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Enhanced EDMs from small instantons
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We show that models in which the strong CP problem is solved by introducing an axion field with a mass
enhanced by non-QCD UV dynamics at a scale Ag; exhibit enhanced sensitivity to external sources of CP
violation. In the presence of higher-dimensional CP-odd sources at a scale Acp, the same mechanisms that
enhance the axion mass also modify the axion potential, shifting the potential minimum by a factor

x Agl / A%P. This phenomenon of CP-violation enhancement, which puts stringent constraints on the scale
of new physics, is explicitly demonstrated within a broad class of “small instanton” models with CP-odd
sources arising from the dimension-six Weinberg gluonic and four-fermion operators. We find that for
heavy axion masses =100 MeV, arising from new dynamics at Ag; < 10'© GeV, CP violation generated
up to the Planck scale can be probed by future electric dipole moment experiments.
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I. INTRODUCTION

The Standard Model (SM) of particle physics has two
sources of CP violation. The well-established and mea-
sured source of CP violation in the quark mixing sector, the
Kobayashi-Maskawa phase [1], is responsible for a multi-
tude of CP-violating phenomena observed in the quark
flavor-changing transitions. At the same time, this phase
induces electric dipole moments (EDMs) of neutrons and
heavy atoms well below current experimental limits. The
other source of CP violation, the nonperturbative parameter
6 of quantum chromodynamics (QCD), is largely irrelevant
for flavor physics, but tends to induce large EDMs. The
nonobservation of EDMs that imply the smallness of theta,
|6] < 10719 [2,3], contrasted with the naive expectation of
0 ~ O(1), poses a naturalness problem for the Standard
Model, the strong CP problem.

There are two generic approaches to resolve the strong
CP problem. The first approach involves promoting the 6
parameter to a new dynamical field, the QCD axion [4—10],
which symbolically can be represented as
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t GG, (1)

GG — 227,

3272 (9,a)* +

where G¢, is the gluon field strength, G = 1em7oGS,
with ¢ the adjoint index and f, is the decay constant of the
axion field a. The QCD vacuum energy, which for small 6
can be parametrically expressed as

1
E(0) x °m Aoyep, = V(a) = zm%a2, (2)

can be made to dynamically relax to the minimum of the
potential V(a). In this expression, Agcp is the nonpertur-
bative scale of the strong interactions, and m, is the light
quark mass. As a result, any initial value of @ = a/f, will
relax to the minimum of the axion potential. In the absence
of additional sources of CP violation, this minimum is
exactly at @ = 0, as in Eq. (2). Therefore, the neutron EDM
that scales as

9
d, x4 (3)
AQCD

is also relaxed to zero.

Consider now additional sources of CP violation placed
at some new physics scale Acp that we will assume to be
larger than the electroweak scale (for example, this could be
due to supersymmetric theories with large CP-violating
phases). Integrating out the new physics at this scale will, in
general, result in a number of generic consequences:
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(1) The theta parameter may receive additive corrections
to its value, & — 0 + 6,,4. Since GG is a dimension
four operator, #,,4 can depend only on the ratio of
scales, and therefore has A2, scaling. Potentially,
this can be a large correction, but the axion mecha-
nism will remove the theta term together with 6,,4.

(2) CP-violating new physics will generically induce
higher-dimensional CP-odd operators, of which the
most relevant are dimension six operators, Og that
are suppressed by the square of the new physics
scale, and the resulting EDMs will have scaling
d,(0g) & Agcp/Agp (or my/Adp, depending on the
chiral properties of Og).

(3) In the presence of higher-dimensional CP-odd
new physics operators, the axion potential minimum
shifts away from zero inducing a low-energy value of
theta, 0;yq & Adcp/Agp. This leads to an additional
0-induced contribution to d,, that has, for example, a
comparable m,, /A%P scaling [11-13].

An important conclusion can be drawn from these
observations: the QCD axion mechanism ensures that for
sufficiently large Acp, the observable EDMs can be made
small and indeed within current bounds for Acp 2 100 TeV,
one can allow for an arbitrarily large amount of (strong) CP
violation above these scales. In this sense, the axion
mechanism allows for a proper decoupling of new physics
contributions to EDMs.

The second class of models does not introduce an axion,
and instead appeals to symmetry arguments that help to
argue why 6 is zero or small. Historically, models with an
exact CP symmetry or exact parity, that is spontaneously
broken at some UV scale, have been argued to give a viable
solution to the strong CP problem (see Refs. [14-21] for a
representative set of ideas). Models based on mirror
symmetries have also been used to implement this approach
[22,23]. The most important feature of these models is the
absence of a dynamical axion and the sensitivity of EDM
observables to the value of 8 generated at a UV scale. For
example, the spontaneous breaking of CP symmetry may
also result in complex quark Yukawa couplings that feed
into 6,4 (a representative set of calculations can be found
in Refs. [24-28]). Since the 6 term has Agp scaling, this
nondecoupling means that all possible sources of CP
breaking have to be “controlled” to very high scales.

Recently, there has been renewed interest in models that
solve the strong CP problem, which occupy an intermedi-
ate niche between the QCD axion solution and solutions
based on discrete symmetries. In this class of models there
is still a dynamical axion field and Peccei-Quinn symmetry
at a high scale, but the axion mass is now enhanced
compared to (2) by additional dynamical mechanisms at the
small-instanton scale Ag;. By small instantons we refer to
instantons whose size 1/Ag; is smaller than the inverse
electroweak scale (see Fig. 1). For example, extending the

—
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—————————————————————————————————————————————— fa
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FIG. 1. Schematic diagram of the different scales referred to in
the text. The scale of CP violation, Acp due to dimension six
operators, is a UV scale near the Planck scale, M p, and Ag; is the
small-instanton scale (assumed to be above the electroweak scale,
v and QCD strong coupling scale, Agcp) where new dynamics
enhances the axion mass. The PQ symmetry breaking scale f, is
assumed to be an independent parameter that can either be above
(as shown in the figure) or below the scale Ag;.

strong gauge interactions and the corresponding axion to
a larger group where the non-QCD partners confine at a
much larger scale A(QCD (identified with Agp) can lead to a
significant parametric increase in the axion mass provided
Agep > Agep  [29-33]. Similarly, an axion “portal”
between QCD and a mirror QCD with the alignment of
¢ and ¢ can also result in a heavier axion for Agcp >
Aqcp [23,34]. Alternatively, if the QCD coupling running
is modified to become strong above the TeV scale, the QCD
axion mass would receive new contributions from “small”-
size instantons [35-40]. This naturally occurs in models
where at some UV scale, QCD propagates in five dimensions
[41,42]. These models which significantly enhance the axion
mass compared to the minimal QCD axion models have a
distinctively different phenomenology. Indeed, given the
conventional axion mass range 107°-1073 eV, the enhance-
ment mechanisms imply heavy axions could be in the
100 MeV range or above. These heavier axions avoid most
of the astrophysical bounds, and make the axion amenable to
searches at beam dump and collider experiments [34,39].
Moreover, such heavy axions will be less susceptible to
possible distortions of the axion potential by the imperfec-
tions of the Peccei-Quinn global symmetry.

Besides the enhanced axion mass it is therefore also
interesting to consider whether EDM observables could be
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enhanced in these models. In this paper we investigate heavy
axion models in the presence of additional sources
of CP violation, which are parametrized as higher-
dimensional operators that arise from SM fields and are
notrelated to Planck scale gravitational corrections associated
with the axion quality problem. The central question we
would like to address is whether there is a similar decoupling
as for the standard QCD axion, where all observables from,
for example, dimension six operators, scale as AéCD /A&p, or

if there is an enhancement of CP violation mediated by the
induced € which is similar to models attempting to solve the
strong CP problem using exact parity or CP symmetries.

To answer this question we compute the topological
susceptibility and mixed correlators in heavy axion models
that arise from two sources of CP violation: the dimension
six Weinberg gluonic operator and a CP-odd four-fermion
operator. Such CP-odd operators induce a linear term
in @ (or equivalently a) in the axion potential leading to
a shift 0,4 in the potential minimum. Similar contributions
were proposed in [36], and were estimated on dimensional
grounds for fermionic and scalar operators in [37,38,43].

Instead of relying on dimensional analysis our compu-
tation employs a simple, noninteracting instanton (or anti-
instanton) background that ignores strong coupling effects,
where we are able to extract qualitative results which show
that the induced theta, ;g o< A/ AZp.

This induced shift is qualitatively different from the
usual QCD axion scenario and solutions based on exact
discrete symmetries due to the presence of the new scale
Agr. While there is still decoupling in the Acp — oo limit,
our results show that the induced 6 can enhance the
magnitude of observable EDMs, even to the point that if
A%/ A%y is too large, the strong CP problem will reappear.
Thus, models with a dynamically enhanced axion mass are
subject to bounds depending on the amount of CP violation
that is present at energy scales that may significantly
exceed 100 TeV. Interestingly, the enhanced EDMs are
potentially observable in future EDM experiments.

This paper is organized as follows: in Sec. II we
investigate vacuum correlators in an instanton (or anti-
instanton) background with different sources of CP vio-
lation that shift the axion potential minimum. In Sec. III, we
consider different heavy QCD axion models with small
instantons, deriving the resulting size of the induced 8 and
subsequent constraints on the CP-violating scale, Acp. We
reach our conclusions in Sec. IV.

II. INSTANTON CORRELATION FUNCTIONS

We begin with briefly reviewing QCD dynamics and the
instanton solution that will be used to compute various
instanton correlation functions. The pure Yang-Mills part of
the QCD Lagrangian is given by

1 0 ~
Locp = = G4G™ + ——G4,G™, (4
QCD 492 17 + 327[2 772 ( )

where g is the QCD gauge coupling, € is the QCD vacuum
angle, and a = 1, ..., 8 labels the gauge adjoint represen-
tation. The BPST instanton solution [44] is given by

2115, (x — Xo)
Al(x) = ————35, 5
)= (5)
where the instanton is located at x, and has a size p. The 1y,
denote the group-theoretic 't Hooft # symbols [45]. The
topological charge is defined to be

o | daGE )

where Q = 1 for the one instanton solution (5). We will
next compute correlation functions in the instanton (or anti-
instanton) background (5) that will be useful in obtaining
contributions to EDM observables such as the neutron
EDM.

A. Topological susceptibility

The vacuum-to-vacuum amplitude in QCD can be
written as

00y =3 / DA eS¢, (7)
(9]

where the Euclidean action for (4) in an instanton back-
ground of charge Q [46] is given by

8 2
Sg =g—’§|Q| +i00. (8)

The topological susceptibility is then introduced as [8,11,47]

T 4 ik
2(0) = l}{l_l)l(l)/d xe
1 1

X (O|T{—G(~}(x),ﬂ

o 660 }0). 9
where GG is shorthand notation for G;DG"’”’.

Since the amplitude in the |Q| > 1 instanton background
becomes more exponentially suppressed, only the O = +1
configurations dominate the path integral. Henceforth, we
refer to Sp in (8) only for |Q| = 1. In the instanton
background (5) we then obtain the two-point correlator

(0IT{GG(x). GG(0)}0)o—

= /DAﬂGG(x)GG(O)e , (10)
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d 8 2 2N g2
z/d4x0—§C[N] (#) e 20/
p g°(1/p)

192p*

=xl 12 (R + )

(11)

where the running coupling g(1/p) encodes corrections
from the quantum fluctuations. In (10) we have replaced the
path integral over the fluctuation A, with an integration in
(11) over the collective coordinates (see Ref. [45]) where,
assuming an SU(N) gauge group,' the coefficient

Cle—CQN
(N—1)I(N=-2)"

CIN] = (12)

and C,, C, are order one constants (C; = 0.466, C, =
1.679 using Pauli-Villars regularization [49]). The gauge
coupling running is given by

872 872
=—-—bglog(Myvyp), 13
92(1//)) g(z) 0 ( uv ) ( )

where by = 4N — N/3 = 11N/3 is the pure SU(N) Yang-
Mills p-function coefficient and gq = g(Myy) with UV
cutoff M uv-

In principle, we could consider an ensemble of instan-
tons and anti-instantons [50-52] to compute correlation
functions. However, the qualitative aspects of such an
ensemble can be simply captured by one instanton and
one anti-instanton [53,54], where the (anti-)instantons are
assumed to be noninteracting with each other and can be
justified in the weak coupling regime. Thus, we will
compute correlation functions by adding the contribution
from an instanton background to that in an anti-instanton
background. The total contribution to the topological
susceptibility, obtained by performing the x integration
first that arises from (9), followed by the x, integration in
(11), is then given by

2(0) = —2i / ;’—"

2 2N 82
C[N} (%) e 2, (14)

Assuming an asymptotically free theory, the integral in (14)
is divergent for large instantons but can be evaluated with a
IR cutoff pjr on the instanton size. Assuming N = 3 with
pir = 1/Aqep we obtain x(0) & Adep.

'In principle, we should also include the normalized Haar
measure of the group, as computed in [40,48]. We will omit this
measure since its value is simply one for (11) [or an O(1) number
in more generic cases], and therefore our qualitative results
remain unchanged.

1. Fermion contributions

The introduction of fermions modifies the path
integral and the collective coordinate integration. In the
massless fermion limit, the pure vacuum-to-vacuum tran-
sition amplitude is zero. Instead, the instanton now causes
transitions from left-handed to right-handed fermions
violating the U(1) chiral symmetry so that, for example,
(Ol giw1i|0) # 0. Thus, instantons only contribute to
correlation functions in which each fermion flavor and
chirality appears at least once.

The effect of massless fermions is usually formulated as
an “effective” Lagrangian [45,49]

d 2 2N
,Cf = / d4)€0 —'? C[N]eo'zgsz < 2877: > eiSE
P g°(1/p)

x pNr det[ipg (x0)wr (x0)] + Hec., (15)

where the determinant is taken over the N ; fermion flavors,
and w§ p(xo) are the fermion zero modes. The constant
e0292N; assumes Pauli-Villars regularization and the gauge
coupling running (13) now includes the fermion contribu-
tions bo d bo - 2/3Nf

Note that because of the explicit appearance of the
fermion zero modes y; g(xg) in (15), there is only a
contribution to the axion potential if the external fermion
zero mode legs are closed. There are two ways this can
occur. The first way is to assume that the fermions have an
explicit mass m, [corresponding to a nonzero Higgs
vacuum expectation value (VEV), v = 246 GeV] that con-
nects left- and right-handed fermion fields. The determinant
in the effective action then gives a contribution  (pm f)N !
for Ny fermion flavors. This is the case for the usual
contributions from “large” instantons with p~ pRr =
1/Aqcp and my < Agep- However, since we are interested
in “small” instantons corresponding to instanton sizes
(~1/Agp) much smaller than the inverse of the electroweak
scale, a second possibility is to close the external fermion
zero-mode legs in (15) with N,/2 Higgs bosons. This
contribution will be proportional to the product of Yukawa
couplings (times a loop factor) and is larger than the Higgs
VEYV contribution that now scales as ~(m/Ag;)"s (assum-
ing Agr > v). Instead of proceeding with the 't Hooft
determinant operator in the effective Lagrangian (15)
we will follow the approach taken in Refs. [38,40] and
directly compute the vacuum-to-vacuum amplitude by
including the Higgs-fermion Yukawa interaction in the
path integral.

Consider a Higgs field H which couples to N, flavors of
massless fermions with the following Euclidean action:

Su =8y =1 [ @S S HWm@we. (16
i=1
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where SES) is the quadratic (free) part of the Higgs action

and y; are the Yukawa couplings. The Yukawa couplings,
or equivalently the fermion masses, have been redefined to

dp
<0|O>AQ:1 :/d4x05

p (1/p)

3 dp 87\, YiP\ 7n,
_/d4x0p C[ ] 0.292N <g2(1/p)> e S‘(Nf_l)”<,];!:ﬁ>zlv /2

where the action Sy is defined in (8) with @ — . The first
line in (17) shows the collective coordinate integration
arising from the gauge field part of the path integral and the
second line contains the Higgs and massless fermion
contributions to the path integral with Sl(,f) ) the quadratic
(free) part of the fermion action. Integrating over the
fermionic fields introduces the factor e*2°*Vs and the
running gauge coupling now contains fermionic contribu-
tions via by — by —2/3N;. Finally, the path integral
over the Higgs field gives a nonzero contribution to the
amplitude provided all Higgs fields are contracted where
(Ny—1)!! is the number of Higgs contractions and the

quantity 7 is given by [38,40]

/wm/ﬁwaxl>mw@mem

X AH(M —X),

/ 5 / 5 / e —tk(xl —Xg)
=— X X
1 ? k2+mH ((x1 = x0)* +p?)°

lk (x2—x¢)
X
((x2=x0)* +p?)"
- . myp > 1.

S me4

In the second line of (18) we have substituted for the scalar
Feynman propagator Ay (x; — x,) and the fermions have
been replaced with their respective zero mode expressions
given in [49]. Note that for an instanton background we
have two zero modes 1/7592, wﬁ% (and 1/7533, 1//5?2 in an anti-
instanton background) where the subscripts L, R, which are
suppressed hereon, denote left- and right-handed fields,
respectively. Thus, combining (18) and (17) gives the final

expression (assuming mygp < 1)

”2 2N
wmwﬂ:/wm%qw(ﬁ%ﬁ)e%, (19)

with Sz defined in (8) (assuming 6 — ), and

be real with their phase included in 6 = @ + Arg DetM P
where M, is the quark mass matrix. The vacuum-to-
vacuum amplitude now takes the form

8 2N .,
C[N]<gz i > /DHe S Dy DS +1.J 45 LR i),

(17)

C/IN] = (N;— 1) (i) e (1: Zﬂ) DB, CIN]. (20)

The expression (19) shows how the instanton density
in the vacuum-to-vacuum amplitude is modified in the
presence of massless fermions and a Higgs-fermion Yu-
kawa interaction. As expected, the amplitude vanishes if
any Yukawa coupling is zero. Thus, the topological
susceptibility (14) in the presence of massless fermions
is obtained by the substitutions C[N] — C([N], @ — 6, and
by — by —2/3Ny.

In the case of “large” instantons associated with the scale
1/Aqcp- the expression for the vacuum-to-vacuum ampli-
tude differs from (19). As already mentioned, each
light fermion (m, < Aqcp) introduces an e%2%2pm; factor.”
This can be seen via the first line in (18) where Ay can be
replaced by »%, which just gives Z = »?, and hence:

e =) e
p g*(1/p)
% (ﬁ P"h) 0292,

where the product runs only over N; light fermions

and m; = y;v/v/2.

(21)

B. Weinberg gluonic operator

The Weinberg operator is a purely gluonic, CP odd,
dimension six term given by Oy, = GGG [56] that leads to
the Lagrangian term

1 ~
— GGG,

LD
Ay

(22)

In QCD, #(0) my, whereas the y(0) resulting from (21)
x m;VL The difference can be understood in terms of instanton-
(anti-)instanton interactions—either via mixing between the
fermion zero modes of the instanton with those of the anti-
instanton [55] or using "t Hooft vertices with fermion legs joined
between an instanton and anti-instanton [51].
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where Ay is an effective UV scale. The operator (22) can
induce a shift in the axion potential minimum, which can be
computed by considering the mixed correlator [13,57]

— —ili 4. ikx
xw(0) lkl_r)l(l)/d xe

><(0|T{éGG(x),AL%VGGG(O)}|O>. (23)

In the instanton background (5) we obtain

1536p°
((x = x0)> +p*)°

where f,,. are the structure constants. Note that for an
SU(N) gauge group, the SU(2) instanton solution is
embedded in the top left corner of the N x N matrix of
SU(N) generators. Thus, the sum in (24) only gives
nonzero contributions for a, b, ¢ = 1, 2, 3. Furthermore,

OW = fachzKGlivaCW ()C) -~ (24)

(0IT{GG(x). GGG(0)}0) g,

= [ DA,GG(x)GGG(0)e %,

2 2N 2
= / dx ™ CIN] (28#) ¢ Pm
p 9°(1/p)

192p* —1536p°

=x)+ A (17

(25)

Again performing the integrals first over x and then x, gives

A2 2 2N g2
R b P
5Aw J p 9°(1/p)

where we have also included the anti-instanton contribution.
In the presence of fermions, y (0) is obtained by making
the substitutions C[N| — C/[N] for small instantons [or by

introducing the factor (pm/)Vt, as in (21) for large
instantons], @ — 6 and by — by —2/3N; in the running
gauge coupling g(1/p).

(26)

C. Four-fermion operators

Another class of dimension six operators which can
affect the axion solution are the four-fermion operators.
Such operators are suppressed by an effective mass scale
Ar and given by

Aijkt _
£D) =5 0w,
ikl I\

(27)

where 4;;; are complex coefficients with flavor indices
i, j, k, [. Note that the spinor and electroweak structure
has been suppressed in (27), although it is straightforward to
incorporate these details. Of particular interest is the spinor
structure of (27) resulting in CP violation. These are

Or

(b)

FIG. 2. The t’Hooft vertex that includes the insertion of four-
fermion operators. Fermion legs are closed with one four-fermion
operator O and two Higgs-fermion Yukawa interactions (a) and
three four-fermion operators Of (b).

operators of the type Op ;i = Wilysy Wy, which are
anti-Hermitian with the corresponding 4, j;; purely imaginary.

The CP-violating effect arising from (27) can be obtained
by including the four-fermion interactions in the path
integral (17). These operators allow for new ways to close
the fermion legs in the ’t Hooft vertex, as depicted in Fig. 2.
The largest contribution arises from just one insertion of Op,
as shown in Fig. 2(a), while more insertions of the four-
fermion operator, such as in Fig. 2(b) are suppressed by
powers of Ag. Similar to the definition (23) for vy, (0) we can
define a fermion mixed correlator

)(F.ijkl(o):_i}cim/d“xeikx

-0

1~ Aiju
X<O|T{GG()€),J OF.ij (0)}|0> (28)
3272 A2 TR

The only operators contributing to the fermion path
integral are those with two pairs of flavor indices
(i=j#k=1lori=I1#k=})),ie, Op;j; and Op;;j,
both of which are hereon generically referred to as Op ;;
with the corresponding coupling constant 4;; = 4;;;; (or
4ijij)- The explicit expression for such a generic operator
OF;; can be computed as
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d,
)(F,i,'(()) = —2i/d4x0_§C[N]€0.292Nf<
' P

872

2N 82
S e 20/
92(1/p)>

N
24 T VP 1 o 0)—(0). (0 1 >
S =3 [ TTEL ) vt =@ gy, @500, 0 _/d4 GGlx).
)’iyj( 1=3) g\/i AzFl//' wsV VY ( )327172 *GG(x)
2(=id;;) [dp C¢[N 872 \V 12 _ 2
o (=i J)//S) [N] (2 T > 12, (29)
yivj J P’ Ny=1\g(1/p)) 5p*Ag
|
where we have also inclqdeq the effect of the .anti—instgnton. xr(0) =2N f(N - Dyri j(0)7
The part of O ;; contributing to the path integral in the 144 [ d g2 \N e
instanton background is l'l//z’l-l//R’il//zjl//R’j, while in the = Ziﬁ/p_gcf{N] <m> e 2un.  (30)

anti-instanton background (where GG — —-GG) it is
_i‘l’;e,i‘//L,i'//;,j‘/’L,j- These two contributions add up3 to
give the factor of 2i in (29).

The result (29) can also be understood in terms of
the results (17) and (18) from the fermionic path integral,
up to the overall ratio of couplings. If we assume that O
is generated by a heavy scalar of mass Ap, interacting
with Standard Model quarks via Yukawa interactions,
(18) implies a factor of 127°p*/5x°A2p* = 12/5p* A%
relative to the expression (19), which matches the factor
inside the integral. The factor 1/(N;—1) arises from
having a fewer number of contractions-(N,—3)!!
compared to (17), assuming only one insertion of the
operator Op ;;.

Furthermore, notice that y; and y; have been explicitly
factored out of (29) to write the result in terms of Cy[N]
defined in (20). For —i4;; ~ 1, this shows that the effect of
the four-fermion operator, being o 1/y;y;, is most
enhanced for the up and down quarks compared to that
from the Weinberg gluonic operator or the second and third
generation quarks. However, the four-fermion operator
coefficient 1;; can be chirally suppressed by Yukawa
couplings [43]. For example, such four-fermion operators
with a chiral suppression can arise from the overlap of
fermion profiles in extra dimension models [58]. Thus, we
will henceforth assume that —i4;; o y;y; so that the effect
of the four-fermion operator is similar to that of the
Weinberg gluonic operator as well as the contributions
from the other generations of quarks.

Assuming —il;; = y;y;/2, we then have N (N,—1)
contributions of the fermion susceptibility (29) for both
types of operators Op ;;;i, and Op;;;, €ach. Thus, for
N; = 6 we obtain

*Instead, for CP-even operators of the type y;y ;i ; there is a
cancellation between the two contributions since y; ;y R‘iy/z VR

and l//};’il//L.,-l//};.jl//L,j both appear with the same sign.

Using (30) we will place limits on a generic scale A that
represents all of these fermion effects.

Finally, note that in supersymmetric theories the operator
Op can arise from a dimension-four term in the super-
potential [59]. After integrating out the scalar superpartners
this leads to a four-fermion term with

1 7 1

~ -
2 2 ’
Ay 167" Ayymgysy

(31)

where Ayy is the UV scale of the superpotential term and
mgysy 1s the supersymmetry-breaking scale of the scalar
superpartners. The bounds on A can thus be interpreted as
bounds on the scalar superpartner masses.

III. INDUCED THETA

Using the results in Sec. II we can now obtain an
estimate for the shift in the axion potential minimum due
to CP-odd operators. In the presence of the Weinberg
operator the axion potential is modified by a linear term in
the axion field

Vi) = 2wl0)(£) +320)(£)"

where we have promoted the theta angle to the axion field,
6 — a/f,. This leads to a shift in the potential minimum by

an amount
<g> _g . _xw(0)
fo/ =" (0)

In the case of four-fermion operators the linear potential
term again causes a shift in the potential minimum given by
(33), with y(0) replaced by yx(0).

The induced @ then directly contributes to EDM observ-
ables such as the neutron EDM where

(32)

(33)
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my ywr(0)
A(ZQCD x(0)

The experimental limit arising from the neutron EDM gives
the constraint

dy

|9md| = (34)

A2
AQCD

|0ina| < 10719, (35)

which can now be used to obtain constraints on various
. . 4
heavy axion scenarios.

A. QCD
We first consider the effect of dimension six operators in
QCD with N, light fermions (i.e., ms < Agep)- The
induced 8 (33) that arises from including the Weinberg
operator is given by

9D o ¢ 4+NLAQCD
Oina Wb —6+N, A%’

(36)

where &y = 38472/5, b, is the B-function coefficient and
the CP-violation scale Acp is identified with Ay,. Note that
in (36) the product of all light quark masses cancel and the
induced 6 becomes small (or decouples) as Ay — 0.
Imposing the constraint (35) for QCD (b(?CD =9, N, =3
and Agcp ~ 300 MeV), gives the limit Ay 2 10° GeV on
the effective scale of the Weinberg operator.

For the case of the CP-odd four-fermion operator, the 't
Hooft vertex now has two fewer factors of pm  compared to
the topological susceptibility resulting from (21). This
gives a bound similar to Ay when there is no chirality
suppression in the four-fermion operator, otherwise the Ap
bound is much weaker. A calculation for 6,4 using the
chiral anomaly can be found in [60], which agrees with our
estimate of the bound on Ap within an order of magnitude.

As such, current constraints on the neutron EDM
correspond to new CP-violating physics at ~10° GeV.
Thus, future neutron EDM experiments can probe new CP-
violating sources at scales ranging from ~10°-10° GeV,
beyond which the SM contribution due to the CKM phase
becomes comparable in size.

B. 4D small instantons

1. Product gauge group

A heavy axion can be generated by extending the
QCD gauge group into a product gauge group SU(3)* =
SU(3), x SU(3), x ... x SU(3), which is spontaneously
broken at a scale Ag; [39,40]. Small instantons at the scale
Ag; associated with the product gauge groups lead to this
enhancement. The SM quarks are assumed to be charged

*For simplicity, we will present limits that arise from the
individual operators Oy, and O separately. Our results can be
straightforwardly generalized by summing the contributions in
(33) if both operators are present.

under only SU(3),. In addition, there are k axions, labeled
by i, which couple to the k SU(3) GG terms with decay
constants f, , eliminating the k theta terms.

At the scale Ag; the QCD gauge coupling « is matched to
the SU(3), gauge couplings a; via the relation

1 1
a(Agr) B Zai(ASI)‘ (37)

This relation implies that each individual coupling «; must
be larger than the QCD coupling at the scale Ag;. Therefore,
the larger couplings «;(Agy) can make the small instanton
effects dominate over the usual QCD large instantons. This
effect is most dominant in the limit k > 1, where the axion

masses scale as m, ~ , /nyfAél/ fa, (with y, the quark
Yukawa couplings) and m, ~ A%I/fa,- for i =2...,k,
showing that the lightest axion mass (m, ) can remain
much heavier that the QCD axion mass for Ag; > Agcp.

For concreteness, let us consider the case with small k,
where there is some perturbative control and the instanton
(or anti-instanton) background still gives us qualitatively
accurate results. Assuming the product gauge group is
broken by scalars with a VEV, v, the effective cutoff for
the instanton size then becomes 2m}¢, in contrast to the
naive expectation, Ag; [40]. The constraint (35) can then be
used to obtain limits on the scales associated with the
sources of CP violation from the Weinberg and four-
fermion operators. Since the QCD instanton contribution to
xw.r(0) is suppressed by at least Agcp/Ajy p, the small
instanton contribution from the UV gauge group dominates
and results in

N 2 (2ﬂ1}¢)2 N 872 A
Oing & §W’me ~ W,FmA%V.Fv (38)
where £ = 24N /5, &y, is defined under (36), and we have
assumed Ag; = v, in the second expression in (38). The
constraint (35) then implies Ag;/Ay < 1078 and Ag/Ap <
1077 or Ag; £10'°(10') GeV for Ay (Ap) = Mp where
Mp=24x10'8 GeV is the (reduced) Planck mass,’
boy = 13/2and by, =21/2.Fori =2, ...,k — 1, the same
expression (38) holds with b,; = 10, and vy — \/Ev(p,

which does not change the bounds significantly.® Note
that if UV couplings are included in (22) then the effective

>The difference in these two bounds results from the size of the
different prefactors &y, r, where &y, results from the large number
of color contractions in (23), while &5 arises from the smaller
flavor multiplicity of the four-fermion operator (27).

It is possible that the axion mass could instead be dominated
by QCD large instantons. But in this case the CP violation
arising from small instantons of the product gauge group gives
the much weaker constraint that Ag;/Ay < 1078 x m, gcp/ma, -
For instance, assuming m, ocp/ M, = 10% implies that Ag <
103 GeV for Ay = Mp.
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scale Ay can be larger than Mp. Assuming f, > Agj, the
limits on Ay r correspond to a maximum possible axion
mass enhancement of ~107 for k = 3 relative to the QCD
axion [39,40]. As such, axion masses m, 2 100 MeV with
fa <107 GeV [61,62] can be explored in future exper-
imental searches.

However, when f, < Ag, we need to UV complete the
dimension five axion-GG coupling and explain the PQ
breaking. This can be done in a minimal KSVZ-type
scenario [7,8], by introducing a single heavy Dirac fermion
¥, with mass my, charged under the U(1)p, symmetry,
which changes the instanton measure by a factor of
e%?2pmy,. Combining this with the contribution arising
from the running of the gauge coupling between my and
Agj, the topological susceptibility (or any similar correla-
tor) is modified to

by—4 [myg\ 23 (m\p)
0) — 0 60'292 — ),
10 =205 T <A51> Ast

<x0)(42)" (39)

where the Yukawa coupling between ¥ and the PQ scalar is
assumed to be order one, i.e., my = f,. Since m2 x y(0)
this suppresses the axion mass enhancement by an amount
(fa/As)"® [63]. Thus for the experimentally interesting
region of m, = 100 MeV and f, <107 GeV, the axion
mass enhancement is reduced by up to a factor of 10
when f, < Agy.

A similar result is also obtained for an enlarged color
group [32,35,36] where Ag; is identified with the scale
where the enlarged symmetry group is broken and the
appropriate b, is used. In all these cases, there is again a
nondecoupling effect that depends on the ratio Ag;/Ay f.

2. Mirror QCD

A heavy axion can also be obtained by assuming that
there exists a Z, mirror copy of QCD that becomes strong
at a scale AbCD(EASI) > AQCD [22,23,30,31,34]. The
axion is Z, neutral and couples to both QCD and mirror
QCD, via the interaction

1
i gyupa<Gc Gc

+ GG , 40
S 5GE). (40)

where G, is the mirror QCD field strength. The axion now
receives contributions from the mirror QCD instantons
(which are small in size relative to those from QCD) and
gives rise to limits on higher dimensional operators with
scales Ay r involving gluons and fermions in the mirror
sector.

The mirror QCD expression for the induced 6 due to
the Weinberg operator can be obtained by substituting
Agp in (36). This leads to the bounds Ag;/Ay <1077 or
Ag S 10" GeV for Ay = M p, assuming the mirror Higgs

VEV v/ > Ag; such that QCD' is a pure Yang-Mills theory
at Agy with bgCD/ = 11. These bounds for the Weinberg
operator do not change appreciably if this assumption is
relaxed.

The induced @ from the four-fermion operator can be
obtained by considering N; > 2 light flavors in QCD'.
Applying the QCD result (21) for QCD’ then gives

2NL(NL_1)bO_4+NL Agl
‘gind,Fz 372 b —S—I—N U/ZAZ ’
2NL(NL_1)b0_4+NLA (41)
57[2 8+NLA2’

where we have taken v’ &~ Ag; in the last expression in (41).
Assuming by = 9 and N, = 3, implies Ag;/Ap <1073, or
Agr <103 GeV for Ay = Mp. Again, the difference in the
Aw . bounds arises from the different color and flavor
multiplicity factors.

C. 5D small instantons

Another way for the QCD coupling to become large at a
UV scale and increase the effect of small instantons is to
consider a 5D model where QCD gluons propagate in a
fifth dimension of size R. The axion can be identified with
a UV boundary localized field that couples to QCD via a
coupling proportional to 1/f,, with f, an independent
parameter of the theory. This allows the decay constant to
be either above or below the small instanton scale and
allows for more general possibilities. Above the scale 1/R
the QCD coupling increases in strength until the coupling
becomes strong at the cutoff scale As which is defined by
the relation [41]

6re

a(l/R)’

where @ = ¢?/(4r) and € < 1 is a perturbativity parameter.7
The small instanton scale can be identified as Ag; = As. The
4D effective action is approximately given by [41]

AsR = (42)

2r R R
Sen— % pns, 43
SR p 0, (43)

where the power-law term R/p arises from summing over
the 5D Kaluza-Klein gluons. Thus, small instantons of size
1/Aq S p < R can now reduce the effective action and
contribute greatly to the path integral.

Using an approximate expression for the integrals in (14)
and (26) with the effective action (43), the induced 6 from
5D small instantons is

"Note that in the 5D model, small instantons can be made to
dominate when perturbativity still holds. This implies that our
instanton (or anti-instanton) approximation used for the correla-
tors will give more accurate quantitative results relative to QCD.
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FIG. 3. Lower limit on the effective scale of the dimension six

Weinberg (four-fermion) operator, depicted in purple (orange) as

a function of the extra dimension scale 1/R, assuming ¢ = 0.30.

The Planck scale is shown as a dotted line for reference. The

dashed lines represent the limit from the approximation (44). The

deviation from (44) arises since for small 1/R, large QCD
instantons begin to dominate the instanton integral y(0).

AZ
Oina ~ Ew F Azi ) (44)
W.F

where &y and &y are defined under (36) and (38),
respectively. The induced € no longer necessarily
decouples in the limit Agj, Ay p — o0. Imposing the con-
straint (35) leads to the limit Ag;/Aw(Ar) < 1077(1079).
For Aw(Ar) =Mp this implies an upper bound
Agr £ 10'(10'?) GeV on the 5D strong coupling scale.
The limit on Ay r from an exact numerical evaluation of
Oing 1s shown in Fig. 3. We see that the limit on Ay
deviates from (44) for small 1/R (and hence small As). The
limits on the ratio Ag;/Ay r imply that for the case when
Aw r ~ As(=Ag;), the dimension six terms would need to
be generated from some new physics in the UV completion
of the 5D model with an additional suppression in the
otherwise order-one coefficients.

The corresponding range of axion mass enhancement
is depicted in Fig. 4. Note that both effects of small
instantons—the enhancement of the axion mass and the
shift in the axion potential minimum due to CP-violating
operators—are dominant only for large 1/R, since even-
tually large (QCD) instantons dominate the susceptibility at
small values of 1/R.

Furthermore, when f, < Ag; the axion mass enhance-
ment is reduced by the factor (f,,/Ag;)'/® as obtained from
(39). This means that in the experimentally viable region of
m, > 100 MeV and f, < 107 GeV [61,62], the axion mass
enhancement is reduced by up to an order of magnitude, as
can be seen in Fig. 4, where we have taken f, = 10° GeV
as a representative value.

D. Enhanced EDMs

Compared to QCD, the small instanton contributions
provide an enhancement to the EDMs due to CP-violating

1020
1016
12
m, 10
Ma,aCD 48
104

1

10 10°  10% 107 108 109 1070 10"

1/R (GeV)
FIG. 4. The ratio of the enhanced axion mass to the QCD axion

mass as a function of the extra dimension scale, 1/R. The dotted
contour lines assume f, > Ag and depict the ratio for different
values of the perturbitivity parameter €, up to the maximum
possible enhancement in the red shaded region. The dashed
contours assume f, = 10® GeV and include the suppression (39)
when f, < Ag;. The blue shaded region to the right shows the
excluded 1/R range due to the Weinberg gluonic operator.

sources. In particular, using (38), (41), and (44) we see that
the neutron EDM (34) is enhanced by a factor of A§;/Agcp
compared to the € induced from new CP-odd sources
in QCD [see (36)]. Therefore, measuring the neutron
EDM can be interpreted as a probe of the small
instanton scale, Ag;. For example, if Ay = Mp, this
corresponds to modified strong dynamics at scales of order
Agr ~ 103-10"" GeV, where the lower limit represents a
neutron EDM value equivalent to the Standard Model
CKM contribution. Furthermore, if the CP-violating
sources appear at scales lower than the Planck scale, then
any new contribution due to small instantons will appear at
even lower scales 10* GeV < Ag; < 10® GeV, where the
model-dependent lower limit corresponds to the scale of
axion mass enhancement.

Finally note that when f, < Agj, the UV completion of
the dimension five axion-gluon coupling does not affect the
predictions for the induced 6. Since the neutron EDM (34)
depends only on the ratio of the mixed correlators with the
topological susceptibility, the suppression factor in (39)
cancels, leaving the results for the induced € unchanged.

IV. CONCLUSION

The QCD axion solution provides an elegant mechanism
for solving the strong CP problem in such a way that an
arbitrarily large amount of CP violation at UV scales Acp
can be sufficiently decoupled as Acp — oo. This is in
contrast with solutions to the strong CP problem that
invoke exact discrete symmetries. For these solutions there
is a nondecoupling of the additional sources of CP
violation, which means that arbitrarily large amounts of
CP violation cannot be tolerated at UV scales in models
with exact parity or CP symmetry.
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Heavy axion models represent a qualitatively different
class of solution to the strong CP problem in which new
dynamics at some UV scale Ag; magnifies the effect of
small instantons (which are normally exponentially sup-
pressed), giving rise to a new contribution and enhance-
ment of the axion mass. This has led to renewed interest in
axion searches outside the usual QCD axion mass window.
However, in the presence of additional sources of CP
violation, the enhanced effect of small instantons could also
lead to enhanced EDM observables such as the neutron
EDM as well as possible nondecoupling effects.

We have estimated these effects by calculating the
topological susceptibility and mixed correlators in the
presence of two CP-violating dimension six operators:
the Weinberg gluonic operator and a CP-odd four-fermion
operator. The calculation is performed using an instanton
(or anti-instanton) background where Standard Model
fermion chiral zero modes in the "t Hooft vertex are closed
with the Higgs boson. Identifying the scale of the additional
sources of CP violation with Acp we find that the axion
potential minimum shifts by an amount 6,4 & A%;/AZp in
several heavy axion models, where Ag; is the scale where
small instanton effects dominate. This result reveals that
unlike the minimal QCD axion models, the amount of
decoupling is limited, although not as restrictive as models

with exact discrete symmetries. Imposing the neutron
EDM derived limit |0] < 107!, we obtain the constraint
Agi/Acp < 1078, which is stronger than the naive estimate
of 107 due to sizable prefactors that depend on the
particular heavy axion model. In particular, for a bench-
mark value of Acp =~ Mp requires Ag; < 10'° GeV (as can
be seen in Fig. 4 for the 5D small instanton model).

The modification of the decoupling behavior is a direct
consequence of the new dynamical scale Ag;. Our results
therefore imply that EDM observables such as the neutron
EDM can be enhanced in heavy axion models up to the
current experimental limit d, < 1076 e-cm. This com-
pares with the SM CKM prediction (~1072-1073! e - cm).
Thus, besides axion searches, EDM observables provide
another probe of UV scales in heavy axion models
associated with new dynamics, assuming that this class
of models plays any role in solving the strong CP problem.
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