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✤ Brief overview  

✤ Status of dark matter direct detections 

✤ Pseduo-Dirac sterile neutrino dark matter 

✤ Direct detects of neutrino-like DM in condense matter 

Based on: 
Pseudo-Dirac Sterile Neutrino Dark Matter, W.Chao,, S.Jiang, Z.Wang and Y.Zhou arXiv:2112.14527 
A new Direct detection strategy for cosmic neutrino background W.Chao, J.Feng, M.Jin and T.Li arXiv:2112.13777 
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What is dark matter？
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we don’t know!

Neutral, non-baryonic, weakly interacting particle!
Particle Zoo

Mass Spin Interactions

DM

✗ ✗ ✗

EVIDENCE FOR DARK MATTER WHAT IS DARK MATTER?
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Possible dark matter candidate
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Fermi’s constant introduced in 
1930s to describe beta decay

GF ≈ 1.1 × 10−5 GeV−2

New mass scale: 100 GeV

Assuming DM is in 
thermal equilibrium in 

the early universe

The relic density: ΩX ∼
1

⟨σv⟩
∼

m2
χ

g4
χ

mχ ∼ 100 GeV

gχ ∼ 0.6
Ωχ ∼ 0.1

The weak coupling

The WIMP Miracle!

Brief History: {   @ t<2010s,      WIMPS

   @ by now,{ Axion

Sub-GeV
Primordial black hole

   @ future
Super heavy DM ?{
Super light DM ?

……

Dark matter candidate
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Ways of probing DM
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Dark Matter 

Nuclear Matter 
quarks, gluons 

Leptons 
electrons, muons, 

taus, neutrinos 

Photons, 
W, Z, h bosons 

Other dark 
particles 

Astrophysical  
Probes 

DM DM 

DM DM 

Particle 
Colliders 

SM DM 

SM DM 

Indirect 
Detection 

DM SM 

DM SM 

Direct 
Detection 

DM DM 

SM SM 

arXiv: 1305.1605 1907.10610

Traditional methods Modern strategies
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Direct detections in underground lab
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The WIMP event rate
dR
dER

= MT ×
ρDMσ0

n A2

2mDMμ2
n

F2(ER)∫vmin

f( ⃗v )
v

d3v

Exposure DM density Nuclear Form Factor

ρDM{
ρDM ∈ [0.2, 0.6] GeV/cm3

∫vmin

f( ⃗v )
v

d3v =
1

2v0ηE
[erf(η+) − erf(η−)] −

1
πv0ηE

(η+ − η−)e−η2
esc

local measures use the vertical kinematics of stars 
near the Sun 

Global measurement extrapolate rho from  rotation 
curve

Maxwell Boltzmann distribution:

Two uncertainties: 

Ionization

PhononPhoton

NaI, Xe

Ge

Al2O3,LiFCaWO4, BGO

Li
qu

id
 X

e Ge, Si

WIMP WIMP

CoGeNT, CDEX, Texono, DAMIC, 
Malbek

XENON, LUX/LZ. ArDM, PandaX, 
Darkside, DARWIN

Super-CDMS, EDELWEISS

CRESST-1, CUORE
DEAP3600,CLEAN,DAMA,KIMS,XM

ASS, DM-Icem ANAIS,SABRE

CRESST

Relevant Formulas Possible signals of direct detection experiments
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Status
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Status For next?

   WIMP 拥护派：
继续赌在中微⼦地板上能够发现冷暗物质暗物质
研究新的探测技术（如⽅向性测量）来探测地板之下的参数空间

   WIMP 改⾰派：
往低质量区转移，研究sub-GeV暗物质及其直接探测
往⾼质量区转移，研究超重暗物质的动⼒学与直接探测

   WIMP 反对派：
发展修改引⼒
研究极端暗物质候选者如FUZZY DM或原初⿊洞等等上穷碧落下黄泉 

两处茫茫皆不见
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Sterile neutrino dark matter
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Motivation

• Non-zero neutrino masses predict the existence 
of sterile neutrino. 

• Sterile neutrino mass may range from the eV 
scale to the GUT scale.

• Active neutrinos is stable but cannot be dark 
matter candidate.

• KeV-scale sterile neutrino dark matter can solve 
the small scale issues of the cold dark 
matter( core/cusp; massive halos…).

• Super-weak neutrino: Freeze-out in the  early 
Universe (Oliver& Turner 1982)

• KeV sterile neutrino: non-resonant produced via 
neutrino oscillations through a tiny mixing with 
active neutrinos(Dodelson&Widrow, 1993)

• Cool sterile neutrino DM:  non-zero lepton number 
resonant enhanced production (Shi&Fuller,1999)

• Detection of sterile neutrino DM via the X-ray

Brief history



Situations and possible way out
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Interactions in mass eigenstates Experimental constraints

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

What we try to do?
Exploring possible solution to the problem of DW mechanisms ;
Further exploring the potential of sterile neutrino dark matter 
model in releasing the Hubble tension.

Strategy: introducing a pseudo-Dirac sterile neutrino



Pseudo-Dirac sterile neutrino
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Lagrangian The permutation symmetry

ℒPseudo−Dirac = MSLNR +
1
2

SLμSC
L + h . c .Lagrangian

=
1
2 (SL NC

R ) ( μ M
M 0 ) (SC

L
NR) + h . c .

Typical example: Inverse Seesaw Mechanism 

M =
0 MD 0

MT
D μ M

0 MT 0

Mν ∼ MDM−1μMT
DM−1T

Mass eigenstates:

Mass eigenvalues:
Summary: A Pseudo-Dirac fermion = two Majorana 

fermions with nearly degenerate masses

(S1
L

S2
L) = U† (

SL

NC
R ) U = (cos θ −sin θ

sin θ cos θ ) (1 0
0 eiρ)

M1,2 ≈ M ± μ

Permutation symmetry in the Yukawa sector:  
NR ↔ SC

L
ℒ ∼ 𝒜νa

L NR + 𝒜να
L SC

L + ℳSLNR +
1
2

μSLSC
L +

1
2

μNC
R NR + h . c .

∼
1
2 (νa

L SL NC
R )

Mν 𝒜 𝒜
𝒜 μ ℳ
𝒜 ℳ μ

νaC
L

SC
L

NR

+ h . c .

Mixing matrix: U = V23V12

V23 =

1 0 0
0 1

2
− 1

2

0 1

2

1

2

V12 =
c12 −s12 0
s12 c12 0
0 0 1

Mass eigenvalues:

θ12 ≪ 1

Ms1
≈ ℳ + μ Mss

≈ ℳ − μ

Interactions: νa
L = cos θ12 ̂νa + sin θ12s1

Summary: Only  can be produced in the early universe via neutrino 

oscillation and the process  is allowed.

s1
s1 → ̂ν + γ



Pseudo-Dirac sterile neutrino
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Interaction between mass eigenstates Two scenarios 

Scenario-I ✔
mA′ ≪ ms2

< ms1

Γ(s1 → s2 + A′ ) ≈
1

3.3 × 1012s ( g′ 

10−15 )
2 ms1

10 keV (1 −
m4

s2

m4
s1

)
Γ(s2 → νa + A′ ) ≈

1
4.2 × 1022s ( g′ 

10−15 )
2 ms2

10 keV ( sin θ
10−5 )

2

For tiny g’, s2 can be dark matter candidate 
produced via the decay of s1, which is produced  in 
the early universe via neutrino oscillations

Scenario-II
ms1

> 2ms2
and ms2

+ mA′ > ms1 s1 → s2 + s2 + νa

A: Yukawa interaction: SLϕNR → −
1
2 (ϕs1s1 − ϕs2s2)

No Yukawa interaction between s1 and s2!

B: Yukawa interactions: 
SLϕSC

L + NC
R ϕNR →

1
2

sin 2θνaϕs1 +
1
2

sin2 θνaϕνa +
1
2

cos2 θs1ϕs1 + s2ϕs2 + ⋯

No Yukawa interactions between s2 and other fermions!

C: gauge interaction: 
SLγμSL + NRγμNR → − sin θνaγμPLs3 + cos θs2γμPLs3 + h . c .

s2  couples to both s1  and active neutrino via a 
vector field!



Pseudo-Dirac sterile neutrino DM
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DM relic density Plot

• S1 is produced in the early universe via neutrino 
oscillations（DD Mechanism）

dfN1
(x, z)
dz

=
Γ sin2 θ

4Hz
faΘ(E − mN1

)

• S1  then decay into s2, which is the dark matter candidate

dfN1
(x, z)
dz

=
Γ sin2 θ

4Hz
faΘ(E − ms1

) −
fN1

2gsEsHz
Γ(N1 → N2A′ )

dfN2

dz
=

fN1

Hz
mN1

E
Γ1(N̂1 → N̂2 + A′ ) −

fN2

Hz
mN2

E
Γ2(N̂2 → ̂ν + A′ )

Ωs2
=

ms2
s0

2π2s(z*)ρ0 ∫
∞

ms2

EdE E2 − m2
s2

fN2



Pseudo-Dirac sterile neutrino DM
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Possible signals The effective number of neutrino species

• X-ray ?:  ✗

• Direct detections:    ✗

S1  participates  the electroweak interactions and is produced 
via neutrino oscillations in the early universe, but later on, it 
will decay into lighter component s2 and A’.  While s2 cannot 
decay into active neutrino and gamma!

Even if A’ mixes with the photon through kinematic mixing, the 
scattering cross section of the dark matter off the electron is 
still small, as g’ is very weak. 
• The effective number of neutrinos:    ✔

DM decaying into dark radiation may change the effective 
number of neutrinos!

t1-t2: Production of  the heavier sterile neutrino

t1 t2 t3

t2: Freeze-out  of active neutrinos

t2-t3: Decay into lighter sterile neutrino state

t3-now: Sterile neutrino DM decays into active neutrinos

During the epoch ,   the process    may 
increase the Neff

t2 < t < t3 s1 → s2 + A′ 

·ρA′ + 4HρA′ ≈
1
2 (1 −

m2
2

m2
1 ) ρs1

Γ(s1 → s2A′ )
dTγ

dt
= − HTγ

ΔNCMB
eff =

8
7 ( 11

4 )
4/3 ρA′ 

ργ

Big Bang Now



Pseudo-Dirac sterile neutrino DM
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The effective number of neutrino species

dρtot

dt
+ 3H(ρtot + Ptot) = 0 →

·ρSM + 3H(ρSM + PSM) = − 𝒞coll

·ρν + 3H(ρν + Pν) = + 𝒞coll{
According to the chain role:
dTν

dt
= − 4Ht +

𝒞νe
+ 2𝒞νμ

12ρν /Tν

Boltzmann eq

dTγ

dt
= −

4Hργ + 3H(ρe + Pe) + 𝒞νe
+ 2𝒞νμ

+ 3HTγdPintt /ddTγ

∂ργ /∂T + ∂ρe/∂T + Td2Pint /dT2

Effective number of neutrinos: ρR = [1 +
7
8 ( 4

11 )
1/3

Neff] ργ

NSM
eff =

8
7 ( 11

4 )
4/3 ρν

ργ
= 3 ( 11

4 )
4/3

( Tν

Tγ )
4

≈ 3.046

Illustrative Plot



Pseudo-Dirac sterile neutrino DM
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The Hubble tension Possible solutions in particle physics

H0 = (73.24 ± 1.74)kms−1Mpc−1 VS H0 = (67.27 ± 0.66)kms−1Mpc−1

✓ Light sterile neutrino
✓ Neutrino asymmetry
✓ Decay DM
✓ Neutrino DM interactions
✓ Neutrino Majoron interaction
✓ FIMP decay into neutrino
✓ ⋯

Our Strategy 

• s1 decays into dark radiation, 
but this process is constrained 
by the CMB

• s2 further decays into dark 
radiation and active neutrinos  
which enhances the  Neff and 
results in a larger H0

·ρA′ + 4HρA′ ≈
1
2 (1 −

m2
2

m2
1 ) ρs1

Γ(s1 → s2A′ ) +
1
2

ρs2
Γ(s2 → νA′ )

dTν

dt
=

1
∂ρν /∂T [−4Hρν +

1
2

ρs2
Γ(s2 → νaA′ )] ρ′ ν = 2 ⋅

7
8

π2

30
T4

ν
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!
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i
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≤
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log10(°1[Gyr°1])
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0.075
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≤
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0.119 0.133 0.147
!ini

N1

Planck+BAO

Planck+BAO+R19

Pseudo-Dirac sterile neutrino DM
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Class+MontePython for MCMC Parmeters

− ln Lmin = 1412.44, minimum χ2 = 2825 



Direct detections of neutrino-like DM
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Problem: Kinetic energy of light DM is too small Strategy-1: Boosted DM

dϕχ

dEν
= ∫

dΩ
4π ∫ dℓ

ρχ

mχ
Φν(Eν)σχν = DhaloΦν(Eν)

σχν

mχ

dϕχ

dTχ
= ∫ dEν

dϕχ

dEν

1
Tmax

χ (Eν)
Θ(Tmax

χ − Tχ)

Dhalo = 2.02 × 1025MeV ⋅ cm−2

W. Chao, T.Li and J. Liao arXiv:2108.05608

vDM ∼ 10−3

ER ∼
(pDM − p′ DM)2

2mT
≪ EThreshold
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Strategy-II: Searching for DM using Condense Matter system!

Rχ =
1
ρT

ρχ

mχ ∫ d3vfχ(v)
Vd3p′ χ

(2π)3 ∑
f

|⟨ f, p′ χ |ΔHχ | i, pχ⟩ |2 2πδ(Ef − Ei − ω)

Fermi’s Golden Rule

=
1
ρT

ρχ

mχ ∫
d3q

(2π)3
dωg(q, ω)Ṽ(q)S(q, ω) : dynamical structure 

factor from condensed matter

:  potential felled by DM 

S(q, ω)

Ṽ(q)
=

1
ρT

ρχ

mχ

πσ̄(q)
μ2

χ ∫
qdq

(2π)2
dωη(vmin(q, ω)) × S(q, ω)
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Direct detections of neutrino-like DM
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Acoustic phonon

Optical phonon

Multi-phonon

2108.03239

R =
1
ρT

ρχ

mχ

πσ̄(q)
μ2

χ ∫
qdq

(2π)2
dωη(vmin(q, ω)) × S(q, ω)

dR
d ln ER

= NT
ρχ

mχ

σ̄e

8μ2
χe ∫ dqq |FDM(q) |2 | fion(k, q) |2 η(vmin)

2108.03239
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Direct detections of neutrino-like DM
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Open question: What can we do？

Dive Into CM-Physics and Calculate the 
s(q, ω)

Explore New Physics  Using CM-Physics 

Exploring New Method for the Calculation  of  
DM  DD Cross Section in Superconductor

Neutrino physics 

Cosmic neutrino background 

Exotic neutrino sources 

New neutrino interaction 

Dark matter 

…

Many materials 

Semi-conductor 

Super-conductor 

Dielectrics 

….

Many collective state 

Phonon 

Plasmon 

Magnon 

….

Effective field theory for superconductor 
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Direct detections of neutrino-like DM
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保守派的拷问：万⼀暗物质不在这个质量区间，那么这种研究有什么用？

Background

乐天派的辩解：中微⼦本身就是⼀种热暗物质，我们可以考虑利用这种⼿段来探测中微⼦暗物质，也就是中微⼦背景

dΦν(x)
dTν

= ∫ d3zdTi
dΦi(z)

dTi

dσ̄
dTν θ=θE

nν(z)
|z − x |2

nν ∼ 56 cm−3
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Direct detections of neutrino-like DM



Neutrino(-like) DM in condense matter
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Boosted neutrino flux
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Plot

dΦν

dTν
= ∫ ∫ ∫

dΩdℓdTi

4π
nν ⋅

dσνi

dTν
⋅

dΦi

dTi
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Model-dependent cross section:



Neutrino(-like) DM in condense matter
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Scattering cross section Illustrative Plot (model dependent)
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Neutrino(-like) DM in condense matter
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Dark sector constraints

R =
1
ρT ∫ dTDP

dϕDP

dTDP
κ2mDP Im [ −1

εL(mDP) ]

For fermionic DM the formula is similar!

For bosonic DM, it can be absorbed by the target!
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Neutrino(-like) DM in condense matter
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Model independent formalism!

Neutrino Flux：

dΦν

dTν
= ∫ ∫ ∫

dΩdℓdTi

4π
nν ⋅

dσνi

dTν
⋅

dΦi

dTi

≈ ∫ ∫ ∫
dΩdℓdTi

4π
nν ⋅

σ̄νi

Tmax
ν

⋅
dΦi

dTi

Scattering Rate：

dΓ
dω

≈
1
π ∫ dσ̄q2Im (−

1
εL ) =

1
π

σ̄q2
mIm (−

1
εL(qm, ω) )

Event Rate:

dR
dω

≈
1
ρT ∫ dEν

dΦν

dEν

1
π

σ̄q2
mIm (−

1
εL(qm, ω) )
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Conclusion 
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A new sterile neutrino dark matter model is presented which may escape  the bound arising 
from X-ray results.
A possible constraint on the model is effective number of neutrinos, which can be measured by 
the future CMB-Stage-IV.
We further discuss the direct detection signal of neutrino-like dark matter in condensed matter 
systems.  Especially, we discussed the signal of cosmic neutrino background in dark matter direct 
detection experiments.

THANK YOU FOR YOUR ATTENTION 


