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We are at a cross road
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•Dark sector 
=DM+dark 

•Standard Model 
=fermions+force 

The dark sector
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Dark matter mass range

mϕ ≲ 30eV ( 250 km/s

⟨v2⟩1/2 )
3/4

( ρDM

0.4GeV/cm3 )
1/4

• Ultralight: 

• 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



Ultra light dark matter production

• Misalignment mechanism
··ϕ + 3H ·ϕ + m2

ϕϕ = 0

• Classical Solution for wave-like dark matter 

ϕ(t) ≈ ϕ1 cos (mϕt) + ϕ2 sin (mϕt)
• Dark matter local density

ρDM ≈ ( ϕ1
2

+ ϕ2
2) m2

ϕ

How to search for ultra light DM?



Outiline

• Introduction to ultralight bosonic dark matter


• ALP DM search via Hybrid-Spin Resonance


• Scalar DM search via neutrino oscillation


• Scalar DM search via dark mediator 


• Summary



ALP couples to SM

• Axion Lagrangian

Coupling to 
axial electron 
moment

Coupling to 
nucleon EDM

Causes electric 

Coupling to 
mesons, 
induce Meson 
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ℋσ = gaNN 2ρDM cos (mat) ⃗v ⋅ ⃗σ N = γ ⃗B ALP ⋅ ⃗σ

• Axion couples to nucleon



ALP couples to nucleon

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 magnetization

BALP
→
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Detection of gaNN

S⊥ (ω = ma) =
b⊥ + γB⊥(ω = ma)

(γBz − ma) + iΓ
Sz



Comagnetometer
• Alkali atoms and nobel-gas atom
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• 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

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

Comagnetometer in Hybrid Spin Resonance
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• 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

• Spin-exchange Optical Pumping:

Hybrid Spin Resonance



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

• Signal is stochastic instead of deterministic 1905.13650, NC 2021

Junyi Lee et al, 2209.03289, PRX 2023

Stochastic nature of ULDM

• Random phase in different p mode



Comagnetometer HSR search on ALP DM

• The experiments has long duration at single working point  
Data-1 = 209 hr, Data-2 = 4 hr (underground)
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Dark matter-SM mediator
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The dark sector

• StandarModel
  =fermions+force

• Dark Sector
  =DM+dark mediator
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Oscillating  from wave-like DMA′￼

• Wave information to A′￼

(Dμϕ)
*

Dμϕ ⊃ (g′￼Qϕ)
2

ϕ*ϕA′￼μA′￼μ

• Oscillating information of A′￼

m2
A′￼(t) = m̃2

0 1 + 2 (g′￼Qϕ)
2 ( |ϕ1 |2 + |ϕ2 |2 )

2
+ (ϕ1ϕ*2 + ϕ*1 ϕ2)2

m̃2
0

cos2 (mϕt)

m̃2
0 = m2

0 + (g′￼Qϕ)
2

(ϕ*1 ϕ1 + ϕ*2 ϕ2 − ( |ϕ1 |2 + |ϕ2 |2 )
2

+ (ϕ1ϕ*2 + ϕ*1 ϕ2)
2

)

κ
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Oscillating  from wave-like DMA′￼

• Wave information to A′￼

(Dμϕ)
*

Dμϕ ⊃ (g′￼Qϕ)
2

ϕ*ϕA′￼μA′￼μ

• For simply connect to UV model

arg [ϕ1] = arg [ϕ2]  or ϕ2 = 0

m̃0 = m0

m2
A′￼

(t) = m2
0(1 + κ cos2(mϕt))

κ ≡ 10 ( ρDM

0.3GeV/cm3 ) (
g′￼Qϕ

1.5 × 10−8
⋅

10−19eV
mϕ

⋅
0.1GeV

m0 )
2
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Oscillating  from wave-like DMA′￼

• Oscillating property

m2
A′￼

(t) = m2
0(1 + κ cos2(mϕt))

= m2
A′￼

(t + τ)

• Event number in the ith mass bin

Ni = σ(i)
resϵi L

Δti
texp

=
σ(i)

resϵi L
τ ∫

mi+1

mi

dt
dmres

dmres

τ
m0

f(y)



Oscillating  from wave-like DMA′￼

f(y) =
2y

π (y2 − y2
min) (y2

max − y2)
• Oscillating property

∫ymax
ymax−Δ f(y)dy

∫ymin+Δ
ymin

f(y)dy
→

ymax

ymin



Oscillating  effect on experiments?A′￼

ℒ = −
1
4

F′￼μνF′￼μν +
1
2

m2
0 A′￼μA′￼μ + ϵeA′￼μJμ

em

• A kinetic mixing dark photon A′ with U(1)′ interaction 

？



Prompt dilepton final states
•General dilepton process 

e+e− → γA′￼, A′￼→ e+e−/μ+μ−

PRL 113, 201801 (2014)•BaBar data

LLR = − 2 log
Max ⃗a ′￼∏i 𝒩 (Bi − B (mi, ⃗a ′￼) − SfG (mi) ∣ Bi)

Max ⃗a ∏i 𝒩 (Bi − B (mi, ⃗a ) ∣ Bi)



Recast BaBar experiment result
• Traditional single-peak analysis

fG (mi) = 𝒩 (mA′￼− mi ∣ σ2
re)

fS (mi) = ∫ mmax

mmin
f ( m′￼

m0 ) 𝒩 (mi − m′￼∣ σ2
re) dm′￼

• Double-peak analysis

• Recast result:



Beam Dump Experiments

N (ϵ, mA′￼) = Ne𝒞′￼ϵ2 m2
e

m2
A′￼

e−a1LshΓA′￼(1 − e−a2LdecΓA′￼)
•General event number:

•Including oscillation effect
N (ϵ, m0, κ) =

1
τ ∫

1 + κm0

m0

N (ϵ, mA′￼) dt
dmA′￼

dmA′￼

•Our recast result with κ = 0



Double-peak analysis result

mA′￼
∼ 0.2GeV

JG, YH, JL,XPW, KPX, arXiv:2206.14221



Improvement with time-varying

m2
A′￼

(t) = m̃2
0(1 + κ cos2(mϕt))

• Oscillating property

• Background event number

N red
i = Ni

1
τ ∫ mi+1

mi

dt
dmA′￼

dmA′￼



Improvement with time-varying

• Result with time-varying



Justify TDM with CMS open data

• CMS open data 2012 

• Luminosity is not constant

    , 8TeV, pp → ℓ+ℓ− ∼ 10 fb−1



CMS result with time information
• Double-peak Method

dNS

dmℓℓ
= σ (mℓℓ) ϵS

f(mℓℓ /m0)
m0

×
τA′￼

2 ∑i± ℒ (ti±)
• Time-dependent Method

Sij = ∫ ti+Δt
ti

dt ∫ mj+Δmℓℓ

mj
dmℓℓ

1

2πσm

e− (mℓℓ − mA′￼(t))2

2σ2m × ℒ(t) × ϵS (mℓℓ) σ0 (mℓℓ)



• The particle property of dark matter is important issue.
• Ultra light dark matter has important motivation.
• ChangE experiments set competitive limits on ALP-nucleon 

couplings
• Time dependent method can improve the experiment sensitivity by a 

few orders
• We use the real collider data for a time-dependent resonance search 

and justify that our method works as expected

30
Thank you!

Summary


