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Background



The why of dark matter
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• Cosmic microwave background (CMB)

• Galactic rotation curve

• Galaxy clusters and Gravitational 
lensing

• …
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Galactic rotation curve deviation.

Planck CMB
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Do we really know the nature?

• Electrically neutral.

• Stable. 

• Non-relativistic (cold).
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Matter  
DistributionDark Energy

68.3%

Ordinary Matter
4.9%

Dark Matter
26.8%

(Much longer lifetime than the age of the universe) τ ≫ 1026 s
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Candidates of DM

• Primordial Black Hole (PBH)

• Weakly Interacting Massive Particle (WIMP)

• Axion, Axion Cluster

• …
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Mass scale of dark matter

10-22 eV keV GeV

WIMP``Ultralight” DM

non-thermal  
bosonic fields

``Light” DM

dark sectors
sterile ν

can be thermal

Primordial
black holes 

10 M�
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Composite DM 
(Q-balls, nuggets, etc)

Mpl
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

100 TeV

(not to scale)

unitarity limitWDM limitQCD axion 
classic window 
10-6 - 10-4 eV

(Not to scale) T. Lin [arXiv:1904.07915]
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• DM is produced thermally 
from the primordial plasma

• Freeze out abundance 
attained

• WIMP miracle
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WIMPs role in DM search
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Number density evolution.

Portal

DM

DM

SM

SM

Freeze-out

Not to scale
Dilution Collision

<latexit sha1_base64="BuudPvddsqDRBu3yB7POrvRD9oo="></latexit>

d𝑛DM
d𝑡 + 3𝐻(𝑇 )𝑛DM = − ⟨𝜎𝑣⟩ann. (𝑛2

DM − 𝑛2
DM, eq)

<latexit sha1_base64="JYYgNYoEVBqVbFAj8Wne+uJsslc="></latexit> Ωℎ2 ≃ 0.12 (10−26 cm3/s⟨𝜎𝑣⟩ann.
)

<latexit sha1_base64="kdheLZJP6ZJf4/pm6PAlqWoAnH4="></latexit>⟨𝜎𝑣⟩ann. ∝ ( 𝛼10−2)2(100 GeV𝑚DM
)2 × 10−26 cm3/s
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The WIMP Tension

Cross section bounds are 
getting stringent

8

DD constraint [LZ 2024].

<latexit sha1_base64="MvSrpeji9jCBoh6w3FF9ECWd57Y="></latexit>

fDD
SI ⇡ 10�48 cm2 ;DM ⇠ 40GeV

Portal

DM

SM

DM

SM

Direct Detection
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A simple model
Real Singlet Scalar DM

• Lagrangian:

• Scalar potential:

• Vacuum expectation values (VEVs):

9

<latexit sha1_base64="Qh6j3NIfSRKx7YnH+89olt3zP4A="></latexit>

SU(3)𝑐 SU(2)𝐿 U(1)𝑌 ℤ2Φ 1 2 +12 +1𝑆 1 1 0 −1
<latexit sha1_base64="2AGM7NOHl146dBNPPdPAf3Tu1S8="></latexit>ℒ = ℒSM (w/o Higgs potential) + 12(𝜕𝜇𝑆)2 − 𝒱(𝑆, Φ),

<latexit sha1_base64="1A7GvX6IphOLP8LzQrCj1sf7x0s="></latexit>⟨𝑆⟩ = 0, ⟨Φ⟩ = 1√2(0𝑣) <latexit sha1_base64="7xsWYDclmHJRRFW2EOEvtgxpSuc="></latexit>𝑣 = 1/√√2𝐺𝐹 ≈ 246 GeV

Dark Real Scalar

Higgs doublet

<latexit sha1_base64="CaJn/Tojasrz7UtyksOqmFRHu0U="></latexit>𝒱(𝑆, Φ) = 𝜇2𝑆2 𝑆2 + 𝜆𝑆4 𝑆4⏟⏟⏟⏟⏟⏟⏟
Dark singlet scalar

+ 𝜇2Φ2 |Φ|2 + 𝜆Φ2 |Φ|4⏟⏟⏟⏟⏟⏟⏟
SM Higgs

+𝜆Φ𝑆|Φ|2𝑆2⏟⏟⏟⏟⏟
Higgs portal



R. Sheikh (Kyushu Uni.) YSF, Jilin University, 2026

A simple model
Real Singlet Scalar DM (contd.)

• Quantum fluctuation:

• Masses are:

10

Parameter space
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ΩDMh2 ≈ 0.120 ± 0.001

<latexit sha1_base64="wczSJoTq1ouZ6986Om0E9XGkcoc="></latexit>Φ = 1√2( 0𝑣 + ℎ(𝑥))
<latexit sha1_base64="//fSRRLi41gxZFBhRnbR7QR1DzU="></latexit> 𝑚2ℎ = 𝑣2 𝜆Φ,𝑚2

DM = 𝜇2𝑆 + 𝜆Φ𝑆𝑣2
DM

DM

h = �i2v��S

Higgs 
invisible 
decay
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The WIMP Tension
Eg. Real Singlet Scalar DM 

• DM—Nucleon elastic scattering  
cross-section:

h

DM DM

N N
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Why most of the parameter space is excluded?

DM direct detection
<latexit sha1_base64="/F9awwjGIcbustuViRKJJ6FtQdU="></latexit>𝜎el ∼ 2𝑓2𝑁𝜋 (𝑚𝑁𝑚ℎ )4( 𝜆Φ𝑆𝑚DM

)2
∼ (𝜆Φ𝑆0.1 )2(300 GeV𝑚DM

)2 × 10−45 cm2



pNGB DM for the rescue!
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• Arises from spontaneous + 
soft breaking of global 
symmetries.

• Produces derivative 
interactions i.e., velocity 
suppressed.

• Naturally evades the stringent 
Direct Detection bound.

About pNGBs
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Eann. ⇡ 2<DM22

<latexit sha1_base64="hMgjpRECsfO2/zGhllFps9bekAA="></latexit>

fSI / E4
DM (EDM ⇠ 10�3)
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Minimal Setup
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• Lagrangian:

• Scalar potential:

• VEVs:

Original Idea C. Gross, O. Lebedev, T. Toma, PRL (2017) [arXiv:1708.02253]
<latexit sha1_base64="uQjRkd3VYfLvQ7by4kCddH5CPMI="></latexit>

SU(3)𝑐 SU(2)𝐿 U(1)𝑌 U(1)𝑔Φ 1 2 +12 0𝑆 1 1 0 +1
<latexit sha1_base64="Dc1NdxDYnhVfyNPfK4WmwINIwlM="></latexit>ℒ = ℒSM (w/o Higgs potential) + ∣𝜕𝜇𝑆∣2 − 𝒱(𝑆, Φ)

<latexit sha1_base64="/3fzrnXeL4fvPEHD8QWoD1IYr3M="></latexit>⟨𝑆⟩ = 𝑣𝑠√2, ⟨Φ⟩ = 1√2(0𝑣)

Dark Cx Scalar

Higgs doublet

Global

<latexit sha1_base64="F7Pctug6JJI05xbmdICdx0qWgEE="></latexit>𝒱(𝑆, Φ) = − 𝜇2𝑆2 |𝑆|2 + 𝜆𝑆2 |𝑆|4⏟⏟⏟⏟⏟⏟⏟
Dark Cx scalar

− 𝜇2Φ2 |Φ|2 + 𝜆Φ2 |Φ|4⏟⏟⏟⏟⏟⏟⏟
SM Higgs

+ 𝜆Φ𝑆|Φ|2|𝑆|2⏟⏟⏟⏟⏟
Higgs portal

− 𝜇′2𝑆4 (𝑆2 + 𝑆∗2)⏟⏟⏟⏟⏟⏟⏟
soft breaking

U(1)g soft������!
1 (p)NGB

Z2

pNGB mass
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• Introduce the quantum fluctuations: 
 

• Higgs bosons acts as mediator

• DM—DM—Higgs vertex:

<latexit sha1_base64="4XljxJ1oD916mgE9JmObTDLLG/8="></latexit>

� =
1p
2

✓
0

E + ⌘

◆
, ( =

1p
2
(EB + B + 8j),

Original Idea C. Gross, O. Lebedev, T. Toma, PRL (2017) [arXiv:1708.02253]

CP-odd

(DM candidate)

CP-even

Linear representation
<latexit sha1_base64="oLaw5NWfFo0uBDwhjF2TQzfWsig="></latexit>

CP: Φ → Φ, 𝑆 → 𝑆∗

SM Higgs

2nd Higgs

<latexit sha1_base64="6nGJZ+40rhsILVHvSmYw1hn33qo="></latexit>(ℎ1ℎ2) = ( cos 𝜃 sin 𝜃− sin 𝜃 cos 𝜃)(ℎ𝑠)
<latexit sha1_base64="dGIDM5NFLB3Ro/X/o14SL5zNHk0="></latexit> 𝑚2

DM = 𝜇′2𝑆

DM

DM

h1 = �i
m2

h1

2vs
sin ✓

DM

DM

h2 = �i
m2

h2

2vs
cos ✓
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• Cancellation b/w 2 diagrams in Linear rep.

• Naturally evade the DD bounds.

Original Idea C. Gross, O. Lebedev, T. Toma, PRL (2017) [arXiv:1708.02253]

h1, h2

DM DM

N N

Direct Detection (tree level)

A simple pNG DM model Direct detection

Direct detection (tree level) C. Gross, O. Lebedev, TT, PRL (2017) [arXiv:1708.02253]

Dark Matter
  200km/s

Recoil Energy
2mNmx

2vx
2

ER= (mN+mx)2

~20 keV for N=Xe

Scattering amplitude cancels between h1, h2 mediated diagrams

iM → i

(
m2

h1

q2 −m2
h1

−
m2

h2

q2 −m2
h2

)
→ i

q2(m2
h1
−m2

h2
)

m2
h1
m2

h2

→ 0

⇒ Naturally evade the direct detection bounds

The cancellation is due to nature of Goldstone boson

Takashi Toma (Kanazawa U.) Probing pNG DM @ Kyushu U. 27th March 2025 10 / 35

<latexit sha1_base64="jMdmoM7Jlq+CmEhSjKq6KJAwcCk="></latexit>𝑖ℳ ∝ 𝑖( 𝑚2ℎ1𝑞2 − 𝑚2ℎ1 − 𝑚2ℎ2𝑞2 − 𝑚2ℎ2 ) ∼ 𝑖(𝑚2ℎ1 − 𝑚2ℎ2)𝑚2ℎ1𝑚2ℎ2 𝑞2 → 0
<latexit sha1_base64="mQskbwokd8nIfItzdh2fS/a7jQc="></latexit> 𝜎𝑒𝑙 ∝ 𝑞4
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Original Idea
Non linear representation

• Quantum fluctuation: 

• DM—DM—Higgs vertex

• No interaction for on-shell DM production!

18

C. Gross, O. Lebedev, T. Toma, PRL (2017) [arXiv:1708.02253]

<latexit sha1_base64="jR7PSSrqHszUksd2cYMI0LGbWoI="></latexit>Φ = 1√2( 0𝑣 + ℎ), 𝑆 = 1√2(𝑣𝑠 + 𝑠)𝑒 𝑖𝜒/𝑣𝑠 DM candidate

DM

DM

s

<latexit sha1_base64="g3CxWEHOppjQ45Wo1ynIAtS0f94="></latexit>ℒ ⊃ 12(1 + 𝑠𝑣𝑠 )2⎧{⎨{⎩𝜕𝜇𝜒𝜕𝜇𝜒⏟
Kinetic part

− 𝑚2
DM𝜒2⏟

Potential part

⎫}⎬}⎭ + 𝒪(𝜒4𝑣4𝑠 )



Problems in this original model
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Everything is Ad-hoc 

1. The  symmetry is assumed

2. In general, more  breaking terms are possible in this setup

3. Quadratic soft breaking is special for cancellation mechanism

ℤ2

U(1)

20

Ad-hoc mass Forbidden by assumed ℤ2  hard breakU(1)

<latexit sha1_base64="b1UluHzHWeq0P6N5Uqz4WJT1ztc="></latexit>𝒱 ⊃ 𝑚2
DM4 𝑆2 + 𝜇𝑆3 + 𝜇′𝑆|𝑆|2 + 𝜆𝑆4 + 𝜆′𝑆2|𝑆|2 + h.c.



R. Sheikh (Kyushu Uni.) YSF, Jilin University, 2026

<latexit sha1_base64="5RlI338rqQ/R9gYP64lRfHMsvvM="></latexit>∝ 𝜇′𝑆

Domain Wall problem!

• The symmetry flow is

• After SSB, universe settles in one of the vacua

21

U(1)g soft������!
1 (p)NGB

Z2
SSB��! ?(DW problem!)
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How to fix these problems?
Gauging the SSB!

• Gauged SSB solves DW problem  
 
Soft breaking of global sym → pNGB DM 
SSB of gauge sym → gauge-equivalent vacua

• Gauge sym restricts the allowed terms

22

[Abe et. al. 2020, 2023, 2024, …]



Still no viable signal  
for pNGB DM



Our approach!
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BDM produced in celestial bodies.

(DM on Steroid?)

• DM—N scattering

• Increase momentum → Enhanced signals

• Energy of BDM →  EBDM ≡ γ mBDM

Boosted Dark Matter (BDM)

25

Capture mechanism

<latexit sha1_base64="mQskbwokd8nIfItzdh2fS/a7jQc="></latexit> 𝜎𝑒𝑙 ∝ 𝑞4

Lorentz boost factor
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BDM production mechanisms

26

(a) Semi-annihilation (b) Annihilation of DM (b) Decaying or long-lived DM

<latexit sha1_base64="H737rxLOGtTf+R6iRw6K8ZEqPNU="></latexit>

W =
<DM
<BDM

<latexit sha1_base64="Tlwx6DD+fkW21L8sl+K1L7kNeZU="></latexit>

<DM = <BDM
<latexit sha1_base64="W0rdfQXemCLI5Uyd0+F7ENUvMfQ="></latexit>

<DM > <BDM
<latexit sha1_base64="W0rdfQXemCLI5Uyd0+F7ENUvMfQ="></latexit>

<DM > <BDM

Current work Future work

<latexit sha1_base64="K+rymslkxCRPffG2esCltSzNS+Q="></latexit>

W '
<DM

2<BDM

τDM ≫ 1026 sHiggs
Portal

DM

DM

BDM

BDM

Higgs
Portal

DM

DM

BDM

X

BDM

BDM or X

DM

<latexit sha1_base64="Ry88QKzi3mJ6obgJk5X4o2d7Eh4="></latexit>

W =
5<2

DM � <2
-

4<2
DM

 5
4 = 1.25
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• The signal can be estimated as

• Detector choice based on available boost

BDM signal at neutrino detectors

27

Detector Threshold (         )

SK/HK 1.51

IceCube/DeepCore 1.55

DUNE 1.25

<latexit sha1_base64="SsBQTd4D9AXCV/tw2YCrJk7+Cgs="></latexit>𝑁signal ∼ 𝑁target × 𝑇 × 𝜎BDM𝑁 × ΦBDM

Number of target nuclei

Total exposure time

BDM—Nucleon scat. cross-section

BDM flux from source

γmin



Our model (STT)
RS, T. Toma, K. Tsumura, JHEP (2025) [arXiv:2504.19886]

Higgs
Portal

DM

DM

BDM

X
(a) Semi-annihilation
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Ingredients

• 1 Higgs doublet & 3 Dark Cx Scalars

• Global  soft breaking:

• Dark CP symmetry:

• Permutative exchange symmetry:

U(1)A

29

<latexit sha1_base64="7kA8skXa+ganLdxYMfLwqtLpd5Y="></latexit>𝑆1 → 𝑒𝑖𝜃1𝐴𝑆1, 𝑆2 → 𝑒𝑖𝜃2𝐴𝑆2, 𝑆3 → 𝑒𝑖𝜃3𝐴𝑆3

<latexit sha1_base64="2NK+gnHCDtinncehEuG1ut00gL4="></latexit>

SU(3)𝑐 SU(2)𝐿 U(1)𝑌 U(1)𝑉Φ 1 2 +12 0𝑆𝑗 1 1 0 +1
Dark Gauge

( j = 1, 2, 3)

Dark Cx Scalars

Higgs doublet

<latexit sha1_base64="teMBMNOveyFoLbIdY4Juvw56XB8="></latexit>Φ → Φ, 𝑆1 → 𝑆∗1, 𝑆2 → 𝑆∗2, 𝑆3 → 𝑆∗3
<latexit sha1_base64="6GAr1/dIJXNvDKd41Dbz16cSbqY="></latexit>𝑆1 ↔ 𝑆2 𝑆2 ↔ 𝑆3 𝑆3 ↔ 𝑆1
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Lagrangian

30

Field strength tensors

Covariant derivatives

U(1)Y : YμU(1)V : Vμ

Dark Cx scalars SM Higgs doublet

<latexit sha1_base64="t9nS1aCVBRBWdNdCtqCIR+84Mdw="></latexit>𝐷𝜇𝑆𝑗 = (𝜕𝜇 − 𝑖 𝑔𝑉 𝑉𝜇)𝑆𝑗, 𝐷𝜇Φ = (𝜕𝜇 − 𝑖𝑔2𝑊 𝑎𝜇 𝜎𝑎 − 𝑖𝑔𝑌2 𝑌𝜇)Φ

<latexit sha1_base64="ip7FptmUwOwy0lOvuSLuLwgs4eo="></latexit>ℒ = ℒSM (w/o Higgs potential) − 14𝑉 𝜇𝜈𝑉𝜇𝜈− sin 𝜖2 𝑉 𝜇𝜈𝑌𝜇𝜈⏟⏟⏟⏟⏟
gauge kinetic mixing+ ∣𝐷𝜇𝑆1∣2 + ∣𝐷𝜇𝑆2∣2 + ∣𝐷𝜇𝑆3∣2 − 𝒱(𝑆1, 𝑆2, 𝑆3, Φ)



R. Sheikh (Kyushu Uni.) YSF, Jilin University, 2026

Scalar Potential

• VEVs (most general): 

31

<latexit sha1_base64="yhJkhZdir00Er0L4ka1wWJCEO/4="></latexit>⟨Φ⟩ = 1√2(0𝑣), ⟨𝑆1⟩ = 𝑣𝑠1√2, ⟨𝑆2⟩ = 𝑣𝑠2√2, ⟨𝑆3⟩ = 𝑣𝑠3√2

<latexit sha1_base64="2NK+gnHCDtinncehEuG1ut00gL4="></latexit>

SU(3)𝑐 SU(2)𝐿 U(1)𝑌 U(1)𝑉Φ 1 2 +12 0𝑆𝑗 1 1 0 +1
Dark Gauge( j = 1, 2, 3)

Dark Cx Scalars

Higgs doublet

<latexit sha1_base64="JwWkbDOd2z9DTSMjFjGhI183RRc="></latexit>𝒱(𝑆1, 𝑆2, 𝑆3, Φ) = 𝜇2𝑆(|𝑆1|2 + |𝑆2|2 + |𝑆3|2) − 𝑚2123 (𝑆∗1𝑆2 + 𝑆∗2𝑆3 + 𝑆∗3𝑆1 + h.c.)⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
U(1)𝐴 soft breaking+ 𝜆𝑆2 (|𝑆1|4 + |𝑆2|4 + |𝑆3|4) + 𝜆′𝑆(|𝑆1|2|𝑆2|2 + |𝑆2|2|𝑆3|2 + |𝑆3|2|𝑆1|2)− 𝜇2Φ|Φ|2 + 𝜆Φ2 |Φ|4⏟⏟⏟⏟⏟⏟⏟

SM Higgs

+ 𝜆Φ𝑆|Φ|2(|𝑆1|2 + |𝑆2|2 + |𝑆3|2)⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
Higgs portal

pNGB mass
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Vacuum analysis

• To perform SSB

32

Respects the permutation sym

Minimizing equations

<latexit sha1_base64="RRi0l98MVruGIoKUFMqp0ow3Rpo="></latexit>⎛⎜⎝0 0 11 0 00 1 0⎞⎟⎠ ⋅ ⎛⎜⎝𝑣𝑠 + 𝑆1𝑣𝑠 + 𝑆2𝑣𝑠 + 𝑆3⎞⎟⎠ = ⎛⎜⎝𝑣𝑠 + 𝑆3𝑣𝑠 + 𝑆1𝑣𝑠 + 𝑆2⎞⎟⎠<latexit sha1_base64="VoOFfOJc6FZxxzbuY3Wgq+jpdM0="></latexit>𝑣 ≠ 0, 𝑣𝑠1 ≠ 0 → ⎧{⎨{⎩
𝑣𝑠1 ≠ 0, 𝑣𝑠2 = 0, 𝑣𝑠3 = −𝑣𝑠1𝑣𝑠1 = 𝑣𝑠2 = 𝑣𝑠3 = 𝑣𝑠√3 ≠ 0 Shift matrix

<latexit sha1_base64="Kw2o7A6/Z4IWBTR51JfViNIjI40="></latexit>𝜕 ⟨𝒱⟩𝜕𝑣 = {−𝜇2Φ + 𝜆Φ2 𝑣2 + 𝜆Φ𝑆2 (𝑣2𝑠1 + 𝑣2𝑠2 + 𝑣2𝑠3)}𝑣 = 0,𝜕 ⟨𝒱⟩𝜕𝑣𝑠1 = {𝜇2𝑆 + 𝜆𝑆2 𝑣2𝑠1 + 𝜆′𝑆2 (𝑣2𝑠2 + 𝑣2𝑠3) + 𝜆Φ𝑆2 𝑣2 − 𝑚2123 (𝑣𝑠2 + 𝑣𝑠3𝑣𝑠1 )}𝑣𝑠1 = 0,𝜕 ⟨𝒱⟩𝜕𝑣𝑠2 = {𝜇2𝑆 + 𝜆𝑆2 𝑣2𝑠2 + 𝜆′𝑆2 (𝑣2𝑠3 + 𝑣2𝑠1) + 𝜆Φ𝑆2 𝑣2 − 𝑚2123 (𝑣𝑠3 + 𝑣𝑠1𝑣𝑠2 )}𝑣𝑠2 = 0,𝜕 ⟨𝒱⟩𝜕𝑣𝑠3 = {𝜇2𝑆 + 𝜆𝑆2 𝑣2𝑠3 + 𝜆′𝑆2 (𝑣2𝑠1 + 𝑣2𝑠2) + 𝜆Φ𝑆2 𝑣2 − 𝑚2123 (𝑣𝑠1 + 𝑣𝑠2𝑣𝑠3 )}𝑣𝑠3 = 0
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Moving to Higgs basis
• Thus the VEVs become

• Rotation

• Quantum fluctuations:

• Residual sym:

33

<latexit sha1_base64="fG2wjxt41Q2Eq5bB8pTDOyJyg8w="></latexit>⟨Φ⟩ = 1√2(0𝑣), ⟨𝑆1⟩ = ⟨𝑆2⟩ = ⟨𝑆3⟩ = 𝑣𝑠√6
<latexit sha1_base64="SD5xVBjOfZshqIpNqPT55QzH/6A="></latexit>⎛⎜⎝Σ1Σ2Σ3⎞⎟⎠ → 1√3 ⎛⎜⎝1 1 11 𝜔 𝜔21 𝜔2 𝜔 ⎞⎟⎠⋅⎧{⎨{⎩ 𝑣𝑠√6⎛⎜⎝111⎞⎟⎠ + ⎛⎜⎝𝑆1𝑆2𝑆3⎞⎟⎠⎫}⎬}⎭ = 𝑣𝑠√2 ⎛⎜⎝100⎞⎟⎠+⎛⎜⎝Σ1Σ2Σ3⎞⎟⎠

<latexit sha1_base64="dKdnNPAbjYWUYLOQ5hfv6fDau18="></latexit>𝜔 = 𝑒𝑖2𝜋/3
<latexit sha1_base64="zCR2KwJZPZrkwmefi9i7bEfXc/U="></latexit> ℤ3 ∶ Φ → Φ, Σ1 → Σ1, Σ2 → 𝜔Σ2, Σ3 → 𝜔2Σ3(𝐶𝑃)𝑆 ∶ Φ → Φ, Σ1 → Σ∗1, Σ2 → Σ∗2, Σ3 → Σ∗3



R. Sheikh (Kyushu Uni.) YSF, Jilin University, 2026

Dark Matter

• Unique cubic interactions

34

<latexit sha1_base64="9XT9lYsZcajYKNe7DkLDAqQY+Kw="></latexit> ℎ 𝑠′1 𝑧 Σ𝜔 𝑎𝜔ℤ3 1 1 1 𝜔 𝜔𝐶𝑃 + + − + −

<latexit sha1_base64="2w83yuxq1442y68r02iMMwx47aA="></latexit>𝑚2Σ = 𝑚212 + 13𝑣2𝑠(𝜆𝑆 − 𝜆′𝑆)
Mixes to

h1, h2

Eaten by 
dark gauge 
boson 

U(1)V

Z′￼

Dark Higgs

Cx pNGB DM 
(2 pNGBs)

<latexit sha1_base64="GR5prn/tOZpqWLfcv9b/BJd0uws="></latexit> 𝑚2
DM = 𝑚2𝑎 = 𝑚212

<latexit sha1_base64="3Wje31Fy3eKytoXIRqIcoyn7LlY="></latexit>ℒ ⊃ 𝑔𝑉𝑐𝜁𝑐𝜖 (Σ𝜔 ↔𝜕𝜇𝑎∗𝜔 + 𝑎𝜔 ↔𝜕𝜇Σ∗𝜔)𝑍′𝜇
− 𝑚2Σ − 𝑚2

DM2𝑣𝑠 (Σ3𝜔 + Σ∗3𝜔 − Σ𝜔𝑎2𝜔 − Σ∗𝜔𝑎∗2𝜔 )⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟− 𝑚2ℎ2 + 2(𝑚2Σ − 𝑚2
DM)𝑣𝑠 cos 𝜃|Σ𝜔|2 ℎ2,

⌃!

a!

a!

a⇤!

Z 0

⌃!

a! Z 0

a! a⇤!

Semi-annihilation channels

BDM

Residual sym. 
(DM Stability)
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Parameters

35

<latexit sha1_base64="3QToTP+z01P/Y3f9/4d2Z/GlFww="></latexit>𝑚212 = 𝑚2
DM𝜆Φ = 𝑚2ℎ1𝑐2𝜃 + 𝑚2ℎ2𝑠2𝜃𝑣2𝜆Φ𝑆 = ( 𝑣𝑣𝑠)(𝑚2ℎ1 − 𝑚2ℎ2𝑣2 )𝑠𝜃𝑐𝜃

𝜆𝑆 = ( 𝑣𝑣𝑠)2{𝑚2ℎ1𝑠2𝜃 + 𝑚2ℎ2𝑐2𝜃𝑣2 + 2(𝑚2Σ − 𝑚2
DM)𝑣2 }

𝜆′𝑆 = ( 𝑣𝑣𝑠)2{𝑚2ℎ1𝑠2𝜃 + 𝑚2ℎ2𝑐2𝜃𝑣2 − 𝑚2Σ − 𝑚2
DM𝑣2 }

𝑔𝑉 = ( 𝑣𝑣𝑠)𝑐𝜖2 √√√⎷4(𝑚2𝑍 + 𝑚2𝑍′𝑣2 ) − 𝑔2𝑍(1 + 𝑡2𝜖 𝑠2𝑊)

Portal 
coupling

Soft breaking 
parameter

Dark gauge 
coupling

Quartic 
couplings
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Signature of the model
Numerical result
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Viable parameter space.

⌃!

a!

a!

a⇤!

Z 0

⌃!

a! Z 0

a! a⇤!

Semi-annihilation channels

 dark 
gauge boson
U(1)V

Dark 
Higgs

BDM

ΩDMh2 ≈ 0.120 ± 0.001

[Original]: Gross et al., 2017

[AHT]: T. Abe, Y. Hamada, K. Tsumura, JHEP (2024).

[STT]: This semi-annihilation model

Unitarity Bounds

H
ig

gs
 In

v.

Semi-annihilation 
dominates abundance



R. Sheikh (Kyushu Uni.) YSF, Jilin University, 2026

• Cross-section well below current sensitivity of DUNE.  
 
 
 
 
 
 

• Reason?

Results
Not enough!

37

h1, h2

a! a!

N N

⌃!

a!

a!

a⇤!

Z 0

BDM

<latexit sha1_base64="qdlt398TVD8S//vui9sLuLru/ss="></latexit> ∼ 10−54cm2 < 10−38cm2
<latexit sha1_base64="O1MlzazE6jWB62E1DVgrI6fFUCs="></latexit>

W ⌘
⇢BDM
<BDM

=
5<2

DM � <2
/ 0

4<2
DM

 5
4 = 1.25

<latexit sha1_base64="w/hN1ZRIRul7kbQRUA9bNctE3rA="></latexit>⇒ 𝑣BDM = √1 − 1𝛾2 ∼ 0.6

<latexit sha1_base64="mbE0wEq4UZELy+83jatYq6Q6/6A="></latexit>𝜎el ≈ 𝑓2𝑁 sin2 2𝜃24𝜋 𝑚4ℎ1 ( 𝑣𝑣𝑠)2(𝑚𝑁𝑣 )4(1 − 𝑚2ℎ1𝑚2ℎ2)2 (𝑠 − 𝑚2
DM − 𝑚2𝑁)4𝑠3 𝑣4

BDM

≈ 10−4 × ( 𝑓𝑁𝑚DM
)2( 𝑣𝑣𝑠)2( 𝑚𝑁𝑚ℎ1)4(1 − 𝑚2ℎ1𝑚2ℎ2)2⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟10−14

(𝑚𝑁𝑣 )4⏟10−8
× 𝛾4𝑣4

BDM × 10−28

But, suffers the Yukawa penalty



Conclusion
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Summary

Theoretical achievement

• Unique & robust  residual pNGB DM model → Facilitates semi-
annihilation processes

• Semi-annihilation dominates relic abundance.

Key findings

• Analyzed pNGB BDM produced via semi-annihilation

• Boost limited to  in this setup → insufficient cross-section.

ℤ3

γ = 1.25

39
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Outlook
Challenge

• Overcome the boost limitation

• Require a mechanism to produce BDM with higher kinetic energy

Current Status

• Constructed a multi-component pNGB BDM model with a 
confirmed viable parameter space

• Achieves high boost

• Finalizing the signal aspects

40

(b) Annihilation of DM

<latexit sha1_base64="jHcR9yIhtkQZIh2f/Fd7XpXQMkw="></latexit>

� =
mDM
mBDM Higgs

Portal

DM

DM

BDM

BDM

<latexit sha1_base64="W0rdfQXemCLI5Uyd0+F7ENUvMfQ="></latexit>

<DM > <BDM


