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Dark matter is a hypothesized form of matter that does not interact with 
light or other forms of electromagnetic radiation, but exerts gravitational
effects on visible matter, light, and the structure of the universe.
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in gigaelectron volts. What values could this take? The electroweak 
scale, ≈250 GeV, was one natural choice but is excluded experi-
mentally. Other scales in particle physics include the grand unified 
scale, O(1016) GeV, and the Planck scale, ∼1019 GeV, which is the 
highest scale where ordinary quantum field theory could possibly 
remain valid before quantum gravity becomes important. These 
considerations give only very rough guidance as to the value of fa 
and the mass of the axion: Below, we narrow their possible ranges.

The axion mechanism may be implemented in a wide variety of 
extensions to the Standard Model, which are the subject of much 
current research (22). In any axion model, we must introduce a new 
complex field F = ceiq, which gains a nonzero vacuum expectation 
value that breaks the PQ symmetry spontaneously. After this spon-
taneous symmetry breaking, the axion is related to the phase of F 
by a = Nfaq, where N is an integer, the “color anomaly,” which varies 
depending on the detailed realization of the PQ mechanism. Figure 3 
is shown for N = 4.

For the axion to solve the strong CP problem, the model must 
also include quarks that are charged under the PQ symmetry, which 
in turn mediate an interaction between the axion and the gluon 
force carriers of the strong nuclear force. There are two ways of 
achieving this. In one class of axion models, the Standard Model 
quarks are charged under the PQ symmetry (23, 24): These models 
have N = 6. This means that we have to add an extra Higgs doublet 
to the model to allow all of the Standard Model interactions to obey 
the PQ symmetry. In another class of models, we instead add extra 
heavy, electrically neutral quarks to the theory (25, 26). Only these 
extra quarks are charged under the PQ symmetry: The canonical 
version of this model has N = 1. The precise values of the axion’s 
mass and interaction strengths depend on these details of the model 
(see the Supplementary Materials).

Interactions
The axion does interact not only with quarks and gluons but also 
with the other particles in the Standard Model. We know that these 
interactions must be very weak for the axion to have evaded detec-
tion so far.

Particle interactions are governed by their symmetries, and the 
axion’s interactions are set by its pseudo-scalar nature. A pseudo- 
scalar field changes sign under a parity transformation, i.e., when 
looking at the universe in a mirror. If we assume that the overall 
interaction is unchanged by a parity transformation, then we find 
that only certain interactions are allowed for a pseudo-scalar 
particle. These can be expressed (schematically) by the nonrelativistic 
Hamiltonian

 H =  √ 
_

    e  0   ─  m  0        g  agg  ∫ aE · BdV +  g  aff   ℏc ∇ a ·  ̂  S  +  √ 
_

  e  0    (ℏc)   3     g  EDM   a ̂  S  · E  (5)

where a is the axion field measured in units energy; gagg is the 
axion’s coupling to photons, g (i.e., to electromagnetism), measured 
in units of inverse energy; gaff is the axion’s coupling to matter 
particles, which are fermions, f (the coupling depends on the parti-
cle in question, we write just one case for simplicity); gEDM is the 
strength of a nuclear EDM induced by the axion; E and B are 
the electric and magnetic fields; and   ̂  S   is the direction of the spin of the 
matter particle in question. e0 and m0 are the permittivity and 
permeability of free space, respectively, constants associated with 
electromagnetism; ℏ is the reduced Planck’s constant, which param-
eterizes the size of quantum effects; and c is the speed of light.

These interactions are very different from the interactions of a 
scalar particle, which can couple directly E2 − B2 (the scalar Maxwell 
term) and to the masses of matter particles. This means that light 
scalar fields can mediate extra long-range forces, and their interactions 
with Standard Model particles are therefore very tightly constrained 
by the nonobservation of these extra forces. In contrast, the couplings 
of pseudo-scalar particles to E · B and to the spins of matter particles 
(27, 28) make them much harder to detect.

What would the axion’s interactions with photons and with 
matter particles look like experimentally? Via its interaction with 
E · B, axion DM would look like an additional electrical current or 
anomalous magnetic field (29). More generally, Maxwell’s equations 
of electromagnetism are modified by the addition of the axion field. 
Further details on how axions modify Maxwell’s equations of 
electromagnetism are discussed in the companion experimental 
review. Via its coupling to nuclear and electron spins, axion DM 
would cause these spins to precess, as they would in a magnetic 
field, but now with an anomalous magnetization caused by the 
invisible presence of the axion field (30, 31).

What are the strengths of the axion’s interaction with Standard 
Model particles? How large are the coupling constants gi in the 
Hamiltonian (Eq. 5)? We know that the interactions must be very 
weak, or we would have found axions already. We expect the axion’s 
couplings to be inversely proportional to the scale of symmetry 
breaking

   g  i   ∼   1 ─  f  a       (6)

This is a consequence of one of the most fundamental ideas in 
particle physics, namely, effective field theory (32), which tells us to 
expect the axion’s interactions to scale inversely with the energy 
scale at which the symmetry giving rise to it originates. As this 
energy fa could be very high, the axion’s interactions could be very 
weak, as required by the experimental constraints. Comparing 
Eqs. 3 and 6, we see that the axion’s couplings obey

   g  i   ∝  m  a    (7)

This is true for most models of the QCD axion, whose couplings 
are generally proportional to its mass, although this relationship 
can be broken in some specific models of the QCD axion. In addi-
tion, as we will see later, the axion is just one particle in the broader 
class of ALPs discussed in more detail below. These ALPs need not, 
in general, solve the strong CP problem or couple to gluons. This 
means that their mass could take any value and need not be propor-
tional to their couplings, and the constants of proportionality differ 
wildly for different ALPs. ALPs could therefore be very weakly 
coupled and hence extremely difficult to detect experimentally. 
Alternatively, nature may provide us with more strongly coupled 
ALPs that can be detected more readily, as discussed below. By 
contrast, for a canonical QCD axion of a given mass, we can predict 
the approximate size of the couplings to Standard Model particles, 
providing a definite target for experimental searches. Further details 
are given in the Supplementary Materials.

The interaction between DM axions or ALPs with particles and 
forces in the Standard Model leads to a wide variety of ways to 
search for them. Initially, in the 1980s up to 2010 or so, experiments 
were few and far between. There was just one viable method, the 
microwave cavity haloscope, and the axion interactions are too 
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scale, ≈250 GeV, was one natural choice but is excluded experi-
mentally. Other scales in particle physics include the grand unified 
scale, O(1016) GeV, and the Planck scale, ∼1019 GeV, which is the 
highest scale where ordinary quantum field theory could possibly 
remain valid before quantum gravity becomes important. These 
considerations give only very rough guidance as to the value of fa 
and the mass of the axion: Below, we narrow their possible ranges.

The axion mechanism may be implemented in a wide variety of 
extensions to the Standard Model, which are the subject of much 
current research (22). In any axion model, we must introduce a new 
complex field F = ceiq, which gains a nonzero vacuum expectation 
value that breaks the PQ symmetry spontaneously. After this spon-
taneous symmetry breaking, the axion is related to the phase of F 
by a = Nfaq, where N is an integer, the “color anomaly,” which varies 
depending on the detailed realization of the PQ mechanism. Figure 3 
is shown for N = 4.

For the axion to solve the strong CP problem, the model must 
also include quarks that are charged under the PQ symmetry, which 
in turn mediate an interaction between the axion and the gluon 
force carriers of the strong nuclear force. There are two ways of 
achieving this. In one class of axion models, the Standard Model 
quarks are charged under the PQ symmetry (23, 24): These models 
have N = 6. This means that we have to add an extra Higgs doublet 
to the model to allow all of the Standard Model interactions to obey 
the PQ symmetry. In another class of models, we instead add extra 
heavy, electrically neutral quarks to the theory (25, 26). Only these 
extra quarks are charged under the PQ symmetry: The canonical 
version of this model has N = 1. The precise values of the axion’s 
mass and interaction strengths depend on these details of the model 
(see the Supplementary Materials).

Interactions
The axion does interact not only with quarks and gluons but also 
with the other particles in the Standard Model. We know that these 
interactions must be very weak for the axion to have evaded detec-
tion so far.

Particle interactions are governed by their symmetries, and the 
axion’s interactions are set by its pseudo-scalar nature. A pseudo- 
scalar field changes sign under a parity transformation, i.e., when 
looking at the universe in a mirror. If we assume that the overall 
interaction is unchanged by a parity transformation, then we find 
that only certain interactions are allowed for a pseudo-scalar 
particle. These can be expressed (schematically) by the nonrelativistic 
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axion’s coupling to photons, g (i.e., to electromagnetism), measured 
in units of inverse energy; gaff is the axion’s coupling to matter 
particles, which are fermions, f (the coupling depends on the parti-
cle in question, we write just one case for simplicity); gEDM is the 
strength of a nuclear EDM induced by the axion; E and B are 
the electric and magnetic fields; and   ̂  S   is the direction of the spin of the 
matter particle in question. e0 and m0 are the permittivity and 
permeability of free space, respectively, constants associated with 
electromagnetism; ℏ is the reduced Planck’s constant, which param-
eterizes the size of quantum effects; and c is the speed of light.

These interactions are very different from the interactions of a 
scalar particle, which can couple directly E2 − B2 (the scalar Maxwell 
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means that their mass could take any value and need not be propor-
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contrast, for a canonical QCD axion of a given mass, we can predict 
the approximate size of the couplings to Standard Model particles, 
providing a definite target for experimental searches. Further details 
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in gigaelectron volts. What values could this take? The electroweak 
scale, ≈250 GeV, was one natural choice but is excluded experi-
mentally. Other scales in particle physics include the grand unified 
scale, O(1016) GeV, and the Planck scale, ∼1019 GeV, which is the 
highest scale where ordinary quantum field theory could possibly 
remain valid before quantum gravity becomes important. These 
considerations give only very rough guidance as to the value of fa 
and the mass of the axion: Below, we narrow their possible ranges.

The axion mechanism may be implemented in a wide variety of 
extensions to the Standard Model, which are the subject of much 
current research (22). In any axion model, we must introduce a new 
complex field F = ceiq, which gains a nonzero vacuum expectation 
value that breaks the PQ symmetry spontaneously. After this spon-
taneous symmetry breaking, the axion is related to the phase of F 
by a = Nfaq, where N is an integer, the “color anomaly,” which varies 
depending on the detailed realization of the PQ mechanism. Figure 3 
is shown for N = 4.

For the axion to solve the strong CP problem, the model must 
also include quarks that are charged under the PQ symmetry, which 
in turn mediate an interaction between the axion and the gluon 
force carriers of the strong nuclear force. There are two ways of 
achieving this. In one class of axion models, the Standard Model 
quarks are charged under the PQ symmetry (23, 24): These models 
have N = 6. This means that we have to add an extra Higgs doublet 
to the model to allow all of the Standard Model interactions to obey 
the PQ symmetry. In another class of models, we instead add extra 
heavy, electrically neutral quarks to the theory (25, 26). Only these 
extra quarks are charged under the PQ symmetry: The canonical 
version of this model has N = 1. The precise values of the axion’s 
mass and interaction strengths depend on these details of the model 
(see the Supplementary Materials).

Interactions
The axion does interact not only with quarks and gluons but also 
with the other particles in the Standard Model. We know that these 
interactions must be very weak for the axion to have evaded detec-
tion so far.

Particle interactions are governed by their symmetries, and the 
axion’s interactions are set by its pseudo-scalar nature. A pseudo- 
scalar field changes sign under a parity transformation, i.e., when 
looking at the universe in a mirror. If we assume that the overall 
interaction is unchanged by a parity transformation, then we find 
that only certain interactions are allowed for a pseudo-scalar 
particle. These can be expressed (schematically) by the nonrelativistic 
Hamiltonian
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where a is the axion field measured in units energy; gagg is the 
axion’s coupling to photons, g (i.e., to electromagnetism), measured 
in units of inverse energy; gaff is the axion’s coupling to matter 
particles, which are fermions, f (the coupling depends on the parti-
cle in question, we write just one case for simplicity); gEDM is the 
strength of a nuclear EDM induced by the axion; E and B are 
the electric and magnetic fields; and   ̂  S   is the direction of the spin of the 
matter particle in question. e0 and m0 are the permittivity and 
permeability of free space, respectively, constants associated with 
electromagnetism; ℏ is the reduced Planck’s constant, which param-
eterizes the size of quantum effects; and c is the speed of light.

These interactions are very different from the interactions of a 
scalar particle, which can couple directly E2 − B2 (the scalar Maxwell 
term) and to the masses of matter particles. This means that light 
scalar fields can mediate extra long-range forces, and their interactions 
with Standard Model particles are therefore very tightly constrained 
by the nonobservation of these extra forces. In contrast, the couplings 
of pseudo-scalar particles to E · B and to the spins of matter particles 
(27, 28) make them much harder to detect.

What would the axion’s interactions with photons and with 
matter particles look like experimentally? Via its interaction with 
E · B, axion DM would look like an additional electrical current or 
anomalous magnetic field (29). More generally, Maxwell’s equations 
of electromagnetism are modified by the addition of the axion field. 
Further details on how axions modify Maxwell’s equations of 
electromagnetism are discussed in the companion experimental 
review. Via its coupling to nuclear and electron spins, axion DM 
would cause these spins to precess, as they would in a magnetic 
field, but now with an anomalous magnetization caused by the 
invisible presence of the axion field (30, 31).

What are the strengths of the axion’s interaction with Standard 
Model particles? How large are the coupling constants gi in the 
Hamiltonian (Eq. 5)? We know that the interactions must be very 
weak, or we would have found axions already. We expect the axion’s 
couplings to be inversely proportional to the scale of symmetry 
breaking

   g  i   ∼   1 ─  f  a       (6)

This is a consequence of one of the most fundamental ideas in 
particle physics, namely, effective field theory (32), which tells us to 
expect the axion’s interactions to scale inversely with the energy 
scale at which the symmetry giving rise to it originates. As this 
energy fa could be very high, the axion’s interactions could be very 
weak, as required by the experimental constraints. Comparing 
Eqs. 3 and 6, we see that the axion’s couplings obey

   g  i   ∝  m  a    (7)

This is true for most models of the QCD axion, whose couplings 
are generally proportional to its mass, although this relationship 
can be broken in some specific models of the QCD axion. In addi-
tion, as we will see later, the axion is just one particle in the broader 
class of ALPs discussed in more detail below. These ALPs need not, 
in general, solve the strong CP problem or couple to gluons. This 
means that their mass could take any value and need not be propor-
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Alternatively, nature may provide us with more strongly coupled 
ALPs that can be detected more readily, as discussed below. By 
contrast, for a canonical QCD axion of a given mass, we can predict 
the approximate size of the couplings to Standard Model particles, 
providing a definite target for experimental searches. Further details 
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Alkali-metal Atoms

87Rb

• Single Valence Electron (relatively simple and well-understood)
• Strong Magnetic Dipole Moments (unpaired electron)
• Optical Accessibility (efficient optical pumping)
• Vapor Cell with High number density  at Room Temperatures (practical implementation)
• Long Coherence Times (higher sensitivity and precision)
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Spin



D.Budker. : A new spin on magnetometry, Nature (News&Views) 422, 574 (2003)
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A “pump-precession-probe” scheme

Atomic magnetometers are based on atomic vapors 
and optical pump/probe techniques, and have the best 
magnetic-field sensitivity（0.16fT/Hz1/2)

Figure from M. Romalis group
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Alkali atoms Noble gas

Large magnetic moment

Short coherence time (>10ms)

Low spin number (1014cm-3)

Small magnetic moment
Long coherence time (>1h)

High spin number (1019cm-3)

Mixed?  Advantageous? 

Electronic spin Nuclear spin

Polarize Measurement Media? 

• Light induces transitions between different electronic states
• No direct transfer to nuclear spins from photon 
• The coupling between electronic and nuclear angular momentum is 

usually strong enough to provide an efficient transfer mechanism. 



Alkali-metal 
spin gas

NMOR effect
SERF effect

Nuclear spin amplification
Fano resonance effect

Correlated alkali-
noble gas

Entangled spin 
gases

Noble
gas

Entangl
ement

Nuclear spin squeezing
Memory-based sensing

Opportunity: Interaction, Correlation, and Entanglement

16

SQL: 1/ # SQL: 1/Σ # Heisenberg Limit: 1/#
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pu
p

Final
sensitivity

!B# = %!B& 'Σ = ) Υ M P T.
Amp. 
factor 

Amplification: ~128 （Latest：5400）, Sensitivity: 18 fT/Hz1/2（Latest：0.8fT/Hz1/2）
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150 fT/Hz1/2 30 fT/Hz1/2 18 fT/Hz1/2 0.8 fT/Hz1/2 0.01 fT/Hz1/2

Improving sensitivity 
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pin Amplifier for article ys cs search

Wang, Y., Huang, Y., Guo, C., Jiang, M., ... & Budker, D.， Sci. Adv.9, eade0353 (2023)

!

!
"#
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Establish the most stringent limits on axion-nucleon coupling beyond astrophysical limits  

Astrophysical limits

Astrophysical limits

Axion dark matter searches: Beyond astrophysical limit

Spin-amplification: 128
Sensitivity: 18fT/Hz1/2

5 hours average: 130aT
Axion-nucleon interaction: 
≤10-9GeV-1 (feV-peV)

Axion

129Xe



New 
bosons

New bosons (e.g. axions) act as force mediator and then induce exotic
spin interactions between two spin ensembles (here we use atomic gas)

24



25Wang…Jiang* et al., Phys. Rev. Lett. 129, 051801 (2022) Su…Jiang* et al., Phys. Rev. Lett. 133, 191801 (2024)

0 0.1-0.1-0.2 0.2

feV
peV

ueV
meV

neV

Exp#1: Rb cell-Xe cell
Exp#2: Xe cell-Xe cell

below 0.1 fT 



26Su…Jiang* et al., Sci. Adv. 7, eabi9535 (2021) Wang…Jiang* et al., Sci. Adv. 9, eade0353 (2023) 

Exp#1: Xe cell-BGO crystal
Exp#2: Xe cell-Rb cell

Modulating spin-
dependent force



Ultralight axion dark matter searches

Noble-gas
Experiments

Sapphire
(Our work)

NASDUCK

（Weizmann Institute）
K-3He Comag. 

(Princeton)
ChangE

(Beihang)

Rb-129Xe Rb-21Ne

Nat. Phys. 2021 2022 2023 Comm. Phys. 2025

Jiang et al. Rep. Prog. Phys. 88 016401 (2025)

Noble gas becomes important systems to perform dark matter searches

28
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Ultralight dark matter with long de Broglie wavelength enables the network detection

Localized noise is hard to suppress
Detection deadzone
Can’t tell the orientation of DMs

Suppress the false alarm rate ∝ "#
Enhance sensitivity ∝ 1/ #
Omni-directional detection
Network contains DM orientation inf.

Correlation sensing via multiple-sensor network
Single sensor N-sensor network

1feV de Broglie wavelength ≈
100 times the Earth diameter



New limits on dark photon dark matter

31
Collaboration with Yue Zhao, Jing Shu, Yifan Chen



Intercity noble-gas spin-sensor network

Nu
m. Location Orientation

(Pump)
Sen. of Rb

magnetometer
Sen. of Xe
amplifier T2 of Xe

1 Hefei WE 1.28 ⁄pT Hz 4 ⁄fT Hz 39 s
2 Hefei WE 2 ⁄pT Hz 7 ⁄fT Hz 35 s
3 Hefei NS 0.9 ⁄pT Hz 8 ⁄fT Hz 30 s
4 Hefei WE 3 ⁄pT Hz 10 ⁄fT Hz 42 s
5 Hangzhou NS 1.9 ⁄pT Hz 14 ⁄fT Hz 15 s
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Correlation sensing via multiple-sensor network

Nature 650, 314 (2026)



The first nuclear-spin quantum senor network
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Surface- NMR detector

Earth as a source (nuclear spins)

～ 5.3 × 1037Nuclear shell model
Schmidt model
FLP semiempirical model

～ 2.2 × 1037

> 1016 times than Lab



Constraints on spin- spin- interaction coupling constants

axial- vector/axial- vector coupling axial- vector/vector coupling

Z′ boson–mediated proton- neutron coupling

Ledbetter 2013: Phys. Rev. Lett. 110, 040402 (2013)
Kimball 2010: Phys. Rev. A 82, 062714 (2010).

Wang 2023: Sci. Adv. 9, eade0353 (2023).

This work: Wang et al., Sci. Adv. 12, eaeg0974 (2026)



Space-based new 
physics searches

Stable space motion platform

High speed (7.67km/s)

Long-baseline

Huge polarized electron spins (1042)
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ELF ϕ(t)

GW chirp signal

FIG. 23. Concept of multi-messenger astrophysical research for exotic low-mass field (ELF) signals with the spin-sensor network.
Typical large energy astrophysical events, such as binary black hole mergers, may simultaneously generate both gravitational waves and ELF
signals. As such, detections from gravitational wave observatories like LIGO can serve as triggers for ELF signal searches. Upon arrival at
Earth, ELF signals can be sensed by our nuclear-spin-based sensors.A correlation analysis between the signals detected by the spin sensor and
those observed by LIGO allows us to verify the presence of an ELF signals or to set new constraints.

signal detected by LIGO as a trigger for the ELF signal searches. This process necessitates a quantum spin-based network with1085

sufficient detection sensitivity, for searching ELFs beyond previous astrophysical observations.1086

Further, we estimate the potential sensitivity of our sensors to ELF signals, as shown in Fig. 24. We first consider the signal1087

form of the potential axion ELFs. Similar to the TDM-crossing signals, axion ELFs are transient instead of continuous signals.1088

An ELF at the sensor can be described following the notation in Ref. [27] as:1089

!(t)→ 1
R

√
c!E

2∀3/2#2
0 ∃

cos
[

#0(t ↑ ts)↑
(t ↑ ts)2

2∃∃0

]
· e

[
↑ (t↑ts)2

2∃2

]

, (71)

where !E is the energy released in the form of ELF burst proportional to the total energy of the astronomical event; R is the1090

distance from the astrophysical source to the sensor; #0 and ∃0 are central frequency and initial duration of the ELF burst emitted1091

at the origin; ts is the arrival time of the ELF centre; ∃ is the duration of the ELF pulse as it travels to the Earth. According to the1092

above equation, the ELF !(t) at our sensor is expected to be a frequency-chirped from with a center frequency of #0, as shown1093

in Fig. 24a. Such a axion ELF !(t) would generate a pseudomagnetic field on the spin FFF following the axion-neutron interaction1094

Hint = f↑1
int ∀! ·FFF/||F ||, which is similar to the TDM. Moreover, the duration of ELF signal f↑1

int ∀!/µN can be calculated as1095

∃ = R
#0∃0c (

mac2

#0h̄ )
2 (1 s-10 s), thus the ELF is also a transient signal like TDM signals.1096

We next analyze the response of our nuclear-spin sensors to ELF events and the detection sensitivity, from three aspects: 1)1097

We analyze the form of our 129Xe-Rb sensor’s response to ELF events, in which the spin amplification effect plays a key role.1098

The signal induced by ELF is more complex than that induced by the simplistic pulse-like TDM signal. Therefore, it is crucial to1099

accurately determine our sensor’s response to the ELF frequency-chirped signal. To achieve this, we use linear response theory1100

to precisely compute the 129Xe response to the ELF signal. The magnitude of this response is proportional to the amplification1101

factor % within the Xe-Rb system. We calibrate the response by applying an artificial ELF chirp-like signal (as Fig. 24a) to1102

our sensor with an arbitrary wave, verifying that the experimental results are consistent with the theoretical response as shown1103

in Fig. 24b. 2) We consider the form of the ELF-induced signal after optimal filter and the corresponding signal-to-noise ratio1104

enhancement. Similar to TDM-induced FDO signals, ELF-induced signal has distinct temporal features as shown in Fig. 24b.1105

However, the EFL signal would be also extremely weak like the TDM signal, masked in the background noise as shown in1106

Fig. 24c. To enable the most precision extraction of the target signal, we generate a theory ELF signal template and achieve1107

Multi-messenger astrophysical research
Multi-messenger astrophysical research for exotic low-mass field (ELF) 
signals with the spin-sensor network

A correlation analysis 
between the signals 
detected by the spin 
sensor and those 
observed by LIGO 
allows us to verify 
the presence of an 
ELF signals or to set 
new constraints.

Trigger
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Spin magnetic 
resonance 

Quantum 
metrology

Quantum 
simulation

Quantum 
algorithm

Quantum 
Magnetometer

Quantum 
control
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