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In 10 years from now ?
✤ An experimental opportunity
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[LDL, Giannotti, Nardi, Visinelli 2003.01100 (Physics Reports)]
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Figure 1: Left: Schematic of an enhanced axion helioscope: solar axions travelling through an intense transverse magnetic field with an axion-
sensitive area A, are converted into x-rays. With the help of x-ray focusing devices, these are concentrated onto a spot on low background detectors
(figure from [2]). Right: The solar axion flux as expected at the Earth. A value of 1 × 10−10 GeV−1 for gaγ is assumed.

As Fig. 1(right) shows, the expected signal is in the
energy range of 1–10 keV. The operation of a helio-
scope consists in following the Sun as long as techni-
cally possible, in axion sensitive conditions, and taking
background data when there is no alignment with the
Sun. The sought-after signal would be the excess of
photons in the expected energy range that the x-ray de-
tectors will register when tracking the Sun, compared
to the background gathered during the rest of the time.
The number of excess photons expected depends on the
very weak gaγ coupling constant, which is a measure of
a helioscope’s sensitivity. According to the following
expression [13]

g4
aγ ∼ B2L2A ϵdb−1/2 ϵoa−1/2 ϵ1/2t t1/2, (1)

four are the main parameters to take into account when
designing a helioscope: a) time: the total time of data-
taking of the experiment t and ϵt, the fraction of time
the magnet tracks the Sun; b) magnet: the length L and
the strength B of the provided magnetic field as well as
the axion-sensitive area A; c) low-background x-ray de-
tectors: the background level b and their detection effi-
ciencies ϵd and d) x-ray focusing optics: their efficiency
ϵo and total focusing area a. The focusing devices are
an addition to the classical helioscope experiment, and
were implemented for the first time in the third genera-
tion axion helioscope, the CAST experiment.

3. The CERN Axion Solar Telescope (CAST)

The CERN Axion Solar Telescope (CAST) presented
an important improvement in the sensitivity of the he-
lioscope technique, based on two major innovations; fo-
cusing optics and low background techniques for the de-
tectors. CAST is the first helioscope to use an x-ray tele-
scope, comprising of an x-ray focusing device coupled
to a Charged Coupled Device (CCD) camera, recycled

from the ABRIXAS and XMM-Newton space missions.
The addition of the telescope improved the signal-to-
noise ratio of the system and therefore the sensitivity of
the experiment. On the magnet front, CAST recycled a
decommissioned LHC prototype magnet, which reaches
9 T over a length of 10 m. The magnet has two bores
and has been equipped with up to four detectors; the x-
ray telescope mentioned above, and three Micromegas
detectors was the latest configuration. The total axion-
sensitive area achieved in this way is ∼ 30 cm2. The
whole system is sitting on a movable platform con-
trolled by a tracking system, pointing it to the centre
of the Sun during 1.5 h twice a day, at sunrise and at
sunset.

Since 2003, when CAST started operating, data have
been taken in different experimental conditions which
gradually extended the axion mass sensitivity of the ex-
periment: from keeping the magnet bores under vac-
uum (ma !0.02 eV) [14, 15] to gradually filling them
with 4He (ma !0.39 eV) [16] and later on with 3He.
The first part of the 3He data covered the mass range
up to ma ∼0.64 eV [17] and in 2011 masses up to
ma ∼1.17 eV were reached. A part of these data has
been analyzed and has shown no excess of signal over
background, leading to an upper bound of the axion-to-
photon constant of gaγ < 3.3 × 10−10 GeV−1 for the
mass range between 0.64 eV and 1.17 eV [18]. CAST
has provided the most stringent limits on the axion-to-
photon coupling constant over a large part of the axion
masses and has covered -for the first time- part of the
QCD-favoured band for masses above ∼0.15 eV, as can
be seen in Fig. 2.

Currently, CAST is revisiting the vacuum phase; this
time with the aim, on one hand to look at the low energy
part for evidence of other hypothetical particles such as
chameleons, which appear in Dark Energy models or
hidden photons [19], and on the other to exploit the
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Figure 14: Conceptual arrangement of an axion haloscope. If ma is within 1/Q of the resonant
frequency of the cavity, the axion will show as a narrow peak in the power spectrum extracted form the
cavity.

signal frequency bandwidth is even smaller. One usually defines a DM quality factor Qa ⇠ 1/�2

v
⇠ 106

to reflect the ALP DM signal width. The cavity must be tuneable and the data taking is performed by
subsequent measurements with the resonant frequency centred at slightly di↵erent values, scanning the
ALP DM mass in small overlapping steps. For QCD axions, the signal is typically much smaller than
noise,

Pn = Tsys�⌫ = Tsys

ma

2⇡Qa

(7.3)

= 3.3⇥ 10�21

✓
Tsys

K

◆✓
ma

µeV
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Qa

◆
(7.4)

where Tsys is the e↵ective noise temperature of the detector (typically amplifier + thermal fluctuations).
One hopes that measuring enough time, the signal becomes larger than noise fluctuations. The signal
to noise as a function of the measurement time in a frequency bin �⌫ is given by Dicke’s radiometer
equation

S

N
=

Ps

Tsys

r
�t

�⌫
, (7.5)

where Tsys is the e↵ective noise temperature of the detector (typically amplifier + thermal fluctuations).
Therefore, given a theoretical axion signal Ps, a time �t = (S/N)2(Tsys/Ps)2�⌫ is needed to achieve a
given detection significance specified by a signal to noise. In order to scan an ALP mass interval, dma

with measurements of width �⌫ = ma/Q, we need a number (Q/Qa)(dma/ma) of �t measurements,
and so the scanning rate is

dma

dt
=

Qa

Q

2⇡�⌫

�t
=

Qa

Q

✓
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63

Light Shining trough Walls (LSW) 
•Any Light Particle Search (DESY) Alps 1 (2007-2010) Alps 2 (2013- )

E. Nardi (INFN-LNF) - Redefining the axion window                 11/30                                             

Schematic view of axion (or ALP) production through photon 
conversion in a magnetic field (left), subsequent travel through 
a wall, and final detection through photon regeneration (right).

-  LSW experiments pay a (gaγγ)4 suppression

Artist view of a light shining  
through   a wall experiment

Light Shining trough Walls (LSW) 
•Any Light Particle Search (DESY) Alps 1 (2007-2010) Alps 2 (2013- )

E. Nardi (INFN-LNF) - Redefining the axion window                 11/30                                             

Schematic view of axion (or ALP) production through photon 
conversion in a magnetic field (left), subsequent travel through 
a wall, and final detection through photon regeneration (right).

-  LSW experiments pay a (gaγγ)4 suppression

Artist view of a light shining  
through   a wall experiment

 L. Di Luzio (Padua) - Catching the axion via new CP-violating forces                                              01/11



In 10 years from now ?
✤ An experimental opportunity

IAXO

B
H
su
pe
rr
ad
ia
nc
e

C
A
S
P
E
r
el
ec
tri
c
(P
H
.2

)

ABRA broad (PH. 1)

ABRA res. (PH. 1)

Fermi-LAT
(galactic SN)

A
D
M
X C
av
ity

C
A
P
P

12
TB

H
A
Y
S
TA
C
K

K
LA
S
H

M
A
D
M
A
X

BabyIAXO

CAST
ALPS-II HB hint

NG
C1
27
5

SN87A

��-����-����-�� ��-� ��-� ��-� ��-� ��-� ��-� ��-� ��-� ��-� �
��-��
��-��
��-��
��-��
��-��
��-��
��-��
��-��
��-��
��-��

���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ��� ��� ���

★ Time now to rethink the axion

1. QCD axion & CP 

2. Axion-mediated forces

[Bertolini, LDL, Nesti 2006.12508 (Physical Review Letters)]

3. Scalar axion-nucleon coupling 
   (connection to CPV sources)
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QCD axion
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promote  to a dynamical field, which relaxes to zero via QCD dynamics θ
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• Originally introduced to wash-out CP violation from strong interactions

(strong CP problem)

[Peccei, Quinn ’77, 
Weinberg ’78, Wilczek ’78]
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Axion-mediated forces, CP violation and left-right interactions
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We compute the CP-violating (CPV) scalar axion coupling to nucleons in the framework of baryon
chiral perturbation theory and we apply the results to the case of left-right symmetry. The correlated
constraints with other CPV observables show that the predicted axion nucleon coupling is within
the reach of present axion-mediated force experiments for MWR up to 1000 TeV.
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Introduction. The axion experimental program
has received an impressive boost in the last decade.
Novel detection strategies, bridging distant areas of
physics, promise to open for exploration the param-
eter space of the QCD axion in the not-so-far fu-
ture, possibly addressing the issue of strong CP vi-
olation in the Standard Model (SM) via the Peccei-
Quinn (PQ) mechanism [1–4] and the Dark Matter
(DM) puzzle [5–7] (for updated reviews, see [8–10]).
Standard axion searches often rely on highly model-
dependent axion production mechanisms, as in the
case of relic axions (haloscopes) or to a less extent
solar axions (helioscopes); while traditional optical
setups in which the axion is produced in the lab
are still far from probing the standard QCD ax-
ion. A di↵erent experimental approach, as old as
the axion itself [3], consists in searching for axion-
mediated macroscopic forces [11]. Given the typical
axion Compton wavelength �a ⇠ 2 cm (10µeV/ma),
an even tiny scalar axion coupling to matter may
coherently enhance the force between macroscopic
bodies. The sensitivity of these experiments cru-
cially depends on the (pseudo)scalar nature of the
axion field, a matter of ultraviolet (UV) physics.

Within QCD the Vafa-Witten theorem [12] en-
sures that the axion vacuum expectation value
(VEV) relaxes on the ✓e↵ ⌘ hai /fa + ✓ = 0 min-
imum, where ✓ denotes the QCD topological term.

However, extra CP violation in the UV invalidate
the hypotheses of this theorem, and in general one
expects a minimum with ✓e↵ 6= 0. While the CKM
phase in the SM yields ✓e↵ ' 10�18 [13], too tiny to
be experimentally accessible, CPV phases from new
physics can saturate the neutron Electric Dipole Mo-
ment (nEDM) bound |✓e↵ | . 10�10.

Another remarkable consequences of a non-zero
✓e↵ is the generation of CPV scalar axion couplings
to nucleons, gaN , which is probed in axion-mediated
force experiments. In particular, given the nEDM
bound on ✓e↵ the scalar-pseudoscalar combination
(also known as monopole-dipole interaction) o↵ers
the best chance for detecting the QCD axion. Ad-
ditionally, the presence of a spin-dependent inter-
action allows to use Nuclear Magnetic Resonance
(NMR) to enhance the signal. This is the strat-
egy pursued by ARIADNE [14, 15] which aims at
probing the monopole-dipole force via a sample of
nucleon spins. A similar approach is pursued by
QUAX-gpgs [16, 17], using instead electron spins.
ARIADNE will probe |✓e↵ | . 10�10 for axion masses
1 . ma/µeV . 104, a range highly motivated by
DM.

In this Letter, we provide a coherent framework
for computing the CPV scalar axion coupling to nu-
cleons in terms of new sources of CP violation be-
yond the SM. This is done in the framework of the

QCD axion [a closer look]
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Introduction. The axion experimental program
has received an impressive boost in the last decade.
Novel detection strategies, bridging distant areas of
physics, promise to open for exploration the param-
eter space of the QCD axion in the not-so-far fu-
ture, possibly addressing the issue of strong CP vi-
olation in the Standard Model (SM) via the Peccei-
Quinn (PQ) mechanism [1–4] and the Dark Matter
(DM) puzzle [5–7] (for updated reviews, see [8–10]).
Standard axion searches often rely on highly model-
dependent axion production mechanisms, as in the
case of relic axions (haloscopes) or to a less extent
solar axions (helioscopes); while traditional optical
setups in which the axion is produced in the lab
are still far from probing the standard QCD ax-
ion. A di↵erent experimental approach, as old as
the axion itself [3], consists in searching for axion-
mediated macroscopic forces [11]. Given the typical
axion Compton wavelength �a ⇠ 2 cm (10µeV/ma),
an even tiny scalar axion coupling to matter may
coherently enhance the force between macroscopic
bodies. The sensitivity of these experiments cru-
cially depends on the (pseudo)scalar nature of the
axion field, a matter of ultraviolet (UV) physics.

Within QCD the Vafa-Witten theorem [12] en-
sures that the axion vacuum expectation value
(VEV) relaxes on the ✓e↵ ⌘ hai /fa + ✓ = 0 min-
imum, where ✓ denotes the QCD topological term.

However, extra CP violation in the UV invalidate
the hypotheses of this theorem, and in general one
expects a minimum with ✓e↵ 6= 0. While the CKM
phase in the SM yields ✓e↵ ' 10�18 [13], too tiny to
be experimentally accessible, CPV phases from new
physics can saturate the neutron Electric Dipole Mo-
ment (nEDM) bound |✓e↵ | . 10�10.

Another remarkable consequences of a non-zero
✓e↵ is the generation of CPV scalar axion couplings
to nucleons, gaN , which is probed in axion-mediated
force experiments. In particular, given the nEDM
bound on ✓e↵ the scalar-pseudoscalar combination
(also known as monopole-dipole interaction) o↵ers
the best chance for detecting the QCD axion. Ad-
ditionally, the presence of a spin-dependent inter-
action allows to use Nuclear Magnetic Resonance
(NMR) to enhance the signal. This is the strat-
egy pursued by ARIADNE [14, 15] which aims at
probing the monopole-dipole force via a sample of
nucleon spins. A similar approach is pursued by
QUAX-gpgs [16, 17], using instead electron spins.
ARIADNE will probe |✓e↵ | . 10�10 for axion masses
1 . ma/µeV . 104, a range highly motivated by
DM.

In this Letter, we provide a coherent framework
for computing the CPV scalar axion coupling to nu-
cleons in terms of new sources of CP violation be-
yond the SM. This is done in the framework of the

QCD axion [a closer look]

• Does the axion really relax to zero ? 
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Introduction. The axion experimental program
has received an impressive boost in the last decade.
Novel detection strategies, bridging distant areas of
physics, promise to open for exploration the param-
eter space of the QCD axion in the not-so-far fu-
ture, possibly addressing the issue of strong CP vi-
olation in the Standard Model (SM) via the Peccei-
Quinn (PQ) mechanism [1–4] and the Dark Matter
(DM) puzzle [5–7] (for updated reviews, see [8–10]).
Standard axion searches often rely on highly model-
dependent axion production mechanisms, as in the
case of relic axions (haloscopes) or to a less extent
solar axions (helioscopes); while traditional optical
setups in which the axion is produced in the lab
are still far from probing the standard QCD ax-
ion. A di↵erent experimental approach, as old as
the axion itself [3], consists in searching for axion-
mediated macroscopic forces [11]. Given the typical
axion Compton wavelength �a ⇠ 2 cm (10µeV/ma),
an even tiny scalar axion coupling to matter may
coherently enhance the force between macroscopic
bodies. The sensitivity of these experiments cru-
cially depends on the (pseudo)scalar nature of the
axion field, a matter of ultraviolet (UV) physics.

Within QCD the Vafa-Witten theorem [12] en-
sures that the axion vacuum expectation value

(VEV) relaxes on the ✓e↵ ⌘ hai /fa + ✓ = 0 min-
imum, where ✓ denotes the QCD topological term.
However, extra CP violation in the UV invalidate
the hypotheses of this theorem, and in general one
expects a minimum with ✓e↵ 6= 0. While the CKM
phase in the SM yields ✓e↵ ' 10�18 [13], too tiny to
be experimentally accessible, CPV phases from new
physics can saturate the neutron Electric Dipole Mo-
ment (nEDM) bound |✓e↵ | . 10�10.

Another remarkable consequences of a non-zero
✓e↵ is the generation of CPV scalar axion couplings
to nucleons, gaN , which is probed in axion-mediated
force experiments. In particular, given the nEDM
bound on ✓e↵ the scalar-pseudoscalar combination
(also known as monopole-dipole interaction) o↵ers
the best chance for detecting the QCD axion. Ad-
ditionally, the presence of a spin-dependent inter-
action allows to use Nuclear Magnetic Resonance
(NMR) to enhance the signal. This is the strat-
egy pursued by ARIADNE [14, 15] which aims at
probing the monopole-dipole force via a sample of
nucleon spins. A similar approach is pursued by
QUAX-gpgs [16, 17], using instead electron spins.
ARIADNE will probe |✓e↵ | . 10�10 for axion masses
1 . ma/µeV . 104, a range highly motivated by
DM.

path-integral measure positive definite 
only for a vector-like theory (e.g. QCD) 

does not apply to the SM !
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• In absence of UV sources of CP violation (e.g. in QCD) 

QCD axion & CP
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Introduction. The axion experimental program
has received an impressive boost in the last decade.
Novel detection strategies, bridging distant areas of
physics, promise to open for exploration the param-
eter space of the QCD axion in the not-so-far fu-
ture, possibly addressing the issue of strong CP vi-
olation in the Standard Model (SM) via the Peccei-
Quinn (PQ) mechanism [1–4] and the Dark Matter
(DM) puzzle [5–7] (for updated reviews, see [8–10]).
Standard axion searches often rely on highly model-
dependent axion production mechanisms, as in the
case of relic axions (haloscopes) or to a less extent
solar axions (helioscopes); while traditional optical
setups in which the axion is produced in the lab
are still far from probing the standard QCD ax-

ion. A di↵erent experimental approach, as old as
the axion itself [3], consists in searching for axion-
mediated macroscopic forces [11]. Given the typical
axion Compton wavelength �a ⇠ 2 cm (10µeV/ma),
an even tiny scalar axion coupling to matter may
coherently enhance the force between macroscopic
bodies. The sensitivity of these experiments cru-
cially depends on the (pseudo)scalar nature of the
axion field, a matter of ultraviolet (UV) physics.

Within QCD the Vafa-Witten theorem [12] en-
sures that the axion vacuum expectation value
(VEV) relaxes on the ✓e↵ ⌘ hai /fa + ✓ = 0 min-
imum, where ✓ denotes the QCD topological term.
However, extra CP violation in the UV invalidate
the hypotheses of this theorem, and in general one
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Introduction. The axion experimental program
has received an impressive boost in the last decade.
Novel detection strategies, bridging distant areas of
physics, promise to open for exploration the param-
eter space of the QCD axion in the not-so-far fu-
ture, possibly addressing the issue of strong CP vi-
olation in the Standard Model (SM) via the Peccei-
Quinn (PQ) mechanism [1–4] and the Dark Matter
(DM) puzzle [5–7] (for updated reviews, see [8–10]).
Standard axion searches often rely on highly model-
dependent axion production mechanisms, as in the
case of relic axions (haloscopes) or to a less extent

solar axions (helioscopes); while traditional optical
setups in which the axion is produced in the lab
are still far from probing the standard QCD ax-
ion. A di↵erent experimental approach, as old as
the axion itself [3], consists in searching for axion-
mediated macroscopic forces [11]. Given the typical
axion Compton wavelength �a ⇠ 2 cm (10µeV/ma),
an even tiny scalar axion coupling to matter may
coherently enhance the force between macroscopic
bodies. The sensitivity of these experiments cru-
cially depends on the (pseudo)scalar nature of the
axion field, a matter of ultraviolet (UV) physics.

-� π -π � π � π
θ

�(
θ)

• However CP is violated in the SM by the CKM phase 
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Introduction. The axion experimental program
has received an impressive boost in the last decade.
Novel detection strategies, bridging distant areas of
physics, promise to open for exploration the param-
eter space of the QCD axion in the not-so-far fu-
ture, possibly addressing the issue of strong CP vi-
olation in the Standard Model (SM) via the Peccei-
Quinn (PQ) mechanism [1–4] and the Dark Matter
(DM) puzzle [5–7] (for updated reviews, see [8–10]).

Standard axion searches often rely on highly model-
dependent axion production mechanisms, as in the
case of relic axions (haloscopes) or to a less extent
solar axions (helioscopes); while traditional optical
setups in which the axion is produced in the lab
are still far from probing the standard QCD ax-
ion. A di↵erent experimental approach, as old as
the axion itself [3], consists in searching for axion-
mediated macroscopic forces [11]. Given the typical

Axion-mediated forces, CP violation and left-right interactions

Stefano Bertolini,1, ⇤ Luca Di Luzio,2, † and Fabrizio Nesti3, 4, ‡

1
INFN, Sezione di Trieste, SISSA, Via Bonomea 265, 34136 Trieste, Italy

2
Deutsches Elektronen-Synchrotron DESY,

Notkestraße 85, D-22607 Hamburg, Germany
3
Dipartimento di Scienze Fisiche e Chimiche,
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Standard axion searches often rely on highly model-
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the CKM sources an odd piece for the potential, responsible for an axion VEV
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1. The Peccei-Quinn mechanism works accidentally in the SM

2. A no-lose theorem for the SM axion ? 
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[For SM prediction see Pospelov Ritz hep-ph/0504231 + refs. therein]

needs huge improvements both from exp. and theory
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[For SM prediction see Pospelov Ritz hep-ph/0504231 + refs. therein]

needs huge improvements both from exp. and theory

is there another way to test the axion ground state ?
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Università dell’Aquila, via Vetoio, I-67100, L’Aquila, Italy
4
INFN, Laboratori Nazionali del Gran Sasso, I-67100 Assergi (AQ), Italy

We compute the CP-violating (CPV) scalar axion coupling to nucleons in the framework of baryon
chiral perturbation theory and we apply the results to the case of left-right symmetry. The correlated
constraints with other CPV observables show that the predicted axion nucleon coupling is within
the reach of present axion-mediated force experiments for MWR up to 1000 TeV.

10�16
✓e↵| {z }

10
�34

e cm (1)

g
S
aN ⇠

⇤�

fa
✓e↵ (2)

⇤�

2

a
2

f2
a

NN �! g
S
aNaNN (3)

hai 6= 0 (4)

g
P
af ⇠

mf

fa
(5)

V (a) '
1

2
K

✓
a

fa

◆2

+K
0
✓

a

fa

◆
(6)

✓e↵ ⌘
hai

fa
' �

K
0

K
(7)

✓e↵ ⌘
hai

fa
' �

K
0

K
⇠ G

2

F⇤
4

�JCKM ⇠ 10�18 (8)

e
�V4E(✓eff) =

Z
D' e

�S0+i✓eff
R
GG̃

=

����
Z

D' e
�S0+i✓eff

R
GG̃

����



Z
D'

���e�S0+i✓eff
R
GG̃

��� = e
�V4E(0) (9)

e
�V4E(✓eff) =

Z
D' e

�S0(')+i✓eff
R
GG̃

=

Z
D'

0
e
�S0('

0
)+i✓eff

R
G0G̃0

=

Z
D' e

�S0(')�i✓eff
R
GG̃ = e

�V4E(�✓eff) (10)

 L. Di Luzio (Padua) - Catching the axion via new CP-violating forces                                              05/11



Axion-mediated forces
•  sources a scalar axion-nucleon coupling θeff

2

cleons in terms of new sources of CP violation be-
yond the SM. This is done in the framework of the
baryon chiral Lagrangian that allows us to compute
all contributions of meson tadpoles and ✓e↵ at once,
as well as isospin-breaking e↵ects. In comparison to
previous works [11, 18–20], the contributions of the
pion tadpole induced by the QCD dipole operator
was estimated in [18] by naive dimensional analysis
and in [19] using current algebra techniques, while
isospin breaking was considered in [20] for ✓e↵ with-
out meson tadpoles. Our result is general and can be
systematically applied to any bosonic representation
of P and CP violating e↵ective operators induced in
extensions of the SM.

We detail our approach in the case of e↵ective
operators from RH currents, and then apply the re-
sults in the minimal Left-Right symmetric model
(LRSM) endowed with a PQ symmetry and P-parity
as LR symmetry. This is an extremely predictive
and motivated case for neutrino masses and addi-
tional CP violation, with an active collider physics
program [21]. We build on the approach detailed in
Ref. [22], which presented a study of the kaon CPV
observables ", "0 and the nEDM (dn) in minimal LR
scenarios. It was found there that the embedding
of a PQ symmetry relaxes the lower bound on the
LR scale just at the upper reach of the LHC. In this
work we show that the present search for the scalar
axion coupling to nucleons provides correlated and
complementary constraints, with a sensitivity to the
LR scale stronger than other CPV observables. Re-
markably, for a non-decoupled LR-scale we obtain

a lower-bound on the gaN coupling, thus setting a
target for present axion-mediated force experiments.

CPV axion couplings to matter. Including both
CP-conserving and CPV couplings, the axion e↵ec-
tive Lagrangian with matter fields (f = p, n, e) reads

Laf = Caf
@µa

2fa
f�

µ
�5f � gaf aff , (5)

where the first term can be rewritten in terms of
a pseudoscalar density as �gaf afi�5f , with gaf =
Cafmf/fa. For protons and neutrons the adimen-
sional axion coupling coe�cients are [23]

Cap = �0.47(3) + 0.88(3) cu � 0.39(2) cd �Ka (6)

Can = �0.02(3) + 0.88(3) cd � 0.39(2) cu �Ka , (7)

where Ka = 0.038(5) cs +0.012(5) cc +0.009(2) cb +
0.0035(4) ct, and where the (model-dependent)
axion couplings to quarks cq are defined via

the Lagrangian term cq
@µa
2fa

q�
µ
�5q. The axion

mass and decay constant are related by ma =
5.691(51)

�
1012 GeV/fa

�
µeV [24, 25].

The origin of the CPV scalar couplings to nucle-
ons gaN (N = p, n) can be traced back to sources
of either PQ or CP violation. These generically
lead to a remnant ✓e↵ 6= 0 which induces CPV cou-
plings. One finds in the isospin limit of the matrix
element [11]
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where the 1/2 factor was missed in [11] (see also [20]). A shortcoming of Eq. (12) is that CPV
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Axion-mediated forces
•  sources a scalar axion-nucleon coupling θeff

monopole-monopole

30 NEW MACROSCOPlC FORCES? 131

7sg~p 1759p 1759p

couple to quarks only through a T-conserving pseudosca-
lar vertex:

mq
Q ql p5q

(0) (b) (c)

FIG. 1. Graphs for the potentials of Eqs. (4), (5), and (6). (a)
(Monopole), (b) monopole-dipole, (c) (dipole).

Spero et a/. performed a Cavendish experiment to test
deviations from the Newtonian 1/r potential over the dis-
tance range 2 to 5 cm. Their experiment established an
upper bound for additional Yukawa-type interactions
given by

V(r) =- 6m ~m2 (1+ac ' );—r/A.
r

at their scale of greatest sensitivity A, -3 cm, a was found
to be less than 10 . Since the dimensionless coupling
constant for the gravitational interaction between two nu-
cleons is (mz/mp~) =10, we see that any anomalous
Yukawa coupling at a scale of 3 cm must have a dimen-
sional magnitude of 10 ' or smaller.
The measured g factor of the electron provides a limit

on nonelectromagnetic electron spin-spin interactions.
Since the experimental findings agree with the predictions
of QED to eight digits for experiments using ferromag-
nets, we get a limit for any nonelectromagnetic spin-spin
coupling at a scale of 1 cm of 10 Xa(A,,/1 cm)
=10 ', where A,, is the electron Cornpton wavelength

1and cx:
A limit on photon spin-spin tensor interactions is pro-

vided by Ramsey, based upon studies of the hydrogen
molecule. Ramsey finds that any nonmagnetic interac-
tion must be 4&10 " smaller than that between proton
magnetic moments. Extrapolated to a distance of 1 cm,
this establishes an upper limit on the dimensionless cou-
pling for an r tensor force of 10
Of these various limits, only the anomalous (mono-

pole) interaction limit of 10 ' obtained by Spero et al.
comes close to testing the range of possible strengths for
axion-mediated forces. Furthermore, we know of no obvi-
ous experimental limit on the macroscopic P- and T-
violating monopole-dipole interaction. Thus, the oppor-
tunity is ripe for pushing past known limits and perhaps
finding something new. We shall shortly discuss some ex-
periments which may do so.

arid

H „,=m„ut ug+mgdLdg+ +H.c.

2

HT——0 GG .
32m2

(7a)

(7b)

Under a Peccei-Quinn transformation,
—ig/2 i g/2mq~mqe, ql. ~e qL, , qR~e qg,

the phase of the 't Hooft vertex varies as
r

arg g k, gg
q

hence, e' becomes e' + "', where N = number of quark
flavors. Similarly, under chiral U(1),

and the 't Hooft vertex changes as e'e~e'e+ '. Thus, a
combined Peccei-Quinn and chiral U(1) transformation
with v= —q leaves 0 invariant.
To calculate the mass of the axion, we imagine per-

forming a Peccei-Quinn transformation; this leaves the
quark mass terms unchanged, but changes 0 to 0+60.
We now undo this change of 0 by reabsorbing b,8 into the
quark mass sector by the combined chiral SU(N))&U(1)
transformation which minimizes the energy. This gives

where F is the scale of Peccei-Quinn symmetry breaking.
However, a pure Peccei-Quinn transformation changes

the phase multiplying the 't Hooft vertex. It is energeti-
cally unfavorable to change this phase (which requires en-
ergies of the order of the mass of the g'), so the Peccei-
Quinn transformation is compensated for by a combined
chiral U(1) and chiral SU(N) transformation which leaves
the phase invariant and minimizes the energy. Since the
quark masses are not zero, these combined (Peccei-
Quinn) [U(1)q ] [SU(X)~ j transformations cost energy,
and the axion acquires a small mass. If, in addition, the
effective 8 parameter Hcff is not zero, the axion will also
couple to the quarks with T-violating scalar vertices.
To see how this all works, consider the quark-mass and

T-violating sectors,

AXIONS H „=m„uu cosh'„+ m~dd coshO~+ . (10)

A particularly well-motivated proposal for a very light
spin-0 boson is the axion. It arises in models to explain
the smallness of a potentially large P- and T-violating
coupling in QCD.
The axion is the quasi-Nambu-Goldstone boson of a

spontaneously broken Peccei-Quinn quasisymmetry. If
the Peccei-Quinn symmetry were not broken by the
t Hooft vertex associated with fermion emission in in-
stanton fields, the axion would be massless and would

i&q

mj

subject to the constraint 40„+40~+48, +.. . =60.
Since the quark bilinears acquire the vacuum expectation
value (uu)=(dd)= . =V&0, the minimum is found
to be at

monopole-dipole dipole-dipole

• New macroscopic forces from non-relativistic potentials*

*does not rely on the hypothesis that the axion is DM

2

cleons in terms of new sources of CP violation be-
yond the SM. This is done in the framework of the
baryon chiral Lagrangian that allows us to compute
all contributions of meson tadpoles and ✓e↵ at once,
as well as isospin-breaking e↵ects. In comparison to
previous works [11, 18–20], the contributions of the
pion tadpole induced by the QCD dipole operator
was estimated in [18] by naive dimensional analysis
and in [19] using current algebra techniques, while
isospin breaking was considered in [20] for ✓e↵ with-
out meson tadpoles. Our result is general and can be
systematically applied to any bosonic representation
of P and CP violating e↵ective operators induced in
extensions of the SM.

We detail our approach in the case of e↵ective
operators from RH currents, and then apply the re-
sults in the minimal Left-Right symmetric model
(LRSM) endowed with a PQ symmetry and P-parity
as LR symmetry. This is an extremely predictive
and motivated case for neutrino masses and addi-
tional CP violation, with an active collider physics
program [21]. We build on the approach detailed in
Ref. [22], which presented a study of the kaon CPV
observables ", "0 and the nEDM (dn) in minimal LR
scenarios. It was found there that the embedding
of a PQ symmetry relaxes the lower bound on the
LR scale just at the upper reach of the LHC. In this
work we show that the present search for the scalar
axion coupling to nucleons provides correlated and
complementary constraints, with a sensitivity to the
LR scale stronger than other CPV observables. Re-
markably, for a non-decoupled LR-scale we obtain

a lower-bound on the gaN coupling, thus setting a
target for present axion-mediated force experiments.

CPV axion couplings to matter. Including both
CP-conserving and CPV couplings, the axion e↵ec-
tive Lagrangian with matter fields (f = p, n, e) reads

Laf = Caf
@µa

2fa
f�

µ
�5f � gaf aff , (5)

where the first term can be rewritten in terms of
a pseudoscalar density as �gaf afi�5f , with gaf =
Cafmf/fa. For protons and neutrons the adimen-
sional axion coupling coe�cients are [23]

Cap = �0.47(3) + 0.88(3) cu � 0.39(2) cd �Ka (6)

Can = �0.02(3) + 0.88(3) cd � 0.39(2) cu �Ka , (7)

where Ka = 0.038(5) cs +0.012(5) cc +0.009(2) cb +
0.0035(4) ct, and where the (model-dependent)
axion couplings to quarks cq are defined via

the Lagrangian term cq
@µa
2fa

q�
µ
�5q. The axion

mass and decay constant are related by ma =
5.691(51)

�
1012 GeV/fa

�
µeV [24, 25].

The origin of the CPV scalar couplings to nucle-
ons gaN (N = p, n) can be traced back to sources
of either PQ or CP violation. These generically
lead to a remnant ✓e↵ 6= 0 which induces CPV cou-
plings. One finds in the isospin limit of the matrix
element [11]
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where the 1/2 factor was missed in [11] (see also [20]). A shortcoming of Eq. (12) is that CPV
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Axion-mediated forces
•  sources a scalar axion-nucleon coupling θeff

monopole-monopole

30 NEW MACROSCOPlC FORCES? 131

7sg~p 1759p 1759p

couple to quarks only through a T-conserving pseudosca-
lar vertex:

mq
Q ql p5q

(0) (b) (c)

FIG. 1. Graphs for the potentials of Eqs. (4), (5), and (6). (a)
(Monopole), (b) monopole-dipole, (c) (dipole).

Spero et a/. performed a Cavendish experiment to test
deviations from the Newtonian 1/r potential over the dis-
tance range 2 to 5 cm. Their experiment established an
upper bound for additional Yukawa-type interactions
given by

V(r) =- 6m ~m2 (1+ac ' );—r/A.
r

at their scale of greatest sensitivity A, -3 cm, a was found
to be less than 10 . Since the dimensionless coupling
constant for the gravitational interaction between two nu-
cleons is (mz/mp~) =10, we see that any anomalous
Yukawa coupling at a scale of 3 cm must have a dimen-
sional magnitude of 10 ' or smaller.
The measured g factor of the electron provides a limit

on nonelectromagnetic electron spin-spin interactions.
Since the experimental findings agree with the predictions
of QED to eight digits for experiments using ferromag-
nets, we get a limit for any nonelectromagnetic spin-spin
coupling at a scale of 1 cm of 10 Xa(A,,/1 cm)
=10 ', where A,, is the electron Cornpton wavelength

1and cx:
A limit on photon spin-spin tensor interactions is pro-

vided by Ramsey, based upon studies of the hydrogen
molecule. Ramsey finds that any nonmagnetic interac-
tion must be 4&10 " smaller than that between proton
magnetic moments. Extrapolated to a distance of 1 cm,
this establishes an upper limit on the dimensionless cou-
pling for an r tensor force of 10
Of these various limits, only the anomalous (mono-

pole) interaction limit of 10 ' obtained by Spero et al.
comes close to testing the range of possible strengths for
axion-mediated forces. Furthermore, we know of no obvi-
ous experimental limit on the macroscopic P- and T-
violating monopole-dipole interaction. Thus, the oppor-
tunity is ripe for pushing past known limits and perhaps
finding something new. We shall shortly discuss some ex-
periments which may do so.

arid

H „,=m„ut ug+mgdLdg+ +H.c.

2

HT——0 GG .
32m2

(7a)

(7b)

Under a Peccei-Quinn transformation,
—ig/2 i g/2mq~mqe, ql. ~e qL, , qR~e qg,

the phase of the 't Hooft vertex varies as
r

arg g k, gg
q

hence, e' becomes e' + "', where N = number of quark
flavors. Similarly, under chiral U(1),

and the 't Hooft vertex changes as e'e~e'e+ '. Thus, a
combined Peccei-Quinn and chiral U(1) transformation
with v= —q leaves 0 invariant.
To calculate the mass of the axion, we imagine per-

forming a Peccei-Quinn transformation; this leaves the
quark mass terms unchanged, but changes 0 to 0+60.
We now undo this change of 0 by reabsorbing b,8 into the
quark mass sector by the combined chiral SU(N))&U(1)
transformation which minimizes the energy. This gives

where F is the scale of Peccei-Quinn symmetry breaking.
However, a pure Peccei-Quinn transformation changes

the phase multiplying the 't Hooft vertex. It is energeti-
cally unfavorable to change this phase (which requires en-
ergies of the order of the mass of the g'), so the Peccei-
Quinn transformation is compensated for by a combined
chiral U(1) and chiral SU(N) transformation which leaves
the phase invariant and minimizes the energy. Since the
quark masses are not zero, these combined (Peccei-
Quinn) [U(1)q ] [SU(X)~ j transformations cost energy,
and the axion acquires a small mass. If, in addition, the
effective 8 parameter Hcff is not zero, the axion will also
couple to the quarks with T-violating scalar vertices.
To see how this all works, consider the quark-mass and

T-violating sectors,

AXIONS H „=m„uu cosh'„+ m~dd coshO~+ . (10)

A particularly well-motivated proposal for a very light
spin-0 boson is the axion. It arises in models to explain
the smallness of a potentially large P- and T-violating
coupling in QCD.
The axion is the quasi-Nambu-Goldstone boson of a

spontaneously broken Peccei-Quinn quasisymmetry. If
the Peccei-Quinn symmetry were not broken by the
t Hooft vertex associated with fermion emission in in-
stanton fields, the axion would be massless and would

i&q

mj

subject to the constraint 40„+40~+48, +.. . =60.
Since the quark bilinears acquire the vacuum expectation
value (uu)=(dd)= . =V&0, the minimum is found
to be at

monopole-dipole dipole-dipole

• New macroscopic forces from non-relativistic potentials

double  suppressionθeff spin suppression + bkgd 
from ordinary magnetic forces 

ARIADNE, QUAX-gpgs, … 
NMR enhancement

2

cleons in terms of new sources of CP violation be-
yond the SM. This is done in the framework of the
baryon chiral Lagrangian that allows us to compute
all contributions of meson tadpoles and ✓e↵ at once,
as well as isospin-breaking e↵ects. In comparison to
previous works [11, 18–20], the contributions of the
pion tadpole induced by the QCD dipole operator
was estimated in [18] by naive dimensional analysis
and in [19] using current algebra techniques, while
isospin breaking was considered in [20] for ✓e↵ with-
out meson tadpoles. Our result is general and can be
systematically applied to any bosonic representation
of P and CP violating e↵ective operators induced in
extensions of the SM.

We detail our approach in the case of e↵ective
operators from RH currents, and then apply the re-
sults in the minimal Left-Right symmetric model
(LRSM) endowed with a PQ symmetry and P-parity
as LR symmetry. This is an extremely predictive
and motivated case for neutrino masses and addi-
tional CP violation, with an active collider physics
program [21]. We build on the approach detailed in
Ref. [22], which presented a study of the kaon CPV
observables ", "0 and the nEDM (dn) in minimal LR
scenarios. It was found there that the embedding
of a PQ symmetry relaxes the lower bound on the
LR scale just at the upper reach of the LHC. In this
work we show that the present search for the scalar
axion coupling to nucleons provides correlated and
complementary constraints, with a sensitivity to the
LR scale stronger than other CPV observables. Re-
markably, for a non-decoupled LR-scale we obtain

a lower-bound on the gaN coupling, thus setting a
target for present axion-mediated force experiments.

CPV axion couplings to matter. Including both
CP-conserving and CPV couplings, the axion e↵ec-
tive Lagrangian with matter fields (f = p, n, e) reads

Laf = Caf
@µa

2fa
f�

µ
�5f � gaf aff , (5)

where the first term can be rewritten in terms of
a pseudoscalar density as �gaf afi�5f , with gaf =
Cafmf/fa. For protons and neutrons the adimen-
sional axion coupling coe�cients are [23]

Cap = �0.47(3) + 0.88(3) cu � 0.39(2) cd �Ka (6)

Can = �0.02(3) + 0.88(3) cd � 0.39(2) cu �Ka , (7)

where Ka = 0.038(5) cs +0.012(5) cc +0.009(2) cb +
0.0035(4) ct, and where the (model-dependent)
axion couplings to quarks cq are defined via

the Lagrangian term cq
@µa
2fa

q�
µ
�5q. The axion

mass and decay constant are related by ma =
5.691(51)

�
1012 GeV/fa

�
µeV [24, 25].

The origin of the CPV scalar couplings to nucle-
ons gaN (N = p, n) can be traced back to sources
of either PQ or CP violation. These generically
lead to a remnant ✓e↵ 6= 0 which induces CPV cou-
plings. One finds in the isospin limit of the matrix
element [11]

gaN =
✓e↵

fa

mumd

mu +md

hN |uu+ dd|Ni

2
, (8)

gaN =
✓e↵

fa

mumd

mu +md
hN |uu+ dd|Ni ' ✓e↵

✓
17 MeV

fa

◆
(9)

gaN =
1

2

✓e↵

fa

mumd

mu +md
hN |uu+ dd|Ni '

1

2
✓e↵

✓
17 MeV

fa

◆
(10)

g
S
aN =

✓e↵

fa

mumd

mu +md
hN |uu+ dd|Ni ' ✓e↵

✓
17 MeV

fa

◆
(11)

g
S
aN =

1

2

✓e↵

fa

mumd

mu +md
hN |uu+ dd|Ni '

1

2
✓e↵

✓
17 MeV

fa

◆
(12)

L � g
S
aNaNN + g

P
afafi�5f (13)

g
S
aN ⇠

f⇡

fa
✓e↵ (14)

where the 1/2 factor was missed in [11] (see also [20]). A shortcoming of Eq. (12) is that CPV
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FIG. 3. Upper limits on gN
s gN

p . The solid lines are all existing limits on this parameter space, the dashed lines correspond to a
combination of laboratory scalar searches and astrophysical pseudoscalar bounds, and the dotted lines are all projections. The
two projections for ARIADNE [87] aim to have QCD sensitivity for 10µeV–meV axion masses. We also show projected limits for
dark matter experiments: CASPEr-wind [53], and a possible future dark matter comagnetometer [140]. In both of these cases we
have multiplied the expected constraint on gN

p with the astrophysical bound on gN
s . The combined astrophysical and laboratory

bound can be downloaded from this https url.

B. Nucleon-nucleon interactions

Similar to the electron-nucleon interaction, the most
stringent limit on gN

s gN
p can be derived by multiplying

the long-range force limits shown Fig. 1 with the neu-
tron star cooling bound on the pseudoscalar coupling
written in Eq. (11). We show these bounds in Fig. 3.
As in the previous example, we show the combination
of the lab bound on the scalar coupling with the
astrophysical bound on the pseudoscalar coupling with
a green dashed line. The three most stringent purely
experimental bounds are described below.

Figure 3:

• Washington experiment of Venema et
al. (1992) [141] which measures the spin pre-
cession frequencies of two Hg isotopes optically,
using the Earth as a source mass. Note that we
have taken the version of this limit presented in
Fig. 13 of Ref. [79].

• SMILE experiment probing forces between polar-
ized nucleons in a 3He-K comagnetometer, and
unpolarized lead weights spaced 15 cm away [75].

• Mainz experiment [142] using an ultra-sensitive
low-field magnetometer with polarized gaseous
samples of 3He and 129Xe.

We also show highlight two potential dark matter
limits coming from experiments sensitive to (gN

p )2:
the upcoming nuclear magnetic resonance experiment
CASPEr-wind [53], and a concept for a dark matter co-
magnetometer suggested by Ref. [140].

One of the most notable updates since the last com-
pilation of these bounds was presented is the first limit
mentioned above [141]. Although Ref. [86] did not con-
sider bounds at scales larger than 10 m for this inter-
action, extending our scope to larger scales, means this
has improved the constraint at the lightest masses by
around five orders of magnitude. Some experimental
techniques probing around 0.01 eV have also improved
since the last compilation, e.g. from experiments using
ultracold neutrons [143], and hyperpolarized 3He [144].

[O’Hare, Vitagliano 2010.03889, 
See also G. Raffelt 1205.1776]
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Introduction. The axion experimental program
has received an impressive boost in the last decade.
Novel detection strategies, bridging distant areas of
physics, promise to open for exploration the param-
eter space of the QCD axion in the not-so-far fu-
ture, possibly addressing the issue of strong CP vi-
olation in the Standard Model (SM) via the Peccei-
Quinn (PQ) mechanism [1–4] and the Dark Matter
(DM) puzzle [5–7] (for updated reviews, see [8–10]).
Standard axion searches often rely on highly model-
dependent axion production mechanisms, as in the
case of relic axions (haloscopes) or to a less extent
solar axions (helioscopes); while traditional optical
setups in which the axion is produced in the lab
are still far from probing the standard QCD ax-
ion. A di↵erent experimental approach, as old as
the axion itself [3], consists in searching for axion-
mediated macroscopic forces [11]. Given the typical
axion Compton wavelength �a ⇠ 2 cm (10µeV/ma),
an even tiny scalar axion coupling to matter may
coherently enhance the force between macroscopic
bodies. The sensitivity of these experiments cru-
cially depends on the (pseudo)scalar nature of the
axion field, a matter of ultraviolet (UV) physics.

Within QCD the Vafa-Witten theorem [12] en-
sures that the axion vacuum expectation value
(VEV) relaxes on the ✓e↵ ⌘ hai /fa + ✓ = 0 min-

imum, where ✓ denotes the QCD topological term.
However, extra CP violation in the UV invalidate
the hypotheses of this theorem, and in general one
expects a minimum with ✓e↵ 6= 0. While the CKM
phase in the SM yields ✓e↵ ' 10�18 [13], too tiny to
be experimentally accessible, CPV phases from new
physics can saturate the neutron Electric Dipole Mo-
ment (nEDM) bound |✓e↵ | . 10�10.

Another remarkable consequences of a non-zero
✓e↵ is the generation of CPV scalar axion couplings
to nucleons, gaN , which is probed in axion-mediated
force experiments. In particular, given the nEDM
bound on ✓e↵ the scalar-pseudoscalar combination
(also known as monopole-dipole interaction) o↵ers
the best chance for detecting the QCD axion. Ad-
ditionally, the presence of a spin-dependent inter-
action allows to use Nuclear Magnetic Resonance
(NMR) to enhance the signal. This is the strat-
egy pursued by ARIADNE [14, 15] which aims at
probing the monopole-dipole force via a sample of
nucleon spins. A similar approach is pursued by
QUAX-gpgs [16, 17], using instead electron spins.
ARIADNE will probe |✓e↵ | . 10�10 for axion masses
1 . ma/µeV . 104, a range highly motivated by
DM.

In this Letter, we provide a coherent framework
for computing the CPV scalar axion coupling to nu-
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Introduction. The axion experimental program
has received an impressive boost in the last decade.
Novel detection strategies, bridging distant areas of
physics, promise to open for exploration the param-
eter space of the QCD axion in the not-so-far fu-
ture, possibly addressing the issue of strong CP vi-
olation in the Standard Model (SM) via the Peccei-
Quinn (PQ) mechanism [1–4] and the Dark Matter
(DM) puzzle [5–7] (for updated reviews, see [8–10]).
Standard axion searches often rely on highly model-
dependent axion production mechanisms, as in the
case of relic axions (haloscopes) or to a less extent
solar axions (helioscopes); while traditional optical
setups in which the axion is produced in the lab
are still far from probing the standard QCD ax-
ion. A di↵erent experimental approach, as old as
the axion itself [3], consists in searching for axion-
mediated macroscopic forces [11]. Given the typical
axion Compton wavelength �a ⇠ 2 cm (10µeV/ma),
an even tiny scalar axion coupling to matter may
coherently enhance the force between macroscopic
bodies. The sensitivity of these experiments cru-
cially depends on the (pseudo)scalar nature of the
axion field, a matter of ultraviolet (UV) physics.

Within QCD the Vafa-Witten theorem [12] en-
sures that the axion vacuum expectation value
(VEV) relaxes on the ✓e↵ ⌘ hai /fa + ✓ = 0 min-

imum, where ✓ denotes the QCD topological term.
However, extra CP violation in the UV invalidate
the hypotheses of this theorem, and in general one
expects a minimum with ✓e↵ 6= 0. While the CKM
phase in the SM yields ✓e↵ ' 10�18 [13], too tiny to
be experimentally accessible, CPV phases from new
physics can saturate the neutron Electric Dipole Mo-
ment (nEDM) bound |✓e↵ | . 10�10.

Another remarkable consequences of a non-zero
✓e↵ is the generation of CPV scalar axion couplings
to nucleons, gaN , which is probed in axion-mediated
force experiments. In particular, given the nEDM
bound on ✓e↵ the scalar-pseudoscalar combination
(also known as monopole-dipole interaction) o↵ers
the best chance for detecting the QCD axion. Ad-
ditionally, the presence of a spin-dependent inter-
action allows to use Nuclear Magnetic Resonance
(NMR) to enhance the signal. This is the strat-
egy pursued by ARIADNE [14, 15] which aims at
probing the monopole-dipole force via a sample of
nucleon spins. A similar approach is pursued by
QUAX-gpgs [16, 17], using instead electron spins.
ARIADNE will probe |✓e↵ | . 10�10 for axion masses
1 . ma/µeV . 104, a range highly motivated by
DM.

In this Letter, we provide a coherent framework
for computing the CPV scalar axion coupling to nu-

[See talk by A. Geraci on Tuesday]
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• Moody-Wilczek formula [Moody, Wilczek PRD30 (1984)]

Axion-nucleon scalar coupling 

2

cleons in terms of new sources of CP violation be-
yond the SM. This is done in the framework of the
baryon chiral Lagrangian that allows us to compute
all contributions of meson tadpoles and ✓e↵ at once,
as well as isospin-breaking e↵ects. In comparison to
previous works [11, 18–20], the contributions of the
pion tadpole induced by the QCD dipole operator
was estimated in [18] by naive dimensional analysis
and in [19] using current algebra techniques, while
isospin breaking was considered in [20] for ✓e↵ with-
out meson tadpoles. Our result is general and can be
systematically applied to any bosonic representation
of P and CP violating e↵ective operators induced in
extensions of the SM.

We detail our approach in the case of e↵ective
operators from RH currents, and then apply the re-
sults in the minimal Left-Right symmetric model
(LRSM) endowed with a PQ symmetry and P-parity
as LR symmetry. This is an extremely predictive
and motivated case for neutrino masses and addi-
tional CP violation, with an active collider physics
program [21]. We build on the approach detailed in
Ref. [22], which presented a study of the kaon CPV
observables ", "0 and the nEDM (dn) in minimal LR
scenarios. It was found there that the embedding
of a PQ symmetry relaxes the lower bound on the
LR scale just at the upper reach of the LHC. In this
work we show that the present search for the scalar
axion coupling to nucleons provides correlated and
complementary constraints, with a sensitivity to the
LR scale stronger than other CPV observables. Re-
markably, for a non-decoupled LR-scale we obtain

a lower-bound on the gaN coupling, thus setting a
target for present axion-mediated force experiments.

CPV axion couplings to matter. Including both
CP-conserving and CPV couplings, the axion e↵ec-
tive Lagrangian with matter fields (f = p, n, e) reads

Laf = Caf
@µa

2fa
f�

µ
�5f � gaf aff , (5)

where the first term can be rewritten in terms of
a pseudoscalar density as �gaf afi�5f , with gaf =
Cafmf/fa. For protons and neutrons the adimen-
sional axion coupling coe�cients are [23]

Cap = �0.47(3) + 0.88(3) cu � 0.39(2) cd �Ka (6)

Can = �0.02(3) + 0.88(3) cd � 0.39(2) cu �Ka , (7)

where Ka = 0.038(5) cs +0.012(5) cc +0.009(2) cb +
0.0035(4) ct, and where the (model-dependent)
axion couplings to quarks cq are defined via

the Lagrangian term cq
@µa
2fa

q�
µ
�5q. The axion

mass and decay constant are related by ma =
5.691(51)

�
1012 GeV/fa

�
µeV [24, 25].

The origin of the CPV scalar couplings to nucle-
ons gaN (N = p, n) can be traced back to sources
of either PQ or CP violation. These generically
lead to a remnant ✓e↵ 6= 0 which induces CPV cou-
plings. One finds in the isospin limit of the matrix
element [11]
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where the 1/2 factor was missed in [11] (see
also [20]). A shortcoming of Eq. (12) is that CPV
physics can induce not only ✓e↵ , but also shifts the
chiral vacuum, inducing tadpoles for the ⇡

0, ⌘0, ⌘8
meson fields. These in turn yield extra contribu-

tions to gaN , as to other CPV observables such as
dn. A derivation of gan,p taking all these e↵ects con-
sistently into account is here obtained in the context
of the baryon chiral Lagrangian with axion field, de-
tailed in [22]. We find

gan, p '
4B0 mumd
fa(mu+md)
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[Barbieri, Romanino, Strumia hep-ph/9605368 → Naive dimensional analysis 
Pospelov hep-ph/9707431 → Meson tadpoles
Bigazzi, Cotrone, Jarvinen, Kiritsis 1906.12132 → isospin breaking]

• See also:  

1. How to connect  to UV sources of CP violation ?gS
aN

• Two relevant questions: 

2. How to properly impose the nEDM bound ?
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[Bertolini, LDL, Nesti 2006.12508]

• Moody-Wilczek formula [Moody, Wilczek PRD30 (1984)]

• From LO bary-meson chiral Lagrangian

meson tadpoles

iso-spin breaking 

MW missed a factor 1/2

A new master formula

2

cleons in terms of new sources of CP violation be-
yond the SM. This is done in the framework of the
baryon chiral Lagrangian that allows us to compute
all contributions of meson tadpoles and ✓e↵ at once,
as well as isospin-breaking e↵ects. In comparison to
previous works [11, 18–20], the contributions of the
pion tadpole induced by the QCD dipole operator
was estimated in [18] by naive dimensional analysis
and in [19] using current algebra techniques, while
isospin breaking was considered in [20] for ✓e↵ with-
out meson tadpoles. Our result is general and can be
systematically applied to any bosonic representation
of P and CP violating e↵ective operators induced in
extensions of the SM.

We detail our approach in the case of e↵ective
operators from RH currents, and then apply the re-
sults in the minimal Left-Right symmetric model
(LRSM) endowed with a PQ symmetry and P-parity
as LR symmetry. This is an extremely predictive
and motivated case for neutrino masses and addi-
tional CP violation, with an active collider physics
program [21]. We build on the approach detailed in
Ref. [22], which presented a study of the kaon CPV
observables ", "0 and the nEDM (dn) in minimal LR
scenarios. It was found there that the embedding
of a PQ symmetry relaxes the lower bound on the
LR scale just at the upper reach of the LHC. In this
work we show that the present search for the scalar
axion coupling to nucleons provides correlated and
complementary constraints, with a sensitivity to the
LR scale stronger than other CPV observables. Re-
markably, for a non-decoupled LR-scale we obtain

a lower-bound on the gaN coupling, thus setting a
target for present axion-mediated force experiments.

CPV axion couplings to matter. Including both
CP-conserving and CPV couplings, the axion e↵ec-
tive Lagrangian with matter fields (f = p, n, e) reads

Laf = Caf
@µa

2fa
f�

µ
�5f � gaf aff , (5)

where the first term can be rewritten in terms of
a pseudoscalar density as �gaf afi�5f , with gaf =
Cafmf/fa. For protons and neutrons the adimen-
sional axion coupling coe�cients are [23]

Cap = �0.47(3) + 0.88(3) cu � 0.39(2) cd �Ka (6)

Can = �0.02(3) + 0.88(3) cd � 0.39(2) cu �Ka , (7)

where Ka = 0.038(5) cs +0.012(5) cc +0.009(2) cb +
0.0035(4) ct, and where the (model-dependent)
axion couplings to quarks cq are defined via

the Lagrangian term cq
@µa
2fa

q�
µ
�5q. The axion

mass and decay constant are related by ma =
5.691(51)

�
1012 GeV/fa

�
µeV [24, 25].

The origin of the CPV scalar couplings to nucle-
ons gaN (N = p, n) can be traced back to sources
of either PQ or CP violation. These generically
lead to a remnant ✓e↵ 6= 0 which induces CPV cou-
plings. One finds in the isospin limit of the matrix
element [11]
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where the 1/2 factor was missed in [11] (see
also [20]). A shortcoming of Eq. (10) is that CPV
physics can induce not only ✓e↵ , but also shifts the
chiral vacuum, inducing tadpoles for the ⇡

0, ⌘0, ⌘8
meson fields. These in turn yield extra contribu-

tions to gaN , as to other CPV observables such as
dn. A derivation of gan,p taking all these e↵ects con-
sistently into account is here obtained in the context
of the baryon chiral Lagrangian with axion field, de-
tailed in [22]. We find
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where for clarity we neglectedmu,d/ms terms. Here, B0 = m
2

⇡/(md + mu) while the hadronic La-

2

cleons in terms of new sources of CP violation be-
yond the SM. This is done in the framework of the
baryon chiral Lagrangian that allows us to compute
all contributions of meson tadpoles and ✓e↵ at once,
as well as isospin-breaking e↵ects. In comparison to
previous works [11, 18–20], the contributions of the
pion tadpole induced by the QCD dipole operator
was estimated in [18] by naive dimensional analysis
and in [19] using current algebra techniques, while
isospin breaking was considered in [20] for ✓e↵ with-
out meson tadpoles. Our result is general and can be
systematically applied to any bosonic representation
of P and CP violating e↵ective operators induced in
extensions of the SM.

We detail our approach in the case of e↵ective
operators from RH currents, and then apply the re-
sults in the minimal Left-Right symmetric model
(LRSM) endowed with a PQ symmetry and P-parity
as LR symmetry. This is an extremely predictive
and motivated case for neutrino masses and addi-
tional CP violation, with an active collider physics
program [21]. We build on the approach detailed in
Ref. [22], which presented a study of the kaon CPV
observables ", "0 and the nEDM (dn) in minimal LR
scenarios. It was found there that the embedding
of a PQ symmetry relaxes the lower bound on the
LR scale just at the upper reach of the LHC. In this
work we show that the present search for the scalar
axion coupling to nucleons provides correlated and
complementary constraints, with a sensitivity to the
LR scale stronger than other CPV observables. Re-
markably, for a non-decoupled LR-scale we obtain

a lower-bound on the gaN coupling, thus setting a
target for present axion-mediated force experiments.

CPV axion couplings to matter. Including both
CP-conserving and CPV couplings, the axion e↵ec-
tive Lagrangian with matter fields (f = p, n, e) reads

Laf = Caf
@µa

2fa
f�

µ
�5f � gaf aff , (5)

where the first term can be rewritten in terms of
a pseudoscalar density as �gaf afi�5f , with gaf =
Cafmf/fa. For protons and neutrons the adimen-
sional axion coupling coe�cients are [23]

Cap = �0.47(3) + 0.88(3) cu � 0.39(2) cd �Ka (6)

Can = �0.02(3) + 0.88(3) cd � 0.39(2) cu �Ka , (7)

where Ka = 0.038(5) cs +0.012(5) cc +0.009(2) cb +
0.0035(4) ct, and where the (model-dependent)
axion couplings to quarks cq are defined via

the Lagrangian term cq
@µa
2fa

q�
µ
�5q. The axion

mass and decay constant are related by ma =
5.691(51)

�
1012 GeV/fa

�
µeV [24, 25].

The origin of the CPV scalar couplings to nucle-
ons gaN (N = p, n) can be traced back to sources
of either PQ or CP violation. These generically
lead to a remnant ✓e↵ 6= 0 which induces CPV cou-
plings. One finds in the isospin limit of the matrix
element [11]
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where the 1/2 factor was missed in [11] (see
also [20]). A shortcoming of Eq. (12) is that CPV
physics can induce not only ✓e↵ , but also shifts the
chiral vacuum, inducing tadpoles for the ⇡

0, ⌘0, ⌘8
meson fields. These in turn yield extra contribu-

tions to gaN , as to other CPV observables such as
dn. A derivation of gan,p taking all these e↵ects con-
sistently into account is here obtained in the context
of the baryon chiral Lagrangian with axion field, de-
tailed in [22]. We find
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• Moody-Wilczek formula [Moody, Wilczek PRD30 (1984)]

• From LO bary-meson chiral Lagrangian

meson tadpoles

iso-spin breaking 

MW missed a factor 1/2

A new master formula
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cleons in terms of new sources of CP violation be-
yond the SM. This is done in the framework of the
baryon chiral Lagrangian that allows us to compute
all contributions of meson tadpoles and ✓e↵ at once,
as well as isospin-breaking e↵ects. In comparison to
previous works [11, 18–20], the contributions of the
pion tadpole induced by the QCD dipole operator
was estimated in [18] by naive dimensional analysis
and in [19] using current algebra techniques, while
isospin breaking was considered in [20] for ✓e↵ with-
out meson tadpoles. Our result is general and can be
systematically applied to any bosonic representation
of P and CP violating e↵ective operators induced in
extensions of the SM.

We detail our approach in the case of e↵ective
operators from RH currents, and then apply the re-
sults in the minimal Left-Right symmetric model
(LRSM) endowed with a PQ symmetry and P-parity
as LR symmetry. This is an extremely predictive
and motivated case for neutrino masses and addi-
tional CP violation, with an active collider physics
program [21]. We build on the approach detailed in
Ref. [22], which presented a study of the kaon CPV
observables ", "0 and the nEDM (dn) in minimal LR
scenarios. It was found there that the embedding
of a PQ symmetry relaxes the lower bound on the
LR scale just at the upper reach of the LHC. In this
work we show that the present search for the scalar
axion coupling to nucleons provides correlated and
complementary constraints, with a sensitivity to the
LR scale stronger than other CPV observables. Re-
markably, for a non-decoupled LR-scale we obtain

a lower-bound on the gaN coupling, thus setting a
target for present axion-mediated force experiments.

CPV axion couplings to matter. Including both
CP-conserving and CPV couplings, the axion e↵ec-
tive Lagrangian with matter fields (f = p, n, e) reads

Laf = Caf
@µa

2fa
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µ
�5f � gaf aff , (5)

where the first term can be rewritten in terms of
a pseudoscalar density as �gaf afi�5f , with gaf =
Cafmf/fa. For protons and neutrons the adimen-
sional axion coupling coe�cients are [23]

Cap = �0.47(3) + 0.88(3) cu � 0.39(2) cd �Ka (6)

Can = �0.02(3) + 0.88(3) cd � 0.39(2) cu �Ka , (7)

where Ka = 0.038(5) cs +0.012(5) cc +0.009(2) cb +
0.0035(4) ct, and where the (model-dependent)
axion couplings to quarks cq are defined via

the Lagrangian term cq
@µa
2fa
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µ
�5q. The axion

mass and decay constant are related by ma =
5.691(51)
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1012 GeV/fa
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µeV [24, 25].

The origin of the CPV scalar couplings to nucle-
ons gaN (N = p, n) can be traced back to sources
of either PQ or CP violation. These generically
lead to a remnant ✓e↵ 6= 0 which induces CPV cou-
plings. One finds in the isospin limit of the matrix
element [11]
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where the 1/2 factor was missed in [11] (see
also [20]). A shortcoming of Eq. (10) is that CPV
physics can induce not only ✓e↵ , but also shifts the
chiral vacuum, inducing tadpoles for the ⇡

0, ⌘0, ⌘8
meson fields. These in turn yield extra contribu-

tions to gaN , as to other CPV observables such as
dn. A derivation of gan,p taking all these e↵ects con-
sistently into account is here obtained in the context
of the baryon chiral Lagrangian with axion field, de-
tailed in [22]. We find
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where for clarity we neglectedmu,d/ms terms. Here, B0 = m
2

⇡/(md + mu) while the hadronic La-

2

cleons in terms of new sources of CP violation be-
yond the SM. This is done in the framework of the
baryon chiral Lagrangian that allows us to compute
all contributions of meson tadpoles and ✓e↵ at once,
as well as isospin-breaking e↵ects. In comparison to
previous works [11, 18–20], the contributions of the
pion tadpole induced by the QCD dipole operator
was estimated in [18] by naive dimensional analysis
and in [19] using current algebra techniques, while
isospin breaking was considered in [20] for ✓e↵ with-
out meson tadpoles. Our result is general and can be
systematically applied to any bosonic representation
of P and CP violating e↵ective operators induced in
extensions of the SM.

We detail our approach in the case of e↵ective
operators from RH currents, and then apply the re-
sults in the minimal Left-Right symmetric model
(LRSM) endowed with a PQ symmetry and P-parity
as LR symmetry. This is an extremely predictive
and motivated case for neutrino masses and addi-
tional CP violation, with an active collider physics
program [21]. We build on the approach detailed in
Ref. [22], which presented a study of the kaon CPV
observables ", "0 and the nEDM (dn) in minimal LR
scenarios. It was found there that the embedding
of a PQ symmetry relaxes the lower bound on the
LR scale just at the upper reach of the LHC. In this
work we show that the present search for the scalar
axion coupling to nucleons provides correlated and
complementary constraints, with a sensitivity to the
LR scale stronger than other CPV observables. Re-
markably, for a non-decoupled LR-scale we obtain

a lower-bound on the gaN coupling, thus setting a
target for present axion-mediated force experiments.

CPV axion couplings to matter. Including both
CP-conserving and CPV couplings, the axion e↵ec-
tive Lagrangian with matter fields (f = p, n, e) reads

Laf = Caf
@µa

2fa
f�

µ
�5f � gaf aff , (5)

where the first term can be rewritten in terms of
a pseudoscalar density as �gaf afi�5f , with gaf =
Cafmf/fa. For protons and neutrons the adimen-
sional axion coupling coe�cients are [23]

Cap = �0.47(3) + 0.88(3) cu � 0.39(2) cd �Ka (6)

Can = �0.02(3) + 0.88(3) cd � 0.39(2) cu �Ka , (7)

where Ka = 0.038(5) cs +0.012(5) cc +0.009(2) cb +
0.0035(4) ct, and where the (model-dependent)
axion couplings to quarks cq are defined via

the Lagrangian term cq
@µa
2fa

q�
µ
�5q. The axion

mass and decay constant are related by ma =
5.691(51)

�
1012 GeV/fa

�
µeV [24, 25].

The origin of the CPV scalar couplings to nucle-
ons gaN (N = p, n) can be traced back to sources
of either PQ or CP violation. These generically
lead to a remnant ✓e↵ 6= 0 which induces CPV cou-
plings. One finds in the isospin limit of the matrix
element [11]

gaN =
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where the 1/2 factor was missed in [11] (see
also [20]). A shortcoming of Eq. (12) is that CPV
physics can induce not only ✓e↵ , but also shifts the
chiral vacuum, inducing tadpoles for the ⇡

0, ⌘0, ⌘8
meson fields. These in turn yield extra contribu-

tions to gaN , as to other CPV observables such as
dn. A derivation of gan,p taking all these e↵ects con-
sistently into account is here obtained in the context
of the baryon chiral Lagrangian with axion field, de-
tailed in [22]. We find
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An application: Left-Right
[Bertolini, LDL, Nesti 2006.12508]• Low-scale (PQ)Left-Right with P-parity

4-quark op. from  exchange  WR

4

At the leading order in momentum expansion the

operators O
qq0

1
are represented in the low-energy

meson Lagrangian by combinations of [U†]qq[U ]q0q0
terms, where the usual 3 ⇥ 3 matrix U represents
nonlinearly the meson nonet under U(3)L ⇥ U(3)R
rotations. By a proper U(3)A field rotation, the ax-
ion field is also included in the meson and baryon
chiral Lagrangians. Complete notation and details
are found in Appendix D of [22]. Rotating away
the axion and meson tadpoles, the new CPV axion-
nucleon scalar couplings of Eq. (27) are induced
from the baryon Lagrangian.

In LR e↵ective setups the operator Oud
1

generates
typically the leading contribution to dn. We show in
this work that it also generates the dominant con-
tribution to gap,n. We denote its low scale Wilson

coe�cient as C
ud
1

, and similarly for other flavors.
When O

ud
1

is considered we find [22, 30, 32],
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0
i
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B0F
2
⇡
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where C
[ud]
1

⌘ C
ud
1

� C
du
1

and h⌘0i = 0. The axion
VEV no longer cancels the original ✓ term, leaving a
calculable ✓e↵ . As expected, the pion VEV is isospin
odd (u $ d), while the other VEVs are even. The
low-energy constant c3 is estimated in the large N

limit as c3 ⇠ F
4

⇡B
2

0
/4. Another estimate, based on

SU(3) chiral symmetry is given in [29]. Analogously,
for Ous

1
we find
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mums
. (28)

One notices in both Eqs. (28)–(28) the ms/md en-
hancement of

⌦
⇡
0
↵
over the other meson VEV.

As observed in [29] and [22], the CPV coupling
gnp⇡ computed using the VEVs (28) vanishes iden-
tically. On the other hand, when O

us
1

is considered,
gn⌃�K+ cancels in turn. In either case the meson
VEVs cancel exactly against ✓e↵ , a result which is
made transparent in the basis of Ref. [26].

Such a cancellation is not present for the CPV
axion-nucleon couplings gan,p, obtained via Eq. (27)
using (28)–(28), so that the typically unsuppressed
O

ud
1

operator dominates. In the large ms limit the

complete result can be written as

gan,p ' �
GF
p
2

8 c3 b0
F 2
⇡fa(md +mu)

⇥

⇢
md(C

[ud]
1

+ C
[us]
1

) �muC
[ud]
1

b

md(C
[ud]
1

+ C
[us]
1

) b�muC
[ud]
1

,(29)

where b = (b0 + bD + bF )/b0 ' 1.2. A few com-
ments on Eqs. (27) and (29) are in order. The chi-
ral approach allows us to consistently derive and
account for the meson and axion tadpole contri-
butions, thus properly addressing interference and
comparison among the various contributions. It fur-
ther includes LO isospin-breaking e↵ects that enter
through the pion VEV (via the bD,F couplings) and
from the ✓e↵ term. Within the range of hadronic pa-
rameters here considered it leads to a gap coupling
about 60% larger than gan. Finally, the results in
Eqs. (27)–(29) are general enough to apply to any
axion model with e↵ective RH currents, since the
model-dependent derivative axion couplings do not
enter the scalar coupling.

Experimental probes for gan,p. At present, the
best sensitivity on the QCD axion exploiting axion-
mediated forces is obtained by combining limits
on monopole-monopole interactions with astrophys-
ical limits of pseudoscalar couplings [33]. On the
other hand, monopole-dipole forces will become the
best constraining combination in laboratory exper-
iments. In fact, monopole-monopole interactions
are doubly suppressed in ✓e↵ while dipole-dipole
forces have large backgrounds from ordinary mag-
netic forces. State of the art limits on monopole-
dipole forces can be found in Ref. [34]: the re-
sulting lower bounds are at most at the level of

fa &
p
✓e↵ 1013 GeV.

A new detection concept, by the ARIADNE col-
laboration [14, 15], plans to use NMR techniques to
probe the axion field sourced by unpolarized Tung-
sten 184W and detected by laser-polarized 3He. In
its current version, the experiment is sensitive to
ga184W ga3He. The CPV coupling axion coupling
to Tungsten is approximated by ga184W ' 74(gap +
gae)+110gan [10], where for the QCD axion gae = 0
at tree level. It is convenient to define an average
coupling to nucleons (weighting isospin breaking) as

gaN ⌘
74gap + 110gan

184
. (30)

The CP-conserving term, ga3He = gan, is only sen-
sitive to neutrons because protons and electrons are
paired in the detection sample. Thanks to NMR,
ARIADNE can improve the sensitivity of previous
searches and astrophysical limits by up to two orders
of magnitude in (gaNgan)1/2 (for ma 2 [1, 104]µeV
depending on the spin relaxation time), before pass-
ing to a scaled-up version with a larger 3He cell
reaching liquid density.

To provide an example of the testing power of
these future experiments, as a definite model of RH

Axion-mediated forces, CP violation and left-right interactions
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We compute the CP-violating (CPV) scalar axion coupling to nucleons in the framework of baryon
chiral perturbation theory and we apply the results to the case of left-right symmetry. The correlated
constraints with other CPV observables show that the predicted axion nucleon coupling is within
the reach of present axion-mediated force experiments for MWR up to 1000 TeV.
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chiral representation

TheLOmixingmatrix of theOqq0 operators is givenby [92]

γð1Þqq0→qq0 ¼
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BBBB@
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0 0 −16 0
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while the dipole anomalous-dimensionmatrix (we neglect the
mixing of O5 into Oq

4) reads [122,123]

γð1Þq→q ¼
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The subscripts qq0 and q in the γ’s indicate the nonvanishing
subblocks of the anomalous-dimension matrix.
The mixing of Oqq0 into the dipoles is readily obtained

from Ref. [96], taking into account the different operator
basis and the covariant derivative conventions
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The Wilson coefficients evolve according to

dC
d log μ

¼ Cγð1Þ
αs
4π

; ðC6Þ

where γð1Þ is the 6 × 6 anomalous dimension matrix. The
γ’s superscript indicates the αs=4π order of the mixing.
The short-distance running of the LR effective

operators for ΔS¼ 1 and ΔS¼ 2 transitions is discussed
in Refs. [23,25], respectively.

APPENDIX D: THE MESON AND BARYON
CHIRAL LAGRANGIANS

The LO chiral Lagrangian for the octet of Nambu-
Goldstone bosons and the η0 singlet, including the bosonic
representation of the O1q0q operator is given by

L ¼ F2
π

4
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where we follow the notation of Ref. [42]. The 3 × 3
matrix U represents nonlinearly the nine Goldstone states.
Under Uð3ÞL × Uð3ÞR rotations L × R it transforms as
U → RUL†, while χ includes explicitly the quark masses,
namely

U ¼ exp
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χ ¼ 2B0diagfmu;md;msg ðD4Þ

and I is the identity matrix. Fπ is the pion decay constant in
the chiral limit, while F0 denotes the η0 decay constant,
which we approximate to be equal. The quark mass term is
written in terms of the condensate B0 ≃m2

π=ðmu þmdÞ.
The second term in Eq. (D1) represents the anomaly

induced by the QCD instantons in the large N limit [103].
The coupling a0 satisfies 48a0=F2

0 ≃m2
η þm2

η0 − 2m2
K .

The third term represents the bosonization of C1q0qO1q0q
where the sum over q ≠ q0 ¼ u, d, s is understood. The
coefficients that encode the short distance physics are given
by CLRLRijkl ¼CRLLRijkl ≡Pq≠q0C1q0qδiq0δjq0δkqδlq. The unknown
low energy constants (LEC) c1;2;3, are estimated in the large
N limit as

c1 ∼ c2 ∼ c3 ∼
F4
πB2

0

4
: ðD5Þ

The terms proportional to c1 and c3 induce VEVs of the
Goldstone nonet. However, the c1 terms are proportional to
ðC1ud þ C1duÞ, which vanishes due to Eq. (41). Thus, only
the c3 contributions, proportional to ðC1ud − C1duÞ are
nonvanishing. By neglecting jC1usj, doubly Cabibbo sup-
pressed with respect to jC1udj, we confirm the results in [42]
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We compute the CP-violating (CPV) scalar axion coupling to nucleons in the framework of baryon
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constraints with other CPV observables show that the predicted axion nucleon coupling is within
the reach of present axion-mediated force experiments for MWR up to 1000 TeV.
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that absorbed the topological term). Within the
range of values of the hadronic parameters here con-
sidered it leads to a gap coupling about 60% larger
than gan. Finally, the results in Eqs. (5)–(10) are
general enough to apply to any PQ completion of
the e↵ective LR scenario, since the model-dependent
derivative axion couplings do not enter.

Axion-mediated forces. Monopole-dipole forces
turn out to be the best combination to test the
QCD axion. In fact, monopole-monopole interac-
tions are doubly suppressed in ✓e↵ , while dipole-
dipole forces have large backgrounds from ordinary
magnetic forces. State of the art limits on monopole-
dipole forces can be found in Ref. [50]. The re-
sulting lower bounds are at most at the level of

fa &
p

✓e↵ 1013 GeV. Better constraints are ac-
tually obtained by combining limits on monopole-
monopole interactions with astrophysical limits of
pseudoscalar couplings [51].
A new detection concept, by the ARIADNE col-

laboration [14, 15], plans to use NMR techniques to
probe the axion field sourced by unpolarized Tung-
sten 184W and detected by laser-polarized 3He. In
its current version, the experiment is sensitive to
ga184W ga3He. The CPV coupling axion coupling
to Tungsten is approximated by ga184W ' 74(gap +
gae)+110gan [10], where for the QCD axion gae = 0.
It is convenient to define an average coupling to nu-
cleons (weighting isospin breaking) as

gaN ⌘
74gap + 110gan

184
. (11)

The CP-conserving term, ga3He = gan, is only sen-
sitive to neutrons because protons and electrons are
paired in the detection sample. Thanks to NMR,
ARIADNE can improve the sensitivity of previous
searches and astrophysical limits by up to two orders
of magnitude in (gaNgan)1/2 (for ma 2 [1, 104]µeV
depending on the spin relaxation time), before pass-
ing to a scaled-up version with a larger 3He cell
reaching liquid density.

CPV probes of LR scale. To analyze the pre-
dicted (gaNgan)1/2 as a function of MWR , we study
the four CPV observables (", "

0, dn, gaN ), while
marginalizing on tan�, the CP phase ↵, and the
sign combinations. As in Refs. [21, 52], we in-
troduce a parameter hi for each observable, nor-
malizing the LR contributions to the experimen-
tal central value (", "0) or upper bound (dn). For
the latter we take the updated 90% C.L. result
dn < 1.8⇥ 10�26 e cm [53]. The LR contributions to
the indirect CPV parameter " in kaon mixing was
thoroughly analyzed in [52] to which we refer for de-
tails. As for the direct CPV parameter "0, the latest
lattice result [54] for the K ! ⇡⇡ matrix element
of the leading QCD penguin operator supports the
early chiral quark model prediction [55, 56], con-
firmed by the resummation of the pion rescatter-
ing [57], as well as more recent chiral Lagrangian
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FIG. 1. Regions in the LR-DFSZ model of the CPV
axion nucleon coupling probed by ARIADNE.

reassessments [58, 59], including a detailed analysis
of isospin breaking. All of the above point to a SM
prediction in the ballpark of the experimental value,
albeit with a large error [60]. We consider below two
benchmark cases: 50% and 15% of "0 accounted for
by LR physics [61, 62]. The model-dependent pseu-
doscalar coupling gan in the monopole-dipole inter-
action is taken for the case of the LR-DFSZ setup.
Similar results are obtained for LR-KSVZ, for which
however gan is compatible with zero, Eq. (3).

The average nucleon coupling in Eq. (11) is com-
puted using Eq. (10). With the updated dn bound
and including the strange quark contributions, we
obtain

gaN =
|⇣|

10�5

h
6.4 sin↵ud + 0.7 sin↵us

i
ma

100µeV
10�12

hdn =
|⇣|

10�5

h
7.1 sin↵ud � 3.4 sin↵us

i

h"0 =
|⇣|

10�5

h
9.2 sin↵ud + 9.2 sin↵us

i
, (12)

where ↵qq0 = ↵� ✓q � ✓q0 . We recall that all phases
✓q depend on a single parameter. Also, ↵ud ' ↵us

modulo ⇡ for MWR . 30TeV from the h" con-
straint [52]. There is clearly a tight correlation be-
tween the above observables.

The allowed regions of (gaNgan)1/2 as a function
of MWR are shown in Fig. 1, together with the reach
of three di↵erent phases of ARIADNE (1s, 1000s,
projected) [14, 15] and the SQUID sensitivity limit.
We scale the coupling combination by fa ⇠ 1/ma,
making the prediction independent from it. With
this normalization the experiment sensitivities vary
mildly with ma. In the plot we show their best
reach, attained for ma ⇠ 102÷3

µeV. Present limits
from astrophysics [51] and monopole-dipole experi-
ments [50] lie above the plot and are hence ine↵ec-
tive to probe the LR scale.

The predicted regions depend on the constraints
on h", h"0 and hdn . In the colored area the LR con-
tribution to "

0 is allowed up to 15%, while in light
gray one it is extended to 50%, given the present the-
oretical uncertainties. In both cases, a lower bound

4 CPV observables                          function of a single phase 𝛼
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depending on the spin relaxation time), before pass-
ing to a scaled-up version with a larger 3He cell
reaching liquid density.
To provide an example of the testing power of

these future experiments, as a definite model of RH
currents we consider the paradigmatic case of the
LR symmetric model (LRSM), with a PQ symmetry.

Application to Left Right models. In the min-
imal LRSM [35–39], the gauge group SU(3)C ⇥

SU(2)L ⇥ SU(2)R ⇥ U(1)B�L is spontaneously bro-
ken by a scalar triplet VEV

⌦
�0

R

↵
= vR and even-

tually by the VEVs of a bidoublet field h�i =
diag {v1, ei↵v2}, where v

2 = v
2

1
+ v

2

2
⌧ v

2

R sets the
electroweak scale and tan� ⌘ t� = v2/v1. The
single phase ↵ is the source of the new CP vio-
lation. An important phenomenological parameter
is the mixing between left and right gauge bosons,
⇣ ' �e

i↵ sin 2�M
2

WL
/M

2

WR
, bound to |⇣| < 4⇥10�4

from direct search limits on WR.
Born in order to feature the spontaneous origin

of the SM parity breaking, the model is endowed
with the discrete parity P, assumed exact at high
scale and broken spontaneously by vR. P exchanges
the gauge groups, the fermion representations QL

$ QR, and conjugates the bidoublet � $ �†. As
a result, the Yukawa Lagrangian LY = QL(Y � +
Ỹ �̃)QR + h.c. requires hermitean Y , Ỹ . The di-
agonalization of quark masses gives rise to a new
CKM matrix VR in the WR charged currents. Only
for nonzero ↵ the masses are non-hermitean and VR

departs from the standard VL. An analytical form
for VR is found perturbatively in the small param-
eter y = |s↵ t2� | . 2mb/mt ' 0.05 [40, 41]. While
the left and right mixing angles can be considered
equal for our aims, VR has new external CP phases.
For later convenience we denote them as ✓q, with
VR = diag{ei✓u, ei✓c, ei✓t}VL diag{ei✓d, ei✓s, ei✓b}. All
✓q are small deviations of O(y) around 0 or ⇡, cor-
responding to 32 physically di↵erent sign combina-
tions of the quark mass eigenvalues [22, 41]. For
details on the relevant features of the minimal LR
model we refer to [21, 22] and references therein.
There are two qualitatively di↵erent ways of im-

plementing a U(1)PQ symmetry in LR models, fol-
lowing either the KSVZ [42, 43] or the DFSZ [44, 45]
variant. In the former, the field content of the mini-
mal LRSM remains uncharged under U(1)PQ, and
the pseudoscalar axion couplings to nucleons are
given by Eqs. (4)–(5) with cq = 0.
On the other hand, the construction of a LR-

DFSZ model, with SM quarks carrying PQ charges,
turns out to be less trivial. This is due mainly to
the fact that chiral PQ charges XQL 6= XQR forbid
one of the Yukawa terms in LY , implying unphysical
mass matrices. Hence, either the LR field content
must be extended [46, 47] (e.g. with a second bidou-
blet) or e↵ective operators must be invoked in the
Yukawa sector [48, 49]. Finally, a complex singlet S
to decouple the PQ scale from vR and v is needed.

A complete ultraviolet LR-DFSZ model description
is not needed here [50], it is enough to report the
axion couplings to quarks and charged-leptons,

cu, c, t =
1

3
sin2 � , cd, s, b = ce, µ, ⌧ =

1

3
cos2 � .

(14)
While the minimal LR model with P is a predic-

tive theory even in the strong CP sector [51, 52],
the axion hypothesis can relax predictivity in the
fermion as well as in the strong CP sector, if other
fields as a second bidoublet are introduced. We stick
below to the LR-KSVZ or the LR-DFSZ case with
a single bidoublet and a nonrenormalizable Yukawa
term. The axion washes out ✓ (and renormaliza-
tions [51, 53]), and observables such as e.g. dn and
gan,p, are tightly predicted.

With this choice, quark masses set as usual a per-
turbativity limit on t� , mainly due to mt/mb: one
finds t� . 0.5 [54] or & 2. The two ranges are
equivalent in the minimal model (swapping Y and
Ỹ ) but they become physically di↵erent when the
PQ symmetry acts on �. Within this perturbative
domain the pseudoscalar axion coupling to nucleons
Eqs. (4)–(5) can never vanish.

Axion and CPV probes of LR scale. The RH
currents in the LRSM induce the axion couplings
described above. For details on the LRSM short-
distance and the extended chiral Lagrangian we re-
fer to [22]. We just recall that the short-distance

coe�cients C
qq0

i depend on the relevant CKM en-
tries, carrying the additional CP phases of VR, and

on the LR gauge mixing ⇣. The C
qq0

i are renormal-
ized at the 1GeV hadronic scale and matched with
the chiral low energy constants.

To analyze the predicted (gangaN )1/2 as a func-
tion of MWR , we study together the four CPV ob-
servables (", "

0, dn, gaN ), while marginalizing on
tan�, the CP phase ↵, and the 32 signs. As in
Refs. [22, 55], we introduce a parameter hi for each
observable, normalizing the LR contributions to the
experimental central value (", "

0) or upper bound
(dn). For the latter we take the updated 90%
C.L. result dn < 1.8⇥ 10�26 e cm [56]. The LR con-
tributions to the indirect CPV parameter " in kaon
mixing was thoroughly analyzed in [55] to which
we refer for details. For the direct CPV parame-
ter "

0 the latest lattice result [57] for the K ! ⇡⇡

matrix element of the leading QCD penguin oper-
ator supports the early chiral quark model predic-
tion [58, 59], confirmed by the resummation of the
pion rescattering [60], as well as more recent chiral
Lagrangian reassessments [61, 62], including a de-
tailed analysis of isospin breaking. All of the above
point to a SM prediction in the ballpark of the ex-
perimental value, albeit with a large error [63]. We
consider below two benchmark cases: 50% and 15%
of "0 induced by LR physics [64, 65].

The average CPV nucleon coupling in Eq. (11)
is computed using Eq. (10). With the updated dn
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There are two qualitatively di↵erent ways of im-

plementing a U(1)PQ symmetry in LR models, fol-
lowing either the KSVZ [42, 43] or the DFSZ [44, 45]
variant. In the former, the field content of the mini-
mal LRSM remains uncharged under U(1)PQ, and
the pseudoscalar axion couplings to nucleons are
given by Eqs. (6)–(7) with cq = 0.
On the other hand, the construction of a LR-

DFSZ model, with SM quarks carrying PQ charges,
turns out to be less trivial. This is due mainly to
the fact that chiral PQ charges XQL 6= XQR forbid
one of the Yukawa terms in LY , implying unphysical
mass matrices. Hence, either the LR field content
must be extended [46, 47] (e.g. with a second bidou-
blet) or e↵ective operators must be invoked in the
Yukawa sector [48, 49]. Finally, a complex singlet S
to decouple the PQ scale from vR and v is needed.

A complete ultraviolet LR-DFSZ model description
is not needed here [50], it is enough to report the
axion couplings to quarks and charged-leptons,
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While the minimal LR model with P is a predic-

tive theory even in the strong CP sector [51, 52],
the axion hypothesis can relax predictivity in the
fermion as well as in the strong CP sector, if other
fields as a second bidoublet are introduced. We stick
below to the LR-KSVZ or the LR-DFSZ case with
a single bidoublet and a nonrenormalizable Yukawa
term. The axion washes out ✓ (and renormaliza-
tions [51, 53]), and observables such as e.g. dn and
gan,p, are tightly predicted.

With this choice, quark masses set as usual a per-
turbativity limit on t� , mainly due to mt/mb: one
finds t� . 0.5 [54] or & 2. The two ranges are
equivalent in the minimal model (swapping Y and
Ỹ ) but they become physically di↵erent when the
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domain the pseudoscalar axion coupling to nucleons
Eqs. (6)–(7) can never vanish.
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currents in the LRSM induce the axion couplings
described above. For details on the LRSM short-
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servables (", "
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tan�, the CP phase ↵, and the 32 signs. As in
Refs. [22, 55], we introduce a parameter hi for each
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(dn). For the latter we take the updated 90%
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point to a SM prediction in the ballpark of the ex-
perimental value, albeit with a large error [63]. We

4

depending on the spin relaxation time), before pass-
ing to a scaled-up version with a larger 3He cell
reaching liquid density.
To provide an example of the testing power of

these future experiments, as a definite model of RH
currents we consider the paradigmatic case of the
LR symmetric model (LRSM), with a PQ symmetry.

Application to Left Right models. In the min-
imal LRSM [35–39], the gauge group SU(3)C ⇥

SU(2)L⇥SU(2)R⇥U(1)B�L is spontaneously broken
by a scalar triplet VEV

⌦
�0

R

↵
= vR and eventually

by the VEVs of a bidoublet field
h�i = diag {v1, ei↵v2}
, where v

2 = v
2

1
+ v

2

2
⌧ v

2

R sets the
electroweak scale and tan� ⌘ t� = v2/v1. The

single phase ↵ is the source of the new CP vio-
lation. An important phenomenological parameter
is the mixing between left and right gauge bosons,
⇣ ' �e

i↵ sin 2�M
2

WL
/M

2

WR
, bound to |⇣| < 4⇥10�4

from direct search limits on WR.
Born in order to feature the spontaneous origin

of the SM parity breaking, the model is endowed
with the discrete parity P, assumed exact at high
scale and broken spontaneously by vR. P exchanges
the gauge groups, the fermion representations QL

$ QR, and conjugates the bidoublet � $ �†. As
a result, the Yukawa Lagrangian LY = QL(Y � +
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fermion as well as in the strong CP sector, if other
fields as a second bidoublet are introduced. We stick
below to the LR-KSVZ or the LR-DFSZ case with
a single bidoublet and a nonrenormalizable Yukawa
term. The axion washes out ✓ (and renormaliza-
tions [51, 53]), and observables such as e.g. dn and
gan,p, are tightly predicted.

With this choice, quark masses set as usual a per-
turbativity limit on t� , mainly due to mt/mb: one
finds t� . 0.5 [54] or & 2. The two ranges are
equivalent in the minimal model (swapping Y and
Ỹ ) but they become physically di↵erent when the
PQ symmetry acts on �. Within this perturbative
domain the pseudoscalar axion coupling to nucleons
Eqs. (6)–(7) can never vanish.

Axion and CPV probes of LR scale. The RH
currents in the LRSM induce the axion couplings
described above. For details on the LRSM short-
distance and the extended chiral Lagrangian we re-
fer to [22]. We just recall that the short-distance

coe�cients C
qq0

i depend on the relevant CKM en-
tries, carrying the additional CP phases of VR, and

on the LR gauge mixing ⇣. The C
qq0

i are renormal-
ized at the 1GeV hadronic scale and matched with
the chiral low energy constants.

hO ⌘
O

th

Oexp
(15)

To analyze the predicted (gangaN )1/2 as a func-
tion of MWR , we study together the four CPV ob-
servables (", "

0, dn, gaN ), while marginalizing on
tan�, the CP phase ↵, and the 32 signs. As in
Refs. [22, 55], we introduce a parameter hi for each
observable, normalizing the LR contributions to the
experimental central value (", "

0) or upper bound
(dn). For the latter we take the updated 90%
C.L. result dn < 1.8⇥ 10�26 e cm [56]. The LR con-
tributions to the indirect CPV parameter " in kaon
mixing was thoroughly analyzed in [55] to which
we refer for details. For the direct CPV parame-
ter "

0 the latest lattice result [57] for the K ! ⇡⇡

matrix element of the leading QCD penguin oper-
ator supports the early chiral quark model predic-
tion [58, 59], confirmed by the resummation of the
pion rescattering [60], as well as more recent chiral
Lagrangian reassessments [61, 62], including a de-
tailed analysis of isospin breaking. All of the above

• Low-scale (PQ)Left-Right with P-parity

 L. Di Luzio (Padua) - Catching the axion via new CP-violating forces                                              10/11

https://arxiv.org/pdf/2006.12508.pdf
https://arxiv.org/pdf/2006.12508.pdf


Conclusions
• Rethinking the axion as a portal to UV sources of CP-violation
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new macroscopic forces 

strong CP problem or strong CP opportunity ? 
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FIG. 2. Combined limits on the scalar-pseudoscalar nucleon-electron coupling gN
s ge

p. The filled regions bounded by solid lines
are all existing laboratory bounds on this parameter space, whereas the dashed line corresponds to a combination of laboratory
(scalar) and astrophysical (pseudoscalar) bounds. The dotted lines are all projections. The limit and projection for the axion
search QUAX-gpgs [72, 73] are shown in blue, whereas the limits for other searches for monopole-dipole forces between nucleons
and electrons are shown in purple [74–77, 134]. We also show the limit from the Xenon1T dark matter search [135] (multiplied by
the astrophysical bound on gN

s from the previous figure). We also show a projection for a proposed axion dark matter detector
based on magnons that is sensitive to ge

p (also multiplied by the experimental bound on gN
s ). The combined astrophysical and

laboratory bound can be downloaded from this https url.

9Be+ atoms by Wineland et al. (1991) [74] in which
the Earth played the role of the source mass.

• SMILE: probing forces between polarized elec-
trons in a 3He-K comagnetometer, and unpolar-
ized lead weights spaced 15 cm away [75].

• QUAX-gpgs exclusion limit with a 1 cm3 sample
of GSO [73].4

• QUAX-gpgs projection for their sensitivity ampli-
fied with a resonant RLC circuit [72].

• Washington limits from two experiments
using polarized torsion pendula: Terrano
et al. (2015) [77] and Hoedl et al. (2011) [76].

4 We note that there seems to be an issue with the QCD band shown
in the exclusion plots of Refs. [72, 73] which is several orders of
magnitude too high in coupling, and only scales with ma instead of
m2

a .

• Magnon-based axion dark matter search for the
axion-electron coupling. We show the projection
from Ref. [136], though another related proposal
was made in Ref. [137]. This idea is conceptu-
ally very similar to the QUAX collaboration’s pro-
posed dark matter search [138, 139].

• Xenon1T’s underground dark matter axion search
for keV electron recoils [135].

Note that the XENON1T and Magnon projections are
for dark matter experiments and involve a multipli-
cation by the monopole-monopole constraint gN

s from
Fig. 1. Even accounting for projections, no proposed ex-
periment is yet sufficient to break through into the cor-
ner of parameter space in which the QCD axion could
live.
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Introduction. The axion experimental program
has received an impressive boost in the last decade.
Novel detection strategies, bridging distant areas of
physics, promise to open for exploration the param-
eter space of the QCD axion in the not-so-far fu-
ture, possibly addressing the issue of strong CP vi-
olation in the Standard Model (SM) via the Peccei-
Quinn (PQ) mechanism [1–4] and the Dark Matter
(DM) puzzle [5–7] (for updated reviews, see [8–10]).
Standard axion searches often rely on highly model-
dependent axion production mechanisms, as in the
case of relic axions (haloscopes) or to a less extent
solar axions (helioscopes); while traditional optical
setups in which the axion is produced in the lab
are still far from probing the standard QCD ax-
ion. A di↵erent experimental approach, as old as
the axion itself [3], consists in searching for axion-
mediated macroscopic forces [11]. Given the typical
axion Compton wavelength �a ⇠ 2 cm (10µeV/ma),
an even tiny scalar axion coupling to matter may
coherently enhance the force between macroscopic
bodies. The sensitivity of these experiments cru-
cially depends on the (pseudo)scalar nature of the
axion field, a matter of ultraviolet (UV) physics.

Within QCD the Vafa-Witten theorem [12] en-
sures that the axion vacuum expectation value
(VEV) relaxes on the ✓e↵ ⌘ hai /fa + ✓ = 0 min-

imum, where ✓ denotes the QCD topological term.
However, extra CP violation in the UV invalidate
the hypotheses of this theorem, and in general one
expects a minimum with ✓e↵ 6= 0. While the CKM
phase in the SM yields ✓e↵ ' 10�18 [13], too tiny to
be experimentally accessible, CPV phases from new
physics can saturate the neutron Electric Dipole Mo-
ment (nEDM) bound |✓e↵ | . 10�10.

Another remarkable consequences of a non-zero
✓e↵ is the generation of CPV scalar axion couplings
to nucleons, gaN , which is probed in axion-mediated
force experiments. In particular, given the nEDM
bound on ✓e↵ the scalar-pseudoscalar combination
(also known as monopole-dipole interaction) o↵ers
the best chance for detecting the QCD axion. Ad-
ditionally, the presence of a spin-dependent inter-
action allows to use Nuclear Magnetic Resonance
(NMR) to enhance the signal. This is the strat-
egy pursued by ARIADNE [14, 15] which aims at
probing the monopole-dipole force via a sample of
nucleon spins. A similar approach is pursued by
QUAX-gpgs [16, 17], using instead electron spins.
ARIADNE will probe |✓e↵ | . 10�10 for axion masses
1 . ma/µeV . 104, a range highly motivated by
DM.

In this Letter, we provide a coherent framework
for computing the CPV scalar axion coupling to nu-
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Università dell’Aquila, via Vetoio, I-67100, L’Aquila, Italy
4
INFN, Laboratori Nazionali del Gran Sasso, I-67100 Assergi (AQ), Italy

We compute the CP-violating (CPV) scalar axion coupling to nucleons in the framework of baryon
chiral perturbation theory and we apply the results to the case of left-right symmetry. The correlated
constraints with other CPV observables show that the predicted axion nucleon coupling is within
the reach of present axion-mediated force experiments for MWR up to 1000 TeV.

1

2

a
2

f2
a

D
GG̃,GG̃

E

| {z }
�

+
a

fa

D
GG̃,OCPV

E

| {z }
�0

(1)

hai

fa
= �

�
0

�
(2)

✓e↵ = 10�10 (3)

✓e↵ = 10�18 (4)

Introduction. The axion experimental program
has received an impressive boost in the last decade.
Novel detection strategies, bridging distant areas of
physics, promise to open for exploration the param-
eter space of the QCD axion in the not-so-far fu-
ture, possibly addressing the issue of strong CP vi-
olation in the Standard Model (SM) via the Peccei-
Quinn (PQ) mechanism [1–4] and the Dark Matter
(DM) puzzle [5–7] (for updated reviews, see [8–10]).
Standard axion searches often rely on highly model-
dependent axion production mechanisms, as in the
case of relic axions (haloscopes) or to a less extent
solar axions (helioscopes); while traditional optical
setups in which the axion is produced in the lab
are still far from probing the standard QCD ax-
ion. A di↵erent experimental approach, as old as
the axion itself [3], consists in searching for axion-
mediated macroscopic forces [11]. Given the typical
axion Compton wavelength �a ⇠ 2 cm (10µeV/ma),
an even tiny scalar axion coupling to matter may
coherently enhance the force between macroscopic
bodies. The sensitivity of these experiments cru-
cially depends on the (pseudo)scalar nature of the
axion field, a matter of ultraviolet (UV) physics.

Within QCD the Vafa-Witten theorem [12] en-
sures that the axion vacuum expectation value
(VEV) relaxes on the ✓e↵ ⌘ hai /fa + ✓ = 0 min-

imum, where ✓ denotes the QCD topological term.
However, extra CP violation in the UV invalidate
the hypotheses of this theorem, and in general one
expects a minimum with ✓e↵ 6= 0. While the CKM
phase in the SM yields ✓e↵ ' 10�18 [13], too tiny to
be experimentally accessible, CPV phases from new
physics can saturate the neutron Electric Dipole Mo-
ment (nEDM) bound |✓e↵ | . 10�10.

Another remarkable consequences of a non-zero
✓e↵ is the generation of CPV scalar axion couplings
to nucleons, gaN , which is probed in axion-mediated
force experiments. In particular, given the nEDM
bound on ✓e↵ the scalar-pseudoscalar combination
(also known as monopole-dipole interaction) o↵ers
the best chance for detecting the QCD axion. Ad-
ditionally, the presence of a spin-dependent inter-
action allows to use Nuclear Magnetic Resonance
(NMR) to enhance the signal. This is the strat-
egy pursued by ARIADNE [14, 15] which aims at
probing the monopole-dipole force via a sample of
nucleon spins. A similar approach is pursued by
QUAX-gpgs [16, 17], using instead electron spins.
ARIADNE will probe |✓e↵ | . 10�10 for axion masses
1 . ma/µeV . 104, a range highly motivated by
DM.

In this Letter, we provide a coherent framework
for computing the CPV scalar axion coupling to nu-
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FIG. 1. Combined limits on a scalar nucleon coupling gN
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that could mediate this CP-violating interaction. The range l and strength a of the forces constrained by the experimental
bounds (see Eq. 13) are also indicated by the top and right-hand axes respectively. The bounds shown in red are tests of the
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gravitational potential,

V = �
GNm1m2

r

⇣
1 + a e�r/l

⌘
. (13)

We can write the parameter a in terms of our dimen-
sionless coupling by expressing it in terms of the atomic
mass unit mu,

a =

�
gN

s
�2

4p GNm2
u

= 1.37 ⇥ 1037
⇣

gN
s

⌘2
. (14)

The range of the force is then just the inverse of the
mass of the mediating particle,

l = m�1
a = 19.73 cm

µeV
ma

. (15)

The literature on experimental tests for these kinds of
scalar mediated forces usually show constraints in the
(a, l) parameter space. At distances above l ⇠ 0.1µm
laboratory tests of Newton’s inverse square law out-
compete the red giant bound. These tests dominate

until around the meter-scale, where the WEP probes
become more viable and set the best limits down to ar-
bitrarily light masses.

In Fig. 1 we compile the best experimental constraints
on this parameter space. We display the constraints as a
function of both the parameters entering Eq. (13), (a,l)
as well as the corresponding axion mass and scalar
nucleon coupling (ma, gN

s ). The constraints shown in
Fig. 1 are described in order of increasing mass below.

Figure 1:

• MICROSCOPE: a satellite-borne WEP test in or-
bit around the Earth, monitoring the accelera-
tions of platinum and titanium test masses in free
fall [71].

• Eöt-Wash (purple): a group based at the Uni-
versity of Washington devoted to performing a
range of tests of gravitational physics in the
lab. The long-range sensitivity to gN

s was ob-
tained in a WEP experiment reported in Smith
et al. (2000) [67] which measured the differential

• Monopole-Monopole
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Introduction. The axion experimental program
has received an impressive boost in the last decade.
Novel detection strategies, bridging distant areas of
physics, promise to open for exploration the param-
eter space of the QCD axion in the not-so-far fu-
ture, possibly addressing the issue of strong CP vi-
olation in the Standard Model (SM) via the Peccei-
Quinn (PQ) mechanism [1–4] and the Dark Matter
(DM) puzzle [5–7] (for updated reviews, see [8–10]).
Standard axion searches often rely on highly model-
dependent axion production mechanisms, as in the
case of relic axions (haloscopes) or to a less extent
solar axions (helioscopes); while traditional optical
setups in which the axion is produced in the lab
are still far from probing the standard QCD ax-
ion. A di↵erent experimental approach, as old as
the axion itself [3], consists in searching for axion-
mediated macroscopic forces [11]. Given the typical
axion Compton wavelength �a ⇠ 2 cm (10µeV/ma),
an even tiny scalar axion coupling to matter may
coherently enhance the force between macroscopic
bodies. The sensitivity of these experiments cru-
cially depends on the (pseudo)scalar nature of the
axion field, a matter of ultraviolet (UV) physics.

Within QCD the Vafa-Witten theorem [12] en-
sures that the axion vacuum expectation value
(VEV) relaxes on the ✓e↵ ⌘ hai /fa + ✓ = 0 min-

imum, where ✓ denotes the QCD topological term.
However, extra CP violation in the UV invalidate
the hypotheses of this theorem, and in general one
expects a minimum with ✓e↵ 6= 0. While the CKM
phase in the SM yields ✓e↵ ' 10�18 [13], too tiny to
be experimentally accessible, CPV phases from new
physics can saturate the neutron Electric Dipole Mo-
ment (nEDM) bound |✓e↵ | . 10�10.

Another remarkable consequences of a non-zero
✓e↵ is the generation of CPV scalar axion couplings
to nucleons, gaN , which is probed in axion-mediated
force experiments. In particular, given the nEDM
bound on ✓e↵ the scalar-pseudoscalar combination
(also known as monopole-dipole interaction) o↵ers
the best chance for detecting the QCD axion. Ad-
ditionally, the presence of a spin-dependent inter-
action allows to use Nuclear Magnetic Resonance
(NMR) to enhance the signal. This is the strat-
egy pursued by ARIADNE [14, 15] which aims at
probing the monopole-dipole force via a sample of
nucleon spins. A similar approach is pursued by
QUAX-gpgs [16, 17], using instead electron spins.
ARIADNE will probe |✓e↵ | . 10�10 for axion masses
1 . ma/µeV . 104, a range highly motivated by
DM.

In this Letter, we provide a coherent framework
for computing the CPV scalar axion coupling to nu-
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has received an impressive boost in the last decade.
Novel detection strategies, bridging distant areas of
physics, promise to open for exploration the param-
eter space of the QCD axion in the not-so-far fu-
ture, possibly addressing the issue of strong CP vi-
olation in the Standard Model (SM) via the Peccei-
Quinn (PQ) mechanism [1–4] and the Dark Matter
(DM) puzzle [5–7] (for updated reviews, see [8–10]).
Standard axion searches often rely on highly model-
dependent axion production mechanisms, as in the
case of relic axions (haloscopes) or to a less extent
solar axions (helioscopes); while traditional optical
setups in which the axion is produced in the lab
are still far from probing the standard QCD ax-
ion. A di↵erent experimental approach, as old as
the axion itself [3], consists in searching for axion-
mediated macroscopic forces [11]. Given the typical
axion Compton wavelength �a ⇠ 2 cm (10µeV/ma),
an even tiny scalar axion coupling to matter may
coherently enhance the force between macroscopic
bodies. The sensitivity of these experiments cru-
cially depends on the (pseudo)scalar nature of the
axion field, a matter of ultraviolet (UV) physics.

Within QCD the Vafa-Witten theorem [12] en-
sures that the axion vacuum expectation value
(VEV) relaxes on the ✓e↵ ⌘ hai /fa + ✓ = 0 min-

imum, where ✓ denotes the QCD topological term.
However, extra CP violation in the UV invalidate
the hypotheses of this theorem, and in general one
expects a minimum with ✓e↵ 6= 0. While the CKM
phase in the SM yields ✓e↵ ' 10�18 [13], too tiny to
be experimentally accessible, CPV phases from new
physics can saturate the neutron Electric Dipole Mo-
ment (nEDM) bound |✓e↵ | . 10�10.

Another remarkable consequences of a non-zero
✓e↵ is the generation of CPV scalar axion couplings
to nucleons, gaN , which is probed in axion-mediated
force experiments. In particular, given the nEDM
bound on ✓e↵ the scalar-pseudoscalar combination
(also known as monopole-dipole interaction) o↵ers
the best chance for detecting the QCD axion. Ad-
ditionally, the presence of a spin-dependent inter-
action allows to use Nuclear Magnetic Resonance
(NMR) to enhance the signal. This is the strat-
egy pursued by ARIADNE [14, 15] which aims at
probing the monopole-dipole force via a sample of
nucleon spins. A similar approach is pursued by
QUAX-gpgs [16, 17], using instead electron spins.
ARIADNE will probe |✓e↵ | . 10�10 for axion masses
1 . ma/µeV . 104, a range highly motivated by
DM.

In this Letter, we provide a coherent framework
for computing the CPV scalar axion coupling to nu-
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