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Abstract

Mathematical methods and applications aimed at understanding the effects
of inhomogeneous backgrounds in the context of quantum field theory are
presented. The first part introduces the reader to the necessary mathematical
tools given a graduate-level knowledge of theoretical physics. The second
describes applications to the electroweak vacuum decay of the Standard Model
of particle physics. The work ends with the demonstration of how similar
mathematical methods can be employed to include instanton effects and track
down CP-violating phases in the context of QCD.

Kurzfassung

Es werden mathematische Methoden und Anwendungen vorgestellt, die da-
rauf abzielen, die Auswirkungen inhomogener Hintergrinde im Kontext der
Quantenfeldtheorie zu verstehen. Der erste Teil fiihrt den Leser in die
notwendigen mathematischen Werkzeuge ein, wobei ein Absolventenniveau
der theoretischen Physik vorausgesetzt wird. Die zweite beschreibt Anwen-
dungen auf den elektroschwachen Vakuumzerfall des Standardmodells der
Teilchenphysik. Die Arbeit endet mit der Demonstration, wie dhnliche
mathematische Methoden verwendet werden kénnen, um Instanton-Effekte
einzubeziehen und CP-verletzende Phasen im Kontext von QCD aufzuspiiren.
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Preface

Allow me a few words about the purpose and making of this document. Put shortly, it
is the love for challenges, comparable to the thrill provided by a roller-coaster. A roller-
coaster of feelings of successes and failures, which serves to describe what doing research
in physics seems to be. I have written it first to me, then for the physics community, with
the hope of contributing to something bigger than what a single man can be. To me, this
document will be forever a weird superposition of a beginning, of a deeper adventure, and
the end of a journey. Hence, I must observe.

And with the fear of words being friendlier than formulas here it goes...

Juan S. Cruz
December 17, 2021
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Introduction

One of the most striking things among the features of quantum mechanics is the nature of
the vacuum. The idea of nothingness has accompanied humankind since the very far back
in time and has evolved along with us through time. However, with the establishment
of quantum mechanics in the early 20" century, the classical notions of vacuum as just
“emptiness” were not able to stand any longer.

According to quantum mechanics, one of the simplest systems we can think of, the har-
monic oscillator, already presents a lowest-energy state which we call vacuum, to which it
corresponds a non-zero energy. Moreover, the idea that all other states of the system are
excitations of the vacuum acquires much importance since it promotes the vacuum from a
sterile and spectating entity to one of the main characters in the history of the universe.
This thesis pretends to expose and hopefully deepen the understanding of some charac-
teristics of the quantum field theoretical vacuum from the point of view of current physics
and mathematics. Although the latter is the language used to describe the ideas that
follow, it is the physical intuition and the careful experimental observation, the elements
that guide our studies. That is the attitude we want to maintain among the different
views within science itself.

This document is by no means a mathematics thesis, so we will not claim to derive the
most general results starting with rigorous axioms; on the contrary, we study specific cases
where we find interesting features and try to understand, with all the formality available
to us, what their implications are to the current mainstream models.

The thesis is divided into three parts. They attempt to be as self-consistent as possible
but, they do assume the background knowledge of a graduate-level physics student. The
necessary tools are presented so that the reader attains a full grasp of the techniques
that the author has learned in the last four years while doing research at the Technical
University of Munich.

Part || of this document has the purpose of introducing the reader to the set of techniques
we use in our computations. To do that, we start reviewing the path integral formulation
while showing an explicit example of its usage and at the same time using many of the ideas
that will be central in later chapters. Therein, a brief presentation of the construction
of the effective action in the context of statistical mechanics is given. We also go over
the concept of renormalization, which will also be needed in later stages of the document
and is essential to extract physical quantities from quantum field theory computations.
Finally, Part [l ends with the application of the presented tools to quantum tunneling,
which will be a central topic in part

The second part of this work deals with the stability of the electroweak vacuum. A
question that arises naturally once a field configuration acquires a non-zero expectation
value is; whether the vacuum can somehow decay into a configuration with even lower
energy within the current Standard Model (SM) of particle physics. It has been known
since the late 70s that there are non-perturbative euclidean solutions that may contribute
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to vacuum decay [I]. At that time, this feature might have looked like a curiosity since
the Standard Model of particle physics did not contain the Higgs boson; it was just a
theoretical suggestion.

Things changed after 2012 when the discovery of the Higgs boson at LHC [2, 3] established
the existence of a scalar particle, which we know today has the expected properties of the
sought Higgs boson with a mass of m;, = 125.18+0.16 GeV [4]. This observation together
with the improvements in the determination of the mass of the top quark, m; = 173.0+:0.4
GeV [], puts the SM in a metastable phase [5]. Therefore, it is of much relevance to
understand and compute not only the tree-level decay rate of the vacuum but possible
corrections from higher-order effects as well, such as those coming from traditional one-
loop diagrams or the gradients of an inhomogeneous background. We summarize previous
studies and elaborate on the published work produced by our group[6] concerning this
topic. In addition, we include some newly developed techniques that allow us to estimate
gradient contributions utilizing a gradient expansion and which will be later published.
The last part, Part[[II} of this work is concerned with the computation of correlation func-
tions over an instanton background[7]. These considerations have, in turn, led us to inter-
esting implications to the strong CP problem. First, we review the pertaining interactions
in the SM and then describe the low-energy quantum chromodynamics (QCD) effective
models that are important for our discussion of instantons as well as their relation with the
chiral anomaly[8, 9] and to the mesons 7 and 7’ known from the “U(1)-problem” [10]. We
then describe how to derive Minkowskian or real-time versions of the fields and correlation
functions needed, usually found in the literature written in Euclidean space. We compute
correlation functions for fermions in QCD using a spectral decomposition which will allow
us to study complex phases and draw conclusions on the relative phases contributing to
CP-violation effects. We conclude by deriving consistent results from the point of view of
the cluster decomposition principle, which supports our conclusions previously obtained
using instantons.
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Mathematical Background






1

The path integral and the effective
action

Quantum mechanics can be formulated in several ways. A traditional starting point is
the treatment of the harmonic oscillator via canonical quantization, which is the algebraic
approach of using creation and annihilation operators which diagonalize the Hamiltonian
and capture the non-commutativity of observables such as position and momentum. Al-
though this procedure lets itself generalize to multi-particle systems, in what is historically
referred to as second quantization and the Fock space construction, it is not always suit-
able, in the context of field theory, for the computation of non-perturbative effects, which
are often not captured by usual Feynman diagram techniques. For this reason, we employ
the path integral formulation. Historically the idea of summing over paths was used for
the study of Brownian motion and was much later shown by Feynman[11] to be completely
equivalent to the canonical formulation of quantum mechanics. Here we review such for-
mulation and expand by illustrating more modern techniques suited to the computation
of effective actions over non-standard backgrounds. We follow the expositions of [12HIF].

1.1 The Path Integral Formulation

Let us begin the discussion by obtaining the known quantum mechanics oscillator prop-
agator by using the path integral. Then, we will show a generic construction that will
highlight why the propagator is an essential building block giving out the transition am-
plitude connecting two states. Allow us to label such states generically by their degrees of
freedom and an external time parameter, [qo, %) and |gyf,f), via the evolution operator
of the system, U(t,t'):

K(qg,tf,q0,t0) = (a7, 7| Ults,to) [0, to) - (1.1.1)

Let us then consider a one dimensional quantum mechanical system with describing some
particle of mass m, whose dynamics are governed by the following Hamiltonian:
.p?
H=_—+V(2). 1.1.2
2 v v (112)

In this simple case U(t - to) is related to the Hamiltonian of the system by

Ut t') = exp (—i(t ;t/)ﬁ) (1.1.3)
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Recall that the propagator is the integral kernel that allows us to obtain the wavefunction
of the system at time ¢, ¥(¢), given as input the wavefunction of the system at an earlier

time t[), 1/)(150)2

Blyst) = (ylo()) = ] Tt to) [(to)) = / do K (y, t,, to) (. o), (1.1.4)

where we have inserted a completeness relation and the definition in Eq. (1.1.1)) to write
down the last line. Now we will use the composition law for the evolution operator to
rewrite the propagator as a sum over paths. We remind ourselves of said composition law,

Uty to) = Uty YUt 1), (1.1.5)

which evolves the system from time ¢y to time ¢ in two steps, first evolving the system to
some intermediate time t' > to and then evolving it to tf > /. A repeated application of
such law allows us to break down any time interval into arbitrarily many time steps At.
Let us split the time interval [tg,tf] into N € Z equal sub-intervals, so that we can write
the transition amplitude between two wavefunctions as

(xp,tp|U(t s, t0)|zo, to) = (g, tp|U(t s, tn—1)U(ts, tn—2) - Ultr, to)|zo, to).  (1.1.6)

Let us insert a completeness relation [ |z) (x| da between the application of each evolution
operator and notice that for Hamiltonian operators without an explicit time dependence,
the evolution operator, 4(¢,t'), depends only on the time difference ¢t — ', so that we can
write

<xf,tf|U(tf,to)|xo,to>

N-2
- / dey_y day_g - day(ag, tgU(A)en—1) [] <xi+1|ﬁ(At)|xi> (21]U (A1) 2o, to)
=1
N—-2 A
/Dx 2t U(AD|zn—1) [ <x,+1yU At |x,> (21| U (A)|zo, to), (1.1.7)
=1

where we have abbreviated the measure by Dz = dxi---dexy_1. Now we can use the
relation between the coordinate basis, |z), and the momentum basis |p), to make contact
with the classical action, i.e. (z|p) = ¢*/". By inserting closure relations for momentum
space to the left of every evolution operator

(xp,t|U(tr, t0) |0, to) = /ﬁfﬁpp@fatf|pN><pN|ff(At)|$N—1>
N—-2
LT @iralpisa) (pia U (AL [2) (1 ]p1) (91| U (AL) o, to),
=1

(1.1.8)
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where Dp = dp; --- dpn/(27h)V. Let us estimate the expected values containing the
evolution operator

N 1 N
<p¢+1|U(At)|IL‘i> ~ <pi+1 1-— ﬁAtH :L'2> (1.1.9)
~ (pia |1 — LAt ﬁﬂ/(A) : (1.1.10)
~ pl+1 h 2m xr fljz A
. 2
~ (s | Ly (Pt .
~ (pit1]T;) exp < hAt < o) + V(m2)>> (1.1.11)
i
= (pit1|x;) exp <—hAtH(Pi+1,fEi)> , (1.1.12)

note that the expression above does not contain operators anymore. We can write the
factors (z;|p;) as exponentials to obtain

A~ ~ ‘A — — — — _ -
(xf,tf]U(tf,to)|$o,t0> :/DxDpeXp{lht [pN(wath 1) +pN 1($NA1t TN 2)+
Tog — X
ot 1?1(2At0) — H(pn,an—1) — H(pn—1,on—2) — -+ — H(phl’o)} } :

(1.1.13)

Let us perform the momentum integrals to simplify the exponent. They are all of the
following form and can be computed by completing the binomial in the exponent into a
perfect square

dp; 1 (m — 1) p? B m i oom (@i— i\
/ onh eXp{hAt( A om ) § =\ 2mmn P | 7802 T A '

(1.1.14)

With this last expression we can take the limit of N — oo, which is the same as taking
At — 0 and thus
Ti — Tj—1
At

while making the sum over sub-intervals an integral,

. N 2
~ . 1 m [ T; — Tj—1
(g, t|U(tg,to)|zo, to) = ]\}LH;O/Dﬁ exp {h ;1 At (2 (At) - V(%’—l)) }

_ /D:c o {; /t:f " (%j;Q(t) _ V(x(t)))} : (1.1.16)

N
. m m
Do = I A\ ornar 131 iy o rnar (1.1.17)

We can see that the exponential contains nothing else but the Lagrangian of the system
which after integration gives us its action and the path integral

~ i, (1.1.15)

where

(@710t o), to) = [ Do oS0 (1.1.18)

which summarizes the idea of summing paths weighted by their action contribution,
Fig. illustrates what we have done by discretization through a fixed time interval

and what formulas Eq. (1.1.7) and briefly in Eq. (1.1.18]).
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€T; Xy

Figure 1.1: Depiction of several discrete paths (dashed) and a lim-
iting path (solid line) joining the initial and final points considered
in the path integral formulation.

1.1.1 The free particle revisited

As an example of the spoken formulation, let us consider a non-relativistic free particle
of mass m, for which we only need to employ Eq. (1.1.18)) with V' = 0, and compute the
propagator,

z(tf):;rf

(@, te|U(AD) |2y, t:) =/ Dy en ) (547, (1.1.19)

x(t;)=w;

The path can be split into sub-intervals as described previously and together with Eq. (1.1.14])
one can arrive to the equation

. _ xi 2
bl (Al t) = th(z_m oxp {(tf — )5 <é;_tz)> } +O((ty —t:)*)
A 2min(ty =ty Y {%(tf_t)} +O((ty —t)%).  (1.1.20)

This result can be further interpreted in relation to the action evaluated on a classical
solution. That is, a free particle moves with constant speed and if we require the boundary
conditions above, we have the following classical path,

rat) = e ((F— 1)y — (6~ 1)), (1.1.21)
f 7

Evaluating the action over such path, we have

m [ . m [l 1
Stea = [ atGaae)? = [ dt oy -

m (zy — x;)?

m [t 1
—_ dti i - 2 = 1.1.22
), G ™ T -
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Observe as well that

2
oSeal _ 1 (1.1.23)
0z 1 0x; ty —t;
which hints at the formula
i 82S[xcl] i
te|U(A) |zs, ) = 4 | — =l —S[za]) . 1.1.24
(AU ) = | [ g5 e ( 5 STl (11.24)

1.1.2 The harmonic oscillator revisited

For the harmonic oscillator of mass m and natural frequency w, we take Eq. with
V(%) = mw?3? and attempt to compute the propagator as in Eq. (1.1.18). We follow
closely the arguments exposed in Section 2.7 from [I5]. We will already employ here some
of the common methods used for the calculation of fluctuations in field theory. In order to
deal with the oscillatory behavior displayed by the exponential of the action, we perform
a Wick rotation, i.e. ¢t — —ir. Doing this leads us to

x(Tf)=xy
@Vl = [ Dlae-Seli, (1.1.25)
x(Ti)=;

with

Sglz] = /Tf dT% (md?(r) +mw®2?(7)) . (1.1.26)

The next step is to expand the path integration around a classical solution, x.(7), which
satisfies the classical equation of motion,

mi. — mw?z. = 0, (1.1.27)

where the dot means derivative with respect to 7. We then integrate over a new set of
paths,

(1) = xe(7) 4+ 7(7), (1.1.28)

which corresponds to a translation at every point in Euclidean time. These means that
the following boundary conditions are to be met

xe(T1i) = x4, xe(Tf) = X, and r(m) =r(1r) =0, (1.1.29)
while the path integral measure changes from D[x] = D[r], since translations in functional
space have a Jacobian of 1. The action is in turn expanded as

s
Splz] = Sglx.] + / drm (#(7)de(T) + w2r(7'):vc(7')) + Sg[r]. (1.1.30)

We observe that by means of integration by parts we can identify the second term of
the right hand side as nothing else than the equations of motion evaluated at x., which
vanishes according to Eq. (1.1.27). We have reduced the propagator, Eq. (1.1.25]), to

(xf|U (17, 7)|2s) = N(w,m,7) e~ SEle/M, (1.1.31)
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with

r(75)=0

N(w,m,Ar) = /(

r(7;)=0

DIr] exp{—;;/: dr (P (1) + wr?(r ))}. (1.1.32)

Which is expected already from the Eq. , we learn that the exponential factor will
contain the classical action while the normalization will depend on the fluctuations around
it. At this point we can solve the equation of motion, Eq. , subject to the given
boundary conditions in order to obtain a closed form for the classical action Sg[x.]. It is
immediate to verify that

|
sinh(w(rf — 7))

x(T) = xjsinh(w(ry — 7)) + ¢ sinh(w(7 — 7))] (1.1.33)

solves such equation and satisfies the boundary conditions. Let us now evaluate the action
on this solution:

Elre] = m/ dr (& ) +wiad(r ) = m [:pca'cc

Ti

Tf

+ / f drae (—io(r) + wPae(r))
[556(77)530(77) — Ze(73)Ee(Ti)]
T2 sinh(wAT)

T2
[(2% + 27) cosh(wAT) — 2z fa] . (1.1.34)

At this point the the integral over fluctuations r is missing, however it does not depend
on the boundary conditions anymore and will produce a normalization factor, which we
can compute as follows. Let us introduce the partition function

Z(8) = tr (efﬁH) , (1.1.35)

where [ is conventionally related with temperature in statistical systems, here it serves
for book-keeping of the boundary conditions, ¢ = x(h8/2) and x; = z(—hfS/2). We
can relate the partition function with the normalization by choosing periodic boundary
conditions zy = x; = xp, in which case we can take the trace of Eq. ,

2(6) = | oy (@lU(3/2.~6/2)ws) (1.1:36)
= N(m,w, ) / day, e Selze(l/h (1.1.37)
— N(m,w, 5)/ day exp (—m(cosh(whﬁ) - 1)) (1.1.38)
- N(m,w,ﬁ)/ dxy exp <—Tr;;)x§ tanh <°"Zﬁ>) (1.1.39)
- N(m’w’ﬂ)\/mwtanZ?BhWQ)’ (1.1.40)

where we have used the result of Eq. (1.1.34) before computing the last Gaussian integral.
At this point we have that

N(m,w, ) =

\/mw tanh(fhw/2) (1.1.41)
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Let us now compute Z(f) using spectral techniques which will be often used in later
chapters. We consider first a discrete version of the problem (with 7 = 1 and m = 1),
where one has initially a finite number of sub-intervals:

2me

1 n/2 n—1
Z(B,€) = < > / dzo dzpd(xy, — xo)/H day, e =B @) (1.1.42)
k=1
with a discrete version of the action

n _ 2
Sp(z,e) = Z [(mk;ek_l) + ;erxi} . (1.1.43)
k=1

Let us decompose zj into discrete mode expansion

1 = 2imkl/n
= — E 1.1.44
xk \/ﬁ Z_O € C[, ( )

with the convention that £ is a periodic integer modulo n, i.e. —¢ ~ n—/{, demanding that
x is real, so that we have the condition ¢, = ¢_y, and remembering the relation

n—1

J>j£: e?mikt/n — 5o 4, (1.1.45)

n
k=0

the action takes the form
“on o7l 1
Sp(z,e) = EE_O o [6 (1 — CoS <n>> + 2w2e] . (1.1.46)

We can recognize this as a change of variables, through transformation which is unitary
and with a Jacobian which is just a phase. Coming back to the partition function, we will
need the known result for Gaussian integrals (see Appendix

n 1=, _ 1 A=
/(IIQM%)“PPA@J%+bZ+Z*ﬂ:dmAJM12 (140

. 21
1=1

where A is a quadratic form on zZ and z. For our case we have b = 0 and that the
integration has n/2 independent directions because of the reality condition means we get
a square root over the determinant,

ZWﬁ):<2L>é/&?/<iidqd@)iimm(@[1(1am(%f)>+QW%]q)
() (MO () 5)

N2 (1, ore\\ 2
== 14 - — — . 1.14
<2> g + Swe cos< - ) ( 9)
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We can parameterize 1 + w?e?/2 = cosh @ = cos(if) and prove the following trigonometric
identity:

ot ot w0 w0
H cos(if) — cos(2nwl/n) = H 2sin < + > sin <n - 2> (1.1.50)

k=0
n 1 . [ind -1 . [inf
=2 <2n1 Sin <2>> <2n1 Sin <2>) (1151)

21— cos(ind)
_ 1.1.52
on—1 2 ( )

= F(cosh(nﬁ) - 1), (1.1.53)

where we have used the following multiple angle product formula for the Sine to obtain
the second line of the above computation:

1 . o km
Sl sin(nx) = H sin | x 4+ - (1.1.54)
Applying the result from Eq. (1.1.53)) to the last expression in Eq. (1.1.49)),

Z(8,€) = <;>n/2 <22n(cosh(n9) _ 1)> o (1.1.55)

In order to finally obtain the partition function we must take ¢ — 0 and n — oo simultane-
ously, meaning that ne = 8 remains fixed. For small € we have from our parametrization,
0 ~ we and nf — Bw hence

—Bw/2
2(8) = lim Z(B,e) = ! ! ¢

K ~ /2(cosh(Bw) — 1) 28mh< > = (1156)

We can make an analogous computation without discretization to illustrate the appearance
of an infinite factor coming from the measure and to confirm the above equation. Let us
consider again an expansion in modes for the paths z(7), notice the sum will still be
discrete given the boundary conditions,

z(7) =7 Zc eArt.r/B (1.1.57)

>0
Again the Jacobian amounts to an overall phase and the measure is then
Dla] = dao [ [ de, day, (1.1.58)
£>0

where the reality condition is the same as before, c_y = ¢y. The action for the Euclidean
operator (after one integration by parts) is —d?/dr? + w? and in these new coordinates
becomes

2[2 1
Selee, ¢ = Z <w + 452> co + w2c(2), (1.1.59)
>1
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after having integrated over 7 and used the orthogonality of the modes. The partition

function is then
4202 -1
(w2 L art ) , (1.1.60)

Z(B) = / dag [ ] dex dege55/" = N’% 11 P

k>0 >0

where there are an infinite number of factors being absorbed in A. In order to extract
physical information from determinants of operators, called functional determinants, it is
necessary to compare against a reference case, usually the free case, however in this case
it is easier to use theories with different w parameters. A formal mathematical definition
for these determinants and the equivalence to what we have described above can be found
in[16], but the intuitive picture of a product of eigenvalues will suffice. Let us then consider
the logarithmic derivative to check that we indeed make contact with Eq. ;

o) o) 1= 0 o Am2(?
8—wan(6) —lnw—gln(w + ,6’2)

2w B
_ 1.1 _ , (1.1.61)
w2t 747;;2@ 2 tanh(Sw/2)

where the last equality can be proven using the following factorization of sin(rz) coming
from the Weierstrass factorization theorem,

sin(rz) = mi[l (1 - (;)2> : (1.1.62)

and then taking a logarithmic derivative. The result in Eq. agrees with the previ-
ous discrete calculation, from which we can finish the computation of the normalization for
the propagator. Using the result for the partition function, Eq. , and plugging it in
Eq. we can fully write down the propagator for the Euclidean harmonic oscillator.
Restoring factors of i the propagator is

UG, i) = o ( e

2 2
) cosh(wAT) — 2z52;] ) .
2hsinh(wAT) ¥ \ 2hsinh(wAr) (2% + 22) cosh(wAT) g;f;g]>

(1.1.63)

In order to obtain the real time propagator we need to Wick rotate back, 7 — it,

N — mw imw 9 2 _ '
(U tolei = [ o oan <2hsin(wAt) [y + ) cos(wrt) - 2y xl}) '
(1.1.64)

As a bonus, we remark that the knowledge of the propagator allowed us, in this case, to
compute the partition function, and with it extract the energy levels of the system without
any a priori knowledge about them or the use of the traditional algebraic techniques that
use creation and annihilation operators. Expression Eq. can be written down as
a series for large enough 8 and with A restored, as

€ —Bh/2 —Bhw n+1/2
208) = 1——pw Z e (1.1.65)
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meaning

1
E, = hw <n + 2) for neN. (1.1.66)

Of course, this is not the simplest method for the quantum harmonic oscillator, but it has
the advantage that it can be generalized to more complicated situations.

Comments on the harmonic oscillator example

The purpose of the last example is to demonstrate several techniques that will be used
later in our studies, in a case where all computations can be done analytically and closed
expressions are known for the quantities of interest such as the propagator or the partition
function.

Therefore, it is crucial to highlight the central role played by the path integral formulation
in connection with statistical ensembles. They together allow us to compute expectation
values for desired observables. Another powerful tool is Gaussian integration. At the
end of the day, in the context of quantum field theory, Gaussian integrals are the only
functional integral which we can perform exactly, especially when dealing with more spatial
dimensions. Therefore, handling them in all their possible forms is a must, for example,
the fermionic case, the diagonalization operators appearing in the exponents, etc.

We will often use the exposed expansion around a classical solution to the equations of mo-
tion, which is generally referred to as the semi-classical expansion, where the perturbation
parameter is to be understood to be A. As we will see later in Sec. this expansion co-
incides in the quantum field theoretic setting with an expansion in loops. We will concern
ourselves with ways to compute fluctuation effects, that is, effects that appear at one-loop
order in the traditional perturbative expansion in terms of the interaction couplings.

1.1.3 Connecting the dots towards Quantum Field Theory (QFT)

We now take the task of applying the previous techniques for a case closer to the main
topics of the present document. Let us show a possible use of the path integral methods
for the case of a real scalar field. For this purpose, we follow closely Fujikawa’s book
on path integrals[I4] and Zinn-Justin’s[I2] as well as [I3]. We introduce the generating
functional which will frequently appear in our computations and show how it can be used
to obtain the propagator for this model and give some comments about the ie prescription
often found in traditional approaches to QFT. Let us consider the action for a free real
scalar field in 4 dimensional Minkowski space in natural units c=h =1,

S[¢] = / dz £ = / dtz %6M¢8“¢ - %m2¢2 (1.1.67)

o1 i}
:/y dt/d3a: — S0 D)0+ m)o(t, D), (1.1.68)

where we have written the arguments for time and space explicitly in the second line and
added the .7 = (t;,ty) subscript to label the specific boundary conditions. If we were
interested in vacuum to vacuum transitions within a certain time window for example, we
would have to look at the set of fields

-@(tiatf) = {Qﬁ(t,f) : R4 — R } Cb(tl,f) = ¢asymp.(f) and ¢(tfaf) = ¢asymp.(f }7
(1.1.69)
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where the free configurations above are eigenvalues of the free field operator
] - &’y 1 iz, t —ipE
Pasymp.(T) = | o5 —Fm= (aﬁe +age ) : (1.1.70)

(2m)3 \/2E,

with E, = /m? 4+ p?. We can employ the canonical quantization prescription, to write
down a Hamiltonian and build the path integral from the evolution operator. For that
purpose we will need the conjugated momentum field obtained by

. S oL

Tasymp. (T) = ———

By [E
L I L
0(F) lasym. 2r)

where ° means derivative with respect to time, together with the canonical commutation
relations (CCR) at fixed time

A~

[6(Z), 7 ()] = 16° (& — ) (1.1.72)

The associated Hilbert space of states can be spanned by a set of eigen-field configurations:
(1.1.73)

which allow us to change from momentum to configuration space representation with the
formula

(M|®) = et/ PeT@e@) (1.1.74)

The Hamiltonian density is computed using the Legendre transform with the free operators

defined in Eqgs. (|1.1.70)),(1.1.71)), to arrive to

. 1 1o 1 55
H:/d%%:/d?’f §ﬁ2+§(v¢)2+§m2¢2. (1.1.75)

As in previous sections, we use the Hamiltonian to evolve states. As an example, we
consider the vacuum to vacuum transition amplitude, evolved in time steps of At:

(0, 44U (ty, )]0, &) —/chl(:v) DBy (z) <0\ e—i%ﬁ<tn>\¢n> <<I>n\ e—i%ﬁ<tn—1>\q>n_1> .
(1] 71 H A0}
(1.1.76)

We can compute each of these expectation values as follows

_jAt

ot AN 2
@il F10)a,) = [ D@ e (5 [ o)) oy

- /DHexp <1/ 437 TL(Z) (D41 (%) —@j(f))>
X exp <1Aht/ B (;112(5) + %(v«pjf + ;m%b?)) ,
(1.1.77)
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where we have used Eq. (1.1.74). We can now perform the Gauflian integral and get
—i2t [ (t;) . At 3
<¢)j+1‘ e h ’(I)J> = Nexp 1? d°x E[q)j,ﬁt@j] . (1178)
Next, using this result in Eq. (1.1.76) we arrive to the conventional expression of the

amplitude as a path integral over a phase given by the action,

0.0700.8) = OutsU G )l0.0) = [ Do i (1.1.79)
D(tisty)

and for the case of S-matrix elements:

(0, —00|0, 00) = / DY o519, (1.1.80)
P (—00,00)

For interacting theories we must define an interacting vacuum state |2) which takes care
of removing vacuum-bubble diagrams. For this vacuum state we demand

1=(Q|Q), (1.1.81)

which implies the following general formula for correlation functions

_ [ D1 Do er (1) - ulan)
| Dér- - Doy er® '

(QT{d1(z1) - In(z0)}|Q) (1.1.82)

Notice that we have added the time-ordering prescription for the quantum fields appearing
on the left-hand side, while within the path integral, only classical fields appear. We will
provide more details concerning the ie prescription, which will confirm that the equation
above indeed holds.

One way to compute such correlations in practice is by means of the generating functional.
Let us add an external classical source to the exponent in Eq.. We call the following
functional of a current, the generating functional

ZJ] = /DCI)eXp (;S[QZ)] - 7;/ d*z J(:c)d)(m)). (1.1.83)
From functional calculus we have
6J(x) 4 B
57(3) =0"(x —y), (1.1.84)

which allows us to express Eq. (1.1.82]) in terms of functional derivatives of the generating
functional Z[J] (for the case of only one field) as

(—i)" 1 5"

me Z[0] 87 (x1) -0 (2n) = (QT{(x1) - - b(wn)}| ). (1.1.85)

J=0

Z1J]

We use the above formula to verify a matching result for the case of the two-point correla-
tion function in the free theory. That is, we should obtain the Feynman propagator when
we take n = 2,

Zuld) = [Doesp |3 [ ate (=30@O, + o) + Jo)) | (110
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Using the result from the Appendix on Gaufiian integrals Eq. (A.10), we have for the
Klein-Gordon operator i((J, +m?),

ZineelJ] = N exp [i / e / d4yéj(m)a<x—y).](y) , (1.1.87)

where G is its Green’s function, i.e. observes i((J; +m?)G(x —y) = 6*(z — ), and can be
written as

Gex—-—y)=i| ————. 1.1.88
@ =i [ G (11.89)
Then we using the functional derivatives prescription described, Eq. (|1.1.85)), we get
(—-i)2 1 52

h?  Z[0]6J(x)dJ(y)

=iG(z —y), (1.1.89)
J=0

(OIT{$(2)o(y)}[0) = Z1J]

as expected. So far we have not been explicit enough with the boundary conditions and the
time ordering which is the reason why we do not have the ie in the Feynman propagator.
We recall the ie is related with causality and specifies which type of Green’s function is to
be considered. The Feynman propagator is the Green’s function complying with causality
and therefore compliant with time ordering. Let us now consider explicitly an S-matrix
element to see how the ie prescription shows up from the path integral formulation.

We follow the explanations from Refs. [13], I7] to see how imposing a projection on states
with appropriate boundary conditions, we can understand the appearance of the ie pre-
scription. Let us remark its importance by noting that from a mathematical perspective,
the path integral does not converge without any imaginary part in the action. Consider
then a matrix element

(fIS]i) = / D eSlel, (1.1.90)
@(t—£00)=¢asymp.

Another way to impose the boundary conditions is to write explicit projectors in the
integrand while leaving the integration constraints unspecified:

(1151} = [ Do 51 (fla(t = oc) (B(t = ~co)li. (1191

Let us consider the vacuum-to-vacuum transition amplitude in a free theory. Given the
mode expansion a free scalar field and denoting with boldface letters the spatial compo-
nents of vectors, we have

~ dgp 1 —ip-z T oipz
¢(t7x)—/(2w)3\/E<ape +aj,e )

with E, = /p? +m? and where we have included the time dependence in contrast to
the asymptotic expressions written before. Recalling the definition of the conjugated
momentum field:

, (1.1.92)
pOZEp

7 7 : d3p E —ip-x ip-x
(t,x) = Ohop(t, x) = —1/ @n)? 7" (ape pT _ a};ep )

, (1.1.93)
POZEP
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we can write the creation and annihilation operators in terms of the field and its conjugated
momentum by first inverting the Fourier transform and then writing down an appropriate
linear combination:

ap = \%/ d3x eP? <\/E7pqg(t,x) + \/iEipfr(t,x)>

CLT:i 3x ez h(t,x) — i w(t,x

Let us keep the notation given in Eq. (1.1.73)) while noticing that the operators at a given
t have a given field configuration ®(x) as eigenvalue. We can understand the action of
7(t,x) as an operator acting on eigenstates of ¢ as follows,

)

pOZEp

(1.1.94)

pOZEp

7(t,x)|®) = / DII #(t, x)|II) (IT|®) = / DI TI(x) e~/ EYI)2W) 1) (1.1.95)

:/DH15<I>

We can obtain a differential equation for the transition amplitude (®|0) by using the
annihilation of the vacuum property of ap. Explicitly, for a given p and field configuration
® it holds that

ip-2 2 1
0 = (®|ap asymp.[0) = (@] / dPxe’ (\/ Ep@iree(X) + —==Tree(X )

ot dsyH(y)é(y)‘H> =i |B). (1.1.96)

IP(x)

10), (1.1.97)
PP=Ep

\/E— Tfree ( )

for t — 400, so that the operators inside the parenthesis are the free ones and only depend
on space. Multiplying the equation above by e Frt, /By,

0—/d3xe <E P(x) + 5<I>ix)> (®|0). (1.1.98)

In analogy with the quantum harmonic oscillator, we take a Gaufiian state as an Ansatz

(®]0) oc exp (—;/d3xd3yg(x,y)<1>(x)¢>(y)>, (1.1.99)

with some symmetric kernel, G(x,y), to be determined and plug it in the differential
equation Eq. (1.1.98]), to get

0= [ aaert (Buvio) + 5 Ve (-3 [ dxdyey)eeone) )

(E D (z) - [ / d3xg<z,x><1><x>])exp (—; / d3xd3yg<x,y>¢<x>¢<y>)

/
/

d3z elP? [ / d3xG(z, X)@(x)]

>z eP“E,®(z) —

A
/d3ze‘sz ®(z) —
-/

&2 [ [ @ eip'z’g<z',z>¢><z>] ,



1.1. THE PATH INTEGRAL FORMULATION 17

where we relabeled the variables to obtain the last line. It follows that G(z', z) is a solution
for any ®(x) if it observes

0= eP?E, — / Pz P7 G2 | 2), (1.1.100)
or clearly
1 - 1 .
G(x,y) = (27T)3/d3p P Y B = (27T)3/d3p P Y /p2 £ m2. (1.1.101)

This integral is obviously divergent and formally is only defined in the sense of distri-
butions, but can be regulated to express it in terms of a Bessel function which serves
perhaps to the intuition around this Gauflian solution for (®|0). Consider r = |x —y| and
choosing spherical coordinates for the momentum integration, whose polar axis is aligned
with x — y one can perform the angular integration

1 *° ;
g(x,y) = (277)3/0 dp €y p? €70 \/p? + m?
o0 21 24
_ Ar / dpp\/m + p? sin(pr) (1.1.102)
0

(2m)3 r '

Using Basset’s integral for modified Bessel functions[I8, Eq. 10.32.11], (however outside
of its domain of validity)

r $) (2z)Y [~ t) dt 1
K, (zz) = v +12) (22) / cos (21) -, for Rev > —— |argz| < T (1.1.103)
T2V 0o (24222 2 2
so that
r 2) (22)" [ tsi
4 K (22) = — (v+ 21) (22) / sin (at) dt (1.1.104)
dx T2 0 (124222
Setting ¥ = —1 and identifying variables we have
1 md /1
=———|-K_ . 1.1.1
G(r) 2n2 v dr <7“ 1(mr)) ( 05)

The graphs corresponding to this integration kernel are shown in Fig. as a function
of the distance between the points x and y. We can see how higher masses make the curve
steeper and more and more concentrated at r = 0.

Let us go back to computing the vacuum-to-vacuum matrix element of Eq. , first
let us analyze the projectors using the GauBlian form of G(x,y),

(01 (t = 50)) (®(t = —00)[0) x exp (—; / PBxddy G(x,y) [B(t = 00, x)B(t = 0, y)

+P(t = —00,x)P(t = —oo,y)]) , (1.1.106)

where we have made explicit that the field configurations are to be evaluated at infinite
past/future. Assuming the field configurations are smooth and have such limit one can
prove that

f(o0) + f(—o0) = lim e/oo drf(r)e I, (1.1.107)

e—0t  J_
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Figure 1.2: Plot of G(x —y) for different increasing masses inserted in
Eq. (blue tones) and the corresponding plot from Eq.
made by using Riemann’s Zeta function regularization, that is introducing
—exp(—eEp) into the integrand and taking the limit ¢ — 0.

via splitting the integral at 7 = 0 and an integration by parts given |f(0)] < oco. This
allows us to write down the projectors including an integral over time

(0]@(t = 00)) (P(t = —00)|0) x exp (—;e /OO dt/ d*x d®y Q(x,y)@(t,x)@(t,y)) ,

(1.1.108)

where terms going like O(€?) have not been written. Using the above formula in Eq. (1.1.91]),
we get the full S-matrix element

(0]0) = lim D@exp{iS[fb] — ;e/oo dt/ d3xd3yg(x,y)<I>(t,x)CI>(t,y)}, (1.1.109)

up to order e. Simplifying this by using the specific action for the free case and Eq.(1.1.101)),
with eEp — €, we obtain

: o) 3 .
(0|0) = elir(% D exp {—;/ dt/ d3xd3y/ (;17TI))3 P XY (¢, y) (O + m? — ie)@(t,x)}

= lim D@exp{—l/d4x<I)(t,x)(D+m2—ie)@(t,x)}, (1.1.110)
e—0t 2

where we have integrated over p and over y thereafter. The last equation recovers already
the action including the ie prescription, coming from the fact that we want to deal with
local theories, where field are to interact at the same space-time point, this locality is
what Eq. encapsulates, and has the effect of choosing the Feynman propagator

for the theory. Employing this careful projection over the boundary configurations, the
generating functional in Eq. (1.1.87]) acquires the usual +ie leading to the correct Feynman

propagator
‘ dip Py
Gz — ) :1/ L (1.1.111)
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Although we computed only the vacuum-to-vacuum transition in a free scalar theory,
the arguments can be translated verbatim to other models. Even more care must be
taken when dealing when curved spacetimes. For more details about imposing boundary
conditions in the path integral formalism, see Ref.[19].

1.2 The Effective Action

Although classical field theory is successful in describing many degrees of freedom and
allows for models that can avoid the concept of action at a distance, with the most famous
example probably being electromagnetism, it does not incorporate quantum mechanics. In
other words, for cases where we are interested in describing a large and possibly changing
number of particles, while at the same time taking into account their causal interactions
and their quantum aspects, we are lead to work within the quantum field theory framework.
Such a framework is vast and contains an enormous amount of tools that have been
developed over time to address different situations. One such tool was already presented
in the previous section, the path integral, which allows us to employ functional calculus to
obtain correlation functions. Here we will introduce the effective action, whose objective
is to incorporate one-loop or radiative corrections (or even higher-order corrections) on
top of the classical contributions. The following exposition is based on these references
[20, Ch. 11.3], [21, Ch. 16] and [12, Ch. 7].

There are several ways to motivate the introduction of the effective action. On the one
hand, it can be understood as the resulting action when external fields are present. On
the other, it is meant to be an effective description after certain loop effects have been
resummed. For the studies presented in this document, we are mainly focused on com-
puting the effective action for the computation of vacuum expectation values of different
fields. It is known that classical expectation values are altered by means of quantum cor-
rections. Hence the stationary points of the action do not provide the correct expectation
values. The effective action, I'[¢], plays the role of such a functional, one whose minimum
corresponds to the quantum corrected (¢).

It is because of that reason that the effective action is particularly relevant for phenomena
surrounding spontaneous symmetry breaking. It is only after the effective potential is
calculated that the local and global minima of the theory can be studied. In practice, one
does not have access to the full effective potential since that would mean having solved the
theory completely and having taken into account corrections of all orders. Therefore we
are forced to truncate the computation at a given order in an expansion in terms of some
perturbative parameter, the most common one perhaps being an expansion in h. We will
show how h serves as a bookkeeping parameter for the number of loops being included in
the effective potential.

1.2.1 Effective action

To explain the construction of the effective action, let us consider a field theory in an
unbounded flat spacetime of dimension d, featuring field content ®¢, where a is a label
running over the fields of the theory. Assume we are dealing with scalars to be able to
write down the kinetic term explicitly. Then it suffices to substitute such term with the
kinetic term of a spinor or a gauge boson accordingly. Assume as well that the model may
have a local scalar potential for certain fields which we will denote Uy, (z) = U, (®%(x)), for
certain a’s. Lastly, assume the model is specified through a Lagrangian density £ which
may include polynomial interactions, Li,; among the fields. The full Lagrangian of the
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theory has the form:
a 1 a a
L@%) = 5 (042 + U(P?) + Lim. (1.2.112)

a
The partition function as explained in the previous section can be interpreted as a gen-
erating functional when extended by terms containing auxiliary external sources J,(x),
abbreviating the set of external sources by J we have that the generating functional is

Z[J] = <Q|e—iHT\Q>_/ (1;[1)[@&0 exp (;,L [S[@“H/ddwa(x)@“(x)]),

(1.2.113)
where H is the Hamiltonian of the theory and 7T represents the time window over which
the system is studied and

S[®%] = / Az L(DY). (1.2.114)

We can now introduce
WIJ] = —ihlog (Z[J]), (1.2.115)

the generating functional of connected diagrams as an analogue of the Helmholtz free
energy in thermodynamic systems. It is useful to give some comments pertaining W in
order to develop some intuition about what it describes, which seems at glance obscure
in its definition. From quantum field theory, we know that the partition function is
understood as the vacuum-to-vacuum transition amplitude, which could in principle be
obtained exactly if one could sum over all vacuum diagrams, that is, over all connected
and disconnected Feynman diagrams that have no external legs. A neat interpretation for
W was provided by Weinberg in [21], where simply put, while Z sums over all possible
diagrams, W only sums over connected diagrams (see [I5] for a proof). By letting N
be the number of connected components of a given diagram, we see how Z counts all
components, while avoiding possible over counting produced by permuting vertices within
a component, through the formula

o0

Z=> % <;_LW[J]>N = exp <;W[J]> : (1.2.116)

N=0

We can also see already that the generating functional would factorize into an integral
over each sector if it were not for the interactions. In order to obtain the effective action,
it is convenient to define new fields which follow the one-point expectation values of the
original fields ®¢, let

ih  6Z[J] IWI[J]

05 (z) = Q@ (2)|) |, = N ACEEACE (1.2.117)

creating a correspondence
pi(r) = Jg(2). (1.2.118)

The ¢%’s are commonly referred to as the classical fields. The effective action corresponds
to the Legendre transform of W, (using the sign convention from [21])

T[e? = WLJ] — Z/ A4z J,(z)p% (), (1.2.119)
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where J% is obtained by inverting Eq. , or in other words using the correspondence
written above (possible under the assumption of convexity on W). In other words, given a
configuration ¢(z), Jy is the current that satisfies Eq. . This procedure returns
the convex hull of the initial functional, which is at the same time a functional, although
now dependent on the new fields. It is the effective action in the sense that it has the
properties we seek:

1. It provides us with quantum corrected field equations.

2. It is an action from which Feynman rules can be extracted. In the case of truncating
W to first order in A, the tree-level diagrams will include all one-loop effects of the
original theory.

We can show the first property by showing how to obtain the equations of motion for the
fields ¢* and realizing that a solution to such equation for vanishing sources becomes an
extremum of the action automatically. Let us compute the variation with respect to some
new field ©° of the effective action I':

T[] _ W] LA - Sp(y)
Soh(x)  oph(z) Za: / dy s (z) P W)~ Za: / d%y Ju(y) ")

dep
_ 0, [ OWLJ]
B ZC:/ v (&fc(y))

5jc(y) 6ja(y) a T
o)~ 2 | A — i)

Je=J
which after using Eq. (1.2.117)) gives
T[] i
= —Jp(z). 1.2.120

This last expression indeed tells us that the configuration solving it for vanishing sources
is a stationary point.

Let us know understand how the lowest order of I' includes corrections from one-loop
Feynman diagrams. The exact effective action, as defined in Eq. , can be expanded
in powers of the fields, let us assume for simplicity that the theory contains only one field—
although the expansion may be also done for multiple fields,

Ip] = Z;,/ ddzt . A% p(zh) - ()T (21, . ), (1.2.121)

where the coefficients are

5" T[]
dp(a!)op(x?) - - dp(z™)
and receive the name of proper vertices or 1PI diagrams (one-particle irreducible, meaning

that cutting any internal propagator line disconnects the diagram), having n external
insertion points, by convention they are taken to be amputated.

™! ") = (1.2.122)

1.2.2 The semi-classical (or loop) expansion

Let us use h as a book-keeping device and perform a saddle point expansion on I'. It is
worth noting that a priori, the steepest descent approach, does not work for a theory on
Minkowski space because of the oscillatory exponent in the path integral. To overcome
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such an obstacle and still be able to extract physical information from vacuum expectation
values, we again use a Wick rotation as illustrated for the harmonic oscillator previously.
Therefore we assume in this section that the spacetime is O(d) symmetric so that no
imaginary units appear in the exponents. We begin by finding the saddle point of the
exponential of the path integral Eq. , that is, assume ¢, satisfies:

55[900,](53)]
o (x)

and without loss of generality, we can adjust S such that for ¢. = 0, S = 0. So to the
lowest order we get

= J(z) such that ¢ =0 when J(z)=0, (1.2.123)

WolJ] = S[pe,s] —|—/ A%z’ J (") e (2), (1.2.124)

meaning that the lowest order of W is the Legendre transform of the action, provided
equation Eq. (1.2.123)) holds. This in turn means that the effective action to lowest order
is

O[] = S[y], (1.2.125)

which contains the usual vertices and corresponding Feynman diagrams, and is valid for
a field, ¢, with no reference to external currents J. In order to include the next order
corrections in i we proceed along the same lines as in the exposition of the path integral in
earlier sections. Consider the effective action now for a field expanded around the classical
solution,

OW(2) = g (x) + Vix(a) (1.2.126)

and expand the action together with the external source accordingly to get
ﬂ@W—/Wfﬂﬂ@Wﬂ=Smm—/&wﬂw%ﬂﬁ

h
+ 5 / A4z dday xX(21) A e s w1, 22) X (72) + O(h3/2)7
(1.2.127)

with

Ao al) = OS]

= 3950 (1.2.128)

P=pc,s

Computing the path integral using the expression above leads to

Z[J] = Zo|J] /D[X] exp <—;/ dzy d%a, X(fBl)A_l(goc,J;ml,zg)x(x2)> . (1.2.129)

modulo a normalization factor and where Zy[J] is the part involving only ¢.j. It is
possible to perform the Gauflian integral on x, which together with the normalization
condition Z[0] = 1 gives

det A= (e 05 21, T2)
det A=Y (pe, 7 (z); 21, x2)’

Z[J] ZO[J]\/ (1.2.130)
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using this result in the definition of WW- technically the Euclidean version of Eq. (|1.2.115))
where there is no factor of “i”, and exchanging log det with trlog

WIJ] = WolJ] + bW, [J] + O(h?), (1.2.131)

with
WolJ] = ~hlog(Zol7)) = Slpe] + [ a2l (@)pes(o) (1.2.132)

and
Wi ] = % (srlog A (pes(@); 21, 72) — trlog A (pe0; @1, 72)) (1.2.133)
- ;/ dz log (Agl_(l‘p((pJ(():”me;”)) . (1.2.134)

To understand the previous term, let us expand the two point correlation function writ-
ten in Eq. (1.2.128)) in terms of a free part and an the terms of the action containing
interactions, S,

62 Sint

A ] N — AL . / o C vt
(¢e,g(z); 2, 2") (¢e0i@,27) + 6 ()0 (z')

, (1.2.135)
D=y,

then we have

1 d d. ./ / 525int
— = log | 1 Alpeg: T, ') =02t . 1.2.1
Wi J] 2/d z og< —I—/ d%z" A(pe0;x x)(SCI)(x’)d(I)(x) . ( 36)

Assuming the interactions can be treated perturbatively we can expand the logarithm in
its series expansion

1 —, .l 52Sin "
Wi [J] :—2/ddac > (-1 - (/ ddm’A(ng,O;x,x’)m ) . (1.2.137)
n=1 ¢’:S0c

where the notation O™ (z, x) for operators of two-points means each factor is chained with
the next one by integration. Before giving a particular diagrammatic illustration let us
write down the effective action to this order. From the definition of the effective action
Eq. , we have that the following relation must hold for any external parameter
on which I and W may depend on, in particular for A:

ow or _

oh oh
So up to order A, using the results for W, above we obtain finally the one-loop effective
action which will be used throughout this document

0. (1.2.138)

-1 x);xr,T
L(p) = Sle] + ;/ d%z log (AA_SSZEO?;;’ ;:))) + O(h?). (1.2.139)

Before moving on, let us provide an example for the case of a ®3 interaction

Sint[P] = ;\'/ d%z (1)3(56) =

52 Sint

W = Ape(x)d(x — 9:/), (1.2.140)

d=p,
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then up to second order in the interaction

Wl[J] = —;\/ dde(@c,O;:va)Soc(x)

)\2
+ 7 [ ot Mg 8 )eula) Mpuoi ' 2)oelo) + -,

to which we can already give a diagrammatic interpretation

s
- =~ P 7 Pe
// \\ // \.\
WilJ] =\ | oA b - TR (1.2.141)
\\ // c \\
p_— ~S__-- \\\<)OC
.:!‘-

where dashed lines are the propagators, and the external lines with crosses represent
insertions of the background (with no propagator included if the line ends in a cross). We
can now understand visually what the n-th term of Eq. (1.2.137) for this theory, looks
like:

SOCX <PcX
\ /
\ /
\ /
_—- !
e .
// Tnot \\\ ,/+
/ ;,’ Pe
Ty
: , (1.2.142)
]
To ‘
/ = \\900
o *

which illustrates the claim that T'; sums up the contributions up to 1PI (one-particle
irreducible). The statement can be made more precise[22] by counting powers of A. We
can see from Eq. that the propagator appears with a linear power of A, that is
RA~!, while interaction vertices will appear always proportional to h_i. If we count the
powers of A in the amplitude corresponding to a 1PI diagram, having I internal lines and
V' vertices will have

P=I-V, (1.2.143)

while the number of loops is equal to the number of free remaining momentum integrals.
Each internal line contributes one integral while each vertex comes with a § which cancels
one. The minimal loop consists, however, of only one internal line and one vertex, which
must be counted separately, and any additional loop is one of three cases: it is anchored
in an existing vertex and the new internal line comes back to it increasing I by 1, or it
is anchored in an existing vertex and a new one and thus increases I by two and V by
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1, or the loop comes from two new vertices thus increasing I by three and V by 2. In
either case, an extra loop implies that I — V increases by one. We have that the number
of independent momentum integrals left, or equivalently the number of loops, is

L=1-V+1. (1.2.144)

We can write down the powers of i of a given 1PI diagram (with no external lines) in
terms of the number of loops to find

P=L-1. (1.2.145)

So we can conclude that an expansion in powers of h corresponds indeed one-to-one to
summing contributions of increasing order of loops. Where h~! corresponds to the tree-
level diagrams, contributions proportional to # come then from one-loop 1PI diagrams,
etc.

1.3 Computing and Renormalizing the one-Loop effective
action

1.3.1 Computing the Coleman-Weinberg potential

We can make the arguments of the previous section even more explicit by directly com-
puting the effective potential up to one-loop for a scalar theory with a ¢* self-interaction.
We follow Coleman and Weinberg’s original paper[22] to obtain the one-loop effective po-
tential for a constant vacuum expectation value, named thereafter the Coleman-Weinberg
potential (CW). The Lagrangian density for this simplest case is the following:

_1 2 l 4 1 2_1 2 2_l 4
L= 5(0u0)" = A5;0" + 502(0u0)° — S0m*¢* — 10N, (1.3.146)

where 67, 6m? and d)\ are counterterms related to the renormalization of the theory and
will be specified later. We can build then the effective one-loop potential by adding all
contributions from tree-level diagrams and 1PI diagrams. For this theory, at tree level we
have only the term already appearing in the Lagrangian, which becomes

_ IWLJ] _ (t = 00,0]|¢(z)|t = —00,0)
dJ(x) (t = 00,0|t = —00,0)

(1.3.147)

Viree = L 2R for (P(x)
4! 7
Then we have to add all contributions coming from diagrams with one loop but an arbitrary
number of field insertions. In the ¢* theory specifically, we have a minimal of 2 insertions
and a single diagram for every even number onward, the so-called polygon graphs (see
Fig. , these diagrams produce then effective one-loop vertices for all orders, hence

d*k 1 (/1 1 \"
nomtoop =1 [ T 2 (22 1.3.14
Vone-toop 1/(27r)4 Zaom <2 v k:2—|—ie) ’ (1.3.148)

where the i in front enters in the definition of W, the % in front of ¢ occurs because
interchanging two ¢’s (bosonic) at a given vertex does not generate a new diagram.

Formula already includes the geometry factors for each order: a factor of (1/2)"
for interchanging two sources at a given vertex and a factor of 1/2n from rotations and
reflections (see [20, Sec 9.5] for a more modern explanation.). We can observe how this

contribution corresponds to the Taylor series of the natural logarithm and exactly matches
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Figure 1.3: Feynman diagram corresponding to one of the 1PI one-loop
diagrams displaying n vertices and 2n insertions of ¢ in the ¢* theory.

what we expected from the general case, Eq. (1.2.136)). All contributions up to one-loop

order, including counterterms for the theory, can be written down as follows, where we

can neglect the ie and perform the integral appearing in the last term in Euclidean space:
Vow(w) = 2ot — Lgm2? 15)\4+1/ e (1422 (1.3.149)

= —p  —-—0m Y’ — — = o) — . .3.
W)= % 70 T T | ana 8 2k
By performing the momentum integral in the last term up to some cutoff A, we can see
that the apparent infrared divergences are resummed into something finite, viz.

dk
/B(A) 2n) log (K* + f(¢))

272

A 5 5
:W/O d|k| k> log (k> + ()

1 A2+ ()

= 1672 /f(w) e o)

1 [ /A2+f(so) 22 210g(2) /A2+f(<p) L2 o) og )]
= — zzlog(z) — z [(p)log(z
1672 | Jf(p) ()

4 4 9 ,
- # B log(A? + f()) — AZ i é«p) log <A2i(?(go)> LA j;(p)}

2 4 4 )
e St (505) 0]

(1.3.150)

with f(¢) = %)\902 we get for the effective potential for large but still finite A

A 1 1 1 )\2()04 )\2()04 A(pQ /\902
VCW“”):M—5m29”2—4u‘w4‘327r2< 6 s () M)

2
(1.3.151)
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where terms vanishing in the limit A — oo have been omitted and the log expanded
assuming f(¢) < A%. Before dealing with renormalization and finding the determining
the counterterms, let us generalize the above expression to a scalar field subject to an
arbitrary potential by making contact with the functional tools explained in Sec.
Let us now consider a more general case, which will serve us later, consider a potential
term U(¢) in the Lagrangian density, which contains all polynomial self-interaction terms
in the field ¢, including possibly a mass term and satisfies U(p = 0) = 0. We expand the
field ¢ around the expectation value ¢, so that we can use Eq. to compute the
one-loop contributions in general,

— 0l — 1 Afl(go(x);a:,x) B 1 d4k ]C2+U”( )
la o=y [t (S) = e (kw{f;lm

where U”(¢) means the second derivative with respect to ¢, evaluated at ¢ and where we
have inserted a complete set of states of momentum to be able to compute the log, recall
this expression is already in its Euclidean fornﬂ With the extra assumption that ¢ is
to be fixed an therefore space-time independent, we can perform the momentum integral,
using the formula in Eq. , while extracting a space-time volume factor 2 and
identifying the Coleman-Weinberg potential:

" " 2 "
Wil = 0] = ~QVew(e) =~ sy (U () U g (UA“")) - A?U"«o)) .
(1.3.153)

Having derived the above expression, which will be applied several times in later chapters,
we go ahead and describe the procedure of renormalization for the above case.

1.3.2 Renormalization

Historically, renormalization was a prescription that allowed us to address certain divergent
results appearing in quantum field theory. Since its introduction by Stiickelberg and
Petermann[23], it has been employed to build counterterms, examples are dm? and 6\ in
the previous section, which are additional terms for the Lagrangian density, whose job is to
absorb the divergent behavior coming out of the perturbative treatment of the theory by
means of Feynman diagrams presenting loops. Depending on the context and the specific
theory we might be looking at, they might play specific roles, e.g., mass renormalization,
vacuum polarization, charge renormalization, etc.

Renormalization has been, since its introduction, a very relevant guideline for constructing
theories. It used to stand at the same level, compared to Poincaré symmetry and gauge
symmetry, when model building. However, later on, with the appearance of Wilsonian
renormalization group ideas|24] 25], together with more modern views on effective field
theories, renormalizability became no longer a requirement, as long as the model under
consideration is understood as an effective description of phenomena below a certain energy
scale.

In this section, we intend to describe the basic ideas concerning renormalization. We will
go over the construction of the counterterms for the example theory of the previous section
and take the chance to speak about renormalization schemes that will be used in later
applications. Not pretending to review the topic of renormalization in its full detail and

!Starting from the Minkowskian action, there is an i in the definition of the generating functional and
another one coming from the measure after doing the Wick rotation.
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generality, we show in the present section how to impose basic renormalization conditions
and how to employ the so-called WKB expansion to compute the divergent contributions
often appearing in one-loop effective actions.

Let us make some comments on the steps already taken to get the CW effective potential
in the previous section. In actuality, we have only postponed the issue of dealing with
divergent contributions. This has been done by employing a hard cutoff, A, that is re-
stricting the integrals over all momentum space to a ball of radius A. This procedure, as
it stands, for example, breaks translation symmetry, so without taking the limit A — oo,
we can not make any statement about the initial theory we started with. Any prescrip-
tion whose objective is to extract finite pieces from divergent integrals receives the name
of regularization and constitutes the first step in renormalizing a field theory. Although
different techniques exist for this purpose, we will mostly employ hard momentum cutoffs
which will suffice for our purposes.

Once divergent quantities have been regularized, we must choose a renormalization scheme.
That is, we must impose certain renormalization conditions that will allow us to fully
determine the counterterms in terms of the regularizing parameter.

For the purpose of illustration, we use the following conditions,

42V,
il = mo, (1.3.154)
de® |y
d4
Viw = (1.3.155)
de* |y

which are arbitrary and up to us to choose, however, motivated by keeping the effective
parameters appearing in the one-loop potential equal to the bare parameters, very similar
to what is known as the on-shell scheme, where the pole mass is required to match the
effective mass. It is typical, but not necessary, to choose the scale M to be such that the
log’s are minimized so that if our scalar had a non-zero mass, typical values for the field
should oscillate in its vicinity and choosing M close to the tree-level mass would ensure
logarithms are small. In our case, mg was taken to be 0 in the previous section, so we
will see that choosing M = 0 is possible in the first condition, Eq. , but not for
the second one Eq. . In general, we would need to consider a counterterm for the
normalization of the field itself, using canonical normalization, the terms proportional to
(0¢)?/2 should add up to one, in our notation and up to one-loop

1+6Z(M) =1, (1.3.156)

at mass/energy scale M. With this additional condition, we are able to determine 67 in
Eq. . However, we postpone this issue and deal with it when we speak about the
WKB expansion.
For definiteness let us follow the original exposition by Coleman and Weinberg[22] and
take the renormalization scale in Eq. in the limit M — 0. Imposing this in our
toy CW potential in Eq. we get the following result
2= A A2

322
For the condition in Eq. we must choose a different renormalization scale, let it
be some chosen scale M to arrive to

11 A M2
oA 43 A210g< ) (1.3.158)

sm, (1.3.157)

~ 3272 " 3272 2 AZ
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Plugging in these quantities back in the CW potential, we obtain an expression,

2
VISR () = %@4 - %/\2@4 + %;’—2/\2@4 log <A‘Z2> . (1.3.159)
which becomes predictive once observations have set the value of A at scale M within the
full Lagrangian density of the model.

The last observation concerning this model is that of the symmetry-breaking process that
occurred when including one-loop effects. The original potential was fully symmetric in
the sense that no explicit mass term was included and the theory only possessed one
minimum. Nonetheless, the one-loop logarithms are negative for values of ¢ < M and
thus lifts the minimum at the origin while generating a new minimum displaced from
the origin at a non-zero value of ¢. We can state that such a model suffers spontaneous
symmetry breaking (SSB) coming from radiative effects, this is a particular case of SSB
about which we will expand in a coming chapter. We must mention a caveat in the
above interpretation. The new minima can actually occur at large field values, moreover,
values that are beyond the perturbative regime in which the one-loop effective potential
was computed. In order to address the validity of the model, we must make sure that
large field values do not interfere with the perturbation theory. This is remedied by the
renormalization group improvement, which will be explained in the next section.

Before we describe the renormalization group improvement, let us attempt to address the
renormalization procedure by computing the divergences occurring in the Greens’ functions
of the model directly by employing the so-called WKB expansion[26-H28|] (named after its
authors Wentzel-Kramers—Brillouin). The method has already been applied in previous
studies[29H31], where it has been used in the context of non-homogeneous backgrounds.
Given its generality and usefulness, we describe the generic results applied to Greens’
functions found in QFT here, to which we will refer to in later, more specific applications.
Thus, bear in mind that the method works for a more general class of differential equations.
Let us consider finding the Green’s function for a fluctuation operator, corresponding to
the differential operator shown in Eq. when the theory is expanded around a
given VEV, ¢. Let us consider the problem in its minimal version. That is, let us assume
it has been reduced to one direction, e.g., in the case of a system enjoying a O(4) symmetry
in four-dimensional Euclidean space. Then the Green’s equation will look like

G5 Cla.y) = [0+ V(p(@))] Cla,y) = bz —y). (1.3.160)

where V(¢(x)) can be thought of as a point-dependent effective mass and d(x) is the Dirac
delta distribution. We start by considering a specific form for the Green’s function, where
we decompose G as follows

G(z,y) =O(z —y)f (2)9~(y) + Oy — 2)g” (y) f~(2), (1.3.161)
where
1 ifx>0
O(x) =19 1/2 ifx=0 , (1.3.162)
0 ifx<0
is the Heaviside step function, which has been regularized at * = 0 and we use as

such in numerical computations in the applications (Part . Plugging Eq. (|1.3.161)) into
Eq. (1.3.160) we get, for = # y, two ordinary differential equations to be solved separately

(02 + V(p())] f5(z) = 0. (1.3.163)
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Let us consider boundary conditions were the Green’s function itself vanishes at infinity,
so we will impose

lim > (2) =0, (1.3.164)
xli}r_noo [S(x)=0 (1.3.165)

These are technically the conditions associated to the Feynman propagator which can be
understood as the average between retarded and advanced Green’s functions where each
satisfies only one of the above. The WKB Ansatz tells us to take f= in the following form,

) = e F ST W), (1.3.166)

for some function, W (z) in the exponential, to be determined. The pre-factor has been
chosen for convenience and where there is no i in the exponential because we are working
in Euclidean space. Observe as well that if V were independent of x then the Ansatz
above already gives the exact solution. Before continuing the computation let us obtain
conditions of validity for the procedure in general.

Consider then the simpler Ansatz of an exponential function with a position dependent
exponent, f(x) = ew, where we have introduced an auxiliary parameter, ¢ which can
be taken as a scale related to V, so let us re-scale it and express such term as V. = €2V.

Using this form in Eq. (1.3.163)):

_S"z)  (S'(x))?
2

= 1.3.1
- 2 V@) =0, (1.3.167)

or in other words
(8'(2))? = Ve(z) — 5" (). (1.3.168)
We can be solve it perturbatively, by an expansion of the type
S(z) = SO(x) + SV (x) + 5P (2) 4 - - -, (1.3.169)

which leads to the following equations by collecting orders in ¢,

(SO =Ve(a), (1.3.170)
e 2980(2)8W(z) = —5"O)(z), (1.3.171)
. 29802)8@ (z) + (8D (x))? = ='W (), (1.3.172)

so we can now estimate when the expansion above is convergent and when it is not. The
set of equations above lead to a convergent sum if they satisfy the necessary condition of
each order being smaller than the one immediately before, in terms of the first derivative:

\S'(O)(a:)] > |S’(1)(az)| > \S'(Q)(m)\ > ... (1.3.173)
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Examining Eqgs. (1.3.170)-(1.3.172), we see that we have the conditions

g//(/0 f:),))Q (1.3.174)
(5" (2))? = (;;’/(0)"; ) = V(=), (1.3.175)
(1) :L‘
(S (z))? = <S (25,(0) ) 2 < Ve(a), (1.3.176)

where the first condition is the one allowing us to start the chain and where the last
condition can be cleaned up to find

S”(l)(x) 2
251 ()

§(1) (:B) 2

2\ (1) () [2

< |80 (2)]2 ~ V.. (1.3.177)

This procedure can be continued to higher orders to find analogous relations even when
€ — 1. These conditions, although not sufficient, provide us with a quick test of whether
the WKB expansion is sensible. We can observe that solving Eq. (|1.3.170)) leads exactly
to

:C/_m d2’'\/V(z'), (1.3.178)

which explains the exponent chosen in Eq. . The factor sitting in front of the
exponential is a convenient modification of the method that ensures a constant Wronskian,
as we will soon see. The last observation of the method itself concerns the classical turning
points, namely the z’s where V vanishes. Close to these points, S(©) becomes extremely
small and the inequalities above will not necessarily hold any longer, so we cannot expect
the WKB expansion to be reliable close to such points.

Coming back to our problem, to determine W (x) we plug in the Ansatz for fS(z) in

Eq. (1.3.163), to find

W2(z) = V(z) — Z (

/ 2 "

7o) W) (1.3.179)

Depending on V), this equation might not be solvable in closed form, so we often resort to
perturbative treatments. Consider expanding the square of W (x) rather than W (z) itself

W(z)?= WO z)? + eWD (@) + -, (1.3.180)

using € as a bookkeeping device. Given that we know from Eq.([1.3.178]), that (W(O) (1)) =
V(x), we can subsequently compute the next order in the series following the assumption
that higher order derivatives are smaller and smaller, thus

() (p . W\
W' (z) = WO (z) + eW' D (z) (%«n 8) — 5W’<0> (z) <W> + O(e?),

(1.3.181)
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which leads to an equation for the next order of the form

<wmuwzscvww)21wwww

(1.3.182)

I\ WO@) | T2 WO@) ey

This already constitutes the WKB method. Let us now finish writing down the Green’s
function for which we need to impose, in this case, the conditions of continuity of the 0-th
derivative and an appropriate discontinuity in the 1-st derivative.

Continuity of Eq. is ensured at the coincident point if we demand the we reach
the same value from both sides, that is

7 (@)9%(2) = ¢” (2)<(a). (1.3.183)

while the discontinuity in the 1-st derivative is obtained by integrating one of the variables
in Eq. (1.3.160]) in an interval around the coincident point and then taking the limit of
the interval going to zero length to arrive to

7 (@)g=(z) — g~ (2) f'<(2) = 1. (1.3.184)
The two conditions above allow us to determine g5 in terms of fS and f'S,

S(g) = f=(x)
IO =l )

where Wr stands for the Wronskian of the two functions and is defined as
Wrf1, fol(z) = fi(z) fa(x) — fa(z) fi(2), (1.3.186)

and for f= as in Eq. (1.3.166]), we actually have Wr[f>, f<](z) = 1. Collecting all the
results, we have for the Green’s function and its coincident limit:

(1.3.185)

1 > () £< ) <(x
vy @@ 1
Wil @ T = ey .

The last expression can be estimated up to the desired order by using the corresponding
WKB equations obtained previously, for illustration purposes we go up to order (1), using

Eq. (T.3.180),

1 1 WO (z) —1/2
G(z,r) = )~ 2w () (1 +€ <W(0)(a;)> + 0(62)) (1.3.189)

1 3 (WO@)? 1 WO (g)

~
~

WO (2) T 16 (WO (2)p 8 (W ()

(1.3.190)

We can finally use this expression to estimate the possible wavefunction divergence in the
present toy theory, but also in more complicated scenarios later on. For a model such us
the ¢* we have been treating,

2
Vireo| - _ A 2 (1.3.191)

V(x = e
( )’¢=g0 d¢2 (b:[p 2
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so that for a fixed ¢ we will find no divergent term proportional to (augb)Q and thus no
infinite wavefunction renormalization coming from one-loop contributions. As long as
there are no other fields, such as gauge or fermionic fields, and the VEV is constant, this
will be the case. Finite pieces will be fixed by the subtraction scheme adopted and do not
have an impact on the extraction of physical statements from our studies. We can then
pick §Z = 0 for this particular example to one-loop, which is a known feature of the ¢*
theory (see [20, Ch. 10.2]).

We will later see how to express the one-loop contributions to the effective action in terms
of the coincident Green’s functions, which will complete the argument and show explicitly
how the possible scale dependence can show up.

1.3.3 Renormalization Group Improvement

Besides the renormalization procedure carried on in the previous subsection, we would like
to have an effective potential that is valid for high field values, provided the values of the
couplings remain in the perturbation regime. As it stands, the one-loop effective action
does not enjoy that feature. Hence we would like to improve on the one-loop effective
Lagrangian to avoid the fact that the logarithmic terms might become large. In other
words, after having picked a renormalization scale M, if the range of ¢ is too large, we
might leave the perturbative regime because of the combination A\? log(¢? /M?). To address
such failure, we describe the renormalization group improvement.

The main observation is that in a finite theory describing phenomena at a certain energy
scale E < A, for some UV cutoff A, observables cannot depend on the renormalization
conditions chosen. Once a theory has been renormalized and a certain subtraction scheme
has been chosen, leading to some scale M as in the previous subsection, we should be
able to demand that observables do not change whenever M is varied. These ideas are
summarized in the Callan-Symanzik equation[32, [33].

Mathematically, the renormalized n-point functions are then a rescaling of the bare ones,
by an appropriate power of the wavefunction normalization factor, Z which renormalizes
the field. ¢(x) = Z~1/2¢y, and we have implicitly written as Z =1+ 62 + - - -,

G (1,22, ., ) = (QTP(x1)$(w2) - - D(wn)|Q) = Z7> (QUT o (1) do(w2) - - b0 () |2) -
(1.3.192)

Since these n-point functions are the building blocks of observables, they must be inde-
pendent of the renormalization scale chosen. This means that considering renormalized
n-point functions as functions of the couplings and the renormalization scale, as they
would be when computed from for example a renormalized one-loop effective potential,
the following equation— Callan-Symanzik Equation— must hold

0 0
Magyp + BN gy ] G ) =0 (13.193)
where A; are the couplings of the theory, the 8’s are the so-called beta-functions or renor-
malization group equation, there is one for each coupling and they track the running of
the couplings with respect to the renormalization scale and are often defined as

BN = o7 O (13194)

The other as of yet undefined quantity is v which receives the name of anomalous dimension
and encodes the deviations from the expected scaling of the n-point function according
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to mass-dimensions of the fields appearing in the n-point function. The Callan-Symanzik
equation will have a term for each type of field appearing on the given n-point function,
which can be written as

(ﬁ): 1 d

———7Z(M). 1.3.1
27 dlog M (M) (1.3.195)

(Z) = ~Tlog M log
These two equations give out how the theory changes when different renormalization
scales are chosen. In practice, to find out how a theory responds to a change in scale,
the SB-functions and the anomalous dimensions are approximated to a certain order in
the couplings with which the two differential equations above can be used to predict the
running of the couplings by using a chosen scale, where the couplings are known, as an
initial condition.
Let us then close the chapter by obtaining the running for A in our ¢* theory. This will
explicitly show us how the coupling A runs; up to this order, and clarify where we can
expect the approximations made to start to break down.
Following the explanation of Coleman and Weinberg [22], let us consider the coincident
2-point and 4-point functions of the renormalized theory having V(i as its potential and
apply to them the Callan-Symanzik Equation, Eq. . For that purpose let us
define:

47 /ren

¢ =G (z, 2, z,1) = 9ot (1.3.196)
G(2)(ac,x) B
Z = sty =2 (1.3.197)

and observe that both ¢ and £ are functions solely of the couplings, in this case A alone
and implicitly on the ratio log(¢/M) and the Callan-Symanzik equation for them is

0 0

(_ o + 5()\)5\ + 47) G =0, (1.3.198)
0 0

<_(‘9t + 5()\)a + 27> ¥ =0, (1.3.199)

where we have written the first term also in terms of the logarithm of the renormalization
scale, t = log M. From our computations from the last section, we have to one-loop

oV 3
=\
opt + 1672

Z=1. (1.3.201)

We can plug Z into the Eq. (1.3.199)) to find that v = 0 and consequently Eq. (|1.3.198))

gives

Nt (1.3.200)

2
5 0g_ 3\

With the beta-function to second order in the coupling, we can write down and solve the
renormalization group equation, Eq. (|1.3.194)):

dN'(t)  3N2(¢) , A
at  16m2 i“’f)_l_m'
1672

(1.3.203)
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We can now build an effective potential by using the running coupling N,

A
VrRa(p) = W@{

1672

(1.3.204)

which recovers the CW potential of the last section, whenever A < 1 and At < 1, but
is additionally well defined for large negative values of ¢t which supports the conclusions
regarding spontaneous symmetry breaking coming from radiative corrections.
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2
Decay by tunneling

2.1 Quantum mechanical illustration of tunneling

It is known that certain processes within the quantum field theory framework are not
fully captured by traditional perturbative expansions for small couplings such as quantum
tunneling processes (also known as barrier penetration). These require then a different
treatment, the so-called semi-classical expansions, where the perturbation parameter is h.
In this section, we illustrate the main computational technique of our work. In order to
do this, we start by examining a classical quantum mechanical system by means of its
path integral formulation to arrive at its WKB-approximation result via a semi-classical
approach. For this, we closely follow Coleman’s book[34]. Let us then begin by considering
a one-dimensional quantum mechanical system of a particle subject to a potential well
V(x). This system can be described by the following Hamiltonian operator:

H—p;JrV(x). (2.1.1)

Our objective is to obtain the ground state energy of this system by using the path integral,
a Wick rotation and an appropriate limit. Let the position basis consist of |x) for x € R.
We can compute the probability amplitude for finding the system in state |xf), given that
it is prepared in the state |x;) by letting the evolution operator exp(—iHt/h) act on the
initial state and projecting into the final state, that is:

<xf ‘ lHt/h N/ )] &S/, (2.1.2)

z(0)==;

z(t)=xy
where t > 0 and N is some normalization constant. Each side of the equation above must
be elaborated on to understand the present methodology. Let us consider first the left
hand side of the equation. Suppose there exists a Completﬁﬂ basis of eigenfunctions for
the Hamiltonian, |n), labeled discretely for simplicity and with corresponding eigenvalues

E,, so inserting the identity to the left of |x;), the left hand side can be written as

(i) = 32 50" ) (k) (2139

By performing a Wick rotation, ¢ — —ir with 7 commonly referred to as FEuclidean time
or imaginary time, of the expression above, we can exchange the oscillatory behavior of

In the physics sense, it is to be understood as satisfying the closure property, i.e. 1 = > n) (nl.
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the exponential with a decaying one:
(ar] e ) = 32 7/ o) . 2.1.4)
n

If we were to consider large imaginary times, 7 > 1, the expression above should have an
asymptotic behavior that allows us to extract the ground state energy. For example by
taking |zf) = |z;) = |0) we would obtain this formula for the ground state

Ey=— lim Elog <<0}€_H7/h|0>> = — lim Elog <<O ‘ e*HT/h’ O>) ) (2.1.5)

T00 T ‘ <O|O> |2 T500 T

meaning that if we are able to compute the Wick rotated probability amplitude, without
having full knowledge of |0), we can still obtain the ground state energy.

Let us now return to the right-hand side of Eq. We are interested in its Wick-
rotation as well, for the same reasons as before, it allows us to obtain a decaying behavior,
thus:

N / Dl (t)] e~ Sl ®l/h, (2.1.6)
z(0)=z;
x(t)=xf
where S stands for the Wick-rotated action of the problem and is by convention defined
to be positive (an overall minus is therefore explicitly written in front as in the previous

formula)
T 2\ 2
Sglz(r)] :/0 dr <; (37) + V(:L‘(T))) : (2.1.7)

Observe that the potential V' appears with the opposite sign in the Euclidean version and
that we have labeled the upper limit of Euclidean time by 7. In order to approximate
the path-integral and illustrate the technique, let us assume the potential has only one
saddle-point, that is there exists some path Z(7) that minimizes the action. We can then
expand the integration path as follows:

(1) = 2(1) + VhAZ(T). (2.1.8)

The action functional can be expanded using a functional Taylor series:

T
Sglx(r)] = Sglz(7)] —1—/0 dr —=[z(7)]Az(7)

o7 62Sp[z (7))
— dr d7 ————~ 2= A Ax (' A3z). 2.1.
+ 2/0 T dr 52(r)0(r) z(1)Az(7") + O]A°x] (2.1.9)
In the case of Z(7) being a saddle-point, the second term of the expansion vanishes and
one is left with

§2Sg[z(7)]

-
Sglz(r)] = Selz(r)] + h/o dr dr’ ACE(T)W z(1'),

: (2.1.10)

up to quadratic variations. The second functional derivative of the action is known as the
fluctuations operator, since it can be interpreted as a propagator for the variations of the
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path as we will later see in the case of field theories. Let us then compute such operator
for the case at hand. We obtain

M— T—7 —d2 "(z(r'
Sx(r)dx(r") J ) < 12 VI ))) ) (2.1.11)

where V" (z) is the second derivative with respect to x. Using this result in Eq. (2.1.10)
and performing the 7/ integration we have:
ho(7T d
Sglz(T)] = Sglz(1)] + 2/ dr Az(T) <_(12 + V" (z(r ))) Ax(T). (2.1.12)
0

We can now pick an orthonormal basis of normalizable eigenfunctions of the fluctuations
operator as to decompose the fluctuations, Az, as

= ZcmAajm(T)a (2113)

for some appropriate index m which can be either discrete, continuous or a mixture of
both, and Ax,, satisfies

d? _
( 42T V" (z(r ))) Ay (T) = A Az (7). (2.1.14)
This expansion allows us to trade the integral over all fluctuation paths for integration
over the coefficients of the linear combination in Eq. (2.1.13]), to do that let us plug the
expansion of the action, Eq. (2.1.12)), into the Wick rotated Eq. (2.1.2)):

(|72 N/ )] exp (—;SE[Q;(T)O (2.1.15)
i
=N /A (0) 0 )] P I:_;SE[E(T)]

_;/OT dr Ar(r) <_;22+v"(g:«( ))> A{L‘(T):| (2.1.16)

1 c?
— N/ IT dem exp [—hsE[x(T)] = §Am|mm|2 (2.1.17)
Az(0)=0 m m
Az(T)=0
2
— N e S&lz]/h _ Em 1.
e H de,, exp Z 5 Am (2.1.18)
Az(0)=0 m m
Az(T)=0
- 27
= N plal/h = 2.1.1

Rewriting the above in a general form

<xf‘ HT/"?‘ > NV e S8/ (et p1)~1/2 (2.1.20)
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where V is an infinite volume factor and we have named the fluctuations operator M1
and assumed for the time being that all eigenvalues are positive.

We can interpret this result as leading to a non-zero probability of finding our particle in
the vicinity of 2y when it started closely localized at ;. Independently of a classical barrier
separating both points, we can see that the quantity above is not zero and lends itself to
the interpretation of the particle tunneling through the barrier itself. In the following, we
extend these notions to the field theory setting. Nonetheless, the interpretation remains
the same.

2.2 False vacuum decay in field theory

We can now utilize the tools of the previous section in the framework of field theory,
which we will use for the rest of the document. In particular, we will be interested in
applying such tools for the study of transitions between vacua so that z; and x; now
adopt the meaning of minima of the potential. For this, we summarize Coleman’s original
paper[l]. Let us then consider a scalar field ¢ on four-dimensional space-time, subject to
a potential U having two local minima as the one drawn in Fig. which is such that
U(p4+) = 0, and has been sketched inverted to make an analogy with mechanical systems.
The corresponding Euclidean equation of motion for such a field is

24— U
— T+ V= s (2.2.21)

The boundary conditions for a bounce-like solution are analogously

AT X) 2 P+
d¢

I (0,x) =0,

and

(7, [x]) Pty

—
|z|—o00

(2.2.22)

where the last condition is needed when we demand that the action evaluated at such
configuration remains finite. As shown in Fig. 2.1 a way to think about this type of
configurations is in analogy to mechanical systems. A system described by Eq.
can be thought of as a particle rolling down an inverted potential, if one in addition imposes
the boundary conditions above we can imagine a particle starting on ¢4 and rolling back
and forth. This matches graciously with the picture of a bubble appearing in some region
whose inside experiences true vacuum, ¢, and where outer far away regions experience
false vacuum, ¢_.

As before the 0-th order contribution to the action from bounce configuration satisfying

Bos. €221). @220

1/do\? 1
B=5Y :/de% [2 (df) +§(V2¢)2+U(¢) . (2.2.23)

After observing that the differential equation determining the bounce configuration is
translation invariant, and more over O(4) symmetric, we can perform a coordinate change
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~U(®)

Y
©

Figure 2.1: Depiction of the bounce solution as a mechanical system,
rolling down an inverted potential having several local minima.

to exploit such property. Let us introduce r2 = 72 + x? and assume that ¢ = ¢(r), this
renders Eq. (2.2.21)) into the following form:

S N s Y (70 Y (2.2.24)

and the boundary conditions to be met become only the following two equations:

o(r) — o4,

r—00

dy (2.2.25)

E(O) =0,
where the second condition ensures that the field configuration is non-singular at » = 0.
Coleman argues and proves[35] that an O(4)-symmetric solution would correspond to a
minimum, thus we adopt the above conditions.
A second look at Eq. , using the mechanical system analogy of a particle rolling
down a potential, calls for the interpretation of the second term on the left-hand side as a
friction term or viscous force. Under this perspective, one can understand the existence of
the sought configuration via the traditional argument of overshooting and undershooting.
If we were to release our particle from a given point in the vicinity of p_ (see Fig. ),
too far to the right, the particle will not have enough energy to climb up to ¢, especially
not since friction is always dissipating energy. Along the continuous process of moving
the release point to the left, Coleman|l] proves that even when considering friction, if a
hypothetical particle is released from too close to ¢_, it will roll down, then up and go
past ¢y, i.e., it will overshoot. Since the dependence of the solution to Eq. on the
release point is continuous, there must exist at least one point between both behaviors,
where there is a solution that exactly stops at ¢4, which is the bounce configuration we
seek.
Having argued in favor of the existence of such configuration in general, we now elab-
orate on the treatable case where we neglect the friction term, the so-called thin-wall
approximation. Let us for that purpose begin with a symmetric potential Ugym, such that
Usym(¢) = Usym(—¢), with minima at field values £@gym, let its second derivative at the
minima be Uég,m(igosym) = 112 and consider a perturbation breaking the Zs-symmetry, so
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that our new potential is

€
2 Psym

U(g) = Usyrn(@) + (¢ — Spsym)' (2.2.26)
Under the current approximations, we can divide the behavior of the solution into three
pieces, inside the bubble r» <« R, near the bubble-wall » ~ R and outside the bubble
r > R, where R is the location of the bubble wall. For ¢ <« 1, we have that the field
spends a large amount of time at the top before rolling down the valley. That is, we expect
R to be generally large and to be able to neglect the friction term for regions far away
from the wall. This makes Eq. into the equation of a one-dimensional soliton over
the potential Usym, whose solution can be written in implicit form by

- / o
0 \/2Usym(9)

We can compute an approximation to the classical action

Swalel = [ @[ (8) s vanio)] = [ dp liane. 229)

—Psym

(2.2.27)

Under the current approximation we have the following piece-wise profile for the bounce
configuration

— Psym if r>R
Pbounce = § @(r — R) if r~R . (2.2.29)
Psym if r< R

The Euclidean action can then be evaluated over the bounce configuration by splitting the
contributions into the one coming from the interior and the one coming from the wall’s
tension:

o 1 dépounce 2
B = SE(qbbounce) = 2712/ T3 dr |- < (bb + U(¢b0unce)> ] (2230)
0 2 d?“
1
= —§7T2R46 + 2 R3Syl (2.2.31)

The location of the wall can then be specified by finding the extreme point of the expression
above, leading immediately to R = 3Syan/e. This is in agreement with the picture of a
large bubble for degenerate potentials, i.e. € — 0 and gives

_277%8,

B 263%‘“ (2.2.32)

for such cases.

From Eq. one can obtain a condition for the validity of the thin-wall approxi-
mation, the relevant scale is ur for the asymptotic behavior used, and it corresponds to
pr > 1 thus we have the condition

_ 34 Syan
€

uR > 1. (2.2.33)
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For example, for a Mexican-hat type of potential of the form

1 1
Usym = —§,u2gz52 + E)\QSZL + const., (2.2.34)
the thin-wall condition becomes
12p*
1, 2.2.35
SV ( )

which we can take to mean that the asymmetry multiplied with the quartic self-coupling
is small when compared to the tree-level mass, which we can consider as a rule of thumb
for later cases.

In order to relate the saddle-point expansion of the action with a decay rate, we can
use exactly the arguments used in the previous section of the quantum mechanical case.
Coleman’s argument[34], that under the view of turning-on perturbations adiabatically,
we may see that the ground state may be displaced to an unstable state, which acquires
a negative imaginary part which we just witnessed above, and then decays exponentially.
At this point, it is natural to ask ourselves how to improve on the estimation of the
tunneling rate and maintain the interpretation of a decay rate when an imaginary part of
the energy is not possible or not clear enough. It can be argued[36] via Picard-Lifschitz
theory that the decay rate per unit volume and time expression,

i 2 ~ 2 ~ Zbounce
= =——=ImEy = —Jmlog | ——— |, 2.2.36
AR Y R v v g( 7 > (2.2.36)
is indeed correct and in agreement with other approaches, by means of a proper analytical

continuation, that takes the results from their Euclidean to their Minkowskian version.

2.2.1 Subtleties when including higher-order corrections

As we saw in Eq. , we need to not only evaluate the action at the interpolating
solution but also need to compute the prefactor in front of the exponential. For fluctua-
tion operators that are positive-definite, the computation can be done straightforwardly
as we did before. However, it is often the case that the fluctuation operator will have
certain symmetry leading to zero eigenvalues, in which case we must be careful when us-
ing Eq. . Furthermore, besides zero-modes, we must also be careful with negative
modes associated with tunneling and with the type of spectrum of the fluctuations op-
erator, which might have a discrete part and a continuum part, or a mixture, that must
be dealt with carefully in a case by case basis. Let us here discuss the impact of possible
zero-modes before moving on to the computation of higher-order corrections.

Precisely this phenomenon would have occurred in the case of study of the previous sec-
tion, were we to choose the polynomial potential in Eq. [37]. For such a case, the
potential respects an O(4) and a translations symmetry, implying there are four directions
in which we can translate the bounce configuration without incurring additional contribu-
tions to the fluctuation operator, or in other words, the bounce configuration constitutes
a saddle-point of the action and there are flat-directions around it corresponding to the
normalizable configurations proportional to 0,¢pounce for p=1,...,4.

In computing the Gaussian path integral for the fluctuation operator, it was required for
us to consider a decomposition in eigenfunctions, Eq. . However, this made no
mention of possible zero eigenvalues. In such a case, we may exchange such directions for
integrals over collective coordinates[38], which represent the symmetries associated with
the zero-modes.



44 Decay by tunneling

For the case of the translations symmetry the path integral is computed by using a de-
composition (assuming a discrete spectrum), analogous to the one in Eq. (2.1.13)),

4
$) = Z Cu,0 5(25“7 —|— Z Cn5¢n Z 0 xa,u(lsbounce ) + Z Cné(bn(x)
pn=1

cn;éO cngéO
(2.2.37)

where 0,z represents an infinitesimal displacement in the y direction, d¢, o are the four
zero-modes and where the d,¢ as before, represent the orthonormal set of eigenfunctions
of the fluctuation operator with eigenvalues ¢, respectively. The arrow in the equation
above means we have changed our basis from the one including d¢, o to one including
Ou®bounce() instead. We identify then a variation of the coefficients of the normalized
zero-modes with a translation displacement

dep0d¢u0(x) = depoNudy dbounce() = Aoz Oudbounce (), (2.2.38)

for some normalization factor NV,. We can thus identify dec,o = dé,z/N,,. Performing
such an exchange, we transform the integration measure accordingly, that is, we integrate
over the coefficients of the non-zero modes and over the infinitesimal displacements for
the zero-modes, namely

4

4
H CMO H\/dci H du2 H dc” (2.2.39)

p=1 cnyéO cnyéO

that way we manage to trade the integrals over zero eigenvalues for integrals over the
collective coordinates, d,2, which represent an infinite set of bounces centered at different
locations, thus their name. All that remains is to compute the normalization and proceed
to compute integrals that are now independent of the zero-mode directions. To obtain
the normalization, recall ¢pounce() satisfies the equation of motion and corresponds to a
solution which has 0 energy-momentum, since we set the false vacuum at zero potential
at the starting point, ¢, the trace of the stress-energy momentum tensor evaluated on
the bounce implies:

= - / d4l' a,uqbbouncea“gbbounce =+ 4U(¢bounce)' (2240)

Be means of isotropy we can state that each direction then contributes a fourth of U, so
for a given fixed p,

/ d4l‘ aMbeouncea'u(lsbounce = _/ d4$ U(¢bounce)- (2'2'41)

where no Einstein summation is implied. Then we have, by applying Eq. (2.2.40)), that

1
Stree = / d4$ |:28,u¢bounceau¢bounce + U(¢b0unce>:|
= / d4x - 2U(¢bounce) + U(¢bounce)

= —/ d4$ U(¢bounce)7
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and comparing Eq. (2.2.41)) and Eq. (2.2.42) we can conclude that N, = (Siee)” /2. The

integration measure gets then an overall factor of (\/Stree)*‘l, and we can write down a
formula with this correction as follows

Y St?ree e—Stree/h det/[_A4+U”(¢bounce)] 12

YV 4nZh? det[— Ay + U ()]

!/

+O(h), (2.2.42)

where the ’ indicates that the zero-modes have been extracted. We observe that all
prefactors are dimensionless and given that the eigenvalues of the operators inside the
determinants have units of length ™2, extracting four of them leaves an excess of length™*
as the overall units of v/V, which agrees with a decay rate per unit time and volume.
Besides extracting the zero-modes of the fluctuation operator, we must expect at least a
possible negative mode, responsible for the imaginary piece of the action. Coleman and
Callan’s[37] argument ensures the existence of at least one mode but is not really conclusive
concerning the question of the existence of multiple negative modes in the case of a four-
dimensional field theory. Some can be found by studying the thin-wall limit, where if they
do exist, they must belong to the £ = 0 sector of an expansion in hyper-spherical harmonics,
with £ being the generalization of angular momentum to four-dimensional space. We will
attempt to extract the negative modes on a case-by-case basis.

The last but not least important matter to discuss, before suggesting our own methods,
is that of renormalization and higher-order corrections. Already in Coleman and Callan’s
paper[l] and in Coleman’s book[34], it is suggested that we replace the action with the
renormalized action plus some given order of loop-diagrams. Substituting S[¢] for

Sglg] = S[é] + Salg] + Y h"S"™g], (2.2.43)

which is the renormalized action and has been broken down into: a bare pieceE| S, a piece
containing the counterterms required to renormalize the theory, i.e. absorb all divergences,
S. and contributions from higher number of loops S(™), which stands for those coming
from m-loop diagrams.
An improvement on the computations of the present section is achieved already by in-
cluding one-loop diagrams. We can actually follow the same path we have followed, but
compute a bounce for the action S[¢] + Sct[d], Pbounce; and obtain the following formula
for the decay rate which would include one-loop contributions
Y e (5D e -5y |40V A0 + U (Bhounce)] |
A e ounce

YV 4r2p? det[—Ay + U"(¢4)]

(2.2.44)

This expression coincides with a renormalized effective action to one-loop level as we
explained in Sec[I.2] In the first set of applications, related to the electroweak sector and
the vacuum stability, we focus on computing the exponent appearing in the decay rate not
only to one-loop order but also including the gradients of the bounce solution. That is,
accounting for the non-homogeneity of the bounce. The prescription demonstrating how
to do such a thing is what is presented in the following subsection.

2.2.2 Green’s function and self-consistent method

In this subsection, we introduce the prescription we will follow in order to include the ef-
fects of gradient corrections from the background, besides the already mentioned radiative

2Corrected so that the whole action still vanishes at ., by possibly adding a constant
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corrections of the one-loop diagrams. The proposal is later applied to specific sectors which
serve the role of test grounds for the methods here presented. We follow the exposition of
the methods as introduced by Garbrecht and Millington[30],[39]. Therein the method is
applied for a ¢* toy model, similar to what we have used in this chapter to illustrate most
of the mathematical tools. We do not pretend to reproduce the paper in full detail but to
highlight the steps that need to be followed in order to include the effects of gradients into
the computation of the exponents appearing in the formula for the vacuum decay rate,
Eq. (2.

The method consists of using a saddle-point expansion as we have done to compute the
action and possible higher-order corrections to it. Once we have found the saddle-point,
e.g., the bounce, we compute the Green’s functions for the fluctuations operators. These
allow us, in turn, to compute the functional determinants appearing in the prefactor of the
exponential as well as the one-loop contributions. In a self-consistent manner, the Green’s
functions can be used in the one-loop effective action to obtain a corrected equation of
motion for the saddle-point configuration. The corrected bounce can be used to estimate
h? contributions, which may be particularly relevant in certain models. We describe here
the missing steps not yet covered to compute the effects described above.

The whole prescription relies heavily on the availability of the Green’s functions, so let
us begin by going over that point in view of its applications to vacuum decay. Given a
fluctuation operator M !, which consists of derivatives and functionals on configurations
depending on the coordinate x, the Green’s function problem is then

MIAM(z,2") = 6(x — 2'), (2.2.45)

where M is to be found, as already postulated when explaining the WKB method in
Subsec. As described there, the WKB-method is one possible method to approximate
the Green’s function M, which is useful under specific conditions and is known to be
insufficient for others. Specifically, the WKB approximation fails to account correctly for
the inhomogeneity of the background. That is the reason we are interested in looking for
alternatives.

We do not pretend to give a compilation of methods here but only mention some pos-
sibilities in passing and make some comments about this point. For specific models, we
might even be able to solve for the Green’s function analytically (see [30] and [31]) when
the bounce configuration itself has been found in closed analytical form. In such cases,
exploiting the SO(4) symmetry permits an expansion in hyperspherical harmonics, which
can be truncated at a given order and proceed with the program described above. How-
ever, that will not be the case for more realistic cases and the bounce configuration must
be found using numerical methods. For such cases, we will attempt to find the Green’s
function as well by using computational methods. From this point on and until the end
of this subsection, we assume M (xz,2’) has been found in some way.

We need then only answer how the Green’s functions allow us to compute functional
determinants and the quantum corrected equation of motion. In this subsection, we try
to remain fairly general as the same methods will be employed later in the next chapter,
where the specific models of a fermion sector and a gauge sector are addressed.

The functional determinants can be expressed in terms of Green’s functions, M(x,z’),
through the resolvent method which exploits the spectral decomposition of an operator,
as shown on Refs. [31, 40H42]. We summarize the procedure here. Given a hermitian
and positive-definite operator between Hilbert spaces, M1 : H — H, with a continuous
spectrum, and a basis for H consisting of orthogonal eigenfunctions, {f\}\egr+ of M1
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we can employ the spectral theorem to decompose its Green’s functions M as follows:

M(z,y) = / dA fk(xlf;(y). (2.2.46)

It is immediate to verify that the expression above does indeed solve the Green’s function
equation. A deformation of the operator, M~!, can be made by means of the addition of
an auxiliary parameter s € R,

M@, y) = M (2, y) + 51, (2.2.47)
so that the corresponding Green’s function is now

=) f3(y)

Moy = [ PR

(2.2.48)
The integration over the auxiliary parameter to obtain the logarithm of the operator M~!
does not converge when the parameter s is integrated up to infinity, however the ratio of
the logarithms of two operators M; and M3, with eigenfunctions f) ;1 and f) o respectively,
and having the same continuous spectrum of eigenvalues, does:

M (z,y)

log —=
MQ l(xa y)

— [ AN IosNL @) 540 — [ X 0N 20 520

= _/ ds My, (z,y) — Mo, (x,y),
0

where we have used Eq. (2.2.48)) to get to the last line. Then taking a full trace leads us
to the equation:

det My (z,y) M7 (z,y) 00
gm = trlog 1—1 = _trdis/ dl‘/o ds My, (z,2) — Ma, (7, 2).

lo —
M2 ($7 y)
(2.2.49)

where trq;s denotes a trace over possible remaining indices, such as Lorentz or color. The
formula above shows how to compute the one-loop contribution terms by using the Green’s
functions for the deformed operators. In the next part of the document we will adapt this
formula given some extra assumptions and obtain with it an estimate of the size of the
gradient effects compared to the CW version.

The next observations pertain to the so-called tadpole contributions, which usually are
diagrammatically represented by a loop with one insertion of the background or external
leg. In general, their mathematical expression might not correspond only to such diagram,
but may also contain more insertions depending on the specific potential of the model.
What is important nonetheless is that their relation to the Green’s function remains the
same, which we then can take as a definition. We will call tadpole contributions from field
X, to those coming from a functional derivative of the logarithm of the one-loop diagrams

WW[J = 0], with respect to X (see Eq. (1.2.134)),
-1 /]
_ (1) 4] det' My (p; 2/, 2")
1I ,r)o(r) = ——B5' = o
X0 2)p00) = ) = o s S AT

o
2.2.
o S (2250)
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where gx is generally associated to the degrees of freedom of the field and is negative
for fermions, while the origin of the logarithm is the use of the generating functional
of connected diagrams (see for computing the one-loop effective action. We then
compute the corresponding corrected equation of motion in a self-consistent manner, that
is we find the equation of motion for a bounce subject to the one-loop effective potential.
Mathematically we do this by expanding the effective action Eq. around the
classical bounce 90(1) = ¢ + hdyp, the quantum corrected bounce, and subsequently by
taking a functional derivative with respect to it to obtain a corrected equation of motion:

J

"= 5o

P[] = 0% (z) + Vi (pM; 2), (2:251)

where Vg is the collection of terms appearing in I'}) other than the kinetic term and with
the present notation we have

e/ﬁ(@(1)§ T) = Vtree(QO(l);x) + Z hx (g3 )0 (), (2.2.52)
X

where X runs over the field content of the model. We then have some h? corrections
appearing when we evaluate the effective action on the quantum corrected bounce. The
first corrections will come from the tree-level action and the second from the variation of
the one-loop terms as above. In the case more fields are involved, each term will have such
a contribution and all must be added. We only collect the results here, which have been
derived already in [30} 31]. The contribution from the tree-level action for the scalar case
is

h*5S, = ;/ d4a:5<p(x)/\/l;1(g0;x,x)5g0(a:) = —;/ d*z sp(x) (g 2)p(z)  (2.2.53)

and the one from the variations within the one-loop term are

1 1)
2B<1):/4 log det’ NN 2.2.54
h*6 By, 5 d a:égo(x)(sgo(x) ogdet' M (¢; ', z") (2.2.54)
— [ Aoy (oi)e(o) (2.2.55)

The total contribution of order A2 appearing in the one-loop effective action evaluated at
the quantum corrected bounce is, for the case of a single scalar field,

BY =468, + 6B = —48. (2.2.56)

Collecting the different contributions we have seen, we have a final expression for the
exponent of the decay rate

ok 1 M) 4 52p®
Lo exp{ = (Stree[go] +hBY + h2B¢ ) , (2.2.57)

where the constant of proportionality is given by the factors coming out of the integration
over collective coordinates and the negative mode.
Having reached this point, we believe the main mathematical tools for the studies that fol-

low have been discussed, and we consider we can now elaborate on the specific applications
pursued.
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3

The Electroweak sector of the
minimal Standard Model

3.1 The electroweak sector

The electroweak (EW) sector we know today was suggested in the 1960s, known as the
GWS after its creators [43-45] for which they were later awarded the 1979 Nobel prize
in physics. Here we present the ingredients needed to understand the current knowledge
concerning vacuum stability. Thus we begin by motivating our studies by using the math-
ematical tools available to summarize and obtain a one-loop improved scalar potential for
the SM. Although our specific toy model on which we elaborate later does not correspond
to the current SM, it serves as a testing ground for the functional techniques used and to
examine possible contributions that are usually neglected in traditional computations of
the effective scalar potential.

For this short presentation of the EW sector, we will follow closely what has been exposed
in the review by Sher [46] and in the book by Donoghue [47]. The GWS model mixes the
electromagnetic interaction and the weak interactions under a single framework. Formally
we say the EW sector corresponds to a gauge field theory with gauge group SUL(2) X
Uy (1). Matter fields are, in contrast, described by massless spin one-half fermions. The
group factor SUL(2) is referred to as (weak) isospin and the Uy (1) factor as the (weak)
hypercharge. The subscript L highlights the fact that only the left-handed components of
the fermions have non-trivial isospin, opposed to the right-handed components, which are
isospin singlets. The subscript Y denotes the weak hypercharge that is possessed by all
leptons and quarks (not counting possible right-handed neutrinos).

The last field in the model is the Higgs field which, as is now known[2] [3], is responsible
for the mechanism of spontaneous symmetry breaking (SSB) which provides the fermions
and the gauge bosons with mass. It is this field about which we will generally speak when
referring to vacuum because it is a scalar of the model and hence is allowed to have a non-
trivial potential without disrupting the condition of renormalizability. The SSB mechanism
as such requires just one such field as a SUL(2)-doublet (or isospin 1/2 representation),
although modern theories aiming to extend the standard model may include more such
fields (see Ref. [48] for a review).

The model consists of a Lagrangian density,

Lew = Lx.g + Lxr + Ly + Ly, (3.1.1)

which can be split into the four terms above: a kinetic term for the gauge fields, a kinetic
term for the fermions, the Higgs sector and an interactions part between the Higgs field
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and the fermions.

Fermions are split between leptons and quarks, the latter carrying also color corresponding
to the SU(3) symmetry or strong sector, which is not relevant for the present discussion.
Leptons consist of neutrinos and electrons from three families which differ only in their
mass, the label f will denote the field’s family. The fields themselves are generally denoted
by

Lf—<ULf> and  eg;,. (3.1.2)
er, ’

!

Similarly the quarks are denoted by

Qf:<uLf)’ up, and dp,. (3.1.3)

dr,

The gauge field components are commonly denoted by W and By, corresponding to
the SU(2)r and the Uy (1), respectively. This implies we will have in principle four real
gauge fields, three corresponding to the infinitesimal generators of SUL(2) and one for
the infinitesimal generator of Uy (1). We may make use of a slight abuse of notation and
denote their field strength tensors by using the same letter, however attaching two indices
since they are second-order tensors,

Wi, = 0,W) — 8,Wy + g™ WiWy (3.1.4)
B,uu = a,uBu - aVB/L (315)

where a = 1,2, 3 and we have chosen the generators of SUL(2) to be ¢;/2 with o; the Pauli
matrices, which leads to the structure constants appearing above, 2ie;j,01 = [04,0;]. We
can now write down the kinetic term for the gauge fields,

1 1
ﬁk.G = _ZWaﬂVWZV - ZBMVBHV (316)

and the kinetic terms of the fermions

3
Lir = Z Z Xpily, Xy, (3.1.7)

=1 XeF

where .# = {Qy, Ly, €Rs> URy de} are all the matter fields of the model and where the
covariant derivative, D, appears already contracted with the Gamma matrices, v*. It is
given by the general expression

/
g .o
Dx, =9"Dux, =" [(QL + 12YXfBu> ® Lgim Ry (X;) T lggaWﬁPL (3.1.8)

where the hypercharge, Y, as well as the isospin representation, R;(Xy), can depend on
the family but as it turns out, measurements show they remain the same across families,
we have used dim R;(Xy) to denote the dimension of the isospin representation and in-
cluded an identity matrix which is formally present. For that reason we have fixed the
representation for the field Xy to be an isospin 1/2 representation, provided the field is
left-handed, as indicated by the projector P = (1 —~°)/2 in the last term, meaning all
right-handed fields simply do not couple to the W,,.
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So far, we have described the gauge bosons and the fermions of the theory, but then the
Electroweak sector would consist only of massless particles if that were the full story, given
that no mass terms are allowed that respect the imposed symmetries. In order to give
them mass and for unitarity reasons, the model needs a scalar particle that can implement
the SSB mechanism. In its minimal version, the Higgs field is an SUL(2) doublet with
hypercharge 1/2, labeled by H with the following Lagrangian density:

Ly = (D, H)' D, H — Vipee(H'H) = (D, H) D, H + *H'H — \(H'H)?,  (3.1.9)

where
1., . Oaa H*
DHH = 6# + ilg BH X ﬂdimRI(H) + 1g?WM and H = HO (3110)

The specific form of the potential is chosen as to respect the gauge symmetries, be renor-
malizable and to present a U(1) degenerate minima. In order for the fermions of the theory
to acquire mass, they must also be coupled to the Higgs field, this is done via Yukawa
type interactions,

Lur =Y 7Yff,QfﬁuR,f - def,QfHdR} ~YfpLyHep, +h.c, (3.1.11)
LI

where H = i% H* and the Y’s are the coupling matrices which mix the families and are
a priori not diagonal. The Yukawa couplings form matrices of dimensions Ny X Ny that
are responsible for introducing flavor mixing, which we wont be discussing further in this
document.

For the sake of completeness, we summarize the charges of the different fields in Table
where the numbers shown specify then the representation, Ty, and the conserved charge
in the Tys = 03/2 direction for the SUf(2) part. Finally, the last line is assigned with
2 the electromagnetic charge operator and the stated convention, which can be obtained
after anomaly cancellation, as explained in most QFT and SM books [13], [17, 47].

Leptons Quarks Higgs

L R L R -

Field a
VLf €Lf 6Rf uLf de uRf de H

Generator

T sl o[ PE] o o] s

Tws 5 |-31] 0 5 1510 0 —1
Yx, =2(2-Tws) | -1 | -1 | -2 | 3 : 1] -2 1

Table 3.1: Assignment of charges for the fermions in the EW sector, where 2 represents
the electromagnetic charge.

3.1.1 Spontaneous symmetry breaking (SSB)

Here we summarize the SSB mechanism in relation to the masses of bosons and fermions,
which is relevant in the discussion on electroweak effective potential. Let us begin by
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observing that the scalar potential depends only on |H|?, which implies that minimizing
the scalar potential with respect to it, we can find a value for |H|?, while nothing fixes its
phase. Minimizing V(HTH) in Eq. (3.1.9), we find that the minimum is at
2 2
v ) I
H?=— with v=4/"~—. 3.1.12
P = with w=y/E (3..12)
which is still U(1) symmetric (see Fig. [3.1). Thus v referred to as a vacuum expectation
value (VEV) since it coincides with (0|93¢ H°|0). Experimentally its value is computed via
the Fermi coupling constant G which is measured by looking at muon decays[I3], and is

known to be v =,/ ﬁlGF ~ 246.22 GeV[49].

H

Figure 3.1: Sketch of the potential for the Higgs field, V(HTH), from Eq. (3.1.9). The
orange solid line depicts the Goldstone directions which remain symmetric under transla-
tions.

After choosing a phase for the H, we can then find out the mass spectrum of the theory
by performing an expansion of the Higgs field around a minimum. That is, we take the
above to be the expectation value of the Higgs field in a classical setting and study the
fluctuations around it, explicitly

i 0 0
H(m):%exp =Y 2 o) (3.1.13)
=1 v T

We can see how the mass terms for the gauge bosons is generated already from the constant
part of H, that is, from the first term in the right-hand side of the expansion

3 o 0
()= , .1.14
R W (3.1.14)

H()NL 0 _|_L 0 _|_;
YEva\y) T Ve ) T Ve

where h(x) is now a real scalar field referred to as Higgs boson. Let us first compute
the mass of the Higgs boson to lowest order, by implementing the above expansion in the

potential for the Higgs field Eq. (3.1.9)):

s A
Vieo (H) =~ (0 4 h(@))? + 2 0 + h())’ (3.1.15)

2
A const. — %h2 + g)\vzhz + O(h%) (3.1.16)
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where we have use that v minimizes the potential and thus we can recognize the mass of
the real scalar field h to be

my = V2\v, (3.1.17)

at tree-level. Analogously, we find the mass terms for the gauge fields by means of ex-
panding the Higgs field’s kinetic term:

2 / 2
1Dy HI? = 92% {(W;)2 + (W2 + <‘ZB# - Wj) } +O(h(x)?). (3.1.18)
The interplay between the weak isospin and the weak hypercharge implies that there is
some mixing of components pertaining to B, and Wg‘ . Therefore, in order to diagonalize
these mass terms fully, we need to perform an additional transformation while keeping the
gauge fields canonically normalized. We perform an orthogonal transformation of a pair
of real fields, i.e., a rotation into new fields:

Z,, = cos GWWE’ — sin 0w By, (3.1.19)
Ay = sin Oy W + cos Oy By,. (3.1.20)

If tan Oy = %, is the weak mixing angle, then one arrives to the following kinetic terms:

1 1 1 g \? 1 fvg\2
Low 2 =7 Fo = 528+ 5 (5onee ) 2°Z,+ 5 (2) (W2 + (WD) (3121
o 2178~ 370+ 5 (5o ) 2%+ 3 (2) (VD + 022 @21
where F),, and Z,, are the field strength tensors of the newly defined fields A, and Z,,.
From here although the charged W’s and the interactions are not obvious, we can already
identify

ma =0,
gu
Mz = 5 os Ow’ (3.1.22)
vg
my = ?a

these results are obtained from the expansion of the kinetic terms too lowest order in
fluctuations of the Higgs field.

Let us now consider what happens with the fermions, it suffices to describe the case of
the top quark which is the heaviest of them, with an experimentally observed mass of
around my = 173 GeV, and will contribute the most to the effective action as we will
later witness. The Yukawa terms are after symmetry breaking in the notation above,
YL 0uR,/V2 + h.c. from which we can recognize

(Y

The previous results do not depend on any gauge choice up to this point. However, in
order to study the stability of the model, we need to be able to go beyond tree-level and
include higher loop-order corrections.

However, this is a good point to mention that by choosing a good gauge, we can usually
get rid of the x; fields in Eq. . This is the so-called unitary gauge, where the
Goldstone field directions disappear, specifically the kinetic mixing between the gauge
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field components and the Goldstone bosons is also zero so that the quadratic terms for
the gauge bosons are diagonal in the fields. Explicitly let U(x) = exp(—i_; x;0;/(2v)),
we can bring our Lagrangian to the SUp(2)-unitary gauge by transforming the SUL(2)
charged fields as follows:

1 0
V2 \v+ h(z)
Xi(x) =U(x)Xp(z) for X €{Qys, Ls} (3.1.24)

372+ Wiila) = U0 WE@U ™00 + 0,000 - U™ ()

Choosing the above gauge makes the physical degrees of freedom of the fields manifest.
In other words, all internal lines in Feynman diagrams correspond to physical particles.
Unfortunately, it is not always useful in computations since the gauge boson propagator
and, in general, Green’s functions are not renormalizable[50]. We take the opportunity
to mention a family of gauges, the R¢-gauges family, which have the useful property of
depending on one parameter, £, which can continuously be adjusted to reach different well-
known cases, e.g., Feynman, R, Landau gauges. The fixing of the gauge is usually done
by adding a term to the Lagrangian density, for a model with a gauge field A, coupled
with scalars, ¢, with an O(N) symmetry, one has for example[51]

1

Lt = 2%

(O A" + (- ). (3.1.25)

where £ is to be chosen between 0 and co and 5 is also arbitrary. The R¢ family occurs
when (,u o dp, /€. This topic will be relevant for our specific toy model in an application
reported later. From this form, we can recover the following gauges:

Unitary gauge: & — there are no Goldstone bosons present but calcula-
tions are cumbersome.

Feynman Gauge: ¢=1 Propagators have a simple algebraic form in momen-
tum space.
Landau Gauge: &E—0 Has massless Goldstone bosons which are decoupled

from physical scalars.

3.2 The effective potential to one-loop order

We will now attempt to study the stability of the SM by considering the effective potential
to one-loop order. For the discussion in this section pertaining to the SM, the Landau
gauge will be employed. Let us then apply the methods explained in Sec. In addition
to the one-loop diagrams formed by the scalar acquiring the VEV in the model, we must
also deal with gauge bosons, fermions and other possible scalars in the EW sector. By
employing the same techniques[22], we determine the effective potentials for the other field
types. Let us then recall that the effective potential, Vg (¢e1), gives the energy density of
the system on state v, (¢|H|v), provided o = (¥|¢(x)|1)). one can first obtain the one-
loop contributions to the potential from a gauge boson in an Abelian theory (see Ref. [46]
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for an extended review)

v, et < vl ) (3.2.26)
b Abelian — Pl 108 , 2.
D DR T a2 O M3

where My is the renormalization scale for the theory. For non-Abelian gauge groups,
where the effective mass of the gauge boson comes from terms of the form

1 b
B > M2 (pa) AL AMY, (3.2.27)
a,b
where a and b run over the infinitesimal generators of the gauge group, we have

1 M Pel 2
ng non-Abelian = 3 m tr {M(30c1)4 10g <](\4—/;\) ) (3228)
where the gauge couplings are included within the effective mass matrix Mg,. In case the
theory is extended to have additional scalars, we might then find the following contribution
from such fields

1 M(pa)?
V5 non-Abelian = @ tr {M((Pcl)4 log (W , (3229)

2 _ dQVree
where Mg, (¢c1) = G545

Let us now include the contribution from the fermionic fields. As we saw in the previous
section, the Yukawa terms will imply masses after symmetry breaking of the form

= map(pe) s (3.2.30)
a,b

where mgy is obtained after switching to the mass basis and is in general complex. Then

1 my 4 2 mm!
= _ —L 1 —_— 2.31
vy i ( . gpd> tr {(mm )*log ( 2 (3.2.31)

We are now in a position to collect all the contributions and write down the one-loop
effective potential for the EW sector, where we neglect all fermions other than the top
quark,

V:eff ~ Viree + VZ,W,A + VHiggs + %op (3232)

1 2 2 1 4
‘/tree = _§M Pel + Z)‘(Pcl

3 ‘P21
Vzwa = (29" + (9° + ¢")%) i log ( ¢ >
102472 ¢ M3
Lo o 22 1% + 3\p2 3 2 22 B2+ A
VH,G = 6472 (M + 3)‘(pcl) IOg ( M/% . + 6472 (:u’ + )‘9001) log M/% <
3 2 4 9021
TR
6472 ¢ M3

(3.2.33)



58 The Electroweak sector of the minimal Standard Model

Historically the masses of the top quark and the Higgs boson were not known with good
enough precision, so that one was led to consider different possibilities. Let us comment
here on one of these possibilities, although not realized in nature, for the sake of studying
the behavior of the minima of the effective potential. For such purpose, let us assume
that the mass of the Higgs and its self-interaction are small, i.e., 4? and A, so that we can
neglect the contributions from the scalars. The potential then takes a simpler form

2
V = Vireo + B o log ( @%) (3.2.34)
MA
where
_ 3 i(3g4 + 262" + ¢'*) — VU2 (3.2.35)
6472 |16 ’

and it can be estimated by using experimental observations of the masses and its relation
to the couplings, Egs. . Let us consider a top Quark which is light and
thus fix B to be positive. To witness how the potential itself changes, let us pick the
renormalization scale to be My = v and fix the relation between p, A and B such that
Yo = v always represents the minimum. Fig. shows the effective potential obtained
for different values for 2, where the condition A = p? — 2B ensures the location of the
critical point lies at o, for u? in Bv? units.
Lgo 1.9 4 4 9021

V(pa) = —gu pa + (0" = 2B)pq + Byq log <v2> (3.2.36)
The different possible shapes of the potential shown in Fig. imply very different sce-
narios from the point of view of vacuum stability. We can mention that the radiative
corrections can create a minimum even in the case of u?> = 0. Some of the shown val-
ues for ;2 hint tunneling processes between different local minima. For each of the values
shown, one can compute the corresponding Higgs boson mass, mpy = di}/(f) |p=v. We could
subsequently make statements concerning bounds on the mass of the Higgs by demanding
certain features of the potential, as was done in the past. Nowadays, the available mea-
surements of the Higgs’ boson mass and the top quark can be used to determine the shape
of the effective potential instead.
As we know, the top quark’s mass is higher than around 83 GeV which would imply in
this approximation where scalar loops have been neglected, that B would be negative.
For such a case, this very preliminary examination of the effective potential displays an
unstable vacuum. This is precisely the central object of the applications of the present
chapter.

For illustration purposes, we show how to obtain the renormalization group improved
potential to this same order, which has the advantage of being valid as long as we find
ourselves in the perturbative regime of the couplings. Without such improvement, it is
not really justified to speak about arbitrarily high field values since the actual condition
needed by the effective potential to hold, as is, is that alog(¢?%/M3) < 1, where « is the
largest of the couplings.

3.2.1 Renormalization group improved potential for EW sector

We employ the techniques of Sec to the effective one-loop potential for the EW sector.
We can split the potential into three pieces

V = ‘/;;ree + ‘/ioop, (3237)
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Figure 3.2: Depiction of the one-loop effective potential for different historical scenarios for
assuming a light top quark, (see Ref. [46]), for an updated heavy top quark the potential
becomes unstable.

where the one loop contributions concerning the running of x? and \ are

1 4 ¢? 2 212 1? + 3\¢? 2 212 p? + Ap?
Vioop = 642 <B¢ log <J\42> + (1° + 3X¢7) logT +3(p" + Ap7) 10gT
(3.2.38)

and the last piece corresponds to the top quark which will ignore in the analysis of the
running of x? and \.

As in the illustration done in the Sec[I.3.3] we can find the beta functions through a
bootstrap procedure, where we employ the Callan-Symanzik equation on the effective
potential. The information of the one-loop contributions can be used to reconstruct the
running of the couplings to build the improved version, that is

o0

0
({)Tﬂ_fmaqb

3 Vioor (3.2.39)

0
</8)\8)\ + NQ/BMZ > ‘/tree =-M

allows us to compare terms proportional in ¢? and ¢* and write down the following ex-
pressions for the beta functiond]]

1
By = 4Ny + 8?(12% + B), (3.2.40)
3\

Here we have followed a different definition for the beta functions and anomalous dimension, compared
to the one presented in the mathematical background, the beta functions and the anomalous dimensions
are related through 8 = 8/(1+4) and v = 5/(1+7), where ~ represents the quantities we use now. Also
a factor of u? has been extracted by convention.
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Once we have explicitly computed the beta functions, we must solve the renormalization
group equation for a given set of initial conditions to obtain the improved potential

Vig) =2

2,u2(t)G2(t)go2+%)\(t)G4(t)<p4, for t=log(e/M), (3.2.42)

where

G(t) = exp (— /Ot dt'y(g:(t), /\(t’))) . (3.2.43)

We need an estimate of the anomalous dimension as well, to be able to write down the
RG equations, for that purpose let us consider the two-point function, which to one-loop
order implies the following anomalous dimension

v = (=9¢% — 3¢g" + 12Y}}) /(647?). (3.2.44)

We must also include the running of the Yukawa couplings which to one-loop order have
been computed[52] and currently are known to two-loops (see Refs. [53H58] or [59] and
more recently to three-loops under certain assumptions[60], while partial results exist for
higher loops[61], 62]. For our purposes it will suffice to use

1

9 9 17
By = 1672 <29§2f - SQEQY - ZQQQY - 129/29Y> ) (3.2.45)

where g is the strong sector (QCD) coupling constant. For the gauge couplings we have
to one-loop[63]

793
/895 = - 527
167
1943
By = “ 962" (3.2.46)
41913
By = o
967

We can then set the boundary conditions on the gauge couplings, Yukawa couplings and
for A and p?. For the gauge couplings we can demand to begin the running at the known
values at a typical energy scale. Conventionally this is done at the scale of the Z%-boson
pole mass. The gauge couplings of the EW sector can then be defined through the mass
parameters after symmetry breaking, that is in terms of mz and my which are in turn
defined via tree-level relations to: v, 6y and «.. The current world averages values, for
the fine structure and the strong coupling constants are[49],

g° 1

2
= — = .2-4
a(mz) = 4 = 127,952 £ 0.009 (8:2.47)
2\2
as(m?) = 22 1179 1 0.0010 (3.2.48)
z 4
(3.2.49)

which together with a starting point for the top Yukawa coupling Y¥(¢ = 4m?) =
m¢/175GeV, and an on shell-scheme as before

dv

=0 = 2.
i, 0, (3.2.50)
d?v

a7 |, = m3, (3.2.51)
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we can run the couplings numerically for given masses of the Higgs boson and the top
quark, and thereafter obtain the improved one-loop potential in Eq. . With this
we cover the basics of computing effective potentials for the SM and also its possible
improved versions.

As we have learned, the effective potential can possess exciting features such as several
minima. What is more, this specific feature is the one allowing for scenarios where tun-
neling phenomena can occur. These, in turn, may have dictated the dynamics of phase
transitions in the early days of our Universe. Thus, studying the consequences of the
effective potential of the SM in detail comes without question.

Before we move on to our cases of study, we need to relate the effective potential com-
putations with the notion of stability. As was briefly mentioned when we computed a
one-loop non-improved effective potential, the coefficient B can become negative enough
to imply that the effective potential will not be bounded from below for large field values,
instability, which at first glance contradicts our existence.

Ways out of this issue include improving our approximation of the effective potential, that
is, increasing the number of loops considered to check whether the instability is still there
and this may also be accompanied by the construction of a more precise RG improved
potential. In one of the scenarios, the instability remains and we can then require a
milder constraint; that of meta-stability, meaning that we can hope that computing the
decay rate of the tunneling process from one minimum to the unbounded region gives
something smaller than the inverse age of the Universe, (4.3 x 10" sec)™!. This idea has
been used in the past to put bounds on the masses of certain particles before they were
actually experimentally detected[64H66]. Nowadays, after the measurements of the top
quark[67, [68] and the Higgs boson[2] [3] masses, we can, on the contrary, estimate the
lifetime or equivalently the decay rate of the SM vacuum.

We do not pretend to focus on traditional computations of the effective potential of the
SM as described in this section but take the chance to quote the state-of-the-art stability
analysis concerning the different stability regions of the SM[5, [69]. Combining the two-
loop effective potential, the three-loop beta functions for the relevant couplings and a more
detailed determination of matching conditions at the EW scale to two-loops to determine
the initial values for the running, it is possible to obtain a full next-to-next-to-leading
order computation of the Higgs’ boson potential. Fig. [3.3] shows the results of such a
study which have become a central motivator for our current research.

3.2.2 Evolution and status of the Field

The mathematical tools and the framework presented in this chapter so far have only
opened the doors to deeper and more sophisticated studies concerning the topic of vacuum
stability within the SM of particle physics. As already shortly mentioned, the notion
of stability has been an interesting and evolving constraint for the masses of the top
quark and the Higgs boson[70] before they were accurately measured. More recently,
making use of these new measurements, the vacuum stability question has transformed
into a question on metastability, and as a consequence, into one about the false vacuum’s
lifetime[5], (69, [71], [72], given the catastrophic consequences that the occurrence of such a
decay could have.

As is usually the case in particle physics, answering questions about the very small leads
to clues (and also more questions) about the “very early”. The metastability of the SM
potential can have consequences that pertain to the very early Universe. Even before
the discovery of the Higgs boson, implications to cosmological aspects were already being
considered, affecting, for example, inflation [73]. Simultaneously, discussions about the



62 The Electroweak sector of the minimal Standard Model

7 180 T

o [ 107 == 1010
200 Instability i e eCe E
o~ = > L Instab_ility - _— - Meta- stabili'ty_ -]
(‘3) 150 H=— s\'A‘O}\\ g g 175E——— =N ]
= e 5 = = A\ B
X 3 2 T 1232 ]
2 100~ Stability = g o e L ]
- B = :
o = S 170 - . i .
= sof S = [ e ]
= 2 H Stability ]
0k : : : — 165 ' . . ]

0 50 100 150 200 115 120 125 130 135
Higgs mass M}, in GeV Higgs mass M), in GeV

Figure 3.3: (Left) Plot depicting the regions of stability for the NNLO precision scalar
potential of the SM in the m; — mpy plane. (Right) Zoom in around the interesting
experimental range for my and m; displaying in gray the best fit regions for 10,20 and
30 deviations and where the boundary between regions were obtained using as(myz) =
0.1184 £ 0.0007. This plot appeared first in [69].

early Universe’s phase transitions include suggestions of possible first-order phase transi-
tions that can occur via nucleation of true vacuum bubbles, as has been described in this
document. A good review that outlines the current views and aspects possibly interesting
to cosmologists related to the Higgs vacuum metastability is Ref. [74]. A very similar set
of ideas to what we will consider in the following chapter can also be found in Ref. [75].
The multiple connections to the cosmological evolution make it a “must” to try to un-
derstand in detail how higher precision computations modify these quantum tunneling
processes. New methodologies are constantly needed to compute the false vacuum decay
under different settings, such as different models with varied field content, finite temper-
atures, at different levels of precision, or even at curved spacetimes.

The initial considerations by Coleman and Callan lead quickly to the realization that
bubble nucleation processes can also happen under finite temperature conditions[76], ap-
plications to the earlier Universe have since proliferated. One of the most important
examples is that of Baryogenesis[T7H79], a process in which the matter and anti-matter
asymmetry of the Universe is produced. Most models of Baryogenesis require a first-order
phase transition[80] which entails the nucleation of vacuum bubbles, increasing, therefore,
their relevance, since they may play an essential role in understanding the nature of the
EW phase transition.

It is appropriate to mention here the prospects of learning more about the early Universe
by means of new observational capabilities such as those presented by the detection of grav-
itational waves (GWs) with present detectors: GEO600, VIRGO, LIGO, and near-future
ones like LISA in outer space. Studies about phase transitions[8IH83] feature vacuum
bubbles collisions, which are predicted to produce GWs. Hence the detection of specific
power spectra from GWs may shed some light on the nature of the EW phase transition.

The examples above constitute compelling reasons to pursue the study of the EW vacuum
transitions. Given that most treatments so far focus on including higher-loop corrections
or in RG-improving the effective potential to higher orders, we decide to take a different
path and consider the impact of the non-homogeneity of the bounce configurations on
the decay rate. These gradient effects are generally neglected when computing the CW
potential, as we have seen. Therefore an in-detail consideration of the gradients was
missing in the literature. The following applications will allow us to have a quantitative
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idea of the impact of such effects.
We present first a summary of the work already published by our research group in which
the author of this document did not participate. However, the study served as an intro-
duction to the methods and was instrumental to the author’s study case, the reason why
we have chosen to present them also here. Later, we move to our personal study case,
where the methods are extended.
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4

Vacuum decay rate including
background gradients

Before approaching the more complicated gauge sector, we summarize first how the tech-
niques can is used in a slightly simpler scenario. Thus, we describe the results of [31] in
a compressed way as a prelude to our computations. They will also provide a reference
point to compare results and observe differences between the two sectors.

4.1 The Higgs-Yukawa sector abridged

Let us begin the discussion by stating exactly the model to be studied. The Euclidean
Lagrangian describing the interaction of a Dirac fermion and a real scalar has the form:

- 1
L=Uy,0,V + 5(aucl))2 + Ling + U (P) (4.1.1)
where the scalar potential is given by
Loo 1 3 1,4
U(p) = oK o+ ggqﬁ + E)\qb + U, (4.1.2)

with Uy chosen so that the right minimum is located at 0 potential (see Fig. and the
interaction is chosen to be of Yukawa type

Lint = kVOW. (4.1.3)

The scalar potential is build as to present at least two local minima, which will correspond
to homogeneous field configuration which we refer to as vacua, true vacuum reserved for
the lowest lying one, ¢_, and false vacuum to any other local minimum of the potential,
in this case denoted ¢ (see Fig.

4.1.1 Adapting the decay rate formula for this model

The starting point is, again, the action supplemented with external sources in order to be
able to extract correlation functions from the partition function. It takes the form

S[®, 0, ¥] = / A L+ / e J(2)D(z) + / e ()0 (x) + / Ao O(a)p(z) (4.1.4)
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Figure 4.1: Example of a scalar tree level 4th-order polynomial potential displaying the
features required for vacuum tunneling to be present.

and we can expand the theory around a background configuration by using the describe
semi-classical approximation, ®(z) = p(z) + A/2®(z), ¥ (x) = ¢ (x) + hY/2¥ and ¥(z) =
Y(z) + hY/?W(x). The action is then up to terms that are quadratic in the fields,

S[®, W, 9] = S[ip,0,0] + h1/> / e J(2)d(x) + K72 / da ii(2) B (x) + B> / ' ¥ (2)n()
+ Z/d%v d*y @G_l(ap(x); x,y)@ + g /d4m d*y \iID_l(go(x);m, y)\il
(4.1.5)

where in general the fields are expanded around configurations that invert the relations
with the currents as to cancel linear terms, that is explicitly

(o) = @UR()) |, = HET S (4.1.6)
7o) = (UT@IR)] 1, = ~hTE TSI (4.17)
Y(z) = Q@) |,,, = ﬁW7 (4.1.8)
and where
) = 52S[®, U, U]
@Y = 58560 Loy 0o
= 54(:B —v) [—Am + U”(cp(a:))] (4.1.9)
and
() = 525[®, W, U]
Do) = 7500080 Lo yovm

=64z — y) [vu0, + k()] . (4.1.10)
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The associated operators depend on one space-time point only and can be obtained by
integration over y. Observe how higher order terms will not contribute at one-loop order as
explained when developing the expansion in loops in the mathematical background section.
We have also required the tree-level fermion tadpoles to vanish, namely ¢ (x) = 0, ¢(x) = 0.
The expansion above is valid for an arbitrary field configuration ¢ given an appropriate
choice for the sources J,7n,7. Therefore, we proceed to compute the 1-PI effective action
evaluated about the configuration ¢ by including A corrections from the expansion made
in Eq. and building first the path integral, including external sources:

N

Z[J,n, 7] = Zo[J,n, 7] /D@]D[W]D[‘T’] exp{ —~ ;/ d*z dyd(2)G " (o(x);2,5)2(y)

h B .
+5 / d* d*y U D (p(2); 2, y) ¥ + O(h3/2)}. (4.1.11)
performing the Gaussian integrals inside the brackets we arrive to

det G~ (p(x); 2, y)
det G_l(sp'i‘; Z, y)

1/2
ZIJ,n, 0] ~ Zo[J,n, 7]

det D™} ((x); 7, y) ‘1_ (4.1.12)

det D=1 (42, y)

modulo a normalization constant, set by Z[¢+,0,0]. We may now plug in this expression
into Eq. (1.2.119)) so that up to first order and for vanishing sources, we find the 1-PI
effective action,

TG, W, ] = —hlog(Z[J,n, ) — / d'e J(2)B(x) — / d'a ()W (z) — / 'z (2)n(z)

1
~ —hlog <exp (—hS[gp,0,0])> + glog

det D™ (p(x); x,y)
det D~1(p4;2,9)

det G~ o432, y)

det G~ (p(x); z, y) ‘

— hlog

h
= Solp, 0,0] + 5 log

det G~ p(x);2,9)|
det G~ (g5, y)

det D~ (p(x); 2, y)
det D=1 (p432,y) |

(4.1.13)

Adding the quantum corrections

In this subsections we are interested in taking ¢ to be the quantum corrected bounce con-
figuration, meaning it will consist of two terms, the classical bounce cp(o) and its quantum
corrections 8¢, such that o) = o = ¢ 4 §p. In order to include such corrections the
1-PI effective action must be evaluated self-consistently at the quantum corrected bounce.
Before computing every contribution in detail, let us set up the remaining quantities we are
after. Let us then consider expanding Eq. , by decomposing the field configuration
into a classical piece and its quantum corrections. We obtain therefore

dp = _/ d*y G( 2, )5 (! )

(4.1.14)
- / d*y Gz, y)p (V)
with the tadpole functions I1x being defined as
53(1)
My (¢®; )00 (2) = 22X 1) (4.1.15)
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where X denotes either of the fields in the model and where Bg) is proportional to the
positive-definite part of the one-loop contributions, specifically in this case we have

det’G=1(p®)

th) = th)[GD(O)] = hgs log 4det’G71(<P+)

" (4.1.16)
detD~1 ()
nBY = hBY o] = hgplog ———"
D D [SD ] gp 108 detDil(QD+)
where gg = 1/2 and gp = —1, where the prime denotes that the negative and zero modes

have been extracted about which we expand later. From a 1PI effective action evaluated
at a quantum corrected classical configuration we can obtain an approximation to its
quantum equation of motion (in the sense of powers of ) giving

Agp(@) + U (p(@) +h > Tx(0@;2)0 0 (2) = 0 (4.1.17)
Xe{S,D}

where Ay is the four-dimensional Laplacian and where the tadpole functions are evaluated
at the bounce configuration. Using the solution to this equation we can estimate the
1PI effective action at the corrected configuration by considering the deviations from the
saddle-point. Explicitly, we have some contributions of order h?, on the one hand one
coming from the classical action S at ¢ as well as some coming from the variations of the
BW terms with respect to ¢, since we are considering tadpole functions always on the
bounce configuration. The classical action is then

Sle] = S[p V] + K25S + O(h?) (4.1.18)

where
08 = _;/ d'z 6p(a)T1(p" " 1)V (x), (4.1.19)

with IT the total tadpole function. This is what the result that was already mentioned
briefly in Sec Similarly the variation of the Bg(l) terms gives

1 )
sBY = = / dAadp(x log det'G ! 4.1.20
§ =5 [ et s @), (41.20)

1)
sBY) = —/ d*zdo(x logdet D™ 1(¢ 4.1.21
5 50w @, (11.21)

So for this model the corrections of order #? add up to

B® =55+ 6B + B = —5, (4.1.22)

which can be interpreted diagrammatically if we recall that all possible corrections of order
h? are considered within a 2-PI effective action. Explicitly the variations of the one-loop
contributions correspond to dumbbell diagrams which is easily seen if we plug Eq.
in Eq. . It can be argued that such a subset of diagrams can be the leading one
when the number of degrees of freedom that can run in the loops is large, as might be the
case in a model with several spectators fields.

With this, we make contact with the formula advertised earlier, Eq. for the decay
rate. We will now find the prefactor exactly, for which we will have to dive into the
computation of the bounce and the functional determinants.
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4.1.2 The classical bounce solution

We need to additionally expand around the saddle-point field configuration that interpo-
lates between the two vacua in the scalar potential, i.e., a bounce solution, ¢(z), which
is an inhomogeneous background satisfying the classical equation of motion, Eq. ,
as in section For that purpose, let us now determine the classical contribution to
the action coming from the tree-level part. For this particular application, the thin-wall
approximation will be used, meaning we take the vacua to be close to degenerate (g — 0)
and neglect, as a consequence, the friction term (first-order derivative term). In such case,
the bounce configuration is known in closed form (near the wall):

—v r<R
0) () — Ry = ~ 4.1.23
o (r) vtanh ﬂ(r R))=wvu r~=R , (4.1.23)
v r>R

where R is interpreted as the radius of the bubble or the location of the wall and +v =
+4/612/\ are the values of the field at the minima in the degenerate case. The following
computations will be easier to implement in terms of a new compactified coordinate u €
(—1,1). However before proceeding, let us determine R as well as the value of the classical
action. The wall will be located such that the classical action

2
1 [ dp©®
B:S[¢(0),O,O]:/d4x 5 (g) + U () (4.1.24)

is minimized[I]. To do that we compute B by separating the contributions for r < R,
r ~ R and r > R, while separating the potential into U(¢) = Usw(¢) + $¢°. Eq. ({.1.24)

then becomes
2
1 { dp©®
B =277 / r3dr 2( (g ) + U (@)
<R T

2
1 [ dp©®
/~RT3dT 2( gr ) + U (™) (4.1.25)

3 1 d‘P(O) i (0)
/Rr dr 3 o +U(p™)
>

For the first and third line the bounce configuration is already sitting at the minima,
therefore its kinetic term does not contribute, so we need just evaluate the potential term
at the minima, which leaves the symmetry breaking term j:%v?’ and the constant Uy so
that the region r > R completely vanishes. For the middle line we approximate the
integral by using a linearized substitute integral

sqp |1 (227 2 U | ~ g [T L[ 22Y 2 Ue®)  (4.1.26
Lo ( S5 ) )| ~ e (952) 1) @)




70 Vacuum decay rate including background gradients

For the bounce configuration, ¢, we can use the fact that it satisfies the equation of motion,
so that by integrating over ¢, namely

d2g0

d?¢
dp—L = [ dpU’
/ P2 / eU(¢)
dy d%p

[ora ()
(% ) —20(y).

Using this result we can easily compute the integral for the wall region and obtain

2
(0) 00 3 p3
/ " dr ;(dgr ) U (09| ~ R / 20 () = 4v/2" f (4.1.28)
~R —00

Let us now compute explicitly the first line of Eq. (4.1.25]), for the region far inside the
bubble, the kinetic term vanishes as mentioned and we are left with

2
1 dSO(O) / V6 4 gu?
3 - oy _ 3 _ 4
d U = drU(¢p_)=—-2—R . 4.1.29
[ rar 2( o) TUEO = [ Parue) =2 PR (119)

With the two results above we can minimize B with respect to R. Taking the corresponding
derivative, we get the equation

32 3
peRE 3gu°
12v/2 : 2V6R o =0 (4.1.30)
g V2
2\/6}2@ 12 (4.1.31)
with which we determine the size of the bubble to be
R= 2—”&, (4.1.32)

9

and the contribution to the action from the tree-level part, coming from the true vacuum
region (pressure) and the surface tension (the wall region), to be

3
B = 487V6A L. (4.1.33)
g

4.1.3 Zero and Negative modes extraction

For the present case, the operator of fluctuations, G~ (p(z); z, %), has to be treated with
care, as we know it might present zero-modes corresponding to the symmetries of the
model. For the Higgs-Yukawa sector, we still have an O(4) symmetry, meaning we expect
four zero-modes from derivatives of the bounce configuration with respect to each possible
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direction, i.e., 9,¢, as we saw in Sec. The results from such section are unaffected by
the presence of a fermion and can be repeated verbatim, leading to a prefactor of

B 2
VT (m) : (4.1.34)

after trading zero-mode directions for collective coordinates and where VT is formally an
infinite factor representing the full spacetime volume.
Given the tunneling nature of this process, we can also extract a mode proportional to
Orp, to which corresponds a negative eigenvalue,
2

_1oB_ 3 (4.1.35)

B OR? R2
This mode is associated to dilatations of the critical bubble and following [I}, [37] its contri-
bution to the decay rate formula can be extracted by a careful analytic continuation and
gives a factor of —i|\g|~*/2/2, with this knowledge we can write the functional determinant
having extracted the discrete part of its spectrum as

-1/2 i 1 B \? b1, ()] V2
=3 (%h) [detG (o )] , (4.1.36)

Ao

[det G_l(go(o))]

where the '’ indicates the functional determinant is to be computed for the positive-
definite part of the spectrum as wave seen in a couple of examples in Part[ll Analogously
we must extract from the determinant over the false vacuum, four zero-modes to obtain
the well defined ratio of functional determinants[84], hence
_ —-1/2 1 o1 —-1/2

det G (py) = det'G™ (¢4) . (4.1.37)

| P | |
This is a good point to collect all our definitions for the different contributions and results
so far in the formula for the false vacuum decay rate,

2 5
v _( B\ (V2w 1 1) | 7252
v = <27rh> ol exp ” B+h Z By’ +h°B

Xe{S,D}

: (4.1.38)

where it can be seen that the extraction of zero and negative modes settles the propor-
tionality factor.

4.1.4 Summary of the computation of the quantities in the decay rate

As described in Sec. the key idea of the Green’s function method is to find all

contributions: Bgfl) and B® by using the dressed propagators that is, the two-point
functions obtained from the 1-PI effective action when expanded around a saddle-point
configuration or incidentally the Green’s functions of the fluctuations operators.

The first task is then to express the functional determinants in terms of coincident Green’s
functions, which we have already done for a general case. In order to make progress
analytically, we will employ the planar-wall approximation, in which we rewrite the Green’s
function equation after having applied a Fourier transform to the directions parallel to the
bubble wall while considering the remaining direction as flat and containing the radial
dependence of the bounce. The derivatives are exchanged by a momentum parameter on
which the Green’s function will depend:

(=2 + K2+ U" (00 2)G(p0; 2, 2/ k) = 8(2 — 2) (4.1.39)
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where we have implicitly taken r — z and we have set the wall at z = 0. We can then
recover the full Green’s function by simply inverting the Fourier transform, i.e.

3
G(z,72) :/ d’k G(eW: 2,2 k) (4.1.40)
b (27T)3 ) b b * b

These Green’s functions for each field constitute the building blocks for all contributions.
As it turns out, obtaining the Green’s functions for the deformation of the planar Green’s
functions (see Eq. ) is very simple if we already have the Green’s functions available.
With M representing the Green’s function for either the scalar or the Dirac field,

MX;ks ((P; = Z,) = MX;\/IT_Q_S((P; 2, Z,) = MX;k(SOS Zs Z/) ‘k2—>k2+s : (4141>

Applying Eq. (2.2.49)) for our planar-wall case means explicitly

0}

det My (p) r/ d’k o det My ()
Bt M) ) @ P det ML (0)

00 0 d3k
= —V/_oo dz/o ds/wtrdis (MX;\/kTJrS(cp;z,z) —MX;\/m(O;Z,z)) )
(4.1.42)

In the practice this can be carried out for the scalar without a problem, however for
the Dirac field, the fluctuation operator is not a differential operator of order two as in
Eq. , and some manipulations are required. Given that the Dirac equation can be
squared into a Klein-Gordon type equation, we can rewrite the logarithm of the functional
determinant as

log det(v,0, + mp(z)) = %log det [(—A4 + m%(z))]l4x4 + ’)/4((9sz(2))]
=logdet [~Ay +m}(2) — d.mp(z)]

+log det [—Ag + m}(z) + .mp(2)]
= log det {Gl_jl_ (go(o))] + log det {Ggi (go(o))} (4.1.43)

where the last term of the right-hand side of the first line appears because of the mass
term’s non-homogeneity on the bounce background and where the Euclidean version of
the Chiral basis for the v matrices has been used.

Using the definitions in Eq. above, we have that

By =By +BY) (4.1.44)

with an analogous definition as in Eq. (4.1.16)), for this Klein-Gordon type auxiliary oper-
ators:

detGp} (01)

(1) _
hB;y = —hlog—————
D % detGoL (1)

(4.1.45)

and the problem has been reduced to dealing with only scalar type fluctuation operators.
So far we can write the functional determinants in terms of the Green’s functions, let
us now see that the tadpole contributions can also be written in terms of the Green’s
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functions by performing the functional derivatives appearing in their definition:

5BV A
s (s )0 (x) = g’” = 56 0,2)® (4.1.46)
L PP ()
OB} ] OB} ]
p(p®: 1) (g) = — 2= L D=7 4.1.47
(e 2)e™ () 5o Lo S o ( )
where
sBW
00 |y

These together with Eq., allow us to compute all desired contributions: B, BM
and B®?. However we cannot just obtain the decay rate yet, as it happens that some of
these quantities are a priori divergent. As we saw in the mathematical background, in
dealing with loop contributions we must go through the process of renormalization.

4.1.5 The CW potential and Renormalization

This model’s Lagrangian needs to be supplemented with certain counterterms in order to
render one-loop contributions finite. This we do by considering counterterms as explained
in Sec[I.3:2] for this model we will add

Loy = %52(8“@2 + %(mch? + %&@4 (4.1.49)

and we will use the homogeneous contributions, also referred to as CW-potential, to specify
the counterterms. Using the CW potential from Sec[L.3] for this model leads to

1672 <_“ o ) * 6an? <_“ Tov > e T3

472 1672 42 2

UCWZU(SO)+{

—(p— v)} (4.1.50)

as can be obtained by performing first a Fourier transform over all directions while ignoring
the spacetime point dependence of the background and then computing the log det terms
through trlog and performing O(4) symmetric integrals up to some cutoff A. We must
also include the counterterms for the terms that are evaluated at v, thus obtaining the
renormalized CW potential:

1 1
Utw = Ucw + §5M2(902 — %) + 55)\(904 — ). (4.1.51)

We may now impose renormalization conditions, we take

PUER ()
0p?
IUER ()
Ot

A
=—u’+ 51;2 =24 (4.1.52)
p=v

=\ (4.1.53)
p=v
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which force the renormalized vertices to coincide with the tree-level parameters. We
must now find the divergent terms proportional to gradients which may come out of
the exact one-loop terms. We use a WKB expansion as shown in Sec. to find the
gradient dependent pieces for the scalar and the fermion in this model. Repeating the
aforementioned steps word by word for the Klein-Gordon type operators G and Gp, we
get the following two results:

) [e%S) 5 1 )\2 2 /2
B’ D d d 4.1.54
S /_OO z / xz 384772 —,U/ + 5902 ( )

and
00 2 9 2 2
(1) 3 K Ko 8
By’ D /oo dz / d’x 162 (—log A2 +2log2 — 3) . (4.1.55)
The third renormalization condition we take as
62
—— L+ U, L =1 4.1.56
8(81190)2[ " CW+ t] p=v ( )

Imposing the renormalization conditions in Eqgs. (4.1.52)),(4.1.53) and (4.1.56)), we arrive
to the following explicit expressions for the counterterms for this model model

K22 K22 8 A
607 = — 162 (— log A2 +2log2 — 3> ~ 1 (4.1.57)
A2 202 w2 A%K? 27K 12
2 _
o’ = ~39.2 < T log oAZ 31 ) + 52 1-— A2 (4.1.58)
3)\2 ,u2 3/€ 14 3r2p?

The renormalized tadpole contribution can be thereafter written as

e () (: ) Z Ty (; )@ + 620© + f;\ 03 52020 (4.1.60)
Xes,D

with which we can find the renormalized quantum corrections to the bounce, by plug-
ging this in the corrected equation of motion in place of the bare tadpole term. The
contributions from the counterterms to the action we will collect and denote by

5B = / d'z BM@W — )4 %5)\@0(0)4 o4 %62(82,@(0))2 (4.1.61)

The publication [3I] contains more details of the above procedure and concludes by per-
forming the explicit numerical computations for the above model however taking Ng
copies of the fermionic field and N, massless scalar spectator fields, that is scalars with
no tree-level mass and an interaction term <I>2XZ2, explicitly

Ny

«
L mark = 7(8 )2 Z Uiy, 0,0 + £T;00;] + > [ i) + 72X
i=1

(4.1.62)
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For the following set of parameters:
p=1,A=2,k=05,a=05 and Ny =N, =10, (4.1.63)

the classical action per bubble surface area yields

B=_—— =2828 4.1.64

22 R3 ( )
and the results they obtained for the other contributions are summarized in the Table
where all quantities are expressed by unit of bubble surface are and are thus denoted with

a ~ on top.

Homogeneous Contr. | Contr. with Gradients | Absolute error
By ~0.583 —0.585 0.34%
B —0.320 —0.324 1.25%
BY 1.278 1.345 5.24%
BM 0.375 0.436 16.3%
B®) 5.08 x 1074 —5.72x 1073

Table 4.1: The table above displays the different quantities appearing in the exponent of
the decay rate formula Eq. after the renormalization procedure has taken place.
The first column shows the results of the homogeneous contributions, the second shows
the contributions including gradient effects and the last column the percent absolute error
that is made relative to the homogeneous result.

Before moving on to the discussion about the gauge sector, let us make some observations
on the results above. Generically, scalar fields give a negative contribution, which means
they enhance the decay rate and encourage the vacuum to decay. In contrast, the fermionic
one-loop contributions are always positive, which means they suppress the decay and cause
the false vacuum to be longer-lived. These statements seem to be independent of whether
gradients are considered or not. Additionally, as seen from the factors in front of the
one-loop contributions in the 1PI-effective action, a Dirac type field amounts to roughly
four times a scalar contribution. This factor is kept even when we have spectators in the
model, as can be seen in Table Collecting all the gradient contributions leads to
corrections to the one-loop effects of up to an order of magnitude or 10%, the fermions
accounting for the most significant part. The B dumbbell diagrams contribution, which
is formally of order /2, are confirmed to be at least two orders of magnitude smaller when
gradients are included.

4.2 The U(1)-gauge sector case

In recent years the Green’s function self-consistent prescription has been applied to differ-
ent models, such isolated scalars[30], scale-invariant potentials[85] and the case illustrated
above of a scalar sector coupled to a fermionic sector via a Yukawa coupling[36]. We take
on the job of applying said methods to the so-far untreated gauge sector.

Many questions arise concerning this case. The first question is, of course, how large can
the gradient effects be when a gauge boson is included in the one-loop effective potential.
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Second, we would like to be able to systematically be able to estimate the size of such effects
without the need to run the whole machinery. This is something we will attempt towards
the end of the chapter. The third question, which remains unanswered, is that of the gauge
dependence of the results provided by this methodology. Extracting physical information
from the effective action cannot depend on the choice of gauge chosen to perform the
computation. Several studies [86H92] have attempted to track the influence of the gauge-
choice or have stated that observables obtained by using extreme points of the effective
action remain gauge-invariant. However, there was no explicit computation of such a case
taking into account gradient effects. Although the question of gauge dependence was a
driver of our study, we currently only have applied the method to a benchmark point at
a fixed gauge and cannot make observations in that regard. Nonetheless, the tools are set
for future studies where different gauge parameters may be treated.

Following the program of introducing gradient corrections in the computation of the vac-
uum tunneling rate, with the long-term objective of addressing the SM, and given the
importance of the W and Z gauge bosons in the context of the electroweak vacuum meta-
stability, we address now a gauge sector. With the short term objective of employing the
green’s function methodology and the self-consistency prescriptions[30, 31], 85], in the sim-
plest gauge theory, we fix the gauge group to be U(1). We expect the current methodology
to be applied to more realistic phenomenology considering the group SU(2), or at best
the SM itself in the future.

As an explicit and novel application of these methods, we study this sector using a model
involving a complex scalar field coupled together to a U(1) gauge boson. A scenario
displaying a first-order phase transition requires that the scalar potential, to which the
complex scalar field will be subjected, presents at least two different local minima separated
by a potential barrier. This must happen to some order, but not necessarily tree-level. We
build up such potential and compute the different contributions to the exponent in the
decay rate coming from one-loop contributions as well as gradients of the background. We
do such computations by employing the self-consistent scheme described at the beginning
of this chapter. For a concise presentation of this content, the reader is invited to check
the publication [6].

4.2.1 A toy model for the examination of the gauge sector

Let us first introduce the Lagrangian and the scalar potential for the case study. Consider
a flat space-time in four dimensions with the Minkowski metric denoted by 7,,, with

signature (+, —, —, —) and a Lagrangian density
1
L = —1F%Fj\2” + (D @) D'P — U (D) + L + LY st (4.2.65)

where the sup- or sub-index M stands for Minkowski, F) % = 9,AM — &,Aﬁ/[ is the field

strength tensor, ® is a complex scalar field, D, = 0, —igAﬁ/[ is the corresponding covariant
derivative, Eé/[_ r is a gauge fixing term and Eéﬁosts corresponds to the Faddeev-Popov ghost
Lagrangian which will be made explicit later on. The simplest polynomial gauge-invariant
scalar potential that can be chosen, displaying a meta-stable vacuum separated a potential
barrier at tree-level, must be of order no less than 6 in ¢ and must not contain any odd

powers. For that reason, we consider the following scalar potential
U(®) = a|®|* + A|®[* + Ag|®|°, (4.2.66)

where the parameters a, A and \g are to be chosen so that the false vacuum lies at & = 0,
see Fig. (4.2)). The last term is crucial for this phenomenon to be present without radiative
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corrections and can be motivated by phenomenology beyond SM, where physics at a
yet unreached scale stabilizes the vacuum. More comments on possible UV completions
leading to this model are discussed later on in the document (see Subsec. [4.2.6)).

(I)f.v. q)t,v,
||

Figure 4.2: Sketch of the tree-level potential showing the different minima separated by a
potential barrier.

The first step in computing decay rates associated with quantum tunneling is to calculate
the bounce solution, which interpolates between the false vacuum and the true vacuum.
For our model, no analytic solution is available, so we resort to a numerical treatment.
The problem can be simplified further by employing the so-called thin-wall and the planar
wall approximations . We will expand on them later on. For now, we need only know that
the first one concerns quasi-degenerate vacua and will allow us to simplify the equation of
motion for the bounce. As to remain within the scope of the approximation, we need to
ensure that the condition of quasi-degenerate vacua holds at the one-loop level, meaning
that in practice, the bounce solution that we employed in this study corresponds to an
equation of motion where the potential term is taken from a renormalized CW potential.
Let us then differentiate between the configuration that solves the classical Fuclidean
equations of motion, ¢, and the configuration solving the Euclidean equation with the
renormalized CW potential, ¢g.

First, we compute the corresponding effective action as illustrated in Ch. [I] by first going
to Euclidean time and through the addition of external currents and later on expanding
around the non-homogeneous background. We remove all the M labels of the Lagrangian
in Eq. and work with Euclidean quantities from now on. This means we have the
following Euclidean Lagrangian

1
L= zFWFW +(D,®) DFD + U(®*®) + Lo F + Lahosts- (4.2.67)
We can write down the path integral, including external currents, as

ARN (PRIRT = /D@DAanDﬁ o i/ dtz[L—J(2)® (@)~ Ku(@) Au (@)~ (@)n(@) —7()$(@)]
(4.2.68)

where 7, 7 represent the ghost fields and J, K, 1,1, are the external currents correspond-
ing to the scalar, the gauge and the ghosts’ fields, respectively. We denote the one-point
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expectation value of the fields as a function of external currents as follows:

§log Z[J, K\, ¥, 9]

0] () ’
log Z[J, K, 1, ]
0Ku(z)

) Slog Z[J, K, v,
H(z) = (Q4(x)[)] 50, s = — b (gw@; : 1/’],

§1og Z[J, K 1,1, ]

5t (x) '

We perform the Legendre transform to obtain the exact effective action

p(r) = Q@)D )k, 50 =

Au(@) = (QAL(@)D)] .k, 50 =
(4.2.69)

H(z) = <Q|77($)\Q>‘J,K#,zz3,¢ =h

T, Ay, H, H] = —h log Z[J, Ky, 0, 9] + Jo 0z + Kpw Ape + He 0 + 0n Hyo (4.2.70)
where we have used the de Witt notation, to abbreviate the expression, i.e.
Jopz = / d*zJ(x)e(x). (4.2.71)

As shown in Ch. [T}, the involutive property of the Legendre transform implies the following
relations:

S s, S - ko,
o, Ay, H, H] _ @, Tl HH) _ éte) (4.2.72)

To investigate tunneling phenomena, we expand the theory around 0 expectation values
for all fields except for the scalar, that is we will expand the effective action at I'[p, A4, =
0, H = 0, H = 0] which will be denoted from now on as I'[¢], analogously the tree-level
action S[p, A, = 0,H = 0,H = 0] is abbreviated as S[p]. From previous studies [29-
311, 92), 93] we know that the tunneling rate can be obtained from the truncated effective
action through the formula

2 fm & Tl
B VT ’

(4.2.73)

<l

where '™ ("] and ¢(™ are the effective action and corrected bounce at n-loop order

ST ™y

0P _
Pr=Pz

=0 (4.2.74)

Our intention is to obtain the corrected bounce go(l) at one-loop order and the quantum-
corrected decay rate ) when evaluated at go(l) through Eq. .

Let us now expand the field ® around the classical bounce and decompose the higher
corrections into a real and an imaginary part, which correspond to a Goldstone boson
direction,

® (¢p + @ +iQ), (4.2.75)

_ b
V2
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where ¢, is the bounce and is to be understood as ¢(?). After this decomposition, we can
write down the gauge fixing term for a relatively general family of gauges,

1
Lop. = 2—5(% A, —CgenG)? (4.2.76)
where ¢ = 0 [94), 95] for the Fermi gauge and ( = 1 [66] or ¢ = & [96] for R gauges.
With every term in the Lagrangian defined, we proceed to expand it up to quadratic
order in field fluctuations, given that interaction terms and generically higher-order terms
contribute only to higher loop corrections. We have then

1 (6% A )\6 1. 15)\6 A
£ = 2 (Bupr) + 5 0 + 4¢é+8¢2+2¢<—m+a+wz+ . soz*) P

1 —1
+ 5 A,u [(_A4 + 92 9012) 5/“/ + ‘fé. apau] Al/

4

+7 (A4 + (g% ¢p) n+ <C£§) g A, (8.0) G+ (C£5> gpp A, (9,G),

(4.2.77)

1 2
+2G< A4+a+/\<pb+—<p Cg )G

where A4 is the four-dimensional Laplacian.

With the expansion of the Lagrangian above, we can obtain the effective action to one-
loop order (or equivalently power /) evaluated at the classical bounce, as explained in
Sec. of Ch.[I] Assuming we have set our potential to zero when ¢ = 0 by adding the
appropriate constant term, we get

h det/\/l ( b) K det M~ (¢p)
T [py] = TW[0] = S[ipp] + = log ——L" = + ~ log (Al )

2 dtM o)y 2 det M (0
det M) (0 b>

] )
det M (0)

— h log (4.2.78)

where the three last terms correspond to the different sectors: scalar, gauge-Goldstone,
ghost sector, in that order, and their operators of fluctuations are the following:

157
Mgt (o) = —Aa+a+3X0) + — 4 .

3 (~8a+ 82 6}) 0w + F0,0, () 90ue) + (52) 90000
M(Au»G)((Pb) - £—C 3 S ’
29 Q) + (552 ) 9pp0y  —As+atApp + 290 gy + 2FE

Mo (o) = =Dy +C g% pp
(4.2.79)

where M;Dl and /\/l(_nlﬁ) are seen to be decoupled sectors and pertain only fluctuations of
the scalar and the ghosts respectively, while ./\/l(_Alu Q) is a 5 X 5 matrix operator mixing the

gauge field A, and the Goldstone G, thus acting on (A, G)T. By choosing counter-terms
accordingly we can make I'V[p = 0] = 0 as well.
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We wish to study the effects of the corrected bounce on the one-loop terms, for which
we need to evaluate the effective action at the corrected bounce. This has been done
in detail using the method of constrained sources[29] by tracking the difference between
saddle points and one point expectation values, leading to

det M1 (™) det M1 (M)
rOEO] = §p®] + 2 log # + 1 1o (Af{G)( )_
det M3 7(0) 2 det M4 @) (0)

det M(—ﬁ{n)(@(l) )
_1 .
det M(ﬁ,n)(o)

(4.2.80)

—h log

The equation is now to be evaluated by an expansion on the quantum bounce 1) around
a bounce solution, pg which we take, not to be the tree-level bounce ¢y, but the one com-
puted from the one-loop Coleman-Weinberg potential without any gradient corrections.
To make progress in estimating the gradient corrections, we work under the so-called planar
wall approximation. Under this assumption, we take the radius of the bubble to be very big
so that the terms in the equations, proportional to the Laplacian on the 3-sphere, Ag, are
taken to be continuous, instead of the commonly discrete eigenvalues corresponding to the
four-dimensional version of angular momentum. This means technically that substitute
((£+2)/R? with k2. Geometrically, it means we are taking all directions along the bubble
wall to be flat and can therefore employ a Fourier transform for such directions[30]. We
will work from now on with operators and Green’s functions that depend on the normal
direction to the bubble wall, which we take to be x4 — 2z, and on momentum, k, running
along the bubble wall, denoted with the indices 1,2,3 and called tangential directions
from now on. We furthermore set the center of the bubble wall to be at z = 0, which we
take to be the point of largest gradients of the bubble. Let X correspond to the different
sectors, so that M;(l(go(o) represents any of the fluctuation operators in Eq. . By
employing eigenfunctions as described above, we have

e1k~x

)3/2 Fxai(z) with MMM bxi = Axiki dxi- (4.2.81)

dxk,i(T) = o

leads to the reduced or planar eigenvalue problem

M;(}k(90(1)>fX;k,z‘ = Ax ki [Xk,is (4.2.82)
with
1) 2 12 W2, 1926
Map ) ==+ K Fa+ 32"+ —= (4.2.83a)
-1
Mix, @)
M ()33 + S5+ (iki) (ik;) £ (iky) g0 (iky)
e (k)0 My (o) + 55202 (%) 9(0:01) + SFogpWa. |,
(5%) g (ik;) 29(0.W) + (5%) goD0, N (M)
(4.2.83b)
MG a(@) = =82 +17 + ( g* o1 (4.2.83¢)
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with the abbreviations

M W) = =02 + K2 + g2 12 (4.2.84)

and

3\ 2 2 (1)2
7690(1)4+< g e

. : (4.2.85)

Nl (W) = =02 + K> + a+ A pM? 4

After observing the operator for the (A,, G) sector, we will later choose to simplify the
computations as much as possible by taking x = 1 and ( = 1. Doing this has the
effect of decoupling the tangential directions of the gauge field from the Goldstone field.
Incidentally, they acquire the same form as the fluctuation operator for the ghosts but will
contribute with the opposite sign, as we will see later.

We now show how the terms for the one-loop contributions appearing in the effective action
change under this approximation. Given that the fluctuation operators are Hermitian, the
eigenfunctions ¢x ik ; are an orthogonal set, and so are the fx.k;, which we assume to be
normalized as well. The spectral theorem tells us that the logarithm of a Hermitian and
positive-definite operator can be expressed using projectors as

log M (W) 2! ) = / d3ki1og(AX;k7i)¢X;k,i(x’)¢§(;k7i(x)
‘ (4.2.86)

— d3k ik~(x’—x) 1 A P v
~ ) (@3 € 0g(Ax ki) Pxxi(2 2),

with the symbol 3:‘ denoting sum over both, the discrete and the possibly continuous part
of the spectrum and defining Px .k i(%,2) = fX;k7i(z’)f;r(;k7i(z) and we postpone dealing
with possible negative and zero eigenvalues. In this way, we see that the logarithm of the
fluctuation operator for sector X can be written as the Fourier transform of the logarithm
of a planar fluctuation operator

IOngl(SO(l);x’,x) = / 2n)? elk( )logMX}k(go(l);z’,z). (4.2.87)

Analogously one can write down the full Green’s function for sector X in terms of the
Fourier transform of planar Green’s functions

Bk g
MX(QO(I);$/,$) Z/Welk'(x _X)Mx;k(gp(l);z',z). (4.2.88)

The one-loop terms in Eq. (4.2.80)) are written in terms of the planar fluctuation as follows
1 (). S (). &Pk —1 (D).
logdet My (¢\s2,2") =tr log My (¢"Wsz,2") =V d27(2 E trais log M (05 2, 2)
7"' )

&k 3

where trgis denotes the trace over possible remaining discrete indices, e.g. Lorentz, spinor,
etc. We are now able to rewrite the effective action Eq. (4.2.80) in terms of the planar
fluctuations operators. Hence the problem is reduced to dynamics in only one direction,
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Z.
rM[pM] =
iy, b Bk det Mg (W) dk . det M o (1)
N ]+§V 2n) log 1 — §Vtr e )310g 1 —
7T etMé;k(O) @ et My G)yk(O)
—1 (D)
BV / 4k log At Mg ) (4.2.90)
@2m)* " det M! 1 (0)

Some comments about the above equation are in order. In comparison with I‘(l)[gog], the
equation above, Eq. , has additional two-loop contributions. We can also view such
equation in terms of traditional Feynman diagrams, in which we have propagators over
the background ¢ forming the usual one-loop diagrams and also presenting new correc-
tions from dumbbell diagrams (See Figs. and . It can be argued that in particular
scenarios, these diagrams outweigh other two-loop topologies because of possible sums
that happen within the loops, as in the case of color in non-Abelian gauge theories[30].
Although the dumbbell diagrams are not one-particle irreducible, they appear when con-
sidering propagators over ¢ as opposed to ¢1). The one-particle irreducibility of F[(p(l)]
is preserved if the background is taken to be go(l).

To determine ga(l), we need to obtain its equation of motion. For that purpose, we ex-
pand Eq. around g and organize the different contributions appearing therein as
follows:

POW] = B+hBY +hBY +hBY +hB() o +hB{) +1?B® + 1 BY

+ 1B o+ BY (4.2.91)
where B is the classical action evaluated at @, that is S[pg], B(Y) and B?) are corrections
to B because of the expansion around (g, while all the other are the corrections to each
sector coming from the gradients in the one-loop terms and the corrections to ¢g; similar
to what was done in the Higgs-Yukawa case in the previous section (compare with the
exponent of Eq. ) We discuss each one of the terms in detail below.

The fluctuation operator in the scalar sector presents some discrete modes, a negative
mode related to tunneling and four zero modes corresponding to spacetime translation.
By writing the measure in terms of the eigenfunctions of the operator, we are able to

trade the integration over eigenfunctions with integration over translations or collective
coordinates as explained in Sec. Thus

ith h (VT)25 [ B \*
rB) = T2 1.2.92
edis 2 200\ 4P| \2nh (4.2.92)

where )\g is the negative mode and is taken to be equal to

3

)\0 = _ﬁa

(4.2.93)
with R being the radius of the critical bubble in the thin-wall approximation (as done for
the Yukawa-Higgs model in Subsec. [4.1.3)). A careful analytic continuation and integration

over this mode produce an extra factor of 1/2, relative to the case where it is assumed
positive[37]. This is the origin of the 1/2 in the first term of Eq. (4.2.92) as well as
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the factor of 4 accompanying |[\g| in the second term of the same equation. Within the
planar wall approximation these discrete modes appear for vanishing momentum running
in the tangential directions to the wall, k = 0 and their contribution has been written
together with a factor of a on dimensional grounds. We are currently studying whether
a non-trivial factor may appear when examining how the measure transforms in more
detail. Some basic cases as a quantum mechanical double-well can be seen to give non-
unit factors, some more comments can be found in Ref. [36].

The terms with the superscript (1) come from the contributions of the one-loop diagrams
over the background ¢y, and they are explicitly given by

8 det’ M| (o)
nBy) = ZV / ;1 < log x|, (4.2.94a)
(2m) det M} (0)

3 det./\/l_l i (gpo)
hB((i) Q) = EVtr / d k3 log (f‘{’G)’k ) (4.2.94b)

w2 (27) det M4, 14.(0)

and
s det Ml (o)
hB(),) = —hV / S k3 log LAl (4.2.94c)
| (2m) detM(ﬁ,n);k(O)

where tr is to be understood as tracing over all remaining variables or indices, and
det’ denotes the determinant where the discrete modes are to be omitted. Let us now
describe the terms with superscript (2) before diving into how to compute all of them.
These correspond to the next order in the semi-classical expansion, and they are obtained
through an additional functional variation of the action, them being a consequence of the
non-homogeneity of the background. These give

—1
A d3k o) detMA. (90)
2p@ _ / / 1 Bk 4.2.
WBy =5V | Gy | ©MeE) 50108 G 0| (4.2.95a)
Pk ©o
h 43k 5 det M4 o1 ()
A,,G —1 ’
(Ap,G) 2 (27‘(’)3 590(Z) detM(Au,G);k(O) ©0
and
d3k det/\/l_} ‘k((P)
n2B? :—hv/ /d ho 1 (@:m); 4.2.95
(7,m) (27)3 210 (2) dp(2) o8 det ./\/l(_ﬁln).k(O) ( 9
b b QDO

Additional corrections to order h? appear from the classical action when evaluated at the
quantum corrected bounce as we saw in the Yukawa case. We can derive the corrected
equation of motion for the scalar field by functionally differentiating Eq. with
respect to (1) which results in

~02oW (2) + Ulg (M 2) = 0, (4.2.96)

where we have collected the tree-level potential and the tadpole contributions into a single
potential function Ugg:

Ulg(eW;2) = U (W5 2) + B3 (005 2) wo(2) + A1l 4, @) (903 2) @o(2)
+ 1) (90 2) ¢o(2) (4.2.97)
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(b) Second tadpole type (c¢) Tadpole contribution coming

(a) First type of contributions from contribution from % from the ghost fields 7, 7.

.

(d) Tadpole contributions from the gauge field
components Aj, A2, As parallel to the bubble
wall.

(e) Tadpole contribution coming from the coupled
sector of A4, G.

Figure 4.3: Feynman diagram representation of the tadpole contributions using propa-
gators over the ¢y background, obtained from the functional derivatives of the one-loop
terms, Bg), of the effective action. Lines ending with crosses represent insertions of the

background ¢ and lines ending with a dot represent fluctuations around the background.

Figure 4.4: Feynman diagram representation of the terms accounted for in Eq. (4.2.80)

after the quantum corrected bounce is taken into account, it corresponds to Bg?) in the
effective action. Only one background insertion is depicted per vertex, although more also
occur, and the blobs represent any of the tadpoles from Fig.
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and
1 A A

UMW) = §a¢(1)2 + Z(p(l)4 + gtp(l)G. (4.2.98)
The tadpole contributions are to be understood as the product of the self-energies Ilg, 11 4, &)
and II(, » together with insertions of the background field. As opposed to the Yukawa-
Higgs case treated before, for the potential chosen in this section, the insertions are higher-
order polynomials but are otherwise obtained in the same way. These are explicitly seen
to be

h d3k
Rl (o 2) po(z) = B /W[G)\cpo(z) + 15 )¢ @%(2)] M(i,;k(gpo;z,z), (4.2.99a)
ho [ &k o
hll(a, q)(po; 2) o(2) = Qtr/ WM(AH,G);k(SOOvZaZ) %M(AWG);k(% z) n
(4.2.99b)
, [ 4’k
Al (905 2) po(2) = —2h(g 2n)¢ M)k ($0; 2, 2) po(2). (4.2.99¢)

and represent the amputated version of the diagrams shown in Fig. This notation al-
lows us to write an abbreviated expression for the order i? contributions, that is, collecting
the definition in Eq. (4.2.95)) and the above set of equations gives

Bg?) = V/ dz dp(z) x (vo; 2)¢o(2). (4.2.100)

Recalling that our background is not the tree-level bounce ¢y, but g, which is the bounce
to be computed from the renormalized CW potential, we must include certain contribu-
tions that would normally be zero in the equation for the corrections d¢p, viz.

M (05 2) 5p(2) :% (Opo = U'(w0; 2)) — Mg (s 2) wo(2) — Ma,.q)(po: 2) po(2)
— M) (03 2) po(2)- (4.2.101)

We can see that the first term of the right-hand side is an addition coming from the
deviations from the ¢, configuration. Inverting the relation above shows how d¢ is given
by the tadpole functions supplemented with an additional propagator representing the
non-amputated tadpoles of Fig. E which in turn, when plugged into Eq. do
indeed acquire the representation of the dumbbell diagrams of Fig. [£.4]

Let us next consider the additional terms appearing in the classical action when evaluated
at the corrected bounce. Decomposing such additional terms by powers of h? we have:

S[e™M] = B + hBM 4+ 12 B@), (4.2.102)

where B (without subscript) denotes the linear term related to the background ¢y and
its mathematical expression is

08
BW = V/ dzop(2) 2

dp(2)
The quadratic contributions in the corrections of the background can be written down by
combining Eqgs. (4.2.100)),(4.2.101)) and Eq. (4.2.103|) arriving at

B =5 [ dtsp() My (00i2)80(2) + O()

2 2 2 1
T2 (B<(i>) T B((A)H,G) + B((ﬁ,)n)> o ﬁB(l)- (4.2.104)

v [ dedole)(-Opo+ Ullpni). (4209
¥0
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For convenience, we group the different contributions for this model so that they can be
compared directly with the Yukawa-Higgs case. These final quantities we denote with
calligraphic font and are

BO) =B, (4.2.105)
1

BV =B ¢ B((X“G) 1 B((%?n), (4.2.106)

B? = — @, (4.2.107)

In terms of the above definitions, we can write the analog of Eq. (4.1.38]) for this model

2
Y _ (B [ 1 (0 (1) 4 12 3@ 4.2.108
= <2ﬂh> |A0|exp{ 71(5 +rBY + 12 BA)| (4.2.108)

and the exponent can be found by using the Green’s function at the coincident limit, in
the same exact way as it was done for the previous model. We will now discuss how we
found the Green’s functions numerically within specific approximations. Once the Green’s
functions are specified, we can use the expressions derived in this section to obtain the B’s
explicitly.

4.2.2 Choosing the gauge

In order to make progress in the computation of Green’s functions, we further opt to
study the gauge parameters which produce the simplest Lorentz structure. A glance at
Eq. is enough to realize that the choice, £ = ( = 1, gives rise to a matrix operator
which is almost diagonal, namely the only coupled field directions that remain are A4 and
G, i.e.

M (o W)6;; 0 0
M(_AIH,G);k((p(l)) = 0 M W) 2g(8,0W) | (4.2.109)
0 29(0.0M) N (W)

where M, '(¢) is the same as before and Ny ! is
3
Nk_l(go(l)) =P+ +a+rpM? 4 Z)\@ oDt 4 g2 ()2, (4.2.110)

Not only the Lorentz structure of the fluctuations’ operator for the Gauge-Goldstone sector
simplifies with this choice. The directions of the gauge field that are parallel to the wall
of the bubble, A1, Ay and A3 take the same form as M&%ﬁ);k and allows us to collect all
such contributions in only one term. From here onward, it should be understood that
such grouping has been performed so that the remaining one-loop effective action has only

terms corresponding to the scalar, the ghost and the (A4, G) sector as follows:

p(l)[gp(l)] -

ﬂd%+2v/(

d3k | det Mg}k(QO(l)) N A / d3k | det M(;‘l%g);k(@(l))
0g - 5 og -
27)3 det ./\/l(i);lk(()) 2 (2m)3 det M(/L,G);k(o)

3 det M7 QO(I)
h / ak | (e ). (4.2.111)

+ = og —3
2 (2m)3 det M 1. (0)
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where M~ ( A Gk has been implicitly defined in Eq. (| and the factor appearing in
front of the ghost contribution is the result of the cancellatlon with the said gauge field
components. Let us denote from now on by X € {®, (A4, G), (n,7)} the three different
sectors. After these simplifications and choices have been implemented, we can update
the expression for the one-loop effective action, Eq. , on the quantum corrected
bounce to get

h h
W1 _pn o P (1) (1) (1) [N
PleW =B+ 5BY +hB) + B +h B, o — 5 Bl .
2 52 | 12 g ) o
+2<h FhBle) 5 (T‘m))’
with
3 det M} ©0)
BY = 1V/ LI (A1.0); 3 , (4.2.113)
(A4,G) (2m)2 7 det M, 4.(0)
3 det M} ®
B? le/dk/dzégo( )= log (Ae.0); (%) : (4.2.114)
(A1,G) ~ 9 (2m)3 do(z) det M7} (As G)k(O)

all other terms as defined previously. The potential Ueg appearing in the equation of
motion for the quantum corrections of the background Eq. (4.2.96)), must also be brought
up to date

Ulg(eW; 2) = U (0W; 2) + AL (90 2) wo(2) + ATl 4, ¢ (905 2) ¢o(2)
. (4.2.115)
-3 .0 (005 2) wo(2),

where the only new quantity is the tadpole contribution corresponding to the reduced
coupled sector (A4, G),

1 &3k OM4, a9 2)
I 4,.6)(¢0; 2) po(z) = Qtr/ CE 5 M(a,)x(0; 2) ( aip(l)(z)

®o
(4.2.116)

With the present gauge choice, we can compute the partial derivative against gp(l) appear-
ing above to get:

2¢%po(z —2g0,
aa ML o) =7 eolz) ‘Z ) o (4.2.117)
v 2 —290:  2Xpo(2) + X6 (2) + 29°00(2)
which leads to this expression for the (A4, G)-sector tadpole function:
1 [ d%k
ias,6) (%05 2)00(2) =5 2n)? 20°00(2) M (44,40 (2) — 490:M 4, 6 (2)
+2P+ Do) + DM@, (12118
and the following for the quantum corrections of the background:
dp(z) = — / dz' Mg (eo; 2, 2') <H&>(900;Z/)800(2,) + (4, ¢ (@05 2" )po(2')
(4.2.119)

1 1
- 3T (o0 )pn() + 00— Ui ) )
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and the different contributions in the exponent of the decay rate are now

BY =B, (4.2.120)
W _ p0 ., p0 1o
BY =By + B, o)~ 5 Bl (4.2.121)
B® = — B®), (4.2.122)
with
1 1 1
(2 _ _* (2) (2) _ 1 p® 50
B® =2 <B<i> + Biie) ~ 5 (ﬁm)) B (4.2.123)

all else remaining the same as before, so that we only need to plug the B’s into Eq. (4.2.108)).

4.2.3 The homogeneous background or CW potential contributions

With the objective of renormalizing the theory and incidentally obtaining a comparison
reference for the sizes of the gradient effects, we dedicate this passage to the computation
of the CW potential associated with the model in our study case. In the process of
deriving the CW potential, we will obtain the corresponding expressions to the Green’s
functions over an assumed homogeneous background. We solve the Green’s equation of
the fluctuation operators by direct integration of its Fourier transforms over all directions,
which is possible if we keep the background field fixed. After the integration is performed,
we can substitute the actual background configuration for the auxiliary fixed value. We
will denote such Green’s functions by a subscript eynom, and for a given sector X they are
specifically

— dk ikg(z—2"
Mhpan(052:2) = [ S22 02 11+ m () (4.2124)

where the bold mass term is a place-holder for the effective mass matrix of the X sector.
For the choice made in the previous subsection, we have the following effective masses for
the three sectors of the model:

41,

g°¢? 0
0 a+ A+ 28¢" 4 g%¢?

m%ﬁ,n) (¢) = 92¢2-

m3 (¢) = o+ 3\¢% +

m?,, ) (¢) = (4.2.125)

The Fourier transform makes the problem of solving for the Green’s function a simple
algebraic equation and thus

dk4 eik:4(z—z’) 1

27 k? + k3 + m%(¢)

MX;k;hom(¢§ 2, Z/) = / (42126)

which after integration and then substitution of ¢ for g and taking the coincident limit,
we have

1

MX;k;hom(Qb; Z, Z) = .
2,/k2 + m (0 (2))

(4.2.127)
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We can now use these expressions for the Green’s functions in the coincident limit to
compute the functional determinants as we have shown in Eq. (2.2.49)), via deformations
of the operators, k? — k? + s:

. Bk det Mo (o)
iz U EV/ lo T
/ cw,x<900) 2 (2m)3 & det M}ék;hom(sﬂo)

1 o0
= 2tr/ d4$/0 ds My @rsnom (905 2, 2) = My zrsnom (05 2, 2)-
(4.2.128)

We can collect all sectors and the definition above to write the full CW potential extending
it to any ¢ value:

1 1
Usw () =Usy 5(2) + USk (4060 + U .99

(1) _ 1 d*k k2 + m%c((p)
et =5 [ G (b))

Having the CW potential, we can define the homogeneous version of the tadpole functions,
which will be useful when comparing with the gradient effects

(4.2.129)

UGN x($(2))

HX;hom((p; Z)LP(Z) - 890(2) (42130>

4.2.4 Renormalizing with MS-scheme

As it is known from the QFT framework, quantities containing radiative corrections from
the inclusion of loops are generally divergent, and we must consider renormalizing the the-
ory if we expect to obtain finite physical results. In this study, although Green’s functions
at the coincident limit for a fixed k are finite, the complete Green’s functions, meaning,
after summing over all k, are not. In this section, we follow a similar renormalization
scheme to the one described in Sec[1.3:2] Given that we are forced to stop numerical
computations at some finite k, it seems natural to use the same hard-cutoff procedure for
renormalization. This, together with a gradient expansion method, will suffice to remove
all dependencies on the cutoff of our quantities of interest.

The renormalization prescription is split into two pieces, as we have seen in Part]ll The
first uses the homogeneous solutions to the Green’s equations for every sector to obtain an-
alytical expressions displaying the explicit cutoff dependence, after which we can impose
any desired renormalization conditions. The second part involves a gradient expansion
method to extract the divergent terms proportional to the wavefunction kinetic term. It
must be said that our methodology for numerically finding the Green’s functions does not
rely on a gradient expansion, implying that the renormalized quantities later obtained con-
tain all derivative corrections to this order in the semi-classical expansion, independently
of whether the renormalization procedure does employ a gradient expansion to extract
divergences. This last piece of the renormalization procedure led to an independent con-
sideration of the usefulness of such tools to estimate gradient effects not only for a gauge
sector but scalar and fermion sectors as well as will be expanded at the end of the chapter.
We begin by introducing counterterms for the wavefunction and for the couplings, namely
for the masses and the interactions. In addition, since the potential chosen is not renor-
malizable, we must include an extra counterterm corresponding to interactions of order 8.
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The part of the Lagrangian density containing said local counterterms looks like

1 do ) S\ S\
Let[] 2552(3¢)2+*¢2+—@4+J¢6+78 8

42.131
2 1 8 16 7 (4.2.131)

The counterterms can, in turn, be decomposed per sector to study how the different sectors
might contribute up to one-loop corrections to the decay rate. With X € {®, (A4, G), (7,1)}
we have

1 da oA oA X oA X
Lol =) Lexlel =) <25Zx(3s0)2 R R R AT @8> :
X X

(4.2.132)
We can now construct the renormalized term B by adding all renormalized B1)’s as
follows:
(Dren __ p(1L)ren (Lren 1 (1)ren
BE =By + Blase) ~ 3B

" 1 (4.2.133)

) (1) 4 _ (1)ren
=By’ +Blive) ~ 3Bam T /d ¢ Falpl = ;QXBX ’

)

where the coefficients of the linear combination in the last line are obtained after our gauge
choice and simplification explained in Subsec.

9% = 9(A4,G) = —29(mm) = 1. (4.2.134)

For each sector, we work with integrals that are finite, i.e., independent of the cutoff.
This we build in what follows by means of the addition and subtraction from appropriate
“reference” homogeneous Green’s functions and by introducing an auxiliary kernel that
emulates the wavefunction divergence. We explain such a strategy now.

Consider adopting the following cutoffs for the equation resulting of combining Eqs.

and ([2.2.49)):

gXBg(l)ren _ / d(Ps) tr (Mx;m(goo;z,z) — Mx;m(o;z,z)> +/ d4z Lt x [¢o],
(4.2.135)

where

A2 3

/d(Ps) =— 1/ d4:1:/ ds/ dk (4.2.136)
2 0 B, (2m)?

We must be careful when using the formulas above for numerical computation since there
are different ways in which one could impose the limits of the integrals. We adopt the
following convention, which proves to give robust results: the integral over ks has been
performed from —oco to oo, while the integral over d®k will be done assuming spherical
symmetry and over a ball By with radius A and similarly the integration over s from 0 to
A2 which in practice should be taken at least to be A%2/2 and ideally A; > A. In this sense,
we must only choose A large enough to ensure that the results are cutoff-independent.
We note that the homogeneous deformed Green’s function M X:v/KZF5:hom? matches the
numerical solution for the deformed Green’s function at false vacuum M X. Viers (052, 2)
and is real. Observing as well that the gradient effects can be isolated if we add and
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subtract the real part of the homogeneous Green’s functions evaluated at the bounce
background, ReM y. fas0m (05 2, 2), we write

Jren

QXngl =

/ d(Ps) tr [Mx. g3 (905 2) = ReM . fiorrsnom (905 2)] — K x (k) (9:0)°
+/ d(PS) tr [meMX;\/kTﬂ;hom(spo; Z) B MX;\/kTJrs;hom(O; Z)]

+ [ APy Kox @0 + [ dlo Laxleol
(4.2.137)

where each line is actually cutoff-independent and the in so far unknown kernel K x (k)
is to be found by demanding that it captures the contributions to the wave-function
divergence, i.e., its kinetic term, mathematically

T[po] D — / diz %5zx(au¢o)2: / d(Ps) Ky x (k) (0.¢0)* + / d*z (finite). (4.2.138)

We can understand Eq. by noticing that the first line includes the isolated effects
of the gradients, the middle line is nothing else but the CW contributions as computed
in Eq. and the last line takes care of renormalizing the divergences occurring in
the previous lines. We employ the following notation

gx BY™ = gy plPrentom | p(Drensgrad (4.2.139)

to refer to either the renormalized homogeneous or gradient effects contributions, where
gXBg(l)ren,hom =V /dz Re Ugv)\;’e;(tpo(z)),
(1)ren,grad 2 K 2
gXBX = d(PS)KS7x(k)(aZ(,Do(Z)) + 5 dz 6ZX(8Z¢0(,2))

+ /d(PS) tr [Mx. i (005 2) = ReM . gorznom (905 2)] — K x (k) (D:00(2))%.

(4.2.140)
. . . (1)ren, grad
We can now see that the job of K x (k) is to render the first line of gx B equal
to zero and thus letting us read the renormalized gradient effects from the second line,
which we can actually obtain numerically it being finite.
Unfortunately, the renormalization procedure is not over and we must ensure that the
order h2-contributions to the effective action do not present any divergences. We need
only recognize that possible divergences in the two-loop contributions are inherited from
divergent tadpole functions. Hence obtaining renormalized tadpole functions and writing
down the quantum corrections to the bounce in terms of renormalized tadpole functions
enables us to get renormalized h%-contributions to the effective action as desired.
The renormalized tadpole functions can then be obtained by functional differentiation as
done before, however from the renormalized effective action instead, or put differently,
functionally differentiating the Lagrangian density piece having the counterterms. We



92 Vacuum decay rate including background gradients

arrive to

(Ix (0; 2)00(2))™" = Mx (0; 2)¢0(2) — 6Zx0ipo(2) + dax wo(2) + 0Ax po(2)’

300 X
+ T&X vo(2)° + ;"X vo(2)". (4.2.141)

We can replace the bare tadpole functions appearing in Eq. (4.2.119)) for their renormalized
versions defined through the formula above, that is

0" (2) = / d2’ Mg (poi 2, 2") E(Dsﬁo —U'(p0; 2)) = > gx (Mx (o3 2')p0 ()" |,
: (4.2.142)

which renormalizes the following two terms in the effective action, as we seek

B(l)ren :V/ dz 5soren(z)(—|:|<,0[) + U,(SOO; Z))a
(4.2.143)

B —v / 4z 507" (2) (T (90; 2)0(2))™"

Collecting all the sectors and using the compressed notation of Eq. (4.2.123) we have
simply

1 1 1
(2)ren _ _ p(2)ren _ _ (2)ren (Qren 1 @2en) 1 50 Jren_
. -7 2 (Bé +Blio) QB(M) > %B (4.2.144)

This almost finishes the renormalization framework. We have only one last task: finding
explicit expressions for the counterterms and the missing kernel K x (k), which we do in
the following subsection.

Counterterms for the interaction couplings

As shown in the mathematical background, we can obtain explicit expressions for the
counterterms by considering the CW potential and adopting a renormalization scheme,
namely imposing certain renormalization conditions. Recall the expression of the CW
potential, evaluated at a constant field configuration ¢:

d3k det Mélk(qb)
og —
2m)3 7 det M &)}k(O)

ch[¢]:/d4xUCW:S[¢]+ZV/(

@) det M, 5 (0) 2

h d3k detM (A4,G):k (¢) h d’k detM (¢)
+2V/ /(27r> log det/\/l a0
(4 2.145)

As we have seen, the log det terms can be computed in the homogeneous field approxima-
tion through Eq. . We need to regularize each one of these terms, which we do by
following the same convention as the one described in the previous section for the limits
of integration (see the comments after Eq. ) The renormalized CW potential is

Ucw(¢) = Ucw — Ut
oA 6A
86¢ 8¢8
(4. 2 146)

_ W o) o) 2
—U(¢)+Ucw¢(¢)+UW(A4G>+Ucwmn)+*¢ + ¢’ t+
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with U(¢) the tree-level potential after the original scalar field has been expanded around
the simplified bounce. When ignoring gradients, the effective masses are all diagonal, and
we can recognize the following three types of integrals

L= h/ d’k /°° dky | kG 412+ U"(9)
12 ), ) K2+ K2+ U"(0)
Pk [ dky K+ K+ g%

IL=h 1 4

: /BA (27)? /oo or T R4k (4.2.147)
I = h/ &’k /OO dkg | k2 + K2+ a+ M\p? + Begt 4 6202

P72y, 0 ) ki +k2+a ’

corresponding to the different field sectors in the following combination:

1

(1) _ (1) . 1 (1) B
Ucw,& =1, UCW,(A47G) = 512 + I, Ucw,(ﬁ,n) = 512. (4.2.148)

The integrals can be carried out analytically to arrive at the following expressions (see

Eq. for more details)
_ A? " 1 7 1 UU(¢) 1
L h[167r2U (¢)+64?(U (¢))? (2+ln e )} —(¢<—>O)+O<A>,
2 4. | 2¢2 o 1
e (30 )| o (5).

A2 2 3A6 4 2,2
Ig—h[167r2 <0é+)\¢ +T¢ —l—gd))—i-

A
I, =2h 202 +
2 |:16 29 QZS

1 3\ 2
6472 <O‘ + 207 + 7%4 + 92¢2> %

1 R 1
><<2—|—lna ¢ 4/€2¢ g¢>]—(¢<—>0)+O<A).

(4.2.149)

In this form, it is easy to recognize the divergent pieces, which we see go as A% and log A.
We will remove this capturing their divergences in the coupling counterterms within a
minimal subtraction scheme (MS), where we do not include any finite parts but only
a renormalization scale p accompanying the logs as we have seen in Subsec. A
renormalized CW potential has then the expression

UK (9) = Uow(8) — Uet(¢) = Ucw(¢) — A’Ci(¢) — log <2> Co (), (4.2.150)

where we must pick C and Cy as the coefficients of the diverging pieces, if we want the
cancellation to occur. To obtain the coupling counterterms explicitly, it suffices to compare

Eqgs. (4.2.147]) and (4.2.150)), by taking derivatives with respect to ¢ and evaluating at ¢ =0
we find:

1 A
oo = 52 [a (92 + 4)\) log <M) — A2 (392 + 4)\)] ,

1 A
A= —— [9/\6/\2 —log <> (9ars + 3g% +29° )\ + 10)\2)} )
8m M

(4.2.151)

8

117, 2 A

A
oA = % (9% + 16X) g log (M) ,
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We note, we opted for this scheme as opposed to “on-shell like” renormalization schemes,
e.g., where one instead imposes renormalization conditions on the effective potential di-
rectly, as done in the previous studies [30], B1], because of the simplicity of the expressions
for the counterterms in this scheme.

It is useful to compute not only a total tadpole function but a per-sector tadpole function
to be able to distinguish the contributions from the different fields involved. To that end,
we also need to calculate counterterms for each sector separately. Luckily we can do this
easily by following the same steps as above, except that we consider only the CW potential
of the sector of interest, that is, we start with Uél\;wX and find C1 x and Cy x similarly as
above and then we cast such coefficients into a polynomial on ¢ to get

dag = 812 [304)\10g <ﬁ> — 3)\A2] ,

1 A
00(A1,6) = g3 [a (9% + ) log <u> — A% (2% + )\)} , (4.2.152)
792A2
Oy = —g3

for the mass or quadratic coupling,

A
oG = 163 5 [(504)\6 +6A%) log (M) — 5)\6A2} ,
A
0NA4,G) = 15,2 [(304)\6 +4g°X + 49" +2)7) log (u) - 3/\6A2} , (4.2.153)
g A
5)\(,] n) = log </L>

for the quartic self-interaction coupling,

45 A 3 5 A
5)\6,@ = @)\)\6 log <'u> s 5)‘6,(A4,G) = W)\(j (g + )\) log (,u) y 5)‘6,(77,17) = 0,
(4.2.154)

for the power six self-interaction coupling and

6)\8,@ = 322252 >‘6 (2) y 5)‘8,(A4,G) 329 2A6 log (A> y 5)\8,(77,77) =0 (4.2.155)
for the additional power eight counterterm. As was described when introducing renormal-
ization, we can keep the logarithms small if we choose a scale p close to the numerator of
the argument of the logarithms, in this case, the cutoff scale A. Additionally, we should
mention that we do not employ an RG improved potential, so although the couplings run
with the scale, we will neglect such behavior and employ the bare quantities for this study.

4.2.5 Wavefunction renormalization

Besides the coupling counterterms, it is also required that we subtract the divergences that
are proportional to the kinetic terms that may appear from the higher-order contributions.
We will do this by employing a gradient expansion, collecting in this way all terms that
contribute to the wavefunction renormalization. As it was known for the toy ¢* model
and shown in [31] too, the one-loop contributions from one-loops with scalars running in
the loop do not lead to terms proportional to (8M¢)2 that are divergent. Therefore, we
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focus on the other possibility; that the gauge-Goldstone sector might be responsible for
possible divergent pieces adding to the wavefunction renormalization.

We refer the reader to the last section of this chapter for the details on how to obtain
the kernel K (4, ) using the methods described therein. We obtain the following integral
kernel for removing the wavefunction renormalization divergences,

2
B B g 1 B 1
Ksk) = Ko auc (k) = (m?% —m2) ((mQG Tk2 4532 (m K2+ 3)3/2> ’

(4.2.156)
which can be used in Eq. (4.2.137)) to obtain finite one-loop contributions. We can de-

fine with it a wavefunction renormalization counterterm by reading the corresponding
coefficient in the effective action:

I'[eo] D —1/ dtz /OO ds &p K (k)(9.00)* = —1/ d*z (9210g(A2)(6zg00)2 —i—ﬁnite) ,
2 0 (2m)3 2 472
(4.2.157)
hence we obtain e It
67 =020, = {3108 (4.2.158)

which accounts for all divergences associated with derivative terms.

4.2.6 Implementation details and Results

After describing the general framework for including the gradient effects of the background,
it is desirable to implement the computation for a given set of parameters explicitly. Given
the large amount of computation time required to complete the program, we present the
results for a single fixed set of parameters which we take as a benchmark.

We give here some more details concerning the computation of the results presented.
First, we remind the reader of the assumptions made to arrive at the present results.
We have employed the thin-wall approximation which, is valid for potentials exhibiting
degenerate minima and lets us ignore linear derivatives (dissipation within the mechanical
analogy). We have also employed the planar-wall approximation, which is valid for large
enough bubbles where the curvature of the wall does not play a crucial role; this allowed
us to treat the radial direction as if it were a flat coordinate. We have then constructed
what we called a simplified bounce configuration, ¢g, with boundary conditions such that
for z — —oo the field is at true vacuum, and at z — 4oo, it sits at false vacuum.
Nonetheless, this must be ensured at the one-loop level in the case the degeneracy is
broken by loop contributions, thus raising/lowering either of the minima. The effective
action would display infinite contributions from the log det terms in the planar-wall limit
when approaching true vacuum (z — —o0), no matter how tiny the difference in energy
is with respect to the false vacuum. Therefore we have chosen benchmark parameters
where the degeneracy holds as well for the renormalized CW potential (see Fig. . In
general, having degeneracy at tree-level only translates to the degeneracy of the minima
in the one-loop effective potential if there is a symmetry enforcing this, as was the case
in previous studies [30, BI]. We remark again that this is a requisite only within the
planar-wall approximation, without which there are no such issues when integrating over
the whole volume.

We adopt units in which A = 1, which translates to dimensionless actions. We can also
assume that we have chosen the fields and the spacetime coordinates such that the cou-
plings are of order one. Giving all the above comments, we implemented the self-consistent
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Figure 4.5: Tree-level potential (orange) and real part of the renormalized CW-potential
for the benchmark parameters in Eq. and the cutoff described in-text, chosen
to keep the degeneracy of the minima. In particular, the model explores only the right
quadrant of the plot as required by the U(1)-gauge symmetry.

Green’s function program for the following values of the couplings:

a=2, l= %, A= —2.0254571, g¢g= %, W= %,
where A was the only parameter tuned so that the vacua are degenerate at the CW-level.
We express all the results of the computations in terms of the dimensionful coupling «.
We have fixed a cutoff of A = 49 = 34.65\/a and we have checked that the variation in
the region enclosed by the vacua remains below 10~ 3a? for different cutoffs. Hence we
consider it cutoff-independent.
The followed procedure is consistent with the framework of effective field theory under
the perspective that our current model can be the low energy theory of certain UV-
completions. For a vacuum ¢_ ~ /2, tunneling processes will correspond to field val-
ues ¢ < ¢_ for which we must explain the relevance of the operator |®|® over higher-
dimensional operators |®|>™ for m > 3, which we have neglected. We give an example
of a UV theory that can lead to such a case. Consider the addition of two heavy Dirac
fermions ¢ and x, where the former has no charge with respect to the U(1) and the latter
has a charge of —1. We can write down a Yukawa type interaction as

(4.2.159)

Lheavy D —y¥Py + c.c. (4.2.160)

Denote the mass of the heavy fermion by M and consider one-loop diagrams with 2m
insertions of ®, these produce the following effective interaction

2m

Y

Relative to the power six operator we used, m > 3 and ¢ < p_ ~ \/a we have

2m 2(m—3)
Akl - <Wa> . (4.2.162)
2=a

6| @[ M
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For the parameters in Eq. (4.2.159)), the relation in Eq. (#.2.161)) implies M ~ y3/(v/87) if

we want to obtain a coupling Ag the size used in the numerical implementation. Inserting
M in the previous equation together with a = 2,

4 2(m—3)
. - <y72r> . (4.2.163)
P|2=a=2

)\n‘q)’2m
Ag| @1

For a perturbative threshold y < 4w, we conclude that each operator of even and higher-
dimension than six is suppressed by a factor of at least ~ 1/10, which indicates that we
can indeed neglect higher-order operators.

Let us now come to the details of the simplified bounce configuration ¢g. Given that we
want to consider the effective potential up to one-loop, we deem the easiest way to find the
Green’s functions is by employing a bounce configuration computed directly from the real
part of the renormalized CW potential. Thus our to-be saddle point configuration must
satisfy the bounce’s equation of motion with the potential replaced by the renormalized
CW potential and reads

d?p

— oz TReUEW)(9) =0, @0(2)]:500 = 0, #0(2)],,_o =0 (4.2.164)

We can observe that we have at this point already exchanged r with z so that the curvature
of the wall is assumed to be flat(planar-wall). Moreover, in the actual implementation,
we define the location of the wall to be the point of the field configuration with the
steepest slope, which we then set to occur at z = 0. Before using the simplified bounce
for the computation of any quantity, we transform the coordinate z into a compactified
coordinate u, which is more practical for numerical computations. The results for the
simplified bounce ¢y and our benchmark parameters are shown in Fig.

14T T 8r

12f \\ —

o/Va

/el 7]

Figure 4.6: Left: Initial approximation to the bounce (dashed orange) and the version
including gradient corrections arising from the self-energies computed above (solid blue).
Right: relative variation of the bounce induced by gradient corrections.

The whole self-consistent Green’s function prescription is implemented by choosing (g as
the background.

Solving for the Green’s functions using numerical methods

We now take on the task of computing the Green’s functions numerically. We employ
a combination of methods that have been already partially discussed, together with a
separation of momenta regimes. For instance, if we look at the fluctuations operators
Egs. , we realize we can separate the problem into two parts: the first one addresses
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solving for the Green’s functions for components that are diagonal, i.e., decoupled, the
second, developing a different strategy for the remaining coupled sector (A4, G).
For the components that are diagonal, the strategy followed what was described in Sec.
when explaining the WKB expansion. We exchange a two-point function problem by find-
ing two one-point functions by means of the splitting procedure therein described while
implementing appropriate gluing conditions, in our case: continuity and a discontinuity
in the first derivative at the coincident point. Thanks to the planar wall assumption, the
problem breaks down to a one-dimensional problem for a given value of |k|, which we need
to scan over. That is, for a fixed magnitude of the momentum parallel to the bubble walls,
we can solve for these functions numerically by simply using straightforward differential
equation solvers. We use, for example, NDSolve in Wolfram’s Mathematica[97] and ob-
tain good results. Some of the codes used for the following sections are collected in the
Appendix [B.| We iterate such procedure for a wide range of |k|, to be able to reconstruct
the full Green’s function of each diagonal sector.
We review the details of the strategy used to solve for the Green’s function for the cou-
pled (A4, G) sector. After observing the form of the corresponding fluctuations operator
(_1414?(;);1{ in Eq. , we decide to separate the problem into two regimes. This
separation is dictated by the size of the off-diagonal components of the operator.

Case k? < g0, 0
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Figure 4.7: Coincident Green’s functions of the (A4, G) sector obtained by directly solving
the coupled system numerically with |k| = 0.3, as explained in the present section. The
dashed orange line corresponds to the case with a homogeneous background, while the
continuous blue line represents the correction to the homogeneous solution by the inclusion
of gradients.

In this case, the terms appearing in the off-diagonal dominate the equation and a per-
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turbative approach is bound to fail. This means that as long as k? remains smaller than
90.p0(2), we are forced to attempt a direct numerical solution. Explicitly, we want to
solve an equation of the form

M IM(z, 7)) = 6(2 — ). (4.2.165)

To do so, we write down the matrix Green’s function by components

MH(Z,Z/) Mlg(z,z/)
M(z,2') = ) (4.2.166)
Moy (z, 2") Moss(z, 2)

and then further split each component at a given 2z’ point with the aid of Heaviside step
functions ©(z),

M;j(z,2') = O(z — z')Mi};(z) + 0O - z)MZ?(z) (4.2.167)

The problem has then been transformed to finding the two functions Mzg(z) and Mg(z)
for each component. We impose the following boundary conditions:

ME() = ME(), (4.2.168b)
1

where the first one has no consequence, since the normalization through the Wronskian
defines the scale, and the second and third conditions follow from demanding continuity on
the coincident point and integrating around the coincident point to obtain the discontinuity
of the first derivative, respectively.

In the actual computer implementation, it is convenient to compactify the domain of all
functions. To achieve this, we make use of the transformation

u = tanh(z), (4.2.169)

so that the working domain for all codes will be [—1, 1], with certain established tolerance
when approaching the edges. As we have seen, certain quantities, such as determinants
and tadpoles, only depend on the coincident limit, so instead of reconstructing the full
functions, we take 1000 points for u in the interval [~1,1] at a distance of 1075 from the
edges and compute the above for each point. Hence we obtain all the entries of the matrix
M(u,u’) at w = «’. An example of the output of this procedure can be seen in Fig. |4.7]
where the methodology is successful. A second example with a slightly larger value of
k2 is also illustrated in Fig. 4.8) where it can already be witnessed how the method has
trouble around the edges, such figure was produced for a value of k? which is of the order

g05p(z) for the parameters chosen (see Eq. [4.2.159).

Case k? > g0, ¢

Within this regime, the off-diagonal components are small relative to the momentum
flowing parallel to the bubble wall, allowing us to use perturbative methods. To do this,
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we decompose the fluctuations operator into a diagonal matrix piece and an off-diagonal
piece, viz.

-1
MGH(z) = My (e0(2) 0 (4.2.170)
0 Ny Hpo(2))
and
SMY(z) = 0 200p0)) (4.2.171)

Figure 4.8: Coincident Green’s functions of the (A4, G) sector obtained with the two
methods described in the text for |k| = 0.5. The dashed orange line corresponds to the case
with a homogeneous background, the continuous blue line represents the exact numerical
solution of the previous subsection and the dotted line depicts the solutions obtained using
the present perturbative methodology suitable for larger tangential momenta.

In this way, the fluctuations operator, which is just the sum of the above, can be solved
by using a perturbative expansion and by using an Ansatz for the Green’s function that
consists of a series of progressively smaller terms, which we book-keep by €. The expanded
Green’s function equation is then

(Mot (2) + IML ()M + eMD + EMP ) = 5(2 — )1, (4.2172)

where we can collect terms of the same order assuming € ~ d M, leading to an equation
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for an arbitrary order in this perturbation expansion:

MG (MO (z,2') = 6(z - 2),
MG MDD (2, 2) + M) MO (2, ) =0,
MG (MBP)(z,2') + M (MWD (2, 2) =0, (4.2.173)

MM (22 4 M) MM (2, 2') = 0.

In our implementation of this algorithm, we can observe how the corrections coming from
each iteration become smaller with each increasing order. We compute corrections for
each value of k up to order n. This ensures the difference between the corrections of
order n and n — 1 differ by less than 107°. We observe when running the algorithms in
our numerical implementation that the convergence es slower for values of k? close to the
threshold, but improve quickly with growing k2, which agrees with what is expected from
a perturbation method based on a perturbation which remains constant while the diagonal
keeps growing. A useful cross-check of the quality of our solutions has been the symmetry
of the Green’s function itself, meaning we know from the theory that Mo = Moy, such
relation is violated slightly when the size of the diagonal terms approaches the size of
the off-diagonal, which confirms that indeed this perturbation method ceases to work for
low values of k?, a small deviation can thus be seen in the My and Ma; components in
Fig.

We also illustrate the results for a higher value of k? in Fig. 4.9, produced for the same
benchmark set of parameters (Eq) after 14 iterations of the algorithm, there we
can observe that the symmetry of the off-diagonal components is preserved and we include
the 0-th order solutions for comparison.

The code for computing the Green’s functions and dealing with the data output is included
in the Appendix [B] with a more extended explanation of how to use them.

In the final implementation, the code to obtain the Green’s functions for this coupled-sector
scans over the values of |k| starting at 0 up to |kpax| = 50 with variable spacing and using
the threshold for the case described to be [k | = 0.5. For the values of |k| > [Kj.nr| we
have observed that the number of iterations needed to achieve a given level of convergence
decreases with increasing values of momenta along the wall. The scalar and ghost sectors
pose no difficulties and can be solved with the direct method of Sec. [£:2.6l Then we are
able to take the coincident limit for each of the sectors and obtain the deformed Green’s
function for every sector, My jz1-(0). Afterwards we can use Eqgs. (4.2.139 and {1.2.140|
to get ng)ren.

In the practice the solutions are useful up to |k| < A49 = 34.65\/a for the momentum
parallel to the bubble’s wall. The s integral can be performed without the need of new
data up to A2 ~ A?/2 after which we extrapolate the behavior for high enough values of

s with a power-law fit as to be able to perform the integral all the way up to s — oo to
ensure the validity of Eq. (2.2.49). Collecting all results for B of all sectors, we get

Bren from Eq. [4.2.133

The renormalized tadpole functions are readily computed using the Green’s functions for

all sectors and using Eqs. (4.2.99)) and (4.2.141f). Thereafter the renormalized corrections
to the background configurations can be retrieved from Eq. (4.2.142)). After which the

term B@re? is computable via(d.2.143) and Eq.(4.2.144).
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Figure 4.9: Coincident Green’s functions of the (A4, G) sector obtained with perturbative
method, for |k| = 1.9. The dashed orange line corresponds to the case with a homogeneous
background, while the continuous blue line represents the exact numerical solution of the
previous subsection.

Additional numerical subtleties and details

In the process of calculating the deformed coincident Green’s function for the scalar sector
M. iz we have encountered a divergence,

2
M, s (903 2, 2) ~ k;i‘;z_)/\ +O((kK*+5—X)0 for A_ =0.21933.  (4.2.174)

This feature corresponds to the displacement of the negative eigenvalue of the Green’s
function, namely

ML (#o)p-(2) = —A--(2), (42:175)

which appears as a positive discrete mode in the deformation, as shown above. The exis-
tence of the negative eigenvalue is expected when dealing with eigenmodes of fluctuations
operators that are written over backgrounds that are associated with tunneling, as we
have seen in all previous cases. Fortunately, we still have convergent |k| integrals within

gx Bg) and the tadpole functions gxIIx (¢g)¢o thanks to the fact that the integral around

the singularity is
b+o k2 1 2 — 6
dlk|——= == 46 + bl —_— . 4.2.176
/H ki3 2( + Og<2b+6>> ( )

When integrating any quantity of interest over the singularity in practice, we numerically
integrate over the quantity with the divergent piece subtracted, which renders the inte-
grand finite and integrable and the divergent contribution is later added alone by using
the expression Eq. , which is nothing else than the principal value.
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Following the construction presented, specifically under the degeneracy requirement at
the one-loop level, it happens that only the contributions from the renormalized effective
action to one-loop is actually finite, mathematically: the sum (B(®) Bren /V/ is finite, but
not necessarily the summands. We are able to report the numerical result of the sum and
to isolate gradient and homogeneous contributions from one another. Using Egs. ,

(4.2.139) and (4.2.140)) we split the contributions as
B(l)ren :B(l)ren,hom + B(l)ren,grad’ (42177)
where

1)ren,hom __ 1)ren,hom 1)ren,grad __ 1)ren,grad
B = o9xBY , plrenemad = % 7 gy phrenerad, (4.2.178)
X X

Then the renormalized homogeneous contributions from the effective action to one-loop is
explicitly

1 1
B0 4 i) — [ g (L (0.00(:) + Re U0 ) (12.179)

Vv
This expression is, in actuality, the one extremized by the simplified bounce configuration
o and is indeed checked to be finite. The same property holds for the piece containing
the gradient effects, Bremerad. jtg integration over spacetime is independent of the cutoff
A.
We now present several plots showing the results of our numerical implementation together
with some of our observations. We begin by considering Fig. [£.10] which illustrates the
total tadpole function corresponding to the sum of Eqs. @ , hence capturing gradients,
simultaneously plotted with the homogeneous analog Eq. @D Before renormalization
has been done, the cutoff-dependent pieces dominate and explain the similarity of both
functions. In spite of that, it still reveals that the divergent pieces are properly captured by
both functions. In order to be able to observe the gradient effects, we plot the ratio of the
two lines in the graph below. Applying the renormalization procedure of subsec.
we construct Fig. which displays the total renormalized tadpole function and the
derivative with respect to the scalar field of the renormalized effective potential, which
serves to highlight the impact of the gradient effects.
The information contained in the first plot of Fig. can be as well analyzed on a per-
sector basis as done in Fig. f.12] At first glance, we can already state that the scalar
sector possesses the largest contributions to the tadpole functions. When comparing the
impact of gradients, we learn that the sectors where the gradients of the background have
the biggest impact are the ® and the (A4, G) sectors. These observations, pertaining to
the scalar field, we can understand from the relative size of g and A in Eq. . We
can also point out the need of correctly renormalizing the wavefunction, without which,
we would have obtained the gray line in the right lower plot of Fig. which are too
large. With have thus witnessed that the gradient corrections are, across sectors, of
order 100% of the homogeneous one-loop contributions and slightly larger for the gauge-
Goldstone sector, indicating that they are as relevant as their, traditionally accounted for,
homogeneous counterparts.
The lower plot of Figure provides a cross-check in relation to the boundary conditions.
It depicts the functional derivative with respect to the scalar field of the renormalized one-
loop effective potential evaluated at g, that is, U'(¢o) + > x (ILx (¢0)w0)™". We expect
that at z — 400, the simplified bounce configuration approaches the vacua and remains
close to constant. Therefore the derivative of the renormalized effective potential that
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Figure 4.10: Above: tadpole Y  IIx (¢o(u); w)po(u) with gradient effects (diamonds) and
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Ratio of the total tadpole contribution over its counterpart without gradient effects. The
cutoff is taken as A = 34.65\/«
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Figure 4.12: For A = 34.65\/c, renormalized tadpoles (IIx(po(u);u)po(u))™® for
each set of fields (solid blue) and the corresponding terms ignoring gradient effects,

(Uélv)v’x)’(gog) = (IIx;hom(¢0)p0)"™™ (dashed orange). From upper left to lower right we
have X = ®,(77,7n), (A4, G), (A4, G). The lower right plot includes an extra dotted gray
curve illustrating the result in the (A4, G) sector when one ignores wave-function renormal-
ization. Note that this latter curve is cutoff dependent because the logarithmic divergent

wave-function renormalization has not been subtracted.

was used to build the simplified bounce configuration should vanish when z — 400 or
equivalently v — 41, this we confirm in said plot.

The comparison of the simplified bounce ¢( (dashed orange line) and the quantum cor-
rected bounce (solid blue line) is possible after the renormalized tadpole contributions have
been taken into account, which is how Figure [4.6| was obtained. With our construction,
all gradient effects are included in the quantum corrected configuration and are seen to be
of the order of a few percent, which when compared to previous studies[30, 31} 93] seem
to be larger. Our current understanding is that a bounce configuration computed for the
one-loop effective potential, with a relative loop factor and couplings of order one, leads
to percent corrections, which matches, in this case, the size of the gradient corrections,
this we confirm when examining the renormalized tadpoles.

With the availability of all renormalized quantities, we can report the results for all the
B()’s appearing in the exponent in the formula for the decay rate Eq. , we do this
in Table Additionally, we provide the results for the renormalized gradient part of the
one-loop terms in Table separated by sector, and the last column of the table shows the
percentage associated with gradients by comparison with the corresponding homogeneous
part of the effective potential. Here we can reinstate our conclusion that gradient effects
in this model appear to be of order 1% of the full effective one-loop potential, that is, the
same size as the corrections we expect from homogeneous one-loop contributions.

When comparing the contributions for the different loop orders in Tabld4.3] we observe
that the one-loop with gradients contributions are two orders of magnitude from the tree-
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Value [><of3/2] Value/((B(O) + B(l)ren)/v) [%]
g BY e v 0.00139 0.29
G B8 v 0.0000748 0.016
9ianc) B EE IV 0.00332 0.70
Yy gx B v 0.00479 1.0

Table 4.2: Numerical results for the gradient part of the one-loop contributions to the
effective action.

level result, in agreement with what perturbation theory tells us for couplings of order
one. Moreover, we can see that the two-loop order contributions from B(2)ren certainly fall
four orders of magnitude below the tree-level as they should.

Value [xa—3/?]
(B 4 g(hren) /17 0.473
B(z)ren/v —0.000345
( BO) 4 p(L)ren | B@)ren) A% 0.474

Table 4.3: Numerical results for the renormalized contributions to the effective action.

4.3 Estimations by means of Gradient Expansion Techniques

In this last section, we comment on insofar unpublished work aimed at developing proce-
dures to estimate gradient corrections coming from the inhomogeneity of the background.
We expect the method will have a twofold purpose. Firstly, this will allow us to compute
the divergences associated with the wavefunction, i.e., it will complete the renormalization
program and at the same time will provide us with rough estimates for the sizes of the
gradients for the different sectors without going through the trouble of requiring a full
numerical simulation in a case by case basis.

The main idea is to consider a careful gradient expansion of the 1PI terms appearing in the
effective action evaluated on a classical configuration. The different ingredients leading
to our procedure appear already indirectly in several Refs. [08-104]. With the aim of
illustrating the steps we follow, we consider first the scalar sector of our model, where we
expect to find only finite contributions from terms proportional to the kinetic term, as
shown in Sec. Let us consider the 1PI terms as in Eq. , first for the scalar.
Instead of using a planar wall decomposition, let us change to the four-momentum basis
by assuming the fluctuation operator M ™! is invariant under translations, then

d4p ipx —1 —ipx
(27?)46 log M~ (x, z;0p) € P*, (4.3.180)

where the functional trace is taken over position and we have translated the operator via
plane waves as in [99]. Observing that the effect of conjugation by plane waves is simply

1 1
Tlpy] O 5 trlog M~ (z, y; 03) = 2tr/ dz
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a translation in the operator sense,
P9, e 7P = 9, —ip, = i(Il - p),,, (4.3.181)

where we have defined de operator II in the last step for a cleaner notation in what follows.
The conjugation means we can translate the derivatives appearing in M~! by an amount
—ip,. This implies, in turn, that for a fluctuation operator depending on the spacetime
point, either explicitly or through an effective mass, and possible derivatives, we have that
the above operation gives

ePT M (2H,8,) e PT = ML (2t —ip") (4.3.182)

And for a typical fluctuation operator consisting of a Laplacian (in the Euclidean case)
and an effective mass which depends on the spacetime point

PP Mz, 0,) e = (T — p)? + mZ (z#) . (4.3.183)

We can use the formula above directly through the log, which can be seen by using a
Taylor expansion and realizing one can insert pairs of exponentials between each factor,
thus

e log M~ (a#, 0,) e P = log (I — p)? +mig (z")], (4.3.184)

9
also holds. We can conjugate additionally by 'op (see Ref.[102]) which as operators they
can be understood as acting on the identity either to the right or via integration by parts
to the left without changing anything in the expression[104], then the full 1PI term looks
like

| ) 1tr/ dtz d'p T35 1o (1T — p)? + mZ;(2")] e o (4.3.185)
5 @) g o ) 3.
It can be shown that
ad
log 2P M™1e 01 = log <e g Ml) , (4.3.186)
where
i .0=1.2 0 (4.3.187)
ady, 0 O = a0 °| 3.

We can compute what happens to the kinetic term

-2 112 I 2 -2 II- 2 -2
e oI, —py)e 9 =e Opll,e T —e Opp,e P

> 1 n—1
:Hu_pu_Zm (adn-a%) 10,
n= (4.3.188)

Let us introduce some useful notation to deal with the effective mass term. For a spacetime
point dependent function f(x), we have

flx)+of(z) = Mo (x)e*H'B% = Z % H ad,,, f(a;)a]i, (4.3.189)
n=0 " i=1 g
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where the deviation from f(z) was implicitly defined above by simply extracting the 0-th
order term, thus

Z - Ha m,, f =3 0,0 0 @) s

817;11 Jo— n! 3]9“1 apm T 8p/1«n ’
(4.3.190)
where 0,,, = 0/(02*). With this notation, we have so far
| ) 1tr/ dtz dlp log [p* + mZz(z) + omZg] (4.3.191)
2 (27‘(')4 eff eff | » c-

where the last term presents a different number of momentum derivatives that act to
the right. To deal with the logarithm, we consider introducing an auxiliary integral with
respect to m? and using the derivative of the logarithm as the integrand instead:

1 r 4, d4p m2 1
> 2t /d (2ﬂ)4/d( eg)p2+m§ﬂc(x)+6mgﬁ(x)’
_1 r 4. d'p m2 1
= 2t /d (271—)4/d( eff) (p2+mgﬁ($))[1+(p2+mgﬁr(33))_15mgﬁf(x)] (43192)

Consider A1 = p?+m?%;(z) and B = dm?s, then we have the following relation for generic
operators

(A"'14+AB)) ' =[14+ AB]"'A= (1 - AB+ ABAB — ABABAB +---) A

(4.3.193)
= A— ABA+ ABABA — - - |,

which leads to a final series expression in terms of gradients for the one-loop term of the
effective potential:

1 dp 1 1 1
rs tr/ d*z / d(m2ﬁc)[ — (6mzﬁ)7
2 (2m)! TP Emey P Eme P o
1 1 h
+ (9mZy) (m2g) 5 — -
pPAmie U pr e m2 T 2 4om2y

The expansion above will enable us to compute gradient effects for the different sectors
that have been already mentioned in the previous sections.
4.3.1 Scalar sector

Let us first consider the scalar sector. Collecting terms that are quadratic in gradients,
we should be able to corroborate that the contributions are finite. We will later evaluate
the expression for the cases in Sec. and Sec. Terms quadratic in gradients come
from two types of terms:

1. the second term of 5mgﬂ¢ appearing between two A terms.
2. products of two order one terms of (SmgH in between three factors of A.

We consider each case separately, starting with the lowest term in factors of A., namely

4
22 _ 1 g, d7p 2 1 2), 2 1
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where [ 22’2) has superscripts indicating the order of the terms considered: second term in
6m§ff and two inverse propagators A, and with

82

£\2
6Pm2e(z) = ﬂ({) 0,m?g (1) =———,
( ) 14 M eff( )apulapu2

43.1
5 (4.3.196)

and we keep the effective mass as general as possible. The action of the derivatives on A
can be computed directly and gives

” Lo “Pwe SPnbu (4.3.197)

O Oppy P* + Mg (P +m2%g)% (P +m%)3

Plugging the above back into Iém) leads to

1 d*p 2m2.0%m?2
eo_ Lo / dty- P / d(m2y) 2 et Teft (4.3.198)
5 4 (2m)* (p? +mgg)!

For comparison with the previous sections, we need to perform the integral over momentum
in an analogous manner, viz., we consider the p4 direction as planar and integrate into R
while the remaining directions are integrated assuming spherical symmetry. We have in
this sense that

37 2 92,2
1(272) — _13 d p d4l‘d 2 ( _Z”effa gn’ef;/z)
(p + meff)

S T 7232 ) (2m)3 C T
1 *m? 1
BT /d4a; dm?2g < — ﬁ) T / d*z(0*m?g) log m?g

19272 2.
1 / 4 (3mQﬂp)2
~ dig et (4.3.199)
19272 m2y

where we integrated by parts to arrive at the last line.
Let us now compute the second contribution. We collect the first term of two factors of
(5mgﬁ and three inverse propagators A,

ro2 =ty / UL YIS R S 1) I Y SRS SR (1 P2 S S
S 9 (27‘(’)4 eff p2 +m§ﬁ eff pg +mgﬁ eff p2+mzﬂv
(4.3.200)
where the first term in (5m§ff is (see Eq. (4.3.190))),
(1),..2 . 2 0
O meg = —i0,, mig——-. (4.3.201)
8p#1

We will need first to compute the following derivative before performing the integrals:

8(181)_28<pu2>
Oppy \P? + mig Oppy p* + Mg I, \ (P2 +m2g)3

5 2_2 2
_ O (07 = 2) (4.3.202)

(P? + mig)*
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where p,,pu, was rewritten as p2d,,,,/4 since the expression stands within an integral
over four-momentum. We can straightaway compute the pending integrals.

1 d4 2 2m?
IéQ’S) =——tr /d4x P dm?s 8Mm238“m357§ QEH

2 (2m)* (P2 + m%5)?
st C gy Ao Qumen)” s = a7
1 (0,m2s)? 1 (0,m2e)?
= tr [ dlzdm2e L ~ — t /d4 - el 4.3.203
38472 / Pt T 3san? )T m2, ( )

Collecting all contributions quadratic in gradients from Eqgs. (4.3.199)) and (4.3.203)) for
the case of a field with no internal indices gives

2 \2
A | / it O o) (4.3.204)

38472 m2g

which coincides exactly with the result in Eq. (4.1.54) when we plugging the effective mass,
mgﬁ = —u? + A¢?/2 used in that model. This expression is not only useful in the theory’s
renormalization procedure but also allows us to estimate gradient effects roughly.

4.3.2 Fermion sector

We employ the same techniques for the case of a fermion field to arrive at the divergent
contributions described in the Higgs-Yukawa model of Sec. Almost all the machinery
can be recycled after the Dirac operator determinant is squared, as in the right-hand side

of the first line of Eq. (4.1.43])). We can immediately adapt Eq. (4.3.191))

1 d*
rs —3 tr/ (2772)04 d*zlog [p2 +m% + dm3 + dmp + 6@mp |, (4.3.205)
and Eq. (4.3.192) subsequently to obtain
1 d*p 1
> —tr [d* d(m?
3t e ) o o G ) TG T T )
(4.3.206)
and employing the expansion in Eq. (4.3.193) we have
1 d*p 1 1 1
o —tr[d! d(m? — om? 1) -
3 r/ “lom 47D) [pz +my  p’+ m%( mp - mp + 8dmp) mb

1 1 1
———— (0m7 J ————(0m? J s
+p2+m2D( mp + dmp + ‘?mD)p2+m%( mp, + Jmp + @mD)p2+m2D

_]

The first contribution quadratic in gradients for the Dirac fermion is after the analogous
algebra and integration:

22
N (Y (. / (Oump) (4.3.208)

- 2
19272 m7,

(4.3.207)
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The second contribution coming from quadratic gradient terms appearing in the second

line of Eq. (4.3.206]) gives

@3) _ [ 1 (0ump)(@ump) [, ~A* + Oum b’
rsij; / d*z = log T 2+ 2log2| + 9677m3, " (4.3.209)

where A is a momentum cutoff for the three-momentum remaining after the p4 integration.

Adding the two contributions from Eqs. (4.3.208)) and (4.3.209)) we finally arrive to

1, (Oump)(dymp) A? 8
— - = 4.3.21
D/dx 162 Iogm%+210g2 3 (4.3.210)

The result matches the one quoted in Eq. (4.1.55)). It is important to remark that we get
exactly the same finite pieces given that we performed the integration in the exact same
way as in Sec. Adopting other regularization schemes might lead to differing finite
pieces.

4.3.3 Abelian Gauge sector

We can now justify the expression for K 4, ) in Eq. used in the previous
section on the U(1) gauge Higgs sector, Sec. However, the result obtained here does
not match the one published and stated in Sec. [£.2.1] because of a computational mistake.
We correct that error here with the current machinery. Consider the fluctuation operator
for the mixed sector of A4 and G studied in Sec. [£.2.1] and split it into the following three
contributions given its internal structure

ML g (msp)e I = My @)+ IMT (@) + M (@) (4.3.211)
(A,)\ TP = Mo 1 2\ e

where the terms appearing in the last line are

_ (p? + m?% ()0, 0
MO I(I) _ A M , , ’
0 p* + mg(x)
Sm2 () 0, 0
My () = ma (=) : (4.3.212)
0 dm ()
0 290, + 2960
M;l(l‘) _ .g MSD g ,U«(rp
290, + 2900, 0

We expand the logarithm directly using first log(AB) = log A + log B 4+ O([log A, log B])
and the Taylor series for log(1 + z), explicitly

trlog M(_Almg)(:n;p) = trlog Mal

—tr Z /\/lo M+ MY, (4.3.213)

where we have neglected commutator terms and higher orders, given that more propagator
insertions will render integrals finite and are not important for renormalization but must be
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examined for concrete estimations. Let us denote the inverse of the diagonal components

of M ! 0(4, Gp)( x) as

O 0 A 0
Mo = | 7™ = (4.3.214)

and start collecting the contributions to the quadratic gradients. From the second term
in (5./\/11_1 and the first term in the logarithm expansion, we have

1 d'p (924 92A¢
Lo = _/ 4 i1t 43.21
> e =3 | ey (G gt ontomich g SE g 0m ) (43.215)

where integration by parts was done twice on the momentum variable. The derivatives
involved can be computed directly to get:

PDauy  8pppo — 2(p* +m%A)0p0 9000 =040 (4.3.216)
9ppOps (m% +p?)? (m% +p?)* -
P Ag _ 8pppo — 2(p? + mQG)(SpU 1p26,0 —méépa 43917
OppOps (mZ, + p?)3 (m% + p?)?’ (4.3.217)
pOPc G TP ATD

The above integrands lead to finite contributions, that is, Ié;%lge is finite. The other
contribution quadratic in background gradients is

d4
I5I12),.=-24° / d*z (27:))4 AGA 4 (0,0),. (4.3.218)

which comes from the second term in the logarithm series and the first term in (5./\/11_1
appearing twice. We take care of the momentum integration first to arrive at the kernel

used in Sec. A2}
d*p / d*p )
——AGAA L = ad
| aajibaa <2w>4<2+mi><p2+mé>
0
d st
/ w/ w(p? +m}) + (1 — w)(p* +mg,))?
- a5 =
2m)3 4(p +w(mA mZ,) +mZ)3/?
36
d d =t
/ S/ w/ 21)3 8(p? + s + w(m? — m%) +m%)5/2
1
jn%

ds 2 ( - L )
/0 (277)3 4(m% —mg) \(m& +p>+5)%2  (m% +p?+5)32)
(4.3.219)

From the above equation, we can recognize the kernel in Eq. (4.2.156) we were looking for.
Additionally, we can generically write down the results for unspecified gauge parameters

£ and (:

1
I'D ———5g*(¢ +&)log AQ/ d*z(0up)*. (4.3.220)
167
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4.3.4 Comparisons with numerical results

To end the chapter, we provide some comparisons with available numerical results com-
puted using the techniques presented in the first two sections of this chapter. We consider
the different models which have been mentioned and studied by our group, and we report
on the ratios of homogeneous to gradient contributions in terms of the model field content
and the coupling constants of the theory.

|Sol ~/d4rci,(d>4—¢%) ~/d4xau¢8“<z> (4.3.221)

where it has been assumed that the factor appearing in front of the kinetic term is of
order 1, which is consistent with the cases of a thin-wall approximation or, in the case of
a Fubini-Lipatov potential, in which the above equation is actually exact.

Homogeneous one-loop contribution

The homogeneous one-loop terms are computed using the Coleman-Weinberg potential.
Assuming we can employ a renormalization scheme which leads to logarithms of order one,
this reduces to

2
(1)hom 4, A 4 3A
B ~ [ d ~ 4.3.222
¢ / e ? "~ 5™ (4.3.222)
for the scalar field, to
4 4
1)hom 4 R 4 3K
B d ~ 4.3.22
| [~ / T 62 ? "~ a0 (4.3.223)
for a fermionic field coupled to the scalar via a Yukawa coupling x and
1)hom 4 . 3 4 . 994
B d*x d ~d — 4.3.224

for a gauge field with symmetry group G, corresponding Lie algebra g with g the coupling
constant.

Gradients contributions

Using the gradient expansion presented in this section, specifically Eq. (4.3.194]) and its
adaption to the different sectors, we can compute the following estimates. For the scalar
sector

A1 A2
perad) / gt 19 68.d o g 4.3.225

1By T 382 g P0u® ~ aga S0 ( )
where the thin-wall tree-level result was used and the result was written in terms of the

classical contribution Sy. The fermion sector yields
2 .
(1)grad 4. K
1B ]w/d - 22 0u60,6 ~ 135 (4.3.226)

Similar results can be obtained for the non-Abelian gauge fields through an analogous,
however more tedious gradient expansion as for the Abelian case presented above and
gives

a CQ 2 1 02 2
|BErd) / ddz 5l 0,0)% ~ —2 5, (4.3.227)
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where C' is the normalization of the Casimir operator for the generators of the group G.
Different ratios can be computed to get a rough estimate of the relevance of gradient effects
over homogeneous ones. We list some of them here:

rad
BOE )
rad
B
T ~ i (4.3.229)
B(l)grad 242 N
By 1 A (4.3.230)

where we have included Ny for the number of fermions and N, for the number of scalars
in the model. The expressions above imply that for Ny = 1, the scalar gradient effects will
never overcome the homogeneous ones if A is to remain in the perturbative regime, while
the possibility of fermion gradient effects dominating the scalar and fermion homogeneous
terms is open in scenarios with Ny > 36 if we demand that gradient effects from fermions
are larger than both homogeneous terms, scalar and fermion one. A less demanding
scenario occurs within the SM, where we have x ~ 1 for the quarks, Ny = 3 (heavy
quarks), Ny =4 and |A| ~ 0.1, hence

£ 0.004, (4.3.231)
Om‘

~ 5, (4.3.232)

which shows how heavy quarks’ field gradients can dominate over homogeneous scalar
contributions.

Let us consider the same ratios as above but replacing the fermion with the gauge field.
Collecting the Eqgs. (4.3.222)),(4.3.224]) and (4.3.227)) we arrive to

(1)grad 2
B 16AC
| ﬁ)h . ——, (4.3.233)
|Bg, om| 9¢° dim g
pMerad 40202
Be : g0 (4.3.234)

(1)hom ~ SANS :
1B,

For the weak sector of the SM case we have g ~ 0.5 |A\| ~ 0.1, dimsu(2) = 3 and
C? ~ 3/4, which implies that both equations above are equal to 0.2, so we can expect

]Bg)grad|, ]Bg)hom| and |Bé1)h0m| to be roughly of the same order for the case of SU(2).
The ratios above are expected to be crude estimates, and it is important to compare
them to the exact numerical results for the models that we have presented in Sec. and
Sec. 4211

We performed the computation of |B§(1)grad| for X € {¢,1} but in an MS scheme as done
in Sec. Using the same parameter values, > = 1, A = 2, k = 0.5 and a mass scale
k{p) = Kk\/6u?/N, the results are shown in Table We can see that the estimates
give the correct order of magnitude in the last three rows. From the parameters we can
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compute the ratios in Eqs. (4.3.228)) and (4.3.230) giving:

(l)grad| A
’(?1)hom| ~ E - 0028 (43235)
¢

z(Zjl)gl‘a.d’ 5 )\
(1)h0m| 24 K2
P

W &

B

=0.33, (4.3.236)

&

While the numerical implementation outputs

B(l)grad
e 0.3479 (4.3.237)
|B(§Sl)h0m| : ’ : .

1)grad
B,

W ~ 01379 (43238)
P

We observe how at least the first ratio is predicted to the correct order, while the homo-
geneous scalar fluctuations seem to be an order of magnitude away.

Contribution || Numerical | Gradient Est.
S 2.828 -
Bimom —0.0078 0.0537
B{rem —0.0094 0.0134
Bhed 0.0027 0.0015
Be 0.0013 0.0045

Table 4.4: Results for the different contributions in the Higgs-Yukawa model of Sec.
in MS scheme and the corresponding estimates performed via the gradient expansion
techniques.

We make the last comparison of the ratios estimated via the gradient expansion and the
ones obtained numerically for the gauge-Higgs model of Sec. where the scalar field is
subject to a polynomial potential of order six, presenting degenerate minima at the one-
loop level. To be able to use the estimates above, we manufacture a tree-level potential
that presents the same minima locations and barrier height, so this means that instead of
the parameters in Eq. , we use the following set of parameters

o= 221723
A = —2.49302 (4.3.239)
A6 = 0.700777

and expect to obtain matching results up to orders of magnitude. The classical action for

the set of parameters in Eq. (4.3.239)) is

So/V = / dz%(@qu)Q +V(¢) = 1.32432 (4.3.240)
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In units of a*? we have that Sy/V = 0.4682 which is to be compared with (B +
BLreny /7 — 0.473 from Table Table shows the comparison of the numerical
results versus the estimates produced from Egs. (4.3.222)), (4.3.225) and the
parameters above which prove to be in decent agreement up to a factor of 2.

Contribution || Numerical [ag/ 2] | Gradient Est. [a3/ 2]
By 0.00478 0.009
plrenerd 0.00139 0.0005
Bl)renerd 0.00332 0.0014

Table 4.5: Results for the different contributions of a similar model described in the text,
comparable to the gauge-Higgs model of Sec. in MS scheme and the corresponding
estimates performed via the gradient expansion techniques.

4.4 Summary and conclusions from the case study and es-
timations made

We have employed the method described in Ref. [30] to compute the gradient corrections
to the radiative effects in a false vacuum decay setting. It is the first explicit computation
of such effects for a model with a gauge symmetry. Explicitly the phenomenon presented
in this chapter is possibly the simplest such scenario, the Abelian case of a U(1)-gauge
symmetry with two minima at tree-level, forced degeneracy at the one-loop level and zero
temperature. To study this tunneling process for a complex scalar, we have written down a
polynomial potential of degree 6 exclusively having the combination $*®. This model will
serve as an illustration of the capabilities of the method from Ref.[30] described again here
and paved the way for future application of it to more realistic models as for example,
the SM. Besides the purely academic interest, this model can also be considered as an
effective field theory coming from certain UV completions, of which one possibility was
already mentioned within the text, arguing in favor of neglecting other operators other
than |<i>|6. We have also used the thin-wall and planar-wall approximations which have
simplified the computation and may be lifted in even more precise future studies.

We have seen how the effects coming from loop-corrections in the scalar and gauge boson
sectors contribute positively to the effective action, hence making the decay rate of the
false vacuum smaller and its lifetime larger, in agreement with the common knowledge.
We obtain results for the gradient corrections that are comparable in size with traditional
homogeneous one-loop effects. That is, in order to have full one-loop results, gradient
corrections need to be included to all orders. Considering only leading terms from a
gradient expansion still keeps the uncertainty at the loop factor level. In this study, we have
included all gradient effects up to the one-loop order in the semi-classical approximation
and added the contributions from dumbbell diagrams which may come to dominate the
h? term under certain conditions like the presence of colors or spectator fields[31].

After the application of the self-consistent Green’s function method also in the thin-will
regime, we have obtained larger effects than the ones previously seen in [3I]. We are
currently trying to find out the origin of said enhancement. It is suspected that the
suppressed effects of the previous models come from an emergent Zo symmetry related to
the interchange of false and true vacuum locations. Whatever the exact reason behind the



118 Vacuum decay rate including background gradients

difference might be, the relevance of including gradients has also been shown away from
the thin-wall limit in a scale-invariant model in [85], supporting the results here reported.
The present study extends previous applications by proposing a methodology to obtain the
Green’s functions for the coupled sector of the gauge and the Goldstone bosons. A general
family of gauge choices implies mixing of the different gauge field components and the
Goldstone. For the simplest gauge choice possible, we are able to solve the sector numeri-
cally by employing the planar-wall approximation and considering two different regimes of
momentum flowing parallel to the bubble’s wall. For low values of the momentum, we are
able to numerically compute exact solutions, while for higher values of |k|, we employ an
iterative procedure. The second point of improvement in comparison to previous studies
has been the construction of the simplified bounce g, which allows us to avoid possible
long-distance divergences appearing from the departures of degeneracy when adopting the
one-loop effective potential. We have illustrated how that bounce can contain the details
of the tree- and one-loop levels by introducing the appropriate compensating terms to the
semi-classical expansion.

The last section about estimations via gradient expansions is also novel and has not yet
been published. We plan to fill in details and suppose they will be helpful, for example, for
model building or as pointers to models that may feature unaccounted gradient corrections,
which are very relevant to topics related to cosmology and phase transitions. We can only
expect the techniques described here will find further application to more realistic models,
getting closer to the SM. At the implementation level of the Green’s functions method,
there are clear directions of improvement, such as lifting some of the approximations or
considering the impact of different gauge choices on the decay rate of false vacuum in
order to make computations more general. If we expect our phenomenological models
to be ever more precise and descriptive, we might have to embrace the possibility that
gradient effects play a comparable role to homogeneous effects and must be included in
particular models.
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As a second application of some of the methods presented in Part [I[ we consider the
impact of fluctuations around a dilute instanton gas in quantum chromodynamics (QCD).
This study has led us to interesting conclusions concerning the strong CP problem. In
addition, we include alternative arguments supporting the same conclusion using methods
not related to perturbation theory or the computation of fluctuations, which we describe
in a later chapter.

We will begin by introducing the strong CP problem and the necessary notions to under-
stand the arguments that will be presented in the next chapter. This little journey will
take us through, first of all, QCD in isolation, where we will describe its content and some
of its symmetries, with a special focus on its chiral properties. We will then naturally
speak about anomalies as well as the topological term or FF (read “F F dual”) term and
its vacuum structure. At that point, we will state the strong CP problem.

In what follows, we give a brief summary of a few phenomenological aspects concerning
the #-angle we saw comes from the vacuum structure. First, we give some comments per-
taining to the construction of low-energy QCD theories. More precisely, we will describe
the very basics of chiral perturbation theory (chPT) and include important remarks about
the matching of the 't Hooft operator[105]. We then give some comments on the mass of
the 1’ particle, which was generally problematic as its mass does not correspond to the size
expected for a pseudo-Nambu-Goldstone boson (pNGB) of the SU(2)r, x SU(2)r approx-
imate symmetry related to small up and down quark masses (the U (1) 4-problem). Lastly,
we close the section by relating the above with the so-called topological susceptibility while
taking the chance to report current knowledge.

Before we jump into the discussion pertaining to the CP violation/conservation in QCD,
we will require to go over some mathematical tools that will also serve to establish the
notation. Here instantons will be reviewed from a physical perspective, however, with
tinges and small mentions of the beautiful mathematics behind these non-perturbative
solutions. In view of all of the above, we hope the reader enjoys the next chapter.

5.1 Quantum Chromodynamics (QCD)

The following presentation of the strong CP problem is based on the following reviews
[T06-108] which not only introduce the problem but elaborate on different current solu-
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tions, especially the possibility of the existence of an Axion particle. We begin with the
Lagrangian density for the strong sector of QCD. QCD is the gauge theory of quarks and
gluons on Minkowski spacetime, with gauge group SU(3):

1 . _
Lacp = = F*F,, + > Ga(iD — mge®y%50,)qs (5.1.1)
q,a,b

where a, b are color indices, ¢ are Dirac fermions in the fundamental representation, come
int the different flavors (u, s, d, ¢, b,t) and where

Fﬁu = a,uA?/ - aI/AZ + gsfabcAzAlcj (5.1.2)

is the gauge field strength tensor of Af, with g, the strong coupling parameter. We have
parameterized the mass term so that

gmq € g = mpiq +igy’miq. (5.1.3)
The model above can be supplemented with the #-term or topological term:

g2
3272

2

Lo=0 6er2 Ao pe pe = gJspape (5.1.4)
where we have included the definition of the dual field strength tensor implicitly with a ™,
which is mathematically known also as the Hodge star (denoted by x) of the two-form F',
which can be defined formally and in more generality in the language of differential forms.
For the present document, it is just important to understand that F' and tr F'xF = tr Fofa
are geometrical objects which are fully independent of the choice of coordinate patches
used to describe them and, as we will see, have a deep connection to the topological
properties of the spacetime and the gauge group.

We recall the parity transformation P and the charge conjugation C are discrete symme-
tries, meaning they do not depend on any continuous parameter and in particular they
square to the identity. More over, P belongs to the full Lorentz group O(1, 3), which acts

on spacetime points as follows
P((t,2)) = (t,—Z) (5.1.5)

and at the level of spinors a parity transformation exchanges L and R components. In the
Weyl representation for the v*, it can be written in short as P(¢(t,f)) = yy(t,—Z). C
on the other hand can be defined directly by its action on Dirac spinors as

C(y) = —inay”, (5.1.6)

where * denotes complex conjugation, and colloquially we say it sends particles to anti-
particles.

The terms in Eqgs.(5.1.3) and (5.1.4) are actually both responsible of CP violations. In
general, we can recognize CP violation by means of the different phases appearing in the
different terms of the Lagrangian density. A global phase, where the argument of the
CP varying coefficients in the Lagrangian density is the same, creates no interference and
implies that such phase is unphysical or not measurable. However, differing phases in
these terms imply CP violation processes. This means that in order to study whether
there is CP violation or not in the strong sector, we must track down these phases.
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We can understand why the 6-term is CP-violating simply by an analogy with the elec-
tromagnetic case, where although the gauge group is Abelian and it has no physical con-
sequences, its expression in terms of the classical electric and magnetic fields E, B , is very
illustrative. In the case of electromagnetism

AT F L octr E - B (5.1.7)
A parity transformation makes the following exchanges E — —E and B — B, while the
charge conjugation turns £ — —Fand B — —B , hence a CP transformation of the 6-term
takes e ’\"FSZ,F/{‘U — —eAT R '\, and the combination CP is not preserved.
In addition to the #-term, there is an additional possible source of CP violation hidden in
the quark mass matrix. They can both display CP violation and with the evidence of the
weak sector already violating CP, there is no reason for us to neglect these phases in the
absence of a more fundamental principle protecting the CP symmetry. It is nevertheless
extremely puzzling why to date, the bounds on CP violation are extremely small. More
about the current bounds will be described soon.
Ignoring the two possible CP-violating sources, i.e., masses and the f-term, Locp has the
following global symmetry U(N¢)r x Ur(Ng) ~ SU(Nyf) x SU(N¢)p x U(1)r, x U(1)R
group, labeled the QCD chiral limit, where Ny specifies the number of flavors and where
the symmetries are understood to be approximate given that we know quark masses are
not zero. Using a different basis of infinitesimal generators or, said differently, grouping
the transformation parameters so that we rotate L and R by the same amount (vector)
or L and R by amounts opposite in sign (axial or chiral), we can write down the same
symmetry group as SU(Ny)y x SU(Ng)axU(1)y xU(1) 4 which highlights the symmetries
that, as we will show, are not actually symmetries at the quantum level, namely they are
anomalous, independently of whether we consider a #-term or not.

The Fujikawa method for computing anomalies

We show here in a reduced version how the chiral anomaly or ABJ-anomaly[8, O] can be
understood from path integral methods. For this we follow textbook expositions[20, 21]
and [I4] to illustrate Fujikawa’s method. For the anomaly computation, we need only
consider a simpler model of a single massless fermion and a U(1)-gauge field, viz. massless
QED. In such a model, the Lagrangian symmetries are enhanced in the absence of masses
and one is free to rotate L and R components independently. Hence, in reality, the
model has a U(1);, x U(1)g symmetry. This symmetry can be equally well described by
U(1)y x U(1)a. According to this, the fermion would transform as:

W — Y, Vector (5.1.8)
p—— ) Axial (5.1.9)

According to Noether’s theorem we can define a current for each, which is conserved. One
way to obtain them is by assuming the symmetries are local, and considering variations
with respect to a(x), we have then

g =Pyt (5.1.10)
3O =ty (5.1.11)

and classically, we expect the conservation laws

it = and  9,5"° =0, (5.1.12)



124 QCD review: vacuum structure, phenomenology and related mysteries

Let us consider the above chiral transformation in the context of the path integral for the
partition function (with A =1)

_ 1 _
7 = /Dtz/JD(A,\)exp [l/ dix <—4FWFW +¢im¢>} . (5.1.13)
The chiral rotation in Eq. (5.1.9)) corresponds to the infinitesimal field redefinition

(1 +ia(z)y*)¢ (@),
Y(1+ia(z)r°),

<

() = w:(x) (5.1.14)

(@) =4 (2)

where we have promoted the parameter « to a spacetime point dependent function a(z) to
obtain the associated axial current. The fermionic part of the action for the transformed
fields is, after an integration by parts,

[ dtad oy = [ dte b0y + ale), ("), (5.1.15)

However, to compute the variation with respect to a(x) of the partition function itself, we
must consider the possible transformation of the measure as suggested by Fujikawa. To
properly transform the measure, we use a decomposition of the fermions into eigenfunctions
as done in the mathematical background, Part [ For the Dirac equation, we have pairs
Ym, ¥m which share eigenvalues but are right or left eigenfunctions, respectively,

(iP)m = Amtbm  and %M = Amm, (5.1.16)

and can be chosen to be orthonormal since i) is Dirac-Hermitian (with respect to barred
inner-product.) We can then use a spectral decomposition for 1) and 1 so that

w(‘r) = Zamwm(x) and 1;(3}) = Zl;mf‘/;m(x)a (5'1‘17)

for Grassmann coefficients and c-number eigenfunctions, given the fermionic nature of v
and . With this decomposition we can express the measure as an infinite product of
measures for each direction and also expand the transformed functions in such basis of
functions:

Dy'DY =[] day, db), = det 2T [ [ dam dby, = det 2T DyDi, (5.1.18)

where J is the Jacobian corresponding to the coordinate transformation. From the trans-
formation relation in (5.1.14]) we know that for coefficients a,

an, = Gy + Z ian/ Az iy (@) o)y (2) (5.1.19)

By =bm + > _iby / A4z P () o)y () (5.1.20)
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The product per direction is then

H dal, db/, Hdet (035 + 1/ d*z ia(z)y°;(2)) day, (5.1.21)
X dl;mdet_l(5kg+i/ d*z (@) (x)y e () (5.1.22)

= H dayy, dby, det™2(8;; + i/ Atz Pia(x)y5 i (x)) (5.1.23)

=[] e 2utoeli+ia@n?) gy, dby, (5.1.24)

~ glmtﬂQWYP]II(hhndbm, (5.1.25)

where we have neglected contributions of order o and higher, the Taylor expansion of the
log was used, the trace is to be taken by using any basis of functions for the domain of
the Dirac operator, e.g. the eigenfunctions ¢, 1,,. For the computation of the exponent
we need to introduce a regulator, otherwise the result diverges linearly as it is known
from the computation of the amplitude of the anomaly triangle diagram, e.g. as in the
decay 7 — 2v. It is traditional to employ a heat-kernel method[I4], 20} 21], which has
the advantage of gauge invariant, to regulate this operator. Let M be the regulator scale,
thought of as a large mass and make the replacement

trfa(x)y°] — lim tr[a(x)fy‘r’e(isz)%z] = lim d'z a(z Z"‘/’n z)y’e M2 ().

M—o0 M—o0
(5.1.26)
First we can get rid of the gamma matrices hidden in lDQ, by using the identity
2 v 1 v
lﬁ =y D;LDV = DuDM + Zg[')/uf}/ ]F,uua (5'1'27)
and then use a basis of plane waves instead of the eigenfunctions above
iIp 4
> dulen I (o) = / (;1 ];4 ek o R0 ke (5.1.9g)
7

where the trace is over spinor indices. Using the Baker-Campbell-Hausdorff (BCH) formula

XYY/ M2 X/M? Y/M? —[XY]/(2M*) (5.1.29)

we can split the exponential with the regulator to obtain

Ak ik s -2 vt I, D%, Fyu]7#7"] i ke
an 7 e M2 Yn(z) = tr (27T) Ye MZe 4M2 ’ m e 24M4 ne 7 .

(5.1.30)
From the properties of the Dirac matrices, we know that we need at least four gamma

matrices next to the 7° for the trace to be non-zero, hence the lowest order term in powers
of M comes from the exponential with just one commutator in the exponent and is

(i1)2 d4k‘ _1 . D2 e 92 ’YN,VVFV 2 B
an '.Y e M? U)n( )_tr/ (27T) g 756 M2ek < ([2‘16]]\45) >+O(M 5)'

(5.1.31)
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We can now neglect the gauge field term in the covariant derivative by observing that
compared to large M and large k, it can be made arbitrarily small, thus

" 5 —% 92 d4k —1k‘x 5 5 lk:c W AV~ O A
D (@)’ e M gy (1) = ot ait e a (['y 10y ]FWFUA).

(5.1.32)

We can now perform the trace and act with D? to the left to arrive to

_ _app? 7 kw2 e
D (@)’ e Ty (x) = /(46M2 (v’ [y 10 ) Fw Fox - (5.1.33)

3204 | (2r)
2 4 2
g . o d*k =«
= 32 4(1616'“V )\)FMVFO—)\/WGM2. (5134)

The last step is to use a Wick rotation (k° — ik*) to compute the integral above,

-z 9 o k3, dkp —*%
D (e i) = 5 e Fu o / L (5.1.35)
2 4
g LUVoA M
=———F—Fu Fyy 1.
1672 M4 2 (5.1.36)

which can be reorganized and by collecting results from Egs. (5.1.25)),(5.1.15)) and (5.1.13])
we can write down the transformed partition function after the chiral transformation has
taken place

2
~ [DuDin(Ay) exp [i [t <—1F,WFW DY + a(z) (@j‘”’ " 12697r2FWFW> )] |
(5.1.37)

Following Noether’s procedure, we can conclude by imposing that the partition function
is unchanged under global chiral transformations, the above has to vanish for arbitrary
a(z), which means

2

B, "% = —SQ?FWFW. (5.1.38)
Some observations must be made at this point. The result above did not rely on any
expansion on couplings and is therefore exact. That is, it is captured by one-loop methods
and does not receive corrections from higher-order terms. We notice as well that the result
is proportional to the #-term presented before and that the steps followed to get to it can
easily be modified to obtain the non-Abelian version for an arbitrary number of fermions
and gauge groups. We remark that the key ingredient for this type of anomalies to occur
is the non-cancellation of Jacobians in the path integral, as opposed to the vector transfor-
mation cases, where the Jacobian from 1) cancels with that from transforming 1. Lastly,
we can view this phenomenon as spontaneous symmetry breaking coming from loop cor-
rections since there is no explicit parameter breaking the symmetry explicitly at tree-level
or classically, while the non-preservation of the chiral current appears from the anomaly.
However, this perspective is misleading. From the point of view of symmetry breaking, we
expect the appearance of Nambu-Goldstone bosons (NGBs) every time there is symmetry
breaking, but as we have seen from the path integral perspective, the symmetry is not
there to begin with, and hence there is no expectation of an NGB[47].
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We extend now the result for the case of interest, massless QCD with N; flavors, where
we consider again chiral rotations for the quarks as in Eq. (5.1.9), these are associated to
the flavor-singlet axial current:

j5“(0) = Z(jfv“’y%f. (5.1.39)
f

Redoing the computation for the axial anomaly in massless QED done above, the only
difference is that the identity in Eq. (5.1.27)) requires some modification, in order to adapt
it to the non-Abelian case:
igs A

P® =4"4"DuD, = D, D" + %3[7“, Vs (5.1.40)
where the new upper index a is a color index labeling our choice of generators A*/2 of
the color group Lie algebra su(3), with A* the Gell-Mann matrices. So that the term
proportional to the set of four Dirac matrices is now

_(p)? 2N tr(A2\b Ak k2
S a5, (07 e T g, (1) = Z0L (1gienvor) KX pa o / S e (5.141)
f?n

~ 32M4 4 oA | (om)s
2
g:N -
= S L E, (5.1.42)

so we conclude by considering the Jacobian as before,

2
. gsN vo a a
9,57 O () = _4327T£ IAF () F\ (2). (5.1.43)

The Vacuum structure and the invariant 6

We attempt here to describe the so-called #-vacuum without referring to instantons just
yet. We describe the ideas originally presented in [I09HITI] and we follow [47] for this
short exposition while adding some details of the mathematical structures involved.

We must first speak about gauge transformations and how they can be classified. This
brings us to consider the topology of the geometrical spaces involved. It is particularly
relevant for the structure of the QCD vacuum, that the gauge group SU(3)color Of special
unitary matrices of dimensions 3 x 3, allows for different embeddings of the Lie group
SU(2) into itself, in other words, we can find different copies of SU(2) inside SU(3)color-
At the same time, it is a geometrical fact, that as smooth manifolds, SU(2) and the
3-sphere are diffeomorphic, that is S ~ SU(2), via the explicit map:

f:8% — SU(@2)

x

2 4l (22 —ig3 5.1.44
o N B (x* —1iz°) — M4 x-io, ( )
3 (2?2 +iz3) 2t —ix!
IE4

where we are using charts for S3 such that 2!, 22, 23, 2% € R and xpat = 1forp=1,2,3,4,
it can be seen that f indeed is smooth, invertible and surjective. So geometrically, when
ignoring the Lie group structure, S® and SU(2) are indistinguishable.

Coincidentally, Minkowski spacetime has 1 + 3 dimensions and the 1 representing the
time direction serves in flat spacetimes to foliate spacetime with space-like hypersurfaces.
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A similar idea can be implemented in Euclidean spacetime, making the relation between
gauge transformations and topology completely formal. When we perform a Wick rotation,
we bring the line element to Euclidean form and we can thus foliate space by 3-spheres of
increasing radius and for each fixed radius r, we have the relation

r? = (a')? + (29?2 + (2*)? + (2*)? (5.1.45)

among the coordinate components. We see now that a gauge transformation g(z), as a
local symmetry, is a mapping taking spacetime points to an element of the gauge Lie
group. If we concentrate on the asymptotic behavior alone, the boundary for large r is
nothing else than an S3, and gauge transformations asymptotically map such boundary
to the gauge group SU(3)color-

We can then classify gauge transformations according to their asymptotic behavior. It is
a known result from topology that the third homotopy group of the 3-sphere is homeo-
morphic to the integers[I12], denoted 73(S3) ~ Z. In other words, maps are classified into
classes (equivalence classes) up to continuous deformations, with the objective of obtaining
a topological invariant. The n-th homotopy group m,(G), for a Lie groupﬂ G is precisely
the group of classes of mappings g,

g: 5" — G. (5.1.46)

The equivalence class of the identity is that which consists of all maps that can be con-
tinuously deformed to a point, i.e. they are contractible. The fact that m3(SU(3)) # 0,
means not all gauge transformations fall in the class of the identity. Those that are not,
receive the name of large gauge transformations, an example for SU(2) is[110]

x2 — (? 2d .
g1(x) = <x2—|—d2) 1+ (M> x- io (5.1.47)

which is independent of the x* direction and where d some real parameter and cannot
be produced by concatenation of infinitesimal gauge transformations[ITI], or similarly, it
cannot be deformed continuously to a constant element of SU(2), notice how this map is
nothing else but a specific case of the embedding f described in Eq. and we can
imagine a bubble-gum bubble wrapped around a sphere, which we cannot reduce into a
single point without popping the bubble (see [34] for a more extended discussion). This
is precisely related to the important requirement that our allowed gauge transformations
are those such that (when working in the specific gauge where A* = 0)

lim ¢(X) = goo, (5.1.48)

|x|—00

where g is a spacetime independent, fixed, element of the gauge group. The condition
above ensures that vector potentials of interest fall off as ﬁ at infinity and without it we
would not have the classification described above.

The class to which a given gauge transformation belongs to can be labeled by integers given
by what is known as the degree of a continuous map, which for the case of continuous
functions between S' and itself receives the name of winding number. In physics the term
winding number is used generally to mean different things, not only for the case S' — S*
as in mathematics. For the temporal gauge used here it is referred to as the Chern-Simons

!The notion is generally defined for topological spaces, but we only require it in application to Lie
groups. The groups involved in our applications are also simply connected and there is no need to make
reference to base points.
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number and is computed out of the spatial parts only. For a given gauge transformation
g(x) for the SU(2) case, its degree, or Chern-Simons number for us, is given by

deglg] = 241%2 / d*x e tr(g7H (x)9;9(x)) (97 (%)059(x)) (97 ()Fkg(x)),  (5.1.49)
which is mathematically the wedge product of the Cartan one-form with itself three times
in order to produce an integrable 3-form in S3[I13] and is representation independent. It
can be proven that as long as the condition in Eq. holds, the result of the above
integration is indeed an integer (see for e.g. Appendix A in [I14] for the computations),
and is also invariant under continuous deformations, that is all gauge transformations
in a given homotopy class have the same winding number. Computing the degree of g;
as given above is straightforward and gives deg[gi] = 1. Moreover we can find gauge
transformations representative of each homotopy class by exploiting the group structure
of SU(2) and operating repeatedly with g1, so that

deglgn] = deg[(g1)"] = n. (5.1.50)

Let us remark that this classification applies for gauge transformations that fulfill Eq. ,
which corresponds to finite action as we will see, any transformation changing the winding
number must either be discontinuous or violate Eq. and implies an infinite action.
We continue the explanations in this section for Euclidean quantities but do not change the
notation as we are not going to be switching from the Minkowski to the Euclidean version
here. Let us now connect this classification with the -term mentioned in Eq. . For
that purpose, we consider a gauge field strength tensor for the G = SU(2), F, 1y which is
finite. As it can be seen from the kinetic term of the Euclidean action,

1
Stange = 1z d*a FS, F e, (5.1.51)
9s

with A, written in units of the coupling gs, a necessary condition for the action to be
finite is that F' ~ O(r~™) with r as in Eq. and m > 2. This implies for the
corresponding vector potential in Eq. that it must decay as AZ ~ (’)(r*m/), with
m’ > 1. There are however gauge field configurations which in certain gauge, seem to
decay at infinity exactly as r—!, whose field strength still leads to a finite result which we
will compute in Sec. For now let us consider rewriting the 6-term as the divergence
of a current. We can give the current here explicitly

K, = A7 [AgF;U - é f“bcAﬁA’;Af,} (5.1.52)
A [AgaAAg + % f“bCAgAgAg] , (5.1.53)

and we can check that
FS M =0, K", (5.1.54)

The form given above for K, is proportional to the Hodge dual of the Chern-Simons form
of A, which is what is written within square brackets in Eq. (5.1.53)). This means the
Euclidean #-term is thus a boundary term in the action and in the temporal gauge A4 = 0
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we can reduce it at for example t = oo:

4__

321772 / d4y FeFe — 32;2 / d*z 9, K" = 32;2 / PBx K4 o (5.155)
$4—OO

- @ dx €k fobe A2 () Ab() Af () s (5.1.56)
i $4700

= 24;2/d3x6ijkt1“ (Aj(x)Aj(z)A(x)) L (5.1.57)

where we used f¢ = 1tr(iA¢[iA’,i)]), and have written the fields as A, = i’\—;AZ, so
that we recover a representation independent expression.

It is useful now to remember how the gauge field and its field strength tensor transform
under gauge transformations. Using matrix notation the transformations under an element
g € G are

A, — g_lAMg + g_lﬁug (5.1.58)
Fm/ — QFWQA- (5159)

We observe that if F),,, vanishes, there is certainly a gauge where A, is a pure gauge
configuration, that is A, = g‘lﬁug. Or in other words, the vector potential is 0 modulo
a gauge transformation. In that case we can choose to represent A, at a fixed z?, using
the gauge group element g; € SU(2) C SU(3) in Eq. we have

A; =g (x)9ig1(x) and Ay = 0. (5.1.60)

So let assume for the time being?| that there are field configurations such that for 2 = —oo
the are A, = 0 while at 2% = oo they are A; = g; ' (x)J;g1(x). Then as we can see from

Eq. (5.1.57)), and by comparison with Eq. (5.1.49), that the Euclidean 6-term becomes i
times an integer, explicitly for the case of an asymptotic behavior as g; we have

gz

03502

/ d*z FOF® = i(neo — o) = i6. (5.1.61)

So we can understand the f-term as keeping track of the total winding number[47] of a
gauge field configuration, which will call a topological sector to avoid confusion with the
winding- or Chern-Simons-number obtained from the spatial part of the gauge field in
temporal gauge.

As we have seen, the classification of gauge transformations implies that the topological
sectors can only take on integer values. However, through gauge transformations, in
particular large gauge transformations, we can move around where the charge associated
with K, is concentrated. Hence, the associated charge commonly receives the name of
topological charge and when these are concentrated at 2* = +00 as we have seen above,
we call this the reqular gauge description. Alternatively, the topological charge can be
placed at the origin of coordinates via a large transformation that brings the gauge field
to its singular gauge expression.

Some essential highlights at this point are that gauge transformations cannot change the
topological sector, it being a gauge-invariant quantity of a given gauge field configuration

2We will see in the next section that such configurations do exist.
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as can be seen by using the rule in Eq. on the #-term. Second, the arguments here
given also apply to the QCD in Minkowski spacetime through a Wick rotation.

Within the regular gauge, we can go further and even apply the canonical quantization
formalism as argued by Callan, Dashen and Gross[109] and Jackiw and Rebbi[110, 111],
to introduce gauge non-invariant vacuum states, |n), for each n € Z, which produce a
configuration with Chern-Simons n when acted on with the operator-valued gauge field.
Since they are modified by large gauge transformations, they cannot be a proper vacuum
of the theory and we label them pre-vacuum states. Using the Hamiltonian language and
the path integral as we have been doing in the document, we can write

<n] e_HT]m> T—:>oo / D[Au]n—m e_Szfauge[Au]"‘ng’ (5.1.62)

where we have included a gauge fixing term. In this sense, these configurations represent
possible tunneling phenomena connecting the different pre-vacua. So we face a situation
similar to that in quantum mechanics in a setting where there are at least two degenerate
potential wells. States that are localized near either well minimum will have energies close
to the ground state, while the ground state itself is known to be a superposition of the
localized states.

To define the true vacuum of these models, let us look at the zero energy states, that
is, at vanishing field strengths and consider that gauge symmetry is supposed to leave
the vacuum unchanged. It follows that by using Eq. or its iterations, we can
build vector potentials with different winding numbers, all corresponding to zero-field
strength. Given the existence of tunneling configurations, known as instantons, which we
will describe in Section that shift these pre-vacua

Uln) = n+ 1), (5.1.63)

where U represents the action of such configuration, we conclude these pre-vacuum states
cannot be the true vacuum state. The way out is to superimpose all pre-vacua. The
simplest possibility then would be to sum all |n) with a constant coefficient. However, the
most general superposition that remains stable under the action of Qg is the f-vacuum

16) =" e™n). (5.1.64)

In this context, # can take any value and the fact that the vacuum of the theory requires
us to fix such parameter externally, meaning every choice of 6 corresponds to a different
theory, is known as a super-selection rule.

Having introduced the #-vacuum in a particular gauge and in the canonical context, let
us see how it enters the game in the path integral. For that we look at the generic
computation of some observable O in an FEuclidean theory with Lagrangian density L,

01016) = Y 27 (ny|Olng) = Y €27 (ny + An|O|ny)

ni,n2 An,ny

1 -
ol = 3 exp{_e/ Az 327T2FF} (n1 + An|OJny)

An,ni

) Azn / PO {_/ &l (E[A“] * 326;2 FF) } ’ <An _/ &' 32i7r2 FF)
= /D[Au]OeXp{—/ d*z (E[AM] n 329772FF)}
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and we learn that to compute expectation values on the #-vacuum, all we need to do is
include the f-term in the action.

We can collect the results we have, adapt them to actual QCD and introduce the 6
invariant as well as the strong CP problem. In the SM, quarks gain their mass through
the Higgs mechanism via their Yukawa coupling terms. Current observations tell us that
the Yukawa coupling matrices mix different generations and thus flavors, as we saw in
Partlll That means that after the EW symmetry breaking has taken place, the masses of
the quarks are not diagonal and moreover may have residual phases that are CP-violating
even after the Lagrangian is written in the mass basis and all the mixing encapsulated in
the CKM-matrix. Paraphrasing Dine [106], CP violation discussions usually begin with
counting parameters of the transformations on the quarks (or leptons), bringing us to the
mass basis and comparing it with the number of possible redefinitions of the quark (or
lepton) fields. This we will do in a way for the rest of the document.

Given the lack of a global symmetry implying CP conservation in the weak sector as has
been known since the detection of Kj — 27 in 1964 and confirmed in different processes
since, we believe CP should not be a symmetry ad-hoc imposed on the strong sector.
Also arguments exist, pointing out that even starting with a CP conserving model, such
condition is not stable with respect to renormalization effects[I15]. With that in mind and
the vacuum structure described above, we consider the effects of the 6-term. Let us then

consider the QCD Lagrangian of Eq. (b.1.1)), supplemented with a #-term Eq. (5.1.4)),

gz
3272

1 . . _
Lacp = = P Fl 4 Y (D —my 0T )y + 005 FOE, (5.1.65)
7

where we have omitted color indices and renamed quarks with .

Let us consider as well what we have learned about anomalies, and attempt a chiral
rotation to get rid of whatever phases appear in the masses. A chiral transformation on
each flavor, ¢y — e*i"‘fVB/wa, implies ﬁf — ﬁf e~197°/2 and because of the anomaly, we
know the effect of the chiral rotation is a non-trivial Jacobian with a contribution that
looks exactly like the f-term, Eq. , but with twice the chiral rotation angle, then
the term proportional to FF in our Lagrangian is now

2
g A
Laep C | 0= oy 3¢ () F (), (5.1.66)
!

which seems to indicate that we can have real masses if we change § — 6 — > sy and
in general for whatever chiral rotation by an angle +a; we have that 6 — 6 + 2% ay.
Therefore it is more useful to define an invariant quantity that accounts for CP violation
contributions,

6 = 0 + arg det M, (5.1.67)

where M represents here the quark mass matrix. So defined @ is independent of where the
phases are accumulated by chiral rotations. Colloquially, whatever phase factor stands in
front of the A-term plus whatever overall phase stands with the masses remains constant.
Which is just the statement of the fact that we have just seen that, field redefinitions alone
cannot get rid of possible CP violating terms.

It happens that current experimental bounds to # are very stringent and show that 6 must
be really tiny, as we will describe in what follows. The fact that, out of all possible values
of #, nature appears to have picked parameters such that = 0 begs for an explanation.
Why that is so is what we know as the strong CP problem.
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5.2 A brief history of QCD and related phenomenology

After defining an invariant which does not depend on how we define the fields, we can ask
whether we can measure it. What do experiments have to say about CP violation in the
strong sector? As Hook[I07] puts it, the strong CP problem is mainly a problem about
the neutron, specifically the neutron’s electric dipole moment (nEDM) which provides
stringent experimental bounds to #. There are other processes, such as n — 2, that
are also affected by # and have to be considered when placing bounds on the f-invariant.
However, we focus on the case of the EDMs for illustration. We must say nonetheless;
from QCD as presented in the previous section to the nEDM, there is still some way to
be traveled.

The neutron is a hadron, made up of three valence quarks, which makes it a composite
particle and hence requires some effective field theory to describe its interactions. We
need then to understand how effective field theories for low-energy QCD processes are
constructed. Computations of the nEDM using, for example, the MIT bag model can be
used to find[115],

dp =82 x 107150 e.cm. (5.2.68)

Other computations attempt to improve on the bag model but lead to similar expressions
in orders of magnitude[I16]. From the experimental side, the best bound on the nEDM
itself is currently provided by [I17] where it is concluded that

|dy| < 1.8 x 107 e.cm. (5.2.69)

To our knowledge, the symmetry breaking pattern is dictated by instanton effects, through
a 't Hooft operator, which encodes those non-perturbative effects[I05]. Although operators
violating CP can be written in terms of the masses of quarks on symmetry grounds for a
theory of pions and kaons, as in chiral perturbation theory (ChPT), their coefficients, also
called low-energy constants (LECs), should be fixed via matching with the high energy
theory, QCD.

We review briefly the very basics of how low energy QCD theories look like before we
expand on the details of instantons and our computation concerning the matching of the
effective CP-violating operator coeflicients a la 't Hooft.

5.2.1 Low energy QCD and the 7/ mass

At low energies, the phenomenon of confinement takes place and we are only able to see
hadrons, so QCD no longer directly describes the relevant degrees of freedom. However,
for our purposes, it is enough to understand how an effective theory for mesons formed by
the lightest three quarks, u,d and s, which are the constituents of the pions 7, kaons K,
n and 7, is built up. The guiding principle to build an effective theory for these mesons is
chiral symmetry. By using a parametrization for the meson fields that realizes the chiral
symmetry SUL(3) x SUR(3) for the fundamental representation of SU(3), we can obtain
a successful field theory for the mesons which are the lightest composites states. We note
in passing that other representations can be used to build effective Lagrangians for other
hadrons like baryons. Lagrangians manufactured under this principle fall generally under
what has been called ChPT[II8] 119] and deserves a book of their own. We try to state
here the most relevant points that pertain to our studies and refer the interested reader
to primers and textbooks on it, cf.[47), 120-124].
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We begin by realizing that masses can be seen as chiral symmetry breaking parameters,
which lock the angles of the independent chiral rotations, allowing only for vector rota-
tions. This description is viable as long as the masses are seen to be small compared to
Aqcep ~ 250MeV. Mesons are then understood to be the pNGBs appearing after symme-
try breaking due to quark non-zero masses. With quarks appearing in the fundamental
representation, a theory for “bound” pairs of quarks with the corresponding quantum
numbers of the constituents is then built out of a tensor product representation of the
fundamental and the anti-fundamental (or conjugate) representations. Deeper and more
formal considerations on symmetries fall out of the scope of this document and we will not
dwell into representation theory of Lie groups and algebras, the interested reader is re-
ferred to [I25H127]. A non-linear realization[120} 121] of such product of SU(3) displaying
8 + 1 NGBs is then given by

U = UpeBs V@ o751/ 37(@), (5.2.70)

for Uy satisfying (U) = Uy and where

w0+ e+ /30 V2t V2Kt
2
yow @ = | vEe el B Ve |
VIK- VERO oy

(5.2.71)

with A a vector of Gell-Mann matrices and Fy the decay constant of the NGBs, included
for dimensional reasons, and the independent addition of the 1/, neglecting the mixing
between ng and 7y (see e.g. [47]). One can compute chiral rotations for R € SUg(3) and
L € SUL(3) by left and right multiplication of U, i.e.

U — RUL'. (5.2.72)

We can now build a phenomenological effective Lagrangian with the symmetry SU(3)y X
SU(3)r xU(1)y by including all operators that respect the transformation in Eq. ,
this way we ensure that quantum numbers match observation and QCD. To lowest order
in derivatives the, only consistent kinetic term can be shown to be

F? ;
Lcnpt,0 = 2 tr <8#U(x) oru > : (5.2.73)

Expanding the above exponential, we can obtain a canonically normalized kinetic term,
together with an infinite number of higher-order interaction terms. This Lagrangian re-
quires explicit symmetry-breaking terms to account for the quark masses. We recall the
mass terms for the u,d and s quarks can be in general written as

£u,al,s mass = —qLMqRr — QRMTQL (5274)

for ¢ = (u,d, s) and in the case all the CP violating phases are accumulated in the f-term,
the mass matrix would contain the bare quark masses in the diagonal, viz.

M=|0 mg 0|- (5.2.75)
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The way to include and implement the symmetry breaking process from the masses is to
consider the matrix M as a spurious field, spurions in the literature, and demand that it
transforms under the same realization of the group as the NGBs

F?
Lowpr,2 = - Tr UorUt + Te(MU + Ut M) (5.2.76)

FO By
2
and where By is related to the scalar singlet quark condensate (gq).
Withal, the above effective Lagrangian remains incomplete in the sense that it requires
the addition of all higher-order operators consistent with the realization and does not
explain the experimental absence of a ninth NGBs, which here we have written as the
n'. If we were to take Lconpr,2 at face value, we would get that 7’ is the singlet of the
representation 8 @ 1 and thus will have a mass of the same order as the pions and kaons.
In reality, the ' has the correct quantum numbers but a higher mass as expected. This
issue was considered a big problem in the early developments of QCD and ChPT and
was dubbed the U4(1) problem[128], therein Weinberg was able to place a bound on the
mass of missing pNGB which disagreed with the experimentally observed mass for the
7' of m, ~ 960MeV/ c2. Secondly, this Lagrangian does not yet contain any coupling to
nucleons such as the neutron, which is our window to measuring CP violation. At this
point, there are two stories to be told: we need to provide a connection of the nEDM as
promised at the beginning of the subsection and we need to understand how the Ua(1)
problem was solved historically.
We take care of the former story concerning the nEDM. In order to include the effects
of the f-term in such interactions we still need an effective description how the masses
break the symmetry. From our classical understanding of an electric dipole, dy, = > T
is vector and hence as an invariant property of the neutron it can only be proportional to
its spin, so we expect as well that the potential energy of the nEDM in an electric field
E, coincides with the classical expression U = —d:t - E. For a the relativistic case, the
Hamiltonian density

dp -
Ha, = igwa“”'y‘:’wFW (5.2.77)

n

reduces to the correct classical expression. The general structure of the computation for
J24(0) / d' Lo cp(2)

the nEDM is then
»)
1
=i)_ (n(p)|LercplX)

7EX <X|J§M|H(P)>,
X

(5.2.78)

idptin (P o™ (0 — p)uy un(p) =T <p’

where X are intermediate stable hadronic states and Legcp is the CP violating part of
the Lagrangian density. In order to carry out the computation for the expression above
we first need to obtain Legcp in relation to 6.

The following argument is attributed to Baluni[I15], and relates the § invariant parameter
to a CP odd operator for the quarks. Consider the model in Eq. , employing chiral
rotations as we have described, we may move all the phase factors to the quark mass terms
and thus making the #-term disappear, we can write

Lqop D VMY + inp Ky =, Mipg + prMTepy, (5.2.79)
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where M is the diagonal mass matrix in Eq. , 7 is a small parameter expected to
be proportional to 6, to be specified and K is determined to be the identity matrix under
stability considerations, i.e. avoid linear terms that might render the theory unbounded
from below. From Eq. in this case we have

0 = argdet M = arg[(m,, + in)(mq + in)(ms + in)], (5.2.80)

which can be expanded for small n to arrive to

~0 < MMM ) . (5.2.81)

MMy + My Mg + MgMg

We can conclude then that

A mymgmms _
Legcp = 10 < d > Z qffy5qf . (5.2.82)

MyMg + MyMs + MgMsg Fewsd

To make contact with the effective theory for pions and kaons, we could as Crewther et.
al.[T16] do, consider the theory for nucleons interacting only with v and d quarks according
to

LNmn =TGNV g vy + Gonn )N (5.2.83)

and proceed to compute g_, , using soft-pion theorems and current algebra and a reduced
version of Eq. (5.2.82) to the u and d quarks. After the observation that the leading
contribution to d,, as in Eq. (5.2.78)), come from |X) = |N7) and that

(7~ (p+ k)| J5 (0) |7~ (p)) = —(2p + k) + O(k?). (5.2.84)

The computation of d, from Eq. (5.2.78)) is given by the amplitudes of one-loop Feynman
diagrams that involve intermediate pions (see Figure |5.1), using Eq. (5.2.84) and the
interaction in Eq. (5.2.83)), and ends in

 GonnTa My _ —165
d, = 4];’TZM]A\’[N log < e~ > ~5.2x107"6 cm, (5.2.85)

as reported back then[116].

00— @ @0

Figure 5.1: Feynman diagrams depicting the possible nEDM contributions from the matrix
elements in Egs. (5.2.84) and (5.2.83)), the dark blob indicates the CP violating vertex.

A review emphasizing the different theoretical values obtained to that date for d,, is[129],
obtained via the same effective operator derived through the arguments in [130] or Baluni’s[115],
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where the latter also provides at the same time an estimate for d,, therein using the MIT
bag model. Both ways to argue in favor of Eq. build the operator by employing
certain physically motivated constraints but not necessarily from first principles.

We come now to the second story, the U4 (1) problem, which we tell from the perspective
of ’t Hooft[10] and will serve only as an introduction to our calculations which resemble
't Hooft’s ideas very much. The mystery of the mass of the ' was understood as an issue
with the Uy (1) axial symmetry, which when taken naively would imply masses for the " of
the same order of the kaon masses, it being a pNGB. With the finding of non-perturbative
spacetime localized solutions to the field equations in vacuum[7], called instantons nowa-
days, the picture changed. It was first understood how computations using instantons as
background could be done[I3I] and how their contributions could lead then to explicit
symmetry breaking and an effective theory[105] 132], thus describing the mass of the n’
properly and also leading to the vacuum structure we described before [109].

The technical details of instantons will be described in the next subsection. All that we
need to understand at this level is that non-perturbative contributions can account for an
effective operator, the 't Hooft operator, which is schematically

872 82

Lom < g;%e 9 detqp(1+ 75)qu +he =g;% 9 detU +h.c, (5.2.86)

where the last equality uses the notation of the low-energy theory for pNGBs. This
operator is responsible for violating the chiral charge conservation (the charge associated
with the classical conservation of j#%) as the anomaly did in the high-energy theory.
Namely, it can flip the chirality of any incoming quark of any flavor. The constant of
proportionality in the expression above is a central point of the studies that are presented
in the next chapter. In 't Hooft’s version[I05], the proportionality constant contains the
phase 6, however by following almost the same computation done there, we advocate for
a different result.

The chiral perturbation theory Lagrangian we have been building, can be complemented
with the 't Hooft operator

F2By

F2
Lonpt,2+vm = —>Tr,U0MUT +

i Te(MU + UM + |Me “Fg det U

+ | A Fy det UT . (5.2.87)

where the constants and the phases appearing in front of the determinants are to be
determined by matching with the high-energy theory (cf. [133| [134]). It is common to
expand the determinants in terms of traces while keeping the first terms, after for example
integrating out auxiliary fields[I35], this being a specific case of the Lagrangian above. Let
us for now recall the impact of a chiral rotation of quarks transformation on the different
quantities appearing in the Lagrangian above:

U — U = detU — BV det U, M — e 280, 0 —0+2N;B.  (5.2.88)

It seems to us that the minimal requirement on the phase £ is that it is periodic and
compatible with the rules above, this leaves us with two options. The traditional option
& =06 or £ = —a, with & the accumulated phase in the masses. Will attempt to derive
¢ from the high-energy theory by employing path integral methods over an instanton
background.

We must now mention how the Lagrangian in Eq. together with the matrix of
pNGBs in Eq. can be expanded to find out their masses because the 't Hooft
operator does not vanish for quark masses going to zero because of the cancellation of



138 QCD review: vacuum structure, phenomenology and related mysteries

mass terms, as we will show in the next chapter. So that in the case of £ = —a& we get the
relation

m2, = 8|\|Fg (5.2.89)

for the mass of the n’-meson.
It is also possible to make contact with the CP violating decay modes of the 7’ by realizing
that in the case of a diagonal M (cf. Ref. [130]), the expectation value of U is also diagonal

(U) = Uy = diag( e¥+, ¥4, ¢i¥9) (5.2.90)

and expanding the Lagrangian with the 't Hooft operator for |lambda| > BoFgm; for
1 = u,d, s, with the relation

My Mg Mg
i0; = , 5.2.91
mipi (mumd T mygme + mdms> (gau + aq + as) ( )

which holds for £ay, + ag + as < 1, we obtain the following interaction term associated
with CP violation,

iBy /2 < My MgMes

7 V3 > 0 (7970 + 27t 7)), (5.2.92)

My Mg + MyMs + Mgmg
which explicitly show that the decays n’ — 27 are CP violating. To date there is also very
strong bounds on the corresponding branching ratio, at the such decays can be consider
essentially non-detected[49].

The topological susceptibility

We will end the current historical section by giving some comments on what is known
as the topological susceptibility, denoted by x. As indicated by its name, the idea is
to quantify the response of a system to a perturbation. In this particular context of
QCD, we are interested in the response of the system when the parameter 6 is changed.
Mathematically the Euclidean y is defined as the second derivative with respect to 6, of
the free energy, as introduced by Witten[I37]:

1 1 d2

M) = 5 700y 4,

20) = 7 [ 4 TQRWQOD. (5.2.93)

where VT is the Euclidean spacetime volume, with

1

Qx) = @F"”a(m)Fl‘fy(w), (5.2.94)
and differs from the Minkowski analogue by a factor of i[I38]. It constitutes an important
physical observable capable of giving us information on the relevance of the #-term for
physical observables coming from non-perturbative contributions to the theory, given that
it vanishes in any perturbative treatment of QCD.

The topological susceptibility can be linked to the mass of the 1’ meson via arguments of

current algebra and large number of colors, or large N expansion[137],

2 4Nf

n
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where oo denotes the chiral limit (quark masses going to zero) or more realistically by the
Witten-Veneziano formula[I39):

2

X = j{;f(m% +mi — 2mi) ~ (212MeV)*, (5.2.96)
where the number of colors is assumed large and the approximation has been obtained with
current values for the masses involved and using the pion decay constant F; = 130 MeV.
The topological susceptibility is an important observable not only because of its intrinsic
relation to 6 and the 1’ mass but also the fact that it can be estimated by studying QCD
in a lattice from first principles. Attempts exist since [I140], and they have become more
precise and sophisticated over time, and more are still pursued[141l 142]. Approaches
using ChPT and including corrections up to NNLO have also been published[143] and aim
to estimate the mass of a possible Axion solving the strong CP problem.

5.3 Review of Instantons

We have seen how the -term is related to the low-energy theory and violation of the
chiral symmetry, which connects with the instanton solutions. Having summarized the
relevance of understanding the chiral symmetry mechanisms, its connection to the strong
CP problem, the mass of the n’ meson and the topological susceptibility, we recall here
the mathematical details of the instantons, which play an instrumental role in this story.
Instantons seem remarkably beautiful, both from the mathematical and the physical per-
spective. Since their discovery[7], they have attracted much attention in both fields. We
will present here what we require for the computations of the next chapter while taking
the chance to add certain mathematical comments when appropriate.

5.3.1 The quest for saddle-points

Instantons are an important part of the non-perturbative features of QCD. However, they
do not only appear there. We have already seen a configuration related to the instantons
in Part [[T when we spoke about the bounce. The bounce is a type of soliton with specific
boundary properties, while instantons are in the same spirit higher-dimensional analogs.
One of its notable features is that its action, in the context of Yang-Mills theories, is
proportional to the inverse square of the gauge coupling, making them non-perturbative
objects. As we will see, they are as well saddle-points of the Euclidean action, making
them excellent candidates for semi-classical approximations.

Our goal is, therefore, to employ the machinery developed in Part[[]to compute correlation
functions over a background filled with instantons. To get there, we must first understand
the configurations appearing in the background very well. Furthermore, depending on
the interest of the reader, she can approach the topic of instantons by choosing any point
between pure mathematics and physics’ phenomenology without any fear of missing out on
any of the exciting things about them. For the mathematically inclined, instantons appear
within differential geometry and topology, particularly in relation to the construction
of principal fiber bundles[I13] [144], where they played a role in Donaldson’s work and
his Fields Medal. A mathematical physics version can be found in[I45], which has the
advantage of being more updated. The book by Nakahara[l46] stands in the middle. It
presents advanced mathematical structures with the rigor of a physicist and presents their
relation to physics. On the theoretical physics side, which we will mostly follow, interesting
reviews are those by Vainshtein et al. [147] and Vandoren and Nieuwenhuizen[IT4]. A
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review specifically oriented to instantons in QCD is[148], which also includes applications
to finite temperature and supersymmetry, which we will not treat here. More recently,
not only describing instantons, there is the book by Shuryak[I34], which is even closer to
the phenomenology of the QCD vacuum.
For the discussion of the instantons, we will remain in Euclidean spacetime, R* with a
positive-definite metric, and we need only consider a pure Yang-Mills theory with gauge
group SU(2) (although SU(3) is the physically relevant group in QCD), we will later
discuss the impacts on the fermion sector. Let us begin by motivating the instanton
solutions from the point of view of the action, by looking for gauge field configurations of
finite action:

Sym = 4;2 d*z F*(z)Fy,(z) < oo, (5.3.97)
where the trace over the generator of the group has already taken place following the
choices

1
tr(T“Tb):—iéab and [T9,T°) = fobeTe, (5.3.98)

with f%¢ a fully anti-symmetric set of structure constants. As we saw already briefly in
Sec. , we can require that the gauge field A, becomes pure gauge, that is A, —
U=10,U when |z|? — oo for some U € SU(2). This will ensure that F),, vanishes fast
enough at infinity rendering the action finite. Although our focus before was only on
classifying gauge transformations, we can apply the same concept of the winding number
to classify gauge field configurations with the above property. Notice how the very clas-
sification relies on the action being finite in R*, in the last chapter this point will play a
role on deciding how to take certain limits.

From the mathematical point of view, the geometrical structures describing Yang-Mills
theories are principal G-bundles, where G is the gauge group. Each gauge field configura-
tion provides a connection and its field strength corresponds to its curvature. Minimizing
the Yang-Mills action can be interpreted as looking for the flattest connections[145]. Con-
sidering variations of the gauge field A, in the Yang-Mills action, Sym, that way we
can obtain the corresponding Fuler-Lagrange equations, or classical equations of motion
(e.o.m.),

(D' Fy)* = 0"Ff, + gf " AP Fiv = 0, (5.3.99)

where D, = 0, + g[A,,-| is the covariant derivative in terms of the Lie bracket. As a
Lie algebra valued tensor, the field strength tensor also automatically fulfills a Bianchi
identity which provides a second set of equations of motion

D, F" = . (5.3.100)

Together Egs. (5.3.99) and ([5.3.100)), constitute the Yang-Mills equations and determine
sufficient conditions for a gauge field configuration to be an extremum of Sy.

Instantons are defined in Yang-Mills theories in general as solutions to the e.o.m.’s Egs. (5.3.99)
and with finite action, which means we can label them by an integer k, their
winding number. However, to be able to use such solutions as a sensible background, we
will require that they minimize the action as well. Let us start by deriving a bound for the
action, known as the BPS bound[149] 150], as done in[I14]. First, we rewrite the action,
d*z tr F? =

- 1 -
Sym = d*z tr(F 7 F)? T 507 / d*ztr F* F,,,
g5

(5.3.101)

2g2 4g?
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where tr F2? = tr F2 was used. In such form we drop the first term after the last equal
sign, which is positive, and obtain the BPS bound:

1 -
Sym > F 22 / d*z tr F'"F,,. (5.3.102)
At this point, we can see the relation with what we know about the winding numbers, so
we observe that solutions with the property

F(z) = £F(z), (5.3.103)

named (anti) self-dual configurations, will satisfy all of our requirements (provided they are
asymptotically pure gauge): they will satisfy the Yang-Mills equation (classical e.o.m.’s),
will have a finite action and will moreover saturate the BPS bound. It is worth adding that
configurations that have a finite action may exist that are not necessarily (anti)self-dual
for different gauge groups. For the case of SU(2) and SU(3), it is known that they must
be saddle-points, but necessarily local minima, and are proven to exist only for SU(2) (see
[114] and references therein). Using what we learned in Eq. , we can immediately
evaluate the action for (anti)self-dual configurations

Q72
2
S

1 1 _
Sym=—=—5 [ dlztr F? = 1292/ d*z tr F'" F,, = F—k, (5.3.104)
S

2¢2
where A, has been written in units of g as opposed to Eq. and the trace of the
generators of the Lie algebra was used and where k£ € Z denotes the winding number of
the asymptotic configuration of A,. This means in order to find this gauge field configu-
rations we only need to solve the (anti)self-dual equation Eq. . This can be done
employing a clever Ansatz and some algebra as shown in[l114], the details are not vital
for our discussion and we just quote the results. In the regular gauge the instanton field
configuration is

(x —x0)”

Al (x;xo,p) =20, —————, 5.3.105
u(:v o p) N (JT — xo)g + pQ ( )
where 7®,,, is the 't Hooft symbol and is defined as
eaul/7 M7V:1a2a3
_5(1 y M= 4
N = v ) (5.3.106)
o v=4
0, p=v=4

where xy and p are collective coordinates corresponding4to the location and the size of the
instanton. A barred symbol is defined, 7%, = (—1)5#+5Vnzl,, to described anti-instantons.
The symbols have the property of being (anti)self-dual,

1 a Ao 1

naW = iew,\an and f]aW = —iewmﬁa Ao (5.3.107)

The set of matrices specified through the 't Hooft symbol are a basis for the anti-symmetric
4 x 4 matrices and can be related to the generators of the Lorentz group. We verify that
the equation above has a field strength equal to

p2

x — 10)* + p?)?

Fo(zi20,p) = =40, G (5.3.108)
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and we can corroborate its contribution to the action by direct computation, without loss
of generality we can take zg = 0 and together with the use of the integral

/ diz (xQ(fi;)m = 7r2(p2)”‘m+2r(n * 2)5(%_ n=2) 7 (5.3.109)

we have

1 48 471 8n?
Sym=-— | daF, Fv = pf —— = — (5.3.110
i | T = gl s T :

which confirms the field configuration in Eq. (5.3.105)) corresponds to £k = 1. The above
expressions correspond to regular gauge, they are well defined at xg = 0 as long as p > 0.

An alternative gauge describing the same physics is found in the literature as the singular
gauge,

2
A% = %, 0" log (1 n (x_’)mO)Q> . (5.3.111)
The above form is connected to Eq. via a large gauge transformation and is thus
equivalent in physical terms. However, computing the topological charge in each case gives
the same result, but the contributions to the charge come from different regions. In regular
gauge, the singularity is moved to infinity and it is thus the regions close to infinity which
contain the charge. On the contrary, in the singular gauge description, the singularity is
located at the origin. Hence the contributions to the topological charge would come from
the origin.

These differences are very elegantly explained in the context of fiber bundles (cf. [I13]
146]). We discuss them in this paragraph; however, they are not essential to understand
the physical picture. Geometrical objects such as (well-defined) vector fields, 1-forms
and other tensors are global objects and they acquire different local forms depending on
the coordinate patch used to describe them. It turns out that our pure gauge Euclidean
theory initially written over R* when supplemented with the asymptotic condition on the
gauge fields Eq. , is indistinguishable from a theory written over S%, which is the
one-point compactification of R*, given the conformal invariance of the pure Yang-Mills
action. As it is known from differential geometry, S* cannot be described using only a
single chart of coordinates, at the very least, we need two open sets. A simple choice for
this is to employ the upper and lower hemispheres of the four-sphere, explicitly, let py
and pg represent the “north” and “south” pole, the hemispheres can be taken to be the
following open sets

Uv=5"\{ps} and Ug=S*\{pn}. (5.3.112)

The gauge fields correspond to connections on a bundle with SU(2) fibers, connections can
be specified by means of 1-forms, which have to be consistent in the sense that going from
one coordinate patch to the other is done through the compatibility condition of charts,
which can be seen to be Eq. . Under this perspective, it is clear that all points
play the same role, including the point at infinity. Local descriptions are what is written
in Egs. and , and their singularities lie exactly in the point which was
removed to build the open sets above.

Let us come back to physics and expand on the collective coordinates of the (anti)instanton
configurations. Besides the five collective coordinates associated with the location and the
size of the configuration, we must consider the remaining orientations within SU(2) as
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well as the inequivalent embeddings into SU(3) to be able to translate the above solutions
to the case of QCD. The issue of the orientation within SU(2) is understood as rigid
rotations of the asymptotic gauge configuration[I51], according to

— = —

Ay(x;20,p,0) = U_l(H)A”(x;xo,p)U( ), (5.3.113)

and leading to additional collective coordinates[I14]. Considering (anti)instanton config-
urations, modulo the above remaining rotations, conform what is known as the modul:
space[113], which is extremely interesting from the mathematical point of view. About
the second issue, we focus on the k = £+1 configurations exclusively, for which it is known
only two different embeddings of the generators of SU(2) into SU(3) exist[152], depending
on how we choose to make the correspondence.

Comments on the vacuum structure and the dilute instanton gas

As we have seen, the discovery of instantons and with them a whole non-perturbative
approach to QCD led to a more complicated vacuum structure than expected. In short,
we have seen that an infinite set of pre-vacua are to be superimposed to obtain the true
vacuum of the theory, in an analogous way to the case of a periodic potential with several
degenerate minima in quantum mechanics. Since, different phenomenological models for
the vacuum itself have been proposed (cf. [134]), which have evolved and become more
sophisticated over time.

After the discovery of instantons and their interpretation as tunneling solutions connecting
different pre-vacua, they adopted a central role in modeling the vacuum itself. It is argued
that when in the regime of a weak enough coupling, multiple instanton configurations
provide the leading contributions to the path integral in semi-classical approximations.
Among the simplest examples of multi-instanton configurations, we can find the dilute
instanton gas approximation. Nevertheless, we must observe that we cannot expect a
semi-classical treatment to describe the QCD-vacuum accurately since all length scales are
involved. In a theory like QCD, the coupling runs with the energy scale or equivalently
with the length scale and it does not lie within a perturbative regime throughout the
energy spectrum. We can thus only hope to extract patterns and estimations of orders of
magnitude of these methods, however for certain problems, that might be good enough.
As we will later employ a version of dilute instanton gas, we describe such a model here.
Pictorially we imagine vacuum as being populated with instantons and anti-instantons at
all possible locations and with a wide range of sizes. They are taken to be diluted in the
sense that the centers of the (anti-)instantons must be well separated from each other, and
it is said to be gas-like in the sense that any interaction between them is to be neglected.
This idea was first introduced by Callan, Dashen and Gross[153] [154], it has since been
used for different purposes[I0] and has been made more specialized by considering even
liquid-like distributions. More comments can also be found in the pedagogical review
“ABC of Instantons” [147].

The result of the above picture is that within the small-distance regime, the path integral
can be interpreted as the partition function corresponding to a gas of instantons whose
degrees of freedom can be taken to be the locations, the sizes, the orientation and the
embeddings, or as we have referred to them before: collective coordinates. In its original
formulation, we choose a density for instantons of each size and use a cutoff for the
sizes, thus filtering relevant scales and ensuring that the gas is sufficiently dilute. In this
context, it is exactly the size of the phase space available to instantons that can lead
to large tunneling amplitudes even at very small coupling in contrast to the quantum
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Figure 5.2: Caricature of an instanton gas in a bounded spacetime region 2. The label
“inst” refers to an instanton and “inst” to an anti-instanton. Interactions are neglected
meaning overlaps may occur without any energy cost.

mechanical case where tunneling contributions can generally be neglected. An estimation
of the instanton density in the small size regime, using a light quark condensate can be
found in [I55]. Moving to larger distances (lower energies), the density of instantons
increases, the mutual interactions should not be neglected any longer, and models become
more complicated.

Our implementation of the idea of a dilute gas is slightly different at certain points. We
will consider configurations of instantons that are transparent with respect to each other
(see Figure . Not only will they not interact with each other, but they will also be
allowed to exist at all possible locations independent of their size. Although it is known
that integration over instanton sizes diverges for large sizes[105]

dp —8=%
(010) /5e 9%(P) — 00, (5.3.114)

p p—0
the issue requires detailed attention and we assume some mechanism, e.g., a gauge-
invariant cutoff, is used to perform such averages. We will build multi-instanton configura-
tions by writing down superpositions of only k = +1 instanton solutions as in Eq.
and will consider contributions coming from all possible combinations of instantons and
anti-instantons. Namely, we will weigh in the path integral configurations that include
n instantons and 7 anti-instantons to which it corresponds a total winding number of
An =n — n. We then consider An taking all possible integer values.
The theory of QCD over a dilute instanton gas described needs to include the effects
of the fermions in the theory. Following the semi-classical expansion to the next order,
we include fluctuations about such a gas coming from all sectors in order to compute
correlation functions between quarks. This with the aim of tracking down CP-violating
phases. This is the task we have undertaken in our manuscript[I56] which we expand on in
the next chapter. As we will see, the interaction of instantons and fermions involves zero-
modes, which are delocalized. From a phenomenological perspective[I34], this may enable
quarks to hop along (anti-)instantons for large distances, which relates to the formation
of a quark condensate and allows for contact from lattice results, for example.
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Path integral and Cluster
decomposition methods to study
CP violation

The computations and conclusions presented in this chapter are products of the combina-
tion of the mathematical tools presented before and the considerations initially oriented at
finding Minkowski analogs of particular objects such as correlation functions. This path
led us to consider tracking down the possible CP-violating phases appearing in QCD. Our
discussion has been described in[I56] which we elaborate on in this chapter.

Our arguments are split into two parts. First, by using the path integral formulation over
a dilute instanton gas, we were able to compute the possible interference arising between
the topological term and the quark mass matrix. Alternatively, we confirm the results
with a second approach that considers constraints coming from the cluster decomposi-
tion principle and parity. Our conclusions are presented at the end, together with some
comments on the impact these may have on the current particle physics knowledge.

We rederive the 't Hooft operator, paying particular attention to the complex phases that
appear therein in order to determine the parameter ¢ in Eq. . We employ semi-
classical methods over a dilute instanton background, as described in the previous chapter,
and compute the gauge, fermion and ghosts fluctuations about it.

6.1 Partition function with sum over topological sectors

Semi-classical methods in the context of the path integral and QF T require that we employ
some method to stabilize the exponential containing the action. We usually use a Wick
rotation in order to analytically continue certain quantities into the full complex plane
and later perform integrals along the imaginary time axis. The effects of a Wick rotation
are quite complex, bringing the Lorentzian metric to a Euclidean one, which describes
very different physics regarding causality. Therefore, we adopt a pragmatic approach in
which analytic continuation provides a useful mathematical tool that allows us to have
a correspondence of certain quantities. The Wick rotation specifically turns out to be a
specific way of extending integrals to the complex plane. However, some features are lost in
the process; instantons are one example of such. As we have seen, instanton configurations
are minima of the Euclidean Yang-Mills action, which enjoy at least a O(4) symmetry.
Nevertheless, these configurations do not correspond to the minima of the action in the
Minkowskian world, the real world. Modern analytical tools, like the Picard-Lefschetz
theory[I57] are used in order to build upon this idea of a dictionary between Euclidean
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and Minkowski[36, T58H162]. With the objective of having a full Euclidean and Minkowski
version of the theory, we must review how quantities must be transformed. This will
include y-matrices, gauge fields, Green’s functions, etc. In the first few subsections, we
establish the necessary relations between Euclidean and Minkowskian quantities.

Within this section, we study fermions in the fundamental representation of SU(2) in the
background of a £ = —1 BPST anti-instanton. We label quantities in the Euclidean theory
with a superscript £ and use Latin sub- and super- indices to denote their components.

6.1.1 Translations from Euclidean to Minkowski

Let us begin by writing down the action for Euclidean QCD,

1

Sp = / Atz [ZLQQFEZL”FEZW + T (YEDE + M) P | (6.1.1)
where 2E = {# 24} and m,n € {1,2,3,4}. We denote the Euclidean metric by using the
Kronecker delta d,,, which serves to raise and lower indices in principle, although there
are no sign changes in the Euclidean case. The Euclidean field strength tensor is

b

o = 0,AE — 0, A% 4 fabeAE] AEC (6.1.2)
the Euclidean Dirac operator lDE = 'ymDEm, with the Euclidean version of the Dirac

matrices in the Weyl representation which will prove to be the most convenient,
E m 5
Ym =\ _ , Y= , (6.1.3)

which satisty {7V, Vn} = 20mn, and the extended Pauli matrices appearing within defined
as 0¥, = (¢,ils) and G5, = (&, —ily). The covariant derivative explicitly reads

Dpyf = (6m - iAEET“) Uy (6.1.4)

where T = ¢%/2 are hermitian generators for SU(2) when exponentiated with an i. The
instanton configuration is the same as the one in Eq. (5.3.105)) but with current notation
we have

- x
AE;(IL" 1‘4) = 277amn (I’E - (6'1'5)

)2 +p*
in terms of the t Hooft symbol defined in Eq. (5.3.106). The field configuration corre-
sponding to winding number k = —1 is obtained via the parity operator P, in practice
it replaces n%,,,, with 7,,,. A continuous family of rotations, or analytical continuations
can be obtained through the following transformation, following the techniques of[36].

x4 — e 02, (6.1.6)

for t, 9 € R. Different values of the parameter ¥ lead either Euclidean or Minkowski time,
explicitly we have ¥ = 7/2 corresponds to ¢t — 2%, i.e. Euclidean time, and approaching
0 from above, ¥ — 0%, means ¢ — x°, i.e. Minkowski time. This prescription enforces
that the vacuum-to-vacuum transition amplitude is properly captured[36]. In the case of
Minkowski spacetime, we utilize Greek letters for the indices and they will take on values
between 0 and 3 with the index 0 representing time as is conventional. The ¢ dependence
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can then be carried along to any other quantity by using Eq. . Observe that the
convention used here differs by a sign with respect to the one used in earlier parts of this
document, more details concerning arbitrary rotations can be found in Appendix [C] For
the edge cases, we reserve the superscript “E” for quantities in Euclidean space, and no
subscript will indicate their Minkowskian analogs.

Let us first consider the two different metrics. A glance at our transformation rule af-
firms the relation 6,,, — —7,, where 7, is the Minkowski metric tensor with signature
diag(1, —1,—1,—1). The gauge field in matrix form A, we transform as

Ay(2°, %) =iAY(Z, 2y = 120) | A,(2°,7) = AV (&, 24 = i20) for i =1,2,3. (6.1.7)

We keep the generators of the group unchanged, meaning that analytically continuing real
Euclidean gauge field components to Minkowski makes them in general complex. This
means in particular that for the (anti-)instanton solution, the local minimum is displaced
away from the real line and the integration path must be adjusted if one wants to employ a
saddle-point expansion and steepest-descent[157, [158]. If we were then to compute bosonic
fluctuations in Minkowski spacetime around instantons, we would require the techniques
of Picard-Lefschetz theory in [36]. That issue does not present itself for the fermionic
fluctuations whose saddle-point remains 0.

The usual Dirac matrices are related to the Euclidean spacetime version through:

O=~F and A =iyf for i =1,2,3. (6.1.8)
while v° = ’yiEf)/éE’yéE’yE = iy971727y3 and thus retains its explicit form. Using the above
conventions we can transform the Euclidean Dirac operator into its Minkowski analogue:

E E . .0 . - . .
D= (4, —inEAE) —1@7};} + 78V — iy P AV 2y = 120) — 17" -Am(x,x4 = iz?)

_ (£w° +F Y —in°Ag(a®, 7) — i A’(mO,f>> — D,
(6.1.9)

where “ - 7 indicates a positive definite sum over the indices 1,2,3. We can consider
complex masses for which the transformation rule gives the correct Dirac operator in

Minkowski space,
D® 4 mp +iv°mr — — (i) — mg — iv°mi) . (6.1.10)

Let us recall that the Dirac operator above must be supplemented with a factor °
make it into a Hermitian operator for the traditional case of a real gauge field.

We can now move on and study the corresponding Green’s functions. We begin by con-
sidering the Green’s equation, S*(z¥, 2’ E), such that

(D" + mp + iyPm) SE(2E, 2'F) = 542 — 2/F), (6.1.11)
and use the eigenvalues for the massless case,
E » E . 5 »
DS = (97 - nhAL) OF = XY, (6.1.12)

to write down a spectral decomposition for S* similarly to the arguments in [163], so
tentatively

JEf (o
lim  S¥(z i G ) , (6.1.13)

mp,mr—0
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where the eigenvalues are purely imaginary as they correspond to ]ﬁE, which is anti-
hermitian, however because of the anti-instanton background we have to deal with the
appearance of a zero-mode (an eigenvalue takes the values zero). The Atiyah-Singer index
theorem[164], as long as we consider the one-point compactification of R*, relates the
winding number of the instanton background with the chirality of the zero-modes, for
the case of a k = —1 anti-instanton background, the zero-mode is left-handed[165] and
explicitly given by

E
E (.E X Eaa, | pe”
Yo, (™) = 0 , where x5 (27) = —"—""—3, (6.1.14)
. ™l + (2P

where « is a Weyl spinor index and appears mixed with a, that stands for a gauge group
index, in a fully anti-symmetric manner, with ¢! = 1. In the case of k = 1, the zero mode
is right handed and appears simply in the lower two components of 1/1(];3];. We can verify that
the are correspondingly eigenfunctions of the chiral projectors Pr, and Pg respectively.
Including a regulator mass as a perturbation, the zero-mode can be separated from
the sum, so that the Green’s function’s spectral decomposition at first order in the
perturbation[166], [167]

SE(F o) wE<m:3w0*<E> . I &E(ﬂ)@?*(%

AB£0

: (6.1.15)

where all the other eigenvalues are also displaced, are no longer purely imaginary, but
can be relabeled and the summation is understood along the displaced line. We will
discuss further complex masses and the consequences to the eigenfunctions in the following
subsection.
Following the transformation rule in Eq. we have that the Green’s functions are
related by simple Wick rotation,

SE(:EE,JJ/E) AR iS(z,2'), (6.1.16)

z4=iz®, 2/ =iz’
and the Minkowski version of Green function equation,
(i) — mg — 175m1) iS(x,z') = i6*(z — '), (6.1.17)

is respectively approximately solved for small mass perturbations, which agrees with the
analytical continuation of Eq. (6.1.12)), when simultaneously changing

o (P — x'E) — —idt(z — o). (6.1.18)
The operators on the left-hand sides of Eqs.(6.1.12) and (6.1.17) appear in their corre-
sponding path integrals, for a background with a single k¥ = —1 instanton, which implies

that by differentiation with respect to the external sources for the fermions, we can obtain
the two-point correlation functions, which in relation to the Green’s functions above are

S, ") =P (") ("), iS(z,2') = (¥ (x)P(a))). (6.1.19)
We have the following relations between the Euclidean and the Minkowski spinors
YE(B) T (o0, 7 (6.1.20)

0o _

PET(2®) T (20, 7) (6.1.21)



6.1. PARTITION FUNCTION WITH SUM OVER TOPOLOGICAL SECTORS 149

which are compatible with the Eq. (6.1.19]). As will see later, however the spectral decom-
position requires more attention is not a direct task to translate it to Minkowski spacetime
(see [36]).

6.1.2 FEuclidean Dirac equation with complex masses

The Euclidean Dirac operator lDE + mel@” = JDE + mpg + iv>m has among others, the
following two properties under hermitian conjugation,

p* s p® (6.1.22)
(B +m) — P (P° + m)P. (6.1.23)

With a direct computation we can see how the massless eigenfunctions are still eigen-
functions when we perturb with a real mass and the pairing of spinors w% and 751/1)1? is
kept:

(lﬁE + mR) ¥ = (\F + mp)p¥ (6.1.24)
<¢E + mR) iy =7° (—JpE + mR) PF = (=AF + mp)y*P¥ (6.1.25)

so that the spectral decomposition in Eq. @ applies for a« = 0. We see how the
pair QZ)E and 'yfﬁf corresponds to eigenvalues (AP + mg) # 0 and are thus orthogonal.
For a complex mass term, the spinor structure becomes more complicated and we must
diagonalize the massless case eigenfunctions to obtain a spectral decomposition that holds
for a general mass term. For that purpose we first write the operator in matrix form acting
on a Dirac spinor and its chiral pair

D"+ mp + ivSmyp 0 Qﬁf\a - AE 4+ mp i &E
E . ~m | . “
0 D" +mp +iySmy ) \ SY¥ imir —AE +mg )\ ¥F
(6.1.26)

and proceed to find its eigenvalues, which are found to be
EEOE) = mp £ 1/ (AE)2 — m?, (6.1.27)
with their corresponding eigenvectors,

1 mi ~ . ~
Vg = Jo0E QwE + 1\/)\E F mfy%ﬁ . (6.1.28)
1

\/)\E:F /()\E)2 -m

which are orthogonal to each other given that they belong to different eigenvalues, as
long as A® # 0. The zero-mode is still an eigenvector after the mass perturbation and
contributes to the spectral decomposition. Including the above diagonalization we have

me—ia

T E (2B)El (2B
SE(wE, QUEI) _ M + i Z wgi( égsi( ) . (6.1.29)
+

AE/i>0
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Given that (AF)2 —m?2 < 0 the coefficients of 1/3? and 75@[}/}{3 in Eq. (6.1.28]) can be taken to
have the same phase by an appropriate choice of complex root. This means the eigenvector
also diagonalize the hermitian conjugate operator

(P" + mg + iy°m)! 0 ON | (AT Hmr iy oY

E . A . Ao |’
0 (D" + mg +iyomy)T 751/)5 —im; A4+ mp 'y5¢)E\

with eigenvalues (£F)*.

We can verify the divergence of the anomalous chiral current through direct computation
with the decompositions we have. Consider the trace of one mode of the scalar axial
current

O el (@) g (=)
= O tr Vb vl () gl ()
= e (0% + 0B AT, ) B ufl - 470 [(0° 4 A, ) o]
= tr{’y5 [(ﬁE +me” 4 i A, — meia75) ¢€Ei} ¢g£

. . T
- 751#& [(lDE —me " 4 inZAE 4 me_‘mB) ¢%Ei} }

(6.1.30)

E iay® E
— tr {29° BV uf] - 2Pme uEul )

where we have omitted the spacetime point after the first line, have used the cyclicity of
the trace and the commutation relation of 4% with 75 and used the fact that changing the
sign and phase of the mass term leads to the conjugated eigenvalue (see Eq. ), which
also holds for the zero-modes by changing the eigenvalues. The above relation can also
be employed for the zero-modes by changing the eigenvalue accordingly. We can compute
now the divergence of the full current by using the spectral decomposition in Eq.
to get

Ot 5 ST (2%, ) = 200 ()Pl (@) + 2m (67 (@F)y” YR (@R) ), (61.31)

where the term with contributions of non-zero modes containing a single v° gives zero
when taking the trace. We can see that we indeed recover the anomalous divergence of
the axial current, the first term coming from the zero-mode in the instanton background
and accounting for the anomaly and the second term coming from the symmetry breaking
mass term. This equation coincides with Eq. when masses are taken to be 0 and
extends it for mass perturbations and has the same interpretation as before of representing
a change in chiral charge by +2 units, corresponding for example to the conversion of a
left-handed mode to a right-handed mode.

Functional determinant of the Euclidean Dirac operator

We observe that the phase of the determinant of the operator EE — mp — iy®my is de-
termined by the zero-modes of the massless operator. For the case of a single-instanton
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background with k£ = +1 we have

det(—" — mg — ivmy) = det(—P° — m ) = —mehe H BB EENE)

AE/i>0
=—me* [ (m®+ A7), (6.1.32)
AE/i>0
which we can summarize as
det(— D" — me @) = — k| det(—P” — me'@’)|. (6.1.33)

This agrees with the fact that the backgrounds are related to each other via a parity
transformation, or in practice by &« — —a. The same arguments show that the determinant
of the background-free operator —@E — mp — iy°my is already real and positive, that is

det(~3" —me ) = |det(~3" — m ). (6.1.34)

More properties and details concerning the eigenvectors and eigenvalues of this diagonal-
ization can be found in the Appendix [C]

6.1.3 Minkowski Dirac fermions with complex mass

In this section, we study the Green’s function in the Minkowski spacetime. All quantities
are, therefore, to be understood to be written over Minkowski spacetime unless otherwise
specified. Our objective is to set the Ansatz for the Green’s function that will be employed
later in the instanton gas and find out the relation between the functional determinants
of the Dirac operator in Euclidean and Minkowski spacetime. The results presented here
can be obtained by employing our general analytic continuation techniques presented in
Appendix [C] The Minkowski Dirac operator is

i) —mg — iv°m, (6.1.35)

and is Dirac-hermitian, that is, the operator i7°I) is hermitian in the usual sense, i.e.,
when computing the dagger or adjoint operator, when the gauge field is real. We want to
prioritize Lorentz invariance in spinor products such as ¥1). To do this, although we would
be tempted to use the Dirac adjoint throughout our computations while keeping the Dirac
operator as above, it is not possible. In doing this, we learn that the Dirac adjoint leads to
an ill-defined inner-product so that the spectral decomposition of the Dirac operator must
be obtained through the ¥-adjoint instead; a topic we expand on in the Appendix [C]
The ¥-adjoint induces a well-defined inner-product and allows us to keep the spectral
decomposition for the Dirac operator without the 4", hence more adequate for S-matrix
elements which always appear with barred non-barred combinations. Moreover, as we
have seen, analytically continuing the instanton fields, we no longer have a Dirac-adjoint
hermitian operator and must find a workaround. Denoting the ¥-adjoint with a tilde, let
the spectral decomposition of the Dirac operator of Eq. be

(ip — mg — iy5m1)%w, = Zi&qﬁg(w)i/;g(:nl) . iS(z, 7)) :ii W . (6.1.36)
3 3

We have focused our interest in the fermion zero mode, defined as the eigenfunction
corresponding to the zero eigenvalue for the massless Dirac operator since it plays an
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important role in this study in relation to the anomaly. We do not pursue further the
study of the continuous part of the spectrum, which is left to further examination.

When considering the addition of a complex mass, we observe all the eigenvalues are
shifted by the size of the mass added. As a consequence, the zero-mode of the massless
operator will now have an eigenvalue §r/;, = —m el where R/L is a reminder that
such modes are strictly right- or left-handed modes. By analytically continuing the zero-
modes of the Euclidean operator, we obtain the corresponding zero-modes without any
change to their chirality, meaning that we get one right-handed zero-mode for the k£ = 1

instanton background and a left-handed zero-mode for the k = —1 anti-instanton. Using
transformation rule in Eq. (C.31]) we have for the anti-instanton case:
Yo (2%, %) = VigoL(2®, ) = Vieh,(@,i2°), (6.1.37)
where
Xo(x) ,
8 pe’®
poL(z) = 0 C Xy (@) = ——p, (6.1.38)
™ (p? — 2?)?
0

and from the ¥-adjoint (see Eq. (C.34)) and Eq. (C.35))) and the time reflection symmetry
of the zero-mode:

tor(z) = Vi (po(x))" . (6.1.39)

This way we can arrive to a spectral decomposition of the propagator in terms of ¢gr, and
<p$ ;, which clearly displays how the propagator encodes the breaking of the axial symmetry
at the quantum level. In a background with an anti-instanton located at zy we expect the
Green’s function to be dominated by the zero mode close to its location, while everywhere
else it should roughly coincide with the propagator over an empty background, explicitly

_ o
1S(,2) =S (2, 4 £0T = 20 P01 (2" = 20)
me
_ o
S (a, 2! LOE = 20) Pou (2 = T0) (6.1.40)
me—la

where he have replaced the continuous part of the spectrum by the empty background
Green’s function (see Appendix [D.| for its derivation)

4
d p e—ip(z—;t’) 1

—_— 6.1.41
(2m)4 p2 —m? +ie’ ( )

1Sp(z,2") = (=0, + ime_i‘w5)/
which only has a continuous spectrum, so we expect indeed iSy ~ iS(z, 2') for 22, 2/? > p?.
We observe that the expression above leads to the Feynman propagator through the ie-
prescription choice, but other choices are possible depending on the application.
Let us now generalize our Ansatz for the propagator in Eq. , to a background
consisting of n instantons labeled by v and 7 anti-instantons labeled by 7, at different
locations g, and xg; respectively. For one instanton background we need only replace
oL, with ¢gr and a with —a. For a dilute instanton gas in our sense, we superimpose the
deviations due to the presence of each instanton as follows:

. / . / - woL(x — 360,17)4P$L(96‘/ - 360,17) = <POR(i€ - xo,u)¢$R(9«“' - wo,u)
1Sn,7_l(xﬂx) %15@(%,%’)—"2 me—ioc +Z meia )
v=1 v=1

(6.1.42)
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We finish this section with the relation between the functional determinants of the Eu-
clidean and Minkowski Dirac operators, as well as by establishing the notation that will
be employed later on. Using the methods of [36] the Euclidean functional determinant
is transformed to Minkowski spacetime according to the transformation T% — iT of the
observed spacetime region:
: i E ian®
det(il) — me' ) =det(— — me®? )‘TE—AT' (6.1.43)
As we have seen in many examples in the document, functional determinants are regulated
by normalizing them against their free versions, taking the ratio cancels the T" dependence.
This is shown in detail in [36], it is related to the time-translation zero-mode and will be
confirmed later on here as well. We have therefor

det(ip — mel?”) B det(—lDE — melar’)
det(if) — me®?) "~ dot(—gF — meiar®)

(6.1.44)

Using the results from the previous section, Eq. (6.1.33)) and the ratio above let us abbre-
viate
det(ilp — mei@”)
det(id — mel@r®)

—e*@  for k=41, (6.1.45)

where

det(—lDE — melr”)
det(—(?E — melar’)

(6.1.46)

det(ip — mei?”)
det(id — m i)

6.2 Fermion correlation functions via a dilute instanton gas

We have now collected the quantities needed to compute correlation functions using the
path integral method in Minkowski space. First, we illustrate how to do this for the case of
a model with a single quark flavor, then we generalize the result to a multi-flavor setting.
We start by considering the two-point correlation function for the fermion in the single-
flavor theory whose action is Sgingle. For theories such as QCD with non-Abelian gauge
groups, we must consider the vacuum structure, as explained in Sec. This we do by
including a #-term in the action. We want to consider a dilute instanton gas containing
an arbitrary number of instantons, the computation will be then broken down into a
computation for a fixed total number of instantons, which we refer to as topological sector,
and later on, we consider the possible interference between the different sectors.

6.2.1 Path integration restricted to a topological sector

The full two-point correlation function for the fermionic field in Minkowski spacetime is
formally obtained through

_ 1 _ _ .
(o(ayb(at)) = — / DADY Dy ()() eiSenstc (6.2.47)
where Z is the partition function and is concretely

Z = / DADYD & (6.2.48)
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A sensible saddle-point expansion must require that the action is finite at those points and
hence all the instanton technology that we have described in the preparation to this chapter
can be applied. Specifically, we remind the reader that this implies that the topological
sectors (or total number of instantons and anti-instantons) An is an integer number and
we will generate these sectors by a superposition of & = £1 (anti-)instantons, ignoring
any interaction between them. That is we may have n instantons and 7 anti-instantons
in the An sector, provided that An = n —n. Throughout the whole computation, we will
make use of the regular gauge, where the instanton solutions, Eq. , accumulates
the topological charge asymptotically at ¢ — +oo. If we then choose to include the 6-
term in the action and keep the label of the pre-vacua by using the asymptotic topological
charge or Chern-Simons number, we have that the ket describing the vacuum of the theory
is[109, [110]

vac) =Y " |ncs) - (6.2.49)

ncs

We note how the different topological sectors force the background gauge field to fulfill
different boundary conditions, which effectively means we have to deal with a path integral
per sector. And for the topological charges to be properly captured, this means the limit
VT — oo has to be taken for each sector. This argument of ours will have very interesting
consequences, as we shall see.

Let us write down the functional determinant for the fermion fluctuations over a back-
ground populated with n instantons with £ = 1 and 7 anti-instantons with k£ = —1,

det(il) —m ei°‘75)n,ﬁ

det(id — meler®) det (i — m i)

= |det(—d" — me®”)] e in—ma_gyntn (6.2.50)

TE—iT

where the first det factor on the right-hand side in the first line, which remains unpaired,
counts appropriately fluctuations of the regions far away from the instantons in analogy to
Eq. . To obtain the last line we have used the definitions and results of Egs. ,
(6.1.43) and . The functional determinant for the gauge and ghost fields gives

det’ det ( det’s
ety =detj_g| 77—
An,n detAzO

n+n

> = det j_o, R~2("7), (6.2.51)
in analogy with the fermion case, where the ’ denotes the omission of zero-modes in
the functional determinant and the background gauge configuration is indicated in the
subscript. We collect therein, within the parenthesis, the fluctuations of the gauge field
and the ghosts in the £k = £1 instanton background, which are the same. We have also
taken the chance to introduce abbreviated notation for square root of the above ratio of
functional determinants, which will be useful in what follows.

To compute the correlation function for a given topological sector, An, we must sum over
all possible transitions of pre-vacua with difference in charge of An, or in the language of
the path integral consider all the combinations of instantons and anti-instantons that give
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An:
@)D ) 0 = 3 ol + Anlib(@)b(a’) mn

m

- Z /DAn,anpw 1/}(‘%)1;(;1;/) eiSSingle

n,n>0

n—n=An
E s 5 1 1 _ .
= det(—@ — me'®7 / D€ Dy iSyn(x, o
ﬁ;O et ) 7o y/det g J Al T T ()
n—n=An
x (— e~ Sk=1 R@)MHN giln(ato) (6.2.52)

where DA,  restricts the integral to fluctuations about a setting with n instantons and
n anti-instantons, S,f:l = 872/g? is the classical instanton contribution to the action and
where we have use the following definitions for the measure,

_@ﬁé = H d4ZL‘07,7dQZ7Jp,
- (6.2.53)
Ine =[] d*ao,dJ,,

N
Il
—

corresponding to the pending integration over collective coordinates of the zero-modes
over the whole spacetime region V'T', centers, sizes and gauge-orientations, and with J
the respective Jacobians, computed in [105] [168], for the Euclidean case, appearing here
in their Minkowski version. We note that they become purely imaginary in Minkowski
spacetime[36]. The factors 1/(n!n!) in Eq. is included to account for exchanges
of the n instantons among themselves (their locations) and the 7 anti-instantons among
themselves. We have also used the results of [36] concerning complex integration over
thimbles, to write the determinant over bosonic fluctuations in terms of its Euclidean
version. We also observe that possible plane waves in the fluctuations do not alter the
f-term integration result.

We take care now of the integration over the the locations, which concern only the prop-
agator Sy ;(x,z’). Using our Ansatz in Eq. , an integration over the location
yields a background-free part proportional to the spacetime region, V1" and an additional
anomalous term,

— a0 ol (2 — 20 -
/ d*zop iSnm(z,2) ~ / d*zop |iSs(z, x')—l—@OL(x ﬂﬁo,y)cp_qg(x ) +...
me™"
VT VT
=VT (iSy(z,2') + - )+m ' e*h(z,2") Py,
(6.2.54)
where we define h(x,z’) as a block diagonal matrix with two blocks given by
h(z, 2" P, = / d*zo 5 por. (z — xojl—,)cp(T)L(x’ — Z0,7) (6.2.55)
VT
h(z,2")Pr = / d*xo,, por(z — xo,y)cpgR(:c' —Zoy) - (6.2.56)

vT
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We were not able to obtain an analytic expression for h as a function solely of (z — 2)?
so we leave the function unevaluated, however without consequences for our conclusions.
Note as well that most of the contributions to h come from the neighborhood of the center
xo,» and we can thus take h to be essentially V1" independent, however it still depends on
the size p of the (anti-)instanton in the background, we assume we can write expressions

from here onward in terms of the average over sizes and orientations

)

h(z,2) = / A9y dQy h(z, 2') / / A0y d9,. (6.2.57)

Employing h(zx,z’) we can get rid of the collective coordinates integration and neglecting
coincident locations of the (anti-)instanton composition we arrive to

dets | nin!
n,m>0
n—n=An

<w(x)¢(x/)>An _ ( free ) Z 1 (iﬁ)ﬁ+n(_1)n+ﬁ eiAn(a+0) [ng(a:,m’) (VT)ﬁ-i-n

+ hz,2") ( P+ mzia PR> (vt ]

m efia

(6.2.58)

where
i = / dQJ O R e Sk (6.2.59)

with K > 0— J has a factor i and © € R— and where we have compressed the free determi-
nants that can be factorized as

. 1
(free ) = |det(—$E _ mela’Y5)|

i \/det j_g

The series appearing in Eq. (6.2.58]) above can be recognized as modified Bessel function
of the first kind, which are denoted by I,(x), we get

(6.2.60)

dets

<¢($)1;(1'/)>An = <(firee;es> (—I)A" elAn(ato) [IAn(QinVT)ng(:c, ')

+ (eTpant1 (2i6VT) P + e “Ipan—_1(2ikVT) PR) g hiw,a’) |,
(6.2.61)

The partition function for a fixed topological sector is computed in an analogous way, but

omitting the factor v (x)y(z'),

ZAn = Z out <m + An\m)in = Z /DAn,anDw eiSSingle

m n,n>0
n—n=An

(6.2.62)
Z free / _L.@ﬁé Dyc (_ e—nglR@)ﬁ-‘rn eiAn(oH—G)’
=, dets nn!
n—n=An

where we have left the integration over collective coordinates undone, although we could
extract factors of VT from the integration over the locations, however the integration
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over sizes is, as we know, divergent and we leave undone. As seen from the expression
after the first equal sign above, we interpret the path integral as computing all possible
transitions of An units of Chern-Simons charge between all pre-vacua. We also note that
the functional determinants of the free operators do not depend on collective coordinates
or the population of (anti-)instantons in the background and can be factorized. When
taking the ratio of Eq. and Eq. , they will drop out. Performing the
remaining sums gives a Bessel function as for (¢)(x)y(2")) an:

Zan = (gﬁ‘;) Inn(2iKVT) (—1)An eidn(a+0) (6.2.63)

We must highlight how for a topological sector, there is a global phase in the expressions
in Eq. and Eq. , which is always given by eldn(et0) oo that any operator
computed using the path integral will have the same feature since phases come from
the fermion determinant and instanton effects, we illustrate this in the sketch shown in
Figure This, of course, means that the global phase will cancel when taking the ratio
within a fixed topological sector.

x| =00 || =00

e ® ¢ e ©¢

m e
+ +...

T
@@@ @@@

An =1 An =1

Figure 6.1: Scheme showing different contributions to a four-point correlation function in
a multi-instanton background. The contribution in the left is the analogue of h in a 3
flavor scenario appearing from a six-point function. The contribution from the right has
the same structure but comes from fermion mass terms, as Sz in the single flavor case.
When computing such interaction with the path integral in an infinite spacetime region,
the phases from both contributions is the same, An(a + 6).

6.2.2 Computation of full correlation functions

In this subsection, we use the results for the two-point correlation function at a fixed
topological sector and build with it a total partition function and a final result for the
two-point fermion correlation function. First let us consider a truncated partition function

which sums topological sectors from An = —N to An = N,
N
ZIN,VT) = > out(m|n)in Z Zout m+ Anlm)n = Y Zan(VT). (6.2.64)
bt An=-— An=—N

Im—n|<N
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We keep both N and VT finite and we study carefully their limits later on. Using this
notation the complete fermion two-point correlation function can be expressed as

YNNI F : 1 T .
WEwEN = lin fn Zargry 2 enlmb @i

m,n

|m—n|<N
S0 TN D) SRUSFURERNY SENIEy
NeN An=—N
N
L
I S / > Zau(v)
NeN An=—N An=—N

= iSp(x, ) + ikh(z, 2/ )m ™t e 17"
(6.2.65)

where the last line is obtained by collecting the results of the previous subsection and
taking the limits in the order, they appear. We take the infinite spacetime limit first to
ensure that the topological charge is properly captured, independently of where it could
be accumulated through gauge transformations, which, as we have emphasized in Sec/5.3]
depend strongly on the gauge and boundary conditions used, and only make sense as spe-
cial saddle-points when the condition in Eq. holds at infinity. The limits above are
computed by assuming the numerator and denominator converge, meaning it is equivalent
to take the limit of NV and VT of the ratios instead of separately. We have also used the
property, lim, o0 I, (iz) /L,y (iz) = 1, of the Bessel functions, which we can colloquially
reword as, all modified Bessel functions of the first kind, I,,, tend to the same function
for large imaginary argument, that is they can be considered independent of their order
m. This property also holds for real positive arguments, so the same conclusion follows
from a Fuclidean point of view. The property leads to geometric series in Egs.
and which cancel each other for almost all values of (o + #). For cases where
(a + 6) = 2wq with ¢ € Q, the partial sums will often take the value zero and the ex-
pressions must be deal with more care. We suggest for the vanishing partial sums with
upper limit N, consider taking the limit towards the rational point in a sufficiently small
neighborhood such that it contains no rational numbers of the form p/N with p relative
prime to N. The last point to make concerning Eq. is that even in the massless
limit, we obtain a finite non-perturbative correction given by the last term since x contains
a factor of m, which cancels the overall dependence on the mass of such term.

For the sake of comparison, we consider taking the limits of the sum over topological
sectors and the spacetime volume in the inverse order, ignoring our arguments concerning
the boundary conditions, we would have for the numerator

Z L(_iﬂ)fwrn elAn(a+0) [iS@ (z, xl) (VT)ﬁJrn
+ h(z, ') (Aam ™ e P, + nm e PR) (VT) ! }
| / —i6 i0 iﬁ_ / —2ikVT cos(a+0)
= |iSg(z,2") — (e P+ e PR> mh(x,x) e (6.2.66)

and for the limit of the truncated partition function:

vT 1 . 7 i —92i
7 —00 Z e (—1/<aVT)n+n e An(a+0) _ o2 nVTcos(oa—&—G). (6.2.67)

n,n



6.2. FERMION CORRELATION FUNCTIONS VIA A DILUTE INSTANTON GAS 159

The expression above is usually interpreted as the projection onto the ground state of the
theory which reveals the dependence of 8 of the vacuum energy density. It can be read
to be E(0)/V = 2kcosf, with & > 0 and is compatible with the pure-gauge traditional
expression E(0)/V = —2r'cos6, with & > 0, when taking into account the computed
expressions for the fermion fluctuations in Eqgs.(6.1.33]) and (6.1.45)) and a shift in 6 or «
by an amount .

We can compare the two expression obtained for the correlation functions, Egs.
and , we observe the difference in the chiral structures therein. In the latter there
is an opposite phase in front of each chirality while not in the former. The origin of the
difference can be attributed to the leading contributions of the binomial sums coming from
|An| < 7t + n, in Eq. (6.2.58)— and hence in Eq. (6.2.65)— when VT — oco[I66], which
results in no phase difference between the h and the 1Sy terms. We interpret this to mean
that CP-violating effects over backgrounds where |An| < 7 + n muffled by the volume of
spacetime.

The phases appearing in Eq. are of particular relevance, as it can be seen from
the background-free propagator piece, Eq. , the phases in the correlation function
appear to be the same, in front of the mass as well as in front of h. The consequence is
that (¢(z)i(z')) does not violate CP.

Instanton effects are often introduced in effective field theories through the addition of a
't Hooft operator, which we described in Sec. [105, 132], we recall its modification

L — L—(x)l ei‘msw(ac) , (6.2.68)

where I' can be understood as a LEC to lowest order and has to be inferred from the
high-energy theory. The result in Eq. can be used for that after the issue of
instanton size is addressed. In the one flavor setting, this is nothing else but an effective
mass with the same exact phase as the one appearing in the Dirac operator. We shall see
that within ChPT, the remaining phase can be removed through a field redefinition, hence
displaying no CP-violating effects. This would be in agreement with the tight bounds on
the nEDM[I17] or the decay 0" — 27[49].

The above phenomenological observations must be contrasted with the effective operator
obtained if we exchanged the limits

L= L+P@)Te O y(z), (6.2.69)

which leads to a difference in phases between the one in the mass term and the one above
and it cannot be removed using chiral rotations. That would mean that a fermion line is
CP-odd. The parameters « and 6 have been kept general throughout our derivation and
follow the transformation rules corresponding to chiral rotations through an angle 5 and
the axial anomaly,

ey PP asa-28 0 0+28 (6.2.70)

so the result in Eq. (6.2.68]) is compatible with the associated Ward identities.

6.2.3 Generalization to many flavors

In this subsection we generalize the computation made before to the case of multiple
flavors. We consider a theory with Ny Dirac fermions, ;, transforming according to
the fundamental representation of SU(3), each with a complex mass parameterized by
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Tovs~D . . . .
mj e'*7" and we consider a 2/N-point correlation function

N Ny N
- 1 _ ~ .
<H Q'Z)U(J‘)@Z’U(j)> = Z/DA prkplﬁk Hd}o-(j)wo-(j) eSNf, (6.2.71)
Jj=1 k=1 j=1

where the spacetime points have been omitted, o : Zy, — Zy, is an arbitrary function
representing the choice of flavors, and Sy, is the QCD action with Ny flavors. We compute
the correlation function following the same procedure as before, by first considering the
correlation for a fixed topological sector An, then summing over the different sectors and
taking the VT' — oo at the end. We thus have

N N

- | free 1 - - ao(n.i iAn(a+0

<H wo(j)wa(j)> = <dets> Z ﬁ!n!/@ncgnc HIS ()n, e (a+0)
Jj=1 A n, .

n,n>0 7j=1
n n—n=A

x [(=1)Nr RO e~ Sk=1](1+n),
(6.2.72)

where SZ%) is a propagator as in Eq. (6.1.42)) built up of modes of the field ¢, (j), we have
used Eq. (6.2.53)), defined © = H;vzfl ©; using Eq. (6.1.45)) for each flavor and with
Ny
a =argdet M = Z aj, (6.2.73)

=1

where M is in general the mass matrix and the last equality holds for our parametrization.
The partition function generalizes to

| free 1 = iAn(a+0) N; pg —sE_ 1+
Zan = (dets) ﬁ;o mm/@nc@nc e [(—1) FRO e Pk=1
n—%;An
free L A+n NyAn _iAn(a+0)
= — T -1 2.74
( dets ) ZO nln! (iFVT) (=1) ¢ (6 )
n—na=An
_ [ free ‘o _1\NfAn iAn(a+6)
(dets) Ing (2iRVT) (—1) e ,

where ik = [ dQ JOR e Si=1 is the analogue of the single flavor « in Eq. .

We comment now on the different terms that appear in the correlation function after we
plug in the propagator Ansatz in Eq. and perform the same average over locations
and sizes as in the case of a single flavor. We identify three kinds of terms:

e empty background terms: have only products of 1Sy

e diagonal terms: products of zero-modes from the same (anti-)instanton, and possible
1Sy factors

e off-diagonal terms: mixed products of zero-modes belonging to different (anti-) ins-
tantons, and possible 1Sy factors.
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For the empty background terms, the integration over locations may be carried out and
leads to a contribution which is simply the product Za, [] ; ng(J ), Diagonal terms get a
factor of (1) n from the summation over (anti-)instantons as in the single flavor case, and
schematically these terms are for the case of a shared instanton,

p q
| | PRUq(j) T n Atn—1 - NoA An(a

‘ AT E — nn iR (— tAn _iAn(a+0)
(n:!_:ll ISUp(m)ﬂ) j=1 Mgy (5) eiaaq(j) hq — aln (VT) (IH) ( 1) €

n—n=An

p q P, o (i 3 ) ~
=TT iSoseme | | [T ——229— | iRhgIan—1 (2RVT) (—1)NsAn cian(a+0),
mer ) S Moy €779

(6.2.75)

where o, : Zy, = 7, and o : Zq — Zg4 such that p 4+ ¢ = N and agree with the initial o in
Eq. , while Bq is the average over the ¢ zero-modes’ locations and sizes, capturing
the possible overlaps. If we consider our proposal for the computation of the correlation
functions, i.e. we sum over topological sectors first and then V1 — oo, we have from the
diagonal terms:

N

NS (TTis T T 6.2.76
[ vetntor ) 218 | 11 iSoy0me | | [T —50 | he (6.2.76)
=1

m=1 j=1 Moy(j)

We can see the exponential with phase & + 6 cancels and as in the single flavor case,
the remaining phases in the correlation function are determined from those in the mass
matrix.

In the case of N; flavors, the transformations caused by performing a chiral rotation by
an angle 8 simultaneously on all fermions is

’QZ)j — ei575¢j, T/_)j — 1/_Jj eiﬁw‘f’ — o — a5 — 268, 60 —0+ QNfB, (6277)

so that effective operators related to correlation functions from the high-energy theory
should comply with the above.

The 't Hooft vertex that we have discussed, corresponds to diagonal terms of an 2/Ng-point
correlation function with p = 0 and ¢ = Ny, leading to effective vertices

Ny Ny
L— L— FNf e ¢ H(ijij) - FNf e'? H(Z/JjPRz/Jj), (6.2.78)
j=1 i=1

where I'y, are constants to lowest order. We observe that the phases appearing in front of
the operators can be removed again by a chiral rotation as we saw in the single flavor case
but we point out, this would not be the case if our prescription for taking the VI — oo
is not followed. Concerning the mass factors m;ql(j), they cancel exactly with those from
the fermion zero modes in .

Other diagonal terms with N < Ny produce effective interactions proportional to masses
and involving less fermions, however compatible with the transformation in Eq. ,
(see [169]). Off-diagonal terms involve different instanton and can be categorized by
specifying the number of propagators associated to a given (anti-)instanton. The different
ways in which this can happen is a combinatorial factor (gb) where m is the different
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instantons involved. For m = 1 for example, we recover what we have said about the
diagonal terms. An off-diagonal contribution from m different instantons is then

1 [n - _ .
- VT tr—m (gt (1 NyAn iAn(a+6)
S (e
=3 (6.2.79)
_ (lli)' IAn_m(2i/_€VT)(—1)NfAn eiAn(d—f—G) ]
m:

These however appear with a higher power of e_ngl, through &, and are sub-leading.
Taking the ratio with the partition function, the limit VI' — oo and summing over
topological sectors, we lose the 6 dependence and in general, we obtain a modified Bessel
function multiplied by a certain power of £ and inverse powers of V'I" which is the reason
why this type of terms are not the dominant ones.

We finish this subsection with some remarks regarding the full partition function. With
our construction, the full partition function is to be computed using the formula

N
Z=lim _lim > Zan, (6.2.80)
NEeN An=—N

with Za, as in Eq. (6.2.63)) and where the limits are to be computed strictly from right to
left. When considering an arbitrarily large spacetime, V'I' — co, we obtain asymptotically

Z ~ IARVT) lim Y~ an@ttnym,

(6.2.81)
NeN |An|<N

The above corresponds only formally to a Dirac delta distribution on & + 6 + Nym and
is maximal when § = —a& — Nym which agrees with the arguments in [I70]. However
such statement is only formal as the sum results in Z not being analytic. In contrast the
partition function usually found in the literature is

N
lim Lim Z ZAn — eQiRVT cos(6c+9+Nf7r), (6282)
VT —00 N—roo
NeN An=—N
whose Euclidean version is maximal at # = —a— N7 and remains analytic. We nonetheless

see no issues in this regard, given that the partition function itself is not observable and
the correlation functions computed using are well defined in the limits we suggest. Some
more comments around this point where already made in[I37] where it is seen that 6’s
periodicity is connected to non-analytical behavior of Z. In the present context we have
already recognized that such property of € comes from the homotopic classification of
gauge transformations. We will later elaborate on the consequences of these results for
experimental observables where we will refer back to the analytic properties indicated
here.

Expectation values for arbitrary operator

We can extend the methods used for the computation of correlation functions to expecta-
tion values of other types of operators, including possibly loop corrections. We compute
the vacuum energy density from the perspective of the stress-energy tensor.

For illustration purposes, we need only consider a single flavor model of QCD. Let us
consider the expectation value of some operator O and use the path integral over a dilute
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instanton gas as we have done before to write down the expectation value of the operator
O in a fixed topological sector:

<O(Z17 SRR Zt)>An
1 _ .
= Z — /_@nc_@nc (—RO e Sk=1)tn elA”(a‘w)/d‘lzi s dP 2 F (2 )
nin!

n,n>0
n—n=An

where F is a sum of products of Green’s functions, and possibly their derivatives, over the
multi-instanton background, which can be pictured as Feynman diagrams with propagators
on the background. These Green’s functions will depend on two points and can in turn
be approximated with expressions resembling Eq. , i.e. the superposition of a
background-free part and peaked terms at the locations of background (anti-)instantons
and may include other fields other than fermions, for which we also express the propagator
in the analogous way. We also denote by z spacetime variables appearing in loops and
proceed to perform the integration over collective coordinates to get

(O(21, .-, 20)) an
(_1)n+ﬁ s \A+n L iAn(a+6) 4.1 4.1 / / i+n
= Z ———(ik)"™"e dzl--~dzu[gg(z1,... 20521, 2) (VT)

nln! T
n,n>0
n—n=An

+ (ﬁg} (zi,...,z&;zl,...,zt) +nG (zi,...,z&;zl,...,zt)) (VT)ﬁ+”_1],

where the expansion is in terms of factors of VT and we have introduced a point function
accounting for the background-free part G5 and one-instanton contribution functions G;
and Gi accounting for the possible interaction with a single (anti-)instanton. Concretely,
the latter are the result of averaging over collective coordinates contributions products
of background-free propagator with a single zero-mode projector insertion. Contributions
from terms with more than one (anti-)instanton interaction are suppressed exponentially
and have been neglected. We are now able to perform the sum over n and 7 to obtain

(O(21, -+, 20)) An
= / d*2) - dY2 [(Tans1(AKVT)Gr + Inn—1(2i6VT)G1) ik + Ian(2i6VT) Gg]
x (—1)An glan(att) (6.2.83)

where the arguments of Gy, G, and g} have not been written explicitly.
We focus now on computing the limit VI' — oo first. We do this by means of the
asymptotic expansion for modified Bessel functions,

for |z| = 00 and J|arg(z)| < g, (6.2.84)
which holds for our analytic continuation, T =107, Using the expansion above, without

including sub-leading terms, we can finish the computation of the expectation value

N
Z <O(217--.,Zt)>An
(O(z21,---521)) = ]\1]1_1}; VlTlgl An=—N _
- ) Z ZAn (6.2.85)

An=—N

— / At} - d*2, [Go +iK(G1 + G1)] -
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As in all previous cases, the dependence on the topological sector cancels against the
partition function. Recall O is kept general and may contain chiral phases. These can
only come from fermion mass terms and are of the form e*®. However, in the absence
of other sources of CP violation, the o phases can be removed through a chiral rotation.
For reference, if we were to exchange the sum over topological sectors and the VI — oo
limit, we recover possible CP-violating observables

(O(z1,...,21)) = / diz)--- a2 [in Gy e 0F) 4 g Gy el0F) 4 Qg} , (6.2.86)

which exhibits the f-invariant which does not change under chiral rotations as explained
in the previous chapter.

We end the present subsection by illustrating how these general expectation values agree
and thus can describe the effects of 't Hooft vertices, Eq. . If we consider an op-
erator containing fermion insertions with well enough separated spacetime points z., such
that we do not incur in large overlaps, |z, — 23 2> p?, or equivalently if the loop integrals
are not too sensitive about ultraviolet effects, the function F can be well approximated by
using single interactions with the instantons while neglecting multiple propagators inter-
acting with the same (anti-)instanton. The functions appearing in Eq. have the

following structure:

Go = F({is®W}, ..) where all propagators are of the type iSg,

G1 :Zj F({iS™},...) where each summand contains one term of the form
#PL all others being 1Sy

Gy =2 F({iS®W},...) where each summand contains one term of the form
ﬁPR all others being iSg,

where h is as in Eq. (6.2.57)). Independently of how the limits are taken we arrive to an
expression to lowest order in x which is

(O(z1,. .5 20)) = / d*z) -+ d*2, [Go + Gl (6.2.87)
where Gy comes from the background-free part and we have collected the (anti-)instanton
effects in G; which is affected by the order of the limits. With VI — oo first we have

Gi :Zj F({iS™},...) where each summand contains one term of the form
% e~ all others being iSgy,

while summing An up to infinity first we obtain

gi=>; F{is®W},..) where each summand contains one term of the form
% el all others being iSg.

The above can be obtained through the effective operators given in the single-flavor case
Eqgs. and , but there is no reason to expect they may work for higher orders
of k. If we were to compute such, we would need to consider again using for a fixed topo-
logical sector first, Eq. . If the spacetime points were to be taken too close to each
other, the overlaps neglected in Eq. , from multi-instanton interaction, must also
be included. Following that same reasoning, we understand the 't Hooft effective vertex,
Eq. , as only capturing the contributions to the lowest order in x or equivalently
with at most Ny propagators overlapping with the instanton.
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Comments on boundary conditions

Before moving to alternative arguments supporting the conclusions above, we make some
comments concerning the boundary conditions. It is essential that we recognize that when
considering an infinite spacetime, the only way to distinguish special gauge field configu-
rations is by imposing vanishing fields at the infinity. As we have seen, mathematically,
field configurations that vanish at infinity, modulo gauge transformations, are automat-
ically classified into their homotopy classes. The homotopy classes are discretized when
the gauge group is SU(N) with N > 2 and the asymptotic region is diffeomorphic to S3.
On the contrary, if we consider a field theory in a finite spacetime region, there are no
natural boundary conditions to be chosen. Therefore field configurations are no longer
obviously classified by integers and # might not even correspond to a periodic variable.

Different geometries can also present a classification of gauge field according to winding
numbers, as long as the spacetime has a non-trivial topology, e.g., for a four-dimensional
torus[171], such that gluing functions (see comments before Eq. (5.3.113))) between patches
live in a space homeomorphic to the gauge group. The geometrical viewpoint portrays
An as an invariant with no reference to Chern-Simons number and transitions of pre-
vacua. Under this perspective, there is no principle telling us to consider weighted sums
of topological sectors. Instead, we see a fixed An is a world of its own, with its own
equations of motion valid within the sector. This leads, for example, to an nEDM which
is An dependent but @ independent, and to local interactions to be visible only within the
given sector. We can therefore draw parallels between our prescription for taking limits
and theories over compact spacetimes with An = 0.

In the following section, we adopt a different point of view, where we pay special attention
to the boundary conditions and reach the same conclusions. In the context of the saddle-
point expansion and the path integral, it seems inevitable to impose vanishing asymptotic
boundary conditions.

6.3 Correlation functions via Cluster Decomposition Prin-
ciple

In order to support the aforementioned conclusions, we adopt a top to bottom approach
that does not rely on expansions about a dilute instanton gas. Here we illustrate how
considering the effects of the cluster decomposition principle (CDP), the Index Theorem
and parity lead to constraints to correlation functions which show how chiral phases are
aligned when the same order of limits is applied as in the previous section. We work
exclusively in Euclidean space and consider N; flavors throughout this section.

We recall an argument by Weinberg[21], in which we can view how the phase iAn# comes
into play in a natural way if we use a path integral version of the CDP. Colloquially,
the principle says that physics is to remain local, in the sense that expectation values of
products of operators evaluated at points far away from each other should factorize into
a product of expectation values corresponding to each region. A rigorous version of the
theorem in axiomatic QFT is proven in[I72]. Let us then consider computing the vacuum
expectation value of an operator O via the path integral formalism in a volume Q = VT,
which we later take to be infinite, and by summing over all topological sectors weighed by
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an a priori unknown function f(An) so that the action does not include any 6#-term:

N
2. f(An)/DAn[qﬂo o—Sald]

An=—N

(O) = lim lim , (6.3.88)
N—o00 Q—00 N
Ve > f(an) [ Dafo] el

An=—N

where Da, denotes that the integration is done restricted to gauge field configurations
with winding number An resulting from their vanishing at the boundary of the spacetime
region 02 and the subscript under the action specifies the spacetime region of integration.
We consider two different regions of spacetime €2y and )3, which we call subvolumes and
such that Q = Oy U Qy as in Figure [6.1] The winding number An then comes from the
addition of the would-be winding numbers of the two subvolumes, i.e. A = Anj + Ano
with An; the contribution from subvolume €; to the (global) winding number. If we
evaluate the operator under consideration, O, only on spacetime points lying in 1, we
can split the integration as follows

N1,Na

S f(Any + Any) /DM (6] 01 e~ 1¥) /mm [¢] oS l9
o AmITA
(O1) = N121£noo Nlllinoo Qh_r}r;o NN,
e S f(Any + An) /DAmm e~ ml? / Dy 9] €519
Ani=—N;
Ang=—No

(6.3.89)

Although there is nothing telling us the Any and Any must be integers, we abuse the nota-
tion and use summation symbol and neglect possible non-trivial contributions happening
at the boundary of the two subvolumes.

If we are to comply with the CDP the path integral should factorize in such a way that the
fluctuations of the subvolume s will not matter. A glance at the equation above suggest
that for such contributions to factor out the weighing functions should satisfy

f(Any + Ang) = f(An1) f(Ans). (6.3.90)

This means f(x) = a” for some a. This, together with the assumption that § must be an
angular variable, to match the more common vacuum structure arguments, means

f(An) = &40 (6.3.91)

for some angular variable 6. This provides us with yet another view on how the #-vacuum
can be understood.

6.3.1 CDP, Index Theorem and Parity as constraints for 7

It is possible to further derive constraints for the truncated partition function using this
factorization idea. The denominator of Eq. (6.3.88)) corresponds to the partition function
of the system truncated to sector N and we recall the full partition function over volume
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QELis
N

ZON)= Y Zan(Q), where Zan(Q) = f(An) / Danle] e 750l (6.3.92)
An=—N
We can use the factorization in Eq. (6.3.89) to rewrite the truncated partition function as
a product of two sub-partition functions, one for each region, and in terms of a sum over
on of the partial winding numbers, say Any:

Zan(Q) = f(An) | DI[o] e—Saldl _ i f(An)/DAnl (4] oS0, [¢] Dp e 50]

An Ani=—oco An—Anq

(6.3.93)

The property in Eq. (6.3.90) leads us to the following property at the level of partition
functions

ZAn(Q =0 + QQ) = Z ZAn1 (QI)ZAn—Anl (Qg), (6.3.94)

Ani=—o00

where
Zan(Q) = 225,(), and zan(Q) = /DAngzb el (6.3.95)

The Eq. is to be understood as a reflection of the CDP for the truncated partition
functions and will allow us to constrain the path integral factor, za,, of the partition
functions.

Let us first factor out any possible remaining phases in za,. Phases can only come from
fermion determinants, since we know that the Euclidean gauge field fluctuations give a
real functional determinant. For fixed winding numbers An of the background, we can
invoke Atiyah-Singer index theorem to see that fermion modes come always in pairs with
conjugated eigenvalues, leading to real contributions, and that possible phases may only
come from zero-modes, independent of the specific details of the background other than
its topology. If we parameterize the mass of the j-th fermion as

m; e = m;e'% Py +mje "% P, = mPg +m*Pp, (6.3.96)

the topological sector An will acquire a phase proportional to An and & and we can now
simply examine the modulus of za,, i.e.

2an(Q) = €220,(Q),  Zan(Q) €R. (6.3.97)
We can further simplify the relation in Eq. (6.3.94]) using the factorization above

[e.9]

gAn(Ql =+ Qg) = Z ZAnl (QI)ZAn—Anl (Qg) (6.3.98)

Ani=—o00

The modulus coincides with the fluctuation determinant for real masses, which can be seen
simply by taking a,i — 0. With the assumption that parity relates sectors with opposite
charges An, we have that for real masses

2 an(9) = 2an(Q). (6.3.99)

'We use such symbol to denote the set of points in the region and its size indistinguishably and must
be understood by context
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With the objective of finding Za,,’s satisfying Eq. (6.3.98)), consider the limit of 0 volume,
from which we can deduce

o0

2an(0) = D Zan, (0)Zan—an, (0) = Zan(0) = dano, (6.3.100)

Ani=—o00

after which we propose the following form of Za,:

where the dependence on |An| enforces Eq. (6.3.99) and the factor QlA7l ensures that the
condition in Eq. (6.3.100) is satisfied which also fixes fy(0) = 1. We can obtain a second

condition for Za, through its derivative at zero volume, viz.
Fan () = [An| QA7 0, (Q2) + 20187 fl L (9), (6.3.102)
and thus
Zan(0) = djan)1 5, (6.3.103)

for some coefficient f1(0) = 8. We can obtain a recursive relation for the derivative if we
differentiate Eq. (6.3.98)) with respect to €27 and evaluate at 2, = 0:

a1+ Q) = D Fa, () Zan—an, (), (6.3.104)
Ani=—00
then
glAn(QQ) = Z glAnl (0) 2An—An1 (92)7 (63105)
Ani=—o00
and plugging in the condition in Eq. (6.3.103) we arrive to
2/An(92) = B( 2An+1 (QQ) + éAnfl(Q2)). (63106)

With the expression above it is possible to compute derivatives of arbitrary order in terms
of the initial function. If we relabel 2 by simply €2, the formula for the derivative of order
m is

dmgAn - my _
=pBm n—_m Q). 6.3.107
o |, B ;:% <€>ZA +20(2) ( )

This allows us to obtain all derivatives at 2 = 0 by employing Eq. (6.3.103)):

d™Zan

B (minAn> if m — An is even
dQm

2

(6.3.108)

Q=0 0 otherwise.

For an analytic Za,, we can use a Taylor expansion to reconstruct the function using the
derivatives at 0 volume:

Q. (6.3.109)
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rewriting the series expansion with the condition that m = An 4+ 2¢ for £ =0,1,2,--- we
have
> 1 |An| + 2¢
z Q — - |ATLH‘2£ Q|An|+2f 63110

which can be identified as the series of a modified Bessel function

00 1 280 |An|+2¢
Zan(Q) = Zﬁ‘(lﬁnl vy ( 52 ) = IAn(269). (6.3.111)
0! !

We can write down now the truncated partition function
Zan(Q) = 92720, () = 0FIAZ () = Tx,(289) el0FOAR (6.3.112)

and verify its agreement with the dilute instanton gas computation through a redefinition
of 0 — 0 4+ Ny, and that Ia, satisfies the correct parity requirement. It is possible to
verify that indeed the modified Bessel functions of the first kind observe the condition

o0

Inn(28Q + Q) = > Tan, (282)Ian—an, (26Q), (6.3.113)

Ani=—o00

which we have related here with the CDP.

In the last piece of the present subsection we want to derive the divergence of currents
associated to the mass terms in order to compare these with the result using a dilute
instanton gas and be able to corroborate whether there is a remaining 8 dependence or
not. For that purpose recall 3 still depends on quark masses. However we have that Za,

is real and may have powers of m; = , jmym? from zero-modes and powers of m? = m;m’

from chiral pairs of non-zero modes. This means that g in Eq. (6.3.112)) can only depend
on the products mym?, so that 8 = S(m;m}). We can rewrite the sum of phases of the
quark masses as

. Ny

i m;
A=—— ) 1 — 3.114
a 2;og<m;>, (6.3 )

which allows to express the truncated partition function in terms of the holomorphic
variables m; and m} fully

Zan(Q) = AMO0=1/23 Jog(Me/mi)) 1 (28 (mym5) Q). (6.3.115)

From the Lagrangian density we can interpret the mass parameters m; and m? as external
sources to the field composites v; Py /LY; respectively, to wit

LD i(mye )y = > ahj(m; Pr +m} PL)Y;, (6.3.116)
- .

J

meaning we may use the Euclidean path integral to compute integrated correlation func-
tions in a given topological sector from the truncated partition functions:

0 0

/d4$ (iPripi) an = — TWZAn, / d*z (P; PLi) an = — a—m;ZM. (6.3.117)
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We can plug in our expression for the truncated partition function in Eq. (6.3.115)) in the
above to get

_ . — A / 8 *

_ . /[ A
/ d'z (P Pabi),, = — 20D (—%ZJA”(QBQ) + 20 miJ’An(wQ)a(fw ﬁ(mkm;;)> .
l " (6.3.118)

which may be simplified by means of the properties,

iIAW(Z) = 1 (Ian+1(2) + Ian-1(2)), Anlpan(z) = — g

dz 2 (Ian+1(2) = Ian-1(2));

(6.3.119)

of the modified Bessel functions. After dividing by a volume factor of Q2 = VT we reach
the following averages

1 _ o
o [t GiPan = =00 (< P (1,00 (250) = Tana(290)
9
+m; (Lan+1(289) + IAn—1(259))W B(mkm2)> )

VT 2m*

7

€ / da (FiPLbs) an = — eAP0+) (5<IM+1<259> — Ian1(259))

+m;(Lans1(269) + IA”_I(MQ))G(n?m*) 5(mkm;§)> :
l (6.3.120)

Transformation rules for the mass terms considered as spurion fields can be obtained from
Eq. , so that a chiral rotation by an angle 1 leaves an effective Lagrangian invariant
if the complex masses transform as m; — e_mﬂmj and mj — e2il9mj». We observe that
the correlation functions above carry 42 units of chiral charge associated to the aforesaid
rule.

With the current expressions we cannot draw a direct comparison with the results about
the dilute instanton gas since there is no clear way to separate background-free from zero-
modes pieces, and here we are computing at the coincident limit. However, 8 contains
both effects. The full spacetime averaged correlation functions at the coincident limit
are obtained by summing over all topological sectors and dividing by the total partition
function:

1 1

VT/ d4x <J%’PR/L¢¢> = VTZAnZAnAZT;/ d4z <1ziPR/L¢i>Am- (6.3.121)

We follow our prescription for the limits: we take first the spacetime volume to infinity and
then sum over topological sectors. We use the property of the modified Bessel function
Inn(269) = In(28Q)(1 + O(1/9)) to do so and see that only the terms proportional to
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derivatives of 8 survive:

| L - S0, €AMO+a 20 T (250) Ommz B(1 4+ O(1/9))
VT/ d*x (i Pripi) = S A, €A70+8) [0(250) (1 + O(1/9))
= —2m7 O,me B(mymy),
o (6.3.122)
. — S A @ATOFD 20, [(269Q) Sme B(1 + O(1/92))
o (s Praby) — ;
VT/ d*x (i Prii) = S A, €A70+8) [0(250) (1 + O(1/9))

— —2m; O B(mgpmy,).

As it can be seen from the limits above, there is no 6 dependence left in the correlation
functions, so that all the remaining phases are coming from the tree-level masses and there
is no CP violation.

Correlation functions containing products of spacetime averages of two-point correlation
functions of the type displayed above can be computed by taking higher-order derivatives
of the truncated partition functions. These will again display Bessel functions Ia, whose
asymptotic behavior matches Iy. The recursive relations for the derivatives in Eq.
allow us to rewrite any derivative in terms of I,,,’s directly and possible terms of the form
A™nla, can be expressed as linear combinations without factors of An, so that when
taking the limit of VI' — oo, the leading terms are all proportional to Iy and the 6
dependence is canceled when taking the ratio against the partition function.

The claim that the prescription of limits advocated for in this document implies the
alignment of the phases appearing in the correlation functions and in the quark mass terms
has been commented in a previous study[I73]. In that article, no use of instantons is made
and only real masses are considered. Their prescription is discarded under the argument
that the correlation functions should have a phase 6 as obtained from the traditional
partition function Eq. . We have seen how our prescription produces a different
partition function, reopening the possibility that the current order of limits is the correct
one.

In the following two subsections, we discuss the consequences of restricting the compu-
tations to a single topological sector versus a full summation in the setting of an infinite
spacetime volume and later in a finite one. We will see that it is possible to compute corre-
lations functions in a subvolume €2y C €2, while still reaching the same results as in €2 if the
partition function follows the factorization property described in this section. This we will
do by considering integrating fluctuations in the complement of Qq, Qf = Qs = Q\ Oy,
to arrive to an effective theory for in ;. We will end up with consistent conclusions
regarding CP violation, like the ones from the usage of the dilute instanton gas.

6.3.2 Correlation functions within an infinite volume

We consider rewriting Eq. (6.3.89) in terms of the total winding number and the winding
number contributions from subvolume ;:

N Ny

> 2 f(an) / Dian, [4]0) &5l / Dan-an[¢] €501

An=—N An1=—N;

(O1)g = lim lim lim

Ni—o00 N—oo Q— o0

NieN NeN Z Z f(An)/DAn1[¢] e~ 50, [¢] /DAn—Am (4] oS0y [¢]

An=—N Anj=—N;

(6.3.123)
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Using our result for the partition function for the subvolume s, Eq. (6.2.74)), gives

<01>Q =

N Ny

>3 FA) a2~ TR (D 610y el

An=—N Anj=—Nj

lim lim
Nqi,N—00 Qg9—0c0

>3 A anan (260)(~1)Y P Dy g5

An=—N Anj=—N;

(6.3.124)

where phase factors coming out fermion determinants are left explicit. In the case of
infinite 2, and £2; being bounded, we must take the {29 — oo limit. To leading order the
Bessel functions above, having 29 as an argument, will asymptotically behave as Iy without
regard to Ani. We can then factor out and cancel terms depending on the subvolume 2o,
namely:

oo

Z /DAM (4] (_1)7NfAn1 etaAm ), e 59 (4]
(O =" . (6.3.125)

The expression above is just a path integral computation of (O;). It takes that shape
by virtue of the exact cancellation between the remnant phases coming from the bigger
volume and those from fermion determinants in €2 for each An;. We thus witness again
how the different topological sectors do not interfere with each other as the global phases
factor out and cancel as long as we are in the infinite spacetime volume case.

This has the same implication as the correlation functions computed in previous sections.
For observables computed via a path integral in the subvolume €21, there will not be any
CP violation. Using the Eq. about a dilute instanton gas can be seen to give the
same results as in the dilute instanton gas discussion where there was an explicit 6 phase
and no phase insertions as in Eq. , entailing that the correlation functions come
out aligned with the mass terms either way.

We have considered the limit of {2 — co with the same reasoning behind our prescription
for the order of the limits. The topological classification into integer classes highlights
specific saddle-point configurations with a finite action. This particular property is lost
when one considers compact spacetimes, where all configurations automatically give a
finite action. In the present context of dividing the spacetime volume into subvolumes, it
is important to remark that An; and Ang are not necessarily integers and by assuming
they can be treated as such above, we have neglected non-trivial winding of the fields
that may occur at the boundary of €21, these, we argue, become small when €21 is small
compared to ) but large enough to capture the physical phenomena of interest.

The result of Eq. coincides with a computation done in an infinite volume but
restricted to a single topological sector, without any violation of the CDP. In what follows,
we attempt to address how the CDP is affected by finite volumes.

6.3.3 Correlation functions within a finite volume

Imposing the factorization in the path integration as we have done in Subsec. (6.3.1]
has the consequence that information concerning the boundary €2 is immaterial for local

)
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excitations within ;. Following such an idea, we consider a finite but large {2 compared
to €1 and examine the consequences of restricting to a single topological sector. In its
pure form, the CDP breaks down when translation invariance is absent, for example, in
finite volumes. Moreover, unless periodic boundary conditions are imposed, there will be
deviations from the factorization given by the CDP. We quantify here how the deviations
depend on the size of the spacetime, similar to some of the ideas in [174] [175].

We start by considering the expectation value of some operator O; localized in subvolume
Q1 C Q in a large but finite 2. We consider only one topological sector, as we have seen
that summing over An does not have any effects under the present conditions. Using our
result for the partition function in Eq. for the complement subvolume Q5 = Q\ O
we have

Z IAannl (2/‘092)/DAn1[¢](_1)NfAnl efio?Anlol e*SQI[(z)]

Ani=—o00

Z IAn—An1(2HQ2)/DAn1 [¢](_1)7NfAnl eiiaAnl eisﬂl[(ﬁ]

Ani=—o00

<01>AnQ =

(6.3.126)

As we already have seen in the previous subsection to leading order in k{2 the volume
dependence disappears and the factors depending on €29 drop out of the calculation. Here
we find out how the sub-leading terms depend on x{2s. To see this formally, we expand
first the following factor appearing in the numerator of Eq. ,

/DAnl [¢] O1 o Smlel — Z BT(_l)NfAnl eia(Aermr)IAermr (268), my €Z,

(6.3.127)

for some finite number coefficients B, that may contain internal indices and m, captures
the phases coming from possible fermions that are present.

On the other hand, the integration over €21 in the denominator of Eq. corresponds
to the Euclidean version of Eq.

/ Dan, [¢] e 30l = (m1)Nrdm gladm - (950.). (6.3.128)

We can see how in both cases, in the numerator as well as the denominator, the phase

factors in Eq. (6.3.126]) are canceled by those in Egs. (6.3.127]) and ((6.3.128)).

We consider expanding the remaining terms by using the asymptotic series

S ag(n)
I,(2) ~ —1)k .zl > 1, 6.3.129
(2) %kzzo( ) o E ( )

valid for the modified Bessel functions I,,(z) for z € C with |arg(z)| < 7/2, where
4n? —1%)(4n? — 3%) ... (4n* — (2k — 1)?
ao(n) =1, and ap(n) = - —1)0n k:)'Sk (4n” = ( ) (63130

which leads to the following expression for a product of Bessel functions

anoy &) Ty () = Io(2) (1 P22 L0 gy o

=Io(2) <1 — W +0 (;)) Inny+m, (7)) -
(6.3.131)
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The product above implies that for a given difference An — An; we have

Inn—any (2692) Ian, +m, (2600) = In(26922) Ian,+m, (260) + O (251) . (6.3.132)

In order to compare the tails of the partial sums, not only in terms of 2, we need to
consider the behavior with respect to Any as well. Partial sums involving large An; can
be understood by means of the asymptotic expansion

1 ez \ ™
L(z) v ——— (2}, In|>1, nexz. 6.3.133
@~ zamm (o) - (6:3433)

We find now an upper bound for the tails of the partial sums, consider the tail starting at
An; = K and assume |m,| < K in the last factors appearing in Eq. (6.3.127)

= > 1 ez \AM 1 > ez \ Am
Z IAnl(z)NAg;K V2rAng <2An1> < K Z (ﬁ)

An=K
(g)K (6.3.134)
<1 Lok
T V2TK ) ez
2K

The numerator of Eq. (6.3.126] can be bounded using the above relations as follows

oo
Z Z B, el IAannl (ZQ)IAnl +my (Zl)

Anj=—o00 T

00 K
=3 B[S R an i, (21) + Y (Tan-sm (22) = To(22)) L, 4, (1)
r Ani=—00 Ani=—K
— Y Uo(=2) = an-am (22)) Lamym, (1)

|[Any|>K

< i > |:Br e I (22) L any +m, (21) <1+ o (W)) }

Ani=—ooT

+ Ip(22) O <[;2}K> )
(6.3.135)

to estimate the last summation in the middle line and expressions ((6.3.131]) and (6.3.134)) to
get to the last line. Following a similar approximation for the denominator of Eq. ((6.3.126))

for z;1 = 2k and zy = 2k2 and where we have used that 0 < Ip(22) — Ian—an, < Ip(22)
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we can collect our results as

(O1) Anq =
()0 ([5] ) + (140 <<'A”'+K>2>) S B (o) s (21)

Anj=—o00 T

Ip(z) O <[§2}K> + <1 +0 (W)) i To(22)Iam, (1)

Ami=—o0

@ ([;HK) + <1 +0 (W)) f: > B e O™ py s, (21)

Ani=—o0o0 T

o([2]")+ (1+o(LBLEE)) S samta

Ami=—00

(6.3.136)

The last expression shows how the relation of the volumes and K affects the expectation
value. We observe that the Bessel function with the argument containing €2 cancels with
the denominator in any case and that by choosing K > z; = 2k€); the terms going like
(ez1/2K)X become negligible. If more over zo = 2k§)y > K > |An| we are back to

[e.9]

Z Z B, €% In v, (2680

Ani=—o00 T

> Tam (26)

Ami=—00

(O A ~ , (6.3.137)

which we can interpret back as simply having started with the path integration in the
subvolume ; without any reference to An as long as the conditions for the volumes are

met, explicitly by using Eqgs. (6.3.127)) and (6.3.128]) we obtain

So [ Danlol (1) Nt eiasno) e suil)

Anj=—o00

(Onana ™ = 5 : (6.3.138)
Z /DAml 9] (_1)_NfAml eiaAm1 o—5a, [¢]

Ami=—o00

6.4 Closing comments about #-angle related observables

Before closing the present chapter, we include here a few comments drawing certain sim-
ilarities and also highlighting differences to other physical systems. We also discuss the
relations to often quoted quantities that appear in lattice QCD simulations and perhaps
experiment pertaining to the topological charge. They will serve as basic checks to our
computations based on the dilute instanton gas and the CDP.

6.4.1 Comparison with quantum mechanical systems

Several models exist where a similar angular variable as 6 exists. It is often assumed these
then share certain properties. However, this is not always the case. Models that are often
used to argue in apparently supporting directions turn up to be just too different. Here
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we briefly include two examples where the vacuum structure is usually compared to that
of QCD. More details can be found in Ref. [34].

First, consider a quantum mechanical particle in one dimension subject to a periodic
potential. Consider examining the evolution of the system within a finite bounded time
window 7" C R. In this setting, there are approximate ground states which are Gaussian
functions localized around the local minima, denote them by |j) for j € Z, very similar
to our pre-vacua. By studying the model after a Wick rotation, it is also possible to find
soliton-like solutions that connect two minima and are exponentially suppressed, therefore
interpreted as tunneling processes. These solutions induce transitions between the |[j),
which are not real eigenstates. A superposition of these, however, has the potential of
being the true ground state. A family of superposition compatible with the tunneling
processes, actually Bloch waves, is |07) = >_; exp(ifrj)|j) where the family has been
labeled by the angle 67. It turns out that not all superpositions correspond to a minimum
of the energy, which can be seen to depend on cosfr. Using concatenated strings of
solitons, analogous to our dilute instanton gas, we can compute the transition amplitude
between two different |j) states, e.g., (j + m|j) for some m € Z. So that considering the
energy dependence, the leading contribution to said amplitude for large T is

out(J +m|J)in X out (O707)in|or=o0- (6.4.139)

This is different from what happens in the QCD instantons case, where any linear combi-
nation of pre-vacua |n) gives the same as the amplitude (n + m|n) up to an overall factor.
We argue that for large bounded spacetimes and fixed An, the truncated partition func-
tion Za, produces correlation functions that match with those obtained by summing over
topological sectors in infinite spacetimes for # = 0[I74]. This is not the same as projecting
a given f-vacuum sate onto a § = 0 one, so these conclusions do not conflict with the
conservation of 0; it remains a legitimate quantum number.

To better understand the last statement, we relate 67 with the crystal momentum of a
solid-state system. On the one hand, if the crystal is finite, periodicity is broken. However,
on the other hand, if we impose spatially periodic boundary conditions, the number of
sectors is automatically rendered finite so that the interchange in limits does not change
the result. It is in this sense that the nature of 6 differs from the quantum mechanical
analogy.

The second comparison we want to draw concerns a quantum mechanical system with a
finite number of local minima. The most straightforward example is that of the double
potential well. While in the field theory case there is an infinite number of spatial boundary
conditions, the quantum mechanical case only allows for states that are associated with
a few paths. Specifically, those beginning and ending either in the same well or on the
opposite well. For the analogy, let us label the classes by + if the path ends in the same
well and by — on the contrary, then the partition function can be seen to give[34]:

Z. = ;\F % (e*’vexp“sE)T + e—”exp<—5E)T) , (6.4.140)
T

for a natural frequency w around each well and k associated to fluctuation determi-

nants. Observe that, instead to the modified Bessel functions obtained in the field theory

case,Eq. , here we have a sum of exponential functions. A candidate for compari-

son to CP effects can be the parity operator P. Computing the expectation value of P for

the two possible classes gives

+7, + 7.
<P>even/odd = m ==1. (6.4.141)
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This is analogous to the summation over topological sectors we performed in Subsec. [6.2.2]
however here, there is only a finite number of classes to sum over and no ambiguity arises
when considering the limit of T" — oco.

To wrap everything up, in the gauge field theory case 6 is a good quantum label because the
boundary conditions and the topology ensure 6 is conserved, contrary to the first quantum
mechanical example. The second example shows how the question of the order of limits is
only relevant in case there is an infinite number of sectors to sum over. Consequently, the
0 parameter does not change since the theory does not restrict the interactions to a finite
spacetime region and because of gauge invariance, all transitions must be summed up.

6.4.2 The 7’ and the topological susceptibility

In order to check our theoretical study with some reference observations, it is important
to look in two directions: lattice simulations and experimental observations. As we say
in Chap. [5| we have the topological susceptibility on the lattice side and the " on the
observational one. They are also mutually connected via the Witten-Veneziano relation,
Eq. , so that, at the very least, our ideas should be compatible with them. In this
section, we describe some of the consequences of our limit prescription and make contact
with the aforementioned quantities.

Lattice simulations are an example where we can find computations generally done within
a finite volume, €1 and often a fixed topological sector, An. They also employ periodic
boundary conditions and require taking the continuum limit to make statements about
infinite volumes. The simulations allow them to compute the topological susceptibility in
different settings. In the language of sec. [6.3] seems that sampling is done while neglecting
completely any effect from the complement of the volume Qs, e.g. Refs. [142, [176]. To
comply with what we have said in relation to the CDP: to evaluate expressions in the lat-
tice, 8 should be taken to be 0, to automatically account for the phases of the complement
volume, regardless of the @ appearing in the Lagrangian.

Let us come back to the topological susceptibility in more detail. It was already introduced
in Eq. , but we recall its definition adapted to the current context

o= g (A = 5 <</Q d4x@(””’>2>

with @ being as in Eq. (5.2.94) and 6y = (1 — (—1)™/)7/2. This last value is chosen such
that the vacuum energy is minimized when summing over topological sector in the case of
a finite spacetime, also x remains positive.

(6.4.142)

6=0¢

Considering the susceptibility at a fixed topological sector reveals that it vanishes when
) — 00, this result implies that when summing over topological sectors after having taken
the infinite spacetime limit also leads to a vanishing xq, independently of fermion fluctu-
ations. This result, however, does not contradict the relation between the susceptibility
and the ' particle’s mass in the large color limit. As we showed above, we recover
the enhanced mass of the 7’ via our modified matching of 't Hooft operators.

The computations in [I37] are performed using a regulator parameter for the infrared,
which can be interpreted as a cutoff in terms of lengths. That is, for the sake of com-
parison with their result, we should instead consider the topological susceptibility within
a subvolume €7 C Q in which case our pseudo winding number An; is not necessarily
an integer representing the mobility of charge across the boundary of €. We can use
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Eq. (6.3.125)) to compute xq,:

o Anj=—o00 Ql
& Z /DAM[A]DW]DW] e~ S0 Aul (1) NpAn g—iadm
Anq=-—00
i io: %(nl — ﬁl)Q(Rﬁl)"lJrﬁl
1 n1—=0 711 —0 n1!n1!
o & & 1 =28, (6.4.143)
' K n1+n
Z _Z m'ﬁl‘(/ﬁﬂ yratan
n1=0n1=0

where in Euclidean space we have (see Eq. (6.2.59)) and definitions surrounding Eq. (6.2.74))
in Secl6.2)

Ny

R = /dQ JER e % [T 6, (6.4.144)

j=1

with J = iJ®, while other quantities do not change.
The result in Eq. coincides with what we would obtain if we were to consider
the usual partition function, obtained by taking the Q limit last, Eq. at =0
instead. So the topological susceptibility xq, is not able to distinguish between both
cases. This poses no contradiction with yq since they are simply different operators and
we understand that only xq, corresponds to the regulated version of [137].
Under the following arguments we can find proportionality to the mass of the ' particle.
We expect the Dirac operator to have a single discrete mode zero-mode on an instanton
background, while keeping its continuum piece unchanged, thus from Eq. we
can approximate ©; = m;, with m; the moduli of the complex mass parameters of the
fermions. We can factor a pure gauge factor, kK82"8°, out of g, detaching it from the fermion
determinant factors, which leads to

Ny . Ny

R~ KEAEC H m;p =g X%iuge H mj, (6.4.145)
j=1 J=1

where Eq. (6.4.143)) was used.
We can determine up to constant factors, the parameter A in Eq. (5.2.87) by matching

with the 't Hoof operator in Eq. (6.2.78))

K 1
= = x5 & 6.4.146
where we can read the factor £/ [[, m; from Eq. (6.2.76]) (with p =0 and ¢ = N¢). Using

the relation mg, = 8|\|FZ from subsec. [5.2.1| we see the desired proportionality

|A[ o< Ty, ox

ma o xgn e (6.4.147)
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This shows how the results derived in [137] and [139] for the large N, limit may be valid in a
more general setting as long as the dilute gas approximation holds. Moreover, Eq.
implies that even within a large enough but finite volume and a fixed topological sector,
we have a massive 7’ meson.

Other interesting expectation values to look at include the instanton number density and
its variation. Let us first look at the former, (n) /Q, at a fixed topological sector Am.

From Eq. (6.2.74)) we have

(n)am _ _Tam-1(250)

~ R 4.14
Q Iam(2RQ) (6.4.148)

and for the ratio of the fluctuations to the density

(= )Dam _ ( 1am(@RQ)’  Amlam(252)  \Y?  [Am
(") Am a <IAm_1(2m)2 R Tam 1 (270) 1) \/g . (6.4.149)

where the last expression corresponds to the limit 2 — oco. The result in Eq. (6.4.148))
does not change if we sum over topological sectors after having taken the spacetime volume
limit. However taking the sum first we have

<g> = (—1)MRe?. (6.4.150)
We consider as well the expected topological charge density, (An) /€, together with the
topological susceptibility and the instanton number density with different combinations of
the limits prescription and collect all results in Table[6.I} However, only the instanton den-
sity depends on the instanton background. The topological charge and the susceptibility
are defined nevertheless.

An free and An free, Q1 C Qq
Qoo first An free, Qoo last and Q. first
An fixed, Qg
or An fixed or An fixed with
and Q. or An free, Qgan Q1 C Q. Qo
X 0 2K 2k An?/Q
<’I’L> - Ns— i0 _ 7]An_1(2l%Q)
N —1)Vrg et —an—I\ave)
) " (=)W Re " " TTan(2RQ)
% 0 2i(—1)N7 % sin @ 0 %

Table 6.1: Results for x, (n) /Q and (An) /) as defined in the main text, under different
limit prescriptions and spacetime volumes. {2, denotes an infinite total volume and Qg
a compact one. 2 is assumed to be finite. The adjectives “first/last” refers to when is
the spacetime volume limit taken, either before or after the sum over topological sectors.

The topological susceptibility can also computed for the case where the  limit is left
undone or performed last, in which case we have

<A”2> — ) —O) w2 )
Xe="—g— = 2k (cos(Nym + 0) — 2rQsin®(Nym + ) (6.4.151)
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which seems more obscure, presenting still some volume dependence. The last term how-
ever vanishes when the full topological susceptibility is evaluated at § = 6y, but cannot be
interpreted as (An?) /Q.

When keeping the spacetime volume finite, we get results that are compatible with a
Taylor expansion around the parameter 6,

<AQ”> =i(6—6) <A£2> 0 + 00 — )2, (6.4.152)

which are familiar from analyticity used in [I77]. However, as has been remarked earlier
in the text, when considering infinite spacetime volume, the partition function may not be
considered analytic everywhere in 6. They also obtain a non-zero susceptibility by means
of current algebra theorems and using a regulator, meaning we should compare that result
with our finite volume version, with which it is in agreement, Eq. . The present
results, however, disagree with the statement that CP violation occurs when they employ
Eq. for an infinite volume. Here we have shown how, by using Eq. , the
0 dependence disappears and we are led to conclude there is no CP violation although xq,
is non-vanishing.

6.5 Conclusions

In this last part of this thesis, we have seen how many different elements come into play
to address one of the long-standing theoretical puzzles of the last 40 years; the strong CP
problem.

We started the discussion by reviewing the relevant aspects of QCD for the present doc-
ument with emphasis on the non-perturbative effects. This called immediately for a di-
gression about topology and instantons, which turned to be the building blocks for the
background used in our discussion. Along with the non-perturbative features of QCD, we
review in a somewhat historical manner the strong CP problem and low energy QCD. The
former to introduce the problem and the latter to attempt some contact with experiments.
We saw how the CP problem, although given the tightness of current constraints is of a
purely theoretical nature, is connected to observables such as the nEDM, the mass of the
n’ meson, the topological susceptibility, etc.

With the purpose of studying that problem, we have exploited the techniques commonly
applied to the computation of path integrals. Using a mathematically non-trivial back-
ground made up of instantons, we have computed correlation functions for QCD while
tracking the possible complex phases that arise. Using such correlation functions, we are
able to obtain an effective chiral Lagrangian resembling a o-model where the effective op-
erators capturing CP effects have complex phases which are aligned with mass terms. This
important observation allows us to redefine the quark fields to eliminate any remaining
phases, thus rendering the theory CP preserving.

To support our conclusions in a somewhat independent manner, we have considered com-
puting the same correlation functions by means of imposing the CDP on the partition
function of the system. This led us to consistent results for the dilute instanton gas and
taught us many things concerning the relevance of the size of spacetime and the consider-
ation of different topological sectors. But most importantly, employing our suggestion for
performing the limits appearing in the correlation functions led to supporting results.
Currently, there is an active quest for axion-like particles, which are pseudoscalar particles
that can be included in the SM, motivated initially by the fact that they dynamically pick
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0 = 0, solving the strong CP problem. However, here we have put forward a competing idea
for understanding CP-violating phases, which renders the strong CP problem meaningless
without requiring new fields but only a proper consideration of instanton effects. We
hope this can be a final answer to this conundrum, but if not, the journey on its own has
already been rewarding: we have combined and explored the power of different methods
and learned about the limits of some others.
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Appendices

A. Gaussian Integrals

For completeness and given how ubiquitous Gauflian integrals are, we include the basic
proofs for some results in this appendix. More cases can be found in textbooks concerning
Gaufian integration such as Refs. [I4] 15 [I78]). These are all based on generalizing the
basic Gauflian integral

i 2
h@g:/ dmr?ﬁ:,ﬁg for o> 0. (A.1)

We consider different cases in a finite number of dimensions but most results are extrapo-
lated to the case of field path integrals. First, let A be a real symmetric positive-definite
matrix of dimensions n X n, i.e., its eigenvalues are real and greater than 0. We want to
prove the following result used often:

2T

JNA)E/W(Meéfoz (2m)" (A.2)

det A

—00

Proof. Given a real symmetric and positive definite matrix A, there exists an orthogonal
matrix O such that

A=0DO7, (A.3)

with D a diagonal matrix having the eigenvalues, a;, of A which are real and positive.
We can then consider the coordinate transformation

7= 0y, (A.4)

which for orthogonal O implies 47 = Z7 0. The transformation being orthogonal, has a
Jacobian equal to 1, J = |det O| = 1, and the integral decouples into n one-dimensional
Gauflian integrals:

n =11 [ et - ,/r(f:) =y 8 (4.5)

where we used the basic Gauflian integral for each component. O

We can extend the result of the integral above to the complex symmetric case with positive-
definite real part. Let B be such matrix. Using the fact that a complex symmetric matrix
can be decomposed as (called Takagi’s factorization)

B=UDUT, (A.6)
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with U a unitary matrix and D a diagonal matrix, we can perform the coordinate change
7=U"""7, (A.7)

to use the result in Eq. (A.2)) for the diagonal factor. Explicitly

o 1 R L
1(B) = [ g e BRI (AS)
1 (2m)n \/ (2m)"
- - A.
detUT \/detD det B’ (A-9)

where we have used the result in Eq. for the diagonal piece and det B = det? U det D
in the last step. This shows that the integral in Eq. applies without modification to
complex symmetric matrices with a positive-definite real part.

Now let us include some external source vector J and prove the following

S " = 21\ - o
I(A) = / di e 2™ ATHTE _ ée?A ezl TATH (A.10)

for a complex symmetric n x n matrix A with positive-definite real part.

Proof. We can recycle the decomposition in the proof of I7, and perform the same coor-
dinate change for & while rewriting @7 = J7(UT)~!. This way we can write I as

A = [ dpe—tiTasitz _ [ 4oL i Dpraty
2(A) = die 2 = T ®

—00
n

1 o I~ 5
= U7 / H dy; | exp —3 Zdjyj + u;y;
oo —

7=1
n w2
H T] 2r 1 [ (2m)" oLaT Dl
detU i dij detUTYV detD

1 @m)" iprwnyipwg |20 sgraciy
\/ All
~ detUT\ det D det A ’ (A-11)

where Takagi’s factorization was used, Eq. (A.6), for A and we completed the square for
each component to get to the previous to last line. ]

Gauflian integrals can also be used in the case of 2n real variables with holomorphic
integrands by using an holomorphic set of variables, z and z, which are to be considered
independent and simply a replacement of say = and y. In this sense, we have, for example,
that the basic Gauflian integral is expressed as

1 dzdz . 1
— [ dx dye_%a(xQerz) = / Z © oarE -, for «a >0, (A.12)
27 2im «
where we have employed the coordinate change
St 2= j@-iy) (A13)
z = —(x +1iy), z=—(xr—1iy). .
NG Y 5 Y
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The last integral we will include and was used in the main text is

n dz. _ 1 o
/(H dzldzl) exp [~A(z,z) +b-z+z-b] = detAebA ‘b (A.14)

. 21w
=1

where bold small-caps letters stand for vectors and the equation holds for a hermitian
positive quadratic form A(z,z) =z’ Az.

Proof. For a quadratic form corresponding to a Hermitian positive matrix A we can find
unitary U such that

A =UDUT, (A.15)
with D real positive and diagonal. By using the coordinate change
7 =U'z, 7 =2"U. (A.16)

Each coordinate change contributes a Jacobian factor but in this case det U = 1, so that
employing Eq. for each direction, we are led immediately to the result valid for
b=b=0.

For the case of non-zero sources, we can employ the coordinate change {z,z} — {v,v}
given by

z=v+A'b, zZ=v+DbAl, (A.17)

to factor out the source (linear) terms and then use the source-free diagonalization.  [J
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B. Codes

The codes in the following compute the Green’s function corresponding to the longitu-
dinal direction of a gauge field and a Goldstone boson for a given set of parameters for
the couplings, for a polynomial potential up to order 6 as described in the body of the
document in Sec. It uses the planar-wall approximation to reduce the problem to
a radial direction corresponding to the radius of the nucleated bubble and consequently,
the only variable on which the bounce solution itself depends on. Tangential components
are Fourier transformed and their effects included by means of the momentum vector k.
The gauge choice has been fixed as to decouple the Goldstone mode from all but the
longitudinal component of the gauge field, i.e., ( =& = 1.

This appendix contains the following code files which address the remaining coupled sector
of A4 and G:

e exactLowK.m
o facLowerBlock.m
e coinLimitV2.m
e compiler.m
along with the unix scripts:
e compBaseFun.sh
e complteration.sh

The code was run in TUM’s Physics Department cluster using SGE through the command:
gqsub -j yes -N "batch30-40" submitBatch.sh "compIteration.sh" 30 39 2

The j and N are options of gsub which allow to obtain a single file containing the standard
output and any possible errors. The job is also named as “batch30-40”. The job runs then
the bash script submitBatch.sh with the subsequent options:

e Argument 1: File to be run. Can be either "compBaseFun.sh" or "compIteration.sh".
e Argument 2: ki, - Initial value of tangential momentum e.g 30.
e Argument 3: keng - Final value of tangential momentum e.g 39 (means up to 40.0)

e Argument 4: Type of background (bounce) to be used. Can be 0 for a constant
background, 1 for a linear background or 3 to load a file with a pre-saved solution)

As a default the code computes in between the range of momenta (kin, keng + 1) given,
with steps of 0.1. It uses a tolerance of 1 x 10~° and samples 100 points between —1 and 1.
Solutions are saved in an external folder in the .wdx format readable with Mathematica
through the command get.

The script compBaseFun. sh should be run first over the values of momenta that are desired
and then one can compute corrections with compIteration.sh for as many iterations as
needed. The base function takes around 100 MB while the corrections size is around 700
kB each. The files saved contain the complete two point Green’s functions for this physical
system., therefore, in order to extract coincident limit Green’s functions one can use the
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file coinLimitV2.m as follows:

find -name "*k[1-4][0-9].*Iter0.wdx" -exec bash -c ’math
-run -noprompt <coinLimitV2.m "$1"’> - {} \;

on an unix console. This will take the base function, add the corrections and compute the
coincident limit. It will save a new file with the coincident Green’s function.

In order to reconstruct the full coincident Green’s function, we collect the data for all ks
computed above and then interpolate. We do this in two steps. First one uses compiler.nb
to produce csv files which already include the data from k to k£ + 1 (one must introduce
the component of the Green’s function to be compiled G, ). Then one can use cat on a
unix console to concatenate all these .csv files, e.g.

cat datax-11.csv > dataCompiledll.csv

Finally, this file can be loaded, with any statistical software, like Mathematica, to be
analyzed and processed. We recommend using interpolations of low order, choosing order
one may give better results than Mathematica’s default (order 3).

We list the codes mentioned above here:

exactLowK.m

(* ::Package:: *)

$HistoryLength=0;
kk = ToExpression[StringJoin[$CommandLine [[-2]1]]1];

numPoints = ToExpression[$CommandLine [[-1]]];
fileName = StringJoin["exactK",ToString[N[kk,3]]];
Print [StringJoin["Using,file:,", fileName, "_and,computing, fory

momentum_,", ToString[N[kk]11];

tol = 1*x10°(-5);

myInf = 1;

g = 1/2;

\[Alphal] = 2;

\[Lambda] =
-2.02545717793005721816133067329832120200604031142429534 ‘20;

\[Betal] = 1/2;

Print [Directory [1];

Fi[h_, u_] = gxh([ul;

F2[hPrime_, u_] = gxhPrime[u];

F3[h_, \[Xil_, \[Zetal_, u_] = \[Alpha]l + \[Lambda]l*h[u]"2 +
(3/4x\[Betal) hl[ul~4 + \[Zetal 2*F1[h, ul~2/\[Xi];

f2[\N[Xil_, \[Zetal_1 = (\[Zetal + \[Xil)/\I[Xil;

MyHeaviside[x_] = Piecewise [{{HeavisideThetalx], x != 0}, {1/2, x
== 0}}];

{bounceInterp, bouncelnterpP} = Get["bouncelnterps"];

dd = 1x1 + 1;

eql [A_Symbol, B_Symbol, u_, k_, \[Xil_, \[Zetal_]l = (2 u A’[u] - (1
- u"2) A’’[u] + (Fi[h, ul~2 + k~2)*A[ul/(1 - u~2)) + f2[\[Xi],
\[Zetal]*F2[hPrime, ul*B[u] == O0;

eq2 [A_Symbol, B_Symbol, u_, k_, \[Xi]l_, \[Zetal_1 = £2[\[Xi], \[
Zetal]]l*F2[hPrime, ul*A[ul] + (2 u B’[u] - (1 - u~2) B’’[u] + (k"2
+ F3[h, \[Xi], \[Zeta], ul)*B[ul/(1 - u~2)) == 0;
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eqs [G11_Symbol, G12_Symbol, G21_Symbol, G22_Symbol, u_, k_] = {eqll
G111, G21, u, k, 1, 1], eql[Gl2, G22, u, k, 1, 1], eq2[G11l, G21,
u, k, 1, 11, eq2[G12, G22, u, k, 1, 11};

bdC[B1_Symbol, B2_Symbol, uP_, jump_] = {Bl1[-myInf + 10 tol] == O,
B2 [myInf - 10 tol] == 0, B1[uP] == B2[uP], B2’[uP] - B1’[uP] ==
jumpl;

greenMat = Table [{ToExpression[StringJoin["g", ToStringl[i],
ToString[j]l, "1"]], ToExpression[StringJoin["g", ToStringl([i],
ToString([jl, "r"11}, {i, 1, dd}, {j,1, dd}];

eqsAll[u_, k_] = Flatten[Table[egs[greenMat[[1, 1, n]], greenMat
[[1, 2, n]], greenMat[[2, 1, nl]], greenMat[[2, 2, n]], u, kI, {n
, 1, 2311 /. {h -> bounceInterp, hPrime -> bouncelnterpP};

bdCs [uP_, jumps_] := Flatten[Table[If[i == j, bdC[greenMat[[i, j,
111, greenMat[[i, j, 2]], uP, jumps[[i]l]], bdCl[greenMat[[i, j,
111, greenMat[[i, j, 211, uwP, 011, {i, 1, dd}, {j, 1, dd}11;

greenFuncs[u_] = Table[greenMat[[i, j, n]]l[ul, {i, 1, dd}, {j, 1,
dd}, {n, 1, 23}1;

greenCoin [uP_?NumericQ, k_] := Module[{sol,greenSol ,u,file},

sol = Quiet [NDSolve[Join[eqsAll[u, k], bdCs[uP, {-1/(1 - uP~2),
-1/(1 - uP~2)}]], Flatten[greenFuncs[u]]l, {u, -myInf + tol,
myInf - toll}, Method -> {"EquationSimplification" -> "Solve"},
WorkingPrecision -> 15]];

greenSol = Table[(MyHeaviside[uP - ul*greenFuncs[u][[i, j, 1]] +
MyHeaviside [u - uPlxgreenFuncs[ul[[i, j, 211), {i, 1, dd}, {j,
1, dd}] /. soll[11];

PutAppend [{{{uP,#[[1,111},{uP,#[[1,2]11}},{{uP,#[[2,1]1]},{uP
,#[02,2]1]13}3& /@{greenSol/.u->uP},fileNamel;

file=0OpenAppend[fileName];

WriteString[file,","];

Close[filel;

Print [uP];];

Print ["Definitions;loaded properly"];

file=0OpenWrite[fileName];

WriteString[file,"{"];

Close[filel;

step = 2(myInf-100tol)/(numPoints-1);

Print [StringJoin["Using,a,step,of :,", ToString[N[steplll];
endPointL=-.999 ‘16;

endPointR=.999 ‘16-step;

Do[greenCoin[x,kk] ,{x,endPointL ,endPointR,stepl}];
greenCoin[endPointR+step,kk];

file=0OpenAppend [fileName];

WriteString[file,"}"];

Closel[filel;

Quit []1;

Note that for higher momenta, it is set by default in line 62 that only the first iteration is
done, the condition can be removed to compute more iterations on one run.

facLowerBlock.m

(* ::Package:: *)

ClearAll[G,x,xP,gggl;



0 O U

11
12
13
14
15
16
17

18

19
20

21

22
23
24
25

26
27

28

29
30
31

32

33
34
35

36
37
38
39
40

B.. CODES 189

(¥ Reading parameters from command line *)

k = ToExpression[$CommandLine [[-4]1]];

err = ToExpression[$CommandLine [[-3]]];
numpoints = ToExpression[$CommandLine[[-2]]];
background = ToExpression[$CommandLine [[-1]]];

(¥Setting up constants of the problem x*)

tol = 1/100000;

myInf = 1;

\[Mul2 = 2;

\[Lambda] = -2.0254571779300572181613306732983212020060403 ‘50;

\[Betal] =1/2;

g=1/2;

(*x Potential formula U[x_J]:= \[Mul]2*x~2/2+\[Lambdal]*x~4/4+\[Beta]*x
“6/8; *)

\[CurlyPhi] [u_]= If[background==0,background,If[background==1,-Sqrt
[2] (u-1)/2,If[background==2,Get["tunedBouncePhi6.wdx"]/.u->(
myInf-tol),Get ["tunedBouncePhib.wdx"]/.u->ulll;

MyHeaviside [u_]:=Piecewise [{{HeavisideThetal[u],u!= 0},{1/2,u==0}1}];

MOp[f_,k_,\[CurlyPhi]_,u_]:=2u D[f,ul-(1-u~2)D[D[f,u] ,ul+(k~2 f+ g
"2 \[CurlyPhi] [u]~2f)/(1-u"2);

NOp[f_,k_,\[CurlyPhi]_,u_]:=MOp[f,k,\[CurlyPhi] ,ul+(\[Mul2 £ + \[
Lambda] \[CurlyPhil][u]~2f+3\[Betal \[CurlyPhi][u]l"4 £/4 )/(1-u

~2);
eqllk_,z_1:= MOp[G[z],k,\[CurlyPhil,bz];
eq2[k_,z_]:= NOp[G[z],k,\[CurlyPhil,z];

(¥ For constant backgrounds the working precision must be above 40
to avoid noise, for non-constant background it is not necessary
to specify *)

If [background == O,

sol[k_,pm_,equation_]:=NDSolve [{equation[k,ul==0,G[pm*(myInf-tol)
1==0,G’ [pn(myInf-tol)]==1},G,{u, myInf+tol ,myInf-tol},
WorkingPrecision->60,MaxSteps ->30000,Method->{"
StiffnessSwitching",Method->{"ExplicitRungeKutta",Automaticl}}],

sol [k_,pm_,equation_]:=NDSolve [{equation[k,ul]l==0,G[pm*(myInf-tol)
1==0,G’ [pm(myInf-tol)]==1},G,{u,-myInf+tol ,myInf-tol},
WorkingPrecision->24,AccuracyGoal ->12,MaxSteps ->50000,
InterpolationOrder ->Al1l ,MaxStepSize ->4*(myInf-10tol)/numpoints
11;

fl1less[eq_,k_,u_J]:=G[ul/.soll[k,-1,eql[[1]];

fligreat[eq_,k_,u_]:=G[ul/.soll[k,1,eql[[1]];

wronsk [eq_ ,k_,u_]:=-flless[eq,k,ul*D[flgreat[eq,k,ul,u]l +flgreat[eq
,k,ul*D[fl1less[eq,k,ul ,ul;

greenleq_,k_,u_,uP_]:=(MyHeaviside[uP-ul*flless[eq,k,ul*xflgreatl[eq,
k,uP]+MyHeaviside [u-uP]*flgreat[eq,k,ul*flless[eq,k,uP])/(wronsk
[eq,k,uP] (1-uP~2));

(*Interpolating subroutine x)

myInterp [f_,numPoints_]:=Module[{i,j,x,xP,pointTemp,step,points,
valF ,f2,state,ParallelPrint,status=""1},

LaunchKernels [];

SetSharedVariable [points];

SetSharedFunction[ParallelPrint];

SetSharedFunction[status];

ParallelPrint[str_]:=PrintTemporary[str];
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points={{{}, {3}, {{},{3}3};

step=(2myInf -20tol) /numPoints;

ParallelDo [

For [x=-myInf+10tol ,x<=xP,x=x+step,f2=f[x,xP];

For[i=1,i<3,i++, For[j=1,j<3,j++, valF =f2[[i,j]]; AppendTo[points
[[i,j]],{x,xP,valF}]; If[x!'=xP,AppendTol[points[[i,j]l],{xP,x,valF
}11; 111,

state = StringJoin[ToString[N[Length[points[[1,1]]]1*%100/(numPoints
+1)°2,3]],"%uof interpolation completed"];

(¥ Uncomment the next line to print interpolation status update *)

status = ParallelPrint([state];

,{xP,-myInf+10tol ,myInf -10tol,step}]; Map[Interpolation [#,
InterpolationOrder ->3,Method->"Spline"]&,points ,{2}]1];

(¥ Integrating and iterating subroutine *)

proc [kO_,err_ ,numPoints_]:=Module [{k=k0,gll,g22,gg0,c,kern,u,uP,
gggNoInter,gggInterp,i,j,w,t,iter,error,gTemp},

glif[u_,uP_J]=green[eql,k,u,uP];

g22[u_,uP_J]=green[eq2,k,u,uP];

ggO[u_,uP_l={{g11[u,uP],0},{0,g22[u,uPl}};

Put [gg0[x,xP],StringJoin["bk",ToString[background],"k",ToString [N[k
,31]1 ,"gglter" ,ToString [0] ," . wdx"]];

Print ["O-th_ 0Order_ solution computed"];

gTemp [u_,uP_J={{gl1[u,uP],0},{0,g22[u,uPl}};

ggglu_,uP_] = gTemp[u,uP];

clw_1={{0,2%g*\[CurlyPhi]’[w]},{2%g*\[CurlyPhi]’[w],0}};

iter = 1;

error = If[background==0,0,100];

While [error>err,

t = SessionTime[];

kern[u_,w_,uP_Jl=-ggO[u,w] . cl[w] . gTemp([w,uP];

gggNoInter [u_?NumericQ ,uP_?NumericQ]:=Quiet [Map [NIntegrate [#,{w, -
myInf+10tol ,myInf-10tol},WorkingPrecision->30,AccuracyGoal
->15]&,kern[u,w,uPl]];

ggglnterp=myInterp[gggNolInter ,numPoints];

Print [StringJoin["Interpolation on iteration number: " ,ToStringl[
iter], ",,computed."]];

Print [N[SessionTime []-t,5]];

error=Abs [1-ggg[0,0][[1,1]1]1/(ggglnterp[[1,11]1[0,0]+ggg[0,0]1[[1,11])
J+Abs [1-ggg[0,0][[1,2]]/(ggglinterp[[1,2]]1[0,0]1+ggg[0,0]1[[1,2]11)
1 g

Print [StringJoin["Currentyerror:,", ToString[InputForm[error*100]]
"%R"17
gTemp [u_,uP_] = Table[Tablel[gggInterp[[i,jl][u,uP],{j,1,2}],{1i
,1,23];

ggglu_,uP_] = ggglu,uP] + gTemp[u,uP];

Put [gTemp [x,xP],StringJoin["bk",ToString [background],"k",ToString [N
[k,3]],"gTempIter" ,ToString[iter],".wdx"]];

iter++;

1 g

(* Put[ggglx,xP],StringJoin["bk",ToString[background],"k",ToStringl[
k] ,"gglter",ToString[iter-1],".wdx"]]; *)

Print [StringJoin ["Number of iterations needed: " ,ToStringl[iter
-11117;

1 g
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(*Executed commands on run x*)
myPath = StringJoin["/space/ga32buw/k",ToString [N[k,3]],"/"] ;
CreateDirectory [myPathl;

SetDirectory [myPath];

Print [StringJoin["Working,directory,isynow", myPathl]];

Print [StringJoin["Computing,lower block Greens’ func,for k=",
ToString [N[k,3]]," and upytoya relative error of,", ToStringl
InputForm[err]],", with,", ToString[numpoints],",points."]];

If [background==0,Print ["Background  assumed,constant."],If[

background==1,Print ["Using ,constant,slope,toy-bounce asy
background."],If [background==2,Print["Using homogeneous false
vacua"] ,Print ["Using,,saved bounce for ,Phi~“6 ,theory."1]1]11];

proc [k,err ,numpoints];

Print [StringJoin["Out saved in: " ,myPath, "_,with,the names bk",
ToString [background],"k",ToString [N[k,3]],"ggIter0.wdx"]1];

Exit [1;

The output of the above codes, as explained above, can be processed by running the code
named coinLimitV2.m, to obtain an interpolating function which includes corrections and
where the coincident limit has been taken, that is the two-point function are evaluated at
the same point. The script looks for files in the directory input in line 5, in the variable
baseName and outputs the functions after adding corrections and taking the coincident
limit to the directory specified in line 18.

coinLimitV2.m

(* ::Package:: *)

ClearAll [x,ul;

fileName = StringReplace[ToString[$CommandLine [[-1]]],"./"->""];

baseName = "/scratch/VacuumDataRaw/";

Print [StringJoin["File:_ " ,baseName ,fileName, " opened."]];

ggbase[u_,uP_]=Check[Get [StringJoin[baseName ,fileName]]/.{x->u,xP->
uP},Print["File_ Damaged"];Quit [1;];

iter=1;

gCorrections [u_,uP_] ={};

fileNameIter = StringReplace[fileName,"ggIterO.wdx"->"gTempIter"];

name [iter_] StringJoin[baseName ,fileNameIter ,ToString[iter],".
wdx"];

While[FileExistsQ[name[iter]],

gTemp [u_,uP_J]=Get [name[iter]]/.{x->u,xP->uP};

AppendTo [gCorrections [u,uP],gTemp [u,uP]l];

iter++;

1 g

gg0[u_,uP_J]=ggbase[u,uP] +Plus@@gCorrections[u,uP];

SetDirectory["/scratch/VacuumData/"];

coinName = StringReplace[FileNameTake[fileName],"ggIterO.wdx"->"
coin.wdx"];

gglx_l=gg0[x,x];

Put [gg[x],coinName];

Print [StringJoin[coinName," file,saved,succesfully."]];

Exit [];




O © 00O Uk Wi+

—_

—
—

12
13

14
15
16
17
18
19
20

21

22
23

24
25
26
27
28
29
30

31

32
33

34
35
36
37
38
39
40

41

42
43

192 Appendices

compiler.m

t0l1=1/10000;

myInf=1;

SetDirectory["/scratch/VacuumData/"];

ClearAll [x];

compile [mO_,n0_]:=Module [{m=m0,n=n0,data,gTempl,

ClearAll [datal];

For[j=0,j<1,j++,

data={};

For[i=1,i<10,i++,

gTemp [u_]l=Get [StringJoin["bk3k",ToString[j],".",ToString[i],"00coin
wdx"]][[m,nl]]/.x->u;

data = Join[data,Table [{u,j+i/10,Evaluate[gTemp[ull},{u,-myInf+tol,
myInf-tol,1/20}1];

ClearAll [gTempl;];

Export [StringJoin["compiled/data",ToString[j]l,"-",ToString[m],
ToString[n],".csv"],datal;

Print [StringJoin["Saved k=",ToString[j]1]];

i

ClearAll [datal;

For[j=1,j<10, j++,

data={};

For[i=0,i<10,i++,

gTemp [u_]=Get [StringJoin ["bk3k",ToString[j],".",ToString[i],"Ocoin.
wdx"]][[m,n]]/.x->u;

data = Join[data,Table[{u, j+i/10,gTemp[ul},{u,-myInf+tol ,myInf-tol
,1/20311;

ClearAll [gTempl;];

Export [StringJoin["compiled/data",ToString[j]l,"-",ToString [m],
ToString[n],".csv"],datal;

Print [StringJoin["Saved k=",ToString[j]1]1];

1 g

ClearAll [datal;

For[j=10,j<45, j++,

data={};

For [i=0,i<10,i++,

gTemp [u_]l=Get [StringJoin ["bk3k",ToString[j],".",ToString[i],"coin.
wdx"]][[m,n]]/.x->u;

data=Join[data,Table [{u,j+i/10,gTemp[ul},{u, myInf+tol ,myInf-tol
,1/20}11;

ClearAll [gTempl;];

Export [StringJoin["compiled/data",ToString[j],"-",ToString[m],
ToString[n],".csv"],datal;

Print [StringJoin["Saved k=",ToString[j]1]];

1 g

ClearAll [datal;

For [j=45, j<46, j++,

data={};

For [i=0,i<1,i++,

gTemp [u_]=Get [StringJoin["bk3k",ToString[j],".",ToString[i],"coin.
wdx"]][[m,nl]]l/.x->u;

data=Join[data,Table [{u, j+i/10,gTemp [ul},{u,-myInf+tol ,myInf-tol
,1/20311;

ClearAll [gTemp];];

Export [StringJoin["compiled/data",ToString[j],"-",ToString[m],
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ToString[n],".csv"],datal;
Print [StringJoin["Saved k=",ToString[j]1]1];
1;
Quit []1;

Other scripts useful for using the cluster at the physics department of TUM. The following
just runs the above Mathematica which obtains the 0-th iteration, or base function, namely
the diagonals of the coupled block.

compBaseFun.sh

#!/bin/bash

#$ -cwd

echo -n "Job,$JOB_ID,running, on."

hostname

date

echo "Parameters k=$1,_ RelativeError=%$2, numPoints=$3, background=
$an

math -run -noprompt -nohup <facLowerBlock.m $1 $2 $3 $4

The following calls a similar script to facLowerBlock.m which does not compute the base
function, but only computes corrections on top of an existing one, this is supposed to be
iterated until the precision desired is reached.

complteration.sh

#!/bin/bash

#$ -cwd

echo -n "Job,$JOB_ID,running, ong,"

hostname

date

echo "Parameters_ k=$1, ,RelativeError=$2, ,numPoints=$3, background=
$an

math -run -noprompt -nohup <facLoopV4.m $1 $2 $3 $4

The above scripts can easily be combined and used by running the following bash script,
which takes care of submitting the jobs for a range of tangential momentum k, it can either
compute the base functions or iterations, by specifying which of the above two scripts to
call for. Additionally, the background can be specified: 0 uses a constant value field equal
to 0, 1 uses a toy bounce with a constant gradient and 2 uses the bounce for our model
which was computed and saved in .wdx format before hand.
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submitBatch.sh
#!/bin/bash
#$ -cwd
sourceFile=3%1
background=$4
for j in ‘seq $2 $3°;
do
for i in {1..103};
do
if [ $sourceFile == "compBaseFun.sh" ];
then
sleep 2
gsub -cwd -j yes -N "K$j.$((i))Base" $sourceFile "
$j+$ix1/10" "200" 100 $background
else
sleep 20
gsub -r yes -cwd -q longrun -N "K$j.$((i))mom$2" -j
yes -1 h_vmem=21G -R y -pe smp 7 $sourceFile "
$j+$ix1/10" "1" 100 $background
fi
done

done
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C. Arbitrary rotations of the time axis and complex fermion
masses

Ideas concerning Euclidean analogs of Minkowskian Green’s functions, and other quantities
appearing in field theory over a Minkowskian metric, have been around for a while[I79,
180], specially from a perspective of algebraic quantum field theory and Wightman axioms
(see [172]). Although we do not follow an axiomatic and mathematical approach for the
construction of the analogs used in the text, we provide here explicit computation and
verification of some of the expressions for the objects, decompositions and similar used in
Chap. [0}

We present here the details and properties involved when studying the Euclidean analogs
required for the spectral decomposition of the Dirac operator about a single instanton
background. Consider the Euclidean Dirac operator from Eq. . Let us denote the
discrete normalizable modes by ¥ with eigenvalues €. For these modes, the orthogonality
property holds,

(0B, ) = / AP Y (PP () = G (C.18)

The continuum part of the spectrum consists in principle of non-normalizable eigenfunc-
tions. These can be taken to be solutions that asymptotically behave as plane waves in
the infinite past, when x4 — —oo, and which can be characterized by their asymptotic
Euclidean four-momentum kf;L with m =1,...,4. We label these solutions for the contin-

uum part as w{EkE} = @b]{EE”%} and their corresponding eigenvalues as f?kE} = {EE,k4}‘ By
construction, either the discrete or the continuum modes satisfy
E iay®
(D" + me T )ug (a") ="ug ("), (C.19)
E iory® E —iany® * )
(D" +me® )Y (@) = (=D + me ) (2") = (€F)*ye ("),
which can be used to find a Klein-Gordon equation analog
€7 PUE = (B" + m?) (D" + me T )pf (C-20)
= (—(Om — 1A") (O — 1A%) + m?)Yg | (C.21)
implying the relation
((Om — 14%0) (O — 1A% 0) —m® + €7 )¢ = 0. (C.22)
The continuum eigenfunctions fulfill
w?kE} ~ elfmTm ag gy —00, (C.23)
so that the relation above leads to
’g?kE}|2 = m2 + kmkm (0.24)

for vanishing background gauge fields, such as the k£ = £1 instanton configuration. Given
that for the case of interest, the fields go to zero in the infinite future, we expect a solution
with a given asymptotic momentum k,, to behave as the same plane wave at x4 — oo in
analogy to scattering problems. The elements of such basis of solutions then observe
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As discussed in the text, the eigenvalues of the Euclidean massless Dirac equation are
purely imaginary, so that in the massless limit, using Eq. (C.24)), we have

Aoy = iV Emkin, (C.26)

with which we can write the eigenvalues in Eq. (6.1.27)) in terms of the asymptotic momenta

as
€5 pmy = mr £ 1y Kok +m7 | (C.27)

We describe now how to generalize the Wick rotation, described above, to arbitrary angles
in the complex plane. Our objective here, as in the main text, is to not only be able to
perform certain integrals employing a Wick rotation, but to completely rewrite the original
field theory in an Euclidean metric. The procedure here described is closely related to
that presented in [I81] and inspired in previous work by Schwinger[182], Osterwalder and
Schrader[179, [I80]. However, it is just an adaptation of the methods in [36]. Within this
appendix, we use # as a continuous parameter related to the analytic continuation of the
functions herein and is not to be confused with the 6 parameter of the main text (see
Eq. ) Recall how we define an arbitrary complex rotation

x4 — e 0=y (C.28)

which as a consequence, rotates the quadratic fermion terms in the Lagrangian as

PP —me” & ip’ —mer” p’ = ~0 (8, — iAz(ac)) , (C.29)
where
00 _ ,i6,.0 i _ i
=e ; =7
00 ! ’ye E i6,,0 0i 0’y ’YE 0,0 (C.30)
AP0 7)) =1eT0AB (2 g =ie720), A% (a0 7) = AF(Z, 24 =1e7%20).

It can be checked that the matrices v, still satisfy the same Clifford algebra rela-
tion, {y?#, ~97} = 2¢°* as their Minkowskian analogs, for an accordingly rotated met-
ric ¢?® = diag{ e2i0 —1,—1,—1}. For the signature we are using in the document,
(+,—,—,—), there is an additional factor of i when trying to recover the Euclidean ~-
matrices via § = /2, however the operators appearing in Eq. do correspond to
each other without caveats for 6 = 7/2.

As it has been studied in [36], the eigenfunctions of the Euclidean Dirac operator may be
analytically continued to arbitrary rotations. The discrete part of the spectrum must only
be continued by rotation of its time-like coordinate, while the continuum part requires
an extra rotation of its fourth-momentum component k4. Doing this we obtain discrete
eigenfunctions, ¢Z, with the same eigenvalues as in Euclidean space with the addition of
a minus as in Eq. , compared to the operator used in the main text, explicitly

W (z) = ¢8 (2%, %) = Vie W pl(F,zq =ie20), € =-€F, (C.31)

where the square root in front is a normalization factor and the complex root is taken in
the principal branch. For the continuum spectrum, we need to rotate k4 in order to keep
the plane wave behavior at t - —o0, so we have

—i020) (C.32)

0 _
Py () = ¢{k0 k}( z) = ¢{k —lel%o}( =le ’ f{ko By f{k: ek}
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From now on, we label eigenvalues and eigenfunctions generically by £’ and wg, indepen-
dently of in which part of the spectrum they lie. For the transformations described above,
we need to introduce a modified inner-product to keep the relations of orthogonality. We
call

Wt = [ de i) v (), (C.33)

the #-adjoint inner product, where the tilde denotes the following operation
Un(a®, @) = Vie™ (4/(Z, 24))" R C N CCAC ) 0o (C34)

zg=ie 10z0 20y ¢—2i6,,0
for the discrete modes and
~ . o t .

ooy @0 = (Vg @20) |, o = Yoy @D oo (C39)

k4=—ici9k0 k0—>—62'9k’0

for the continuum modes. Within this definitions, and in order to remove any ambigui-
ties, it is understood that we first perform the hermitian adjoint considering the original
arguments and later evaluate them as indicated by the vertical bars. The discrete modes
and continuum modes then satisfy orthogonality relations

(9, 08)0 = Omn » (C.36)
(¢?k}a 1/)?19/})0 = 54(k - k?/) ) (C.37)

respectively. For the last the relation, a cancellation occurs between the factors from the
rotation and the continuation of the Euclidean Dirac delta. As shown in [36], the com-
pleteness of the set of eigenfunctions also follows from the completeness of the Euclidean
set. With these properties, it is possible to write down a spectral decomposition for an
arbitrarily rotated Dirac operator:

i~ me” = Y i)l (C.39)
50
=3yl + / Ak €0 0l ()80 (2 (C.39)

Similarly, we can expand its Green’s function with the same projectors:

SO(x,2') = (ilDe — mel®”) "z, 1)

1 . 1 - (C.40)
=3 @) + [ atkgiy @iy ).
n " {k}
This coincides with the analytic continuation of the Euclidean Green’s function,
S (w,2") = —1e7 S (@®, 1) |y Lyt o040, 4 o400 5 (C.41)

modulo a minus sign, originating in Eq. (C.29)), and where the factor in front comes from
the normalization of the discrete part and the rotation of the k4 direction as k4 — —i el? k0.
We observe for § = 0" the relation in Eq. (6.1.16]) is confirmed.
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D. Checking Minkowski analogues

In this appendix we employ the methods for arbitrary complex rotations, shown in Ap-
pendix [C] to verify that using the decomposition proposed therein we obtain the usual
Minkowski propagator for a complex mass in an empty background.

We consider the operator in Minkowski spacetime

id — me” . (D.42)

and begin by proposing a set of plane waves {1}, where

k(@) = g F) e (D.43)

We will determine the spinor function f(k) as to make the set a complete basis. Each
plane wave must satisfy

(i — m e Vo (z) = Extop (), (D.44)
which simplifies to
(F—me®) f(k) = & f(k). (D.45)

We can diagonalize the matrix operator § — m el to arrive to the following set of eigen-
values:

ki = {—mR —iy/mi — k2, —mp — iy/m? — k2, —mp + i\/m} — k2, —mp +1\/m? — kQ} ,
(D.46)

which agree via analytical continuation with the spectrum given in the previous appendix
(see Eq. (C.27) and Eq. (C.32))). Their eigenvectors are computed and give

k? + ikt (kY + k3)
g9(k;mi) g(k;mi)
1| RS = &%) 1| R iR
fik) = V2 | 9tksma) | fa(k) = V2 | 9lksm) |
0 hy (ks mi)
hy (ks mir) 0
(D.47)
K ik ik + k3)
g9(k;mi) g(k;mr)
1| iR = E) 1 —k% +ik!
fa(k) = NG g(ksmy) |+ falk) = 2 ~g(ksmn) |
0 h—(k;mi)

h—(k;mir) 0
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with
g(k;my) = <‘/ml2 - /’{:2\/\/77112 — k2 4+ my, (D.48)
\/, /m? — k2 £ my
hy(k;my) = . (D.49)
{/m? — k2

The eigenvector written above satisfy orthogonality with the #-adjoint inner product

filk) f3(k) = 635, (D.50)
for # — 0, that is
filk) = Fi(k) koo - (D.51)
And the completeness relation can also be verified
4
> filk) fi(k) =14, (D.52)
i=1

The eigenfunctions in configuration space inherit these properties from the momentum
counterparts. First the 6-adjoint is simply

U j(x) = Fi(k) e, (D.53)

1
(2m)?
where the spinor indices have been made explicit, and the inner-product gives

(Vr,i(w), Yy (7)) = / d*wtni () Yy 5 (2)

= (27:2_)4 / dtx ei(k—k/)xfi(k)fj(k) (D.54)

= 6;j0M(k — k).

The completeness relation can be verified analogously
~ 1 . , -
4 _ 4, —ik(z— _ 4
% /d kg (@) hri(z') = (2n)" /d ke k) EZ fi(k) fi(k) = 0%(z — 2" )1y, (D.55)

where we used the completeness relation of the spinors f(k). Collecting these results we
can write down the Green’s function, or free propagator in this case, as

) =32 [ gl
1 —ip(z—a’ 1
- (%)4/d4pe e Y g B,

Plugging in the expressions for the eigenvalues found in Eq. (D.46) and eigenvectors in
Eq. (D.47) and using the 6-adjoint as in Eq. (D.51]) we arrive to

d4p —ip(x—z’ @""me W)
S@(l’,x/): /(27]')4 e p( )m, (D57)

(D.56)

which agrees with the expression given in Eq. (6.1.41)) in the text.
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bounce configuration, 40
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electroweak sector, 51
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decay, ix
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