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Introduction

Studies of medium effect in neutrino propagation

• Neutrinos traveling through matter (Wolfenstein ’78):

“Coherent forward scattering leaving the medium unchanged

must be taken into account in neutrino oscillations.”
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ℋ𝑒𝑓𝑓 = 2 2 𝐺𝐹 𝜈𝑒𝐿𝛾
𝜇𝑒𝐿 𝑒𝐿 𝛾𝜇𝜈𝑒𝐿

⇒ 2𝐺𝐹𝑁𝑒 𝜈𝑒𝐿𝛾
0𝜈𝑒𝐿
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𝑚𝜈
2
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+ 2𝐺𝐹𝑁𝑒



Introduction

• Neutrinos traveling through 
an ultralight DM:

i) Time-oscillating mass: 

ii) Modified dispersion:

iii) Medium-induced 

𝜈𝑖 → 𝜈𝑗 transition
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Dark medium of an ultra-light boson

• Huge number density  classical field
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Coherent state

• Eigenstate of annihilation 
operator:

• Energy density: 
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෠𝜙 𝑥 = ׬
𝑑3k

2𝜋 32𝐸k
𝑎k𝑒

−𝑖𝑘⋅𝑥 + 𝑎k
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Analysis setup

• Work in the mass basis of neutrinos coupling to 
a classical background:

“Flavour structure in the coupling?”
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𝑔𝑖𝑗 = 𝑔𝛼𝛽𝑈𝛼𝑖𝑈𝛽𝑗

ℒ′ =
1

2
𝑔𝑖𝑗 ෠𝜙 𝑥 𝜈𝑖

𝑐𝑃𝐿𝜈𝑗 +
1

2
𝑔𝑖𝑗
∗ ෠𝜙† 𝑥 ഥ𝜈𝑖𝑃𝑅𝜈𝑗

𝑐

ℒmass =
1

2
𝑚𝜈𝑖 𝜈𝑖

𝑐𝑃𝐿𝜈𝑖 +
1

2
𝑚𝜈𝑖

∗ ҧ𝜈𝑖𝑃𝑅𝜈𝑖
𝑐

(*) 𝑔𝜙0 ∼ 0.01eV

⇒ 𝑔~10−19
𝑚𝜙

10−20eV



For a simple picture

• Consider two-flavor 
neutrinos:

• The 𝜈𝑒 → 𝜈𝜇 transition in 
medium is describe by :
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𝜈𝑒 = 𝑐𝜃𝜈1 − 𝑠𝜃𝜈2
𝜈𝜇 = 𝑠𝜃𝜈1 + 𝑐𝜃𝜈2

𝐴𝜇𝑒 = 𝑐𝜃𝑠𝜃 𝐴11 − 𝐴22 + 𝑐𝜃
2𝐴21 − 𝑠𝜃

2𝐴12

Standard oscillation & 
Medium effect with 𝑔11,22 ≠ 0

Medium effect with 𝑔12 ≠ 0



Transition amplitudes in medium

• 𝜈𝑖 → 𝜈𝑗 transition amplitude:

• 𝑈 = 𝐼: Standard neutrino oscillation
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𝐴𝑗𝑖 = 𝜙𝑐; 𝜈𝑗 , p2 𝑒
−𝑖𝐻0𝑡2𝑈 𝑡2, 𝑡1 𝑒𝑖𝐻0𝑡1 𝜈𝑖 , p1; 𝜙𝑐

𝑈 𝑡2, 𝑡1 = 𝑇𝑒
𝑖 𝑡1׬

𝑡2 𝑑𝑡 ℒ′(𝑡)
= 𝐼 + 𝑖 න

𝑡1

𝑡2

𝑑𝑡 න𝑑3x ℒ′(𝑥) + ⋯

𝐴𝑗𝑖
0 = 𝜙𝑐; 𝜈𝑗 , p′ 𝑒

−𝑖𝐻0(𝑡2−𝑡1) 𝜈𝑖 , p ; 𝜙𝑐 ∝ 𝑒−𝑖 𝐸𝑖𝐿 𝛿𝑗𝑖 with 𝐿 = 𝑡2 − 𝑡1



Transition amplitudes in medium

• Medium-induce transition: 𝜈𝑖 p → 𝜈𝑗(p ± k)
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𝜈 𝑥 = න
p

𝑎p
𝑠𝑢p

𝑠𝑒−𝑖𝑝⋅𝑥 + 𝑎p
𝑠+𝑣p

𝑠𝑒𝑖𝑝⋅𝑥𝜙𝑐 𝑥 = 𝜙0𝑒
−𝑖𝑘0⋅𝑥 + 𝜙0

∗ 𝑒𝑖𝑘0⋅𝑥

𝐴𝑗𝑖
1± ∝ 𝑔𝑗𝑖

(∗)
න
𝑡1

𝑡2

𝑑𝑡 𝑒𝑖 𝐸p±k0−𝐸p∓𝐸k0 𝑡 𝜙0
(∗)

𝑢p±k0
𝑠 𝑃𝐿𝑢p

𝑠 − 𝑣p
𝑠𝑃𝑅𝑣p±k0

𝑠

2𝐸p±k0 2𝐸p

ℒ′ =
1

2
𝑔𝑗𝑖𝜈𝑗

𝑐𝑃𝐿𝜈𝑖 ෠𝜙 𝑥` +
1

2
𝑔𝑗𝑖
∗ ҧ𝜈𝑖𝑃𝑅𝜈𝑗

𝑐 ෠𝜙†(𝑥)

𝐴𝑗𝑖
1 = 𝜙𝑐; 𝜈𝑗 , p2 𝑒

−𝑖𝐻0𝑡2𝑖 න
𝑡1

𝑡2

𝑑𝑡 න𝑑3x ℒ′(𝑥) 𝑒𝑖𝐻0𝑡1 𝜈𝑖 , p1; 𝜙𝑐



The transition probability

• Three independent 
contributions:

• Assuming 𝑔𝜙0 ≪ 𝑚𝜈, 
consider two couplings 
independently 𝑔12, 𝑔22:
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𝑃𝜇𝑒 ∝ 𝐴𝜇𝑒
0 2

+ 𝐴𝜇𝑒
1+ 2

+ 𝐴𝜇𝑒
1− 2

𝑃𝜇𝑒 = sin2 2𝜃 sin2
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2 𝐿

4𝐸𝜈

+sin2 2𝜃
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2
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2 𝐸𝜈

2 sin2
𝑚𝜙𝐿

2
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𝑔12𝜙k
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2
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2 sin2
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2

Δ21
± ≡

Δ𝑚21
2 𝐿

2𝐸𝜈
±𝑚𝜙

𝐸p ≈ 𝐸𝜈 +
𝑚𝜈

2

2𝐸𝜈
, 𝐸k0 ≈ 𝑚𝜙



Constraints from neutrino oscillation data
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𝒈𝟏𝟐

𝒈𝟐𝟐

IceCube

SN1987A
CMB

CMB: 1904.07810
BBN: 2009.08104

𝑔𝜙0 ∼ 0.01eV



Conclusion

• Ultralight boson can form a coherent state providing a classical backgro
und of DM.

• It has interesting impacts on neutrino oscillations, cosmology & astroph
ysics when coupled to neutrinos.

• A yet unexplored process 𝜈𝑖 p → 𝜈𝑗(p ± k) in neutrino propagation is di
scussed.

• Depending on flavour structure, strong constraints can be obtained.

• This process is suppressed in the opposite limit of 𝑚𝜈 → 0, where neutri
no oscillations may be solely due to the medium effect.
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