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Outline
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✤Neutrino oscillation in Fermionic DM background.


✤Neutrino oscillation in ultralight bosonic DM (QM approach).


✤Quantum field theory approach to neutrino oscillations in scalar DM.


✤Summary.
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Topics relevant to neutrino physics 
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Xing, 1411.2713
Origin of neutrino masses


Majorana VS Dirac


Absolute mass of neutrinos 


Mixings and CP violations


Neutrino cosmology


Neutrino astrophysics


。。。
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What we concern:  -DM connectionν
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ν ↔ DM{Neutrino is a hot dark matter candidate

Properties of neutrinos are similar to these of dark matter

Sterile neutrino is typical warm/cold dark matter candidate

The signal of neutrino in direct detection experiments is similar to that of DM
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Neutrino-DM connection
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Coherent neutrino-nucleus scattering in 
the SM
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=
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Neutrino-DM connection
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From PandaX-4T， 2024
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Neutrino-DM connection
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Impacts of non-standard neutrino interactions to the neutrino floor was studied

NSI Enhancement 
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⚙︎ Definitely DM signal

⚙︎ DD combined with Neutrinos

⚙︎ New DD technique is needed

Wei Chao, J. Zhang, X. Wang and X. Zhang, JCAP， 19

ζ0
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2 (ζp
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α) ζ1
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2 (ζp
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Neutrino-DM connection
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Neutrino portal DM：Sterile neutrino + ⋯

νs → νa + γ

Eγ ≈
ms

2

Γγ = 1.62 × 10−28s−1 ( sin2 2θ
7 × 10−11 ) ( ms

7 keV )
5

Good: The life-time of a keV scale sterile neutrino is longer 
than the age of the universe.

Not too good: Too much sterile neutrino dark matter in galaxies, 
so it can be constrained by results of standard X-ray 
astronomy.

Y.Zhang, et al., PRL 124(2020)081802 Mon.Not.Roy.Astron.Soc. 501 (2021) 1, 1188-1201

Strategy: introducing a 
p s e u d o -D i ra c s t e r i l e 
neutrino

Chao et al.， EPJC 25
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Neutrino oscillation 
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ℒcc =
g

2
(e μ τ)γμVPMNS

ν1
ν2
ν3

+ h . c .

First discovery of neutrino oscillation Picture

⼤⽓中微⼦振荡的实验证据（Ashie et al., PRL 04）

π±, K±

νµ

νµ

µ±

p, He … θ

该结果被长基线中微⼦振荡实验K2K和

MINOS证实
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P(να → νβ) = δαβ − 4∑
i<j

Re (VαiVβjV*αjV*βi) sin2 (
Δm2

jiL
4E ) + 2∑

i<j

Im (VαiVβjV*αjV*βi) sin2 (
Δm2

jiL
2E )

+薛定谔⽅程

NOBEL PRIZE IN 2015:  
TAKAAKI KAJITA, ARTHUR 

B. MCDONALD
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Neutrino oscillation parameters
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★ Neutrino oscillaitions in dense matter, S.Luo,  
PRD 2020, ZZ Xing and J.Y. Zhu, NPB 2019,…… 

★ Matter effects with exotic BSM neutrino 
interactions,  A.Smirnov and X.j. Xu JHEP 2019,  
S.F. Ge and S.Parke, PRL 2019,  GJ.Ding and F. 
Feruglio, JHEP 2020, …… 

★ Interpretation the discrepancy  of measured CP 
phase by T2k and Nova: Denton, Gehrlein and 
Pestes, PRL 2021; Chatterjee and Palazzo PRL 
2021. 

★ Neutrino oscillation in dark matter,  J. Liao et al., 
2018  J. Liu et al., PRD 2018, S.F. Ge and 
Muryama, 2019, W. Chao et al., 2020, Dev et al., 
2020,……

F. Capozzi et al , 2107.00532

Aghanim et al. [Planck] 2018 

Parameters 
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 oscillate in a specific lepton  portal Fermionic DMν
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Gauge portal to fermionic DM via the  gauge symmetryU(1)Lμ−Lτ

ℒ ∼ χiγμDμ χ + (DμΦ)†(DμΦ) − mχχ + μ2Φ†Φ − λ(Φ†Φ)2

ℒν−mass ∼
1
4

κfgℓC
Lc

f
εcdHdℓ

g
LbεbaHa + h . c .

ℒ′￼ν−mass ∼
1
4

κ′￼eμΦ†ℓC
Lc

e
εcdHdℓ

μ
LbεbaHa +

1
4

κ′￼eτΦℓC
Lc

e
εcdHdℓτ

LbεbaHa + h . c .
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Neutrino oscillations in Fermionic DM 
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Effective potential arising from DM: Vχ = ±
g2

χ

m2
Z′￼

nχ

ℋ̃ = ℋ + ℋ′￼ =
1

2E
V

m2
1

m2
2

m2
3

V† +
ACC

Aχ

−Aχ

Ignoring electron induced matter effect for simplicity!

ℋ̃ =
1

2E
V

0
Δm2

21

Δm2
31

V† +
0

Aχ

−Aχ

=
1

2E
Ṽ

m̃2
1

m̃2
2

m̃2
3

Ṽ† ,

| Ṽαi |
2 =

(λi − ξα)(λi − ζα)
(λi − λj)(λi − λk)

=
λ2

i − λi(ξα + ζα) + ξαζα

(λi − λj)(λi − λk)
,

λi

2E
: Eigenvalue of ℋ̃

ζα : Eigenvalue of ℋ̃α = (
ℋ̃ββ ℋ̃βγ

ℋ̃γβ ℋ̃γγ)
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Neutrino oscillations in Fermionic DM 
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Squared mass differences  and Jarlskog
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Neutrino oscillations in Fermionic DM 
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Oscillation probability
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P̃((−)ν α → (−)ν β) = δαβ − 4∑
j>i

Re [ṼαiṼ*βiṼ*αjṼβj] sin2 Δ̃ji

±2∑
j>i

Im [ṼαiṼ*βiṼ*αjṼβj] sin 2Δ̃ji

L
E

∼ 104 km/GeV

 and , matter 
effect is unlikely to be observable, but this effect do 
exist in somewhere of the universe. 

ρχ ∼ 0.3 ∼ 0.6 GeV/cm3 𝒪(g) ∼ 10−3
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Alert:  
These eff  




Neutrino oscillations in Bosoinic  DM 
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Ultralight bosonic DM 

ℒs ⊃ − (mν + gϕ)νν + h . c .

ℒV ⊃ gQαβνα
LγμAμνβ

L

Effective potential derived from desperation relation

V1
eff =

1
2Eν

[ϕ(ymν + mνy) + ϕ2y2]

V2
eff = −

1
2Eν

[2p ⋅ AgQ + g2Q2A2]
Krnjaic, et al.,  PHYS. REV. D 97, 075017 (2018) 
Brdar, et al.,  PHYS. REV. D 97, 043001 (2018)
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ϕ =
2ρϕ

mϕ
cos (mϕt)

Aμ =
2ρA

mA
ξμ cos (mAt)



Neutrino oscillations in Bosoinic  DM 
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Matching neutrino oscillation into classical oscillator 

··x +
k
m

x = 0 x = A cos(ωt + φ) ··x + (δ + ε cos ωt)x = 0
Mathieu equation
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Neutrino oscillations in Bosoinic  DM 
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Quantum field theory approach Setup

ℒ = να
Liγμ∂μνα

L −
1
2

𝒢αβφνC
LανLβ −

1
2

νC
Lαmαβ

0 νLβ + h . c .

=
1
2

να (iδαβγμ∂μ − m0,αβ − 𝒢αβφ) νβ

(iγμ∂μ − mi) ̂νi = ∑
j

𝒢̄ijφ ̂νj

EOM (taking DM as classical external field)

Wei Chao,  Beijing  Normal University



Neutrino oscillations in Bosoinic  DM 
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Free propagator: Si
F(x) = ∫

d4p
(2π)4

e−ip⋅x i
2 (1 −

⃗σ ⋅ ⃗p
Ei ) 1

p0 − Ei + iε

Modified propagator Si
A(xf, xi) = Si

F(xf, xi) + ∬ d4x1d4x2Si
F(xf − x1)gijφ(x1)Sj

F(x1, x2)gjiφ(x2)Si
F(x2, xi)

Propagator in 
momentum space

S1→1
A (p) ≈

ip ⋅ σ
2p0

p0 − E2

(p0 − E1 + iε)(p0 − E2 + iε) − κ2
≡

ip ⋅ σ
2p0

Σ11

S2→2
A (p) =

(p0 − E1)
(p0 − E1 + iε)(p0 − E2 + iε) − κ2

≡
ip ⋅ σ
2p0

Σ22

S1→2
A (p) =

ip ⋅ σ
2p0

κ
(p0 − E1 + iε)(p0 − E2 + iε) − κ2

≡
ip ⋅ σ
2p0

Σ12
{2 ↔ 2
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κ = 2π𝒢̄
2ρφ

mφ

oscillation case



Neutrino oscillations in Bosoinic  DM 
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Initial&final states |ψi(x)⟩ = ∫
d3p

(2π)3 2Ei(p)
e−ip⋅xfΨi

(p, P) |p⟩

Amplitude iTα→β = ∑
ij

𝒰*αi𝒰βj ∫
d4p

(2π)4
Φ*i (p)Φj(p)Σij(p)exp (−ip0T + i ⃗p ⋅ L) .

Oscillation probability Pe→μ =
[(Δm̄2/4E)s2θ + κc2θ]2

(Δm̄2/4E)2 + κ2
sin2 ( Δm̄2

4E )
2

+ κ2 L

QM result: Pe→μ = sin2 2θM sin2 ( Δm2
ML

4E ) Time dependence is 
removed !
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THANK YOU FOR YOUR ATTENTION 
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Summary

From Krnjaic, et al.,  PHYS. REV. D 97, 075017 (2018) 

G12/mϕ=1×10-11eV-1

G12/mϕ=5×10-11eV-1
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Alert:  
If neutrinos do oscillate in DM, 
then DM induced matter eff
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