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Axion quality and fifth force
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We investigate what it takes for the axion to address the strong CP problem in the presence of explicit
Peccei-Quinn symmetry breaking effects besides the strong interaction. In cases where the Peccei-Quinn-
Higgsing scalar field directly couples to the Standard Model sector, it is pointed out that existing fifth force
experiments can set better constraints on the axion quality over neutron electric dipole moment.
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I. INTRODUCTION

The QCD axion, a light pseudo-Goldstone boson
from spontaneous breaking of the Peccei-Quinn (PQ)
symmetry [1-4], provides a dynamical and elegant solution
to the strong CP problem of the Standard Model. With an
appropriate choice of its decay constant, the axion can also
comprise all the dark matter that fills our Universe [5-7].
Currently there is an extensive experimental program in
search for evidence of such an appealing new physics
candidate [8,9].

A key ingredient for the axion solution to work is the
quality of the PQ global symmetry [10-13]. In general,
explicit PQ symmetry violation besides strong interaction
could cause the physical ® parameter to deviate from zero,
which is tightly constrained by neutron electric dipole
moment (EDM) measurement [14] to be less than ~1071°.
While the strong CP problem asks why © is so small, axion
turns the question into why such PQ breaking effects are so
feeble. Indeed, to satisfy the EDM constraint, a Planck-
scale suppressed operator made of the PQ-Higgsing scalar
must be of unusually high dimensions [13]. It inspired a
number of proposals of building models with a high-quality
PQ symmetry [15-21].

Global symmetries are not meant to be exact. Such a
viewpoint has been widely appreciated regarding the
baryon and lepton number symmetries of nature, in which
case various symmetry breaking phenomena have been
suggested and under scrutiny [22-27]. In this note, we
apply a similar philosophy to the PQ symmetry. Rather than
respecting it to high degrees, we are more interested in the
physical consequences of general quality-violating effects
on the axion beyond EDM. In particular, we will consider

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010/2023/107(5)/055025(5)

055025-1

direct couplings of the PQ field to the Standard Model
particles, where the lightness of axion allows the fifth force
experiments to play an important role.

The leading-order axion potential arises from the strong
interaction

1 _ m,my; m_F

Via) = gmia +OF % m,= SO )
Without other terms, the axion condensate a/f, = —©
minimizes the potential and the solution to strong CP
problem remains intact. In this work, we will consider small
perturbations to this minimum from additional explicit PQ
breaking effects. It suffices to truncate the potential to
quadratic order rather than resorting to the more general
form [28].

Next, we turn on additional explicit PQ breaking
operators, by directly coupling the PQ field to known
particles. Because only low-energy experimental con-
straints will be explored, we simply work in the broken
electroweak symmetry phase.

II. CASE 1: COUPLING TO ELECTRON

We first explore explicit PQ-breaking effects from the
effective operator

5L = —%ei‘s(j)éLeR + He, (2)

e

where the scalar field ¢ that Higgses the PQ symmetry
takes the low-energy form

b= L. ©

We first explore contribution to the axion potential from
the above interaction. By closing the electron fields in a
loop, Eq. (2) could give radiative correction to another
operator ¢H'H and in turn an axion potential that is
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quadratically sensitive to ultraviolet energy scale. Given the
ignorance of detailed high-scale physics, the coefficient of
¢HTH is not calculable but only can be determined by
experiments. In the spirit of the “finite naturalness” argu-
ment [29,30], we do not include such contributions in this
analysis, but rather focus on those involving only known
physical scales, which is the electron mass here. The finite
radiative correction corresponds to a Coleman-Weinberg
potential [31],

a 4 a 2
(o) = Melell (D)

where u is the renormalization scale, and the axion field
dependent electron mass takes the form

M,(a) = mg( fﬂei(a/fﬁﬁ)) (5)
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The total potential V + 6V (a) is minimized with a nonzero
axion condensate that deviates from —©f,. In the limit
fa <A,
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In general, the right-hand side does not vanish because
there is no reason for the phase factor & to be close to ©.
The neutron EDM constrains a/f, +© < 10719, By
approximating the factor [In(m?2/u*) — 1] as unity, EDM
sets a lower bound on the axion quality parameter,
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where we have used m, = 0.511 MeV, m, = 2.16 MeV,
myg = 4.67 MeV, m, = 135 MeV, F, =92.2 MeV [32].
This bound corresponds to the purple curve in Fig. 1 (left).

We proceed to consider more effects due to the operator
Eq. (2), by observing that it contains an axion coupling to
the CP-even bilinear fermion operator. Taylor expanding it
to linear order in the axion field, we get

me

V2A,

Here a should be understood as the excitation on top of the
axion condensate found above, which at leading order is
approximately —@f,. Equation (8) implies a coherent
coupling of axion to many atoms at low momentum
transfers. With a very small mass, the axion can mediate
a fifth force between two macroscopic objects. Their long-
range potential is modified from pure gravity by a factor
(1 + ae ™), where

oL ~

[sin(6 — ®)ee — cos(6 — O)eiysela. (8)
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and G is the gravitational constant, u = 931.5 MeV is the
atomic mass unit, Z;, and A, denote the atomic charge
and atomic weight of the gravitating objects, respectively.
A nonzero a modifies the gravitational inverse-square law
and is constrained by torsion balance experiments [33] as a
function of the mediator mass. The fifth force constraint is
shown by the blue curve in Fig. 1 (left).

For an even lighter axion, Eq. (8) is also constrained by
the test of equivalent principle (EP). Testing point objects
made of different materials can experience different accel-
eration toward a common source. This effect is charac-
terized by a parameter similar to a,
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FIG. 1. Experimental lower limits on the axion quality parameter A, ,/| sin(5 — ©)| in the two cases considered in this work, including
neutron EDM (purple), test of gravitational inverse-square law (blue), test of the equivalence principle (yellow), and red giant cooling

(green), when applicable.
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Experimental constraint on & [33] is shown by the yellow
curve in Fig. 1 (left).

Moreover, the scalar coupling aée is tightly constrained
by astrophysics due to excessive cooling to red giant stars.
The limit derived in [34] corresponds to the green curve in
the figure. We note that this constraint weakens substan-
tially [35] due to the lack of plasmon effect if § = ® and
only the pseudoscalar coupling aeiyse is present.

Remarkably, the effects of the operator Eq. (19) in EDM,
violations of 1/r% law, and EP all vanish in the limit where
the phase factor § approaches to © or A, goes to infinity.
All of them constrain the axion quality violation through
the same parameter A, /|sin(8 — ®)|. Figure 1 (left) states
that the leading constraints on the PQ field coupling to
electron are never from the EDM experiment throughout
the entire mass range of axion between 1072 ¢V and eV
scale. Laboratory tests of the equivalence principle, inverse-
square law of gravity, and stellar cooling set much better
constraints. In this case, they are more sensitive probes of
the axion quality over EDM.

As additional remarks, the two interactions in Eq. (8)
also contribute to the electron EDM at one-loop level.
However, given the above constraints on A,, we find the
contribution to be negligible compared to the latest limit
from the ACME experiment [36]. The physical electron
mass in the presence of the PQ breaking operator is |M, (a)|
with a set by the minimum value Eq. (6), instead of m,.
Experimentally, the electron mass has been measured to
very high precision [37]. In the case of axion being the dark
matter around us, its coherent oscillation could lead to
potentially interesting time dependence in the mass of
electron.

III. CASE 2: COUPLING TO GLUON

As the second exercise, we directly couple the PQ field
to the CP-even gluon operator,

ay i a auv
5L =~ eP$G,G™ + He.. (11)
g

It is worth noting that Gy, G“* does not carry any
PQ charge. Thus, under a generic PQ transformation,
the operator @G, G** only changes by an overall
phase but cannot be completely rotated away, unlike the
log(¢)G%,G% term that generates the regular axion
potential [Eq. (1)]. As a result, Eq. (11) makes a new,
irreducible contribution to the total potential energy for
the axion.

The vacuum condensate of the gluon operator takes the
value [38]

(0|22 G4, G |0) = 0.012 GeV*, (12)
T

Through Eq. (11), it generates an axion potential

V2f,

Via) = A

(0, G2, G4 |0) cos <fi + 5> . (13)

g a

Minimizing V + 6V (a) leads to a nonzero axion conden-
sate. For f, < A , we get

@, g (mat ma)? (0l G G|0) V2, sin(3 - 6)
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The neutron EDM constraint, a/f, + ® < 1071, translates
into

A 10-5
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as shown by the purple curve in Fig. 1 (right). This
constraint is substantially stronger compared to Eq. (7)
due to a parametric enhancement factor, of order
1677,'2 (AQCD/m€)4.

The gluon operator in Eq. (11) also has a nonzero matrix
element at the nucleon level. We use the relation between
nucleon mass and the trace anomaly of energy-momentum
tensor [39,40],

_ 9
MNYNYN =~ o (N|a,G;,G*|N) +---, (16)

where N = p, n, my~937 MeV, and --- represents
contributions proportional to light quark masses. Under
the approximation that the light quark contributions are
negligible [41], the coupling of a single axion excitation to
the CP-even bilinear nucleon operator is

8v/27my sin(8 — ©)
9A

(pp + Ain)a. (17)

Again, a light axion can mediate long-range fifth force [42],
where the @ and & parameters [the counterpart of Egs. (9)
and (10)] are

B 32zm%sin?(6 — ©)
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The corresponding constraints from 1/r> law and EP
tests [33] are depicted by the blue and yellow curves in
Fig. 1 (right), respectively.

Like the previous case, both constraints from EDM
and the fifth force experiments are controlled by the same
axion quality parameter A,/|sin(6 — )|, although here
the neutron EDM still provides the leading constraint on the
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axion quality. We find a similar result of comparison holds
if the dominant low energy operator is instead ¢pH"H.

IV. CASE 3: COUPLING TO QUARK

Finally, we comment on the coupling of PQ field to the
quark mass term. Taking the up-quark as an example,

5L = —%ei‘sqﬁﬁLuR +He.. (19)

u

This term modifies the quark mass

m, — M,(a) = mu< fa e"(“/fa*‘s)). (20)

I+——
\/EAM

To derive the impact on the axion potential, one feeds the
a-dependent quark mass to the low-energy chiral
Lagrangian. The argument of the complex factor in the
bracket of Eq. (20) simply acts as an extra contribution to
the © parameter. The condition for minimizing the axion
potential becomes

i—i—(:)—i—arg <1+L

ia/fatd) ) =0, (21)
e
a \/EAM ) ’

which still has a solution as long as f, < A,. In this case,
the operator Eq. (19) does not lead to extra terms in the
axion potential, nor a contribution to EDM. On the
other hand, it is still constrained by the torsion balance

experiments due to the axion coupling to CP-even quark
operator if § # ©.

We conclude by stressing that the Peccei-Quinn sym-
metry for solving the strong CP problem is a global
symmetry and in general allowed to be explicitly broken
by high-scale physics. The quality of this symmetry and the
resulting axion solution could be subject to various exper-
imental probes, not limited to the EDM measurement. In
this work, we discuss a class of examples where the PQ
field has a direct coupling to the Standard Model sector, and
deformation of the axion potential is accompanied with the
strongly modified charge-parity nature of the axion. We
show that tests of a fifth force mediated by the light axion
can set a leading constraint on the higher dimensional
operator in certain cases. The findings of this work suggest
that it could be fruitful to confront the axion quality to a
broader landscape of experiments and theoretical frame-
works of explicitly broken PQ symmetry.
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