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Quantum Chromodynamics (QCD) Axion

Motivated by non-observation of the electric dipole moment (EDM) 
of nucleons :  “the strong CP problem”

(=	CP)
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QCD 𝜃-term
(P,  T-violating)

predicts a non-zero neutron EDM

• E(✓) = E(�✓)

To show this let us perform a field redefinition �
CP
��! �0 which leaves D� invariant. Hence, we have

Z(✓) =

Z
D� e�S(�)✓=0+i✓⌫(�) =

Z
D�0 e�S(�

0
)✓=0+i✓⌫(�

0
) =

Z
D� e�S(�)✓=0�i✓⌫(�) = Z(�✓) , (26)

where in the last but one step we used the fact that S(�)✓=0 is CP invariant, while the topological
term is CP odd. Note, however, that S(�0)✓=0 6= S(�)✓=0 in the SM, due to the CKM phase, so E(✓)
picks up a small contribution odd in ✓.

2.3. Neutron EDM and the strong CP problem
Among the CP violating observables induced by ✓̄, the neutron EDM (nEDM) stands out as the most

sensitive one. The latter is defined in terms of the non-relativistic Hamiltonian

H = �dn ~E · Ŝ , (27)

and the current experimental limit is |dexp
n

| < 3.0 · 10�26 e cm = 1.5 · 10�12 e GeV�1 (90% CL) [59].8 A new
round of searches are actively underway with the goal of improving the sensitivity to CP violation by up to
two orders of magnitude (see e.g. [61]). Eq. (27) can be written in terms of a Lorentz invariant Lagrangian
operator as follows

L = �dn
i

2
n̄�µ⌫�5nF

µ⌫ . (28)

The calculation of the nEDM has been performed using different kind of techniques, such as chiral pertur-
bation theory [62–64], QCD sum-rules [65], holography [66] and lattice QCD [67, 68] (for a review of the
technical challenges involved see e.g. [69, 70]). These approaches show an overall agreement, albeit with
uncertainties of O(50%). Future inputs from the lattice could be crucial for reducing such error [68]. The
natural size of the ✓̄ contribution to the nEDM can be understood as follows. The operator in Eq. (28)
is d = 5 so one would naively expect its Wilson coefficient to be of O(1/mn) size. However, in order to
contribute to the nEDM one needs to pick-up an imaginary part which can only originate from the phase
of a light quark mass (working in the basis where the GG̃ term is absent). Moreover, being a dipole, the
operator must be generated via an EM loop. Hence, taking into account these two extra suppression factors,
the effective contribution to dn can be estimated as

L ⇠
e

16⇡2

mq ei✓̄

mn

1

mn

n̄�µ⌫�5nF
µ⌫ , (29)

Expanding linearly in ✓̄ one gets

|dn| ⇠
1

8⇡2

mq

mn

✓̄ e

mn

⇡ 10�4 ✓̄ e GeV�1 . (30)

In fact, this naive estimate yields a somewhat smaller value compared to a real calculation. For instance,
one of the most precise ones, based on QCD sum-rules, yields [65]

dn = 2.4 (1.0) · 10�16 ✓̄ e cm = 1.2 (0.5) · 10�2 ✓̄ e GeV�1 , (31)

thus implying the bound9

|✓̄| . 10�10 . (32)

Understanding the smallness of ✓̄ consists in the so-called strong CP problem.

8In Feb 2020 the nEDM experiment at PSI has published a new improved limit |dexpn | < 1.8 · 10�26 e cm (90% CL) [60].
9Experiments searching for the EDM of the electron in paramagnetic systems have recently achieved a remarkable sensitivity

and they can be used to obtain novel independent constraints on the QCD theta term at the level of |✓̄| . 3 · 10�8 [71].
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[Peccei, Quinn ’77, Weinberg ‘78, Wilczek ’78]

Why so small?
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Promote 𝜃!"# to a dynamical field (= QCD axion)

⟨𝜃!"#⟩ = 0

|𝜃!"#| < 10$%&
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Axion-Like Particles (ALPs)
New physics scenarios for the QCD axion can easily incorporate other 
“axion-like particles” which do not participate in solving the strong CP 
problem.

Candidates :
• Pseudo Nambu-Goldstone bosons in field theory
• Zero modes of higher-dimensional gauge fields in string theory

Light and Elusive New Particles

Pseudo Nambu-Goldstone 
bosons in field theory

Axions in string theory
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Effective Field Theory of Axions and ALPs
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i) Periodicity

ii) Global 𝑈 1 softly broken by 𝑉(𝜃)
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µνÃµν + ∂µθ

∑

f

cff
†σ̄µf (58)

LPQ-conserving =
g23

32π2
cGθG

µνG̃µν +
g22

32π2
cW θW

µνW̃µν +
g21

32π2
cBθB

µνB̃µν

+ yuijHQiu
c
je

icuijθ + ydijH
†Qid

c
je

icdijθ + yeijH
†Lie

c
je

iceijθ + h.c.

(59)

LPQ-breaking = fG(θ)G
µνGµν + fW (θ)W µνWµν + fB(θ)B

µνBµν

+ fu
ij(θ)HQiu

c
j + fd

ij(θ)H
†Qid

c
j + f e

ij(θ)H
†Lie

c
j + h.c.

(60)

LPQ-breaking = fG(θ)G
µνGµν + fW (θ)W µνWµν + fB(θ)B

µνBµν

+ fu
ij(θ)uiu

c
j + fd

ij(θ)did
c
j + f e

ij(θ)eie
c
j + h.c.

(61)

θ(x) → θ(x) + α (62)

λ ∼
1

E
=

1√
p⃗2 +m2

(63)

ce∂µθ∂
µθQ (64)

L ⊃ ce∂µθ ēγ
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• It allows a naturally small mass for 𝜃(𝑥). 

• 𝑉(𝜃) is a periodic potential.

• 𝑐! has to be an integer number, while 𝑐" does not have to.
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𝜃(𝑥)

𝑄
>>𝑄

𝜃(𝑥)

SM gauge field

SM gauge field

SM fermion

SM fermion

KSVZ axion
Kim ’79, Shifman,Vainshtein, Zakharov ’80

The axion couples to SM particles via a heavy BSM fermion Q
which carries SM gauge charges.
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µνÃµν + ∂µθ

∑

f

cff
†σ̄µf (61)

LPQ-conserving =
g23

32π2
cGθG

µνG̃µν +
g22

32π2
cW θW

µνW̃µν +
g21

32π2
cBθB

µνB̃µν

+ yuijHQiu
c
je

icuijθ + ydijH
†Qid

c
je

icdijθ + yeijH
†Lie

c
je

iceijθ + h.c.

(62)

LPQ-breaking = fG(θ)G
µνGµν + fW (θ)W µνWµν + fB(θ)B

µνBµν

+ fu
ij(θ)HQiu

c
j + fd

ij(θ)H
†Qid

c
j + f e

ij(θ)H
†Lie

c
j + h.c.

(63)

LPQ-breaking = fG(θ)G
µνGµν + fW (θ)W µνWµν + fB(θ)B

µνBµν

+ fu
ij(θ)uiu

c
j + fd

ij(θ)did
c
j + f e

ij(θ)eie
c
j + h.c.

(64)

θ(x) → θ(x) + α (65)

λ ∼
1

E
=

1√
p⃗2 +m2

(66)

ce∂µθ∂
µθQ (67)

6

𝑐' = 𝑐( ⋅ 𝑂
𝑔()

16𝜋)

)𝑐( = 2tr 𝑇() 𝑄
∶ 𝑂(1) integer number

Dynkin index
~

𝑔()

16𝜋)
×



6

DFSZ axion
Dine, Fischler, Srednicki ’81, Zhitnitsky ’80
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The axion couples to SM particles through the Higgs portal.
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SM fermions
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Axions from string theory or extra dimensions

Ω ∶ zero mode wavefunction 
over the extra dimensional space

4D axions from 𝑝-form gauge fields Witten ’84

Axion from 2-form field

• 5D toy example

Our 4D world

Compact extra dimension

R
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KSVZ-type axions

𝑎
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𝑎

𝑞, ℓ, or 𝑄()*≫DFSZ-type axions
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ȧ

F
⇠ F

f
H
◆

(16)

dnB

dt
⇡ 3

4

�sph

T
✓̇EW � 39

4

�sph

T 3
nB

(17)

�sph ⇡ 18↵
5

WT
4
⇥(0.5T � v) ⇠ 10

�6
T
4
⇥(0.5T � v) (18)

dnB

dt
= 0 (19)

n
fr

B =
1

13
✓̇EWT

2 ⇠ F

f
Hv

2 ⇠ v
4

MPl

F

f
(20)

n
fr

B

s
⇠ v

g⇤sMPl

F

f
⇠ 10

�10 (21)

2

𝑎

Characteristic patterns of axion couplings to the SM 
depending on the UV origins
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Low energy imprint of string theory or extra dimensions 
in axion couplings

• We have shown that the pattern of axion couplings is robust against quantum 
corrections.

• For QCD axion, the axion-electron coupling is important to distinguish the 
three types of UV physics.
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Experimental programs to detect axion dark matter

15

Direct detection of axions
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:  ADMX(US), IBS-CAPP(Korea), QUAX(Italy), 

…

15

Direct detection of axions

< =

>4

<

?, @

?, @

Axion-photon conversion
Nucleon or electron scattering off axions

(Non-relativistic axion : ∇< ~ >788
interacting with fermion spins)

5-violating axion background

<

= =

? ?

<

Nucleon EDM interaction

Axion-nucleon or electron 
spin interaction (∇𝜃 ~ 𝐵,--)

Searching for dark matter with nuclear magnetic resonance: CASPEr 6

Figure 2: Schematic representation of the resonant (CASPEr) and sidebands (CASPEr, SILFIA [32]) experimental
schemes. The hyperpolarized 129Xe sample is immersed in the leading field ~B0 produced by a tunable NMR magnet.
The magnetometer is sensitive to the transverse magnetization ~Mxy. The black arrow represents the instantaneous
total magnetization. (a.1) Resonant scheme: at resonance (�|~B0 | = !a), the transverse component of the ALP wind,
~BALP,xy, tilts the sample’s magnetization which acquires a non-zero component on the xy-plane: ~Mxy. ~Mxy precesses
about ~B0 at the Larmor frequency. (a.2) The resonant signal is a low amplitude Lorentzian-shaped peak at the ALP
frequency. (b.1) Sideband scheme: subsequently to a ⇡/2 magnetic pulse, the magnetization is on the xy-plane. ~Mxy

precesses at the Larmor frequency. The longitudinal component of the ALP wind, ~BALP,z, induces modulation of
the Larmor frequency. (b.2) The signal of the non-resonant scheme exhibits a carrier frequency (�|~B0 |) and a set of
sidebands at �|~B0 | ± !a. The amplitude of the carrier frequency is large because the full magnetization is rotated by
the ⇡/2 pulse. The sidebands amplitude is expected to be small.

an oscillating ALP wind, are analogous to weak magnetic fields, oscillating at the axion or
ALP frequencies. Both CASPEr-Wind and CASPEr-Electric can be described as CW-NMR
experiments. Although we now focus on the sensitivity of CASPEr-Wind, the discussion for
CASPEr-Electric is analogous. We note that CASPEr-Wind is not only sensitive to axions and
ALPs but could also detect any light particle coupling to nuclear spins, in particular hidden
photons [34, 35].

2.3. Sensitivity

Here we discuss the physical parameters a↵ecting the sensitivity of the experiment. Later on,
these results are compared to the ones obtained for a non-resonant detection scheme, aiming
at probing lower frequencies. During this discussion, we consider the signal on resonance and
limit the integration time to ⌧ < min{⌧ALP,T2}, during which there is coherent averaging of

NMR technique
:  CASPEr(US), QUAX(Italy)
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Physical effects of the axion-electron coupling
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Axion-induced small B-field
:  QUAX experiment

Axion-induced chiral 
chemical potential

Spatial
components

Time 
component

Momentum shift along the 
electron spin direction

causing asymmetry between 
different helicity eigenstates

DK Hong, SHI, KS Jeong, D Yeom, ‘24
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Nonrelativistic Chiral Magnetic Effect (CME) 

Axion dark matter background gives a chiral chemical potential to electrons
yielding helicity imbalance of electrons.

When the electrons are polarized (e.g. by an applied B-field), the helicity
imbalance gives rise to an electric current along the polarized direction, called
the “chiral magnetic effect” (Fukushima, Kharzeev,Warringa ’08).

11

&	↑+
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-
&	↑+

&	↑+
Axion DM-

induced helicity 
imbalance

Net current -⃗ = 0 -⃗ ∝ &(1)" 0

Momentum

Spin

Apply B-field to a conductor

DK Hong, SHI, KS Jeong, D Yeom, ‘24
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Precision measurements of the axion-electron 
coupling by CME

DK Hong, SHI, KS Jeong, D Yeom, ‘24

By repurposing the existing or planned axion haloscopes originally designed for
probing the axion-photon coupling, we may be able to detect the axion DM-
induced CME current!
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Periodic nature of the axion field

Because of the periodicity, the axion interaction strengths are 
quantized.
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Clockwork axion

Even without a large integer number in the fundamental theory,  a large 
integer number can be generated if there are multiple axions interacting 
with each other in a particular way.

Choi, H Kim, S Yun ‘14
Choi, SHI ‘16
DE Kaplan, Rattazzi ‘16
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Multiple axions can give rise to a large hierarchy between different axion 
interaction strengths (e.g. axion-photon vs. axion-gluon).
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Photo-, Nucleo-, or Electro-philic clockwork axions 

M Farina, D Pappadopulo, F Rompineve,  A Tesi ‘17
P Agrawal, J Fan, M Reece, LT Wang,‘18
K Choi, SHI, CS Shin, Ann.Rev.Nucl.Part.Sci. 71 (2021) 225

Clockwork QCD axion or ALPs can have much stronger interactions
than conventional axions, and so they can be examined in the upcoming
experiments.
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Figure 1
Constraints and future probes on (a) axion-photon coupling gaγ and (b) axion-nucleon coupling gaN. The shaded regions are excluded
by the existing laboratory, astrophysics, and cosmology bounds, and the dashed lines show the sensitivities of the planned experiments.
We also depict gaγ and gaN of ALP DM (pink) and the QCD axion (blue) for three different values of cγ /NDW and cq/NDW, where
NDW = cG for the QCD axion. Abbreviations: ABRA 10 cm, ABRACADABRA 10 cm; ABRACADABRA, A Broadband/Resonant
Approach to Cosmic Axion Detection with an Amplifying B-field Ring Apparatus; ALP, axion-like particle; ALPSII, Any Light Particle
Search II; CASPEr, Cosmic Axion Spin Precession Experiment; CAST, CERN Axion Solar Telescope; Chandra, Chandra X-Ray
Observatory; DM, dark matter; EBL, extragalactic background light; HB, horizontal branch; IAXO, International Axion Observatory;
QCD, quantum chromodynamics; SHAFT, Search for Halo Axions with Ferromagnetic Toroids; solar ν, solar neutrino; TOORAD,
Topological Resonant Axion Detection; xion, ionization of primordial hydrogen. Panel a adapted from Reference 77 (public domain)
and Reference 78 (with permission), with additional data from References 73–75 and 79–84. Panel b adapted from Reference 77 (public
domain), with additional data from References 85–88.

first, ALP DM with ρa = ρDM given by Equation 12 with $in = 1, which is produced by the
misalignment mechanism, and second, the QCD axion. We do not specify the cosmological relic
abundance of the QCD axion, since the corresponding lines can be determined by Equation 28
without additional information. Our result shows that for both ALP DM and the QCD axion,
the parameter region more easily accessible by ongoing or planned experiments has cγ /NDW ! 1,
which parameterizes the hierarchy between gaγ ∼ (αem/2π)(cγ / fa ) and the coupling ga& =NDW/fa
to generate the leading axion potential (NDW = cG for the QCD axion).

A similar plot for axion-nucleon coupling gaN is given inFigure 1b, including experimental sen-
sitivities and the predicted coupling for ALP DM and the QCD axion with cq/NDW = 1,102, 104.
The relevant experiments are CASPErWind (85), comagnetometers (86, 87), and proton storage
ring (88). The goal of these experiments is to find the axion DM-induced effective magnetic field
interacting with nucleon spin, whose strength is proportional to

gaN ∇⃗a(t, x⃗) ≈ gaN
√
2ρav⃗ sin (mat −mav⃗ · x⃗) , 37.

where v⃗ (|⃗v| ∼ 10−3) is the axion DM virial velocity with respect to the Earth. Again, the sensi-
tivity limit in Figure 1 is obtained for ρa = ρDM, so it has to be scaled by the factor

√
ρa/ρDM

otherwise. We see that the ALP parameter region more easily probed by those experiments has
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Constraints and future probes on (a) axion-photon coupling gaγ and (b) axion-nucleon coupling gaN. The shaded regions are excluded
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Topological Resonant Axion Detection; xion, ionization of primordial hydrogen. Panel a adapted from Reference 77 (public domain)
and Reference 78 (with permission), with additional data from References 73–75 and 79–84. Panel b adapted from Reference 77 (public
domain), with additional data from References 85–88.

first, ALP DM with ρa = ρDM given by Equation 12 with $in = 1, which is produced by the
misalignment mechanism, and second, the QCD axion. We do not specify the cosmological relic
abundance of the QCD axion, since the corresponding lines can be determined by Equation 28
without additional information. Our result shows that for both ALP DM and the QCD axion,
the parameter region more easily accessible by ongoing or planned experiments has cγ /NDW ! 1,
which parameterizes the hierarchy between gaγ ∼ (αem/2π)(cγ / fa ) and the coupling ga& =NDW/fa
to generate the leading axion potential (NDW = cG for the QCD axion).

A similar plot for axion-nucleon coupling gaN is given inFigure 1b, including experimental sen-
sitivities and the predicted coupling for ALP DM and the QCD axion with cq/NDW = 1,102, 104.
The relevant experiments are CASPErWind (85), comagnetometers (86, 87), and proton storage
ring (88). The goal of these experiments is to find the axion DM-induced effective magnetic field
interacting with nucleon spin, whose strength is proportional to

gaN ∇⃗a(t, x⃗) ≈ gaN
√
2ρav⃗ sin (mat −mav⃗ · x⃗) , 37.

where v⃗ (|⃗v| ∼ 10−3) is the axion DM virial velocity with respect to the Earth. Again, the sensi-
tivity limit in Figure 1 is obtained for ρa = ρDM, so it has to be scaled by the factor

√
ρa/ρDM

otherwise. We see that the ALP parameter region more easily probed by those experiments has
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Key messages
• Conventionally UV physics for axions or ALPs has been classified into two 

types: KSVZ or DFSZ.

• We have shown that axions from string theory or extra dimensions can 

have different characteristics for axion couplings to SM particles.

• For QCD axion, the precision measurement of the axion-electron coupling 

is crucial to distinguish the three types of UV physics. 

• Exploiting the chiral magnetic effects has a great potential to significantly 

improve experimental sensitivity on the axion-electron coupling.

• Multiple axion mixings can give rise to large integer numbers for axion 
couplings at low energies, which can yield axion couplings much stronger 

than conventional ones from a single axion.


