 =2 2 2, =2 =2 2
Bg (pz,mf,m%) = 2+ Disc [pQ,m%,mg] + P my —my log(;;ﬂ) + pT A my —my log<7¢12> , (233)
1 2

2p? 2p?
/\ 2 2 2 _ 2 /)\ 2
DiSC [p27 m%’ mg] _ (m17 ma,p ) IOg my + m2 D + (mla ma,p ) ’ (234)
p? 2mime
A(my,ma, p?) = (p2 —(my + m2>2) (p2 —(my — mg)g) . (235)

The ghost and gluon loops are transverse and therefore their sum is also transverse.

The result for the fermionic loop is given by:
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2N, |2p%  2p® —12m2 12 2
nGG _ 93tVe _ 4 _ 2L pF (52 9 BE (p2,m2, 2 9
¢ T 1672 | 0¢ 27 27 A0 (M) + 50 + 2mE) By (9, g, mg) (236)
=2 2 2 2 )
G3N. | 2p? (1 1 10p* + 24m;, 2p? +4mq 5 o _o
= — | = +log — D . 237
1672 [ 9 (g + log 2 + o + 9 isc[p®, my, my] (237)

The last diagram of Fig. [6] the Higgs-gluon loop diagram, is purely transverse and yields:

N, |p®+3m2 p?—-3m2%  5p>—m?
w66 _ 2 /a4 —2 Ve H H H pF (72
16 = (ra)® (™) (0) 155 | 15z 51 T 18 o (M)
2 =232
+ “’1?“35@2,0,@]. (238)

After expanding out the scalar functions we obtain:

N,
1672

GG = (k) (W) (5) 72

p? + 3m% e w2
I
13 +Og*§,

4, @m2 .2 | a4 2 223 -2
5p* + 6myp +3mH+(p my) log< miy >‘| (239)

54 18p2 m2 — p?

7.2 Organizing the electroweak sector

The expansion of the metrics — needed to generate Feynman rules — in the electroweak sector is much

more evolved. In the following discussion, we only consider the cga%) component of the metric h;; and

ignore the other components. The metric h then has the form

his ——22 <¢2) Srops ot + - (240)

After taking a variation with respect to @, and taking the expectation value we obtain

Shrs\ _ (6+2n) " Jon ¥ dpr
<5¢K>— 22 2717)(5[4(5]45(1) +v 514(5‘1) +6J45‘I>K + . (241)

As in the k case, the first term in Eq. (241) probes the radial component of ¢, whereas the second term
probes the angular component. This in mind, we rewrite h as
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<§Z>I; > " = (hp2)(Tr2)1s + (ha2)(Taz)rs + -+

(242)

Again, R (A) stands for the radial (angular) component. The latter includes structure with goldstone

boson.

The matrices T then contain the field dependence including the rescaling to the weak eigenstates in the

from of \/EU. In this example we have:

a (v
(hpe) = Z4nvc(6+2 ) <2> ,
hA2 22 c(6+2n) 1
2 b
0
0
0

n=0

0 0 O
0 0 O
j}& = 00 0 )
0 0 0 vh*H
wh—w™
0 0 O hll T
11 w tw—
Ty = * 0 0 h 2
* % 0 h33 W0
* k% 2VhHM H

T'ao is symmetric and we only display the upper triangular part.

Following this procedure for the full h metric we have

dPK

<§h1.]> &% = (hp1)(Tr1)1s + (hr2)(Tr2)1g + (ha2)(Ta2) 1 + (hrs)(Tr3)rs + (has)(Tas)rs

The additional expectation structures are given by,

> 1@ " 6+2n
(hpa) =) (n+1)o <2> s,

n=0
(ha1) =0,

v n
hR3 }:71 <§2> C§£2)7
1 — v? ((6+2m)
(has) = 9 Z Y\o ) Cup >

n=0
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and the matrix structures by

Tr1 = 1Vh*¥ H,

0 0 0 O

|+ 0 0 O e

Trs = * x 1 0 W H,

* ok ok 1

w++w7 . wh—w™

0 0 - hni2 —3 hlli\/5

0 —iVRITe e Jplielde
Taz = 2

* % 2Vh4 H 0

% % * 2Vhit H

We also require the double variations of the metric and we define:

3
hIJ = <hIJ> + Z Z <hr,n>(Tr,n) + % Z <h7'p,n>(Trp,n)

n=1 |re{R,A} r,pe{R,A}

in this case the expressions quickly become cumbersome.

For the term independent of fields, we have

(h11) 0 0 0

B * (h11) 0 0
<hIJ> o * * <h33> 0
* * * (haa)
1+ (h1) 0 0
B * 1+ (hy) 0 0
B * * L+ (h1) + (ha) 0
* * * 1+ (h1) + (h2) + (hs)
The expectations are expressed as
= (2" (64+2n)
(h1) = Z <2> CHp2
n=0
oo ’UQ n+1 612
(ho) = =4 (2) 2™ = vlhas) = v*(haaz),

[e’) 2 n+1
(hs) = < > P2 i as) = 202 (haas).
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For the terms quadratic in fields, the relevant expectations are given by

(hrR1) = Z 2n(n + 1) ( ) cyna), (261)
(hrRro) = —8 Z n(n—1) (g) clotem) (262)
(hrR3) = Z 4n(n —1) (1)2) Sg;%n’ (263)
(hra1) = (har1) = i(hm% (264)
(hraz) = (har2) = %(hm% (265)
(hras) = (hars) = 5-(hns), (266)
(haar) =0, (267)
(hanz) = = ((has) — (his) (268)
(hass) = 505 ({hss) = (hna). (269)
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Figure 7: Diagrams contributing to the photon two-point function. When multiple labels are present
in bubble diagrams, they should be understood as pairing upper and lower labels. For example, w?,w*
and H,w?® should be interpreted as two separate diagrams: one with w® and H running in the loop, and
the other with charged Goldstone bosons. The remaining combinations violate charge conservation and

therefore do not exist.
8 The Ward Identities in the Electroweak Sector

In this section we consider the Ward identities in the electroweak sector and analyze their dependence on
geometric quantities. That the Ward identities are indeed fulfilled at one-loop and leading order in the
SMEFT expansion has been shown in|[10].

8.1 The Transverse Photon

As in the gluon case in Sec. the photon is transverse due to the residual U(1)gy gauge symmetry.
Therefore the longitudinal part vanishes

=44(p?) = 0. (270)

The relevant diagrams contributing can be found in Fig. [7l The full transverse part, however, is prohibit-
ively large to write for this thesis. As such we give some meaningful expressions coming from the geometric
perspective. Table [1| shows which combinations of the expectations of metric variations contribute.

Starting from the expectations of the metrics, i.e. with no variations applied, the UV-divergent part of
these contributions take the form:
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p2

Shal = leQ (2—&w + (g33)(g"") [4+ (1 4+ &w)(g3s) (g')])

exp 1672
+ 2592@5 (g3a) /g™ (2+ (g33)(g" )1 + Ewl)
+265,/970 5 (20711 — 2g1) Vg™ + (g84)(9") Vaall + w])

+ 39509 ) (1 + &w) (Vg™ + 5 [ (V)2 - 2v/55/g")) ] .en

In the SM limit g;; — d;; we recover the SM result

A 7e? g2g3 —Tk?

AA 2 192

X — T = kT == 7 \ Tom22 ) (272)
exp TE 91 + 935 €

In Eq. (271) we used the expressions from electroweak symmetry breaking:

e = g1 cos Oy, (273)

e = g sin by, (274)

tan Oy = 27 (275)
92

o= 9192 (276)

VIi+ 93

The simplest additional contributions come from the (grg;) contributions. The UV-divergent part of
these expressions is given by:

A4l e? i (h)*p?
T Irr 1672 2¢%g2

[93 (9rRR2) + g%(<9RR1> + <gRR3>) + 29192 <9RR4>] .

The other contributions from the metric g’s quadratic dependence on fields gets contributions from the
Higgs and goldstone bosons. The result is given by:

_2 2
AA € p AA -2 /144 AA _ 2 11 AA _2 /133
S = " TE gz (A ) + el Gy ) + P ewnd 7). @)

The coefficients are given by:
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Figure 8: Diagrams contributing to the WW two-point function. The labeling is explained in Fig. 7

o —% [93(grA2) + 97 (12(gaa3) + (gra1) + 9(grA3)) + 29192(2(g.444) + 5{gRA4))] (278)
et =03(gmas) + g7 ((grar) + (gras) — 4(ga4s)) + 29102 ((gras) — 2{ga44)) , (279)
i % [93(9Rra2) + g7 (4{9a43) + (gra1) + (9rA3)) + 29192 (2{9a41 + (grA4))] - (280)

Terms quadratic in the metric are not included in the current analysis. These quadratic terms induce
higher momentum dependence in the poles, as in the gluon case (see Eq. (239)).

An example is the p* dependence of the (gr1)? contribution to the UV-divergent part:

=2 4

AA . e pb
st — (long expression) p* + 167% 642 5 (gr1)? (haa)(g33). (281)

8.2 W Bosons

The Ward identities for the charged bosons are more involved. The first relation connects the longitudinal
W gauge-boson two-point function with the W*w® mixing. The relation is expressed as:

~ j: ~ N ~
SWVEWT (52) £ iy 22WT (p2) = 0, (282)
where we relate the mixed X to the effective action as:
5T R
O — i, [imw + zwi“ﬁ(ﬁ)} . (283)
oo oW,

The relevant Feynman diagrams for the WW two-point function can be found in Fig. 8 and those for
Ww® can be found in Fig. @

The second identity
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linear variations quadratic variations squares of linear contributions

(hp) SEW, W weteT pH I (gpn)  mgA, SFW (gr)?  =pA
(hra) T (grar) DAY SV SETET | (g )(gra) B
(haz) SPW, SW w&tem pH o (gopy  upA (gm){gns) TP
(has) T" (graz) S, DPTET (gm){gas) T
(has) SEFW, W w&tem pH o (g mpA (gm)gra) TP
(gm) DFW, TH (gras) S, DPTeT (gr){gas) T
(gra) T (gass) A, SEW, 2T | ()2 w4
(grs) T" (grra) T4 (gro){gns) T4
(gas) SWW, weter pH (gras)  SPA, mTeT (gro)(gas) T
(gra) TH (gaas) A, mTe (gr2)(gra) 44
(gas) SEW, xeTem i (hrrr)  SEY,SEW, 52T | (gRo)(gad) TR
(hra1) E?W, ZTWW’ Zaﬁm* <9R3>2 E%A
(hpas) B9 (grs)(gas) T
(hanz) SV, W 57T (gpa)(gra) A
(hras) B9 (grs)(gas) TP

(haas) E‘é/‘iv’ ZTWW’ Zaﬁm* <gA3>2 Z%A, Eqvj/vi/7 Z@*@*
(9as)(gra) TP

(gm)(hm) TFY (gash{gas) T4, DEFW, meTeT
(gas)(has) B2, m'e (gr)? 3
(gaa)(has) T3, 377 (gra){gas) T

<gA4)2 Z%A, szjfv”v7 Zaﬁm—

<hR1>2 Z{VW, Eng’ Ewhr

(hra)(haz) T, SV, poTeT

(hri){has) SEW, DEFW, meTeT

<hA2>2 Zg/wy Eqvj/vi/7 Eaﬁra)—

(haz){has) SEW, DEFW, 5eTeT

<hA3>2 Zg/wy quj/vi/7 Eaﬁra)—

Table 1: Table of contributions from various terms in the expanded metrics. Contributions coming purely
from metric expectations are neglected, see the discussion of SM-like parts in the main text.
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Figure 9: Diagrams contributing to the W¥w®

mixing
2 ¢ WhoF 2y - oto¥ oy 05 1 g
0=p>% (%) £ mw ¢ (p ):F?/hw/ﬁ T (284)

explicitly involves hy;. This relation relates the mixing between W and wT with the w*wT two-point
function and the tadpole T

The two-point function for the charged Goldstones and the tadpole Ty are related to the effective action
by:

&% : M
Sy =i, (285)
or
— =i1y. 286
o5 =T (286)

Table [1] lists which variations contribute to the transverse and longitudinal parts separately, we discuss a
subset here.

Consider first the contributions from double variations of the h metric (e.g. (hggr1)):

—2,.2
W gzv= 1 _
2r on = 1616 (Mm% (W*)(hrr1) + 46w miy (B') ((haaz) + 4(haas))]

g5v® (hra1)
1672 16

[y (h*) + 26w miy M3 (W) + éw m (h*)] . (287)

We have that the longitudinal part is independent of double variations of g, but the transverse part has
a single contribution from (gaas):

Vi 1 {gu) . .
D A 29 1672 < ; p* [(grm1) My (h*) + 8 (gaaa) Ew miy ()] (288)
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We also have contributions from geometric expressions, that is in terms of expectations of the metrics
and geometric relations such as those in Eqs. (48-51).

2 2,2/ 11\ /pdd 2 2.2 2/ 11y/p11
VW p° g2 (g ) (™) P’ g.2c,v (g (h!)
W W _ b 2 , -
r mixed 1672 4 {gr1) () + 16722 1 (9as)(has)  (289)
2 o 262,2 s=llip1l
p 9292 SZU \/‘a <h >
has).
1672¢ 4g2 (9a4)(has)

As was the case for the photon we also obtain higher momentum contributions. The longitudinal part has
contributions up to strictly p?, whereas the transverse part can receive higher momentum contributions.
Considering only contributions from g to the transverse two-point function, which scales as p*, we obtain:

A o 16?:2% %((%3)(%92 + 2(g34)(9a3)(gaa) + <944><9A4>2)

p* {g11)(haa)
1672¢ 6

(g11)(g9R1)>. (290)

The reason higher momentum structures only occur in the transverse part can be understood from the
renormalizability of the theory. The only counter term that can be used to cancel such higher momentum
terms come from operators like

PuPv
"W, DWW, — v p+? (mw _ ;2 ) ’ (291)

where the arrow indicates the counter term structure arising from this operator.

We have confirmed the Ward identity of Eq. (271) in all cases except that proportional to mpy (see
below). An explicit example is the dependence on double variations of the h metric

ma W I (o 004 () + iy 000 (o) + 4Chane))] (292)

When multiplied by mw = gavv/hi1/2, this term cancels against Eq. (287) and the Ward identity is
satisfied.

As this thesis only deals with contributions from g and h, and neglects the additional contributions from
variations of the scalar potential V, there remains a piece proportional to m%. The mass of the Higgs is
generated (at tree-level) from §2V. Absent the full potential contributions this part is not expected to
cancel properly. This will be addressed in our upcoming publication, which includes the dependence of
all metrics appearing in Eq. (207).

Considering the relation of Eq. (271) and comparing with Table [1| there appears to be an issue: Tadpole
structures exist without compensatory other structures as required by the Ward identities. For example,
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for the (gr2) dependence there exists no Y07 op %@TWT This can be resolved by recalling that our
parametrization of the metrics is redundant, for example:

1
(gra1) = ;<9R1>; (293)
and we see the compensatory structures are those coming from (gra1) in our parametrization.

Taking the (gra1) dependence for the two-point function for &t& ™,

A on— 3<h11>U4
yote _ _<9RA1> SNV 7Y 1908 (a1 (B )2 4 26 (. 12] 904
grA1 1672€ 329% 92 <g >< 11> +c¢z 9z < 33> } ( )

and the tadpole’s (gr1) dependence is given by:

44
q 3t \/E ~
T =~ f(;?e 322 (205 (9™) (™) + ¢4 6% (hss)?). (295)
2

There is no related contributions from %" W ™ . The relative factor between these two is dictated by the
Ward identity in Eq. (273) and is given by:

Lﬁ n 1 11
R VhuVh = vm\/hw/ﬁ : (296)

With this relative factor the sum of the two diagrams vanishes in agreement with the Ward identity, that
is:

 ({gr1) — v{gra1)) = 0. (297)

gR1

e 1
nete _ ViV Ty
vy hit

9gRA1

The last equivalence follows from Eq. (293).

As the metric term (hgpr1) is linearly independent from the others considered and it necessarily corres-
ponds to a four-point Feynman ruleﬂ it cannot contribute to the Tadpole. As such its contribution to
the W-goldstone mixing must cancel against the pure charged goldstone two-point function. We find for
the latter:

2As it corresponds to sourcing two scalars and multiplies (D¢)? it must source at least 4 fields.
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2 =2 11 44
ote™ p?  my (R (A
3 = — . 2
hrR1 1672€ 8 (298)

Taking into account Eq. (271) and (273), as well as the (hgrgr1) dependence of Eq. (287), we see that the
Ward identity is satisfied.

Combining all dependence we find that the second charged boson Ward identity is satisfied in all cases
except precisely where the scalar potential dependence we have neglected becomes necessary for the
cancellation to occur. This extra dependence will be covered in our upcoming publication.
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9 Conclusion and Outlook

In this thesis, we investigated the structure of the Standard Model Effective Field Theory (SMEFT) with
particular emphasis on its geometric formulation and the description of one-loop two-point functions
appearing in Ward Identities. Starting from the Standard Model (SM) and the foundations of a bottom-
up effective field theory, we reviewed the construction of the SMEFT operator basis and discussed the
role of dimension-six operators in parametrizing possible effects of physics beyond the SM in a model-
independent framework.

The geometric SMEFT (geoSMEFT) is a consequence of the field redefinition invariance defining the
SMEFT|11]. The geoSMEFT organizes the theory geometrically using field space connections. The flat
field space corresponds to the SM, whereas curvature refers to beyond SM physics. For two- and three-
point functions the field space connections can be written down compactly and explicitly to all orders
in mass dimension. This provides a better understanding of the impact of neglected higher-order terms.
Corrections to SM predictions for future LHC analyses should be guided by these results|11].

We first calculated two-point functions and Ward identities in the SM. We used the Background Field
Method (BFM) approach to gauge fixing. This BFM approach keeps background gauge invariance mani-
fest. Background gauge invariance implies Ward identities, which were evaluated at one-loop. Ward
Identities provide an excellent opportunity to cross check loop-calculations within the SMEFT.

We defined the concept of universality and demonstrated the consistency of the universal SMEFT with
the standard geoSMEFT classification of two- and three-point functions. We arrived at the universal
electroweak geoSMEFT Lagrangian.

From there we determined the corresponding Feynman rules, calculated the relevant Feynman diagrams
and checked the Ward identities. Again, we used the BFM to gauge fixing. We checked the identity that
corresponds to the transversality of the photon as well as the identity that relates the longitudinal W
gauge-boson two-point function with the W*w¥ mixing. Furthermore, we investigated the identity that
relates the mixing between W4 and w¥ with the w®wT two-point function and the tadpole 7.

We have confirmed the Ward identities in all considered cases. We noted that in order to satisfy the
Ward identities in cases of Higgs mass dependence we need to extend our analysis to include variations
of the potential as my ~ 62V. This will be covered in our forthcoming paper.
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A Dimensional Regularization

Dimensional regularization is nowadays a standard mathematical procedure in dealing with UV-divergent
integrals, which appear frequently in particle physics calculations. This regularization scheme was de-
veloped by Gerard 't Hooft and Martinus Veltman|[61]. The key idea is to calculate the integral not in
the usual four dimensions but in d dimensions - where d is defined usually as d= 4 — 2¢ - and the ¢
parameter serves as a regulator. The UV-divergent part of the integral appears as a % term. We will
show an example of such a divergent integral in a scalar field theory. One has to evalute the integral by
using Feynman-parameters|16] and then use “Master-integrals” from|16, 15] to obtain a result.

Let us consider the Lagrangian £ of a scalar field ¢ with mass a term and a 3-point vertex interaction ¢,
where

1 1 A
£ = 5(0:6)(0"9) = 5m? = 26", (A1)

Now consider the one-loop self-energy diagram, see Figure

Figure 10: Self-energy loop-diagram in ¢ theory

If we evaluate the diagram using Feynman-rules we find the matrix-element

A [ dYk i i
M= il . A2
iM 22/(27r)4k2—m2+ie(k—p)2—m2+ie (4.2)

Rewriting the integral in d dimensions we obtain

A »)‘~4—d/ dk i i
iM= la Cm)e k2 —m2 + ie (k — p)2 — m2 + i€’ (A.3)

where [ is introduced to keep the same mass dimension as in d=4. This integral diverges in d = 4 but
converges in d < 2 dimensions. We need a way to solve the integral in d dimensions and after that we
can substitute back the d = 4 — 2¢ dimensions. After introducing Feynman parameters and shifting k

— k+xp we get
. A4 g d%k 1
= _— A.4
iM=igh /(27r)d k2 — A+ (A-4)

where A = m? — p?z(1 — x).

Using the formulas for dimensional regularization one arrives at the final result



where ji* = 47 e=7% ;% and g the Euler-Mascheroni constant.

Dimensional regularization isolates out the divergences into singularities. Quadratically, as well as logar-
ithmically divergent integrals have % poles in 4 dimensions[16].

Master Integrals:

dik 1 i 1 4—d
= = F A.
Iy /(271.)(1 (K2 — A +ie)?  (4n)d/2 A4/ ( D) ) (A.6)
d v d 2
v :/ dek Eik _ g,w/ dek k (AT)
2 (2m)d (k2 — A+ie)2  d ) (2m)% (k2 — A +ie€)?

ddk k2 _d Z 1 2 . d
;= [ —
= / (2m)d (k2 — A +i€)2 2 (4m)d/2 Al—d/zr ( 5 ) (A.8)
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B SMEFT operators at dimension six

In Table [2| we have the 59 independent, baryon number conserving dimension-six operators built from
SM fields[62]. They are categorized into eight classes. EOMSs are used to eliminate a few redundant
operators. This elimination is a choice of basis and is not unique.

1:X8 2: HS 3: H*D? 5:42H3 +h.c.
Qc | fABCGHvGlrGEH Qu | (H'H)? Quo (HYH)O(HH) Qe | (HYH)(Ipe, H)
Qs | rABCGrGlraSH Qup | (H'D,H)" (HID.H) Qur | (HH)(q,urH)
Qw 6IJKWJVWVJPW;<# Qan (HTH)(qurH)
QW GIJKWiuWL/JPWPI(H
4:Xx20? 6:¢2XH + h.c. 7:¢92H?D
Qua | HTHGA,GAw Qew | (po#ve, )T HWE, ) (H1i'D , H) (1)
Que | HYHGAGAw Qen (o™ e, ) HB,u, @ (H'i'DLH)yry#l,)
Quw | HIHW]I Wi Qua | (@ TAu)H G4, Qe (H'i'D , H)(eprter)
Quw | HIHWL Wi Quw | @ un)rl HWE, QW (HTi'D 1) (@,7"ar)
Qup | HTHB, B Qus | (@0 u)H By QW (H'i D LH) @, vq,)
Qus | HUHBu B Qic | (@o"TAd)H G, Qiru (YD W H) (wpy+ur)
Quwp | HirlHW], B Quw | (@yorvd)r HWE, Qua (HY'D 1) (dpydy)
Quip | HITTHW], B Qap | (@,0""dr)H By Qarua + he. | i(H D, H)(upy dy)
8: (LL)(LL) 8: (RR)(RR) 8: (LL)(RR)
Qu (Tpyulr) Ty 12) Qee (Epvuer) (@syier) Que (pvulr) Esyter)
1(1}1) (@pVuar)(@sv*qe) Quu (@pyuur)(@sy ue) Qiu (Ipvule) (s us)
5 (@t ar) @y ar) Qdd (dpypdr)(dsyHde) Qua (ol ) (dsyHdy)
Q| Gl)@a) Qeu | (Epmer)(@syur) Que | @wmar)@syer)
O | Grurt@orria)  Qu | Een@ard) o | @)@t
QW | (Epvuur)(dsyidy) i | @vuThar)(@sy Tur)
Q) | (@ TAun)(dsy#TAdr) QL (@729 (7" d)
Qui | @ mTar)(dsy T dy)
8: (LR)(RL) +h.c. 8:(LR)(LR) +h
Quedq | Ber)(dsars) QY @ur)eji(@ide)
Qguga | @T ur)ejp (@S T de)
Q). @ er)ejie(@iu)
QD | @ouwer)ejn(@ o ur)

Table 2: The 59 independent dimension-six operators built from SM fields, which conserve baryon
number
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C SM Feynman Diagrams

In this section we present the relevant Feynman diagrams for the calculation of the Ward Identities in
the SM, as discussed in Sec. 4.5. The notation is the following: GP denotes Goldstone bosons, GO the
neutral goldstone boson and ghWp (ghWm)to the ghosts corresponding to W+ (W~). The suffix BG
means that it refers to the background field. Hence A is the ordinary and ABG is the background field
photon. The diagrams are generated using the FeynArts package[56].

ABG-ABG

GP ghWp ghWm w

- - -
14 ~ . - . -
[ i H H
' r : : E :
Ll . —~ e

ABG  ABG ABG ABG ABG  ABG ABG  ABG

TLP1N1 T1P1N2 T1P2N3 T1P1N4
GP ghWp ghWm w
.-~~~ ABG " ABG " ABG ABG
g R e} L ) N
ABG ".__." ABG . _ - ABG . _ - ABG
GP ghWp ghWm w
T2P1N5 T2P1NG T2P2 N7 T2P1N8

Figure 11: ABG — ABG two point function

ABG-ZBG
GP ghWp gth
OIS e
ABG ZBG ABG ZBG ABG ZBG ABG ZBG
T1P1N1 T1P1N2 T1P2N3 T1P1N4
GP ghWp ghWm w
o7 ZBG " ZBG o ZBG ZBG
W\_/Q —/v\f\. u\M L e ] L
ABG ".__.” ABG - _ ABG . _ .- ABG
GP ghWp ghWm w
T2P1N5 T2P1N6 T2P2N7 T2P1N8

Figure 12: ABG — ZBG two point function
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ZBG-ZBG

H GO GP ghWp

ZBG ZBG ZBG  ZBG ZBG  ZBG ZBG  ZBG

T1PLN1 T1P2N2 T1P3N3 T1P1N4
ghWm w
- GO GP
W\AQ“M //'_q.\ZBG //—_\\ZBG
e 1 [ e | [
ZBG ZBG ZBG ZBG ZBG.__. ZBG.__.’
H GP
T1P2N5 T1P1N6 T2P1N7 T2P2N8
ghWp ghWm V4 w
ZBG . . ZBG L. ZBG.__.7 ZBG ...’
ghWp ghWm H GP
T2P1LN9 T2P2N10 T2P1N11 T2P2N12
w w
ZBG ZBG
ZBG-__.7 ZBG
GP w

T2P3N13 T2P1N14

Figure 13: ZBG — ZBG

ZBG0BG
GO z w w
-~ GOBG GOBG GOBG GOBG
ZBG . .’ ZBG . .’ 7BG ..’ ZBG . .’
H H GP GP
T1P1N1 T1P1N2 T1P2ZN3 T1P3N4

Figure 14: ZBG —GOBG
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GOBG GOBG

T1P1N1
ghWp

T1P2N3

GO
.7~ ~.GOBG
.

t 4
50BG.__.°
H
T2P1N9

T1P2N5

Figure 16: Background Higgs tadpole

GOBGHOBG

GO GP
______:..._”_ ___________ ' :.,_’J_ _____
GOBG GOBG GOBG GOBG

T1P2 N2 T1P3N3

ghWm Z
S N S
GOBG GOBG GOBG GOBG

T1P3 N6 T1P1N7
4 w
GOBG GOBG
GOBG.__.° GOBG'.__.-
H GP
T2P1N10 T2P2N11

Figure 15: GOBG — GOBG

HBG-

T1P2N2 T1P3N3

T1P3N6 T1P1N7
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GPBG ~ GPBG
T1 P1 N1
ghWp

[ P S

GPBG GPBG
T1 P3 N6
GP
L J
GPBG . .’
T2 P1 N11

ghWm

GPBG. , .~
ghZ
T2 P4 N16

w

GPBG GPBG
5PB GPB

A
T2 P1 N21

.77 GPBG

- >
GPBG . __.’

. GPBG

GO

/‘_\
'

.
s

J P

GPBG GPBG

T1 P2 N2

ghWm

GPBG GPBG

T1 P4 N7

.7~ ~.GPBG

GO
T2 P2 N12

A

GPBG

GPBG*.__.~
GP

T2 P1 N17

w

zZ
T2 P2 N22

P

GPBG~.__.~

GPBGHPBG

GPBG GPBG

T1P3 N3

GPBG GPBG

T1P1 N8

ghA
T2 P1 N13

V4

GP
T2 P2 N18

GPBG GPBG

T1 P1 N4

GPBG GPBG

T1 P2 N9

ghZ

T2 P3 N19

Figure 17: GPBG — GPBG
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WBG WBG

T1 P1 N1
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WBG
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GP
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T2 P2 N22
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Y
e I A

WBG WBG

T1P3 N3
A

A
Y
g
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WBG WBG
T1 Pl N8

ghWp

™ WBG
WBG . ..~

ghA

T2 P1 N13

Z
WBG

. i

WBG™.__.~
GP

T2 P2 N18

ghA

T e L

WBG WBG

T1P1 N4

Z
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e a e e
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H
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Figure 18: WBG — WBG
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WBGGPBG

GP GP ghWp ghWp

.7~ ~.GPBG .77~ GPBG .7 GPBG 7 GPBG
s s | - e - W *---= e *--=--
WBG".__.’ WBG".__.’ WBG . .- WBG - .-

H GO ghA ghz
T1P1N1 T1P2N2 T1P1N3 T1P2N4
ghWm ghWm A Z

s CPBG T GPBG T PPBG 7 EFEG
WBG ..~ WBG .. WBG".__.~ WBG.__.~
ghA ghZ GP GP
TLP3N5 T1P4 N6 TL1PLN7Y T1P2N8
w w w w
ﬂPBG ﬂPBG ”’“{::EPBG W"(:;EPBG
WBG*.__.~ WBG*.__.’ WBG WBG

H GO A Z

T1P3N9 T1P4N10O T1P1NI11 T1P2N12

Figure 19: WBG — GPBG
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D Electroweak geoSMEFT metrics

The metrics [)| as defined in Sec. 5.[9]:

0r(G-2) o (3)
¢

2
n=3
_ - 2\" | ¢? (6+2n) 6+2n 1 (6+2n)
hIJ—51J+Z 5 ?51:1 Hpo — 201 ¢J +4F Lok Thpotc

n=0
- — [ ¢? (642n (8+2n) , 1 L (8+2n)
H”_Z o 51JCDH1 *2¢I¢JCDH2 + 5 FAJ¢KF 19" Ccpus
n=0
oo 2 n
e (2 s
n=0
oo 2 n
+ Y chws (@ (61T 6 ) (61T 5 ) (1 — 6a0) (1 — 05)
n=0

+ Z g;rvzg) ()” [(F{41¢J)(1 —0a4) By + (A & B)}

2 n+1
1—4 Z (C(6+2n) =5 4) + CSE2H)6A4) (i) ]&43

fZCE?Jf;‘ (5) (rh6”) (6uTh0%) 0~ a1 =m0

gAB =

Z Cﬁ?#g) ( ) ] [T ;67 (1 — 644) 651 + (A > B)]

. 2 n 1 oo "
faBc = €eaBc Z C(V?/+2 ) <¢> + 3 Sasepep (oxTHLo") CVI%—;Q ) <¢ )

B 2
"0 n=0
1 oo ¢2 n 1 ¢2 n
4 I (6+2n) (6+2n)
K1j = =577 2 ‘DHDHB ( D) > 27AJ(1_§A4 ZCDHDHW < 2
n—0 n=0

1 = ¢°
8+2n
+ JeABC (¢KrgL¢L) &y (DHDI){WQ ( 9 )
n=0

2 n
— é(l — (5,44) (¢KF§L¢L) (¢BF ¢N ’VBJ Z C%?;DQZIWS (Q; )

3hry is written slightly differently than in|9|, see App. [E|for an explanation

- 66 -



E Redefining Y and H

In this section we demonstrate the redefinition of different metric forms as we did in Sec. Bl We first
look at hjy, which has the form

T, oxTh, 6" iy (B.1)

oo 2 n
hIJ:(S]J—FZ((Z) |:¢ o1y P?gQ;L —Q(qubJ 6+2n —|-4
n=0

Note that h; takes a slightly different form than in App. @ We show now how one arrives at Eq. (E.1)
starting from Eq. (3.4) of[9]. Our basis of operators relevant for hy; are:

O, = (H'H)O(HTH) (E.2)
= |H'DH|? (E.3)
O3 = (H'H)|DH|? (E.4)

To construct hyy as in (E.1) we need Oy, Oy, (HT H)O3, which are labeled in[9] as QHD’ QHD, HD At

each order we factorize out the factor (%) — first appearing at dimension-eight (n=1) — to arrive at the
result as given in Eq. (E.1).

Thus, the set of all operator forms (D¢)? is spanned by the basis vectors

v = 51J, (E.5)
vy = ¢2 G197, (E.6)
1
vy = ﬁrﬁugb}( I (E.7)
¢
The Gram matrix G is given by
4 1 2
Gij=(vilv)=(1 1 1 (E.8)
2 1 2

G is invertible — i.e. has a non-zero determinant — and therefore the above basis indeed spans the space.
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In near-complete analogy, the metric g4p takes the form
Z lo2m) (6+2n) 62\
6+2 6+2

- 1%/23 () (61T ,07) (BT 5™ ) (1 — 6a4)(1 — 6p4)

+ Z EY?JVQ/QE ()" {(qul“ 707V (1 = 644)0pa + (A & B)}

The corresponding basis vectors are

wi; = (1—044)04B,

Wy = 044048,

w3 = %(QZ)IFIIAJQZ)J)M)LFng)K)(l —044)(1 = dpa),

wi= %(mrf 16))(0 = 8a1)01,

(d)[I‘ 707)(1 = 6B4)d aa.
The operator structure corresponding to cgyg) is given by the sum
W4 = Wa + Wk,
and for later convenience we also define

W_ = Wy — Ws.

Replacing wy and ws with w4, the Gram matrix takes the form

3 01 0O
01 0 0 O
Gij = (wijlw;)=11 0 1 0 0
0 00 20
0 0 0 0 2

(E.9)

(E.10)

(E.11)

(E.12)
(E.13)

(E.14)
(E.15)

(E.16)

(E.17)

Since this matrix is invertible, the basis vectors {w;} form a complete basis. However, unlike the case of

hry, the following products project onto the individual components of w:

WLW4 = Wy,

WaW4 = Ws.

(E.18)
(E.19)

This appears to suggest that gap is insufficient to describe all scattering amplitudes, since it is spanned

only by {w1,ws, w3, w4 }, which do not themselves form a basis.

Let {w;} be a basis and define the index-swapping operation

O'(M)AB EMBA.
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It follows that

o(wy) = wy,
o(we) = wa,
o(ws) = ws,
o(wy) = wy,
olw_) = —w_

Since g, g~ !, and Y are symmetric, they are even under this swapping operation. Thus. any product of
these will remain even under this operation and does not leave the subspace spanned by wi, wa, ws, w4
the subspace spanned by w, is not relevant for g.

In particular, gYg = ¢~ 'Y ¢~ ! can be taken to have the same operator structure as Y without loss of
generality. For definiteness, consider the explicit example Map = (9Y ¢g)ap. For a general matrix M in

this space, its components may be projected using the Gram matrix,

¢i = (G 1)ij(w;| M).

(E.25)

Applying this to M = gYg, we find that the dependence on the Wilson coefficients in gap may be
absorbed into a redefinition of the coefficients appearing in Y45 (up to dimension eight), as explicitly

done in Sec. 5.1.
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F Variations of Metrics

F.1 Expansion of «

We will expand k written as

”_1_42 (4+2n)< )n

We take a variation with respect to ®; = {w™,w™,w™, h}, yielding

oK _5755(%
0B, Oy 0D;

[ 42 e ( )Mm} ma

After taking the expectation value we obtain

ok \ . ((4+2n) 2\"! dor
<5<I>i> [4n  HG <2> vk g,
0K 7
< ‘ ¢4>\/IT
(kr)Vh,

Since only the higgs takes on a vev, only the fourth component does contribute.

Continuing with the second derivative we have:

52,% 525 6¢k‘ (5(]5[
50,0, 60,60, 6, 60;
00 n—2 o\ n—1
(4+2n) ®? o d¢i 01
=4 (= = .
n=1 e [n(n ) ( 2 ) Ororm ( 2 ) O 0®; 5(I>

Taking the expectation value:
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n—1

5%k n Oy &
<5(b > —4 Z (4+2n) ( ) [2n(n — 1)5k4614 + Tbékl] 53? % (Fg)
’L ? J
52 0ok Oy
= _ F.l
<5¢k5¢l> 0P; 0P (F.10)
04 G4 S 5¢k
= — F.11
e (F.11)
Where we have defined:
(kpp) = —4 Z 2n(n — 1)clid > (F.12)
(kpa) = —4 Z nc(4+2n) (F.13)
The expanded & has the following form:
K= <,‘£> + </€R>\/ hit H + <’§RR> <h44>H2
+ (kpa) 2(K") whw™ + (B¥) Wi + (W) H?| + -+ . (F.14)
Requiring k™ 'x = 1 we find:
KE= () = (k) kR) () TIVAM H (F.15)

— (k)" [(krR) — (kR)(K) (K >]<>‘1<h“4>H2
— (k) Hrpa) (k) [2(MM Y wlw™ + (B3 wi + (h**) H?] +

F.2 Variation of F

G? combined with a scalar from the metric does not contribute to our Green’s functions. Thus, we take
only the expectation value and we have

FfeGa, Gl GS, — (F)fGh,GL,GS, (F.16)

vpTpp vppp

2 n
_ ZQ?”’” (”2) . (F.17)
n=0
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F.3 Variations of h and H
As discussed in the main text, we decompose the metric hy; as

3
hry = <hIJ> + Z Z <hnn>(Tr,n) + % Z <hrp,n>(Trp,n> S I (F.18)

n=1 | re{R,A} rpe{R,A}

with the terms linear in fields given by:

o0 2 n
() = >0+ 10 () i (F.19)
n=0
— v?\" (6+42n)
<hR2>:_Z4nU 5 ) o (F.20)
n=0
S v2\" (6+42n)
(hRg>=7§Jnv 5| cp (F.21)
(ha1) =0, (F.22)
1
(haz) = = ((haa) — (ha3)), (F.23)
v
1
(has) = — ((ha3) — (h11)) . (F.24)
v
and matrix parts given by:
Tri = VR H, (F.25)
0 0 0 O
o0 0 0| i
Tee= {0 o o ol VP*H (F.26)
0 0 01
0 0 0 O
* 0 0 0
Ts= |1, 1 o VA" H, (F.27)
* ok ox 1
wh —w
0 0 0 —ivhll——
L V2
wTHw"
Tao=|* 0 0 VAl F.28
A2 \@ ) ( )
* x 0 —Vh33W0
* ok 2Vhi* H
0 0 _yETY T o pmel oW
+ 2 + V2
. —w” +w
Tas= | * 0 —ivAT wf\@w VAT T2 ﬁw . (F.29)
* % 2VhH H 0
* * k 21/h44H
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For the quadratic dependence on fields we find for the Wilson coefficient dependence:

(hrr1) = Z 2n(n + 1) ( 5 ) cyna), (F.30)
(hrR2) = —8 Z n(n —1) <”22> Gt (F.31)
2
nln — v (6+2n .
(hrR3) = ;}4 1) ( 5 ) ) (F.32)
(har) = (ham) = - (), (F.33)
(hnaz) = (hare) = (o), (F.34)
(hras) = (hags) = %ULR:Q, (F.35)
(haa1) =0, (F.36)
(hanz) = -5 ((has) — (his) (F.37)
(hans) = 5og ((has) — () (F.39)

The matrix dependence becomes difficult to express in publication form. In what follows we take,

ot =Vl wt, (D.39)
@ = Vh33WO, (D.40)
H=Vh*H, (D.41)

which makes our expressions slightly more compact. With these definitions, the matrix dependence is
given by:
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1 0 0 O
* 1 0 0] =
Trmi=|, . 1 o i, (F.39)
* ok ox 1
1 0 0 O
1 0 0 _ _ =
Tra1 = : « 1 0 (2@+@ +wo® + H2> ) (F.40)
* ok ox 1
0 0 0 O
* 0 0 0] =
Trr2= |, | 0 0 H, (F.41)
* ok % 1
0 0 0O
* 0 0 0 I =
Trao = . % 0 0 (Zoﬁ'w + Wowo + HQ) , (F.42)
x* ok x 1
0 0 0 —iv2(@"—w")H
C|x 00 V2@wt+w)H
Tare = x % 0 —200H ’ (F.43)
x ok % 4H?
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We can re-express the H;; metric immediately using the above relations and appropriate renaming of
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(6+2n) (6+2n)

Wilson coefficients, e.g. ¢jpo’ — ¢y - Our expanded expression for Hy; then simply takes the form:

3

Hp;=(Hry) + Z
n=1 | re{R,A}

F.4 Variation of g

S (H) (Ten) + 5
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Following the previous parts of this section, we expand gap as:

9aB =(g9aB)+ Y
n=1 |re{R,A}

The Wilson coefficient dependence is given by:
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The corresponding matrix dependence is given by:
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For terms quadratic in the scalar fields we have:
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The relevant matrix structures are then given by:
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As in the case of hyy and Hj; we can directly re-express Y, p in terms of the forms for gap derived
above. Our expanded form of Y is then given by:

4
Vi =0+ 3 | S @) 4y Y W)@ (F93)

n=1|re{R,A} rpe{R,A}

As it plays a part in the gauge fixing, we also need the general inverse of the metric gag. This can be

found by requiring that 92119 = ¢g4P vanishes order by order in fields. Defining,
4
(91)ap = Z Z <gr,n>(T7g,n)v (F.94)
n=1re{R,A}
1A
(92)aB = 9 Z Z <9Tp,n>(Trgp,n)a (F.95)
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we find for the inverse:
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Where the Wilson coefficient dependence of the field independent part is given by:

(g"") = (g) ™, (F.97)
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