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(1) 为什么需要测量极弱磁场？

(2) 如何测量极弱磁场？

(3) 有什么前沿科学应用？
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超灵敏弱磁探测迎来飞特斯拉时代

传统技术

弱磁探测达到超高灵敏度水平—fT时代

1fT=10-15T 相当于地磁场的1000亿分之一！

量子技术



极弱磁场科学与技术
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提升极弱磁场的测量精度，将推动相关科学发展
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宇宙由何构成？

电子 1906 汤姆孙

正电子 1932 安德逊

介子 1949 汤川秀树

W/Z 玻色子 1984 卡罗鲁比亚等

中微子 1988,1995,2002,2015

希格斯玻色子 2013 希格斯等人

夸克 2004 格罗斯等人
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理解物质世界微观结构及其相互作用的关键理论
二十世纪物理学最成功的理论之一

粒子物理标准模型（SM）



二十一世纪物理学的两朵“乌云”

暗物质存在的证据（天文观测）

星系旋转曲线 子弹星系团

标准模型（SM）只能解释宇宙中5%的物质

对95%的物质一无所知

宇宙构成

普通物质

暗物质

暗能量

暗物质和暗能量：二十一

世纪物理学的两朵“乌云”



理论学家提出了暗物质可能是由一种
或者多种超越标准模型的新粒子组成。

暗物质到底是什么？物理学家还不知道

热门的暗物质候选粒子：
WIPMs、轴子等

90 个数量级

ü 能区范围广 ü 信号极其微弱

暗物质

没有电磁
和强相互
作用

超越SM的
新粒子？

有弱相互
作用（强
度未知？）

引力相互
作用（质
量属性）
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Beyond the standard model

Dark matter and energy

Strong CP problem

Neutrino oscillations

……

Interactions

Particles New particles

Unexplained problems

Proton radius problem

New interactions

Standard model still meets challenges
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Table 1. Properties of various dark matter candidates.
Type Particle spin Approximate mass scale

Axion 0 µeV–meV
Inert Higgs doublet 0 50 GeV
Sterile neutrino 1/2 keV
Neutralino 1/2 10 GeV–10 TeV
Kaluza–Klein (KK) UED 1 TeV

of positrons in the cosmic rays [9, 10]. The enhanced cross sections needed in these models, in
particular the so-called Sommerfeld enhancement, will also be discussed.

1.1. Models for dark matter

Almost all current models of dark matter use the standard concept of quantum field theory
to describe the properties of elementary particle candidates (for exceptions, see for instance
[11, 12]). This means that they can be characterized by the mass and spin of the dark matter
particle. The mass of proposed candidates spans a very large range, as illustrated in table 1.

The density of CDM is now given to an accuracy of a few per cent. With h being the
Hubble constant today in units of 100 km s�1 Mpc�1, the density derived from the 5-year WMAP
data [13] is

�CDMh2 = 0.1131 ± 0.0034, (1)

with the estimate h = 0.705 ± 0.0134.
Using the simplest type of models of thermally produced dark matter (reasonably far away

from thresholds and branch cuts) this corresponds to an average of the annihilation rate at the
time of chemical decoupling of [4]

h�Avi = 2.8 ⇥ 10�26 cm3 s�1. (2)

The fact that this corresponds to what one gets with a weak interaction cross section for particles
of mass around the electroweak scale around a few hundreds of GeV is sometimes coined the
‘WIMP miracle’ (WIMP standing for weakly interacting massive particle), but it may of course
be a coincidence. However, most of the detailed models proposed for the dark matter are in fact
containing WIMPs as dark matter particles.

The rate in equation (2) is a convenient quantity to keep in mind, but it has to be
remarked that this is the value needed at the time of freeze-out, when the temperature was
typically of the order of (0.05–0.1)MX (with MX the mass of the dark matter particle) and the
velocity v/c ⇠ 0.2–0.3. There are now publicly available computer codes [14, 15] that solve the
Boltzmann equation numerically, taking various effects into account, such as co-annihilations,
which may change the effective average annihilation cross section appreciably if there are other
states than the one giving the dark matter particle that are nearly degenerate in mass. There are
also computer packages available (e.g., [16]) that can perform joint Bayesian likelihood analysis
of the probability distribution of combinations of parameters, in particular for supersymmetric
dark matter models.

As we will see later, the simple equation (2) may be modified by orders of magnitude in the
halo today, for example by the Sommerfeld enhancement, if there are zero velocity bound states

New Journal of Physics 11 (2009) 105006 (http://www.njp.org/)

New Journal of Physics 11 (2009) 105006 

Dark matter candidates (partial)

Cosmological matter-antimatter asymmetry Strong CP problem

Axions are closely related with fundamental questions：



研究背景

10-22 eV 10-18 eV 10-14 eV 10-10 eV

高能区暗物质： 粒子性
粒子探测器

105 eV

地下实验
(PandaX、CDEX等)

深空实验
(DAMPE、AMS等)

大型对撞机实验
(LHC、BESIII等)
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目前仍未找到直接证据！



10-22 eV 10-18 eV 10-14 eV 10-10 eV

高能区暗物质： 粒子性
粒子探测器

105 eV

低能区暗物质： 波动性
德布罗意波长通常远大于探测器的尺寸！

Safronova et al., Rev. Mod. Phys. 90, (2018)DeMille et al., Science 357, 990 (2017)

为超轻质量暗物质搜
寻提供全新的研究手
段，带来新的机遇！



测量原理：暗物质导致自旋频率、能级移动
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How to see it ?
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Chadha-Day et al., Sci. Adv. 8, eabj3618 (2022)     23 February 2022
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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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How to see it?: axions interact with SM particles
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Thus the spread in axion velocities leads to a spread in
observed frequencies, giving the axion field the Q shown
in Eq. (3).

The axion field seen by a detector on the Earth is
a(t) = a0 cos(!0

t), a field oscillating at ⇡ !a, and the
amplitude of the field a0 can be estimated by assuming
the energy of the axion field comprises the totality of the
local dark matter energy density ⇢DM ⇡ 0.4 GeV/cm3

[14–16]:

⇢DM ⇡ c
2

2~2m
2
aa

2
0 . (5)

To detect such an oscillating axion field with a terres-
trial sensor, one searches for (non-gravitational) interac-
tions of a(~r, t) with Standard Model fields and particles.
Axion/ALP fields a(~r, t) possess three such interactions,
in general, that can be described by the Lagrangians
(given in natural units where ~ = c = 1) [17]

LEM ⇡ ga��a(~r, t)Fµ⌫ F̃
µ⌫

, (6)

LEDM ⇡ � i

2
gda(~r, t) n�µ⌫�5 nF

µ⌫
, (7)

Lspin ⇡ gaNN [@µa(~r, t)] n�
µ
�5 n , (8)

where ga�� parameterizes the axion-photon coupling, gd
parameterizes the axion-gluon coupling that generates
nuclear EDMs, gaNN parameterizes the coupling to nu-
clear spins,2 Fµ⌫ is the electromagnetic field tensor,  n

is the nucleon wave function, and � and � are the stan-
dard Dirac matrices. Note that the coupling constants
ga�� , gd, and gaNN are proportional to 1/fa [17]. The
axion-photon interaction described by Eq. (6) is used in
a variety of “haloscope” experiments3 to search for axion
dark matter as discussed elsewhere in this volume, such
as the Axion Dark Matter eXperiment (ADMX) [32, 33],
the Haloscope At Yale Sensitive To Axion Cold dark mat-
ter (HAYSTAC) [34], and CAPP’s (Center for Axion and
Precision Physics Research) Ultra Low Temperature Ax-
ion Search in Korea (CULTASK) [35]. In contrast to
other haloscope experiments searching for axion-photon
interactions, the Cosmic Axion Spin Precession Exper-
iment (CASPEr, see Ref. [36]) exploits the axion cou-
plings to nuclear spins described by Eqs. (7) and (8).

2
There can be a similar coupling to electron spins.

3
Haloscope experiments directly detect the dark matter from the

galactic halo [18, 19]. Complementary approaches include (1)

“helioscope” experiments that search for axions emitted by the

Sun; (2) “light-shining-through-walls” experiments where axions

are created from an intense laser light field passing through a

strong magnetic field (which facilitates mixing between photons

and axions) and then detected by converting them back to pho-

tons after they cross a wall that is transparent to them but com-

pletely blocks the light; and (3) indirect experiments that search

for modifications of known interactions due to exchange of virtual

axions. Constraints on axions and ALPs can also be obtained

from astrophysical observations, see for example Refs. [20–28].

These alternative approaches are reviewed in Refs. [29–31].

The Lagrangian LEDM describes an oscillating nuclear
EDM ~dn(t), generated by a(t) along the direction of the

nuclear spin ~̂�n, given in natural units by the expression

~dn(t) = gda0 cos(!at)~̂�n , (9)

that interacts with an external electric field ~E. The os-
cillating EDM amplitude can be estimated from Eq. (5):

dn = gda0 ⇡ gd

ma

p
2⇢DM , (10)

⇡ 6⇥ 10�25 e · cm⇥
gd

⇥
GeV�2

⇤

ma[eV]
, (11)

where [· · · ] indicates the units of the respective quantity.
The non-relativistic Hamiltonian describing this interac-
tion is

HEDM = �~dn(t) · ~E , (12)

and there is a corresponding spin-torque ~⌧EDM

~⌧EDM = ~dn(t)⇥ ~E . (13)

The Lagrangian Lspin results in a non-relativistic
Hamiltonian (in natural units)

Hspin = gaNN
~ra(~r, t) · ~̂�n , (14)

which describes the interaction of nuclear spins with an
oscillating “pseudo-magnetic field” generated by the gra-
dient of the axion field. The magnitude of the gradient
~ra(~r, t) can be estimated by noting that since ~p = �i~~r,

���~ra

��� ⇡
mav

~ a0 . (15)

This is the so-called “axion wind” which acts as a pseudo-
magnetic field directed along ~v [17]. The resultant Hamil-
tonian is

Hwind ⇡ gaNNmaa0 cos(!at)~v · ~̂�n , (16)

⇡ gaNN

p
2~3c⇢DM cos(!at)~v · ~̂�n , (17)

where the amplitude of the axion field assumed in Eq. (5)
was used in Eq. (17), in which Hwind is expressed in
Gaussian units. Given a nucleus with a particular gy-
romagnetic ratio �n = gnµN/~, where gn is the nuclear
Landé factor and µN is the nuclear magneton, the ampli-
tude Ba of the oscillating pseudo-magnetic field produced
by the axion field can be estimated to be

Ba ⇡ 10�3 ⇥ gaNN

~�n

p
2~3c3⇢DM , (18)

Ba[T] ⇡ 10�7 ⇥
gaNN

⇥
GeV�1

⇤

gn
, (19)

where we have assumed that v ⇡ 10�3
c, the virial ve-

locity of the axions. Analogous to the case of the axion-
induced oscillating nuclear EDM ~dn(t) discussed above,

Dark matter field: 
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起能量移动，等效于在核
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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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Spin Amplifier for Particle PHysIcs Research

Sapphire project （“蓝宝石”计划）



17

Spin Amplifier for Particle PHysIcs Research

“Sapphire”（蓝宝石）研究计划

暗物质搜寻放大原理

更小相互作用gaNN

低能区mALP 低频传感器

更灵敏的传感器

灵敏度：10fT/Hz1/2，
5h-测量精度：0.1fT

频率可测范围：2-180Hz，
轴子质量：8feV-750peV



暗物质观测：突破超新星观测界限
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超新星
界限

超新星
界限



CASPEr方案：磁力计外部测量轴子引起的核自旋信号

标准量子极限：

!" = 1
%& 'T)*

极化度%低≈10-6

相干时间T2短≈10s
磁力计 核自旋样品
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CASPEr： Cosmic Axion Spin Procession Experiment

Budker et al., Phys. Rev. X, 4:021030, (2014)
Garcon et al., Sci. Adv. 5, eaax4539 (2019)

CASPEr项目要突破超新星观测界限，需要1011年
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Two vertex
coupling

Indirect detectionDirect detection

Exotic interactions (the 5th forth)Dark matter candidates 

Measure

Chadha-Day et al., Sci. Adv. 8, eabj3618 (2022)     23 February 2022
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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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Frank Wilczek

Steven Weinberg

寻找新相互作用：轴子及其诱导的新相互作用
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Exotic interactions beyond the standard model

B. A. Dobrescu I. Mocioiu

Extend axion to new mediator 
bosons and lead to 16 interactions

B. Dobrescu, I. Mocioiu, JEHP 11, 005 (2006)
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“Spin source” “Spin sensor”

Energy shift

Coupling to be measured

More sensitive detector  Smaller coupling  f

Exotic (pseudo-magnetic) field

How to see it

Electron、
Proton、
Neutron、
nucleon

Noble-gas
spin amplifier

xeon-129:
~70% neutron

!" !#



Various spin sources
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II: BGO crystal
high nucleon density
Non-magnetic effect

Nucleon-neutron interaction

I: electron/proton (Rb) vapor
high polarization
Short force range (small size)

Electron/proton-neutron 
interaction

III: Noble-gas vapor
high polarization
Short force range

Neutron-neutron interaction

Develop spin sources for different exotic interaction searches



28

Searched exotic interactions in our study

Unpolarized nucleon
(BGO crystal)

polarized electron/proton
(rubidium vapor)

polarized electron/proton
(rubidium vapor)

V3 exp. V11 exp. V4,5 and V12,13 exp.

force mediator: axion force mediator: Z’ bosons
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How to shield the spurious ordinary field?

Axion window
Mass range       Force range

10 #eV ~ 1 meV 0.2 mm ~ 20mm

High-permeability materials: #-metal

Meter scale Centimeter scaleDecimeter scale
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Spurious dipole field is suppressed at least ~104

!"#

How to shield the spurious ordinary field?

PRL 129, 051801 (2022)



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)
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New boson mediated fifth force searches
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Resonant detection with spin amplifiers

Static exotic field

Modulating spin 
polarization

Modulating the 
distance between 
spin source and 

sensor

Oscillatory field

Resonantly searches
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Searches for an axion-mediated interaction
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Axion-mediated dipole-dipole interaction

axion window High-temperature QCD
SMASH model

Axion string networks 

Axion window
10 ;eV ~ 1 meV,
≲ 2cm force range

Axion mass ,- (eV) 

Spurious dipole field: Search remains challenging in the axion window 
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Search for an axion-mediated interaction

Polarized 
electron

Neutron-electron
interaction

Resonantly search for the 
exotic interaction between 

electron and neutron

PRL 129, 051801 (2022)
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Search for an axion-mediated interaction

The most stringent constraints on !"#!"$ within 
the axion window

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

Axion-mediated spin-dependent forces

0 0.1-0.1-0.2 0.2

feV
peV

ueV
me
V

neV

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

below 0.1 fT 



Search for exotic spin-dependent interactions

H. Su*,Y. Wang*, M. Jiang†, X. Peng† et al. Science Advances 7, eabi9535 (2021).

Velocity dependence

Spin-1 
Z’ bosons

!"Spin sensor # Moving Mass
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5.25Hz

Search setup
Spin-mass coupling

129Xe

H. Su*,Y. Wang*, M. Jiang†, X. Peng† et al. Science Advances 7, eabi9535 (2021).

Rotator

BGO
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Constraints on spin-dependent interactions

At least 2 orders of magnitude 
improvement on constraints on Z’boson

H. Su*,Y. Wang*, M. Jiang†, X. Peng† et al. Science Advances 7, eabi9535 (2021).
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Su…Jiang* et al., Sci. Adv. 7, eabi9535 (2021) Wang…Jiang* et al., Sci. Adv. 9, eade0353 (2023) 

Z’ boson-mediated spin-dependent forces

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

Modulating 
spin-dependent 
force
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NMR and optimal filtering

4个量级

Spin modulation NMR Optimal filtering

New limits on spin-spin interactions
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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



50

SAPPHIRE projected sensitivity

3He-K spin amplifier Solid-state spin source

4 orders of magnitude improvement 1018 cm-31014 cm-3

8 orders of magnitude improvements are possible
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Advanced-GNOME网络引入自旋放大器
Ann. Phys. (2023)

ChangE-NMR计划(北航)Advanced-GNOME网络(德国)NASDUCK暗物质探测(以色列)

利用Floquet自旋放大器暗物质探测
Science Advances (2022)

北航ChangE-NMR计划采用自旋
放大器对暗物质进行探测，

arXiv:2309.16600v1 (2023年9月)


