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Introduction

Baryon-Dark Matter Coincidence

ΩDM ≃ 5 ΩBaryon
c.f.)  ΩDM ∼ 103 Ων (∑ mν = 0.1eV)

Just a coincidence, or some mechanism behind?

·Stable (or long lifetime until today) 

·Electromagnetically neutral (or milicharged)

Particle properties of Dark Matter

total energy density of the Universe:  
its matter component is composed of dark matter (27%) and baryonic matter (4%)



3Composite ADM

Asymmetric DM

✓ particle-antiparticle asymmetries 

                     and      

generated via sharing asymmetry: 

ηB ≡
nB − n̄B

nγ
ηDM ≡

nDM − n̄DM

nγ

ηB ∼ ηDM

DM
DM

ADM

SM DM

Asymmetry Origin

 : DM mass ~ O(1) GeV
ΩDM

ΩB
=

mDM ηDM

mB ηB
∼ 5

Why compositeness? ‣ strong depletion of symmetric component as with QCD 

‣ GeV-scale mass (dimensional transmutation) 

‣ stability by dark baryon number

✓ Safe from astrophysical/cosmological constraints

no anti-particle -> no late-time energy injection to EM channel

Nushinov (1985); Barr, Chivukula, Farhi (1990); D.B.Kaplan (1992);  
Kuzmin (1998); Kitano, Low (2005); D. E. Kaplan, Luty, Zurek (2009)



✓ Leptogenesis as asymmetry origin 
known as generation mechanism of B-L asymmetry in the SM sector 
 
 

                                right-handed neutrino   (with ) 

✓ DM number  B-L 

Since  is the SM singlet, it can couples to the dark sector 

 
 
 
 

- The portal interaction connects two sectors until  . 

- DM decays through the portal interaction: SK constraint on  signal 

                               -> 

NR MR > 109 GeV

∝
NR

T ∼ TD ∼ M′￼(M′￼/MPl)
1

2(n − 1)

ν̄

M′￼≳ 108.5 GeV

ADM and Leptogenesis

4ADM and Leptogenesis

Fukugita Yanagida (1986)

neutrino mass

portal interaction

Fukuda, Matsumoto, Mukhopadhyay (2014)

ℒN = MRNRNR + yNHNRL + h . c .

ℒ ⊃
1

M′￼2
U′￼D′￼D′￼NR + h . c .

→
y2

N

MR
(LH )2 + h . c .

+
yN

M′￼2MR
U′￼D′￼D′￼(LH ) + h . c .



Composite ADM with Dark Photon

5with dark photon

Symmetric components of dark baryons -> dark pions via (dark) strong interaction

✓ dark pion annihilation/decay into dark photon 

✓ dark photon decay into SM particles via kinetic mixing 
 
 
 
all light particles converted to SM particles (except for dark nucleon) 

Ibe, Kamada, Kobayashi, Nakano (2018)

σv ∼
4π
m2

nD

Heating up only the dark sector (carrying enormous entropy, constrained by  ). 

QCD' + QED' evades from the  constraint.

ΔNeff

ΔNeff

N 0

N 0

⇡0

⇡0

A0

e+

e�

ℒA′￼=
ϵ
2

FμνF′￼μν +
m2

A′￼

2
A′￼μA′￼

μ

⇡0+

⇡0�

⇡00

⇡00

⇡0+

⇡0�

A0

A0

⇡00

A0

A0



Questions

6

✓ Does composite ADM really explain why ? 

- DM mass via dimensional transmutation → O(1) GeV 

✓ The origin of the high-energy portal interaction? 

- New particles should appear around the portal interaction scale:  

✓ Tiny kinetic mixing ? 
- U(1) kinetic mixing: renormalizable 

- Dark photon → SM particles via  kinetic mixing: releasing entropy in the 

dark sector

ΩDM ∼ 5ΩB

M′￼≳ 108.5 GeV

ϵ ≪ 1

γ-A′￼

Why does dark confinement scale  
coincide with the QCD scale?

Mirrored grand unification gives an interesting solution
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Composite ADM and Mirrored Unification
Based on a  unification modelSU(5) × SU(5)′￼/ℤ2

Dark sector consists of a perfect copy of visible sector 

 breaking by vacuum choices @ unification scale 

B-L (= DM #) is approximately conserved separately below Tdec

ℤ2

confinement’
confinement

SU(5)×SU(5)’

SU(5)→GSM

SU(5)’→SU(4)D→SU(3)D×U(1)D

identified gauge coupling @ GUT

Even if low-energy EFTs are different in two sectors,  is realized.mDM ≃ mBaryon

dark mesons 
dark baryons  DM∋

GSM→SU(3)C×U(1)EM

Mass Coincidence

Ibe, Kamada, Kobayashi, TK, Nakano (2019)
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Composite ADM and Mirrored Unification
Based on a  unification modelSU(5) × SU(5)′￼/ℤ2

Dark sector consists of a perfect copy of visible sector 

 breaking by vacuum choices @ unification scale 

B-L (= DM #) is approximately conserved separately below Tdec

ℤ2

Ibe, Kamada, Kobayashi, TK, Nakano (2019)

leptogenesis
Tdec

asymmetry sharedB-L asymmetry

portal sharing asymmetry 

kinetic mixing of  γ & A′￼

via  decay to A′￼ e + ē

Key ingredients via SU(4)D breaking

releasing excessive entropy

Number Coincidence
identified gauge coupling @ GUT

two kinds of portals are important for  
                          number coincidence and viable cosmology

SU(5)×SU(5)’

SU(5)→GSM

SU(5)’→SU(4)D→SU(3)D×U(1)D



A Simple Realization

9A model

Ibe, Kamada, Kobayashi, TK, Nakano (2019)

SU(5) U(1)X
 Si 10 1
�Si 5 �3

N i , N
0
i 1 5

HS 5 �2
HS 5 2
XS 5 �2
XS 5 2
⌃S 24 0

<latexit sha1_base64="3kFYw3QbtxEulwAVxS5tpK3X6Qo="></latexit>

 supersymmetric gauge theory with (softly broken) SU(5)V × SU(5)D ℤ2

gauge coupling unification 
existence of degenerate vacua

➡ Dark leptons get massive

 : unification compatible global B-L (technically natural MR)U(1)X

➡ Portal interaction 
➡ Kinetic mixing

Assumption: mirror symmetry is broken only by mass parameters 

but same scales in each sector:  MV ∼ O(1016) GeV ≫ MD

SU(5)V × SU(5)D

GSM

⟨ΣV⟩
⟨XD⟩

⟨ΣD⟩

SU(4)D

SU(3)D × U(1)D



Coupling Unification/Coincidence of Confinement Scales
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μ [GeV]

α-
1

U(1)

SU(2)L

SU(3)C

U(1)D

SU(3)D

SU(4)DGUT SU(5)DGUT

Ibe, Kamada, Kobayashi, TK, Nakano (2019)

SU(5) U(1)X
 Si 10 1
�Si 5 �3

N i , N
0
i 1 5

HS 5 �2
HS 5 2
XS 5 �2
XS 5 2
⌃S 24 0

<latexit sha1_base64="3kFYw3QbtxEulwAVxS5tpK3X6Qo="></latexit>

split SUSY

⟨ΣV⟩

⟨XDXD⟩

⟨ΣD⟩ ∋ ⟨15⟩

above 1016 GeV 
visible/dark gauge couplings coincide 

below 1016 GeV 
due to different breaking chain 
→ gauge dynamics develops separately 

Assumption:  

·fine-tuned couplings of  to  

= tuning of vector-like dark quark masses 

·

ΨD & ΦD XD & XD

MD = 8 × 1010 GeV



ℒ = −
1
4

FμνFμν −
1
4

F′￼μνF′￼μν +
ϵ
2

FμνF′￼μν

Key ingredients: low-energy portal interactions

11low-scale portal

‣ Kinetic mixing from non-renormalizable operator

Ibe, Kamada, Kobayashi, TK, Nakano (2018)

embedding U(1) into non-Abelian group:

non-renormalizable operator with non-Abelian breaking fields

SU(5) U(1)X
 Si 10 1
�Si 5 �3

N i , N
0
i 1 5

HS 5 �2
HS 5 2
XS 5 �2
XS 5 2
⌃S 24 0

<latexit sha1_base64="lhxdQ1H/nAzL1K3coqvbztJ+UKQ="></latexit>

‣ Kinetic mixing from bi-charged fields

ℒ ⊃
1

M2
P

tr (FGμνΣV) tr (Fμν
D ΣD)

ϵ ≃
vVvD

M2
P

≃ 10−9 ( vV

2 × 1016 GeV ) ( vD

5 × 1010 GeV )

ϵ ≃ −
gYgY′￼

16π2 ∑
i

YiY′￼i ln
M2

i

μ2

≃ 10−2 ( gY′￼

gY )∑ ln (1 + ΔM2)

(if present)



12low-scale portal

Phenomenology: low-scale portal
p0

p

p0

p✓ dark baryons can couples to SM proton via dark photon

Ibe, Kamada, Kobayashi, Nakano (2018)tested by direct detection experiments

Beam dump

SN

Collider

Future Prospects

Kamada, Kim, TK (2020)

direct detection experiment 

Panda-X (54 ton day)×

1802.06912� > 10�44 cm2
<latexit sha1_base64="kvnoFPTy+jD39Pb4ALXk8bXcNCc="></latexit>

DM ratio p′￼: n′￼= 1 : 1

strong upper bound on kinetic mixing  ϵ



13low-scale portal

✓ Long-lived signals from dark-hadron processes

N1

N2

e+

e�

A0

dark nucleon transition @ FASER

Kamada, TK (2021)

Dark pion decay @ DarkQuest

Search for dark hadrons with degenerate spectra

ΔNmN2
< mA′￼

⇡0

A0

A0

⇡0

A0

f

f̄

⇡0

f

f̄

f 0

f̄ 0

⇡0

f

f̄

mA′￼< mπ′￼< 2mA′￼

TK, Yuan (2023)

dark vector meson decay

@ FASER

mρ′￼< 2mπ′￼, mA′￼+ mπ′￼

⇢00

`+

`�

A0
⇢0+

⇡0+

`+

`�

A0

⇢00

`+

`�

A0
⇢0+

⇡0+

`+

`�

A0



Key ingredients: intermediate scale portal

14intermediate portal

Ibe, Kamada, Kobayashi, TK, Nakano (2018)

✓Portal interaction sharing asymmetry

Generated asymmetry shared by effective interaction

(c.f. nucleon decay in GUT)

Dark GUT sector contains massive colored state: H′￼C , H′￼C

NR

D′￼

D′￼

U′￼

H′￼C H′￼C

SU(5) U(1)X
 Si 10 1
�Si 5 �3

N i , N
0
i 1 5

HS 5 �2
HS 5 2
XS 5 �2
XS 5 2
⌃S 24 0

<latexit sha1_base64="lhxdQ1H/nAzL1K3coqvbztJ+UKQ="></latexit>

ℒ ⊃ YNHDΦDNR + YuHDΨDΨD + YdHDΦDΨD + h . c .

ℒ ⊃
YdYN

M2
H

U′￼D′￼D′￼NR + h . c .

→ −
YdYNyN

M2
HMR

U′￼D′￼D′￼(LH) + h . c .



Preliminary

15intermediate portal

✓ Late-time decay of dark baryons

Cascade decay of dark baryons

Fukuda, Matsumoto, Mukhopadhyay (2014) 
Das, Kamada, TK, Murase, Song, Watanabe (2024)

Decay: DM → M′￼+ ν̄

τDM ≃ 1026 s ( M*

2 × 109 GeV )
6

( 10 GeV
mN′￼ )

5

ΓDM ≃
1

64π
v2mN′￼

M6
*

|W |2

Preliminary

γ-ray

 and Nf = 2 2mA′￼/mπ′￼= 0.4

N 0

⌫(⌫)

e+

e�

�



Summary and Discussion

✓ We propose a UV framework for  coincidence based on unification 

✓ coincidence of masses: mirror  @ unification scale 

✓ coincidence of number densities: composite ADM scenario 

✓ Composite ADM with dark photon predicts many signals 
-  signal from DM decay/electromagnetic flux from cascade DM decay 

- Long-lived particle signals 

- etc. 

‣ Model-buildings 

- baryogenesis mechanisms  

- models without/with a few fine-tunings  
- different gauge dynamics?

ΩB-ΩDM

ℤ2

ν̄

16Summary



Backup
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WS =  SYu SHS + SYd�SHS

+HS(MS + �⌃S)HS

+ µStr(⌃
2
S) + �⌃tr(⌃

3
S)

+M
0
SXSXS � ⇠

(XSXS)2

MPl
<latexit sha1_base64="lnuTcCWxhdQKwukFUJU5/kWwGBw="></latexit>

⌦
XSXS

↵
= 0 or O(MPlM

0
S)

<latexit sha1_base64="HVPlHl9iEVQMXjzN+Ih8SrWkPKM="></latexit>

h⌃Si = 0 or O(µS)
<latexit sha1_base64="f1O7oIRNjPvazdz9cP5a4wA4haQ="></latexit>

Superpotential for Yukawa and Higgs sectors

Superpotential in a specific model
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Ibe, Kamada, Kobayashi, TK, Nakano (2019)

SU(5) U(1)X
 Si 10 1
�Si 5 �3

N i , N
0
i 1 5

HS 5 �2
HS 5 2
XS 5 �2
XS 5 2
⌃S 24 0

<latexit sha1_base64="3kFYw3QbtxEulwAVxS5tpK3X6Qo="></latexit>

WN = �V yNNHV + �DyNN
0
HD

+ �V YNN
0
HV + �DYNNHD

+ (mass terms) ,
<latexit sha1_base64="1buzi6hVgQWGPh2NYRoRweqvh+M="></latexit>

Superpotential for NR sector

W = yu D DXD + yd D�DXD

+
y0e
MPl

 D⌃D�DXD ,
<latexit sha1_base64="wnzniSwsxZ6GChmZ/Ei+E1pGyS0="></latexit>

Several fields get their masses  

through interactions to XD and XD

The fine-tuning of couplings is required  
to realize good mass spectrum.. ..



Intermediate Scale Theory: SU(4)D
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Ibe, Kamada, Kobayashi, TK, Nakano (2018)

Other fields decomposed into

 D !AD(6)�QD(4) , �D ! QD(4)�ND(1) ,

HD !HD(4)� SD(1) , HD ! HD(4)� SD(1) ,

⌃D !⌅(15)� h
0
D(4)� h

0
D(4)� S

0
D(1) .

<latexit sha1_base64="OYCC+aJGtqdw+yU8dNj0OdbbqyY="></latexit>

 are decoupled at SU(5)D breaking scaleXD and XD

dark neutrino mass?

Majorana/B-L violating

WND =
1

MPl
(XD�D)2 +MRDN

0
N

0
+ yND�DN

0
XD

<latexit sha1_base64="gVG1+zQ5BGHgECgh9cWThAGdYxo="></latexit>

Dirac Mass

counter part to the visible sector:  do not develop their VEV.XD and XD



LSP in two sectors
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Ibe, Kamada, Kobayashi, TK, Nakano (2018)

Lightest Supersymmetric Particles are also stable in two sectors

LSPs should be subdominant components of DM  
-> prediction of light sparticles 
feeble connection b/w visible and dark sectors 
-> overclosure of the Universe 
or problematic late-time decay of heavier LSPs?

heavy higgsino decay via supersymmetric kinetic mixing

Higgsinos (MSSM & U(1)D) LSPs help!

dark higgsino  : less constrained/could have the mass with O(100) GeV or lighterϕ̃D

⌧( eH ! �DH e�D) ⇠ 8⇡

✏2↵Y ↵
0m eH

⇠ 2⇥ 10�5 sec

✓
10�9

✏

◆2 ✓
8⇥ 10�2

↵0

◆✓
1 TeV

m eH

◆

<latexit sha1_base64="dHyw8oFCHhSeeoUAg8K+S60mIVA="></latexit>

eH

H

�D

e�D

eB
eB0



21Experimental Signals

Bounds on Dark Photon Parameters
direct detection experiment 

Panda-X (54 ton day)×

1802.06912� > 10�44 cm2
<latexit sha1_base64="kvnoFPTy+jD39Pb4ALXk8bXcNCc="></latexit>

DM ratio p′￼: n′￼= 1 : 1

Dark photon: 

    lightest in dark sector 

    Collider&Beam-dump 

    Supernova 1987A

Beam dump

SN

Collider

Future Prospects

reheats only  

- change  i.e. 

γ, e+, e−

Tν /Tγ Neff

 recoupling after  decouplingA′￼ ν

roughly τA′￼≲ 1 s

Kamada, Kim, TK (2020)
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MDGUT/MVGUT

Λ
Q
C
D
'/Λ

Q
C
D

ϵ=10
-11

ϵ=10
-10

ϵ=10
-9

ϵ=10
-8

ϵ=10
-7

MS
=10

2 Te
V

MS
=10

3 Te
V

Relation of Confinement scales

22Confinement scale vs GUT scale 

 is no longer a free parameter!ΛQCD′￼/ΛQCD

~ 7 orders of magnitude

Ibe, Kamada, Kobayashi, TK, Nakano (2019)

~ 2 orders of magnitude

Dark GUT scale

QCD’ scale

Why  ~ O(1) ?ΛQCD′￼/ΛQCD

beam-dump

 decay  
after 
γD

Tν

⇤QCD0 ' 2.8GeV

✓
MSUSY

102 TeV

◆ 4
25

✓
MD

8⇥ 1010 GeV

◆ 9
25

<latexit sha1_base64="TW/A96mvzf9jV6ZyfRUGEVzdvR0="></latexit>

⇤QCD ' 0.3GeV
<latexit sha1_base64="Mk6pmdeicSfyWA62eY/SN4yNbrc="></latexit>


