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Successful of SM

Credit: Tao Han



Problem of SM-Strong CP problem

• Low-energy QCD done predict 

ℒ ⊃
θ̄g2

s

32π2 GG̃
• Based on above QCD, we can build a theory for meson, then induce the neutron eDM at 

nucleon level

dn =
eθ̄gAc+μ

8π2f 2
π

log Λ2

m2
π

∼ 3 × 10−16θ̄ e cm

• Pression measurement

dn =
ℏΔω
4E

≤ 10−26 e cm



Classical solution to Strong CP problem

•The neutron eDM in classical formula

⃗d = ∑ q ⃗r

•Use the neutron has a size  rn ∼ 1/mπ

dn ≈ 10−13 1 − cos θe cm

•Comparing to the experiment results, we need cos θ = 1



Problem of SM-DM candidate

Velocities of stars in Galaxy

Galaxy interaction Gravitational Lensing



Problem of SM-DM candidate

•Dark matter properties:

1.No Charge (Not charged Quark, Leptons)


2.Massive (Not gluon, photon)


3.Long enough life-time (not Z, W, H)

•Only Possibility: Neutrino

Ωνh2 =
mν

94eV

No DM candidate in SM

ΩDMh2 ∼ 0.12
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The QCD axion for Strong CP problem

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

ℒ ⊃ ( a
fa

+ θ) 1
32π2 GG̃

•To solve strong CP problem

dn ∝ a
fa

+ θ̄ = 0

•QCD axion mass relationship

ma =
mπ fπ

fa

mumd

mu + md
≃ 5.7 ( 1012GeV

fa ) μeV



Dark Matter Candidates

HEP at a cross-road: explore all directions!
Today’s focus



The Small Scale problem

•Missing Satellites Problem •Too-big-to-fail Problem:

•Core-Cusp Problem
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Why nothing here?



Ultralight Dark Matter-Axion

•Production: Misalignment
··a + 3H(t)a + m2

aa = 0

•QCD Axion having a very small mass
ma ≃ 6 × 10−6eV ( 1012GeV

fa )
•The Axion energy density will be 

Ωa ∼ 0.15 ( fa
1012GeV )

7/6

a(t) = a0 (H ≫ ma)

a(t) = a0 sin (mat) (H ≪ ma)

•The critical time change from field to 
particle

H(tosc) ≈ ma/2



Ultralight Dark Matter-ALP

ΩMIS
ALPh2 = 0.12 ( ma

4.7 × 10−19eV )
1/2

( fa
1016GeV )

2 ( Ωmh2

0.15 )
3/4

( 1 + zeq

3.4 × 103 )
−3/4

Θ2
i

•The ALP energy density will be 

•The ALP Lagrangian 

ℒint
a ⊃ α

8π

Caγ

fa
aFF̃ + Caf

∂μa

2fa
f̄γμγ5 f +

Caπ

fa fπ
∂μa[∂πππ]μ − i

2

Canγ

mn

a
fa

n̄σμvγ5nFμν
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Coupling to axial 
electron moment

Axioelectric 
effect, Analogous 
to ohotoelectric 

Coupling to 
mesons, induce 
Meson decay

Coupling to axion 
nuclear moment 
Creates
Spin dependent 
energy shifts/spin 
precession in 
fermions

Coupling to 
photon

ALP Dark Matter Search

• The ALP Lagrangian 

ℒint
a ⊃ α

8π

Caγ

fa
aFF̃ + Caf

∂μa

2fa
f̄γμγ5 f +

Caπ

fa fπ
∂μa[∂πππ]μ + Cae

∂μa

2fa
ēγμγ5e

Caγ =
E
N

− 1.92(4)

Cap = − 0.47(3) + 0.88(3)c0
u − 0.39(2)c0

d

Can = − 0.02(3) + 0.88(3)c0
d − 0.39(2)c0

u

Caπ = 0.12(1) +
1
3 (c0

d − c0
u)

Cae = c0
e +

3α2

4π2 [ E
N

log ( fa
me ) − 1.92(4)log ( GeV

me )]



ALP Dark Matter Search-Photon Coupling

•Axion to photon Coupling

ℒaγ = −
gaγ

4 aFF̃ = gaγ
⃗E ⋅ ⃗B a

•Modifies Maxwell equations: Additional source term

⃗∇ × ⃗B −
· ⃗E = ⃗J + gaγ

⃗B ·a Oscillating

• The probability of  is  γ → a

Pγ→a(B, l, q) = 1
4 (gaγBl)

2 sin( 1
2 ql)

1
2 ql

2

• With local DM density: ρa =
m2

aa2
0

2 = fa
300MeV

cm3

q = κγ − κa ∼ m2
a /2ω



ALP Dark Matter Experiments

• Laboratory Experiments: Lasers (light shining through walls)

•Search for Solar Axions (Helioscopes)

Haloscopes for ALP DM!
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Nuclear magnetic resonance method

ℋσ = gaNN 2ρDM cos (mat) ⃗v ⋅ ⃗σ N = γ ⃗B ALP ⋅ ⃗σ

• Axion couples to SM particles

• Oscillate the mass at Larmor frequency

d ⃗M
dt

= γ ⃗M × ⃗B

⃗B ALP  = gaNN 2ρDM cos(mat) = gaNN 2ρDM cos(ωat)

• Bloch Equations

Time varying Axion  drives spin precession  produces transverse magnetizationBALP →

Generate transverse from longitudinal



Cosmic Axion Spin Precession Experiment

CASPEr Group; Sci.Adv. 5 (2019) 10, eaax4539
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Comagnetic resonance method

•Bloch Equation:Describe the evolution of macroscopic spin systems

Torque: generates transverse from longitudinal

Decaying excitations: causes stabilization 


• If  is constant & Bz
·S⊥ = 0

S⊥ (ω = ma) =
b⊥ + γB⊥(ω = ma)

(γBz − ma) + iΓ
Sz

·S⊥ = iγBzS⊥ − iγ (B⊥ + b⊥

γ ) Sz − ΓS⊥

Signal: Generated from ALP

ALP mass Decoherence RateControlled Resonance Frequency

Spin in Z direction



Comagnetic - Fermi-contact enhancement 
• nuclear spins can be directly hyperpolarized 

to achieve a polarization of by spin-
exchange optical pumping


•  nuclear spin signals can be enhanced due 
to large Fermi-contact enhancement factor 
(~100)

Jiang et al., Nature Physics 17, pages 1402–1407 (2021)



Comagnetic resonance method

Magnetometers can measure ALPs. Alkali magnetometers are easy to work with, while 
Noble magnetometers are more sensitive. 

JHEP 01 (2020) 167

• At the compensation point:

1. any magnetic noise (at low frequencies) has no effect on the alkali spins! 

2. the two species are “in resonance”, allowing for a fast response to sudden changes. 



Comagnetic - The compensation point

 S⊥
K ∝ γKB⊥

tot  = γKB⊥
ind + γKB⊥

noise  = 0!

No Signal! 

SAlk (ω = ma) =
 signal  + γAlkSz,AlkB⊥,Alk

(γAlkBz,Alk − ma) + iΓAlk

With B⊥,Alk = B⊥, noise  + 2λMNobS⊥,Nob/SNob,z

∂SAlk

∂B
⊥, noise 

=
γAlkSZ,Alk

(γAlkBz,Alk − ma) + iΓAlk (1 +
2γNobλMNob

(γNobBz,Nob − ma) + iΓNob ) For is 
tunable such that

ΓNob ≈ 0,ma ≈ 0, BZ,Nob
∂B

⊥, noise SAlk  = 0



Comagnetic - The compensation point

S⊥
K ∝ γKB⊥

tot = b⊥
e

Measurable Signal! 

∂SAlk

∂B
⊥, noise 

=
γAlkSZ,Alk

(γAlkBz,Alk − ma) + iΓAlk (1 +
2γNobλMNob

(γNobBz,Nob − ma) + iΓNob ) For is 
tunable such that

ΓNob ≈ 0,ma ≈ 0, BZ,Nob
∂B

⊥, noise SAlk  = 0



Comagnetic - The compensation point

S⊥
K ∝ γKB⊥

tot  = γKB⊥
ind ∼

γe

γn
bn

Measurable, Enhanced Signal! 

∂SAlk

∂B
⊥, noise 

=
γAlkSZ,Alk

(γAlkBz,Alk − ma) + iΓAlk (1 +
2γNobλMNob

(γNobBz,Nob − ma) + iΓNob ) For is 
tunable such that

ΓNob ≈ 0,ma ≈ 0, BZ,Nob
∂B

⊥, noise SAlk  = 0



Noble and Alkali Spin Detectors for 
Ultralight Coherent darK matter 

NASDUCK Collaboratiion, Published in: Nature Commun. 14 (2023) 1, 5784

• NASDUCK SERF



NUSDUCK-Floquet detector 

SAlk (ω = ma) =
γAlkSz,AlkB⊥,Alk

(γAlkBz,Alk − ma) + iΓAlk
=

γAlkλMNobSz,Alk

(γAlkBz,Alk − ma) + iΓAlk

b⊥,ALP−Nob

(γNobBz,Nob − ma) + iΓNob

•Response to Signal

Alkali response Noble response

•Floquet fields: Bz = Bz,0 + BF cos (ωFt)
SAlk(t) =

γAlkSz,AlkB⊥,Alk(ω = ma) ⋅ eimat

(γAlkBz,Alk − ma) + iΓAlk
→ ∑n η(n)

F
γAlkSz,AlkB⊥,Alk(ω = ma) ⋅ eimat+nωFt

(γAlkBz,Alk,0 − ma − nωF) + iΓAlk

• For  , we get that around the floquet frequencyωF = γAlkBz,Alk,0 − γNobBz,Nob,0

SAlk (ω = ma + ωF) = η(1)
F

γAlkSz,AlkB⊥,Alk(ω = ma)
(γNobBz,Nob,0 − ma) + iΓAlk

So that for , we can now have both the species in resonance! ma = γNobBz,Nob,0



NUSDUCK-Floquet detector 

NASDUCK Collaboratiion, Published in: Sci.Adv. 8 (2022) 5, abl8919
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Comagnetometer in Hybrid Spin Resonance

•Good control on photon-shot-noise 

and magnetic noise 

•Sharp amplification is wasted 

•Smaller amplification but with much 

wider resonance 
A. Do not need to scan (e.g. 35 

months) 

B. Long-time measurement at single 

point to compensate 

amplification lost
ChangE experiment: Kai Wei, .. XPW.. et al, 2306.08039



Comagnetometer—Optical pumping

• The  polarization  rate is3He
dPHe

dt
= ΓSE (PA − PHe) − ΓHePHe Spin-exchange Rate： ΓSE = kK[K] + kRb[Rb]

Spin-exchange Optical Pumping:

• 1960: Bouchiat/Carver/Varnum (Princeton), PRL 5, 373, P=0.01%

• Now:Rb-K optical pumping P>70%

 



Comagnetometer in Hybrid Spin Resonance

δPe

δt
=

γe

Q [B + L + λMn
0Pn + be] × Pe − Ω × Pe +

RpSp + RmSm + Rne
se Pn

Q
− {Re

1, Re
2, Re

2}
Q

Pe

δPn

δt
= γn (B + λMe

0
Pe + bn) × Pn − Ω × Pn + Ren

se Pe − {Rn
1 , Rn

2 , Rn
2} Pn

• Bloch Equation

• Method: tune external B field to make 
Larmor frequency equal (HSR region)

ωalkali  = γalkali (B̂ext  + B̂noble )
ωnoble  = γnoble (B̂ext  + B̂alkali )

• Require ωalkali = ωnoble

BHSR ∼ − Bnoble



Comagnetometer HSR search on ALP DM

• Random phase in different p mode
 : 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

βj =
gaN

γN
∇a( jΔt) ⋅ m̂( jΔt)

Ak =
2
N

Re [β̃k], Bk = −
2
N

Im [β̃k] .

L (d ∣ gaNN, σ2
b) =

1
(2π)2Ndet(Σ)

exp (−
1
2

dTΣ−1d)
d = {Ak, Bk} Σ = Σa + σ2

b ⋅ 1



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



Comagnetometer HSR search on ALP DM
• 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
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Summary

• Ultralight Bosonic or Wave-like Dark Matter represents an exciting new frontier in the 
quest to unravel the mysteries of dark matter


• A multitude of experiments are underway, each tailored to investigate different 
possible interactions between dark matter and ordinary matter


• 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 definitive dark matter candidates yet.


• Noise suppressions play the central role in future improvements
Thank you!


