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Introduction
Two open questions in particle physics and cosmology

‣Neutrino Mass

Δm2
12 = 7.53 × 10−5 eV2, Δm2

32 = 2.45 (2.55) × 10−3 eV2

Σmν < 0.13 eV, Neff = 2.99 ± 0.17

[PDG]

[Planck 2018]

•Very tiny compared with other SM particles

‣Dark Matter
•No candidate in the SM particle content.

•Dark matter must be new particle.

15 27. Dark Matter

Backgrounds, including neutrinos: Early direct detection experiments employing low-
background Ge spectrometers featured background levels around 2 events/(kg d keV), while the
latest generation of liquid Xe experiments reduced this noise by almost five orders of magnitude, to
4◊10≠5 events/(kg d keV). In liquid xenon detectors, the measured ER spectra at low energies are
for the first time dominated by solar pp neutrino interactions, second-order weak decays, as well as
214Pb —-decays from radon mixed with the xenon. Other backgrounds are due to the radioactivity
of detector components, followed by cosmic muons and their secondaries such as fast neutrons. The
cosmic and environmental radiation are suppressed by going deep underground and surrounding the
experiments with appropriate shielding structures (mainly large water Cherenkov detectors for the
current and next-generation detectors). Activation of materials via cosmic-ray interactions produce
long-lived radio-nuclides (e.g., 39Ar, 60Co, 68Ge, 32Si, etc), while long-lived, human-made isotopes
(85Kr, 137Cs, etc) can mix with detector materials or generate surface backgrounds. For details, we
refer to Section 36.6 of this Review.

Figure 27.1: Upper limits on the SI DM-nucleon cross section as a function of DM mass.

The final backgrounds are due to the irreducible neutrino flux from the Sun, the atmosphere and
the di�use supernovae background [150]. Solar pp-neutrinos start dominating the electronic recoil
background due to elastic neutrino-electron scatters, at a level of ≥ (10 ≠ 25) events/(t y) below
energies of ≥100 keV, while coherent elastic neutrino-nucleus scatters (CE‹NS) from 8B solar neu-
trinos will induce up to ≥ 103 events/(t y) for high-A targets, at nuclear recoil energies below ≥few
keV. Nuclear recoils from atmospheric neutrinos and the di�use supernovae neutrino background
will yield event rates in the range (1 ≠ 5) events/(100 t y), depending on the detector material. In
general, 8B and atmospheric neutrinos will impact light (Æ 6 GeV) and heavy (100 GeV and above)
DM searches for cross sections on nucleons below ≥ 10≠45 cm2 and ≥ 10≠49 cm2, respectively. The
precise cross-sections where neutrinos constitute a dominant background strongly depend on the
systematic uncertainties on the neutrino flux normalisation for each source [151]. For very low
energy thresholds to nuclear recoils, e.g. 10-30 eV in Ge and Si detectors, CE‹NS due to the 7Be
neutrino flux become relevant for exposures of ≥50 kg y [152]. For DM searches with electron re-

1st December, 2023

•WIMP dark matter has been tightly  
constrained.

•Other possibility might be considered.

[PDG 2024]

•The origin of the masses will be BSM physics.
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‣Right-handed neutrino is a possible solution to both problems.
[Minkowski (1977), Yanagida (1979), Gell-Mann et al (1979)]

Introduction

•Seesaw mechanism

ℒν = mDνLνR +
M
2

νc
RνR + h . c .

RH ν
LH ν- Active neutrino , mostly SU(2) doubletνa ≃ νL

  mνa
≃

m2
D

M
(M ≫ mD)

•Sterile neutrino dark matter

Massive and Very weakly interacting with the SM sector

Dark matter candidate

- Sterile neutrino , mostly SM singletνs ≃ νR
  mνs

≃ M
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[Dodelson and Widrow, PRL (1994)]•Dodelson-Widrow mechanism

l−

νL

νL
νs

l−

θ
×

W−

Freeze-in

‣Freeze-in Production
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freeze-out

[Hall, Jedamzik et al, JEHP (2010)]

Ωνs
h2 = 0.1 ( θ2

3 × 10−9 ) ( ms

3 keV )
1.8

[Shakya, MPLA (2016)]

•Due to , the sterile neutrino DM is never thermalizedθ ≪ 1

Sterile  abundanceν

θ =
mD

M
where

active-sterile mixing



‣X-ray and Lyman-  observations searched for the sterile neutrino DMα
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Signals

•Radiative decay

γ

νs νL

νL

ν̄L

×θ νs νL×θ

[Pal and Wolfenstein, PRD (1982)]

[Gerbino et al, 2203.07377]

Excluded

Alternative production mechanism 

Γνγ = 5.5 × 10−22θ2 ( ms

keV )
5

/sec .

•Rule out sterile  DM from the DW mech.ν

Sterile  DMν

Both production & decay depend on θ

Gauged B-L model 
 B = Baryon number 

   L = Lepton number
*

Dodelson-Widrow
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Gauged B-L Model

‣Extend the SM gauge group to SU(3) × SU(2)L × U(1)Y × U(1)B−L
<latexit sha1_base64="ny5yIVgqnhkYFJPFvkSQFlojPl4="></latexit>

Q u d L eR ⌫R H �

SU(3)C 3 3 3 1 1 1 1 1

SU(2)L 2 1 1 2 1 2 1 1

U(1)Y
1
6

2
3 � 1

3 � 1
2 �1 0 1

2 0

U(1)B�L
1
3

1
3

1
3 �1 �1 �1 0 2

• 3 generations of RH neutrino for anomaly cancellation
New particles

• Two for Seesaw mechanism

• One for sterile  dark matterν

• Scalar  for spontaneous breaking of the B-L symmetryΦ
•Gauge boson  of the B-L symmetryZ′￼

• New production processes of DM



Dark Matter Production
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‣The sterile DM scenario in B-L model has been studied comprehensively
•Different mass spectrum ( , , )

•Thermal production has been excluded.

•Non-thermal production or freeze-in is viable scenario.

mN ∼ 10 keV mZ′￼ > 2mN mZ′￼ < 2mN

[Khalil, Seto, JCAP (2008)], [Kaneta, Kang, Lee, JHEP (2017)],
[Biswas, Gupta, JCAP (2016)], [Seto, TS, PLB (2020)],

‣  forbidden case Z′￼→ NN (2mN > mZ′￼)

(a) f f̄ ↔ (Z′￼)* ↔ NN

(b) Z′￼Z′￼↔ f f̄ (c) Z′￼Z′￼↔ NN

N

N

f

f̄
Z′￼

Z′￼

Z′￼

N

N

Z′￼

Z′￼

f

f̄

(N : sterile  DM)ν

- Production only by  Z′￼( ∝ g4
B−L)
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New Production Processes

‣Longitudinal polarizations of  

‣ intermediate  contribution


‣  conversion


‣ Inverse-decay productions of  and 

Z′￼

ϕ
γ → Z′￼

Z′￼ ϕ

We consider the following new processes, which are discarded in  
the previous studies,

Z′￼

Z′￼

N

N

Z′￼

Z′￼

N

N
ϕ

Longitudinal pol. Scalar (for unitarity) 

Z′￼gB−L

f

f̄

Inverse-decay
Z′￼

Z′￼

ϕ

γ

f

f

Z′￼

∝ g4
B−L

s2

m4
Z′￼

∝ − g4
B−L

s2

m4
Z′￼

 conversionγ − Z′￼

∝ e2g2
B−L

∝ g2
B−L ∝ g2

B−L

m3
ϕ

m2
Z′￼
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•   is large due to  and abundant  in thermal bath.


•  is enhanced due to longitudinal mode.


• DM can be produced from   (  depends on ).

fγ ↔ fZ′￼ ∝ e2g2
B−L f /γ

Z′￼Z′￼→ ϕ
ϕ → NN ΩDM mϕ

[Seto, TS, Uchida, arXiv:2404.00654]

Z'Z' ϕ

ϕ  Z'Z' ϕ  NN

Z'⇄ f f

fγ ⇄ fZ'

f f ⇄ Z'γ
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(a) mZ '=300 MeV, gB-L=8.510-12

f f̄ → NN
Z′￼Z′￼→ NN

•  are suppressed due to f f̄ → NN, Z′￼Z′￼→ NN ⟨σv⟩ ∝ g4
B−L

∼ 10−44 − 10−40 GeV
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‣  forbidden ( ) caseZ′￼→ NN 2mN > mZ′￼



Yield Value
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[Seto, TS, Uchida, arXiv:2404.00654]
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(f ) mZ '=850 MeV, gB-L=1.510-11
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(e) mZ '=850 MeV, gB-L=1.510-11
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(b) mZ '=300 MeV, gB-L=8.510-12

Z'Z' ϕ
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(a) mZ '=300 MeV, gB-L=8.510-12

‣Not only the DM but also  and  are non-thermally produced.ϕ Z′￼
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[Seto, TS, Uchida, arXiv:2404.00654]

‣  is possible when  has the mixing with the SM higgsf f̄ → ϕ ϕ

Z'Z' ϕ
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α=1.010-7, gB-L=4.710-13
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α=1.010-8, gB-L=3.310-12
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[Seto, TS, Uchida, arXiv:2404.00654]The parameter space

solid : 

dashed : 

α = 0
α = 10−7

‣The gauge coupling must be much smaller due to the new processes.

SN1987A
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 forbbiden caseϕ → NN

‣2mN > mZ′￼, mϕ

•DM cannot be produced from  decay.

•Scattering of  is only way for the DM production.

ϕ
Z′￼Z′￼→ NN

•Such a region can be searched by the FASER experiment.

[Araki, Asai, Iizawa, Otono, TS, Takubo, 2308.01565]

[Seto, Shimomura, Uchida, on-going]

Sensitivity region  
to Z′￼→ viz .
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Summary
We have reexamined the freeze-in production of the sterile neutrino  
dark matter in gauged B-L model.

‣  forbidden ( ) caseZ′￼→ NN 2mN > mZ′￼

•  are dominant processes of the production.


•The new particles  are produced by freeze-in mechanism.


•DM can be produced from  decay when kinematically allowed.


•The gauge coupling must be .

fγ → fZ′￼, Z′￼Z′￼→ ϕ
N, Z′￼, ϕ

ϕ
10−14 − 10−10

‣  forbidden ( )Z′￼, ϕ → NN 2mN > mZ′￼, mϕ

•Scattering of  is only way for the DM production.

•The gauge coupling can be large, .


•  can be searched at future FASER 2 experiment.

Z′￼Z′￼→ NN
10−9 − 10−6

Z′￼


