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Dark matter on the mass  scale

Slide courtesy : James Beacham, Snowmass 2019
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Dark matter on the mass  scale
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Wave-like dark matter

• Spin-0 dark matter in the mass range  

• When light bosons make up most of dark matter, their number density in galactic halos 
is high, giving the field a large occupation number — effectively behaving like a classical 
“wave-like” field.

≈ 10−22 eV ≲ mϕ ≲ 1 eV

ϕ( ⃗x, t) ≈
2ρDM,local

mϕ

ϕ0

cos(mϕ(t + ⃗β ⋅ ⃗x))
 - dark matter velocity  

 dependent term amounts to a random phase 

We ignore the velocity dispersion term 

| ⃗β | ≈ 10−3

⃗x

∝ |β |2

fixed by the halo size, (kpc)λ ∼ 𝒪 classical prescription, 
  

nϕ (λcoh /2π) 3
> > 1
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Ultralight dark matter

✓Amplitude fixed by dark matter energy density :  (  ) 

✓The angular frequency determined by the rest mass :  

✓Small corrections from the kinetic energy :  

✓Coherence time is set by the frequency spread : 

ρϕ =
1
2

m2
ϕϕ2

0 ρDM,local ≈ 0.4 GeV/cm3

ω ∼ mϕ

Δω
ω

∼
⟨v2

ϕ⟩
c2

∼ 10−6

τcoh ∼
2π
Δω

∼ 106 Tosc

Low-mass bosonic particles form a coherently oscillating classical field described by : 
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ULDM genesis
Misalignment mechanism

D. Marsh, 1510.07633 

C. O’Hare, 2403.17697
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• In the early universe, a generic classical field 
evolves as  .           

• When , the system behaves like an 
overdamped oscillator - the field remains static. 

• Oscillations start when  and the field 
slowly starts rolling towards its potential 
minimum. 

• As the Universe expands,  and the field 
oscillates and its energy density scales as 

, like cold DM. 

··ϕ + 3H(t) ·ϕ + m2
ϕϕ = 0

3H > mϕ

3H ∼ mϕ

H < < mϕ

ρ ∝ a−3
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ℒD≤5
eff (μ > ΛQCD) ∋

∂μa
2f

cuu ū γμγ5 u +
∂μa
2f

cdd d̄ γμγ5 d + cGG
αs

4π
a
f

GμνG̃μν + . . .

ALPs interactions at different scales
M. Bauer, SC and G. Rostagni, JHEP 05 (2025) 023

✓ALPs at the UV scale

✓Chiral Lagrangian ℒχPT =
f2
π

4
tr[Σ mq(a)+ + mq(a)Σ+]

Σ = exp(i 2Π/fπ)

mq(a) = e−iκq
a
f cGGmqe

−iκq
a
f cGG

Quark mass matrix is 
ALP-field dependent !!

✓RG running
✓Threshold matching
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ALP quadratic interactions

m̂ = (mu + md)/2, Δm = (mu − md)/2, τa = m2
a /m2

π

δπ(a) = −
c2

GG

2
a2

f 2 (1 −
Δ2

m

m̂2 ) + 𝒪(τ2
a)m2

π,eff(a) = m2
π(1 + δπ(a))

ℒ ∋ 4c1m2
π δπ(a)N̄N + …

ℒD=6
eff (μ ≲ ΛQCD) = N̄ (CN (μ)𝕀 + Cδ (μ)τ) N

a2

f 2
+ CE (μ)

a2

f 2
ēe + Cγ(μ)

a2

4f 2
FμνFμν

mq(a) = e−iκq
a
f cGG mq e−iκq

a
f cGG → m2

π(a) ∝ Tr [mq(a)] ≈ Tr [mq] −
a2

2f 2
Tr [{κ2

q , mq}]

✓Nucleon mass

At quadratic order in , ALPs have scalar interactions described by the dim-6 operatorsf

✓Pion mass

 (Alarcon et.al,  1210.4450)c1 = − 1.26 GeV−2
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Quadratic interactions+
cV V cF

+ <latexit sha1_base64="u9Uf+hC6P+O9BzUo7/cGknRhB+o=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSIIQklEqseiF48VTFtoY9lsp+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhQ8epYuizWMSqFVKNgkv0DTcCW4lCGoUCm+Hoduo3n1BpHssHM04wiOhA8j5n1FjJ7yT88bxbKrsVdwayTLyclCFHvVv66vRilkYoDRNU67bnJibIqDKcCZwUO6nGhLIRHWDbUkkj1EE2O3ZCTq3SI/1Y2ZKGzNTfExmNtB5Hoe2MqBnqRW8q/ue1U9O/DjIuk9SgZPNF/VQQE5Pp56THFTIjxpZQpri9lbAhVZQZm0/RhuAtvrxMGhcVr1qp3l+Wazd5HAU4hhM4Aw+uoAZ3UAcfGHB4hld4c6Tz4rw7H/PWFSefOYI/cD5/AG+cjnU=</latexit>

⇡+ + <latexit sha1_base64="9zBaiqzw+/Mgzp0GhjN97E43g1Y=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgCGFXJHoMevEY0TwgWcPsZJIMmZ1dZnqFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7glgKg6777eRWVtfWN/Kbha3tnd294v5Bw0SJZrzOIhnpVkANl0LxOgqUvBVrTsNA8mYwupn6zSeujYjUA45j7od0oERfMIpWuq89nnWLJbfszkCWiZeREmSodYtfnV7EkpArZJIa0/bcGP2UahRM8kmhkxgeUzaiA962VNGQGz+dnTohJ1bpkX6kbSkkM/X3REpDY8ZhYDtDikOz6E3F/7x2gv0rPxUqTpArNl/UTyTBiEz/Jj2hOUM5toQyLeythA2ppgxtOgUbgrf48jJpnJe9Srlyd1GqXmdx5OEIjuEUPLiEKtxCDerAYADP8ApvjnRenHfnY96ac7KZQ/gD5/MHx6aNfA==</latexit>

P+ + <latexit sha1_base64="PNgZrVO+JcCjedg0x/W3LUVUSRs=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPRi8cK9gPaUDabTbt2sxt2J0Ip/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemApu0PO+ncLa+sbmVnG7tLO7t39QPjxqGZVpyppUCaU7ITFMcMmayFGwTqoZSULB2uHodua3n5g2XMkHHKcsSMhA8phTglZq9USk0PTLFa/qzeGuEj8nFcjR6Je/epGiWcIkUkGM6fpeisGEaORUsGmplxmWEjoiA9a1VJKEmWAyv3bqnlklcmOlbUl05+rviQlJjBknoe1MCA7NsjcT//O6GcbXwYTLNEMm6WJRnAkXlTt73Y24ZhTF2BJCNbe3unRINKFoAyrZEPzll1dJ66Lq16q1+8tK/SaPowgncArn4MMV1OEOGtAECo/wDK/w5ijnxXl3PhatBSefOYY/cD5/AL+xj0M=</latexit>. . .<latexit sha1_base64="dfa12l/r87/D93uS51ywGerJGEM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRC9C0IvHBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/lgxkn6Ed0IHnIGTVWqt/0iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2auUK/XLUvU2iyMPJ3AK5+DBFVThHmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP5BfjMw=</latexit>=
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Cγ(μ) =
α

24π
c2

GG (−1 + 32c1
m2

π

MN ) (1 −
Δ2

m

m̂2 )

CE = − me
3α
4π

Cγ ln
m2

π

m2
e
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Shifts in fundamental constants

In the oscillating dark matter background, the low-energy quadratic lagnrangian induces a time-
dependent component in the following fundamental constants :

✓   

✓  

✓  

αeff(a) = (1 + δα(a))α with δα(a) =
1

12π (1 − 32c1
m2

π

MN ) δπ(a)

meff
e (a) = me(1 + δe(a)) with δe(a) =

3α
4π

Cγ
a2

f 2
ln

m2
π

m2
e

MN(a) = MN(1 + δN(a)) with δN(a) = − 4c1
m2

π

MN
δπ(a)
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Atomic Clocks
laser/microwave is 
tuned in resonance 
with the transition

Hyperfine frequencies :  

Optical frequencies : 

ν ∝ α4m2
e /mp FMW(α)

ν ∝ α2me Fo(α)
11



A generic clock prescription
✓ The frequency ratio of atomic transitions in two different atomic clocks A and B is parametrised as: 

✓To obtain a signal in the clock comparison, the sensitivity coefficients of the two systems must be 
different.

νA/B ∝ αkα ( me

mp )
ke

(
mq

ΛQCD )
kq

Difference in the sensitivity coefficients

12



In the oscillating ALP dark matter background, 

 
δνA/B

νA/B
∝ a2 =

2ρDM

m2
a

cos2 mat =
ρDM

m2
a

(1 + cos 2mat)
Signal is obtained when
clock frequency ω ≃ 2ma

δνA/B

νA/B
= kα

δα
α

+ ke ( δme

me
−

δmp

mp ) + kq (
δmq

mq
−

δΛQCD

ΛQCD )
≈ kα δα(a) + ke δe(a) − (ke + 2 kq) δp(a) + kq δπ(a)

Clock-ULDM connection
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clock stability  

narrow linewidth gives higher stability                   

∝ ν0/Δν
 GHz frequencies. 

 Longer integration time. 
Fractional uncertainty ~  

Rb/Cs

∼

10−15

Microwave  
clocks

 THz frequencies. 
Fractional uncertainty   

Yb, Al, Hg, Sr ion clocks

∼
∼ 10−17

Optical 
clocks

Barontini et al. EPJ QuantumTechnology
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Clock-cavity comparison

courtesy : Y. Stadnik

Sr/Si :  

H/Si :  

νSr ∝ α2.06 me
νH ∝ α4m2

e
15



How does the parameter space look ?

10-21 10-18 10-15
10-21

10-16

10-11

10-6

ma (eV)

c G
G
/f

(G
eV

)-
1

Rb/Cs

Yb+ E3/E2

Al+/Hg+

H/Si

Al+/Yb

Yb+/Sr Yb+ E3/Sr
Sr/Si

Yb/Cs

M. Bauer, SC and G. Rostagni, JHEP 05 (2025) 023



Optical interferometers

✓A two-arm laser interferometer detects tiny differences in 
optical path lengths; even with equal arms, geometric 
asymmetries from the beam splitter can induce phase shifts. 

✓If freely suspended, the beam splitter and mirrors can respond 
to time-varying fundamental constants, causing oscillations in 
the optical path and generating a detectable signal.

H. Grote1 et. al, [arXiv: 1906.06193]

•GEO-600 
•LIGO

Gravitational wave detectors can be used as laser interferometers

with opearating frequency  (kHz)∼ 𝒪



AURIGA 
✓A cryogenic resonant-mass detector of bar length 

.  
✓ Sensitivity over a narrow bandwidth 850-950 Hz, 
corresponding to ALP mass window .

∼ 𝒪(m)

1.88 - 1.94 peV

Mechanical resonators

h(t) = − (δα(a) + δe(a))

mechanical strain 



10-23 10-19 10-15 10-11 10-7
10-21

10-16

10-11

10-6

ma (eV)

c G
G
/f

(G
eV

)-
1

Rb/Cs

Yb+ E3/E2

Al+/Hg+

Al+/Yb

H/Q/CSO

Rb/Q
uart

z

Sr/Si

AURIGA

Cs/Cavity

Yb+ E3/Sr

H/Si

Yb/Cs

Yb+/Sr

Dy/Dy (LT)
Dy/Dy (ST)

Holometer
DAMNED

GEO
 60

0

LIGO-03

Current constraints

M. Bauer, SC and G. Rostagni, JHEP 05 (2025) 023



Upcoming facilities



Nuclear clock -  229Th

Unprecedented sensitivity -  Corresponds to sensitivity coefficients kα, kq ∼ 𝒪(104 − 105)

courtesy : M. Safronova

Seiferle et al., Nature 573, 243 (2019) 
T. Sikorsky et al., Phys. Rev. Lett. 125, 142503 (2020)
Caputo et. al, arXiv 2407.17526



Atom interferometers
✓Atomic interferometers detect DM-induced phase 

shifts by measuring the phase difference between 
split atomic wave packets, with signals appearing 
when the atomic transition period matches the 
interferometer duration.

✓The FC oscillations generate an oscillatory 
component in the electronic transition frequency, 
which is .ωA ∝ meα2+ξ

• Longer baseline corresponds to higher sensitivity

• Low frequencies prone to gravity gradient noise
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Putting everything together
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Take home

✓We explored quantum sensor reach for ultralight ALPs coupled to gluons at the UV 
scale. 

✓The gluon coupling induces various low-energy interactions of ALP with the SM. 

✓Quadratic ALP interactions shift fundamental constants, causing detectable time 
variations in an oscillating dark matter background. 

✓Quantum sensors currently probe ALP landscape over . 

✓Upcoming quantum sensors provide very promising prospects in probing ultralight 
dark  sectors.

ma ≈ 10−24 − 10−6 eV



Thank you!!



Nucleons



ALP linear interactions

At energy scales below , the relevant ALP couplings to photons, nucleons and 

electrons are written in the leading order of the expansion of the decay constant  as

ΛQCD

f

(p, n)

ℒD≤5
eff (μ ≲ ΛQCD) =

1
2 (∂μa)(∂μa) −

m2
a,0

2
a2

+
∂μa
2f

cee ē γμγ5 e + gNa
∂μa
2f

N̄γμγ5N + ceff
γγ

α
4π

a
f

Fμν F̃μν



Cavity Haloscopes

cγγ
α
4π

a
f

Fμν F̃μν = cγγ
α
π

a
f

⃗E ⋅ ⃗B

Kimball et. al, The Search for Ultralight Bosonic Dark Matter 

Pa→γ =
α2

π2
(cγγ)2

f 2

ρDM
ma

B2
0VC min(QL, Qa)

Frequency dependent signal power 
extracted on resonance 
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Haloscope reach ceff
γγ (μ0) = cγγ(Λ) − 1.92 cGG(Λ)
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Finite density effects

Axion-field value is different in the vicinity of a massive object (such as the earth) than in the vacuum.

The source term up to quadratic axion interactions 
can be absorbed in the effective mass term

axion field at infinity takes the 
oscillating galactic background field



Damour, Donoghue, et. al

’s are positive, ’s are negative  Qi δi

J−(x) diverges for x → π/2

critical value of the axion-gluon 

coupling under the small-coupling 

approximation
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• Axion potential is periodic, resulting in a cutoff 
for the field value , implying that the 
higher order operators in the expansion 
regulates the divergence in the field. 

• For non-DM axion, the boundary condition at     
r → ∞ is a vanishing field value, so the full 
solution can be obtained. In the case of axion 
dark matter it should be finite as the free 
oscillating field -  Needs proper treatment

a ∼ π/f

For the axion field value to 
deviate from the vacuum 

solution, the potential energy 
induced by the source needs to 
be sufficiently large to turn the 

axion mass tachyonic


