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Hunting for the CP violating ALP
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1DESY, Notkestraße 85, D-22607 Hamburg, Germany
2Dipartimento di Fisica e Astronomia ‘G. Galilei’, Università di Padova, Italy
3Istituto Nazionale Fisica Nucleare, Sezione di Padova, I–35131 Padova, Italy

The impact of axion-like particles (ALPs) on the search of permanent electric dipole moments
(EDMs) of molecules, atoms, nuclei and nucleons is systematically investigated. We classify first
the full set of CP-violating Jarlskog invariants emerging in the ALP effective field theory (EFT)
containing operators up to dimension-5. Then, we evaluate the leading short-distance effects to the
EDMs up to two-loop order. The high sensitivity of EDMs to CP-violating ALP interactions is
emphasised exploiting both the current and projected experimental sensitivities.

I. Introduction. The lack for heavy new physics (NP)
at the LHC, mostly motivated by the weak-scale hierar-
chy problem, has triggered a shift of paradigm towards al-
ternative scenarios, with new light mediators, that are re-
ceiving increasing attention both theoretically and exper-
imentally. NP scenarios with light pseudoscalar bosons,
referred to as axion-like-particles (ALPs) [1] are promi-
nent examples. The lightness of ALPs can be naturally
explained if they are identified with the pseudo-Nambu-
Goldstone bosons of an approximate global symmetry.
Interestingly, ALPs can be invoked to address a number
of fundamental open questions in particle physics such as
the strong CP problem [2], the origin of dark matter [3],
as well the flavor [4] and hierarchy [5] problems. Fur-
thermore, various anomalies can be solved by the ALPs
such as the longstanding discrepancy of the anomalous
magnetic moment of the muon [6, 7], the excess in ex-
cited Beryllium decays 8Be

∗ → 8Be + e+e− [8–10] and
that of electronic recoil events with an energy of O(keV)
observed by the XENON1T collaboration [11, 12].

Since the relation between ALP mass and couplings
depends on the specific ultraviolet (UV) completion, it is
customary to take a model-independent approach where
ALPs are treated as a generalization of the QCD ax-
ion, with mass and couplings being free parameters to be
probed experimentally. In this framework, ALP inter-
actions with Standard Model (SM) fermions and gauge
bosons are described via an effective Lagrangian built
with operators up to dimension-5 [13]. This approach
still captures general features of a broad class of models.

For ALP masses below the MeV scale, a vast exper-
imental program, intertwined with cosmology and as-
trophysics, is currently ongoing [1]. That ranges from
“wave-like” approaches to ALP searches in the sub-eV
region (such as haloscopes, helioscopes and optical/EM
setups), to beam-dump experiments stretching up to the
GeV scale [14]. Collider experiments have also probed
ALP masses ranging from the GeV scale up to the elec-
troweak scale, through searches of ALPs associated pro-
duction with photons, jets and electroweak gauge bosons
[15]. Searches for the exotic, on-shell Higgs and Z de-
cays into ALPs were also shown to probe regions of the

parameter space previously unconstrained [16]. Other
low-energy observables which are extremely sensitive to
ALPs are flavor-changing neutral-currents (FCNC) pro-
cesses both in the quark [17] and lepton sectors [18]. In-
deed, since there is no fundamental reason for the ALP
interactions to respect the SM flavor group, ALPs can
induce FCNC already at tree level.

Rather surprisingly, CP-violating (CPV) signatures of
ALPs received so far much less attention [7, 19]. The CP
symmetry is violated as long as ALP couplings to photons
entail both φFF̃ and φFF interactions (where φ is the
ALP, F the QED field strength tensor and F̃ its dual)
and/or if ALP couplings to fermions (f ) include both
φf̄γ5f and φf̄f interactions. As we will see, these condi-
tions require that the global shift symmetry (responsible
for the lightness of the ALP) as well as CP are broken in
the UV sector and such a symmetry breaking is eventu-
ally communicated to the infrared dynamics by some me-
diators. The required UV dynamics can arise quite natu-
rally in strongly-coupled theories, and in fact an explicit
realization is provided by the SM itself. Consider for defi-
niteness the effective interactions of the neutral pion field
π0 below the GeV scale (see e.g. [22]). The role of the
ALP is played by π0, while quark masses are responsible
for the breaking of the shift symmetry and the source of
CP violation is the QCD θ term. The mediators from the
strong sector to the π0 are instead the electromagnetic
(EM) interactions. CP-even pion interactions contain the

terms A1
π0

fπ
FF̃ + A2

∂µπ
0

fπ
ēγµγ5e where A1 = α

4π is the
Wess-Zumino-Witten term and A2 is generated radia-
tively from A1 via EM interactions so that A2 ∼ ( α4π )2.

CP-odd pion interactions C1
π0

fπ
FF + C2me

π0

fπ
ēe are in-

stead sourced by the QCD θ term C1 ∼ θ while C2

is generated radiatively from C1 via EM and therefore
C2 ∼ θ α4π . A strongly coupled dynamics at the scale Λ
that resembles the pion dynamics of the SM can hence
be conceived in analogy.

Other scenarios providing a strong motivation for the
study of a CPV ALP are relaxion models [5] which pro-
pose a new solution to the weak-scale hierarchy problem
by introducing an ALP field, the relaxion, which scans
the Higgs boson mass in the early universe from an ini-
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tial value comparable to the cutoff scale M � 1 TeV
to the final value of O(v). The simultaneous presence of
the relaxion-Higgs mixing and the relaxion-photon/gluon
couplings violates CP.

From the experimental side, there is an extraordi-
nary ongoing program aiming at improving the current
limits of permanent electric dipole moments (EDMs) of
molecules, atoms, nuclei and nucleons by many orders of
magnitude [23]. In the light of the above considerations,
we believe that a still-missing comprehensive exploration
of the phenomenological implications of a CPV ALP is
mandatory. The main motivation of the present work is
to fill this gap.

After introducing the ALP effective field theory (EFT)
containing operators up to dimension-5, we systemat-
ically classify the physical CPV phases of the theory.
Then, we evaluate the leading short-distance effects to
the EDMs up to two-loop order. This will enable us to
highlight the high sensitivity of EDMs to CPV ALP in-
teractions once the current and projected experimental
sensitivities on EDMs are exploited.

II. ALPs with CP violating couplings. The most gen-
eral SU(3)c×U(1)em invariant dimension-5 effective La-
grangian accounting for CPV ALP interactions with pho-
tons, gluons and SM fermions, reads

Lφ = e2Cγ
Λ
φFF + e2 C̃γ

Λ
φFF̃ + g2

s

Cg
Λ
φGG+ g2

s

C̃g
Λ
φGG̃

+
v

Λ
yijS φf̄ifj + i

v

Λ
yijP φf̄iγ5fj , (1)

where Λ is the EFT cutoff, f ∈ (e, u, d) denotes SM
fermions in the mass basis, i, j are flavor indices and,
by construction, the matrices yS and yP are hermitian.
F and G stand for the QED and QCD field strenght ten-
sors, respectively, while F̃ and G̃ are their duals. Note
that the last two terms in eq. (1) can be written in a
shift-symmetric way through the dimension-5 operators
∂µφ
Λ f̄γµf (only for flavor off-diagonal components) and
∂µφ
Λ f̄γµγ5f upon integrating by parts and applying the

equations of motion. This justifies the normalization fac-
tor v

Λ (with v = 246 GeV) which traces back their effec-
tive origin from dimension-5 operators. Instead all the
other terms in eq. (1) break the φ shift symmetry. Here-
after, we assume that mφ & 1 GeV so that QCD can
be treated perturbatively. Moreover, although we take
Λ & 1 TeV, we focus only on EM and strong interactions
as weak interactions play a subleading role in our analy-
sis. Finally, in eq. (1) we factor out the gauge couplings
e2 and g2

s in order to make the coefficients Cγ,g and C̃γ,g
scale invariant at one-loop order.

Since the operators XX and XX̃ (X = F,G), as well
as scalar and pseudoscalar operators, have opposite CP
transformation properties, it is clear that Lφ violates CP
irrespectively of the CP nature of the spin-0 field φ. In
particular, the full set of CPV Jarlskog invariants of our

ALP EFT emerging at dimension-6 level reads

CaC̃b, yiSC̃a, yiPCa, yiSy
j
P , yikS y

k
SMy

ki
P , (2)

where a, b = γ, g and the double superscript “ik” is spec-
ified only for flavour off-diagonal Yukawa couplings. No-
tice that only the last invariant of eq. (2) is sensitive to
flavor-violating effects. Moreover, as we will see, at the
two-loop level all the above invariants will be generated.

III. Effective Lagrangian for EDMs. The leading low-
energy CPV Lagrangian relevant for EDMs of molecules,
atoms, nuclei and nucleons reads [24]

LCPV =
∑

i,j=u,d,e

Cij(f̄ifi)(f̄jiγ5fj) + αsCGeGG ēiγ5e

+ αsCG̃eGG̃ ēe−
i

2

∑
i=u,d,e

dif̄i(F ·σ)γ5fi

− i

2

∑
i=u,d

gsd
C
i f̄i(G·σ)γ5fi +

dG
3
fabcGaG̃bGc , (3)

where we omitted color-octet 4-quark operators (as they
are induced only at one-loop level in the ALP framework)
and the dim-4 GG̃ operator. The latter is assumed to
be absent thanks to a UV mechanism solving the strong
CP problem. Within our EFT, Cij , CGe and CG̃e are
generated by the Feynman diagrams of fig. 1 and read

Cij '
v2

Λ2

yiiS y
jj
P

m2
φ

, CGe =
4π

m2
φ

v

Λ2
Cgy

e
P , (4)

while CG̃e ↔ CGe via the replacement Cgy
e
P ↔ C̃gy

e
S .

The leptonic (pseudo)scalar couplings, including one-
loop EM corrections, are given by

y`S ' y`S(Λ) +
6α

π

m`

v
e2Cγ log

Λ

mφ
, (5)

y`P ' y`P (Λ)− 6α

π

m`

v
e2C̃γ log

Λ

mφ
. (6)

In the quark sector, also QCD interactions are at work
and we obtain the following leading order result

yqS ' yqS(Λ)+
mq

v

(
6α

π
Q2
qe

2Cγ+
8αs
π
g2
sCg

)
log

Λ

mφ
, (7)

yqP ' yqP (Λ)−mq

v

(
6α

π
Q2
qe

2C̃γ+
8αs
π
g2
sC̃g

)
log

Λ

mφ
, (8)

for q = u, d, s. Note that QED (QCD) loop-corrections in
eqs. (5)-(8) are significantly larger than the expectations
of naive dimensional analysis. Top and bottom contribu-
tions are taken into account by means of the QCD trace
anomaly in the gluon-gluon-ALP vertex after they have
been integrated out (see fig. 1). The resulting effect is

g2
sCg ' g2

sCg(Λ) +
αs
12π

∑
q=t,b

vyqS
mq

, (9)

g2
s C̃g ' g2

s C̃g(Λ)− αs
8π

∑
q=t,b

vyqP
mq

, (10)
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FIG. 1. Leading contributions to the semi-leptonic nucleon-electron operators. The combination of light-blue and purple blobs
refer to CPV effective interaction vertices.
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FIG. 2. Leading contributions to the Weinberg operator.

in agreement with the Higgs low-energy theorem [25].

The last term of eq. (3) refers to the Weinberg operator
which is generated by the representative diagrams shown
in fig. 2. The related Wilson coefficient dG reads

dG '
gsαs
(4π)3

∑
i=t,b

v2

Λ2

yiSy
i
P

4m2
i

+
3gs
π2

g4
sCgC̃g

Λ2
log

Λ

mφ
, (11)

where in the first term, which refers to the two-loop dia-
gram, it is assumed that mφ � mt,b. Instead, the second
term of eq. (11) arises from the one-loop diagrams of
fig. 2 and enjoy a very large enhancement factor with re-
spect to the naive dimensional analysis expectation. As
a result, we anticipate that dG will provide the by far
dominant effects to EDMs as induced by CgC̃g.

Finally, we analyse the fermionic (C)EDMs induced by
ALP interactions. The leading contributions stem from
the Feynman diagrams reported in fig. 3 and read

di
e
'−

∑
k>i

Qk
16π2

mk

m2
φ

v2

Λ2
Re(yikS y

ki
P )

(3−4xk+x2
k+2 log xk)

(1− xk)3

−
∑
k

Nk
c αQiQ

2
k

8π3mk

v2

Λ2

(
yiP y

k
Sf(xk) + yiSy

k
P g(xk)

)
− Qi

2π2

v

Λ2
e2(yiSC̃γ − CγyiP ) log

Λ

mφ

− 3αQ3
i

π3

mi

Λ2
e4CγC̃γ log2 Λ

mφ

− δqi
2αsQi
π3

mi

Λ2
e2g2

s(CγC̃g + CgC̃γ) log2 Λ

mφ
, (12)

fi fiφ

fk fk

γ, g

f f

φ γ, g

γ, g

t, b

f f

φ γ, g

γ, g

f f

φ

γ, g γ, g γ, g

γ, g

FIG. 3. Leading contributions to the fermionic (C)EDMs.

in the EDMs case (where i = e, u, d and q = u, d) and

dCi '−
∑
k>i

1

16π2

mk

m2
φ

v2

Λ2
Re(yikS y

ki
P )

(3−4xk+x2
k+2 log xk)

(1− xk)3

−
∑
k

αs
16π3mk

v2

Λ2

(
yiP y

k
Sf(xk) + yiSy

k
P g(xk)

)
− 1

2π2

v

Λ2
g2
s(yiSC̃g − CgyiP ) log

Λ

mφ

− 4αs
π3

mi

Λ2
g4
sCgC̃g log2 Λ

mφ

− 3αQ2
i

2π3

mi

Λ2
e2g2

s(CγC̃g + CgC̃γ) log2 Λ

mφ
, (13)

for the CEDMs (where i = u, d). The loop functions are
f(x) ≈ (6 log x+ 13)/18 and g(x) ≈ (log x+ 2)/2, in the
asymptotic limit x � 1 where xk = m2

k/m
2
φ. While the

contributions to the electron EDM stemming from the
third and fourth diagrams of fig. 3 were already consid-
ered in [7], the expressions of quark (C)EDMs are new.
Moreover, we also consider here flavor-violating effects
for the first diagram and Barr-Zee two-loop contributions
(second diagram). The well-known flavour-diagonal ef-
fects for the first diagram can be found instead in [26].
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Although eqs. (5)-(13) capture only the leading-order
short-distance effects of our ALP model, the bounds of
Table I have been obtained taking into account also one-
loop QCD running effects (improved with a two-loop run-
ning of αs and quark masses) from Λ = 1 TeV down to
mφ, which is assumed to coincide with the hadronic scale
µhad = 1 GeV. For mφ > 1 GeV, the running of LCPV

down to µhad should be also included.
Constraints on de, as well as on the coefficients Cij and

CGe in eq. (3), are set by using the polar molecule ThO.
The electron spin-precession frequency receives contribu-
tions from both de and CP-odd electron–nucleon (N) in-
teractions L ⊃ −GF√

2
CSN̄Nēiγ5e [27]

ωThO = 1.2 mrad/s

(
de

10−29 e cm

)
+ 1.8 mrad/s

(
CS

10−9

)
with a theoretical error of few percent and the experi-
mental limit ωThO < 1.3 mrad/s (90% C.L.) [28]. The
coefficient CS is related to Cij and CGe as CS/v

2 '
−17(Cue + Cde) + 4.7 GeVCGe. The neutron EDM is
induced by quark (C)EDMs, the Weinberg operator and
4-quark operators [29–31]

dn = 0.784(28) du − 0.204(11) dd − 0.55(28) e dCu

− 1.10(55) e dCd + 50(40) MeV e dG

+ 30(30) MeV e (Cud − Cdu) , (14)

while the experimental bound is dn < 1.8 · 10−26 e cm
(90% C.L.) [32]. The EDM of the diamagnetic atom
199Hg gets contributions from both nuclear and leptonic
CP-odd interactions [27, 30]

dHg ' 4.0 · 10−4dn − [2.8CS − 2.1CP ] 10−22 e cm (15)

with CP ' C(0)
P −C

(1)
P defined in terms of the Lagrangian

L ⊃ −GF√
2
N̄(C

(0)
P + τ3C

(1)
P )iγ5Nēe. To set bounds we

employ CP /v
2 = 350(Ceu + Ced) + 1.1 GeVCG̃e and the

experimental limit dHg < 6 · 10−30e cm (90% C.L.) [33].

IV. Probing ALPs with EDMs. The sensitivity of phys-
ical EDMs to the CPV invariants classified in eq. (2) are
reported in Table I, where we employed central values for
theoretical predictions. While the bounds on |CγC̃γ | and

|yeSC̃γ − yePCγ | were already studied in [7], all the other
bounds are new. As shown in Table I, 4-fermion oper-
ators provide the most stringent bounds on several CP
invariants. Similarly, the Weinberg operator sets tight
limits on ALP couplings to the top and bottom quarks
as well as to gluons which were previously unconstrained.
Finally, we remark that also flavor-violating contribu-
tions to the EDMs are quite effective. Indeed, despite
the suppression arising from flavor mixing angles –which
are otherwise constrained by FCNC processes– (C)EDMs
enjoy a chiral enhancement mk/mi, for k > i, which is
absent in the case of flavor-conserving interactions.

CPV invariant Bound Observable

|CγC̃γ | 6.2× 10−3 ωThO(de)

|CgC̃g| 8.5× 10−7 dn, dHg(dG)

|CγC̃g| 4.6× 10−2 dHg(CP )

|CgC̃γ | 1.8× 10−4 ωThO(CS)

|yeSC̃γ − yePCγ | 7.1× 10−11 ωThO(de)

|yuSC̃g − yuPCg| 9.0× 10−9 dn, dHg(dCu )

|ydSC̃g − ydPCg| 4.6× 10−9 dn, dHg(dCd )

|yePCg| 2.3× 10−12 ωThO(CS)

|yeSC̃g| 1.5× 10−10 dHg(CP )

|yuSydP − ydSy
u
P | 5.0× 10−10 dn, dHg(Cud − Cdu)

|yeSyuP |, |yeSydP | 2.3× 10−14 dHg(CP )

|yuSyeP |, |ydSyeP | 1.1× 10−14 ωThO(CS)

|ytSyeP | 2.7× 10−10 ωThO(CS)

|ybSyeP | 6.6× 10−12 ωThO(CS)

|yeSytP | 6.6× 10−9 ωThO(de)

|yeSybP | 8.1× 10−10 dHg(CP )

|ytSytP | 0.22 dn, dHg(dG)

|ybSybP | 1.2× 10−4 dn, dHg(dG)

|yeS yeP | 1.0× 10−10 ωThO(de)

|yeµS yµeP | 2.2× 10−12 ωThO(de)

|yeτS yτeP | 3.1× 10−12 ωThO(de)

|yuS yuP | 1.1× 10−7 dn, dHg(dCu )

|yucS ycuP | 2.2× 10−8 dn, dHg(dCu )

|yutS ytuP | 2.2× 10−6 dn, dHg(dCu )

|ydS ydP | 2.3× 10−8 dn, dHg(dCd )

|ydsS ysdP | 3.4× 10−9 dn, dHg(dCd )

|ydbS ybdP | 9.4× 10−9 dn, dHg(dCd )

TABLE I. Bounds on CPV invariants for Λ = 1 TeV and
mφ = 1 GeV. In the 3rd column we specify the observable
and (in brackets) the leading operator setting the bound.

Although the relative importance of the above contri-
butions to the physical EDMs will depend on the relative
strength of the microscopic parameters Cγ(g), C̃γ(g), yS
and yP and therefore on the specific ALP model, let us
consider as an example the case where yiiS,P ∝

mi
v , Cγ(g)

and C̃γ(g) ∝ 1
16π2 . In such a setup it turns out that

4-fermion operators are the by far best probes of CP vi-
olation followed by the electron EDM and the Weinberg
operator which have comparable sensitivities, as it can
be easily checked from Table I.

The expected sensitivities of future EDM experiments
will greatly improve the current resolutions. The neutron
EDM measurement should be improved by more than two
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orders of magnitude, dn . 10−28e cm [23]. There are also
plans to measure the EDMs of charged nuclei such as the
proton and deuteron in EM storage rings with expected
resolutions of dp,D . 10−29e cm [23]. Moreover, we ex-
pect also one order of magnitude improvement on the
current measurement of molecular systems, such as the
polar molecule ThO, which give rise to the most stringent
constraints on the electron EDM and electron-nucleon
couplings. If this is the case, the bounds on dG and
quark (C)EDMs will improve by roughly three orders of
magnitude while the bounds on the electron EDM and
4-fermion contributions will become one order of magni-
tude more stringent.

V. Conclusions. In this Letter, we have studied for the
first time the full set of contributions of ALPs to per-
manent EDMs of molecules, atoms, nuclei and nucleons.
After classifying the CPV Jarlskog invariants emerging
in the ALP EFT, we have evaluated the leading short-
distance effects to EDMs up to two-loop order. Our main
result is that 4-fermion and Weinberg operators, so far
neglected in the literature, provide by far the largest con-
tributions to the EDMs.

Our work can be generalised in several directions. For
instance, it would be interesting to extend our analysis to
ALP masses in the sub-GeV region where QCD cannot
be treated perturbatively. Moreover, it could be worth
to investigate possible UV completions of our EFT that
resemble the strong dynamics of the pion in the SM. Fur-
thermore, since relaxion models addressing the hierarchy
problem share many similarities with our EFT, it would
be interesting to check whether these scenarios can be
probed by means of the new EDM observables studied
here. Finally, another ambitious project would be to in-
vestigate whether a successful baryogenesis can be driven
by CPV ALP interactions.

In summary, a CPV ALP can be related to many fun-
damental open questions in particle physics. It is very ex-
citing that the outstanding experimental progress, which
is expected in the next years, on the searches for perma-
nent EDMs will likely shed light on some of them.
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