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 Matter effect in neutrinos oscillations

 Dispersion & normalization at a finite temperature/density

 Ultra-Light, Fuzzy Dark Matter

 Particle dispersion in vector DM 
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Wolfenstein: “Coherent forward scattering of neutrinos leaving the me

dium unchanged must be taken into account.”

Neutrino evolution in matter: 
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 In a medium with arbitrary 𝑁𝑒 and 𝑁 ҧ𝑒
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 Modified propagator:

 Dispersion in the high-energy limit (𝐸 ≈ p):
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 With the WIMP paradigm approaching the limit, the territory of 

ideas, imagination, and experiment is expanding, particularly to 

the direction of arbitrarily small masses and couplings.

 Wave-like property of ULDM as light as 10−22eV shed new light 

on the properties of ultra-light bosonic (scalar, axion-like, vector) 

dark matter.
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 Free field solution with modified propagator

⊗

+ =

(p − Σ(𝑝, 𝑘) − 𝑚𝜓)𝜓 = 0/ /

 Coherent forward scattering=medium one-loop correction 



 Modified  propagator:

 Field normalization can also be modified:

𝑆𝐹
−1 = 𝑝 ⋅ 𝛾 − 𝑚𝜓 − Σ ⋅ 𝛾 = 𝑝 ⋅ 𝛾 1 − Σ𝑝 − 𝑘 ⋅ 𝛾Σ𝑘 −𝑚𝜓(1 − Σ𝑚)

Dispersion relation: 
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2
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𝑍 = 𝑍 p,𝑚𝜓; 𝑘, 𝑔𝜙 ≠ 1

⇒ 𝐸 = 𝐸p p,𝑚𝜓; 𝑘, 𝑔𝜙 ≡ p2 +𝑚𝜓
2 + Δ
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 Propagator in vacuum:

 Normalization in medium: 𝜓 → 𝑍1/2 𝜓
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ℒ′ = 𝑔𝐿𝐴𝜇
′ 𝜓𝐿𝛾

𝜇𝜓𝐿 + 𝑔𝑅𝐴𝜇
′ 𝜓𝑅𝛾

𝜇𝜓𝑅 (vector)

𝜓 ∶ Dirac or Majorana (𝜓𝑅 = 𝜓𝐿
𝑐)

Σ = 𝑔𝑔⟊ ∫
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𝑓𝜙 𝑘 = 2𝜋 3𝛿3 𝑘 − 𝑘𝜙 𝜃 𝑘0 𝑛𝜙 − 𝜃 −𝑘0 𝑛ഥ𝜙



Consider a unpolarized VDM with 𝜉𝑎 =
1

3
& 𝑘 ≈ (𝑚𝜙, 0)
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𝑆𝐹
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 The rest mass correction, 𝐸 ∼ 𝑚𝜓
2 + 𝛿𝑚𝜓

2 , may be in conflict 

with the observations 𝑚𝜓 obs.
: 𝑚𝑒 and 𝑚𝜈

eq
.

 In high-momentum limit, Δ ∝ p 𝛿𝑚𝜈 amounts to add an constant 

potential 𝛿𝐸𝜈 ∝ 𝛿𝑚𝜈 spoiling the MSW effect if VDM is flavor-

dependent.

 The normalization 𝑍 = 1/2 in the relativistic limit contradicts to 

various SM precision measurements such as lepton-flavor 

universality and so on.
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𝑍𝑙 ≠ 𝑍𝜈 = 1

2105.04565

𝑍𝑉 = 𝑍𝐻 = 1
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𝑍𝑞,𝑙 ≠ 1

𝑍𝑉 = 𝑍𝐻 = 1
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𝑍𝑙𝑒,𝑙𝜇,𝜏 ≠ 1
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𝑍𝜇,𝜏 ≠ 1

𝛿𝐸𝜈 ∼ 𝛿𝑚𝜈

𝛿𝑚𝜈
eq
∼ 𝑇eq

3/2



 When SM fermions couple to ULDM, the medium effect in their 

dispersion and normalization has  to considered.

 The medium-induced rest mass, or  potential  can be sizable and thus 

constrained by the observations.

 For VDM, a peculiar field normalization 𝑍 = 1/2 appears in the 

relativistic regime which highly constrains the parameter space. 
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