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Over View on Dark Matter Models  
and Neutrino Signals



DM makes up  27% of total energy and 85% of matter

Neutral (does not couple to photon)

Stable or very long lived 

Cold  

ΩDM h2 ~  0.14

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

ΩB h2 ~  0.022 0.0006 < Ων h2 <  0.0013

(small velocity dispersion at matter radiation equality)

Neutrinos have a large velocity dispersion and erases structures  
smaller than ~10Mpc and hence are HOT. 

The lifetime should be much loner than the age of the universe, 1017 sec  
(detailed constraints depend on the daughter particles)

 Dark Matter ?

There are Many Candidates …



The lightest particle charged under a new symmetry is stable.

Stability (not exclusively categorized)

Stability by Symmetry

New Symmetry ↔ New Dark Matter Candidates

Stability due to very weak coupling

A new particle which couples to other particle very very weakly  
can have a long lifetime.

ex) Weakly Interacting Massive Particle (WIMP)

ex) Asymmetry Dark Matter (ADM)

ex) Feebly  Interacting Massive Particle (FIMP)

ex) Sterile Neutrino Dark Matter



Very Light Particle 

[Decay Rate] ∝ mDMn (n>0)

→ Very light particles have long lifetimes.

Very Heavy Particle 

Point-like particles heavier than MPL are Black Holes !

lcompton  ~  mDM-1 <  mDM/MPL2 ~ Schwartzchild Radius

They only evaporate by Hawking radiation 

ex) Fuzzy Dark Matter : mDM < 10-22 eV
ex) Axion Dark Matter : mDM < O(1-10) μeV

ex) Primordial Black Hole (PBH)

TBH ~ MPL2/mDM → τBH ~ mDM/TBH4 RBH2 

τ        [age of the universe] → mDM         1038 GeV ~ 10-19M� ≫ ≫

Stability (not exclusively categorized)



Mass Range ?

Lower Limit (Uncertainty principle ΔxΔp > 1)

Lower Limit (Fermi’s exclusion principle)

Δp = mDM Δv

Dwarf  Spheroidal Galaxy (dSphs)  :  Δx ~ 1 kpc , Δv ~ 10 km/s{
mDM > 10-22eV

[e.g. Phys.Rev.D91,023519 Martinez-Medina, Robles, Matos]

For a fermionic dark matter localized spatially, there is an upper limit 
on the number of dark matter from the Fermi’s exclusion principle.

Nmax =          R3 pF ~ mDM(Δv2)1/2

ż

d3 p

p2πq3
θppF ´ pq
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→ mDM > 2keV  (Tremaine-Gunn Bound)



Mass Range ?

Upper Limit

DM mass should be much smaller than the mass of the dSphs

mDM          1010M���~ 1067GeV≪

PBH DM with mDM > 103M��is constrained from the CMB constrraint 
caused by accretion onto the PBHs:

mDM  < 103M���~ 1060GeV

10-22 eV  (2keV) < mDM  < 1060GeV
Model Independent Mass Range



WIMP



WIMP abundance

Boltzmann Equation :

Number density (per comoving) is fixed when : 

DM cannot be produced from thermal bath : TF ~ mDM/20
DM cannot find its partner for annihilation any more : <σv>  nDM < H

nDM ~ H/<σv> at TF 

• DM is in thermal equilibrium for T > mDM.

• For mDM < T,  DM is no more created

• DM is still annihilating for mDM < T for a while...

• DM is also diluted by the cosmic expansion

• DM cannot find each other and stop 
annihilating at some point

• DM number in comoving volume is frozen

Thermal equilibrium 
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WIMP abundance

ρDM / s = mDM nDM /s 

ΩDMh2 ≃ 0.1 ×
(

10−9 GeV−2

⟨σv⟩

)
DM abundance (for s-wave annihilation)

Abundance depends on the DM mass only through <σv> !

nDM ∝ a-3

s ∝ T3 ∝ a-3 : entropy density{
ρDM / s is constant in time

ρDM / s = mDM H/<σv>s ~ 20/<σv>MPL  

ΩDM h2 ~  0.1  ↔  ρDM / s  ~ 10-10 GeV

In the WIMP scenario 

is constant in time.



WIMP Miracle !

ΩDMh2 ≃ 0.1 ×
(

10−9 GeV−2

⟨σv⟩

)
DM abundance (for s-wave annihilation)

Typical Annihilation Cross section :

<σv> ~ 
π α2

mDM2

DM

DM

DM

SM

SM

Observed Dark Matter Density can be explained for    

mDM ~ O(100)GeV - O(1) TeV and α ~ 10-2

→ WIMP is interrelated to Big Picture of the Beyond the Standard Model !



Mass Range of WIMP 

Dark matter freezes-out from the thermal bath at around

TF ~ MDM/O(10)

for <σv> ~ 10-9GeV-2 .

Freeze-out should complete before the neutrino decoupling and BBN 

Lower Limit on WIMP mass

MDM ≫ O(10)MeV

If mDM < O(1)MeV, H is larger for a given T , and (n/p) becomes larger  
 → 4He abundance is increased compared with Hydrogen abundance.

If freeze-out after the neutrino decoupling at T ~ 1MeV, the DM annihilation 
increases or decreases effective number of the neutrino depending on the 
branching ratio.



The heavier the DM is, the larger couplings are required.

→ Unitarity Limit on WIMP mass (1990 Griest & Kamionkowski )

Each partial wave cross section is limited from above

( spineless case for simplicity)

→ MDM < 300 TeV

WIMP mass range :  O(10)MeV < MWIMP < 300TeV

<σv> ~ 
π α2

mDM2

Mass Range of WIMP 

Upper Limit on WIMP mass

~ 10-9GeV-2



What if dark matter annihilates as extended objets with geometric cross sections,  
σ ~ πR2 ? (1990 Griest & Kamionkowski ) 

Thermal WIMP beyond the unitarity limit ?

R
LMAX ~ MDM v R

SM  
    particles

SM  
    particles

 consistent with unitarity limit !

For R >> 1/(MDM v), we may have  
thermal relic dark matter much 
heavier than O(100)TeV !

Model Building is complicated though… 

see e.g. Harigaya, MI, Kaneta, Nakano, Suzuki 
 JHEP 1608 (2016) 151 



Asymmetric Dark Matter 
(ADM)



Asymmetric Dark Matter (ADM)

Baryon-DM coincidence ?

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

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

If it were not for Baryogenesis, baryon should have annihilated…

ΩDM  :  Ωb (no-asymmetry) =  1 : 10-11

DM mass density is given by

ΩDM  ∝ mDM nDM 

→  mDM is independent of mp,n . nDM should be adjusted appropriately.

Baryon-DM coincidence = conspiracy between nDM and Baryogenesis ?

Ωb  (with asymmetry) = 0.02 ( η / 10-9 )
η = ( nB - nB ̅ )/ nγ



[e.g. 1990 Barr Chivukula, Farhi ] .

If nDM is also given by the baryon asymmetry, i.e. nDM = η x nγ , 

ΩB /  ΩDM     =    O(1)

is naturally explained for mDM ~ mp,n

→ Asymmetric Dark Matter 

Concrete Set Up   [1805.0687 Kamada, Kobayashi, Nakano MI] 

Baryogenesis = Leptogenesis

Dark Sector Shares the 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
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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 (ADM)



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 (ADM)

In ADM model, DM abundance is determined by mDM for a given B asymmetry!



Feebly Interacting Massive Particle 
(FIMP)



FIMP
Assume DM has feeble interactions to the thermal bath through 
dimensionless coupling.

Initial condition @ T  ≫ mDM  :  nDM  = 0 
ṅDM + 3H nDM = < σv > nth 2

ex)
thermal 

bath DM
<σv> ~ λ2 / T 2

λ

The abundance of the FIMP is given by

mDM/T

nDM / T3

O(1)

Increasing ΓDM

DM abundance is fixed at mDM/T = O(1)

DM

DM abundance : Y = nDM / s ~ λ2 (MPL/mDM) 

mDMY ~ 10-10GeV    →  ΩDM h2 ~  0.1 ( λ / 10-13)2

(Freeze-in mechanism)

[09 Hall, Jedamzik, March-Russell, West ]

Tiny coupling of O(10-13) reproduces the observed dark matter density !



Sterile Neutrino Dark Matter



Sterile Neutrino Dark Matter

Add a sterile neutrino νs neutrino mixing with active neutrinos νa:

L  =  μ νa νs + ms νs νs  / 2+ h.c. 
mixing mass

νs does not contribute to the active neutrino mass : μ2/ms ≪ mν

μ ∝ [ Higgs expectation value ]

The sterile neutrinos are mainly produced via the neutrino oscillation

thermal  
bath

νa {νa

νs

: 1 - Pa→s 
:  Pa→s 

Pa→s   =   sin2 2θeff sin2(ms 2/T t ) ~ (sin2 2θeff)/2

oscillation

 sin2 2θeff  ~ 
μ6

μ6 + ms2( μ2  - 2 V(T , ηL)p )2

V(T , μL) ~  -100 GF2 T4p  + GF T3 ηL

Lepton asymmetry below the EWSB scale

ms ≫ active neutrino masses

 [1807.07938 Boyarsky et. al.]



Sterile Neutrino Dark Matter

The sterile neutrinos are mainly produced via the neutrino oscillation

thermal  
bath

νa {νa

νs

: 1 - Pa→s 
:  Pa→s 

oscillation
Production rate 

x     Γs ~  GF T5 sin2 2θs

Figure 14: Constraints on sterile neutrino DM. The solid lines represent the most important constraints
that are largely model independent, i.e., they can be derived for a generic SM-singlet fermion N of mass
M and a mixing angle ✓ with SM neutrinos, without specification of the model that this DM candidate is
embedded in. The model independent phase space bound (solid purple line) is based on Pauli’s exclusion
principle (c.f. Section 3.1). The bounds based on the non-observation of X-rays from the decay N ! ⌫�
(violet area, see Section 3.2 for details) assume that the decay occurs solely through mixing with the active
neutrinos with the decay rate given by eq. (29). In the presence of additional interactions, these constraints
could be stronger, see e.g. [520]. All X-ray bounds have been smoothed and divided by a factor 2 to account
for the uncertainty in the DM density in the observed objects. They are compared to two estimates of the
ATHENA sensitivity made in ref. [234]. The blue square marks the interpretation of the 3.5 keV excess as
decaying sterile neutrino DM [184, 188]. All other constraints depend on the sterile neutrino production
mechanism. As an example, we here show di↵erent bounds that apply to thermally produced sterile
neutrino DM, cf. section 4.2. The correct DM density is produced for any point along black solid line
via the non-resonant mechanism due to ✓-suppressed weak interactions (24) alone (Section 4.2.1). Above
this line the abundance of sterile neutrinos would exceed the observed DM density. We have indicated
this overclosure bound by a solid line because it applies to any sterile neutrino, i.e., singlet fermion that
mixes with the SM neutrinos. It can only be avoided if one either assumes significant deviations from the
standard thermal history of the universe or considers a mechanism that suppresses the neutrino production
at temperatures of a few hundred MeV, well within the energy range that is testable in experiments, cf. e.g.
[521]. For parameter values between the solid black line and the dotted green line, the observed DM density
can be generated by resonantly enhanced thermal production (Section 4.2.2). Below the dotted green line
the lepton asymmetries required for this mechanism to work are ruled out because they would alternate the
abundances of light elements produced during BBN [584]. The dotted purple line represents the lower bound
from phase space arguments that takes into account primordial distribution of sterile neutrinos, depending on
the production mechanism [22]. As a structure formation bound we choose to display the conservative lower
bound on the mass of resonantly produced sterile neutrinos, based on the BOSS Lyman-↵ forest data [268]
(see Section 3.3 for discussion). The structure formation constraints depend very strongly on the production
mechanism (Section 4). The dashed red line shows the sensitivity estimate for the TRISTAN upgrade of the
KATRIN experiment (90% C.L., ignoring systematics, c.f. Section 5.2).

58

ηL ≪	10-6

(non-resonant production)
ΩDMh2 ~ 0.1 

[’93 Dodelson, Widrow ]

ηL  ~	10-3 : The upper limit on ηL in νMSM model 
due to the late time decay of N2,3

{ ηL >10-6 ΩDMh2 ~ 0.1 
(resonant production)

[’99 Shi, Fuller ]

[’05 Asaka, Shaposhnikov ]

μ2
/m

s2

ms

Fig from [1807.07938 Boyarsky et. al.]

Tremaine-Gunn bound

Warm dark matter constraint

Non-thermal production?



Axion and scalar field Dark Matter



V(φ) = mDM2φ2/2

Scala Field Dark Matter = Coherent oscillation of the scalar field

x

y

φ(x,y,z,t) φ(x,y,z,t)

0

spatial fluctuation  
→ DM momentum

x

y
0

coherent oscillation  
  → DM with v = 0  and cold 

φ 0

time variation

ρDM = mDM2 | φ0 |2

DM energy density is set by the amplitude of the oscillation 

where the oscillation starts at a cosmic temperature Tosc .

time variation



Scala Field Dark Matter

DM Equation of motion 

φ̈ + 3 H φ̇ = - mDM2 φ
Hubble friction

DM starts coherent oscillation at 

H ~ T2/MPL ~ mDM → Tosc ~ ( mDM  MPL )1/2

ρDM / s  ~  mDM2 φ02 / Tosc3   ~  

 Tosc ~ 0.3 keV (mDM/10-22 eV)1/2

 ΩDM h2 ~  0.1    ↔     φ0 ~ 1017.5 GeV ( 10-22 eV/mDM )1/4 

Initial condition with φ0 ≠ 0 is set during inflation (misalignment mechanism)

[ 00 Hu, Barkana, Gruzinov] Fuzzy Dark Matter 

10
´9

GeV

´ mDM

10´22eV

¯1{2
ˆ

φ0

1017 GeV

˙2
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Axion couples to the θ-term of QCD to solve the strong CP problem.

Axion Dark Matter

Axion : pseudo scalar field a
Arrange models so that the axion couples to gluons via

The axion is a goldstone boson (like π0) associated with spontaneous 
breaking of the Peccei-Quinn symmetry, and hence, almost massless !

gluons

 fa ≫ 102 GeV ~ PQ breaking scale

a 0

V(a) ~ fπ2 mπ2 cos(a/fa)

fa

The axion obtains a scalar potential due to the strong dynamics of QCD

Axion mass

fπ = 93MeV, mπ = 135MeV



a 0

V(a)

T > ΛQCD

Axion obtains its potential at T < O(1)GeV. 
                                          → Tosc ~ O(1) GeV

a 0

V(a) ~ fπ2 mπ2 cos(a/fa)

T < ΛQCD

fa

Typically, the initial amplitude : a0 = O(fa) .

[’86 Turner]

Dark Matter Density can be naturally explained for 

fa ~ 1012 GeV 

(For a larger fa,  we need  a0/fa  ≪ 1 ) 

(ma ~ 10 μeV )

Axion Dark Matter



Primordial Black Hole



The density fluctuations of  δ = (ρ - ρaverage)/ρaverage  = O(1) collapse.

δ  = O(1)

Collapsed objects

Primordial Black Hole

When the spatial size of the over-dense region is about the Horizon scale  ~ H-1

δ  = O(1)

H-1

Collapsed objects : Mass ~ 4π/3 ρ H-3

Schwarzschild Radius of  : 2 GN Mass ~ H-1 ~ Object Size  !

δ = O(1) of a spatial size ~ H-1  → Black Hole 



Primordial Black Hole

MBH ~ 4π/3 ρ H-3

Abundance

β∗(M∗) =
∫ 1

1/3

dδ√
2πδ̄(M∗)

exp

(

−
δ2

2δ̄2(M∗)

)

≃ δ̄(M∗) exp

(

−
1

18δ̄2(M∗)

)

, (39)

where δ̄(M∗) is the mass variance at horizon crossing. Assuming that only black holes with

mass M∗ are formed (this assumption is justified later), the density of the black holes ρBH

is given by

ρBH

s
≃

3

4
β∗T∗, (40)

where s is the entropy density. Since ρBH/s is constant at T < T∗, we can write the density

parameter ΩBH of the black holes in the present universe as

ΩBHh2 ≃ 5.6 × 107β∗, (41)

where we have used the present entropy density 2.9× 103cm−3 and h is the present Hubble

constant in units of 100km/sec/Mpc. Requiring that the black holes (=MACHOs) are dark

matter of the universe, i.e. ΩBHh2 ∼ 0.25, we obtain β∗ ∼ 5 × 10−9 which leads to

δ̄(M∗) ≃ 0.06. (42)

This mass variance suggests that the amplitude of the density fluctuations at the mass scale

M∗ are given by

δρ

ρ
≃ 2Φ ≃ 0.01, (43)

where Φ is the gauge-invariant fluctuations of the gravitational potential [9]. We will show

later that such large density fluctuations are naturally produced during the new inflation.

Since only fluctuations produced during the new inflation have amplitudes large enough

to form the primordial black holes, the maximum mass of the black holes is determined by the

fluctuations with wavelength equal to the horizon at the beginning of the new inflation. We

require that the maximum mass is ∼ 1M⊙. On the other hand, the formation of black holes

with smaller masses is suppressed since the spectrum of the density fluctuations predicted

by the new inflation is tilted (see eq.(19)): the amplitude of the fluctuations with smaller

11

Energy fraction at the formation
https://ned.ipac.caltech.edu/level5/Sept03/Peacock/Peacock6_2.html

 δ

~1/3

Energy fraction at the formation

Mass of the PBH formed at H ~ T2/MPL

ΩDM  =  (1+ zproduction) β* Ωγ ~ 105 β*( T/GeV ) ~ 105 β*( 0.066M�/MBH )1/2

ΩDM ~ 0.3 →  β*  ~ 10-6 → δ(M) ~ 0.07

[For details, see. e.g.  1801.05235, Sasaki, Suyama, Tanaka, Yokoyama]



At the large scales, the fluctuations are fixed to reproduce the CMB anisotropy

Primordial Black Hole

δ(CMB, galaxy cluster) ~  4(ΔT/T)CMB   ~ 10-4 

at H-1 ~ CMB, galaxy cluster sizes…

δ(PBH) ~ 0.1 at H-1 << CMB, galaxy cluster sizes

We prepare large fluctuation at very small structure scale !

k = 2π/L 

initial condition of δ(k)

GalacticCosmic

≈

10-4

Inflation

V
Cosmic

Galactic

In inflation theory, large fluctuation 
is achieved for  flat potential !

PBH
PBH

0.1

← Large scale Small scale →

[’67 Zel’dovich&Novikov, ’71 Hawking] 



Dark Matter Models

Stability Abundance Mass Range

WIMP Symmetry Annihilation cross 
section

10MeV - 300TeV 
(or Beyond)

ADM Symmetry Baryon asymmetry  
Mass

O(1)GeV

FIMP Very Weak Coupling Interaction strength > O(1)keV 

Sterile ν Very Weak Coupling / 
Approximate Symmetry

 Mass / mixing angle 
Lepton asymmetry 2keV ~ 100keV

Fuzzy DM Very light & Weak 
Coupling

Initial amplitude 
Mass > 10-22eV

Aixion DM Very light & Weak 
Coupling Axion decay constant ~ μeV

PBH DM Heavy Enough Black 
Hole

Density fluctuation 
Mass 10-(12-14)M�

Dark Matter self-Interaction of σ/m ~ barn/GeV ~ cm2/g leaves  
visible impacts on the structure of (dwarf) galaxies.  



Neutrino Signals ?



Neutrino Signals in WIMP scenario

The WIMP annihilates into the Standard Model Particles

The final states of the annihilation often involve lots of neutrinos !
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Figure 4: Energy distribution between the final states particles: e
±, hadrons (p + d),

� and ⌫, for a set of characteristic annihilation channels. The inner (outer) pie refers to a DM
mass of 200 GeV (5 TeV). For each pie chart, the first caption gives the energy fraction going
into � and e

± (E�+e) with respect to the total. The second caption gives the energy fraction into
hadronic final states (Ep+d) with respect to � and e

±.
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outer chart : 5TeV DM
inner chart : 200GeV DM [PPPC 4 DM ID  : Cirelli et. al.]
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Fig. 10.— Comparison of the derived total EGB intensity (foreground model A) to other mea-

surements of the X-ray and �-ray background. The error bars on the LAT measurement include

the statistical uncertainty and systematic uncertainties from the e↵ective area parametrization, as

well as the CR background subtraction. Statistical and systematic uncertainties have been added

in quadrature. The shaded band indicates the systematic uncertainty arising from uncertainties in

the Galactic foreground. (Note that the EGRET measurements shown are measurements of the

IGRB. However, EGRET was more than an order of magnitude less sensitive to resolve individual

sources on the sky than the Fermi -LAT.)
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FIG. 14. (color online) The measured energy spectra of the atmospheric ⌫e and ⌫µ fluxes by SK, shown with measurements
by other experiments, Frejus [39], AMANDA-II [40, 41], IceCube [42–45], and ANTARES [75]. The phrase ”forward folding”
used by IceCube and AMANDA-II is synonymous with forward-fitting. The HKKM11 flux model predictions for the Kamioka
site are also shown in solid (with oscillation) and dashed (without oscillation) lines. The error bars on the SK measurement
include all statistical and systematic uncertainties.

atmospheric ν [1510.08127]

The WIMP annihilates into the Standard Model Particles

The final states of the annihilation often involve lots of neutrinos !

The neutrino signals require larger detectors compared with other channels.

The large atmospheric neutrino background compared with e.g. γ-ray signals.
[ ( isotropic γ-ray ) / ( atmospheric ν ) ~ 10-4 at E ~ 1TeV ]
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The WIMP annihilates into the Standard Model Particles

The final states of the annihilation often involve lots of neutrinos !

The neutrino signals require larger detectors compared with other channels.

The large atmospheric neutrino background compared with e.g. γ-ray signals.
[ ( isotropic γ-ray ) / ( atompospehric ν ) ~ 10-4 at E ~ 1TeV ]
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Figure 2: 95% CL upper limits on the thermally-averaged cross-section for DM particles annihilating into

bb̄ (upper-left), W+W�
(upper-right), ⌧+⌧�

(bottom-left) and µ+µ�
(bottom-right) pairs. Thick solid lines

show the limits obtained by combining Fermi-LAT observations of 15 dSphs with MAGIC observations of

Segue 1. Dashed lines show the observed individual MAGIC (short dashes) and Fermi-LAT (long dashes)

limits. J-factor statistical uncertainties (Table 1) are considered as described in Section 3.2. The thin-dotted

line, green and yellow bands show, respectively, the median and the symmetrical, two-sided 68% and 95%

containment bands for the distribution of limits under the null hypothesis (see main text for more details).

The red-dashed-dotted line shows the thermal relic cross-section from Ref. [54].

this magnitude would be expected in 5% of the experiments under the null hypothesis and
is therefore compatible with random fluctuations.

As expected, limits in the low and high ends of the considered mass range are dominated
by Fermi -LAT and MAGIC observations, respectively, and the combined limits coincide
with the individual ones. The combination provides a significant improvement in the range
between ⇠1 and ⇠100 TeV (for bb̄ and W

+
W

�) or ⇠0.2 and ⇠2 TeV (for ⌧+⌧� and µ
+
µ
�),

– 9 –

γ-ray from dSphs [1601.06590]

8.2. Constraints on Dark Matter Self-Annihilation Cross-Section 71

be rewritten in the form:

dFDWON

dE
� dFDWOFF

dE
=

< sAv >
2

(JDWON � JDWOFF)
Rscr2

sc
4pm2

c

dN
dE

. (8.4)

This upper limit can be evaluated for NFW, Moore and Kravtsov profiles, by us-
ing the different average signal intensities JDW corresponding to the assumed model.
The spectrum of annihilation products dN

dE for the considered annihilation channel is
calculated using DarkSUSY (see Sec. 6.4).

In this way one can determine the corresponding limit on < sAv > for assumed
mass of dark matter particle and annihilation channel. For the nn̄ annihilation chan-
nel, the upper limit in the given WIMP mass range is determined based on that
sample of FC SubGeV, FC MultiGeV, PC or UP-µ events, which dominates in that
energy range (see Fig. 5.2). The results for bb̄, W+W� and µ+µ� are based on all
µ-like events together, considered within 35� around GC. The results for the three
considered profiles are presented in Fig. 8.2. Each time 100% BR to a given annihila-
tion channel is assumed.

FIGURE 8.2: The upper 90% C.L. limit on dark matter self-
annihilation cross-section as a function of the dark matter particle
mass for bb̄ (blue), W+W� (maroon), µ+µ� (purple) and nn̄ (or-
ange) annihilation channels. The influence of the halo model choice
is shown as a band around the result for the benchmark NFW profile.

The derived constraints on the value of < sAv > strongly depend on the adopted
halo model. Obtained differences between benchmark model (NFW) and models
used as extreme cases (Moore and Kravtsov) can reach the order of magnitude. If
the size of an ON-source region is smaller, the difference between obtained limits
is even greater due to large discrepancies in the expected intensity of dark matter
annihilation products close to the Galactic Center for considered halo profiles (see
Fig. 6.3). Therefore, focusing on the GC makes the results very sensitive to the chosen
profile, but on the other hand, allows to obtain the best sensitivity for dark matter

constraints from ν flux 

[18 Frankiewicz  ]

The neutrino signals are not very  
promising to test the WIMP models  
for mDM < 10 TeV …

(ΔθGC < 20°)
(ΔθGC < 35°)
(ΔθGC < 60°)



Neutrino Signals in WIMP scenario

The neutrino signals from the center of the SUN !

Dark Matter are captured by the SUN via scattering with the Nuclei in the SUN.

DM

DM

SM

SM

Accumulated DM annihilates into the SM at the 
core of the SUN.

→  Only ν can reach the Earth !

Total number of DM in the SUN NDM :
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Neutrino Signals in WIMP scenario

provided that it is captured. I.e., the probability is computed as the ratio of the size
of the interval in energy losses leading to capture (�Emin < �E < �Emax) relative
to the whole possible interval (0 < �E < �Emax), assuming a flat distribution of the
scattering cross section in energy. In general, however, one needs to introduce the form
factors Fi(�E) that take into account the nuclear response as function of the momentum
transfer. Explicitly, |Fi(�E)|2 = e��E/E0, with E0 = 5/2mir2i for spin-independent and
E0 = 3/2mir2i for spin-dependent scattering (here ri ⇠

p
3/5A1/3

i 1.23 fm ' 0.754 ·
10�13 cm (mi/GeV)1/3 is the effective radius of a nucleus with mass number Ai and mass
mi). The numerator of the ‘ratio of sizes’ becomes then an integral of the form factor
over the energy loss �E:

}i(v, v�esc) =
1

E�max

Z E�max

E�min

d(�E) |Fi(�E)|2, (14)

Eq. (13) and (14) mean that the fraction of scatterings that lead to capture is largest for
nuclei with mass mi comparable to the DM mass MDM (�max is maximized) and for DM
particles that are slow (small v) and in the central regions of the body (large v�esc).

Fig. 1a shows the capture rate in the Sun having assumed a Spin Indipendent cross section
�SI

p = 1pb on protons. One sees that several elements contribute Fig. 1b shows the Spin
Dependent capture rate, with the corresponding assumption �SD

p = 1pb on protons. Only
Hydrogen matters for this kind of capture, with a very small contribution from Nitrogen.

The dotted lines in fig. 1 are simple approximations valid in the limit of heavy DM, MDM �
mi. In such a limit DM can be captured only if it is very slow,

v
MDM�mi

< 2v�esc

p
mi/MDM. (15)

Thereby the capture rate is proportional to 1/M2

DM
and can be approximated as

�capt

MDM�mi' ⇢DM

M2

DM

4⇡f�(0)
X

i

mi�iIi (16)

where

Ii =

Z R�

0

4⇡r2ni(r)

"
1

2

✓
E0i

mi

◆2

� E0i

mi
e�2miv2�esc(r)/E0i

✓
E0i

2mi
+ v2�esc

(r)

◆#
dr (17)

In the limit of negligible form factors, E0i � mi, the term in square brackets simplifies to
v4�esc

.
The integrals Ii are adimensional in natural units, and their values are given in table 1 for

the main capturing elements. Inserting their values we find

�capt '
5.90 · 1026

sec

 
⇢DM

0.3 GeV

cm3

!✓
100GeV

MDM

◆2
 
270 km

sec

ve↵
0

!3

�SD + 1200 �SI

pb
. (18)

8 σSI, σSD : spin independent and dependent DM-nucleon cross section 

[Cirelli, PPPC ν]

Mostly through H
Mostly through He, O, Fe 

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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 σ : annihilation cross section of dark matter

 ρ☉ = 151 g/cm3 : the core mass density of the SUN
T☉ = 15.5 K : the core temperature of the SUN
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Capture rate at the SUN

Annihilation rate at the SUN
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Figure 8: Final results for the neutrino spectra at detection,
including all propagation effects. For definiteness we choose the
case of Normal Hierarchy and neutrinos crossing vertically the
Earth. Left column: neutrino spectra. Central column: antineu-
trino spectra. Right column: zoom on the high energy portion of
the neutrino spectra. Upper row: e flavor; middle row: µ flavor;
bottom row: ⌧ flavor. These plots can be directly compared with
those in fig. 4.
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Neutrino Signals in WIMP scenario

For the age of the SUN ~ 4.5 Gyr, t √Γcapt Cann ≫ 1 for σWIMP ~ 1 pb .
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EX) ν spectrum at the detection per one annihilation (crossing vertically the Earth)
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Figure 8: Final results for the neutrino spectra at detection,
including all propagation effects. For definiteness we choose the
case of Normal Hierarchy and neutrinos crossing vertically the
Earth. Left column: neutrino spectra. Central column: antineu-
trino spectra. Right column: zoom on the high energy portion of
the neutrino spectra. Upper row: e flavor; middle row: µ flavor;
bottom row: ⌧ flavor. These plots can be directly compared with
those in fig. 4.
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Flux from DM annihilation in the SUN 

[Cirelli, PPPC ν]



Neutrino Signals in WIMP scenario

12

Fig. 7 Limits on σ SD
χ−p, compared to results from other neutrino detectors and direct detection experiments [34–37]. The IceCube limits have been

scaled up to the upper edge of the total systematic uncertainty band. The colored points correspond to models from a scan of the pMSSM described
in Section 7 and are shown color coded by the ‘hardness’ of the resultant neutrino spectrum. Points close to the red end of the spectrum annihilate
predominantly into harder channels such as τ+τ−and can hence be excluded by the IceCube red line.

Fig. 8 Limits on σ SI
χ−p, compared to results from other neutrino detectors and direct detection experiments [34, 35, 38–40]. The IceCube limits

include the systematic uncertainties.
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χ−p, compared to results from other neutrino detectors and direct detection experiments [34, 35, 38–40]. The IceCube limits

include the systematic uncertainties.

90%CL limits on the Nucelon-DM scattering cross section from 
the DM annihilation in the SUN [Icecube 1612.05949]

Assuming the WIMP cross section σ ~ 1pb, the DM capture and the DM annihilation 
has come to an equilibrium, and the neutrino flux puts constraints not on the 
annihilation cross section but on the Nucelon-DM scattering cross section.

The ν signals from the SUN play crucial roles to search for dark matter 
with the spin-dependent nucleon-DM scattering!

532 days of lifetime, Eν > 100GeV IceCube, Eν > 10GeV DeepCore
up-going muon tracks by νμ’s.



ADM models require a large annihilation cross section

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

→ This is achieved DM is a composite state of dark strong dynamics !

σv ~ 4π / mDM 2 

Neutrino Signals in ADM scenario

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

Composite ADM model is highly motivated !



The simplest model  = Mirror Copy of QCD (= dark QCD) with dark QED.

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

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

We need at least two-flavors to allow dark QED along with B-L .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.

5

Dark Matter = Dark protons and Dark neutrons !  

Dark baryons annihilates into Dark pionsQCD.1 In this case, dark pions are
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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
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which requires qB�L = 1/3. Below the mass scale of MR, the above portal interaction results
in an e↵ective interaction,
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M 02
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(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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Neutrino Signals in ADM scenario



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

[ Dark neutron ] → [ dark neutral pion ] + ν̅

Dark Neutron decays into anti-neutrinos !

τ „ 10
24
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ˆ
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10GeV
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˙5
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Neutrino Signals in ADM scenario

The main mode is given by <H> =  v .

Composite ADM leads to a monochromatic anti-neutrino signal !
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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.
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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 10-3

10-2

10-1

100

101

102

103

104

105

 0  200  400  600

dφ
/d

E µ
 (G

eV
-1

 k
m

-2
 y

r-1
)

Eµ (GeV)

through-going muons
mDM = 1 TeV ,  τDM = 1026 s

DM → νν
DM → Zν

DM → eeν (µµν/ττν)
DM → µµ (ττ)

DM → ZZ (WW)
DM → We

DM → Wµ (Wτ)
atmospheric

10-3

10-2

10-1

100

101

102

 0  2000  4000  6000

µ

Eµ (GeV)

through-going muons

mDM = 10 TeV ,  τDM = 1026 s

DM → νν
DM → Zν

DM → eeν (µµν/ττν)
DM → µµ (ττ)

DM → ZZ (WW)
DM → We

DM → Wµ (Wτ)
atmospheric

Figure 4: Muon fluxes for the different decay channels of a dark matter candidate com-

pared to the atmospheric background for upward through-going muons in standard rock.

The flux is computed for a dark matter mass of 1 TeV (left) or 10TeV (right) and a

lifetime of 1026 s, for the neutrino spectra in Figures 2 and 3. In this case the muons lose

energy on their way to the detector, smoothing out the spectral edges.

Using equation (3.10) we calculate the flux of through-going muons induced by neu-

trinos from various dark matter decay channels and show the results in Figure 4 for the

case of a detector surrounded by standard rock. However, the result is also applicable

for the case of detectors surrounded by water or ice since the dependence on the density

cancels in equation (3.10) and the muon energy loss parameters are roughly similar for

the different materials (cf. Table 1). Since there is no possibility to veto for the over-

whelming background of atmospheric muons, only upgoing events and therefore a solid

angle of 2π can be used for the analysis. We see that the deep inelastic scattering trans-

forms the monochromatic neutrino lines into a continuous muon spectrum. In addition,

the energy loss in the muon propagation smooths out all the spectra making the edge

corresponding to half the dark matter particle mass less clear. Still the spectrum for a

line signal remains steeper than the others at the endpoint.

3.2.2 Contained Muons

These events are similar to through-going muons but in this case the neutrino–nucleon

interaction takes place inside the instrumented volume. If the muon track ends inside the

detector the events are called contained. If the muon track leaves the detector one speaks

of a partially contained event. The rate of muon neutrino induced (partially) contained
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SK, 1679.6 live days, ΔθGC = 30°

Through going muon spectrum 

monochromatic 
ν-signal1 TeV,  τDM= 1026 sec 

NFW profile

τDM( DM → X + ν ) > 1023 sec for mDM ~ 10GeV.

( SK 90%CL constraints on the neutrino flux )

M* > 10 8-8.5 GeV
~ Lower limits on the right-handed neutrino mass  
in the leptogenesis  (theoretically M*  <  MR ).

In the ADM models, anti-neutrino signals in O(1)GeV 
play important role !

Constraint on the dark matter lifetime



Sterile Neutrino

Figure 14: Constraints on sterile neutrino DM. The solid lines represent the most important constraints
that are largely model independent, i.e., they can be derived for a generic SM-singlet fermion N of mass
M and a mixing angle ✓ with SM neutrinos, without specification of the model that this DM candidate is
embedded in. The model independent phase space bound (solid purple line) is based on Pauli’s exclusion
principle (c.f. Section 3.1). The bounds based on the non-observation of X-rays from the decay N ! ⌫�
(violet area, see Section 3.2 for details) assume that the decay occurs solely through mixing with the active
neutrinos with the decay rate given by eq. (29). In the presence of additional interactions, these constraints
could be stronger, see e.g. [520]. All X-ray bounds have been smoothed and divided by a factor 2 to account
for the uncertainty in the DM density in the observed objects. They are compared to two estimates of the
ATHENA sensitivity made in ref. [234]. The blue square marks the interpretation of the 3.5 keV excess as
decaying sterile neutrino DM [184, 188]. All other constraints depend on the sterile neutrino production
mechanism. As an example, we here show di↵erent bounds that apply to thermally produced sterile
neutrino DM, cf. section 4.2. The correct DM density is produced for any point along black solid line
via the non-resonant mechanism due to ✓-suppressed weak interactions (24) alone (Section 4.2.1). Above
this line the abundance of sterile neutrinos would exceed the observed DM density. We have indicated
this overclosure bound by a solid line because it applies to any sterile neutrino, i.e., singlet fermion that
mixes with the SM neutrinos. It can only be avoided if one either assumes significant deviations from the
standard thermal history of the universe or considers a mechanism that suppresses the neutrino production
at temperatures of a few hundred MeV, well within the energy range that is testable in experiments, cf. e.g.
[521]. For parameter values between the solid black line and the dotted green line, the observed DM density
can be generated by resonantly enhanced thermal production (Section 4.2.2). Below the dotted green line
the lepton asymmetries required for this mechanism to work are ruled out because they would alternate the
abundances of light elements produced during BBN [584]. The dotted purple line represents the lower bound
from phase space arguments that takes into account primordial distribution of sterile neutrinos, depending on
the production mechanism [22]. As a structure formation bound we choose to display the conservative lower
bound on the mass of resonantly produced sterile neutrinos, based on the BOSS Lyman-↵ forest data [268]
(see Section 3.3 for discussion). The structure formation constraints depend very strongly on the production
mechanism (Section 4). The dashed red line shows the sensitivity estimate for the TRISTAN upgrade of the
KATRIN experiment (90% C.L., ignoring systematics, c.f. Section 5.2).
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Sterile Neutrino lifetime

Constraints from Non-observation of X-ray

Figure 7: X-ray line detections consistent with sterile neutrino dark matter are shown here. The dark colored regions are 1, 2
and 3 � from the MOS (blue) and PN (red) stacked clusters by Bulbul et al. [29], the Bulbul et al. core-removed Perseus
cluster (green), and M31 (orange) from Boyarsky et al. [30]. Also shown are the 1 and 2 � regions of the detection in the
Galactic Center (GC) [210] as well as the >2� line detections in 1. Abell 85; 2. Abell 2199; 3. Abell 496 (MOS); 4. Abell 496
(PN); 5. Abell 3266; 6. Abell S805; 7. Coma; 8. Abell 2319; 9. Perseus by Iakubovskyi et al. [215]. Numbers in the plot mark
the centroid of the regions, with MOS detections in orange and PN in purple. We also show, in purple, the region consistent
with the signal in Chandra Deep Field observations, with errors given by the flux uncertainty, i.e., not including dark matter
profile uncertainties [216]. The lines show constraints at the 90% level from Chandra observations of M31 (14) [134], stacked
dwarf galaxies (M14) [204], and Suzaku observations of Perseus (T15) [205]. Stars mark the models shown in Fig. 4.

data at the level of 7.4� (reported as a C-statistic). Urban et al. reported that the radial flux profile was
inconsistent with that expected from a dark matter halo, but a subsequent analysis of the same data found
that profile to be consistent with a halo and with dark matter decay [213]. The line had weak indications
at ⇠2� in stacked Suzaku cluster observations [214]. The 3.5 keV line was seen at >2� significance in eight
new clusters by Iakubovskyi et al. [215], with a redshifting of the line energy consistent with cosmological
origin, i.e., not instrumental.

In another follow up, Anderson et al. [217] stacked approximately 80 galaxies from XMM-Newton and
Chandra data, and claimed a high-significance exclusion of the 3.5 keV line as due to dark matter decay.
The analysis relied on a model for the continuum of the stacked spectrum that had large positive and
negative residuals, approximately the size of the 3.5 keV signal (c.f. Anderson et al.’s Fig. 4). Despite this
overwhelming systematic uncertainty, this work used the statistical deviation from the continuum to place
their quoted limit. Another followup analysis by Jeltema & Profumo (JP) [211] initially fit an unconstrained
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3.5keV X-ray line signal ?

XMM-Newton & Chandra observed  
3.5 keV X-ray signals 

Sterile DM @ (7keV, θ2 ~ 10-10 ) ?

Situation is still controversial…  

Future X-ray telescopes with high  
energy resolution will confirm/refute.



Sterile Neutrino

JCAP02(2015)020

E (keV)
0 2 4 6 8 10 12 14 16 18

/d
E 

(a
.u

.)
Γd

0

5

10

15

20

25
1510×

no mixing

 = 0.2Θ2 = 10 keV, sinsm

(a)

E (keV)
0 2 4 6 8 10 12 14 16 18

 - 
1

/d
E 

(n
o 

m
ix

in
g)

Γd
)

-7
 =

 1
x1

0
Θ2

 =
 1

0 
ke

V,
 s

in
s

/d
E 

(m
Γd -0.2

-0.15

-0.1

-0.05

0

0.05

0.1
-610×

MC data

Theoretical prediction

(b)

Figure 1. (a) A tritium �-decay spectrum with no mixing (dashed black line) compared to a
spectrum with a keV sterile neutrino mass of 10 keV and a mixing angle of sin2 ✓ = 0.2 (solid red
line). One can clearly see a kink-like signature of the keV-scale sterile neutrino at the electron energy
E = E0 �ms and its influence on the spectral shape below the kink energy. (b) Ratio of a tritium �-
decay spectrum without mixing and a spectrum with a 10 keV neutrino mass and a mixing amplitude
of sin2 ✓ = 10�7. The error bars correspond to a total statistics of ⇠ 1018 electrons, as would be
achieved with the KATRIN tritium source after 3 years of measurement time.

Figure 2. Main components of the KATRIN experimental setup. a: rear section, b: windowless
gaseous tritium source, c: di↵erential and cryogenic pumping section, d: prespectrometer, e: main
spectrometer, f: focal plane detector.

3.1 Advantages and limitations of KATRIN with respect to a keV-scale neutrino
search

The key component of KATRIN in view of the keV-scale sterile neutrino search is the high
luminosity of its molecular tritium source. Its decay rate of �d ⇡ 1·1011 decays per second cor-
responds to a counting rate of �r ⇡ 1.5·1010 cps (taking into account acceptance angle and the
transmitted cross section of the source) and a total statistics of Ndecays ⇡ 1.4 · 1018 electrons
after 3 years of measurement time. Beyond that, the KATRIN source features high isotopic
purity (95% T2), which is constantly monitored by Laser Raman spectroscopy [48–50]. With
temperature variations much smaller than 30 mK and a precise monitoring of the tritium
column density [51, 52], the decay rate is expected to be extremely stable.

On the other hand, the gaseous tritium source entails a number of systematic e↵ects.
Energy losses of the � electrons due to inelastic scattering in the source are unavoidable [53].
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keV νs  search by tritium β-decay

JCAP02(2015)020

2.2 Imprint of active-sterile neutrino mixing on the beta-decay spectrum

If the electron neutrino contains an admixture of a neutrino mass eigenstate with a mass ms

in the keV range, the di↵erent mass eigenstates will no longer form one e↵ective neutrino
mass term. In this case, due to the large mass splitting, the superposition of the �-decay
spectra corresponding to the light e↵ective mass term mlight and the heavy mass eigenstate
ms, can be detectable. In the following analysis we assume a single heavy mass eigenstate
ms and an e↵ective light neutrino mass eigenstate mlight. In this scenario the di↵erential
spectrum can be written as

d�

dE
= cos2 ✓

d�

dE
(mlight) + sin2 ✓

d�

dE
(ms), (2.5)

where ✓ describes the active-sterile neutrino mixing, and predominantly determines the size
of the e↵ect on the spectral shape. The light neutrino mass mlight is set to zero in our
analysis, as ms � mlight is assumed. Figure 1a shows for an (unrealistically) large mixing
angle of ✓ ⇡ 26�, how an admixture of a heavy mass eigenstate of ms = 10 keV manifests
itself in the shape of the tritium �-decay spectrum.

In the energy region E < E0 �ms, the tritium � decay into a keV-scale sterile neutrino
is energetically allowed, leading to a kink in the spectrum at Ekink = E0�ms. Due to its large
mass, a keV-scale sterile neutrino is still non-relativistic at energies of a few keV, resulting
in a characteristic spectral modification in the electron energy range up to E < Ekink.

In the case of very small mixing, it is helpful to visualize the e↵ect of a keV-scale
sterile neutrino as the ratio of the spectrum with and without mixing, as shown in figure 1b.
Taking into account the statistical error bars expected for a total statistics of ⇠ 1018 electrons
(as expected from the KATRIN tritium source, see section 3), a small mixing amplitude of
sin2 ✓ ⇡ 10�7 still leads to both a clearly visible kink signature and an extended spectral
distortion for E < Ekink.

3 A KATRIN-like experiment as an apparatus for keV-scale neutrino
search

The KATRIN experiment is a next-generation, large-scale, single �-decay experiment [44, 45].
It is currently under construction at the Tritium Laboratory at the Karlsruhe Institute of
Technology (KIT) and will prospectively start taking data in 2016. The key goal of the
experiment is to probe the e↵ective light neutrino mass mlight with a sensitivity of 200 meV
at 90% confidence level (CL) by analyzing the shape of the tritium �-spectrum in a narrow
region below the �-decay endpoint energy, where the impact of the light neutrino mass
is maximal.

Considering that only 10�13 of the �-decay electrons are created within an energy in the
last 1 eV of the tritium �-decay spectrum, an extremely high decay rate is needed to reach the
desired light neutrino mass sensitivity. KATRIN makes use of a gaseous molecular tritium
source of very high activity (�d ⇡ 1 · 1011 decays per second) and stability (at the level of
< 10�3 per hour). These unique source properties may allow KATRIN to extend its physics
reach after having achieved its primary goal of measuring the light neutrino mass in the sub-
eV range, to look for contributions of possible heavy neutrinos in the eV to multi-keV range.
In the following we discuss the properties of the KATRIN main components (see figure 2)
when searching for keV-scale sterile neutrinos in the entire tritium �-decay spectrum.
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Figure 4. (a) 90% statistical exclusion limit of a di↵erential 3-years measurement with di↵erent
e↵ective numbers of tritium atoms in the source. With a generic detection e�ciency of 90%, the solid
red line corresponds to the expected tritium source strength in KATRIN (N = 0.9 · Ne↵ , see equa-
tion (4.2)). The blue dotted-dashed line displays the 90% exclusion limit of an integral measurement
of 3 years with the full KATRIN source strength. The gray shaded areas represent qualitatively the
parameter space excluded by astrophysical observations [14]. (b) Ratio of spectra with ms = 10 keV
and sin2 ✓ = 10�6 and no mixing in the case of a di↵erential (red solid line) and an integral (dashed
blue line) measurement. In this representation both curves have been shifted to zero above the kink,
to allow for an easy comparison.

�-decay spectrum that are available in the literature. We discuss the missing information
that will eventually be required for performing the spectral fit approach with a statistics
of 1018 electrons. A summary of the status of the corrections is given in table 1. Figure 5
summarizes the considered correction terms. Their explicit expression is given in appendix A.

Decay into excited final states. After the � decay the electron shell of the decaying
atom has to rearrange itself into the eigenstates of the daughter atomic ion. Therefore, not
only is the atomic ground state populated, but a fraction Pf of the decay ends in states with
excitation energy Ef (see figure 6).

In the case of molecular tritium one must consider the decay to electronic excited states
of the T3He+ daughter molecule, as well as rotational and vibrational excited states. The
total decay rate for a single mass eigenstate m⌫ is calculated by summing over all of possible
final states f of the daughter system with

d�

dE
(E,E0,m⌫) /

X

f

Pf (E,Ef ) · p · (E +me)(E0 �E �Ef )
q
(E0 � E � Ef )2 �m2

⌫ . (5.1)

The e↵ect of the final state distribution (FSD) is significant in the case of molecular
tritium. For �-electron energies close to the endpoint, only 57.4 % of all decays end in the
(rotational-vibrational broadened) ground state of T3He+ [67, 68].

So far, the FSD has only been computed for a region close to the endpoint, i.e.
P (E,Ef ) = P (E0, Ef ), where it is of interest for determining the light neutrino mass. The
calculations are performed using the so-called sudden approximation, which assumes that
the outgoing electrons are moving very fast compared to the typical velocity of the orbital
electrons and the nuclei in a molecule in the classical picture. Further corrections, beyond

– 10 –

An upgraded KATRIN detector with  
N= 8.3 x 1018 β-decays  
(Full KATRIN source strength) 

θ2 ~ 10-7 can be tested

For (Full KATRIN source strength) x 100
θ2 ~ 10-9 can be reachable?

Further improvement by using TOF of e?

KATRIN spectrometer

https://www.katrin.kit.edu/79.php

[Mertens et al JCAP02(2015)020 ]



Constraints on Axion (No neutrino…)

Axion mass : fπ = 93MeV, mπ = 135MeV

Axion coupling to  γ L „

α

4π

a

fa
Fµν F̃

µν

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

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

Axion mixes with π0 with a mixing angle  ~ fπ/fa

Constraint from Horizontal Branch 

Eloss > 10 g-1 erg s-1  ( THB core ~ 10keV ) 
                                         [arXiv:1110.2895]

The axion enhances the energy loss rate 
of the stars in Horizontal Branch of globular 
clusters via the Primakoff conversion

He2+ He2+

γ a

Supernovae Constraint (1987a)

E loss by axion < E loss by neutrino  
[arXiv:1008.0636]

a
N

NN

N
π

fa > 107GeV fa > 108GeV

These constraints are consistent with observed dark matter density 
which favors fa ~ 1012GeV

( TSN ~ 30MeV, mean free path > 10km )



Constraints on Primordial Black Hole (No neutrino…)

1015 1020 1025 1030 1035

MPBH [g]

10�5

10�4

10�3

10�2

10�1

f=
�

P
B

H
/�

D
M

B
H

E
va

p
or

at
io

n

Femto
Kepler

CMBEROS/MACHO

HSC M31 constraint (95% limit)

10�15 10�10 10�5 100
MPBH [M�]

Figure 5 The red shaded region corresponds to the 95% C.L. upper bound on the PBH mass fraction to DM
in the halo regions of MW and M31, derived from our search for microlensing of M31 stars based on the
“single-night” HSC/Subaru data and fills a large gap in the existing constraints by closing the PBH DM
window around lunar mass scale. To derive this constraint, we took into account the effect of finite source
size, assuming that all source stars in M31 have a solar radius, as well as the effect of wave optics in the
HSC r-band filter on the microlensing event (see text for details). The effects weaken the upper bounds
at M <⇠ 10�7M�, and give no constraint on PBH at M <⇠ 10�11M�. Our constraint can be compared
with other observational constraints as shown by the gray shaded regions: extragalactic �-rays from PBH
evaporation [32], femtolensing of �-ray burst (“Femto”) [33], microlensing search of stars from the satellite
2-years Kepler data (“Kepler”) [18], MACHO/EROS/OGLE microlensing of stars (“EROS/MACHO”) [15],
and the accretion effects on the CMB observables (“CMB”) [34], updated from the earlier estimate [35].
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Constraints from 

femtolensing
[PBH modulates energy spectrum

of the gamma-ray burst]

[1701.02151 Niikura et. al. ]

Constraints from 

microlensing
[PBH magnifies star lights]

Gas accretion onto 

PBH affects CMB.

Allowed mass range of PBH dark matter : MDM = 10-(14-12)M�



Summary

Stability Abundance Mass Range ν signals ?

WIMP Symmetry Annihilation cross 
section

10MeV - 300TeV 
(or Beyond)

annihilation in the 
SUN

ADM Symmetry Baryon asymmetry  
Mass O(1)GeV dark neutron 

decay into ν

FIMP Very Weak 
Coupling Interaction strength > O(1)keV (?) Model dependent

Sterile ν
Very Weak 
Coupling / 

Approximate 

 Mass / mixing angle 
Lepton asymmetry 2keV - O(100)keV

β-decay 
spectrum ?

Fuzzy DM Very light & Weak 
Coupling

Initial amplitude 
Mass > 10-22eV ? 

Aixion DM Very light & Weak 
Coupling Axion decay constant ~ μeV ? 

PBH DM Heavy Enough 
Black Hole

Density fluctuation 
Mass 10-(14-12)M� ? 



Summary

There are lots of dark matter candidates.

Neutrino singles are important channels to narrow down 
the candidates for dark matter !

Let us unveil the nature of dark matter by using everything in our power !

Other channels such as charged cosmic rays, γ-rays, optical lights, 
radio signals, gravitational waves, and direct detection 
experiments etc are also important.

With the advent of larger neutrino detectors, the neutrino signals 
become more important.



Back Up



Unitarity Limit on WIMP mass (1990 Griest & Kamionkowski )

S = 1 + iTel + i TR  →

 <f | T | i >  =  2π4 δ4(pf - pi ) M f i 

Σf <i | Tf†Tf | i >  =  σtot vrel n1n2  x  2π4 δ4(0)

→  σtot vrel  = 2 / s  x Im M(el) i i (n1 = n2 = s1/2)

( Spineless case for simplicity )

Unitarity :  S†S = 1  

<i | Tel†Tel |i> + <i | TR†TR | i > = 2 Im <i | Tel | i >

Since we are interested in rather strongly interacting case, we may 
assume that the reaction rates are dominated by 2-body interactions.



Unitarity Limit on WIMP mass (1990 Griest & Kamionkowski )
( Spineless case for simplicity )

Partial wave decomposition :

Since we are interested in rather strongly interacting case, we may 
assume that the reaction rates are dominated by 2-body interactions.

M f i  = 16π Σl (2l + 1) al  Pl ( cosθ )

σel vrel  = Σl σel l vrel  = 16π vrel / s x Σl  (2l + 1) |ael l |2   

By using σel l < σtot l ,

vrel  / 2 x | ael l |2  + βf| aR l |2  < Im ael l   →  βf | aR l |2   <  1/(2vrel )

 σR vrel  < 16 π Σl  (2l+1) /( s vrel )
Unitarity limit on reaction cross section :

)ael l

2/vrel 

1/vrel .σR vrel  = Σl σR l vrel  = 32π βf / s x Σl  (2l + 1) |aR l |2   
→ r

r = vrel-1 (1-2vrel βf |aRl|2)1/2


