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• Strong CP problem

• Axion solution to strong CP problem

• Axion Cosmology

• Axion Direct searches

• Axion Dark matter searches
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• C for charge conjugation
• P for parity: P: (𝑡, 𝐱) ↦ (𝑡, −𝐱)
• T for time reversal: T: (𝑡, 𝐱) ↦ (−𝑡, 𝐱)

Basic Transformation in the QFT

CPT Thoerem: the Lorentz invariance and unitarity requires that all the 
terms in the Lagrangian should be invariant under the simultanous 
application of C, P and T. 

CP symmetry is already broken in the weak interactions. How 
about strong interaction?
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Classical calculation of Neutron eDM

• The neutron eDM in classical formula

𝑑 = $𝑞 𝑟

• Using the fact that the neutron has a size 𝑟' ∼ 1/𝑚(, the student would then arrive at 
the classical estimate that

𝑑' ≈ 10)*+ 1 − cos𝜃 𝑒 cm

• As a vector,  the eDM will point in the same (opposite) direction as the spin

4

𝜃 = 0



Measurement of Neutron eDM
• Precesion Measurement

𝑑, =
ℏΔ𝜔
4𝐸

• The current best measurement of the neutron eDM is 

𝑑' ≤ 10)-.𝑒 cm

This result is much smaller than the theoretical prediction ?
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Classical solution to Neutron eDM

• Remember the eDM will point in the same (opposite) direction as the spin 

𝑑 =@𝑞𝑟 𝑠 = 𝑟×�⃗�

• Solution 1:parity is good symmetry 𝑃:	𝑑 → −𝑑,	𝑠 → 𝑠.

• The only way for both �̂� = �̂� and �̂� = −�̂� to be true is if the dipole 
moment is zero. 

𝑇: 𝑑 → 𝑑, 𝑠 → −𝑠

But CP-violating phase in the CKM matrix is about π/3!
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• Solution 2:CP is good symmetry 



Strong CP Problem at Quantum level
• Low-energy QCD done incorrectly 

ℒ ⊃
𝜃𝑔!"

32𝜋" 𝐺
)𝐺 + iq#𝐷$𝛾$𝑞 + iq%#𝐷$𝛾$𝑞% + 𝑞𝑀𝑞% −

1
4𝐺

" /𝐺!" =
1
2
𝜀!"#$𝐺#$ 𝑀 = 𝑚% 0

0 𝑚&

• As with any spontaneous symmetry breaking, there will exist Goldstone bosons: 

• SM contains these gauge groups:

QCD confines Experiment 
result: 𝑞𝑞' ≠ 0 𝑆𝑈(2)&×𝑆𝑈(2)' → 𝑆𝑈(2)(, 

and also breaks 𝑈(1))

𝑈 = 𝑒
( )!

*+,
$!
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Strong CP Problem at Quantum level
• In all renormalizable operators consistent with symmetries with arbitrary coefficients, 

we consider the leading order 

ℒ = 𝑓*"Tr𝜕$𝑈𝜕$𝑈+ + 𝑎𝑓*,Tr𝑀𝑈 + ℎ. 𝑐. 

• The mass matrix can be obtained via above Lagrangian 

V = 𝑎𝑓* 𝑚- +𝑚. 𝜋#𝜋/ +
01-
" 𝜋2 𝜂3

𝑚- +𝑚. 𝑚- −𝑚.
𝑚- −𝑚. 𝑚- +𝑚.

𝜋2
𝜂3  𝜋± =

𝜋/ ± 𝑖𝜋*
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• The mass relationship:

2𝑚*0 = 𝑚*1 +𝑚42

• The experiment result: 
𝑚*0 ≈ 𝑚*1 ≈ 140MeV while 𝑚42 ≈ 960MeV

Something went Wrong?
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Anomalous symmetries 
• If one rotates the quarks by 

𝑢 → 𝑒56𝑢, 𝑢% → 𝑒56𝑢%

• The Lagrangian also changes as 

ℒ → ℒ + 𝛼
𝑔*

16𝜋*
𝐺�̃�

• Thus, U(1)A symmetry is actually not a good symmetry of the theory. For 2-flavor QCD, 
the proper anomalous symmetry is

ℒ ⊃ 𝜃
𝑔*

32𝜋*
𝐺�̃�

𝑢 → 𝑒56𝑢, 	𝑑 → 𝑒56𝑑, 	𝜃 → 𝜃 − 2𝛼

• 𝜃 is not normal spurion as M because that θ realizes the symmetry non-linearly, 
So we need to let 𝜃 appear in Lagrangian as 𝑒GH  

Because of θ , transforms under this symmetry, the corresponding pseudo-Goldstone 
boson, ηʹ, obtains a mass to solve the previous problem !
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The theory of pions and neutrons 
• Recall the anomalous symmetry 

𝑈 → 𝑒56𝑈, 	𝜃 → 𝜃 − 2𝛼, 	𝑀 → 𝑒/56𝑀

• Written in terms of the ηʹ boson, the good symmetry of the theory : 

𝜂3 → 𝜂3 + 2𝛼𝑓42 , 𝜃 → 𝜃 − 2𝛼,𝑀 → 𝑒/56𝑀

• The effective Lagrangian, which is invariant under 𝑆𝑈(2)I×𝑆𝑈(2)J×𝑈(1)K but not 
invariant under 𝑈(1)L

ℒ = 𝑓*"Tr𝜕$𝑈𝜕$𝑈+ + 𝑎𝑓*,Tr𝑀𝑈 + 𝑏𝑓*7det𝑈 + ℎ. 𝑐.

• The phase of the complex coefficient b is fixed to be 𝑏 = 𝑏 𝑒GH. The mass of ηʹ boson is

ℒ =
1
2
𝑚3"
* 𝜂4 −

𝜃𝑓3"

2

*

+ ⋯

Plugging this into 
the matrix U 

U = 𝑒(
5
*𝑒

( ,!

*+,
$!
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The theory of pions and neutrons 
• The first step is to find the vacuum about which to expand. 

𝜋2 = 𝜙 2𝑓* 𝑈 = 𝑒(67(5 0
0 𝑒8(67(5

• The potential comes from the term 

𝑉 = −𝑎𝑓*,Tr
𝑚-𝑒589 0
0 𝑚.𝑒58:

𝑈 + h.c. = −2𝑎𝑓*, 𝑚-cos 𝜙 +
‾8
"
+𝑚.cos 𝜙 −

‾8
"

�̅� = 𝜃 + 𝜃% + 𝜃& .  (only physical quantity)

• The minimum of this potential can be found to be 

tan𝜙 =
𝑚- −𝑚.
𝑚- +𝑚.

tan
‾𝜃
2 , 	𝑉 = −𝑚*

"𝑓*" 1 +
4𝑚-𝑚.
𝑚- +𝑚.

" sin
"
‾𝜃
2

• The pion masses are 

𝑚*1
" = 𝑎𝑓* 𝑚-

" +𝑚.
" + 2𝑚-𝑚. cos �̅� ,𝑚*±

" = 𝑎𝑓* 𝑚- +𝑚.

It is an observed 
fact that 𝑚(: ≈
𝑚(;, giving the 
first indication 
that ‾𝜃 ≈ 0.
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The theory of neutrons 
• We can thus construct a nucleon field N 

𝑁 = 𝑞𝑞𝑞 = 𝑝
𝑛

• Write down all of the leading-order terms with arbitrary coefficients 

ℒ = −𝑚<𝑁𝑈+𝑁% − 𝑐=𝑁𝑀𝑁% − 𝑐"𝑁𝑈+𝑀+𝑈+𝑁% −
𝑖
2
𝑔) − 1 b𝑁+𝜎$𝑈𝜕$𝑈+𝑁 +𝑁%,+𝜎$𝑈+𝜕$𝑈𝑁%	]

• Expanding these terms out to leading order in pions, the leading CP related terms are  

ℒ = − ‾𝜃
𝑐#𝜇
𝑓*

𝜋0𝑁𝜏0𝑁% − 𝑖
𝑔)𝑚<
𝑓*

𝜋0𝑁𝜏0𝑁%, 	𝜇 =
𝑚-𝑚.
𝑚- +𝑚.

CP Violating CP   Conserving

In Weyl notation, CP difference is that coupling is real or not. In Dirac notation, the 
difference will be 𝛾S

Experiments tell us: 𝑐# ≈ 1.7, 𝑔) ≈ 1.27
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Neutrons  eDM
• The matrix element of the Feynman diagram is (Dirac Notation)

𝑖𝑀 ≈
𝑒 ‾𝜃𝑔)𝑐#𝜇log

Λ"
𝑚*
"

4𝜋"𝑓*"
𝜀$∗(𝑞) ‾𝑢 𝑝3 𝛾$@𝑞@𝑖𝛾A𝑢(𝑝)

• Let us now pretend that the neutron has an eDM in the Lagrangian

ℒ ⊃ 𝑑B𝐹$@ ‾𝑛𝛾$@𝑖𝛾A𝑛

• This would correspond to a diagram with the matrix element
𝑖𝑀 = 2𝑑B𝜀$∗ 𝑞 m𝑢 𝑝3 𝛾$@𝑞@𝑖𝛾A𝑢 𝑝

𝑑B =
𝑒 ‾𝜃𝑔)𝑐#𝜇
8𝜋"𝑓*"

log
Λ"

𝑚*
" ∼ 3×10

/=C ‾𝜃	e	cm

• Comparing 𝑑' to the bounds on the neutron eDM gives ‾𝜃 ≲ 10)*T 13

Λ = 4𝜋𝑓,
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The 𝜽  Vacua
• If we start with the Lagrangian ℒ ⊃ − *

W
𝐺- + HXDE

+-(E
𝐺�̃�and calculate the Hamiltonian ℋ, 

we find that it is independent of 𝜃. 

• A given state evolves with time can be calculated with 𝑒GYZ 𝑥G  also independent of 𝜃. This 
is the first puzzle 

• We also can the physical quantities use the principle of lease action:

𝑥[ 𝑒GYZ 𝑥G = ∫\F
\G𝑑[𝑥]𝑒G]

• This can be done as following relationship:

𝐺�̃� = 𝜕 𝐾^ , 	𝐾^ = 𝜖^_`a𝐴_b 𝐹 a
b − X

+
𝑓bcd𝐴`c𝐴ad .

• What is of interest is the action, which is the integral over all space of the Lagrangian 

S = ∫ 𝑑W𝑥ℒ ⊃ ∫ 𝑑W𝑥 HXDE

+-(E
𝐺�̃� = b∫ 𝑑+𝑥 HXDE

+-(E
𝐾f̂

f→g
 

Thus, if 𝐾 vanishes faster than 1/𝑟+ at infinity, then this quantity will integrate to zero and 𝜃 
cannot have any physical effect. This is the second puzzle. 
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The 𝜽  Vacua

The key to resolving the two puzzles: Instantons and the vacuum structure of QCD

1. Answer to the first puzzle:
θ appears in the Hamiltonian formalism as a super-selection rule. So, although it does 
not explicitly appear in the Hamiltonian expression, it determines the choice of physical 
states.

2. Answer to the second puzzle:
There exist certain finite-energy field configurations (instantons) for which K∼1/r3, 
making the surface term at infinity non-zero. As a result, the θ term indeed has an effect 
on physical quantities.



16

The 𝜽  Vacua
• We want a system with finite energy, so as r → ∞, we need the gauge field to become pure 

gauge so that the E and B fields vanish : 
𝑟 → ∞,	𝐴^ → 𝑈𝜕 𝑈h

• Means mappings between the gauge group SU(3), and the sphere at infinity S3 are equivalent 
𝜙* → 𝑛𝜙-

• With n is the winding number, which of any given gauge configuration can be determined by 

∫ 𝑑W𝑥
1

32𝜋- 𝐺�̃� = 𝑛* − 𝑛-
• Now we will find the eigenstates of the Hamiltonian, with the vacuum is the lowest energy 

eigenstate. The matrix that we are diagonalizing is called a circulant matrix and is of the form 

1 2 3 ⋯ 𝐷 − 1 ⋅

𝐸 𝜖* 𝜖- ⋯ 𝜖i)*
𝜖i)* 𝐸 𝜖* 𝜖- ⋯
⋅ ⋅ ⋅ ⋅ ⋅
𝜖* 𝜖- ⋯ 𝜖i)*

⋅

1
2
3
⋯

𝐷 − 1
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The 𝜽  Vacua
• The eigenvectors are 

1,𝑤j , 𝑤j-, ⋯𝑤ji)* , 	𝑤j = 𝑒-(Gj/i

• The eigenstates of the Hamiltonian for 𝐷 → ∞, are 

|𝜃⟩ = 𝑁∑𝑒GH'|𝑛⟩
• θ is what is called a super-selection rule. Because it is impossible to transition from one 

value of θ to another. We note that 

⟨𝜃|𝒪|𝜃⟩ 	= ∑l,'𝑒GH(l)')⟨𝑚|𝒪|𝑛⟩ = ∑p,'𝑒GHp⟨𝑛 + Δ|𝒪|𝑛⟩ = ∑p,'𝑒
GH∫ rH\ *

+-(Ess̃⟨𝑛 + Δ|𝒪|𝑛⟩

	= ∑p∫ 𝑑𝐴𝑒
G∫ rH\ℒt H

+-(Ess̃𝛿 Δ − ∫ 𝑑W𝑥
1

32𝜋- 𝐺�̃� = ∫ 𝑑𝐴𝑒G∫ r
H\ℒt H

+-(Ess̃

Hence choosing the θ vacua in the Hamiltonian is completely equivalent to having the θ term 
in the Lagrangian. 



• Strong CP problem

• Axion solution to strong CP problem
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• Axion Dark matter searches

Outline

18



Solution to strong CP problem——massless quark 

• The only physical quantity is �̅� = 𝜃 + 𝜃u + 𝜃r
anomalous symmetries:

𝑢 → 𝑒56𝑢,	𝜃- → 𝜃- − 𝛼, 	𝜃 → 𝜃 + 𝛼

𝑑 → 𝑒56𝑑,	𝜃. → 𝜃. − 𝛼, 	𝜃 → 𝜃 + 𝛼 

New anomalous symmetries:

𝑢 → 𝑒56𝑢, 𝜃 → 𝜃 + 𝛼

𝑑 → 𝑒56𝑑,	𝜃. → 𝜃. − 𝛼, 	𝜃 → 𝜃 + 𝛼 

Up quark is massless

No �̅�, So CP symmetry, 
no neutron eDM, 
Strong CP problem Solved An alternate way of the massless up quark solution 

𝑚- < 10/=2𝑚. Experiment ruled out (Lattice)

Other solutions, such as P or CP is good symmetry to forbide neutron eDM, is not good as CKM is observed to be large. 19

ℒ ⊃ 𝑚u𝑒GHI𝑢𝑢d +𝑚r𝑒GHJ𝑑𝑑d +
𝜃𝑔v-

32𝜋- 𝐺�̃�
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Solution to strong CP problem

• If ‾𝜃 is set to 0 at some high scale and the EFT to low energies is just the SM, then ‾𝜃 will still 
be very small at low energies, thus it can be effectively ignored.

• It must also respect the 𝑆𝑈(3)w×𝑆𝑈(3)uK×𝑆𝑈(3)rK flavor symmetries of the SM. Thus,

𝛽‾H = 𝑔-argTr𝑌uW𝑌rW𝑌u-𝑌r-

• It is important to note that θ is a topological parameter that does not appear in 
perturbation theory. Instead, it the phase of the quark masses that evolves with RG.

RG Running:
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Solution to strong CP problem—Parity
• If parity were a good symmetry of nature, then the neutron eDM would be zero.

𝑃: 𝑆𝑈(2)I ↔ 𝑆𝑈(2)J , 	𝑄I ↔ 𝑄J
h, 	𝐻I ↔ 𝐻J

h, 	𝐿I ↔ 𝐿J
h ,

• The 𝜃 term is P and CP odd and is forbidden by parity, while the Yukawa are of the form

ℒ ⊃ yIwLYLwMYM
zI

+ yJwLYL
NwMYM

N

zJ
+ h.c.

• Under parity, the Yukawa matrices obey

𝑌u =
𝑦u𝑣J
Λu

= 𝑌u
h, 	𝑌r =

𝑦r𝑣J
Λr

= 𝑌r
h

• Hermitian matrices obey arg det Y = 0, but their individual elements can be complex.
‾𝜃 = 𝜃 + arg det 𝑌u + arg det 𝑌r = 0

All of the nice properties of the parity solution are preserved with this type of breaking and the 
Strong CP problem is solved. Thus the simplest parity solution to the Strong CP problem is on par 
with the axion in its simplicity.
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Solution to strong CP problem—CP
• Solutions to the Strong CP problem that utilize CP symmetry are typically called Nelson-Barr 

models. The tree-level Lagrangian under consideration is

ℒ = 𝜇𝑞𝑞d + 𝑌Gj𝐻𝑄G𝑑jd + 𝐴Gb𝜂b𝑑Gd𝑞
• The 4 X4 mass matrix for the quarks is then

𝑀 = 𝜇 𝐴𝜂
0 𝑚r

• where 𝑚r = 𝑌𝑣 is the 3×3 down quark mass matrix. It is simple to check that at tree level 
arg det 𝑀 = 0, while the CKM phase is non-zero and large if 𝜇 ≲ 𝐴𝜂. By fiddling with the size 
of various Yukawa couplings, loop-level corrections to ‾𝜃 can be made small.

Even more so than parity-based solutions, CP-based solutions are very fragile, as many 
coincidences of scales are needed for the CKM angle to be large.



Solution to strong CP problem——QCD Axion

• The EFT consists of a single new particle, the axion (𝑎), and a single new coupling 𝑓b

ℒ ⊃
𝑎
𝑓0
+ 𝜃

1
32𝜋" 𝐺

)𝐺

• The axion obeys an anomalous symmetry 
𝑎 → 𝑎 + 𝛼𝑓0, 	𝜃 → 𝜃 − 𝛼

• every non-derivative interaction of the axion can be obtained by observing that wherever 
we have a coupling 𝜃, we can replace it with 𝜃 + 𝑎/𝑓b. 

• UV completions of the QCD axion will occasionally generate other couplings, (To quark 
coupling can be generated by RG evolution) 

ℒ ⊃
𝑎
𝑓O

1
32𝜋" 𝐵

)𝐵 +
𝑎
𝑓P

1
32𝜋"𝑊

t𝑊 +
𝜕$𝑎
𝑓Q

𝑄+𝜎$𝑄
23

Axion is typically considered to be the simplest solution to the Strong CP problem, though the 
minimal parity-based solution gives the axion EFT a run for its money.



QCD Axion Solution to strong CP problem

• Using our trick from before, we find that the axion potential is 

𝑉 = −𝑚,
*𝑓,* 1 −

4𝑚%𝑚&

𝑚% + 𝑚&
* sin

*
‾𝜃
2 V = −𝑚*

"𝑓*" 1 − 7R9R:
R9#R: ; sin"

0
"1<

+
S8
"

 

𝑑B ∝
𝑎
𝑓0
+ �̅� = 0

• To solve strong CP problem

𝑑B =
𝑒 ‾𝜃𝑔)𝑐#𝜇
8𝜋"𝑓*"

log
Λ"

𝑚*
" ∼ 3×10

/=C ‾𝜃	e	cm

• QCD axion mass relationship, expand V at the minimal potential, with small a/fa

V = −𝑚*
"𝑓*" +

1
2

𝑚-𝑚.
𝑚- +𝑚.

"
𝑚*
"𝑓*"

𝑓0"
𝑎" 𝑚0 =

𝑚*𝑓*
𝑓0

𝑚-𝑚.
𝑚- +𝑚.

≃ 5.7
10="GeV

𝑓0
𝜇eV

24
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Axion Quality Problem
• There is a very well-defined anomalous symmetry associated with the axion coupling, there 

is no symmetry associated with it. This lack of proper symmetry properties generates two 
issues that together are called the axion quality problem:

1. Because the axion has no symmetry properties, thus the axion also has a host of other 
couplings. Thus we need UV complete model.

2. Even if one imposes the anomalous symmetry, gravitational effects will break it and the 
axion will obtain a separate mass term that is not centered around a zero neutron eDM, 
which reintroduces the problem. 



UV completion model of QCD Axion
• A complex scalar Φwith an approximate 𝑈(1)�w symmetry, a is pseudo-Goldstone boson 

Φ = 𝑓0 + 𝑟 𝑒5 ⁄0 1<

• The Lagrangian related to Φ and q  is 

𝑉 = −𝑚"ΦΦ+ + 𝜆 ΦΦ+ " + 𝑦Φ𝑞𝑞% + h.c.

• After we redefine 𝑞� = 𝑞𝑒Gb/[U, the axion will appear in the 𝐺�̃� coupling due to the anomaly

QP 1) The couplings 𝜀𝑞𝑞d and 𝜀-Φ-will break the anomalous 𝑈(1)�w symmetry. This generate

𝑉 ∼ 𝜀"𝑓0"co s
0
1<
+𝜙  requires it small thus,  𝜀 ≲ 10/=VGeV

QP2) Gravity breaks this anomalous symmetry,  which induces higher dimensional operators

𝑉 ∼ W=

X>=?@
∼ 1<=

X>=?@
co s 0

1<
+𝜙B  requires 𝑛 ≳ 14

26
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Solving the Axion Quality Problem
• More plausibly, the accidental U(1)PQ symmetry could result from chiral gauge theories in 

much the same way that U(1)B−L is an accidental symmetry of the renormalizable SM. 

• The lowest-dimensional operator we can write down that violates this accidental 𝑈(1)�w 
symmetry is

ℒ ⊃
𝑄*A𝑄BA

𝑀C
DA8B ∼

𝑓EDA

𝑀C
DA8B cos

𝑎
𝑓E
+ 𝜙

• By taking the gauge group M ≥ 5, we can suppress higher-dimensional operators enough 
that the axion still solves the Strong CP problem .
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Axion-full theory
• Two classes of "invisible axion" models:

1. KSVZ: New scalar doublet + heavy quarks
2. DFSZ: New two scalar doublet model

• Useful benchmarks: 



Variations of QCD Axion- Couplings

ℒ ⊃
𝑎
𝑓0
+ 𝜃

1
32𝜋" 𝐺

)𝐺 +
𝑎
𝑓O

1
32𝜋" 𝐵

)𝐵 +
𝑎
𝑓P

1
32𝜋"𝑊

t𝑊 +
𝜕$𝑎
𝑓Q

𝑄+𝜎$𝑄

=
𝑎
𝑓0
+ 𝜃

1
32𝜋"

𝐺 )𝐺 +
𝜕$𝑎
𝑓Q

𝑄+𝜎$𝑄 +
𝑔0YY𝑎
4

𝐹�̃�

• Recall the QCD axion Lagrangian

• 𝑔b�� can be much larger than1/𝑓b

𝑔0YY =
𝛼
2𝜋

1
𝑓Z[

−
1.92 4
𝑓0

• 𝑓w can be within a loop factor of 𝑓b because of RG evolution. But it also can be larger 

In principle, 𝑔b�� and 𝑓w can be extra free paramters as 𝑓b   
29



Variations of QCD Axion- Mass
• Introduce a new confining gauge group to which the axion couples 

𝑎
𝑓0
+ 𝜃

𝑔!"

32𝜋"
𝐺 )𝐺 +

𝑎
𝑓0
+ 𝜃3

𝑔!3"

32𝜋"
𝐺3 )𝐺3

‾𝜃 ≈ ‾𝜃� up to 10)*T to solve the Strong CP problem. 𝑍-symmetry which keep these 
two angles same. After this symmetry breaking, axion get higher mass. 

• The axion non-linearly realizes the 𝑍� symmetry and interacts with N copies of QCD

ℒ = ∑\
𝑎
𝑓 +

2𝜋𝑘
𝑁 + 𝜃 𝐺\�̃�\

𝑚0 𝑁
𝑚0 𝑁 = 1 ∼

4
2 ⁄< "

makes the axion mass exponentially lighter 

In principle, 𝑚b can be free paramters as 𝑓b   
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Axion Effective Lagrangian in QCD
• Axion effective Lagrangian for 2-flavor QCD

ℒ0 =
=
"
𝜕$𝑎

" + 0
1<

]F;

,"*;
𝐺�̃� + =

7
𝑔0Y2 𝑎𝐹�̃� +

^G0
"1<

𝑐_2 ‾𝑞𝛾$𝛾A𝑞 − ‾𝑞&𝑀_𝑞' + h.c. .

• We could use field transformation to solve the strong CP provlem:

𝑞 → 𝑒5YH
0
"1<

Q<𝑞 −𝑔!"
Tr𝑄0
32𝜋"

𝑎
𝑓0
𝐺�̃�

• Then the Lagrangian becomes 

𝑔EI = 𝑔EIJ − 2𝑁'
𝛼

2𝜋𝑓E
Tr 𝑄E𝑄* 	

𝑐K = 𝑐KJ − 𝑄E

𝑀E = 𝑒(
E
*+!

L!𝑀K𝑒
( E*+!

L! ,

ℒ0 =
=
"
𝜕$𝑎

" + =
7
𝑔0Y𝑎𝐹�̃� +

^G0
"1<

‾𝑞𝑐_𝛾$𝛾A𝑞 − ‾𝑞&𝑀0𝑞' + h.c.

𝑄E = 𝑀K
8//Tr𝑀K

8/
𝑔EI = 𝑔EIJ −

𝛼
2𝜋𝑓E

2
3
4𝑚& + 𝑚%

𝑚% + 𝑚&
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Axion Effective Lagrangian to Pions
• Axion chiral Lagrangian for poins and axions

ℒE
MNO =

𝑓,*

4
Tr 𝐷!𝑈 P𝐷!𝑈 + 2𝐵JTr 𝑈𝑀E

P + 𝑀E𝑈P +
𝜕!𝑎
2𝑓E

i
4
𝑓,*Tr 𝑐K𝜎E Tr 𝜎E 𝑈𝐷!𝑈P − 𝑈P𝐷!𝑈

Only include iso-triplet contributions

• Expanding the iso-triplet current terms:

𝜕$𝑎
2𝑓0

1
2Tr 𝑐_𝜎

0 𝐽0
$ ≃ −

1
2
𝑚. −𝑚-
𝑚- +𝑚.

+ 𝑐.2 − 𝑐-2
𝑓*
𝑓0
𝜕$𝑎𝜕$𝜋2

                                        + =
,

R:/R9
R9#R:

+ 𝑐.2 − 𝑐-2
=

1<1-
𝜕$𝑎 2𝜕$𝜋2𝜋#𝜋/ − 𝜋2𝜕$𝜋#𝜋/ − 𝜋2𝜋#𝜕$𝜋/

• axion-pion coupling 

𝐶0* = −
1
3 𝑐-2 − 𝑐.2 −

𝑚. −𝑚-
𝑚- +𝑚.
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Axion Effective Lagrangian to nucleon
• The LO effective axion-nucleon Lagrangian reads 

• Above Lagrangian can be simplified based on 𝑔L = Δ𝑢 − Δ𝑑 and 𝑔Tur = Δ𝑢 + Δ𝑑 

ℒ< ⊃
𝜕$𝑎
2𝑓0

𝑐- − 𝑐.
2 (Δ𝑢 − Δ𝑑) ‾𝑝𝛾$𝛾A𝑝 − ‾𝑛𝛾$𝛾A𝑛 +

𝑐- + 𝑐.
2 (Δ𝑢 + Δ𝑑) ‾𝑝𝛾$𝛾A𝑝 + ‾𝑛𝛾$𝛾A𝑛

      =
^G0
"1<

‾𝑁𝐶0<𝛾$𝛾A𝑁

ℒ< = �𝑁𝑣$𝜕$𝑁 + 2𝑔)
𝑐- − 𝑐.
2

𝜕$𝑎
2𝑓0

�̅�𝑆$𝑝 − m𝑛𝑆$𝑛 + 2𝑔2-.
𝑐- + 𝑐.
2

𝜕$𝑎
2𝑓0

�̅�𝑆$𝑝 + m𝑛𝑆$𝑛 +⋯ ,

𝐶0` 	= −
𝑚.

𝑚- +𝑚.
Δ𝑢 +

𝑚-
𝑚- +𝑚.

Δ𝑑 + 𝑐-2Δ𝑢 + 𝑐.2Δ𝑑,

𝐶0B 	= −
𝑚-

𝑚- +𝑚.
Δ𝑢 +

𝑚.
𝑚- +𝑚.

Δ𝑑 + 𝑐.2Δ𝑢 + 𝑐-2Δ𝑑

• where Δ𝑢 = 0.897(27), Δ𝑑 = −0.376(27) and 𝑚u
��(2GeV)/𝑚r

��(2GeV) = 0.48(3)33



Axion Effective Lagrangian to Electron
• The LO effective axion-electron Lagrangian reads 

𝛿𝑐a =
3𝛼"

4𝜋"
𝐸
𝑁 log

𝑓0
𝜇bc

−
2
3
4𝑚. +𝑚-
𝑚- +𝑚.

log
Λd
𝜇bc

ℒa = 𝐶EQ
𝜕!𝑎
2𝑓E

‾𝑒𝛾!𝛾R𝑒 	 with.	 𝐶EQ = 𝑐QJ + 𝛿𝑐Q

• Where 𝐸/𝑁 is related to 𝑔b�T , tipically, Λ� ≃ 1GeV, 𝜇�� = 𝑚�

• The relevant one-loop diagram is logarithmically divergent, and can be understood as an 
RGE effect on the 𝐶b� coefficient from the PQ scale down to the IR scale 𝜇��
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Summary of (QCD) Axion
• The relation between the axion mass and the axion decay constant 

𝑚0 = 5.691(51)
10="GeV

𝑓0
𝜇eV

• The axion interaction Lagrangian 

ℒ0efg ⊃
𝛼
8𝜋

𝐶0Y
𝑓0

𝑎𝐹�̃� + 𝐶01
𝜕$𝑎
2𝑓0

‾𝑓𝛾$𝛾A𝑓 +
𝐶0*
𝑓0𝑓*

𝜕$𝑎[𝜕𝜋𝜋𝜋]$

𝐶EI =
𝐸
𝑁 − 1.92(4)

𝐶EC = −0.47(3) + 0.88(3)𝑐%J − 0.39(2)𝑐&J − 𝐶E, sea ,
𝐶ET = −0.02(3) + 0.88(3)𝑐&J − 0.39(2)𝑐%J − 𝐶E, sea ,

𝐶E, sea = 0.038(5)𝑐UJ + 0.012(5)𝑐'J + 0.009(2)𝑐VJ + 0.0035(4)𝑐WJ,

𝐶EQ = 𝑐QJ +
3𝛼*

4𝜋*
𝐸
𝑁 log

𝑓E
𝑚Q

− 1.92(4)log
GeV
𝑚Q

,

𝐶E, = 0.12(1) +
1
3 𝑐&J − 𝑐%J ,

Question: Could axion 
has CP violation 
couplings to fermions,
such as 𝑎 ̅𝑓𝑓?
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• Strong CP problem

• Axion solution to strong CP problem

• Axion Cosmology

• Axion Direct searches

• Axion Dark matter searches

Outline
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Axion Cosmology 

• Reheating temperature of universe?
• All we know is 𝑇JY > MeV
• Axion physics depends on if 𝑇JY > 𝑓b or 𝑇JY < 𝑓b 

• Radiation Doninant:𝑅 ∝ 𝑡*/-
• Matter Dominant:𝑅 ∝ 𝑡-/+
• Vacuum Energy: 𝑅 ∝ 𝑒YZ



38

Axion Evolutin 

• Consider scalar with mass, 𝑚b

• Scalar action,

𝑆 ⊃ � 	 𝑑W𝑥 −𝑔
1
2𝑔

^_𝜕 𝜙𝜕_𝜙 −𝑚�
-𝜙-

𝑔^_ = diag(1,−𝑅,−𝑅,−𝑅)

• Euler-Lagrange equation of motion 𝐻 = �̇�/𝑅 ∼ 𝑇-/𝑀��  :

�̈� + 3𝐻�̇� +𝑚b
- 𝑡 a = 0
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• For 𝐻 ≫ 𝑚b ⇒ field is stuck:
�̈� + 3𝐻�̇� ≃ 0	 ⇒ 	a = 𝑎T

• For 𝐻 = 0:⇒ harmonic oscillator
𝑎 𝑡 = 𝑓b𝜃Tcos 𝑚b𝑡

• For 𝐻 ∝ 𝑡)*

a(𝑡) = 𝑓b𝜃T 𝑅/𝑅T +/-cos 𝑚b𝑡
• The energy density at time of transition is:

𝜌T ∼ 𝑉 𝑎T ∼ 𝑚b
-𝜃T-𝑓�-

• After field gets unstuck it undergoes (damped) oscillations
𝜌 ∝ 𝑅)+

Axion Evolutin 



40

Axion Relic Abundance 
• The axion number density 

𝑛b 𝑇J =
𝜌b 𝑇J
𝑚b

= 𝑛b 𝑇J
𝑅 𝑇J
𝑅(𝑇)

+

∼ 𝜃G-𝑓b-𝑚b
𝑇J
𝑚b𝑚��

+

• At 𝑇J the entropy density is 𝑠 = -(E

WS
𝑔∗] 𝑇J 𝑇J+. The entropy density scales with the scale 

factor as 𝑠 ∝ 𝑅)+

𝑅 𝑇J
𝑅 𝑇T

+

=
𝑔∗v 𝑇T
𝑔∗v 𝑇J

𝑇T
𝑇J

+

• where 𝑇T < 𝑇J is the temperature at a later epoch, for example today or matter radiation 
equality. The energy density at 𝑇T is thus

𝜌b 𝑇T = 𝜌b 𝑇J
𝑔∗v 𝑇T
𝑔∗v 𝑇J

𝑇T
𝑇J

+
∼ 𝜃G-

𝑓b-𝑚b
-

𝑚b𝑚��
+/- 𝑇T

+
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Axion Relic Abundance 
• Oscillate temperature:

3𝐻 𝑇 ¡¢ ≈ 𝑚b 𝑇 ¡¢  , with𝐻 𝑇 ¡¢ ∼ 𝑇 ¡¢- /𝑚��. 

• Axion energy density at matter radiation equality 

𝜌b 𝑇�� =
𝑚b

𝑚b 𝑇 ¡¢
𝜌b 𝑇 ¡¢

𝑔∗v 𝑇��
𝑔∗v 𝑇 ¡¢

𝑇��
𝑇 ¡¢

+

• With 𝜌b 𝑇 ¡¢ ≈ *
-
𝑚b 𝑇 ¡¢ -𝑓b-𝜃G- , and the oscillation temperature is 

𝑇 ¡¢ ∼ 𝑚b𝑚��Λ'
*/('t-) ∼ GeV

10*-GeV
𝑓b

T.*

• The Axion relic abandunce is(with 𝜌tot = 3𝐻T-𝑀¤�
- = 8.07×10)**ℎ-eVW ) 

Ωbℎ- ∼ 0.1𝜃G-
𝑓b

3×10**GeV

*t *
't-

∼ 0.1𝜃G-
𝑓b

3×10**GeV

*.*



• Strong CP problem

• Axion solution to strong CP problem

• Axion Cosmology

• Axion Direct searches

• Axion Dark matter searches

Outline
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Axion search

Limits on the axion established by cosmology and astrophysics. 

43
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Axion and ALP Nature source

Dark Matter

Dark Radiation

Solar ALPs

Supernova ALPs 
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Axion and ALP Production in Lab

ℒ¥¦¤) int. = 	−
𝑔b�
4 𝐹 _ £𝐹^_𝑎 − 𝑎∑§𝑔b§ 𝑖 ‾𝜓𝛾S𝜓 − 𝑎𝐹 _∑§

𝑔b§�
2 𝑖 ‾𝜓𝜎^_𝛾S𝜓 +⋯

	
                              − ‾XUh

W
𝐹 _𝐹^_𝑎 − 𝑎∑ ‾𝑔b§( ‾𝜓𝜓)

• Because of the interaction between SM particles to ALPs:

• Make use of the relationship 

𝐹 _ £𝐹^_ = −4 𝐸 ⋅ 𝐵 , 𝑗§T = ⟨ ‾𝜓𝜓⟩, 𝑗§S = 𝑖 ‾𝜓𝛾S𝜓

• The equations of motion for an axion/ALP field 

☐+𝑚b
- 𝑎 = 𝑔b�(𝐸 ⋅ 𝐵) − ∑§ 𝑔b§𝑗§S + ‾𝑔b§𝑗§T +..



Axion search -LSW

ℒEXYZ ⊃
𝛼
8𝜋

𝐶EI
𝑓E

𝑎𝐹�̃� = 𝑔EI𝑎 𝐸 ⋅ 𝐵

• Because of the interaction between SM Photon to axion:

• The probability of LSW experiment is 

𝑃I→E 𝐵, 𝑙, 𝑞	 =
1
4
(𝑔EI𝐵𝑙)*

sin 1
2 𝑞𝑙

1
2 𝑞𝑙

*

• The probability of 𝛾 → 𝑎 is 

𝑎 𝑎

𝒫 𝛾 → 𝑎 → 𝛾 = 𝑃 𝑃i

q = 𝜅I − 𝜅E ∼ ⁄𝑚E
* 2𝜔
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Axion search - Helioscopes

ℒEXYZ ⊃
𝛼
8𝜋

𝐶EI
𝑓E

𝑎𝐹�̃� = 𝑔EI𝑎 𝐸 ⋅ 𝐵

• The interaction between SM Photon to axion:

𝑃E→I =
𝐵𝑔EI
2

* 1
𝑞* + Γ*/4

³1 + 𝑒8\] − 2𝑒8\]/*cos(𝑞𝐿)]

• The probability of 𝛾 → 𝑎 is 

𝑞 =
𝑚I
* −𝑚E

*

2𝐸E
	 , 𝑚I eV =

4𝜋𝛼𝑁Q
𝑚Q

≈ 28.9
𝑍
𝐴
𝜌

kg
mD

• In Vacuum (Γ = 0,𝑚� = 0), 

𝑃E→I =
/
B
(𝑔EI𝐵𝑙)*

_XY #
$K`

#
$K`

*

• Coherence condition: qL < 𝜋 𝑞𝐿 < 𝜋 ⇒ 𝑚Y
" −

2𝜋𝐸0
𝐿 < 𝑚0 < 𝑚Y

" +
2𝜋𝐸0
𝐿

• Expected number of photons: NY = Φ0 ⋅ A ⋅ P0→Y 47



Helioscope: solar axion production
• The axion produced in the Sun via photon, electron or nucleon interactions

Axions with masses in the multi-meV mass range can play a noticeable role in stellar
evolution, in particular in the cooling of compact objects such as red-giant cores [27, 28],
white dwarfs [29–32], supernova cores [34–37] and neutron stars [38, 39]. In fact, the most
restrictive limits on the axion couplings to nucleons, photons and electrons come from the
reasonable agreement of astronomical observations with standard stellar-cooling mechanisms:
photon surface cooling and neutrino emission from dense cores. Axion emission can speed
up enormously stellar cooling and spoil badly this agreement — hence the strong and robust
bounds — but it can also be used to reduce slight discrepancies between observations and
predictions. Such are the cases for white dwarfs [32, 40, 41] and red-giant stars in the
globular cluster M5 [28], where small discrepancies can be mitigated by introducing axions
with a Yukawa coupling to electrons gae ∼ 10−13, a natural value for meV-mass axions. Let
us recall that in all mentioned cases, the preference for anomalous cooling is statistically not
very significant and might be due to unaccounted systematics or neglected standard effects.
Clearly, the situation will benefit from direct experimental verification and here, the Sun and
IAXO might be our best allies.

A prime theoretical input for helioscopes is the solar axion flux. The solar interior
is a well-understood weakly coupled plasma which permits relatively precise calculations
of axion production reactions. The most important parameters that determine the axion
flux are the axion-two-photon coupling and the axion-electron coupling. The first drives
the Primakoff production of axions in photon collisions with charged particles of the solar
plasma, γ + q → a + q, and has been thoroughly studied [71–73]. The Primakoff flux is
dominant in hadronic axion models such as the KSVZ [6, 7] where the axion-electron coupling
is absent at tree level. In generic models, the axion-electron coupling can appear at tree level,
and in grand unified theories (GUTs) is unavoidable. The axion-electron coupling drives a
number of reactions of comparable importance that completely overshadow the Primakoff
flux in non-hadronic axion models. The most important are the ABC reactions: Atomic
axio-recombination [74–76] and Atomic axio-deexcitation, axio-Bremsstrahlung in electron-
Ion [72, 77, 78] or electron-electron collisions [72], Compton scattering [79–81], see figure 1
for a sample of Feynman diagrams.

Compton

γ

e

axio− deexcitation

I∗
I

a

axiorecombination

e

I I−

a

Primakoff

γ

e, I

a

e

I
e− I bremsstrahlung

e

e− e bremsstrahlung

a

e

a a

Figure 1. ABC reactions responsible for the solar axion flux in non-hadronic axion models.

The axion flux from ABC processes has received less attention than the Primakoff. After
its identification by Krauss, Moody and Wilczek [78] it became clear that electron-Ion (mostly

– 2 –

• Primakoff process:

48



Helioscope: solar axion detection
• Axion-electric effect

• keV axions are absorbed  by electrons

L � �gae
@µa

2me
ē�µ�5e�

1

4
ga�aFµ⌫ F̃

µ⌫ (1)
<latexit sha1_base64="I64Nj5DwuxGL1I1B4LKuzUshCCE=">AAACqHicbVFdi9QwFE3rx67j16iPvgSHBREc2lkXfVwUFkEfRtjZWZnMltv0TjdskpYkFYbQ3+Z/8M1/Y9qOorteCBzOuZ8neS2FdUnyM4pv3b5zd2//3uj+g4ePHo+fPD2zVWM4LnglK3Oeg0UpNC6ccBLPa4OgconL/OpDpy+/obGi0qduW+NaQanFRnBwgcrG31mOpdAepCh1O2IK3CUH6T+3lNmmtuiop6yf4w0WLX1Ny8wDtpSyjQHuWQ3GCZAZUw2F1s+oyno1B+MDYCUoBRedOsDsiCLt+gz1aevftH3PQW4p0JPMh3ymm1DuhCzQn7QXf6gRQ138XjgbT5Jp0ge9CdIdmJBdzLPxD1ZUvFGoHZdg7SpNarf23RFcYnCgsVgDv4ISVwFqUGjXvjegpQeBKeimMuFpR3v27woPytqtykNmZ6S9rnXk/7RV4zbv1l7ounGo+TBo00jqKtr9Gi2EQe7kNgDgR oRdKb+E4J8Lf9uZkF4/+SY4m03Tw+nsy2xy/H5nxz55Tl6QlyQlb8kx+UjmZEF4dBB9ik6jRfwqnsfL+OuQGke7mmfkn4jzX3850Zo=</latexit>
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Including Detector Effects
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Inverse Primakoff effect
• Inverse Primakoff effect cross section

• keV photon ionizes Xe : Liquid Xenon exps can hardly distinguish keV photon 
signal from Electron Recoil

• The total event number

.'
.ka

= <b
)

.W<
cde

.k
𝐸i + .W<

Prim 
.k

𝐸i × 𝜎0→YinvPrim 𝐸i + 𝜎0a 𝐸i  

CG, JL, L-TW, X-PW, WX, Phys.Rev.Lett. 125 (2020) 13, 131806 50



Axion-Like-Particles’ Search 

ℒeff 
lmA = ∑1

𝐶11
2
𝜕$𝑎
𝑓0

‾𝑓𝛾$𝛾A𝑓 +
𝛼𝐶YY
4𝜋

𝑎
𝑓0
𝐹$n�̃�$n

           + 6ofg
"*!h%h

0
1<
𝐹$n�̃�$n +

6ogg
7*!h; %h;

0
1<
𝑍$n�̃�$n +

6oii
*!h;

0
1<
𝜖$npq𝜕$𝑊#

n𝜕p𝑊/q +⋯

• The axion-like particle Lagrangian

𝐶II = 𝐶jj + 𝐶kk 	 𝐶Il = 𝑐m* 𝐶jj − 𝑠m* 𝐶kk 	 𝐶ll = 𝑐mB 𝐶jj + 𝑠mB 𝐶kk

• The relationship among the coefficients

Γ 𝑍 → 𝛾𝑎 =
𝛼* 𝑚l 𝑚l

D

96𝜋D𝑠m* 𝑐m* 𝑓E*
𝐶Ilnoo

*
1 −

𝑚E
*

𝑚l
*

D

Γ 𝑎 → 𝑙7𝑙8 =
𝑚E𝑚`

*

8𝜋𝑓E*
𝐶``noo

*
1 −

4𝑚`
*

𝑚E
*

Γ 𝑎 → 𝛾𝛾 =
𝛼*𝑚E

D

64𝜋D𝑓E*
𝐶IInoo

*

• Extra decay widths
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ALP Search at Colliders (LHC)

• APL as LLP (Displaced vertex)

• APL as resonance (𝑎 → 𝛾𝛾, ‾𝑓𝑓, 𝑍𝛾 …)

• APL as off-shell mediator (non−resonant effects )

• APL as MET (Mono-X search)

MB, MN, AT, JHEP 12 (2017) 044
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ALP Search at future collider (CEPC)
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•Constraining 𝑎𝛾 coupling only:

• Belle-II, LEP: 𝑒7𝑒8 → 𝑎𝛾 → (𝛾𝛾)𝛾

• LHC: 𝑝𝑝 → 𝑎𝛾 → (𝛾𝛾)𝛾

• Constraining 𝑎 − 𝜇 coupling only:

• BaBar: recast 𝑒7𝑒8 → 𝜇7𝜇8𝑍4

• CMS ∶ (4𝜇): 𝑝𝑝 → 𝜇7𝜇8a

• Constraining both coupling

• CMS： ‾𝑡𝑡 + 2𝜇 : 𝑝𝑝 → ‾𝑡𝑡𝜙 → ‾𝑡𝑡 𝜇7𝜇8



Long-lived ALP Search (NA64)
• ALP production and decat at Beam-dump experiments

𝑝decay = 𝑒/
&FpR<
k<r< − 𝑒/

&qrqR<
k<r<

• ALP life-time

𝜏 =
64𝜋
𝑔EI* 𝑚E

D

Phys.Lett.B 809 (2020) 135709
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• Strong CP problem

• Axion solution to strong CP problem

• Axion Cosmology

• Axion Direct searches

• Axion Dark matter searches

Outline
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Axion DM search - Haloscopes

• Maxwell’s equation with Axion
∇ ⋅ 𝐄 = 𝜌 − 𝑔0Y𝐁 ⋅ ∇𝑎

∇×𝐁 − �̇� = 𝐉 + 𝑔0Y 𝐁�̇� − 𝐄×∇𝑎
∇ ⋅ 𝐁 = 0

∇×𝐄 + �̇� = 0
�̈� − ∇"𝑎 +𝑚0

"𝑎 = 𝑔0Y𝐄 ⋅ 𝐁.

• Axion Lagrangian:

ℒ =
1
2 𝜕$𝑎

" −
1
2𝑚0	"𝑎" −

1
4𝐹$n𝐹

$n +
1
4𝑔0YY𝑎𝐹$n

)𝐹$n

=
1
2 𝜕$𝑎

"
−
1
2𝑚0	"𝑎" +

1
2 (𝐸

" − 𝐵") − 𝑔0YY𝑎 𝐸 ⋅ 𝐵

• Euler-Lagrange equation
𝜕
𝜕𝑥$

𝜕ℒ
𝜕 𝜕$𝑎

−
𝜕ℒ
𝜕𝑎

= 0

Homework



Axion search - Haloscopes
• Maxwell’s equation with Axion

𝐄E(𝑡) = −𝑔EI𝐁Q𝑎(𝑡)

• Obvious solution:

• Detect oscillating magnetic field generated by dark matter axions in an external 
homogeneous  magnetic field 

𝐁0 =
1
𝑖𝜔∇×𝐄0 = −𝑔0Y𝐕×𝐁a𝑎

∇ ⋅ 𝐄 = 𝜌 − 𝑔EI𝐁 ⋅ ∇𝑎
∇×𝐁 − �̇� = 𝐉 + 𝑔EI 𝐁�̇� − 𝐄×∇𝑎

∇ ⋅ 𝐁 = 0
∇×𝐄 + �̇� = 0

�̈� − ∇*𝑎 + 𝑚E
*𝑎 = 𝑔EI𝐄 ⋅ 𝐁.

axion DM velocity 10/,

external magnetic field 

Axion field:	𝑎(𝑡) = 𝑎2cos 𝑚0𝑡 + 𝛿r(𝑡)
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Axion search - Haloscopes
CASPEr-electric

• spin to axion coupling: 𝐻n ∝ 𝑎𝝈 ⋅ 𝑬∗ = 𝝈 ⋅ 𝑩/∗cos(𝜔E𝑡)

• spin "feels" an effective magnetic field: 𝑩/∗cos 𝜔E𝑡 =
𝑔&𝑎J𝑬∗cos 𝜔E𝑡

CASPEr-Wind

• spin to axion coupling: 𝐻tXYu ∝ 𝝈 ⋅ ∇a = 𝝈 ⋅ 𝑩/∗cos(𝜔E𝑡)

• spin "feels" an effective magnetic field: 𝑩/∗cos 𝜔E𝑡 = ∇a

Axion property

• Dark matter density 𝜌vw ∝ 𝑎J*

• ALP compton frequancy 𝜔E = 𝑚E
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Cosmic Axion Spin Precession Experiment

Phys.	Rev.	Lett.	116,	190801	(2016)	



Haloscope: Comagnetometer for axion DM
• Bloch Equation

• Transverse EOMs (�̇�Ñ = 0 & |𝑆| ≈ 𝑆Ñ , And care only about 𝑆x = 𝑆y + 𝑖𝑆z )

• If 𝐵Ñ is constant

60

˙⃗𝑆 = 𝛾 𝐵 +
𝑏
𝛾 ×𝑆 − Γ𝑆

�̇�x = 𝑖𝛾 𝐵{ +
𝑏{(= 0)

𝛾
𝑆x − 𝑖𝛾 𝐵x +

𝑏x
𝛾

𝑆{ − Γ𝑆x

𝑆x 𝜔 = 𝑚E =
𝑏x + 𝛾𝐵x 𝜔 = 𝑚E

𝛾𝐵{ − 𝑚E + 𝑖Γ
𝑆{

• We need a way to generate 𝑆Ñ, and to measure 𝑆Õ.
Both can be achieved with optical lasers for Alkali metals: "Pump" laser polarizes the spins, "Probe" laser 
measures them
Problem: 𝑆𝑁𝑅 ∝ 𝛾, and the gyromagnetic ratio of alkali metals is large.



Haloscope: Comagnetometer for axion DM

• Alkali atoms and nobel-gas atom

• Coupled Bloch equation

61NASDUCK Collaboratiion, Published in: Nature Commun. 14 (2023) 1, 5784
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Comagnetometer in Hybrid Spin Resonance
• Spin-exchange Optical Pumping:
•1960: Bouchiat/Carver/Varnum 
(Princeton), PRL 5, 373, P=0.01%
•Now:Rb-K optical pumping P>70%

• Method: tune external B field to make 
Larmor frequency equal (HSR region)
𝜔alkali = 𝛾alkali �̂�ext + �̂�noble 
𝜔noble = 𝛾noble �̂�ext + �̂�alkali 

• Require 𝜔alkali = 𝜔noble 
𝐵HSR ∼ −𝐵noble 
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Comagnetometer HSR search on ALP DM

•Good control on photon-shot-noise and 
magnetic noise
•Sharp amplification is wasted
•Smaller amplification but with much 
wider resonance

1. Do not need to scan (e.g. 35 months)
2. Long-time measurement at single 

point to compensate amplification 
lost
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Comagnetometer HSR search on ALP DM
• Random phase in different p mode

• Signal is stochastic instead of deterministic Junyi Lee et al, 2209.03289, PRX 2023

• Signal and white background are multivariate Gaussian 
distribution Signal contains non-diagonal term



Haloscope: HSR search for ALP DM
CHANGE group, arXiv: 2306.08039
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•  The existence of an Axion-remains the most compelling solution to 
the strong CP problem
• The concomitant axions play an interesting cosmological role and 

arise naturally in theories beyond the Standard Model
• There are both ongoing and proposed experiments which in the next 

decade or so should tell us if axions exist 
1. Astrophysical Observations
2. Particle experiments for Light Axion (LSW, Solar axion Search, Axiom DM 

Search)
3. Particle experiments for heavy ALP (LHC, Beam-dump…)

Summary
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Summary


