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The menu

1. Ultralight dark matter (ULDM) 
• Production, properties, UV perspectives 

2. CLFV + ULDM 
• Model building constraints 
• Explicit realization 

3. Experimental sensitivity ( )μ, τ
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Lore — ULDM
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What is ultralight dark matter? 

Wave dark matter. 

• Spin-0, (pseudo)scalar,  (10−21 − 10−19 ) eV ≲ m ≲ eV
Lyman-  

(2007.12705, 
2606.06969)

α Dwarf heating 
(2203.05750, 
2405.20374)

Tremaine & Gunn (1979) 

mψ ≳ (
ρϕ

σ3
v )

1/4

∼ keV

(0003365)

• Described by a classical wave  

where  

ϕc(x, t) = ϕ0(x) cos(mϕt + δ)
ϕ0 = 2ρϕ /mϕ, ρϕ = 0.4GeV/cm3 ≃ 10−42 GeV4

𝒩 ∼
ρϕ

m4
ϕσ3

v
≫ 1

https://arxiv.org/abs/2007.12705
https://arxiv.org/abs/2606.06969
https://arxiv.org/abs/2203.05750
https://arxiv.org/abs/2405.20374
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.42.407
https://arxiv.org/pdf/astro-ph/0003365
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𝒩 ∼
ρϕ

m4
ϕσ3

v
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Tosc =
2π
mϕ

≈ 4s( 10−15eV
mϕ )

Scales

Two halo #’s: 
 

 
+ 

ρDM ≃ 3 × 10−6eV4

σv ≃ 10−3

mϕ
τcoh ∼

1
mϕσ2v

≈ 1week( 10−15eV
mϕ )

https://arxiv.org/abs/2007.12705
https://arxiv.org/abs/2606.06969
https://arxiv.org/abs/2203.05750
https://arxiv.org/abs/2405.20374
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.42.407
https://arxiv.org/pdf/astro-ph/0003365
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Early universe production via misalignment
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Lore — ULDM
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Light scalars are unnatural, radiative corrections drag 
 up to the cutoff. 

Easiest way to get ultralight field is starting with 
exact NGB (linear-sigma), and giving mass via 

1. Anomalous coupling to a gauge group:  

2. Explicit spurion:  

3. Gravity: 

m2
ϕ

Λ4 cos(ϕ/f ), m ∼ Λ2/f
m2 ∼ mqΛ

δm2 ∼ f n−2/Mn−4
Pl Fine-tuning is the biggest model-

building challenge
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Lore — CLFV
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Observing CLFV = new physics

Extensive experimental programs  
utilizing intense muon beams 

and e+e- colliders
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CLFV + ULDM

Introducing CLFVing couplings to  manifests as  
time-dependent modulations to leptonic rates.

ϕ
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Seeing a CLFV signal doesn’t imply DM is the source, 
but detecting a time-dependent CLFV signal is a 
smoking gun for DM mediated CLFV.

ϕ → ϕc(t) + δϕ ≡ ⟨ϕ⟩(t) + ϕ



Tony Menzo (U. Alabama + Fermilab) ULDM via CLFV

CLFV + ULDM

Two manifestations of time-
dependence: 

1. SM mass modulation 

2. Decay/scattering rates
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mℓ(t) = mℓ + yϕc(t)

Inherently higher-dimensional
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CLFV + ULDM
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Model building checklist: 

1. Time-modulation 

2. Fine-tuning 

3. SM rate-modulation
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CLFV + ULDM
Model building checklist: 

1. Time-modulation 

2. Fine-tuning 

3. SM rate-modulation
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First guess:
Cij

Λ
ϕHL̄iℓj → yijϕℓ̄iℓj

 (Belle II)|yτℓ | ≲ 10−7

 (TWIST)|yμℓ | ≲ 10−10
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CLFV + ULDM
Model building checklist: 

1. Time-modulation 

2. Fine-tuning 

3. SM rate-modulation
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Second guess:
Cij

Λ
∂μϕ (ℓ̄i γμ γ5 ℓj)

 (Belle II)|yτℓ | ≲ 10−7

 (TWIST)|yμℓ | ≲ 10−10
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CLFV + ULDM
Model building checklist: 

1. Time-modulation 

2. Fine-tuning 

3. SM rate-modulation

13

Third guess:
Cij

Λ
ϕ2 (ℓ̄i ℓj)
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CLFV + ULDM
Model building checklist: 

1. Time-modulation 

2. Fine-tuning 

3. SM rate-modulation
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Fourth guess:

Cij

Λ
ϕϕ′￼(ℓ̄i ℓj) or 

Cij

Λ2
ϕ∂μϕ′￼(ℓ̄i γμ ℓj)

ℬ(ℓi → ℓj ϕ′￼) =
C2

ij ϕ2
0

64π Λ4

m3
ℓi

Γℓi

cos2(mϕt + δ)
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CLFV + ULDM
Explicit realization: 
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Cij

Λ2
ϕ∂μϕ′￼(ℓ̄i γμ ℓj)

Non-abelian pseudo Nambu-Goldstone boson + gauged U(1)D
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CLFV + ULDM
Explicit realization: 
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Cij

Λ2
ϕ∂μϕ′￼(ℓ̄i γμ ℓj)

SU(3)R × SU(3)L × U(1)D → SU(3)V × U(1)D

Dμ ≡ ∂μ − igAμ[Q, U], U ≡ exp(i Π / f )
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Experimental sensitivity
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Time-dependent analyses also convert systematics limited 
searches to statistics limited with the reach in the 
rate improving by  

.σsys/σstat = α Nbkg

One ingredient for all intensity frontier experiments to 
become dark matter detectors: 

Clock!
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Experimental sensitivity ( )μ
Mu3e: 

• 300 day run time 
• 1015 total  decays 
• 1013 in the last bin 

μ

18

μ+ → e+ν̄ν

μ+ → e+ϕ
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Experimental sensitivity ( )μ
Mu3e: 

• 300 day run time 
• 1015 total  decays 
• 1013 in the last bin 

μ
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μ+ → e+ν̄ν

μ+ → e+ϕ
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Experimental sensitivity ( )μ
We considered two test-statistics: 

1.  

2. Rayleigh power spectrum

χ2

20

z (f) =
2
Ne [

Ne

∑
n=1

cos (2πftn)]
2

+ [
Ne

∑
n=1

sin (2πftn)]
2

χ2 =
nbin

∑
k,p=1

SkC−1
kp Sp =

1
Nbg,1

nbin

∑
k=1

S2
k −

α2

1 + α2nbinNbg,1 (
nbin

∑
k=1

Sk)
2

*Not limited by bin statistics
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Experimental sensitivity ( )μ
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Experimental sensitivity ( )μ

22

10°2010°1810°1610°1410°12

m¡ [eV]

10°6 10°4 10°2 100 102 104 106 108

¢t [s]

10°10

10°9

10°8

10°7

10°6

B s
ig
(µ

!
e¡

0 )
se

n
si

ti
vi

ty

S
ta

ti
st

ic
s

li
m

it
ed

(¬
2
) ¢

t
>

O
b
servation

tim
e

Mu3e

D
ec

oh
er

en
ce

10°20 eV

10°18 eV

10°16 eV

10°14 eV

10°12 eV

Single-bin

Signal sensitivity 
vs 

 time resolution



Tony Menzo (U. Alabama + Fermilab) ULDM via CLFV

Experimental sensitivity ( )μ
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Experimental sensitivity ( )τ
Belle II: 
• 300 day run time 
• 108 total  pairs 
• Analysis required three 
charged hadrons on tag 
side, on charged lepton 
on signal side 

τ

24

2212.03634
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Experimental sensitivity ( )τ
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Experimental sensitivity ( )τ
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Conclusions

• Detecting a time-dependent CLFV signal is a 
smoking gun for DM. 

• Intensity frontier experiments can become dark 
matter experiments via precise timing. 

• Time-dependent analyses can overcome 
systematics dominated measurements. 

27
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Thank you :)



Back-ups
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Michel spectrum errors at Mu3e
NNLO, NNLL 

2211.01040
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https://arxiv.org/pdf/2211.01040

