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Abstract

Usual calculations of the (Euclidean) effective action in quantum gravity, typically performed
within the heat-kernel formalism, give rise to quartically and quadratically UV-sensitive con-
tributions (Planck scale) to the vacuum energy pyac = Acc/87G, where A, and G are the
cosmological and the Newton constant, respectively. The comparison with the observed value of
Pvac Unveils a severe naturalness problem, the strongest facet to the long-standing cosmological
constant problem. Several attempts have been put forward to dispose of the aforementioned
power-like UV-sensitive contributions. Among them, models with compact extra dimensions
received particular attention. Usual calculations of the vacuum energy in these models lead to

the automatically finite (no fine-tuning) result pyac ~ m? , with m;i the size of the compact

extra dimension. In the present thesis, we show that SuclflKa result comes from a mistreatment
of the asymptotics of the five-dimensional loop momentum, and as such it is incorrect. When a
proper calculation is performed, previously missed UV-sensitive terms arise that do not cancel
even in the presence of supersymmetry. We then discuss the relevance of these results, also
in connection with the recent dark dimension (DD) proposal. Formulated in the “swampland”
framework, the latter suggests that we might live in a universe with a compact extra dimension
of micrometer size dictated by the observed value of the vacuum energy. The DD scenario is
based on swampland conjectures in quantum gravity and phenomenological bounds, that lead
to the relation pswamp ~ mf(K,
theory limit. The results of the present thesis show that the matching between pswamp and pgp.

is a non-trivial issue, and further studies are needed to understand whether the DD scenario

and on the corresponding result p,.. from the effective field

might really be a physical reality. After this opening analysis, we continue the investigation on
the UV-sensitivity of the vacuum energy considering the calculation of the one-loop effective
action in four-dimensional quantum gravity. We show that the appearance in usual calculations
of the aforementioned quartically and quadratically UV-sensitive terms is due to an improper
treatment of the path integral measure and of the UV physical cutoff A of the theory. When the
diffeomorphism invariant measure proposed by Fradkin and Vilkovisky is used, and A is properly
introduced, the radiative correction to pyac turns out to depend only logarithmically on A. We
then extend this analysis considering the renormalization group (RG) flow of the gravitational
action. Taking for the latter the Einstein-Hilbert truncation, we derive the RG equations for
the running cosmological and Newton constant. We show that, if the Fradkin-Vilkovisky (FV)
measure is used and the running scale k properly introduced, the beta functions are profoundly
different from those of previous literature. In particular, they do not possess the non-trivial
UV-attractive fixed point of the so-called asymptotic safety scenario. We then consider the
theory of an interacting scalar field on a non-trivial gravitational background. We find that the
issues concerning the path integral measure and the UV physical cutoff have a further important
implication on another long-standing problem in quantum field theory, the Higgs naturalness
problem. We show that the use of the FV measure, together with a careful introduction of
the UV cutoff A, ensure for the radiative correction dm? to the mass m? of the scalar field a
result free of the well-known quadratically divergent contributions. Similarly to what we find
for the vacuum energy, 6m? depends only logarithmically on A. It is important to stress that
the above results for the vacuum energy and for the mass of scalar particles have been obtained
without resorting to a supersymmetric embedding of the theory, nor to regularization schemes
where power-like divergences are absent by construction. Finally, in light of the important role
that the FV measure plays in the derivation of the results of the present thesis, we thoroughly



investigate on its transformation properties under diffeomorphisms. This measure is sometimes
claimed not to be diffeomorphism invariant due to the presence in it of non-covariant ¢°° factors
of the time-time component of the inverse metric. We show that such a claim is incorrect, and
that, on the contrary, these g% factors turn out to be crucial to ensure the diffeomorphism
invariance of the path integral measure, and ultimately of the effective action.
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Introduction

It has been known for a long time that our universe is going through a phase of accelerated
expansion [1], a feature that might be explained with the introduction of a “tiny”, positive,
vacuum energy pyac ~ 2.7 - 10747 GeV* [2] in Einstein’s equations. Still, we have no
explanation of why py.. has such a small value. In fact, typical perturbative calculations
of the vacuum energy in quantum field theory (QFT) give rise to contributions that are
quartically and quadratically sensitive (“divergences”) to the ultraviolet (UV) physical
cutoff A of the theory (i.e. to the ultimate scale up to which the theory is valid). If
A is identified with the Planck scale Mp (~ 1.22 - 1012 GeV), the quartically divergent
contribution to py.. is ~ Mp, and the comparison with the observed value reported
above shows a discrepancy of approximately 123 orders of magnitude, that calls for an
enormous and quite unnatural fine-tuning. This is the long-standing cosmological constant
problem [3-5].

The most studied and well-known way to realize a physical cancellation of power-like
UV-sensitive terms consists in performing a supersymmetric embedding of the theory.
The latest LHC runs up to TeV scales, however, have not shown any evidence for su-
persymmetry (SUSY). If present, SUSY must be broken at higher energies. Therefore,
though the injection of supersymmetry successfully cancels the M3 and M3 terms, con-
tributions to pyae proportional to the fourth power of particles masses (and/or vevs) are
left. If the SUSY breaking scale Mgygy is not hierarchically higher than the Fermi scale,
the problem is sensibly alleviated, although still present at the level of about 50 orders
of magnitude. A complete solution to the cosmological constant problem necessarily re-
quires a mechanism that not only disposes of the large, power-like UV-sensitive terms,
but also suppresses the (mass)* contributions, driving the vacuum energy py.. down to its
measured value.

There have been several other attempts to obtain for the vacuum energy a result free of
power-like “divergences”. Among them, models with compact extra dimensions received
particular attention. If one considers for instance a 5D supersymmetric QFT with one
compact extra dimension in the shape of a circle of radius m_! (m,, is the scale of a
Kaluza-Klein (KK) tower) and Scherk-Schwarz SUSY breaking [6, 7], usual calculations of
the vacuum energy pyac in this model give the automatically finite (no fine-tuning) result
Pyac ™~ mf{K [8,9]. A recent surge of interest towards these models has followed the so-
called “dark dimension” (DD) scenario [10]. This scenario suggests that we might live in a
universe with a compact extra dimension of mesoscopic size dictated by the measured value
of the vacuum energy. It is based on swampland conjectures® in string theory/quantum

1 For the reader not familiar with the so-called “swampland program”, the “swampland” is the set of
low-energy effective theories which cannot be consistently embedded in a higher energy theory of quantum
gravity (for instance string theory). In the opposite case, a low-energy effective theory belongs to the



gravity and phenomenological bounds, that lead to the relation pswamp ~ mf{K between
the vacuum energy pswamp and the size m;}i of the compact dimension, and also on the
corresponding result p,.. for the vacuum energy in the effective field theory (EFT) limit.

In chapter 2, we retrace carefully the steps that lead to the finite result p,.. ~ m?_
mentioned above. We show that the latter arises from an improper calculation based on
a mistreatment of the asymptotics of the five-dimensional loop momentum in the higher-
dimensional field theory underlying the DD scenario. We then perform a proper EFT
calculation, from which previously missed UV-sensitive terms are found in the radiative
correction to pg... These terms do not cancel even in a SUSY theory since they are
proportional to powers of the boundary charges of the superpartners along the compact
dimension, that have to be different to trigger the SUSY breaking. These results show
that the matching between the swampland result pswamp and the corresponding EFT one
Peprs at the basis of the DD scenario, is a non-trivial issue, and raise doubts on the
possibility that the DD scenario might be a physical reality. We also discuss the global
renormalization group (RG) picture (for a general introduction to the Wilsonian RG see
section 1.4) in which this scenario should be framed, along the lines of the approach
developed in [11]. The results of chapter 2 have been published in [12,13].

The rest of the present thesis is mainly devoted to the study of the UV-sensitivity of
the vacuum energy in four-dimensional quantum gravity. In this framework, the spacetime
metric g,, is a quantum field as any other matter field. If S is the classical action, the
quantum theory is defined through the path integral (see section 1.1 for an introduction

to the path integral formalism)
/ dpe™, (0.1)

where dyu is the diffeomorphism invariant measure obtained from the integration over the
conjugate momenta in the original Hamiltonian formulation of the theory.

In chapter 3, the calculation of the one-loop (Euclidean) effective action Féiav is re-
examined. The results of this analysis have been published in [14]. We show that previous
literature calculations, usually performed within the heat-kernel formalism [15-17], over-
look two important points that prove to be fundamental in the derivation of Féfav. One
concerns the use of the correct, diffeomorphism invariant measure du, that is the one
derived by Fradkin and Vilkovisky in [18,19], the other concerns the way in which the UV
physical cutoff A is introduced in gravitational theories. Paying due attention to both of
these points, we find that the radiative correction dpy,. to the vacuum energy py.. (read
from F;av) is only logarithmically sensitive to the UV scale? A. It is important to stress
that such a result is obtained without resorting to any “physical” cancellation, as it would
be the case for a supersymmetric embedding of the theory. Moreover, no regularization
schemes are used where power-like divergences are absent by construction, as it is for
instance the case for dimensional or zeta-function regularization [22].

The analysis of [14] has been extended in [23,24], which are the subject of chapter 4.

Taking for the running (pure) gravitational action Sy, (k is the running scale) the Einstein-

“landscape”. Swampland conjectures are criteria, formulated on the basis of black hole physics, universal
patterns in string theory, that have to be fulfilled by a low-energy effective theory for it to belong to the
landscape.

2Concerning quartic divergences, their absence for a massless scalar theory on a gravitational back-
ground was first pointed out in [20]. For pure gravity, the absence of these quartic divergences was already
noted in [21].



Hilbert truncation, we derive RG equations for the Newton and cosmological constant,
G and Ay, respectively.

In this respect, we recall that Einstein’s theory is perturbatively non-renormalizable.
This essentially suggests two possible scenarios [25]: either it is an EFT valid up to a
certain scale (say the Planck scale Mp), above which it is replaced by a UV completion
of different nature (possibly string theory), or it is non-perturbatively renormalizable
through the existence of a UV-attractive fixed point of its RG flow with finite dimensional
critical surface, a possibility that S. Weinberg dubbed asymptotic safety (AS) scenario [26].

The question of whether this latter scenario could be realized in quantum gravity
was first examined by Weinberg himself. Resorting to dimensional regularization, he
considered the theory in d = 2 + € dimensions [26,27] and noted that for small values of
the Newton constant G the beta function is 3(G,€) = eG — bG? + O(G®) and that for
b > 0 (and sufficiently small values of €) a UV-attractive O(¢) fixed point exists. Inspired
by the work of Wilson and Fisher [28] (who calculated the critical exponents for the scalar
theory in d = 3 dimensions by working in 4 — ¢ dimensions and expanding the results
around ¢ = 1), he wondered on the possibility of getting results in d = 4 dimensions
expanding those obtained in d = 2+ € around € = 2 [26]. However, Weinberg showed that
this program cannot be pursued [27] since in d = 4 dimensions polar singularities appear
that cannot be canceled by counterterms contained in the Lagrangian of the original
(2 + €)-dimensional theory. He then observed that the possibility of an asymptotic safety
scenario should be investigated directly in d = 4 dimensions [27].

Investigations on the possibility of realizing AS directly in d = 4 dimensions were
started in the late nineties [29-31] (see [32] for a popular introduction to the asymptotic
safety scenario) where the RG approach to quantum gravity was implemented resorting to
the effective average action formalism introduced in [33]. Considering the Einstein-Hilbert
truncation, a non-trivial UV-attractive fixed point g,, > 0, A, > 0 was found in addition
to the Gaussian one [30]. Here g = k* G}, and A = A, /k? are the dimensionless running
Newton and cosmological constant, corresponding to the dimensionful parameters G and
Ak. Successively, the existence of this non-trivial fixed point was confirmed resorting to
the proper-time formalism [34].

In chapter 4, we show that, when the Fradkin - Vilkovisky (FV) diffeomorphism invari-
ant measure is used in the path integral that defines the RG flow of Si, and the running
scale k is introduced according to [14], the beta functions for Gy and Ay turn out to be
profoundly different from those of previous literature. In particular, the beta functions
for the corresponding dimensionless parameters g and A do not show any sign of the non-
trivial UV-attractive fixed point of the AS scenario; they possess only the Gaussian fixed
point. We also explain why and how the AS fixed point is artificially generated in usual
implementations of the RG flow in quantum gravity.

Chapter 5 is devoted to the analysis performed in [35]. Building on the results of
[14,23,24], in this chapter we show that the delicate points mentioned above concerning
the path integral measure and the UV physical cutoff have a crucial impact also on
another long-standing issue of theoretical physics, the Higgs naturalness problem. It is
a well-known fact that, when the calculation of the Higgs propagator and/or effective
action is performed within the standard model (SM) both in flat and curved spacetime,
the bare Higgs boson mass m?(A) receives contributions dm? proportional to A? due to
unsuppressed quantum fluctuations (no symmetry protection). Here A is the ultimate
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scale up to which the SM provides an accurate description of particle physics. If A
is hierarchically larger than the Fermi scale, the contribution ém? ~ A? requires the
bare mass m?(A) to be unnaturally large (O(A?)) with respect to the experimental value
~ (125GeV)?, and also very finely tuned to eventually have m? = m?(A) + dm? ~
(125 GeV)2.

In chapter 5, we show that, contrary to what is found with usual heat-kernel calcu-
lations in curved spacetime, when the one-loop Higgs effective action® T'' is calculated
using the diffeomorphism invariant FV measure and introducing the UV physical cutoff
as in [14], no quadratic “divergences” are present in the radiative correction to the Higgs
mass. [t is important to stress that, as for the vacuum energy, this result is found without
resorting to a supersymmetric embedding of the theory, nor to regularization schemes
where power-like divergences are absent by construction.

The results of chapters 3, 4 and 5 were obtained using the path integral measure derived
by Fradkin and Vilkovisky in [18]. This measure comes from the original Hamiltonian
formulation of the theory after integration over the conjugate momenta of the fields,
and contains non-covariant factors of the time-time component g% of the inverse metric
tensor. Considering the case of pure quantum gravity, Fradkin and Vilkoviksy proved
that their path integral measure is diffeomorphism invariant despite the presence of these
non-covariant g% factors. In spite of that, in the literature some authors have made claims
to the contrary, see for instance the recent [36].

To bring clarity on this important question, part of my PhD activity has been dedicated
to a thorough investigation on the transformation properties of the path integral measure
under diffeomorphisms. The results have been published in [37], and will be presented
in chapter 6, the last chapter of the present thesis. Considering the contribution to the
effective gravitational action due to a free scalar field in curved spacetime, a detailed
calculation is performed along the lines of [18], which shows that the invariance of the
FV path integral measure arises from a delicate balance between the different elements
involved in the definition of the path integral. Among them, the necessity of introducing
a time ordering parameter and a discretization (lattice) of spacetime. Under a general
coordinate transformation, the time ordering parameter and the lattice both transform,
and this induces the appearance of non-trivial terms from the path integral. The ¢
factors ensure the cancellation of these non-trivial terms, and ultimately guarantee the
diffeomorphism invariance of the FV measure.

3 Actually, for the purposes of this analysis it is not necessary to take into account the full Higgs sector
of the SM. It is rather sufficient to consider the simpler case of a single component scalar field on a
non-trivial gravitational background, that is what is done in chapter 5.
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Chapter 1

Some topics in QFT

This chapter is devoted to the introduction of some topics in quantum field theory that
constitute the theoretical framework in which the results of my PhD activity [12-14,23,
24,35, 37] were derived. Section 1.1 is devoted to an introduction of the path integral
formalism in QFT and to the definition of the generating functionals of Green functions.
In section 1.1.1, in particular, we highlight all the elements involved in the definition of
the path integral, among which the necessity to introduce a time ordering parameter and
a discretization of spacetime (lattice). The content of this section will be useful to the
analysis performed in chapter 6 (based on [37]), where we study how the path integral that
defines the effective gravitational action transforms under diffeomorphisms. In section 1.2,
the heat-kernel formalism for the evaluation of functional traces is presented. Section 1.3
concerns a brief introduction to gauge theories and to the Vilkovisky- DeWitt effective
action. In section 1.4, the Wilsonian renormalization group approach is presented to pave
the way to the analysis of chapter 4, where we derive the RG equations for the Newton
and the cosmological constant of [23]. Finally, section 1.5 is devoted to the presentation
of some results in field theories with compact extra dimensions, which are at the basis of
the analysis performed in [12,13] and presented in chapter 2.

1.1 Path integral formalism

There are two approaches to the problem of field quantization. One is the canonical
method, where field operators are introduced and canonical commutation rules are pos-
tulated. The other is the path integral formalism. This latter method does not deal with
operators. It is rather based on an integral over all possible classical field configurations,
each contributing to the transition amplitude weighted by the exponential of the corre-
sponding value of the classical action. From the path integral, all the properties of a
system can be deduced by means of functional techniques. It leads to the same results as
those obtained within the canonical method. The two methods are, in fact, equivalent,
and it is just a matter of convenience to use one or the other. As said above, the results
of the present thesis have been obtained within the path integral formalism, that will be
now illustrated for the case of a scalar field theory. Clearly, all the techniques that will
be presented below can be suitably adapted to the case of (nonabelian) gauge theories
(see section 1.3), and in particular to the gravitational theories considered in the next
chapters.



1.1.1 Path integral construction and generating functionals

Let ¢(x) = ¢(Z,t) be a real scalar field whose dynamics is described by a Lagrange
0

function (0, = 57;)

L) = [ @3 L), 0,0(), (1.1)

with L(¢(z), 0,¢(x)) the Lagrangian density. To move from the Lagrangian to the Hamil-
tonian formalism, we introduce the momenta m(x) conjugate to ¢(x) through

oL
0(0)

The Hamiltonian H corresponding to the Lagrangian L is given by the Legendre transform

m(x) = (1.2)

H= /d?’f H(m, @) = /d?’f [T Oop — £(qb(:p),(9u¢(x))]ao¢_m. (1.3)

In the canonical quantization, ¢(z) and 7(z) are promoted to operators ¢(z) and #(z)
satisfying the equal time commutation relations (A = 1)

~

[6(7,1), 7(G.1)] =8P (@ —5) ; [6(F1),0(7,1)] = [#(7),

=1

(7,t)] =0. (1.4)

The field operator O(Z, 1) obeys the equation (Heisenberg picture; as usual gzg(f, t) =
9 o(Z,t) and H = [ d3% H(, ?))

—ig(#,1) = [H, (%, 1 )], (1.5)

which is formally solved by ¢(a: t) = eiflt gb(az 0) e """ and has a set of eigenstates |¢,t)
that satisfy (note that these states have a functional dependence on (T, 1))

BE 1) [0, t) = 9(F, 1) |6,8) 5 |6, t) = €9, 0) = &) . (1.6)

The starting point of the path integral formalism is the transition amplitude (¢”, t"|¢’, ')
between two state vectors at different times. It is given by (see (1.6))

(67,110, ) = (¢"| T ) (1.7)

and it is nothing but the probability amplitude to make a transition from the field con-
figuration ¢’ at time ¢’ to the field configuration ¢” at time t” (¢(Z,t') = ¢'(Z) and
o(Z,t") = ¢"(¥)). The path integral formalism allows to write this amplitude in terms of
the classical Hamiltonian only, without any explicit reference to the operators gg and 7 or
to Hilbert space vectors. This is done as follows. We begin by introducing a discretization
of spacetime. After dividing the time interval [t', "] into N segments of size € (t, = t'+en,
with ¢/ — ¢’ = eN), each space-like hypersurface t = ¢,, = const (volume V) is sliced into
M cells of volume AV (MAV = V), each of them centered at a point of coordinates 7,
[=1,..., M [38-40]. In this way, from the continuous functions ¢(Z,t) and 7 (Z,t) we get
the finite-dimensional vectors ¢;(t) = ¢(7,t) and m(t) = w(Z),t). For each of the cells,

6



a basis of eigenstates of the Heisenberg field operator qgln = QAS(:E’;, t,) can be constructed
that satisfies the completeness relation

[ 4616112} (astal = 1. (1.8)

The transition amplitude (¢”, t"|¢’, t') is then approximated by ({¢;(t)} = ¢1(t), .. ., dam(t))
(0", "¢, 1) ~ ({&/},t"{ i}, 1)
M
= H/d¢11v—1 i '/d¢11 (0], t"|div—1,tn=1) - - - (D2, talur, tr) (Qnn, ta|dy, ') . (1.9)
=1

AIf N > 17 the amphtUdeS <¢Zn+17tn+l|¢ln>tn> = <¢Zn+1|67i€H|¢ln> = <¢ln+1|1 -
ieH |¢p,) + O(e?) in(1.9) are infinitesimal, and they can be evaluated considering the
complete set of eigenstates of the (Schrodinger) conjugate field operator ; = (%, 0)

. AV d7Tn i T
Uy ‘7Tln> = Tin |7Tln> ; /TI ‘7Tln> <7Tln‘ =1 ; <¢ln‘7rln> =€ AVindin . (110)

We have (ﬁ = Zl]\;ll AV H(7, Cgl) y Hin = H(min, ¢ln))

AV ATy iavm,

> Snt1=%m) (1 — je AV H,) + O(2) . (1.11)
s

<¢ln+1> tn+1 |¢ln7 tn> = /

Inserting (1.11) in (1.9) we get

<(;5”,t”|¢/,t,> ~ 11\_/[[ (Aﬁl/d@n Aﬁl/A‘;im”> ez‘fo;oler‘il AV(mn ¢ln+1;¢ln _’Hln) 7 (1‘12)
n=0

=1 \n=1

and taking the continuum limit!

M N—-1 N—-1 _
<¢H,t”}¢/7t/> = lim lim lim U <1:[1 /d¢ln 71;[0 / A‘;i’ﬂ'm,) 67;271:1:—016211»:{1 AV(”MM _’Hln)

V—00 M—00 N—00 :*-

;/ng/m exp <i/t/t”dt/d3a? [700¢ — ’H(w,@b)}), (1.13)

that is the probability amplitude (¢”,t"|¢’, ') expressed in terms of the phase space path
integral in the second line of the above equation.

If the Lagrangian is quadratic in the field derivatives, then the Hamiltonian will be
quadratic in the conjugate momenta 7 and the corresponding functional integration can
be performed exactly (Gaussian integration). This allows to go from the phase space path
integral in (1.13), to the configuration space one (Feynman path integral)

(", "¢ 1) = / Do ju[¢] exp (2 /t : dt / 37 c(¢,a#¢)), (1.14)

'The continuum limit is performed in three steps: (i) limit N — oo with fixed eN = " — ¢/; (ii) limit
M — oo with fixed MAV = V; (iii) limit V' — oco.



where p[¢] is the result of the Gaussian integration over the 7. In general, u[¢] can depend
on the field ¢ and cannot be neglected. It can be equivalently regarded as a non-trivial
contribution to the path integral measure in configuration space, or (after exponentiation)
as a shift of the classical Lagrangian.

As we will see in the next chapters, this is the case for quantum gravity, where non-
trivial terms in the configuration space measure arise from the Gaussian integration over
the conjugate momenta. One of the main results obtained during my PhD activity is that
these terms have a crucial impact in the calculation of the one-loop effective action [14,35]
and also on the renormalization group flow of the running action [23]. Moreover, we will
see that they ensure the diffecomorphism invariance of the effective action [18,19,37,41].
These results will be presented in chapters 3, 4, 5 and 6.

The path integral representation (1.13) of the amplitude (¢”,t"|¢’,t') can be used to
evaluate transition matrix elements and expectation values. In particular, it is possible
to evaluate matrix elements of the time ordered product T(¢(z1) - - - ¢(z,,)). Similar steps
as those performed above for the amplitude (¢”,t"|¢',t') lead to

(@" | T(d(w1) - D)) |6, 1) )
= /'qu/'Dﬁ d(x1) -+ d(xy) exp (Z/t/t dt/d?’f [Waoqb — /H(W,QS)}) . (1.15)

Actually, of major interest in QFT is the vacuum (ground state |0)) expectation value
(vev) of T(¢(xy1)---p(xn)), ie. the so-called n-point Green functions G (zy, ..., x,).
Thanks to the Lehmann—Symanzik—Zimmermann reduction formula, in fact, transition
(scatterings, decays, ...) amplitudes are written in terms of these fundamental objects [12].
It can be shown that the G (zy,...,x,) are obtained from the matrix element (1.15)
through the limiting procedure? below (see for instance [38])
R R " . 'Y
G a1 0) = O TG - S} 0) = im0} 603
t'——o0

Do D (an) - d(wa) exp (z’fd% |78 — H(r, ¢)])
[Dé [ Dr exp <ifd4x [0 — H(m¢)})

. (1.16)

Let us introduce now the so-called generating functional Z[.J] as the vacuum-vacuum
amplitude (0]|0); in the presence of an external source J(z) coupled to the field ¢(x)
through an additional term J(z)¢(z) in the Lagrangian density. It is possible to prove
that [38]

' <¢//,t//|¢/,t/>J
Z[J] = <0|0>J = ”hm PVETIIETN
tiotoo (¢, 7|4/, 1)

[P [ Dr exp (i [ dt [x806 — Hm,0) +T()6(x)] )
_ . (1.17)
[ D¢ [Dr exp (z’fd“x (7o — ’H(Mﬁ)])

2The “large time” limits are intended to be performed on the imaginary axes after a Wick rotation to
complex time 7 = it.



This quantity is of central importance in QFT since it can be used to calculate the n-point
functions G™ (z,...,,). From (1.16) and (1.17), in fact, we have

1 " Z[J]
My, .. 2) = — . 1.1
G (1,0 T0) 5@ 000w | (1.18)
Starting from Z[J], we can also define
WlJ] = —ilog Z[J]. (1.19)

The functional W|[.J] is proved to be the generating functional for connected n-point Green
functions ng) (1,...,25) [38],

1 W 1J]

(n) =
Collmn ) = 5 Sy 5@ |,y

(1.20)

Finally, a generating functional for one-particle irreducible (1PI) n-point functions (or
irreducible vertex functions) I'™(zy, ..., ,) can be also introduced as follows. We define
the classical field (known also as mean field or background field) ¢.(x) as (the last equality
below is obtained using (1.17) and (1.19))

SW[J] _ {016(x)]0),
c(2) I o0, (1.21)

and consider the Legendre transform of W/[.J]|

HMZWWM—/&L%@%@, (1.22)

where J,, is implicitly defined as the solution to(1.21). The functional I'[¢.] is the so-
called effective action, and it is proved to be the generating functional for the T™ (zy, ..., 2,),

0" T[]

(n) =1
D™ (2, ... @) =1 5¢e(z1) - - 0e(n)

(1.23)

$c=0

To understand the reason why this functional is called “effective action”, it is useful
to calculate I'[¢.] for the case of a free scalar theory, whose classical action is

Sle] = % / d*z [9,00"¢ — m*¢?] . (1.24)

It is easy to find that in this case I'[¢.] = S[¢.] [38]. For interacting theories, instead, this
fails to be true. Due to the piling up of quantum fluctuations, I'[¢.] will be in general
a highly non-local functional of ¢., different from the classical action, whose integrand
depends on values of ¢. at many different spacetime points. In this respect, it is possible
to introduce the so-called gradient expansion, i.e. an expansion in gradients of the classical
field ¢. obtained expanding all the ¢. around a common spacetime point

F[ch] — /d43j [ - Vveﬁ(¢c) + %F(¢c>au¢c a“(bc + Y(¢c> (au¢c au(bc)Q + .. ] , (125)
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where Veg(oe), F(de), Y(¢.) are local functions of ¢. and the “...” indicate higher
derivative contributions. The term Vg(¢.) with no derivatives is called the effective
potential. From the calculation of the effective action, and a comparison with the classical
action S, we deduce how the latter is modified due to quantum fluctuations. This is
explicitly shown in the next section, where we calculate the effective action resorting to
a semiclassical expansion in powers of the reduced Planck constant A.

Another important property of I'[¢.] can be deduced differentiating it with respect to
¢e. From (1.22) one has

Tl
5¢c($) - J¢c< )7 (1'26)

that, taking J,, = 0 and using (1.21), becomes (below the vacuum state |0) is assumed
to be stable in the absence of the source J, i.e. we assume that (0|0) = 1)

0[]
00e(2) | —(9)

Therefore, we see that the effective action plays for the quantum theory a role analogous
to the one that the action functional S[¢] plays for the classical theory: the vev of the
quantum field Qg(i) is the solution to the equations obtained from the first variation of
[[¢.] with respect to ¢., in the same way as the field ¢(z) is the solution to the equations
derived from the first variation of S[¢].

=0. (1.27)

1.1.2 One-loop effective action

For the case of interacting theories, an exact calculation of the effective action is not
possible in general, and one searches for suitable approximations. A very useful one
is obtained resorting to the steepest descent (or stationary phase) method to solve the
path integral, that corresponds to a formal expansion of I'[¢.] in powers of the reduced
Planck constant & — 0 (semiclassical expansion) [43]. In this section, we calculate the
effective action for a real scalar field ¢ considering terms up to O(h) in this expansion
(one-loop). The same calculation will be performed in chapter 3 [14] for the case of pure
quantum gravity in the Einstein-Hilbert truncation, and in chapter 5 [35] for the case of
an interacting scalar field in curved spacetime.

The starting point is the generating functional® Z[J] in Eq. (1.17) (the h factors are
restored below)

[ Dé lg] et (614 ke 1@0oiw)
Do) i

where S[¢] = [d*z L($,0,¢) is the classical action. As said above, for i — 0 we can
calculate the functional integral resorting to the steepest descent method as follows. Let
us consider the saddle-point equation

65[9]
¢ ()

3Tn this section, we consider scalar theories whose Hamiltonian density is quadratic in the conjugate
field 7, and indicate with p[@] the result of the Gaussian integration over .

211 _ / D eh (Sfate S@o@ttionnis]) (1 og)

+J(z)=0, (1.29)
$=o
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where ¢y is the saddle point, i.e. the (assumed to be) unique solution to (1.29). To evaluate
the integral in (1.28), we now expand S[¢| around ¢y up to quadratic terms in ¢ — ¢y.
Writing

é(x) = go(x) + h'?n(x), (1.30)
we have
Slo] + /d4:U J(x)p(x) = S|po| + /d4;v J(x)po(z) + R'/? /d4:v [ ;52([:?]) - + J(aj)]n(:ﬁ)
vy [dedy g 00 )L 1)+ 00 (1.31)

Inserting (1.29) and (1.31) in (1.28), and using 7 as integration variable, we get* (hlog pu[¢] =
hilog plgo] + O(F*/?))

‘ i [q4pdd 2 525(¢] 1/2
Z[J]:AN/—€%(S[¢0]+fd4xJ(x)¢o(x)+%logu[%]) /Dn o Jdadbyn(@) 55560 ¢:¢On(y)+0(h )
o i . » 525]¢) ~1/2
_ [T ek (1604 Jate 1)o@+ 2 g uloo]) [y ‘ O
[ (&b(w)é(b(y) 6= ﬂ (A7)
£ (Slgo)+[dte J(2)go @)+ log uldo]— L Triog (5 mmlél
:/\/e’( ’ ’ ' (w5l +OHY?). (1.32)
From the above equation, we see that at leading order in A
log Z[J] ~ log Zo[J] = ( (o] + / d'z J(z)¢o(z)) (1.33)
while, at O(h) (one-loop), Z[J] receives the contribution
1 625[9)
dlog Z|J| = log | ——Trlog(— ) 1.34
= logplool =3 T8 (S5m0, .

Inserting (1.32) in(1.19), for the functional W[J] we obtain (below the inessential .J-
independent constant N is discarded)

W1J] = —ihlog Z]J]

= Slon] + [ d's J(a)oula) — ihlogplen] + 5 Trlog

528
! ( - _0%S[g]

(2)d0(y)

) . (1.35)

$=¢o

To get the one-loop (O(h)) effective action T''[@.], we have to consider now the clas-
sical field ¢, (see(1.21)) and perform the Legendre transform in Eq.(1.22). From (1.21)
and (1.35) we find that

¢e(x) = po(x) + O(R) (1.36)

‘In Eq. (1.32), N differs from N for h factors coming from the Jacobian related to the change of
variables ¢ — 7, while A/ differs from N for constant factors coming from the Gaussian integrations.
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i.e. the saddle point configuration ¢g(x) coincides with the classical field ¢.(x) apart from
O(h) terms. Using (1.29) and (1.36), we then have

Sl + / d' J(2)p(x) = Slo] + / dtz I (2)dolx)

Uty (6u0) - e S0 -
by [ @ty 0w = oo@) gl ) )+
— S[do] + / Az J(2)do(x) + O(R?) . (1.37)

Finally, inserting (1.35), (1.36) and (1.37) in (1.22) we get®

¢ = S[¢.] — ihlog p[pe] + %Tr log < %

MC) . (1.38)

Eq. (1.38) is a fundamental result. It says that the classical action S gets modified due
to quantum fluctuations, and that at O(h) the correction is given by the last two terms
in the right hand side of this equation. When considering specific truncations for .S, the
modification of the latter is ultimately encoded in a modification of the couplings of the
theory.

The next section is devoted to a brief review, in the case of a scalar theory, of the
heat-kernel formalism for the calculation of functional traces as the one in (1.38). This is
a very powerful technique due to Schwinger [44] and De Witt [17,45], though, as shown
in [14, 18,20, 23] and discussed in the next chapters, peculiarities can arise when it is
applied to the case of quantum gravity, and due attention should be paid not to miss
important terms.

1.2 Heat-kernel expansion

The results of the previous section show that the one-loop effective action is obtained
from the calculation of the functional trace in (1.38). This calculation requires to consider

the Green functions of the differential operator % . It has been shown [46] that

their construction can be reduced to that of the Green functions of the “minimal” second
order differential operator (6(x, ) is the delta-function)

O(z,&) = (—g(«))"*([0 = m* + Q(x)) §(z, ), (1.39)

where [0 = ¢V, V, is the covariant D’Alambert operator for the spacetime metric g,
(V,, is the covariant derivative; g(z) = det g,,(z)), m is the mass parameter and Q(x) is
an arbitrary scalar function, whose form is known once S[¢] is specified.

The Green functions G(z, ) of the operator O(z, %) are biscalars, i.e. they tranform
as scalars both at the point 2 and Z under diffeomorphisms, and obey to the equation [47]

(0-m® + Qx)G(z, &) = —(—g(x)) "/ d(z,), (1.40)

®As it is well-know, the trace in the right hand side of (1.38) is divergent, and counterterms must be
introduced to dispose of the regularized divergences.
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supplemented of appropriate boundary conditions. The Fock-Schwinger-DeWitt [17, 44,
45, 48] proper-time method is a way to construct the solutions to this equation. Here,
this method is presented for the case of a scalar field theory in curved space-time, but it
is easily generalized to fermion or gauge fields. The starting point is to write G(z, %) in
terms of a contour integral over a “proper-time” variable s (below U(s) = U(s, z, &)),

Gz, &) = /Cids e (—g(2)) MU () (—g(2)) M4, (1.41)

where C' is the contour (0C' is the boundary) and U(s) is the “heat-kernel” that satisfies
the equation [17,44]

0
= (O 1.42
5 V) = 0+ QUG (142)
with boundary condition U(s, z, £)|60 =d(z,2). Eq.(1.41) gives the Feynman propaga-

tor if s is integrated between 0 and oo, and a small negative imaginary part is added to
m?. From now on, the use of this contour C' is understood.

It is useful to write U(s) in a form that reproduces the initial condition as s — 0.
This is done isolating in it a rapidly oscillating factor as follows [17,47]

i[D(z,2)]Y? o

U(s) = T ez Qs), (1.43)
where o(x, ) is half the square of the geodesic distance between the points x and z,
o= %OM(TM i op=0,0 ; o'=g"0,, (1.44)
D(z, z) is the Van Fleck-Morette determinant (Au =2
D(x,%) = —det(—9,0,0(z, &))
Az, &) = (=g(x))V2D(2,2)(=9(2)) 2 5 ATV, (Ad") =4, (1.45)

and Q(s) = Q(s,x, z) is called the “transfer function”. The latter is a biscalar regular in
s at s =0, i.e. we have

0, , )]sz = 1 (1.46)
independently of how = approaches &. From (1.42) and (1.43), for Q(s) we find
0 a“vu A—1)2 1/
( 9Gs) T is ) Q(s) = ATFO(ATQ(s)) + QUs) (1.47)

whose solution can be searched as a power series in s

[e.9]

O(s,,2) =Y _(is)" an(z,2) . (1.48)

n=0

The coefficients a,(z, ) are known as the “heat-kernel coefficients” or “Hadamard-
Minakshisundaram-DeWitt-Seeley coefficients” [49-52]. Inserting (1.48) in (1.46) and (1.47),
we find that the a,, satisfy the recursion relations

o"Vao(x,2) =0 ; ao(z,2)=1 (1.49)
(n+0"V,) an(z,2) = (ATPOAY2 £ Q) ay 1 (, 7). (1.50)
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If we were able to calculate all the a,, the transfer function €2(s) would be known and the
integration over s in (1.41) could be performed to finally obtain G(z,#). When = # Z,
this latter integral converges for s — 0 because of the factor expli(c +i0)/2s], and the
singularities of G(x, ) lie on the surface o(z,z) = 0 [17,46].

As said above, the calculation of the one-loop effective action reduces to functional
traces of the kind® (the second line is obtained using the proper-time representation of
the “log” analogous to (1.41) [17])

iTr log [(—g()7/*O(x, &)(—g(2)) V"] =i / d'¢ log [(—g(x) ™ *O(x, &)(—g(2)) ],
_ / i /O T e s )

. [ tds @) oo . .
== _Z/d4l‘/ W@ 2is : [D(J],:L‘)]I/Q Q(S,$,$)|x_>§;
0

__ / i (—g(2))12 /0 N (4:)8233 gim’s [i(is)”an(x,fc)] p (1.51)

T
n=0

where the fourth line is obtained using (1.48) together with the coincidence limits
le—>i = Vua|x—>aﬁ =0 ; vuvug|m—>:& = _é,uauo-|a:—>50 =9w ; D|:c—>i = —g. (152)
The coefficients a,(z, Z)|,—z in (1.51) can be calculated taking repeated covariant deriva-

tives of (1.44), (1.45) and (1.50) and using the coincidence limits (1.52). For instance, for
a; and ay one has [16]

) 1

a1 (2, T)|pms = ER +Q (1.53)
) 1 ) 1 1 N2 1 1

a2 (2, 8) s = 15 (R R = Ry B) + 5(@ 1 6R> i ED(Q 4 5R> . (1.54)

As it is well-known, when = = & the integral over s in the last line of (1.51) does
not converge for s — 0, and has to be regularized. Following Schwinger [14], to isolate
the divergences in (1.51) we begin by rotating the integration contour into the negative
imaginary axis, which is equivalent to making the replacement s = —iu, thus getting

i Tr log [(—g(ﬂv))*l/zlo(l"a 92“)(‘9(5%))71/4}

:/d‘%(—g(@))l/?/fﬁemZu[iunan(I,a})] | (1.55)

Tr—x

At this point, the proper-time integrals over u are regularized through the introduction
of a UV cutoff 1/A? as lower integration bound, [;°du — flo/oAQ du. Integrating the series
term by term, a simple counting of the powers of u shows that only the n =0, 1,2 terms
are divergent for u — 0. Within this approach, these terms give the one-loop divergences

6The (—g(x))~'/* terms in Eq. (1.51) come from the (—g(x))'/* factors in the configuration space path
integral measure for a scalar field in a gravitational background g, (see Egs. (5.4),(5.6) and comments
therein).
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of the effective action. Inserting (1.49), (1.53) and (1.54) in (1.55), we finally get

i Tr log [(—g(2)) /40w, &) (—g(2) ] 41,
2

_ 9?2 4 2
:/d%(—g(i))lﬂ[ @ 4, 41— a0m” o (2a2 — 2m a1+aom)lo A }

3072 1672 3072 &2

_ ! 43 (—g(@NY2] A* — 2m2A2 4 Aizl 2 2 ﬁ
= o [ € o) A AT = 27 o 2+ 1R+ 60) (42 - mlog 2
1 14 v 1 2 1 A2

Some comments are in order. From an inspection of (1.56), we immediately recognize
quartically and quadratically “divergent” contributions to the vacuum energy (coefficient
of [d*3 (—g(2))"/?). These one-loop generated contributions §p require the bare vacuum
energy Ppare t0 be also ~ A* (~ Mp if A is the Planck mass Mp), enormous compared
to its measured value pyeas ~ 2.7 - 10747 GeV?, with a coefficient extremely fine-tuned in
such a way to cancel (quite exactly) these contributions, and to finally have pyae + dp ~
Pmeas- Lhis is the strongest facet to the cosmological constant problem discussed in the
Introduction. Moreover, if we consider the case of a ¢* theory, whose action is

1 2 A
Sl¢] = - /d4af V=g {5 9" 0 Db + m?dﬂ + 50" (1.57)

and for which we have QQ = —%qbQ, from the last term in the third line of (1.56) we see the
appearance of the well-known quadratically “divergent” radiative correction to the mass
m? of the scalar field ¢. This term gives rise to the long-standing naturalness problem
related to the masses of scalar particles.

As it will be discussed in detail in the next chapters, however, the way the “Trlog”
has been calculated in this section, that is the usual calculation found in the literature,
misses some delicate points that arise when considering non-flat gravitational backgrounds
[14, 18,20, 23, 35, 37].

A first important point concerns the introduction of the UV physical cutoff A of
the theory. It has been shown [14,23, 35] that the usual way in which the proper-time
cutoff A is introduced (see (1.56) and comments above this equation) profoundly alters
the dependence of the one-loop effective action on the background metric g,,. This
important point will be discussed in detail in chapters 3, 4 and 5, which contain the
results of [14], [23], [24] and [35]. We will show that, when A is properly identified, the
power-like divergences mentioned above are not present. Both the vacuum energy and
the mass of scalar particles receive only mild logarithmic corrections.

Another delicate point is that in the case of gravitational theories, subtleties arise in
the calculation of the log [(—g(z))~Y/*O(z, #)(—g(2))~*/4]. When the distributional nature
of the Green functions of the operator [(—g(z))"Y4O(z,%)(—g(%))~/4] is carefully taken
into account [18,20], a non-trivial term contributing to the trace in (1.51) is found that is
missed by the usual calculations presented above. This term is of crucial importance since
it cancels local terms in the path integral measure that are not diffeomorphism invariant,
eventually ensuring the invariance of the effective gravitational action [18,37]. This point
will be further discussed in chapter 6.

The next section is devoted to an introduction to gauge theories. We will discuss the
Faddeev-Popov procedure to write the generating functional of Green functions, and we
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will also briefly introduce the gauge-invariant Vilkovisky-DeWitt effective action. General
relativity (GR) can be regarded as a gauge theory, whose gauge transformations are
diffeomorphisms, and the techniques presented in the next section will be used in the
following chapters for its quantization.

1.3 Gauge theories

Let us consider the theory of a set of boson fields ¢* with classical action S[¢]. In this
section, the De Witt notation is used, according to which ¢ is a collective index that
includes discrete indices (Lorenz indices, indices of internal symmetry and so on) and also
the spacetime argument z# of the fields. For instance, in the case of a Yang-Mills theory
the field is ¢ = Af(x), or, in the case of gravity, ¢ = gu(x). Moreover, if Fl¢] is a
functional of ¢* (below A is a collective index for all the discrete indices),

OF[¢] 0F (9]
¢4 () ¢ ()

Consider now the following infinitesimal transformations of the field ¢’ with parameters
£* = ¢%(x) and generators R [¢],

Fil) = 5™ (). (L58)

- Rlolse = [t

66' = RL[9E™ (1.59)
Correspondingly, the action S transforms as
5S16] = SRl (1.60)

If S;R: [¢] = 0 holds true without using the equation of motion (S;[¢] = 0), the theory is
called a gauge theory, ¢' are the gauge fields and (1.59) are the gauge transformations [53].
For the case of quantum gravity, the latter are diffeomorphisms and the corresponding
generators are

RL[0] = Ruwo(2,Y) = [90()0y + guo(2)0) + 059, (2)] 6 (2 — ). (1.61)

Physical observables in a gauge theory are real gauge-invariant functionals of the fields
@', that depend only on gauge-independent combinations of the latter. It is possible to
fix the gauge-dependent components of the fields without changing the values of physical
quantities. This can be done imposing some additional conditions on the ¢* (realizable
with an appropriate choice of the parameters £%),

X*[¢] =0, (1.62)

the so-called gauge-fixing condition.

Let M be the space of the gauge fields, G a group of gauge transformations and
¢’ an element of M. The set {¢'} = {?¢°, g € G}, obtained by the action of all the
elements of G on ¢, is called gauge group orbit of the representative ¢* in M and it is
proved to be completely defined by the representative. The latter can be found using the
gauge-fixing condition (1.62). The set of the different group orbits is called “coset” and
is indicated with M/G ({¢'} € M/G). Tt can be proved that different orbits do not cross
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each other. As said above, physical observables are real gauge-invariant functionals of the
fields, F[¢] = F[¢/] if ¢'" = ¢' + R [¢] £*, and are then functionals of the gauge orbits,
F[¢] = F[{¢}]. The same is true for the classical action, S[¢] = S[{¢}]. It is then natural
to associate {¢} to the physical gauge field and to call M /G the set of the physical gauge
fields [54].

Consider a physical quantity F[¢]. Since F|¢p] = F[{¢}], the vacuum expectation
value of the time ordered product of F[¢] is defined as” (see section (1.1.1))

(O T(F{¢}]) 10) = / D{o} Fl{o}] 11N, (1.63)

that contains integration only over physical gauge fields. It is possible to write the path
integral (1.63) along the physical gauge fields (over the gauge orbits) in terms of a path
integral over all fields. This was done by L.D. Faddeev and V.N. Popov, and independently
by B.S. De Witt. Considering the gauge condition x*[¢]— f* = 0 (f* is field independent),
it is possible to find that [54]

O1T(Fl6]) 10) = [ DoDet(M5e 50c°16] = 1) Flal ™™, (169

where Mg[¢] is the DeWitt-Faddeev-Popov matrix
ME[8] = x50 Ri4]. (1.65)
It can be shown that the path integral in (1.64) does not depend on the choice of the

gauge-fixing functions x*[¢] — f¢. At this point, according to (1.64) we can introduce the
generating functional Z[J] of Green functions as

2191 = [ Do Det(Mg10)) 8(x"10] — 1) 1, (166

where J; are the sources associated to the fields ¢*. Since the latter are not gauge invariant
and the sources are arbitrary, Z[.J] is not gauge invariant.

Let us write the path integral (1.64) in a convenient form. First of all, the functional
determinant Det(Mg[¢]) can be represented as an integral over anticommuting fields ¢,
c?, called the “ghost fields”, as

Det(Mg[¢]) = / DeDe eCeMEl (1.67)

Moreover, we can multiply both members of (1.64) by the factor e2/*Gasl?l/” anq integrate
over f*. Using the gauge invariance of the path integral, we arrive at

(0] T(Flg]) |0) = / D¢ DeDe Flg] /S0 21" Gos U+ MFUID Dot (G [g])] /2. (1.68)

"For simplicity, here we consider the case in which the integration over the conjugate momenta in
phase space does not give a non-trivial field-dependent contribution to the configuration space measure.
However, similar results as those presented in this section hold also in this latter case, and will be used
in the next chapters to quantize GR.
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The functional determinant [Det(Gs[@])]'/? can be written introducing other auxiliary
anticommuting fields b* as

Det(Guslé])]V? = / Db it Canloll? (1.69)
so that
(0| T(F[¢]) 0} = /qu DéDe Db F[4) ci(S[81+ 53X Gapldlx”+0a Mg [#cP +b%Gagle]b?) (1.70)

In the case of constant G4, the contribution from the integration over b* is also constant
and can be omitted. The generating functional for gauge theories is then [54]

Z[J] = / D¢ Dé De ¢St ld:e 470" (1.71)
where
Stot[¢7 57 C] - S[¢] + ng[d)] + Sgh[¢7 67 C] ’ (172)
with gauge-fixing and ghost action given by
1 a B
Selé] = 5x“Gasx (173
Senlo, @, c] = e Mg[g]c” . (1.74)

Finally, starting from (1.71), passing to the functional W[J] and considering its Legen-
dre transform (see section 1.1.1), we find that the effective action satisfies the equation

(Tilge] = 61(;26] )

eillbe] — /quDch ot [Svot[8, €, c] = Tilge] (¢°—00) ] (1.75)

Here comes a delicate point in connection with the definition (1.75). Due to the source
term ((¢° — ¢2)T ;[¢.]), the result for the effective action I'[¢.] depends on the parametriza-
tion of the background field ¢, (which does not satisfy the on-shell condition T ;[¢.] = 0).
In the case of gauge theories, this leads to a dependence of I'[¢.] on the choice of the
gauge used for the quantization [55]. In fact, the ¢' can be regarded as one coordinate
system on the infinite dimensional field space M. Due to the presence of the “coordinate”
difference ¢' — ¢’ in (1.75), T'[¢.] is not a “scalar field” on M (i.e. it is not invariant under
a change of coordinates in M, that is a field reparametrization). In gauge theories, the
gauge conditions used to remove the redundancy in the path integral provide a coordi-
nate system within the gauge orbits on M [56], and this is at the origin of the relation
between the issue of gauge dependence and the one of reparametrization variance. From
the geometric point of view, then, the gauge-dependence of the standard effective action
defined by (1.75) is due to the fact that the path integral in the right-hand side of this
equation depends on the parametrization of the space of group orbits M (see above).

This suggests to give a new definition of effective action, introducing a G-invariant
metric on M. Clearly, the new gauge-invariant and gauge-independent effective action
has to lead to the same S matrix as the one obtained from the standard definition (1.75).
This was done for the first time by Vilkovisky [55], and later further analyzed by De
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Witt [57], who proposed some modifications of Vilkovisky’s original formulation®. The
reparametrization-invariant, gauge-invariant, and gauge-independent off-shell effective ac-
tion I'[¢,] is

GiTlsd _ /D(bDEDc ilStnlone.d +0'(6ed) Talo] (1.76)

where Syt is given in (1.72) and (¢, ¢) is constructed as follows. Consider the geodesic
that connects ¢. and ¢, then o'(¢., @) is the tangent vector at ¢, that points toward
¢ [45]. Its length is equal to the geodesic distance between ¢. and ¢, and it transforms
as a vector at ¢. and as a scalar at ¢. The derivation of the G-invariant metric in M for
the case of gauge theories with which ¢ and covariant derivatives are built is in [55] (see
also [56,58]).

Let us make now two important observations concerning I. First, we observe that
Eq. (1.27), according to which the vev of the quantum field is solution of I ;[¢.] = 0, with
I' the standard effective action, is now replaced by

(060, 9)) =0, (1.77)
where ¢ is solution of T';[¢.] = 0.

A second observation is that we can obtain a covariant version of the loop expansion
(see section 1.1.2) resorting to the covariant Taylor series for the classical action [46,59]

SEEDY (—n1!)n (Viy .- Vi, S[8]) 0™ (dey @) . . . 0 (60, B) (1.78)

where V; is the derivative covariant with respect to the connection on M. In chapter 3 [14],
the one-loop Vilkovisky - DeWitt (VAW) effective action 'Y is calculated for the case of
pure quantum gravity in the Einstein-Hilbert truncation. The calculation is performed
using a result found by Fradkin and Tseytlin in [58], according to which, taking a spherical
gravitational background, the one-loop VAW effective action coincides with the standard
one calculated in a specific gauge. We will then proceed to the calculation of the standard
one-loop effective action under the prescriptions described in [58] (see (3.2) and comments
therein).

As seen in the previous section, quantum fluctuations can give rise to divergent contri-
butions to the parameters of a given QFT. The way to get rid of these divergences is the
so-called renormalization procedure. When it was first developed by Feynman, Schwinger
and Tomonaga, renormalization was just a technical device to dispose of divergences, and
its physical meaning was quite obscure. A deeper understanding was achieved with the
advent of the renormalization group approach, that will be introduced in the next section
for the case of a scalar theory. In chapter 4, this approach will be applied to the case of
pure gravity in the Einstein-Hilbert truncation, and we will derive the RG equations for
the running Newton and cosmological constant of [23].

8DeWitt’s definition and Vilkovisky’s one coincide at the one-loop level. Since in chapter 3 we will
not go beyond the one-loop approximation in the calculation of the effective gravitational action, the
modifications due to De Witt are not discussed here.
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1.4 Renormalization group approach

The appearance of divergences in perturbative calculations in QFT is a well-known fact.
In the past, it was considered a big problem by many physicists, who thought that QFT
was intrinsically “ill” and had then to be abandoned. A turning point arrived with
the advent of renormalization, developed by Feynman, Schwinger and Tomonaga in 1949
for QED. In the renormalization procedure, divergences are absorbed into unobservable
quantities, the bare parameters or counterterms, leaving one with finite results. Once
this machinery was used, QFT turned out to give predictions that were in an incredible
accordance with experiments. However, the physical meaning behind renormalization was
not so clear at the beginning.

A more profound understanding was obtained with the renormalization group ap-
proach. Stueckelberg and Petermann [60] were the first ones who realized that the many
possible ways in which finite results are dug out from divergent loop integrals (i.e. the
many renormalization prescriptions) can all be related by transformations that form a
semi-group, to which they gave the name of “renormalization group”. The request of
independence of the final results on the renormalization prescription gives rise to a set of
equations, the so-called renormalization group equations.

An even more physical perspective to the RG is given by Gell-Mann and Low in [61].
The authors consider the Serber-Uehling potential, i.e. the electrostatic potential between
two charges in the vacuum given by the Coulomb potential plus the modification due to
vacuum polarization effects in QED at one-loop. They observe that the result can be
written defining “running” charges ¢(r) and ¢/(r) as

q(r)q'(r)
4r

V(r) = , (1.79)
where (below ¢ and ¢’ are the measured charges at some scale 7, « is the fine structure
constant, m the measured electron rest mass and ~ the Euler-Mascheroni constant)

q(r)qd'(r) = q¢ {1 + 2 <ln (i> — g —Iny+ O(az)) } . (1.80)

3T mer

This suggests an interesting physical interpretation of the result. When r — 0, each
particle feels the bare charge of the other one (¢ = ¢(r — 0)). When the distance
increases, at a finite value of r each of them feels a “dressed” value ¢(r) of the other: the
“bare charges” are screened by vacuum polarization effects in QED. The charges ¢(r) and
¢'(r) are the relevant quantities at the distance scale r.

Another crucial observation is that the physical charge g (= ¢(7)) shows divergences
only when it is written in terms of an expansion in the bare charge ¢op. When we consider,
instead, an expansion in terms of the generic charge ¢(7) at another scale 7, ¢ only
shows finite contributions that go like In(7/r). This observation opens the door to a new
and deep interpretation of the renormalization group. The latter describes the way the
theory evolves with the observational (distance/energy) scale. This point of view is at the
base of a new way of understanding QFTs, that in the "70s culminated in the Wilsonian
renormalization group developed by K. G. Wilson in [62-64].

The crucial point in Wilson’s work is to recognize that the appearance of divergences
in QFT is due to the fact that, similarly to what happens for critical phenomena, one
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has to deal with infinitely many degrees of freedom and scales that contribute all at once.
The Wilsonian RG approach gives a way to handle these issues. In a nutshell, the idea is
that, for systems with infinitely many scales, the “averaging out” (that for a QFT means
the inclusion of quantum fluctuations) should be performed progressively, in a step by
step manner, starting from fluctuations on the smallest possible distance scale and going
to fluctuations on larger and larger scales.

Ultraviolet divergences appear when one tries to extend the validity of QFTs up to
infinite energy (zero distance) scales. They are a signal that the theory is not fundamental,
and that, on the contrary, it is the left over at a certain energy scale A of a higher energy
theory. For the QFT under consideration, A is the UV-cutoff, i.e. the maximal scale up
to which it gives an accurate description of physics. Above this scale, it is replaced by its
UV-completion.

In the next section, the Wilsonian RG strategy is illustrated for the case of a scalar
theory considering the formulation put forward by Wegner and Houghton in [65].

1.4.1 RG equations for a scalar theory

Let us consider a single-component scalar field ¢ in a Fuclidean (flat) D-dimensional
space, and indicate with Sy [p] the action at the UV-cutoff A. The field ¢(x) contains all
the Fourier modes from 0 up to A

A
p(r) = e, (1.81)

lg|=0

The parameters (masses, coupling constants, ...) that appear in Sy depend on the scale
A. To describe physical processes at scales lower than A, it is convenient to use the action
and the corresponding values of the parameters at those scales. This is basically the idea
put forward by Gell-Mann and Low in [(1] (see above). Given Sy, the question is to find
a way to determine the action Sj at a lower scale k < A. This can be done as follows.

We begin by splitting ¢(x) into a background field ¢(x) and a fluctuation n(x). The
background field ¢ contains all the Fourier modes from 0 to k, while the fluctuation n
contains the remaining ones from k& to A

A K A
o(z) = Z g e = Z g€ + Z 0, €' = o) +n(x). (1.82)
lg|=0 lg|=0 lg|=k

The action Si[¢| at the scale k is obtained integrating over the fluctuation 7

e~ 7 5kl9] :/[Dn] o :/ [qu\e]k,A] d@q]‘ff%SA[Mm- (1.83)

The problem with this equation is that it is not possible (in general) to evaluate the path
integral over 7 exactly, and one has to resort to some approximation. For instance, it can
be computed by means of a loop expansion in powers of A (see section 1.1.2). However, in
this way the right-hand side of (1.83) typically develops power-like terms and logarithms
of the kind A" — (A — k)™ and log (A/k), respectively. If k < A, these contributions are
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large and can spoil the validity of the expansion. This problem can be overcome resorting
to Wilson’s strategy.

Suppose to have successfully defined the theory at a scale k < A, and that we want to
define it at a still lower scale p < k. To truly disentangle the scales, quantum fluctuations
have to be included gradually, in infinitesimal shells of momentum from £ down to p.
Following the logic presented above, the action at a scale k — dk infinitesimally lower than
k is defined as

o hSi_anlé] _ / (D] e~ 3Selo+nl (1.84)

where ¢ now contains Fourier modes from 0 to & — dk, while 1 those in the infinitesimal
shell |k — 6k, k]. Once Sk_sr is known, we can iterate the procedure and calculate Sy_osp
from the integration of the Fourier modes in the shell |k — 20k, k — dk|, and so on until
reaching p. Resorting to the loop expansion for the evaluation of the path integral in the
right-hand side of (1.84), the power and logarithmic terms mentioned above now will be
k™ — (k — 0k)™ ~ k" n (6k/k), log(k/(k — 0k)) ~ 0k/k, that are terms of order 0k. This is an
important point: the fact that quantum fluctuations are included in infinitesimal shells
of width dk gives rise to a new small expansion parameter, dk/k. It is possible to show
that the contributions from higher orders (beyond one-loop) in the loop expansion of the
right-hand side of (1.84) are of order (dk)?, and thus vanish in the limit & — 0 [65] (see
also [66] for a careful derivation). In this sense, the one-loop approximation of the path
integral in (1.84) is said to be “exact”.
Let us proceed, then, expanding Si[é + 1] up to O(n?)

0Sk[o + 7
on(x)

hof b p 0°Sk[d+n]
* 2/ Gy 0oty

Sklé+ 1] = Suld] + B2 / aPz ()

n(z)=0

(@) n(y) +O(’) . (1.85)
n(x)=0

Inserting (1.85) in (1.84), performing the Gaussian integration over 7, and taking the limit
5k — 0 we find®

0S40l _ by S0t
ok 20k FTOME 5non
n=0
-1
20k on o onon o on o
where both the trace and the “-” operation are restricted to the subspace of Fourier

modes with k& — 0k < |¢| < k. Eq. (1.86) is the so-called Wegner - Houghton equation for
the running action Si. It is an integro-differential equation, that describes the evolution
of the action with the scale k, and Sy serves as the boundary condition at & = A.

An important observation has to be done at this point. The second order approxima-
tion (1.85) for the running action Si[¢ + 7] is applicable only if the saddle point, i.e. the

9Note that despite the appearance of §k, the right hand side of (1.86) is of order (§k) since the trace
and the “-” operation are of order ¢k.
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solution to the equation

0Sk [¢ + 77]

= 1-
5 0, (1.87)

n=ns
has an amplitude of order O(h). This important point was noted for the first time in [67],
much after the derivation of the Wegner-Houghton equation. In fact, there are cases
in which there is a saddle point during the elimination of the modes and, at the same
time, there is no guarantee that its amplitude remains O(h) during the RG evolution. In
such a situation, one has to derive a different RG equation that holds even releasing this
latter condition. Though quite interesting, these cases will not be treated here since in
the following we will consider only situations in which the above condition on the saddle
point amplitude is verified.

Going back to the Wegner-Houghton equation (1.86), it is not possible to find its exact
solution, and again one should search for some suitable approximation. A first useful step
is to write the running action Sk[¢] in terms of an expansion in gradients of ¢ (see (1.25),
where a similar expansion was introduced for the effective action)

Sulé] = / aPx [Uk(qb) n %Fk(qﬁ)ﬁm 0% + Yi(8) (0, 0"6) + .. ] . (1.88)

where the dots indicate higher derivative terms. Inserting (1.88) in (1.86), we get a system
of coupled RG equations for the functions Uy, Fj, Y, ... . As a further simplification, we
consider here the so-called local potential approximation (LPA). It is the lowest order
approximation to the derivative expansion, and is defined by F, =1, Y}, --- =0,

il = [ 47| 30,09% + (o). (1.59)

Consistently with this approximation, we can consider a homogeneous background field
¢ = const. For this choice of background, inserting (1.89) in (1.86) we obtain the following
equation'® for the running potential U(¢)

U(¢) = Up-ar(¢) 1 [ dPq ¢ + Ui (¢)
ok : N _25k/ (2m)P log< qQk ) ’ (1.90)

where the symbol [ " means that the integration over ¢ is restricted to the shell k — 6k <
lq| <k, and U}!(¢) is the second derivative of Uy with respect to ¢. For 6k — 0, we get
the differential equation

ngk@) _ Moo log ( (1.91)

ok 2

K+ Uxé’(cb))
k2 ’

where Np is the result of the angular integration in D dimensions, Np = 2[(47)P/2I'(D/2)] .
This is a non-perturbative evolution equation for the potential Ug(¢). The potential Uy (o)

10 As usual, the field-independent quantity log(qQ) is subtracted to make the argument of the logarithm
dimensionless. Clearly, this does not affect the ¢-dependent part of Uy (¢). As we will see in chapters 3,
4 and 5, in the case of gravitational theories no such an arbitrary subtraction is needed since, thanks to
the Fradkin - Vilkovisky path integral measure, the fluctuation determinants turn out to be automatically
dimensionless.
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at the scale A is the boundary condition for the RG equation (1.91), while at £ ~ 0 the
effective potential Veg(¢) defined in section 1.1.1 (see Eq. (1.25)) is recovered.

Let us now translate the RG equation (1.91) into a set of differential RG equations for
the couplings (mass, self-interaction coupling, ...). We begin by expanding the potential
Uk(¢) in powers of ¢ as (we consider the case of discrete Z; symmetry under ¢ — —¢)

o 1 2,2 )‘k 4 )‘fn) 2n
Uk(¢)—9k+§mk¢ +I¢ +§T¢ , (1.92)

the coefficients of this expansion being the couplings of the theory. Inserting (1.92)
in (1.91), we obtain the following (infinite) set of coupled differential equations

o0 NpkP (k2 +m2
ka—k’“ = Bq, = — Dz log (Tk> (1.93)
om? Npk? X\
k—=F = = — 1.94
ok = Ot 2 k24 m? (1.54)
PCATHRP A L (R (1.95)
ok — T 2 N2 m (R4 ml)? ‘
LN 50— Mok AW Y 30} (1.96)
ok~ A 2 \R+m? (R4+m)? (R +md) ‘
(1.97)

where (; are the so-called beta functions that determine the running of the couplings,
i.e. how they evolve as functions of k. Equations (1.93)-(1.97) are the Wilsonian RG
equations for the couplings in the LPA. In chapter 4, similar equations will be derived for
the running cosmological and Newton constant (see Egs. (4.26) and (4.27)).

From Egs. (1.93)-(1.97), it is evident that all the couplings A®" contribute to the
evolution of Uy, and there is no a priori distinction between renormalizable and non-
renormalizable couplings. In the RG framework, the classification of the operators is
made in terms of the analysis of the relevant, marginal and irrelevant directions in the
vicinity of a “fixed point” of the RG transformation in the parameter space (see below).

Fixed points are defined as follows. Starting from the dimensionful parameters in
(1.92), we consider the corresponding dimensionless couplings ¢ (k) = k~2m?2, g (k) =
P4\, O (k) = k2P—3) )\,(f), ... The RG equations to which they obey are easily obtained
starting from (1.93)-(1.97). From now on, we truncate the parameter space to n couplings
only, and use the vectorial notation § = (¢®, ¢, ... ¢@v) = ¢¥¢;, with {&;} the canon-
ical basis. Indicating with R the RG transformation, a fixed point is defined as a point
in the parameter space such that

In the vicinity of a fixed point, the RG equations can (often but not always) be linearized!!.

"' Marginal couplings (see the definition below (1.104)) around the Gaussian fixed point are an example
of a case where the linearization of the beta functions is not enough to study the behaviour of the RG
flow around the fixed point since the linear term in the expansion vanishes and the leading non-vanishing
contribution is provided by the quadratic term.
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We have
d

kop(G(R) =g = RO| - (g(k) = 3., (1.99)
dk =g.
where Rg-) is the linearization matrix defined as

p 0B
RY = 340 (1.100)
with the 8 being the equivalent for the ¢ of the 8 functions defined in (1.93)-(1.97).
From (1.99), we see that the behavior of the couplings in the vicinity of the fixed point g,
is determined by the eigenvalues of R(") G=g, -
Let us indicate with M the matrix RW|;_g,, with @; its eigenvectors and with y(® its
eigenvalues (no sum over the index 7 in the equation below),

M, =y a; . (1.101)
The eigenvectors ; form a basis, and we can expand the difference g(k) — g. as
Gk) — g = v (k) a@; . (1.102)

Inserting (1.102) in (1.99), we obtain a system of differential equations for the coefficients
v (k) (again, no sum over 7 in the equation below),
d

@ — D@ 1.1

whose solution is (kg is an arbitrary value of k)

o\ v
v(i)(k;) = U(i)(]go) (k:_> , 1=1,2...n. (1.104)
0

The v (k) are the scaling parameters, and they allow to define relevant and irrelevant
directions around the fixed point g..

Following the flow toward the IR (i.e. for decreasing values of k, that is how the coarse
graining is defined), the direction given by the eigenvector u; is said to be (IR) relevant if
the corresponding eigenvalue 3 is negative. In this case, in fact, while moving toward the
IR, v (k) increases. If y@ is positive, vV (k) decreases for k — 0 and the corresponding
eigendirection is called (IR) irrelevant. It is also possible that M possesses null eigenvalues.
In this case, the corresponding eigenvectors are called marginal directions. To study
the behavior of the RG flow along these directions, one has to go beyond the linear
approximation. This allows to classify them as marginal (weakly) IR relevant or marginal
(weakly) IR irrelevant directions.

Let S be the matrix that diagonalizes M, i.e. ST'MS =Y = diag (y",y?,...,y™).
We then have i; = Sj; €, and from (1.102) the original couplings ¢V (k) are obtained as a
linear combination of the v (k)

g (k) = g + S5 v (k). (1.105)

From the above equation we see that the IR (k — 0) flow of the ¢ (k) in the vicinity of the
fixed point g, is dominated by the relevant (negative eigenvalues) eigendirections of M.

25



)

For the coupling g,g,i not to explode while moving toward the IR, the v (k) corresponding

to such directions need to be fine-tuned. In other words, the IR flow of the couplings g,(:)
is sensible to the precise value of the v (k) corresponding to relevant eigendirections. On
the contrary, concerning the irrelevant eigendirections, the system is not really sensible to
the precise value of the corresponding v (k), since their contribution is more and more

suppressed as k decreases.

The analysis presented so far is reverted if we consider the flow in the opposite di-
rection, i.e. the flow toward the UV (increasing values of k). Following the RG flow in
this direction, the role of positive and negative eigenvalues is opposite to the one seen
above. In fact, eigendirections with negative eigenvalues are UV irrelevant, while those
with positive eigenvalues are UV relevant.

From the geometrical point of view, given a fixed point ¢, it is possible to define the
IR critical surface ¥ir as the locus of points in the parameter space (g(l), g9, .., g(")) that
asymptotically reach g, for k& — 0. Similarly, the UV critical surface Yyy is defined as
the locus of points that asymptotically reach g, for k — oc.

A final observation is that for the Gaussian fixed point (i.e. g, = 0) the classification
of the eigendirections presented above coincides with the usual perturbative classification.
Actually, it gives a stronger motivation for it [68]. The RG method, however, goes fur-
ther and also captures other regimes where couplings enjoy different, non-perturbative
behaviors.

As anticipated above, the RG strategy introduced in this section will be implemented
in chapter 4 (where the results of [23] are presented) for the case of pure quantum gravity.
Considering the Einstein-Hilbert truncation for the running gravitational action, we will
derive the RG equations for the Newton and cosmological constant. We will pay due
attention to two aspects often overlooked in the literature, namely the use of the appro-
priate path integral measure, and a careful introduction of the running scale k. This will
lead us to beta functions that profoundly differ from those of previous literature and that,
in particular, do not possess the non-trivial UV-attractive fixed point of the AS scenario.

The next section contains some notions on field theories with compact extra dimen-
sions, that are at the basis of the analysis performed in chapter 2 (based on [12, 13]).
There, we calculate the radiative correction to the vacuum energy in a QFT with one
compact extra dimension and show that usual calculations miss divergent contributions
that do not cancel even in the presence of supersymmetry.

1.5 Higher-dimensional QFT's

Let us consider a 5D supersymmetric theory with one compact dimension in the shape
of a circle S of radius R, and let ®(xz,z) and t(z, z) be a 5D boson and fermion field
respectively (z are the spacetime coordinates in My, or R* after Euclideanization, while
z is the one along the compact dimension). It is possible to consider boundary conditions
of the kind

O(x,z 4+ 27R) = 2B B(z,2) (w2 + 27R) = 2R )z, 2) | (1.106)
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where ¢, and g are the so-called R-symmetry charges or the periodicities of the boson
and of the fermion, respectively. The fields ® and ¢ can be expanded in Fourier series as

+o0
-~ 2 : d p A 2 pm+( +qb) ) _ E 1( +aqy)z
q>< 2 27rR / " N \/27TR ¢n " (1'107)

+oo
o i(pa+(ftar)z) = Z(T*L,-S-tlf)z 1.108
1/}(1772 27TR Z / 1/}n,p mn_zoo1/)n R 3 ( . )
where ¢,,(x) and 1, (z) are 4D fields called the Kaluza-Klein fields. What is usually done
at this point is to insert the above expansions in the 5D action and integrate over z to
get an effective 4D action. In this way, the original 5D fields give rise to infinite towers
of 4D fields (¢, (x) and 1, (x)) whose masses are given by

mp = (% + %)2 m = (% + Qf>27 (1.109)

where ¢, and ¢; are the boundary charges introduced above. Four-dimensional fields,
such as the Higgs boson, can be identified with the zero mode of these towers (see for
instance [69,70]). An important observation is that, according to the expansions (1.107)
and (1.108), n/R is essentially the component of the 5D momentum along the compact
dimension (m,, = R~ is the scale of the KK tower) [71].

From (1.109), we see that taking different values for the boundary charges of the
superpartners induces a breaking of supersymmetry at the level of the 4D theory. The
masses of the KK fields arising from the 5D superpartners, in fact, are different in the
corresponding 4D theory. This is the so-called Scherk-Schwarz breaking of supersymmetry
[6,7].

In the late '90s, the Higgs effective potential was calculated considering supersym-
metric extensions of the Standard Model with one extra dimension compactified on the
orbifold S;/Z, (where S is a circle of radius R) and Scherk-Schwarz SUSY breaking. The
result turned out to be automatically finite [69,70]. This was considered a quite important
outcome as it would have provided the solution to the long-standing Higgs naturalness
problem. To understand how this finite result was obtained, in the next section we con-
sider a simple model with two 5D scalar fields and illustrate how the 4D one-loop Higgs
effective potential Vy;(¢) (the 4D field ¢ being identified with the zero KK mode of a 5D
scalar field) is usually derived from the higher-dimensional theory.

In section 1.5.2, we consider the calculation of the 5D one-loop effective potential and
discuss its relation to the 4D effective potential. This analysis shows that the automati-
cally finite (no fine-tuning) result for Vi;(¢) often advocated in the literature comes from
a mistreatment of the 5D loop momentum asymptotics [71]. When the latter are properly
treated, UV-sensitive terms are present in Vj;(¢) that do not cancel even in SUSY models
since they are proportional to the boundary charges of superpartners.

1.5.1 Omne-loop potential: usual calculation

Let us consider the (Euclidean) action in 4 + 1 dimensions (the compact extra dimension
is in the shape of a circle of radius R and a = 1,...,5),

~

~ 1)~ .= ~naet | T2 R e
S, [P, X] = /d4:cdz (§8a®8 ® + 9, X 0T —|—M2(<I>)XXT>, (1.110)
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where @(JB, z) and )?(:1: z) are 5-dimensional scalar fields (real and complex respectively),
and M2(®) = m? + f(®), where 7 is the mass of X and f(® ) XX' the interaction between
® and Y. Since ® is a real scalar field, along the compact dimension we have

®(z, 2 + 2rR) = B(x, 2). (1.111)

For the complex field Y, instead, it is possible to consider the non-trivial boundary con-
dition

X(z, 2 4+ 27 R) = ™y (x, 2) . (1.112)

Accordingly, the fields admit the following Fourier expansions (see also (1.107) and (1.108))

—+o00 —+o00
—~ d p A 1 n
(D ) pa:—i— z) = " 1=z
(.2 m 2 / B Vo, 2 )
S (re)s) = _ L N
o+ (ftax)z) = 3 i(+ax)z
Xz 2) mz 2 / s G = o B (@t

Clearly, in realistic phenomenological applications additional fermion and boson fields
(with supersymmetry explicitly implemented) are considered. The 4D one-loop Higgs
effective potential Vj;(¢) is usually calculated inserting the expansions (1.113) in the 5D
action (1.110), and integrating over the compact dimension z. In this way, we get a
dimensionally reduced 4D action for the KK fields ¢,(x) and y,(z), and the 4D one-loop
Higgs effective potential is obtained summing up the loop contributions [72] from the
infinitely many KK fields. When the Higgs field is identified, for instance, with the zero
KK mode of a 5D scalar field, as ® in (1.110) (see for instance [69,70]), for Vi;(¢) one has

Vll(gb):%zz(_ Siarfq Z / il 1 log (p +M2(¢)+<%+qia>2), (1.114)

n=—oo

where the index a runs over the families of bosons (b) and fermions (f) of the considered
model, M?(¢) is the field dependent mass of each family that interacts with the field ¢,
and i, = b, f, indicates the boson or the fermion partner in the family.

The usual way to perform the calculation in (1.114) is to sum over the infinite tower of
KK-modes, and perform the integration over the four-momentum p introducing a cutoff
A. As shown below, in this way power-like divergences proportional to M?(¢) arise, which
all cancel in a supersymmetric theory leaving us with the aforementioned finite result for
Vii(¢) (and obviously with a finite result also for the Higgs mass m?).

To better appreciate this point, let us calculate explicitly V3;(¢). From (1.114), we
see that it is enough to consider a generic bosonic contribution V{(¢). To make the
argument of the logarithm dimensionless, a normalization term log (p? + Ig—z) is subtracted
to log (p* + Mg + (% +g,, )?) that does not change the ¢-dependent part of the potential.
Following the strategy outlined above, that is the one usually adopted in the literature,
we perform the infinite sum over n and the integral over p in (1.114) separately, carrying
out the former first. A simple inspection of (1.114) shows that this calculation is possible
only if a cutoff A is introduced for each of the 4D loop integrals over p (whatever order
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is considered to perform the infinite sum and the integral). Resorting to the Schwinger
identity for the logarithm, we can then write'? (below we use the streamlined notation
M? = M7 and ¢, = g, ):

dip [ ds
Vi / / s Z o—S(R2 @+ M?)+(n+Rq,)?) _ 6—s(pQRQ+n2)] . (1.115)

With the help of the Poisson summation formula we obtain

4 o0 2 2/ 2 2 2 2,2
Vb (p) = f d / ‘j; (03 (7R g, e )em W07 iy (0,6% )] | (1116)
where
I3(z,y) =1+ 22603(2/%)3;’“2 : (1.117)

k=1

Performing the integrations over p and s, and expanding for large A (neglecting all
the terms suppressed in A), for V{(¢) we get (the details of the calculation can be found
n [71], see also [69,70])

Vh(6) = R <A3W _AM® ]\45) 3¢(5) S e_Z”kMR(%Tk:MR(QﬂkMR +3) + 3) cos(2mkRgq, )
487 64 607 6476 R4 Pt 64m0k5 R4
3 2 4 5
G e A (1.113)
where
Ul(ry, r) = 2°Lis (rbe_x) + 3zLiy (rbe_x) + 3Li5 (rbe_x) + h.c., (1.119)
with

ry =™ g =21 R\/M2(6), (1.120)

and Li;(x) the Polylogarithm functions.
The contribution to Vj;(¢) from the corresponding fermion superpartner is the same
s (1.118), but with g, replaced by ¢, (and then r, by ry) and an overall minus sign.
Combining these two contributions, the first and second term in the right-hand side of
(1.118) cancel the corresponding ones from the fermion superpartner, and for each couple
(b, f) we are left with two finite contributions to V4;(¢). The potential (1.114) becomes

Vu(g) ==Y U(rb“’l?g;%irf“’ z) (1.121)

Eq. (1.121) is the well-known aforementioned UV-insensitive (finite) result for Vy;(¢)
(see [69,70]). An important point to stress for the successive discussions is that within

2Note that, since we introduced the cutoff A for the d*p integrals, the lower extreme of the proper-
time integral does not need to be replaced with a UV cutoff. It has to be kept equal to zero; Schwinger’s
parametrization is used here just as an identity.
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the calculation strategy shown above the terms that contain the charges ¢; give rise only
to finite contributions, more precisely to oscillatory functions of the ¢; (see (1.121)).

To summarize, the usual approach to calculate the one-loop Higgs potential Vj;(¢)
from a higher-dimensional theory with a compact dimension consists in considering the
decomposition of the 5D fields in terms of KK-modes, obtaining the dimensionally reduced
4D action after integration over the compact dimension z, and finally calculating V7;(¢)
summing up the Coleman-Weinberg contributions from the infinitely many fields of the
KK-towers.

As pointed out in [71], however, this approach suffers of a theoretical issue: performing
the infinite sum over the KK-modes while introducing a cutoff in the integration over the
four momentum p mistreats the asymptotics of the five-dimensional loop momentum p®).
In fact, the KK masses introduced above are nothing but the fifth component of p(®
(see Egs. (1.107) - (1.109) and comments therein), and the sum over n should then be cut
coherently together with the integral over the four momentum p. To better appreciate
this point, in the next section we consider a 5D theory with a real scalar field ®(z, 2)
interacting with a complex scalar field X(z, z), and calculate the 5D one-loop potential
V(5D)($). Successively, considering the KK-decomposition of @(:B, z) and X(z,z), and
choosing ¢o(z) as the 4D Higgs field, we calculate the 4D one-loop potential Vy;(¢g) and
establish its relation with VG2)(®).

1.5.2 Cutting the sum over the KK modes

Let ® and X be a real and a complex 5D scalar field respectively (the compact dimension
is in the shape of a circle St of radius R), with 5D (Euclidean) action (a =1,...,5)

~

~ 1 ~ ~ 2 A\~ q ~
S [@,%] = /d4x dz (2 Dy ® 0°® 4 9, 9°x" + %@2 +m2 X"+ ch‘* +g<1>2§<§<*> . (1.122)

Taking for ®(z, z) and {(z, z) the boundary conditions (see previous section)
i(x, 2+ 2mR) = <IA>(x, 2) 3 X(z,z+27R) = ¥ RIx(x, 2), (1.123)

we consider their Fourier expansions. Since the fifth dimension is compact, and its size
R is much smaller than the size of the other four dimensions, the 5D momentum p® is 3
(n integer) [71]

®) = (py, pa, p3, pasn/R) = (p,n/R) . (1.124)

To investigate on the UV-sensitivity of the dimensionally reduced Higgs one-loop po-
tential V3;(¢), we consider first the 5D one-loop potential V®P)(®) (a constant background
® = const is taken for the field @)

p

~ 1 2+L2+m2 _|_XZI\)2 1 24 (n 4 2+m2+§$2
Vf?D)(Q):*TI'E) ].ng R2 :L}; 2 +*TI'5 logp (R q) . X 5
2 ~ o~ 9 N
T [ (PR R P ) R
AR S ) )t P P /

13Tn the case ¢ # 0, the fifth component of p(® is (% + q).
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where the subscript “5” indicates that the trace is calculated in the 5D Fourier space.

Some comments are in order. As said above, p® = (p,n/R) that appears in (1.125) is
the 5D loop momentum. Therefore, the sum over n and the integral over p are intrinsically
intertwined. This is a crucial point: in (1.125) one cannot take the asymptotics of one
component of p® without considering also the asymptotics of the other components. In
particular, n cannot be sent to infinity independently'® of p, and the regularization in the
right-hand side of (1.125) has to be implemented over the full momentum p®. From the
physical point of view, this means that the model under consideration is a 5D effective
theory valid up to a maximal energy scale A, and the modulus of p® should not exceed
this scale,

(P)? =p* +n*/R* < (1)) = A%, (1.126)

Accordingly, the sum over n and the integral over p in (1.125) (that are originally infinite)
have to be replaced by [71]

/
P P 1 C" d4
= = ( R) Em Z / (1.127)
n —[RA]
where
n2

and [RA] is the integer part of RA.

These considerations are better formulated in the Wilsonian framework introduced in
section 1.4, that clearly applies also to theories with compact extra dimensions. Since
(as said above) the 5D model under consideration is not a UV-complete theory, but it is
rather an effective theory valid up to a certain UV scale A, only the Fourier components
such that p® obeys the condition (1.126) must be included in the expansions of the 5D
fields ®(z, z) and X(z, 2),

<Z/ 27 5R> pe' ) = \/ﬁ Z i

- i(prt+(F+e)z) _ 1 = A i(Et+q)z
(z/ %53) el H_—%n;mx"me( . (1120)

where ¢ (z) and x(r) are defined through the relations

oA () T (1.130)

e et [
Therefore, in the calculation of the fluctuation determinants that appear in the one-loop
potential VOP)(®), only eigenvalues of the fluctuation operator that satisfy (1.126) have
to be considered, i.e. we have to make in (1.125) the replacement (1.127).

Let us consider now the calculation of the 4D effective potential. According to what
said above, and differently to what is done in usual calculations, we have to insert in

14Note that this is the procedure followed in the usual calculation of the four-dimensional Vi;(¢) (see
section 1.5.1).
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the action (1.122) the cut Fourier expansions (1.129), rather than infinite expansions
like (1.113). Choosing (similarly to what is done in section 1.5.1) ¢§(x) as the 4D Higgs
field, and integrating over the compact variable z, we get a 4D action that contains a finite
number of Kaluza-Klein fields ¢?(x) and x2(z). Taking a constant value ¢ of @) (x), for
Vii(¢) we obtain

. (1.131)

2 A 2
cr dp p P+ B+ mi+ 3 ¢2> (p +(%+9) +m§+g¢2)
V(e E 71og

n——RA (p2 + %22)2

where the 4D couplings A and ¢ are defined in terms of the 5D couplings X and g
(see (1.125)) through the relations

A g
A= - - = _J 1.132
orR g orR’ ( )
and the combinations
2 _ 9 n’ 2 _ 9 n 2
My, = My + T My = + <§ + q> (1.133)

are the so called KK-masses of the 4D fields ¢*(x) and x2(z). Moreover, from (1.129)
and (1.130) we have that the constant value ® of the 5D field ®(x, z) in (1.125) is related
to the constant value ¢ of the 4D field ¢{(x) in (1.131) as

1
Vo2t R

This shows that the 4D one-loop Higgs potential Vi;(¢) (1.131) (and not (1.114)) is ob-

tained from the one-loop potential V(SD)(d)) (1.125) of the original 5D theory multiplying
the latter by a factor of 27 R,

=

¢ (1.134)

Vi(¢) = 2rRVEP) (D) . (1.135)

The explicit calculation of (1.131) has been performed in [71]. For a bosonic contribu-
tion we have (see (1.119) and (1.120) for the definition of U(ry, z))

M? M* 14M2(¢)q; + 34, M?®
S5M=(¢) + 3% RA3 — 35M% (o) + (¢)qb + 3q, RA + (P)R
18072 84072 607

3C( ) _ U(Tb,l‘) -1
GI5R: ~ 198514 +0OA ). (1.136)

Vi(e) =

+

A comparison between (1.136) and (1.118) shows that (as anticipated above), when all the
components of the five-dimensional loop momentum are coherently cut, new UV-sensitive
terms arise in V};(¢) in addition to the divergent contributions already present in (1.118).
From the first line of the above equation we see that these new terms are all proportional
to powers of the boundary charge ¢,. It is important to stress that the presence of these
terms is entirely due to the non-trivial topology of the manifold R* x S* on which the fields
are defined, that is not simply connected. In fact, this opens the door to the possibility of
considering non-trivial boundary conditions for the fields as those in (1.112). This holds
true even when the size of the 4D box and the radius R are comparable, in which case the
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sum over the fifth component of the momentum can be replaced with an integral (as for
the other four components). Therefore, these previously missed g-dependent UV-sensitive
terms are a consequence of the non-trivial topology of spacetime, and are always present
when non-trivial boundary conditions are realized.

Consider now a SUSY theory with Scherk-Schwarz SUSY breaking as in the previous
section. Summing up the contributions from the different families of superpartners one
has (below A-suppressed terms are discarded)

4 _

2 2 4 2 2
_ qba B qfa 3 o qba qfa _ qba B qfa 2 _ U(Tba.7 ‘T) B U(rfa’ I)
V(o) = §a { o BA 550 M — =g M7(9) RA 5857 . (1.137)

From the above equation we see that, besides the first two ¢-independent terms, Vy;(¢)
is given by the sum of the usual finite result (the last term of (1.137), to be compared
with (1.121)) and a new UV-sensitive term proportional to the difference ¢; — ¢} between
the squared boundary charges of the superpartners of a given family, that does not vanish
since we must have g,, # ¢y, to trigger the Scherk-Schwarz SUSY breaking (cases with
@, = qf,, 1.e. unbroken SUSY, are not physically relevant). Therefore, while the UV-
sensitive terms in (1.136) proportional to powers of M?(¢) and independent of the g; are
canceled between superpartners, the same does not hold true for the UV-sensitive terms
of the kind ¢?M?(¢p)RA.

We have seen that the absence of the latter terms in the usual UV-insensitive re-
sult (1.121) for Vj;(¢) is due to an inconsistent limiting procedure for the components
of the 5D loop momentum. The usual calculation illustrated in the previous section
builds on different physical interpretations for p and n/R. The former is seen as the
four-momentum of the KK-particles in the 4D theory, while the integer n as a counter of
the infinitely many KK-fields, that gives their masses once it is divided by the size R of
the compact extra dimension. From this 4D perspective, then, it seems that to calculate
V1i(¢) one has to sum up the infinitely many Coleman-Weinberg one-loop contributions
from the KK-fields. However, from what we said in the present section, this amounts to
erroneously consider the asymptotics of the fifth component p; of the 5D loop momentum
independently of the asymptotics of p. In this respect, it is worth to note also that the
interpretation of n/R as the mass of a KK particle has to be taken with a grain of salt [71]
since, in truth, it is related to the fifth component of the loop momentum in the original
5D theory.

The results and considerations of the present section have been the starting point of the
calculation of the vacuum energy performed in [12,13] and presented in the next chapter.
As said in the Introduction (and similarly to what we have seen above for the one-loop
Higgs potential), usual calculations in SUSY theories with compact extra dimensions
and Scherk-Schwarz SUSY breaking give the automatically finite result py.. ~ mf{K,
establishing that the vacuum energy is proportional to the fourth power of the KK scale
M, - In the next chapter, we show that again such a finite result is due to a mistreatment
of the asymptotics of the 5D loop momentum, and that, when the latter are correctly
treated, previously missed (power-like) UV-sensitive terms proportional to the boundary
charges of the fields appear in the radiative correction to pya.. We will also discuss the
impact of these results on the recent dark dimension proposal [10].
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Chapter 2

Does the cosmological constant
really indicate the existence of a
dark dimension?

Theories with large compact extra dimensions were extensively explored in the nineties in
search for a solution to the electroweak naturalness/hierarchy problem [73-75] (see also
section 1.5). A recent surge of interest towards the physics of 5D effective field theories
with one compact extra dimension of mesoscopic size has followed the “dark dimension”
scenario [10] (see next section). Born in a string framework, it suggests that we might live
in a universe with a single compact extra dimension, whose mesoscopic size is dictated by
the measured value of the cosmological constant. This scenario is based on swampland
conjectures (see footnote 1) and phenomenological bounds, which lead to the relation
Pswamp ™~ miK between the vacuum energy pswamp and the size of the extra dimension
m_} (my, is the scale of a KK tower, see section 1.5), and also on the corresponding
result p, ., from the EFT limit.

Usual calculations of p,. lead to the automatically finite (no fine-tuning) result p,.. ~
miK, giving the impression that the matching between psyamp and pg..., at the basis of the
DD scenario, is trivially realized. In the present chapter, we show that this result for p,..
comes from a mistreatment of the asymptotics of the five-dimensional loop momentum
in the EFT limit. Performing a proper EFT calculation, we find that p_.. contains
previously missed power-like UV-sensitive terms that do not cancel even in SUSY theories.
Their presence renders the matching between pgyamp and p,., a non-trivial issue, and a
physical mechanism should be found to dispose of these additional strongly UV-sensitive
contributions. We argue that such a mechanism should be provided by the piling up of
quantum fluctuations operated by the UV — IR renormalization group flow that emanates
from the ultimate theory of quantum gravity (maybe a string theory). This RG flow should
connect the boundary (UV) value of the vacuum energy to its measured value in the IR.

The results of the present chapter have been published in [12,13].

2.1 The dark dimension scenario

A generic feature of string theories is the existence of towers with an infinite number
of states, whose masses are given in terms of a scale fi,,. According to the swampland
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distance conjecture [76], at large distance in the moduli field space ¢ one of the tower scales
becomes exponentially small, (10, ~ e~? (o positive O(1) constant). The DD proposal
is related to this asymptotic regime. As stressed in [10], in these regions only two cases
seem to arise in string compactifications: a tower of string excitation modes or a tower
of Kaluza-Klein (KK) states, i.e. fiton ~ Ms, m,, (Emergent String Conjecture [77,78]).
In general, in d spacetime non-compact dimensions an infinite tower of states contributes
to the vacuum energy pg an amount pg ~ pd = [79,80]. As said in the Introduction, a
similar result seems to hold even in the framework of higher-dimensional field theories
with compact extra dimensions. This is for instance the case for supersymmetric theories
with Scherk-Schwarz or brane-localized SUSY breaking [8,9]. Only KK modes are present
and the usual calculation gives pg ~ miK.

Going back to the string (quantum gravity) framework, when the distance conjecture
is implemented in AdS spaces [31]

Htow ~~ |KCC|,Y7 (21)

where KCC is the cosmological constant times the squared Planck mass M}%. Even though
there is much wider support in AdS, the conjecture is nonetheless extended also to dS
spaces, where it forms the basis for the dark dimension proposal [10]. Restricting to the
d = 4 case, the one-loop string calculation of p, gives

P4~ :U’?ow : (22)

The authors of [10] note that higher loops might only contribute with higher powers of
[ttow, SO that (barring cancellation of the p},, term) the comparison of (2.2) with (2.1)
gives! X

v > 1 (2.3)
They assume (2.3) as starting point for their proposal. Moreover, observing that the
experimental bounds on possible violations of the 1/r? Newton’s law [34] give jiz0, > 6.6
meV, and that the energy scale associated to the measured value of Ace [85] is of the same
order, At~ 2.31 meV, they infer that (2.1) is saturated with v = 1/4, and accordingly
the “experimental value” of pizy,, is

Uiab ~ 2.31 meV (2.4)

(order the neutrino scale). Finally they observe that, although it is in principle possible
that pyew = My, Eq. (2.4) indicates that this option is “ruled out by experiments” since
we know that physics above the neutrino scale is well described by effective field theories,
and no sign of string excitations is observed at these scales. They then conclude that
the only possibility left is an EFT decompactification scenario, with a Kaluza-Klein mass
My ~ Hige ~ 2.31 meV.

This conclusion takes us from the string theory realm to the EF'T terrain, and is crucial
to the formulation of the DD proposal. Typically, when physics is described in terms of
a string KK tower, the original string theory is replaced by the corresponding higher-
dimensional EFT with compact extra dimensions. A thorough analysis of this delicate
step is one of the goals of the present chapter.

IThey also refer to [32,83] to further support the bound (2.3).
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According to [86], the strongest bounds for the compactification scale m;{ come from
the heating of neutron stars due to the surrounding cloud of trapped KK gravitons [86,87],
which yields to the upper bounds: m_! < 44 pm for n = 1, m_! < 1.6 x 10~* ym for
n = 2, with more stringent bounds for n > 2. The authors of [10] then conclude that
n > 2 is excluded since it is not compatible with m,, ~ Ai*, and that there should be a
single extra dimension, they call it dark dimension, of size ~ 1 — 100 pum.

In string theory the finite result pg ~ pé  arises from modular invariance, that re-
quires to sum over the infinite tower of states. In higher-dimensional field theories with
compact extra dimensions such an UV-insensitive result for py is obtained performing the
calculation in a similar manner, i.e. summing over the infinite number of KK-states (the
same is done for the calculation of the 4D Higgs effective potential and Higgs boson mass,
see section 1.5.1). Differently from the string theory case, however, in this EFT frame-
work such a way of performing the calculation is less obvious to justify [88]. In fact, this
question was at the centre of a heated debate in the early 2000’s. Several authors tried to
support this way of operating with different arguments [389,90], and even nowadays there
are attempts at justifying it from the string theory side [91].

This issue, and more generally the question of developing a well-founded EFT approach
to field theories with compact extra dimensions, was recently re-analysed in [71] (see also
section 1.5), where the focus was on the problem of the UV-(in)sensitivity of the one-loop
Higgs effective potential and Higgs mass. It was shown that within the usual calculations
the asymptotics of the loop momenta are mistreated, and that this results in an artificial
washout of UV-sensitive terms of topological origin. The latter stem from the boundary
conditions that must necessarily be given to define the theory on a multiply connected
manifold. Their presence was first pointed out in [71].

In the next section we show that, when a proper EFT calculation of the vacuum energy
py is performed, UV-sensitive terms arise. Moreover, it is discussed how the EFT logic
can and must be consistently applied to theories with compact extra dimensions, although
it has been recently argued that no controlled approximation can be obtained cutting a
KK tower at a finite value [92].

2.2 Vacuum energy

For concreteness, in the following we stick to the case (sufficient for our scopes) of a 5D
EFT coupled to gravity, where the compact space dimension is in the shape of a circle of
radius R. We take the 5D action to be

S = SLED + Spyarier (2.5)
where .
(4+1) _ 4 ~ (P _ oA
T / dlzdz /g (R 2ACC> (2.6)
is the Einstein-Hilbert action in (4 + 1) dimensions and Sr(f;tlgr the matter action that

contains the bosonic and fermionic fields of the theory. We indicate with = the 4D
coordinates and with z the coordinate along the compact dimension. Using the signature

(+,—,—,—,—), the (4 + 1)D metric is parametrized as
. e2%q,, — PP A, A, 2P A
Iun = < M€2,8¢AV : —€2B¢M (27)
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where A, is the so called graviphoton and ¢ the radion field. Considering only zero modes
for g,,, i-e. taking g,,, A, and ¢ in (2.7) depending only on x, the integration over z leads

to the following 4D gravitational action Sg(;i?w [93]

S, = 2—; / d*zv/—g [R —2e%%\,, + 200¢ + (a;b)Q — ezw F2| ., (28)
where the 4D constant x is related to the 5D & by
22
K? = R (2.9)
The constants a and S satisfy the relation
20+ =0 (2.10)
and the canonical radion kinetic term fixes
0= (2.11)

V12

For completeness we recall that the Newton constant x can be used to write (2.8) in terms
of dimensionful ¢ and A, fields through the redefinition

¢ Ay

¢—>@ , AM%@. (2.12)
Let us consider the case of a complex 5D scalar field ® with action
SUH = / d*zdz /3§ (gMNaMé*aNci - m2|<i>\2) , (2.13)
that along the compact dimension obeys the non-trivial boundary condition
D(x,z + 2nR) = ¥ (x, 2), (2.14)
where 4 is a generic phase. Defining now ([0] is the integer part of ¢)
g=0—[0], (2.15)
(2.14) can be rewritten as
d(x,z 4 27R) = ¥ P (x, 2) . (2.16)

It is then clear that the physical parameter to which we have access is not 9§, but rather
q. In other words, to implement the non-trivial boundary condition we have to refer to
(2.16) rather than to (2.14). Consequently, in physical quantities ¢ rather than ¢ will
appear.

For the corresponding 4D action we have

(4) 4 2 200, 2 6a¢<”+Q>2 2
Sy = dx\/—gz |Dpy,|” — | €¥%m” + e T lonl” |, (2.17)
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where
D,=0,—i (%ﬂ) A, (2.18)

and ¢, (z) are the KK modes of ®(z, z) (see section 1.5). Taking a constant background for
the radion (that for notational simplicity we continue to call ¢) and the trivial background

for A,, .
G = (e Oﬁ/w _fm) ) (2.19)

from (2.17) we can define the ¢-dependent radius Ry = Re 3¢ (Re#~%¢ hefore using
(2.10)) and the ¢-dependent mass m? = m?e**?, so that the KK masses are

(n+q)?*

i

2
n

2
m, = my + (2.20)
Going to Euclidean space and considering the general case, the one-loop contribution?
p*! of a single bosonic or fermionic tower of mass m and boundary charge ¢ to the 4D

vacuum energy pg4 is then

2 (ntq)? 2
d4p DTt e my
1 o ¢
Pt~ (—1) fE:/(%)“ log e : (2.21)

where p is a subtraction scale, and ¢ = b, f for bosons and fermions respectively.

The right hand side of (2.21) is calculated according to different strategies. One
of them consists in performing the sum over n all the way up to infinity, and the in-
tegral in d*p with the help® of a cutoff A [3,9,70]. Other methods are related to the
implementation of the proper-time [94], Pauli-Villars [89], thick brane [90], and dimen-
sional regularizations [95]. They all give the same result. For the time being we focus
on the first of them; we will comment on the others later. Crucial in getting the UV-
insensitive result p' ~ R;* = ml in [8,9,70] is that n is sent to infinity while A is
kept fixed? (see the discussion in section 1.5.1). As explained in section 1.5.2, however,
this way of performing the calculation mistreats the asymptotics of the 5D loop mo-
mentum of the original theory. In fact, n/R is the fifth component ps of the 5D loop
momentum p = (p,n/R). Sending ps; — oo while keeping A fixed means that in the
loop corrections we are (improperly) including first the asymptotics of the fifth compo-
nent (n/R) of the momentum and only later those of the other four components py, po,
ps and py. As shown in [71], however, a necessary and physical requirement, overlooked
in previous literature, is that the asymptotics of all the five components of p have to
be treated on an equal footing. This can be realized considering in (2.21) a 5D cutoff,
ngﬁMﬁN — ¢ 2002 4 o=200p2 |R2 = 52 4 2/ R2 < A2, or equivalently through the inser-

tion of a multiplicative smooth cutoff function e~ (PP +n? /%) /A2 (f]gm is the inverse of the

2Note that the result for the vacuum energy p, is obtained summing p'! to the bare vacuum energy
Pbare; P4 = Pbare T P1l~

3We note that the introduction of A is necessary, otherwise each of the integrals in (2.21) would be
divergent.

4Strictly speaking, this is true only in a supersymmetric theory. Moreover, sending A — oo at the end
of the calculation is harmless, as the only A-dependent terms all vanish in this limit.
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Euclidean flat background 5D metric in (2.19)). Sticking to the first of these two options,
defining Ay = Ae®?, and performing the integration over p, we get (below we write only
the contribution of a bosonic tower)

[RoAg] 2 Ai + mi — %i + (%)2

Mg 3 (08 )b () (8 )

n=—[RsAg]

2 n2)?
+(mé+(n};;q)2>2log my + EL2¢) —— <A¢ 232) }5 [Rgfﬁ] F(n), (2.22)
Ry

A2 + mi + (R} Ry ) n=—[RyAy]

where the brackets [...] indicate “integer part” (to simplify the notation, but without loss
of generality, we take A such that R,A, is an integer). The sum can be performed using
the Euler-McLaurin (EML) formula,

RgAg _

~RyAy 2
B2J

(FE=D(RyAy) — FED(=RyAy)) + Ray, (2.23)

_]_1

where r is an integer, B,, are the Bernoulli numbers, and the rest Ry, is given by

X B, . -
Ry, =k21(2—;;! (FED(RyAy) — FED(—R4A,))
=r+
D e P (@) B — o] 2.24)
= x x) B, (2 — [x]), )
2! / 2 (

with B, (x) the Bernoulli polynomials. Expanding for my/Ag, ¢/Ay < 1, we finally get

A2€2a¢u 2 dad ap 4 8¢
u_ Plog = — 2 20 SRAS + 5m? + 30— 206 pAd 35mt + 14m? e 4 34 a6 0
30072 18072 8407r2
5 3log A2l | o
oo R+ e P RA Ry + O(ATY), (2.25)

where the rest R, is the UV-insensitive term (suppressed O (A™!) terms are discarded
below)

2 . _ . _ . p—
2°Lig (rpe™") + 3xLiy (rpe™™) 4 3Li5 (1pe x)e12"‘¢+hc n 3¢(5) (1200

Ry = — .C.
4 12876 R4 6476 R4

(2.26)
with
r = e*m ) r = 2me ***RVm?. (2.27)

Egs. (2.25) and (2.26) are re-written in terms of the original R, A and m (rather than
Ry, Ay and my) to explicitly show the ¢-dependence. It is worth to note that the 4D
one-loop contribution to the vacuum energy p' is related to the corresponding 5D one
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pit, through the relation p'' = 27 Re?*? pi’, | (we have seen that this relation holds more
in general for the effective potential, see Eq. (1.135)).

Several comments are in order. First of all we observe that, had we made the cal-
culation in the usual way [8,9,70], all the ¢g-dependent UV-sensitive terms in Eq. (2.25)
(i.e. all the g-dependent terms except those contained in R4) would be absent, while the
other UV-sensitive terms are cancelled by SUSY. In fact, while the higher-dimensional
SUSY imposes my, = my for the superpartners, g, and ¢; are necessarily different to have
a broken SUSY spectrum at low energies. With the usual calculation we would then get
the well-known result p* ~ R} — Rf; ~ miK. However, as we explain below, such a result
comes from the fact that the UV-sensitive terms proportional to powers of g are artificially
washed out due to an improper way of treating the asymptotics of the loop momentum.

In this respect, we now show that the interpretation of the 5D theory as a 4D one with
an infinite tower of states (if pushed too far) is misleading. Within this interpretational
framework, in fact, it is natural to consider that the correct thing to do is to sum the
infinitely many (n — oo) Coleman-Weinberg one-loop contributions brought by each of
the towers. Any reference to the original 5D loop momentum p (and a fortiori to the
physical meaning of n) is lost. If on the contrary we correctly focus on the dynamical
origin of the KK states, and recognize them as different momentum eigenstates that
appear in the Fourier expansion of the 5D field (f(x, z), it is clear that sending n — oo
while keeping the modulus p of the other four components fixed is unphysical. If our
universe has compact extra dimensions, low-energy 4D physical observables emerge from
the piling up of quantum fluctuations above the compactification scale. In implementing
such a dressing, it is clear that the components of the loop momenta must be treated in
a consistent way, actually on an equal footing. We will further comment on this point
later.

To better read the result (2.25), we stress that it contains four kinds of terms: (i)
m- and g-independent UV-sensitive terms; (ii) UV-sensitive terms that depend only on
m; (iii) g-dependent UV-sensitive terms; (iv) UV-insensitive terms. As stressed above,
in SUSY theories boson and fermion superpartners have the same mass m, while the
boundary charges g are necessarily different to trigger the Scherk-Schwarz mechanism
(introduced in section 1.5). Therefore:

(a) in SUSY theories supersymmetry enforces cancellations between superpartners of all
but the g-dependent terms in (2.25), so that for each supermultiplet the dominant con-
tribution to p' is controlled by the SUSY breaking parameter ¢; — ¢7, and is

2 2
s (g — qy)

iE PP RA® = (qF — qj%) m? RA: (2.28)

(b) in non-supersymmetric theories, each of the higher-dimensional fields (each tower in
4D language) gives to the vacuum energy the dominant (uncancelled) contribution

A2e20¢ (mKK R)2/3A2

pl ~ e2*®RA® log s = mi/If’RE’/?’AE’ log 2 (2.29)

Therefore, even in the light tower limit m,, — 0 (large negative values of ¢), by no
means the UV-insensitive Ry ~ m{ term in (2.25) can overthrow these dominating
contributions.
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The main point that emerges from our result (2.25) is that g-dependent UV-sensitive
terms always arise when non-trivial boundary conditions on multiply-connected manifolds
are realized (necessary for instance to implement the Scherk-Schwarz mechanism in SUSY
theories), independently of the size of the extra dimensions. On the contrary, the UV-
insensitive terms in the rest R, originate from the discreteness of the momentum along
the circle, generated in the present case by the hierarchy between the size of the 4D box
and the radius of the circle.

2.3 Vacuum Energy and Dark Dimension

As already stressed, taking a 5-dimensional supersymmetric EF'T with one compact di-
mension in the shape of a circle of radius R, and performing the calculation in the usual
manner, for the vacuum energy p'! at the one-loop level we have

o= (S R) ~ e, (2.30)

where RY is of the kind (2.26) (see also (1.120)). The sum over i includes all the bosonic
and fermionic contributions, and C is an O(1) coefficient®. The DD proposal [10] is based
on the assumption that in the asymptotic region of the string moduli space where the
EFT emerges, the vacuum energy p*! goes as mf‘m, where m,, is a Kaluza-Klein mass (of
order the neutrino scale) given by the cosmological constant. The authors argue that the
EFT result (2.30) supports their proposal.

However, we have shown that (2.30) results from an improper treatment of the asymp-
totics of the loop momentum in the original 5D theory, and that the correct result for p*
is given by (2.25) (with ¢-independent terms cancelled by SUSY). From this latter equa-
tion we see that for a supersymmetric theory with SUSY breaking parameter g7 — qJ% the
dominant contribution to p' is (2.28), i.e. it goes as m?> RA®. Far from being UV-finite
as mf{K, this term is strongly UV-sensitive. We also see that, for a non-supersymmetric
theory the term that dominates p' is (2.29): it scales with m, as m*3logm,, and is
UV-sensitive as A°log A. In both cases the expected mf(K result is not recovered.

Therefore, the only possibility for the DD scenario to be considered a physical reality
is to accept that a fine tuning is needed for the relation py ~ mf{K to hold also in the
“EFT limit” of string theory at the basis of this scenario. In fact, a physical mechanism
responsible for the suppression of the strongly UV-sensitive terms in (2.25) is needed.
One might think that a possible way to escape from such a conclusion is to admit that
the aforementioned EFT limit of string theory, framework in which the DD proposal is
formulated, actually gives rise to a new type of Effective Field Theory, far from what
is usually intended by the community. To support this claim, the calculation of p' in
KK theories is sometimes compared with examples where finite results are obtained also
in field theory, as for instance the calculation of the one-loop free energy F' in finite
temperature field theory [96]. Also in this case, in fact, an infinite sum over an integer n
appears in the expression of F'''. As we will discuss in section 2.4, and contrary to the case

5A simple inspection of (2.26) shows that, strictly speaking, (2.30) rigorously holds: (i) for mass-
less theories (with or without compactified higher-dimensional gravity); (ii) for theories with ¢ = 0
(Minkowski).
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of KK theories, however, in the case of finite temperature field theory the infinite sum has
a precise physical justification, and must be implemented to obtain the correct result for
F1. Concerning KK theories, instead, at present there is no hint for that, and, as stressed
by the authors of [10] themselves, we all know that around and above the neutrino scale
physics is well described by the EFT paradigm in the usual and well-known sense.

In this respect we also observe that to calculate the contribution of a KK tower to p',
in particular to study its UV (in)sensitivity, we could resort to the species scale cutoff Ay,
[97,98], as it is sometimes done within the swampland program (see for instance [99-103]).
Referring to our previous examples, we consider the case of a massless 5D field, where
the masses of the tower states are given by (2.20) with mi = 0. The number N of states
with mass below Ay, is

N = Nmax + |nmin| + 1 ) (231)

with npax and ny, solutions of (n + q)Q/R?ZS = Agp, ie.

Nmax = RyAsp — ¢ : Nmin = —ReAsp — ¢ (2.32)

The explicit calculation is performed in Appendix A.

We stress that when ¢ # 0, cutting the sum over n in (2.21) with (2.31) and (2.32)
and the integral over the four-momentum p with Ay, ¢s not equivalent to the introduction
of a cut on the 5D loop momentum p. As repeatedly underlined in the present work, the
latter is the (physically) correct cut to apply. From the calculations in Appendix A we
see that, when the cut is imposed on the combination (n + ¢)*/R3 rather than® n*/R3,
an artificial washout of ¢g-dependent UV-sensitive terms is operated. This again comes
from a mistreatment of the 5D loop momentum asymptotics. Similarly to what we have
already seen, the application of the Ay, cut pushes too far the interpretation of the KK
modes as massive states of the 4D theory, losing sight of the original physical meaning of
n.

These issues were also discussed in [71], where it was shown in full generality that the
inclusion of the boundary charge ¢ in the cut (whatever kind of cut) is at the origin of
the artificial washout of the ¢-dependent UV-sensitive terms. In this respect, it is worth
to stress that performing the infinite sum while keeping A fixed is equivalent to include ¢
in the cut. As explained in the present work, both are physically illegitimate operations.
The proper-time [94], Pauli-Villars [89], and thick brane [90] regularizations all implement
the insertion of ¢ in the cut over n, thus realizing the artificial washout mentioned above.
It is worth to point out that the use of dimensional regularization (DR), as done for
instance in [92,95], does not help to cope with this kind of issues. By construction, in
fact, DR does not detect the full UV-sensitivity of a theory, since in this regularization
power “divergences” are automatically canceled (see [22] for a careful analysis of DR in
comparison with other regularizations). We also note that DR totally masks the presence
of UV-sensitive terms in odd dimensions, leading sometimes to the impression that no
“divergences” appear in that case.

6Except for the e2*? rescaling factor, n?/ Ri coincides with p2, the square of the fifth component of p.
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2.4 Casimir energy and finite temperature field the-
ory

As anticipated in the previous section, we now comment on two examples that have been
sometimes invoked in the literature (see for instance [96]) to support the inclusion of the
infinite KK tower in the calculation of p!, and to substantiate the widely spread belief
that for field theories with compact extra dimensions the vacuum energy turns out to be
automatically finite. Some authors refer to (i) the calculation of the one-loop free energy
F'in finite temperature QFT, where the T-dependent contribution is finite and goes like
F ~ T4 and (ii) the calculation of the Casimir energy.

Let us begin with the finite temperature field theory case. As stressed in [71], despite
their apparent similarity, there is a profound difference between the sum over the integer
n that appears in F''' and the analogous sum in the calculation of the vacuum energy p'
in KK theories. In fact, both for p!’ and F'' we have an expression of the kind (below
d = 4 for the (4 4+ 1)D KK theory and d = 3 for finite temperature field theory)

1
ptt FY o~ 3 ; / d%p log(p* + m* + fn) - (2.33)

For the case of KK theories (p*) the integer n is related to the fifth component of
the (4 + 1)D loop momentum p, that is cut at A. Therefore n and p are intertwined
between one another and are to be cut accordingly, see comments below Eq.(2.21) and
Eq. (2.27) (see also [71]). This in particular implies an upper bound on the integer n.
As a result, our Eq. (2.25) is obtained. For the finite temperature field theory case (F!),
on the contrary, the integer n and the 3D momentum p are not intertwined. The d3p
integral provides the trace over quantum fluctuations (and is cut at a certain momentum
cutoff), while the ) gives the statistical average (mixed states), and as such has to be
performed all the way up to infinity to implement ergodicity. This infinite sum is at the
origin of the finiteness” of the T-dependent contribution F;' to F1. In fact,

Fpl = g > /dgp log(p* +m? + f,)

n=—oo

— %/d3p p? +m? ~ T" = finite. (2.34)

As discussed at length above, performing also in the KK case the sum over n up
to infinity (while keeping p finite) mistreats the loop momentum. This is what causes
the (artificial) disappearance of the g-dependent UV-sensitive terms in (2.25), giving the
impression that there is a cancellation similar to what happens in the finite temperature
case.

Moving now to the example of the Casimir energy £, we observe that the latter is
nothing but the difference between the vacuum energy p, calculated in the KK theory
with one compact dimension (that for our illustrative purposes we took as a circle of
radius R) and the corresponding p_ calculated in the decompactification limit (i.e. in the
theory with all non-compact dimensions): £ = p,, —p... Now, if we perform the one-loop

It is worth to note that the full result for F'*! is finite only if the theory is supersymmetric.
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calculation of p' according to previous literature, meaning that in (2.33) we perform the
sum over n up to infinity, & takes a form in all similar to (2.34), with T replaced by
miK. However, as shown in the previous sections of the present chapter, (contrary to
what is found in previous literature) the subtraction p, — p_ is not in general sufficient
to ensure the disappearance of all the UV-sensitive terms. This is for instance the case of

KK theories with Scherk-Schwarz SUSY breaking considered above.

2.5 Compact dimensions and EFT's

The result p'! ~ mf{K (more generally pg ~ miK in d spacetime non-compact dimensions)

is sometimes used to argue for a possible general breakdown of EFT methods. On our side,
referring to the original (4 +n)D theory (with n compact dimensions), we have shown in
the previous sections that the EFT approach is perfectly suited to theories with compact
extra dimensions, and found for p* the radically different result (2.25). An interesting
point of view on these issues has been recently given in [92], where the result p*! ~ mf{K is
taken for granted but it is argued that it cannot be used as a signal of general departure
from the EFT approach.

Their argument goes as follows. Consider a tower of states with mass spectrum m,, =
fn ow- Cutting the sum at n = N means that we include in the theory KK modes up
to the N-th one, and exclude the states from the (N 4 1)-th up to infinity. In general,
integrating out a (finite) set of fields to define a low energy EFT for the lighter ones is
a consistent operation only if there is a large mass hierarchy between the fields included
and those excluded. When a KK tower is cut, the hierarchy between the heaviest state
included and the lightest one excluded is given by fx/fn11. Being this ratio O(1) (except
for the case N = 0, that defines the 4D EFT), the authors conclude that no EFT estimate
with a finite number of KK states can ever be done, and that the (4 + n)D theory must
necessarily contain the infinite tower.

The observation that an infinite tower of massive states cannot be divided into heavy
and light fields to define an EFT for the latter ones is certainly true and interesting in its
own right. This line of reasoning, however, might not apply to higher-dimensional theories
with compact extra dimensions. In fact, sticking for concreteness to a higher-dimensional
5D theory, we should keep in mind that the KK modes are momentum eigenstates of the
original 5D fields (and not an infinitely numerable set of massive 4D fields), and that the
5D theory from which the 4D theory derives is an EFT itself. As for any EFT, this means
that the 5D momentum p = (p,n/R) in the loops has to be cut at the scale where the
theory loses its validity. The fifth component n/R of p cannot be disentangled from the
other four components, p = (p1, pa2, P3, P4), so that the cut in the KK states results from
a physically necessary requirement. No large hierarchy between included and excluded
momentum modes is ever needed.

In this respect, we stress that the Wilsonian point of view developed in section 1.4 is
perfectly suited for theories with compact extra dimensions. Starting from the 5D action
S/(\s), and integrating out the modes in the range [k, A], one obtains the action S,f) at the
lower scale k. Due to the discreteness of ps = n/R, the contribution from the related
eigenmodes comes in a stepwise fashion. For k& < 1/R, no such eigenmodes appear any
longer, and the RG evolution becomes effectively of 4D type. It is only in this sense that
the 4D theory emerges from the 5D one, and no 4D theory with an infinite tower can ever
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(4+1)D EFT
(bulk and brane fields)

\

:| Reduced 4D EFT
(

0 — modes and brane fields)
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Figure 2.1: Pictorial representation of the energy scales and theories involved in the Dark
Dimension scenario. The grey region indicates a possible UV-completion of the (4 + 1)D theory
between its rescaled physical cutoff Ay (see text above Eq.(2.22)) and the string scale M,. A
particular case could be that A4 directly coincides with M. Below A, (that coincides with the
Standard Model physical cutoff Agy, see Appendix B) the (4 + 1)D theory of the DD scenario
(blue region), that contains bulk fields and SM (with possibly other) brane fields, takes place.
Below my,, the theory is well described by a 4D EFT (green region) containing the 0-modes of
the bulk fields together with brane fields. The components p and ps of the (4 + 1)D momentum
p = (p,p,), with p = (p1,p2, p3, p4) and ps the fifth component, are reported. The fully colored
blue and green rectangles indicate that p takes continuous values (non-compact dimensions),
while the blue lines indicate that ps takes discrete values starting at m,, (compact dimension).

give an accurate description of the original 5D theory.

This considerations certainly applies to the (4 + 1)D model that implements the DD
scenario. To be phenomenologically viable, this model has to include the SM on a 3-brane.
An important consequence is that the physical cutoff A of the (4 +1)D theory is an upper
bound for the SM cutoff Agy (the derivation of Eq. (2.35) below is in Appendix B)

Asm < A (2.35)

Let us also note that m, is the cutoff of the “reduced 4D theory”, which besides brane
fields contains the zero modes of bulk fields (i.e. fields that propagate also along the 5th
compact dimension). Moreover, it is worth to observe that, although both the Standard
Model and this “reduced theory” are 4-dimensional EFTs, they are certainly not the same
theory, and their cutoffs (Agy and m,, respectively) should not be confused. In Fig. 2.1,
we provide a comprehensive picture of the global framework in which the DD scenario is
framed, described in detail in the caption below.
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2.6 Summary and conclusions

In this chapter, we carefully analyzed the calculation of the one-loop contribution to the
vacuum energy in theories with compact extra dimensions, also in connection with the
recent dark dimension proposal [10], according to which the tiny measured value of the
cosmological constant might signal the presence of a single compact extra dimension of
mesoscopic size (order pm or so). Moving from swampland arguments, this proposal
is based on the idea that the cosmological constant fixes the scale m,, of a KK tower
(of order the neutrino scale), and relies on the (widely believed) result p,.. ~ m? for
the vacuum energy in the underlying higher-dimensional EFT with one compact extra
dimension.

According to [10], both the relation psyamp ~ mf{K (that comes from swampland con-
jectures formulated in an asymptotic corner of the quantum gravity landscape) and the
corresponding result for the vacuum energy p,., coming from the EFT limit are at the
basis of the dark dimension scenario. Leaving aside problems that might arise in the
string theory framework itself, in this chapter we have shown that, due to the presence of
previously missed UV-sensitive terms in p,.. (proportional to the ¢ charges of bulk fields),
the matching between pgyamp and the corresponding p,.. is a delicate issue. In order for
this matching to be realized, a physical mechanism that implements the suppression of
the strongly UV-sensitive terms in the vacuum energy is needed. In this respect, we stress
that in this chapter we mainly focused on the contribution to the vacuum energy from
bulk fields. Naturally, there is also a contribution from the Standard Model, that, as
already said, lives on a 3-brane. Since the SM physical cutoff Agy is at least of the TeV
order, this contribution cannot be ignored.

We expect that, for both bulk and brane contributions, the aforementioned mechanism
(if any) should be provided by the piling up of quantum fluctuations in the UV — IR
renormalization group (RG) flow that takes into account the whole (4 + 1)D theory,
including the SM in the 3-brane. In such a framework, the UV-complete theory (string
theory/quantum gravity) should provide the boundary (i.e. UV) value of the vacuum
energy (more generally the boundary values of all the physical parameters), so that RG
equations should dictate how the measured vacuum energy is reached in the IR (see [11]
for examples where this mechanism is realized in d = 3 and d = 4 scalar theories).

In the next chapter, devoted to a presentation of [14], the problem of the UV-sensitivity
of the vacuum energy is studied in a different framework. We consider pure quantum grav-
ity (in four non-compact dimensions) in the Einstein-Hilbert truncation, and calculate the
one-loop effective action Féiav paying attention to two aspects often overlooked in previous
literature: the use of the correct (diffeomorphism invariant) path integral measure, and
a proper introduction of the UV physical cutoff A of the theory. Contrary to what is
found from usual calculations (typically performed resorting to the heat-kernel formalism
introduced in section 1.2), we show that the radiative correction to the vacuum energy
(read from T'll ) is only logarithmically sensitive to A. We also show that this still holds

grav
true in the presence of matter fields.
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Chapter 3

Path integral measure and the
cosmological constant

In the present chapter, we consider (Euclidean) quantum gravity in the Einstein-Hilbert
truncation, and re-examine the calculation of the one-loop effective action Féﬁav. As said
in the Introduction, this calculation is usually performed within the heat-kernel formalism
[17,44] (see also section 1.2), and gives rise to quartically and quadratically UV-sensitive
contributions to the vacuum energy py.. = g\ﬂc&, with A.. and G the cosmological and
the Newton constant, respectively. We show that the appearance of these “divergences”
is due to the use of a non-diffeomorphism invariant measure in the path integral that
defines the effective action, and to an improper identification of the UV physical cutoff
A. We find that, if the diffeomorphism invariant Fradkin-Vilkovisky measure is used, and
the UV physical cutoff A is properly introduced, py.. presents only a (mild) logarithmic
sensitivity to A. We also consider a free scalar field and a free Dirac field minimally
coupled to gravity, and show that the same holds true even in the presence of matter.
An important point to stress is that these results are obtained without resorting neither
to regularization schemes, as dimensional or zeta-function regularization, that operate
the cancellation of power-like divergences by construction, nor to any ad hoc physical

cancellation mechanism, such as a supersymmetric embedding of the theory.

The results of the present chapter have been published in [14].

3.1 One-loop effective action. Pure gravity

Let us consider the (Euclidean) gravitational action in the Einstein-Hilbert truncation!

1
Sgrev = —— [ d* —R+2Ac) - 3.1
o = Torg | 40 VE (CR+200) (3.)
To calculate the one-loop effective action Féﬁav = Sgrav—i—éSéﬁav, we resort to the geometrical

approach pioneered by Vilkovisky [55] and DeWitt [57] (introduced in section 1.3) that
allows to obtain a gauge invariant result even off-shell. We follow the strategy put forward

1 The Einstein-Hilbert truncation is well justified since in the cosmological framework we only need
to consider manifolds with typical length scale I much larger than the Planck length, I > M ! that in
turn implies Aq < MI%.
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in [58,104], paying particular attention to the measure in the path integral that defines
Féiav. Considering the background field method [105, 106], we write the metric g,, as
9w = Guv + hyw, where g, is the background and h,, the fluctuation. As shown in
[58], when g,, has spherical symmetry the one-loop Vilkovisky-DeWitt effective action

coincides with the standard one calculated with gauge-fixing

_ 1 4 = u_l W} :
Syt = 327@5/(1 x\/g{vu (hl, S0 ha)} (3.2)

taking the limit ¢ — 0 at the end of the calculation. We then consider a spherical
7 (a) . .
background g,, = g, where a is the radius of the sphere

Guw = 9% + Py - (3.3)
For this background, the classical action (3.1) is ([ d*z /g = 8 a* | R(¢@) = 2

a a 71-Acc 27
Sér;v = Sgl“aV[g/(LV)] = Wafl - 60'27 (34)

and the ghost action Sghest corresponding to Sgr in (3.2) is

1 4 a) ,(a)pv 3
Sehost = %/d r /gl g\ o (—VPVP — ?) vy (3.5)
After the calculation of 65,1, we will identify the one-loop corrections § (AG) and 0 (&)
to &= and % with the coefficients of a* and a?, respectively [104].

According to the strategy outlined above, the one-loop correction 5Sglﬁav to Séfa)w is
obtained from

_631£av — | * —65®2
e 0%rav — %1_% [Du(h)Dv} Du,] e : (3.6)
where
65 = S5 + Sgt + Senost » (3.7)

with Sy the quadratic term in the expansion of Sgay [gfﬁ) + hy,] around g,(fy) (below h =

gfff,)h“”, }Nl;w = hy — %gfﬁj)h; indexes are raised with ¢(@#”  and covariant derivatives are

in terms of g/(ﬁ,))

2

_ 1 4 / (a 1 v 8 h T o7
SQ = % /d T g( ) |:§h‘u (—vap — 2Acc + ?) huy + E - Vphpuv hg:| . (38)
The measure [Du(h)Dv; DUU] is the one proposed by Fradkin and Vilkovisky in [18,19],
[Du(h)Dv; DUU} = H [g(“) () (g(“)(:zj)y1

X (H dhaﬁ(a:))(Hde(m))(Hdvg(x)ﬂ, (3.9)
a<p P o
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where they also showed that the terms g(®) % (z) (g(“)(:c))fl, coming from the integration
over conjugate momenta? of the fields, ensure the invariance of the measure (3.9) under
general coordinate transformations. We will see that these terms play a crucial role in

the calculation of 65,1, .

Concerning (3.9), it is worth to note that in the literature other measures have been
proposed. A mnotable example is in [107], where Fujikawa derived his measure requiring
the BRST invariance of the configuration space path integral®. This “Fujikawa measure”
is sometimes claimed to be invariant under general coordinate transformations (see [107,
108] and the more recent work [36]). According to Fradkin and Vilkovisky’s proof [18],
however, this cannot be true. What is behind this discrepancy is a delicate point that
arises in gravitational theories, related to the necessity of a time ordering parameter
and a discretization of spacetime (lattice) in the construction of the path integral (see
section 1.1.1). As thoroughly discussed in [18,37,41,109], both of them change under
general coordinate transformations x — 2/, and this is responsible for the appearance
of non-trivial transformation factors from the path integral. Unfortunately, these factors
seem to be missed in Fujikawa’s analysis [107], leading to the belief that this measure is
invariant. When they are correctly taken into account, however, we see that the Fujikawa
measure is not invariant, and that, instead, the local terms ¢(® %(z) (g(“)(x))_l in the
FV measure (3.9) guarantee their cancellation, eventually ensuring the diffeomorphism
invariance of the path integral. These issues concerning the transformation properties of
the path integral measure under diffeomorphisms have been thoroughly analyzed in [37],
that is the subject of chapter 6.

The diffeomorphism invariance of the measure [Du(h)Dv} Dvy] in (3.9), together with
the considerations made at the beginning of this section on the Vilkovisky-DeWitt effective
action, ensures the diffeomorphism invariance of §Sy.,, in (3.6). For our purposes, it is
convenient to calculate 5Séfav considering coordinate systems (as for instance the four

angles that parametrize the sphere) where the background metric g,(fy) can be written as

g;(f:/) = a? g,uzx ) (310)

being the elements of g, dimensionless and a-independent. The factor ¢ % (z) (¢@ () -

that appears in the measure (3.9) can then be written as

g9 (¢ @) =a 0G%@) (G(x) . (3.11)

From the above equation we see that the a-dependence of the non-trivial terms in the
measure is all contained in the factor a=!°. As we will see below, it is convenient to define
the dimensionless field

Iy = (320G) a0 hy,, | (3.12)

The alert reader might notice that the original expression in [18] is g(®)%(z) (g(® (x))fg The
difference is due to the fact that here we take both v and v* as world vectors, while in [18] a different
choice is made. The extra factor \/g(®) is the Jacobian that relates these two equivalent functional
integration variables [109].

3There have been attempts to derive this measure from the phase space path integral [108].
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so that Sy + Sg can be written as
1— v -~
Sy + Set = /d% V'3 bh“ (=V,V* =20’ Ace + 8) hyu
~ 1 _ _
+R2 - (1 . g> (VPh,,) (VR )} : (3.13)

where h = v v , EW = EW -3 L G h indexes are raised with g (V? =g’ V,), and
covariant derivatives are defined in terms of g,,. Note also that in (3.13) only dimension-
less operators, namely —V,V? and —V”, appear. Moreover, introducing (3.10) in (3.5),
and defining the dimensionless field

B, = (32rG) 2w, | (3.14)

Sghost can be written as (again indexes are raised with g#” and covariant derivatives are
in terms of g,,)

St — / diz /T G0 (— Y,V — 3)7, . (3.15)
Finally, we observe that
[T das(z) = (327G)° ' T dhas(z (3.16)
a<lp a<p

Using (3.11), (3.14) and (3.16), the measure [Du(h)DU; Du,] in(3.9) can be written as
[Du(h)Dv; Du,] = H [( I] dﬁaﬁ@))(f[d@;(:ﬂ))( Hda,(a:))], (3.17)
asp P o

where a-independent terms such as [[, 7% (z) (§(z))~" are included in A.

Since equations (3.13) and (3.15) contain the dimensionless operators —V,V? and
—V,, to calculate the path integral in (3.6) we consider the bases for symmetric tensors
and for vectors constructed with the eigenfunctions of the dimensionless Laplace-Beltrami
operator —[1¢*) defined as (see Appendix C for details)

—0® = —a20® (3.18)

where —0¢ are the spin-s Laplace- Beltraml operators for a sphere of radius a, with
s (—)07 1,2. The dimensionless eigenvalues A of —0O© and the corresponding degeneracies
Dy’ are

2s + 1 3\* (25 +1)3 3
W=n"+3n—-s \ (13 D ntg), (3.19)
where n = s,s+1,... . Expanding /ﬁm,, v, and ¥, in terms of the bases mentioned above,

0S4t turns out to be

69 = — 1log fletl[_ﬁ(l) —3] det2[_|ﬁ(3) — 6]
grav 2 deto[—0®@ — 2a2A.. + 8] dety[—1O) — 2a2A ]
1
+ 5 log(2a°Ac) + B, (3.20)
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where B is an a- mdependent term, and the index ¢ in det; indicates that the product
of eigenvalues starts from )\s ;- The calculations that lead to(3.20) are presented in
Appendix C, and closely follow [104].

Eq. (3.20) is an important outcome of our calculation, and we pause for a moment to
comment on it. The term 3 log(2a?Acc) comes from the integration over one of the modes
of h,, (see Appendix C), B (as already said) is an a-independent term. Both terms are
irrelevant for our scopes. The only relevant term in (3.20) is the first one. Its peculiarity
is that it contains only dimensionless determinants. This is a fundamental result of
our analysis and is due to the fact that we have appropriately considered the correct
measure (3.9). In particular, we stress the importance of the term ¢(®%(z) (g(@ (m))_1
whose presence is sometimes overlooked. As Eq.(3.11) shows, in fact, it provides the
factor ' that compensates the factor a'® coming from [[, 5 dhag(z) in Eq.(3.16). Tt

is also worth to stress that, when written in terms of Euu and v, §S® contains only
dimensionless quantum fluctuation operators, see (3.13) and (3.15). In this respect, we
note that in typical calculations of S}, the arguments in det; are dimensionful, and an
arbitrary scale p (supposed to be harmless) is introduced to make them dimensionless.
In our result (3.20), the determinants turned out to be automatically dimensionless*, and
no such arbitrary scale is ever needed.

We now move to the calculation of the right hand side of (3.20) (keeping as explained
above only the first term). We will follow two different strategies: (i) we calculate the
determinants performing the product of a finite number N of eigenvalues; (ii) we repeat
the calculation using proper-time regularization. Anticipating on the results, from both
calculations we will see that the quartically and quadratically divergent contributions to
the vacuum energy are absent. We will also explain why in the literature these terms are
usually found.

Let us begin with the calculation of the determinants in (3.20) as products of the
eigenvalues of the fluctuation operators. We have

2

(5511

grav -

Z D 1og (AP — 20°Ace + 8) + DY log (A — 20Ac.)

n=2

— DPlog (AD —3) — DO 1og (A — 6)] + %log(2a2Am) +8B, (3.21)

[\DI»—

where the UV cutoff is introduced in terms of a gauge invariant® numerical cut N (N > 1)
on the number of eigenvalues. The choice N — 2 (rather than N) in the upper limit of
the sum is just a matter of convenience and simplifies the expression of 5}/, .

Before going on with the calculation, it is worth to stress that a similar numerical cut
was introduced in [110-113]. In particular, in [111] the same pure gravity case considered
in the present section is studied, while [110] and [112] are devoted to the case of a scalar
theory in a gravitational background, a setup that will be considered in section 4 and
in chapter 5, where we will treat the case of a free and of an interacting scalar theory,
respectively. There is however a crucial difference between the calculation performed

n [111] and our calculation. As said above (see comments below (3.9)), the measure to

4Note that the radius a and the cosmological constant A.. appear only in the dimensionless combina-

tion a?Ace.

5The gauge invariance is guaranteed by the fact that N is a cut on the eigenvalues /\( ),
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be used to calculate 65, in (3.6) is the Fradkin - Vilkovisky measure in (3.9). The latter

grav
contains the non-trivial metric-dependent terms g(®%(z) (¢( (x))_l, that result from the
integration over the conjugate momenta in the original Hamiltonian formulation of the
theory, and ensure the diffeomorphism invariance of 5Sg1£av. In [111], a different measure
is used, namely the non-invariant Fujikawa measure [107], and then a non-invariant result
is obtained. This is why the conclusions of this work ought to be reconsidered. Similar
considerations® apply to [110,112,113].

Let us go back to the explicit calculation of §Sy.,,. Inserting (3.19) in the right hand

side of (3.21) and using the identity log (z/y) = — [,"* du [(m +u)t = (y+ u)_l}, the sum
can be put in closed form, though the expression is quite involved. For our purposes, it
is sufficient to consider the expansion for N > 1, that gives

55;1{“ = — (AZ log N?) a* + Aee (—N? 4 8log N?) o
N* o, N? o 779 )
+op (F1+2log N?) + % (203 — 75log N?) — oo s N*+B
+ %log(2a2ACC) + F(a*Aec) + O (N7?) (3.22)

where F(a?A..) contains only UV-finite terms (no dependence on N), and its explicit
expression is given in Appendix D. As already said (see comments below (3.5)), the one-
loop corrections ¢ (%) and 0 (é) to % and é are to be identified with the coefficients of
a* and a? in (3.22) respectively. The cosmological and Newton constant at one-loop turn
then out to be

v Ace (1 — %A“log]\f?)
1+ Sl (N2 - 8log N?)
Gll: G
1—1—%(1\72 — 8log N2)

(3.23)

(3.24)

Since Al! and G are the renormalized values of the cosmological and Newton constant,
we must have Al > 0 and G > 0. A simple inspection of (3.23) and (3.24) shows that
only positive values of the bare parameters A.. and G are then admitted.
We now discuss the relation between the numerical cut N and the UV physical cutoff
A (further comments on this relation are in the next chapter). From (3.1), the classical
(de Sitter) solution
3

Qs =4[ (3.25)

is obtained and, since a  is the (tree-level approximation to the) size of the universe, the
connection between N and A (that might be for instance Mp) is given by

N Acc
=N

g 3

A

(3.26)

Since the physical cutoff A is a fixed scale, from (3.26) we see that for increasing values of
a, (i.e. decreasing values of A..) N grows linearly with a . This is clearly as expected:

6Similarly to [111], in [110,112,113] the non-invariant Fujikawa measure is used.
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to keep the minimal distance resolution (~ 1/A) unchanged for increasing values of a,
a finer angular resolution is needed. This requires the inclusion of a larger number of
eigenmodes in the decomposition of the fluctuation fields. In other words, for a given value
of the physical cutoff A the number N of eigenvalues to be included in the sum (3.21) is
fixed by the highest eigenvalue ~ N2/ ags of the Laplace-Beltrami operator for the sphere
of radius a.

In this respect, it is worth to recall that for a sphere of generic radius(c)z the dimensionful

An n?

eigenvalues ) of the Laplace-Beltrami operator —O% are A\ = a—2 ~ %3 (see(3.19)

where A\ are the eigenvalues of the dimensionless operators —ﬁ(s)). It might seem natural
at first to introduce the physical cutoff A through the requirement A\ < A2, rather than
through (3.26). However, since the eigenvalues M of —O) (that is not the dimensionless
operator —0®) that appears in the determinants of Eq. (3.20)) are proportional to a2,
such a requirement would introduce in N a spurious dependence on a, i.e. a spurious
dependence on the classical background metric gfﬁj). In other words, the identification
A2 ~ 2N~ N2 /a? would give rise to spurious additional terms ~ a* and ~ a? in
0S4, Consequently, the results for the one-loop corrections to ACC; and £ would be
altered. In particular, as we will show below, this artificially generates the quartically
and quadratically divergent contributions to the vacuum energy py.. = BAT% usually found
in the literature.

Finally, inserting (3.26) in (3.22), for §SY, = we have

grav

2

A A?
- (AZC log 3 ) at + (—3/\2 + 8Acc log?;x > a’

grav
Acc cc

3A4 3A? A? 3A? 779 3A?
—1+21 203 — 751 - —1
+8A§C( + 2log Acc)+12Acc(03 75log Acc) %0 0g ACC+B

+ % log(2a°Aee) + F(a®Aee) + O (A7?) . (3.27)

Eq. (3.27) (and equivalently (3.22)) is one of the most important findings of the present
chapter. We will comment on the consequences of this result in the next section. Before
doing that, however, it is useful to proceed with the evaluation of 5Séﬁav following the other
strategy mentioned above, namely proper-time regularization. We will then conveniently
discuss both results together.

Since the operators (—[J®) —a) in (3.20) (with a = 3, 6, 2a®A.—8, 2a%A..) are dimen-
sionless, to regularize the determinants deti(—ﬁ(s) — «) we introduce the dimensionless
proper-time 7, with numerical lower integration bound 1/N? (N > 1)

+oo dr K(S)(T)

det;(—O®) — a) = ¢ w2 7 % (3.28)

The kernel KES) (1) is ()w(f) and D) are the eigenvalues and the degeneracies in (3.19))

+oo /\(S)
K(r)= > D (¥ ) (3.29)

n=s+i

To calculate the determinants, we insert (3.29) in (3.28), perform the integration over T,
and then sum over n with the help of the EML formula. For the reader’s convenience, we
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report here this formula

i:f(”)ZAjfdxf(x)+w

n=n;

" B
+; (22’;! (FPD(ng) — FPD () + Ry, (3.30)

where p is an integer, B,, are Bernoulli numbers and the rest Ry, is given by

[e.9]

Ry = Y é}/?;' (F®*V(ng) = f*D(ny))
k=p+1 )
S [ s @Byfa - ). (331

with B, (z) the Bernoulli polynomials, [z] the integer part of x, and £ the i-th derivative
of f with respect to its argument.
Expanding for N > 1, we finally get

8SM., = — (A2 log N?) a* + A (—N? + 8log N?) a®
Nt 17 1859

B i PR NC B
1213 o0 8Nt

+ %log(2a2/\cc) +G(a’Aec) + O (N7?) (3.32)

where G(a*A..) contains only UV-finite terms (no dependence on N), and is similar to
the term F(a?A.) in(3.22). As for the previous calculation, the connection between
the numerical cut N and the physical cutoff A is given by the relation (see (3.26) and
comments below)

N Acc

A=—=N 3.33
adS 3 7 ( )
so that (3.32) is written as
3A? 3A?
U _ 2 4 2 2
0Sgray = — (ACC log A_cc) a® + <—3A + 8A.c log Acc) a
AT ITA? 1850 3A7
12, Al 90 PAL
1
+ 5 log(2a°Ace) + G(a*Aee) + O (A7) . (3.34)

In summary, for 65,1, we have found (3.34) (or equivalently (3.32)) using the proper-
time method, and correspondingly (3.27) (or (3.22)) resorting to the direct product of
eigenvalues.

In the next section, we will focus on the most important consequences of Eqgs. (3.27)
and (3.34), considering the corrections to % and & that result from these equations.
We will also explain the reason why in previous literature quartically and quadratically

divergent contributions to the vacuum energy are typically found.
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Acc

3.2  One-loop corrections to =5

1
and a

As already said, the coefficients of a* and a? in §SY  provide the corrections to A

grav G
and é, respectively. In the previous section, we calculated 5S§£av resorting first to the

direct product of eigenvalues, that led to (3.27), and then to the proper-time method, that
resulted in (3.34). Though they were derived using two different methods, from both (3.27)
and (3.34) we find that up to one-loop order

Aié Acc 3GACC 3A2

eTire (1 - log Acc) (3.35)
11 G (., 3A°

o= |1+ g2 (90 - ) .

We now comment on (3.35) and (3.36), starting from the latter. First of all we observe
that, since A ~ Mp, taking for the Newton constant the “natural value” G ~ M;Q,
from (3.36) we see that the dressing of G does not spoil this natural relation,

1
1
G'~G~ M (3.37)
In other words, there is no naturalness problem in connection with the renormalization
of the Newton constant.

Moving to (3.35), we immediately see that it contains a surprising result: quantum
fluctuations dress the vacuum energy py.. = 8’}:& only with logarithmic corrections’. The
quantum correction to py,. goes like log Mp (again we take A ~ Mp) rather than M43, the
latter being the typically acknowledged UV-sensitivity. This strong power-like dependence
on the UV scale requires the bare value é\cé of the vacuum energy to be ~ M3, with a
coefficient that must be enormously fine-tuned for it to cancel (quite exactly) the one-loop
generated M3 correction. On the contrary, with Eq. (3.35) the bare cosmological constant
A does not need to be ~ M3, but might well be A.. < M%. Under this latter condition,

from (3.35) and (3.37) we have

A~ A (3.38)

As a consequence, in pure gravity there is no naturalness problem for the cosmological
constant. Note also that (3.38) implies that bare and dressed de Sitter radius practically
coincide.

It is important at this point to understand why, when the calculation is performed
with techniques (the heat-kernel formalism introduced in section 1.2) similar to those we
used in the previous section, quartically and quadratically divergent contributions to the
vacuum energy are typically found (dimensional regularization is obviously excluded from
these considerations since the method itself is constructed ad hoc not to display them).
To investigate on this point, we consider (3.32) (equivalently we could consider (3.22)),
and for the sake of the present discussion we temporarily realize the connection between
N and A through the relation

A=—, (3.39)

a

7As we show in the next section, this holds true also when matter is included.
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rather than via A = N/a, (Eq.(3.33)). As explained above, Eq. (3.39) would correspond

to the (improper) identification of the dimensionful cutoff A with the maximal eigenvalue
&)y of the dimensionful Laplacian —0% (see comments below (3.26) and above (3.33)).

Inserting (3.39) in (3.32), for 6SX  we would obtain (we neglect the terms starting from

grav
B as they are inessential for the present discussion)

08 = — [Allog (a®A%)] a* + Acc [-A® a® + 8log (a®A%) ] @?
Ay 1T, 5 1859 5 o
Tk +§A ¢" =~ =55 log (A a) , (3.40)

which is trivially rewritten as

4
0Sptay = = % + AceA? + AZ log (aw)] a'+ [gAQ +8Acc log (a*A?) | o
1
N 2(5)9 log (a®A%) - (3.41)

Eq. (3.41) is nothing but the well-known result found in the literature when the calculation
is performed resorting to heat-kernel techniques. Quartically and quadratically divergent
corrections to A../G are found.

The comparison between Eq.(3.40) (that we have written only for the sake of the
present discussion using Eq. (3.39) for the physical cutoff A) and the original result (3.32)
for (55';&\, allows to understand how these spurious divergences are generated. This point
is crucial to our analysis, and it is worth to examine these terms one after the other.
Taking —A.. N2 a? of (3.32), and replacing N? according to (3.39), the quadratically di-
vergent term —A.. A% a* of (3.41) arises. This is an example of how, when the UV cutoff
A is improperly identified through (3.39), a term that is originally proportional to a* (ar-
tificially) becomes an a* term. Consequently, a term that originally renormalizes 1/G
becomes a quadratic divergence that renormalizes A../G. Similarly, —Jf—; in the second
line of (3.32) becomes — a*, thus (artificially) giving rise to the (in)famous quartically
divergent contribution to the vacuum energy A../87G. Finally, Y’N? in the second line
of (3.32) becomes fA%q?, i.e. a quadratically divergent contribution to 1/G. Concerning
this latter term, a simple inspection of (3.34) and (3.41) shows that (3.39) generates in the
one-loop correction to 1/G a quadratic divergence that is opposite in sign with respect to
the original one (Eq. (3.34)).

The importance of the above results and considerations can hardly be underestimated.
What we have just seen is that implementing the cut in the fluctuation determinants
taking as physical cutoff the maximal eigenvalues Aoy (see (3.39)) introduces in 053t ay
a spurious dependence on the background metric gf). As stressed above, the connec-
tion between the numerical cut N and the physical cutoff A must rather be realised
through (3.33), i.e. through the de Sitter radius a . In section 4.3 of the next chapter,
we will show that usual heat-kernel calculations, performed using the non-diffeomorphism
invariant Fujikawa measure, automatically implement the improper identification (3.39)
of the UV physical cutoff (see also section 5.3 of chapter 5, where the same is shown in the
case of a scalar theory on a non-trivial gravitational background), and, according to what
we showed above, this is at the origin of the appearance of quartically and quadratically

UV-sensitive terms in A../87G.
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Before ending this section, we comment on the terms in the second and third line
of Eq.(3.32). Starting with the third line, we observe that $log(2a*Ac) and G(a*Ac.)
are O(1), negligible contributions to 4S,.,, (the same holds true for the similar terms
+10g(2a*Acc) and F(a*Ac) in the third line of (3.22)). Concerning the terms in the second
line, in our analysis we interpret them as constants, though the high symmetry of the
spherical background prevents from a clear distinction between constants and R? terms.
A less symmetric background should help in clarifying this issue.

In the present and in the previous section, we considered pure gravity, ignoring the
matter term Sy, in the action. A full treatment of the quantum matter-gravity system
is beyond the scopes of the present thesis, and is left for future studies [114]. Still, we
can have an indication of the role that matter plays on the renormalization of % and
1

& considering the simpler cases of free scalar and free fermion fields on a gravitational

background. The next section is devoted to this analysis.

3.3 Matter contribution

3.3.1 Free scalar field

Let us consider the free theory® of a real scalar field ¢ of mass my defined on the spherical

gravitational background g,(f;),

1 1
S = / Atz /g@ [5 90,0 0,0 + 5 m (ﬂ . (3.42)

Adding S'), to the classical gravitational action Sé?a)w in (3.4), the total action is

mat

_ ala (¢)_7TAcc4 2m 4 alaV L 5 0
S—Sg(riﬁSmt—Wa - +/dx g<>[§g<>u ud 0o+ 5 mi 67| . (3.43)

Integrating out the field ¢, for the effective gravitational action we get

A 4, 2
et = 7;_0“4 - gaQ + 6y (3.44)

with 0Sgay given by

o5 = [T [0 @) (9@)* ot e [V e 0onked ] a5

As for pure gravity, the factors (g(® Oo(x))% (g@ (:1c))i in the measure come from the
integration over the conjugate momenta in the original path integral (hamiltonian formal-
ism) [18,109]. Similarly to that case, their presence ensures the diffeomorphism invariance
of §Sgray (this is shown in chapter 6 with the help of an explicit calculation). We then

8The interacting theory is considered in chapter 5, where we show that the issues related to the path
integral measure and the introduction of the UV physical cutoff have crucial consequences also on the
renormalization of the mass of scalar particles.
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calculate 0Sg4,, in a coordinate system where the relation (3.10) holds, from which we
have

=

1 1 _ 1
(9% ())? (¢'(@))* = a (3%(2))* (5(2))* (3.46)
Eq. (3.45) can be rewritten in terms of dimensionless quantities as

e = [T[@%@)*] [ [[1 @)t dbla) | e Jat=VTLASRIaIEnEe] - (37)

where —00© is the dimensionless spin-0 Laplacian (see (3.18)), and ¢ the dimensionless
field defined as ¢ = a¢.
Performing the Gaussian integrations we get®

geff _ TAce g 27 o2
grav 3G G
where (6™ (0) below is due to the replacement > — [ d*z)

()
Cp= —%log (H'gvoo(x)) = —57((» /d4x log(g”(z)) (3.49)

comes from the exponentiation of the measure term [, (% (z))"/? (see (3.47)). The pres-
ence of the non invariant term C, might lead one to suspect that the above result for Serav
is not invariant, but this is not the case. In fact, as thoroughly discussed in [18, 20, 1()]
and more recently in [37] (whose results will be presented in chapter 6), subtleties arise in

1
+ - 5 Trlog ( — 0O + a*m3) + Cy (3.48)

the calculation of log ( OO + a2m ) More specifically, one should carefully take into
account the distributional nature of the Green functions of the operator (— 0O + a%m )
When this is done, from the calculation of Tr log( 0© + a%m ) the non-trivial term
5<4)( ) [ d*zlog(g*(x)) arises, that cancels the term Cy in (3.48). For this reason, the latter
does not appear in the forthcoming expressions. All the other terms from the “Trlog”
are diffeomorphism invariant [20].

To calculate the determinant in (3.48), we use the proper-time method (see (3.28)).

Being the operator (—D(O) + a*m ) dimensionless, its determinant is written in terms of

a dimensionless proper-time 7 Wlth numerical lower integration bound 1/N? (N > 1)
~ +oo  dr 1+(0)
det(—010) 4 a?m2) = ¢ finz T KO (3.50)

where the kernel K((7) is (/\5?) and DY) are the eigenvalues and degeneracies reported

in (3.19))
ZD —r(W+atmi) (3.51)

Inserting (3.51) in (3.50), performing the 1ntegrat10n over T, summing over n with the help
of the EML formula (3.30), and finally expanding for N > 1, we get

Aee mi 1 m?
S (———¢logN2) a* — 27 {———¢(N2+2logN2)

g 3\ G 8 G 247
N* N2 29
_ S 2 e N2 fi 52
51 &~ Tz0 18 + finite . (3.52)

Bl

1
Note that, had we missed in the measure (3.45) the factors (g(¥ % (z))? (¢'®) (z))
of the fluctuation operator in (3.48) would have been altered.

, the a-dependence
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The similarity of (3.52) with (3.32) (and also with (3.22)) is evident. The numerical cut
N is related to the physical cutoff A (~ Mp) through the relation (3.33), and as for the
pure gravity case the vacuum energy pya. = 8’::& receives only a (mild) logarithmically
divergent correction,

A y A2
5( ) = Mo g 3N (3.53)

81G 6472 Ace

Now, had we proceeded with the (incorrect) identification of A through the rela-
tion A = & (see(3.26) and (3.39) and comments below them), spurious quartically and
quadratically divergent terms would have appeared in the quantum correction to A../G

N4

(see (3.41) and comments below). For instance, with such an identification the term — 3
A

would become —2; a?, that is a (spurious) quartically divergent correction to Ac./G; the
term % m? a?® (that orlgmally renormalizes 1/G, see (3.52)) would become % m? a*, thus
generating an “artificial” quadratically divergent correction to A./G.

Eq. (3.53) is instructive also for another reason. If on the one hand it tells us that in
the quantum correction to the vacuum energy quartic and quadratic divergences do not
appear, at the same time it shows that to fully solve the cosmological constant problem
a physical mechanism that allows to get rid of the ~ mé contribution to A../G has to
be found. If my, ~ O(EW scale), and again we take A ~ Mp, Eq. (3.53) shows that the
cosmological constant problem is reduced from a ~ 120 orders of magnitude problem to
a ~ 50 orders of magnitude one. In chapter 5 (see in particular section 5.2), we comment
on how this problem of the large masses should be handled following the approach put
forward in [11].

In the next sectlon we contmue our investigation on the matter contribution to
Ae./87G adding to Sgrav the action Smat of a free Dirac field on a spherical gravitational
background.

3.3.2 Free fermion field

Let us consider the free theory of a massive Dirac field ¢ defined on the spherical
gravitational background gﬁ(ﬁ,). The action is (V is the Dirac operator on the sphere,
Y =+« et (0, + 1abcwbcu) where e, = €0, and wyp. = € wy, are the vielbein and the
spin connection on the sphere respectively)

Sﬁat_/d‘*x\/_{ ( (Vo) )+m¢w] . (3.54)

Adding 5% to Sé?&v, the total action is

mat
5= it + S0 = et = a4 [t Jyo) | (500) - F0rw) 4 mo b (359

Integrating over 1) and 1), the correction dSgrav to the classical Einstein-Hilbert action
is given by [18,109]

S _ /H [(g(a)(x) g0 ()" (ﬁd@s(m) ) ( ﬁ s (2) )]

s'=1

o o= d1e /g [S (DT~ (F)v)+me 0] (3.56)
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Now, proceeding in the same way as done for the pure gravity and the scalar field cases,
observing that from (3.10)

(9 () g %) " = a2 (§(2) 5% (2))" , (3.57)

it is immediate to see that (3.56) can be written as'®

o~ OSgmay [H(goo(x))—z} / [H (G(z) 2 <ﬁdis($) ) ( f_[ by () )}

A H e e (3.58)

where %7 is the dimensionless Dirac operator Y = aV, and@g the dimensionless field
defined as ¢ = a%z/;.

Performing the Gaussian integrations we get

Ace 2 ~
T 4——Waz—Trlog Y +amy) +Cy, 3.59
Y ¥

of  _ gla) _
Setur = Sty + 68y = 55t = 5

grav grav

where

¢, =210 ([]3"(@)) = 26(0) / dizlog (5(x)) (3.60)

for which similar considerations hold as those developed for the term Cy in (3.49), and for
this reason Cy, does not appear in the forthcoming expressions. Since

~ 1 ~ 9
Trlog (W - am¢) =3 Trlog (W + a2mfb> , (3.61)
introducing the dimensionless proper-time 7 with numerical cut N > 1 (see (3.50)), for
Soi, we get
oo q
TA 2 1 < dr
Sefl = gt — =42 —/ — K2 3.62
grav 3G a G a _I_ 2 1/N2 T (7—)7 ( )
where
+o00
KO (r) = 3 pfi/a () (3.63)
n=1/2

is the kernel of the operator W2 + a2m12/}. The eigenvalues A% and the corresponding

degeneracies DS/ of V7 are [115]

with n =

i i

2
AU <n+ 3) . D (2n+1)(2n1—21— Hn+5)

N W
N | Ot

... (3.64)

N | =

10Note that 1) and ¢ are Grassmann variables, and the change of integration variables (1, 1) — (v, 7:[1\)
involves the inverse Jacobian, that is a factor a'? in the measure. The latter is canceled by the factor
—12
a~'?in (3.57).
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Inserting (3.63) in (3.62), performing the integration over 7, summing over n with the help
of the EML formula (3.30), and finally expanding for N > 1, we get

2

A 1
geft :z(ﬁ—l—%logNz) at — 2 {_4_&(]\72_1%]\72) a?
T

gy 3\ G 4 G 127
N*  N? 11
— — — + —log N? 4 finite. .
+ 13 5 +360 og N* + finite (3.65)

The similarity of (3.65) with (3.52) and (3.32) is evident. Again, the numerical cut NV
is related to the physical cutoff A (~ Mp) through the relation (3.33), and as for the

previous cases the vacuum energy py.. = é\;é receives only a logarithmically divergent
correction,
A my - 3A?
5 =) =—"L1o . 3.66
<87TG> 3272 % N, (366)

As in sections 3.2 and 3.3.1, we observe that had we proceeded with the (incorrect)
identification of A through the relation A = N/a, spurious quartically and quadratically
divergent terms would have appeared in the correction to %< (see (3.41), (3.53) and com-
ments below these equations). Comparing (3.66) (fermions) with (3.53) (bosons) we see
that both contributions to the vacuum energy are proportional to the forth power of the
respective masses, although with opposite signs. Naturally, the total correction depends
on the particle content of the full theory. Moreover, as already stressed at the end of
section 3.3.1 for the scalar case, considering the physical cutoff of order the Planck scale,
and the masses of order the Fermi scale, the absence of quartic and quadratic divergences
in both (3.66) and (3.53) alleviates the cosmological constant problem of about 70 orders
of magnitude.

It is important to stress that the fact that the vacuum energy has only a logarithmic
sensitivity to the UV physical cutoff (see (3.34),(3.53) and (3.66)) comes from a careful
treatment of the path integral that defines the effective action (in a curved spacetime
background), and no supersymmetric embedding of the theory (supergravity) is needed
to get rid of power-like divergences. These results represent a first step towards a more
complete analysis of the cosmological constant problem.

3.4 Summary and conclusions

Considering pure gravity within the (Euclidean) Einstein-Hilbert truncation, we per-
formed the calculation of the one-loop effective action Félrav paying particular attention
to important aspects that in the past were either missed or mistreated. In previous lit-
erature, this calculation was usually done within the heat-kernel formalism and gave rise
to quartically and quadratically UV-sensitive contributions to the vacuum energy pyac.
As a consequence, if the UV physical cutoff A is ~ Mp, a discrepancy of more than
120 orders of magnitude between the theoretical prediction and the measured value of
Pvac 18 found. In this respect, it is worth to stress that up to now two main approaches
have been adopted to dispose of these quartically and quadratically divergent terms, one
formal, the other physical. The formal one consists in performing the calculation resort-
ing to regularization schemes, such as dimensional regularization, that cancel power-like
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divergences by construction. Obviously, the application of these methods cannot be re-
garded as a physical way to solve the original problem: they simply implement a technical
cancellation. On the more physical side, where the presence of these divergences is ac-
knowledged, their cancellation is realized resorting to a supersymmetric embedding of the
theory (supergravity).

The calculations of the present chapter show that, if the correct (diffeomorphism
invariant) measure is used in the path integral that defines the effective gravitational
action, and the physical cutoff A is properly introduced, pyac presents only a (mild) log-
arithmic sensitivity to A. In other words, when the measure and the UV cutoff are
treated carefully, the quartically and quadratically UV-sensitive contributions to py,. are
automatically absent. Our results are neither formal, nor resort to any ad hoc physical
cancellation mechanism. They show that in py,. quartic and quadratic divergences sim-
ply do not appear. Moreover, considering the free theory of a scalar and a Dirac field
on a spherical gravitational background, we have shown that this holds true even in the
presence of matter fields.

In the next chapter, the analysis will be extended considering the renormalization
group flow (see section 1.4 for an introduction to the RG approach) of the pure grav-
itational action found in [23,24]. Taking for the running action the Einstein-Hilbert
truncation, we derive the RG equations for the Newton and cosmological constant. We
show that, when this is done using the diffeomorphism invariant F'V path integral measure
and introducing properly the running scale k, the beta functions turn out to be signifi-
cantly different from those of previous literature. In particular, we see that they do not
possess the non-trivial UV-attractive fixed point of the asymptotic safety scenario [29,30].
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Chapter 4

Path integral measure and RG
equations for gravity

The Einstein-Hilbert (EH) theory of gravity is perturbatively non-renormalizable. Two
scenarios are then possible [25]: either it is an effective field theory valid up to a maximal
energy scale above which its UV completion (maybe string theory) takes over, or it is non-
perturbatively renormalizable through the existence of a (non-trivial) UV-attractive fixed
point of its RG flow. This latter possibility was dubbed asymptotic safety scenario [20].

As said in the Introduction, first studies on the possible realization of the AS scenario
for gravity in d = 4 dimensions date back to the late nineties [29-31], and were conducted
within the effective average action I'y formalism introduced in [33]. In [30], consider-
ing for I'y the Einstein-Hilbert truncation, a non-trivial UV-attractive fixed point with
positive Newton and cosmological constant was found (in addition to the Gaussian fixed
point). The existence of this fixed point was later confirmed resorting to the proper-time
formalism [34].

In the present chapter, we consider the RG evolution of the pure gravitational action
Sk. Taking for the latter the Einstein-Hilbert truncation, we derive RG equations for the
running Newton and cosmological constant, GG, and Ay, respectively. We show that, if
the diffeomorphism invariant F'V measure is used in the path integral that defines Sj, and
the running scale k is introduced according to the analysis of the previous chapter, the
RG equations for Gy and Ay turn out to be substantially different from those of [29, 30]
and [34]. In particular, they do not possess the non-trivial UV-attractive fixed point of
the AS scenario. We also show why (and how) the latter is artificially generated by the
way the RG flow is implemented in [29, 30, 34].

The analysis of the present chapter has been published in [23,24].

4.1 RG equations for the cosmological and Newton
constant

With the help of the results and techniques presented in the previous chapter for the cal-
culation of the one-loop effective action I'y., , in this section we derive the RG equation
for the pure gravitational action, considering for the latter the Einstein-Hilbert trunca-

tion (3.1). As before, we write the metric g,, as the sum of a spherical background g,(fy)
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plus the fluctuation h, (see(3.3)). Our RG strategy is as follows (see section 1.4 for an
introduction to the Wilsonian RG). The (bare) action Sy at the “UV scale” N, that in
terms of the dimensionful physical cutoff A (= N/a.g, see (3.26)) can be indicated as S|,
contains modes of EW (see (3.12)) up to the N-th ones. The action S, at the “lower scale”
L (< N) is obtained integrating out the modes within the range [L, N]. The action S, _;,
at the scale L — L is obtained from S, integrating out the modes in the “infinitesimal
shell” [L — 0L, L] (°L < 1)

SL—(SL[QEL?)] =5 [g;(:zl/)] +6S,, (4.1)

where 05}, is given by the first line of Eq. (3.20) with A.. replaced by A, and the fluctuation
determinants restricted to the subspace of modes in the shell' [L — §L, L.

Following steps similar to those presented in section 3.1, we now derive 45, resorting
to two different methods: (i) direct sum over the eigenvalues of the fluctuation operators;
(ii) proper-time. For S, we take the Einstein-Hilbert truncation ansatz

1 4
S, = 167rGL/d 2y/g (—R+2A,)

A, " 2
- — 4.2
) 36,0 TG (42)

(
Jpv = Guv

whose minimum is a® = 1/3/A,. Note that, according to the notation introduced in the
above equation, the bare action (3.1) is obtained for L = N with

Ay = A and Gy=GaG. (4.3)

From the equation (4.1) for S,, we will finally derive the RG equations for the running
cosmological and Newton constant, A; and GG, respectively. As we will see, both methods
(i) and (ii) give rise to the same equations.

4.1.1 Method (i): product of eigenvalues

In this case, 05} is obtained taking the product of eigenvalues of the fluctuation operators
in the shell [L — 0L, L]. We have

Se-silgi)] = Sulgi)] + 95 = 5, [gW]Jr Y. L), (4.4)

€[L—0L,L]
with f, (n) given by (see Eq. (3.20) with A.. replaced by A, and Eq. (3.19))
fo(n) = DPlog (A — 2a°A, +8) + D log (A — 2a°A,.)

— DMlog (A —3) — DD log (ALY —6) . (4.5)

In differential form, Eq. (4.4) is written as?

ds,, d =

oL (8_L Zﬂ(”)) ’ (4.6)
n=2

AL, G

'For each shell [L — §L, L], the contribution of the gauge-fixing and ghost terms is taken into account
considering in Sgr and Sghost only the modes within such a shell.

2Note that the right hand side of (4.6) is nothing but the derivative with respect to L of the one-loop
contribution §S} calculated with numerical cut L (see (3.22)).
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where the subscripts A, and G, indicate that the derivative with respect to L is performed
keeping A, and G fixed. Note that the minimal value for L is Ly,;, = 4. Eq. (4.6) describes
the evolution of S, with the running L. The right hand side of (4.6) can be evaluated

using the identity log (z/y) = — 0+°° dz [(z + 27— (y+ z)_l]. Expanding the result
for3 L > 1, we get
0S, .o 4 5 , L?(2L% - 25) , 64L% 779 1
L 5L =2A7a* +2A, (L* - 8)a flogL 5 +4—5 @ 77 ) (4.7)

Inserting in (4.7) the Einstein-Hilbert truncation (4.2) for S,, from the identification of
the coefficients of a* and a? of the first member with those of the second member we get
the RG equations

L O%g—i = gAi (4.8)
%%:—%(LQ—@ : (4.9)
that are easily translated into the equivalent equations
L ‘ZALL = GLWA% (L -2) (4.10)
L dd% = % (L* —8) . (4.11)

Before proceeding with the study of these equations, and search for their solution, it is
convenient (the reason will be clear in the next section) to move first to the derivation of
the RG equations resorting to the proper-time method.

4.1.2 Method (ii): proper-time

Let us move now to the proper-time method. In this case, 4.5, is given by (3.20) with A,
replaced by A, and the derminants det; calculated using (3.28) and (3.29) with integration
over the dimensionless proper-time 7 restricted to the interval [1/L?, 1/(L — 6L)?]. There-
fore, §S, is the combination of terms of the kind (a = 3, 6, 2a*A, — 8, 2a%A,, see (3.28)
and (3.29))

1 N 1 1/(L—8L)? +o0 .
3 log det;(—0®) —a) = —7/1 dr K (r) (KES)(T) = Z D e_T(’\EL)_O‘)) . (4.12)

2 T
/L2 n=s+i

In differential form, the RG equation for the running action S} is

dS, 0 (651
o (%) (4.13)
Ar,Gr,

where §S! is given by (3.32) with N replaced by L and A, by A,. Performing the
derivative in the right hand side of (4.13) (A, and G, fixed as in (4.6)), we finally get

0S8, L* B 34L% 1859

L =
oL 3 3 +45

1
=277 a* +2A, (L —8) a®* + + 0 ﬁ) : (4.14)

3Since Ly = 4, L > 1 is realised practically in the whole range of L.
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Inserting the Einstein-Hilbert truncation (4.2) in the left hand side of (4.14), and iden-
tifying the coefficients of a* and a? of the first and second member, we obtain the RG
equations for A, /G, and 1/G,. Remarkably, they turn out to be the same as those
obtained resorting to the direct product of eigenvalues (previous section). Therefore, in-
dependently of the method used for their derivation, the RG equations for A, and G,
turn out to be those in Egs. (4.10) and (4.11).

Before ending this section, it is worth to stress that the proper-time formalism was
already used to derive RG equations for the cosmological and Newton constant [34], but,
as we will see in section4.1.4, the RG equations of [34] are substantially different from
those found in the present chapter. We will comment on this difference in section4.1.4
and more in detail in section 4.3.

In the next section, we look for the solution to Eqs. (4.10) and (4.11), and we will see
that under a well controlled approximation they can be solved analytically. We will also
solve them numerically, and compare the analytic and numerical results.

4.1.3 Solution of the RG equations

Let us consider the RG equations (4.10) and (4.11) for A, and G,. For L > 1 (remember
that Ly, = 4, so that this condition is verified for all but only few modes near L) they
can be approximated as

dA,  GAZ

L =—"+L (4.15)
dG, G?A,
L 1 :LTH (4.16)

The interest of this approximation is that Eqs. (4.15) and (4.16) can be solved analytically.
For the UV boundary conditions Ay = A.. and Gy = G the solution is

A, = Aec (4.17)
V1 + She(N2 — 12)
G ¢ (4.18)

L — .
\/1+ Gﬁcc(Nz —L2)

According to (4.17) and (4.18), the sign of both A, and G, is fixed and given by the sign
of A and G respectively. Moreover, from a simple inspection of (4.10) and (4.11) we see
that this is not related to the approximation considered here, but holds true in general.
On the contrary, while (4.17) and (4.18) predict that the vacuum energy p, = 87[:CL¥L is
constant (no running with L), from the numerical solution of (4.10) and (4.11) we see that
instead this is due to the approximation. Nevertheless, the running of p, is so slow that
it is very well approximated by the constant behaviour given by (4.17) and (4.18).

In view of the above considerations, and since the measured values of the cosmological
and Newton constant are both positive, from now on (unless explicitly stated) we restrict
ourselves to consider positive UV boundaries A.. > 0 and G > 0. For completeness, in
Appendix E we will also consider (and speculate on) the unphysical cases where one or
both of them are negative. With the help of (3.26), we now replace N in (4.17) and (4.18)
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Figure 4.1: Left panel: Log-log plot in the range Ly, = 4 < L < 109 of the cosmological constant
flow (4.19), for A = 1072°M2, G = 10M1§2 and A = Mp. Right panel: Log-log plot in the same range
of L of the Newton constant flow (4.20), for the same values of A, A.. and G. In both panels, GeV units
are used.

with the UV physical cutoff A, and get

ACC
\/ 14+ C(3A% — A L2)

(4.19)

(4.20)

1+ G(3A2 — AocL?)
e

According to (4.19) and (4.20), as long as L is not much lower than N, the cosmological
and Newton constant decrease for decreasing L (the rapidity of the descent depends on
the value of GA..) and then practically freeze to the renormalized values

ACC

1+ ==
1 3G

This behaviour is seen in Fig.4.1, where we show a log-log plot of the flow (4.19) (left
panel) and (4.20) (right panel) for A = Mp, A, = 1072°M32 and G = 10 Mp?. Solving
numerically equations (4.10) and (4.11) for different UV boundary values of A, and G,
we see that (4.19) and (4.20) provide an excellent approximation to the exact solution.

Egs. (4.21) and (4.22) show an important outcome of our analysis. Since A ~ Mp,
for natural values of the Newton constant, i.e. G ~ Mz?, from (4.21) and (4.22) we have
that Ajg ~ A and Gy ~ G. This means that our RG equations (4.10) and (4.11) give
only a mild dressing of the cosmological and Newton constants. In other words, quantum
fluctuations do not modify significantly the UV values A.. and G: no naturalness problem
arises in pure gravity.

In the next section, we connect the “numerical scale” L to the physical running scale
k and write the RG equations (4.10) and (4.11) in terms of k. In this new framework, we
will partially repeat the study of the present section and add further comments.
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4.1.4 From L to the physical running scale k&

According to (3.26) (see comments below this equation), the relation between the UV
numerical cut N and the physical cutoff A is given by A = N/a,s = N+y/Ay/3. Therefore,
the relation between the numerical “running scale” L and the physical running scale k is

P (4.23)

where a$® is the de Sitter radius that minimizes the action S, [gffi)] in (4.2)
a® =/ —. (4.24)

As seen in the previous section, since we are considering positive UV boundaries* A, > 0
and G > 0, the running cosmological constant A, decreases monotonically for decreasing
L and remains positive in the whole range Ly, < L < N (L, = 4 is the minimal value
of L, see (4.6)). Eq. (4.23) establishes then a one-to-one correspondence between L and k,
with k € [k, A] where

IR’

B 10N (4.25)
3
In this respect, let us also observe that, independently of (4.23), the smallest scale k
is the inverse of the universe radius Ry (see [110]), that means Ky ~ 1/ Ry = 1/ai° _,.
This latter relation is satisfied by (4.23) (see(4.25)). One might think to replace a$®
in (4.23) with the off-shell radius a, i.e. to relate L and k through k¥ = L/a (see the
discussion in section 3.2). As we will show in section 4.3 (see also section 5.3), in fact,
this identification of the running scale k is realized by usual implementations of the RG
flow within the effective average action and/or the proper-time formalism. If this were
done, we would obtain kp;, ~ 1/a. However, since kp;, is a fixed scale (kp, ~ Rg!), this
dependence on the off-shell radius a appears to be unphysical.
With the help of (4.23) and (4.24), Eqgs.(4.10) and (4.11) can be written in terms of
the running scale k as (A, = A, and G}, = G})

Ay (K2 = 2A
53k _ 3G ';(Sk - f) (4.26)
de w1438 (k2 - 20)
dG,  3G: K —3A

W T (R

k (4.27)

Before going on with our analysis, it is worth to remind what we found in the previous
sections: the RG equations for the cosmological and Newton constant are (4.10) and (4.11)
independently of the method used for their derivation (direct product of eigenvalues,
section 4.1.1; proper-time method, section 4.1.2). Obviously, the same holds true for (4.26)
and (4.27). Sticking to the proper-time method, we recall that this formalism was already
used in [34] to derive RG equations for Ay and Gy, but these equations are substantially
different from our Eqs. (4.26) and (4.27). In section 4.3, we will show what is at the origin

4As already said, in Appendix E we will also consider (and speculate on) the unphysical cases where
this condition is released.
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Figure 4.2: Left panel: Log-log plot of the cosmological constant flow (GeV units) in the range k, ~

IR —
50GeV < k < Mp, for Aee = 1073°M%, G = 10M? and A = Mp. The approximated flow (4.30) is
plotted together with the corresponding (exact) flow from the numerical solution of (4.26)-(4.27). The
two curves practically coincide. Around the scale k ~ 10'® GeV the flow creates an elbow that marks the
transition from the k?-running to a quick freezing to the value Ajg ~ 459(GeV)?2. Right panel: Log-log
plot of the Newton constant flow (GeV units) in the same range of k, and for the same A, A, and G.
The approximated flow (4.31) is plotted together with the corresponding (exact) flow from the numerical
solution of (4.26)-(4.27). As for Ay, the two curves practically coincides, and around k ~ 108 GeV
the RG flow again forms an elbow that marks the transition from the k2-running to the frozen value
Gir =~ 2.07-107%¥(GeV) 2.

of this difference, and explain why (4.26) and (4.27) should be the correct RG equations
for A, and Gj,.

The system (4.26)-(4.27) can be solved numerically, and the solutions are obviously
the same as those found in the previous section for the system (4.10)-(4.11), although
given in terms of k, Ay and Gy. Since A/k* = 3/L? < 1 (see also footnote 1), we can
expand (4.26) and (4.27) around A/k* ~ 0. Retaining only the first non-trivial order in
both equations we get

dA,  3Gr  K*Ag
Mk T r 1+ %k f2 (4.28)
dG,  3G; k?
dk w14 kg2

k (4.29)

This system can be solved analytically. Taking at £ = A the UV boundary values A, and
G for Ay and Gy, respectively, we get

B E?Ace [ \/ AT 1 T\ 1 ]
Mgy | 1+ oz (A +@)ﬁ_ (4.30)
B kG [ \/ dr o, Ty 1 ]
G’“_W_” 1+£<A +£)ﬁ_. (4.31)

In the left panel of Fig.4.2, the analytic solution Ay in (4.30) is plotted (log-log plot)
together with the corresponding numerical solution of the system (4.26)-(4.27), with A =
Mp, Aee = 107 M2 and G = 10M 2. The two curves are practically indistinguishable
in the whole range k,, < k < Mp. A similar plot for G, is shown in the right panel. We
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verified that (4.30) and (4.31) very well approximate the numerical solutions to the full
equations (4.26) and (4.27) for different boundary values A.. and G. From Fig.4.2 and
from (4.30) and (4.31), we see that Ay and Gy run quadratically with the scale k until the
latter reaches the “transition scale”

AQ T 1/4
ki ~ ( 230> : (4.32)

Around this scale, both A, and Gj, show an “elbow” that marks the transition from the
quadratic running to a constant behaviour. This is seen in Fig. 4.2, where the elbow is
in the region around the scale k& ~ 10 GeV. Below ki the running cosmological and
Newton constant rapidly freeze to their IR values

A
c G = —— (433)

/1 + 3GA2 1 + 3GA2

already found in the previous section (Egs. (4.21) and (4.22)). We observe that for G 2
A2 ~ MJZQ the elbow appears at the very early stages of the UV running, i.e. ki, ~ Mp
(see Fig.4.2), which means that the running freezes very early. In other words, the
quadratic evolution in k is restricted to a very narrow window in the UV region.

In the next section we continue the study of the RG flow (4.26)-(4.27), and perform
the fixed points analysis.

AIR, =

4.2 Fixed points and RG flow

We introduce (as usual) the “RG time” t = log(k/ko) (ko < A arbitrary scale) and the
dimensionless running cosmological and Newton constant

At) = Ay /K , g(t) = k*Gy . (4.34)
In terms of A, g, the RG equations (4.26) and (4.27) can be written as

A 20X (3 — 2\
_ gy 29AB-2))

a - T gBo2n Ar(A 9) (4.35)
dg _ 2°(3-8)) _
dat 29+ 2m + g (3 — 2)) = By(A.9). (4.36)

The fixed points (\;, g;) are the solutions of S\(A,¢g) = 0 and Sy(\,g) = 0 (see sec-
tion1.4.1). We find

(A2, 92) = (O, —g> : (4.38)

In section 4.1.3, we showed that only positive UV boundary values of the cosmological and
Newton constant, A.. > 0 and G > 0, are physically relevant (see comments below (4.17)
and (4.18)). We also showed that Ay (= A,) and Gy (= G.) do not change sign all
along their flow, and obviously the same holds true for A and g. Therefore, the point
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Figure 4.3: RG flow from the numerical solution of (4.35) and (4.36) in the physical quadrant
(A>0,9>0). The red dot is the Gaussian fixed point (A1,¢1) = (0,0). The arrows point towards
the IR.

(X2, g2) has to be excluded from the present analysis®, and we are left with the Gaussian
fixed point (A1, g1) only. As anticipated, in contrast with the so-called asymptotic safety
scenario [29,30,34], our analysis does not show any sign of a non-trivial fixed point Agp > 0,
grp > 0. Comments on the absence of such a fixed point are postponed to section 4.3,
where we will also explain what is at the origin of its appearance in [29, 30, 34].

From the analysis of the stability matrix

9Bx 9P

M(\, g) = (@ gi) (4.39)
12D dg

we find that (A1, g1) has a UV-repulsive eigendirection and a UV-attractive one, the axes

A =0 and g = 0 respectively.

As already said, the only physically relevant region is the quadrant (A > 0,9 > 0),
and we now move to a more complete study of the RG flow (4.35)-(4.36) in this quadrant.
Solving numerically these latter equations for different boundary conditions, we find the
RG trajectories presented in Fig.4.3. The red dot is the Gaussian fixed point. The
arrows point towards the IR and all the trajectories end at the minimal IR value of
A allowed by (4.25), namely X\, = A4/k% = 3/16. As already seen from the stability
analysis, the A = 0 and g = 0 axes are the corresponding UV-repulsive and UV-attractive
eigendirections respectively.

In the previous section, we have seen that (4.28) and (4.29) provide an excellent ap-
proximation to the RG equations (4.26) and (4.27). For this reason, it is worth to write
the former equations also in terms of the dimensionless couplings A and g. We get

dA 6Ag
— =2 4.40
dt * 2m 4 3¢9 ( )
dg 64>
== 29+ —. 4.41
dt g+ 2T + 39 ( )

For completeness, in Appendix E we will also consider the remaining (unphysical) cases.
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Egs. (4.40) and (4.41) can also be obtained directly from (4.35) and (4.36) expanding the
right hand side of both equations for A < 1 up to the first non-trivial order. For boundary
conditions A\g > 0 and gy > 0 at £t = 0, they admit the analytic solutions

A [ A e—4t 1
P 1+\/1+ te <1+i) (4.42)
2 (1 + %) I 390 390/ |
4t i 4 —4t ]
g=—R° _ 1+\/1+ ie (1+l) : (4.43)
2 (1 + 3&) I 390 390/

that are nothing but Eqgs. (4.30) and (4.31) written for A and ¢g. The solutions (4.42)
and (4.43) very well approximate the numerical solution to the original equations (4.35)
and (4.36) (plotted in Fig.4.3) in the whole range considered for t.

In view of the profound difference between the results of the present chapter and
the asymptotic safety scenario [29-31,34], that in the last decades has gained a certain
popularity and has been considered for applications that range from black holes physics
to inflation, it is worth to investigate on the origin of such a difference. This is the subject
of the next section.

4.3 Comparison with existing literature

The analysis that we performed in the previous sections did not show any sign of the UV-
attractive fixed point of the asymptotic safety scenario found in [30] (where the effective
average action formalism was used) and later confirmed in [34] (resorting to the proper-
time formalism). Pushing further our analysis, we now investigate on the reasons at the
origin of the appearance of such a fixed point.

To this end, we begin by considering our RG equation (4.14) for the running action
S, that for the reader’s convenience we report below

B LY 34L% 1859
L—8S, =2A?a* +2A, (L? —8)a®> + — — -
aL"" L'+ 20 ( )+ T

(4.44)

As already explained, the relation between the numerical “running scale” L and the
physical running scale k is given by k = L/a{® = Ly/A,/3 (see(4.23) and (4.24) and
comments therein). For the purposes of the present analysis, we temporarily introduce
the running scale k in a different manner, namely through the relation

k=— 4.45
-, (4.45)

i.e. we replace a$® in (4.23) with the generic “off-shell” radius a of the background metric

9.

Obviously, this different identification of k£ profoundly alters the a-dependence (powers
of a) in the right hand side of (4.44). In this respect, we recall that the running of
A and L is determined once we insert the Einstein-Hilbert truncation (4.2) in the
left hand side of (4.44) and identify the coefficients of a* and a? of the first member
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with the corresponding ones of the second member (see comments above (4.8) and (4.9)).
Inserting (4.45) in (4.44) we then obtain the incorrect RG equation

0 K 34k? 1859
— S = | = + 20, (K + Ay) | a* — 16A; ) a® + —— 4.4
horSk= |3+ k(K + k):|a <3+6k)a+45, (4.46)
which gives rise to the (incorrect) equations (A, = Ag, G, = Gy)
d Ap kP +6A, (K2 + Ay)
— F 4.47
d 1 17k + 24,
k—— = ——— 4.4
dk G 3m ’ (4.48)
that are easily translated in
dAr  Gr 4, o 9
TRl (3k* + k*Ay — 6A) (4.49)
dGy, G? 9
— = —— (17k" + 24A;) . 4.
dk ~ 3p UTR 2 (4.50)

These equations have to be compared with our correct RG equations (4.26) and (4.27).
The two systems are profoundly different, and lead to significantly different results. In-
troducing the dimensionless running A and ¢ as in the previous section (see (4.34) and
comments above), (4.49) and (4.50) are written as

dA g 2

= -9 — = 4.51
" /\+37T(3+/\ 6A%) = Bx (N, 9) (4.51)
dg 9
2 =29 — 2 (17T+24)\) = : 4.52
=25 (17240 =5,(\9) (452)

If we now search for the fixed points of this (incorrect) system, besides the Gaussian fixed
point (A1, g1) = (0,0) we find the two other fixed points:

2

(Mns Gn) = (@2—2 (53 . 4@)) ~ (0.147,0.918) (4.53)

l

8+ /154 2
(A gn) = (—%% (53+4\/154)> ~ (—0.680,28.039) . (4.54)

Let us perform now the stability analysis for these fixed points®. For the Gaussian fixed
point, the stability matrix M (A, g) of Eq. (4.39) has a positive (6; = 2) and a negative
(03 = —2) eigenvalue, that correspond to a UV-repulsive (g = 47\) and a UV-attractive
(g = 0) eigendirection. Similarly, M (Az, gs) has a positive (0 ~ 28.453) and a negative
(03 ~ —5.190) eigenvalue, corresponding to a UV-repulsive (g ~ —65.741 \) and a UV-
attractive (g ~ 627.551 \) eigendirection. Finally, for the fixed point (A4, g.) we find that
the eigenvalues ¢, and 6, of the stability matrix M (A4, ga) are 6y o ~ —2.037 + 0.8281.

SFor all the fixed points, in the following we could write the exact (more involved) eigenvalues and
eigendirections of the corresponding stability matrix (Eq. (4.39)), but this is not necessary as it does not
provide any useful additional information. We report all the numbers approximated to the third digit.
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Figure 4.4: Flow from the numerical solution of the (incorrect) RG equations (4.51) and (4.52). The
red dots are the Gaussian fixed point (A1,¢91) = (0,0) and the non-trivial UV-attractive fixed point
(Aa,ga) ~ (0.147,0.918). In the half-plane g > 0, the trajectories approach (Aa,ga) in the UV with
a spiralling behaviour. This is the typical flow of the asymptotic safety scenario to be compared with
Fig. 12 of [30]. The red and green lines are the separatrix curves; the red one connects (Aa, ga) to (A1, g1)-
Arrows point towards the IR.

This means that in the half plane ¢ > 0 the RG flow is UV-attracted towards this
fixed point (negative real part) and has a spiralling behaviour in its vicinity (imaginary
eigenvalues with opposite imaginary parts). Therefore, the point (A, g) is nothing but
the fixed point of the asymptotic safety scenario [29,30,34], and the analysis above shows
that its appearance is due to the improper identification of k through the relation (4.45).
In the following we will see that this identification is unfortunately what is implemented
in the RG equations for Ay and G}, derived in [29, 30, 34].

Before doing that, we must stress another important result contained in Eqgs. (4.51)
and (4.52). These equations, in fact, not only admit the non-trivial UV-attractive fixed
point (A4, g4), but also provide an RG flow very similar to that of the asymptotic safety
scenario. This can be immediately seen comparing our Fig. 4.4, where we plot the RG
trajectories obtained solving numerically the system (4.51)-(4.52) for different boundary
conditions, with Fig. 12 of [30]. For the purposes of this comparison, in Fig. 4.4 we consider
the same range of values for the A and ¢ axes of Fig. 12 of [30]. In Fig. 4.5, we show the
same RG flow, but to better appreciate the impact on this flow of the fixed point (Ag, gs)
we consider a wider range” for the A\ and ¢ axes. In this respect, we note that a third
fixed point as (Ag, g5) does not appear in the plot presented in Fig. 12 of [30]. It should
be stressed, however, that this plot was obtained with a specific choice of the regulator
Ry, that appears in the RG equation for the effective average action (see (4.55) below).
Actually, it can be seen that different choices of Ry, can lead to the appearance of additional
non-trivial fixed points other than the one of the asymptotic safety scenario. In particular,

"Clearly, as the fixed point (g, gg) is located along the g axis much above (As,ga), in Fig.4.5 the
portion of the RG flow shown in Fig. 4.4 appears to be flattened along this axis.
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30

Figure 4.5: Same flow as in Fig. 4.4, but with a wider range for the A and g axes (to evidentiate the
presence and the impact on the flow of the fixed point (Ag,gg)). The red dots are the fixed points
(M,91) = (0,0), (Aa,9g4) = (0.147,0.918) and (Mg, gs) = (—0.680,28.039). The red and green lines are
the separatrix curves; the red ones connect the UV-attractive fixed point (Aa,ga) to the other fixed
points.

for some of these choices (actually for infinitely many choices) a non-trivial fixed point
with the same characteristics of (\g, g5) is generated. Similar considerations apply also
to the RG equations derived with the proper-time method, where again the results show
a dependence on the cutoff function fi(s) used in this framework (see (4.61) below).

To show now that within the effective average action formalism [29,30], as well as with
the proper-time method [34], the identification of the running scale & in the derivation of
the RG equations for Ay and Gy is realized through the improper relation (4.45), we now
reconsider the derivation of these equations with both these methods.

Effective average action - Let us begin by considering the effective average action
formalism. In this framework, the flow of A and ¢ is derived from the RG equation for
the effective average action I'y. To see how this implementation of the RG transformation
automatically incorporates the identification of k through (4.45), we now consider some
relevant steps that lead to the RG equations of [29,30]. The effective average action I'
obeys the RG equation (as before, t is the “RG time” t = log ,f—o)

Oy, 5] =5 Tr [(K‘QP,?) 9.9+ RE™g]) R [g]]
- |(~Migl+ 1) 0l (4.59

where Kk = (327TG)_%, with G bare Newton constant, g,, = g, + Bu,,, with g, a fixed
gravitational background and h,, the classical field, and Mg, g| is the classical kinetic

7



term of the ghosts
M[g7 g]ﬂy - gﬂng)\D)\ (gpl/DU + gaqu) - gpogHAD)\ggVDp > (456)

with D, and Du covariant derivatives that involve the Christoffel symbols for g,, and g,
respectively. The background metric g, is eventually taken to be a sphere. F,(f) lg, g] is the
Hessian of T'y[g, §] with respect to g,, at fixed g,,. RE™[g] and R"[g] are regulators that
appear in the definition of 'y (for the gravitational and ghost contribution respectively),

both having the shape®
Rilg] ~ K*RO(-0O/%*), with O=g"D,D,, (4.57)

where R()(z) is a dimensionless function that interpolates between R((0) = 1 and
lim, 00 R (x) = 0. In the effective average action method [33], the cutoff functions Ry
implement the “Wilsonian” shell by shell elimination of modes, since they ensure that
the (functional) traces in the right hand side of (4.55) are effectively (i.e. in a smooth
rather than a sharp sense) restricted to the eigenmodes of the Laplace-Beltrami operator
—0O whose corresponding eigenvalues p? lie “around” k?: p* ~ k%. In the present case
(G = gl(ff,)), this means that the running scale k is identified with the eigenvalues of the
Laplace-Beltrami operator —[J on the background sphere of radius a, i.e. through the
relation (4.45).

The above considerations, the results found with the incorrect equations (4.51) and (4.52),
and the results of section4.2 put into question the existence of the UV-attractive fixed
point of the asymptotic safety scenario and indicate that its appearance is due to the
improper identification of k through (4.45). Below we show that in the proper-time for-
malism [34] the same identification of k is realized, and the same conclusions can be drawn
also in this case.

Proper-time method - Let us move now to the proper-time method. Indicating with
) a typical fluctuation operator, the one-loop correction to the classical action in the
proper-time representation is written as sum of contributions of the kind

+0oo
TrlogQ = — Tr/ @6—397 (4.58)
o S

where s, the so-called proper-time, is a parameter with dimension (mass)~2 and the UV
divergence due to the lower bound of integration is regulated through the replacement
0 — 1/A% According to [34], the Wilsonian RG strategy (shell by shell elimination
of modes) is implemented in this framework considering the one-loop correction to the
classical action, introducing an IR regulator k£ that “suppresses contributions from large
proper-times s > k72", i.e. making the replacement

“+o0 1/k?
/ ds — ds (4.59)
1/A2 1/A2

taking the derivative with respect to k, and finally realizing the RG improvement of the
one-loop result. All these steps lead to the RG equation for the gravitational action. A

8We do not write here factors that are irrelevant to the present discussion. See [29,30] for details.
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technical remark. In [34], after presenting the hard cutoff implementation of (4.59), in
the actual calculation the authors implement equivalent smooth cutoffs introducing in the
proper-time integral of (4.58) functions fi(s) that smoothly interpolate between fi(s) ~ 0
for s > k=2 and fi(s) ~ 1 for s < k72 (similarly for the UV). Accordingly, they write
the one-loop result for the gravitational action as

. o . 1 5@
Sklg, 9] = S'[h; 9] + T'1(g, Glreg = S [R5 g] — 3 Tl"/o — fr(s) — 92 Sahost | | (4.60)

where g, Gu and hy, are as in (4.55), S[h;g] = S[g+ h] + Slh; 7] (where S is the
classical action and Sy the gauge-fixing term whose corresponding ghost action is Sgnost ),

5@ is the matrix of the second functional derivatives of S [h; g] with respect to hy,, and

uvs
likewise for Sg(i)ost. Clearly, the hard cutoff of (4.59) is implemented in (4.60) choosing
fu(s) =0 (s —1/A2) 6 (1/k* — s). Finally, the RG equation for the running action Sy[g, 7]
is obtained taking the derivative of both members of (4.60) with respect to the “RG time”
t = log k—ko and eventually replacing in the right hand side S with S,

+oo .
0 Sulg, 3] = _% Tr/ % Dufils) [ S —2em S ] | (4.61)
0

To see that the RG equation (4.61) implements the identification (4.45) for the running
scale k, we now make the following observations. Taking the background metric g,, to
be the metric g,(ﬁ,) of a sphere of radius a, and considering for §k the Einstein-Hilbert
truncation, we see that §,§2) contains dimensionful Laplace-Beltrami operators —[] for
the sphere of radius a (and different spins 0,1,2) whose eigenvalues /):n go like Xn ~
Z—z. Moreover, in the right hand side of (4.61) the term 0, fi(s) effectively selects the
eigenmodes of —[] whose corresponding eigenvalues lie in a narrow range (“infinitesimal
shell”) around k2, i.e. Xn ~ k2. Therefore, as it is the case for the effective average
action formalism, in the RG equation (4.61) the running scale k is identified through
the relation (4.45), and the same conclusions on the UV-attractive fixed point of the
asymptotic safety scenario hold true.

In summary, we have shown that both the effective average action formalism and the
proper-time RG implement the improper identification of the running scale k through the
relation (4.45), and that the appearance of the non-trivial UV-attractive fixed point of
the asymptotic safety scenario is due to this identification.

4.4 Conclusions

In this chapter, we considered the Einstein-Hilbert truncation for the running action in
Euclidean quantum gravity and, taking a spherical gravitational background, we derived
the renormalization group equations for the running cosmological and Newton constant.
We have shown that, as for the one-loop calculation of the previous chapter, there are two
crucial aspects to which attention must be paid in order to derive the RG equations. One
concerns the measure in the path integral that defines the running action. This measure
contains terms coming from the integration over the conjugate momenta in the original
Hamiltonian formulation of the theory that are often neglected or mistreated. The other
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aspect concerns the identification of the physical running scale k. If the latter is not
properly introduced, the RG flow is substantially altered.

We have shown that in usual implementations of the RG transformation, that typically
resort to the effective average action and/or to the proper-time formalism, the running
scale k is improperly introduced. This results in altered RG equations for the cosmological
and Newton constant, that lead to the generation of the UV-attractive fixed point of the
asymptotic safety scenario. Moreover, we have shown that in the physically relevant
quadrant (A > 0,¢ > 0) only the Gaussian fixed point exists, with a UV-attractive and a
UV-repulsive eigendirection.

In the next chapter, that is based on [35], we consider the calculation of the one-loop
effective action for an interacting scalar theory on a non-trivial gravitational background.
We show that the issues concerning the path integral measure and the introduction of the
UV physical cutoff, which were at the heart of the analysis performed in the two previous
chapters, have a crucial impact also on the calculation of the radiative correction dm?
to the mass m? of scalar particles. More specifically, we will see that, contrary to usual
results, when these two aspects are properly taken into account no quadratic divergences
are present in dm?.
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Chapter 5

Gravity and the Higgs boson mass

The Standard Model (SM) of particle physics is one of the greatest achievements of
modern theoretical and experimental physics, a synthesis started in the late sixthies/early
seventhies of the last century with the emergence of the electroweak and strong interaction
theory. The SM, that has received several experimental confirmations over the years,
among which the discovery of the Higgs boson at LHC [117, 118], provides the basic
ground to describe and understand a great variety of phenomena. Still, it is not a fully
fledged theory. It is an effective field theory valid up to a maximal energy scale, the UV
physical cutoff A (say GUT scale Mgur, Planck scale Mp, string scale Mj).

Typical approaches to go beyond the SM consider supersymmetric extensions and/or
models where the Higgs boson appears as a composite particle. In both cases, the UV
completion is a field theory whose validity extends to energy regimes higher than those
typically explored in SM physics. One of the motivations for supersymmetry is to realize
the cancellation (thanks to the presence of superpartners) of quadratic divergent contri-
butions to the Higgs mass. In fact, performing the calculation of the propagator and/or
the effective action both in flat and curved spacetime, the bare Higgs boson mass m?(A)
receives contributions dm? proportional to A%, due to unsuppressed quantum fluctuations
(no symmetry protection). In this respect, it is important to stress that, if regulariza-
tion schemes as dimensional or zeta function regularization are used, this quadratic UV-
sensitivity of the mass is not seen. However, these regularizations operate by construction
a cancellation of power-like divergences and cannot be regarded as a physical mechanism
responsible for the suppression of the aforementioned strong UV-sensitivity [22].

As stressed above, the SM has to be considered as an EFT valid up to the UV scale
A. The fact that 6m? ~ A? means that m?(A) must be O(A?) too, with a coefficient
that has to be finely tuned for the Higgs boson mass m? = m?(A) + dm? to coincide
with the measured value ~ (125 GeV)?. Since A > my, the bare mass m?(A) has to be
taken unnaturally large! with respect to m? [127-131]. This is one aspect of the so-called
naturalness problem for the Higgs boson mass, to which we will refer in the following as
“physical cutoff problem” (PCP).

Another aspect of this long-standing issue arises when the SM is viewed as embedded
in a higher energy theory where the Higgs field H(z) is coupled to fields of large masses.
Let us consider for instance a supersymmetric extension of the SM, where SUSY is broken
by a large stop mass m; > my. The Higgs mass receives the correction (y; is the top

1For recent discussions on naturalness, renormalization and the flow of the mass see [11,22,119-126].
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Yukawa coupling, i the renormalization /subtraction scale)

2
o, M
om? ~ ypm; ln,u—zt , (5.1)

and again we have to cope with a quadratic radiative correction to the Higgs boson mass.
In the following, we refer to this other aspect of the naturalness problem as “large masses
problem” (LMP).

Building on the analysis of [14,18,19,23,24 37, 109], that was the subject of the two
previous chapters, we now revisit the PCP. We find that, when the SM is considered
on a smooth gravitational background (with curvature much smaller than the inverse
Planck length squared), no problem of quadratic sensitivity to the physical cutoff arises.
It has to be emphasized that this is not due to the use of a regularization scheme that
automatically cancels out quadratically UV-sensitive terms. As we will see, it comes from
a correct treatment of the path integral measure, and a proper introduction of the UV
physical cutoff A, two aspects often overlooked in the literature. Usually, the calculation is
performed resorting to the heat-kernel formalism [17], and gives rise (as in flat spacetime)
to a quadratically sensitive radiative correction dm? ~ A2?. On the contrary, we will show
that, when the two aforementioned points are taken into account, quantum fluctuations
provide only a mild logarithmic correction ém? ~ log A to the mass of the Higgs boson.

Concerning the second aspect of the naturalness problem, the LMP, we stress that
terms of the kind (5.1) in the radiative correction to the Higgs boson mass arise even
when the path integral measure and the UV physical cutoff are properly treated. We will
discuss how this problem might be handled along the lines of [11].

For the purposes of our analysis, it is not necessary to take into account the full Higgs
sector of the SM; it is sufficient to consider the case of a single component scalar field
on a non-trivial gravitational background. We then calculate and analyse the one-loop
effective action I'* for this simpler theory.

The analysis of the present chapter has been performed in [35].

5.1 One-loop effective action

Let us add to the purely gravitational Einstein-Hilbert (Euclidean) action the contribution
of a single component real scalar field ¢ non-minimally coupled to gravity

Slguw, ¢ = ﬁ /d4x VI (=R +2Ac) + /d4x NG [; 9" 0,0 0y + §R¢2 + V((b)} . (5.2)

Taking for g, the metric gfﬁ,) of a sphere of radius a, the action (5.2) becomes ([ d*z y/g() =

at, R(g@) = 3)

A 27 1 €12
gy — e 4 2T 2 A4z 1/ ¢@ |Z g D9 p b+ 2 2LV . (53
Different powers of a correspond to different gravitational terms. We will use this feature
to identify the gravitational operators in the one-loop correction 6S" to S(®. To calculate
§SU we resort to the background field method [105,106] and write ¢ = ® + 1, where
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® is a constant background and 7 the fluctuation. Expanding S®[¢] around ® up to
quadratic terms in 7, we have (see section 1.1.2)

e 05" = / [Du(n)] e 52, (5.4)

where . 19
Sy = §/d4x vV g@ n[—Da—l—a—f—i-V"(fI))]n, (5.5)

with —[J, the spin-0 Laplace-Beltrami operator for a sphere of radius a and V”(®) the
second derivative of the potential with respect to ®. The measure [Du(n)} is given by

Du(n)] =[] [(69@)* (¢ (@) an)] | (5.6)

xT

where the factors (g@ Oo(x))% (g(a)(:v))% arise from the integration over the conjugate
momenta of ¢(z) in the original (Hamiltonian) formulation of the theory [14, 18, 19,23,
24,37,109] (see also chapters 3, 4 and 6). As already stressed for the case of pure gravity
(see comments below (3.9)), despite the presence of g{@% factors, this measure is diffeo-
morphism invariant. As we will show in the next chapter (based on [37]), this invariance
emerges from a delicate balance between the different elements involved in the definition
of the path integral. Among them, the necessity of introducing a time ordering parameter
and a discretization (lattice) of spacetime. Under a general coordinate transformation, the
time ordering parameter and the lattice both transform, and this induces the appearance
of non-trivial terms. The g(® % factors in (5.6) ensure the cancellation of these non-trivial
terms, and ultimately guarantee the diffeomorphism invariance? of the measure. From
the invariance of both [Du(n)] in (5.6) and S, in (5.5), we have that 65 in(5.4) is also
invariant.

For our purposes, as we have done in chapter 3 for the pure gravity case, it is convenient
to calculate 6S' considering coordinate systems (as for instance the four angles that

parametrize the sphere) where the metric gfﬁ,) can be written as

98 = a® Gy , (5.7)

where the elements of g,, are dimensionless and a-independent. Using (5.7), the factor
1 1
(g19%(2))? (¢! (z))* in(5.6) is written as

(09%(@))* (4 @) = a (7)) @2)* 68

As we will see, the effect of these terms in the measure (5.6) is conveniently taken into
account if we define the dimensionless field

n=an. (5.9)
Inserting (5.7) and (5.9) in (5.5), for Sy we have

1 -
Sy = §/d41' 7 ﬁ[ 04126+ a? V”((I))]ﬁ, (5.10)

2In [36] a different conclusion is reached. As it is shown in next chapter, the reason for such a difference
is that the authors of [36] miss the non-trivial terms mentioned above.
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where —[1 is the dimensionless spin-0 Laplace-Beltrami operator defined as
—O=-d?0,. (5.11)

We now observe that, since

dn(x) = o~ dij(z) | (5.12)
after insertion of (5.8) and (5.12) in (5.6), the measure [Du(n)] becomes

Du(m] = [TT @°@)* | [T] @) i) ] (5.13)

The factor a=! in (5.12) has been exactly compensated by the factor a in (5.8), eventually
resulting in the a-independent path integral measure above.
Inserting (5.10) and (5.13) in (5.4) we obtain

o985t _ [H (’500(3:))%} / [H(g(m))i dﬁ(m)} o fat 57 |-O+1264a? V//(cb)]ﬁ. (5.14)
Finally, performing the Gaussian integrations we get?
1 -
[Y = $©[] + S Triog (-D 4126+ a2V”(<I>)> +c, (5.15)

where (6™ (0) below is due to the replacement > — [ d%z)
1 ~00 dW) [ 4 ~00
= —§log (Hg (m)) =5 d*zlog (g% (z)) (5.16)

comes from the exponentiation of the measure term [],(G%(z))'/? (see (5.14)). The pres-
ence of the non invariant term C might lead one to suspect that the above result for I''' is
not invariant. This is not the case. In fact, as thoroughly discussed in [18,20,46], and as
it will be discussed also in the next chapter (see in particular section 6.4), subtleties arise
in the calculation of log (— O+ 126 +a?V” (@)): one has to carefully take into account the
distributional nature of the Green’s function of the operator (—0 + 12¢ + a2V"(®)) [20].
When this is done, from the calculation of Trlog ( — O+ 126 + a2V" (®)) the non-trivial

term % [d*zlog(g®(x)) arises, that eventually cancels C in(5.15). This is why in
the forthcoming expressions C does not appear. All the other terms coming from the
calculation of “Trlog” are diffeomorphism invariant [20].

Let us calculate now the right hand side of (5.15). As for the pure gravity case, for
the regularization of the trace, we will follow two different strategies: (i) we consider the
sum over a finite number N of eigenvalues; (ii) we repeat the calculation using proper-
time regularization. Taking for the potential the truncation V(®) = %2432 + %@4, from
both calculations we will see that the usually acknowledged quadratic divergence in the
one-loop correction to m? is absent. We will also see that neither quartic nor quadratic

3Had we missed in the measure (5.6) the factors (g(® Oo(x))1/2 (9@ (x))1/4, the a-dependence of the
fluctuation operator in (6.49) would have been altered.
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divergences appear in the one-loop contribution to the vacuum energy®. Moreover, we
will show that the appearance of these power-like divergences in the literature is due to
the fact that usual calculations implement the improper introduction (3.39) of the UV
physical cutoff.

Let us begin with the calculation of the trace in (5.15) considering the sum over the
eigenvalues of the fluctuation operator. To this end, we recall that the eigenvalues A, of
—[] and the corresponding degeneracies D,, are

1 3\* 1 3
A =n*+3n ; Dn:—(n+§) —E<n+§> (5.17)

The regularization is implemented taking a finite number N (> 1) of eigenvalues A,
(n=20,1,...,N). From (5.15) we have (the choice of N — 2 rather than N as upper limit
is for convenience and simplifies the expression of §S)

N-2
551 = % 3 [Dn log (A, + 12€ + a2v"(c1>))] . (5.18)
n=0

The numerical UV cutoff N in (5.18) implements a gauge invariant regularization®. The
connection between N and the UV physical cutoff A [14,23,24] will be considered in the

next section.
Inserting (5.17) in the right hand side of (5.18), and considering the identity log (z/y) =
- 0+°° du {(m +u) = (y+ u)_l}, the sum can be performed and put in closed form. For

our purposes, it is sufficient to consider the expansion for N > 1. We get

87 (V"(®))? 12V"(®)
U gt - Jog N2+ =2 (N?2 +2(1 — 6¢) log N2
057 =5a [ oipz BNV g (VT 2(1- 60 log )}
N4 ) N2 9 29 9
+ o5 (L4210g N?) — = (13— 726+ 3log N?) + (2600-3¢) - ﬁ) log N
+H@ V(@) + 0O (N7?), (5.19)

where H(a? V" (®)) contains only UV-finite (N-independent) terms. Its expression is given
in Appendix F.

Up to now, we have not considered any specific form of V(®). Let us take the self-
interacting potential V(®) = 2232 4 A&*. For the one-loop effective action T = $(@)[®] +
581 we have (below the inessential terms in the third line of (5.19) are omitted)

u_ 82 af 1 B G m? 9 B oy 112 Ace B Gm*
= ga { 167TG{1 oa (V- +2(1-65)log N ”?Jr 87‘&'G[1 87 Moo
12

+§ 1+ 382%25@\72 +2(1-6§) log N?) | 02
m2

logNQ]

g (1~ g tos I @0+ i1 - g log N2t )
Nt » N? ) 29 )
+ 5 (-1+2log N?) — = (13— 726 +3log N?) + (25(1—3@—@) log N2, (5.20)

4The same result was found in section 3.3.1, where the case of a free scalar field was considered.
5The gauge invariance is guaranteed by the fact that N is a cut on the eigenvalues \,,.
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Eq. (5.20) is the central result of the present chapter, and we will comment on its con-
sequences in the next section. Before doing that, we find it useful to proceed with the
evaluation of S following the second strategy mentioned above, namely proper-time
regularization. We will then conveniently discuss both results together.

Since the operator (—[0+ 126 +a?V"”(®)) in (5.15) is dimensionless, as done in chapter
3 (see section 3.1) for the case of pure quantum gravity, to regularize its determinant we
introduce the dimensionless proper-time 7, with numerical lower integration bound 1/N?

(N >1)
A 2y, — [ SR
det(—0O + 12§ + a“V"(®)) = e ‘N> 7 : (5.21)
The kernel K(7) is (A, and D,, are the eigenvalues and degeneracies reported in (5.17))

ZD e~ (AnH1264a?V(@)) (5.22)

To calculate the determinant, we now insert (5.22) in (5.21), perform the integration over
7, and then sum over n with the help of the EML formula (3.30).
Expanding the resulting expression of 65! for N > 1, we finally get

8 (V"(®))? 12V"(®)
u_ 9% 4y 2, -~ 2 2
5= [ a8 N+ g (V24 2(1- 6 log V)
Nt 1-66 29 )
+ Z(@*V"(®)+ 0O (N— ) (5.23)

where Z(a? V"(®)) contains only UV-finite terms (no dependence on N) and is similar to
the term H(a® V"(®)) in (5.19).

Considering as before the potential V(®) = @2 4 A®*, the one-loop effective action
' becomes (below the inessential terms in the third line of (5.23) are omitted)

=] - G - B -
g [ 3847T2€ (N2 +2(1 - 66) log N2>] Z—zqﬁ
[ s 8% 1 s o)
_ ]2\7_; - Tfif <2g (1-36)— %) log N2 (5.24)

Apart from irrelevant @ and ® independent terms (fourth line of both equations), the two
results (5.20) and (5.24) for I''" coincide. Therefore, in the following we can equivalently
consider either of these two expressions, and for concreteness we will refer to (5.24).

In the next section, we derive the one-loop corrected expressions of the parameters 1/G,
Aee/G, m?, X and &, focusing in particular on the main concern of the present chapter,
namely the correction dm? to m?. As anticipated in the introduction to this chapter,
we will see that no quadratic divergence appears in dm?: the mass receives only a mild
logarithmic correction.
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5.2 One-loop corrected parameters

Let us consider the constant background ¢ = ® and the potential V(®) = %2(?2 + 401,
Comparing I''" in (5.24) with the classical (bare) action S® in(5.3), we see that I'"
depends on a and ® in the same way as S(@[®]. We can then easily read the radiative

corrections to 1/G, Ae./G, m?, X and £, and for the one-loop corrected parameters 1/G",
AL/GY L we find

% = é[ C;Zf (V2 +2(1 - 66) log N?) | (5.25)
gllll - %[1 - ;T log N2] (5.26)
m? = m? [1 ~ 5 log NQ} (5.27)
A = A[l 3?22 log Nﬂ (5.28)
el — 5[1 + 50T (N2 +2(1 — 6¢) log NQ)] . (5.29)

Since Al and G are the renormalized values of the cosmological and Newton constant,
they have to be positive. From (5.25) and (5.26), we see that for this to hold only positive
values of the bare A.. and G should be taken.

Let us consider now the relation between the numerical cut N and the UV physical
cutoff A to which we referred in the previous section. As discussed in [14,23,24], and also
in chapters 3 and 4, the connection between N and A is given by

N
A= (5.30)

Qm

where a,, is the radius that minimizes ¢ the action S®[®] in (5.3). Inserting (5.30) in (5.24),
the effective action T'' is written in terms of A

= 5o 1 i (0 20— G - st
g[ o 25( aZA? 21 66) log(a20%) )| 5 9
+ % 1 2 tog(aza?)| @24 51— 22 tog(az) ]t )
- i al At — % a2 A2 + (25 (1—3¢) - %) log(a2A?) . (5.31)

6The minimum a,, of S(® [®] is obtained solving the classical equations of motion for a and ®, and
depends on the parameters in S(® [®] and on the minimum ®,,. For m? > 0 and £ > 0, a,, is the de
Sitter solution an, = 1/3/A¢ (with &, =0).
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Similarly, inserting (5.30) in (5.25)-(5.29), we have

11 Gm? [ 4 2 A2
AL A Gm?
Gll - G |:1 B 87TACC log(a/éAQ) :| (533)
m3, = m? [1 ~ 39,2 log(aiAQ)] (5.34)
3\
A= ) [1 - log(aiAz)] (5.35)
i = g[1 + 384;25 <a§1A2 +2(1 —6¢) log(aiAz)ﬂ . (5.36)

Few comments are in order. From (5.35) we see that the quartic self-coupling A receives
only a logarithmic correction. This is the usual result. On the contrary, it is immediately
apparent that the result for the mass m3, in (5.34) is significantly different from the usual
one: no quadratic divergence appears in the one-loop correction dm?. Actually, dm? goes
like log A rather than A2. In this respect, we stress that the usual result ém? ~ A? enforces
a A? dependence in the bare mass m?(A), with a coefficient that must be finely tuned for it
to cancel (almost exactly) this quadratically sensitive contribution. Differently from that,
Eq. (5.34) shows that m?, ~ m?, so that the bare mass m?(A) may well be m?(A) < A2

This result implies that, when the diffeomorphism invariant path integral measure (5.6)
is used and the UV physical cutoff is introduced as in (5.30), the PCP (physical cutoff
problem) aspect of the naturalness problem for scalar particles does not arise. Further
comments on this point are below, where we also discuss the other aspect of the naturalness
problem, namely the LMP (large masses problem), that arises when the Higgs boson is
coupled to particles of large mass M.

Let us move to the one-loop corrected non-minimal coupling ¢, Eq. (5.36). We see
that, in addition to a logarithmic correction (the one usually found), £ receives a quadrat-
ically divergent contribution. The comparison of our results with the usual ones shows
that the UV behaviours of m? and ¢ are inverted: m? is only logarithmically sensitive to
the physical cutoff A, while ¢ carries a quadratic sensitivity. In the next section, we will
further investigate on these points and show why in usual calculations, that are performed
within the heat-kernel formalism, the quadratic divergence appears in m? rather than in €.
In this respect, it is worth to make the following remark. While the Higgs boson mass has
to be confronted with the measured value m? ~ (125 GeV)?, and a quadratic sensitivity
to the UV physical cutoff A gives rise to a severe naturalness problem, much less is known
on the value of £, and a correction 6 ~ A? does not appear to be worrisome.

We now comment on the two aspects of the naturalness problem mentioned above,
starting from the PCP. As already said, the SM is an effective field theory, i.e. a theory
valid up to a certain physical scale A, the built-in physical cutoff. We have shown that
the expected quadratic sensitivity of m? to A is absent. In this respect, we stress that
two main approaches have been typically adopted in the literature to dispose of the
quadratically divergent contributions to m?, one formal, the other physical. The formal
one consists in performing the calculation resorting to regularization schemes (such as
dimensional regularization) where power-like divergences are absent by construction’. By

"For calculations with dimensional regularization see [132] (see also [133], [134]).
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no means can these methods be regarded as a “solution” to the original problem [22].
On the physical side, there have been several attempts to obtain a finite Higgs boson
mass (finite Higgs effective potential). Typically, quadratic divergences are cancelled
considering a supersymmetric embedding of the theory [135-137], or models where the
Higgs boson is regarded as a composite particle [138—142]. Other attempts, that in the past
gained a certain popularity, consider models with compact extra dimensions [8,9, 69, 70],
though it has been recently suggested that UV-sensitive terms were missed in these works
that would undermine their conclusions [12,13,71] (see section 1.5 and chapter 2). The
calculations of the present chapter are not based on formal methods, nor resort to any
physical cancellation mechanism. We have seen that the quadratic sensitivity of m? to A
is simply absent. In the next section, we will show that the appearance in usual results
of radiative corrections to m? proportional to A? is due to an improper implementation
of the calculations.
We move now to the other aspect of the naturalness problem, the LMP (large masses
problem). Assuming that the SM is embedded in a higher energy theory (SUSY, GUT,
..) that contains fields of heavy mass M coupled to the Higgs field, the Higgs boson
mass m? receives large contributions proportional to M?2. Clearly, the solution of the
LMP requires the existence of a physical mechanism that disposes of these contributions,
and ultimately gives m? ~ (125 GeV)?.
This question should be framed and understood within the Wilsonian paradigm [66]
(see section 1.4 for an introduction to the Wilsonian RG approach). Let us consider the
ultimate theory, namely the Theory of Everything (TOE). The renormalization group

flow that emanates from the TOE connects theories, T, T, ..., whose range of validity
is restricted to lower and lower energy regimes. Schematically, we can represent this RG
flow as: TOE — T} — Ty — .... The SM is part of this chain of effective theories,

say SM = T,,, and emerges at a certain energy scale® Agy. The theory T),_; is then the
higher energy theory considered above (SUSY, GUT, ...) that embeds the SM, and is
typically referred to as its “UV completion” valid above Agy. Consider now the running
of the Higgs boson mass m?(u) within the SM. The boundary m?(Agym) at the scale Agy
is provided by the theory 7, _;. Such a boundary value is in turn inherited from the
higher energy theory T),_,, and ultimately from the TOE. In this framework, m?(Agy) is
the precise boundary of the Wilsonian RG flow that drives m?(u) to the measured value
m?2 ~ (125 GeV)? at the Fermi scale. This scenario was dubbed “physical tuning” in [11].

Let us comment now on (5.33). Similarly to what we have found for m?, the radiative
correction to the vacuum energy é:r—cé goes like log A: it does not contain the quartic and
quadratic divergences usually found in the literature?. At the same time, we observe that
this logarithmic contribution is proportional to m?*. Therefore, even disregarding any
embedding of the SM in a higher energy theory, we see that, due to the very low value of
the vacuum energy, a physical mechanism is needed that disposes of these contributions
proportional to the fourth power of the masses of SM particles. Moreover, if as before we
suppose that the SM is embedded in a higher energy theory (the 7T,,_; theory considered
above) with fields of heavy mass M, contributions to the vacuum energy proportional
to M* would also be present, and this makes the problem even more severe. As for the

8Different UV completions of the SM have different values of Agys, that can range from few TeV all
the way up to the Planck scale.
9The same result was found in section 3.3.1 for the case of a free scalar theory.
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naturalness problem LMP related to the Higgs boson mass (see above), the small value
of the vacuum energy (cosmological constant) should be understood as the result of a
“physical tuning” of the boundary value of the vacuum energy at the UV physical scale
Agy dictated by the RG flow that emanates from the TOE. A similar RG scenario was
proposed in [13] (see sections 2.5 and 2.6), when discussing the physical viability of the
dark dimension proposal [10].

Finally, from (5.32) we see that the inverse Newton constant 1/G receives a quadrat-
ically UV-sensitive contribution (note that if the physical cutoff A coincides with the
Planck scale Mp, for the inverse Newton constant we have 1/G ~ M3).

What is left at this point is to understand why, contrary to the results of the present
chapter, usual calculations of the one-loop effective action I'Y, typically performed within
the heat-kernel formalism, give rise to power-like divergent contributions'® to m? and
Ac./87G. The next section is devoted to this investigation.

5.3 Comparison with previous literature

The aim of the present section is to understand why usual results show the appearance
of power-like divergences both in the mass of a scalar particle and in the vacuum energy,
while our calculations show only a mild logarithmic sensitivity of these quantities to the
UV scale A. We will proceed along the lines of sections 3.2 and 4.3.

Let us consider the expression (5.24) of T'l!. For the sake of the present discussion,
we temporarily realize the connection between the numerical cut N and the UV physical
cutoff A via the relation (a is the radius of the off-shell background)

A=— .
o (5.37)

rather than through A = N/ay, given in (5.30). This means that, to establish the relation
between the UV numerical cut N and the physical cutoff A, we are temporarily using
the off-shell radius a in place of the classical solution a,,. It is important to recall here
that, as stressed above, the different powers of the off-shell radius a identify the different
gravitational terms in the (effective) Lagrangian. We used that to determine the radiative
corrections to 1/G, Aec/G, m?, X and &. Inserting (5.37) (rather than (5.30)) in (5.24), for
'Y we obtain the “would-be” result

w5 g G a0 s ) [ S5 [1- S
311 g (200 6O b ) )| o
5 (1= et o7 11 s ) ')
SO L8 ey (61 -5 - ) log (a2A2) (538)

10Regularization schemes as dimensional or zeta-function regularization, which automatically imple-
ment the cancellation of power-like divergences, are excluded from these considerations.
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which is trivially rewritten as

G

= 8%2&4{ B 1671TG L 11_27f£GA2 - C;Tn:: (201 - 6o (°A%)) | 5 t 8/7\rG - 87 Ao
+ Z:AiAQ 57: log (a2A2) } +§[1+ 3847T2§(2(1 — 6¢) log (a 2/\2))] ﬁ@
5 (1 o — g o )| 7+ 1= s () o
n (25 (1—3¢) - 12—50) log (a2A?) . (5.39)

Interestingly, Eq.(5.39) reproduces the well-known result found in the literature when
the calculation is performed within the heat-kernel formalism. We immediately note the
presence of the (in)famous quadratically divergent correction to m?, and of the equally
(in)famous quartically and quadratically divergent contributions to the vacuum energy
Acc / 8w G .

Comparing (5.39) with the original result (5.24) for I'!, we understand how these “spu-
rious divergences” are generated. This point is crucial to our analysis and it is worth to
examine the different terms in detail. Let us begin with the term 1 < AN ) 292 of (5.24),

38472
that provides a correction to the non-minimal coupling &. Now, if we replace N? according

to (5.37), the quadratically divergent term 3 ( e of (5.39) arises. This is how, due to

the improper identification (5.37) of the UV physical cutoff A, a term that originally renor-
malizes the non-minimal coupling & is artiﬁoially turned into the well-known quadratlcally

divergent contribution to the mass m? Similarly, using again (5.37), the term —% in the

fourth line of (5.24) artificially becomes —A% 44 that is the well-known quartically divergent

contribution to the vacuum energy A../87G. Moreover the term <’§‘8 4N22 > 12 that in the
original expression (5.24) renormalizes 1/G, becomes 72~ mA° that is the usual quadratically
divergent contribution to the vacuum energy. Finally, always with the replacement (5.37),

the term —1=% N2 in the fourth line of (5.24) becomes 5244 ( 88 A2 12), thus giving a

3 19272 a?
quadratically divergent contribution to 1/G.

The importance of the above results can hardly be underestimated. We observe that
the identification of the UV physical cutoff A through (5.37) introduces in T'' a spurious
dependence on the off-shell radius a, i.e. on the background metric gf). We now show
that such an improper identification is implicitly implemented in usual calculations. To
this end, we begin by writing the “usual expression” of the one-loop effective action for a
generic gravitational background g,, and a constant background scalar field ¢

I = Slg.,, ] + %Tr log (04 &R(g) + V"(®)) , (5.40)

where S[g,,, @] is the action in (5.2), and —0O the dimensionful Laplace-Beltrami operator
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for the metric g,,. The trace in (5.40) is usually calculated with the proper-time method!*

" T ds s (orer(e) V(@) T ds
Trlog (—O+ ¢R(g) + V" (®)) = —Tr —e g =— —K(s), (5.41)
1

1/A2 S JA2 S

where s, the so-called proper-time, is a parameter with dimension (mass)™? and the
UV divergences are regulated through the replacement 0 — 1/A? in the lower bound
of integration. The kernel K(s) is calculated resorting to the heat-kernel expansion [17],
and the UV divergences are due to the first terms of this expansion (see section 1.2).

To see that (5.41) implements the identification (5.37) for the UV physical cutoff A,

we now specify to the spherical background g, = g,(fy), for which the kernel takes the form
Ry N 12
K(s) = Y D, e 7 (Mnr&d @) (5.42)
n=0

with /):n the a-dependent eigenvalues of —[J, (Laplace-Beltrami operator for a sphere of
radius a, see (5.5)) and D,, the corresponding degeneracies

~  n?43n 1 3\’ 1 3
— e : D, == -] - = - . A4
An = ; n=g (n—l— 2) 13 (n+ 2) (5.43)

The cut 1/A? in the proper-time integral (5.41) effectively restricts (in a smooth way)
the sum in (5.42) to the N eigenvalues such that An < A2, The highest eigenvalue is
then XN ~ ];7—22 ~ A?. This shows that the usual implementation (5.41) of the proper-time
method automatically identifies the UV physical cutoff A through the relation (5.37).

It is worth to stress at this point that, as shown in section 5.1, when the diffeomorphism
invariant Fradkin-Vilkovisky measure [18,37] is used, the fluctuation operator is the one
in (5.15). The latter is dimensionless and contains the dimensionless Laplace-Beltrami
operator —J. As a consequence, the determinant in (5.21) is written in terms of the
dimensionless proper-time 7, and is regularized through the numerical lower integration
bound 1/N? (N > 1), that in turn is related to the physical cutoff A as in (5.30) (see [14,
23,24] for further details). To repeat ourselves, the important outcome of this calculation
is that no quadratic divergences are found in the quantum correction to m?.

Before ending this section, we would like to speculate on the way flat spacetime cal-
culations should be reanalyzed in light of the results of the present chapter. Given the
evidence for a small positive vacuum energy, that might indicate a positive small curva-
ture of space, we find it reasonable to argue that flat spacetime should be seen only as a
limit, and that physical quantities typically calculated in the Minkowski QFT framework
should rather be obtained from calculations performed on a non-trivial gravitational back-
ground g, (with g, a smooth background with characteristic length [ > [, (= Mp )
through the limiting procedure g,, — 0,,. This limit is quite delicate. In fact, we have
seen that the results obtained starting directly with g,, = 6,, (flat background) do not

11 As already stressed, the “usual expression” (5.40) misses an important term, coming from the Fradkin-
Vilkovisky path integral measure, that contains the time-time component of the inverse metric, see (5.15)
and (5.16). We have also seen that the usual implementation (5.41) of the proper-time method in turn
misses a term that is opposite in sign to the previous one. These two terms cancel, and this eventually
ensures the diffeomorphism invariance of the one-loop effective action (see comments below (5.16)).
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coincide with those obtained performing the calculations with a non-trivial metric g,
and taking only after the limit g,, — 0,,. We have shown that, when the calculations
are performed in this latter way, power-like divergences in the mass m? of the scalar field
and in the vacuum energy A../87G are automatically absent. There is no need to resort
to any “physical cancellation”, as the one obtained for instance with a supersymmetric
embedding of the theory, nor to resort to any “technical cancellation”, as the one realized
with dimensional regularization.

We finally observe that from our result (5.31) for Tl the effective potential V1 =
I/ (87%a*/3) (®2°a* is the volume) in the flat limit a — oo is

4 2
Vi Ace (1_ Gm 1og(a§]A2))+m7(1— 32)\7r2 log(aanz)) @2+% (1_ 332/;2 log(aiAQ)) o4
(5.44)

This is nothing but the usual ®* one-loop effective potential, where power-like divergences
are automatically absent (no cancellation).

5.4 Conclusions

In the present chapter we considered a scalar theory on a non-trivial gravitational back-
ground (we used a spherical background) and calculated the one-loop effective action T'.
Our first concern was to use a path integral measure that ensures the diffeomorphism
invariance of the effective action. According to [18,37] (see also the next chapter, where
the results of [37] will be presented), such a measure is the one proposed by Fradkin and
Vilkovisky. Moreover, we carefully introduced the UV physical cutoff A of the theory
according to the analysis of [14,23,24] (see chapters 3 and 4).

From I'*, we derived the radiative correction to the mass m? of the scalar particle. We
showed that, differently from typical (well-know) results, where m? receives contributions
quadratic in A, quantum fluctuations provide only a (mild) logarithmic contribution to
m?. This addresses one aspect of the Higgs naturalness problem, namely the sensitivity
of the mass to the UV physical cutoff. We dubbed this aspect PCP (physical cutoff prob-
lem). This result arises from the use of the diffeomorphism invariant Fradkin - Vilkovisky
measure together with the proper identification of the physical cutoff A of the theory.
It is not obtained resorting to a “physical” cancellation (as it would be the case for a
supersymmetric embedding of the theory), nor from regularization schemes where the
cancellation of power-like divergences is automatically implemented (as it is the case, for
instance, of dimensional regularization).

In addition, we showed that usual calculations, that are performed within the heat-
kernel formalism, actually implement an improper identification of the UV physical cutoff.
This results in a distorted dependence of I'* on the gravitational background. We also
showed that this is why in usual calculations the well-known power-like divergences are
generated in the mass of the scalar particle and in the vacuum energy.

There is another facet to the Higgs naturalness problem, that we dubbed LMP (large
masses problem). It arises when the SM is viewed as embedded in a higher energy theory
that contains particles of large mass M coupled to the Higgs boson. The Higgs mass
receives contributions proportional to M?, and a physical mechanism that disposes of
these large contributions, ultimately providing m? ~ (125 GeV)?, is needed. This question
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should be framed within the Wilsonian paradigm. As stressed in section 5.2, in fact, the
ultimate theory is the TOE, and the RG flow that emanates from the TOE connects
effective theories whose validity extends to lower and lower energy regimes. The SM is part
of this chain of theories, and Agy is the physical scale where the SM takes over. Concerning
the running of the Higgs boson mass m?(u), the effective theory that “completes” the SM
above Agy provides the precise boundary m?(Agy) such that the Wilsonian RG flow drives
m?(u) to the measured value m? ~ (125 GeV)? at the Fermi scale. This precise boundary
m?(Asy) is in turn inherited from the “previous” higher energy theory, and ultimately
from the TOE. This is the “physical tuning” scenario introduced in [11].

The results of the present chapter (absence of power-like divergences in the mass
of scalar particles and in the vacuum energy on a gravitational background), together
with the evidence for a non-zero positive vacuum energy that might indicate a positive
small curvature of space, led us to the following speculation. Flat spacetime should be
regarded only as a limit, and physical quantities typically calculated in the Minkowski
QFT framework should rather be obtained from calculations performed on a non-trivial
smooth gravitational background g, through the limiting procedure g,, — 6,,. The
results obtained starting directly with g,, = d,, (flat background) do not coincide with
those obtained with a non-trivial metric g,, and taking only after the limit g, — d,,. We
have shown that, when the calculations are performed according to this limiting procedure,
power-like divergences in the mass m? of the scalar field and in the vacuum energy A../87G
are automatically absent. There is no need for a supersymmetric embedding of the theory,
nor to resort to any “technical cancellation”.

A crucial element at the basis of the results presented in the last three chapters is the
use of the Fradkin-Vilkovisky path integral measure [18]. As already stressed more than
once throughout this thesis, despite the presence in it of non-covariant factors of the time-
time component ¢(® % of the inverse background metric, this measure is diffeomorphism
invariant. Though this was proved explicitly by Fradkin and Vilkovisky for the case of
pure gravity in [18], in the literature some authors have made claims to the contrary
(see for instance [36]). To bring clarity on this question, part of my activity has been
dedicated to a thorough investigation on the transformation properties of the path integral
measure under diffeomorphisms. The results of this analysis have been published in [37],
and will be presented in the next chapter. With the help of a detailed calculation, we
show that, despite the presence of the non-covariant factors of g%, the FV measure is
diffeomorphism invariant. We will see that the invariance arises from a delicate balance
of all the elements involved in the definition of the path integral (see section 1.1.1 for the
detailed construction of the path integral).
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Chapter 6

Diffeomorphism invariance of the
effective gravitational action

The results of chapters 3, 4 and 5 were derived using the Fradkin-Vilkovisky path integral
measure [18,19,143]. In the literature, two different measures are mainly considered, the
one proposed by Fradkin and Vilkovisky and the one by Fujikawa [107]. It is sometimes
claimed that, since the FV measure contains non-covariant factors of the time-time com-
ponent g% (x) of the inverse metric, it is not diffeomorphism invariant, and that (on the
contrary) the invariant measure is the one proposed by Fujikawa. This point of view has
been recently taken up in [36].

The subject of the present chapter is the analysis we performed in [37]. We thor-
oughly investigate on the transformation properties of the effective gravitational action,
focusing in particular on the path integral measure. We show that, despite the presence
of g" factors, the FV measure is diffeomorphism invariant. With the help of detailed
calculations, we see that this result is intimately related to the very definition of the path
integral, that involves the introduction of a time ordering parameter and of a discretiza-
tion of spacetime (lattice). When a general coordinate transformation is performed, both
the time ordering parameter and the lattice transform, giving rise to non-trivial terms.
Thanks to the g% factors, these non-trivial terms are canceled, ultimately ensuring the
diffeomorphism invariance of the FV measure.

By the same token, we also show that the result by which the Fujikawa measure
appears to be diffeomorphism invariant is due to a formal treatment of the path integral,
resorting to which the aforementioned points are overlooked. As a consequence, the non-
trivial terms mentioned above, that appear when the path integral undergoes a general
coordinate transformation, are missed. Once these terms are taken into account, it turns
out that the FV measure is diffeomorphism invariant, while the Fujikawa measure is not.

6.1 Diffeomorphisms and path integral

Let us consider the gravitational action Sg[g| (think for instance of the Einstein-Hilbert
action (3.1)) in the presence of a scalar field with action Sy[¢,g]. The total action is
(from now on we indicate with g the metric g,, when it appears as the argument of a
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function/functional, its determinant otherwise; the signature (—,+,+, +) is used)

S[d, 91 = Selg] + Sumle, 9] = Sglgl + /d4$ Lu(0(2), (), 9(x)) (6.1)
where L,,(¢(z),0,¢(x), g(x)) is the matter Lagrangian density
Lin((z),0u0(x), g(2)) = —% —g(x) (9" (2)0u6(2) 0, p(x) +m*¢*(x)) . (6.2)

The effective gravitational action! T'[g] is given by

STl / 509 TT [M(g(x)) do(a) | (6.3)

xT

where M (g(z)) is a non-trivial term in the configuration space measure [], [M(g(z)) dg(z) |.
In the literature, two different expressions for M (g(x)) are mainly considered. For the
FV measure [18],

My (9(2)) = (—g% (@) (=g(2))/* (6.4)
while for the Fujikawa measure [107] (u is an arbitrary mass scale)
My (9(2)) = po (—g(2)) /" (6.5)

Within the canonical formalism, the F'V measure is obtained from the phase space path
integral measure [], [dn(z)d¢(x)]| (Liouville), while the Fujikawa measure [107] from
[L [(¢°(z))"Y/% dn(z) dg(z) | [108]. After integration over the conjugate momenta, the FV
configuration space measure (6.4) contains [¢%(z)]/? factors, while the Fujikawa measure
(6.5) does not.

A fundamental aspect to be stressed is the following. In(6.3), [], indicates that in
the definition of the path integral a discretization of spacetime is introduced (see section
1.1.1), which in turn implies that [, [M(g(z)) d¢(x) ] in (6.3) can (obviously) be written as
[TL, M(g(z))] [TL, de(x)]. This latter (trivial) observation will be useful in the following.
Let us stress a crucial point first raised in [41], and later deeply investigated in [18]. In any
formulation of quantum field theory, and in particular in the formulation of gauge theories,
the construction of the basic transition amplitudes (¢”,t"|¢’, t') (definition of the S matrix)
requires the identification of a parameter in terms of which a time ordering is introduced.
Differently from the case of Yang-Mills theories, where the gauge transformation only
affects the form of the fields, in gravity a general coordinate transformation acts on the
coordinates, and thus on the argument of the fields. As we will see, this has a non-
trivial impact on the time ordering. In the path integral formulation, the time ordering
parameter can be introduced as follows. Given a coordinate system x*, if the points of the
lattice are obtained from the intersection between hypersurfaces 2° = const and curves
z' = const, the time ordering parameter is identified® with z° [18,41]. The notation [], in
Eq. (6.3) indicates the product over all the points Q; of the lattice £; defined in this way.
Note that the construction of the lattice and the identification of the ordering parameter
can be done only once the coordinate system has been specified.

'For general considerations on the effective gravitational action see for instance [132,144,145]
2The quantization can also be realized considering a more general space-like hypersurface 7(z) = const,
in which case the role of ordering parameter is played by 7.
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Let us callAZ the reference frame with coordinates = and 3 another frame with coor-
dinates &. In 3, the action (6.1) is written as (we use the notation 9, =52:)

A A N

519,9] = 54[9] + Sl 9] = 59 + / '3 Ln(9(2), 0,0(2), 5(3),  (6.6)
and for the effective action I'[§] we have
ol — / 54,41 H [ (§(z i)] _ (6.7)

Similarly to what we said for (6.3), the notation [ [, in (6.7) indicates the product over the
points P of the lattice & obtained from the intersection of hypersurfaces 2% = const with
curves 2° = const. In this case, the time ordering parameter is 2°. We will see that, due
to this change in the time ordering parameter, the path integral measure transforms non-
trivially under diffeomorphisms®. This important aspect is missed in [36]: the measure
[1. [M(g(x))d¢(x)] should not be treated formally, and attention should be paid to the
discretization and to the time ordering underlying this expression.

Let us investigate now on the diffeomorphism invariance of the effective action, per-
forming the transition from 3 to ¥. Our aim is to see for which choice of M (g(x)), either
the FV one in (6.4) or the Fujikawa one in (6.5), we have I'[§] = I'[g]. Since the classical
action is diffeomorphism invariant, i.e. S[,g] = S|, g], from (6.3) and (6.7) we see that
[lg) = Tlg] if

[T [M(3@) (@) | =TT [Mg(a)) do(a) | (6.8)

z T

We stress again that in 3 and X two different lattices and time ordering parameters are
considered; this is encoded in the two product symbols [], of (6.7) and [], of (6.3). To
realize the bridge between I'[§] (defined in %) and I'[g] (defined in X)), we now proceed in
two steps.

In the first step, while remaining in the frame 3, we move from the lattice & of points
P; (and time ordering parameter i°) to the lattice & of points Q; (and time ordering pa-
rameter 2°). This is realized going from [, [M(4(2)) dé() ] to TT, [M(4(3(2))) dd(a(x))]
and performing in the action S [ngS, g] the change of integration variables from Z to z through
the relations & = #(z), ¢(2) = ¢(#(x)) and Gu (&) = G (#(z)). We get (see comments
below (6.10) for the factors A and B)

1) _ / 516 [HM(@(@))} T |

z

:/ $16.4) [BHM g(i()| [ATT dét )] (6.9)

T

3With an abuse of notation, throughout this chapter we will use the same symbol # to indicate both
the action of the diffeomorphism on z and its corresponding image, i.e. & = &(x).
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where S in the right-hand side is written as

$16.3] = $4lal + Suld, ]
= 5,00 5 [ eI/ (60 5 e a6 0) + 2 a(2) )
= 5,000+ [ 4t Buld(i (o). 0,6(0(a). (a(2))). (6.10)

with J = |det % ’ the Jacobian. Note that S‘[q@, g] is the action for the fields ¢ and Gy

that is the action in the frame 3. We stress that up to now only a change of integration
variables has been performed (not a change of reference frame). Moreover, L, in the third
line of (6.10) is the matter Lagrangian density?, still in the frame S, written in terms of
the variables x.

Let us comment now on the factors A and B that appear in the right hand side of (6.9).
One might naively expect that the step performed above (][], — [[,) consists of a trivial
reshuffling of (spacetime) points, in which case one would have A = B = 1. This is what
is implicitly implemented in [36]. However, we have seen that in going from the left to the
right hand side of (6.9), a non-trivial change of lattice and of ordering parameter occurs
(see above). This is what ultimately leads to the appearance of non-trivial factors A # 1
and B # 1 in(6.9). The latter are calculated in the next section.

In the second step, we move from ¢(i(x)) and g, (#(z)) to ¢(z) and g, (). This
will eventually lead to the relation between I'[§] and I'[g]. From (6.9), we get (below the
invariance of the classical action, S[¢, §] = S[¢, g, is used)

et — [ 69 [ B ] y(a(ate))] [AT] aéteta) |
_ / i Sl.] [BCHM(g(x))} [AEHd(;S(x)]. (6.11)

In the above equation, the factor C arises when we express M (g(z(x))) in terms of g, (z),
while E is the Jacobian of the transformation ¢(2(z)) — @(z). As for A and B, the
calculation of C' and F is performed in the next section.

From (6.3) and (6.11), we see that for the effective action to be invariant under general
coordinate transformations, i.e. to have I'[g] = I'[g], it is necessary that ABC E = 1. In
the coming sections 6.2 and 6.3, we will see that while this is the case for the FV measure
(see M, in (6.4)), it fails to be true for the Fujikawa measure (see My ; in (6.5)). Let us
proceed now to the calculation of A, B, C' and FE.

6.2 Transformation factors

In the present section, we calculate the transformation factors A, B, C' and E that appear
in (6.11) following [18], where similar calculations have been performed for the pure gravity

41t is easy to see that Em gives rise to the same equations of motion and the same energy-momentum
tensor for the field ¢ as Ly, in (6.6). The only difference is that they are written in terms of the variables

x using the relations & = (z), ¢(&) = ¢(&(x)) and G, (2) = G0 (E(2)).
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case. In particular, we will find that the factors A and B, that are related to the transition
[I; — II, involved in the transformation of the effective action under diffeomorphisms,
turn out to be non-trivial (# 1). As anticipated, this shows that [[, — [], is not a trivial
reshuffling of points, but rather a delicate step to be performed carefully while establishing
how the effective action transforms under diffeomorphisms. Overlooking these terms, one
is led to think that the FV measure is not diffeomorphism invariant, due to the presence
of the g° factors (see (6.4)). In fact, the opposite is true. As it will be seen in section 6.3,
the invariance of the effective action emerges from a balance between these non-trivial
terms and those coming from the g% factors in the FV measure. Let us proceed now with
the calculation.

The factor E - We begin with the factor E. Since ¢ is a scalar field (¢(z(z)) = ¢(x))
and E is the Jacobian of the transformation ¢(i(x)) — ¢(z), clearly E = 1.

The factor A - Let us move now to the factor A. As mentioned in the previous section,
the FV measure [, [M,, (9(z)) d¢(z)] (see (6.4)) is obtained within the canonical formal-
ism from the phase space path integral measure [], [dn(z)d¢(z)], while the Fujikawa
measure [, [My,;(g(x))d(x)] (see(6.5)) from [T, [(¢*(x))/? dn(z)d¢(x)]. To calculate
A, we consider both cases at once writing (below f(g) = 1 for the FV measure and
f(g9) = (g°°(x))~/2 for the Fujikawa one)

eiTelo] — eng[g]/ ot [d42[0d(2)m(2) ~H(r(2), ()] [Hf(g(x)) dr(x) dgb(x)] (6.12)

where 7(z) is the momentum conjugate to the field ¢(z)

OLm(p(2), Ouo(x), g(2))
9(9oo(x))

Lm(o(x),0up(x), g(x)) the Lagrangian density in the frame ¥ given in (6.1), and H(w(x), ¢(x))
is the Hamiltonian density (here we use the shorthand notation H (7, ¢) for H (7, ¢, 0;¢,g))

m(z) = = —(=g(2))"? g"(2) ud(x), (6.13)

H(m, ¢) = m(x) Qg () — Lun(¢(2), 3u¢($),9(x))=%(—g°0)_1( 9) " 4 (=" g w00

+ %(—90‘))—1( 9)"?g" g 00050 + 5 ( 9)"?g"0:6 0,6 + 5 < 9)!"*m?’. (6.14)
As stressed in the previous section (see comments below (6.5)), [ ], in (6.12) means that
the discretization is realized considering the points @); of the lattice & and that the time
ordering parameter is z° (this is further stressed by the subscript & in [ [g]). In this
respect, we stress that 7(x) is correctly defined by (6.13) since in this case x° is the time
ordering parameter. As said above (see footnote 2), we could also quantize the theory
considering a more general family of space-like hypersurfaces 7(x) = const, in which case
the time ordering parameter would be 7, and the conjugate momenta would be obtained
differentiating the Lagrangian with respect to 0,¢.
For the effective action in 3 we have (now the lattice & of points P; is used)

oilealdl — ez‘Sg[g]/ i [d4a[Bod (@) () —H (7 (2), d(2)) [Hf g(@ ) do(z )] (6.15)
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where 7(2) is the momentum conjugate to the field gb( )

= —(—g(@)""* §(#) 0,0(2) , (6.16)

L (6(2),0,0(2), §(&)) the Lagrangian density in the frame 3 (see (6.6)), and H(7(2), ¢(&))
the corresponding Hamiltonian density (see (6.14)). The symbol [[, indicates that the
discretization is realized considering the points P; of the lattice &. The time ordering
parameter is now 2%, and accordingly the conjugate momentum 7 (%) is given by (6.16).

As explained in the previous section, the bridge between I'[§] and I[g] is realized in
two steps. In the first one (from which the factor A emerges), while remaining in the
frame 3 we write I'[§] switching from the lattice &, to the lattice & (that in turn implies
switching from the time ordering parameter 2° to z"). Considering then &, for f[g] we
have

eileild] — ¢iSeld]
% / eifd‘lw[aoé(i(x))%(i(x)) H(F(2(x)), (3(2)))] {FHf ))} {H A7 (2(x)) d(ﬁ(i"(x))} . (6.17)

In the above equation, F' is the factor that arises when [[, f(g(£)) is written in terms

of ], f(g(z(2))), i.e. when we switch from & to & : [[; f(9(2)) = FII, f(9(2(z))). We

will shortly see that we do not need to calculate explicitly the transformation factor
F. Moreover, since in (6.17) the time ordering parameter is 2°, the momentum 7 (#(z))
conjugate to ¢(z(x)) is given by (see comments below (6.10) and (6.13))

(-’i‘(w)),agé( #(x)), §(&(x)))
O(op(&(x)))

and the Hamiltonian density to be used is

H(7(#(2)), (& (x))) = 7(#(x)) Do0(#(x)) — Lin(D(2(2)), ud(#(x)), §(#(x)))

Q

™
E
>

= —(=4(@(2))"? G (2(x)) ud(i(x)), (6.18)

_ %(_GOO)l(_g)lﬂ 72 + (_GOO)flGOi%a.(ﬁ
1 A i a1 Z
(-G N9 GO GU0p 0,6 + () PGB0+ LT ()P m (619)

where L (¢(2(x)),9,0(2(x)), §(#(x))) is the Lagrangian density in (6.10) and we define
(J = ‘det % ’ is the Jacobian related to the change of variables & — z)

) o s o ox* dx¥
G"(&(x)) = Jg° (x(x))aj;p 55 - (6.20)

Let us perform now in (6.15) the functional integration over 7(Z). We get
eiTeald] — oiSeld] [Hf(g(i))} / ¢i5m(®.3] [HW } H dd(z (6.21)

where we define

Il
S
|
Nl
—~
&
S~—
S~—

—
~
o~
—~
>
o
o
—
=>
S~—
S~—
—
~
[\

W(g(z)) (6.22)



Similarly, the integration over 7(z(x)) in (6.17) gives

el lo] — ¢iSsld) [Hfg;e } / Zsmwl[nyg:f; }Hdgm . (6.23)
where we define
Y(§(#(2)) = TV (=g(2(@) /[ - ¢ (2(x)) Bua® 5,20 ] (6.24)

Moreover, writing [, d¢(2) in terms of IL do(i(z)) (see Eq.(6.9)), Eq.(6.21) can be
written as

eilealdl — g8, ["][H 1(3(@)] / eigm[ga,m[HW(g(fs))} ATT ada@n |, (6.25)

Since T',[g] and T, [§] are the same effective action in 3, simply written using the two
lattices & and &, respectively, from (6.23) and (6.25) we finally get

LY (36))
=L wen) (6.26)

We now write A in a convenient form. Let us consider an infinitesimal coordinate
transformation (in the following we only need to keep terms up to first order in )

=t + M (x), (6.27)

and switch from [], to [[, in the numerator of (6.26). As we will see below (Eq. (6.31)),
this allows to factor out a term that cancels the denominator. Observing that® (as usual,
5#(0) comes from > — [d*z)

(4) (4)
HJ1/2 _ exp(éT(O)/d‘lxlOg(l —l—auef“)) — exp((STm)/d% augu) =1, (6.28)

X
where we have used

ozt

9
o 40, At =d'zJ=d% ‘det % ‘ =d'z (1+ 9,e"(2)), (6.29)
and calculating the third factor in the right hand side of (6.24) (9,2° = 0 — 0ue?),
R R i
— 5" (#(2)) 8,2® 20 = —§® + 2 §% 9,0 = —§* (1 —29_ 8“50) , (6.30)
g

from (6.22), (6.24), (6.28), (6.30) we get

ITv @) - exp(5(4)2(0> / a3 (1= 0,2 log [ (~3(2)) /2~ §°(2)) (1 -2 ‘;’88)})

= [IIwee) exp<—5(4;(°> [ ate [ouetios (a2 (- @) 2 58 0, ) .- (6.3)

®Note that the exponent in the third term of (6.28) has the form of a surface integral. It is then equal
to zero in the case of boundary-less manifolds and/or asymptotically flat (smooth) gravitational fields,
in which latter case gauge transformations such that € — 0 at infinity are considered to preserve the
asymptotics.
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Finally, inserting (6.31) in (6.26) we have

A =exp (—@ /d4a: [8#5“ log ((—g(x))l/Z( — goo(x))> +2 9" () 0 50] ) . (6.32)

g% (x)

The factor B - Let us calculate now B. We begin by observing that M (g(z)) in (6.9)
is nothing but the product f(g(z))W (g(z)) in (6.21). We then have (below we make use
of (6.29))

HM 9@) =[] [f@@)W(5(2))] = exp (6<4><0> / d's log<f<g<f>>W<§/(:f:>>>)

T

= exp (5(4)(0)/d4w 0" 10g(f(g($))W(9(I)))) [T [ (3w (g((2)))]

= exp(3910) [ s 0, os(a1(9() ) [T 1000101, (6.39)
Recalling that [[, M (g(2)) = BI[, M(g(z(z))) (see(6.9)), from (6.33) we have

B = exp <5<4> (0) / di 9, 10g(M(g(x)))> | (6.34)

The factor C - Finally, we calculate the factor C, that is defined by [[, M (g(2(x))) =
ClI, M(g(z)) (see(6.11)). At first order in e, we have

M (g (&(x))) = M(g"(x) + g (x)0ye" (x) + 9" (2) 0" (z)) =

= M) + G (6™ 0000 @) 4 97 ()00 ), (6.35)
where we used
g () = 2D O o) = () 1 7 ()04 (0) + 0 ()0 (). (6.36)
We then get

AL A 8M( ) oo g (0%
[T @) = exp (5<4><o> [ atton [3(0) + S50 (@7 @05 @)+ 7 )0 <x>>]>

= (800 [ e g Sl 0 @) @) T M), (630

from which

¢ =exp(390) [[atelpr(o) ! S0 (@00, 0) 4 9 000 ) (638)

Having calculated the factors A, B, C' and E, we can now see how the FV and
the Fujikawa measure transform under diffeomorphisms. This is the subject of the next
section.
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6.3 Fradkin-Vilkovisky versus Fujikawa measure

As shown in section 6.1 (see(6.11) and comments below), for the effective action to be
diffeomorphism invariant, it must be A BC E = 1. Having found in the previous sec-
tion the general expressions for A, B, C and E, we can now calculate these terms for
both M(g(z)) = My, (g(x)) and M(g(z)) = My, (g9(v)). From a simple inspection
of (6.32), (6.34) and (6.38) we see that, while B and C' depend on the specific form of
M (g(z)), A does not. Moreover, we have already seen at the beginning of section 6.2 that

E = 1. We have then to calculate B and C' for M, (g(z)) and M, .(g(z)), respectively.

Fuji

Fradkin - Vilkovisky measure - Inserting (6.4) in (6.34) and (6.38) we get

(4)
By =esp( S5 [ g,et togli-9(0) (-4 (6.39)
C.. = exp <5<4>(0) / iz gofjgg augo) , (6.40)

from which (see also (6.32))
B, C,, =A"". (6.41)

Eq. (6.41), together with the result E = 1, shows that for the FV measure

AB, C. E=1, (6.42)

which means that in this case (see(6.11)): T[] = I'[g]. As anticipated, the effective
action calculated using the F'V measure is diffeomorphism invariant.

Fujikawa measure - Inserting (6.5) in (6.34) and (6.38) we get

By = exp (09(0) [ a0, og((~g(e) ") (6.43)
Croji = 1. (6.44)
From (6.32), (6.43) and (6.44) (together with £ = 1) we obtain

()

AB,; Cr E = exp (5(4)(0) /d4x [augu IOg((_ggo)uz) - zOO(x) GMEO}) ) (6.45)

which means that in this case (see (6.11)): T'[g] # I'[g]. As anticipated, and contrary to
what is claimed in [36], the effective action calculated using the Fujikawa measure is not
diffeomorphism invariant.

6.4 Comparison with existing literature

The main result of the analysis presented in the previous sections is that the F'V measure
[18] is diffeomorphism invariant, while the Fujikawa measure [107] is not. The naive
argument according to which the FV measure is claimed to be non-invariant is that it
contains factors of the time-time component ¢g"° of the inverse metric. Actually, we have
shown that the opposite is true. As thoroughly discussed in the previous sections, the

103



g" factors in the FV measure guarantee the diffeomorphism invariance of the effective
action. In fact, their presence is imposed by the necessity of having a time ordering
parameter to define S matrix elements. By the same token, we have shown that the
Fujikawa measure is not diffeomorphism invariant. Moreover, our calculations allow to
understand why in the recent work [36] the opposite conclusion is reached, namely that
the Fujikawa measure rather than the F'V one is diffeomorphism invariant. The detailed
analysis on the transformation of the effective action under diffeomorphisms developed in
the previous sections shows that some of the terms involved in this transformation are
missed in that paper.

Since the question of the diffeomorphism invariance of the effective action, sometimes
source of discussions and controversies, is central to the present thesis, it is worth to make
a more detailed comparison between the results of this chapter and those of [36]. We will
see that the calculations and claims of that paper are flawed.

The authors of [36] consider the scalar theory defined by (6.1) and (6.2) above (see their
section II). A simple inspection of their Egs. (2.14) and (2.19) shows that they overlook the
transition between the two lattices involved in the coordinate transformation (together
with the related change of time ordering parameter). This is tantamount to assume
that this transition is nothing but a trivial reshuffling of points (see (6.9) and comments
below). Actually, the authors of [36] consider only the factors related to the transformation
(—f])”‘% — (—g)*¢. According to the notation that we introduced in the previous
sections, this amounts to consider only the factors C' and E in (6.11), while missing both
the non-trivial factors A and B. It is precisely because they miss these latter terms that the
authors of [36] are led to conclude that the Fujikawa measure is diffeomorphism invariant.
The same issues arise when the authors extend their considerations to pure quantum
gravity (see their section VI). Also in this case, they consider the Fujikawa measure [107],
and attempt to demonstrate that the latter is BRST invariant. Once again, they miss
non-trivial transformation factors in the transition & — x, as it is immediately seen in
their Egs. (6.3)-(6.10).

Actually, all the arguments and conclusions in [36] are flawed, since they are based on
the alleged diffeomorphism invariance of the Fujikawa measure. For instance, they claim
that the path integral measure to be used in phase space is [108] (see section IIT of [36],
in particular the comments below Egs. (3.9) and (3.27))

[ [(¢” @) dn(z) de(a)] . (6.46)

T

Starting with (6.46), in fact, after integration over the conjugate momenta 7 the Fujikawa
measure in configuration space is obtained. As shown in the previous sections, however,
the diffeomorphism invariant measure in configuration space is the Fradkin-Vilkovisky
one. The latter is obtained after integration over 7 starting from the phase space path
integral measure

[ [dr(z)dé(z)], (6.47)

xT

that is nothing but the Liouville measure. This is what one would expect from general
considerations based on the path integral construction of the basic transition amplitude
(¢, 1"|¢',t') (see section 1.1.1). For R? higher-derivative theories of gravity, a similar
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derivation of the configuration space measure from the Liouville one was later done by
Buchbinder and Lyakhovich [146].

To support their claim on the diffeomorphism invariance of the Fujikawa measure,
the authors of [36] (see their section IV) consider the contribution §5 to the effective
gravitational action from a free scalar field, obtained using this measure (u is an arbitrary
mass scale in the Fujikawa measure, see (6.5))

(6.48)

—O+m?
2 )

dS[g] = 1Trlog< e

where —[1 is the spin-0 Laplace-Beltrami operator for the metric g,,. They evaluate the
trace resorting to two different methods: (i) sum over the eigenvalues of —J + m? ; (ii)
proper-time formalism, and get for §S the results (4.7) and (4.15) of [36], respectively.
Their calculations, however, overlook a quite delicate point (see below). This oversight
leads them in both cases to a result for §S expressed in terms of diffeomorphism invariant
quantities, so they conclude that the Fujikawa measure is diffeomorphism invariant. The
delicate point is that, in the case of gravitational theories, subtleties arise in the calculation
of log(—0 + m?) (that appears in their Egs. (4.4) and (4.13)), and one should carefully
take into account the distributional nature of the Green’s function of (—O+m?) [18,20,46]
(see also the discussion below (5.16) in section 5.1). When this is done, a non-trivial term
contributing to the trace in (6.48) is found. This term is missed in [36]. Taking z° as time
ordering parameter (see comments below Egs. (6.5) and (6.7)), this latter term turns out
to be 6™ (0) [ d*zlog(¢g®) [20], which is not diffeomorphism invariant. As a consequence,
the quantum correction 6S calculated with the Fujikawa measure is not diffeomorphism
invariant.

Let us consider now the result for §S[g] obtained when the FV measure rather than
the Fujikawa one is used, which is what we calculated in section 3.3.1 of the present thesis.
The result is similar to (6.48) (obtained with the Fujikawa measure), but in addition to the
“Trlog” it contains an extra term (see second line of (6.49)), whose crucial importance
will be soon clear. The calculation is performed taking the metric g,(ﬁ,) of a sphere® of
radius a, and gives (see (3.48) and (3.49))

6S[g W] = %log [det (—ﬁ + a2m2>] - %log (Hﬁoo(x)>

~ (4)
= %Tr log (—D + a2m2> - 5T<0) /d4xlog(§00(x)) : (6.49)

where —[J is the Laplace-Beltrami operator for the metric g, of a unit sphere, and g%
is the time-time component of the inverse of g,,. To avoid misunderstandings, we stress
again that, despite the presence in (6.49) of g,,, and -0, §5[g'¥] is calculated for a sphere
of generic radius a. As clearly explained in chapters 3 and 4 (to which we refer for details),
these dimensionless quantities (—ﬁ , Ju and a®m?) appear thanks to the presence of the
FV measure. As stressed several times throughout this thesis, and contrary to what is
incorrectly claimed in [149], in [14, 23] we do not take the radius a as reference scale.
This is immediately evident if for instance we note that in (6.49) the combination a?m?
appears.

6This useful choice is often considered in the literature, see for instance [111,112,147,148].
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Some crucial points need to be stressed. First of all, we observe that the term
$10g(T1, 3% (x)) in (6.49) comes from the exponentiation of the measure term [], (g% (z))/2
(see (6.3), with M(g) given in (6.4)). In this respect, we recall (see comments below (6.5))
that the discretization involved in the definition of the path integral, encoded in [, allows
the trivial splitting [[, [(6°())"2(g(x))/*dé()] = [TL(¢®@)"?] [IL (o) do(x)].
which is what we operate to get (6.49). Moreover, as it should be clear from the com-
ments below (6.48), the calculation of i Trlog(—0 + a?m?) in (6.49) gives rise to the term

w [ d*zlog(g%(x)) [18,20]. This term cancels the last one in the second line” of (6.49).
All the other terms that come from the “Trlog” turn out to be diffeomorphism invariant.
Therefore, the presence of the g"(x) factors in the measure not only does not spoil the
diffeomorphism invariance of the effective action (as one would naively expect) but it is
rather necessary® to compensate non-invariant terms that arise from the calculation of the
“Trlog”. Similar considerations apply to the pure gravity case [18] considered in section
3.1.

We have just seen that 6.5 is given by (6.49), and that the presence of g% (z) factors
in the configuration space measure is crucial to have a diffeomorphism invariant result.
In [36], the more general measure [], [(g(z))'/*Q4(z) dp(x)] is also considered, and the
authors write (see their section V)

5S]g] = % Trlog[e2, 2(~0 + m?)]. (6.50)

Based on their idea that the diffeomorphism invariance of 0.5 is ensured if the fluctuation
operator Q;Z(—D + m?) is covariant, they claim that the only possibility for Q, is to be
a scalar. The analysis of the present chapter (see in particular the three previous para-
graphs) shows that, contrary to this claim, the only possibility to have a diffeomorphism
invariant effective action is to take Q, = (g%)*/2.

In fact, as explained in detail above, the diffeomorphism invariance of the effective
action is not naively related to the fact that only covariant functions and functionals are
present in the path integral. The invariance emerges from a delicate balance between all
the elements that enter the definition of the path integral. We have seen that the delicate
point concerns the product [[, of all these elements, more specifically the time ordering
and the discretization (lattice) involved in the definition of the path integral and encoded
in this product.

Going back to (6.50), for a scalar €, the authors of [36] manage to write Q*(—C4-m?)
in the form of a minimal Laplace-type operator, i.e. an operator of the kind (— + m?)
as the one in (6.48) (see Eqs. (A5) and (A6) of [36]). They then calculate the “Trlog”
resorting to proper-time techniques, but fail to treat the log(—[) with the due care, thus
missing relevant terms (see the thorough discussion below (6.48)) [20]. As a consequence,
the proper-time RG equation (5.6) of [36], that the authors derive differentiating with
respect to the scale A their (incomplete) regularized action Sy, cannot be trusted, and
the considerations and conclusions they draw starting from this equation are flawed.

"See [41] for earlier discussions on the appearance and cancellation of §(0) divergences.

8In [14], the term Llog([[, 3% () = 2@ [dizlog(3%(x)) is indicated with C (see Eq. (48) of [14]).
There, we do not refer to the cancellation discussed in this work since the terms involved are a-
independent, and have no impact in the calculation of the quantum corrections to the Newton and
cosmological constant (the objective of [14]).
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The authors then move to consider the pure gravity case (in the EH truncation; see
section VII of [36]), and develop considerations that mirror (as they say) those made for
the contribution to the effective gravitational action I'[g] from the scalar field. Even in
this pure gravity case, in fact, the contribution S,y to I' from the graviton is calculated
considering traces similar to (6.50). They claim that if one uses the Fuijikawa measure
[107] a diffeomorphism invariant RG flow is obtained that (in four dimensions) contains
terms of the kind (see their Eqs. (7.1) and (7.2))

~ A4/d4x\/§ (6.51)

and
~ AQ/d4:c VIR. (6.52)

Moreover, they observe that these terms, that depend quartically and quadratically on
the running scale A, are at the origin of the UV-attractive fixed point of the asymptotic
safety scenario. We will comment on the existence/absence of this fixed point at the end
of the present section.

In [306], it is also claimed that the use of the FV measure in the path integral amounts to
make in (6.51) and (6.52) (that are obtained using the Fujikawa measure) the replacement
A? — N2g% where N is a dimensionless (running) cutoff. They then get

A4/d4x\/§ — N4/d4:c (9™)? g (6.53)

and
AQ/d“:c\/gR o N2/d4:c\/§gOOR. (6.54)

Accordingly, they claim that the FV measure leads to the presence of non-invariant oper-
ators in the running action Sy[g]. These claims are incorrect. In fact, from the thorough
discussion above, it is clear that these claims are due to the loss of important terms in
their calculation of Sy[g]. We have shown that when the FV measure is used, not only
non-invariant terms of the kind (6.53) and (6.54) do not appear, but also that the presence
of g% factors in this measure is necessary to guarantee the diffeomorphism invariance of
Salg] (see (6.49) and comments therein). More in detail, we have seen that the g" factors
in the F'V measure turn out to cancel terms that arise when the different log(—[l(s))
in §Sgay are correctly calculated (here —0O®) are the Laplace-Beltrami operators for the
different spins, s = 0,1, 2), and only diffeomorphism invariant terms are left in the final
result. Among them are the terms? N*/3 and —34N?/3 in Eq. (4.14) of chapter 4. Con-
trary to what is incorrectly claimed in [36], they are diffecomorphism invariant and do not
come from (6.53) and (6.54) evaluated in a coordinate system where ¢ = R.

Let us finally go back to the question of the possible existence of the UV-attractive
fixed point of the AS scenario. It is true that this fixed point would exist if terms of
the kind (6.51) and (6.52) appeared in the RG equation for the running action. However,
thanks to a careful treatment of the path integral measure and a proper introduction of the

9In [23], the calculations are performed with a spherical background. Moreover, the dimensionless
(running) cutoff N is indicated with L. For the sake of clarity, here we uniform our notation to [36] and
use N.
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physical running scale, in chapter 4 ( [23,24] ) we showed that a term like (6.51) is absent,
and that (more generally) the beta functions for the Newton and the cosmological constant
are significantly different from those of the AS literature [30,34]. They do not possess
the non-trivial UV-attractive fixed point of the AS scenario. Finally, concerning the beta
functions of the AS literature, it is worth to add here that a gauge and parametrization
dependence of these RG functions has been repeatedly reported. See for instance the very
recent work [150], where it is shown that the existence of the UV attractive fixed point of
the AS scenario depends on the value of the gauge fixing parameter a. In a certain range
of values of «, this fixed point even disappears. A clear indication that the UV behaviour
of the theory depends on the gauge fixing parameter was previously given in [151], where
it was shown that, depending on the value of «, the UV behaviour of the Newton constant
in fact changes from screening to antiscreening.

6.5 Conclusions

In the present chapter we have thoroughly considered the controversial issue concerning
the diffeomorphism invariance of the path integral measure in quantum gravity. It is
usually thought that, due to the presence of non-covariant ¢°° factors, the FV measure
cannot be diffeomorphism invariant.

With the help of the detailed analysis developed in sections 6.1, 6.2 and 6.3, we have
shown that, contrary to this naive expectation, the ¢° factors that appear in the FV
measure are necessary to ensure the diffeomorphism invariance of the effective action
['[g]. Actually, we have seen that the invariance emerges from a delicate balance between
all the elements involved in the definition of the path integral. In particular, we have
shown that a crucial point is related to the necessity of introducing a time ordering pa-
rameter and a discretization (lattice) of spacetime. Differently from other gauge theories,
where the gauge transformation does not affect the spacetime coordinates, when consid-
ering a general coordinate transformation z — , two different lattices and time ordering
parameters are involved in the two coordinate systems. As a consequence, non-trivial fac-
tors appear when the path integral undergoes a general coordinate transformation. The
" factors of the FV measure are necessary to ezactly compensate for these non-trivial
terms, and this is what ensures the diffeomorphism invariance of the effective action.

Another important point concerns the derivation of the configuration space measure
from the phase space one. The FV measure [], [(¢°°(z))Y2(g(z))}/*d¢(z)] is obtained
after integration over the conjugate momenta 7 if the phase space measure is the Liou-
ville one, namely [], [dr(z) d¢(z)]. The latter is what one would naturally expect from
considerations based on the path integral construction of the basic transition amplitude
(@",t"|¢',t') (as seen in section 1.1.1). On the contrary, the Fujikawa measure is obtained
in configuration space if ], [(¢%(z))~Y/2 dr(x) d¢(z) ] is assumed to be the phase space
measure. This rather bizarre form of the phase space measure was first proposed in [108],
though the arguments presented in that paper are far from being well-grounded. This
proposal was recently taken up by the authors of [36]. Based on their idea that the diffeo-
morphism invariant measure in configuration space is the Fujikawa one, they derive this
bizarre phase space measure from the request that, after integration over the conjugate
fields 7, the resulting configuration space measure is the Fujikawa one. The detailed anal-
ysis presented in this chapter, where we have shown that it is rather the F'V measure to
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be invariant, indicates that such an artificial distortion of the natural Liouville measure
in phase space has to be rejected (as one also expects on the basis of simpler arguments).

In conclusion, we have shown that the question of the measure to be used in the
calculation of the effective gravitational action I'[g] presents delicate aspects that can
be missed if one resorts to formal calculations. Paying attention to the construction of
the path integral involved in the very definition of I'[g], it turns out that the measure
proposed by Fradkin and Vilkovisky ensures the diffeomorphism invariance of I'[g], while
the measure proposed by Fujikawa does not.
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Conclusions and outlook

The present thesis was mainly devoted to an investigation on the UV-sensitivity of the vac-
uum energy pyac in quantum gravity. From usual calculations, typically performed within
the heat-kernel formalism, the radiative corrections to p.. turn out to be quartically and
quadratically sensitive to the UV physical cutoff A of the theory. When confronted with
the observed value of the vacuum energy, this unveils a strong naturalness problem, the
strongest facet to the long-standing cosmological constant problem.

Among the different attempts in the literature to dispose of the aforementioned power-
like “divergences”, models with compact extra dimensions received particular attention.
In chapter 2, however, we showed that the automatically finite (no fine-tuning) result
Porr ~ M (M is the scale of a KK tower), typically obtained in these models for
the vacuum energy, is due to an improper implementation of the EFT logic. In fact, we
have seen that usual calculations mistreat the asymptotics of the five-dimensional loop
momentum, and this results in an artificial washout of UV-sensitive terms. Performing a
proper EFT calculation, we found that previously missed UV-sensitive contributions are
present in p_... The latter do not cancel even in a SUSY theory since they are proportional
to the boundary charges of superpartners, that have to be different to trigger the SUSY
breaking.

These results have a significant impact on the recent dark dimension proposal [10],
according to which our universe might possess a compact extra dimension of micrometer
size dictated by the measured value of the vacuum energy. This DD scenario is based on
swampland conjectures in string theory/quantum gravity and phenomenological bounds
that lead to the relation pswamp ~ qu( between the vacuum energy pswamp and the size
of the extra dimension m_!, and also on the corresponding result p,.. from the EFT
limit. The presence in the latter of previously missed UV-sensitive terms renders the
matching between psyamp and py.,. a non-trivial issue, and requires to find (if any) a
physical mechanism responsible for the suppression of these large contributions. We
commented on the possibility that such a mechanism is provided by the piling up of
quantum fluctuations operated by the UV — IR renormalization group flow for the whole
(4 + 1)D theory that includes the SM in a 3-brane. In such a framework, the RG flow
would connect the boundary (i.e. UV) value of the vacuum energy, which is dictated by
the UV-complete theory (string theory/quantum gravity), to its measured value in the IR.
Further studies on the implementation of the RG approach in models with compact extra
dimensions would then be of help to investigate on the possibility that the DD scenario
might be (or not) a physical reality.

The issue of the strong UV-sensitivity in the vacuum energy was then studied in a dif-
ferent framework. In chapter 3, we considered pure gravity in four dimensions within the
Einstein-Hilbert truncation, and re-examined the calculation of the one-loop (Euclidean)
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effective action Féﬁav. We showed that the appearance of quartically and quadratically
UV-sensitive contributions to the vacuum energy py,. in usual calculations (typically per-
formed within the heat-kernel formalism) is due to the fact that two important aspects are
typically overlooked in the derivation of Féiav, one concerning the path integral measure,
the other the introduction of the UV physical cutoff A of the theory. We also showed
that, when the diffeomorphism invariant Fradkin-Vilkovisky measure is used, and the UV
cutoff A properly introduced, py.. turns out to be only logarithmically sensitive to A. In
this respect, it is important to stress that this result was obtained without resorting to a
supersymmetric embedding of the theory, nor to regularization techniques, as dimensional

regularization, where power-like divergences are absent by construction.

Considering a free scalar field and a free Dirac field on a non-trivial gravitational
background, we found that the above result hols true even in the presence of matter fields.
The vacuum energy receives only contributions that are proportional to the logarithm of
the UV scale A, with coefficient given by the fourth power of the masses of matter fields
(see below for further comments on these contributions).

In chapter 4, we extended the analysis considering the RG flow of the gravitational
action. Taking for the latter the Einstein-Hilbert truncation, and specifying to a spherical
gravitational background, we derived the renormalization group equations for the running
cosmological and Newton constant. We showed that, as for the one-loop calculation
performed in chapter 3, a proper treatment of the path integral measure and of the
running scale k£ is crucial in the derivation of these equations. If again the Fradkin-
Vilkovisky measure is used and the running scale k£ properly introduced, the RG flow
turns out to be profoundly different from that of previous literature. In particular, we
found no sign of the non-trivial UV-attractive fixed point of the asymptotic safety scenario
that characterizes, instead, the typical RG flows derived within the effective average action
and the (usual) proper-time formalism. We have shown that in the physically relevant
quadrant (positive cosmological and Newton constant) only the Gaussian fixed point
exists, with a UV-attractive and a UV-repulsive eigendirection.

In chapter 5, we considered the theory of an interacting scalar field on a non-trivial
gravitational background, and showed that the issues concerning the path integral mea-
sure and the introduction of the UV physical cutoff A have a crucial impact also on
another long-standing problem in theoretical physics, the Higgs naturalness problem. In
particular, in this chapter we mainly addressed the issue related to the strong (quadratic)
sensitivity of the mass m? to the UV cutoff A, which is one of the two aspects of the Higgs
naturalness problem that we dubbed PCP (physical cutoff problem).

Specifying to a spherical gravitational background, we calculated the one-loop (Eu-
clidean) effective action I''', from which we derived the radiative correction dm? to the
mass m? of the scalar particle. Contrary to usual results, typically performed within the
heat-kernel formalism, we showed that, if the diffeomorphism invariant Fradkin-Vilkovisky
measure is used and the UV cutoff A properly introduced, ém? does not contain contribu-
tions proportional to A2, but it presents only a mild logarithmic sensitivity to A. Again,
this result is not obtained resorting to a “physical” cancellation (as it would be the case
for a supersymmetric embedding of the theory), nor to regularization schemes where the
cancellation of power-like divergences is automatically implemented (as it is the case, for
instance, of dimensional regularization).

The other facet to the Higgs naturalness problem is what we dubbed LMP (large
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masses problem), and arises in beyond the SM models where the Higgs boson is coupled
to particles of large mass M. The Higgs mass receives contributions proportional to M?2,
and a physical mechanism that disposes of these large contributions, ultimately providing
m? ~ (125 GeV)?, is needed. Similarly to the global RG picture discussed in connection
with the dark dimension scenario, we commented on the fact that this question should be
framed within the Wilsonian paradigm. The SM is part of the chain of effective theories
that are connected by the RG flow that emanates from the ultimate theory, the TOE. Let
us indicate with Agy the scale at which the SM takes over. Considering the flow of the
Higgs mass m?(u), its boundary value m?(Agy) at Agy is provided by the higher energy
theory that embeds the SM above this scale, and it is the precise boundary such that the
Wilsonian RG flow drives m?(p) to the measured value m? ~ (125GeV)? at the Fermi
scale. In turn, such a precise value for m?(Agy) is inherited from the previous higher
energy theory, and ultimately from the TOE. This RG scenario was dubbed “physical
tuning” in [11].

The same considerations hold for the contributions to the vacuum energy proportional
to the fourth power of vevs/masses mentioned above. Even if we suppose that only SM
particles exist, these contributions are enormous compared to the very low value of the
vacuum energy (clearly, the presence of heavier particles would increase such a discrep-
ancy, giving rise to an even more severe naturalness problem). A physical mechanism is
then required that disposes of these large contributions. As for the LMP related to the
Higgs boson mass, we proposed a picture where the small value of the vacuum energy
(cosmological constant) emerges in the IR as the result of a “physical tuning” of its UV
boundary at the physical scale Agy dictated by the RG flow that emanates from the TOE.

It is worth to point out here that the calculations of chapters 3, 4 and 5 have been
performed within the Euclidean signature. Certainly, these issues deserve further investi-
gation in a Lorentzian setting.

The final chapter of the present thesis, chapter 6, was devoted to a thorough analysis
on the transformation properties of the path integral measure under general coordinate
transformations, also in light of some recent claims in the literature according to which the
Fradkin-Vilkovisky measure used in the present thesis would not be invariant. The reason
typically advocated is that it contains non-covariant factors of the time-time component
" of the inverse metric.

With the help of a detailed calculation, we have shown that, contrary to this naive
expectation, the ¢ factors that appear in the FV measure are crucial to ensure its
diffeomorphism invariance. This result comes from a careful treatment of all the elements
involved in the definition of the path integral. Among them, crucial is the necessity of
introducing a time ordering parameter and a discretization (lattice) of spacetime. In fact,
two different lattices and time ordering parameters are involved in the two coordinate
systems related by a general coordinate transformation x — 2, and this is at the origin of
the appearance of non-trivial transformation terms from the path integral. The ¢°° factors
in the F'V measure ensure the cancellation of these non-trivial terms, and ultimately
guarantee the diffeomorphism invariance of the effective action.
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Appendix A

Species scale cutoft

In this appendix we perform the calculation of the vacuum energy p' using the species
scale cutoff Agp. In a 4D theory with N particle states, Ay, = Mp/v/N. In a 5D theory
with one compact dimension the identification of Ay, is done counting the number of KK

states that respect the condition m? < Asp. The inequality is saturated when

2
n—+q
mi+< R¢) :Agpﬁni:[—qj:qu Agp—mﬂ, (A1)

where ny reduce to Npax and ny,, of (2.32) in the text when my = 0, and the brackets
[...] indicate “integer part” (that in the following we neglect for simplicity). The number
of states between n, and n_ is

N=ny+[n_|+1=2Rs\ /Ay —mj+1 (A.2)

and the species scale is then obtained as

a  XY3  213(3b—a?)
Asp = 3 t 3.91/3 3.X1/3 (A-3)

with
X = 3v3V4a3c — a?b? — 18abc + 4b3 + 27¢2 + 2a® — 9ab + 27c (A.4)

and

2 4
a:mi+4—;é; bz%; c:iw?%. (A.5)
Expanding for my, R;l < Mp, we get
A2 = M My + ot g + O(M*?) (A.6)
sp T (2R¢)2/3 3(2Ré)1/3 3 P : :

The first term of this expansion is the one typically referred to in the literature, where
only a rough estimate of Ay, is reported (see for instance [100]).
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The contribution of a bosonic (or fermionic, adding an overall minus sign) tower to
the vacuum energy is

(n+q)
s (Asp) g4 p? + + m¢
1 p
~ E 1 AT

where the upper case (Ag,) in the integral means that the modulus of the four-dimensional
momentum is cut at Ag,. Performing the integration over p we find

2
1 1 nZJr { AL 1 oA2 ( 2 | <n+f1)2)+2( 2+(n+Q)2)210g +(”+‘1)
p = — g sp\ T m n
Agp +mi+ L};I)Q N4
—|—2A4 log 2 ¢ }E Z G(n). (A.8)

As in the text (see (3.30), (2.24) and the text therein, where B; and B;(z) are defined),
the sum can be calculated by means of the EML formula,

ol = /n+ dz G(o) + G(ny) +G(n-) . Z Ba; (G(zg D(ny) — G(2j—1)(n,)> + Ry (A9)

) 2 = 2))!
where
N By peimy (2j-1)
Ry, = Z m (G (ny) -G <”—>)
k=r+1 '
_1\2r+1 N4
_ =T (;)r)' / dz G®(2) By, (v — [2]). (A.10)

In the physically meaningful limit my, R;l < Agp, the result for the vacuum energy is

20log (;ﬁ/lR ) + 127 — 57

9-1/3.. 384072}%3/ 8

2 122 M3 2 12
2r -3, (4m2R2 + 1) log (- ) — 3(5 — 4mym3 B2

—4log ( AME
2-2/3 . 2304n2R/*

)—67r+27 o

P

10/3
Mp"" +

il M2
460872R2 " 115272 R2 P
—201og (,%% ) 1207+ 309+ 104log2 . 3(19— 87) — dlog (4’” ) ) s
+ 4 573 MP + 373 (m¢R¢) MP
2-1/3. 12441672 R}/ 2-1/3. 34562 R/
5257 + 367log 2 — 1953 + 35 log <%> sy 9loe (Af—f’> + 1357 — 432 + 991og 2 i
+ Mp™ + 10/3 ¢R¢
2-2/3186624072R),""” 2-2/34665672R)"
M
2log ( 5 ) +3m — 30 — 14log 2 a2 61 — 187 + 40(17 — 6m)m? RZ + 80(33 — 9m)my R,
+ miRIMG® +
2-2/31728n 2R} " 13824072 R},
m5R
(M3, (A.11)
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with R, given in (2.26), (1.120).

Few comments are in order. Limiting ourselves to the leading order relation Ag, ~
R;l/?’M;/g (see (A.6)), we observe that the powers M}DOB7 M3 and M;/?) correspond to the
powers A% A% and A respectively in terms of a generic cutoff A. However, comparing the
coefficients of M?% and M,QD/ % in (A.11) with the corresponding coefficients of A? and A in
(2.25), we note that they have a different structure. Moreover, powers of Mp other than
those mentioned above (that do not find any correspondence in (2.25)) are also present.
These differences have a twofold origin: they are due both to the fact that the species
scale cut is cylindrical in 5D momentum space (see [71] for a thorough discussion on the
difference between the implementation of a cylindrical and a spherical cutoff on the 5D
momentum) and to the fact that, as per (A.6), the relation Ay, ~ R;l/ 3M]23/ ® holds only
at the leading (large Mp) order.

An even more important difference between the results (2.25) and (A.11) is that the
latter does not contain any UV-sensitive term proportional to the boundary charge q.
Actually (A.11) comes from a physically illegitimate operation. In fact, rather than a cut
on p? = e *P?n?/R? Ay, implements a cut on the “KK masses” my = mj + (n+q)*/R3.
As discussed in the text, the (unphysical) introduction of the combination n 4 ¢ in the
cutoff is at the origin of the artificial washout of the g-dependent UV-sensitive terms. This
makes the result (A.11), and more generally the introduction of the species scale cutoff in
higher-dimensional theories with compact extra dimensions, unreliable. The species scale
cut only arises as a result of a too literal interpretation of the 5D theory in terms of a 4D
theory with towers of massive 4D fields. These warnings do not apply to the case of a
bona fide 4D theory with a large number N of fields coupled to gravity, where Ay, truly
is the quantum gravity physical cutoff.

It is also worth to point out that (A.11) provides an example of a hard cutoff cal-
culation where no ¢-dependent UV-sensitive terms are generated. In previous literature,
the opinion was widely expressed that the use of a hard cutoff was at the origin of UV-
sensitive terms, that were considered as spurious [89,90, 152]. The above result shows
that the presence of these terms is rather due to a correct treatment of the asymptotics
of the loop momenta.
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Appendix B
Standard Model cutoff

In this Appendix we derive the relation between the cutoff A of a (4+1)D theory and the
4D cutoff Agyr of the Standard Model localized on a 3-brane. Let us consider the (4+1)D
theory (with compact space dimension in the shape of a circle of radius R) defined by

S = Sgrav + Smata (B]-)

where Sgray 1S given by (2.6) in the text, and as an example for Sy.; we take the ac-
tion (2.13) of a (4 + 1)D complex scalar field ®(z, z) that obeys the boundary condition
&(x,z + 2nR) = O(x, z). Parametrizing the (4 + 1)D metric §,,, as in (2.7), and consid-
ering ¢, (x), A,(z) and ¢(x) that depend only on x, the integration over z gives the 4D
gravitational action (2.8) in the text.

Considering the Fourier decomposition of ®(z, z), for the 4D matter action (2.13) we
have

T o N
s = [atev=g ¥ |Ipgnft = (Vw82

where D, =, —i(n/R) A,, and ¢, (z) are the KK modes of ®(z, 2).
Taking a constant background for the radion (that for notational simplicity we continue
to indicate with ¢) and the trivial background for A,, the metric (2.7) becomes

Viats
3 :(e M 0 ) (B.3)

g 2 &
MN 0 _6*2\/§m

_JEo
From (B.2) we define the ¢-dependent radius Ry = Re Vi, With such a definition,
we immediately see that, when computing radiative corrections, the (4 + 1)D momentum
p = (p,n/R) is cut as (see also comments below (2.21) in the text)

2
¢

This latter equation is conveniently rewritten as
2

<2, (B.5)

2
Pt oy =
R¢>
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where we defined A, = Ae¥s s . In terms of the dimensionless ¢ of (2.7) and (2.8), and
before using o = 1/3/12, it is Ay = e*?A = m3RSA.

As p? in (B.5) is nothing but the modulus of the four-momentum on the brane, this
equation tells us that A, is the cutoff Agy of the SM (or more generally of the BSM model
that lives on the 3-brane, where fields have n = 0). Therefore:

Asyi = Ay = Aevaiin, (B.6)

Finally, as the DD scenario is realized for negative values of ¢, from (B.6) we see that
Asm < A, ie. the SM cutoff is lower than the cutoff of the (4 4 1)-dimensional EFT that
implements the DD scenario.

Before closing this Appendix, let us note that here we considered a spherical cutoff.
Naturally, we can make a different choice, taking for instance a cylindrical cutoff [71]

TL2

2 2 2
p° < A¢ and R_i < Adr

This choice, that is closer to what is typically done when using the species scale Ag, as
the cutoff [100], does not change the above considerations.
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Appendix C

Mode expansion

In this Appendix we derive Eq. (3.20) in the text, closely following the strategy put for-

ward in [104]. Let us indicate with hy”" @) (transverse-traceless), g0 (transverse) and o
the pure spin-2, spin-1 and spin-0 eigenfunctions of the dimensionless Laplace-Beltrami

operator —[1¢*) normalized as (i is the degeneracy index)

/ dta /G RO () hm / iz /G €00 (@)em O (2 / Az /T 60 (2) 69 (2) = 595, |
(C.1)
and the corresponding eigenvalues with A2, AP and A respectively (see(3.19) in the
text). The modes {hh", vh”, wh”, 2h"}, Where (from now on the degeneracy indexes are

omitted)
vﬁl’:{ (AEP—S)} Vi), n=2..,

wt = [)\(0) (3)\(0 — 3)}_
n n 4 n

1
A= 5g" b, n=0,12. ... (C.2)

NG

N | —

NI

1.~
(V“V” — ZQWD) Gn, N=2,...,

form the orthonormal basis for symmetric tensors. Defining now the longitudinal vector
modes

= (A0 Vg, n=1,2,... (C.3)

we observe that, together with the transverse modes £#, they form the orthonormal basis
for vectors.
Expanding the dimensionless graviton field h*” (see Eq. (3.12) in the text) as

hH = f: anhh? + i b, vl + f: cuwh” 4 i": enh” (C4)
n=2 n=2 n=2 n=0

the ghost field v# (Eq. (3.14) in the text) as

= gD fall (C.5)
n=1 n=1
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and finally inserting (C.4) and (C.5) in (3.13) and (3.15) respectively, we get

2(S; + Syf) = Za AP — 20 Agc + 8] +Zb2 (A = 3) = 20 A + 6]

- 2 _ (3 (0) )‘(0) 2
LAY —6) — 2 —24%A
—{—;cn 3 (4/\n 6) 5~ 20%Acc +6
1
L [-34 ¢t S - 3 :
2 (0) 2 1 (0) 0)
+nzzoen — A9 4 2q ACC] +;zencn(§ 1) {)\n (4)\n 3)] (C.6)
and
Sghost - Zg; 9n (AS) - 3) + Z f:z( fn (A;O) - 6) . (67)
n=1 n=1

The functional measure (3.17) in the text can then be written as [104]

[Du(h)Dv; Dv,] ~ Hdaanb Hdandeanganganf den. (C.8)

Clearly there is no gaussian integration along the flat directions gj and g; (zero modes)
of Sgnost; and the related ghost fields are proportional to the Killing vectors &} (see [104]
for details). Finally, introducing (C.8) in (3.6) and performing the gaussian integrations,
Eq. (3.20) in the text is obtained. Note that the term 3 log (2a®A) in (3.20) comes from
the integration over eq.
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Appendix D

Calculation of 5S’glf,av: product of
eigenvalues

In this Appendix we derive Eq. (3.22) in the text. To this end, we report here Eq. (3.21)
that was obtained considering the direct product of eigenvalues

(SS”

grav

D 1og (AP — 20Ace + 8) + DY log (A — 20Ac.)

1 N-2
2

=2

— DM log (AP —3) — DO log (A — 6)] - %1og(2a2Acc) +B. (D.1)

Using the identity

+oo

og (/) =~ [ dufle )~ ()] (D.2)

0

Eq. (D.1) can be written as
; | [t N-2 P DO pWw DO
O5grav = =3 / du [ @ _ o2 + 0 o527 0 _ o ©)
0 o tuF+ An’ —20%Acc +8  u+ Ay’ —2a%Aec u+ A’ —3 u+ XN —6
(2) 1)
p® _pPy 1 )

Performing now the sum over n, the integration over u, and finally expanding the result
for N > 1, we obtain Eq. (3.22) in the text for §SY, | with F(a?A..) given by

grav)

2N JRTA O RN T9 V8Zh. — 15
F(a2 o) = 902 Ao — Lo Sg Aee 9001 (7 8“2 Aec +9> — 5a2Aee P <7+ SQQA“ 5)

502N p (2 (7 - SGZACC ~ 15) — A Y (7 + W)

— 2 2 2 2
A D <7 \/8a2 Acc + 9) L8 Acc \/8(? Acc +9 log T (7 + \/8@2 Acc + 9) ~ Blog(120)

5 (a®Acec — 5) V8aZA — 15 — TN e —
+49103g(A)_2 /131logr <7+2\/£>_ (a )6 a logF<7 8a2A 15>

VSRt (7 VB et 9) +3(#C0(1) +6-06)) + Y <7 —2\@)
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+¢(—4) (7 +2\/ﬁ> _5 (@Z)(_4) (7—1— SCLZACC — 15> +¢(_4) <7— 8aZACC — 15>>

—w<-4>(”‘/8“22[‘ﬁ>—w< ( w) (w“'() 6(6))

V33 o [ T+V33 5v8aZAcc — 15 (o [T —v/8aZAe — 15
(-3) _ (=3
2 2

—5 Y 5

) _ 2
_W ) (7 W) + 2 (190) + 92))

49 (o [(7T—/33 o [7T+/33
B (5%) 059

17 <¢(_2) (7 +V/8a%Ae — 15) D <7 — VBa?R — 15))
2

12 2

13 (e (T VBaZAc: + 9 o) (7= VBaPAcc +9Y) |, V33 o (1= V33
12 2 2 2 2
- 5 (a®Ace —5) VBaZAee — 15 Ao —
o Elogf 733 N (a ) V8a log T 7+ v8a2Ae — 15
3 2 6 2
5\/8a ACC <7 + \/SGQACC —15 ) N V8a2Ay +9 log T (7 + V8a?A.. + 9)
6 2

V/8a? ACC +9 7+ \/8a2ACC +9) | 7¢B3) 2¢(-3) 20801

+ 2 ve R 3 1080 ° (D4)

where A is the Glaisher’s constant (A ~ 1.282427), ((z) is the Riemann zeta function
(¢(3) ~ 1.20206 and (’(—3) =~ 0.00538), and ¥(~™(z) (with n positive integer) are the
polygamma functions of negative order defined as [153]

P (2) = T _1 Bl /OZ dt (z —t)" %log T (t) for Re(z) > 0. (D.5)
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Appendix E

RG equations for Ap and Gy:
generic boundary values

As said in the text (chapter 4), although only positive UV boundary values for the run-
ning cosmological and Newton constant are physically relevant, A.. > 0 and G > 0, for
completeness in this Appendix we consider (and speculate on) the case of generic bound-
ary values. Let us begin with A.. > 0 and G < 0. As for the case A.. > 0 and G > 0, the
relation between the “running scale” L and the physical running scale k is given by (4.23),
and the RG equations for A, and Gy, are (4.26) and (4.27). Considering the corresponding
equations (4.35) and (4.36) for the dimensionless couplings A and g, reported below for
the reader’s convenience

d\ 200 (3 —2)\)
@ o +g9(B3—2)) A (E.1)
dg _ 22(3-8)\)

we find the non-trivial fixed point

(A2, 92) = <0, —g> (E.3)

in the (A > 0,9 < 0) quadrant. In the main text this fixed point was already found
(see Eq. (4.38)), but it was discarded as we were interested only in the physical quadrant
(A > 0,9 > 0). Performing the stability analysis, we find that the matrix M (\y, g2) (see
Eq. (4.39)) has two negative degenerate eigenvalues (612 = —4). To study the behaviour
of the RG flow in the neighbourhood of (A2, g2) we have to linearize (4.35) and (4.36)
around this point. We find (Aq, g2) to be a UV-attractive fixed point.

Let us consider now the case of negative UV boundary values for the cosmological
constant, A.. < 0. As stressed in section4.1.3, the running cosmological constant Ap
cannot change sign along its flow, so that in this case it is Ay < 0 in the whole range
4 < L < N. We introduce the running physical scale k as' (see (4.23))

k:L\/—%:L\/’A—;’. (E.4)

!Note that k varies in the range [k, Mp]. From (E.4) we see that k,, = 1/ % .
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Figure E.1: RG flow in the whole plane (), g) from the numerical solution of (E.1)-(E.2) for A¢. > 0 and
G 2 0, and of (E.7)-(E.8) for Acc < 0 and G 2 0. The red dots are the three fixed points (A1, ¢91) = (0,0),
(A2, 92) = (0,—7/3) and (As,g3) = (0,7/3). The trajectories in the second quadrant (A < 0,g > 0) are
UV-attracted by the fixed point (As,gs), those in the fourth quadrant (A > 0,9 < 0) by the fixed
point (A2, g2). The arrows point towards the IR, and the red lines connect the two non-trivial fixed
points (A2, g2) and (A3, g3) to the Gaussian one. The trajectories in the second and fourth quadrant are
symmetric with respect to (0,0). The same holds true for the trajectories in the first and third quadrant.
The flow in the first (physical) quadrant is the one plotted in Fig.4.3.

Inserting (E.4) in (4.10) and (4.11) we finally get the RG equations (A;, = A, and Gy, = G,)

dAr 3Gy Mg (K + 2Ay)

- _ E.5
dk m o1 — 3 (k2 4 2Ay) (E:5)
d 2 k2 + 8A
L A . (E.6)
T 11— on (k’ + §Ak)

that introducing the “RG time” ¢ and the dimensionless running cosmological and Newton
constant A(t) and g(t) as in section4.2 (see (4.34)) can be written as

Ay 20342

= 92\ — = A E.
dt r—gBroy - I (E7)
dg 292 (3 +8))
— = 29— = B,(\ 9g). E.8
Beyond the Gaussian fixed point, we also find
v
()\37 93) = <07 §> ) (Eg)

that from the stability analysis turns out to be a UV attractive fixed point as (Mg, g2).
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Having now at our disposal the system (E.1)-(E.2) for A.. > 0 and G = 0, and the
system (E.7)-(E.8) for A.c < 0 and G =2 0, we can now study the RG flow in the whole
(A, g) plane. Solving numerically these equations, we find the RG trajectories presented
in Fig. E.1. The red dots are the three fixed points (4.37), (E.3) and (E.9), namely the
Gaussian fixed point (A1, g1) and the two non-trivial ones (A2, g2) and (A3, g3). The red
lines connect the two non-trivial fixed points to the Gaussian one. Arrows point towards
the IR. All the trajectories (blue lines) in the half-plane A > 0 end at the minimal IR value
of X allowed by (4.25), namely X, = Ay/k> = 3/16. The trajectories in the half-plane
A < 0 end at the minimal IR value of A allowed by (E.4), i.e. A\, = —|A4]/k2 = —3/16.
The plot in Fig. E.1 shows what already found with the stability analysis: (i) the A = 0 and
g = 0 axes are the UV-repulsive and UV-attractive eigendirections for the Gaussian fixed
point; (ii) the RG trajectories are UV-attracted by (Mg, ¢2) in the quadrant (A > 0,¢ < 0)
and by (A3, g3) in the quadrant (A < 0,9 > 0).
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Appendix F
The function H

In this Appendix we report the function H(a?V"(®)) that appears in Eq.(5.19). As
already stressed in the text, its specific form is not of interest for the analysis presented
in chapter 5, where we are focused on the UV-sensitivity of the one-loop effective action
I''. For completeness, however, we write its expression below

34419 —4a2V" — 48§>

H(a?V") = i( — V9 4a2V" _4s¢ <a2V” 4126 — 2) logF< :

12
_ _ 4 21/ __ 4
+ (a2V” 1126 — 2) V9 — 4a2V" — 48¢ 1ogr(3 V9 2“ 4 Sg)

B 12[1#(*4’ <3 + /9 — 4a?V" — 485> e (3 — /9 —4a2V" — 485)]

2 2
n (WV,, 479 — 13> [w“” <3 +/9 - 42a2v" — 486) e (3 ~V9- 42a2V" — 485)}
+6/9 — 402V — 48¢ W—S) <3 +v9- 42612‘/” - 485) _ D (3 —V9- 42a2v~ - 485)}
, a’V"  13log(A) 3¢(3) 319 1
_ 4 (—3)) — g T e S+ o S log(2m). (F.1)

In the above equation, A is the Glaisher’s constant (A ~ 1.282427), {(z) is the Riemann
zeta function (¢(3) ~ 1.20206 and ¢'(—3) ~ 0.00538), and ("™ (z) (with n positive
integer) are the polygamma functions of negative order defined as [153]

1

Ve =

/Z dt (z —t)" 2log T (t) for Re(z) > 0. (F.2)
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