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Energy content of the Universe after WMAP

What is the dark matter?
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Direct detection
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H.E.S.S. - low-energy analysis
Systematic error
Systematic error - low-energy analysis 
Broken power-law fit

Signatures from DM?

HESS 0905.0105 
Fermi 0905.0025 

PAMELA 0810.4995 

Positron excess by PAMELA

Electron+positron excess 
by Fermi & HESS



Dark Matter : Decay or Annihilate

Decaying DM

Annihilating DM

DM need not be completely stable. 
τ ∼ 1026secDM lifetime with can explain PAMELA.

DM may have weak scale annihilation cross section.
〈σv〉 ∼ 10−24 − 10−23cm3s−1Cross section with

can explain PAMELA.

Flux ∝ nDM

τ
∼ 10−29cm3s−1

Flux ∝ n2
DM〈σv〉 ∼ 10−29cm3s−1



Positron fraction Total flux [GeV2m−2s−1sr−1]

(b) : mχ = 2TeV, 〈σv〉 = 5 × 10−23cm3s−1

(a) : mχ = 300GeV, 〈σv〉 = 2 × 10−24cm3s−1

χχ→ µ+µ−

(a)

(b)



Positron fraction Total flux [GeV2m−2s−1sr−1]

(a) : mχ = 400GeV, 〈σv〉 = 1 × 10−23cm3s−1

(b) : mχ = 2TeV, 〈σv〉 = 1 × 10−22cm3s−1χχ→ τ+τ−

(b)

(a)
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e±

Relation to other signals ?

• Gamma-rays from Galactic center

• Diffuse extragalactic gamma-rays

• Neutrinos from Galactic center

• Anti-protons

DM annihilation/decay yields not only 
positron/electrons, but also ...
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for leptonic modes



γ ν

e±

Relation to other signals ?

• Gamma-rays from Galactic center

• Diffuse extragalactic gamma-rays

• Neutrinos from Galactic center

• Anti-protons

DM annihilation/decay yields not only 
positron/electrons, but also ...

Can be forbidden
for leptonic modes

Cannot be
forbidden.



Neutrino Flux

J.Hisano, M.Kawasaki, K.Kohri and KN, Phys.Rev.D79,043516(2009)[0812.0219]
J.Hisano, KN, and M.J.S.Yang, Phys.Lett.B678,101(2009)[0905.1552]



Neutrino Signal from DM Annihilation
Ritz, Seckel (88),Kamionkowski (90),...

ν
µ

Interaction inside 
the Earth

detector

Search for 
up-going muonsEarth

Limits from Super-K

χχ→W+W−, bb̄, l+l−, . . .

→ e±, γ, p̄, ν, . . .

Bertone,Nezri,Orloff,Silk (04),
Yuksel,Horiuchi,Beacom,Ando(07)

from GC



Baksan Limit
IMB Limit
Kamiokande Limit
MACRO Limits
Super-K Limits

Cone Half Angle From   Galactic Center (Degrees)
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Nµ =
∫

dEνµ

dFνµ

dEνµ

f(Eνµ)

Neutrino flux from DM:

Muon flux from DM

dFνµ

dEνµ

Probability of νµ → µ

f(Eνµ)

:

(a)

(b)

ν

µ

Rock

SK
detector



(a) Neutrino flux from GC

dFνµ

dEνµ

=
R!ρ2

!
8πm2

(
∑

F

〈σv〉F
dN

(νµ)
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dEνµ

)
J∆Ω

dN
(νµ)
F

dEνµ

=
∑

i

(
Pνiνµ

dN (νi)
F

dEνi

)

Eνi=Eνµ

J∆Ω =
∫

dΩ
∆Ω

∫

l.o.s.

dl(ψ)
R!

(
ρ(l)
ρ!

)2

Neutrino spectra :

DM halo profile
dependent part :

Neutrino oscillation

2

mary neutrino flux generated by dark matter annihila-
tion/decay at the Galactic center. Applications to some
dark matter annihilation/decay models is performed in
Sec. III. Sec. IV is devoted to conclusions.

II. MUON FLUX FROM
ANNIHILATING/DECAYING DARK MATTER

In this section we develop a formalism to evaluate
the upward muon flux starting from the initial neu-
trino energy spectrum produced by dark matter anni-
hilation/decay.

A. Primary neutrino flux

We assume that DM particle, denoted by χ, with mass
m annihilates (decays) into some final state F with an-
nihilation cross section (decay rate) 〈σv〉F (ΓF ). The
primary neutrino flux from the Galactic center is given
by

dFνµ

dEνµ

=
R!ρ2

!
8πm2

(
∑

F

〈σv〉F
dN

(νµ)
F

dEνµ

)
〈J2〉Ω∆Ω, (1)

for the case of annihilation, and

dFνµ

dEνµ

=
R!ρ!
4πm

(
∑

F

ΓF
dN

(νµ)
F

dEνµ

)
〈J1〉Ω∆Ω, (2)

for the case of decay, with

dN
(νµ)
F

dEνµ

=
∑

i

(
Pνiνµ

dN (νi)
F

dE

)

E=Eνµ

, (3)

where i = e, µ, τ , and Pνiνµ denotes the probability that
the νi at the production is observed as νµ at the Earth
due to the effect of neutrino oscillation and given as
Pνeνµ = 0.22, Pνµνµ = 0.39, and Pντ νµ = 0.39. Here,
R! = 8.5 kpc and ρ! = 0.3 GeVcm−3 are the distance
of the solar system from the Galactic center and the local
dark matter density near the solar system, respectively.
F collectively denotes the primary annihilation/decay
modes (e.g., µ+µ−, etc.), and dN (νi)

F /dE represents the
νi spectrum arising from the final state F which is sim-
ulated by PYTHIA package [28]. The dependence on
the dark matter halo density profile is contained in the
remaining factor 〈Jn〉Ω, defined by

〈Jn〉Ω =
∫

dΩ
∆Ω

∫

l.o.s.

dl(ψ)
R!

(
ρ(l)
ρ!

)n

, (4)

where l(ψ) is the distance from us along the direction
ψ, which is the cone-half angle from the Galactic cen-
ter within the range 0 < ψ < ψmax, and ∆Ω(≡ 2π(1 −
cos ψmax)) is the solid angle over which the neutrino flux

〈J2〉Ω∆Ω 5◦ 10◦ 15◦ 20◦ 25◦

NFW 6.0 10 14 17 20

isothermal 1.3 4.3 8.0 11 15

〈J1〉Ω∆Ω 5◦ 10◦ 15◦ 20◦ 25◦

NFW 0.3 1.0 1.9 2.9 4.0

isothermal 0.2 0.8 1.7 2.8 4.0

TABLE I: Typical values of J-factor for NFW and isothermal
profiles for ψmax = 5◦, 10◦, 15◦, 20◦ and 25◦.

is averaged. Dark matter halo profile is characterized as
follows:

ρ(r) =
ρ0

(r/R)γ [1 + (r/R)α](β−γ)/α
, (5)

where r is the distance from Galactic center. Here
we consider two typical density profiles: Navarro-Frenk-
White (NFW) profile [29] (α = 1, β = 3, γ = 1, R =
20 kpc) and cored isothermal profile (α = 2,β = 2, γ =
0, R = 2.8 kpc). Typical values of 〈Jn〉Ω∆Ω for these
profiles are summarized in Table I. As is expected, dark
matter halo with large core [30] predicts smaller neu-
trino flux, but the dependence on the halo profile is not
so large compared with gamma-ray flux from the Galac-
tic center [14], as long as the angular resolution is larger
than ∼ 5◦. Thus following discussion does not much de-
pend on the halo profile and it is possible that neutrino
signals are detectable while the gamma-ray constraints
are satisfied.

B. Upward muon flux

High-energy neutrinos produced by the dark matter
annihilation/decay at the Galactic center come in the
Earth and some of them interact with matter inside the
Earth, generating high-energy muons. Since muons have
electric charges, they lose their energy during the prop-
agation inside the Earth. Typical propagation distance
of high-energy muons with energy ∼ 1 TeV is around
1 km, as will be shown. Therefore, muons appearing only
within 1 km around the detector can reach the detector,
leaving their characteristic signals. The search strategy is
to find upward muons in order to avoid cosmic-ray muon
background.

Taking these processes into account, showering muon
flux from the Galactic center within cone-half angle θ is
given by

N (shower)
µ+µ− =

∫
dEνµ

dFνµ

dEνµ

f(Eνµ)ε(Eνµ), (6)

where dFνµ/dEνµ is the parent differential neutrino flux
evaluated in the previous subsection, Eνµ is the parent
neutrino energy, f(Eνµ) denotes the probability that a
neutrino with energy Eνµ is converted into a muon with

Typical value

of J∆Ω



N N ′
W

νµ µ

(b) Probability of νµ → µ

∼ G2
F s

π
∝ Eνµ

f(Eνµ) ∼
∫

dEµ
dσνµp→µX

dEµ
n(rock)

p R(Eµ)

Cross section :

Number density of 
proton in the rock :

n(rock)
p = 1.3NA cm−3

Muon range : R(Eµ)
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Muon energy [GeV]

all loss
ionization loss

∝ E

Eµ ! 1 TeV
Eµ ! 1 TeV

Rµ ∼ 1 km(Eµ/1TeV)
Radiative loss

dEµ

dX
= −α(Eµ)− β(Eµ)EµMuon energy loss

α(Eµ) ! 2 MeVcm2g−1 β(Eµ) ! 10−6 cm2g−1



Limits from SK :

J.Hisano, M.Kawasaki, K.Kohri, KN (2008)

Annihilate into left handed leptons

Annihilate into right handed leptons

(νν̄ + l−L l+R)
(l−R l+L )

Annihilation into left-handed leptons
is not favored.

µ±τ±



J.Hisano, M.Kawasaki, K.Kohri, KN (2008)

Decay into left handed leptons

Decay into right handed leptons

(νν̄ + l−L l+R)
(l−R l+L )

Case of Decaying DM

µ±τ±



Possible improvement at SK

High-energy neutrino-induced muons are detected
through Cherenkov light

Energy of each muon is not measured

However, SK can distinguish muon events
by event shape : shower and non-shower

Higher energy muons more likely 
observed as showering muon

DM-originated neutrinos more likely produce 
shower events than atmospheric neutrinos
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S.Desai et al., 
Astropart.Phys.29,42 (2008)

Probability for shower

Through-going shower mu

Through-going 
nonshower mu

Stopping mu

3 kind of muon events :



Non-shower Shower

Up-going muon flux : shower and non-shower

[ Data from SK-III preliminary (Y.Itow, private communication) ]

Heavy DM Shower muon is slightly better



Lesson from neutrino
Construct a DM model which fits 

PAMELA/Fermi data (either ann or decay)

Check if your model produce monochromatic 
neutrinos with similar rate or not

If yes, your model may conflict with SK bound
irrespective of DM density profile

Check carefully the SK bound!



Gamma-rays



χ

χ

e+

e−

γ

Internal Brems.

Cascade decay

2γ

Continuum Gamma-Rays from DM ann.

χχ→ l+l−

χχ→ l+l−γ

Final state charged particle
always emit photon.

χχ→ τ+τ−,W+W− → hadrons(π±,π0, ρ, . . . )



Observation regions



Observation regions

Galactic center



Observation regions

Galactic center Mid latitude



Observation regions

Galactic center

Diffuse isotropic

Mid latitude



Extra-Galactic component

We are here

γ

Dominant contribution is summation over
the DM ann. in external clustering objects

Ullio, Bergstrom, Edsjo, Lacey (2002)



.

[
dΦγ

dE

]

ext

=
〈σv〉
8π

ρ̄2
m

m2
χ

∫
dz(1 + z)3

H(z)
dNγ

dE′ ∆2(z)

∆2(z) : Enhancement factor
(∆2(z) = 1 : homogeneous DM)

∆2(z) ∝
∫

dMM
dn(z)
dM

∫
drρ2

M (r)

Press-Schechter theory Universal DM halo profile
(Moore, NFW, ...)Press, Schechter (1974)

Sheth, Mo, Tormen (2001)

Number of clustering objects :
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Burkert

Enhancement factor ∆2(z)

About 10^5-10^6 enhancement for
DM annihilation rate

ρ(r) ∼ 1
r1.5(1 + r1.5)

ρ(r) ∼ 1
(1 + r)(1 + r2)

ρ(r) ∼ 1
r(1 + r)2

Moore

NFW

Burkert



Extragalactic component is comparable 
to Galactic component

Gamma-rays from 10◦ < |b| < 90◦



Inverse-Compton extragalactic Gamma-Rays

χχ→ e+e−′s

e± + γBG → e± + γ

CMB
photon

HE electron
from DM

annihilation

Eγ ∼ γ2
eEγ(BG)

Gamma-ray

High energy positron/electrons scatter 
off BG photon and yield gamma-rays

e± e±

γγBG

Profumo, Jeltema 0906.0001
Belikov, Hooper 0906.2251



µ± τ±

Extragalactic gamma-ray flux

Diffuse isotropic component gives the 
most stringent bound for cored profile. 



Summary of constraints

µ±

: PAMELA/Fermi



τ±

Diffuse gamma & neutrino constraints are important.

: PAMELA/Fermi



Summary

Gamma-ray Flux

Neutrino-induced muon Flux

DM interpretation of PAMELA/Fermi

Both Galactic and extra-Galactic gamma-rays
may be significant in DM ann scenario.

Useful constraints on annihilating/decaying DM.

IceCube(+DeepCore), KM3NeT

Fermi

Constraints from other signals, such as 



µ±

τ±

Decaying DM



Back-up Slides



Comments on IceCube

Located at South Pole

cannot see Galactic center

through upward muons

Use downward muons?

Atmospheric muon BG is
10^6 larger than DM signal

Huge detector

High statistics



Dark09, Christchurch,

New Zealand

IceCube Talk

Seo, Stockholm Univ.

27

Future: Deep Core

•To improve low E event efficiency

   -- indirect DM search, atm. ! osc, etc..

• total 6 strings (75 m apart) 
  cf. nominal strings: 125 m apart

• 60 DOMs/string

    -- high QE DOMs 

       (~ 35% more light yield)

     -- DOMs are densely spaced

• 4 ! detector:

  -- veto surrounding bottom inner

     core (6 DC + 7 IC)

  -- explore southern sky as well as 

          Galactic Center 

A planned extension : DeepCore

S.Seo, Talk at Dark2009 

Use original detector
as muon veto 

Inner detector with
denser instrumentation

Remove atmospheric
muon BG

Primary purpose : 
better sensitivity

on low-energy neutrino
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Spolyar, Buckley, Freese, Hooper, Murayama, 0905.4764

Expected sensitivity of DeepCore (5yr)



1. Galactic gamma

2. Galactic inverse-Compton gamma

3. Extragalactic gamma

4. Extragalactic inverse-Compton gamma

Gamma-rays from DM annihilation

Target photon : star light, dust emission, CMB

Target photon : CMB

Sum of DM ann. in DM halos

DM annihilation in the Galaxy

DM annihilation in the Galaxy

Sum of DM ann. in DM halos Profumo, Jeltema 0906.0001
Belikov, Hooper 0906.2251

Cholis et al. 0811.3641
Cirelli, Panci 0904.3830



Intersteller radiation field

CMBDustStar light

Porter & Strong (2005)



Gamma-rays from 10◦ < |b| < 20◦

Burkert NFW

All components are comparable
Halo dependence is weak except for GC direction

: each component

τ±
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log 10 (M / M !! )

z = 0
z = 2
z = 4

fraction of mass in halos heavier than M

fraction of mass
in each mass interval

Ullio et al. (2002)

Press-Schechter theory

dn

dM
=

√
2
π

ρ̄mδc

M

[
− 1

σ(M)2
dσ(M)

dM

]
exp

[
− δ2

c

2σ2(M)

]
.

M : halo mass
σ(M) : dispersion of

density field
δc ∼ 1.686 :

critical overdensity

σ2(M) =
1

2π2

∫
W 2(kM )P (k)k2dk

Predict number of collapsed
objects with mass M


