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WIMP dark matter

• Dark matter

• WIMP dark matter
• Dark matter relic abundance is realized as the thermal relic
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Boltzmann equation for WIMP

• The existence of dark matter is inferred from 
various observations.

• The nature of dark matter is still unknown.
• Identification of dark matter ⇒ BSM

Scattering vs. Hubble



Direct detection experiments

• Direct detection experiments
LUX, PandaX-II, XENON
⇒ Severe constraints on the WIMP-nucleon cross section

XENON collaboration (2018)

Nuclear recoil by dark matter
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Pseudo-Nambu-Goldstone Dark Matter

• SM + singlet scalar 𝑆
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[Gross-Lebedev-Toma (2017),…]

Soft breaking term ⇒ creating DM mass

Scattering amplitude

DM: 𝜒 = 2 Im(𝑆)

Cf. soft pion theorem
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Our motivation

• What is the origin for the soft breaking term?

• What is the UV physics of the pNGB dark matter model?

• Renormalizable field theoretic description

• The symmetry of the UV physics maybe gauge symmetry

(discrete symmetry should be gauged)

7

Other term? Renormalizability? Symmetry?

Our assumptions

No global symmetry, landscape, swampland
[Banks-Seiberg (2010)]

𝑈 1 𝑆 → ℤ2



Gauged 𝑈 1 𝐵−𝐿 model

• Gauged 𝑈 1 𝐵−𝐿 model
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SM

+ RHν’s 𝜈𝑅 + New gauge boson 𝑋𝜇 + Singlet scalar Φ

+ Singlet scalar 𝑆

Ordinary 𝑈 1 𝐵−𝐿 model

← New !!

Our gauged 𝑼 𝟏 𝑩−𝑳 model

Giving Majorana masses
⇒ type-I see-saw

[YA-Toma-Tsumura (2020), Okada-Raut-Shafi (2020)]
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pNGB dark matter from gauged 𝑈 1 𝐵−𝐿 model

• Intuitive story of our gauged 𝑈 1 𝐵−𝐿 model
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Energy scale

𝑣𝜙~10
13 GeV: 𝑈 1 𝐵−𝐿 is broken by 𝑣𝜙

෤𝜒 is eaten by 𝑋𝜇⇒ 𝑋𝜇 becomes massive 𝑚𝑋 ∼ 𝑣𝜙

≈



pNGB dark matter from gauged 𝑈 1 𝐵−𝐿 model

• Intuitive story of our gauged 𝑈 1 𝐵−𝐿 model
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Energy scale

𝑣𝜙~10
13 GeV: 𝑈 1 𝐵−𝐿 is broken by 𝑣𝜙

𝑣𝑠~ TeV

𝑣~246 GeV

෤𝜒 is eaten by 𝑋𝜇⇒ 𝑋𝜇 becomes massive 𝑚𝑋 ∼ 𝑣𝜙

≈ Large VEV hierarchy ~ heavy particles decouple 𝑋𝜇 , 𝜙

SM + singlet scalar 𝑆 with 𝑆2 term

⇒ pNGB dark matter 𝜒 + second Higgs ℎ2
(+ heavy particles effect through the mixings)



pNGB dark matter from gauged 𝑈 1 𝐵−𝐿 model

• Amplitude for DM + SM → DM +SM
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The scattering amplitudes are suppressed in the same 
way as pNGB model in order 𝒪( Τ1 𝑣𝜙).



pNGB dark matter from gauged 𝑈 1 𝐵−𝐿 model

• Amplitude for DM + SM → DM +SM
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The scattering amplitudes are suppressed in the same 
way as pNGB model in order 𝒪( Τ1 𝑣𝜙).

Pseudo-Nambu-Goldstone dark matter 
from gauged 𝑼 𝟏 𝑩−𝑳 symmetry



Long-lived Dark Matter

• Our DM 𝜒 is not stabilized due to the new interactions and 
scalar mixings.

• Constraints of our model from a conservative limit of the 
DM life-time

• We have to check the decay cannels of this pNGB DM and 
calculate the decay widths.
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[Baring-Ghosh-Queiroz-Sinha (2015)]



Long-lived DM
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Two-body decay

Three-body decay



Long-lived DM
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Two-body decay

Three-body decay ×
∵ helicity conservation



Allowed region in the 𝑚𝜒, 𝑣𝜙 plane 
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Allowed

Perturbative unitarity

Trans-Planckian



Allowed region in the 𝑚𝜒, Τ𝑣 𝑣𝑠 plane 
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Perturbative unitarity



Allowed region in the 𝑚𝜒, Τ𝑣 𝑣𝑠 plane 
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Perturbative unitarity



Summary

• We studied the pNGB dark matter scenario derived from  
the gauged 𝑈 1 𝐵−𝐿 model.

• This is the decaying dark matter then we showed the life-
time is long enough to be dark matter.

• We have found the parameter space consistent with the 
relevant constraints.

• This model can be explored by the planned gamma-ray 
observations.

e.g. CTA, LHASSO
19



20

Backup



Nature of interactions of (p)NGBs

• Toy model

21

Non-linear rep.



Boltzmann equation

• Boltzmann equation for dark matter
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𝜎: Total dark matter annihilation cross section
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Gauged 𝑈 1 𝐵−𝐿 model



Lagrangian

• Covariant derivative

• Kinetic term of new sectors

• Yukawa interactions among SM leptons, RHν’s and scalars

• Scalar potential
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Gauge kinetic mixing

Giving Majorana masses



Scalar sector

• Parametrization

• Type-I see-saw mechanism identifies the scale of VEV 𝑣𝜙.

• Masses of the heaviest CP-even scalar 𝜙 and massive 
vector boson 𝑍𝜇

′
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Mass spectrum of scalar sectors

• Mass eigenstates
• CP-even scalars

• CP-odd scalars
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SM-like Higgs boson

← 125 GeV

pNGB (dark matter)

Eaten by 𝑋𝜇



Gauge kinetic mixing

• Kinetic term

• Mass term
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𝑆𝑈 2 𝐿 × 𝑈 1 𝑌 × 𝑈 1 𝐵−𝐿 gauge group



Gauge kinetic mixing

• Mixing

• Mass eigenvalues

28

𝑆𝑈 2 𝐿 × 𝑈 1 𝑌 × 𝑈 1 𝐵−𝐿 gauge group



Interactions

• Scalar-dark matter-massive gauge boson

• Massive gauge boson-fermion
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Long-lived dark matter

Two body decay

• 𝜒 → 𝜈𝜈

• 𝜒 → ℎ𝑖 𝑍

30



Long-lived dark matter

Three body decay

• 𝜒 → ℎ𝑖𝑓 ҧ𝑓
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Numerical Analysis



Numerical Analysis

• Parameter sets

B-L gauge coupling and quartic coupling are fixed by
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Allowed region in the 𝑚𝜒, 𝑣𝜙 plane 
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Perturbative unitarity

Trans-Planckian

Allowed



Allowed region in the 𝑚𝜒, 𝑣𝜙 plane 
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Perturbative unitarity

Trans-Planckian

Allowed



Allowed region in the 𝑚𝜒, 𝑣𝜙 plane 
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Perturbative unitarity

Trans-Planckian

Allowed



Allowed region in the 𝑚𝜒, Τ𝑣 𝑣𝑠 plane 
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Perturbative unitarity



Allowed region in the 𝑚𝜒, Τ𝑣 𝑣𝑠 plane 

38

Perturbative unitarity


