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Dark Matter

Particle properties of Dark Matter

Many models have been proposed

• weakly-interacting massive particles (WIMPs) 
• axion/fuzzy DM 
• (non-)topological objects/solitons (Q-ball/quark nugget/..) 
• Asymmetric DM 
• ...



3Composite ADM

Asymmetric DM

✓

ηB ≡
nB − n̄B

nγ
ηDM ≡

nDM − n̄DM

nγ

DM
DM

ADM

SM DM

Asymmetry Origin

ΩDM

ΩB
=

mDM ηDM

mB ηB
∼ 5

✓

ηB ∼ ηDM
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Composite Asymmetric DM
SM Sector Dark Sector

Electroweak Theory

QCD confinement

portal matter

QCD-like Theory

Mirror model

Dark QCD confinement

Lonsdale, Volkas (2014, 2018) 
Ibe, Kamada, Kobayashi, TK, Nakano (2018, 2019)

Neutral naturalness (twin)

Dark baryons, Dark mesons

Hadrons, Leptons, photons

✦ Similar confinement scale  is expected in models with the SM copy 

✦ Dark hadron DM 
‣ dark baryons (ex. composite asymmetric DM ...) 
‣ dark pions (ex. SIMP ...) 
‣ other resonances? 

Λ′￼QCD ∼ 1 GeV

Hochberg, Kuflik, Murayama, Volansky, Wacker (2015)

Ibe, Kamada, Kobayashi, Nakano (2018)
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Why Compositeness?

✓

✓

✓

Dark QCD seems to be a good candidate of ADM 

- dark-baryon efficiently depleted into dark-pion 

- DM mass : dimensional transmutation 
- DM number = dark baryon number

σv ∼
4π
m2

nD

pD

p̄D πD

πD
nD

‣
‣
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A Sketch of thermal history -asymmetry sharing-

SM Sector Dark Sector

NR → L + H

(thermal) leptogenesis

B-L asymmetry DM asymmetry

intermediate-scale Portal interaction

 conserved separately for ηB−L, ηDM T < TD
confinement confinement

Observed Baryon Asymmetry Observed DM density
light d.o.f. (dark mesons)

for sharing asymmetry
1

M3
(U′￼D′￼D′￼)(LH ) + ⋯

1
M3

(U′￼D′￼D′￼)(LH ) + ⋯

TD ∼ M ( M
MPl )

1/5decoupling temp.



✦ dark pion annihilation/decay into A' 
✦ A' decay into SM particles via kinetic mixing

7Composite ADM

Dark Photon as Low-energy Portal

LA0 =
✏

2
F 0µ⌫Fµ⌫ +m2

A0A0
µA

0µ
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Ibe, Kobayashi, Nakayama, Shirai (2019)

Cosmological problems in composite ADM

❖ overdensity of the Universe (annihilation into dark mesons) 
❖ or contribute to dark radiation (light and stable mesons) 

Blennow, Fernandez-Martinez, Mena, Redondo, Serra (2012)

constraints on dark photon parameters from δNeff

Ibe, Kamada, Kobayashi, Nakano (2018)

thermalize  plasma below e−γ Tνdec

introduce dark photon kinematically mixing with SM photon
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Multi-Messenger Signals

• DM decay as with nucleon decay in GUT via intermediate portal

ℒportal ⊃
1

M3
(U′￼D′￼D′￼)(LH )

+
1

M′￼
3 (U′￼†D′￼†D′￼)(LH ) + h . c . π′￼ A′￼(∗)

• Dark-"neutral" meson decays via "dark" chiral anomaly

π′￼0 → 2A′￼ BR(π′￼0 → 2A′￼) ≃ 1

• Dark photon decay via kinetic mixing (low-E portal)
A' lifetime  O(1) s (to avoid late-time reheating EM plasma)≲

A' mass  100 MeV (only e+e- channels)≲

τDM ≃ 1026 s ( M∗

2 × 109 GeV )
6

( 10 GeV
mN′￼ )

5

.

N →

ω(ω)

e+

e↑

ε
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Eν ≃
mN′￼

2

Covi, Grefe, Ibarra, Tran (2010) 
Feldstein, Fitzpatrick (2010) 
Fukuda, Matsumoto, Mukhopadhyay (2014)
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e±

Silver, Orlando (2024)
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✦ prompt ADM decay  
✦ inverse Compton emission with 

energetic  from ADM decay e±

significantγ

γ
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Summary plots of multi-messenger constraints

e±

Slatyer, Wu (2016)

e+

Das, Kamada, TK, Murase, Song (2025)

τDM ≃ 1026 s ( M∗

2 × 109 GeV )
6

( 10 GeV
mN′￼ )

5

.



Summary and Discussions
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Composite ADM with A' portal 

Multi-Messenger probes 
- Good probes for feeble dark sectors 

- DM decay via portal interaction sharing asymmetries (neutrino signals) 
- dark mesons/dark photon decay into EM particles via dark photon portal



Backup Slides
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normalized energy of  :   

dimensionless mass parameters: 

ψ xi = 2Ei /mi

ϵ̃0 = 2mψ /m0 , ϵ1 = 2m0 /m1
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decay of scalar: ϕ1 → 2ϕ0 → 2(ψ + X ) light final states  
some irrelevant particles 

ψ

X

dNψ

dx1
= 2∫

1

−1
d cos θ0 ∫

1

ϵ0

dx0
dNψ

dx0

1
2

δ [x1 −
1
2 (x0 + (1 − ϵ2

1)(x2
0 − ϵ̃2

0) cos θ0)]

spectrum at  rest frame  spectrum at  rest frameϕ0 → ϕ1

energy relation

dNψ

dx2
= ∫

1

−1
d cos θ1 ∫

1

ϵ̃1

dx1
dNψ

dx1

1
2

δ (x2 −
1 + ϵ2

2

2
x1 −

1 − ϵ2
2

2
x2

1 − ϵ̃2
1 cos θ1)

spectrum at  rest frame  spectrum at  rest frameϕ1 → ϕ2

decay with massless emission : a ϕ2 → ϕ1 + a → 2ϕ0 + a → 2(ψ + X ) + a

dimensionless mass parameters: ϵ̃1 = 2mψ /m2 , ϵ2 = m1/m0

π′￼→ 2A′￼→ 2(e+e−(γ))

N′￼→ π′￼+ ν
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Cascade Decay

formulae for two-body cascade decay

decay of scalar: ϕ1 → 2ϕ0 → 2(ψ + X ) light final states  
some irrelevant particles 

ψ

X

dNψ

dx1
= 2∫

1

−1
d cos θ0 ∫

1

ϵ0

dx0
dNψ

dx0

1
2

δ [x1 −
1
2 (x0 + (1 − ϵ2

1)(x2
0 − ϵ̃2

0) cos θ0)]

spectrum at  rest frame  spectrum at  rest frameϕ0 → ϕ1

energy relation

normalized energy of  :   

dimensionless mass parameters: 

ψ xi = 2Ei /mi

ϵ̃0 = 2mψ /m0 , ϵ1 = 2m0 /m1

dNψ

dx2
= ∫

1

−1
d cos θ1 ∫

1

ϵ̃1

dx1
dNψ

dx1

1
2

δ (x2 −
1 + ϵ2

2

2
x1 −

1 − ϵ2
2

2
x2

1 − ϵ̃2
1 cos θ1)

spectrum at  rest frame  spectrum at  rest frameϕ1 → ϕ2

decay with massless emission : a ϕ2 → ϕ1 + a → 2ϕ0 + a → 2(ψ + X ) + a

dimensionless mass parameters: ϵ̃1 = 2mψ /m2 , ϵ2 = m1/m0
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 restπ′￼

 restN′￼

mA′￼= 100 MeV

photon energy spectrum 

x = 2E(i)
γ /mi

photon energy normalized by rest frame mass

photon spectrum widely distributed  
         at a higher step in cascade decay 

several choice of  

     

2mA′￼/mπ′￼∈ [0.3 ,0.9]

2mπ′￼/mN′￼= 0.1
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18cascade decay

 restN′￼

mA′￼= 100 MeV

 energy spectrum e±

x = 2Ee−+e+/mN′￼

photon energy normalized by rest frame mass

electron spectrum sharply distributed

several choice of  

     

2mA′￼/mπ′￼∈ [0.3 ,0.9]

2mπ′￼/mN′￼= 0.1
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ADM decay spectrum

Φ(E, θ) =
1

4πmχτχ

dNs

dE ∫
smax(θ)

0
ρχ(R(s))ds =

ρscRsc

4πmχτχ

dNs

dE
𝒥dec(θ)

fluxes originating from the direction θ

smax(θ) = Rsc cos θ + R2
h − R2

sc sin2 θ

ρχ(R) = ρsc ( R
Rsc )

−γ

( 1 + R /Rc

1 + Rsc/Rc )
−(3−γ)

,NFW DM profile

 and the core radius  kpc 

distance of the Sun form the GC  kpc 

DM density @ solar system:  GeV/cm3

γ = 1.2 Rc = 20

Rsc = 8.5

ρscc2 = 0.43

Galactic contribution: integration up to θ = π
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ADM decay spectrum

extragalactic component for neutrinos: integration over redshift z

Φdec
EG(E) =

ΩDMρc

4πmDM ∫ dz
dt
dz

F(z)
dNob

s

dE
(zs = z)

uniform DM distribution in redshift  (up to )z z = 20

: redshift evolution of extragalactic DM population (= 1) 

 and  GeV/cm3 

: cosmological line element 
 

 : observed neutrino spectrum on Earth after 
propagation of the prompt DM decay spectrum originating at  

F(z)

ΩDMh2 = 0.113 ρch−2 = 1.05 × 10−5

|dt /dz |

dNob
s /dE

z



21Neutrino signals

Neutrino Signal Bound

 functionχ2 χ2 =
3

∑
l=1

(αAl + βBl − Nl)2

σ2
stat + σ2

sys

three energy bins:  with a width of  (SK)10−0.3E0 , E0 ,100.3E0 Δ log10 Eν = 0.2

SN relic neutrinos: Super-K (2002) 
DM ann: Palomares-Ruiz, Pascoli(2007)

similar analysis

 : # of background in l-th bin 

 : fraction of DM decay neutrino events 
 : fraction of atm. bkg. neutrino events  

 : free parameters of strength of signal/bkg 
 and find the best-fit  for each 

Nl

Al

Bl

α / β

α = 1,2,3,⋯ β α

mDM = 5 GeV

Δ log10 Eν = 2σE /Eν

 assumedσsys/Nl = 15 % , σ2
stat = N2

l

Barr et al (2006), Evans et al (2016)

to normalize P(α) ∝ e−χ2(α)


