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Axion-mediated forces are enhanced by the presence of CP-violating axion couplings, which are
however tightly constrained by electric dipole moment (EDM) searches. We discuss the underlying
hypotheses behind different sources of CP violation at high energies and the interplay between axion-
mediated force experiments and EDM observables. Specifically, we identify various mechanisms, based on
new sources of CP violation or Peccei-Quinn symmetry breaking, that can significantly relax EDM
constraints, leading to a substantial redefinition of the QCD axion window for axion-mediated forces. By
considerably enlarging the QCD axion parameter space, our results provide a well-motivated target for
experiments probing scalar axion couplings to matter fields. These include fifth-force tests of gravity, as
well as searches for spin-dependent forces via precision magnetometry, proton storage rings and ultracold

molecules.
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I. INTRODUCTION

The quantum chromodynamics (QCD) axion originally
emerged from the need to “wash out” CP violation from
strong interactions [1-4]. This is achieved by introducing
the axion field a, endowed with a Peccei-Quinn (PQ) shift
symmetry that renders the QCD topological angle 6
unphysical. Hence, the issue of CP violation in strong
interactions is traded for a dynamical question about the
axion vacuum expectation value (VEV), yielding an effec-
tive 6 parameter

aeffzifj’ (1)

where f, is the axion decay constant and the electric
dipole moment (EDM) of the neutron (nEDM) demands
|Octr| < 10710 [5].
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A general result [6] ensures that the QCD ground state
energy density is minimal for 6. = 0. However, one relies
on the fact that QCD is a vector-like theory and does not
have extra sources of CP violation beyond the 6 term. Both
conditions are violated in the Standard Model (SM), which
is a chiral theory that features a CP-violating (CPV) phase
in the quark sector. Indeed, in Ref. [7] it was estimated
BM ~ 107" (see also [8-10]). While this irreducible SM
contribution to . turns out to be too tiny to be testable,
new CPV sources beyond the SM, generically expected to
explain the baryon asymmetry of the universe, might lead
to a value of O, closer to the nEDM bound.

An axion VEV could also be generated from ultraviolet
(UV) sources of PQ symmetry breaking. This is motivated
by the fact that the U(1)pq, as a global symmetry, does not
need to be exact and it is expected to be broken at least by
quantum gravity effects (see e.g. [11]).

Whatever its origin, a striking consequence of 0. # 0 is
the generation of a scalar axion coupling to nucleons,
Py (Ocits -..) & O [12], where the ellipses stand for other
sources of CP violation, to be discussed in this work.
Including both scalar (gif) and pseudo-scalar (ggf) cou-
plings to matter fields, with f = p, n, e [cf. Eq. (2)],
one obtains different types of nonrelativistic potentials
mediated by the light axion field, leading to new macro-
scopic forces, as suggested long ago by Moody and
Wilczek [12]. Remarkably, scalar axion couplings, being

Published by the American Physical Society
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spin-independent, strongly enhance axion-mediated forces
compared to the case of pseudo-scalar couplings. An
updated review of axion-mediated force experiments and
relevant limits can be found in Ref. [13] (see also [14-16]).

While phenomenological analyses often focus on a naive
definition of the QCD axion band, based on the simplifying
assumption that @ is the only source of CP violation [12],
more recent studies have started to systematically analyze
different sources of CP violation and their nontrivial
interplay with EDM searches [17-23].

In this work, we provide a fresh look at the UV origin of
the ggf coupling and identify different mechanisms, based
on new sources of CP or PQ breaking, in order to maximize
the scalar axion coupling relative to EDM constraints, thus
leading to a substantial redefinition of the traditional QCD
axion window for axion-mediated forces.

II. AXION COUPLINGS TO MATTER

Including both CP-conserving and CPV couplings, the
axion effective Lagrangian with matter fields (f = p, n, e)
reads

‘Caf = _gapfa.}_cinf - gifaff’ (2)

where ggf = Cysmy/f, and the dimensionless couplings
C,s are model-dependent O(1) numbers. As a benchmark
scenario, we consider here the DFSZ model [24,25] at
large tanf, yielding C,, = 0.6, C,, = —0.3 and C,, =
1/3 (see e.g. [26] for a derivation). The QCD axion
mass and decay constant follow the standard relation
m, ~5.7(10° GeV/f,) eV.

In the traditional QCD axion scenario with a nonzero
Ocr» for g5, (N = p, n) one can use the standard isospin-
symmetric formula of Moody and Wilczek [12], with the
correct extra 1/2 factor [18], which gives at most

9
92}\9/ ~2x 10721 <M> , (3)
fa
assuming maximal 6.5 = 1.2 x 10710, saturating the d,,
constraint. The value (3) defines the upper side of the
traditional QCD axion band for axion-mediated forces,
currently employed for instance in [27]. The lower side of
the band is estimated through the irreducible SM contri-
bution, via the CKM phase, as [19]

g =00 (125, @

Note, however, that a CPV scalar coupling to nucleons g5
can arise from various mechanisms related to new sources
of CP or PQ violation. These can lead to (a) new terms in
the meson plus axion chiral Lagrangian (yPT), that induce a
shift of the axion and chiral vacuum leading to CPV

couplings [28], but also to (b) direct CPV axion-nucleon
terms in the baryon chiral Lagrangian (ByPT).

Experimental searches typically operate at the atomic
level rather than directly probing g’ - When considering an
atomic system 4X, the axion scalar coupling is effectively
described by the average

A-Z7 Z Z
AJ— S - - S_ 5
Yax A Yan +Aggp +Agae ( )

In our theoretical predictions, we will consider the case of
Tungsten (A = 184, Z = 74) which pertains to ARITADNE
[29,30]. Other elements, relevant for fifth-force searches,
imply a relative variation from the Tungsten benchmark
that is below the 10% level.

In the following, we explore the possibility of maximiz-

ing this scalar axion-matter coupling in comparison to gf}? ,

equal to the traditional giﬁ in the isospin limit, while
satisfying the EDM constraints.

III. CPV COUPLINGS FROM xPT

In the yPT Lagrangian, the terms generated by CP or PQ
breaking lead to a realignment of the vacuum, namely a
nonzero Oz together with 7y, ng and o meson VEVs if
chiral symmetry is also broken. These four vacuum shifts
induce CPV baryon couplings in the ByPT Lagrangian,
reported for completeness in the Appendix. It is important
to note that the induced couplings generally depend on just
three combinations. Indeed, the ByPT Lagrangian feels the
vacuum realignment only via the three quark masses, the
only spurions of chiral SU(3), x U(3),. As a result, all
effects depend on the following three chiral phases (with
q=u,d,s)

_ |[lim)

a. = 1 <770> m*eeff
17 |2F,

Ag (1g)
28 \is) = Vlo/ el 6
2F,,+\/6F,, qq+ 2m, (6)

where the A’s are the Gell-Mann matrices, m, =
(mz' + m7' +m;')~!, and the pion decay constant is
F, ~92 MeV. For the neutron and proton CPV couplings,
one can rewrite the results of [18] (see also [31,32]) in a
simple and general way in terms of a’s

8m,.B
ggp,n = - f 0 (bozaq + b+au,d + b—“s)
a q

10° GeV
fa

with 20% hadronic uncertainties, see Appendix for details.
Expressions in terms of a’s can be derived also for nucleon-
meson CPV couplings (cf. Appendix) so that this fact holds
in general even for EDM observables. We thus find that
from yPT there is a model-independent correlation between
EDMs and gﬁp,n, all driven by three phases a,, 4.

~ 107! (24a, 4+ 2.8ay, +15a,), (7)
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IV. EDM CONSTRAINTS ON CPV COUPLINGS

We focus first on the CPV effects induced in yPT,
considering the g3, , terms in Eq. (5), with g3, set to zero.
The strongest EDM limits are currently imposed by neutron
and Mercury. For them, we find the constraints

d

d—’<’ ~ 1010|3.7au +5.9a,; + 40.0as| <I, (8)
ng 10

—— 10 |3.1au—|—5.0ad+36.0ax| <I, (9)
ng

with 10% and 50% hadronic uncertainties respectively, see
Appendix for details. Here, d;; = 1.8 x 1072° ¢ cm [5] and
dijy = 6.3 % 1073% e cm [33] are the experimental bounds
on the neutron and Mercury EDM, respectively.

While other nuclei lead to weaker bounds, more con-
straints arise from EDMs of paramagnetic systems from the
contribution of two-photon exchange processes between
electrons and the nucleus induced by CP-odd semileptonic
interactions [34]. The most stringent one, set by para-
magnetic ThO [35], leads to the additional constraint
(cf. Appendix)

101°/0.11a, — 0.22a,| S 1. (10)

with 10% hadronic uncertainties, see Appendix for details.
The limit in Eq. (10) is slightly weaker, but together with
Egs. (8) and (9), constrain all s to be of the order of 10710,
This implies that the axion scalar coupling in Eq. (7) cannot
deviate much from the traditional value. Including uncer-
tainties, we find at most |3, /g>¢| < O(10).

In conclusion, the three EDM constraints fix the three
phases, impeding a relevant enhancement of g5 relative to

the traditional QCD axion case g>. This result is model-
independent, as far as yPT-induced effects are concerned.

The situation could potentially change with direct con-
tributions to the ByPT Lagrangian. New terms in general
lead to additional combinations different from those in
Eq. (6), possibly evading the EDM limits. The possible new
operators, classified in [20], suffer from uncertainties in the
low-energy constants (LECs), not determined by chiral
symmetry, and a model-independent analysis is premature.
One can, of course, imagine that more operators conspire to
bypass the EDM constraints while allowing for a larger g3 y.
This scenario, hard to obtain in predictive theories, could be
checked in specific models.

To this aim, theoretical work on the LECs would be most
welcome, while on the experimental side future improve-
ments on EDMs such as Radon [36] will also be important
to sharpen the connection between EDMs and g .

V. SEMILEPTONIC OPERATORS

We turn here to CPV effects induced only by the scalar
axion-electron coupling g5,, the third term in Eq. (5). This
coupling can be generated by semileptonic operators as

(11)

with implicit sum over ¢ = u, d, s. After the canoni-
cal axion-dependent chiral rotation of the quarks
(cf. Appendix), Eq. (11) leads to [20]

Ly = Cly(eLer)(qrsq) +He.,

2
¢ m.ByF; |
oo = Im) —Cq. (12)
o=y
The interactions in Eq. (11) also generate 4-fermion
operators involving nucleons and electrons [20]

G _
‘aeN = ——F {IEYSEN(CEO) + Tgcgl))N

V2

9, -
+ee—[N(CY

+r3c5;>)swv]}, (13)
my

where N = (pn)T is the nucleon doublet, S is its spin, G

) are the Wilson coefficients

is the Fermi constant, and C(s(,)b]
encoding the short-distance coefficients CZ, of Eq. (11).
The Mercury EDM or CPV effects induced in polar
molecules like ThO [35], YbF [37], and HfF [38] receive
contributions from Cgég). Using Eq. (25) in Ref. [20], we
find the conditions on the Cé)q to cancel them

ch, =ct,=cl =C, (14)

for some C. These conditions still allow for a nonzero g5,
from Eq. (12)

gs _ _BOFJZZ
ae 2fa

Hence, strikingly, the EDM limits are evaded for flavor
universal semileptonic couplings. The coefficient ImC is
constrained by the high-p tails of the pp — £¢ Drell-Yan
processes. The results in Ref. [39] imply ImC < (2 TeV)~™2,
which allows for a substantial enhancement of the scalar

axion coupling, |¢5,/g>¢] <1 x 10°.

ImC.

(15)

VI. PQ-BREAKING AS THE ORIGIN
OF CPV COUPLINGS

Another possibility to generate a scalar axion coupling
to fermions is to consider a source of PQ breaking, which
also breaks CP in the axion sector. A common choice is
provided by operators of the type Lpg D —e¢"A™",
with 6 a generic phase, A is the UV scale at which the
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operator is generated, and ¢ = \f;—% e'“/1a is a complex scalar

where the axion is the angular mode and the radial mode is
integrated out. Including the QCD axion potential, Vocp =

—xqcp Cos - with yqcp & (76 MeV)*, the induced axion

VEV reads Heﬁ ~ =2172n A" £ 5in 6/ y ocp- Note that such
a PQ-breaking scenario directly matches to the traditional
QCD axion coupling in Eq. (3).

Another class of operators, recently discussed in
Refs. [40-42], takes the generic form (¢/A)"Ogy, Where
Ogy 18 an operator made of SM fields. To maximize the
contribution to g3y in Eq. (5), relative to EDM bounds we
consider a ¢" coupling to the electron Yukawa,'

Lpg D —e'® (%) fzvm [ <., (16)

where ©v = 246 GeV. This operator generates a scalar
axion-electron coupling directly at tree level

Ge=n (} ) % sins, (17)

and, after setting (H) = (0v/+/2)7, it also leads to an axion
tadpole, Vpg = —ca + ..., at one loop. In the leading-log
approximation, we find

- () () o

where u denotes the renormalization scale. Including the
contribution of the QCD axion potential, we obtain the
induced axion VEV

() i) o

where we took ¢ = 1 GeV to assess the nEDM bound. By
using Eq. (19) to express Eq. (17) in terms of 8¢, we obtain

2nt x XQcp

In ( 2 fa eeff- (20)

S
Yae =

1 GeV)

The nEDM bound, |6.5| < 107!, provides the main limit-
ing factor for this coupling,” which in this scenario
dominates by far the atomic average in Eq. (5), allowing

for |g§X/gj3?| <2x10.

'Similar operators with ¢" coupled to light quarks or gluons
yield an unsuppressed long-distance contnbution to O [40],
preventlng a significant contribution to gax

*Other direct contributions to EDMs come from axion ex-
change mvolvmg aGG and aee vertices, leading to semlleptomc
operators as in Eq. (13). Using results from [43], we obtain g5, <
2.2(f,/10° GeV) from ThO EDM, which is negligible compared
to the bound from nEDM in Eq. (20).

VIIL. Z,, AXION

The last possibility that we consider is a modification of
the standard m,—f, QCD relation, suppressing m,, for fixed
f 4. This can be achieved by employing N mirror copies of
the SM [44-46], with N odd and SMy = SMy_{(mod A)
under the Z,, symmetry and the axion acting nonlinearly:
a— a+2rk/N, with k =0, ...,/ — 1. In this way, the
axion potential gets exponentially suppressed and, in the
large N limit, the axion mass relative to the standard QCD
axion mass scales as [45]

(mazi[ ~ V 1 - 22(1 +Z) N3/ZZN_1, (21)
m; VT

where z = m, /m, ~ 0.48. In these scenarios, an important
constraint on f, arises from the fact that the exponential
axion mass suppression is spoiled by finite density effects in
stellar environments [47]. In particular, the strongest con-
straints arise from the modifications of the mass-radius
relationship of white dwarfs, which exclude 33 <N <

69 [48]. Assuming N < 31, we find |3y /g55| <5 x 10°.

VIII. AXION-MEDIATED FORCE EXPERIMENTS

Depending on the combination of couplings involved,
axion-mediated nonrelativistic potentials can be of three
types: g g5, (monopole-monopole), g .g.; (monopole-
dipole), or g/ ,g/; (dipole-dipole). The idea of searching for
dipole-dipole axion interactions in atomic physics is as old
as the axion itself [3]. However, dipole-dipole forces turn
out to be spin-suppressed and suffer from large back-
grounds from ordinary magnetic forces. Furthermore, our
models enhance only scalar couplings and thus do not
improve the situation for dipole-dipole interactions. Hence,
in the following, we will focus on monopole-monopole and
monopole-dipole interactions, whose parameter space is
displayed in Fig. 1.

In this figure, the conventional QCD axion region is
represented by an orange band, whose upper (lower) side is
set by the scalar coupling in Eq. (3) [Eq. (4)], while for the
pseudo-scalar couplings we employed the predictions of
the DFSZ model at large tanf [cf. discussion below
Eq. (2)]. Among the models discussed in this work, we
consider three examples, given respectively by the inclu-
sion of CPV semileptonic operators (red), the Z, axion
model with modified m,—f, relation (purple), and the
PQ-breaking electron Yukawa scenario (blue). These
extend the conventionally expected range of scalar cou-
plings. The figure should be understood so that the bands
overlap from below, such that, e.g., the PQ-breaking model
predicts a coupling between the upper limit of the blue band
and down to the lower limit of the minimal QCD axion
band (orange). See previous sections for how the upper
limits on the scalar coupling is obtained in nonminimal
QCD axion models.
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Scalar nucleon coupling, g5y

P
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FIG. 1. QCD axion window for axion-mediated forces vs
current constraints (full lines) and future experimental sensitiv-
ities (dashed lines). Here g3y is the effective scalar axion-atom
coupling defined in Eq. (5). Figure adapted from [13,27].

The top panel of Fig. 1 displays searches based on
monopole-monopole interactions. In contrast with gravity,
these long-range forces deviate from the inverse-square law
and depend on the material’s composition. Tests of the
inverse-square law [49—55] can reach parameter space from
all three models presented here. At longer ranges, i.e.,
lower axion masses, composition dependence becomes
more important than deviations from the inverse-square
law. This enables searches for violations of the equivalence
principle [56,57] to probe the parameter space offered by
the Z), and the PQ-breaking models.

These results suggest that improvements in tests of the
equivalence principle or the inverse square law have the
chance to discover these particular types of QCD axions.

Another interesting opportunity is given by monopole-
dipole searches, whose limits (full lines) and projected
sensitivities (dashed lines) are reported in the middle
and lower panels of Fig. 1 for the case of pseudoscalar
axion couplings to electrons (g%,) and nucleons (giy),
respectively. In particular, ARIADNE [29,30] aims to
probe the monopole-dipole force generated by a rotating
source mass and detected via nucleon spins, employing
precision magnetometry. A similar approach is pursued by
QUAX-g, g, [58-60], using instead electron spins. Several
other experiments have established bounds or are attempt-
ing to improve the sensitivity to either g5ygk, [61-71] or
Gy ghy [70-73] couplings. Regardless of which pseudo-
scalar coupling is employed, our scenarios considerably
improve the prospects for monopole-dipole searches. The
projected reaches of QUAX-g,g, as well as proposals
based on ultracold molecules [69] and proton storage
rings [73] can probe parameter space beyond the traditional
QCD band which is populated by the models studied here,
while ARIADNE would be able to test wide ranges of
parameter space, also inside the minimal QCD axion
band.

IX. CONCLUSIONS

In this paper, we have reconsidered the UV origin of the
g  coupling and identified various mechanisms based on
new sources of CP or PQ breaking. These mechanisms can
significantly relax EDM constraints, leading to a substan-
tial redefinition of the traditional QCD axion window for
axion-mediated forces, as shown in Fig. 1. Our findings
suggest an expanded QCD axion parameter space, provid-
ing strong motivation for pushing the current limits on the
search for new macroscopic forces.
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APPENDIX: BARYON-MESON COUPLINGS
CONTRIBUTIONS TO EDMS

In this Appendix, we discuss the contributions of
baryon-meson couplings to the neutron and proton
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EDMs. The leading order (LO) baryon chiral Lagrangian
can be written as

Ly = Tr[Biy*(d,B + [I',, B]) — MpBB]
D F
- Etr[ByﬂyS{gﬂ’ B}] - Etr[Byﬂ}/S [f/u BH

A - _
- S ule.JulBrtysB] + byt(Blr.. B

+ bptr[Bly ., B]] + botr[y,]tr[BB], (A1)
where we employed the definitions
150 4 1 A0 +
\/52 + \/EA z p
- 150 | 1 AO
B = > —%2 -+ %A n s
== =0 — 2 A0
= = \/gA
U=é&é  (&r=40) (A2)
and I, = %ﬂe(au —iry)ér + %52(614 —il,)ér, S =

iE5(0, — i, )Er — iEL(0, — il,)EL 2+ = ELxér + ExTEL.

Here, M denotes the baryon mass in the chiral limit,
while y = 2Bydiag{m,,my, m;} is the chiral spurion
including the quark masses. In Eq. (Al), the interaction
terms proportional to D, F' and 1 are CP conserving, while
those proportional to bp, by and b, violate CP. The D and
F LECs are extracted from baryon semileptonic decays,
and they read at tree level D ~ 0.8 and F' ~ 0.5 [74]. The
LEC B, is given by By = m%/(my + m,), while by p are
determined from the baryon octet mass splittings,
bp ~0.07 GeV~!, by ~—0.21 GeV~' at LO [28]. The
value of b, is determined from the pion-nucleon sigma-
term as by~ —o,y/4m2. From [75,76] one obtains
by = —0.76 - 0.04 GeV~! at 90% confidence level. The
LEC A is unknown and is set to zero. We also defined the
shorthand b, = by + by.

The QCD 6-term plus the axion is rotated away by
an appropriate axion-dependent chiral rotation of the
quark fields, g, — e"q;, qg — eqg, with o, =
(9+ﬁ)m*/2mq [28]. By applying this diagonal U(3),
field transformation on the &;  and the baryon chiral fields,
the axion is effectively included in the meson Lagrangian as
well as in the baryon Lagrangian (A1). With this choice of
a, the axion does not mix with 7% and 7.

In the presence of new physics in the yPT Lagrangian,
one has to further rotate the U fields to have (U) = 1, as
well as to shift the axion field. This again amounts to a
diagonal rotation (we consider strangeness preserving
interactions here) so that one can consider altogether three
generic a,, incorporating the mesons and axion VEVs, as in
Eq. (6) in the main text. As already mentioned, this global
chiral rotation is effectively equivalent to a rotation of the
spurions of chiral SU(3), x U(3),, namely a rotation of

the quark masses in the meson and baryon chiral
Lagrangian (Al), as follows: m, — mqui“q.

It is this phase rotation that generates, from the baryon
Lagrangian, the various CPV baryon interactions with the
physical meson fields [28,77]. We parametrize their cou-
plings as LG8 D GapcABC, where A, B are baryon fields
and C is a meson, and their expressions are reported below.

The neutron and proton EDMs are generated at loop
level and can be expressed, following e.g. Ref. [78], in
terms of these couplings and loop functions, which are
expanded at leading order in the meson masses. We write

d,,=> d,(f_),,, where the index i runs over all baryon-
meson couplings contributing to the neutron and proton
EDMs. Specifically, for the neutron EDM, only two
couplings contribute [78]

d(izpﬂ') _ €(F+ D)gﬁpn' (”mn - 2’/”N log(m%/mlz\’))

" . (A3
16V 2F ;myn? (A3)

dﬁle’K*) _ e(F — D)gns-g+ (mmg — 2my log(m%/mlzv))
16V/2F ;my ’

(A4)

while more couplings contribute to the proton EDM due to
its electric charge

d(l—,pﬂ0> . E(D + F)gppﬂom”
! 16V2F ,myn
! 8V2F,myn
4P — _ e(D = 3F)Gp pyy g
! 48V/2F ;mym
d(i’P’Io) — _ €(2D + 3}“)91_717'70’"'70 (A6)
P 24V2F ,myn

_e(D + F)gupe (3mm, — 2my log(m?/m3))
16V 2F ;myn?

dgli"ﬁ) _

’

(A7)

SN _ _e(D—|—3F)§[3AoK+ (3zmy —2mylog(m%/m%))
P = .

96\/§FﬂmNﬂ'2
(A8)
4K _ e(D—=F)gsop+ (3mmy —2my log(my/my))
’ 32V2F ymyn? '
(A9)
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For the couplings in terms of phases, we find

4\/§Bob+(mdad + muau) 4\/§Bob—<mu% + msas)

gﬁpﬂ_ = F , skt = — F > (AIO)
and
- 4\/§B0b+(mdad + muau) — 4\/§BOb—(mdad + msas)
Gnprt = — F, s Js+pk0 = — F, ’ (All)
4By (b 3b 4+/2Byb
g‘A0K+ — _ 0( D + F)(msas + muau> ) 5—]20_1(+ — _ \/_ 0 —(msas + muau) . (A12)
’ V3F, ’ F,
gpp;z“ _ 8BO[b0(mdad - muau) B b+muau} i G = 8BO[bO(n’ldad - muau) + b+mdad] ) (A13)
Fﬂ Fﬂ
SBO[bO(zmsas —-m,o, — mdad) + z(bD - bF)msas - (bD + bF)muau]
9ppns = J3F ; (Al4)
8\/%B0[b0(muau +myag + msas) + (bD - bF)msas + (bD + bF)muau]
gﬁpno = - . (AIS)

V3F,

In the above formulas, we have taken the large N -limit F, ~ F,, with F, and F, being the pion and the eta decay

constants, respectively.

Taking these results into account, we obtain the relevant EDMs in terms of generic phases

d, = {a,(-=1.721037) x 1075 + a4 (—2.63701¢) x 10715 + a,(-1.315)35) x 107"} e cm,

d, = {a,(6.7703) x 10710 + a,(10.6799) x 10710 + a (7.1703) x 107 }e cm,

(A16)

(A17)

where hadronic uncertainties from LECs and quark masses have been included. By considering the impact of the neutron

and proton EDMs on the Mercury EDM [20], we find

dyg = {a,(=2.0199) x 1071 + &y (=3.1713) x 1071 + @ (=23 £ 11) x 107"} cm.

The neutron and Mercury EDM expressions should be
compared with the experimental bounds, respectively d;; =
1.8 x 1072 ecm [5] and djj, = 6.3 x 107° ecm [33],

The ThO EDM bound finally amounts to jixy <
4 x 10719 [34], with

1
—(1 — -
E‘:I\)/N = E (gmm + gppn')

 4By(2bg + bp + bp) (agmy — a,m,)
_ 7
= (042500 e, + (—0.891004)ay.

(A19)

Eqgs. (A17)—(A19) translate into the constraints of Egs. (9)
and (10) in the main text.

(A18)

We finally look for a, ,, that, while respecting these
constraints, try to maximize the CPV coupling in Eq. (5),
which numerically is

So— 10 10° GeV

a

x [(2.603)a, +(2.6703)ay+ (1.50103) )ay).  (A20)

We find that all «a,, are constrained to be of order
O0(107%19), and lead to a maximal value of

S
Yax

S.0
Yax

< 10,

~

(A21)

allowing also for the uncertainties in Eqgs. (A17)—(A19).
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