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Baryon-DM coincidence Problem

Baryon-DM coincidence ?

ΩDM  :  Ωb    ~    5  :   1 
close with each other…

ex) neutrino-DM : ΩDM  :  Ων ( Σmν=0.06eV )     =    200  :   1 

Is this a serious problem ?

DM and Baryon make up  27% and 4% of total energy density of 
the Universe.

ΩDM h2 ~  0.14

( Planck 2018 : ΩX =  ρX / 3 MPL2 H02  , H0 = 100h km/s/Mpc, h ~ 0.7)

ΩB h2 ~  0.022



The baryon density is too low due to its large annihilation cross section : 

→    ΩDM  :  Ωb ( no-asymmetry ) =  1 : 10-10

DM mass density can be explained by the WIMP mechanism :

→  the observed density is explained by choosing appropriate mass & couplings

Baryon-DM coincidence = conspiracy between nDM and Baryogenesis ?

Ωb  (with asymmetry) = 0.02 ( ηB / 10-9 )

ηB = ( nB - nB ̅ )/ nγ

If it were not for Baryogenesis…

ΩDM  ∝ mDM nDM ΩDMh2 ≃ 0.1 ×
(

10−9 GeV−2

⟨σv⟩

)

xσvy „
4π

m
2
n

„ 10GeV
´2
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The observed baryon density is provided by the baryon asymmetry. 

Baryon-DM coincidence Problem



Baryon-DM coincidence Problem

Answers ?

Just a coincidence , ΩDM/ΩB ~ 5 is not a big deal.

→ Keep looking for conventional WIMPs !

Anthropic requirement ?

For ΩB /ΩDM < 10-(2-4), no disk fragmentation in the galaxies,  
which makes the star formation rate very low…

[’06 Tegmark, Aguirre, Rees, Wilczek]

Some mechanism behind the coincidence ?

→  The asymmetric dark matter (ADM) provides an interesting insight ! 

( These arguments depend on which parameters we fix. )



Asymmetric Dark Matter (ADM)

Basic Idea

ηB = ( nB - nB ̅ )/ nγ

Matter-anti-matter asymmetries in the SM/DM sectors

ηDM = ( nDM - nDM  )/ nγ

Ωb  (with asymmetry)     mN ηB∝
ΩDM  (with asymmetry)     mDM ηDM∝

→ ΩDM / ΩB  = ( mDM / mB ) (ηDM / ηB ) 

 mDM   ~  5 mB x (ηB / ηDM ) ~ O(1) GeV

The baryon-DM ratio ΩDM / ΩB  ~ 5  can be achieved for

are generated from the common origin so that ηDM / ηB = O(1) .

The mass densities of the baryon and dark matter are proportional to  
the asymmetries

[1990 Barr Chivukula, Farhi , 1992 D. B. Kaplan, 2009 D. E. Kaplan, Luty and Zurek]



Asymmetric Dark Matter (ADM)

Two main mechanisms

Sharing mechanism

SM and DM sectors share a primordial asymmetry produced in an arbitrary sector. 

SM

Asymmetry is thermally distributed in the two sectors 

dark matter 

ηDM / ηB  is related to the degrees of the freedom in two sectors

Cogenesis

The asymmetries in the two sectors are produced by the same process.  

ηDM / ηB  depends on the branching ratio of the asymmetry

Asymmetry   
Genesis

SM dark matter 

[ Petraki & Volkas 1305.4939 Zurek 1308.0338 for review]



Asymmetric Dark Matter (ADM)

In the following, we consider the sharing mechanism. 

In the sharing mechanism : 

What is the origin of the asymmetry ?

How the asymmetries are shared ?

→ there are  lots of possibilities…

Sharing mechanism

SM

Asymmetry is thermally distributed in the two sectors 

dark matter 

ηDM / ηB  is related to the degrees of the freedom in two sectors

Two main mechanisms

SM and DM sectors share a primordial asymmetry produced in an arbitrary sector. 



Thermal Leptogenesis (at the decay of the right-handed neutrino NR)

Dark Sector shares the B-L symmetry with the SM through

By assuming spontaneous chiral symmetry breaking, we expect that the lightest mesons
are pseudo-Nambu-Goldstone modes, i.e., dark pions. The dark pions obtain masses of
m⇡0 = O(

p
m1, 2⇤QCD0). Dark baryons carry a B � L charge and the lightest ones are good

ADM candidates. In this paper, we assume that dark baryons with the lowest spin are
lighter than those with higher spins, while the detailed mass spectrum does not change the
following discussion qualitatively. The annihilation cross section of dark baryons into dark
mesons is quite large due to the strong dynamics, with which the symmetric part of relic
DM is negligibly small [19–23]. As a result, the DM abundance is naturally dominated by
the asymmetric component.

In our scenario, we assume that B � L asymmetry is generated by thermal leptogenesis
when the cosmic temperature is around the right-handed neutrino mass MR & 1010GeV [14–
16]. The right-handed neutrinos couple to the SM particles via

LN-SM =
1

2
MRN̄RN̄R + yNHLN̄R + h.c. , (2)

where H and L denote the SM Higgs and lepton doublets, respectively. We remark that MR

encapsulates the e↵ects of spontaneous breaking of B � L with a B � L charge of �2.
Then, part of B � L asymmetry is propagated into the dark sector through the portal

interaction,

LB�L portal =
1

Mn
⇤
ODOSM + h.c. , (3)

where OD (OSM) is a B�L charged and dark (SM) gauge neutral operator consisting of the
dark (SM) sector fields. Here, M⇤ denotes a portal scale with n+4 being the mass dimension
of the operator. We remark that in our setup the portal operator generally carries a B � L

charge of �2m and M
n
⇤ ⇠ M

m
R M

0n�m
⇤ with M

0
⇤ encapsulating some new physics at the scale

above MR. B � L neutral portal operators (m = 0) were considered in the literature (e.g.,
Refs. [24, 25]).

The portal interaction eventually decouples around

TD ⇠ M⇤

✓
M⇤

MPL

◆1/(2n�1)

, (4)

where MPL ' 2.4 ⇥ 1018GeV denotes the reduced Planck scale. Then, B � L number is
conserved independently in the SM sector and in the dark sector, making DM particle quasi-
stable up to the portal interaction. Decay through the portal interaction is suppressed by
powers of ⇤QCD0/M⇤. In ADM with strong annihilation, the DM mass is determined by the
ratio of B � L asymmetry between the DM and SM sectors ADM/ASM as

mDM ' 5GeV ⇥
30ASM

97ADM
, (5)

where we used the ratio between between ASM and the baryon asymmetry observed today,
ASM/AB = 97/30 [26].

In the composite model, the e↵ective number of massless degrees of freedom in the dark
sector is sizable in the early Universe. Thus, if some dark pions are stable, they overclose
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( NR  : right-handed neutrino, MR > 1010 GeV )

OSM : Neutral (other than B-L) consisting of SM fields.

ODM : Neutral (other than B-L) consisting of DM fields.

Asymmetric Dark Matter via Leptogenesis

Asymmetry in the SM sector 
    = the asymmetry of the B-L symmetry  ( if it is generated T > O(100)GeV )

The SM and the DM sectors are thermally connected at the high temperature
T  >  TD  ~  M*  (M*/MPL)1/(2n-1)

ADM scenario is achieved by Thermal Leptogenesis for MR > TD .



T ~ MR Leptogenesis

B-L asymmetry in  SM + Dark sector 

TD ~ M* (M*/MPL)1/(2n-1)

ηSM = ASM ηB-L 

ηDM = ADM ηB-L

( ASM + ADM = 1 )

ηSM = ASM ηB-L 

TEW ~100GeV

ηDM = ADM ηB-L 

ηB = AB ηB-L ηL = AL ηB-L ηDM = ADM ηB-L

(  AB / ASM = 30/97 )

nB  = ηB nγ  →  nDM = (ADM / AB) nB  =  (ADM/ASM ) (ASM/AB ) nB

ΩDM = (mDM/mp)  (ADM/ASM ) (ASM/AB ) ΩB 

mDM  = 5 mp  (30/97 ) (ASM/ADM ) x  (ΩDM /5ΩB)

Asymmetric Dark Matter via Leptogenesis

determined by the degrees of freedom



ADM models require a large annihilation cross section

Annihilation of the symmetric component of DM should be very efficient !

σv  >> 10-9 GeV-2

Model Building of Asymmetric Dark Matter

Thermal equilibrium 

mDM/T

nDM/s

Symmetric Component

Small Annihilation Cross Section

Asymmetric Component

Thermal equilibrium 

mDM/T

nDM/s Large Annihilation Cross Section

Asymmetric Component

Symmetric Component

Lots of possibilities…

SM final state via heavy mediators ( → similarity with the WIMP models )

final states in the dark sector ( → the entropy in the dark sector should be 
transferred to the SM sector.)



We prefer ADM models in which

Model Building of Asymmetric Dark Matter

mDM  = O(1) GeV

is achieved without fine-tuning.

At least, mDM = O(1) GeV should not be achieved by fine-tuning to avoid that  
ΩDM / ΩB  ~ 5 is realized by fine-tuning.

The ADM scenario does not solve the coincidence problem but provides  
a new interpretation in terms of the mass ratio mDM/mN = O(1) .

The ultimate solution to the problem is obtained when the mass ratio  
mDM/mN = O(1) is explained, which requires higher-energy theory.



DM annihilation cross section is large !

Model Building of Asymmetric Dark Matter

Composite ADM models are highly motivated !

σv ~ 4π / mDM 2 

DM

DM DM

DM

DM

Symmetric components annihilates very efficiently !

DM mass can be explained by dynamical transmutation.

g

Λdyn
ln μMUV

The mass scale ~ dynamical scale is determined 
by the gauge coupling constant at the UV scale. 

mDM ~ Λdyn ~ MUV  Exp[ - 8π2/b g(MUV)2 ]

[ b = 11/3 Nc - 2/3 NF  for SU(Nc) NF-flavor ]



Model Building of Asymmetric Dark Matter

ADM

Sharing 

Cogenesis

B-L 

Thermal  
Leptogenesis

Elementary 
ADM

Annihilation  
into DM sector 

…
…

…

…
… Composite 

ADM

Annihilation  
into DM sector 

Annihilation  
into SM sector 

Among various possibilities, ADM with the sharing mechanism through B-L 
connecting operators with thermal Leptogenesis is very well motivated !

B-L symmetry is well-motivated in the SM ( can be gauged, SO(10) GUT )

Thermal Leptogenesis is very successful for the baryogenesis.



Model Building of Asymmetric Dark Matter

ADM

Sharing 

Cogenesis

B-L 

Thermal  
Leptogenesis

Elementary 
ADM

Annihilation  
into DM sector 

…
…

…

…
… Composite 

ADM

Annihilation  
into DM sector 

Annihilation  
into SM sector 

Compositeness is an interesting addition. 

large annihilation cross section 

mDM=O(1)GeV without fine-tuning

Models are rather complicated

The entropy in the dark sector should be transferred to the SM

portals to  
the SM sector



Asymmetric Dark Matter and Dark Radiation

At T > TD, the SM and the DM sectors are in the thermal equilibrium

ρR “
π2

30
pgSM pT q ` gDM pT qqT 4
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( g : the number of the effectively massless degree of freedom  gSM (T) = 106.75 )

What if the final state particle in the dark sector are massless ?

Below T > TD, the thermal baths of the SM and the DM sectors evolve independently.

TD  

~ M* (M*/MPL)1/(2n-1)

TEW ~100GeV

TQCD ~300MeV

Tdark QCD ~3GeV

common temperature

SM DM

T

The temperatures of the two sectors are different at a later time.



Asymmetric Dark Matter and Dark Radiation

The radiation energy after the neutrino decoupling 

Nν = 3.046 Tν / Tγ = (4/11)1/3

ρR “

˜

1 `
7

8
Nν

ˆ

Tν

Tγ

˙4

`
ḡDM pTν˚q

2

ˆ

gDM pTDq

gDM pTν˚q

˙4{3 ˆ

gSM pTν˚q

gSM pTDq

˙4{3 ˆ

Tν

Tγ

˙4
¸

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

Tν*  : ν decoupling temperature (~3MeV) 

gSM(TD) = 106.75 gSM(Tν*) = 43/4

gDM  = gDM  x {1 (B), 7/8 (F)}

∆Neff “
4ḡDM pTν˚q

7

ˆ

gDM pTDq

gDM pTν˚q

˙4{3 ˆ

gSM pTν˚q

gSM pTDq

˙4{3

ą
4ḡDM pTDq

7

ˆ

gSM pTν˚q

gSM pTDq

˙4{3
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CMB constraints : ΔNeff < 0.30 (95%CL) [Planck 2018]
 gDM (TD) < 11

cf .  SU(Nc) NF -flavor model gDM = 2 (Nc2 - 1) + 7/2 NF Nc 
       Even Nc = 2 & NF = 1 exceeds the bound ! 

[see also 1203.5803 Blennow, Martinez, Mena, Redondo, Serra]

We need a portal to transfer the entropy in the DM sector to the SM sector  
for composite ADM models !



[1805.0687 Kamada, Kobayashi, Nakano MI] 
Composite Asymmetric Dark Matter with Dark Photon

The composite dark sector may have QED-like gauge interaction, i.e. dark QED.

Dark QED can mix with QED through the kinetic mixing.

L “ ´
1

4
FµνF

µν
´

1

4
F

1

µνF
1µν

`
ϵ

2
FµνF

1µν
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Fμν : QED photon F’μν : dark QED photon ε : mixing parameter << 1
kinetic mixing

Assume dark QED photon obtains a mass via Higgs mechanism…

The massive dark photon couples to QED current with ε gQED. 

γ’
SM sector

γ
 DM sector

 DM sector

SM sector

The massive dark photon can be a good candidate for the portal interaction !

εgQED



Mirror Copy of QCD ( = dark QCD ) with dark QED ( SU(2)L is not copied )

SU(3)D B � L U(1)D
Q1 3 qB�L 2/3

Q̄1 3̄ �qB�L -2/3

Q2 3 qB�L -1/3

Q̄2 3̄ �qB�L 1/3

TABLE I: The charge assignment of the minimal model for Nc = 3 and Nf = 2. The QED0 charges
are assigned so that one of the dark baryon becomes neutral.

the Universe or contribute to the e↵ective number of neutrino degrees of freedom Ne↵ too
much, depending on their masses [27]. In this paper, we introduce a U(1)D gauge dynamics
QED0, under which d. As dark quarks are charged under U(1)D, dark mesons annihilate
into dark photons.

We assume that dark photon obtains a mass m�0 by the Higgs mechanism in the dark
sector and has kinetic mixing with SM photon:

LA0�A =
✏

2
Fµ⌫F

0µ⌫ +
1

2
m

2
�0A

0
µA

0µ
, (6)

where F and F
0 are the field strengths of SM photon A and dark photon A

0, respectively.
Dark photon decays into SM particles through kinetic mixing with SM photon ✏ with the
rate of

��0 = Nch
1

3
✏
2
↵m�0 ' 0.3 s⇥Nch

⇣
✏

10�10

⌘2 ⇣ m�0

100MeV

⌘
. (7)

Here, ↵ denotes the QED fine-structure constant. If dark photon decays only into electron
and positron, Nch = 1.

To make the above thermal history available, we arrange the masses as

2⇥me < m�0 < m⇡0 < mDM , (8)

where me denotes the electron mass. If the mixing parameter ✏ is too small, the entropy of
the dark sector is not released to the SM sector e�ciently, which results in too much dark
radiation. As dark baryon charged under U(1)D interacts with SM proton via dark photon
exchange, direct detection experiments provide upper bounds on ✏. In the next section,
we will identify a viable parameter region of (m�0 , ✏) by taking the following model as an
example.

A. Nc = 3 case

As we find the minimal model with Nc = 2 and Nf = 2 rather subtle as shown in
appendixA, here, let us consider the case with Nc = 3 and Nf = 2. In Table I, we show the
charge assignment of dark quarks. As the QCD0 and QED0 charge assignment is parallel to
the SM one, it is apparently free from quantum anomalies and we can use the analogy to

4

e.g.) Matter content for NF = 2 

[1805.0687 Kamada, Kobayashi, Nakano MI] 
Composite Asymmetric Dark Matter with Dark Photon

( ASM  / ADM  )  = 237 / ( 22NF )  →   mDM  ~  8.5 GeV ( 2 / NF )
[ see also 1411.4014 Fukuda, Matsumoto, Mukhopadhyay ]

Asymmetry Ratio : 

We need at least NF > 1 to allow the B-L portal interaction.

By assuming spontaneous chiral symmetry breaking, we expect that the lightest mesons
are pseudo-Nambu-Goldstone modes, i.e., dark pions. The dark pions obtain masses of
m⇡0 = O(

p
m1, 2⇤QCD0). Dark baryons carry a B � L charge and the lightest ones are good

ADM candidates. In this paper, we assume that dark baryons with the lowest spin are
lighter than those with higher spins, while the detailed mass spectrum does not change the
following discussion qualitatively. The annihilation cross section of dark baryons into dark
mesons is quite large due to the strong dynamics, with which the symmetric part of relic
DM is negligibly small [19–23]. As a result, the DM abundance is naturally dominated by
the asymmetric component.

In our scenario, we assume that B � L asymmetry is generated by thermal leptogenesis
when the cosmic temperature is around the right-handed neutrino mass MR & 1010GeV [14–
16]. The right-handed neutrinos couple to the SM particles via

LN-SM =
1

2
MRN̄RN̄R + yNHLN̄R + h.c. , (2)

where H and L denote the SM Higgs and lepton doublets, respectively. We remark that MR

encapsulates the e↵ects of spontaneous breaking of B � L with a B � L charge of �2.
Then, part of B � L asymmetry is propagated into the dark sector through the portal

interaction,

LB�L portal =
1

Mn
⇤
ODOSM + h.c. , (3)

where OD (OSM) is a B�L charged and dark (SM) gauge neutral operator consisting of the
dark (SM) sector fields. Here, M⇤ denotes a portal scale with n+4 being the mass dimension
of the operator. We remark that in our setup the portal operator generally carries a B � L

charge of �2m and M
n
⇤ ⇠ M

m
R M

0n�m
⇤ with M

0
⇤ encapsulating some new physics at the scale

above MR. B � L neutral portal operators (m = 0) were considered in the literature (e.g.,
Refs. [24, 25]).

The portal interaction eventually decouples around

TD ⇠ M⇤

✓
M⇤

MPL

◆1/(2n�1)

, (4)

where MPL ' 2.4 ⇥ 1018GeV denotes the reduced Planck scale. Then, B � L number is
conserved independently in the SM sector and in the dark sector, making DM particle quasi-
stable up to the portal interaction. Decay through the portal interaction is suppressed by
powers of ⇤QCD0/M⇤. In ADM with strong annihilation, the DM mass is determined by the
ratio of B � L asymmetry between the DM and SM sectors ADM/ASM as

mDM ' 5GeV ⇥
30ASM

97ADM
, (5)

where we used the ratio between between ASM and the baryon asymmetry observed today,
ASM/AB = 97/30 [26].

In the composite model, the e↵ective number of massless degrees of freedom in the dark
sector is sizable in the early Universe. Thus, if some dark pions are stable, they overclose

3

OSM : Neutral (other than B-L) consisting of SM fields.

ODM : Neutral (other than B-L) consisting of DM fields.

( qB-L = 1/3 )



Dark QCD exhibits confinement at O(1-10) GeV.

QCD.1 In this case, dark pions are

⇡
00
/ Q1Q̄1 �Q2Q̄2 , ⇡

0+
/ Q1Q̄2 , ⇡

0�
/ Q2Q̄1 , (9)

and dark baryons are

p
0
/ Q1Q1Q2 , p̄

0
/ Q̄1Q̄1Q̄2 , n

0
/ Q1Q2Q2 , n̄

0
/ Q̄1Q̄2Q̄2 . (10)

We summarize hadron mass formulas in appendixB. We emphasize that the QED0 charge
assignment in Table I is the unique choice (up to trivial normalization) that makes one of
the dark baryon neutral and allows the following portal interaction.

The lowest dimensional portal interaction is given by

LN-D =
1

M 02
⇤
(Q̄1Q̄2Q̄2)N̄R + h.c. , (11)

which requires qB�L = 1/3. Below the mass scale of MR, the above portal interaction results
in an e↵ective interaction,

LB�L portal =
yN

M 02
⇤ MR

(Q̄1Q̄2Q̄2)LH + h.c. , (12)

and hence, M⇤ in Eq. (3) should be identified as (M 02
⇤ MR/yN)1/3.

We assume that TD is below the right-handed neutrino mass scale and is above the
decoupling temperature of the Sphaleron process. The ratio of the B � L asymmetries
between the dark and SM sectors is given by [25],

ADM

ASM
=

44

237
. (13)

It leads to mDM = 8.5GeV [see Eq. (5)], for which we take ⇤QCD0 ⇠ 10 ⇥ ⇤QCD with
⇤QCD ⇠ 200MeV denoting the QCD scale. By arranging m1 and m2, one can take dark
neutron lighter or heavier than dark proton. We consider a dark pion mass ofO(10–100)MeV
or larger since the dark photon mass is in this range as we will see in the next section. We
assume that the n

0-p0 mass di↵erence, mn0 � mp0 = O(m1,2) (see appendix B)), is smaller
than the dark pion mass, m⇡0 = O(

p
m1, 2⇤QCD0).

The portal interaction in Eq. (12) leads to decay of dark neutron into dark pion and SM
neutrino. Neutrino flux measurements by the Super-Kamiokande (SK) collaboration bound
the portal scale from below as M⇤ & 108.5 GeV [25] (see also Ref. [32]). Dark proton property
depends on the charge of the U(1)D Higgs boson HD. For charge �2, the Z2 subgroup of
U(1)D remains unbroken, with which ⇡

0± becomes stable and p
0 becomes quasi-stable up

to the portal interaction. Since m⇡0 > mn0 � mp0 , n0 is also quasi-stable up to the portal
interaction. In the following, we consider this case for the sake of simplicity of the analysis,
although the case with charge �1 can also be viable as discussed in appendix C.

1 As it turned out, our model has a similarity to models based on the idea of the mirror matter [28–31]. In

such scenarios, mirror baryons are DM candidates, although mirror photon is massless.
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Dark Matter = Dark protons and Dark neutrons   

Dark baryons annihilate into Dark pionsQCD.1 In this case, dark pions are
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The lowest dimensional portal interaction is given by

LN-D =
1

M 02
⇤
(Q̄1Q̄2Q̄2)N̄R + h.c. , (11)

which requires qB�L = 1/3. Below the mass scale of MR, the above portal interaction results
in an e↵ective interaction,

LB�L portal =
yN

M 02
⇤ MR

(Q̄1Q̄2Q̄2)LH + h.c. , (12)

and hence, M⇤ in Eq. (3) should be identified as (M 02
⇤ MR/yN)1/3.

We assume that TD is below the right-handed neutrino mass scale and is above the
decoupling temperature of the Sphaleron process. The ratio of the B � L asymmetries
between the dark and SM sectors is given by [25],

ADM

ASM
=

44

237
. (13)

It leads to mDM = 8.5GeV [see Eq. (5)], for which we take ⇤QCD0 ⇠ 10 ⇥ ⇤QCD with
⇤QCD ⇠ 200MeV denoting the QCD scale. By arranging m1 and m2, one can take dark
neutron lighter or heavier than dark proton. We consider a dark pion mass ofO(10–100)MeV
or larger since the dark photon mass is in this range as we will see in the next section. We
assume that the n

0-p0 mass di↵erence, mn0 � mp0 = O(m1,2) (see appendix B)), is smaller
than the dark pion mass, m⇡0 = O(

p
m1, 2⇤QCD0).

The portal interaction in Eq. (12) leads to decay of dark neutron into dark pion and SM
neutrino. Neutrino flux measurements by the Super-Kamiokande (SK) collaboration bound
the portal scale from below as M⇤ & 108.5 GeV [25] (see also Ref. [32]). Dark proton property
depends on the charge of the U(1)D Higgs boson HD. For charge �2, the Z2 subgroup of
U(1)D remains unbroken, with which ⇡

0± becomes stable and p
0 becomes quasi-stable up

to the portal interaction. Since m⇡0 > mn0 � mp0 , n0 is also quasi-stable up to the portal
interaction. In the following, we consider this case for the sake of simplicity of the analysis,
although the case with charge �1 can also be viable as discussed in appendix C.

1 As it turned out, our model has a similarity to models based on the idea of the mirror matter [28–31]. In

such scenarios, mirror baryons are DM candidates, although mirror photon is massless.

5

Dark pions annihilate/decay into dark photons

[1805.0687 Kamada, Kobayashi, Nakano MI] 
Composite Asymmetric Dark Matter with Dark Photon

( mπ’ = O(100)MeV - O(1 )GeV )

σv ~ 4π / mDM 2 

DM

DM DM

DM

DM

π+DM

π -DM γ’

γ’

σv ~  πα’2/ mπ’ 2 

γ’

γ’

△π0DM

Γ ~  α’2/64π3  x mπ’ 3/ fπ 2

The dark sector ends up with the dark baryonic matter and dark photon  

due to the asymmetry ! ( Ωp ‘   :  Ωn’  ~ 1 : 1 )

( mγ’  <  mπ’ <  mN’ )

( mN’  ~ O(1) GeV )
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Too m
uch dark photon 

below
 ν-decoupling

γ’ decays after ν-decoupling

Constraints on dark photon  parameter space 

For mγ’ < 20MeV, the γ’ shares the thermal 
energy with γ, e, ν at T > mγ’ .

Some portion of γ’  releases its energy into  
e++e- below Tν* ,  which reduces ΔNeff .

The γ’ decay after the ν decouple also 
reduces ΔNeff.

Dark photons eventually decay into a pair of the electrons or the muons

also contributes to Ne↵ too much. To avoid this problem, we further assume that the dark
photon has kinetic mixing with the SM photon and becomes massive by a Higgs mechanism
in the dark sector:

LA0-A =
✏

2
Fµ⌫F

0µ⌫ +
1

2
m

2
�0A

0
µA

0µ
. (6)

Here, F and F
0 are the field strengths of the SM photon A and the dark photon A

0, re-
spectively, and m�0 denotes the mass of the dark photon. Through the kinetic mixing
parameterized by ✏, the massive dark photon decays into SM fermions with a decay rate,

��0 = Nch
1

3
✏
2
↵m�0 ' 0.3 s�1

⇥Nch

⇣
✏

10�10

⌘2 ⇣ m�0

100MeV

⌘
. (7)

Here, ↵ denotes the QED fine-structure constant. When the dark photon mass is lighter
than twice of the muon mass, it decays only into a pair of the electron and the positron,
and hence, Nch = 1.

Now, let us summarize the thermal history. Above the decoupling temperature of the
portal interaction, TD, the dark sector and the SM sector are in thermal equilibrium and
the B � L asymmetry is distributed in the two sectors.

Below TD, two sectors evolve independently. In the dark sector, the confinement of
the strong gauge dynamics takes place at the temperature of TQCD0 ⇠ ⇤QCD0 . DM (i.e.,
the lightest dark baryon) annihilates into the dark mesons with a very large cross section of
O(4⇡/m2

DM), with which the symmetric component of DM is erased and only the asymmetric
component is left over. The U(1)D charged dark pions also annihilate into the dark photons
with a cross section of O(4⇡↵02

/m
2
⇡0) with ↵

0 being the QED’ fine-structure constant. This
cross section is large enough to make the relic dark pions a subdominant component of
DM for ↵

0
⇠ ↵.3 Note that the relic density of the neutral pions is also suppressed when

the neutral pions are in chemical equilibrium with the charged pions through the inelastic
scattering.4 The dark photon eventually decays into the SM fermions via the kinetic mixing,
so that the initial entropy of the dark sector is transferred to the SM sector.

To realize the above thermal history, we arrange the masses so that

2⇥me < m�0 < m⇡0 < mDM , (8)

where me denotes the electron mass. The first inequality is required to allow the decay of
the dark photon. The second and the third inequalities are required for the annihilations of
the charged dark pions and DM. As the DM mass is of O(1)GeV, we assume that m⇡0 and
m�0 are in the sub-GeV range.

In the following numerical analysis, we take the Nf = 2 and Nc = 3 case, which is the
minimal choice as studied in Sec. III B. It should be noted that the derived constraints in the
following analysis is not significantly changed for a composite ADM model with a di↵erent
gauge group and/or a di↵erent number of the flavors. Furthermore, our analyses also apply

3 The relic density of the dark pions is subdominant for m⇡0/↵0 < O(100)TeV.
4 If the corresponding chiral symmetry is anomalous for the QED’ as in the case of the SM, the lightest

neutral pions decay into the dark photons with a short lifetime.

5

Lifetime of O(1) sec  ↔  ε  ~ 10-10
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Dark Matter direct detection via the dark photon exchange.

decay after ν-decoupling

Too m
uch dark photon 

below
 ν-decoupling

sectors. Then we study the SIDM event spectrum in the light of SuperCDMS, LUX, and DAMA,
taking into account realistic efficiency and energy resolution of the detectors. Considering both the
time-average and modulated event rates, we show that direct detection experiments can potentially
distinguish SIDM from WIMPs.

In the remainder of this work, we first present a simple particle physics model for SIDM, and
discuss basics of DM direct detection in Sec. II. Our results are presented in Sec. III. Lastly, we
conclude in Sec. IV.

II. PARTICLE PHYSICS MODEL AND DIRECT DETECTION RATE

A. Particle physics model

We assume that the DM particle X , either a Dirac fermion or a complex scalar, interacts with the
vector mediator � of a dark U(1)X gauge interaction. In the non-relativistic limit, self-interactions
between DM particles can be described by a Yukawa potential [11, 26–32]

V (r) = ±
↵X

r
e�m�r , (1)

where ↵X ⌘ gX/(4⇡) is the fine structure constant in the dark sector and m� is the mediator mass.
We fix ↵X = 0.01, motivated by the value of the electromagnetic fine structure constant in the SM.
We also focus on the case of asymmetric SIDM in which only DM X , and not its anti-particle,
is present in DM halos. Hence, DM self-scattering is purely repulsive and the “+” sign of the
Yukawa interaction in Eq. (1) must be considered.

In general, the dark sector can couple to the SM through the kinetic mixing ✏� �µ⌫F µ⌫ [33],
where ✏� is the mixing parameter, and �µ⌫ and F µ⌫ are the field strength of the mediator � and
of the photon, respectively. The mixing induces a coupling of � to SM fermions f at O(✏�) upon
diagonalization: ✏�e

P
f Qf f̄�µf�µ, where Qf denotes the electric charge (in units of e) of the

SM fermions. In this case, direct detection signals of SIDM arise from DM-proton scattering via
� exchange. Our analysis can be easily generalized to other cases such as �-Z mixing portal, or
Higgs portal for a scalar mediator [18]. Notice however that all these models have similar phe-
nomenology at direct detection experiments; the main difference being that for the kinetic mixing
case the DM interacts dominantly with protons, for the Z-mixing case mostly with neutrons, and
for the Higgs portal case equally with protons and neutrons.

The differential cross section for DM-nucleus scattering is [18, 24]

d�XT

dq2
=

4⇡↵em↵X✏2�Z
2

(q2 +m2
�)

2

1

v2
F 2
T (q

2) , (2)

where ↵em = 1/137 is the SM fine structure constant, Z is the number of protons in the nucleus, q
is the momentum transfer, v is the speed of the DM particle in the nucleus rest frame and FT (q2)
is the nuclear form factor related to the charge density in the nucleus [34, 35]. The nuclear recoil
energy ER is related to the momentum transfer and the nuclear mass mT by q =

p
2mTER.

To investigate the signal spectrum of SIDM in SIDM-nucleus scattering, we choose four bench-
mark models as shown in Table I. Also shown in Table I are the typical values of the momentum
transfer for recoils off xenon (relevant for LUX) and germanium (relevant for SuperCDMS) of
a DM particle with typical speed in Earth’s frame v� = 232 km/s, q ⇡

p
2µTv� with µT the

DM-nucleus reduced mass. While smaller values of the momentum transfer are always possible

3

Dark proton couples to the proton !

p’

p’

p

p

γ’

ε gQED

 gQED’

Region above the red line are excluded by Panda-X ( 54 ton×day exposure ) 
for mDM = 8.5GeV ( roughly corresponding to σ < 10-44 cm2 )

The ADM model with a dark photon can be tested by the direct detection experiments. 
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Dark Sector Shares B-L symmetry with the SM via

By assuming spontaneous chiral symmetry breaking, we expect that the lightest mesons
are pseudo-Nambu-Goldstone modes, i.e., dark pions. The dark pions obtain masses of
m⇡0 = O(

p
m1, 2⇤QCD0). Dark baryons carry a B � L charge and the lightest ones are good

ADM candidates. In this paper, we assume that dark baryons with the lowest spin are
lighter than those with higher spins, while the detailed mass spectrum does not change the
following discussion qualitatively. The annihilation cross section of dark baryons into dark
mesons is quite large due to the strong dynamics, with which the symmetric part of relic
DM is negligibly small [19–23]. As a result, the DM abundance is naturally dominated by
the asymmetric component.

In our scenario, we assume that B � L asymmetry is generated by thermal leptogenesis
when the cosmic temperature is around the right-handed neutrino mass MR & 1010GeV [14–
16]. The right-handed neutrinos couple to the SM particles via

LN-SM =
1

2
MRN̄RN̄R + yNHLN̄R + h.c. , (2)

where H and L denote the SM Higgs and lepton doublets, respectively. We remark that MR

encapsulates the e↵ects of spontaneous breaking of B � L with a B � L charge of �2.
Then, part of B � L asymmetry is propagated into the dark sector through the portal

interaction,

LB�L portal =
1

Mn
⇤
ODOSM + h.c. , (3)

where OD (OSM) is a B�L charged and dark (SM) gauge neutral operator consisting of the
dark (SM) sector fields. Here, M⇤ denotes a portal scale with n+4 being the mass dimension
of the operator. We remark that in our setup the portal operator generally carries a B � L

charge of �2m and M
n
⇤ ⇠ M

m
R M

0n�m
⇤ with M

0
⇤ encapsulating some new physics at the scale

above MR. B � L neutral portal operators (m = 0) were considered in the literature (e.g.,
Refs. [24, 25]).

The portal interaction eventually decouples around

TD ⇠ M⇤

✓
M⇤

MPL

◆1/(2n�1)

, (4)

where MPL ' 2.4 ⇥ 1018GeV denotes the reduced Planck scale. Then, B � L number is
conserved independently in the SM sector and in the dark sector, making DM particle quasi-
stable up to the portal interaction. Decay through the portal interaction is suppressed by
powers of ⇤QCD0/M⇤. In ADM with strong annihilation, the DM mass is determined by the
ratio of B � L asymmetry between the DM and SM sectors ADM/ASM as

mDM ' 5GeV ⇥
30ASM

97ADM
, (5)

where we used the ratio between between ASM and the baryon asymmetry observed today,
ASM/AB = 97/30 [26].

In the composite model, the e↵ective number of massless degrees of freedom in the dark
sector is sizable in the early Universe. Thus, if some dark pions are stable, they overclose

3

“
1

M3
˚

pQ̄1Q̄2Q̄2qLH
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Dark neutron operator

Through this operator, the dark nucleon decays into anti-neutrinos !

τ „ 10
24

sec

ˆ

M˚

109 GeV

˙6 ˆ

10GeV

mDM

˙5
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[1411.4014 Fukuda, Matsumoto, Mukhopadhyay ]

Composite ADM leads to a monochromatic anti-neutrino signal !

Composite Asymmetric Dark Matter with Dark Photon

[1003.5662 Feldstein, Fitzpatrick]  

N’ → π’ + ν
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Figure 2: Neutrino spectra for different decay channels of a scalar dark matter candidate

compared to the expected background of atmospheric neutrinos from Honda et al. [22]

and the data of Fréjus [28], Super-Kamiokande [29], Amanda-II [30] and IceCube [31]. The

flux is computed for a dark matter mass of 1 TeV (top) or 10TeV (bottom) and a lifetime

of 1026 s. The line from the two-body decay into νν̄ and the extragalactic contribution to

this decay spectrum is easy to distinguish. The spectra from the decays of a dark matter

candidate into µ+µ−, τ+τ−, Z0Z0 or W±W∓ are softer at the endpoint. The low-energy

tail of these decay channels is due to the muon/tau decay and Z0/W± fragmentation.

Due to the steeply falling atmospheric background the signal-to-background ratio at the

endpoint of the decay spectra increases significantly for larger dark matter masses.

10

1023

1024

1025

1026
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τ D
M

 (s
)

mDM (GeV)

Super-Kamiokande exclusion region

DM → νν
DM → Zν
DM → eeν
DM → µµν (ττν)
DM → µµ (ττ)
DM → ZZ (WW)
DM → We
DM → Wµ (Wτ)

Figure 7: 90% C.L. exclusion region in the lifetime vs. mass plane for a decaying dark

matter candidate from the non-observation of an excess in the Super-K data. The bound

is stronger for a line signal, since there the spectrum is harder, resulting in a larger

muon flux due to the increasing neutrino–nucleon cross-section and muon range. For the

channels that contain Z0 or W± bosons in the final state the exclusion range is cut at

the threshold for their production.

of 1026 s and masses larger than 200GeV.

4.2 Rates and Bounds for Present and Future Experiments

Assuming decaying dark matter with a lifetime of 1026 s, we can now compute the

expected signal rates for present and future experiments. These results can be easily

generalised to arbitrary lifetimes, by recalling that the flux is proportional to 1/τDM.

We give the rates for some typical detectors of different sizes, i.e. Super-Kamiokande,

ANTARES/AMANDA and IceCube. The results for Super-K can be easily scaled up to

the Hyper-Kamiokande/UNO size by multiplying by a factor 10 or 20 (for a Hyper-K

mass of 500 kt and Hyper-K/UNO mass of 1Mt, respectively). The result for KM3NeT

will be very similar to that expected for IceCube.

We would like to stress here that Super-K is still taking data, and that the

full ANTARES detector was completed in summer 2008 and is also operational. The

AMANDA detector was decommissioned in summer 2009, but has since been substi-

tuted by the partial IceCube detector, which already had 59 strings deployed in the

ice in early 2009. The other experiments are still in the planning phase: KM3NeT is a

20

full-sky averaged neutrino flux

Eν/GeV

[’09 Covi, Grefe, Ibarra, Tran ]

SK, 1679.6 live days, ΔθGC = 30°
For 1 TeV,  τDM= 1026 sec NFW profile

τDM( DM → X + ν ) > 1023 sec for mDM ~ 10GeV.
( SK 90%CL constraints on the neutrino flux )

In the ADM models, neutrino detectors sensitive to O(100)MeV - O(1)GeV 
play important roles !

Constraint on the dark matter lifetime

Composite Asymmetric Dark Matter with Dark Photon

Constraints on the ν- flux from DM decay

→ M* ≳ 108.5 GeV



Composite Asymmetric Dark Matter with Dark Photon

Constraints from CMB (work in progress with Kobayashi, Nagai Nakano )

n’ → π0’ + ν

The dark neutron decay ends up with electrons.

γ’ + γ’ → e+ + e- + e+ + e-

The electromagnetic energy injection by the decay of dark matter affects  
the spectrum of the CMB anisotropy.
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in Tables I and II: (1) the directly computed MCMC
bounds (Table II), and (2) the MCMC bound on our ref-
erence model, extrapolated to other energies using the
first PC (this is equivalent to rescaling all the results
in Table II by a constant, determined by the compari-
son between the MCMC result and PCA forecast for the
reference model). In this case, since we are assuming
fX = 1 for all models and considering models which pro-
duce only e

+
e
� pairs or photons at a specific energy, the

bound on the lifetime is directly proportional to the first
principal component (Fig. 2). We find good agreement,
at the ⇠ 10% level, for all points tested.

We then apply this approach to DM decay to SM par-
ticles, considering 28 decay modes for DM masses from
10 GeV to 10 TeV; the resulting spectra of photons and
e
+
e
� pairs are provided in the PPPC4DMID package

[34]. We assume that 100% of the DM is decaying, with
lifetime much longer than the age of the universe.

We also provide constraints on DM below 10 GeV de-
caying to photons and e

+
e
� pairs, the latter either as a

direct decay, or via decay to a pair of unstable mediators
(denoted V V ) which each subsequently decay to an e

+
e
�

pair.
The resulting constraints on the lifetime are shown in

Fig. 7. We note several salient points:

• The label q = u,d,s denotes a light quark and h
is the SM Higgs boson. The distinction between
polarization of the leptons (Left- or Right-handed
fermion) and of the massive vectors (Transverse or
Longitudinal) matter for the electroweak correc-
tions. The last three channels denote models in
which the DM decays into a pair of intermediate
vector bosons VV, which then each decay into a
pair of leptons.

• Decays to neutrinos are the least constrained, and
are only constrained at all at high masses, as the
only photons and e

+
e
� pairs in these decays are

produced through electroweak corrections (e.g. fi-
nal state radiation of electroweak gauge bosons).
These limits are ⇠ 2�3 orders of magnitude weaker
than present-day indirect searches using neutrino
telescopes [35].

• Other SM final states populate a band of decay-
lifetime constraints whose vertical width is roughly
a factor of 4-5.

• In contrast to annihilating DM, the detectability
function is quite sharply peaked around ⇠ 100
MeV electrons/positrons, for decaying DM. Con-
sequently, channels that produce copious soft elec-
trons/positrons can have enhanced detectability –
this is in contrast to the usual situation for indirect
searches in the present day, where softer spectra
are typically more di�cult to detect due to larger
backgrounds.

• For TeV DM and above, the contributions from the
electron/positron and photon spectra are typically
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FIG. 7: The estimated lifetime constraints on decaying DM
particles, from PCA for Planck calibrated to the MCMC
result for our reference model (injection of 30 MeV elec-
trons/positrons). The upper panel covers the DM mass range
from 10 GeV to 10 TeV. The lower panel covers the range
from keV-scale DM masses up to 10 GeV for the e+e�, ��
and VV ! 4e channels.

comparable, and the detectability depends primar-
ily on the total power proceeding into electromag-
netic channels.

One might ask how these constraints compare to ex-
isting bounds. For long-lifetime decaying DM, there are
stringent constraints on the decay lifetime from a wide
range of indirect searches (e.g. [36–45]). In general,
these constraints are considerably stronger than our lim-
its, probing lifetimes as long as 1027�28 s. The exception
is for MeV � GeV DM decaying to e

+
e
� pairs; these

pairs are di�cult to detect directly. They do produce
photons via internal bremsstrahlung and final state ra-
diation, and in [44], data from HEAO-1, INTEGRAL,
COMPTEL, EGRET, and the Fermi Gamma-Ray Space
Telescope (Fermi) were used to set constraints on such
decays by searching for these photons. These constraints
are conservative in that they subtract no astrophysical
background model, but they do assume a Navarro-Frenk-
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erence model, extrapolated to other energies using the
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than present-day indirect searches using neutrino
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• Other SM final states populate a band of decay-
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a factor of 4-5.

• In contrast to annihilating DM, the detectability
function is quite sharply peaked around ⇠ 100
MeV electrons/positrons, for decaying DM. Con-
sequently, channels that produce copious soft elec-
trons/positrons can have enhanced detectability –
this is in contrast to the usual situation for indirect
searches in the present day, where softer spectra
are typically more di�cult to detect due to larger
backgrounds.

• For TeV DM and above, the contributions from the
electron/positron and photon spectra are typically
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FIG. 7: The estimated lifetime constraints on decaying DM
particles, from PCA for Planck calibrated to the MCMC
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trons/positrons). The upper panel covers the DM mass range
from 10 GeV to 10 TeV. The lower panel covers the range
from keV-scale DM masses up to 10 GeV for the e+e�, ��
and VV ! 4e channels.

comparable, and the detectability depends primar-
ily on the total power proceeding into electromag-
netic channels.

One might ask how these constraints compare to ex-
isting bounds. For long-lifetime decaying DM, there are
stringent constraints on the decay lifetime from a wide
range of indirect searches (e.g. [36–45]). In general,
these constraints are considerably stronger than our lim-
its, probing lifetimes as long as 1027�28 s. The exception
is for MeV � GeV DM decaying to e

+
e
� pairs; these

pairs are di�cult to detect directly. They do produce
photons via internal bremsstrahlung and final state ra-
diation, and in [44], data from HEAO-1, INTEGRAL,
COMPTEL, EGRET, and the Fermi Gamma-Ray Space
Telescope (Fermi) were used to set constraints on such
decays by searching for these photons. These constraints
are conservative in that they subtract no astrophysical
background model, but they do assume a Navarro-Frenk-
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in Tables I and II: (1) the directly computed MCMC
bounds (Table II), and (2) the MCMC bound on our ref-
erence model, extrapolated to other energies using the
first PC (this is equivalent to rescaling all the results
in Table II by a constant, determined by the compari-
son between the MCMC result and PCA forecast for the
reference model). In this case, since we are assuming
fX = 1 for all models and considering models which pro-
duce only e

+
e
� pairs or photons at a specific energy, the

bound on the lifetime is directly proportional to the first
principal component (Fig. 2). We find good agreement,
at the ⇠ 10% level, for all points tested.

We then apply this approach to DM decay to SM par-
ticles, considering 28 decay modes for DM masses from
10 GeV to 10 TeV; the resulting spectra of photons and
e
+
e
� pairs are provided in the PPPC4DMID package

[34]. We assume that 100% of the DM is decaying, with
lifetime much longer than the age of the universe.

We also provide constraints on DM below 10 GeV de-
caying to photons and e

+
e
� pairs, the latter either as a

direct decay, or via decay to a pair of unstable mediators
(denoted V V ) which each subsequently decay to an e

+
e
�

pair.
The resulting constraints on the lifetime are shown in

Fig. 7. We note several salient points:

• The label q = u,d,s denotes a light quark and h
is the SM Higgs boson. The distinction between
polarization of the leptons (Left- or Right-handed
fermion) and of the massive vectors (Transverse or
Longitudinal) matter for the electroweak correc-
tions. The last three channels denote models in
which the DM decays into a pair of intermediate
vector bosons VV, which then each decay into a
pair of leptons.

• Decays to neutrinos are the least constrained, and
are only constrained at all at high masses, as the
only photons and e

+
e
� pairs in these decays are

produced through electroweak corrections (e.g. fi-
nal state radiation of electroweak gauge bosons).
These limits are ⇠ 2�3 orders of magnitude weaker
than present-day indirect searches using neutrino
telescopes [35].

• Other SM final states populate a band of decay-
lifetime constraints whose vertical width is roughly
a factor of 4-5.

• In contrast to annihilating DM, the detectability
function is quite sharply peaked around ⇠ 100
MeV electrons/positrons, for decaying DM. Con-
sequently, channels that produce copious soft elec-
trons/positrons can have enhanced detectability –
this is in contrast to the usual situation for indirect
searches in the present day, where softer spectra
are typically more di�cult to detect due to larger
backgrounds.

• For TeV DM and above, the contributions from the
electron/positron and photon spectra are typically
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netic channels.

One might ask how these constraints compare to ex-
isting bounds. For long-lifetime decaying DM, there are
stringent constraints on the decay lifetime from a wide
range of indirect searches (e.g. [36–45]). In general,
these constraints are considerably stronger than our lim-
its, probing lifetimes as long as 1027�28 s. The exception
is for MeV � GeV DM decaying to e

+
e
� pairs; these

pairs are di�cult to detect directly. They do produce
photons via internal bremsstrahlung and final state ra-
diation, and in [44], data from HEAO-1, INTEGRAL,
COMPTEL, EGRET, and the Fermi Gamma-Ray Space
Telescope (Fermi) were used to set constraints on such
decays by searching for these photons. These constraints
are conservative in that they subtract no astrophysical
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10 GeV to 10 TeV; the resulting spectra of photons and
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fermion) and of the massive vectors (Transverse or
Longitudinal) matter for the electroweak correc-
tions. The last three channels denote models in
which the DM decays into a pair of intermediate
vector bosons VV, which then each decay into a
pair of leptons.
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are only constrained at all at high masses, as the
only photons and e
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� pairs in these decays are

produced through electroweak corrections (e.g. fi-
nal state radiation of electroweak gauge bosons).
These limits are ⇠ 2�3 orders of magnitude weaker
than present-day indirect searches using neutrino
telescopes [35].

• Other SM final states populate a band of decay-
lifetime constraints whose vertical width is roughly
a factor of 4-5.

• In contrast to annihilating DM, the detectability
function is quite sharply peaked around ⇠ 100
MeV electrons/positrons, for decaying DM. Con-
sequently, channels that produce copious soft elec-
trons/positrons can have enhanced detectability –
this is in contrast to the usual situation for indirect
searches in the present day, where softer spectra
are typically more di�cult to detect due to larger
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result for our reference model (injection of 30 MeV elec-
trons/positrons). The upper panel covers the DM mass range
from 10 GeV to 10 TeV. The lower panel covers the range
from keV-scale DM masses up to 10 GeV for the e+e�, ��
and VV ! 4e channels.

comparable, and the detectability depends primar-
ily on the total power proceeding into electromag-
netic channels.

One might ask how these constraints compare to ex-
isting bounds. For long-lifetime decaying DM, there are
stringent constraints on the decay lifetime from a wide
range of indirect searches (e.g. [36–45]). In general,
these constraints are considerably stronger than our lim-
its, probing lifetimes as long as 1027�28 s. The exception
is for MeV � GeV DM decaying to e

+
e
� pairs; these

pairs are di�cult to detect directly. They do produce
photons via internal bremsstrahlung and final state ra-
diation, and in [44], data from HEAO-1, INTEGRAL,
COMPTEL, EGRET, and the Fermi Gamma-Ray Space
Telescope (Fermi) were used to set constraints on such
decays by searching for these photons. These constraints
are conservative in that they subtract no astrophysical
background model, but they do assume a Navarro-Frenk-

[1610.06933 Slatyer, Wu ]

The model with dark photon can be tested by  
the CMB anisotropy !

τDM > 1024-25 sec  

( In the present model, the neutrino carries 
away the half of the dark matter energy…)



Dark neutron - Anti dark neutron oscillation

By assuming spontaneous chiral symmetry breaking, we expect that the lightest mesons
are pseudo-Nambu-Goldstone modes, i.e., dark pions. The dark pions obtain masses of
m⇡0 = O(

p
m1, 2⇤QCD0). Dark baryons carry a B � L charge and the lightest ones are good

ADM candidates. In this paper, we assume that dark baryons with the lowest spin are
lighter than those with higher spins, while the detailed mass spectrum does not change the
following discussion qualitatively. The annihilation cross section of dark baryons into dark
mesons is quite large due to the strong dynamics, with which the symmetric part of relic
DM is negligibly small [19–23]. As a result, the DM abundance is naturally dominated by
the asymmetric component.

In our scenario, we assume that B � L asymmetry is generated by thermal leptogenesis
when the cosmic temperature is around the right-handed neutrino mass MR & 1010GeV [14–
16]. The right-handed neutrinos couple to the SM particles via

LN-SM =
1

2
MRN̄RN̄R + yNHLN̄R + h.c. , (2)

where H and L denote the SM Higgs and lepton doublets, respectively. We remark that MR

encapsulates the e↵ects of spontaneous breaking of B � L with a B � L charge of �2.
Then, part of B � L asymmetry is propagated into the dark sector through the portal

interaction,

LB�L portal =
1

Mn
⇤
ODOSM + h.c. , (3)

where OD (OSM) is a B�L charged and dark (SM) gauge neutral operator consisting of the
dark (SM) sector fields. Here, M⇤ denotes a portal scale with n+4 being the mass dimension
of the operator. We remark that in our setup the portal operator generally carries a B � L

charge of �2m and M
n
⇤ ⇠ M

m
R M

0n�m
⇤ with M

0
⇤ encapsulating some new physics at the scale

above MR. B � L neutral portal operators (m = 0) were considered in the literature (e.g.,
Refs. [24, 25]).

The portal interaction eventually decouples around

TD ⇠ M⇤

✓
M⇤

MPL

◆1/(2n�1)

, (4)

where MPL ' 2.4 ⇥ 1018GeV denotes the reduced Planck scale. Then, B � L number is
conserved independently in the SM sector and in the dark sector, making DM particle quasi-
stable up to the portal interaction. Decay through the portal interaction is suppressed by
powers of ⇤QCD0/M⇤. In ADM with strong annihilation, the DM mass is determined by the
ratio of B � L asymmetry between the DM and SM sectors ADM/ASM as

mDM ' 5GeV ⇥
30ASM

97ADM
, (5)

where we used the ratio between between ASM and the baryon asymmetry observed today,
ASM/AB = 97/30 [26].

In the composite model, the e↵ective number of massless degrees of freedom in the dark
sector is sizable in the early Universe. Thus, if some dark pions are stable, they overclose

3

“
1

M3
˚

pQ̄1Q̄2Q̄2qLH
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The portal operator

By assuming spontaneous chiral symmetry breaking, we expect that the lightest mesons
are pseudo-Nambu-Goldstone modes, i.e., dark pions. The dark pions obtain masses of
m⇡0 = O(

p
m1, 2⇤QCD0). Dark baryons carry a B � L charge and the lightest ones are good

ADM candidates. In this paper, we assume that dark baryons with the lowest spin are
lighter than those with higher spins, while the detailed mass spectrum does not change the
following discussion qualitatively. The annihilation cross section of dark baryons into dark
mesons is quite large due to the strong dynamics, with which the symmetric part of relic
DM is negligibly small [19–23]. As a result, the DM abundance is naturally dominated by
the asymmetric component.

In our scenario, we assume that B � L asymmetry is generated by thermal leptogenesis
when the cosmic temperature is around the right-handed neutrino mass MR & 1010GeV [14–
16]. The right-handed neutrinos couple to the SM particles via

LN-SM =
1

2
MRN̄RN̄R + yNHLN̄R + h.c. , (2)

where H and L denote the SM Higgs and lepton doublets, respectively. We remark that MR

encapsulates the e↵ects of spontaneous breaking of B � L with a B � L charge of �2.
Then, part of B � L asymmetry is propagated into the dark sector through the portal

interaction,

LB�L portal =
1

Mn
⇤
ODOSM + h.c. , (3)

where OD (OSM) is a B�L charged and dark (SM) gauge neutral operator consisting of the
dark (SM) sector fields. Here, M⇤ denotes a portal scale with n+4 being the mass dimension
of the operator. We remark that in our setup the portal operator generally carries a B � L

charge of �2m and M
n
⇤ ⇠ M

m
R M

0n�m
⇤ with M

0
⇤ encapsulating some new physics at the scale

above MR. B � L neutral portal operators (m = 0) were considered in the literature (e.g.,
Refs. [24, 25]).

The portal interaction eventually decouples around

TD ⇠ M⇤

✓
M⇤

MPL

◆1/(2n�1)

, (4)

where MPL ' 2.4 ⇥ 1018GeV denotes the reduced Planck scale. Then, B � L number is
conserved independently in the SM sector and in the dark sector, making DM particle quasi-
stable up to the portal interaction. Decay through the portal interaction is suppressed by
powers of ⇤QCD0/M⇤. In ADM with strong annihilation, the DM mass is determined by the
ratio of B � L asymmetry between the DM and SM sectors ADM/ASM as

mDM ' 5GeV ⇥
30ASM

97ADM
, (5)

where we used the ratio between between ASM and the baryon asymmetry observed today,
ASM/AB = 97/30 [26].

In the composite model, the e↵ective number of massless degrees of freedom in the dark
sector is sizable in the early Universe. Thus, if some dark pions are stable, they overclose
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The Majorana mass of n’ = oscillation time scale of the n’ and n’

is generated by the seesaw mechanism:

Leff “
y2
N

2MR

LHLH `
yN

MRM̄2
˚

pQ̄1Q̄2Q̄2qLH `
1

2MRM̄4
˚

pQ̄1Q̄2Q̄2q2
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Composite Asymmetric Dark Matter with Dark Photon

neutrino mass portal operator Majorana Mass of n’

∆m
1

n „

Λ6
QCD1

MRM̄
4
˚

„ 10
´47
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3GeV
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→

cf. H0  ~ 10-42 GeV

Some fraction of dark neutron has been converted to anti-dark neutron!

[see also 1202.0283 Tulin, Yu, Zurek, 1402.42500 Hardy, Lasenby, Unwin]



Dark matter can annihilate in the present universe !

n’

n’ π0’

π0’ p’

n’ π0’

π+’

( e+ + e- ) x 4 ( e+ + e- ) x 2

Effective cross section :  fanti  σv  

fanti  ~  min[ 1, Δmn’ / H ] σv ~ [σv]nucleon x (mN/mN’)2

Constraints from indirect dark matter searches (work in progress)!

e+ + e-  leads to the inverse Compton & synchrotron radiation

→ constraints on the galactic γ-ray flux by Fermi-LAT

 very large !

[1604.02263 Ando, Ishiwata ]

Typical electron/positron energy :  < Ee> = O(1)GeV

e+ + e-  injection distorts CMB

fanti(z=1)  σv ≲ 10-26cm3/s

fanti(z ~ 600)  σv ≲ 10-26cm3/s [ Planck 2018 ]

Composite Asymmetric Dark Matter with Dark Photon



The dark photon model requires a tiny parameter ε

L “ ´
1

4
FµνF

µν
´

1

4
F

1

µνF
1µν

`
ϵ

2
FµνF

1µν
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For U(1) x U(1) gauge theory, ε is an arbitrary parameter…

For non-abelian gauge theory, the kinetic mixing is forbidden. 

Small kinetic mixing can be achieved in the non-abelian GUT theory !

SM : SU(3)xSU(2)xU(1)   →   SU(5)GUT

DM : SU(3)xU(1)   →   SU(4)DGUT

[1811.10232 Kamada, Kobayashi, Kuwahara, Nakano MI] 

Table 2: Charge assignment of fermions and scalars in the minimal SU(5)GUT ×
SU(4)DGUT unified model. The upper rows of the tables show the assignment in SU(5)GUT

sector while the lower rows show those in SU(4)DGUT sector.
SU(5)GUT SU(4)DGUT U(1)5

Ψi 10 1 1
Φi 5 1 −3
N i 1 1 5
Q′

U 1 6 0
Q′

D 1 4 5/2

Q
′

D 1 4 −5/2

SU(5)GUT SU(4)DGUT U(1)5
H 5 1 2
Σ 24 1 0
H ′ 1 4 −5/2
Ξ′ 1 15 0

SU(4)DGUT is decomposed as 6 → 32/3 + 3−2/3:

Q′
U =

1√
2

⎛

⎜⎜⎜
⎝

0 U
′3 −U

′2
U ′
1

−U
′3

0 U
′1

U ′
2

U
′2 −U

′1
0 U ′

3

−U ′
1 −U ′

3 −U ′
3 0

⎞

⎟⎟⎟
⎠

, Q′
D =

⎛

⎜⎜
⎝

D′
1

D′
2

D′
3

E
′

⎞

⎟⎟
⎠ , Q

′

D =

⎛

⎜⎜⎜
⎝

D
′1

D
′2

D
′3

E ′

⎞

⎟⎟⎟
⎠

.

(11)

Here, E ′ (E
′
) is a SU(3)D singlet with U(1)D charge −1 (+1), and thus we refer to them

as the dark electron. The sub- and superscripts denote SU(3)D indices.
We also introduce a fundamental scalar field H ′, which is decomposed into a dark-

colored Higgs triplet φC and a dark U(1)D breaking Higgs φD.3 We impose fine-tuning of
parameters in order to realize the mass difference between φC and φD, namely between
1010 GeV and 1 GeV.

Let us consider the generic Lagrangian density that is invariant under SU(5)GUT ×
SU(4)DGUT. We also assume that the global “fiveness” U(1)5 is softly broken by Majorana
masses MR for N .4 Yukawa interactions for dark fermions are given by

LYukawa = −YDϵ
αβγδH ′

αQ
′
U [βγ]Q

′
Dδ − YDH

′†αQ′
U [αβ]Q

′

D
β − YNH

′
αQ

′

D
αN + h.c. , (12)

where the Greek letters α, β, · · · = 1, · · · , 4 are SU(4)DGUT indices and ϵαβγδ is the totally
antisymmetric tensor of SU(4)DGUT. A square bracket [. . . ] represents antisymmetric
indices.

Below the energy scale of the mass of φC , denoted by MC , the relevant effective
Lagrangian density for portal interactions is given by

Lportal =
YNYD√
2M2

C

ϵabc(U
′a
D

′b
)(D

′c
N)−

YNY ∗
D√

2M2
C

ϵabc(U
′†aD′†b)(D

′c
N) + h.c. , (13)

3It is possible to introduce another representation for the dark U(1)D breaking Higgs and the dark-
colored Higgs triplet. For instance, a symmetric representation is decomposed as 10 → 6−2/3+32/3+12.
Therefore, the B − L portal interactions do not arise from the dark colored Higgs triplet from the 10

representation without introducing extra fermions.
4U(1)5 can be a gauge symmetry since the gauge anomalies are cancelled thanks to the right-handed

neutrinos. When we consider the gauged U(1)5, MR is generated from a VEV of a U(1)5 breaking scalar
field.

6

< Σ >  = v5 ( 2,2,2,-3,-3 ) < Ξ >  = v4 ( 1,1,1,-3 )

UV completion of the Composite Asymmetric Dark Matter 

U(1)5 = GUT commuting B-L



We note that the GUT scale v24 in the visible sector is assumed to be of the order of
1016 GeV to avoid too rapid proton decay [75] even though intermediate-scale SUSY is
not introduced. Such a large GUT scale is achieved if some additional fields are introduced
at an intermediate scale (see Refs. [76–82]).

We take the minimal option for the dark sector, SU(4)DGUT, which includes SU(3)D×
U(1)D as a subgroup. The SU(4)DGUT symmetry is broken by an adjoint scalar field
Ξ′(15) by its VEV, i.e., ⟨Ξ′⟩ = v15 diag(1, 1, 1,−3). We assume that v15 is of the order of
1010 GeV and is much smaller than v24. We note that the dark sector is an asymptotically
free theory, and hence, the perturbativity in the dark sector is ensured up to the Planck
scale.
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ϵ =
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, (10)
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2Radiative contributions also arise via three-loop diagrams involving right-handed neutrinos. They
are suppressed by loop factors and small yN [see Eq. (4)], and thus are subdominant.
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→ ε ~ v5 v4 / MPL2 

 ε ~ 10-10        ↔     v4  ~ 1010 GeV

Mixing term originates from the higher dimensional operator

Table 2: Charge assignment of fermions and scalars in the minimal SU(5)GUT ×
SU(4)DGUT unified model. The upper rows of the tables show the assignment in SU(5)GUT

sector while the lower rows show those in SU(4)DGUT sector.
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Q′
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′
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0 U
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0 U
′1
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0 U ′

3

−U ′
1 −U ′
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3 0

⎞
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⎠
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D =

⎛

⎜⎜
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2
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⎜⎜⎜
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D
′1
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′2
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E ′

⎞

⎟⎟⎟
⎠
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(11)

Here, E ′ (E
′
) is a SU(3)D singlet with U(1)D charge −1 (+1), and thus we refer to them

as the dark electron. The sub- and superscripts denote SU(3)D indices.
We also introduce a fundamental scalar field H ′, which is decomposed into a dark-

colored Higgs triplet φC and a dark U(1)D breaking Higgs φD.3 We impose fine-tuning of
parameters in order to realize the mass difference between φC and φD, namely between
1010 GeV and 1 GeV.

Let us consider the generic Lagrangian density that is invariant under SU(5)GUT ×
SU(4)DGUT. We also assume that the global “fiveness” U(1)5 is softly broken by Majorana
masses MR for N .4 Yukawa interactions for dark fermions are given by

LYukawa = −YDϵ
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αQ
′
U [βγ]Q

′
Dδ − YDH

′†αQ′
U [αβ]Q

′

D
β − YNH

′
αQ

′

D
αN + h.c. , (12)

where the Greek letters α, β, · · · = 1, · · · , 4 are SU(4)DGUT indices and ϵαβγδ is the totally
antisymmetric tensor of SU(4)DGUT. A square bracket [. . . ] represents antisymmetric
indices.

Below the energy scale of the mass of φC , denoted by MC , the relevant effective
Lagrangian density for portal interactions is given by

Lportal =
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ϵabc(U
′a
D

′b
)(D

′c
N)−

YNY ∗
D√

2M2
C

ϵabc(U
′†aD′†b)(D

′c
N) + h.c. , (13)

3It is possible to introduce another representation for the dark U(1)D breaking Higgs and the dark-
colored Higgs triplet. For instance, a symmetric representation is decomposed as 10 → 6−2/3+32/3+12.
Therefore, the B − L portal interactions do not arise from the dark colored Higgs triplet from the 10

representation without introducing extra fermions.
4U(1)5 can be a gauge symmetry since the gauge anomalies are cancelled thanks to the right-handed

neutrinos. When we consider the gauged U(1)5, MR is generated from a VEV of a U(1)5 breaking scalar
field.
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→

Portal operators are generated by integrating out the colored Higgs in SU(4)DGUT

Portal scale is explained by the dark GUT scale Mc ~ v4 ~ 1010GeV

SU(5)GUT X SU(4)DGUT  provides a good UV completion of the composite ADM!

UV completion of the Composite Asymmetric Dark Matter 

( v5 ~1016GeV & v4 ~ 1010GeV )



Summary

The Baryon-DM coincidence problem can be an important hint 
for the origin of dark matter .

The Asymmetric Dark Matter scenario can be a good starting point to find a 
solution to the coincidence problem !

(In the ADM, ΩDM/ΩB ~5 can be interpreted by mDM/mN ~ O(1) )

The ADM via thermal Leptogenesis is very attractive scenario where the asymmetry 
in the DM/SM sectors are shared through B-L portal.

The composite ADM is well-motivated as it provides the large annihilation cross 
section & the DM mass via dimensional transmutation.

The dark photon portal provides an efficient way to transfer the entropy in the 
DM sector to the SM sector.

(A tiny mixing parameter can be achieved in non-abelian extensions)

The dark neutron-dark anti-neutron oscillation makes phenomenology of the 
ADM richer !

→ The dark photon also provides a high testability of the ADM models !

The ADM is an attractive alternative to the WIMP !



Back up



In addition, we have constructed a minimal model of composite ADM, which is compatible
with the seesaw mechanism and thermal leptogenesis. It has a QCD-like SU(3) gauge theory
and a QED-like U(1) gauge interaction. As the dark proton is charged under U(1)D, our
ADM can be tested by direct detection experiments. We have found that the current direct
detection constraint is severer than that from SN 1987A. A large portion of the parameter
space can be tested by future experiments such as XENONnT, LZ, and Darwin.

Our model of ADM has interesting astrophysical implications. As the QCD0 is similar
to the SM QCD, our ADM would have a cross section similar to that of the SM nucleon,
which is O(1) b and constant at low velocity, while diminishes with increasing velocity above
v/c = O(10�2) [55]. Such a velocity-dependent cross section could solve issues of cold dark
matter structure formation on galactic scales, while satisfying the constraints from galaxy
clusters (see, e.g., Ref. [56] for a review). The nature of our ADM self-scattering and its
implications for structure formation are worth investigating.
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where mu (d) is the SM up-type (down-type) quark mass. The squared mass di↵erence of the
dark pions is given by
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while the nucleon mass di↵erence is given by
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Here, �mQED
n-p = �0.178+0.004

�0.064GeV and N = 0.95+0.08
�0.06 parameterize the electromagnetic and

the isospin-violating contributions, respectively [57].
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Composite Asymmetric Dark Matter with Dark Photon

QCD.1 In this case, dark pions are

⇡
00
/ Q1Q̄1 �Q2Q̄2 , ⇡

0+
/ Q1Q̄2 , ⇡

0�
/ Q2Q̄1 , (9)

and dark baryons are

p
0
/ Q1Q1Q2 , p̄

0
/ Q̄1Q̄1Q̄2 , n

0
/ Q1Q2Q2 , n̄

0
/ Q̄1Q̄2Q̄2 . (10)

We summarize hadron mass formulas in appendixB. We emphasize that the QED0 charge
assignment in Table I is the unique choice (up to trivial normalization) that makes one of
the dark baryon neutral and allows the following portal interaction.

The lowest dimensional portal interaction is given by

LN-D =
1

M 02
⇤
(Q̄1Q̄2Q̄2)N̄R + h.c. , (11)

which requires qB�L = 1/3. Below the mass scale of MR, the above portal interaction results
in an e↵ective interaction,

LB�L portal =
yN

M 02
⇤ MR

(Q̄1Q̄2Q̄2)LH + h.c. , (12)

and hence, M⇤ in Eq. (3) should be identified as (M 02
⇤ MR/yN)1/3.

We assume that TD is below the right-handed neutrino mass scale and is above the
decoupling temperature of the Sphaleron process. The ratio of the B � L asymmetries
between the dark and SM sectors is given by [25],

ADM

ASM
=

44

237
. (13)

It leads to mDM = 8.5GeV [see Eq. (5)], for which we take ⇤QCD0 ⇠ 10 ⇥ ⇤QCD with
⇤QCD ⇠ 200MeV denoting the QCD scale. By arranging m1 and m2, one can take dark
neutron lighter or heavier than dark proton. We consider a dark pion mass ofO(10–100)MeV
or larger since the dark photon mass is in this range as we will see in the next section. We
assume that the n

0-p0 mass di↵erence, mn0 � mp0 = O(m1,2) (see appendix B)), is smaller
than the dark pion mass, m⇡0 = O(

p
m1, 2⇤QCD0).

The portal interaction in Eq. (12) leads to decay of dark neutron into dark pion and SM
neutrino. Neutrino flux measurements by the Super-Kamiokande (SK) collaboration bound
the portal scale from below as M⇤ & 108.5 GeV [25] (see also Ref. [32]). Dark proton property
depends on the charge of the U(1)D Higgs boson HD. For charge �2, the Z2 subgroup of
U(1)D remains unbroken, with which ⇡

0± becomes stable and p
0 becomes quasi-stable up

to the portal interaction. Since m⇡0 > mn0 � mp0 , n0 is also quasi-stable up to the portal
interaction. In the following, we consider this case for the sake of simplicity of the analysis,
although the case with charge �1 can also be viable as discussed in appendix C.

1 As it turned out, our model has a similarity to models based on the idea of the mirror matter [28–31]. In

such scenarios, mirror baryons are DM candidates, although mirror photon is massless.
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Table 2: Charge assignment of fermions and scalars in the minimal SU(5)GUT ×
SU(4)DGUT unified model. The upper rows of the tables show the assignment in SU(5)GUT

sector while the lower rows show those in SU(4)DGUT sector.
SU(5)GUT SU(4)DGUT U(1)5

Ψi 10 1 1
Φi 5 1 −3
N i 1 1 5
Q′

U 1 6 0
Q′

D 1 4 5/2

Q
′

D 1 4 −5/2

SU(5)GUT SU(4)DGUT U(1)5
H 5 1 2
Σ 24 1 0
H ′ 1 4 −5/2
Ξ′ 1 15 0

SU(4)DGUT is decomposed as 6 → 32/3 + 3−2/3:

Q′
U =

1√
2

⎛

⎜⎜⎜
⎝

0 U
′3 −U

′2
U ′
1

−U
′3

0 U
′1

U ′
2

U
′2 −U

′1
0 U ′

3

−U ′
1 −U ′

3 −U ′
3 0

⎞

⎟⎟⎟
⎠

, Q′
D =

⎛

⎜⎜
⎝

D′
1

D′
2

D′
3

E
′

⎞

⎟⎟
⎠ , Q

′

D =

⎛

⎜⎜⎜
⎝

D
′1

D
′2

D
′3

E ′

⎞

⎟⎟⎟
⎠

.

(11)

Here, E ′ (E
′
) is a SU(3)D singlet with U(1)D charge −1 (+1), and thus we refer to them

as the dark electron. The sub- and superscripts denote SU(3)D indices.
We also introduce a fundamental scalar field H ′, which is decomposed into a dark-

colored Higgs triplet φC and a dark U(1)D breaking Higgs φD.3 We impose fine-tuning of
parameters in order to realize the mass difference between φC and φD, namely between
1010 GeV and 1 GeV.

Let us consider the generic Lagrangian density that is invariant under SU(5)GUT ×
SU(4)DGUT. We also assume that the global “fiveness” U(1)5 is softly broken by Majorana
masses MR for N .4 Yukawa interactions for dark fermions are given by

LYukawa = −YDϵ
αβγδH ′

αQ
′
U [βγ]Q

′
Dδ − YDH

′†αQ′
U [αβ]Q

′

D
β − YNH

′
αQ

′

D
αN + h.c. , (12)

where the Greek letters α, β, · · · = 1, · · · , 4 are SU(4)DGUT indices and ϵαβγδ is the totally
antisymmetric tensor of SU(4)DGUT. A square bracket [. . . ] represents antisymmetric
indices.

Below the energy scale of the mass of φC , denoted by MC , the relevant effective
Lagrangian density for portal interactions is given by

Lportal =
YNYD√
2M2

C

ϵabc(U
′a
D

′b
)(D

′c
N)−

YNY ∗
D√

2M2
C

ϵabc(U
′†aD′†b)(D

′c
N) + h.c. , (13)

3It is possible to introduce another representation for the dark U(1)D breaking Higgs and the dark-
colored Higgs triplet. For instance, a symmetric representation is decomposed as 10 → 6−2/3+32/3+12.
Therefore, the B − L portal interactions do not arise from the dark colored Higgs triplet from the 10

representation without introducing extra fermions.
4U(1)5 can be a gauge symmetry since the gauge anomalies are cancelled thanks to the right-handed

neutrinos. When we consider the gauged U(1)5, MR is generated from a VEV of a U(1)5 breaking scalar
field.
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colored Higgs triplet φC and a dark U(1)D breaking Higgs φD.3 We impose fine-tuning of
parameters in order to realize the mass difference between φC and φD, namely between
1010 GeV and 1 GeV.

Let us consider the generic Lagrangian density that is invariant under SU(5)GUT ×
SU(4)DGUT. We also assume that the global “fiveness” U(1)5 is softly broken by Majorana
masses MR for N .4 Yukawa interactions for dark fermions are given by

LYukawa = −YDϵ
αβγδH ′

αQ
′
U [βγ]Q

′
Dδ − YDH

′†αQ′
U [αβ]Q

′

D
β − YNH

′
αQ

′

D
αN + h.c. , (12)

where the Greek letters α, β, · · · = 1, · · · , 4 are SU(4)DGUT indices and ϵαβγδ is the totally
antisymmetric tensor of SU(4)DGUT. A square bracket [. . . ] represents antisymmetric
indices.

Below the energy scale of the mass of φC , denoted by MC , the relevant effective
Lagrangian density for portal interactions is given by

Lportal =
YNYD√
2M2

C

ϵabc(U
′a
D

′b
)(D

′c
N)−

YNY ∗
D√

2M2
C

ϵabc(U
′†aD′†b)(D

′c
N) + h.c. , (13)

3It is possible to introduce another representation for the dark U(1)D breaking Higgs and the dark-
colored Higgs triplet. For instance, a symmetric representation is decomposed as 10 → 6−2/3+32/3+12.
Therefore, the B − L portal interactions do not arise from the dark colored Higgs triplet from the 10

representation without introducing extra fermions.
4U(1)5 can be a gauge symmetry since the gauge anomalies are cancelled thanks to the right-handed

neutrinos. When we consider the gauged U(1)5, MR is generated from a VEV of a U(1)5 breaking scalar
field.
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Portal operators are generated by integrating out the colored Higgs in SU(4)DGUT

UV completion of the Composite Asymmetric Dark Matter 
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Capture rate at the SUN for mDM < 10 GeV

MDM ~ mDM x Γcapt x ( 5 x 109 year )   
        ~ 1040 GeV ( mDM/10 GeV ) x ( σSI / 10-44cm2 )

Γcapt ~ 1030/sec x (σSI/pb)

σSI : spin-independent DM-nucelon cross section

cf. M⦿ ~ 1057 GeV

~

Decays, hadronization, energy losses in matter and secondary neutrinos generated by
matter particles scattered by DM decay products (an effect ignored in previous computa-
tions) are computed running GEANT4 [9] using the EU Baltic Grid facilities. As a check,
the first three effects are also independently computed with PYTHIA [10], modified by
us to include energy losses in matter.

3. As described in section 3.2, we correct the spectra at production including the dominant
electroweak radiation effects (not included in MonteCarlo codes) enhanced by loga-
rithms of MDM/MW , as described in [11]. EW corrections depend on the polarisation of
the SM particles, which is why we need to specify it in eq. (2).

4. As described in section 4, we propagate the fluxes of ⌫ and ⌫̄ at production, around
the center of the Sun, to the Earth taking into account oscillations, matter effects, ab-
sorption and regeneration from collisions with matter using the neutrino density matrix
formalism as in [5].

The final results are presented and briefly discussed in section 5. In section 6 we conclude.

The main numerical outputs of the computation are given on the PPPC 4 DM ID website
(‘DM⌫ ’ section).

2 The DM annihilation rate

In this section we compute the DM solar annihilation rate, which sets the overall normaliza-
tion of the expected neutrino flux. We essentially revisit the calculations in [3]. For defi-
niteness, we focus on the case of the Sun, although we mention in passing the modifications
needed for the Earth.

The number N of DM particles accumulated inside the Sun varies with time under the
action of different competing processes: 1) DM particles are captured from the halo (N is
thus increased by one unit) via the multiple scattering processes discussed above, 2) DM can
pair annihilate (hence N decreases by two units) and 3) DM particles can be ejected (N
decreases by one unit) by a hard scattering on a hot nucleus of the interior of the body, i.e.
the inverse process with respect to capture. In formulæ:

dN

dt
= �capt � 2�ann � �evap (3)

where �capt is the capture rate, �ann is the DM annihilation rate and �evap is the DM evapora-
tion (or ejection) rate.

The evaporation process is important only for DM lighter than a few GeV 1, so that we will
neglect it for all practical purposes in the following.

1This can be easily understood [3]: if one requires that the speed of a DM particle thermalized with the
interior of the Sun vDM ⇠

p
2T�/MDM be smaller than the escape velocity from the center of the Sun v�esc '

1387 km/s, one obtains the condition MDM & 0.15 GeV. A more realistic computation takes into account that
DM particles actually follow a (Maxwellian) velocity distribution and compares the time it takes to deplete the
high-velocity tail (above the escape velocity) of such distribution with the age of the Sun, finding MDM & 5 GeV.
Yet more refined calculations find typically MDM & 4 GeV [12].

4

The annihilation rate is proportional to N2: two DM particles annihilate (hence the square).
It is given by

�ann =
1

2

Z
d3xn2(~x) h�vi = 1

2
CannN

2, (4)

where h�vi is the usual annihilation cross section averaged over the initial state2 and n(~x) is
the number density of DM particles at position ~x inside the Sun, such that the total number
of DM particles is N =

R
d3xn(~x). After capture, subsequent scatterings thermalize the DM

particles to the solar temperature T�, such that their density n(~x) acquires the spherically
symmetrical Boltzmann form

n(r) = n0 exp[�MDM �(r)/T�] (5)

where n0 is the central DM number density and �(r) =
R r

0
dr GNM(r)/r2 is the Newtonian

gravitational potential inside the Sun, written in terms of the solar mass M(r) enclosed within
a sphere of radius r. Taking for simplicity the matter density in this volume to be constant
and equal to the central density ⇢�, all the integrals can be explicitly evaluated . One finds
that DM particles are concentrated around the center of Sun,

n(r) = n0 e
�r2/r2DM , with rDM =

✓
3T�

2⇡GN⇢� MDM

◆1/2

⇡ 0.01R�

r
100GeV

MDM

. (6)

Within this approximation, one obtains from eq. (4)

Cann = h�vi
✓
GN MDM ⇢�

3T�

◆3/2

. (7)

Here ⇢� = 151 g/cm3 and T� = 15.5 106 K are the density and the temperature of matter
around the center of the Sun. The same expression would hold for other astrophysical bodies,
adapting these two quantities.

Neglecting �evap and solving eq. (3) with respect to time one finds

�ann =
�capt

2
tanh2

✓
t

⌧

◆
t�⌧' �capt

2
(8)

where ⌧ = 1/
p

�captCann is a time-scale set by the competing processes of capture and an-
nihilation. At late times t � ⌧ one can approximate tanh(t/⌧) = 1. In the case of the Sun,
the age of the body (⇠4.5 Gyr) and the typical values of the parameters in ⌧ indeed satisfy
this condition (in the case of the Earth this is not generally the case). Therefore one attains
the last equality of eq. (8). Physically, this means that the fast (compared to the age of the
Sun) processes of capture and annihilation come to an equilibrium: any additional captured
particle thermalizes and eventually is annihilated away.

2If DM is a real particle (e.g. a Majorana fermion) this is the usual definition of � and the factor 1/2 takes into
account the symmetry of the initial state. If DM is a complex particle (e.g. a Dirac fermion) then n ⌘ nDM+nDM

(here assumed to be equal) and the average over initial states is � ⌘ 1
4 (2�DMDM + �DM DM + �DMDM). In many

models, only DMDM annihilations are present, so that � = �DMDM/2.
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For a scalar ADM without annihilation, the ADM captured in the neutron star 
may form a black hole inside the neutron star !

[1011.2907 McDermott, Yu, Zurek]
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Capture rate at the SUN for mDM < 10 GeV

Γcapt ~ 1030/sec x (σSI/pb)

σSI : spin-independent DM-nucelon cross section

~

Decays, hadronization, energy losses in matter and secondary neutrinos generated by
matter particles scattered by DM decay products (an effect ignored in previous computa-
tions) are computed running GEANT4 [9] using the EU Baltic Grid facilities. As a check,
the first three effects are also independently computed with PYTHIA [10], modified by
us to include energy losses in matter.

3. As described in section 3.2, we correct the spectra at production including the dominant
electroweak radiation effects (not included in MonteCarlo codes) enhanced by loga-
rithms of MDM/MW , as described in [11]. EW corrections depend on the polarisation of
the SM particles, which is why we need to specify it in eq. (2).

4. As described in section 4, we propagate the fluxes of ⌫ and ⌫̄ at production, around
the center of the Sun, to the Earth taking into account oscillations, matter effects, ab-
sorption and regeneration from collisions with matter using the neutrino density matrix
formalism as in [5].

The final results are presented and briefly discussed in section 5. In section 6 we conclude.

The main numerical outputs of the computation are given on the PPPC 4 DM ID website
(‘DM⌫ ’ section).

2 The DM annihilation rate

In this section we compute the DM solar annihilation rate, which sets the overall normaliza-
tion of the expected neutrino flux. We essentially revisit the calculations in [3]. For defi-
niteness, we focus on the case of the Sun, although we mention in passing the modifications
needed for the Earth.

The number N of DM particles accumulated inside the Sun varies with time under the
action of different competing processes: 1) DM particles are captured from the halo (N is
thus increased by one unit) via the multiple scattering processes discussed above, 2) DM can
pair annihilate (hence N decreases by two units) and 3) DM particles can be ejected (N
decreases by one unit) by a hard scattering on a hot nucleus of the interior of the body, i.e.
the inverse process with respect to capture. In formulæ:

dN

dt
= �capt � 2�ann � �evap (3)

where �capt is the capture rate, �ann is the DM annihilation rate and �evap is the DM evapora-
tion (or ejection) rate.

The evaporation process is important only for DM lighter than a few GeV 1, so that we will
neglect it for all practical purposes in the following.

1This can be easily understood [3]: if one requires that the speed of a DM particle thermalized with the
interior of the Sun vDM ⇠

p
2T�/MDM be smaller than the escape velocity from the center of the Sun v�esc '

1387 km/s, one obtains the condition MDM & 0.15 GeV. A more realistic computation takes into account that
DM particles actually follow a (Maxwellian) velocity distribution and compares the time it takes to deplete the
high-velocity tail (above the escape velocity) of such distribution with the age of the Sun, finding MDM & 5 GeV.
Yet more refined calculations find typically MDM & 4 GeV [12].

4

The annihilation rate is proportional to N2: two DM particles annihilate (hence the square).
It is given by

�ann =
1

2

Z
d3xn2(~x) h�vi = 1

2
CannN

2, (4)

where h�vi is the usual annihilation cross section averaged over the initial state2 and n(~x) is
the number density of DM particles at position ~x inside the Sun, such that the total number
of DM particles is N =

R
d3xn(~x). After capture, subsequent scatterings thermalize the DM

particles to the solar temperature T�, such that their density n(~x) acquires the spherically
symmetrical Boltzmann form

n(r) = n0 exp[�MDM �(r)/T�] (5)

where n0 is the central DM number density and �(r) =
R r

0
dr GNM(r)/r2 is the Newtonian

gravitational potential inside the Sun, written in terms of the solar mass M(r) enclosed within
a sphere of radius r. Taking for simplicity the matter density in this volume to be constant
and equal to the central density ⇢�, all the integrals can be explicitly evaluated . One finds
that DM particles are concentrated around the center of Sun,

n(r) = n0 e
�r2/r2DM , with rDM =

✓
3T�

2⇡GN⇢� MDM

◆1/2

⇡ 0.01R�
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100GeV
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. (6)

Within this approximation, one obtains from eq. (4)

Cann = h�vi
✓
GN MDM ⇢�

3T�

◆3/2

. (7)

Here ⇢� = 151 g/cm3 and T� = 15.5 106 K are the density and the temperature of matter
around the center of the Sun. The same expression would hold for other astrophysical bodies,
adapting these two quantities.

Neglecting �evap and solving eq. (3) with respect to time one finds

�ann =
�capt

2
tanh2

✓
t

⌧

◆
t�⌧' �capt

2
(8)

where ⌧ = 1/
p

�captCann is a time-scale set by the competing processes of capture and an-
nihilation. At late times t � ⌧ one can approximate tanh(t/⌧) = 1. In the case of the Sun,
the age of the body (⇠4.5 Gyr) and the typical values of the parameters in ⌧ indeed satisfy
this condition (in the case of the Earth this is not generally the case). Therefore one attains
the last equality of eq. (8). Physically, this means that the fast (compared to the age of the
Sun) processes of capture and annihilation come to an equilibrium: any additional captured
particle thermalizes and eventually is annihilated away.

2If DM is a real particle (e.g. a Majorana fermion) this is the usual definition of � and the factor 1/2 takes into
account the symmetry of the initial state. If DM is a complex particle (e.g. a Dirac fermion) then n ⌘ nDM+nDM

(here assumed to be equal) and the average over initial states is � ⌘ 1
4 (2�DMDM + �DM DM + �DMDM). In many

models, only DMDM annihilations are present, so that � = �DMDM/2.
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Annihilation rate at the SUN : Γann < Γcapt / 2

The energy injection from the DM annihilation

mDM Γann  <  mDM Γcapt / 2  
                      ~ 1023 GeV/sec ( mDM/10 GeV ) x ( σSI / 10-44cm2 )

cf. solar power : ~ 1036 GeV / sec


