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Theoretical perspective on axion 

detection

Sang Hui Im (IBS-CTPU)
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Outline

• QCD axion,  Axion-Like Particle (ALP),  and 

Axion Dark Matter:  mass and couplings

• Direct detection of axions:  challenges from 

theoretical perspective

• Experimental discrimination of axion models
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Strong CP problem and QCD axion

Talk preparation note

March 20, 2021
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CPV in the QCD sector

while
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Non-observation 
of neutron EDM
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VQCD = �⇤
4

QCD cos ✓̄ (1)
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The QCD vacuum energy is minimized at the CP-conserving point (𝜃̅ = 0).

Promote 𝜃̅ to a dynamical field (=QCD axion) :
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[Peccei, Quinn ’77, Weinberg ‘78, Wilczek ’78]

[Vafa,Witten ’84]

[Abel et al ’20]
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QCD axion lagrangian

• 𝑐! ≠ 0 to solve the strong CP problem.

• 𝑐", 𝑐#, 𝑐$, 𝑐ℓ are model-dependent and can be vanishing (at tree level).

i) approximate shift symmetry 𝑈 1 &'
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: broken by a non-zero 𝑐! through QCD non-perturbative effect (instanton)

à QCD axion potential and mass

ii) periodicity
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: the coefficients 𝑐! , 𝑐" , 𝑐# , 𝑐$ , 𝑐ℓ are integer or rational numbers.
àA typical size of QCD axion couplings is characterized by 𝑓& (axion decay constant). 
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QCD axion mass and coupling

• Mass and coupling relation

• Constraint for the axion-gluon coupling
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To be compatible with observed cooling rates of the
supernova (SN1987A) and neutron star (HESS J1731).
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coupling is strongly suppressed and may actually vanish.
Coupling of the axion to the photon arises through the
electromagnetic anomaly of the PQ symmetry, and
allows the axion to decay to two photons, with a lifetime

ta ¼ 6:8"1024 s
ðma=eVÞ@5

ðE=N@1:92Þ=0:75
! "2

:

The axion–nucleon interaction can be written as

LBa %cNg5ðg0 þ g3t3ÞcN;

where g0 and g3 are the isoscalar and isovector axion–
nucleon coupling constants, respectively. These are
related to the PQ energy scale fa in the hadronic axion
model (Kaplan, 1985; Srednicki, 1985) by the expres-
sions

g0 ¼
mN

fa
C0; C0 ¼ @

3F@Dþ 2S

6
;

g3 ¼
mN

fa
C3; C3 ¼ @

Dþ F

2

1@z

1þ z
;

where mN ¼ 940MeV is the nucleon mass, and C0 and
C3 are isoscalar and isovector coefficients, respectively.
The constants FB0:46, DB0:80, and SB0:5 are
parameters obtained from neutron and hyperon b-
decays as well as from the polarized structure function
data. In addition, z ¼ mu=mdB0:56 is obtained in a first
order calculation of the quark mass ratio. However, the
estimations of z and S suffer from large uncertainties
and ambiguity, and are still poorly constrained para-
meters. Because the axions are very light bosons it is
possible for an excited nuclear state to decay to its
ground state via axion emission. Because they are also
pseudoscalar particles the allowed values of angular
momentum and parity carried away by them in such
nuclear transitions are 0@, 1+, 2@,y, that is, the
axions can be emitted during magnetic nuclear transi-
tions. The branching ratio ðGa=GgÞ of the M1 axionic
transition, relative to the gamma transition (Avignone
III et al., 1988) contains the nuclear-structure-dependent
terms b and Z, as well as the isoscalar and isovector
axion–nucleon coupling constants g0 and g3:

Ga

Gg
¼

ka
kg

# $3 1

2pa
1

1þ d2

"
g0bþ g3

m0@1
2

% &

bþ m3@Z

" #2

;

where kg and ka are the momenta of the photon and the
axion, respectively. a ¼ 1=137 is the fine structure
constant, and d is the E2/M1 mixing ratio. The
quantities m0 and m3 denote the isoscalar and isovector
magnetic moments, respectively.

3. Hadronic axion window

Invisible axions are low-mass weakly interacting
particles and hence experiments with them are very
difficult. They have the possibility for creation in hot
plasma and thus in stars, and also represent an energy-
loss channel for stars that affects the lifetime of stars. If
axions interact with stellar matter too strongly to escape
freely from the interior of stars, they are trapped and
hence contribute to the transfer of energy rather than to
a direct cooling of the stellar core. Dominant hadronic
axion emission processes in main sequence stars (Sun)
and supernovae are shown in Fig. 2. The nuclear
transition and nucleon–nucleon bremsstrahlung are
both based on axion coupling to nucleons and can be
exploited to investigate the hadronic axion window. So
far the search for solar axions is based mainly on the
Primakoff effect. The axions, which are produced in the
hot interior of the Sun by conversion of black body
photons in the Coulomb fields of nuclei and electrons,
have typical energies of a few (1–15) keV (Fig. 3). On the
Earth they are converted into photons in the presence of
external electromagnetic fields. Since both the emission
and absorption occur via the axion–photon coupling,
which is strongly suppressed in the case E=NE2, this

Fig. 2. The dominant hadronic axion emission processes in
main sequence stars (Sun) and supernovae. The nuclear
transition and bremsstrahlung are both based on axion
coupling to nucleons, while Primakoff conversion is based on
axion coupling to photons.

M. Krc$mar et al. / Radiation Physics and Chemistry 61 (2001) 217–221 219

QCD axion couplings are too small to be detectable in
typical collider experiments (thus called invisible axion).
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Axion-Like Particles (ALPs)

:  the coupling coefficients 𝑐(, 𝑐) are integer-valued.

à 𝑓* characterizes a typical size of ALP couplings. 

i) approximate shift symmetry 𝑈 1 &'
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ii) periodicity

:  ALP can be naturally light. 
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• Cousins of the QCD axion, not being involved in the strong CP problem 
(so 𝑐! can be 0)

• Ubiquitous in many new physics scenarios, particularly in string theory  
[Arvanitaki, Dimopoulos, Dubovsky, Kaloper, Marsh-Russell, ‘09]
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ALP mass and coupling

• No mass and coupling relation

• Typical coupling size for string-theoretic axions

§ ALP mass and coupling are independent free parameters.
§ In particular, possible mass range is vast due to the exponential factor.

Ex) axions in string theory
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𝑆'()~ 𝑂 100 : instanton action of various stringy objects
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: volume of the extra dimensional 
(sub)space in the unit of the string length
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So without a large extra dimensional space, very tiny coupling
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slow-roll : dark energy

damped harmonic 
oscillator : cold dark matter 

Cosmological evolution of an axion field
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|𝑣⃗|~10*+ :  virial velocity of the DM

Talk preparation note

February 16, 2021
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The present amplitude 𝑎+ is determined from the initial 
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Misalignment production of axion dark matter

Present oscillation amplitude 𝑎+ ≪ 𝑓*𝜃,-,
~𝑓&𝜃,-,
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Theoretically motivated main parameter space for axions
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Too large De Broglie 
wavelength of axion DM

Unstable axion DM

Astrophysical bounds 
for QCD axion
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Axion effective interactions to the SM

At low energies below GeV

Photon coupling Nucleon and Electron couplingsNucleon EDM coupling

𝑐. ≃ 𝑐" + 𝑐# − 1.92 𝑐! 𝜅- ≃ 2.4 ⋅ 10*/0 𝑐! e cm

Talk preparation note

February 16, 2021
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𝑐4 ≃ 𝑐45 + 0.81𝑐! + 0.28𝑐" + 0.10𝑐# ×10*+

K Choi, SHI, HJ Kim, H Seong ‘21
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Major axion sources for direct detection

• Axions from the sun (Solar axions)

Primakoff process (from 𝑐.) ABC process (from 𝑐4)
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Star cooling constraints :
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(HB stars) (White Dwarf)
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§ Produced axion spectrum peaked around

§ Net axion flux at the earth position
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Major axion sources for direct detection

• Axions from an intense laser beam (Lab axions)

§ Produced axion spectrum peaked around

§ Axion flux
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Major axion sources for direct detection

• Axions as dark matter (DM axions)
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: enormous intensity compared to the other sources if the axion
constitutes a major component of the whole dark matter density.

Yet axion DM-induced signals will have a small frequency (= 𝑚*),
which may give rise to another challenge to detect those signals for

ultra-light axions.
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µ
�
5
e
�

(6)

X

F=G,W,B

g
2

F

32⇡2
cF

a

fa
F

a

µ⌫
eF aµ⌫

+
@µa

fa

X

 =q, `

c  ̄�
µ
�
5
 (7)

Ps ⇠ Qg
2

a�B
2

ext

⇢a

ma

Vcav (8)

~Je↵ = ga�
~B0

p
2⇢a sinmat (9)

1

: non-relativistic particles

|𝑣⃗|~10*+ :  virial velocity of the DM

1 Hz ~ 10*/6 eV
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Direct detection of axions

𝑎 𝛾

𝐵4

𝑎

𝑁, 𝑒

𝑁, 𝑒

Axion-photon conversion
Nucleon or electron scattering off axions

(Non-relativistic axion : ∇𝑎 ~ 𝐵788
interacting with fermion spins)

𝑃-violating axion background

𝑎

𝛾 𝛾

𝑁 𝑁

𝑎

Nucleon EDM interaction
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Exclusions and projected sensitivities for the axion-photon coupling

Adapted from K Choi, SHI, CS Shin ‘20
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-ALPS II: Lab axions
-IAXO: Solar axions
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Obata, Fujita, 
Michimura ‘18

Berlin, D’Agnolo, 
Ellis, Zhou ‘20

Kahn, Safdi, Thaler ‘16

Marsh, Fong, Lentz, 
Smejkal, Ali ‘18

IBS-CAPP,
ADMX, 
MADMAX…

Recently remarkable progress which may cover the
theoretically motivated parameter spaces in the future
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Exclusions and projected sensitivities for the axion-fermion couplings
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• Much more challenging compared to the axion-photon coupling
• Good sensitivity only for DM axions currently
• Important for discrimination of axion models (now to be discussed)
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Three possible classes of axion models

• KSVZ-like
Axion has no direct couplings to the SM fermions, and it couples to
the SM gauge fields through a heavy exotic fermion loop.

𝑎

Ψ79:;'< SM gauge field

SM gauge field

• DFSZ-like
Axion has direct couplings to the SM fermions.

𝑎

𝑞, ℓ

𝑞, ℓ
𝑎

SM gauge field

SM gauge field

𝑞, ℓ, or Ψ79:;'<
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Three possible classes of axion models

• String-theoretic axions
Axion has direct couplings to the SM fermions, which are comparable
with its couplings to the SM gauge fields.
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𝑎

This is due to the fundamentally different origin of a string-
theoretic axion identified as a higher-dimensional gauge field
rather than the phase of a complex scalar field.
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Comparison of tree-level axion couplings to 
the SM fermions

Yet radiative correction has to be carefully taken into account to see 
whether it is indeed possible, especially for discriminating string-theoretic 
axions from KSVZ-like axions by low energy experiments.

• DFSZ-like axions:  𝐶GH ∼ 𝑂 1
• KSVZ-like axions: 𝐶GH = 0
• String-theoretic axions: 𝐶GH ∼ 𝑂 𝑔I/16𝜋I

At tree-level, the three classes of axions show clearly different patterns 
that they may be distinguished by precision experiments.  
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Radiatively generated axion-electron coupling
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Figure 3. Diagrams for the radiative corrections to the axion-electron coupling Ce in KSVZ-like
models.

and for fa = 1010 GeV, mSUSY = 10 TeV and tan � = 10 in the MSSM case,

Cu(2 GeV) ' Cu(fa) � 0.28 nt(fa) + [17.7 c̃G(fa) + 0.53 c̃W (fa) + 0.051 c̃B(fa)] ⇥ 10�3
,

Cd(2 GeV) ' Cd(fa) + 0.31 nt(fa) + [19.4 c̃G(fa) + 0.24 c̃W (fa) + 0.020 c̃B(fa)] ⇥ 10�3
,

Ce(me) ' Ce(fa) + 0.29 nt(fa) + [0.81 c̃G(fa) + 0.30 c̃W (fa) + 0.118 c̃B(fa)] ⇥ 10�3
.

(3.49)

A particularly interesting aspect of our results is that the axion-electron coupling Ce

receives a large radiative correction from the UV parameter c̃G(fa), which was first shown

in [25] for the SM case to our knowledge. This has a crucial implication for KSVZ-like

QCD axions, which was not noticed before. For KSVZ-like axions, nt(fa) = Ct(fa) = 0

so that there is no one-loop level radiative correction from the Yukawa interactions. In

the previous literature, the leading contribution to Ce in KSVZ axion model was thought

to be from non-zero cW or cB as in the second diagram of Fig. 3, or from the axion-pion

mixing below the QCD scale as in the third digram of Fig. 3 for a minimal KSVZ model

with cW = cB = 0 [19, 20]. But the results Eq. (3.48) and Eq. (3.49) indicate that

there is a larger contribution from the axion-gluon coupling cG. This radiative correction

is originated from the first diagram of Fig. 3 involving the exotic heavy quark (Q,Q
c),

gluons, top quark and Higgs doublet at three-loop level. This process is encoded in It and

I
SM
t (Eq. (3.41) and Eq. (3.42)) of Eq. (3.38). Although it is a three-loop process, it beats

the contributions from the second and third diagrams in Fig. 3 because ↵
2
s � ↵

2
2,1 and

yt ⇠ O(1). For instance, for KSVZ-like axions with mQ = 1010 GeV, we find

Ce(me) '

h
0.83 cG � 0.03 cG + 0.54 cW + 0.135 cB

i
⇥ 10�3 (SM)

Ce(me) '

h
0.84 cG � 0.03 cG + 0.28 cW + 0.104 cB

i
⇥ 10�3 (MSSM) (3.50)

where the first term in the square bracket denotes the contribution from the first diagram

in Fig. 3, the second is the contribution from the axion-pion mixing represented by the

last diagram in Fig. 3, and the last two terms are the contributions from the two-loop

diagrams involving the electroweak gauge bosons. Here the first term / cG plays an even

more important role than the third term / cW in the MSSM case, which is essentially due

to the SUSY e↵ects on the running of the gauge couplings and top Yukawa coupling.
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a <latexit sha1_base64="wrnIffaghTGDSUgYy5vnXS1qW40=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9kVRY9FL4KXFu0HdpeSTbNtaJJdkqxQlv4NLx4U8eqf8ea/MW33oK0PBh7vzTAzL0w408Z1v53Cyura+kZxs7S1vbO7V94/aOk4VYQ2Scxj1QmxppxJ2jTMcNpJFMUi5LQdjm6mfvuJKs1i+WDGCQ0EHkgWMYKNlfxGL/OVQHf3rcdJr1xxq+4MaJl4OalAjnqv/OX3Y5IKKg3hWOuu5yYmyLAyjHA6KfmppgkmIzygXUslFlQH2ezmCTqxSh9FsbIlDZqpvycyLLQei9B2CmyGetGbiv953dREV0HGZJIaKsl8UZRyZGI0DQD1maLE8LElmChmb0VkiBUmxsZUsiF4iy8vk9ZZ1buouo3zSu06j6MIR3AMp+DBJdTgFurQBAIJPMMrvDmp8+K8Ox/z1oKTzxzCHzifP2r8kUc=</latexit>

QKSVZ

<latexit sha1_base64="W+cQxzCzyNjJHqtlVZvJXMOej10=">AAAB6HicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2J0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVHJo8lrHuBMyAFAqaKFBCJ9HAokBCOxjfzfz2E2gjYvWAkwT8iA2VCAVnaKUG9ssVt+rOQVeJl5MKyVHvl796g5inESjkkhnT9dwE/YxpFFzCtNRLDSSMj9kQupYqFoHxs/mhU3pmlQENY21LIZ2rvycyFhkziQLbGTEcmWVvJv7ndVMMb/xMqCRFUHyxKEwlxZjOvqYDoYGjnFjCuBb2VspHTDOONpuSDcFbfnmVtC6q3lXVbVxWard5HEVyQk7JOfHINamRe1InTcIJkGfySt6cR+fFeXc+Fq0FJ585Jn/gfP4A4XuM/A==</latexit>

t<latexit sha1_base64="qmqxvw54qUUoUaz9MnxwYmJpOwM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUGPbLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q6rbuKzUbvM4inACp3AOHlxDDe6hDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDzceM7w==</latexit>

g

<latexit sha1_base64="SKzCVfI8Kc37oRuJrpeYPo/j73k=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix66bEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8P/PbT6g0j+WDmSToR3QoecgZNVZq1Pqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDWz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LivedcVtXJWrd3kcBTiFM7gAD26gCjWoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBnsuM0A==</latexit>

H

<latexit sha1_base64="SKzCVfI8Kc37oRuJrpeYPo/j73k=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix66bEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8P/PbT6g0j+WDmSToR3QoecgZNVZq1Pqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDWz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LivedcVtXJWrd3kcBTiFM7gAD26gCjWoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBnsuM0A==</latexit>

H

<latexit sha1_base64="DKkiHAaUWutCbLfoJYSrOdDI+vc=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix68diC/cA2lM120q7dbMLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LejBP0IzqQPOSMGivVH3qlsltxZyDLxMtJGXLUeqWvbj9maYTSMEG17nhuYvyMKsOZwEmxm2pMKBvRAXYslTRC7WezQyfk1Cp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmvDaz7hMUoOSzReFqSAmJtOvSZ8rZEaMLaFMcXsrYUOqKDM2m6INwVt8eZk0zyveZcWtX5SrN3kcBTiGEzgDD66gCndQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDuhOM4g==</latexit>

Z

<latexit sha1_base64="PdPYhNHoT0qHx6NOUCD+xejOdQE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUwH654lbdOcgq8XJSgRz1fvmrN4hZGqE0TFCtu56bGD+jynAmcFrqpRoTysZ0iF1LJY1Q+9n80Ck5s8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzxMy6T1KBki0VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpmRD8JZfXiWti6p3VXUbl5XabR5HEU7gFM7Bg2uowT3UoQkMEJ7hFd6cR+fFeXc+Fq0FJ585hj9wPn8Ayr+M7Q==</latexit>

e

<latexit sha1_base64="PdPYhNHoT0qHx6NOUCD+xejOdQE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUwH654lbdOcgq8XJSgRz1fvmrN4hZGqE0TFCtu56bGD+jynAmcFrqpRoTysZ0iF1LJY1Q+9n80Ck5s8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzxMy6T1KBki0VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpmRD8JZfXiWti6p3VXUbl5XabR5HEU7gFM7Bg2uowT3UoQkMEJ7hFd6cR+fFeXc+Fq0FJ585hj9wPn8Ayr+M7Q==</latexit>

e

<latexit sha1_base64="LjlI99Rb63sGO0xHntxg0rvPMsY=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0TJgY5mA+YDkCHubuWTN3t6xuyeEI2BvY6GIrT/Jzn/j5pJCEx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUoP1yxa26Ocgq8RakAgvU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7Wf5oVNyZpUBCWNlSxqSq78nMhppPYkC2xlRM9LL3kz8z+umJrzxMy6T1KBk80VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpmRD8JZfXiWti6p3VXUbl5Va7WkeRxFO4BTOwYNrqMEd1KEJDBCe4RXenAfnxXl3PuatBWcR4TH8gfP5A+oVjWc=</latexit>

a
<latexit sha1_base64="cn0Sdq/vwrfytfLvXGIvvMP3by4=">AAAB83icbZBLSwMxFIXv1Fetr6pLN8EiuCozouiy4EZw06J9YGcomTTThiaZIckIZSj4K9y4UMStf8ad/8Z02oW2Hgh8nHNDbk6YcKaN6347hZXVtfWN4mZpa3tnd6+8f9DScaoIbZKYx6oTYk05k7RpmOG0kyiKRchpOxxdT/P2I1WaxfLejBMaCDyQLGIEG2v5jV7mK4Fu71oPk1654lbdXGgZvDlUYK56r/zl92OSCioN4VjrrucmJsiwMoxwOin5qaYJJiM8oF2LEguqgyzfeYJOrNNHUazskQbl7u8bGRZaj0VoJwU2Q72YTc3/sm5qoqsgYzJJDZVk9lCUcmRiNC0A9ZmixPCxBUwUs7siMsQKE2NrKtkSvMUvL0PrrOpdVN3GeaVWe5rVUYQjOIZT8OASanADdWgCgQSe4RXenNR5cd6dj9lowZlXeAh/5Hz+AJBikcU=</latexit>

QKSVZ

<latexit sha1_base64="YBRBGTiZ0EAkgfaBVAFwadSg+iI=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwUcqMKLosunFZwT6gHUomzbSxmWRIMkIZCn6CGxeKuPV/3Pk3po+Fth64cDjnXu69J0wEN9bzvlFuZXVtfSO/Wdja3tndK+4fNIxKNWV1qoTSrZAYJrhkdcutYK1EMxKHgjXD4c3Ebz4ybbiS93aUsCAmfckjTol1UqNZ7pTxdbdY8ireFHiZ+HNSgjlq3eJXp6doGjNpqSDGtH0vsUFGtOVUsHGhkxqWEDokfdZ2VJKYmSCbXjvGJ07p4UhpV9Liqfp7IiOxMaM4dJ0xsQOz6E3E/7x2aqOrIOMySS2TdLYoSgW2Ck9exz2uGbVi5AihmrtbMR0QTah1ARVcCP7iy8ukcVbxLyre3XmpWn2axZGHIziGU/DhEqpwCzWoA4UHeIZXeEMKvaB39DFrzaF5hIfwB+jzBzzpjqU=</latexit>

W, B

<latexit sha1_base64="XgeuTJy6hCFS8aszMCaTAI2bHWY=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0TJgY5mA+YDkCHubuWTN3t6xuyeEI2BvY6GIrT/Jzn/j5pJCEx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUwH654lbdHGSVeAtSgQXq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP80Ck5s8qAhLGyJQ3J1d8TGY20nkSB7YyoGellbyb+53VTE974GZdJalCy+aIwFcTEZPY1GXCFzIiJJZQpbm8lbEQVZcZmU7IheMsvr5LWRdW7qrqNy0qt9jSPowgncArn4ME11OAO6tAEBgjP8ApvzoPz4rw7H/PWgrOI8Bj+wPn8AfAljWs=</latexit>

e

<latexit sha1_base64="XgeuTJy6hCFS8aszMCaTAI2bHWY=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0TJgY5mA+YDkCHubuWTN3t6xuyeEI2BvY6GIrT/Jzn/j5pJCEx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUwH654lbdHGSVeAtSgQXq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP80Ck5s8qAhLGyJQ3J1d8TGY20nkSB7YyoGellbyb+53VTE974GZdJalCy+aIwFcTEZPY1GXCFzIiJJZQpbm8lbEQVZcZmU7IheMsvr5LWRdW7qrqNy0qt9jSPowgncArn4ME11OAO6tAEBgjP8ApvzoPz4rw7H/PWgrOI8Bj+wPn8AfAljWs=</latexit>

e

<latexit sha1_base64="LjlI99Rb63sGO0xHntxg0rvPMsY=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0TJgY5mA+YDkCHubuWTN3t6xuyeEI2BvY6GIrT/Jzn/j5pJCEx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUoP1yxa26Ocgq8RakAgvU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7Wf5oVNyZpUBCWNlSxqSq78nMhppPYkC2xlRM9LL3kz8z+umJrzxMy6T1KBk80VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpmRD8JZfXiWti6p3VXUbl5Va7WkeRxFO4BTOwYNrqMEd1KEJDBCe4RXenAfnxXl3PuatBWcR4TH8gfP5A+oVjWc=</latexit>

a
<latexit sha1_base64="cn0Sdq/vwrfytfLvXGIvvMP3by4=">AAAB83icbZBLSwMxFIXv1Fetr6pLN8EiuCozouiy4EZw06J9YGcomTTThiaZIckIZSj4K9y4UMStf8ad/8Z02oW2Hgh8nHNDbk6YcKaN6347hZXVtfWN4mZpa3tnd6+8f9DScaoIbZKYx6oTYk05k7RpmOG0kyiKRchpOxxdT/P2I1WaxfLejBMaCDyQLGIEG2v5jV7mK4Fu71oPk1654lbdXGgZvDlUYK56r/zl92OSCioN4VjrrucmJsiwMoxwOin5qaYJJiM8oF2LEguqgyzfeYJOrNNHUazskQbl7u8bGRZaj0VoJwU2Q72YTc3/sm5qoqsgYzJJDZVk9lCUcmRiNC0A9ZmixPCxBUwUs7siMsQKE2NrKtkSvMUvL0PrrOpdVN3GeaVWe5rVUYQjOIZT8OASanADdWgCgQSe4RXenNR5cd6dj9lowZlXeAh/5Hz+AJBikcU=</latexit>

QKSVZ

<latexit sha1_base64="WiaA2WqmPm+n9SJBQuepfVXqrpE=">AAAB7XicbVDJSgNBEK1xjXGLevTSGAQPIcyIoseAF48RzALJEHp6epI2Pd1DL0IYAn6CFw+KePV/vPk3dpaDJj4oeLxXRVW9KONMG9//9lZW19Y3Ngtbxe2d3b390sFhU0urCG0QyaVqR1hTzgRtGGY4bWeK4jTitBUNbyZ+65EqzaS4N6OMhinuC5Ywgo2TmrbSraC4Vyr7VX8KtEyCOSnDHPVe6asbS2JTKgzhWOtO4GcmzLEyjHA6LnatphkmQ9ynHUcFTqkO8+m1Y3TqlBglUrkSBk3V3xM5TrUepZHrTLEZ6EVvIv7ndaxJrsOcicwaKshsUWI5MhJNXkcxU5QYPnIEE8XcrYgMsMLEuICKLoRg8eVl0jyvBpdV/+6iXKs9zeIowDGcwBkEcAU1uIU6NIDAAzzDK7x50nvx3r2PWeuKN4/wCP7A+/wBnn+O5Q==</latexit>

u, d

<latexit sha1_base64="ieF5TIsT5kCo9ifHZvOijeXk31w=">AAAB7XicbVDJSgNBEK1xjXGLevQyGARPYUYUPQa8eIxgFkiGUNPpSdr0MnT3CGEI+AlePCji1f/x5t/YWQ6a+KDg8V4VVfXilDNjg+DbW1ldW9/YLGwVt3d29/ZLB4cNozJNaJ0ornQrRkM5k7RumeW0lWqKIua0GQ9vJn7zkWrDlLy3o5RGAvuSJYygdVKj00chsFsqB5VgCn+ZhHNShjlq3dJXp6dIJqi0hKMx7TBIbZSjtoxwOi52MkNTJEPs07ajEgU1UT69duyfOqXnJ0q7ktafqr8nchTGjETsOgXagVn0JuJ/XjuzyXWUM5lmlkoyW5Rk3LfKn7zu95imxPKRI0g0c7f6ZIAaiXUBFV0I4eLLy6RxXgkvK8HdRblafZrFUYBjOIEzCOEKqnALNagDgQd4hld485T34r17H7PWFW8e4RH8gff5A62jj5c=</latexit>

�

<latexit sha1_base64="ieF5TIsT5kCo9ifHZvOijeXk31w=">AAAB7XicbVDJSgNBEK1xjXGLevQyGARPYUYUPQa8eIxgFkiGUNPpSdr0MnT3CGEI+AlePCji1f/x5t/YWQ6a+KDg8V4VVfXilDNjg+DbW1ldW9/YLGwVt3d29/ZLB4cNozJNaJ0ornQrRkM5k7RumeW0lWqKIua0GQ9vJn7zkWrDlLy3o5RGAvuSJYygdVKj00chsFsqB5VgCn+ZhHNShjlq3dJXp6dIJqi0hKMx7TBIbZSjtoxwOi52MkNTJEPs07ajEgU1UT69duyfOqXnJ0q7ktafqr8nchTGjETsOgXagVn0JuJ/XjuzyXWUM5lmlkoyW5Rk3LfKn7zu95imxPKRI0g0c7f6ZIAaiXUBFV0I4eLLy6RxXgkvK8HdRblafZrFUYBjOIEzCOEKqnALNagDgQd4hld485T34r17H7PWFW8e4RH8gff5A62jj5c=</latexit>

�

<latexit sha1_base64="XgeuTJy6hCFS8aszMCaTAI2bHWY=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0TJgY5mA+YDkCHubuWTN3t6xuyeEI2BvY6GIrT/Jzn/j5pJCEx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUwH654lbdHGSVeAtSgQXq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP80Ck5s8qAhLGyJQ3J1d8TGY20nkSB7YyoGellbyb+53VTE974GZdJalCy+aIwFcTEZPY1GXCFzIiJJZQpbm8lbEQVZcZmU7IheMsvr5LWRdW7qrqNy0qt9jSPowgncArn4ME11OAO6tAEBgjP8ApvzoPz4rw7H/PWgrOI8Bj+wPn8AfAljWs=</latexit>

e

<latexit sha1_base64="XgeuTJy6hCFS8aszMCaTAI2bHWY=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0TJgY5mA+YDkCHubuWTN3t6xuyeEI2BvY6GIrT/Jzn/j5pJCEx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUwH654lbdHGSVeAtSgQXq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP80Ck5s8qAhLGyJQ3J1d8TGY20nkSB7YyoGellbyb+53VTE974GZdJalCy+aIwFcTEZPY1GXCFzIiJJZQpbm8lbEQVZcZmU7IheMsvr5LWRdW7qrqNy0qt9jSPowgncArn4ME11OAO6tAEBgjP8ApvzoPz4rw7H/PWgrOI8Bj+wPn8AfAljWs=</latexit>

e

Figure 3. Diagrams for the radiative corrections to the axion-electron coupling Ce in KSVZ-like
models.

in [25] for the SM case to our knowledge. This has an important implication for KSVZ-like

QCD axions. For KSVZ-like axions, nt(fa) = Ct(fa) = 0 so that there is no one-loop level

radiative correction from the Yukawa interactions. In the previous literature, the leading

contribution to Ce in KSVZ axion model was thought to be from non-zero cW or cB as in

the second diagram of Fig. 3, or from the axion-pion mixing below the QCD scale as in

the third digram of Fig. 3 for a minimal KSVZ model with cW = cB = 0 [19, 20]. But

the results Eq. (3.48) and Eq. (3.49) indicate that there is a larger contribution from the

axion-gluon coupling cG. This radiative correction is originated from the first diagram of

Fig. 3 involving the exotic heavy quark (Q,Q
c), gluons, top quark and Higgs doublet at

three-loop level. This process is encoded in It and I
SM
t (Eq. (3.41) and Eq. (3.42)) of Eq.

(3.38). Although it is a three-loop process, it beats the contributions from the second and

third diagrams in Fig. 3 because ↵
2
s � ↵

2
2,1 and yt ⇠ O(1). For instance, for KSVZ-like

axions with mQ = 1010 GeV, we find

Ce(me) '

h
0.84 cG � 0.03 cG + 0.28 cW + 0.10 cB

i
⇥ 10�3 (KSVZ with MSSM)

Ce(me) '

h
0.83 cG � 0.03 cG + 0.54 cW + 0.13 cB

i
⇥ 10�3 (KSVZ with SM), (3.50)

where the first term in the square bracket denotes the contribution from the first diagram

in Fig. 3, the second is the contribution from the axion-pion mixing represented by the

last diagram in Fig. 3, and the last two terms are the contributions from the two-loop

diagrams involving the electroweak gauge bosons.

4 Distinguishing the axions by low energy precision physics

Based on the results of the previous sections, we are going to discuss a possibility to

distinguish the di↵erent classes of axion models experimentally. As discussed in section 2,

one can consider three classes of axion models: KSVZ-like, DFSZ-like, and string-theoretic

axions. They may show di↵erent patterns of the low energy axion couplings to the nucleons

and electron after properly taking into account the relevant radiative corrections. To

include string-theoretic axions in a consistent manner, in the following we discuss the

coupling patterns in the MSSM framework which assumes N = 1 SUSY at scales around

fa. As a benchmark example, we consider a specific parameter point with fa = 1010 GeV,
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Previously ignored because it is at three-loop level.
But actually most important for KSVZ-like axions.
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Distinguishing the axions by coupling ratios

For QCD axion (𝑐! ≠ 0), 𝑔*4~
5!

6"
regardless of the classes of models 

Green : DFSZ-like axion
Red : String-theoretic axion

Black : KSVZ-like axion (dashed : 𝑚' = 1078𝑓*, solid : 𝑚' = 𝑓*)
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For ALPs with (𝑐! = 0), 

Green : DFSZ-like axion
Red : String-theoretic axion
Black : KSVZ-like axion 

(dashed : 𝑚!"#$ = 10%&𝑓',  
solid : 𝑚!"#$ = 𝑓')

𝑐" = 1 (𝑐! = 𝑐# = 0) 𝑐# = 1 (𝑐! = 𝑐" = 0)
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Summary

• QCD axion, axion-like particles, and axion dark matter have their own 
strong theoretical motivations and predict relevant ranges for axion mass

and couplings.

• Those parameter spaces, however, predict quite small couplings that are 
difficult to be probed using available axion sources (e.g. sun, lab, and DM).

• Recently significant progress has been made for the axion-photon coupling 
detection based on the axion DM hypothesis, which can cover a major part
of ultra-light axion DM parameter space.

• Currently projected sensitivities for axion-fermion couplings mostly cannot 

touch the theoretically motivated axion parameter spaces. 

• A development for precise measurements of axion-fermion couplings will 
provide important clues for an underlying UV model of the axion.


