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• Ultralight bosonic dark matter


• General ALP studies


• ALP-nucleon searches


• NMR method


• ALP DM stochastic nature


• Hybrid-Spin Resonance


• Results


• Summary
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What is the nature of dark matter?

3

Unknown matter and energy ～ 95%
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The dark matter candidate models
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1904.07915，TASI lecture

HEP at a cross-road: explore all directions!
Today’s focus
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Ultralight Bosonic Dark Matter
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• Ultralight: , ultralight due to shift symmetry (pseudo-Nambu 
Goldstone, e.g. Axion)


• Bosonic: Pauli-exclusion for fermonic DM


• Behave as classical fields ( )


• Typical models:


• Pseudo-scalar: Axion, Axion-like Particle


• Dark Scalar: dilaton like coupling


• Vector: kinetic mixing dark photon,  dark photon etc

m ≲ keV

m ≲ 𝒪(1) eV

U(1)B−L
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Ultralight Bosonic Dark Matter
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ℒALP = gag
a
fa

GG̃ + gaγ
a
fa

FF̃ + gaf
∂μa
2fa

f̄γμγ5 f

Couples to gauge bosons, fermion spins
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Ultralight Bosonic Dark Matter
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Low energy probe of high energy physics 

ma =
Λ2

qcd

fa
, mνL

=
m2

D

mR
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The detection of ultralight bosonic dark matter
• Mass ranges from ，DM exist as classical fields


• Interacting feebly with SM sector, interdisciplinary collaboration 
with Atomic Molecular Optics, Astrophysics, Astronomy and 
Cosmology 


• Various detection methods:


• Star as Laboratory：exotic energy loss （A’, ALP, S）


• Early universe CMB, Gamma ray propagation, Black Hole 
picture and polarization (ALP、A’)


• Lab resonant cavity searches:（ADMX, HAYSTAC …）(ALP, A’)


• Lab broad-band searches: (WISPDMX, Dark E-field ) (ALP, A’)


• 5th force, Equivalent Principle test （S, A’）


• DM direct detection experiments (XENONnT, PANDAX-4T, 
CDEX) (ALP, A’)


• Radio astronomy (ALP, A’)

[10−22, 103] eV
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Experimental searches is related to model and couplings

gaγγaFμνϵμναβFαβ ∼ gaγγa ⃗E ⋅ ⃗B
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The resonant searches for ALP via photon coupling
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gaγγaFμνϵμναβFαβ ∼ gaγγa ⃗E ⋅ ⃗B
• Tuning cavity resonant frequency to match axion mass

From Danho Ahn@Patras2023
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The resonant searches for ALP via photon coupling
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• The overview of 
ALP-photon 
coupling searches


• Very competitive 
field

https://cajohare.github.io/AxionLimits/
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The resonant searches of nucleon couplings

• The axion-wind Hamiltonian
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H = gaNN
∂μa
2fa

N̄γμγ5N = gaNN
⃗∇ a ⋅ ⃗σN

≈ gaNN ⃗va ⋅ ⃗σN × 2ρa sin(p ⋅ x)

• The ALP DM field
a(x, t) ≈ a0 cos(ωt − ⃗p ⋅ ⃗x + θ0)

• A Zeeman split in B field

⃗B ext

ΔE = BextμN ≈ ma

| ↑ ⟩

| ↓ ⟩
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Spin precession detection mechanisms
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Comagnetometer
• Alkali atoms and nobel-gas atom
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⾃旋交换碰撞

Fermi contact interaction and amplify

Coupled Bloch equation
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Exotic B field

Beff = λM0Pn

η ≡ Beff /bn

λ = 540 ×
8π
3

Rb-Xe

Jiang et al. Nature Physics 2021
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Comagnetometer NMR mode (Spin-base Amplifier)
• Enhanced sensitivity at resonance frequency
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Jiang et al. Nature Physics 2021

Lorenzian amplification shape
Experimental data 

Tuning  field 
Resonant frequency  Hz

B0
f0 = 19.84

Good sensitivity on  
Resonant frequency 19.84 Hzη( f ) = η( f0)

Λ/2

( f − f0)2 + (Λ/2)2

3Λ = 0.052 Hz
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Comagnetometer NMR mode (Spin-base Amplifier)
• Resonant search + scanning of f0
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Jiang et al. Nature Physics 2021

Constrain on certain frequency 
19.84 Hz

100 sec dataset: scanning time ~ 138 hour 
5 hr data estimation: ~ 25000 hr ~ 35 months

Scanning
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Complication from stochastic nature of ULDM
• Random phase in different p mode

19

 : is uniform random variable in [0, 2Pi]ϕp

 : is mean occupation number of p modeNp = ρDMVf(p)(Δp)3/ωp

• Signal is stochastic instead of deterministic

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

1905.13650, NC 2021

Junyi Lee et al, 2209.03289, PRX 2023
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Comagnetometer in Hybrid Spin Resonance: Motivation

• Motivation: good control on photon-
shot-noise and magnetic noise


• Sharp amplification is wasted


• Smaller amplification but with much 
wider resonance


• Do not need to scan (e.g. 35 
months)


• Long-time measurement at single 
point to compensate amplification 
lost

21

ChangE experiment: Kai Wei, .. JL .. et al, 2306.08039
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Comagnetometer in Hybrid Spin Resonance: Method

• Method: tune external B field to 
make Larmor frequency equal


• HSR: 


• Width  is about 100 Hz now

ωK ≈ ωNe

Γn

22

ChangE experiment: Kai Wei, .. JL .. et al, 2306.08039
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Comagnetometer sensitivity

• The sensitivity at the strongly 
coupled hybrid spin resonance 
to a y-directed magnetic field is 
0.78 fT/Hz1/2 from 28 to 32 Hz 


• Vibration noise


• Power-line noise


• Probe light noise

23
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Comagnetometer HSR search on ALP DM
• The response to ultra-light dark matter 

field  coupling with noble-gas 
nuclear spins 




• The response to magnetic field 



• The scale factor relation 



•

bn
x

Se
x = Kbn

x
bn

x

Se
x = KBy

By

KBy
= Kbn

x
ω/ω̂n

z
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Comagnetometer HSR search on ALP DM
• The response to ultra-light dark 

matter field  coupling with noble-
gas nuclear spins 




• The response to magnetic field 



• The scale factor relation 



• Search on ALP-neutron coupling gann


• The relation between nucleus 
coupling and nucleon coupling 




• Spin polarization fraction to Ne 
 and 

bn
x

Se
x = Kbn

x
bn

x

Se
x = KBy

By

KBy
= Kbn

x
ω/ω̂n

z

gaNN = ξngann + ξpgapp

ξNe
n = 0.58 ξNe

p = 0.04
28
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No
DiscardPersist

No

Persist

Characterise 
Peaks, LLR>52.1

Yes

Yes

6.8 million
test ALP masses

Both 5! ?

39 0

36600
Two Sites 

Comparison
(Dataset 1 and 2)

On/Off Pump
Comparison

Duration 
Comparison

No
62

Possible DM candidates analysis

• Two-sites comparison: Data1 = 209 hr,  
Data2 = 4 hr underground


• On/off pump comparison


• Duration comparison


• No DM signal persists

30
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Possible DM candidates analysis

• Two-sites 
comparison


• On/off pump 
comparison


• Duration 
comparison


• No DM signal 
persists!

31
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Summary
• ChangE experiments set competitive limits on ALP-nucleon couplings


• Improving ALP-proton coupling limits by 105 - 106 


• Provideing best limits on ALP-neutron couplings at ~[0.02, 0.2] Hz and [10, 200] Hz

32
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Summary
• ChangE experiments set competitive limits on ALP-nucleon couplings


• Improving ALP-proton coupling limits by 105 - 106 


• Provideing best limits on ALP-neutron couplings at ~[0.02, 0.2] Hz and [10, 200] Hz


• No DM candidates persists!


• The experiments has long duration at single working point  
Data-1 = 209 hr, Data-2 = 4 hr (underground)


• The sensitivity goes as 


• Long time data taking suffers noise shifts


• Self-compensating mode (146 hr) completes searches at [0.01, 10] Hz


• Noise suppressions play the central role in future improvements

T1/4

33Thank you!
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Backup slides
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The QCD axion and the Strong CP problem
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ℒ ⊃ −
θg2

s

32π2
GG̃ − (ūLMuuR + d̄LMddR + h . c . )

θ̄ = θ + arg [det [MuMd]]

• CP violating phase  ~ 1.2 radianθCP

• QCD induced CP violating phase, θ̄

•  is invariant under quark chiral rotation 


• According to neutron EDM experiment

θ̄

θ̄ ≲ 1.3 × 10−10 radian

• The CKM matrix from Mu,d

dn
EDM ∼ θ × 10−16 e cm

dn
exp < 10−26 e cm


