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allows one to compute the effective potential in a systematic expansion in powers of the
mass ratio, as well as to sum large logarithms of mass ratios using renormalization group
evolution. The effective potential is the sum of one-particle irreducible diagrams (1PI) but
information about which diagrams are 1PI is lost after matching to the EFT, since heavy
lines get shrunk to a point. We therefore introduce a tadpole condition in place of the 1PI
condition, and use the renormalization group improved value of the tadpole in computing
the effective potential. We explain why the effective potential computed using an EFT is
not the same as the effective potential of the EFT. We illustrate our method using the
O(N) model, a theory of two scalars in the unbroken and broken phases, and the Higgs-
Yukawa model. Our leading-log result, obtained by integrating the one-loop [S-functions,
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1 Introduction

The effective potential V' (¢) plays an important role in determining the vacuum of a quan-
tum field theory. In a foundational paper [1], Coleman and Weinberg computed the one-
loop effective potential in a generic gauge theory and showed that in scalar QED, for a
range of parameters, the ground state of the theory is shifted from the classical vacuum due
to radiative corrections. They also computed the renormalization group (RG) improved
effective potential, obtained by RG evolution of the couplings.

In general, in a theory with multiple mass scales it is not possible to choose a single
renormalization scale that removes all large logarithms in the effective potential. In this
paper, we compute the renormalization group improved effective potential using techniques
from effective field theory (EFT). In a theory with multiple scales, EFTs allow one to
compute in an expansion in powers of the ratio of scales, z ~ mp/myg < 1, as well as
to sum the leading-log (LL) renormalization group series (Aln z)", the next-to-leading-log
series (NLL) A(Aln 2)", etc. Here my, and my are generic light and heavy scales, and A is
a generic coupling constant. We will refer to the original theory whose effective potential
is to be computed as the high-energy theory, and the theory given by integrating out mg
as the low-energy theory, or EFT. We use the terms Coleman-Weinberg potential and
effective potential interchangeably.

We apply our method to the O(N) model in the broken phase, a theory with two scalar
fields with widely separated vacuum expectation values in the unbroken and broken phases,
and the Higgs-Yukawa model. There are several subtleties which are illustrated by these
examples. The computation of the effective potential differs from usual EFT calculations
in several important respects:

o The expectation value (¢) of a light field in the high energy theory is not the same as
the expectation value (¢) in the low-energy theory, because of matching corrections.
Even though the same symbol ¢ is used, the two fields are not the same.



e As a result, the Coleman-Weinberg potential computed using an EFT is not the
same as computing the Coleman-Weinberg potential of the EFT. The distinction
will become clear when we discuss the examples.

o The effective potential is obtained by computing one-particle irreducible (1PI) graphs
in the high-energy theory. When heavy particles are integrated out, information
about which graphs are one-particle irreducible is lost in the low-energy theory, since
heavy particle lines are shrunk to a point. We show that a vanishing tadpole condition
in the high-energy theory is equivalent to only retaining 1PI graphs. We explain how
to match the tadpole condition to the EFT, and compute its RG improved value.

Our method shows how to deal with these subtleties. We show that our results for power
corrections and for the (Aln z)? terms in the LL series differ from those obtained in ear-
lier attempts at RG improvement. Our result at leading-log order is given by tree-level
matching and one-loop running, and can be compared with the two-loop (fixed order) com-
putation of the Coleman-Weinberg potential [2-4]. Our method correctly reproduces the
(A1n 2)? term in the two-loop effective potential by integrating the one-loop renormalization
group equations (RGE). Importantly, there are tree-level matching corrections to the low-
energy theory and tadpole contributions that have to be included to get the correct result.

Our work departs from previous literature on the RG improvement of the effective
potential in cases with multiple mass scales. One method which was proposed in ref. [5]
introduces multiple independent renormalization scales p, such that the effective potential
satisfies multiple renormalization group equations. This method was modified in refs. [6, 7],
and more recently in ref. [8]. Broadly, the difficulties of this approach are that it is hard
to solve the multiple RGE at once, and also that it generically introduces logarithms of
mpr/my in the S-functions, which means that it does not allow one to sum all the higher-
order logarithms using RG evolution.

An EFT inspired approach was first applied to this problem in ref. [9], which studied
the Higgs-Yukawa model that we consider in section 6. A modified version of this approach
was advocated in ref. [10], which we discuss in more detail in section 7.4. This method was
generalized in ref. [11], which applied it to the two-scalar case model discussed in section 4,
and to the Higgs-Yukawa model. A recent attempt at applying the methods of ref. [9] to
the two-scalar model is given in ref. [12]. In section 7.4 we compare our method in various
examples to these earlier results. The Coleman-Weinberg potential and RG improvement
in curved spacetimes has been studied in refs. [13, 14]. The methods in this paper also
apply to curved spacetime calculations.

Other references using different approaches to those mentioned above are ref. [15] —
which conjectured improved boundary conditions that summed the leading log series in
some examples, but which gave no general prescription, and ref. [16] — which used a
mass-dependent renormalization scheme. Ref. [17] uses unmodified RGE with particular
boundary conditions to resum logarithmic contributions at a given loop order (but not the
leading logarithmic series). We will not comment further on these different approaches here.

The outline of this paper is as follows. Section 2 is a review of the Coleman-Weinberg
potential, and Jackiw’s functional integral method for computing it [18]. We show that



only retaining 1PI diagrams is equivalent to a vanishing tadpole condition which can be im-
plemented in the EFT. We discuss the relation between the one-loop Coleman-Weinberg
potential and one-loop B-functions, and show how shift invariance leads to strong con-
straints on the form of the S-functions. We show how the results in this section can be
used to compute the renormalization of higher dimension operators, such as the (HTH)S
term in the SMEFT Lagrangian.

We then illustrate our method by a sequence of examples, each of which illustrates
new aspects of the method. In all cases, we compare with the explicit two-loop calculation,
and show that our method correctly reproduces the two-loop term in the LL series. We
start in section 3 by considering the O(/N) model in the broken phase. After introducing
the power counting relevant to this first example, we present the step-by-step guide to our
procedure that is implemented in all the cases in section 3.2. A summary of these steps
appears in figure 6 of that section. We then compute the RG improved Coleman-Weinberg
potential for this case, and show how to implement the tadpole condition in the EFT.

Section 4 discusses the two-scalar model in the unbroken phase. This model in par-
ticular has off-diagonal terms in the mass matrix, and non-trivial tree-level matching con-
tributions. Section 5 analyzes this model in the broken phase, with two widely separated
vacuum expectation values (VEVs). This example is closest to more realistic theories, such
as a unified theory which has two VEVs which are widely separated — one at the unifica-
tion scale ~ 10'6 GeV, and the other at the electroweak scale ~ 246 GeV. We give plots
of the RG improved Coleman-Weinberg potential and show the impact of RG summation
and the tadpole contribution.

Section 6 discusses the Higgs-Yukawa model, which features non-scalar fields and
wave-function renormalization at one-loop. We analyze both the case where the boson
is much heavier than the fermion(s), and the case where the boson is much lighter than the
fermion(s). Sections 3 and 4 contain most of the discussion necessary to understand the
subtleties of our methods, and so our analysis in sections 5 and 6 is more brief. Section 7.4
gives a comparison of our results with previous work. The S-functions for some common
theories are given in the appendices, along with solutions to the RGEs which are needed
for our examples.

2 The Coleman-Weinberg potential

This section reviews the classic computation of the effective potential and defines nota-
tion. After reminding the reader of the definition of the effective potential, we review in
some detail Jackiw’s method for computing the effective action in terms of one-particle-
irreducible (1PI) graphs. We show that only computing 1PI graphs is equivalent to a
vanishing tadpole condition. We then discuss the 1-loop renormalization group properties
satisfied by the effective potential, and review the method of RG improving the effective
potential in a problem with a single mass scale, which was given in the original paper [1].
Throughout we will highlight properties of the effective potential which are useful for the
EFT computations in later sections.



2.1 QFT 101

For the purposes of this section, let ¢® denote a set of scalar fields, although we often
suppress a indices. The partition function is

200 = WV - [ [[Dgr chG@xfaens) | 5y = [atare). @)

This defines the connected generating functional W{[J], obtained by performing the path
integral over the fields in the presence of external sources J,.

Define the classical background field ¢ as the expectation value of the field ¢ in the
presence of the current J. The field ¢ is the conjugate variable to J(z),

o) = (pla))y = 7 [ Do ola) e (0] oe) - ‘Z]V(“)] | (2.2)

When J =0, $(x)|j=0 = o is the expectation value of ¢ in the true vacuum of the theory.
The 1PT effective action is the Legendre transform of W[.J],

Tlgl = Wi - [ a'e J(@)e(a). (23)

and the effective potential is the first term in a derivative expansion of I'[¢], i.e. the value
of I'[¢] for constant external fields,

Plg) = — [ dte Vew(@) + [ ale S2(9)@,0)° + .. (2.4

Throughout we name the effective potential Vow. The effective action I'[¢] is given by the
sum of 1PI graphs. It is an extensive quantity, proportional to the volume of spacetime.
In particular, note that

=0. (2.5)

From now on, we assume that ¢ is independent of z. Then, we can remove the ...
from (2.4) and pull Vow(@) out of the integral, leaving an overall factor of spacetime
volume. Equation (2.5) implies

MVeow (P)

= . 2.
95 0 (2.6)

%0

The value of ¢ for which the minimum occurs is the expectation value of ¢ in the true
vacuum, and the value of Vow(¢o) gives the vacuum energy density in the ground state.

2.2 Jackiw’s method

We summarize here Jackiw’s method for computing the effective potential [18]. We present
the results in a manner that makes clear why the effective potential is the sum of 1PI
diagrams, and also show how to adapt Jackiw’s method to an EFT.



The first step is to shift the scalar field by its background value p(z) = ¢(x) + pq(x).
The functional integral is now over the “quantum field” ¢, since the functional integral
measure is invariant under shifts, Dy = D¢,. Requiring (p) = ¢ is equivalent to requiring
{pq) = 0.

The effective action I'[¢] is computed from the functional integral eq. (2.1) by sub-
tracting J¢ from W[.J], using eq. (2.3). Since the functional integral is over ¢4, and J and
¢ are independent of ¢, the term J¢ can be taken out of the functional integral,

ZJ]) = et W — o fd%J‘P/HDgp eh i [ dtelc ‘P+%0q)+J<Pq] (2.7)

such that

eaTlel — / [ Do ek J dale@roarod _ ot (WUl [ ates) (2.8)

The shifted Lagrangian can be expanded in powers of ¢,

1

L+ ) = ~A(9) — 6@y + 5D ()P~ Sp@Ih — 5 A @ph o (29)

The couplings without hats are couplings before the shift, and couplings with hats are
those after the shift. Eq. (2.9) defines notation we will use in the rest of this paper for the
couplings in the shifted theory. If the theory is renormalizable, the series terminates at
order gofll. We have defined /AX(@) as (minus) the constant term in this expansion, and it is
equal to the potential evaluated on the background fields plus the cosmological constant,

A

A@)=V(p)+A. (2.10)
Following ref. [1], the matrix of second derivatives of the scalar potential is

Wap(p) = Z with eigenvalues w;(9) . (2.11)

V(e
8 @0
If the kinetic terms are diagonal, the inverse propagator is Z'D;bl = —0%5, — Wap.

The functional integral eq. (2.8) is given by the sum of vacuum graphs of the theory,
with the subsidiary condition that (p,) = 0. Diagrammatically, (p,) is the sum of tadpole
graphs, figure la. The graphs include the linear term &, in the shifted Lagrangian (2.9),
as well the source J. The source is adjusted to make the total tadpole vanish. At tree-level,
this is accomplished by simply setting J = &. Let us implement this tree-level condition
by splitting

J=6+7, (2.12)

where J is to be formally treated as starting at one-loop order. Eq. (2.8) can then be
written as

eillel = /HDW e JdteL (2.13)
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J

(a) The tadpole graphs, including those from the linear term in £(¢q + ¢) and from J.

—Q + o+ =
J

(b) The tadpole graphs after dropping 6 and replacing J by J.

—&

Figure 1. (p), is given by the sum of all tadpole graphs. Regardless of how the source J is
decomposed, the total tadpole contribution vanishes.

We have defined £ in the exponent in eq. (2.13) as the shifted Lagrangian with the linear
term dropped, plus J¢q:

L=Llpg+ @) +6(@)eqg + Tpq
) (2.14)

1 N
— =X+ ...
24 (%) 4

A T 1, ol n
= —A@) + Teq + 51D (P)¢g — (P)%,
The tadpole graphs are thus modified as shown in figure 1b, with J replaced by J, and
the & graph dropped. Equation (2.13) is the expression derived by Jackiw [18].
Let us set aside the subtleties with the source J for the moment, and give the effective

potential to one-loop order. Performing the path integral over ¢,, we obtain
A ih
Vow($) = A(@) + 5 Trln iD™ (@) + O(h)? . (2.15)

The tree level piece is just the potential in the Lagrangian evaluated on the background
fields plus the cosmological constant, eq. (2.10). The one-loop contribution in the MS
scheme including scalar, fermion and gauge loops is

Vew(?) = Viree(®) + AVioop(@) + O(h2)
‘/tree = A(Sa) - V((ﬁ) + A(@)

1 w3 o[ MMy 3
Vidoop = 515 {Tr w2 {m 2 2} —2Tr (M}MF) [m 272 - ] (2.16)
MZ 5
3Tr My |In —¥ — = | 5,
+ r \ [n #2 6‘|}

where W (@) = Wyp(p) defined in eq. (2.11), Mp and MZ are the mass matrices for real
scalar fields, Weyl fermions, and gauge bosons, respectively, and the traces are over flavor
indices. To reiterate, the mass matrices are computed in a background external field, and
so depend on ¢.

We now return to understanding the 1PI-nature of Vow. Graphically, the functional
integral eq. (2.13) is the sum of vacuum graphs of ¢, with vertices which depend on ¢.
The action starts at quadratic order in 4. The one-loop and two-loop graphs are shown



Figure 2. One-loop contribution to the effective action.

OO O O

(a) Two loop contribution to the effective action including the source term J, which is formally of one-loop

O - ee

(b) The same graphs as in (a), but using instead the total tadpole contribution (see figure 1).

order.

Figure 3. The two-loop contribution to the effective action. The black rectangles are the J vertex,
and are formally of one-loop order. The shaded blob is the total tadpole contribution.

Figure 4. A one-particle reducible contribution to the effective action, which vanishes due to the
tadpole constraint.

in figure 2 and figure 3, respectively. J is counted as being one-loop, and so the last
three graphs in figure 3a with insertions of J are treated as two-loop graphs. Comparing
with the tadpole graphs figure 1b, we see that the last four graphs in figure 3a can be
combined, so that the two-loop contribution is given diagrammatically as in figure 3b. By
construction, the total tadpole contribution vanishes, so that (¢,) = 0. This means we can
drop the last diagram in figure 3b, leaving only the two one-particle irreducible graphs, one
with two insertions of the gog interaction, and one with one insertion of the cpg interaction.
The argument clearly holds at higher order. In general, one-particle reducible lines such as
those in figure 4 end in tadpoles, which vanish. We thus obtain the result of Jackiw [18]:

To compute I'[¢], shift ¢ — ¢ + ¢4, drop the terms linear in ¢, in the action,
and compute 1PI vacuum graphs.

The use of an explicit source term J and a vanishing tadpole condition rather than
summing 1PI graphs allows us to avoid the problem mentioned in the Introduction that



1PI graphs in the low-energy theory are not the same as 1PI graphs in the high-energy
theory, since heavy particle lines have been shrunk to a point. The tadpole condition can
be matched onto the EFT by constructing the EFT in the presence of a source 7, as shown
in section 3. It is worth noting that J cancels the full tadpole, and so has both infinite
1/€" and finite pieces.

2.3 Effective potential for a subset of the fields

In a theory with multiple scalar fields, we are sometimes interested in the effective action as
a function of only some of the scalar fields. Divide the scalar fields into two groups, ¢ and
X- As reviewed in section 2.1, we can compute the effective action I'[¢, ] by introducing
sources for ¢ and y, and computing the Legendre transform. We can instead compute I'[¢]
by introducing sources and taking the Legendre transform only for ¢, but not for x. How
are I'[¢, X] and I'[¢] related? From the definition of the effective action in eq. (2.1)—(2.3),
one can easily see that I'[¢9] can be obtained by introducing sources for both ¢ and x, with
the source Jy for x set to zero. From eq. (2.5), we see that this implies

I[@] =T, X (2.17)

ol g
L.e. one finds the value of x that extremizes I'[p, x| for a fixed value of ¢, and substitutes
this value (which is a function of ¢) back into I'[¢, X]. The Coleman-Weinberg potential in
the theory with y integrated out is I'[¢], and is related to the Coleman-Weinberg potential

in the theory with both fields by eq. (2.17).

2.4 [B-functions and one-loop running

Let us now address the renormalization group running of the effective potential.! Implicit in
the computations of section 2.2 is the fact that all computations are done in a renormalized
theory. We use dimensional regularization in this paper, so all couplings are evaluated at
a scale p. Since the scalar field can have an anomalous dimension, ¢ implicitly also has a

w label ().
The all-orders potential obeys the renormalization group equation

0 0 0
— i — — | Vew =0. 2.18
ot T Pigx, TP ap) VoW (2.18)
The couplings )\, m?, etc. are denoted generically as {\;}, and satisfy the B-function equa-
tions
dA;
= G;({\}), 2.1
== (M) (2.19)
where we have defined
1 1%
= In — 2.20
TomZ ™ 1 (2.20)

1For a discussion of the RG improved potential in massive theories, see References [19, 20].



and po is any fixed reference scale. We will interchangeably use p and t as the coupling
constant argument. Using ¢ instead of Inp multiplies all the -functions and v, by 1672
relative to the In p derivatives. v, is the anomalous dimension of ¢,

dy

—_— = . 2.21
dt Yo P ( )

At one-loop order the total potential is Vow = Viree + Vi-loop, the S-functions start at
one-loop order, and Vj;ee has no explicit p-dependence, so eq. (2.18) reduces to

0 0
2 a Vree 7V-oo =0
[ﬂagz wpa ] f +8t 1-loop
0 1 9 i 2 3 4
— Bz e | Vinee = 5T - Tr (M} Mp) +STrME. (2:22)

From eq. (2.22), we can immediately read off the one-loop S-functions for the terms in the
scalar potential by matching powers of ¢ on both sides of the equation. Eq. (2.22) can also
be applied to theories with interactions beyond dimension four, and we use it to derive the
anomalous dimension for the SMEFT operator (HTH)? in appendix A.2.

As an example, consider the Higgs-Yukawa theory discussed in section 6, with

Lagrangian
1 — _
L= (0up) + D iy, @i — (mr + o)y — V(¢) (2.23)
k
and scalar potential
my P g A

The sum on k is over Ny fermions. The theory has an exact U(Ng) symmetry, and all
couplings are taken to be real. The couplings are {\;} = {A, o, M2, p,\,m, g} and

o2V 1
W(p) = 9z m% + pp + 5A902 , Mp(p) =mp + gp, (2.25)

are the scalar and Dirac fermion mass matrices. Eq. (2.22) and eq. (2.16) give

1 1
Pa+(Bo =) 0+ 5 (5 2 —2%)<p +6(ﬁp—3’m)¢ + 57 (B —430) ¢
1 2
=3 (mB + pp + Aso ) — 2Np (mp + go)* | (2.26)
so that
1
ﬁA = 5777,43 - 2NFm}lp,
Bo = szP - 8Npgm§: + Y0
Bm% = Mm% + p? — 24Npg*m% + 2v,m%, (2.27)

Bo = 3\p — 48Npg’mp + 3v,p,
By = 3)\% — 48Npg* + dy, ).



Figure 5. One-loop wavefunction renormalization for ¢. The solid line is the fermion v, and the
dashed line is the scalar .

The anomalous dimension -y, requires computing graphs with external momentum. In this
theory, the only graph which contributes is shown in figure 5, which gives

Yo = 2¢°Np . (2.28)

The B-functions for couplings containing fermions require computing one-loop graphs with
external fermion fields, and are given as

1
Yo =59"  Bme=3¢"mp,  By=(3+2Np)g’. (2.29)

We will need these expressions in section 6. The solution of the RG equations eq. (2.27)
in the theory without fermions will be needed later, and is given in appendix B.

For the computation of the Coleman-Weinberg potential using the method in
section 2.2, one also needs the Lagrangian after the shift ¢ = ¢ + ¢,. The Higgs-Yukawa
Lagrangian in eq. (2.24) retains the same form after this shift, but with new couplings 7 p,
etc. which are functions of ¢, given by

mF:mF+g¢>

g=9,
A:A+a¢+1m2¢>2+1p¢3+iw4
2B 6 2477 7
1 1
6:U+m2385+§f3¢72+ 6)\9537 (2.30)
1
= mp + pp+ A,
p=p+Ap,
A=A\,

Since the shifted Lagrangian has the same form as the original one, the S-functions for
the hatted couplings are given by the same functions eq. (2.27)—(2.29) as before, with all
couplings replaced by their hatted values.

There is another way to think of the RG evolution of the hatted parameters in
eq. (2.30). Rather than treat (e.g.) A as a single object, one can instead compute its
RG evolution by evolving A, o, etc. that appear on the r.h.s. of eq. (2.30), and then com-
puting A using the evolved couplings. One can think of this procedure as “running and
then shifting” instead of “shifting and then running.” If we also evolve ¢ according to
its anomalous dimension then the two methods give the same answer, since one is simply
making a linear shift in an integration variable in the functional integral. The “shift and

~10 -



run” vs. “run and shift” evolution will prove useful in comparing our results to those in
the literature.

Shift invariance is a non-trivial constraint on RG evolution. As an amusing aside,
consider the case of Higgs-Yukawa theory. Suppose one assumes that the RG equations
take the form of eq. (2.27)—(2.29) but with arbitrary coefficients for each term (except for
the 74 and -, dependence, which is fixed by the number of fields, and which we will also
keep explicit). For example, suppose we guessed

Bz = QLAY + Cap” + Eg°mi + 2y,mi, (2.31)

and similarly for the other S-functions. In total this introduces 13 arbitrary coefficients
¢i, as well as two anomalous dimensions v, and -,. Demanding shift invariance as defined
in the previous paragraph severely constrains the RGE, and fixes 10 of the 13 coefficients.
The resulting equations take the form

0] 0 0 0 )
¥ 0 0 0 Y
A %m% mi 0 0
al° m¥p 4gm3, 0 VO
I my | =c [Am%G+ p*| + o2 |12¢°m% | +e3| 0O 274m% (2.32)
0 3\p 24¢3mp 0 3v4p
A 3\2 24¢% 0 4ypA
mr 0 0 g*mp 2yymp
L9 ] [ 0 . 0] L9 ] L +2w) gl

There are only three independent coefficients c123 in the RG equations, as well as the
anomalous dimensions v, and 7. The ¢ term is an overall normalization for the scalar
sector; the relative coefficients are completely fixed by shift invariance. The co term is
an overall factor for all terms involving a fermion loop, and the c3 term is an overall
factor for terms which arise from scalar corrections to the fermion sector. Note that we
did not group the terms into these three categories; shift invariance automatically fixed
all the relative coefficients within these three sectors. Then by explicit computation, one
determines ¢; = 1, co = —2Np, c3 = 2.

2.5 Summing logarithms

We now review the method for computing the RG improved Coleman-Weinberg potential
introduced in the original paper [1]. The discussion also explains which terms in the
Coleman-Weinberg potential are computed in this paper.

Let us begin with a single real scalar field with ¢ — —¢ symmetry,

1 2m22 Ay
L=3(0,0)* = 59" — 26" —A. (2.33)

The Coleman-Weinberg potential to one-loop order is

w3

n— ——|, 2.34
| ECED

A

Vew (6, A(po), m(po), pio) = A

(NO)& + A(MO)& +

m?2 W2
+ 2 24 {1

6472

- 11 -



where, as in eq. (2.11), we have identified

a4

= $* (2.35)
0¢? |,

=m?(po) +

as the 1 x 1 matrix of second derivatives of the potential. This problem has a single scale,
which is given by W.

Fixed order perturbation theory breaks down if ]1n W/ ,ug| > 1. The validity of per-
turbation theory can be restored by choosing a scale p? of order W, so that the logarithm
is not large. Renormalization group invariance of the potential implies

VCW(dA)(:U'O)? )‘(MO)a m(NO)a UO) = VCW((Z)(:U')’ )‘(M)? m(/‘)v M) ) (2'36)
so that
Vow(d, Apio), m(po), o) = Vewe(e” I W% 5 3, mu) ). (2.37)

In this particular problem 74 = 0, but we will need the anomalous dimension scaling in
other examples. By a suitable choice of y, one can compute the desired expression on the
Lh.s. of eq. (2.37) by instead computing the r.h.s.

Writing the couplings A(u) in terms of their original values A(ug) as given explicitly in
appendix B, one sees that the expression on the r.h.s. sums the leading-log series (A(uo)L)",
where L = (InW/u3)/(1672?). Generically the structure of the perturbation series has
the form

LL NLL NNLL

tree
1-loop
V= AL A2 | 2:oop (2.38)
B2 .| 3-loop

relative to the tree-level value, which is denoted by 1. The first column gives the leading-log
(LL) series, the second column gives the next-to-leading-log (NLL) series, etc. The first
row is the tree-level contribution, the second row is the one-loop contribution, and so on.
As is well-known, the LL series is given by integrating the one-loop RGE, the NLL series
by integrating the two-loop RGE, etc.

Now suppose that there are multiple mass scales in the matrix W. For instance, we
could have two eigenvalues of the W-matrix with wg > wr. The one-loop contribution
to the Coleman-Weinberg potential now contains two types of logarithms, Inwgy/u? and
Inwy /u?. Unlike the single-scale case in eq. (2.33), one cannot simultaneously make both
logarithms small; if we choose u? ~ wp, we are left with large logarithms of the form
Inwg /wy,.
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In this paper, these large logarithms are summed by constructing an EFT and using
RG evolution between the scales wy and wy. As in any EFT, one has to start with a
power counting expansion. We introduce a power counting parameter wr,/wy ~ 22 < 1
(to be defined in each of the examples we present), and provide a method to systematically
compute the Coleman-Weinberg potential as a power series in z, known as the power
counting expansion. As is well-known, the LL series is given by tree-level matching and
one-loop running, the NLL series is given by one-loop matching and two-loop running,
etc. To be able to RG improve the potential requires being able to compute the entire
first column in eq. (2.38), not just the AL term. In particular, we will compute the boxed
terms of eq. (2.38), i.e. the LL series as well as the non-log terms at one-loop. Our results
differ at order (AL)? from those presented in the literature for RG resummation of the
Coleman-Weinberg potential, but agree with explicit two-loop computations.

3 EFT method applied to the O(IN) model

We introduce the EFT method for computing the Coleman-Weinberg potential, using the
O(N) model as a test case. A summary of the method appears in section 3.2.

3.1 Preliminaries and power counting

In the unbroken phase, the Lagrangian is given by
1 m2 A 2

L= (0up-0"))—— (&)= (¢-¢)", (3.1)
2 2 24

where ¢ is an N-component vector. This phase has effectively a single mass scale. More
interesting for our purposes is the broken phase, in which the mass-squared acquires a
minus sign, and classically ¢ can get a vacuum expectation value (VEV) v? = —6m?2/\.
Let us parameterize the Lagrangian in the broken phase as

1 A
L= (@ 0"0)— - (66 —0%) -4, (3.2)

where we have included a cosmological constant A.

The Coleman-Weinberg potential for this theory is conventionally written as a function
of ¢-¢ by O(N) symmetry. Nevertheless, we emphasize that the potential being computed
is the potential of the field ¢, not the composite field ¢ - ¢. To compute the latter would
require introducing source terms for ¢ - ¢ in the functional integral eq. (2.1).

Expanding in fluctuations about a VEV for one component of ¢, we take

¢ =(d+xg)+ By - (3.3)

Here v is a unit vector pointing in a fixed direction, x4 is a single field representing the
quantum fluctuation about the VEV gg in the 7 direction (the radial Higgs mode), and ¢,
is an Ngp = (N — 1)-component vector orthogonal to 7 (the Goldstone modes). We thus
obtain the scalar mass-squared matrix

1
W = WXX WX¢ 1xNgp , NGB =N — 17 (34)
WoxINgex1 WepLlNgpxNap
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with
WXX = % (3(2)2 - ’U2) 5 W¢¢ = % ((Z)Q - ’U2) 5 W¢>X = WX¢ =0. (3.5)

In the O(N) theory, W given in (3.4) is diagonal. In the examples considered in the
following sections W will not be diagonal. At the classical minimum of the potential
ng = v2, and the Goldstone modes are massless.

The shifted Lagrangian defined in eq. (2.14) is

4 1 )\
£ by #an Xq ( 'LL¢q 6 ¢q) q (¢q ¢q) 4 (¢q'¢q)2

—géxz 20X (B0 60) — WX~ 3 Was (b0 + Fxa— A (36)

The [-functions for these couplings can be read off from eq. (2.22) and are given in
eq. (A.21)-(A.22).
The Coleman-Weinberg potential at one loop (fixed order) follows from eq. (2.16),

VCW = Vtree + hvl-loop )

. a A /- 2
‘/tree = A(¢) = ﬂ (¢2 - UQ) + Aa (37)
w2 W. 3\ NesW? 4% 3
Joon = XX (] xx_) ool (1 ¢>¢>_> )
Vicloop = G (n 2 2) T e \ M 2

Notice that the first term in Vi.o0p comes from integrating out the heavy field x, to
quadratic order in the functional integral over L. For future reference, we name this
contribution

w2 147 3
_ XX XX
Vinatch = 6472 (hl u2 - 2) . (38)

The zeroth order step in our procedure is to introduce a power counting parameter. If
¢? is very different from v, then all particles have comparable masses and RG improvement
is not necessary, since the Coleman-Weinberg potential can be computed reliably using the
known fixed-order expressions in eq. (3.7). Thus for our power counting, we take v ~ 1
and ¢ ~ 1 with ¢ — v2 ~ 22, such that Wiy ~ 1 and Wyy ~ 22, A nice feature of the
O(N) model in the broken phase is that this hierarchy of scales, W1th the Goldstone modes
being much lighter than the radial mode, is natural. To summarize, our power counting is

b1, (% —v?) ~ 22, Wy ~ 1+ 0(2%), Wy ~ 22 (3.9)

In particular, the power counting expansion depends on the values of background fields.
We also split eq. (3.5) as

2
— 3.10
=, (3.10)

A /A

2 2 2 2
Wxx:mx+§(¢ —v), my
and treat mX ~ 1, and the second term in W, as order 2%. This allows us to RG improve
the effective potential in a region near the classical VEV.
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To power count terms in the shifted Lagrangian eq. (3.6), we use x4 ~ 1 and ¢4 ~ z,
which are determined by the power counting of their propagators. Then, the x, contribu-
tion to the Coleman-Weinberg potential is order unity, and the ¢, contribution is order 24
as can be seen from the fixed order expressions in eq. (3.7). In particular, Viree is O(z4),
and all non-trivial resummation effects start at order z*. Thus, we compute the Coleman-
Weinberg potential to this order. In some examples we will consider later in section 4, the

new effects start at order z6.

3.2 A step-by-step overview

Let us now give a step-by-step overview of our procedure, postponing detailed computa-
tion to subsequent sections. These steps are summarized in the (color-coded) flowchart
in figure 6.

1. Run the Lagrangian from the starting scale pg to the heavy scale ,u%l ~ Wy using
the S-functions in the high-energy theory. From our discussion around eq. (2.22), at
one loop the high-energy 5 functions satisfy

dVv av 1
S edt = T, (3.11)

B %:32

where in this example {\;} = {\, v, A}.

Because shifting and running the fields commute, as emphasized in section 2.4, we
can first run the Lagrangian to py and then shift the fields. Upon shifting, the
functional integral is over eq. (2.14) (in this case, eq. (3.6)) with couplings and fields
renormalized at . There is nothing new in this part of the calculation, so we start
our examples at the scale py.

In the O(N) model ~4 is zero at one-loop, but it is nonzero at two-loop order. It
would be nonzero at one-loop if we introduce gauge or Yukawa interactions into the
theory. Shifting the field at pjr gives the potential in terms of the expectation value
of ¢ renormalized at pp.

2. Integrate out x, at the scale . Below the matching scale, the theory is described by
an EFT, whose Lagrangian we denote Lgpr. There are no large logs in the matching.
The Coleman-Weinberg potential is given by the vacuum graph figure 2 computed
using the quadratic action in quantum fields. To include all the one-loop terms and
perform the LL resummation, we need two contributions:

— Tree level matching of £ in eq. (2.14) (eq. (3.6) in the O(N) example) onto
the EFT Lagrangian. This matching involves expanding the tree-level n-point
functions of the high-energy theory in the power counting parameter z, and
matching onto the EFT n-point functions at the scale pg. Denoting the EFT
couplings with tildes as {\;(u)}, this determines the couplings {X\i(ug)} as a
function of the high-energy couplings {\;(1z7)}. For example, Viree (1) gives a
contribution to the EFT cosmological constant A(uz).
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‘C(d)’ X IUO)

Ai(Ho), A(po)

Ko ¢ = ?5 + ¢q
4 X=X+ Xq
HH drop linear
L(,x 1orr)  L(bq,xgr 10)
A’L(:U’H)7 A(/’LH) )‘l((z)a X?.U’O ) A @7)27”0)
¢ = é + ¢q Ho
X=X+ Xq v
drop linear 7 (e o 53] HH
qs Xq>s
>\l(¢; X:“H)v A(QS?)%’MH)

\

Lurr(dg; H)

Xi(D, X pm),s

f

\

Lrrr(dq, 1)

f

integrate out x4

A

A(¢7 )27 #H)

HH
+
1299

S

Xi(d, %, 1n), Ao, X, pr)

integrate out ¢,

<Xq> ; 0O —— VCW(Q/;’ XHU’L)

Figure 6. Flowchart for the EFT method of RG improving the Coleman-Weinberg potential. The
general procedure is similar to other EFT computations. The new features are the field shifts in
the high-energy theory, and the tadpole condition for the heavy field which is evaluated in the

low-energy theory.

— One-loop matching to the cosmological constant in the EFT from integrat-
ing out x4. This matching involves computing the one-loop vacuum graphs,
expanding in the power counting parameter z, and dropping all divergent
terms (see [21]). These graphs will contribute to the cosmological constant
A of the EFT, since they are independent of ¢,. The result of this computation
is precisely Vinateh(m) C /~\(,uH), with Vinaten given in eq. (3.8) for the O(V)
example. All the logarithms in this expression are of the form In|W,, /u%/], so
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there are no large logs. This term would usually be neglected in the LL calcu-
lation, but is included here because we compute the full one-loop correction to
the potential.

Note that in examples with non-diagonal W, this one-loop matching compu-
tation is more involved. In such a case, the Coleman-Weinberg potential is a
sum over contributions of the eigenvalues of W, and this matching computation
corresponds to the contribution of the larger eigenvalue, expanded in z. We will
explore this point in more detail in section 4.4.

— Computation of higher order terms in the perturbation expansion eq. (2.38)
requires matching to the EFT Lagrangian L beyond tree-level, e.g. the NLL
series requires one-loop matching. At this order, one also obtains finite matching
corrections from graphs such as figure 5 to the kinetic energy terms in the EFT
Lagrangian. These can be absorbed into rescaling the EFT quantum field ¢,.
Such rescalings are one reason why shifting ¢ in the high-energy theory is not
equivalent to shifting ¢ in the EFT. In the two-scalar example in section 4, there
are contributions to the kinetic energy term and terms with higher derivatives
in the EFT Lagrangian from expanding the x, propagator in a power series in
p?/ mi However, these terms are of higher order than what is required for the
results in this paper (see eq. (4.14)).

As a result of this matching, we obtain in particular the boundary value of the EFT
cosmological constant,

Alprr) = Mpa) + Vinasen (nar) + (tadpole) (3.12)

as well as the boundary values of the other \;(ug). The (tadpole) term in eq. (3.12)
is a function of the source J as defined in eq. (2.12), and will be given explicitly in
examples.

Run the EFT couplings from the heavy scale uy to the light scale u? ~ m? using
the RGE defined by the EFT Lagrangian,

dVerr . dVerr _ 1

2
o Yo o 5 (WgrT)” . (3.13)

B,

Here m? is the quadratic coupling in the EFT. The entire LL series is obtained by
running the cosmological constant A from pp to ur.

Perform the functional integral over ¢,. The one-loop contribution is the graph in
figure 2, and only involves terms in LgpT to quadratic order — i.e. the cosmological
constant A and the quadratic mass term m2. The computation of the one-loop

determinant follows the usual steps reviewed in section 2.2, resulting in

- m4 mZ
Vew(pr) = AMpr) + 64(::2L) <1n M(%LL) - ;) : (3.14)
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With the power counting relevant to the O(N) model, this is the Coleman-Weinberg
potential computed through O(z%). The second term in eq. (3.14) is not part of the
LL series, but is included since we are computing the entire one-loop contribution.

Note that even though only the quadratic EFT couplings appear in eq. (3.14), the
RG running between pp and pr, in Step 3 involves all the interactions of the quantum
¢4 theory, including the non-quadratic terms. This is why we needed to compute the
entire Lgpr to O(2%).

5. We emphasize that in Step 2 one must match using eq. (2.14) (eq. (3.6) in the O(N)
example), which is the shifted Lagrangian that includes the one-loop sources J as
defined in eq. (2.12). The computation outlined in the previous steps has not yet
fixed the tadpole 7, associated to the heavy field. The final step is thus to compute
the RG improved tadpole J, by requiring that (x,) vanishes, with x, the quantum
field in the original high-energy theory. RG improvement of the tadpole is necessary
to sum the full LL series of the effective potential. The required tadpole is that of
the heavy field, but computed in the low-energy theory. This computation is possible
because we have matched the source 7, onto the EFT.

After completing these steps and obtaining eq. (3.14), we compare our RG improved
result to the known two-loop results by expanding the RG series in a power series in
In pur, /g, in order to check that we correctly capture the leading-log terms. To reiterate,
the entire LL contribution comes from the cosmological constant Ain the low-energy theory.

An important comment is that at no point have we computed the Coleman-Weinberg
potential of Lgpr. In particular, there is no sense in which we shift ¢, in the low energy
theory after integrating out the heavy field to compute a one-loop potential. As we see
explicitly in examples, after integrating out x,, running the couplings and shifting the fields
no longer commute. It is crucial that we shift ¢ in the original theory before integrating
out any fields.

3.3 Matching to the EFT at ug
Let us now fill in the step-by-step details for the O(N) model. We begin with the matching

computation of Step 2, in which we match eq. (3.6) to Lgpr at the heavy scale. Parame-
terize the EFT Lagrangian by

1 by , M2 ~ 5
Lgrr = 9 (8u¢q : 8u¢q) Y] (¢q : d’q) Ty (¢q : ‘qu) - A+ O(Z ) : (3'15)

The EFT couplings will be denoted by a tilde to distinguish them from couplings in the
original high-energy theory eq. (3.2) or in the shifted theory eq. (3.6). In this case, the
EFT will describe the light Goldstone bosons.

There can be finite wavefunction corrections to the EFT Lagrangian from matching,
which can be absorbed into a rescaling of the EFT field ¢,. There is no such correction at
one-loop order in the O(NN) model.

The one-loop matching computation is given by computing the one-loop x bubble in
figure 2, which gives the heavy-field contribution to the Coleman-Weinberg potential. In
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(a) (b)

Figure 7. (a) Tree-level matching onto the EFT. The dashed line is x4, and the dotted lines are
¢q. (b) The same interaction in the low-energy EFT. Unlike graph (a), graph (b) is 1PL.

the O(N) example, this calculation is particularly simple because the scalar mass matrix
eq. (3.4) does not couple the heavy field x4 to the light fields ¢,. Such couplings are present
in the examples considered in sections 4-5, and the one-loop matching in such cases is more
involved. For the case at hand, this matching contribution is simply given by eq. (3.8),
which we repeat here:

1

w. 3
Vma ¢ = W2 1 XX _ L . 3.16

This is order 1 in the z power counting. The matching is performed at a scale H%I ~ Wi,
so there are no large logarithms in this expression. Viatcn adds to the cosmological constant
in the low-energy theory below p, since eq. (3.16) has no quantum fields.

The tree-level matching to order z* is given by the graph shown in figure 7(a), leading
to the EFT interaction shown in figure 7(b). To compute this graph, write the terms linear
in x4 in eq. (3.6),

N

£5-Xi(0xes  Xa(0g) = A0 (90~ o) — Ty (317)

where X1 ~ z2. Figure 7(a) gives the tree-level matching

1 1 1 1 1 2
EEFT D) *Xl X1 = *Xlin + *Xl p

- L x4 3.18
2 Wy — p? 2 Wy 2 W2, L+ (3.18)

where p is the momentum flowing through the y, line, and 1/2 is the symmetry factor due
to the two identical vertices X7. Since p is a momentum in the EFT, and is of order z, to
order z* we only need the first term. The EFT Lagrangian is then

1 A 1 A
LerT = 5 (au¢q : au¢q) - ﬂ (¢q : ¢q)2 - §W¢>¢> (¢q * (bq) - {A + Vmatch(ﬂH)}

- 2
1 A
+ 2W>%x <6(ZS (¢ - Pq) — jx) + 0(35) . (3.19)

Comparing with eq. (3.15), we identify the boundary values of the EFT couplings to the
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desired order in z as

72 2
X“::“H)\<1 A‘ﬁ) A (-t ~ o),

T 3Wy ) 2WZ
o = ATy 1, (o AOT,
2 H=HKH X 2 2 X 3
+ — -\ _
o Wos+ 35~ = 5 (- 0?) + St O,
=2 4 20, 0%, (3.20)
3W,y
()"

KM::llHA+V tch — )
matc QWXX

2
At (4%~ 02)2 + Vinateh — ;fvi( +0(2%).
The relations eq. (3.20) hold with both sides evaluated at the matching scale y = pp. As
promised, the EFT cosmological constant A(yp) takes the form eq. (3.12).

In this example the quartic coupling X(,uH) is O(22), and thus only contributes to the
EFT Lagrangian at order 2%, since it multiplies (¢gq - ¢q)2 which is order z4. That A is
order 22 is not an accident; the low-energy fields are Goldstone bosons when (JAS — v, and
only have derivative couplings at this point.

At this stage, we can illustrate the point that the field shift must be made in the
high-energy theory, not in the EFT. To be able to shift the field in the low-energy theory
would require starting with the parameters in eq. (3.20) with ngb = 0, and then obtaining
the gg dependence in the parameters by a shift of the EFT fields ¢, in the EFT Lagrangian
eq. (3.15). A shift of ¢, in the EFT would introduce a O(N — 1) vector, whereas ¢ in
eq. (3.20) is an O(N — 1) singlet, and these two objects don’t have the same quantum
numbers. The former would be used for computing the Coleman-Weinberg potential of
the EFT. This is not the same as the Coleman-Weinberg potential of the original theory,
computed using an EFT, which is the quantity we wish to compute.

3.4 RG improvement

We now perform Steps 3 and 4 for the O(N) model. We sum the large logarithms by RG
evolution of the low-energy theory from p = ppg to a low scale = uyp of order the light
scalar masses. Here the couplings in the low-energy are evolved to a scale ur of order
m?2, the mass of ¢4. The S-functions are given in eq. (A.10), with the initial values at pup
given in eq. (3.20). This case is particularly simple since m? does not run at this order, i.e.
m2(ur) = m2(pug), since X is zero to this order and the EFT is a free theory. The running
of the cosmological constant is

1 ~ 1 Hmr
A =A ~ Ngpm? t t= In == 3.21
(ur) = Mpr) + 5 Napm™ (um)t, Tom2 ™ (3.21)

where Ngg = N — 1 is the number of Goldstone bosons.
At the low-scale pr, the light field ¢, is integrated out. The one-loop contribution
is the graph in figure 2, and only involves the quadratic action. The Coleman-Weinberg
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potential computed from the low-energy theory is

~ NcB ~4( ) lln ﬁLZ(ML) 31 ‘

(3.22)
po 2

Vew(pr) = Mpr) + L
The first term is the tree-level contribution, and the second term is the one-loop
contribution.

To make contact with the standard one-loop fixed order result, ignore any RG evolu-
tion. Then the Coleman-Weinberg potential is given by eq. (3.22), with /N\(,uL) — /N\(MH)
given in eq. (3.20), Vinaten(ftpr) given in eq. (3.16), and ug = pr = p. The (Jy)? term
in A and M2 should be dropped since it is formally of two-loop order. Then, W,, and
m? — Wy are the mass-squareds of the heavy and light fields, and eq. (3.22) reduces to

%% 3

2 )

1 . 2
Wis {n 5 2] (3.23)

A /a 2 W2 W 31 Ncs
A D22 XX 1 xx _°
Vew = A+ o) ((b v ) t Gan? [n 12 2} e

This is the expected result eq. (3.7).

3.5 Tadpole improvement

Our final result eq. (3.22) still contains J, (through the dependence of A on Jy) which has
not been determined. It is fixed by requiring that (x,) vanishes, where x4 is the quantum
field in the original high-energy theory. From eq. (2.13), one sees that this expectation
value is determined by differentiation w.r.t. 7,. This derivative can be done in the EFT,
to compute the tadpole of the heavy field x4 using the low-energy theory.

Differentiating the EFT Lagrangian at p = py w.r.t. Jy(uy) using eq. (3.20), we see
that xq(pm) in the high-energy theory matches onto

~

_ Mpn)o
6Wyx (1m)

jx(NH)
Wi (bmr) .

Here we are using a bracket notation [O] to emphasize that O is a composite operator

[¢q : ¢Q]HH + (3-24)

Xq(pH) —

that needs additional renormalization relative to its constituent fields. Then, the tadpole
condition becomes

A

o) = M) [Bq - Bl (3.25)

where the r.h.s. is computed in the low-energy theory. At one-loop, the graph for [¢q - ¢,]
is shown in figure 8, and gives

ﬁl2 m?
(0 0, = Now ) [ 0 . (3.26
so that
pY m? m2
Iy (pw) = ( 6H)¢NGB 16(::5) In :gH) —1] : (3.27)
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Figure 8. One-loop tadpole graph for the heavy field x in the low-energy theory.

This equation determines J, () implicitly, since m?(pup) depends on Jy (ppr). The result
eq. (3.27) contains a large logarithm, since m is the light mass, and is formally order AL.

Eq. (3.27) is sufficient for comparing with existing two-loop calculations. However, to
sum the LL series we need the RG improved tadpole. One can sum the LL series for the
tadpole by computing the anomalous dimension of the composite operator [¢, + ¢,] in the
low-energy theory. A simple computation shows that

1

. (NGB + 2)A [@g + @] — 2Ngpin?, (3.28)

d
dt [bq - Dq] =
which since \ is zero to the order to which we’re working, reduces to
d ~9
dt [¢q . ¢q] = —2Ngpm” . (3.29)

Integrating this equation gives

o
= n—-.
1672 HH

(g - d’q]uH = [¢q - (bq]uL + QNGBﬁLQ(MH)ta t (3.30)

Another way to obtain the same result is to differentiate the Lagrangian at pp, w.r.t. Jy (1)
using eq. (3.21) and eq. (3.20).
The RG improved tadpole is determined by substituting eq. (3.30) into eq. (3.25),

A

A _
el = 202 (16, 4], + 2NGwm ()t (3.31)
Here m? depends on J, (uxr). Replacing m? by m? using eq. (3.20) and solving for J, (1xr),
we obtain
- - ~1
_ Apn)o ‘ o ~ N(um)¢?
Telvum) = =G (190 @), + 2Nanm? (un)t) (1= G PoNent | (3:32)

The quantity [¢, - ¢‘1]uL is given by eq. (3.26) with ¢ = pr,, which still depends on J, (1x)
. and the LL plus
one-loop expression is given by using eq. (3.32) and substituting the LL value of 7, (1txr)
into m?(uz) in eq. (3.26). The first term in the LL series for the tadpole from eq. (3.32) is

through m?(uz). The LL expression is given by dropping [¢, - ¢]

Inm) = %NGBA(MH)Q%% ()t . (3.33)

We will use this expression in the following subsection to compare with the two-loop result.
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3.6 Comparison with the two-loop result

We can now compare our RG improved result to the known two-loop calculation by expand-
ing the RG series in a power series in t = (In uz,/puy)/(167%). The cosmological constant
contribution is

Aue) = Roum) + 5 Nowin (un)t, (3.34)

where we used eq. (3.21). The entire LL contribution is from the cosmological constant. Us-
ing eq. (3.20) for m?(upy) and A(uy), and dropping Vigaten (which has no large logarithms),
this becomes

MNum)d T(um) |
3Wxx(NH)

(T (pm))?

Apr) = [Mpn) - W (1)

1 + %NGB lW¢¢(NH) + t.  (3.35)

Keeping the (AL) and (AL)? terms in the leading log series, and remembering from eq. (3.33)
that J,, ~ (AL), gives

Mpn)d T(pn) , (Ty(pn))®
3Wx (m) 2Whx (pom) ’

where all terms except the first are order t?>. To the order to which we are working we

Ruz) ~ ™S8 (Wi un)  + N W 1u1) (3.36)

can substitute eq. (3.33) for Jy (um) with m2 (ug) — Wee(um). The terms combine in an
interesting way — the second term has twice the value and the opposite sign of the third
term. The same sign flip happens in the other examples we consider. The result is

~ N, A2 72
Rjus) ~ W (yu) (;Bt + N&%ﬂ) . (3.37)

The t? terms in eq. (3.37) arise from tadpole contributions depending on 7.
Our result can be compared with explicit two-loop computations of the Coleman-
Weinberg potential. The contribution to the two-loop potential from the first graph in

figure 3b, in the notation of ref. [4], is given in terms of a function fsss(m?,m3,m3), and
2

that from the second graph in terms of fsg(m3?,m3), where m? are the masses of particles

in the internal lines. The integral fgs(m?, m3) factors into two one-loop integrals,

fss(m?,m3) = [m% <ln ZLE - 1)] [m% <1n T,ZQ% — 1)1 . (3.38)

2 'm?) with three equal

Our problem has only two particle masses, so we need fgss(m?,m
masses, or fgss(m%,m%,m%), where two masses are equal. The expressions for fggg in

these special cases are much simpler than the general case, and were evaluated in ref. [2],

A+2 2AIn A m? m?
2 2 2 2 1 1
S 2 In | yqmm ™2
fSSS(mbmlam ) 2 ml{ A+ 2 n ,LL2 +4ln M?
(3.39)
2m%
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which is given in terms of A = m2/m?. The formula for fsgs(m?, m?,m3) depends on a
function Q(A). Since we are interested in summing logarithms for a large mass ratio, we
need the expansions of A around A = co and A = 0. We have computed these expansions
to second order in appendix D.

Using these pieces, we can compute the L? term in the two-loop calculation of ref. [2],
and check that our LL result eq. (3.37) for the L? term agrees with this computation. This
agreement provides a highly non-trivial check of our method. It requires, in particular,
shifting ¢ in the high-energy theory before matching onto the low-energy theory, and also
requires including the tadpole contributions.

4 Two scalar fields in the unbroken phase

We now illustrate the EFT method for computing the Coleman-Weinberg potential in a
theory with two real scalar fields. In this section we consider the power counting relevant
for the unbroken phase of this theory.

4.1 Preliminaries and power counting

We take as our starting point the Lagrangian for two real scalar fields y and ¢,

mQ mZ
X2 242 A, (4.1)

1 A A
L= *(8;0() ( u¢) X 4 3X2¢2 - 272¢4 T B

2

and assume widely separated scales m, > mgy. Since the power counting is different
depending on the sign of the mass-squared terms, we first do the computation in the
unbroken phase, where mi
broken phase where the scalars receive VEVs.

Shifting the fields x = X+ x4, ¢ = b+ ¢q, the shifted Lagrangian eq. (2.14) over which

the functional integral is performed is

and mz) are both positive, and in section 5 we analyze the

R A /\ X Mﬁ
£= S0 + 5 (0ute)? ~ 22;‘ Tger- 2ot - 2y 20,

- )\37}( q¢q /\¢¢¢3 - *W qu W¢¢¢g - %<Wx¢ + Wox)PaXq “2)
+ Jqu + Totg — A
The entries of the scalar mass-squared matrix W are given by
Wiy = m2 + %AXXQ - %AgcfﬁQ,
W = m3 + %Adﬁ + %)\3)22 , (4.3)
Wiy = Wyo = 308,
with
W= [WXX de’] : (4.4)
Wox Woo
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The tree-level Coleman-Weinberg potential is the cosmological constant eq. (2.10),

~ A A3 0rg  Ap oy M2 m2 .
— A= MXopd4 Me222 Aeaa Mx oo g2, 4 A
Viree YRR Ry L o G e (4.5)
The one-loop Coleman-Weinberg potential is given in terms of the eigenvalues wy of W,
2
Wi Woo , | 4Wey ( W¢¢>
wy = 1+ + +l1- 22 : (4.6)
2 Wiy w2, Wiy
as
w? w_ 3 w? w 3
Vidoop = —— |In — — = + +—} 4.7
Loop = 42 [n 12 2} 64m2 | 2 2 (47)

Let us introduce a power counting scheme in order to systematically construct the
EFT by integrating out the heavy field x,. We take m, ~ 1 and my ~ 2z, with z < 1 so
that the two masses are widely separated, and assume the couplings A,, Ag, A3 are order
1. To retain the mass hierarchy, we assume that the VEVs scale like ¥ ~ QAS ~ z, i.e. our
power counting is

miwl, mé~z2, X~o¢~z. (4.8)

This power counting is valid near the origin, so we can compute the RG improved potential
near the classical vacuum. The W-matrix entries in eq. (4.3) scale as

Wy ~ 1, Wy ~ 22, Wy = Wy ~ 22. (4.9)

The first term for W, in eq. (4.3) is order 1, and the remaining terms are order 22, This
scaling leads to a hierarchy of the eigenvalues w., with w, ~ 1 and w_ ~ 2z2. In this
example, we will keep terms to order z% in the Coleman-Weinberg potential, since non-
trivial effects first occur at this order. They will occur at order z* in the broken phase
studied in section 5.

In particular, let us check the scaling of eq. (4.7). Vipaten is equal to the contribution

of the larger eigenvalue expanded in z,

w? w 3
Vmatch(,u) = :T_ (ln —+ - )

6472 w2
1 o Wiy 3 o (LW
~ 64n? {WXX (m . 2) 2Wox (ln . 1) (4.10)
2W2 W,
TR e (m Wﬂgx - 1) } +0()
XX

where the first term is order 1, the second term is order z*, and the last term is order z5.

The other eigenvalue gives a contribution that starts at order z*,

w2\ 2 w2
w? (1 w_ 3) (W‘W - Wiiﬁ) | (W¢¢ - Wii)
n———— =

6am2 \'" 4 2 642 o 12 -

+O(2%). (4.11)

| W

We return to these expanded expressions in section 4.4, where we explain how each of the
terms in eq. (4.10) and eq. (4.11) arise from our approach.
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Table 1. One loop matching for the cosmological constant to order z°

and the black dot is Wy, . S is the symmetry factor for the diagram. The integrand is given in the
third column. The matching contribution to V is given by the last column, dropping 1/¢ terms.
We give the z-scaling in both the unbroken (U) and broken (B) phases. In the unbroken phase we
keep contributions through O(z°), and in the broken phase we keep them through O(z%).

. The open circle is Wy

4.2 Matching to the EFT at pug

With the preliminaries in place, we can carry out the step-by-step procedure outlined in
section 3.2. In Step 1, we evolve the high-energy theory eq. (4.1) to a scale pg comparable
to the heavy mass u3, ~ Wy, and then shift the fields. This gives £(¥, QAS) in terms of
the expectation value of fields renormalized at py. The high energy Coleman-Weinberg
potential Vow in terms of fields renormalized at the reference scale pg is given by using
eq. (2.37) where 7,4 are computed in the high-energy theory eq. (4.1). In this example,
the field anomalous dimensions are zero at one-loop.

In Step 2, we integrate out x, and match onto the EFT. The EFT Lagrangian is
parameterized as

1 - m? P A ~
Lppr = 5(%%)2 —0¢g — 7¢3 - 6¢2 - ﬂd’é —A+0(2%) . (4.12)

The one-loop matching onto the EFT Lagrangian is given by computing the one-loop x
bubble, expanding in the power counting parameter z, and dropping all divergent terms.
The graphs are shown in table 1. Since we include power corrections up to order z*, we have
to include insertions of power suppressed operators in the y loop, with all infrared scales
such as Wy, expanded out. In the unbroken case, only the first three graphs contribute,
the fourth is necessary for the broken phase analysis in section 5. These contributions
add up precisely to Vipateh (zr) given in eq. (4.10), which contributes to the cosmological
constant in the EFT since it has no quantum fields. Because the matching is performed
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at u% ~ Wy, there are no large logarithms in this expression. It is worth noting that the
matching computation only involves logarithms of W,, / 12, Even though ¢ particles enter
in loop graphs, there are no logarithms of Wy4 because it is an infrared scale which has
been expanded out in a power series.?

The tree-level matching to order 2% is given by the graph shown in figure 7. To compute
this graph, we follow the same steps outlined in the O(NN) example. Write the terms linear

in x4 in eq. (4.2) as

N 1.
LD -X; (¢q)Xq7 X1(¢q) - W¢x¢q + 5/\3X¢2 - jx : (4'13)
Here X; ~ 23 since Wy ~ 22, X ~ z, and ¢q ~ z. Figure 7 then gives the tree-level
matching
1 1 1 1 1. p?
L D=-Xi——— X1 =-X1—X1+=-X1——X1 +... 4.14
EFT 2 5 IWxx_p2 1= 5 IWXX 1—1-2 1W>§x 1+ (4.14)

where p is the momentum flowing through the x, line, which is order z since it is a
momentum in the EFT, and 1/2 is the symmetry factor. To order 2%, we only need the
first term. The EFT Lagrangian is then

1 1 Aod A "
Lepr = 5(%%)2 — 3 Woe — %@52 - 4—%3 — A — Vinaten (1m) w15)
: ' 4.15
11 1. . 2
+ o (Wendu + 330065 = )+ 6y +OT)

Using eq. (4.3), and keeping the leading term W, — mi to order 2%, we identify the
matching conditions for the EFT couplings at the scale up as
JU 3)\2 o2
NI, = 2B L oY,
my

u=pg A 3292
p“=‘”’¢[x¢— 1402,
my

A2 Ay 6
2 + 2 + O(Z ) ’

_ 1.~ 1
m? T m3 + S X0 + s —
2 2 ms my (4 16)
5 A3X '
=m? + 73X;7X + 05,
mX
= A3\
L~ Ty + 73”@‘7* +0(27),
my
(7)) 8
2m? + O0(2°).

7\ M::MH A + Vmatch -

We emphasize that the low-energy Lagrangian eq. (4.12) is manifestly not given by
taking the EFT Lagrangian and shifting ¢ = <;A3+ ¢q- The effect of a scalar field shift has
already been written in eq. (2.30). To illustrate this, start with the couplings in eq. (4.16)

2See ref. [21] for a more extensive discussion of logarithms in matching conditions.
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Figure 9. (a) Graphs allowed in the high-energy theory. (b) Graphs not allowed in the high-energy
theory.

e . : ¢----o z T

(a) (b) ()

Figure 10. Two loop contribution from a x¢? interaction. Graphs (a) and (b) in the high-energy
theory reduce to (c) in the EFT.

with ¢ = 0, and then shift the field ¢, — ¢ 4 ¢,. The shifted value of 5 is A¢, which
matches the value in eq. (4.16). However, the mass term after the shift is
Ny BN ARy

2 2
2 2mX ms,

m? 2 4 %&2 + , (4.17)
where the third term has coefficient —3/2 instead of —1 as in eq. (4.16). The reason for
this difference can be seen by looking at the contribution from figure 7 to X in the EFT. If
we first match onto the EFT and then shift, the gZA)QQSg term in the Lagrangian is given by
replacing two external lines in figure 7(b) by ngﬁ and two by ¢,. There are 6 possible ways
of doing this. Now, let us make the same replacement in figure 7(a). The six possible ways
are divided into two types: four possibilities with topology figure 9(a) with aAﬁ on opposite
ends of the x line, and two with topology figure 9(b), with ¢ on the same side of the X
line. The left vertex in figure 9(b) is Xq<£2 which is not present in the high-energy theory
because it is cancelled by the classical piece of the source, i.e. we have no terms linear in
the quantum fields. Thus only 4 out of 6 choices contribute, and the correct coefficient
is 2/3 of that given by shifting in the EFT, i.e. (2/3) - (—3/2) = —1. This explains the
difference between eq. (4.17) and eq. (4.16), and is a reflection of the fact that information
about which diagrams are 1PI is lost in the EFT matching.

There is a related problem for the two-loop contribution to the Coleman-Weinberg
potential. A y¢? interaction leads to the two-loop contributions shown in figure 10(a,b),
which reduce to figure 10(c) in the EFT. However, the 1PI nature of the Coleman-Weinberg
potential implies that only figure 10(a) must be included in computing V', not figure 10(b).
The two possible contractions of the ¢ lines cannot be distinguished in the EFT, since
the x line has been shrunk to a point. This reason is why we use the tadpole condition
discussed in section 2.2 rather than the 1PI structure of graphs to compute Vow.
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4.3 RG improvement

We move on to Steps 3 and 4. The couplings in the low-energy theory are evolved using
the RGE to a low scale uy, of order m?, the mass of ¢q. The RGE are given in eq. (B.2)
with solutions eq. (B.3). In particular, we need

#(00) =) i 1~ 4]+ S}

R = i)+ 00

) = Rum) + (3-6c+2¢) —ccc-2n ™ ()

2\ () L3 2
LS IR V- T 1}
&2+ &
where
1 . ~2 22
t=—WmEE 1), =< p-(pn) :¢~j(“H). (4.19)
1672 Npr)m2(pg) ()

At the scale ur, the quantum field ¢, is integrated out, and we obtain the Coleman-
Weinberg potential

Vow = Mur) + ——m*(ur) lln &é%) - 3] . (4.20)

1
6472 W 2

The one-loop term does not have any large logarithms if y% ~ m?.

4.4 Interlude: a fixed order perspective

Before completing Step 5, let us take a moment to gain some intuition as to how our result
eq. (4.20) matches onto the one-loop fixed order expression in eq. (4.7). In doing so, we will
understand how the large-eigenvalue and small-eigenvalue terms in Vi jo0p in eq. (4.7) arise
from expanding in z the functional determinant that results from doing the path integral
over the quantum fields. This subsection can be read as a more detailed perspective on
computing Vow from our Steps 2 and 4, where we work only at fixed order in perturbation
theory and thus ignore the steps that involve RG evolution. We have postponed this
discussion until now since it is most interesting in the case where W is not diagonal.

A preliminary comment is that our RG improved result eq. (4.20) manifestly evaluates
to the fixed one-loop order expression Vow = Viree + Viiloop upon taking p = py = pr.
Dropping the J terms since they are formally of higher loop order, and taking n = 1 in
eq. (4.18), we see that

2

X A = Viaten + A (4.21)
WXX

7712 — 7712, = W¢¢ —
The quantity m? (which was first defined in eq. (4.16)) is precisely the combination that
appeared in the expansion of the small eigenvalue w_ in the one-loop Coleman-Weinberg
potential in eq. (4.11). We have already noted that Vijatch gives the expansion of the
large eigenvalue in eq. (4.10), and that A is the tree-level Coleman-Weinberg potential in
eq. (4.5). Therefore, in this limit we recover the fixed order answer.
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We can understand why this is the case by starting from the functional integral
eq. (2.13). The quadratic action in the quantum fields in momentum space is

A Xq T | Xq A
L= A +J — A, 4.22
5 [Xq qu} qu d)q ( )
with
2
PT= Wy —Wye Ix
A= , J = . 4.23
[ Wy P*— Wy Ts (4.23)
The effective action is
e%F = /quDqu e%fd%ﬁ
= [det A] V2 exp [—z’ / d*z (f\ + JTAlj)} : (4.24)

J is adjusted to that (x,) = 0 and (¢,) = 0, and is formally of one-loop order, so the terms
quadratic in J can be dropped to one-loop order, and we drop them for the rest of this

subsection.
The one-loop contribution is given by [det A]_l/ 2, Diagonalizing W,
N e dot A = det (5 — wy ) det (i —w_) . (425)
= 0 2w |’ et A =det (p* —wy ) det (p* —w_) . .

The functional determinant is well-known, and evaluates to

1 9 P w? w3
ilndet (p - w) = z/d T el [lnu2 - 2} (4.26)

giving eq. (4.7) for the Coleman-Weinberg potential in the full theory at one loop.
To compare with the EFT method, the integrals over x, and ¢, are performed sequen-
tially. The EFT result is reminiscent of the determinant identity for a block matrix

det A = det [BT C] = det Adet (C— BTA™'B) . (4.27)

Performing the integral over x, gives

1 1 2 . 4 W)?x Wi 3
ilndetAzilndetQ) _WXX):Z/d x647‘('2 n7—§ 5 (428)
which is the contribution of the first graph in table 1 for Vi atch-
The remaining functional integral is over ¢,. The quadratic part is

1
Ay=C—BTA'B=p> — Wy, — W7

Wi s (4.29)
WXX X

which is precisely the form of the matching eq. (4.14) onto the EFT. We also need to
compute Indet Ay, = Trln Ay. The trace in momentum space is the integral d*p. The
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momentum integral gets contributions from p? ~ Wy ~ 1 and p? ~ Wes ~ 2%, For
p2 ~ Wxxv

d'p 2 Wao 1
In A¢ = / (271')4 {lnp + In — pT — W¢mex¢

4 n
= /(;ﬂgil {lnp2 - Z [Mgb + W¢XMWX¢] } . (430)

n

The first term vanishes in dimensional regularization, and the remaining terms are the

matching contributions in table 1.

For p? ~ W,
In A —/&pln{pz—[w - W <1+p2+ )W 1}
é (271.)4 elo] X Wix W)%x xé )
d*p Wy W.
= In |p? — | Wy — —2X2x0 - 4.31
/(2%)4 1 [p ( e Wy >] + (4.31)

The expression Wyg — Wy, Wyg/W,yy is the mass m? in the EFT after matching, and so
the low-energy contribution of In Ay gives the w_ contribution to the Coleman-Weinberg
potential.

Let us summarize this discussion: we start with a two-field problem with a hierarchy
of mass scales mi ~ Wiy > mi ~ W, which leads to a hierarchy of mass eigenvalues
w4 > w_. Viateh 18 the contribution to the one-loop Coleman-Weinberg potential coming
from the larger w, eigenvalue. Graphs that contribute to Viyaten in a z expansion arise from
(1) performing the functional integral over x, and (2) expanding the remaining functional
determinant in the power counting expansion. Meanwhile, the contribution of w_ to the
one-loop Coleman-Weinberg potential comes from expanding the functional determinant
from integrating out ¢, for small EFT momentum p? ~ z2. This gives the fixed one-loop
order Coleman-Weinberg potential, which matches the result of applying our Steps 2 and
4. As we have explained, RG improvement takes more work, and is the content of the

remaining steps.

4.5 Tadpole improvement

It remains to compute Jy and J,. Moving on to Step 5, we fix these by requiring that
(Xq) and (¢4) vanish, where x, and ¢, are fields in the original high-energy theory. From
eq. (2.13), these expectation values are determined by differentiation w.r.t. J, and J,.
Differentiating the EFT Lagrangian w.r.t. Jy brings down a factor of ¢, in the EFT, as
can be seen from the parameters eq. (4.16), so setting the ¢, tadpole to zero in the high-
energy theory is equivalent to setting it to zero in the low-energy theory. We do not need
this calculation for our result, since the running of the cosmological constant and the terms
in eq. (4.20) do not depend on &, which is the only parameter that depends on Jp.

Differentiating the EFT Lagrangian w.r.t. J, (1g) using eq. (4.16), we see that x4 (1m)
in the high-energy theory matches on to

As(pm)X As(par) X0 Tx(pm)
Xq(pmr) — _W((MH){ ZLH - W%(MH) 2 () (4.32)
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and the tadpole condition becomes

el = sl ([R]) -+ Xalm) B (60),, (4:33)

where the r.h.s. is computed in the low-energy theory. Since (¢q) = 0 in the low-energy
theory by the ¢ tadpole condition, we only need the first term. The one-loop graph to be
computed is shown in figure 8, and contains a large logarithm.

One can sum the LL series for the tadpole, as in section 3.5, by computing the anoma-
lous dimension of the composite operator [qzbﬂ in the low-energy theory,

% [gf)ﬂ SN [¢g} — 25 ¢y — 22 (4.34)

and integrating to relate [gbg} and {(bﬂ . An alternate derivation is to differentiate the
BL

e
Lagrangian renormalized at u, with respect to m?(ug) using the RGE solutions eq. (B.3),

which gives the same result:

2 _ o —1/3 (2 2E(MH) -1/3 _ 4 .
[¢Q]MH " [¢Q}ML + )\(,UH) (77 ) [(b ]ML (4 35)
P (1mr) 13 \?. -1/3 2m>(pup) 1/3 '
N2 () (TI 1> ! Apn) (77 1> ’
[$d),.,, = [Pd],., - (4.36)
where 7 = 1 — 3\(p10)/(167%) In 1/ p1g. Substituting in eq. (4.33),
1 / P(pH) (a3
Tpar) = s 13<[¢2]>#L+A3<MH>XX(MH) (n7 1) (60),.,
Pem) (s N2 i () (13 (4.37)
+ )\3(/1«H)X)\( )(n 1) N (par) V5 o) (n'/2 1)
()36 (60),,

which can also be obtained by differentiating the EFT Lagrangian at uy w.r.t. J(ugm).
Using p(up) = )\(,uH)gﬁ and <¢q>/u = 0, the RG improved tadpole is

M) (172 1)

_1 0 —1/3 /[ 2 N
Txum) = A ()X <[¢>q}>m T ) P X¢ 138)
As(pr) 1/3 o 2
—=—=(n7"=1)xm*(pu) .
) ( )
The low-energy matrix element of {qﬁ(ﬂ is
o
2y = L) i 1 4.39
{4, =16 ™ 22 1) (4.39)
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from figure 8. Eq. (4.38) with the substitution of eq. (4.39) can be solved to obtain J, (px).
m? depends linearly on 7, (ug), as given in eq. (4.16). Taking the linear term in 7, (upm)
from the third term to the l.h.s. and solving gives

_ BN(u) 5| {AsmH)x s [nﬁﬁ(m ) 1
jx(ﬂH)—{1+X(MH))\X(MH)U>2((MH)X} 39,2 ! (1) (1 ] 1

\ Malun) (771/3—1)2@2_“(“}1) (7% = 1) R 2 () (4.40)
2m) P T Ny VT = '

where the <¢>Z> contribution depends on J, (ug) through m?, but the last term does not,
n

since it depends on m?2. To LL order, the <{¢>(ﬂ> term can be dropped, and eq. (4.40)
Br
explicitly gives Jy(pm). To LL plus one-loop accuracy, Jy(pm) is given by substituting

the LL value of J,(um) into the one-loop term from <[gbﬂ> . Expanding eq. (4.40) in t,
KL
and only keeping the single log in the LL series gives

Tlprr) = Xs(pm) R 02 ()t - (4.41)

4.6 Comparison with the two-loop result

We can now compare our RG improved result to the known two-loop calculation by expand-
ing the RG series in a power series in t = (In uz,/pug)/(167%). The cosmological constant
contribution is

R(u) = Rjurr) + 5 ()t + (o) [Npum) i o) + 72 un)| £ 4. (4.42)

using eq. (C.3) to evaluate the RG evolution in a series in ¢. The entire LL contribution is
from this term. The logarithmic terms are

Alpr) = %mf (km)t + lﬁﬁ(um {X(UH)mE(MH) + ﬁQ(MH)} 2

2
m? (e )N (m)X B (Tn(pmr))? (4.43)
mi(ﬂH) jX(:“JH)t 2mi(ﬂH)

rewriting m? in terms of m? and J,(ug). The first term is the AL term and everything
else is the (AL)? contribution, since J (up) contains a log. This expression simplifies using

p(pm) = AMum)d and eq. (4.41),

X Ly I R P S\ Gl
Alpr) = im,(uH)t + 3 AmZ 4+ AN o*m” + o . (4.44)
X

The last term is the tadpole contribution. Using eq. (4.16),

_ 1. 1 A292] 2242 QAN AZ92
Apr) = =m? (up)t + =< [Ap— 3 3>§ mt + Ay — 33—>§ P*m? + %mf t2
2 2 Y my my
1y 1 bl A3x? 2~9 | ,2
= §m_(uH)t + 3 { [)\(ﬁ -2 m2 m_ + |Ag — 6 m? App M= ot (4.45)
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The (A%Xzﬁ%‘i/mi)ﬂ term’s coefficient is modified from —3/2 to —1, a factor of 2/3, by
the tadpole for the reasons discussed below eq. (4.17). In the second line, we have only
retained terms to order 2% in the expansion of 22,

Equation (4.45) agrees with the explicit two-loop result expanded in z to order 2°
using the procedure given below eq. (3.37). One difference between the O(N) model and
the two-scalar theory of this section is that the scalar mass matrix W is not diagonal. The
expression for the two-loop potential in ref. [2] is given in terms of mass eigenstates of the
tree-level Lagrangian. To use the two-loop result in ref. [2], we first diagonalize the scalar
mass matrix W and rewrite the Lagrangian in terms of the rotated fields. The heavy mass
is mi to lowest order in z, and the light mass is m? given in eq. (4.16) to order z2. Using
the rotated masses and couplings, and expanding the result to order 25, we find agreement

with our result eq. (4.44).

5 Two scalar fields in the broken phase

In this section we study the two-scalar field model of the previous section, but now with

2
X

both negative. We will be brief, since most of the discussion carries over from section 4.

a power counting appropriate to the broken phase of the theory where mZ and mi are

This example illustrates the procedure for minimizing the potential for a theory such as a
unified theory, with two widely separated symmetry breaking scales.

5.1 Power counting

In this case, we start with the Lagrangian

_1 2 1 2_)‘¢ 2_22_)‘x 2 232
A .
=@ =) (¢ ) - A,

evaluated at some high reference scale pg, and assume widely separated scales vy, > vg.
The classical VEVs v are related to the mass-squareds by eq. (A.8). The classical theory
is stable if AgA, > 9\2, and the minimum is at ¢ = Vg, X = Uy.
The shifted Lagrangian £ takes the same form as eq. (4.2), but we rewrite the W-
matrix in terms of the vy, v, variables as
Ly o 1 62 2
Wiy = g)\XUX + 5)\)( (X — UX) +
1 22 2 1 2 2 5.2
Wy = 6)\¢ (3¢> — Ud)) + 5)\3 <X — ’UX) , (5.2)
Wy = Wyg = \3% -

The cosmological constant is

A )‘¢ 22 212 | M /02 2v2 |, A3
A=-2L _ X _
24(¢ v3) +24(>< vi)? + 1

Introduce a power counting v, ~ 1 and vy ~ z, so that the two VEVs are widely

(¢ —v3) (> —v3) +A. (5.3)

separated, and assume Ay, A\g, A3 are order 1. The x and ¢ mass-squareds at the minimum
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of the potential are W,, = /\x”>2</2 ~ 1 and Wyy = )\¢1)35/2 ~ z?. As ¥ and QAS move away
from the minimum of the potential, W,, and Wy, change. To retain the mass hierarchy,
we assume that

Xg—viwzg, $2~v§~¢2—v§~z2 (5.4)
so that
Wy ~ 1, Wy ~ 22, Wy = Wyp ~ 2. (5.5)

The first term for W, in eq. (5.2) is order 1, and the remaining terms are order z2.> In
this example, we will keep terms to order z?, since non-trivial effects in the unbroken sector
now occur by order z4.

5.2 The result

The one-loop matching contribution to A in the EFT from integrating out x4, is given by
computing the one-loop x-bubble. The graphs are shown in table 1. In particular, the
z-scaling of the diagrams is different from the unbroken case, since now Wy, ~ z rather
than 22, and there is one extra diagram that contributes. The result is

1 W. 3 W.
Vmatch(MH) = 6471’2{ In H%X — 21 fo + |1In ;L%({X — 1] 2WX¢W¢X
(5.6)
2 1172
+ |In Wi _ 1] 2Wx¢>W¢>XW¢¢ _ lln Wi _ 2] WX¢W¢X}
1 Wix 1% W;%X

where the first term is order 1, the second term is order z2, and the last two terms are
order z2.

The tree level matching proceeds as in the unbroken case, and the EFT couplings
defined in eq. (4.12) are given at the matching scale ppg by

NS

2
AXUX

AER +0(2%),

5| + 032,

~p=pE ;) 93X
fd A —
p ¢ [ & W)

1 A 1 303207 3)s%
2 HhH =y (3¢2 _ vi) T (22 —vi) _ 3X2¢ + 3X~27x + 0(24),
6 2 AU AU
. * X (5.7)
= 2 4 S o
- Ax”;% ’
~ p=pm 33X d Ty
o' =" =Js+ 7)\)(%2(

3(J)°

2AXU§

+0(2%),

K M::MH A + Vmatch - + 0(26) .

31F %2 —vi ~ 1, Wge ~ 1, both fields have comparable masses, and there is no need for RG improvement.
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Figure 11. The tree level Coleman-Weinberg potential for A = 0, plotted for the values of couplings
in eq. (5.9).

The resulting Coleman-Weinberg potential again takes the form

Vew = A(NL)""G%m (1) [In ) _ 3] : (5.8)

with the couplings running according to eq. (4.18)—(4.19). The RG improvement of the
tadpole is identical to that given in the previous section, with the only change that the
parameters are those of the broken phase values in eq. (5.7) for the low energy theory. We
will not repeat the analysis, and simply refer to the results of section 4.

We have again checked that our result for the L? term agrees with the explicit two-loop
calculation of ref. [2], and as in the other examples, the matching contribution in eq. (5.7)
and the tadpole terms are necessary for agreement. Since the z power counting is different
than in the unbroken phase, all terms in A2 must be retained in eq. (4.45).

5.3 Minimizing the RG improved potential

The minimum of the effective potential is the quantum vacuum of the theory. In this case, it
is interesting to plot the RG improved potential and compare it to the fixed one-loop order
expression, in order to see the effect of RG improvement on the location of the minimum.
We use the couplings

Ao A A3
— =0.1 X =0.25 — =0.04 5.9
1672 ’ 1672 ’ 1672 ’ (5.9)
at the scale pyr and

vy = 246 GeV vy = 500 TeV, (5.10)

which have a large hierarchy, and study the effect on the potentlal near the classical min-
imum czS = Vg, X = vy. We will use the variables qﬁ and A, = — vX, which are order
z and 22, respectively. To orient ourselves with these couplings, we have plotted the tree
level Coleman-Weinberg potential Vi as a function of d; at the value x = v, in figure 11.

In later plots we will focus on the region around the right-hand minimum.
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Naively plotting the result leads to numerical instabilities from the matching condition
eq. (5.6). To discuss the instability in more detail, it is convenient to break up Wy, into
its order 1 and order 22 pieces,

Wyx = W)E(;() + Wg() )

1
0) _ 2
w0 = SA%

W = %)\X (%2 —+2) + %)\3 (62 —12) = %/\XAX + %)\3 (62 —02). (5.11)
and reexpand eq. (5.6) in z,
Vinaten (HH) = 5 417#{
[m Wﬂ—% - g} [W;E?()]Q + [m VZ—%} - 1] 2 W + {m Vfé[ﬂ [W&)r
+0 + {m uég? - 1} 2W g Wio 1 W Wag W
H WXX
+0 +0 + [ln 3 1} TN
Ky Wix
0 o ] ()
My Wiy

The rows of eq. (5.12) are the four terms in eq. (5.6), and the columns are the contributions
at order 1, z? and z* after expanding Wiy Wg() is independent of QAﬁ, X. We start by
choosing u%; = ng.

The first problem is that Vi.icn produces a large shift in the potential. For example,
the single term in the first column of eq. (5.12) is an order 1 constant and gives a shift in the
cosmological constant of ~ —2.6 x 1022 GeV*. The potential for ¢3 is order z*, and smaller
by a factor ~ (16m%/ ) (v /vy ) ~ 107 relative to this contribution. This large constant
shift in the potential is the cosmological constant problem. To be able to show the various
contributions on the same plot, we shift all terms in the matching by field-independent
constants, by subtracting their values at the classical minimum ngb = Vg, X = vy in plots.

The two terms in the second column of order z? are plotted in figure 12a. The two
terms are both proportional to <£2, and pass through 0 at (ﬁ = vy because of our subtraction
for the plots. They are almost equal, which is a numerical coincidence for our choice of
input parameters.

The four terms in the third column are order z* and are plotted in figure 12b along
with the tree-level potential, which is also of order z*. Note that the scale in figure 12a
is 107 times the scale in figure 12b. As a result, the z? contribution would overwhelm the
2% terms, including the tree-level potential. The reason for this numerical instability is
that vy and v, mix under renormalization, and vg < v,. Unless the parameters in the
high-energy Lagrangian are chosen properly, the physical ¢ mass is of order the high scale
vy, not the low scale v4. This phenomenon is the hierarchy or fine-tuning problem. Our
starting assumption is that we have a hierarchy of physical mass scales, so we have to
choose input parameters consistent with a large mass ratio. A simple way to do this is to
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(a) The order z* contributions. The blue and or- (b) The tree-level potential and the order z* con-

ange curves are from the first and second rows of tributions The blue curve is the tree-level potential,
eq. (5.12), respectively. The two values happen to and the orange, green, red and purple curves are
be nearly equal for our particular choice of input the z* terms in the four rows of eq. (5.12).
parameters.

Figure 12. Plots of different contributions to Vi,atch as a function of é for X = v, at the matching
scale u?, = ng. Note the y axes’ scaling differ by a factor of 107.

use the matching scale

1

13 = EW)E?() (5.13)

with eq. (5.9) as the input parameters at this scale. The input parameters at the scale
u? = >£§? or any other high scale py are given by running the values in eq. (5.9) from

2 = W>(£<) /e to the high scale. The resulting values of vy and v, are almost equal, but
careful adjusted so that the ¢ mass is light. We instead avoid any fine-tunings by using
eq. (5.13) as the matching scale. We are free to choose any matching scale since the physical
results are independent of the matching scale. Another way to say the same thing — the
parameters of the high-energy theory live on a renormalization group trajectory. The input
parameters are such that when the couplings flow to py given by eq. (5.13), we have a
hierarchy in the values of v. This procedure is a simple solution to the hierarchy and
fine-tuning problems.

With the choice eq. (5.13) for ug, eq. (5.12) becomes

012 2)12
—1 w8 +0 +[w]
(2)
. +0 40 I
Vinaten (tbrr) = > : (5.14)
- 64 +0 40 +0
Wy W. 2
+0  +0 + <¢X<O)X¢)
WXX

Most of the matching terms have disappeared, including the entire problematic z? contri-
bution. The entire matching contribution other than the order 1 cosmological constant
shift is order z*.

Having taken care of the hierarchy and fine-tuning problems, we can now plot the
total Coleman-Weinberg potential, using pg from eq. (5.13). The value of the tadpole
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Figure 13. Plot of the Coleman-Weinberg potential as a function of ngS for X = vy. The curves
are the tree-level potential (blue), the fixed order potential at one-loop (orange), the RG improved
potential neglecting the tadpole (green), and the RG improved potential (red).

V(10°GeV*) V (10°GeV*)

151

~ A (10*GeV?
e 1 xl )

W_M a00 ¢(GeV)

-0.5F -0.5+

(a) Ay = 0 (blue), A, = —(100GeV)? (orange), (b) ¢ = 246 GeV (blue), ¢ = 300 GeV (orange), ¢
A, at the true minimum of the potential (green), at the true minimum of the potential (green), and
and A, = —(150 GeV)? (red). ¢ = 350 GeV (red).

Figure 14. Plot of the RG improved Coleman-Weinberg potential. The left plot is vs. <£ for various
fixed values of A, and the right plot is vs. A, for fixed values of ¢.

Jx(pm) is in the range of approximately —10'9 to —5 x 1019 GeV? for the values of QAS in the
plots. The fixed order and RG improved results for the Coleman-Weinberg potential are
plotted in figure 13, and compared with the tree-level potential. The fixed order potential
is evaluated at the scale ppg. The scalar self-couplings run to zero in the infrared. As a
result, RG improvement in this model reduces the size of the quantum corrections, and
makes the potential closer to its tree-level value. We have shown the RG improved potential
with the tadpole J, (1g) = 0, and with the value from eq. (4.40). The RG improvement
changes the potential substantially. The minimum of the Coleman-Weinberg potential is
shifted from QAS =246 GeV, A, = 0 at tree-level to qg =337GeV, A, = —(135GeV)? using
the RG improved potential and ignoring the tadpole by setting J, (um) = 0. Including the
tadpole to get the correct RG improved potential, the minimum shifts to dA) = 319 GeV,
A, = —(122GeV)?. As we have emphasized, the tadpole terms are important.

Finally in figure 14a, we plot the full RG improved Coleman-Weinberg potential in-
cluding tadpole contributions vs. qg for various values of A,, and in figure 14b, plot it vs.
A, for various values of .
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As a final comment, note that in all of the above plots we have chosen fixed values
of pug and py that do not depend on the background fields. One could instead choose
these values to vary with (;3 and x, and e.g. choose puy, to cancel the entire log in (5.8).
The difference that this dependence u(g?), X) makes to the minimum is higher order; this
is because dV/d¢ will now pick up a dV/du term, but by the RG equations that term is
higher order in perturbation theory, and vanishes if V' is computed to all orders.

6 Higgs-Yukawa model

Our last test case is the Higgs-Yukawa Model. This model has the new feature of non-zero
scalar wavefunction renormalization at one loop.

6.1 Power counting

The Higgs-Yukawa model considered in ref. [10] has the Lagrangian
1 N o _ — m2 A
L= 5(0u8)" + 3 i I — g8t — 20" — 160 = A, (6.1)
k=1

and is a special case of the more general theory eq. (2.23), (2.24). Eq. (6.1) has the discrete
chiral symmetry ;5 — —r, ¥Yr — Yr, ¢ — —¢ which forbids odd powers of ¢ in the
scalar potential.

Following the usual procedure, we shift the scalar field ¢ = é—i— ¢g¢, drop the linear
term in ¢4, and introduce a source J for ¢4. The resulting Lagrangian Lis

s 1 — — — 1 A s
L= 5(0u0) + it Db — Mptids, — gbqthathn — 5 Madg — 599
A A
— b~ A+ T, (6.2)
A 1 2 72 A%

and the coefficient o of the linear term in ¢, is zero at tree level. The boson mass-squared
matrix and fermion mass matrix are

~ 1. - ~ ~
ME(§) =W =m} + 5)@2 , o Mp(o) =go. (6.3)
The Coleman-Weinberg potential at one-loop order is
~ 1 ~ A~
Viree = A=A+ imédﬂ + ﬂ¢4’

M (9) [111 ME(9) 31 _ NeMA©) [m M (3) 31 64

Vi =
1-loop ,u2 2

6472 w22 1672

We assume the parameters and QAS are chosen so that there is a hierarchy of mass scales,

either (a) Mp > Mp or (b) Mp > My, and our expansion parameter z < 1 is the ratio
of the smaller mass to the larger mass. We consider each of these cases in turn.
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6.2 The case Mgy > Mp

We use the power counting mp ~ z, (;AS ~1, A\~ 2% and g ~ 1, and work to order z%. Since
the fermion is heavier than the boson, the matching at pug involves integrating out the
fermion. The one-loop contribution to the cosmological constant from figure 2 is

M3 (9) 3]

6.5
py o2 (6.5)

1 R
Vinateh(111) = —5 (=4Np) M:(¢) |In
64m
which, as usual, is precisely the contribution of the heavy particle to the Coleman-Weinberg
potential in eq. (6.4). The tree-level matching vanishes in this case, since there is no
fermionic analog of the x, exchange graph figure 7(a).

The EFT Lagrangian is a scalar theory

1 1~ 1_ 1~ ~
['EFT = *(au¢q)2 - *M123¢3 - 7p¢2 - 7)\¢;1 - A+ j(bqv (66)
2 2 6 24
with parameters at the scale pg given by

MEIN L0,
prE NG+ O,
m*($) " ME () + O(z%), (6.7)
"L —T + 025,
AN+ Vipaen (i) + O(27)

The theory is sufficiently simple that there are no matching corrections to the couplings
in eq. (6.7). As a result, one can reabsorb the shift (ﬁ back into ¢, evolve down to a low
scale pg of order the scalar mass Mp, and then shift the scalar field back by qg The
anomalous dimension v, vanishes since the fermion has been integrated out, so we do not
need to rescale qAS This observation is useful in comparing with the results of ref. [10].

The couplings in the low-energy theory are evolved using the RGE to a low scale
pr, of order the scalar mass Mp. The RGE are those of the pure scalar theory given in
eq. (B.3), since the fermion has been integrated out. At the scale pr, the quantum field
¢q is integrated out. This gives the Coleman-Weinberg potential
m? (ur,) 3]

In
nio 2

~ 1
Vew = Mpr) + ——5m* (uz)

6172 (6.8)

Eq. (6.8) still contains J which has not been determined. It is fixed by requiring
that (¢,) vanish. This expectation value is determined by differentiation w.r.t. 7. In this
example, the matching eq. (6.7) is particularly simple, and the tadpole condition becomes
(¢q) = 0, i.e. the high-energy theory tadpole condition is the same as the EFT tadpole
condition. The value of & = —7 is adjusted so that this condition is satisfied. The terms
in eq. (6.7) do not depend on &, so we can omit this part of the calculation.

We can now compare our RG improved result to the known two-loop calculation by
expanding the RG series in a power series in ¢t = (Inpuyz/uy)/(1672). The leading log
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contribution is

~ ~ 1~ 1~ ~ ~ .
Apr) = Mpus) + 5Mb ()t + 5 M (arr) (M) M) + 9 () | £ 4. (6.9)
using eq. (B.3) to evaluate the RG evolution and expanding in a series in ¢. The logarithmic
terms are, using eq. (6.7) and eq. (6.3)
~ 1~ 1~ — N
Apr) = 5 Mp(pn)t+ 5 M (i) M) M () + N2 () %) £ + ... (6.10)
This result agrees with the explicit two-loop calculation expanded in Mp/Mp.

6.3 The case Mg > Mp

We use the power counting mpg ~ 1, $ ~ z, and work to order z®. Since the boson is

heavier than the fermion, the matching at pupg involves integrating out the boson. The
one-loop contribution to the cosmological constant from figure 2 is

1 MRS 3
Vmatch(MH) = @Mg(¢) [ln/é@ - 2‘| . (611)

The tree-level matching integrating out ¢4 at pug gives

Lepr = iy, d, — Mpby, + WQl(MH) [Q(MH)%W — j(MH)r —A,
B
o~ — 2 — A
= iy DU — Mpyy, + QQME% [wkwkr —A, (6.12)
B

with a four-fermion interaction, where the EFT couplings at the matching scale are

=~ u=pn 9(pr) T (prr) A T (T (pm))” T
Mp"=" Mp+ M2 (o) + O(z%), AT="A 2M§(MH)+O( ). (6.13)

The one-loop anomalous dimensions for the Lagrangian eq. (6.12) are,

d ~  2¢%(ug) M} d ~ —4
—Mp = “——— (4Nr — 1 — A= -2NpM 6.14
dt F M%(HH) ( F ) ; dt FiVlp, ( )

using the results of refs. [22, 23]. The solution of these equations is
~1/2

4(4Np — 1)92(NH)M1%“(NH)t

Mp(ur) = Mp(p) |1 -

Mg(pum)
X X 2NpM(1n )t
Alpr) = Ao — ~ , 6.15
(he) = Ao | — AENp =)o (um) M () , (6.15)
M3, ()
with the expansion in ¢
v v 2(4Np — D)g?(ni) M (nm) , | 6(4Np — 1)2g* (ur) M (i) 5
Mp(pr) = Mp(pm) + t+ T+
plie) = M) M) M)
~ ~ — 8Np(4Np — 1)g% (1) M8
R(pun) = Aunr) — 2Np A ()t — SNEUANE 2)9 (i) M (i) 2y - (6.16)
M (pu)
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(a) Vacuum graph from the four-fermion operator. (b) The fermionic tadpole graph.

Figure 15. Some relevant fermionic graphs in the Higgs-Yukawa model.

The fermion v is integrated out at a low scale uy of order the fermion mass Mp. In
addition to the usual contribution from figure 2,

o _ ANpME(p) |, M (p)
<[¢W’f} >M =T e ™ 2 L, (6.17)
we also have the two loop contribution from the four-fermion operator from figure 15a,
2
22\ 1 AME(w) |, M (n)
<[¢k¢k} >u = ZNF (4Np — 1) { = In 2 -1 . (6.18)

Combining the pieces gives the Coleman-Weinberg potential

- 1 — M2 3
Vow = Myup) + g (—ANp) A (ur) [1n 2EPE) 3
64m 153 2

SMp(um) T 1672 17 ' '

The two-loop contribution is LL order if evaluated at pup. By evaluating it at pp, we have
eliminated the large logarithms, and the contribution can be dropped. The LL piece now
arises from the running of the fermion mass proportional to the four-fermion operator,
eq. (6.14).

Eq. (6.19) still contains J, which is fixed by requiring that (¢4) vanish. From eq. (2.13),
one sees that this expectation value is determined by differentiation w.r.t. J to give the
EFT tadpole condition

3t ([P, a7 =0 = T = st ([Fevd]),, o)

<Wk1/1k}> has no large logarithms if evaluated at a scale uy of order the fermion mass.
The RG improved tadpole can be obtained by differentiating the fermion Lagrangian at

= pr w.r.t. Mp(ug) to bring down a factor of Wkl/}k} )
e

A(4Ny — 1>g2<uH>M%<uH>t] o
M (1)

2(4Np — 1)92(MH)M%(NH)4

] =[] [1 :
(6.21)

— 8M (1) Npt l1 -
g M (pr)
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which also follows from the anomalous dimension of [@kwk} in the EFT. The RG improved

tadpole is given by substituting this result in eq. (6.20). < [@kwk} > has no large logarithm,
ML

so the entire LL piece of the tadpole comes from expanding the second term

T (i) = guar) { [Pt >#H ~ —8Npg(pn) M ()t (6.22)

We can now compare our RG improved result to the known two-loop calculation by
expanding the RG series in a power series in t. As usual, the entire leading-log contribution
comes from the cosmological constant in the low-energy theory at ur,

_ 8Np(ANF — 1)g* (1) M§(0)

Apr) = A(0) — 2Np ME(0)t 24

Mg
_ A )y () |’
=A- 213t —2Np [MF(/JH) + Q(MH)W] t (6.23)
 8Np(NF — Dg(um) I(m) | o
M (ir) [MF I Gy |
The logarithmic terms to order L? are
N 2
R = ~2Np M) — 8Ny ) MEO) Sty — T )
B 8Np(4NF — 1)g*(up) ME(0)E2 + ... (6.24)

M (purr)

Using eq. (6.22) for the tadpole contribution gives

9% () ME(0)

() = —2Np ME(0)t+ [64NE — 32N —8Np (4Np—1)] e
B

t2+...  (6.25)
As before, the J (1) flips the sign of the (7 (uuz))? term from the cosmological constant.
The N2 terms cancel, leaving

M (0)

Apr) ~ —2NpME(0)E + 8Npg? (1) AZQ 24 (6.26)
B

which agrees with the two-loop result obtained from ref. [4], and provides a non-trivial check
of our method. The N% term arises in the high-energy theory from graph figure 10(b) with
the dotted scalar replaced by a fermion. This is not 1PI, and is cancelled in the EFT by
the tadpole. The Np term arises in the high-energy theory from figure 10(a), which is 1PI,
and survives in the EFT.

7 Comparison with previous work

In this section we compare our results for various examples with previous results in the
literature.
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7.1 O(N) model

The Coleman-Weinberg potential of the O(/N) model in the broken phase was considered
previously in ref. [15]. This paper assumes a matching condition for the Lagrangian at iz,
and uses running couplings computed in the full theory to evolve the parameters from pp
to pr. However, the method is not a systematic procedure (as was noted in ref. [15]), and
cannot be extended to higher orders. It also does not include power corrections in the LL
summation, and misses the 1/m? term in eq. (3.37).

7.2 Two scalar fields in the broken phase

The Coleman-Weinberg potential of the two-scalar theory with mé = mi = (0 was con-
sidered previously in ref. [11] using a different method. This paper computes the exact
eigenvalues of the scalar mass matrix, w+, the expressions for which contain square-roots
(see eq. (4.6)). The running of the scalar potential, given in eq. (2.22), implies for the
high-energy theory that 2V = wi + w?. The square-roots cancel in this combination,
leading to the RGE eq. (A.6) with Ny = N, = 1. Ref. [11] then defines S-functions in the
theory between ppy and py, by treating it as a single scalar theory with a mass given by w_
so that 2V = w2, a non-analytic expression containing square-roots. They then describe a
method ref. [11, above (3.16)] to convert this to a polynomial, obtaining their -functions
ref. [11, (3.17)—(3.19)]. Their S-functions are then integrated to sum the logarithms.

If we take the special case of their results with A\, = Ay and A\x = Ap— Ay, with \; <1
and (¢) = rvcosf, (x) = rv/sinf, in their notation ref. [11, (3.14)] the mass matrix has
eigenvalues

M =V2Xgr% — ——=Air?, M} = —=\r17, (7.1)

3
22
with M? < M%, a large mass hierarchy. The L and L? terms in the Coleman-Weinberg
potential are then

1 1
~ E)\%r‘lt +3M (2>\1)\¢ -\ - gAf +.. > rit?. (7.2)

Our method, treating A\; /Ay as the expansion parameter z, gives instead

Vo oAt A )\1)\¢—Z>\1—m+... rit?, (7.3)

which agrees with the explicit two-loop result expanded in A;/Ag.

7.3 Higgs-Yukawa model

The Higgs-Yukawa theory was studied in detail in ref. [10], based on the method proposed
in ref. [9]. The one-loop matching contributions at the high and low scales are the usual
values given in ref. [1], and we obtain the same result. The difference between the two
approaches is in the evolution between py and pr. Ref. [10] does not construct an EFT,
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Figure 16. One-loop contribution to the ¢* interaction from a fermion loop. The same graph can
be interpreted as a contribution to the cosmological constant if the external lines are interpreted as
background fields ¢.

but instead introduces f-functions into the RGE. Explicitly, they use ref. [10, (3.4)]

¢ =—20°NOpo = —740rs,
g = (30p0F +2N0p) ¢° = 3050rg” + vs0ryg,

mZB = )\mQBHB + 492Nm2BHF = )\m2393 + 27¢(9Fm23 , (7.4)
A =3)\%0p — 48¢* NOr + 8g° NN0F = 3)\%05 — 48¢* NOr + 4740F )\,
|

In the theory with Mp > Mp, they set 0 = 0 and 0 = 1 in the RGE between Mp and
My, whereas for Mp > Mpg, 0 = 1 and 0 = 0 in the RGE between My and Mpg. The
calculation follows that in ref. [1] of treating the Coleman-Weinberg potential as graphs
with external scalar lines, rather than the method in ref. [18] of shifting the scalar field
¢ — qz§ + ¢4 and performing the functional integral over ¢,.

For the case My > Mp, our result agrees to order L2 with that of ref. [10]. The
matching condition eq. (6.10) is trivial, and the tadpole plays no role in the final result.
The S-functions eq. (7.4) with g = 1, 0 = 0 agree with those in our low-energy theory
after integrating out the fermion. Our RG evolution uses the Lagrangian after the shift
¢ — (;AS—{— ¢4, whereas ref. [10] uses the original ¢ field, and treats ¢ as the external field
which is equivalent to running and then performing the shift ¢ — qZA)—I— ¢q- As commented
earlier, in this example running commutes with shifting, so the two answers are the same.

For Mp > Mp, the 7, parts of the S-function evolution in eq. (7.4) reduce to wave-
function evolution of the background field ¢. In our method, qg is the field at pp, whereas
in the method of ref. [10], ¢ renormalized at py is considered the external field. Thus
we evolve QAS from pp to pp with its anomalous dimension to compare with the result of
ref. [10]. A difference in the two methods is the A\ = —48¢*Nfp term in the B-function
for . In our method, the EFT has no scalar fields, and no A¢* coupling. In ref. [10],
the A¢? coupling runs in the theory below Mp by the diagram in figure 16. If one treats
the external lines as QAS, then this diagram gives the same contribution as the running of
the cosmological constant in eq. (6.14) in our method, with a fermion mass Mp = gg%.
Thus this contribution agrees, though its origin is different in the two approaches. The
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Figure 17. Class of diagrams leading to an infrared divergent Coleman-Weinberg potential in the
Standard Model. The fermion loops are top quark loops, and the scalar fields connecting the fermion
loops are Goldstone bosons ¢ and ¢z, which are propagating degrees of freedom in R¢ gauge.

final result for the Coleman-Weinberg potential in ref. [10] differs from our LL result in
eq. (6.26) in that it does not contain the ¢? term that arises from the tadpole.

7.4 Taming Goldstone boson divergences

An explicit computation of higher loop corrections to the Coleman-Weinberg potential
in the Standard Model shows that the class of graphs in figure 17 is infrared divergent
at three-loop order and beyond [24]. This divergence is known as the Goldstone boson
catastrophe, whose resolution was given in refs. [25, 26].# Our method for computing the
Coleman-Weinberg potential does not have this infrared divergence problem, and in this
subsection we explain the relation of our method to the discussion in refs. [25, 26].

The infrared divergence found in ref. [24] depends on the coupling of Goldstone bosons
to a fermion (the top-quark) which gets a mass from spontaneous symmetry breaking. The
gauge fields are not important to the discussion, and ref. [24] sets the gauge couplings to
zero. We will therefore study the problem in a simplified model given by combining the
O(N) theory of section 3 with the Higgs-Yukawa theory of section 6, keeping the essential
features of the problem without irrelevant complications. The Lagrangian we study is

2

2
L= Gi + 0,06 — A <¢*¢ - ”2> — ybrvrd —ybair’ —A,  (75)

which consists of a complex scalar field (the O(2) model) coupled to a fermion . ¢ and v,
have charge 1 under the U(1) symmetry, and 1 has charge zero. Spontaneous symmetry
breaking leads to a massive scalar (the Higgs boson), a massless Goldstone boson, and a
massive fermion (the top).

The Coleman-Weinberg potential V(ﬁ) for the scalar field is computed by writing

1
N

4We thank the referee for bringing this problem to our attention.

o= [ﬁ + hg + igoq} . (7.6)

47 —



In contrast to previous sections, here the radial mode has been called h, (for Higgs) instead
of x4. Including the source term, the shifted Lagrangian £ from (2.14) is

ﬁ = %Za@b + %(@th)Z + %(8;19011)2 - \% (iL + hq) %1# - %@qﬂi'}ﬁfﬂp

- ix (Pg + 20207 + 03) — M (RS + hyl) — %)\ (307 - v?) B2

- %)\ (IA12 — 1)2) 903 — A+ Inhyg s (7.7)
where
A= %)\ (h* - v2)2 , (7.8)
is the cosmological constant, and the full source term is split as
J=6+Tn, &:Ai}(l}?—v?), (7.9)
as in eq. (2.12). The scalar masses (2.11) are
Win = 2002 + 3) (iﬂ - qﬂ) , Wy = A (iﬂ - qﬂ) , (7.10)
and the fermion mass is
_uh
=7

At tree-level, with h2 — v2 ~ O(z2), there is a mass hierarchy with Wep ~ 22 < Whp,

m%, ~ 1. ¢ is a Goldstone boson of the spontaneously broken U(1) symmetry, and is

mg

(7.11)

exactly massless at the minimum of the potential h = . Including quantum corrections,
the Goldstone boson remains exactly massless at the minimum of the quantum corrected
potential, which is now shifted from h=vtoh=uv+Av. We will treat Av as formally
of one-loop order. We can therefore consider the Coleman-Weinberg potential in a regime
with a large mass hierarchy by working near 7 = v + Av. The source J breaks the U(1)
symmetry, so ¢ is massless only at the minimum of the potential where the source vanishes,
by eq. (2.5).

The Goldstone boson problem studied in ref. [24] arises from one-loop corrections to the
 mass, and so is one higher order than the other calculations in this paper. Nevertheless,
our method works to all orders, so we can apply it here. In the regime W,, < Wy, m%,
one can construct a low-energy EFT by integrating out h, and 1, leaving only ¢,. The
EFT Lagrangian is

m? 0 A ~
—gog—ﬂpg—ﬂgo‘ql—./&—l-... (7.12)

]_ 2 ~
Lerr = 5(0upg)” = 0pq — 5

where the EFT coefficients are determined by one-loop matching from eq. (7.7). The
Goldstone boson problem is related to the ¢ mass, so we focus only on the one-loop
corrections we need: the one-loop correction to the ¢ two-point function.

48 —



Figure 18. One-loop contributions to the ¢ two-point function. The dotted lines are ¢, the dashed
lines are hy and the solid line is the fermion .

The one-loop correction to the ¢ two-point function is given by the graphs in figure 18.
The last three graphs in figure 18 are one-particle reducible, but are still included in ', (p).
It is often stated that I' is given by the sum of one-particle irreducible graphs, but this is not
true if there is a non-zero one point function, i.e. a non-zero tadpole. Equations (2.2), (2.5)
give the relation

(7.13)

52T __[ 52W ]1
dp(x)e(y) [0 (2)dJ(y)

so that ', (p) is the negative of the inverse propagator. It is given by the proper self-energy
contribution, i.e. graphs which cannot be disconnected by cutting a line with momentum p.

We can decompose

—ilpp(p) = P - Wep — Ew(p2) ) (7.14)

where EW,(pz) is the one-loop correction. In the EFT method, we need the one-loop
matching contribution to ZW,(pQ), i.e. the difference between the graphs in figure 18 in
the high-energy theory with hg, v, ¢4, and the low-energy theory with only ¢,. Graphs
figure 18(b,d,f,g,h) contribute to the matching condition. Graph figure 18(a) is present
in the low-energy theory, and does not enter the matching. The matching contribution
from graphs figure 18(c,e) is given by evaluating the graphs in the high-energy theory, and
subtracting the contribution from corresponding graphs in the low-energy theory given by
shrinking the h, line to a point. The latter graphs look like figure 18(a) in the low-energy
theory, but the <p3 coupling includes the tree-level correction from integrating out hq from
figure 7. The matching from figure 18(c,e) can equivalently be computed by expanding
the integrand in low-energy scales (i.e. in the power counting parameter z) before doing
the integral. Note that p? ~ 22 since the ¢ momentum is of order the ¢ mass in the

low-energy theory.
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The one-loop matching is (in terms of Passarino-Veltman functions in the conventions
given in appendix E)

1 _ o _
Ve (p?) = W{—A%(Whh) = A% Bo(0, Win, 0) + 2y2Ao<m%>}
1 [6M2h% N 2ALT,
— | Ao(Whn) — 4V2—— Ao(m3 = 022 7.15
+ o [Whh o(Win) = 4V2—ymp o<mF>]+ T+ 0 (), (1.15)

where the second line is from the tadpole graphs in figure 18.

At tree-level, the minimum of the potential is at h = v. At one-loop, the minimum is
at h = v+ Av, where Av is formally of one-loop order, so that h2 —v? ~ 2vAv. To one-loop
order, we can use the tree-level values h = v, Wy, = 202, Wep =0, and mp = yv/v/2 in
the one-loop term Y., (p?),

1 _ _
S (p?) = 63 {2)\A0(2>\v2) — 4\%? By (0,2 0%, 0)} + % : (7.16)

Using Ag(m?) = m?By(0,m?,0), to one-loop order

_ I

v

Yee(p? = 0) (7.17)

The tadpole graphs in the second line exactly cancel the terms in the first line. Including
the tree-level term, eq. (7.14) reduces to

. o T J

iTpp(0) = Wy + Spu(p? = 0) = = 4 T4 = =2 (7.18)

v v v

Consequently, at the minimum of the potential where J = 0, at one-loop order
Lop(p=10)=0, (7.19)

and the Goldstone boson is exactly massless, as guaranteed by the Ward identity. Near
the minimum of the potential with h2 — v ~ O(22), Lyy ~ O(2?%), and ¢ is light. When
the heavy hq and 1) fields are integrated out, the EFT contains a massless Goldstone boson
which is derivatively coupled at the minimum of the potential. Near the minimum, its
mass-squared and couplings are O(z2). As a result loop diagrams in the low-energy theory
are of order W, In W, ~ 2% 1n 22, rather than In Wy ~ In 2%, and so do not have infrared
divergences.

We can now compare with the earlier work in refs. [24-26]. The fermion loop diagram
figure 18(c) gives a contribution

2 2
2 Yy 2, M
Bpp(p”) = —g zmpln 2 (7.20)
to the ¢ mass. Figure 17 at ¢ loop order — i.e. with ¢ — 1 fermion loops — is of the form
(see ref. [24, eq. (5.1)])

, (7.21)

-~ /-1 _ W,
V ~ (y2)£ 1 (m%—*) Wgwe |}1’1 mig;w + ...
F
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and leads to an infrared divergence as W, — 0 for [ > 3 loops. This is the Goldstone
boson infrared divergence found in ref. [24].

The fermion bubble eq. (7.20) is of order the heavy mass scale, and order 1 in the z
power counting, whereas the Goldstone boson mass W, ~ 22, One cannot expand figure 17
in a power series in the fermion bubbles, i.e. in the m% /W, expansion of eq. (7.21), as
this is an expansion in a parameter 1/z% much larger than unity. Refs. [25, 26] included
figure 18(c) into the ¢ propagator in order to avoid this expansion. The EFT method does
this automatically, since the one-loop matching condition to the low-energy theory includes
these diagrams in the ¢ mass in the low-energy theory. There are also tadpole graphs
figure 18(e—h) in the two-point function, which have to be included. These cancel the zero
momentum part of the Goldstone boson propagator, so that the one-loop correction is order
p?. This cancellation must happen, because Goldstone bosons are derivatively coupled. We
already saw this cancellation at tree level for the 5\@3 coupling of the Goldstone bosons in
the O(N) model in section 3; there, we found that X was order 22 and vanished at the tree-
level minimum of the potential. Here 'y, is order p?, and so the Goldstone boson loops
give W, In W, terms, which are not infrared divergent. Thus, in addition to including
Yo, into the ¢ propagator as in refs. [25, 26], we find that there is a tadpole contribution
to Xy, which exactly cancels the contribution eq. (7.20), so that there is no order y?m?%
shift in the ¢ mass.

7.5 Comments on the standard model

The Standard Model is an O(4) scalar theory coupled to fermions and gauge fields. All
particle masses are proportional to the VEV of the Higgs field (H). As a result, the theory
is a single-scale theory in that (H) cancels out in mass ratios. There are still, of course,
large mass ratios due to a large hierarchy in the couplings, e.g. the ratio of the electron and
top-quark masses which is equal to the ratio of their Yukawa couplings me/m: = ye/y:.
Summing these logs is usually neglected, since the light fermion contribution to the poten-
tial is negligible.

The stability analysis of the EW vacuum compares the potential computed at
(H); ~v =246 GeV with (H), > v. In our method, V(H) is computed in the two cases
separately, and each calculation is the same as the computation using the fixed order
formula at (H), and (H),, with couplings renormalized at y = (H), and u = (H),, respec-
tively. The two sets of couplings are related by RG evolution in the high-energy theory,
i.e. the full SM. This procedure is exactly what is followed in the literature (for a review,
see ref. [27]).

8 Conclusion

We have shown how to systematically compute the RG improved Coleman-Weinberg po-
tential using EFT methods, and given several examples. We enforced the constraint of
only summing 1PI diagrams using a tadpole condition, which can be matched to the EFT,
resulting in tadpole contributions to the EFT Lagrangian and to the Coleman-Weinberg
potential. Our results for the L? terms obtained by integrating the one-loop RGE agree
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with explicit two-loop calculations, and provide a highly non-trivial check of our method.
An interesting feature of the method is the source 7, which is introduced in the high-
energy theory, but whose value is determined in the low-energy theory. We have also
shown how to efficiently compute the RGE in certain cases, including in the presence of
higher-dimension operators, and shown that shift invariance provides strong constraints on
the RGE. Furthermore, we have demonstrated that the EFT formalism in theories with
Goldstone bosons automatically produces a low-energy theory free of infrared divergences,
and so does not suffer from the Goldstone boson divergence problem of ref. [24].

The method used in this paper is not restricted to the Coleman-Weinberg potential,
but also applies to the effective action I'[¢], and can be used to compute the RG improved
['[¢] in a derivative expansion.

The examples in this paper do not have gauge fields to avoid more complicated (-
function calculations, but this method applies equally well to the gauge case. There are
subtleties in interpreting the Coleman-Weinberg potential in the gauge case, which are
explained in detail in refs. [28, 29].
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A Examples of 8 functions

In this appendix, we give useful examples of S-function evolution for scalar theories using
eq. (2.22). These theories have no scalar field anomalous dimensions at one loop.
Consider a potential V (42, x?) where x? = x;X; is a sum over N, components of a real
scalar field x, and ¢? = ¢, ¢, is a sum over Ny components of a real scalar field ¢. The W
matrix of second derivatives (as defined in eq. (2.11)) is
[ 02V 82V
W= | T
| OPax; Obads
26ij <8x2v) + 4Xin (83(2 V) 4dx;dp (8X23¢2V)
Ao (6X2 8¢2V> 2611 (a¢2 V) + Aty (9%, V)

Breaking the indices into radial directions o x;, ¢4, and tangential directions, we see that

(A1)

the two directions do not mix. The radial direction matrix is

rad = |:2 (BXZ V) T 4X2 (8)2(2 V) 4X¢ (a)@ 8(;52 V)

dxo (8X28¢2 V) 2 (8¢2 V) + 4¢2 (822 V) ) (A.2)

where 0,2 is the derivative w.r.t. ¢?, etc. The tangential direction matrix is diagonal in
X-¢ space, and given by

Widian =2 (0V) s Waglin =2 (92V) (A.3)
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with Ny, — 1 and N4 — 1 diagonal entries, respectively. Using eq. (2.22) gives the RG
equation dV/dt = TrIW?/2 (where recall we have defined ¢t = (1/167%)1In /0 to absorb
factors of 1672), which evaluates to

VL vomg ] 4l -n [

= 2N, (0, v)2 + 2N, (92 v)2 + 82 (02V) (02V) + 862 (9,2V) (0%:V) (A4)

+8(x2) (02V)" +8(6?) (82V) + 16202 (920,07 .

+ %(N¢ - 1) [w3,]

tan tan

We now apply this formula to several examples.

A.1 O(Ny) X O(Ng) model in the unbroken and broken phases
For the O(INVy) x O(Ng) model with potential
A A A
V=200 5500 0) + T x0)(@ )

24
2 2 (A.5)

+2Mx) + (@ 9) A

eq. (A.4) gives the RGE
: 1
Ao = 5 (No + 8)AS + 3N, A3,
5 1 2 2
Ay = g(Nx +8)AY + 3NpA3,

. 1 1
A3 = g(NX +2)A3\ + §(N¢ +2)A30g + 423,

1 (A.6)
g = 3 (N + 2)Agm3 + A3Nym3
, 1
mi = g(Nx + Z)Axmi + )\3N¢mi ,
i1 4, 1 4
In the broken phase we take the potential to be
_ M 22, Ao 22
V=51 bex o) w5 (ee—ul) (A7)
A3 '
+Z (X'X_Ui) <¢¢_vi> +Abrokena
and compute the S-functions from eq. (A.6) by changing variables,
1 1
mi = —6)\¢v<275 - 5/\31})2(,
1 1
mi = —éx\xvi - 5)\31)35, (A.8)
A=A Lot gl + Dage2e?
= Nbroken T ﬂ x Uy + ﬂ oUs + Z 3U\ Vg
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and thus obtain eq. (A.6) for ).\45, )'\X, A3 and

1
2 { [36)\3 — 2)\¢)\i + 6>\§)\X] vi + [4)\3>\i - 12)@)‘«5} ”i

X7 A — 9A2
1
Y0 Nehe — A2

1 1
TSAXU)Z( + T8)\¢U; + A3vy Vg -

Note that v, and vg mix under the RGE.

Abroken =

b

{ (3673 — 20, A2 + 633N | 03 + [4As22 — 12230, vi} ,

(A.9)

We will need the RGE for the case of the O(NN) theory, which are given by dropping

the x terms (taking A\, = m, = A3 =0),

: 1 . 1 . 1
>\¢ = g(ng + 8))\2 , mi = g(Nd’ + 2))\¢mi, A= 5 ¢m35,
or in the broken phase where mé = —\y0?/6,
: 1 9 .9 2 A Loy
Ad) = g(Nqs + 8)A¢7 U(b = —2A¢'U¢7 Abroken = EA(b’U(b .
The solution of the RGE eq. (A.10) is
Ap(1) = Ag (o)™,
2 +2
mg(p) = mg(o)n ~NF5
mg(po) 3N N
A(p) = A(po ¢ 1 —nnN+s
() =Meo) + 30T 3 | }
given in terms of
1 I 1 "
= — =1—-(N+8)A In —.
Tom2 " g n 3( + 8)Ag(10) e

For N = 4 (where the denominator in eq. (A.10) goes to zero), the solution is

As(1) = Ag(po)n ™",

mg (1) = mg(uo)n/?,
A() = A(uo) — mé(#o)
g 7 22 (o)

A.2 O(N) model through dimension 6

(A.10)

(A.11)

(A.12)

(A.13)

(A.14)

For the O(NN) model with only the field ¢, one can use eq. (A.4) dropping the y terms.

The solution through dimension 4 was given above. Including a dimension 6 term,

_m2 A 2 Ce 3
V=0 9)+ (92— D0 9) + A,

5

(A.15)

5This formalism works even for terms with dimension greater than four; there was no restriction to

renormalizable terms in the previous section.
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the RGE are

. 1
¢6 = (N + 14)\cg A= —18(N +4)m?cs + S (N +8))\?,
1 o1
m2 = g(N + 2)m?\, A= §Nm4. (A.16)

For N = 4, these can be compared with the RGE for the Higgs sector of the SMEFT, where
c6 is the coefficient of the (HTH)3 operator. Using the complex Higgs doublet written in
terms of real scalar fields

H— L |[92tin (A.17)
V2 ¢4 —ig3
eq. (A.15) becomes the potential
V:A+m2HTH+é)\(HTH)2—c6 (HTH)3, (A.18)
and we can make the identification
o= G, A= VT (e )T ()

with SMEFT parameters using the notation in ref. [30]. Setting N =4 in eq. (A.16) and
using eq. (A.19),
CSMEFT 108)\08MEFT

Y

JSMEFT _ {9 ( )SMEFT CSMEFT | o(\SMIFT)2

2 )SMEFT _ {9)\SMEFT (qu) SMEFT (A.20)

(miy
| SMEFT
A= (mh) :
which agrees with refs. [30-32]. Eq. (A.4) provides a quick way of obtaining the RGE for

)

a scalar theory with arbitrary higher dimension operators.

A.3 O(N) model with a singlet

Finally we consider the case of the O(Ny) A¢* theory with an additional scalar singlet ¥,
with potential

2
Mx . 2 ¢ Px '+ Ax )‘3 2
V=Atox+ 0+ 507+ B0+ By s +2 () (e
for which eq. (A.4) gives the RGE
. 1 .
As = 5(No + 8)A + 3A3, Ay =3A3 + 3NpA3,

, 1
Az = Ahy + 5 (No + 2))\3)\¢ +4)3,

Po = Napx +4Naps + 5 (N¢ T2)Aopgs  Px =3Py +3A3Ngpp
¢ = 2p¢ + /\3m + 3(N¢ + 2))\¢m¢ , mi = pi + )\Xmi + N¢p2¢ + N¢/\3mi,
. 1 1
o= pxmf< + N¢p¢m35,, A= 3 ¢m‘é + §mf< . (A.22)
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B RGE solution for the scalar theory

The solution of the RGE for a scalar theory with the potential

) A
A 2 - B.1
Vip) = +a<p+290+690 +24s0 (B.1)
is used repeatedly in this paper. The RGE equations are a special case of eq. (2.27),
1
Ve =0, Ba=gm’, Bo =m?p,
67712 - )‘mQ + PQ ) Bp =3Xp, Br = 3A2 ) <B2)
with solution
M) = Apo) 01,
(i) = plpo) 0",
m? () = m*(puo) {771/3 [1 5} + 5771} 7

\-/l\.')\r—l

o(p) = o(po) + W {<3§ - 1) + é@]_l + (1 — ;g) ?7_1/3} 7 (B.3)

4
M) = Alpo) + L (3 — 6 +26%) - Je(e— 207

2

1 2 13, 10 —1}
where
1 p*(110)
t = In - —1—3X\(uo)t, SR .. B.4
1672 " 1o g (1) ¢ = Npo)m2 (o) (B4)

The expansion of eq. (B.3) in powers of ¢ gives
A1) = Ao + 3Nt + 902 + O(),
p(t) = po + 3Xopot + 9N pot® + O(?)
m?(t) = m + (Am + pf) ¢ + §A0 (420m3 +708) 2+ O(F), (B5)
o(t) = o + m2pot + %po (4A0m§ T pg) 2+ 0(t3),
A(t) = Ao + %mét + %mg (Momd + ) £ + O,

where all couplings on the r.h.s. are evaluated at ¢t = 0, i.e. = po (hence the subscripts).

C Perturbative integration of RGE

To check the leading logarithmic series with the explicit two-loop computation of the
Coleman-Weinberg potential, it is useful to have the solution to the RGE as a power
series in ¢. Let {A(t)} denote the running parameters, with evolution equations

d
i) =Bi({AD)})- (C.1)
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The solution to these coupled equations can be written as a series in ¢,

AP 4 6A§3)t3 (C.2)

Repeated derivatives of eq. (C.1) give the series coefficients

1) . 2 _ 0B 3) _ 0B; 0B; 0*B;
=B A=, AT o ot a0

BBk » (C.3)

where all quantities are evaluated at the initial point {A(®)}.

D Expanding Q(A)

The function Q(A) that enters the two-loop computation of the Coleman-Weinberg poten-
tial is given by [2]

VAA - 4) 1
QA) = A i) / In(2coshz) dz cosha = §VA’ (D.1)
for A > 4, and by
VA4 - A) 1
QA) = ln 2sinx) sinf = —vA, (D.2)
A +2 2

for A < 4, where A = m?2/m3 is the ratio of two masses. When this ratio is large, we need
the expansion of Q(A) in the A — oo and A — 0 limits to order 1/A?% or A2, respectively,
in order to obtain terms of order m{/mj.

Let us first expand 2(A) in (D.1) for A — oo. The prefactor is expanded

AT Sol-xtamte (D.3)

—Z

Using 2 coshz = e® 4+ e™%, we can rewrite the integral as

2 : —2a 2
[ _ [ o\ g, @ L2 (e
I—/O 1n(2coshx)dac—/0 {x—l—ln(l—}—e )}dx— 5 + 5 +24. (D.4)
Using e* + e~ = v/ A, we can expand
1 1
= VA —4 =
2f+\ﬁ¢[AA2+},
1 1 2
—f\/A—f\/A— =—|1 — .
2 2 JA {+A+A2+ ] (D.5)
e L 2 0 ]
A A A2 ‘
Since Lia(2) = > 5oy z—z and the argument |z| = e72* < 1,
—4a —6a
. _7205__7201 € _6 —_l_i’?
Lig(—e %) = —e +74 9 +...= A 4A2—|—.... (D.6)
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We also have from (D.5) that

1 1 3

Using these expressions, the expansion of the integral defined in (D.4) is

™ 1 3
ln A+ﬂ—ﬂ(lnA+l)—@(21nA+l) . (D.8)
Together with (D.3)7 we obtain Q(A) to the desired order,
o 1 m
Q(A) 22 gl a4 _ L (3m*A+3mA+7%+3)
24 6A (D.9)
1
T x (67 A +10InA 4277 113) +.
The first two terms agree with ref. [2]. We have extended the expansion to higher order
in 1/A.
The other limit A — 0 proceeds in a similar fashion. The prefactor is expanded
VAM@ = A) 5A  39A2
_— 1—— . D.10
ave VAT Ao o (D-10)
and the integral becomes
0 93
I'=[ In(2sinx) dx:91n0+(ln2—1)9—ﬁ+... . (D.11)
0
f can be expanded
. (VA 1 A 3A?
0—arcsm<2 —iﬂ 1+ﬂ+@+” . (D.12)
Then, Q(A — 0) is given by
A A?
Q(A) °=° TnA —2)+ o (44 - 21 A) + (D.13)

There are no A" In? A terms in this limit.

E Passarino-Veltman integrals

We summarize the Passarino-Veltman integrals [33] needed in section 7 in the sign conven-
tions of this paper. We denote the finite parts of the integrals by Ay, By and Bj.
The integrals are

s | A — i Ao(m?) (B.1)
27Tdk2—m2+20+ 0 ) .
ddk:

S/ —iB 2’ 27 2 ’ E.2
—m3 +i0t] [(k+p) —m3 +i0t] iBo(p”, mi,m3) (E.2)

ddk k
S/ 13 —iB 2’ 27 2 : E.3
ST 0] [(k 1 p)% =g 4 i0F] D M) (E.3)

— H8 —



where S = (47)%2e7E 1%, The explicit values are

1 2
Ag(m?2) = m? (6 —In % n 1) : (E.4)
1 1 2 2 1— 2 1—
B ) = -~ [ do MRS SRS
2B1(p2,m2, m2) = —Bo(pz, m2,m2). (E.6)

Open Access. This article is distributed under the terms of the Creative Commons

Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in

any medium, provided the original author(s) and source are credited.

References

1]

2]

S.R. Coleman and E.J. Weinberg, Radiative Corrections as the Origin of Spontaneous
Symmetry Breaking, Phys. Rev. D 7 (1973) 1888 [INSPIRE].

C. Ford and D.R.T. Jones, The Effective potential and the differential equations method for
Feynman integrals, Phys. Lett. B 274 (1992) 409 [Erratum ibid. 285 (1992) 399] [INSPIRE].

C. Ford, I. Jack and D.R.T. Jones, The Standard model effective potential at two loops, Nucl.
Phys. B 387 (1992) 373 [Erratum ibid. 504 (1997) 551] [hep-ph/0111190] [INSPIRE].

S.P. Martin, Two Loop Effective Potential for a General Renormalizable Theory and Softly
Broken Supersymmetry, Phys. Rev. D 65 (2002) 116003 [hep-ph/0111209] [INSPIRE].

M.B. Einhorn and D.R.T. Jones, A new renormalization group approach to multiscale
problems, Nucl. Phys. B 230 (1984) 261 nSPIRE].

C. Ford and C. Wiesendanger, A Multiscale subtraction scheme and partial renormalization
group equations in the O(N) symmetric ¢* theory, Phys. Rev. D 55 (1997) 2202
[hep-ph/9604392] [INSPIRE].

C. Ford and C. Wiesendanger, Multiscale renormalization, Phys. Lett. B 398 (1997) 342
[hep-th/9612193] [iNSPIRE].

T.G. Steele, Z.-W. Wang and D.G.C. McKeon, Multiscale renormalization group methods for
effective potentials with multiple scalar fields, Phys. Rev. D 90 (2014) 105012
[arXiv:1409.3489] [INSPIRE].

M. Bando, T. Kugo, N. Maekawa and H. Nakano, Improving the effective potential:
Multimass scale case, Prog. Theor. Phys. 90 (1993) 405 [hep-ph/9210229] [INSPIRE].

J.A. Casas, V. Di Clemente and M. Quirds, The Effective potential in the presence of several
mass scales, Nucl. Phys. B 553 (1999) 511 [hep-ph/9809275] [InSPIRE].

S. Iso and K. Kawana, RG-improvement of the effective action with multiple mass scales,
JHEP 03 (2018) 165 [arXiv:1801.01731] [INSPIRE].

H. Okane, Construction of a renormalization group improved effective potential in a two real
scalar system, PTEP 2019 (2019) 043B03 [arXiv:1901.05200] [INSPIRE].

I.L. Buchbinder, A.R. Rodrigues, E.A. dos Reis and I.L. Shapiro, Quantum aspects of
Yukawa model with scalar and axial scalar fields in curved spacetime, Fur. Phys. J. C 79
(2019) 1002 [arXiv:1910.01731] INSPIRE].

— 59 —


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1103/PhysRevD.7.1888
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD7%2C1888%22
https://doi.org/10.1016/0370-2693(92)92007-4
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB274%2C409%22
https://doi.org/10.1016/0550-3213(92)90165-8
https://doi.org/10.1016/0550-3213(92)90165-8
https://arxiv.org/abs/hep-ph/0111190
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0111190
https://doi.org/10.1103/PhysRevD.65.116003
https://arxiv.org/abs/hep-ph/0111209
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0111209
https://doi.org/10.1016/0550-3213(84)90127-5
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB230%2C261%22
https://doi.org/10.1103/PhysRevD.55.2202
https://arxiv.org/abs/hep-ph/9604392
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9604392
https://doi.org/10.1016/S0370-2693(97)00237-2
https://arxiv.org/abs/hep-th/9612193
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F9612193
https://doi.org/10.1103/PhysRevD.90.105012
https://arxiv.org/abs/1409.3489
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1409.3489
https://doi.org/10.1143/PTP.90.405
https://arxiv.org/abs/hep-ph/9210229
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9210229
https://doi.org/10.1016/S0550-3213(99)00262-X
https://arxiv.org/abs/hep-ph/9809275
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9809275
https://doi.org/10.1007/JHEP03(2018)165
https://arxiv.org/abs/1801.01731
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1801.01731
https://doi.org/10.1093/ptep/ptz022
https://arxiv.org/abs/1901.05200
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1901.05200
https://doi.org/10.1140/epjc/s10052-019-7447-3
https://doi.org/10.1140/epjc/s10052-019-7447-3
https://arxiv.org/abs/1910.01731
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1910.01731

[14] T.G. Ribeiro and I.L. Shapiro, Scalar model of effective field theory in curved space, JHEP
10 (2019) 163 [arXiv:1908.01937] [InSPIRE].

[15] C. Ford, Multiscale renormalization group improvement of the effective potential, Phys. Rev.
D 50 (1994) 7531 [hep-th/9404085] [INSPIRE].

[16] H. Nakano and Y. Yoshida, Improving the effective potential, multimass problem and
modified mass dependent scheme, Phys. Rev. D 49 (1994) 5393 [hep-ph/9309215] [INSPIRE].

[17] L. Chataignier, T. Prokopec, M.G. Schmidt and B. Swiezewska, Single-scale Renormalisation
Group Improvement of Multi-scale Effective Potentials, JHEP 03 (2018) 014
[arXiv:1801.05258] [iNSPIRE].

[18] R. Jackiw, Functional evaluation of the effective potential, Phys. Rev. D 9 (1974) 1686
[INSPIRE].

[19] B.M. Kastening, Renormalization group improvement of the effective potential in massive ¢*
theory, Phys. Lett. B 283 (1992) 287 [INSPIRE].

[20] C. Ford, D.R.T. Jones, P.W. Stephenson and M.B. Einhorn, The Effective potential and the
renormalization group, Nucl. Phys. B 395 (1993) 17 [hep-1at/9210033] [INSPIRE].

[21] A.V. Manohar, Introduction to Effective Field Theories, arXiv:1804.05863 [INSPIRE].

[22] E.E. Jenkins, A.V. Manohar and P. Stoffer, Low-Energy Effective Field Theory below the
Electroweak Scale: Anomalous Dimensions, JHEP 01 (2018) 084 [arXiv:1711.05270]
[INSPIRE].

[23] E.E. Jenkins, A.V. Manohar and P. Stoffer, Low-Energy Effective Field Theory below the
Electroweak Scale: Operators and Matching, JHEP 03 (2018) 016 [arXiv:1709.04486]
[INSPIRE].

[24] S.P. Martin, Three-Loop Standard Model Effective Potential at Leading Order in Strong and
Top Yukawa Couplings, Phys. Rev. D 89 (2014) 013003 [arXiv:1310.7553] [INSPIRE].

[25] S.P. Martin, Taming the Goldstone contributions to the effective potential, Phys. Rev. D 90
(2014) 016013 [arXiv:1406.2355] [INSPIRE].

[26] J. Elias-Miro, J.R. Espinosa and T. Konstandin, Taming Infrared Divergences in the
Effective Potential, JHEP 08 (2014) 034 [arXiv:1406.2652] INSPIRE].

[27] M. Sher, Electroweak Higgs Potentials and Vacuum Stability, Phys. Rept. 179 (1989) 273
[INSPIRE].

[28] A. Andreassen, W. Frost and M.D. Schwartz, Consistent Use of Effective Potentials, Phys.
Rev. D 91 (2015) 016009 [arXiv:1408.0287| [INSPIRE].

[29] A. Andreassen, W. Frost and M.D. Schwartz, Consistent Use of the Standard Model Effective
Potential, Phys. Rev. Lett. 113 (2014) 241801 [arXiv:1408.0292] [INSPIRE].

[30] E.E. Jenkins, A.V. Manohar and M. Trott, Renormalization Group Evolution of the Standard
Model Dimension Siz Operators I: Formalism and A Dependence, JHEP 10 (2013) 087
[arXiv:1308.2627] [INSPIRE].

[31] E.E. Jenkins, A.V. Manohar and M. Trott, Renormalization Group Evolution of the Standard
Model Dimension Siz Operators I1I: Yukawa Dependence, JHEP 01 (2014) 035
[arXiv:1310.4838] [INSPIRE].

— 60 —


https://doi.org/10.1007/JHEP10(2019)163
https://doi.org/10.1007/JHEP10(2019)163
https://arxiv.org/abs/1908.01937
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1908.01937
https://doi.org/10.1103/PhysRevD.50.7531
https://doi.org/10.1103/PhysRevD.50.7531
https://arxiv.org/abs/hep-th/9404085
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F9404085
https://doi.org/10.1103/PhysRevD.49.5393
https://arxiv.org/abs/hep-ph/9309215
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9309215
https://doi.org/10.1007/JHEP03(2018)014
https://arxiv.org/abs/1801.05258
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1801.05258
https://doi.org/10.1103/PhysRevD.9.1686
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD9%2C1686%22
https://doi.org/10.1016/0370-2693(92)90021-U
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB283%2C287%22
https://doi.org/10.1016/0550-3213(93)90206-5
https://arxiv.org/abs/hep-lat/9210033
https://inspirehep.net/search?p=find+EPRINT%2Bhep-lat%2F9210033
https://arxiv.org/abs/1804.05863
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1804.05863
https://doi.org/10.1007/JHEP01(2018)084
https://arxiv.org/abs/1711.05270
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1711.05270
https://doi.org/10.1007/JHEP03(2018)016
https://arxiv.org/abs/1709.04486
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1709.04486
https://doi.org/10.1103/PhysRevD.89.013003
https://arxiv.org/abs/1310.7553
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1310.7553
https://doi.org/10.1103/PhysRevD.90.016013
https://doi.org/10.1103/PhysRevD.90.016013
https://arxiv.org/abs/1406.2355
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1406.2355
https://doi.org/10.1007/JHEP08(2014)034
https://arxiv.org/abs/1406.2652
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1406.2652
https://doi.org/10.1016/0370-1573(89)90061-6
https://inspirehep.net/search?p=find+J%20%22Phys.Rept%2C179%2C273%22
https://doi.org/10.1103/PhysRevD.91.016009
https://doi.org/10.1103/PhysRevD.91.016009
https://arxiv.org/abs/1408.0287
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1408.0287
https://doi.org/10.1103/PhysRevLett.113.241801
https://arxiv.org/abs/1408.0292
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1408.0292
https://doi.org/10.1007/JHEP10(2013)087
https://arxiv.org/abs/1308.2627
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1308.2627
https://doi.org/10.1007/JHEP01(2014)035
https://arxiv.org/abs/1310.4838
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1310.4838

[32] R. Alonso, E.E. Jenkins, A.V. Manohar and M. Trott, Renormalization Group Fvolution of
the Standard Model Dimension Six Operators I1I: Gauge Coupling Dependence and
Phenomenology, JHEP 04 (2014) 159 [arXiv:1312.2014] [INSPIRE].

[33] G. Passarino and M.J.G. Veltman, One Loop Corrections for ete™ Annihilation Into p*p~
in the Weinberg Model, Nucl. Phys. B 160 (1979) 151 [nSPIRE].

— 61 —


https://doi.org/10.1007/JHEP04(2014)159
https://arxiv.org/abs/1312.2014
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1312.2014
https://doi.org/10.1016/0550-3213(79)90234-7
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB160%2C151%22

	Introduction
	The Coleman-Weinberg potential
	QFT 101
	Jackiw's method
	Effective potential for a subset of the fields
	beta-functions and one-loop running
	Summing logarithms

	EFT method applied to the O(N) model
	Preliminaries and power counting
	A step-by-step overview
	Matching to the EFT at mu(H)
	RG improvement
	Tadpole improvement
	Comparison with the two-loop result

	Two scalar fields in the unbroken phase
	Preliminaries and power counting
	Matching to the EFT at mu(H)
	RG improvement
	Interlude: a fixed order perspective
	Tadpole improvement
	Comparison with the two-loop result

	Two scalar fields in the broken phase
	Power counting
	The result
	Minimizing the RG improved potential

	Higgs-Yukawa model
	Power counting
	The case M(F) >> M(B)
	The case M(B) >> M(F)

	Comparison with previous work
	O(N) model
	Two scalar fields in the broken phase
	Higgs-Yukawa model
	Taming Goldstone boson divergences
	Comments on the standard model

	Conclusion
	Examples of beta functions
	O(N(chi)) x O(N(phi)) model in the unbroken and broken phases
	O(N) model through dimension 6
	O(N) model with a singlet

	RGE solution for the scalar theory
	Perturbative integration of RGE
	Expanding Omega(Delta)
	Passarino-Veltman integrals

