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1 Introduction

We use running coupling constants routinely in quantum field theory. By defining a scale
dependent coupling constant one can sum up a set of quantum corrections which appear at
that scale. The use of the running coupling constant in physical reactions yields a better
perturbative expansion at that scale than does using a coupling defined at very distant scales.

Despite dependence on the renormalization scheme, the running coupling constants
appear in all reactions at a given scale because in standard four-dimensional theories the
running is tied to the renormalization of the bare couplings. In standard renormalizable
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Figure 1. Diagrams (a) and (b) are referred to as tadpole diagrams, with any number of external
legs. Diagram (c) is a bubble diagram. The important distinction is whether the external momentum
flows through the loop or not.

theories the running is logarithmic in the energy scales. There are a set of techniques which
are used to calculate the beta functions for the couplings which exploit this connection to
the divergences of the theory.

The goal of the present paper is to illustrate how some of these techniques no longer yield
physical running couplings when applied to theories which involve higher derivatives, and
to propose a solution. By physical running couplings, we mean the couplings which appear
in the physical on-shell amplitudes of the theory. In this case, the running has to involve
the kinematic variables of the physical amplitudes. This problem has been identified and
studied in detail in a simple model in recent work by Buccio, Percacci and one of present
authors [1], and we also review that example in section 3. We have also employed these
techniques in the study of the two dimensional C'P(1) model [2] and in quadratic gravity [3],
in collaboration with Buccio and Percacci. We motivate such theories in section 1.2. However,
first we describe the general reasons why the calculations in the literature for such theories
do not yield physical scale dependent running couplings.

1.1 Identifying running couplings

Let us start off with what appears to be a curiosity. In theories which include four derivatives
in the kinetic energy, the propagator falls as 1/p*. In calculations, one often encounters the
tadpole diagram of figure 1. This integral is logarithmically divergent, with

1 A?
Liag = —i/d4pp4 ~ log 12 (UV/IR cutoffs) (1.1)
where A is a UV cutoff and k is an IR cutoff. However, in dimensional regularization this
integral is scaleless and vanishes

1
Tiaq = —i/ddp—4 =0 (dimensional regularization). (1.2)
p

This is a well-known oddity of dimensional regularization, here applied to quartic propagators.
Despite this difference there is no disagreement in physical processes, which are all independent
of the regularization scheme. The log A/k factor disappears in the renormalization process
and does not lead to any physical effects.

However, this curiosity does have important consequences for the calculation of beta
functions. With cutoff regularization, we often calculate the beta function using Ad/dA on the



relevant quantum corrections. The Functional Renormalization Group, as generally applied
in the Asymptotic Safety program, uses the infrared cutoff dependence kd/dk. However,
the vanishing of the purely quartic integral, eq. 1.2, already tells us that this must be
wrong - the tadpole integral cannot lead to running couplings in physical reactions if the
integral vanishes. This can be understood physically because no external momentum flows
through the tadpole integral. The whole integral is just a constant which is absorbed into
the renormalization of the parameter and there is no residual dependence on the energy
scale. Identifying log A%, log k? (or log 1% in dimensional regularization) does not always
tell us about log E?, where E represents the energy scale of whatever reaction which we
are studying. We will show that this distinction has created errors in the calculation of the
physical beta functions which exist in the literature.

More generally, identifying the divergences is not sufficient in cases where there are other
dimensionful parameters. This issue is not just the presence of tadpole diagrams themselves,
as the scalar tadpole integral also arises in the Passarino-Veltman reduction of general bubble,
triangle, box, etc., diagrams. One must separate the log E?/u? factors from the logm?/u?
ones. Heat kernel methods are good at identifying the divergences but do not tell us the form
of the logarithms. There needs to be an extra step to identify which divergences are associated
with kinematic logarithms and we will provide this separation in section 5. This issue surfaces
in various ways in the theories described in this paper, and also more widely in the literature.

1.2 Theories with higher derivatives

In the space of possible quantum field theories, we normally limit ourselves to the sector
with only two derivatives in the kinetic energy terms. However, there can be reasons for
going beyond this limitation.

Lee and Wick explored higher derivative theories in order to have finite quantum field
theories, without the usual divergences [4]. The higher derivative kinetic energies improves
the high energy behavior of propagators and perturbatively gives finite loop corrections for
theories such as QED. For a similar reason, extra derivative kinetic energies can also turn
non-renormalizable theories into renormalizable ones. Here the example with the greatest
physical interest is gravity. General relativity by itself is non-renormalizable but when terms
proportional to the curvature squared are included — bringing in four derivatives — the
resulting theory of Quadratic Gravity is renormalizable [5-7].

Higher derivative operators can also be generated by quantum corrections. When treated
as simple perturbations using effective field theory techniques the propagators can remain
the same as in the original theory. However, in some settings all the higher order operators
are on the same footing. For example, with Functional Renormalization Group (FRG)
techniques [8, 9] one in principle includes all local operators, with scale transformations
yielding a renormalization group flow of the couplings of these operators. Such techniques
will always face the situation with higher derivative kinetic energies. The present practice of
Asymptotic Safety most often treats gravity using FRG techniques [10, 11]. Our discussion
and comparison of physical running vs the running of couplings in the FRG builds from the
initial work of [1], where an explicit amplitude is compared to FRG methods.



Sigma models are an ideal testing ground for this class of theories. They are simple
enough that one can focus on the essential new physics without too much complication. The
SU(N) higher derivative nonlinear sigma model is the closest analogy to Quadratic Gravity as
it shares all of the higher derivative features, but does not have the subtle feature of general
coordinate invariance. The running of the couplings has been studied by Hasenfratz [12], and
it has also been treated using FRG techniques by Percacci and Zanusso [13], with results
which agree within the appropriate limit. However those results differ from the physical
running that we find below. Moreover higher derivative sigma models are potentially useful
because that can be simulated using lattice methods.

Higher derivative theories have features which differ from conventional QFT, and these
are much debated in the literature. We have reviewed our own studies in [7]. In the
present paper we do not address these other aspects, but focus uniquely on the issue of
renormalization group flow.

1.3 Renormalization group techniques and physical running

We are interested in the running of couplings with the energy scale of the process in physical
amplitudes. Renormalization group techniques do not always track this directly, but follow
the logarithmic divergences such as logA? when using a cutoff A or logu? when using
dimensional regularization. Often this can be sufficient because, in theories with no other
significant dimensionful factors, the logarithms must also involve the kinematic factors for
dimensional reasons, i.e. log(A%/E?) or log(u?/E?), where E represents the energy scale of
the process. However, when there is another scale in the problem, m, there can be also factors
of log(A%/m?) or log(u?/m?). In this case, following log A% or log u? does not track the true
dependence of the amplitudes with the energy scale. All the theories discussed in this paper
have such an extra factor of m, which comes from the relative scale of the 2-derivative and
4-derivative contributions to the kinetic energy.

There is an additional feature that the form of the running couplings changes between
the low energy and high energy regions. In theories with higher derivatives, the mass scale
m is related to the relative size of the two derivative and four derivative kinetic energy
terms. In this case, low energy refers to £ < m and high energy to E > m. At low energy
the running couplings can be found by Effective Field Theory (EFT) methods. The high
energy region requires the full theory.

In order to find the physical running parameters one needs to identify the diagrams
which contain the kinematic variables of the quantum corrections. This is aided by the
Passarino-Veltman reduction which allows all one loop Feynman integrals to be written in
terms of scalar tadpole, bubble, triangle and box diagrams times overall momentum factors.
Only the scalar tadpole and bubble diagrams will be relevant for the renormalization of
the couplings. The scalar tadpole diagram does not contain any factors of the external
momentum and can never lead to factors of log E?. The bubble diagram does contain the
external momentum. Massless bubble diagrams always involve log(A?/E?) or log(u?/E?) and
this leads to physical running. For bubble diagrams with massive internal lines, the log E?
factor emerges at high energy, when E > m. The techniques used throughout this paper
depend on this separation of scalar bubble diagrams from tadpoles.



In applying running couplings, there is residual scheme dependence coming from the
procedure used to define the measured couplings. This extra scheme dependence is present in
the theories which we discuss here also. However, that is distinct from the issue of whether
the coupling runs or does not run. We are addressing the latter issue in this paper.

There is also a second feature to our calculation which deserves some explanation. This
is that some relevant logarithms appear in infared-sensitive parts of the Feynman integrals.
This was found in the study of the two dimensional C'P(1) model [2] where the scalar bubble
diagram is UV finite in two dimensions but which neverthless produces the log E? factor
which leads to physical running. These logarithms were also important in the treatment
of quadratic gravity [3], where they were needed to obtain general covariance of the final
result. We can see the effect in a simple example. In calculating bubble diagrams, one could
find a particular contribution of the form

d*k kMEYECEP
Tavas (2m)t kA (k — ¢)*

(1.3)

where T}, is some tensor consisting of external momenta and metric factors. A related
case could be

&kk%w k—q)*(k —q)°
Ms = ;,LVOéﬁ/ k’4(]€ )4 (14)

with the same tensor. Power counting shows that the two Feynman integrals in these examples
have the same logarithmic UV divergence. However they have differing IR sensitivities. This
can make a difference. Consider the case where T),,03 = g gaps. In this case, these integrals

turn into
d'k 1
= [ Gy = .
and L i . »
= o)

After a shift in the momentum integration, the first of these is a pure tadpole integral with
a result that does not depend on ¢. In contrast, Ms is exactly the scalar bubble diagram,
which contains a factor of log ¢2. The difference has come from the infrared sensitive portion
of the integral. In evaluating the impact of these Feynman integrals, one needs to keep the
full tensor evaluation of the Feynman integral combined with the external factors, not just
the divergent pieces. This was first identified in [3]. We explore this topic, and evaluate
these integrals in more detail, in section 6.

1.4 Structure for the paper

Given these introductory comments, we study sigma models of increasing complexity. In
the first example, section 2 we study the higher derivative linear sigma model. In this case
we encounter a parameter, the mass, which carries cutoff or 4 dependence but which does
not run in physical process. We also see a parameter, the coupling A which runs at low
energy (although not at high energy) despite not carrying any cutoff or p dependence. Then



in section 3 we encounter a coupling which does not run at low energy, but does at high
energy. Effective field theory reasoning is useful in sorting out these behaviors. Finally in
section 4, we find that the primary coupling does not run at all at one loop in physical
reactions even though standard techniques in the literature have indicated an asymptotically
free running behavior. The remaining couplings have a variety of different behaviors differing
from that in the literature. Finally we describe the overarching lessons of these investigations
in section 5 and in the conclusions.

2 The higher derivative linear sigma model

The higher derivative O(N) linear sigma model is defined by the Lagrangian

1 1 3 A
£=30:0- "¢~ 550606+ 66— L(¢- ¢) (2.1)

Here the field ¢ = {¢1,...,¢n} is conventionally normalized and the higher derivative kinetic
energy is parameterized by the mass m. Symmetry breaking takes place as normal, with
the vacuum expectation value v = y/u3/\, a heavy scalar with mass m2 = 2u and N — 1
Goldstone bosons. The higher derivative term implies extra massive degrees of freedom,
even for the Goldstones whose propagator is

1 1 1

Dr(p)=——5 =555 (2.2)
02— %&2 P2 p2 —m?

The negative norm of the massive state is a well-known feature of higher derivative theories.
For us the main feature is that it causes cancellations within loop integrals.

This theory is renormalizable. Because the higher derivative term improves the UV
convergence, and the normal sigma model is already renormalizable, one might expect that
the higher derivative version would actually be finite. However, the mass term in the theory,
p3, rather famously has a quadratic divergence, and the higher derivative modification
merely reduces that to a logarithmic divergence. There are no divergences related to the
quartic coupling .

Jansen, Kuti and Liu have explored a very similar model both analytically and numerically
as a probe of naturalness in the Higgs sector [14, 15]. Their model involves a yet higher
derivative kinetic energy, ¢[13¢, such that the theory is finite rather than renormalizable.
Nevertheless, the results described below for the running of A is present in their work. Our
discussion highlights those features relevant for the remaining sections of this paper.

2.1 Renormalization without running

The divergence in the mass term comes from the tadpole diagram in figure 1. The full
evaluation of this tadpole reveals more about the physics that was not evident in our
motivation section of eq. 1.1 and eq. 1.2. That is, even in cases where the tadpole diagram
does not vanish, it still does not lead to running couplings.

A quadratic term in the propagator acts as an infrared cutoff in the tadpole integral. In
contrast with the pure quartic integral of eq. 1.2 the result now does not vanish. One finds

om2 = (N + 2) M 0q (2.3)



with

i :_i/ d’p 1__1-/6%[1_1}
fad @m)d 2 — 24 @n)d |2 p?—m?

m2

1672

L (24)

1 2
+log47r—7—log<mQ> +1
€ 1t

with € = 2/(4 — d). (For the rest of the paper, unless noted we display only the divergences
and the logarithms and suppress the remaining constants.)

Often when using dimensional regularization one follows the 1/e factors or equivalently
uses ,u%. Despite the divergence and the factor of log ;2, this does not lead to a running
mass. This is seen from the fact that the logarithm involves log m?/u? and not any kinematic
quantity. After renormalization,

2

ma,ren = Mg bare + 5m3 (25)

there is no residual dependence on any external scale. Measurement of the mass term at
any scale will yield the same value. Using the log 4 dependence to define a running coupling
would be incorrect.

2.2 Running without renormalization

The quantum corrections to the quartic coupling A do not involve any divergences. However,
as first noted by Jansen, Kuti and Liu, the coupling has the interesting feature of running at
low energies, and then the beta function vanishes at high energies. Our discussion here is
appropriate for the unbroken phase at energies above the scale of symmetry breaking. For
an analysis of the broken phase, see section 3.

The one loop correction to this coupling involves the scalar bubble diagram. Using the
partial fraction decomposition of the propagator one readily finds that the scalar bubble
integrals involve

f(Q) = [12(0307Q> - 212(07m7q) +IQ(m7 m, Q)] (26>

where the bubble integral is

1 1 am? + (1 —z)m2 — ¢?z(1 — x
Ir(mq, ma,q) = 672 L - /da:log( il )M22 ¢ ) . (2.7)

One sees that the divergences and p dependences cancel in I (¢). Nevertheless, the result
carries a logarithmic momentum dependence at low energy
A 1

I(q) = —m?log(—qz/mQ) +.o 0 (F<m?) (2.8)

that leads to a running coupling. One finds the scattering amplitude for ¢1+@1 — ¢1+¢1 to be

N +38 R
(;)(

M = 6) [1 “a i(s) + 1(6) + I(U))} (2.9)



When measuring the coupling in the scattering amplitude using the renormalization point
s=t=u= ,u%% < m?, the physical beta function

(N +8))\?

P (& <m?). (2.10)

0
Br = ur5—Aur) =
Our
In contrast, at high energy it is easy to see that the mass m becomes irrelevant and the
energy dependence also cancels out between the terms in I

I(g)~0, ¢>m? (2.11)
with the result that
Br=0, (h>m?. (2.12)

2.3 The EFT divide

The result for the running of A illustrate a universal feature in these higher derivative theories.
There will be two energy regions with a running behavior that will in general be different.
The logic involves the ideas of effective field theory (EFT) [16-19]. The full theory is able to
describe the results at all energy scales. However, at low energy the heavy particles are not
dynamically active. They can be integrated out of the theory. By the uncertainty principle,
this leaves residual effects which appear local when working only at low energy. This gives the
effective field theory. Because the symmetry of the system is not changed in these theories
the basic interaction will appear in the effective field theory, as well as higher derivative
interactions. In particular one can identify the renormalized coupling already by measuring it
at low energy. At high energy, the heavy particles are dynamically active, and the form of the
predictions change. But one can continue to describe these predictions using the renormalized
coupling measured at low energy. So we are led to describe the theory predictions somewhat
differently in the low and high energy regions.

Because the higher derivative theories always involve the heavy ghost field with mass
m, the EFT divide happens at the energy m. This leaves an effective field theory (EFT) at
low energy . For energies below m, the couplings run like described by the EFT. At energies
above m the full theory is required. Beta functions then generally have to be given separately
for the two regions. In the present theory, the EFT is just the usual linear sigma model, so
that the coupling A runs in the usual way at low energy.

3 The U(1) non-linear sigma model

Next consider the Lagrangian
1 1 g
= —— H P - < 14 v
L = —50,00"9 — 50606 = 12(0,00"6)(9,60"9). (3.1)

Without the higher derivative kinetic energy, this is a standard example of the low energy
limit of the U(1) linear sigma model in the symmetry broken phase. With the extra kinetic
energy it is similarly the low energy limit of the symmetry broken phase of the higher



derivative linear sigma model studied in the previous section. In appendix A we provide
this demonstration, with the identification
9 __r A
M*  m2m2  mi’

(3.2)

We will consider the parameter M as fixed and will use g as a coupling which potentially may
be a running parameter. We will also here only describe the case where m < M so that the
physics associated with the higher derivative term is active in the symmetry broken phase.

Despite this connection to the linear model, this theory is renormalizeable and can be
treated on its own as a complete QFT. It has been the focus of several recent studies [1, 20-22].
In particular ref. [1] has studied the renormalization and running behavior of this theory
in great detail, including the calculation of the scattering amplitudes in all energy regions,
and compares the result to the FRG analysis of ref. [20]. Here we recall and recast their
results in order to compare and contrast with our other results.

At low energy, the coupling g is renormalized, but does not run,

By =0 (E < m). (3.3)

This can be understood because at low energy the heavy mass particle can be integrated
out leaving a normal effective field theory with the same interaction term. Treated as a
massless effective field theory, tadpole corrections vanish in dimensional regularization and
bubble diagrams are of order g? E®/M?® because of the need for two interaction terms. This
implies that in the EFT treatment there is no loop correction to g and hence it cannot
run. This is reproduced by the full theory because the one loop correction is of the form
g*(m8/M8)[1/e — logm?/u?]. Once measured at low energy, the coupling does not run
because there is no kinematic dependence.

However, here the interesting feature is that although there is no further renormalization
needed, the coupling does start running at high energy. This is nontrivial and does not
generalize to all related theories. In this case, it was seen by calculating the scattering
amplitude, which reveals that a coupling defined at s =t = u = N%{ of

2, 4 2
Glur) = g+ % [mg (fj) —;ﬂ . (3.4)
removes all large logarithms from the amplitude. While there remain other finite logarithms,
one can see in the amplitude

~ 9WR) 2 2 2
M= TR (2 4 2 4 02)

=2, 4 s
log | — (13s% 4+ t2 + ) + log
KR

g m

— (5% + 13t + u?)
HR
+ log —72u (8% + % + 13u?) (3.5)
HR
that the use of a running coupling is appropriate for this physical amplitude. The coupling

obeys an renormalization group equation with

55°m*
d— = o1 . .
Bg = 62200 (E > m) (3.6)



The reason that this new kinematic logarithm emerges was described in ref. [1] and we
will rephrase it using the background field method in order to use the same result in the
next section. If we expand the field ¢ around a background field via

p=9¢+n (3.7)

with
L(¢) = L(p) + L2(o,n) (3.8)

we find
_ 1 1

Lo(d,m) = 3 ,mok'n — 32 e = B, 0" nd"n (3.9)

with
By = 290\¢0* dny + 490,60,¢ (3.10)

At one loop there are two divergent diagrams. The tadpole diagram is linear in B, and
does not involve any kinematic quantity. It contribute only to wavefunction renormalization,
which then does not show any physical running. The bubble diagram contains two factors
of Byy. The loop integral for this is proportional to

Ly = m4/ dp Pupy(P — (P — 08
: (2m)® [m2p? — p][(m2(p — ¢)* — (» — 9)*]
= F(q2>(77;w77a5 + NpaMvp + nuﬁnlla) + O(Q) terms. (3'11>

The only divergence appears in the first term F'. We can simply evaluate this divergence
by taking the trace of this integral

Voo B dép 1
P s = [ e =
= m*ly(m,m,q) =d(d+2)F +.... (3.12)

where I is given in eq. 2.7. This is just the scalar bubble diagram, which has the behavior

1|1 m?
Iy(m,m,q) = 1672 L —log MQ] (> < m?)
L1 'S 2 2
= —— |- —log = . 1
62 L og MQ] (g7 > m*) (3.13)

From this we can see that below the scale m we assign a logm? along with the divergence,
which explains the lack of physical running at low energy. At higher energies the heavy particle
is dynamically active and it is appropriate to assign the physical running associated with log ¢>
along with the divergence. This was the result demonstrated in the full calculation of [1].
We can extract a more general lesson from this calculation. When the background field
expansion has the form of eq. 3.9, for any B,,, the calculation of the one-loop diagrams
reveals that the divergences have the form
1 171

5L = — -
£ 1672 ¢ |4

1 1
A v A\ RO
m2B3 + 57 BB + wBBs |- (3.14)

,10,



While this result was obtained by Feynman diagrams, we can anticipate the heat kernel
language used in the next section and identify the Seeley-DeWitt coefficients a1 in the first
term, and as in the last two terms. However, we know from the direct calculation that the a;
term arises from the tadpole diagram and does not correspond to physical running at any
scale. In contrast, the terms of order B2 do not indicate running at scales below m but do
have real physical effects when the scales are above m. The heat kernel is adept at identifying
the divergences, but does not always identify the momentum dependence, such that further
techniques are required. This result will be generalized further in section 5.

4 The SU(N) non-linear sigma model

Let us now discuss a more intricate model that resembles more closely the aspects and
challenges one expects to meet in Quadratic Gravity. This is the higher-derivative nonlinear
SU(N) sigma model (HDNLSM), whose one-loop renormalization, to the best of our knowledge,
was first discussed by Hasenfratz [12]. Here we aim to give a modern perspective of the
problem, emphasizing some key features and discussing explicitly the issues concerning the
evaluation of the associated beta functions. Ultimately we will compare our results to those
derived by Hasenfratz and also to Functxional Renormaization Group thechniques [13].
The action for the HDNLSM reads [12] (N > 4)

51 - Z a?S; (4.1)

1
S=1s+
'R =

where
/d (4, (0) A (2)) = —/d%ﬂ(&uU_la“U)
= / T (8, 4% (1)0, A" () + 0, A, ()" A" (x))
Sy = —+ / A0 T (9,4 ()9, 4" (2) - 0,4, ()0 A" () )
= 5 [ AT (Au0) AP @) A ) A7 2) + Aule) Ay () A (2) 4° ()
/d4xTr x)AH(z )) ( A”(x)
—/d4xTr DA (@) ) Te(9,U719"T) = /d%ﬁ (0,000 (8,00
_ —/d4a:Tr Au(2) Ay (2)) T (4 (2) A% ()
:/d4a:Tr(AM(:c)A (x ))Tr((‘?“U 1é)l’U) /d4xTr(@NU_layU)Tr((?“U_layU)
(4.2)

and we have defined
Ay(z) = U H2)9,U(x). (4.3)

In Sp, S4, S5 we have used the property U~ (2)d,U(z) = —8,U ! (x)U(x) which is a con-
sequence of the unitarity of U. Moreover, despite the position of the indices, we work in

— 11 —



Euclidean space, with the metric d,,,. The SU(N) matrix field U(z) reads
U(z) = @1 (4.4)

where %, a = 1,2,..., N2 —1 are the SU(N) generators and the fields 7¢(z) are dimensionless
(we consider the fundamental representation). In the context of chiral perturbation theory,
the latter are identified as Goldstone fields. The model enjoys a set of symmetries fully
discussed in ref. [12], among them a global chiral symmetry. For standard chiral perturbation
theory, see also ref. [23].

In the present case, it is more useful to employ the following parametrization [23]

U(z) = u(@)e™ @ u(z) = u(z) (1 +im — %71’2 +-- ) u(x)

Ux) = u? (4.5)
so that
flﬂ(az) = U‘l(a:)QLU(x). (4.6)

Here 7(x) = 7®(z)t* is the fluctuation over the classical background described by the classical
solution U(z) (or A,(x)). The corresponding Euclidean path integral reads

eVl = /d,u(ﬂ) e, (4.7)

We are interested in the quadratic part in 7. Again following ref. [23], we introduce the
following anti-Hermitian matrices

r, = % [u_l,ﬁuu]
A, = é{u_l,auu} = —% {u, Gﬂu_l} (4.8)

which allows us to define an appropriate covariant derivative of m as follows:
dym = 0y + [Ty, 7] (4.9)
or, in components:
(dym)*t* = Opmt™ + 7@ [Ty, t]. (4.10)

We can rewrite the background action in terms of A and its derivatives; we find that

Q 2 cd sa c 1 le} c c
S = /d41: {605 5P AEAG + PP F1065%(dy A g)°(dyAs)
+a{ [adTe(tet 1oty — 025 5] oo

— [aF Tt o) + 3o 5] 62757 L AGAGASA] } (4.11)

— 12 —



where we have employed the following definitions:

psd = (1 ~ f203) 6°%67 4 (14 f2a3) 6276
— +a3 —2a3

— + a3 +2a3. (4.12)

In this representation, we should understand that ay = ag(ag, ar, f) and ag = az(ag, ay)

in the subsequent expressions.

Concerning the quadratic part in 7, the expansion in the fluctuation produces (in terms
of the components 7%)

where

1
Squad = 7/d4x 7¢D%yb

b _ b b b
D = —Paa D,D"D,D" + B, D" D! + e D" + £°
5
Cab——Zab _{_Zizb(z
oo f2 M a?
1=2 k3
1 1
gab — %Aab f2 Qab + Z a2Qab + §Bnguu,cb (413)

dym = (d,m)"t" = (D,m*)t"
D,n* = 6“b8#7rb + fzbﬂb
rob = —2mr ([, £]0,)
5% = 2T ([A, t7][A", 1)) (4.14)

In addition, as usual the curvature (or field strength) R,z arises as the commutator of

the covariant derivatives

or, in components

where

Also:

(DyDy — DDy = REY P, (4.15)
but it can be also calculated from f‘u (which acts naturally as a connection)
Ry = 0, — 0,1, + [T, 1)) (4.16)
Rep, = —2Tr ([t "] fuu) = 05" — 0,050 4 el — Toened (4.17)
[dy,d,)m= [0, — 0Ly + [y, Tul, 7] = [fou, 7. (4.18)
le,u = _[Au, Au]- (4.19)

In view of very lengthy terms concerning B,‘}Z and Q%) we gather their complete contribution
in appendix B. Moreover, even though we will not need the explicit expression for Cﬁb for the

heat-kernel computation, we also present the full expressions for Zﬁ (

Y0 in appendix B.
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5 Identifying physical running

The ultimate goal of this section is to provide a prescription for going from the generic heat
kernel to the beta functions. We will do this explicitly with the HDNLSM presented above,
but the general reasoning should also work to other higher-derivative theories, including the
other ones discussed in this paper. We also use dimensional regularization.

We now move to a full discussion of the one-loop renormalization of the HDNLSM.
We are particularly interested in the application of the Schwinger-DeWitt technique — for
this we need the minimal fourth-order operator in the standard form. This is obtained by
multiplying D% by — f2. It is obvious that this multiplication does not affect the divergences.
Now we can use that

TrinD = /ddwTr z|lnD|x) = /dd / —T Tr(zle ™P|x) (5.1)
and evaluate the action using the heat kernel (x|e”"P|z). The expansion in terms of the

Seeley-DeWitt coefficients yields

_1/2m2 oo

(ale™™Ple) = a2 7 o) (52)

where m is an infrared regulator. The above evaluation can be done through a simple Mellin
transform and the result is

Tr(z]ln Dlz) = d/2 Z a- 2"r< d) Tr an () (5.3)

plus a divergent constant having no physical consequences. We see that as d — 4 the UV
divergent part resides in the first coefficients in the expansion; in particular, for m — 0,
the contributions for n = 0 and n = 1 vanish. For a detailed discussion of Seeley-DeWitt
coefficients, see refs. [16, 24-27].

We briefly discuss the calculation of the coefficients ag, a; and as in appendix C. We find

I(d/4)
ag = 2F(d/2) 1 (54)
dj2—1
WESNGE ¥ (5.5
or (4 1) 2d

and

D@ [@=2) . 1 ([ op
“=arap) | e R (23(,“,)3# i 45’2)+2f2€] (5.6)

where B = 6,,B"”. A simple dimensional analysis shows us that the divergence associated
with as comes from the bubble diagram — the B? terms — and the tadpole — last term
in the expression for as; triangles and boxes do not contribute to the divergences. However,
as we will discuss below, in the B2 and Blzw terms we have the presence of hidden tadpoles
which will have an important impact on the calculation of associated beta functions.
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Let us now address the one-loop divergences encoded in the coefficient ay — the evaluation
of the associated traces can be found in appendix B. The final result reads

1“8) - = /dd {f4 ) 5cd6aﬁ(Aa)C(AB)d

iv
€0

Al [(1— f2a3) 0P+ (1+ 1203) 62767 | 5 (daAg)* (dy Ap)?

+ (ﬁléef 5+ By Tr(tet! tctd)>5a5575

2N
+ 5356f50d+54Tr(t8tftCtd)+6Tr([t8,tf][tatd])> 5%565]

x(AQVXAﬁY%AvriAaﬁ}

4 2
d f (N 1) b() ed saf c d N 46 ed p
= - A _ T Dapyo SC [

167r (d—4) /d { 3 o 070 (D) (D) = Z PHT G (da ) (dy )

+ (ﬁléefécd (&—) (tetftCtd))éaf3575

+ (ﬁgéef 5o 4 (ﬁ4+ 4(]3\7) Tr(tet! tCtd)) 5‘”555]

X (Aa)c(Aﬁ)d(Aw)e(Aa)f} (5.7)
where

N 3N TN?2 — 12
by = —f* ( +ogr0d + el + (4N? = 2)af + (N2 +4)a§>

22 2N
A /! 1 2,
p1 = b1+48b5 5+4Nf
f4 4
By = rba+ b6 — 2N 4+ 10N f2a2 — 16 f%a% + 8f2a?
4 4
&:f@+LW4+MP
f4 J
By = b4 + 48b8 + 6N f203 +16f%a% — 8f%a?. (5.8)

The definition of the functions by, £k = 1,...8, can also be found in appendix B.
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When one tracks the dependence on p, the rate of change of the renormalized couplings
at the scale p would then be given by

dCQ b

M% = 39.2 co = PBeg

“cclli - 64772f3 &

ucilaj — o2z (2= ) = B

M(?f = 641?51 = Bas

W = = b

uf’f — iz (9145 ) = (5.9)

where we have identified the associated beta functions. Observe that only tadpole terms
in the ay coefficient contribute to B¢. The expression for 8y above and the coefficient by
both agree with the ones calculated in ref. [12].

Given that Tr(€) is a tadpole, we expect it to renormalize couplings but not contribute
to the beta functions. Hence let us remove its contribution to the aforementioned beta
functions. We find that

4 4
pr= Lot v T
4 4
ﬁ2=f b2+f be
4 4
ﬁszf b3+f
4 4
Bs = f b4+f bs. (5.10)

In particular, the only contribution to 3¢ comes from Tr(£), and hence we also should set

B =0. (5.11)

In other words, despite the interpretation given in ref. [12], the coupling f does not run. In
turn, as the 1/¢y term only modifies the two point function and the only renormalization
for this quantity at one loop is expected to be a tadpole diagram, this means that 1/cy
does not run either, which implies that

Beo = 0. (5.12)

Hence the factor by is mot to be regarded as a beta function — it is just a factor that
renormalizes the coupling 1/¢g. Everything that contributes to by should be considered as a
tadpole since no momenta is running through the loop and therefore should be discarded
from the beta functions. Observe that all contributions to by come from the first term of
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the expression for Tr(€) as well as the second term of the traces of B? terms — that is why
we termed such contributions as tadpoles.

In order to recover the results of Gasser and Leutwyler from ref. [23] for the SU(N) case,
one should consider the limits f — oo and «; — 0 at the level of the differential operator
given in eq. (4.13) — it can be shown that Cgb vanishes in these limits. We obtain

1
Squad = 2700 /d4£L' TFaDabTrb

DY = §°D* + 6. (5.13)
The background action in terms of A now reads
~ 2
_ 2 / diz 54598 AC A (5.14)
co
The coefficient ay for this quadratic operator reads
1 1.5
as = ERMVR'LW + 50’ . (515)
Hence the one-loop divergences are given by
d—4
r _ _Mi/dd [ 5,557 §¢d 1 G Ty(e4) 14y ) 528 570
Div 1671'2(d — 4) x (Bl + 62 ( ))

n (BgéeféCd + BTt et 4 ST, ][ #1) ) 575 (Ba)*(85)(2,)°(80)!

~ 4N
- _ = d ef Cd ey facyd af sy
1671'2 d—14) /d [ 1675 (52 12) Tr(tet! 1t ))(5 0

+ (,3356f56d (54 + 41];) Tr(tetftctd)> 5@7555} (A)(A5)HA,)(As) (5.16)
where
B = iz —%51” =0)
Bo =N = —%52@” =0)
~ 1 1
s =5 =—58(f=0)
Bi=0= —%m(f =0) (5.17)

where the (;s on the right-hand sides refer to the ones in eq. (5.8), i.e., with the tad-
pole contributions. So unsurprisingly we see that higher-derivative terms are needed for
renormalization — in particular, terms associated with the couplings «;, i = 4,5,6,7, get

da? _ 4N _
H— = 647'('2 (/32 - ) /8017

renormalized. Therefore:

dp
i L 5-5
'udu T Gam2 T s
da? 1 - =
/’L@ - 6471_263_5015
da 1 (5 4N -
—5 - __—_ — . 5.18
pE = i (B + T3 ) = oo (5.15)
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Observe that such couplings also run at low energies (below the scale set by 1/c¢g), but
with different values. Furthermore, note that the renormalization of the coupling c¢g is not
incorporated in the coefficient as, in contrast with the higher-derivative result.

For theories with only two derivatives in the kinetic energy, the separation of tadpoles
and bubbles in the heat-kernel formalism is evident — the former appears in the coeflicient
a1 whereas the latter emerges in the coefficient as. We have seen that this clear separation
is no longer true for higher-derivative theories; in this case one can also identify tadpole
terms in the corresponding coefficient as. This entails non-trivial consequences for the beta
functions of theory. The origin for this feature can be traced back to the fact that such
theories carry an intrinsic mass scale with them.

In summary, the higher derivative full nonlinear sigma model has many couplings and
perhaps the lessons of the calculation can be lost in the multiplicity of couplings. The most
important lesson here is that the beta function of the fundamental coupling f vanishes, in
contrast with previous claims in the literature [12, 13] .

6 One-loop effective action for the SU(N) non-linear sigma model

In this section we calculate the full one loop effective action and compare it with the result
obtained using heat-kernel methods. It is here that the logarithmic terms appear in infrared
sensitive portions of the Feynman integrals, which are not directly tied to divergences.

As above, our background fields will be A, and I, (of course, they are not independent).
The associated background action is given by

N 1 1
S = / d*x {MTY(RWR’“’) + Ppaﬂvéacd(daAﬁ)C(deg)d +m?5°5 P AL AY

1 1 1
- = epfrepdy ef sed| say 589
+4{[< . 4)Tr(tttt) el }5 5

2

11 1
_ K% — 4) Tr(et 1444 + a—iéef 6“} 6‘“65”5} ALAGASAS } (6.1)

where m? = 2/cy. For convenience we rescale the pion field by m — ifm. The differential
operator is then

D® = 6D, D"D, D" — f*B(,, D" D" — f*Ci’ DV — [
After integrating out the pions, we obtain the one-loop effective action:

1 1
Sert = 5TrinD = 5Trln(m2 — M?0)

1 1 k 1 1 (k) 1 (k) 3
+§TI' |:|2 _ M2D3X — 5‘:‘2 _ M2|:|8X |:|2 — M2|:|8X ‘|‘O(7T ) (62)

where M? = f2m?/2 and the notation 8&?) is schematically taking into account k powers
of X =T and X = A.

The first term in the expression of the one-loop effective action gets canceled by a suitable
normalization factor defined in the path integral. Next come the tadpole and bubble diagrams.
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Considering states that are normalized such that

“<$|x'>b =d(z — x’)&“b

1
02 — M20

one can define
b 4 —ik-(z—ax')
a 1 ab ab d’k e ab
<x ”’J> ~ g arg,) @)= / emir e - PhE =)
(6.3)

where D“b(:c — 2') is the Feynman propagator for the pion field. In turn, the trace of an

operator M, which acts in this space, is defined by

TM = /dda:Mm = /ddx(a;\M\@.

Therefore
1 b a
Tr &P M2D } /dd /dd /a< o0 x’> b<x/ 8%)’:E>
= /dda:/ddm’D“b(x — x’)((?g?zﬂ)bad(x’ — ). (6.4)

This will produce tadpole integrals. Notice that in the massless (high-energy) limit, these are
just scaleless integrals and therefore vanish within dimensional regularization. In any case, as
a sane check, we will calculate the tadpoles explicitly keeping the full form of the propagator
as we wish to reproduce the coefficient of the term (dA)? as derived above using the heat
kernel method. For this calculation we are going to need vertices with two pions and two and
four As, as well as mixed vertices with one and two I's. The explicit computation of such
vertices can be found in the appendix D. In addition, we relegate the computation of the full
tadpole result to appendix E, so that we can focus on the more relevant bubble diagrams.

The bubble diagrams are the ones which encode the running with the momentum. We
need to work out two bubbles, namely

c,a;c’ o - dk C, aa’ b o /
e (g) = pit d/ 2n) P (k) D (k)R (k) D (k—q)  (6.5)

(two-point function for the I's) and the one associated with the four-point function for the
As. First, consider HC’O‘”/’O‘/(q). We will neglect any massive tadpoles generated in the
tensor reduction. We find that

Hc7a;eaﬁ (q) —

pt=t rodik 1 1 11 1 1 1 1
M4 /(%)d <k2+M2 (k—q)2+M2+?(k—q)2_k2+M2 (k—q)Q_k?(k—q)?—i—M?)
X fU(R? + (k= q)? + M?) (= k* — (k% — q*)) f*° (K* + (k— q)> + M) (k° + (" — ¢°))

1 4M*?
= r_l {( q2 +1> I(MZ,MQ,QQ)—FI(O,O,QQ)} (q25aﬁ_qaq5) fabCfabe+_ .. (66)
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where the ellipsis indicates the massive tadpoles left out of the expression, as asserted above
(in fact, the crossed terms only yield massive tadpoles) and we have defined

dk 1 1
T2 12 02) = 47d/
(:u’17:u27q) % (27T)d ]CQ—FILL% (k_Q)2+M%

1 1 1 2 1— 2 2 1—
— f—i-'y—log47r—/ drlog [Ft (=D —q7z(1=2)) | (6.7)
1672 | € 0 12

The logarithmic integral has the form

1-— — 1-— 2
/da:l ( = x)zg il x)>210g<_z2>_2’ p1=p2 =0

M2 M2 q2
logu—i-(l q2>10g<1—w —2, M1:07M2:M

M? V1I—4MZ/@2 +1
=log —5 + M -2, =pus =M. (6.8
o8 1= —a g( g 1 p = pi2 (6.8)

In the low energy region, only the term with p; = pg = 0 gives kinematic logarithms. However

at high energy each of them involves equal factors of log(—¢?).
In turn, one also has that

ddp . ik .
4—d e c,a;e ,8 2d 8 d d, ./ 4 d c —ik-x
—p)I' 1% dz [ d*x I¢ (k

K /(27T)d a( p) ﬁ(p) / / /( )d a( )6

ddk/ _'k/ / 4—d d p _ P

% M / I-\e e K@ 1 / Hcae,ﬁ( ) ip-(z—z)
(2m)d 7 &) (2m)d
= ,qu_S/ddx/dd:ETg(x)Hc’a;e’B(w —x')F%(x') (6.9)

where

c,a;e,f3 4—d ddp c,aze,f3 —ip-x
e (a) = it~ [ G p)e

_ fabcfabe {(_4M2

— =+ 1) (—Déaﬁ + aaaﬂ) D2(M?2,2) + (—Déaﬁ + 8"85) D%(w)}

(6.10)
where D%(M?,z) (D%(z)) is the inverse Fourier transform of I(M?2, M?,q?) (1(0,0,¢?)).

To display the beta functions we have to look at the high-energy behavior ¢? > M? of
the amplitude. In this limit, essentially we are left with only D% (z):

an;e,ﬁ(x) N Llfabcfabe (_D(SOé,B + 6a6’8) D%(x) (611)

q2 >>M2 d -

Hence, to quadratic order in I' we find that the contribution of the field strength R, to
the one-loop effective action reads

ST — 4(;_1),12“ / de / 2/ Tr (R ()R (') Dz — o). (6.12)
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With a bit more effort one can show that the contribution from the vertices containing three
and four I's yields the same result, thereby completing the expression for R, (z)R* (z'). In
d = 4 dimensions we see that we are able to recover the result coming from the heat-kernel
computation.

Now let us calculate the bubble associated with the four-point function for the As. From
the expansion of the one-loop effective action, we find that

1 1 w1 (k)}
- 5T
{DQ M?DaX 02 — M?Da

/dd /dd //ddy/dda< />bb<$/
c<y’[12 —1M2D Z> d<z‘a§?’)‘x>a

= _;/dd$/ddx//ddy/ddZDab(x_x/)(agé)x,)bcé(lj_y)Dcd(y_Z)(agéf)x)daé( )
(6.13)

)

MQD

To calculate the four-point function for the A field we only need the contribution Bgfjl,,
whose expression is the same as B?ﬁu) given in appendix B but without the term %5“”5,%.

Hence we need to calculate

f4 a C 12 Ci K
—/ddx/ddx’/ddy/ddzD Y-z )BIS’W( ')k, 0 6 (2" —y) D (y — 2)BB (2)00056(z — 1)

= [t [t B, (o) MO (o~ 2 B (o) (6.14)
where
MHIAR (g — ") = OFOY D (x — 2)dN05D(x! — ) (6.15)
and . (s
d k e*’L (r—x
_ ! —
D -a) = [ SR MR (6.16)

Now let us work on M, 5.(x). Resorting to a simple Fourier transform, one gets

d?k 1 1
UVAR — ,4-d YIS DR
M (@) = n / (2m)d k4 + M2k2 (k — q)4 + M2(k — q)zk E'(k—q)*(k—q)" (6.17)

where M,,,5.(q) is the Fourier transform associated with the quantity M, .(x). By using
partial fraction decomposition and the usual Passarino-Veltman tensor reduction, we obtain
that (neglecting tadpoles)

MHIAR(q) = MM () T(M?, M?, ¢%) + NF25(q)1(0,0, ¢%) — P2 (q)I(M,0,4¢%).  (6.18)

The explicit form of the tensor functions MH2%(q), NF**%(q) and P***(q) can be found
in appendix F. Hence

2. _ . 4—d ddq —iq-z UVAK

= MP(9) D} (M, x) + N5 (0) D () — PPN (@)Gh(x)  (6.19)
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where G% () is the inverse Fourier transform of I(M,0,q?). Hence we get our final result
for the one-loop effective action:

Q 1 2d—8/ d / d, ./
=S+—=u d'z | dx
Seff S 8( 1)

2
X {Tr(RW(a:)RW (2/))DE(z — o) + Tr (R () RM () (—LUDW + 1) D%(M? z— x’)]

oo sab (e
Ly / die / dia’ Bt (2)BYS, (2')

« [Muvkn(ax)D%(M{ z— ')+ N (9,) D2 (2 — 2! ) — PHY25(9,) G (2 — iﬂ')} . (6.20)

As argued above, in order to display the beta functions we go to the high-energy limit,
which amounts to setting M — 0. After tensor reduction, the term Tr(R,, (z)R* (z'))
gets generated by a bubble integral containing only normal propagators; however, the term
ggﬁy (x)B%, (') is actually generated by three kinds of bubbles, namely one with normal
propagators, one with quartic propagators and one with one quartic propagator and one
normal propagator. The normal bubble is actually UV divergent, but the other ones are not
— they are, in fact, IR divergent. However, these IR divergent terms need to be considered,
otherwise we will not be able to reproduce the result from the heat-kernel calculation. The

purely quartic bubble that we need to consider now is

- d
MR (q) = u4‘d/ (i:;d % C jq)4 KK (k — q)* (k — )" (6.21)

After tensor reduction, this turns into:
M (q) = WM (q) B () + () Ba(g?) - PPV () Ba(g?)  (6.22)

where explicit expressions for the functions MH#2%(g), N#2%(g) and P**#(¢) can be found
in appendix F and

B 2% 1 1 4—d 1 z(l—2x
B = i | g = Gt 4 [ e

B Ak 1 1 4-d 1 1
B2(q2) = M4 d/ (QW)dﬁ(k —q)2 - (Zr)d/zr(2 - d/2)/0 dm[—q%(l _ :L,)}2—d/2
_ A% 1 1 A-d 1 11—z
Bg(qQ) — FL4 d/ (zw)dﬁ(k_q)z = —(fﬂ_)d/2r(3—d/2)/0 dx[_qugl _$;]3d/2 (623)

Here the IR divergences generated by Bj(q?) and Bs(q?) always appear with powers of
the external momentum ¢ in the denominator and give rise to apparently nonlocal terms.
However, after performing the tensor reduction, we verify that the momenta in turn always
appears in the combination ¢? in the numerator and cancel the inverse powers of ¢. Such
logs of infrared origin should also appear as coefficients of local operators.
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Now the one-loop effective action reads

1

Seff:S‘FmM

2d-8 / dz / 4 Te (R (2)R™ (2')) D2z — )

f4 — afBy\ab,c d\ba,e c e
s apynedioyect [ aty [t ag ) A4)AS ()AL )

X [N (0,) G (w — o) + NS0, D — ') = PA(0,) G — o)) (6.24)

where
G3(z) = pt / (;ijr‘)lde‘iq"”Bl(qQ)
63w = i~ [ e B (6.25)
and
(T3 et = {—%Tr ({t, 1} {#,9}) +2 (j% - O}%) T ([t ] [#,49)])
+2 (—;’2 + O}% - C%) Tr ({2} [, ¢9])

4 alc (6%
—— 0« 5d>b] 586,

Qg
1 1 1 1

- a (d1r4b 40)1 _ Trpa 4(d b 40) a1 (dyreb 4e)
+{ 2(f2+a%)Tr<2[t Al A 2{t S0t }+2[t AR })
1
- T (cqd) rash 4(dc)ba (cqd) rasb 4 a 4(c b 4d)

22 r(8t 191940 4 4 (1 g gbya 4 glepd)yagdy 4 {t,t }{t,t })

8 4
- a(csd)b cd sab a(d sc)b ash

a§5 5 ag(5 §9b 4 galds )}5@. (6.26)

One can show that the divergent part coincides with the one calculated from heat-kernel
methods.

This procedure also reduces to the Gasser and Leutwyler’s result of ref. [23] in the
appropriate limit, as a similar calculation leads us to

1
Seft = S + S(d_l)MZd_B/ddaﬁ/ddx’TY(RW(x)RW(a:/))D%(iU —a')
1
T / da / A Tr(6(2)5 (2)) D — o). (6.27)
Again the divergent part coincides with the one calculated from heat-kernel approach.

7 Discussion and conclusions

We have seen a variety of outcomes for the running couplings and for the comparison with
other methods. The techniques that correctly identify physical running couplings in standard
theories using a mass independent renormalization scheme are seen to often fail when used in
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a theory with an intrinsic mass scale such as the higher derivative theories explored in this
paper. We have used new techniques, also described in [3], to pull out the dependence on
the energy scale of the theory which goes in to the physical running coupling.

The essential lesson demonstrated in these calculations is that in theories with operators
of different dimensions, following the divergences through log A or log 1 does not always yield
the correct behavior of running couplings in physical processes.

Perhaps the most interesting case was that of the fundamental coupling f of the HD
SU(N) nonlinear sigma model, which does not run at any energy in physical processes, It is
easy to understand why this is the case. Because the interactions only involve an even number
of fields, the renormalization of the coupling in the propagator uniquely involves the tadpole
diagram of figure 1b. This does not contain any information on the momentum flowing in
the propagator, and hence cannot generate any factor of logE?. However it is logarithmically
divergent, and hence has been previously thought to lead to a running coupling. In particular,
Hasenfratz [12] argued that this coupling ran towards asymptotic freedom, by studying the UV
cutoff of the theory. Percacci and Zanusso [13] followed the IR cutoff using FRG techniques
and reached the same conclusion. It follows from direct calculation that these conclusions
are misleading for the behavior of physical amplitudes and that amplitudes formed in this
theory do not have any physical running at all for the coupling f, at this loop order. The
study of the UV or IR cutoff dependence of this coupling has been misleading.

In other cases, the running of the couplings depends on whether the amplitude is studied
at low energy or high energy. The basic coupling g of the HD U(1) nonlinear sigma model
does not run at low energy but does at high energy. In contrast, the coupling A\ of the HD
linear sigma model runs at low energy but not at high energy. Various other couplings have
patterns which differ from results reported in the literature. Effective field theory methods
are useful in understanding these patterns.

Another way to describe our results involves the effective action. The running with
the energy scale can be encoded in position space through the use of the operator log [],
which is the Fourier transform of log ¢?. This is a non-local operator acting on the fields
in the effective action. With the usual two derivative kinetic energy, the non-local terms
in the effective action have been extensively catalogued by Barvinsky and Vilkovisky and
collaborators [34, 35]. In theories without a mass scale, the coefficients of the log[] terms
are determined by the divergences in the local operators, as by dimensional analysis loops
generate log([J/u?) and the coefficient of log 142 is tied to the divergence. This yields the usual
connection to running couplings. However for higher derivative theories with an intrinsic
mass scale the divergences in the local operators and the appearance of log[J can become
disconnected in ways that we have documented above. The usual treatment of the heat kernel
is used to identify the divergences in the local operators, and we have provided techniques
for identifying the physics which follows from the log[J operators.

These results raise this issue of the usefulness of results following from methods tracing
the cutoff dependence, such as the FRG, in physical reactions. If the running found in these
methods is not reflected in the running of parameters in physical amplitudes, what can
be said about the utility of the method? For example, Weinberg’s original formulation of
Asymptotic Safety was in terms of the scaling behavior of cross-sections [28]. These would
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involve the physical running constants. However, most of the present practice of Asymptotic
Safety studies uses the Functional Renormalization Group, which can give running behavior
which differs from the running in physical processes. If a coupling runs to a UV fixed point
in the FRG, or to asymptotic freedom, but does not run at all in physical amplitudes (such
as the coupling f) what is the value of that fixed point determination?

Presumably the correct behavior of amplitudes is contained in the FRG effective action
if treated completely. However, kinematic logarithms appear as monlocal contributions to the
effective action. We have seen that focusing on the cutoff dependence of the local operators
does not always reveal the nonlocal kinematic logs. However, most current methods only
study the local couplings. At the least, our results tell us that the FRG running of the local
couplings should not be used in physical applications unless care is taken to also identify
the kinematic logarithms.

We have also provided a roadmap for determining the physical beta functions in theories
of this class. At low energy, one can integrate out the heavy degrees of freedom to form
a low energy effective field theory. That EFT reveals the correct low energy running. At
high energy, one uses the full theory, but needs to separate the kinematic running from the
non-kinematic effects of log m?. This requires a direct calculation of amplitudes. Generalizing
the results of ref. [1, 3] and identifying tadpoles and bubble diagrams in the heat kernel
expansion, we show how to get the high energy physical beta functions in section 5.
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A The low energy limit of the linear sigma model

The U(1) linear sigma model with a higher derivative interaction can be defined by the
Lagrangian with a complex scalar field x

L=0,x"0"x — WDX Ox — A (X X — 2v2> . (A.1)

The U(1) symmetry is x — €?y. The spectrum of this model can be identified using the
parameterization y = %(U + 0)e’®/v. The U(1) symmetry here is now manifest as a shift
symmetry of the ¢ field, ¢ — ¢ + 6v. Without any approximation this results in

L= £¢ + Lo+ Lint. (A2)

Here 1 1
— I
Ly 2 Moleigte By Lol (A.3)
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and ) )
—— by — m2g2) — ——
Lo = 5 (@p@ o—mio ) 572 OoOo (A.4)

with m2 = 2\v?. The interaction term has several components,
o? ! 3 1 o, o?
1nt 72 3uq53 d) - ZO’ — o — W - D¢D¢ ( uqba )

v ( ) 00,006~ - <1+ ) D000~ ﬁ <1+ Z) (960" $)°
(A.5)

Without the higher derivative term, the U(1) non-linear sigma model is formed by
integrating out the o in the usual U(1) sigma model and keeping the leading interaction
term involving the field ¢ at low energy [18, 29]. Frr the usual sigma model this involves
the tree-level exchange of the o, which comes from the very first term in Ly, such that the
leading interaction carries four derivatives of ¢ . With the presence of the higher derivative
term, there will also be new interactions which can be identified by inverse powers of m?.
In this case, it is the last term of L,y which gives the leading result. After some algebra,
which is mostly converting factors of v? to m?2 we find

9 _ AL A (A.6)

4 4 2912
M ms  mcms

We recover the usual U(1) nonlinear sigma model when m — oo, but the higher derivative
term is important for m < mg.

There is an interesting point here. If m < m,, then there is a hierarchy of scales, i.e.
m <K M < my, if X is not unusual in size. Then there is a weakly coupled EFT at energies
below m, a different weakly coupled EFT from m < E < M, a strongly interacting region
from M ~ /mm, < E < m,, then the full linear sigma model emerges above m,. The
latter can again be weakly coupled if A is not too large.

B Details of the traces for the SU(N) calculation

In this appendix we collect all lengthy expressions concerning the one-loop renormalization
of the HDNLSM put forward in the main text. We begin quoting the associated expressions

for the matrices Bﬁz, Z, b0 and Q0. One finds

Bgﬁ:aaabaw

+{[_QagTr({ta,t@}{tb,td>})+z(2ag_ag)ﬁ([ta,tq [1740]) 42 (— gy +ed -3 ) Tr ({174} [.4])
+2(f2 —a2— aS)T‘r([t“ te] {1 }) - 4a§'l‘r({tc,td}t“tb)—40436“16“1’—404%6“@5‘1)17}50‘351,#

+{ (f2+a2)Tr(2[ta $[£ £] — {t“,td}[tb,tc]—l-%[t“,td]{tb,tc})

—a2Tr <8t6tdtatb+4(tdt0tbt“+tctdt“tb)+4{t“,t6} {tb,td}) —8a267°6% — 402 (5“6“%“%“)} 580 } (Aa)¢(Ag)?

(B.1)
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Zzb(l) —

ab(2
7000 _

Zﬁb(g) - _

Tr { (4[tb, [te,t0])¢d — 4t el [¢¢ ¢4 2 [[,19),10) + 262 1€, 44180 — 2642 [td,tb]) 5705

+ [2td (2tc{tb,ta}72{t6,t“}tb7 GRGRSI eSS {tc,tb}) + 4t [£¢ 1Y — o[£, 19, ¢0)

+2t¢[td, 1)t —2t4¢¢ [tc,tb]} 52755,
+ [2td (—Q{t”,t“ pee 2t {ee poy— {ee, (¢} e {eo, 20 }) —ap o b o] —arete [tb,td]} 5‘1553] AL (dyAg)?

—+Tr

2% ¢¢] (2tc{tb,ta}—2{tc,t“}tb— {te (¢} o {tc,tb})
+2[t,t4 (—2{tb,ta}t°+2tb{tc,ta}— {tc,{tb,t"}}—i—%“ {tc,tb}) —2[[te, %], t*][tC, 0
—4({td,t“}t8—td {te 4%} —¢° {td,t”}—&—{te,t“}td—f—% {td,{te,t“}}—% {te, {+%*} }) [tc,tb]] 5208 AC ALAS

~Tr {4 {d.a,.t} [A”,tb]+4t“tbd”d[l,Au]]

—Tr [(—4[75”, [t€,64]]¢% — a4t eb [t€ ¢4 22 [[t€,9], 7] + 262 [¢€, £4]80 — 2t°t® [td,tb]) 57058

+ [2td (2tc{tb,t“}—2{tc,t”}tb— GRGRS eSS {tc,tb}) +48248 [t 14—t [[£¢, ¢4, )
+2tc[td,t“]tb72tdt“[tc,tb}} 59785,

+ [2td (—Q{tb,ta yeo 2t {ee g0y — {e, (¢} e {eo40 }) —ar o b o] —aret® [tb,td]} 5“553] AL (dyAg)?
~Tr |:2[td,te] (th{tb,ta}—2{tc,ta}tb—{tc,{tb,ta}}+2ta {tC,t”}>

+2[t°,t4] (72{tb,t"}tc+2tb{tc,t“}f{tc,{tb,ta}}Jer“{t“,tb}) —2[[te, ], t2][te, 0]

—4({td,t“}te—td{te,t“}—te {td,t“}—&—{te,t‘l}td—f—% {td,{te,t“}}—% {t=, {td,t“}}) [tc,tb]] 5205 AL ATAS

+Tr

a{dy At} [A”,tb]+4tatbd"d[yAM]
8Tr [t“tb{tc,td}6“563+t“tbtdt657563+t“tbtctd6awi] AL (dyAs)?

+4Tr

R A A R e L e o e e A R A A A LAl
N A A e L e e e A A A LRl o

+ (tatdtbtc+tatctbtd+tdtat°tb+tctatdtb)5"‘552] ALH,AY

+Tr

8 (—tcte [tb,ta] td_gegetd [tb,ta] +tote {t”, [t%, ¢4 } B I A AR L T L L g T
e e e L e E e A (e e e B A R A LA AR R

—tbeerdfee o] —eotb [0 1)t —eot0e 4,10 )60‘563} ALALAS
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zp W = —8[(acdaabaa‘sél+6da60b57553+5C“5db5amﬁ)AZ(dea)dHTr(td[te,tC])6“b5a562AgAiA§]
Zi" = —2[2((acdaauaacadb)m%g+(6cd5ab+5da5°b)5aw;§+(6daacb+5ca5db)5a561)A;(dea)d

+4Tr (tc[td,te]> 6“”60‘56:{A3A$A§} (B.2)

and

Q@M — { {Tr [2[t“,t°]tbtd+2t“ {tb,tc}tdféltatbtctd ({tc,ta} {td,tb}—Qtatc {td,tb}+4tatctbtd2{tc,ta}tbtd):| 5B 578
+Tr |:—2{td,tatb}tc+4ta {td,tb}t — 4¢Pt ({t”,t“} {td,tb}—Q{tC,ta}tbtd—2t“td {t“,tb}+4t“tdtbt‘):| 5“”’555}

X (daBp)®(dyDs)?
+{Tr {41& [{t t } Jee+2[te, [t t2])t% e + 2t {t {td t”}}t Statbtctdtef(2{t"‘,t"’}[{td,tb},tn]

+{t6,t"} {{td,tb} ,tC}—4{ze,t“}tbtdt0+2[{td,ta},tc] {te,t”}—4[{t0,t‘1} Lt4)tbt
+{{zd,t“},t‘:} {te,tb}72{{tc,ta},td}tbte—4tatctd {te,tb}74tate[{td,tb} €]

,2t“t‘3{{td,tb},tc}+8t“tetbtdt +8tatctdtbte>:| 5B 578

+Tr|:2t e, e 4{t ot }{tc tb}z +4t° {t {tc tb}}t +4t {t t”tb}t +4{t t“tb}t
,2{td,{tc,t“tb}}t‘l4t“tb{td,tc}t‘3+( {t tatb}+4t {te tb} at*¢bt C)[t 4

—(2{te,ta} ({td,tb}tc—td{tc,tb})+{te,ta}{tc,{td,tb}}—2{te,ta}tb{td,tc}+2({td,ta}tc—td{tc,ta}) {te tb}
74({tc,ta}td7tc{td,ta})tbteJr{td,{tc,ta}}{te,tb}72{tc,{td,ta}}tbtef2ta{td,tc}{te,tb}
4tate({tc,tb}tdtc{td,tb})2tate{tc,{td,tb}}+4tatetb{tc,td}+4ta{td,tc}tbte)]6a7655}(Aa)c(A5)d(d7A5)e
+{Tr |:4[{tc,ta},td][{te,tb},tf]+2[{tc,ta},td]{{te,tb},tf}8[{tc,ta},td]tbtfte+2{{tc,ta},td}[{te,tb},tf]
+{{tc,ta},td}{{te,tb},tf}—4{{t”,ta},td}t tf e —gt*¢c¢? {te,tb},tf]

—494¢¢¢ { {te,tb} ,tf}+16tat°tdtbtetf:| 5B s

+Tr |:—2t R AR R 4{t ot }{te tb}[t ]+4t“{tf,{te,tb}}[tc,td]+4tf{te,t“tb}[tc,td]
+4{tf,tatb}te[tc,t { {t t“tb}}[t L4 4tatb{t ot }t A0 —(1ee, e, 2118 ¢ T 140+ 6 1S, 190, 0T [ ¢
7(4({t0,ta}td7tc{td,ta})({te,tb}tffte{tf,tb})+2({tc,ta}td—tc{td,ta}) {te,{tf,tb}}

0 1 s eV R UM § YO (O VS (0 M (Y RS SR R C
(e} e et} ({0

o0 {td,tU} {te,{tf,tb} }+4t°‘ {td,tc}tb {tf,te}):| 5‘”5‘”}(Aa)c(Aﬂ)d(Aw)e(Aé)f} (B.3)
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+4{tf,t°'t”}te[tc,td]—2{tf,{tﬂ,t“tb}}[titdl—u“t” GE  GR B R R N R N ORI RN

- (4({t“,t“}td—tc{td,t“}) ({te,tb}tf—te {tf,tb})+2({t°,t”}td—t“{td,t”}) {te,{tf,tb}}
(e e L) (b () [ L (e ()
72{te,{t'f,t“}}tb{td,tc}fua {td,tc} ({tg,tb}tffte{tf,tb})

_oa {td,t“} {t"*, {tf,tb} }+4t“ {td,tc}th {t'f,te}):| 597589 }(Aa)c(Aa)d(Aw)c(Aa)f} (B'4)

Q"B = {T&{Btctf({[[tc,tbLta},td}Jr[tC,t“] [td,tb])+4{[tc,ta],td}{[te,tb],tf}]ao‘ﬁ(s%

+Tr | 8t°tf ( ([t 6], 8] ¢4 [[ee,2%),2°] td+[tc,t“}[td,tb])+4[tc,ta]td [tet! e8] 442 [t°,27] [tfte,tb]] 50‘76‘35}
X (Aa)*(Ap)H(Ay)(As)! (B.5)
QU = 45 ek PR (A, (A YA, ) (AR (B.6)
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Q™ =4 (6Cdfe“kffbk+2Tr (td{tc,t“}—tc {td,t“})Tr (tf {te b} -t {tf,tb}) ) (A (A4 Ar)(am)f.
(B.7)

On the other hand, the function B = 4§, B*" is given by

B = C45ab+{—12a§Tr({t“,t(c}{tb,td)}>+4< f2—|—3a2 2a§>ﬂ([t“,t(0} [tb,td)D
+< f2+9a2 8a§>Tr({t“,t(c}{tb,td)D—F(F —9a2— 8a§>Tr([t“,t(Cth,td)})

—203Tr (104, 7128+ {2, 19}{t, £} ) —4 (403 +a2 ) 6157
—4(203+503 )5a<05d>b}5aﬂ(Aa)C(Aﬁ)d. (B.8)
Let us present here all traces necessary for the above computations. We find that

2_
T (B) = M+2(%73NQQ+<N277N)0¢3+(4 8N?)af—(8+2N%)a )5a£50d(Aa)c(A5)d (B.9)

o

2_
(B B"™) = 4(N2 1)+i (%—31\1 2+(%—7N)a§+(4—8N2)ai—(8+2N2)a§)6a65°d(Aa)°(A5)d
€o
+ (bl(sefcscdJrlagTr(t%ftCtd))<sa/3m%r (bgéeféc‘i+b4Tr(tetftctd)>6“7655] (A0)S(Ap)H(AL)E(As)T
(B.10)
where

64
N2

3402—-38a2—16Na2) T N2_1 N2_1 2
+( 7 )+ 2( 82 5 ) -8N az42( 192 o ) AN as aé—ﬁ

117N 64a2—32a2—142Na2+108Na3
f4 + f2

by = —4a2+40a5+2< +5)a§+(50a§+48NaZ+16Na§)a§+2(32N2+16)a3+2(16N2+80)aia§

by = (672a5+4480%) a3 +61Nas+ (19205428803 —20Na3) oz +

N2-1 |
+ {2560( I >1112N_ as

by = §a3+32a3+160a3a§+(]\r42 +42) +(—3803—16Na3)az+ (16N*+120) a5
2 2 2 2
—as+203—-16Naj N°-1 2 o, T
2 2 2 4 5N
by = (480a3+320a])a3+5Nas+(—19203—288a5—28Na3)as+— 7i
_ 2 2 2_ N2_1
+ 640‘”32“5?2”“2 28Na3+{512( ~ )—216N}a§. (B.11)

Likewise

16(N?2-1) 16 (N 12 0B e .
™ (B?) = T—&-a(F—?)Na%-l-(N—7N)oz§+(4—8N2)O¢Z—(8+2N2)a§>6 B5ed(Aq)°(Ag)?

+ (b55€f 6¢d 4 bgTr(ttF tCtd)) 58§70 4 (b75€f 54 4bg Tr(totf tCtd)) 5‘%55} (Aa)(Ap)H (A% (As)T

(B.12)
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where

bs

45 576

f?a%+256N2aﬁ+ (17403 +192N a3 +48Na2) a3+ (W +48> aj+(128N?+576)afa?+ (16N +144)ad
12302 —178a2—64Na?—16Na?

+ 2 3 4 5 +

N2-1 9 N2-1 5| o 221
384 —80N |z —64 |5N—24 o pos———
r2 2N 2N 2f4

458N
bs = (224002489603 )a3+234Naj+ (38403 +96002 —24Na3) a3+ 7

N2-1 4
9216 —4016N | aj
2N

4 40a2-24a3

by = 360/21—120a§a§+100a§+64o¢3+320aia§+400ag+F-‘r%
32002 +128a2

by = (1600@%—}—640@2)@%—1—(—960&%—384a2)a%+5fiz4

—128a2—320a2 - 588 NaZ+488Na2
+ 7

_l’_

(B.13)

The first contribution in the trace of the B? terms is associated with the presence of a “cos-
mological constant” term, that in principle should be included in the bare action due to the
renormalization procedure. On the other hand, the second contribution gives us the hidden
tadpole terms as mentioned above. Only the third contribution is actually a bubble.

As for €%, we find that

N 1
Tr(€) = — — 6698 (AL)(Ap) +

N Ci (e (0% C
- |30 (67767 4 69767 ) (dap)(dy A)?

- (; (676 + ANTr(tt to24) ) 527570 + 56f5cd5a7555> (Ag)¢(A5) (A (As),

+ aggacd(aaﬂmé = 5767 (darp) (dy D)

+ 2N a2 Tr(tet! tet?) (55@55% + 35%“) (AL)(Ag)H A, (As)

+ af [ANG 5052067 — 16Tr(te¢ 1°47) (579570 — 5°767) | (Aa) (D) (A4)"(A9)

+ ad [ANG 6052767 + 8Tr(eete47) (599570 — 52767 | (M) (As)(A4)*(Ag)!
(B.14)

In turn
Tr(RywRM™) = 2N ([t°, 71127, 1))07767 (Aa ) (A5)1(A4)°(A5) (B.15)
and
Tr(6%) = AT ([Ay, 4][A%, ¢]) Tr ([A,, ][A, 1))
= (o0 + AN Tt ett) ) 50O AL AGAT A 4+ 8715005 5 AL AL A,
(B.16)

All traces and SU(N) algebraic manipulations were carried out with the help of computer
symbolic operations, performed by means of Wolfram Mathematica and packages such as
FeynCalc [30-32] and FeynArts [33].
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C Brief explanation of the calculation for the coefficients ag, a; and as

As discussed above, we used heat-kernel techniques in order to evaluate one-loop divergences.
In order to derive the expansion of the heat kernel (x|e~7P|z) in terms of the a, coefficients,

_1/2,2 oo

—71D _ i € n/2
<.%"€ ’(13> N (47T)d/2 7d/4 nZ:OT / an(x>7 (Cl)

one usually starts by inserting a complete set of momentum eigenstates. We obtain that

—T ddp —ip-x ,—7D Jip-x
(x|e D|x>:/(2ﬂ)de pe=TD T, (C.2)

The next steps are the use of the identities

Dueip'x = eip':”(ipu +D,)
D“Dueip'x = eip'x(ipu + D,,)(ip! 4+ D¥)
DYD,D"D,e?* = P (ip, + D,)(ip" + D")(ip, + D,)(ip" + D") (C.3)
and the Taylor expansion of the exponential containing the interesting physics in powers

of 7, keeping terms which contribute up to order 7 after the integration over momentum is
performed. After a straightforward calculation, one finds that

(z|le~P|z) = i e [ 1(d/4) F1/2 r (d/%l) (=f*B)
T (dm)di2 /4| 21(d/2) or (% _ 1) 2d
'(d/4) [(d—2) 5 1 1 o1
T | R R+ s (5B (B + (6
_o(— f25)} 4 0(73/2)} (C.4)
or, identifying the coefficients in the expansion:
I'(d/4)
ag 2F(d/2) 1 (C5>
T (d/22_1) fZB
= _ C.6
T or (4-1) 2 (C6)
and
_ F(d/4) (d72) v f4 v f4
2= 1M | 6 R RM + @12 (26(;“,)8“ + 482> +2f2£] (C.7)

which are precisely the expressions quoted in the main text. Apart from total derivative
terms, our expressions fully coincide with the results of ref. [27].

- 32 —



D Vertices needed for the computation of the one-loop effective action

We are going to present some interaction vertices that are necessary in the course of the
calculation of the one-loop effective action. Such vertices can be found below.
Two pions and one I':

. ) ) 1)
abc,a 4 4 4 i(k-z1+pxatqas)
S d d ™ D.1
T [ ttar [ e [ iz 57 (an) 50 g ) P
where
Swar = —if" [ dla Ty [(0,0°0" 7" + (0,07 )0t a + MPorment]. (D2)
We get
VR = (2m)"8(k + p+ @) (K + p* + MP) (K — p). (D-3)

Two pions and two As:

Vabcd 04,3
1) 1) 1) )
d p d dApy etk tp o taastras) S
/ f’”/ / 3”3/ e dne(w1) 7 (22) O (w3) 6A% (wg) ™2
(D.4)
where
Soinn = / d'a 7o(BD, 070" + Cobor + gob)rb (D.5)

where it is to be understood that in the above equation we keep only terms quadratic in
A. We find that

ngcd,aﬁ _ _f(2ﬂ)46(k+p+q+r)[(Bﬁ,B)ab cd Dl (Baﬁ)ba cd v L1 +Z(Caﬁ)ab cdp
_'_i(Cﬁzﬁ)ba,cdku _ ((Eaﬂ)ab,cd 4 (Eaﬂ)ba,cd)} (D.6)
where
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5
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or its non-symmetrized version,

(8%, — {[—jzw{tat@}{tb,td>}>+z(é—;)Trut%tﬂ )
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o o
and
(CpPyabed = (cﬁﬁ)abvcd(q,r)zi(réawadfaga,’f+q556f5d65355){]}2{ﬁ{z;[tb,[tﬁ,tautf4tatb[t6,tf]+ta[[tatf],tb}
+2t7 [te,ta]tb—%eta[tf,tb]} 58y
+Tr [Qtf (Qte{tb,t“}—Q{te,t“}tb— {te.4t" 1"} +2t° {te,tb}> —412¢b[tF o)1 [[¢F ,2),¢%)
+2t¢ [tf,t“]tbetft“[te,tb]] 5705,
+Tr [Qtf (—Z{tb,t“}te-l—%b{te,t“}— R GRS {te,tb}) —atFo[tb 1) —atet® [tb,tf}] 57”65}
—alg{—Tr {—4[tb7[t67ta]]tf—4t“tb [te,tf ]+t [te 7], 0] +2t7 [te, t2]tP —2tet® [tf,tb]] 55
2
—Tr [Qtf (2t‘3{tb,ta}72{te,t“}tb7 GRGRAIES S {te,tb}> — 4t [tF )2 [t ,¢°],88]
+2t¢ [tf,ta]tb—2tft“[te,tb]} 5705y,

—Tr [Qtf (—2{tb,t“}te+2tb{t5,ta}— GRGRA IS {te,tb}> —atTotd ) —atet® [tb,tf}] 67”6z}

4
——Tr [(t“tftbte +ebef e peatfteeb peatetS 04 abee 1 pebef et Lot 10) 6 50
(0%

3
R U I L L L A A A e A A S D LRl 1
+2(t 7 01 10140t +t“tbtfte+t“tbtetf)6"”6;i]

8 bsyv s b % by sv
o (afeéa 6750 +67%5%0 5 5% 459067057051

4
T a2

«

[5feaab(5;55“+5W55;)+5faaeb(5755;%“/"52)+5ea5fb(57“53+5355")] } (D.9)
5

and also

(Eaﬁ)ab,cd = (Eaﬂ)ab,cd((Lr):m2Tr<[te7taHtf’tb])(5ce(sdf+6cf6de)5aﬂ

1
—(qyru0°e6¥ 5367 +7-qu6°T 69555))) { = {Tr [Q[t“7te]tbtf +ote {101} ol —ageebietS
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- ({te,t“} {t!,¢0} —2toee {tf,tb}+4t“tetbtf—2{te,ta}tbtf)] §1o5H

+Tr | —2{tf et peepare (¢ 40 b oo —aroebeS oo

- ({te,ta} {t!.20 ) —2{ee 12 ebef oot {te,tb}+4t“tftbte)] 67“65”}

1
2{Tr
sy

- ({tﬁ,t“} {tf 0} —2te {tf,tb}+4t“tetbtf2{t‘3,t“}tbtf)] 510 §5Hv

B N A e )

—Tr {2{tf,t“tb}te+4t“ {tf,tb}ttzlt“tbtfte
- ({te,t“}{tf,tb}—2{t5,t“}tbtf—2tatf {te,tb}+4t“tftbte)] 6“‘6‘5"} } (D.10)

where repeated use was made of the following results:

ud,(v)ut =24,
udy Ayt = 2(dy Ay + 2A,4,). (D.11)

Two pions and four As:

Vzbcdef,aﬁ'yé _ —/d4I1/d4$2/d4l‘3/d4$4 /d4:c5 /d4136 ei(k-xl+p-x2+q-m3+r-x4+s-m5+vvm6)
) 1) ) ) 0 )

“5ma (1) 0n?(w2) SAG (w3) 6AL(w4) SA% (25) SAL () Srranaa. (D-12)
where )
SrrAAAA = —‘};/d4xw“5“b7rb (D.13)
where only terms quartic in A enter the latter interaction action. We obtain
VLA f2 (2m)*8(k+p+g+r+s+v)

X(Eaﬂ'yé)ab,cdef((saidbj+6bi6aj) I:(&mcénddga;+67nd5nc5g(sg)(6k65lf5’r;5§\+6kf6l65g6’)y\)
+(6mc6ne5555+6me6nc6$52)(6kd5lf656§+6kf5ld5g5g)

+(8mes™ oy +6mF 5"6555;)(5’665”&:@+5kd516555§)} (D.14)

where

f2
LR R e R (A Wl S AN WA PR E (AR Wl B R SRS Wl S e AN A WAl VL

(BeprByebedes = {Tr [4[{tc,ta},tdn{te:tb},tfm[{tata},td] {a}}

—steeetd[ {1060 el —areeed { {1060} ¢F pp16eoterdebeces | 628670

b B | R e R A e L e L A e N AR R LR LA AR

+a{tf e e [tc,td]—2{tf,{te,tat”}}[tc,td]—zit“tb {#fee b e, e = (e, ) e [0, 7] 0+ [ [[e° 6], 0] e, ]
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- (4({t°,t“}td—t° {tdan ) ({ee b el —ee {0} ) v oy —ee et ) {eo, {#/ 4} }
—4({te,ta}tf—te {tf,t“})tb {td,tc}+2{tc,{td,ta}} ({te,t”}tf—te {tf,tb})+{tc,{td,t“}} {te, {tf,tb}}
—2fee {#f o hab {ed e b e {ah e} ({oe80 pf == {740 })

—ate {0} L, {0} fpaee {ed 10} e {tf,te}):| 5‘”655}

e g e e ) o) se e s g e oy )
a

+{{tc,t“},td} {{te,tb},tf}—4{{tc,t“},td}tbtfte—St“tCtd[{te,tb},tf]

—ageeert {{ee 40} o} +16t“tctdtbtetf] §oB g0

—Tr l:—?t“[[te,tf},tb} R B R e R e Y R L B R R S A A P R AR A S A

+a{t! e e [tc,td]—2{tf,{te,tat”}}[tc,td]—zlt“tb e ee b e )= (e, ) e [0, 7], 0+ [ ([0 6], 0] 0, £

- (4({tc,t“}t‘i—tc {td o) ({eo b el —e= {0} ) oo oy —eo e }) {e=, {#/ 47} }
—a(qee e yed —ee (ol e Py {ed e o {ee, (et e ) ({aes e b el —ee Lol 0 P+ oo, {ed e} e {0} )
72{t6, {tf,ta}}tb {td,tc}74t“ {td,tc} ({te,tb}tffte {tf,tb})

—ote e e oo {50} b ane {td,tc}tb{tf,te})} 5‘”5“’5}

3

+$ {’ﬁ {Stetf ({ [[tc,tb],t“] ,td}+[t6,t“] [td,tb] )+4{[tc,t“},td} {[te,tb],tf}} 5B 578

+Tr

stet! ( [t 6] 8044 [[e,2%),2°] td+[tc,t“][td,tb]) Ao 1)t [oed 10 4 an [t°,47] [tfte,tb]} 6M555}

4 4
+7266dfeakffbk6a36'y(5+72 <6Cdfeakf‘fbk+2TI‘(td{tc,ta}—tc{td,ta})TI‘(t‘f{te,tb}—te{t‘f,tb})>5a76ﬂ6.
(0% (03

1 5
(D.15)
A mixed vertex with two pions, one I' and two As:
VlgbAcde,am _ / &y / Ay / dhs / dhay / dhas ik m1 D@ tgas treatsas)
0 ) o 0 4] (D.16)

X S7r7r
dm (1) 0P (w2) 0T, () 6AL(wg) SAL (w5) "™ 22

2 ~ A ~ A A
Sparan = —% / d'x 7 (B 9, Lne 4 2B N0, m¢ + Colo,m® + CAPThem 4 £907°)

1 ~
b _ b b
stluy 5(821/ + BSM)
Bb _ L yab) 25 L +ab) D.17
nv ﬁ % + 2? Qv ( . )
1= 3
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where it is to be understood that in the above equations we keep only terms quadratic in
A and linear in I'. We get

- 2
Vigkimarre _ %(%)%(k P4 qtrts)

% (_fbcd(sdké-ia(sjc(B/\p;uz>ab,lm5;qy _ fbcdddk(sic(sja(B)\puu)ab,lmdzqy
_2fbcd5dk5ia5jc(B)\p,u,l/)ab,lm(sﬁpy . 2fbcd6dk:5ic5ja(B)\p,uzz)ab,lméﬁky
_i(szaéjb(Zlfj)\p)ab,klmpp _ i(SZb(S]a(ZZAp)ab’klmku
*’L'bed(Sdkéﬁ‘u(gm(SJC(C‘i\p)ab’lm (’I“, S) . ,L-fbcdédk5m,u6w§]a(C;\p)ab,lm (’I“, S)
+5ia6jb(EnAp)ab,klm + 5ib5ja (En)\p)ab,klm) (D. 18)

where

(Zﬁkp)ab,klm — —ifdef((ka5615em5:525§+5fk56m56l5,76£53\)

1

X F’I‘r{(l&[tb,[tc,t“]}td4tatb[tc,td}+t“[[tc,td},tb]+2td[tc,t“}tb2tct“[td,tb])6“’56ﬁ

+[2td (th{tb,t“}—Z{tC,t“}tb—{tc,{tb,ta}}+2t“ {tc,tb}>+4tatb[tc,t’i]—t“[[tc,t’i],tb]
d ;ayb d b 9
B e | Ll
+ [2# (72{tb,ta}tc+2tb{tc,t“}f {tc,{tb,ta}}+2t“ {tC,tb}> f4tdt“[tb,t‘3]f4tct“[tb,td]} 50‘553}

1 b d brye 4d d7 b1 opd b d b1 576
3 —I‘r[(—4[t 8, 0T — 4r P [0, 69 42 10,61, 60+ 262 (10,8960 — 26947 [14,67] ) 670 5

+ [Qtd (2tc{tb,t“}72{tc,t“}tb7{tc,{tb,t“}}+2t‘1 {tc,tb}) 4Ot 14—t [[t€, 4, ¢%]

+2t°[t4,19]t> —2t94* [tc,tb]} 52755,

+ [2td (—Q{tb,t“}tc+2tb{t°,t“}— G GRS {tc,tb}) —4tdt“[tb,tc]—4tcta[tb,td]] 50‘553}

a2

1
——{ 8Tr [t“tb {te,44 1620 57 410t0 00570 55 et o 5;1}
3

_% (6cd6ab6a56:‘/+6da6cbéw663+§ca6db6aw5fb)
¥y

4

ag <(6cd6ab+6uc6db)5766ﬁ¢+(6cd6ab+6daacb)6a’y§i+(6da66b+6ca6db)5a562) (Dlg)

and

1 _ .

(BRAPYabkim — (grXpyab,kim (o) 75(Bkzu>ac,lm<qp.§mu _grsnmy pebs gkt
= {Tr |:2[t“,tL]tbtd+2t“ {tb,#}td—zxt“tbt%d— ({t°,ta} {td,tb}—Qt”t° {td,tb}+4t“t‘tbtd—2 {t°,t”}tbtd):| 5B 578
+Tr [2 {ed e beopar Lot o0 bae—arebetee ({t“,t“} G e e s {tc,tb}+4t“tdt’”tﬂ)] 5“75“}

1
-— {Tr |:2[t"',tc]tbtd+2t"’ {tb,tc}tdfélt"’tbtctdf ({tﬂ,t“} {td,tb}—Ztatc {td,tb}+4t"’t6tbtdQ{tc,ta}tbtd):| 5P 570

«

2
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Ty |:—2{td,tatb}tC+4t“ {td,tb}t°—4t“tbtdt”— ({t“,ta} {td,tb}—Q{tc,t“}tbtd—Qtatd {t“,tb}+4t“tdtbt”):| 5§27 §P8 }}

x {f”’fga’“-qaj(raal”(smf6§5§+sa5m“a’f6;5§)+fcf-‘76’“-qég (rﬂ,sldé’”fsgég+sw5’"”’51f5g5;)} . (D.20)
A mixed vertex with two pions, two I's and two As:

V;Z:def,aﬁws _ —/d4x1/d4x2/d4x3 /d4x4 /d4$5 /d4$6 ei(kz~x1+p-x2+q~x3+r~x4+s~x5+v-x6)
1) ) 0 ) ) 0

. Srr D.21
om?(w1) Omb (w2) 0T (x3) 6T (w4) 0AS (25) SAS () ITAA (D.21)

where
2 ~ A A A
Srerran = —5- [[atomt (B Pebetxt 1 GRElene + £t (D.22)

where it is to be understood that we are keeping here only terms quadratic in A and quadratic
in I'. We find

. 2
YpRHImRoAr. %(277)45(% +p+qgt+r+s+v)

% [_fbcffcdg (5ia5jd + 5ja5'id)(B)\puu)ab,lm(ékféngdg(sz + 5nf5kg535//j)
—ifbcf (5ia5jc + 6ja5ic)[(ZS)\p)ab,klm(snfég + (ZZ)\p)ab,nlm(;kf(ss]
+(5ia5jb + 5ja5ib)(Eno)\p)ab,knlm:| (D.23)

where

1 _ i : ) . .
(]Emakp)ab,knlrn _ Efcdffdbg(kaup)ac,lm(_ékfangal»Iag_571f§k95555+5kf6ng6:§;+6nf6kg556:)
1
—jeha pdft { = {Tr |:2[ta,tc]tbtd+2t“ {tb,tc}td—zlt“tbtctd
_ ({t“,t“} {td,tb}—QtatC {td,tb}+4t“t“tbtd—2{t“,t“}tbtd):| 5B 578
+Tr [—Q{td,tatb}tc+4t“ R R ({tc,t“} G e R T {tc,tb}+4t“tdtbt“)] 6‘”6‘”}
- {Tr [2[t“,t‘]tbtd+2t“ {t”,tL}td—th“t”t‘td— <{t°,t“} {td,tb} —2¢%4¢ {td,tb}+4t“t°tbtd—2 {t“,t“}tbtd):| 5B §vo
«
2
—Tr |:—2 {td,tatb}tc+4ta {td,tb } € — 489444 — ({tc,ta} {td,tb}—Z{tc,ta } A {tc,tb}+4tatdtbtc):| 59§88 } }

X (85957 58T 467968 67 6%) (5 5™ 6388 +6m 5 5053). (D.24)
We repeatedly used the results
fab b
rob = —omr (¢, 4]0,) ,

and
ifebe =2 (2, £7t°)
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E The tadpole diagrams of the effective action

The tadpole integrals we are going to calculate are given by (in momentum space)

cd,o —al d k abed, o
D hof =yt di (2 )d (k)v ﬂ(k7q’r)
cdef,afyo __ 47d1 d k abcde f,a8vd
D =p on )d (k)V (k,q,7,s,0) (E.1)

with two and four As in the interaction vertex, and

cde,affy __  ,4—d 1 ddk ab abede,aBy
M 1% 5 D (k)v (kv(Ia T, 8)

o 2 ) (2n)d A
Mcdef,aﬁ'y§ _ 47d1 ddk Dab Lk Vabcdef,aﬁ'yd k E.2
- :u’ 2 (27T)d ( ) A ( ,q,T,S,'U) ( . )

which contain mixed vertices with pions, I's and As. The overall factor of 1/2 accounts
for the same factor that appears in the expansion of the effective action displayed above.
As mentioned above, explicit expressions for the interaction vertices V can be found in the
appendix D. The pion propagator reads

Dab(k) 5ab —_ Lab - _ 71 (E 3)
k4 M2k2 T M2 k2 k2 + M2 : '

Using dimensional regularization, we find that

P 2 d/2
Dot = o [ + LB )] (ﬂ‘fﬂ) P(-d/2)
2 25 v 2
-5 [mwsfvd]Mj (6_1og<f‘j >+1og4ﬁ—vE+§>

+ Tr[(E*)*(q, —q)] (1 — log <J\52> +logdm — g + 1)

rDmnkl,uwi)\ _ 2]fw2T [(Eaﬂ’yé)cdef] |:(6mc6nd6u5u+§md5nc5#6u)(ake(;lf&n(sé _,'_Ekféle(sn(s)\)

(86T OY 8T8 5 6% ) (576N s 55+ 51455 57)

ke sld sr sh o skdslesnsay | W2 a—a [ M? "
(88 kg +6mT 5me sty ) (674616 5) +6 5'65557)} VT ol BN G0
— 3£ 2Tr[(EaB'y§)cdef] |:(§mc§”d6‘“§” 6md6n06u6U)(6ke5lf§n§A 6kf6l?§f€5)\)

H(8CE SRSy 860k 5%, ) (676 5503 468 515 5%)

1 M?
+(5m65”f556§+6mf6“6552)(6’“6”5552+5’“‘i5le555§)} (—bg (2) +1°g4”—7E+1>
€ L

(E.5)
2
Mklm,nkp — 2]f\42 (fabd(sdk:(B)\puu)ab,lm(szqy+ifabd6dk6mu(C;\p)ab,lm(q’?n)
d/2
/2 4 4 M?
rAp\klm 4—d
FI{ED) (r—g-n)] ) T3 <4ﬂ> P(-d/2)
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f2 a vyab,lm sk - ra K ab,lm
— 2 (f bdédk(BAp,u, ) b,l 6qu,+2f bdédk(s /_L(Cli\P) b,l (r,—q—r)

+Tr[(]E"’\p)klm(Ta_q_T)]) (1—log (tf) +log47r—'YE+1> (EG)

and finally
nim,Ko. f2 C ac rvyao,lm n K SO n O SK
MEImRae — o £ oo (Bhom )b (g8 595567, + 671 549677
—i—ifabf [(Zskp)ab,k:lm(snf(sg + (ZZ)\p)abmlmé-kfém

N7
+Tr[(BreAknim]| %u“‘d <i\fﬂ> I(—d/2)
f2

— 9 [fbcffacg(B)\puu)ab,lm (5kf5ngdlfj(sg + 5nf5kg5365)

-I—ifabf [(Zﬁ)\p)ab,klménféz + (Zz)\p)ab,nlm(skf(;m

+Tr[(BreA)knim]| (1 —log (AZ;) +logdr — vg + 1) (E.7)

€

where Tr[(ijf )ed] = (5“”(335 yabed ete., and the second equality is the result after setting
d = 4 — 2e and Taylor expanding the expression.
The renormalization of the mass term comes from the term D¢%5:

2 2 oo | — oo | geds .
o 1672 (6 og<M2>+ )5 o (E.8)

where the ellipsis indicates unimportant numerical factors. This agrees with the previous

result using the heat kernel method.
On the other hand, the renormalization of f?, associated with the kinetic term
PeB19ged(d, Ag)(dyAs)?, comes from all tadpole terms considered above except the term

Dmnkl,m/fi)\:
N 1 (1 M?
—Etpa’yﬁuq‘/q;iﬁ <6 - 10g (lﬂ) + - > ; (Eg)

associated with the term P15d(9,A,)¢(9,A5)%

N 1 (1 M?
_ Y pafdy rede | s
2P / 1672 <6 Og(,u2>+ )

N 6o pede 1 (1 M?
3P ) g o )+ (5.10)
associated with the terms Pa3575ce(fgdAg)(85A§) and Pﬁﬁavace(aéAg)(fgdAgl), and finally
N 1 (1 M?
_ 2V papfys pkme plne [ sar sBp 570 SO ao SBA Yk §0p -
5 P e (89557257750 + 527557 )16W2<6 log<u2>—|— ) (E.11)

which accounts for the term (I'A)2. Comparing the corresponding expressions, it is also easy to
see that we can recover the contribution to A* coming from Tr(€) in the heat-kernel approach,
also accompanied by log M?/u?. Notice that, as expected, u-dependence does not correspond
to a logarithmic momentum dependence and hence the u-dependence of the renormalization
can be reabsorbed without producing any large logs with the physical energy scale.
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F Tensor functions arising from Passarino-Veltman reduction of bubble
Feynman integrals

We here collect the tensor functions that appear in the tensor reduction of the bubble diagram

function M#*2%(q) computed in section 6. These are given by

1

MW}W(Q) = m
x [(—4(d+3)M2q4—(d+2)q6—16M4q2) (¢"q" 6" +¢*q" 8" +q"q" M +q* 5" +q"¢" N +4" ¢ ")
+(16M4q4+8M2q6+q8)(5“”5*#+5W&*V+5~*5W)+(48M4+24(d+2)M2q2+(d+2)(d+4)q4)qﬁqkq“q’f}
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NHVAR(g) = 716(;271) {—(d+2)q2 (q”q“ci”*+qkq”6"“+q“q”6*”+qu"5“”+q”q“6”’+q"qA§W)
q4(6“”5)‘”4—5””5)‘”—5—5“)‘6‘“’)+(d+2)(d+4)q“q)‘q”q"}
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PHAR(q) = m[(2(‘12—1)(M2+q2)2q6—2(d2—1)(M2+q2)3q4—(l_d)(d+2)(M2+q2)4q2)
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i 1
2(d—1)q*
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On the other hand, for the purely quartic bubble MH M(q), the tensor functions are given by

~ 1
M,uu)\n(q) — 16(1_d) (d2_1) {_2 (d2_1) q2<q)\qu5n,u+qnqu5Ap_i_q)\q,u(smj_i_qnq,ué)\u)
_(d+2)(1_d)qQ<q,uq1/5n)\_i_q)\quénu_i_q)\qudml+quV5Au+qnqu5Au+q q)\éuu)
+(1—d)g" (5" M 4 56N 46520 ) + (3d (& + d—2) —4d (d* - 1) ) ¢"g " q"
(F.4)
N2 1 2 2( N VKU K,V SAL AW SKY K SAV
N (q) = 4(1—d)(d2—1)q4{<d —1)q (q ¢ +q"q"0 +q"q"0™ +q"¢"o )
+(1_d)dq2(ququéﬁ)\_i_q)\qllén,u_i_qnqué)\,u_i_q/\quénu+qnqu5Au+qﬁqA5yu>
(1= d)g" (8" 5 4 56N 4 6% ) — (d - 2)(d—1)d ¢ ¢ q"g" (F.5)
and finally
DUVARK 1 2 2( N vSKku K UV SAL A W SKV K, SAV
P q) = —d) (@1 [—2(d —1)q(qq5 +47¢"0™ +q7¢"0™ + q"¢"o )
—(1 = d)(d+3)*(¢"q" 0™ + ¢*¢" 0" + ¢"¢" M + "5 + "¢ + "¢ ")
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