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2000 ~  @Kamioka 
Ph.D at Waseda

2003~  XENON10@Gran Sasso 
Postdocs at Columbia

2008~  XMASS@Kamioka UTokyo 2019~  XENON@Gran Sasso
Masaki Yamashita 

Start from Oct 2025 at Nagoya 

Experimental Astroparticle Physicst 
Dark Matter, Neutrino ++ 
 ・XENON (now) 
 ・XLZD (future) 
 ・Hyper Kamiokande (coming soon)

> 25 years DM hunter 
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Masaki Yamashita (山下　雅樹） 

Start from 2025/Oct/1st at Nagoya 

Until then,  Kavli IPMU, UTokyo 
at Kamioka 

Experimental Astroparticle Physicst 
Dark Matter, Neutrino ++ 
 ・XENON (now) 
 ・XLZD (future) 
 ・Hyper Kamiokande (coming soon)

Hyper Kamiokande

 2.97m
2.
98
 m

XLZD 
DM direct search 
Double Beta Decay

D = 69m, H  =  94m 
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Evidence of Dark Matter(recap)
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• Cluster dynamics�
• Flat rotation curves�
• Gravitational lensing�
•  BAO and galaxy clustering�
•  CMB peak structure�
•  Bullet Cluster�
•  Structure formation history
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Evidence of Dark Matter
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• Cluster dynamics�
•  Flat rotation curves�
•  Gravitational lensing�
•   BAO and galaxy clustering�
•   CMB peak structure�
•   Bullet Cluster�
•   Structure formation history

•Galaxies in clusters move at extremely high velocities. 
•The visible mass is far too small to gravitationally bind 
the system.

Coma cluster by IR & visible light

Clusters require several times more mass than what we see. 
( 1933,  Zwicky)
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Evidence of Dark Matter

7

•Cluster dynamics�
•  Flat rotation curves�
•  Gravitational lensing�
•   BAO and galaxy clustering�
•   CMB peak structure�
•   Bullet Cluster�
•   Structure formation history

Stars in galaxies rotate too fast at large radii. 
The rotation curves remain flat, even where 
visible matter becomes scarce. 
To keep the stars gravitationally bound, a 
large amount of unseen mass is required.

Dark matter halos around galaxies.
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Evidence of Dark Matter
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•Cluster dynamics�
•  Flat rotation curves�
• Gravitational lensing�
•   BAO and galaxy clustering�
•   CMB peak structure�
•   Bullet Cluster�
•   Structure formation history

Independent observations all point to a massive, invisible component:

Strong and weak lensing of background 
galaxies reveal mass distributions much 
larger than the visible component. 
The lensing strength often cannot be 
explained without additional, invisible 
mass.

Credit: NASA/ESA HST (strong lens, dwarf galaxies)

→ Gravity indicates more 
mass than luminous matter.

HST, www.discovery.com
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Evidence of Dark Matter
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•Cluster dynamics�
•  Flat rotation curves�
•  Gravitational lensing�
•  BAO and galaxy clustering�
•   CMB peak structure�
•   Bullet Cluster�
•   Structure formation history

The galaxy power spectrum and the 
“standard ruler” of BAO are in 
excellent agreement with cosmological 
models that include cold dark matter 
(CDM). 

→ The growth of cosmic structure 
requires dark matter.
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Evidence of Dark Matter
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•Cluster dynamics�
•  Flat rotation curves�
•  Gravitational lensing�
•   BAO and galaxy clustering�
•  CMB peak structure�
•   Bullet Cluster�
•   Structure formation history

The heights and positions of acoustic 
peaks, especially the third peak and 
beyond, strongly depend on the amount 
of dark matter. 
WMAP and Planck measurements 
match ΛCDM predictions with high 
precision. 
→ CMB demands a specific dark matter 
density (Ω₍c₎h²).
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Evidence of Dark Matter
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•Cluster dynamics�
•  Flat rotation curves�
•  Gravitational lensing�
•   BAO and galaxy clustering�
•   CMB peak structure�
•   Bullet Cluster�
•   Structure formation history

Independent observations all point to a massive, invisible component:

In a collision of two galaxy clusters: 
-Hot gas (baryons) slows down and 
remains in the middle. 
-The gravitational potential, traced by 
lensing, passes through with the 
galaxies. 
Visible matter and gravitational mass 
separate. 
→ Hard to explain with modified gravity; 
requires non-collisional dark matter.
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Evidence of Dark Matter
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•Cluster dynamics�
•  Flat rotation curves�
•  Gravitational lensing�
•   BAO and galaxy clustering�
•   CMB peak structure�
•   Bullet Cluster�
•  Structure formation history

In the early Universe, baryons were 
tightly coupled to photons and could not 
grow density fluctuations. 
Dark matter, being non-interacting with 
radiation, grows early and seeds 
structure. 

→ Galaxies could not form without dark 
matter.4D2U Project, NAOJ
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F. Zwicky

translated version 1711.01693



Coma cluster
http://hubblesite.org/copyright/ C NASA/STScl

Coma cluster by IR & visible light

- Zwicky started by estimating the total mass of Coma  
- 800 galaxies x 109 solar masses, as suggested by Hubble.  
- An estimate for the physical size of the system, 106 light-
years,  
- He calculated the average kinetic energy and finally a 
velocity dispersion.

the observed velocity dispersion 
 1500 ~ 2000km/s

80km/s

14
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Number of galaxies: 800、average109     

 -> 8x1011 

M⊙

Practice: The velocity dispersion of galaxies within a galaxy cluster

T: Total energy 
T = 1

2
Mσ 2

Φ= −
GM 2

fRM:total mass of cluster 
 σ: velocity dispersion

R:cluster’s radius 
 f :constant（~2)

Virial:
Virial Theorem

Equilibrium state  
(it does not 
change with 
time）

σ 2 =
GM
fR M = 8×1011Ms,R= 300kpc

G=6.67×10-11 m3kg-1s-2 15

mi:   ith Galaxies’s mass
ri: the distance of the i-th galaxy from the 
center of the cluster

Φ:gravitational potential

M⊙

σ？

I = ∑
i

ri ⋅ pi



Answer

•          6.67 x10-11 m3kg-1 s-2 x 8x1011 x 2.0x1030kg
2x 300 x103x 3.1x1016 mσ2 = 

= 5.34 x109 (m/s)2

σ = 75.7 km/s

σ = 1500~ 2000km/sec

16



Coma cluster
http://hubblesite.org/copyright/ C NASA/STScl

Coma cluster by IR & visible light

- Zwicky started by estimating the total mass of Coma  
- 800 galaxies x 109 solar masses, as suggested by Hubble.  
- An estimate for the physical size of the system, 106 light-
years,  
- He calculated the average kinetic energy and finally a 
velocity dispersion.

the observed velocity dispersion

80km/s

1500km/s

× hundreds of times larger than the total mass is required17
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2. Astrophysical Constants and Parameters
Table 2.1: Revised August 2019 by D.E. Groom (LBNL) and D. Scott (U. of British Columbia). The figures in parentheses after some
values give the 1-‡ uncertainties in the last digit(s). Physical constants are from Ref. [1]. While every e�ort has been made to obtain
the most accurate current values of the listed quantities, the table does not represent a critical review or adjustment of the constants,
and is not intended as a primary reference. The values and uncertainties for the cosmological parameters depend on the exact data
sets, priors, and basis parameters used in the fit. Many of the derived parameters reported in this table have non-Gaussian likelihoods.
Parameters may be highly correlated, so care must be taken in propagating errors. Unless otherwise specified, cosmological parameters
are derived from a 6-parameter �CDM cosmology fit to Planck cosmic microwave background 2018 temperature (TT) + polarization
(TE,EE+lowE) + lensing data [2]. For more information see Ref. [3] and the original papers.

Quantity Symbol, equation. Value Reference,footnote
Newtonian constant of gravitation GN 6.674 30(15) ◊ 10≠11m3 kg≠1 s≠2 [1]
Planck mass MP =


~c/GN 1.220 890(14) ◊ 1019 GeV/c

2 = 2.176 434(24) ◊ 10≠8 kg [1]
Planck length lP =


~GN /c3 1.616 255(18) ◊ 10≠35 m [1]

tropical year (equinox to equinox, 2020) yr 31 556 925.1 s = 365.242 189 days [4]
sidereal year (period of Earth around Sun relative to stars) 31 558 149.8 s ¥ fi ◊ 107 s [4]
mean sidereal day (Earth rotation period relative to stars) 23h 56m 04s

.090 53 [4]
astronomical unit au 149 597 870 700 m exact [5]
parsec (1 au/1 arc sec) pc 3.085 677 581 49 ◊ 1016 m = 3.261 56. . . ly exact [6]
light year (deprecated unit) ly 0.306 601 . . . pc = 0.946 073 . . . ◊ 1016 m [7]
solid angle deg2 (fi/180)2 sr = 3.046 17 . . . ◊ 10≠4 sr [8]
Schwarzschild radius of the Sun 2GN M§/c

2 2.953 250 076 100 25 km [9]
Solar mass M§ 1.988 41(4) ◊ 1030 kg [10]
nominal Solar equatorial radius R§ 6.957 ◊ 108 m exact [11]
nominal Solar constant S§ 1361 W m≠2 exact [11,12]
nominal Solar photosphere temperature T§ 5772 K exact [11]
nominal Solar luminosity L§ 3.828 ◊ 1026 W exact [11,13]
Schwarzschild radius of the Earth 2GN Mü/c

2 8.870 055 940 mm [9]
Earth mass Mü 5.972 17(13) ◊ 1024 kg [10]
nominal Earth equatorial radius Rü 6.3781 ◊ 106 m exact [11]
Chandrasekhar mass MCh 3.097 972 µ

≠2
M

3
P

/m
2
H

= 1.433 77(6) (µ/2)≠2
M§ [14, 15]

Eddington luminosity LEd 1.257 065 179 8(12) ◊ 1031 (M/M§) W [16,17]
= 3.283 869 330 8(31) ◊ 104 (M/M§) L§

jansky (flux density) Jy 10≠26 W m≠2 Hz≠1 definition
luminosity conversion f0 3.0128 ◊ 1028 ◊ 10≠0.4 MBol W exact [18]

(MBol = absolute bolometric magnitude = bolometric magnitude at 10 pc)
flux conversion F 2.518 021 002 ◊ 10≠8 ◊ 10≠0.4 mBol W m≠2 exact [18]

(mBol = apparent bolometric magnitude)
ABsolute monochromatic magnitude AB ≠2.5 log10 f‹ ≠ 56.10 (for f‹ in W m≠2 Hz≠1) [19]

= ≠2.5 log10 f‹ + 8.90 (for f‹ in Jy)
Solar angular velocity around Galactic center �0/R0 27.1(5) km s≠1 kpc≠1 [20]
Solar distance from Galactic center R0 8.178 ± 0.013(stat.) ± 0.022(sys.) kpc [21,22]
circular velocity at R0 v0 or �0 240(8) km s≠1 [22, 23]
escape velocity from the Galaxy v esc 492 km s≠1

< v esc < 587 km s≠1 (90%) [24]
local disk density fl disk 6.6(9) ◊10≠24 g cm≠3 = 3.7(5) GeV/c

2 cm≠3 [25]
local dark matter density fl ‰ canonical value 0.3 GeV/c

2 cm≠3 within factor 2–3 [26]
present-day CMB temperature T0 2.7255(6) K [27,28]
present-day CMB dipole amplitude d 3.3621(10) mK [27,29]
Solar velocity with respect to CMB v§ 369.82(11) km s≠1 towards (l, b) = (264.021(11)¶

, 48.253(5)¶) [29]
Local Group velocity with respect to CMB v

LG
620(15) km s≠1 towards (l, b) = (271.9(20)¶

, 29.6(14)¶) [29]
number density of CMB photons n“ 410.7(3) (T/2.7255)3 cm≠3 [30]
density of CMB photons fl“ 4.645(4) (T/2.7255)4 ◊ 10≠34 g cm≠3 ¥ 0.260 eV cm≠3 [30]
entropy density/Boltzmann constant s/k 2 891.2 (T/2.7255)3 cm≠3 [30]
present-day Hubble expansion rate H0 100 h km s≠1 Mpc≠1 = h ◊ (9.777 752 Gyr)≠1 [31]
scaling factor for Hubble expansion rate h 0.674(5) [2, 32]
Hubble length c/H0 0.925 0629 ◊ 1026

h
≠1 m = 1.372(10) ◊ 1026 m

scaling for cosmological constant c
2
/3H

2
0 2.85247 ◊ 1051

h
≠2 m2 = 6.21(9) ◊ 1051 m2

critical density of the Universe flcrit = 3H
2
0 /8fiGN 1.878 34(4) ◊ 10≠29

h
2 g cm≠3

= 1.053 672(24) ◊ 10≠5
h

2 (GeV/c
2) cm≠3

= 2.77536627 ◊ 1011
h

2
M§Mpc≠3

baryon-to-photon ratio (from BBN) ÷ = nb/n“ 5.8 ◊ 10≠10 Æ ÷ Æ 6.5 ◊ 10≠10 (95% CL) [33]
number density of baryons nb 2.515(17) ◊ 10≠7 cm≠3 [2, 3, 34,35]

(2.4 ◊ 10≠7
< nb < 2.7 ◊ 10≠7) cm≠3 (95% CL, ÷ ◊ n“)

CMB radiation density of the Universe �“ = fl“/flcrit 2.473 ◊ 10≠5(T/2.7255)4
h

≠2 = 5.38(15) ◊10≠5 [30]
- - - Planck 2018 6-parameter fit to flat �CDM cosmology - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
baryon density of the Universe �b = flb/flcrit ‡ 0.02237(15) h

≠2 = † 0.0493(6) [2, 3, 27]
cold dark matter density of the Universe �c = flc/flcrit ‡ 0.1200(12) h

≠2 = † 0.265(7) [2, 3, 27]
100 ◊ approx to rú/DA 100 ◊ ◊MC

‡ 1.04092(31) [2, 3, 27]
reionization optical depth ·

‡ 0.054(7) [2, 3, 27]
ln(power prim. curv. pert.) (k0 = 0.05 Mpc≠1) ln(1010�2

R) ‡ 3.044(14) [2, 3, 27]
scalar spectral index ns ‡ 0.965(4) [2, 3, 27]
pressureless matter parameter �m = �c + �b

† 0.315(7) [2, 3]
dark energy density parameter ��

† 0.685(7) [2, 3]
energy density of dark energy fl�

† 5.83(16) ◊ 10≠30 g cm≠3 [2]
cosmological constant � † 1.088(30) ◊ 10≠56 cm≠2 [2]
fluctuation amplitude at 8 h

≠1 Mpc scale ‡8 † 0.811(6) [2, 3]

D
ow

nloaded from
 https://academ

ic.oup.com
/ptep/article/2020/8/083C

01/5891211 by U
niversity of Tokyo Library user on 19 O

ctober 2021

Summary of CMB observation
A lot of information! 

Snapshot of the early universe (380,000 years old） 
Age of the universe　　　　　　13.8 Billion years old 

   Curvature  (Ω ~1) -> Flat 
etc etc 

18
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Summary: evidences at variety scales

CMB

galaxy rotational speed

bullet cluster

DM Map

Large Scale structure

19

galaxy cluster

What is Dark Matter?

1028 cm1023 cm 1025 cm 1026 cm
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Possible Properties of Dark Matter
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•Gravitationally interacting 
•Revealed through gravitational effects (rotation curves, lensing, structure formation) 

•Stable or very long-lived 
• Lifetime longer than the age of the Universe 

•Non-baryonic 
•Not composed of protons or neutrons (BBN & CMB constraints) 

•Cold (or at most warm) 
•Non-relativistic at the time of structure formation 

•Electrically neutral, Non-luminous 
•No electric charge, does not emit, absorb, or reflect electromagnetic radiation 

•Not in Standard Model Particles 
•New Particle?

important for not only cosmology but also particle physics
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DM candidates
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•Baryonic Dark Matter 
–Big Bang Nucleosynthesis  
–Massive Compact Halo Object (MACHO)

•Non-Baryonic Dark Matter 
‒Primordial Black Hole (PBH) 
‒neutrino 
‒Axion 
‒Weakly Interacting Massive Particle 
(WIMP) 
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Dark Matter Mass 

22
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Why WIMP?

23

•WIMPs are thermally produced. 

•WIMPs arise naturally in models of new physics. 

–(e.g. SUSY → the neutralino), 

•WIMPs can be probed through multiple observational approaches: 

–collider searches  

–direct detection 

– indirect detection



Masaki Yamashita,  ISEE  NagoyaU

Success of ‘Freeze out’ mechanism

24

Big Bang Nucleosynthesis as a Probe of New Physics 7

6Li/H

N

7Li/H

7Be/H

3He/H

T/H

D/H

Yp

H

SBBN f.o.

D b.n.

e± ann.

n/p dec.ν dec.

t/sec

T/keV
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Figure 1: Time and temperature evolution of all standard big bang nucleosynthesis (SBBN)-

relevant nuclear abundances. The vertical arrow indicates the moment at T9 ! 0.85 at

which most of the helium nuclei are synthesized. The gray vertical bands indicate main

BBN stages. From left to right: neutrino decoupling, electron-positron annihilation and n/p

freeze-out, D bottleneck, and freeze-out of all nuclear reactions. Protons (H) and neutrons

(N) are given relative to nb whereas Yp denotes the 4He mass fraction.

Below we discuss the fusion of the light elements and compare their SBBN predictions with

observations.

1.1.1 O(0.1) abundances: 4He. The beauty of the SBBN prediction for 4He lies in

its simplicity. Only a few factors that determine it. The rates for weak scattering processes

that inter-convert n ↔ p at high plasma temperatures scale as G2
FT

5, where GF is the

Fermi constant. As the Universe cools, these rates drop below the T 2-proportional Hubble

rate H(T ) Eq. (6). The neutron-to-proton transitions slow down, and the ratio of their

respective number densities cannot follow its chemical-equilibrium exponential dependence,

n/p|eq ! exp(−∆mnp/T ). Around T ! 0.7MeV this dependence freezes out to n/p !

1/6 but continues to decrease slowly due to residual scattering and β-decays of neutrons.

The formation of D during this intermission period is delayed by its photo-dissociation

process that occurs efficiently because of the overwhelmingly large number of photons [see

proton
e-photon

Helium 
nucleus

plazma transparent

Hydrogen atom

He atom

Photon

Big Bang Nucleosynthesis (BBN) CMB

The relic abundances of many particles are fixed by freeze-out or decoupling 
during the thermal evolution of the Universe.　Why not for DM?  -> WIMP
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Freeze out
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•H:expansion rate 
•Γ: interaction rate 
–(1) T>mx (equilibrium) 
–χχ ⇄ ff’　(f:SM particle) 

–(2) T<mx (decouple) 
–χχ → ff’ 

–(3) H>Γ 
–freeze out

production = annihilation (T>mχ)

Production suppressed (T<mχ)

Freeze out (H>Γ)

Assuming neutral, massive and only 
weakly interacting particle (WIMP) 
in the early universe. 

G. Jungman et al Phys. Rep. 267 (1996)
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WIMP Miracle
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Ωχh2 =
mχnχ

ρc

≃ 0.1( 10−26cm3/s
< σv > )

≃ 0.1( 0.01
α )2(

mχ

100GeV )2

H ~ Γ: numerical solution provides:

production = annihilation (T>mχ)

Production suppressed (T<mχ)

Freeze out (H>Γ)

G. Jungman et al Phys. Rep. 267 (1996)

dn
dt

+ 3Hn = − ⟨σ v⟩(n2 − n2
eq), H ≡

·a(t)
a(t)

.

neq ≃ ( mT
2π )

3/2

exp(−
m
T )

Boltzmann Eq.

See detail in  G. Jungman, et al. Phys. Rep. 267 (1996) 195 

CMB: Ωχh2 ∼ 0.12
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Why WIMP?

27

•WIMPs are thermally produced. 

•WIMPs arise naturally in models of new physics. 

–(e.g. SUSY → the neutralino), 

•WIMPs can be probed through multiple observational approaches: 

–collider searches  

–direct detection 

– indirect detection
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Supersymmetric Particles

28

•Each particle in the Standard Model acquires a corresponding supersymmetric 
partner.  
•fermion -> boson or  boson -> fermion 
ex:  higgs -> higgsino , neutrino->sneutrino (spin 1/2 difference) 

•R-parity 
→ R = (-1)3B+L+2S, B = baryon number, L = lepton number 

R = 1 for SM particles 

R = -1 for SUSY 

•DM candidate 
   The lightest (and therefore stable) supersymmetric particle is a dark matter candidate. 

 => Neutralino



Masaki Yamashita

Why SUSY?
•Stabilizing the electroweak scale:  

‒SUSY addresses the hierarchy problem 
by canceling large quantum corrections 
to the Higgs mass. 

•Providing a dark matter candidate:  
‒With conserved R-parity, the lightest 
supersymmetric particle (LSP) is stable 
and naturally serves as a dark matter 
candidate. 

•Gauge coupling unification:  
‒ In SUSY extensions of the Standard 
Model, the three gauge couplings unify at 
a high energy scale.

29

Alessandro De AngelisMário Pimenta 
Introduction to Particle and Astroparticle Physics, Springer

SM SUSY
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Why WIMP?

30

•WIMPs are thermally produced 

•WIMPs arise naturally in models of new physics  

–(e.g. SUSY → the neutralino), 

•WIMPs can be probed through multiple observational approaches: 

–collider searches  

–direct detection 

– indirect detection

Let’s look for WIMPs.
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Experimental Search for WIMPs

31

Generation at accelerators 
e.g. LHC

WIMP annihilation in the universe Direct WIMP nucleus scattering

𝑝 + 𝑝  →  … →  … +  ~𝑎 +  ~𝜒

             

~𝜒 +  ~𝜒 →  … →  … + 𝜐 + ~𝜐  ,  …𝛾 + 𝛾

… →  … + 𝑒+,  … +  𝑝̄

➢ indirect detection by missing mass + 
momentum

➢ a signal would not yet be a direct 
proof for the missing Dark Matter of 
the universe

➢ search for neutrinos or gammas from 
large mass accumulations (center of 
galaxy, sun,…)

~𝜒 + 𝑁  →  ~𝜒 + 𝑁

➢ direct proof for WIMPs in halo of our 
galaxy

➢ ultra low momentum transfer and rate

~𝑎

~𝜒

𝑝

𝑝
~𝜒

~𝜒

~𝜒 ~𝜒
𝑋

𝑋
𝑁 𝑁

𝜇
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WIMP Dark Matter Searches (Collider)

32
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Collider (LHC)

33

  
If a SUSY particle that is a dark 
matter candidate is produced, it 
escapes the detector without 
being detected;  
therefore, we search for the 
missing energy it carries away.

27 km circular

ATLAS-CONF-2021-015 

ex) wino
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Pure wino/Pure Higgsino

34

Small mass difference btw Chargino and Neutralino   

=> long lifetime( )δm ∼ 100MeV

e.g. Hisano+ JHEP06(2015)097

Wino < 3 TeV

Higgsino < 1 TeV

http://www.icepp.s.u-tokyo.ac.jp/~asai/Lecture/Lec3B.pdf
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Result

35

ATLAS-CONF-2021-015 
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Figure 8: Exclusion limits at 95% CL obtained in the electroweak production channel with the pure higgsino scenario.
The limits are shown separately for the higgsino lifetime or mass splitting as a function of the chargino mass. The
black dashed line shows the median value, and the yellow band shows the 1� uncertainty band on the expected limits.
The red line shows the observed limits and the red dotted lines, the corresponding 1� uncertainty on the signal
cross-section. The violet broken line shows the observed limits from the ATLAS result [15].
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WIMP annihilation in the universe Direct WIMP nucleus scattering

             

~𝜒 +  ~𝜒 →  … →  … + 𝜐 + ~𝜐  ,  …𝛾 + 𝛾

… →  … + 𝑒+,  … +  𝑝̄

➢ search for neutrinos or gammas from 
large mass accumulations (center of 
galaxy, sun,…)

~𝜒 + 𝑁  →  ~𝜒 + 𝑁

➢ direct proof for WIMPs in halo of our 
galaxy

➢ ultra low momentum transfer and rate

Generation at accelerators 
e.g. LHC

𝑝 + 𝑝  →  … →  … +  ~𝑎 +  ~𝜒

➢ indirect detection by missing mass + 
momentum

➢ a signal would not yet be a direct 
proof for the missing Dark Matter of 
the universe

~𝑎

~𝜒

𝑝

𝑝
~𝜒

~𝜒

~𝜒 ~𝜒
𝑋

𝑋
𝑁 𝑁

𝜇
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In regions such as the Galactic Center, dwarf galaxies, the Sun, and the 
Earth, WIMPs can be trapped by gravity and annihilate into Standard Model 
particles.

•unti-proton: GAPS, BESS  … Balloon

•neutrino:   Super-K, ICECUBE… Big neutrino detectors  

•positron: PAMELA, AMS-02…  Satelite

•gamma-rays:  Fermi, CTA, HESS…  Telescope

χχ → bb̄, W+W− → π0, π± → γ, e±, ν



Indirect (Neutrino)

38

Χ
Χ
Χ

Χ

Χ: dark matter 
ν: neutrino

Χ

ν

Super-K 
ICEcube …

- WIMPs can be trapped by gravity 
- scattered with Hydrogen and slow down 
- annihilate into neutrinos.

Super-K PRD 102 072002 (2020), PRL 114, 141301 (2015)
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considered separately assuming 100% BR irrespective of
the actual nature of DM annihilation. In the bb̄ andWþW−

channels, neutrinos are mainly created in decays of mesons
produced during the hadronization of the primary annihi-
lation products. In the μþμ− channel neutrinos are produced
directly in the decays of the muons. In the νν̄ channel, a
monoenergetic spectrum and equal fluxes of DM-induced
neutrinos of every flavor are assumed, and the energy of
the neutrinos equals the mass of the annihilating dark
matter particles.
Neutrinos that travel over galactic distances experience

multiple oscillations and arrive at the detector with a flavor
composition that is predictable based on the values of the
neutrino mixing parameters [24,25]. In applying oscilla-
tions to DM-induced neutrinos we followed the approach
presented in Ref. [26], adopting parameter values of
sin22 θ12 ¼ 0.86, sin2 2θ23 ¼ 1.0 (maximal mixing), and
θ13 ≃ 0 to check how long-distance oscillations affect the
neutrino production spectra and their flavor ratios at the
Earth. The resulting neutrino fluxes at the detector can be
described with the following effective formulas:

ϕνe ≃ ϕ0
νe −

1

4
s2 ð1Þ

and

ϕντ ≃ ϕνμ ¼
1

2
ðϕ0

νμ þ ϕ0
ντÞ þ

1

8
s2; ð2Þ

where ϕ0
νe;μ;τ are the initial fluxes and s2 is defined as

sin2 2θ12ð2ϕ0
νe − ϕ0

νμ − ϕ0
ντÞ [26]. Note that the above for-

mulas lead to an equal flux of neutrino flavors at the Earth,
that is, flux ratios of 1∶1∶1 for νe:νμ:ντ, for the typical
scenario of neutrino productionvia the decays of lightmesons
and muons in which the initial flavor ratio is 1∶2∶0 at the
productionpoint. TheDarkSUSY[27,28] simulationpackage
was used to obtain the differential neutrino energy spectra
for the DM annihilation channels considered, as shown in
Fig. 1, after taking into account neutrino oscillations.
The expected flux of DM annihilation products depends

on the density distribution of DM particles in the
Milky Way. There are various models describing the
structure of the DM halo obtained on the basis of N-body
simulations [29] and gravitational lensing observations
[30]. The predictions of the Navarro-Frenk-White
(NFW) [15], the Kravtsov et al. [16] and the Moore et al.
[17] models of the expected DM density ρ in the halo are
shown in Fig. 2, assuming a flat DM density profile for the
innermost regions of the Galaxy. The Moore model
anticipates a high-density cusp in the center of the
Milky Way, while the Kravtsov model yields a flatter
density profile. The NFW profile is between these two
extreme predictions and is similar to other commonly
considered models such as the Einasto profile [18,19]. In

the primary analysis presented in this paper the NFW
model is used as a benchmark. The expected impact of
changing the halo model is studied with a secondary
analysis that requires fewer computational resources.
The DM density distribution in the NFW model can be

written as

ρðrÞ ¼ ρ0
ðr=rsÞ½1þ ðr=rsÞ&2

; ð3Þ
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FIG. 1. Differential muon neutrino energy spectra for a WIMP
mass of 100 GeV after taking into account neutrino oscillations
throughout the Galaxy. Fluxes have been calculated based on
DarkSUSY [27,28] and Eqs. (1) and (2).
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FIG. 2. Dark matter density (ρ) as a function of distance (r)
from the GC for different DM density distribution profiles:
Moore [17], NFW [15], and Kravtsov [16]. The vertical gray
line indicates the solar system position, Rsc ¼ 8.5 kpc. The
normalizations are chosen to match the local density of DM
expected at the position of the solar system from the local rotation
curves, for NFW ρðRscÞ ¼ 0.3 GeV cm−3 (0.27 for Moore, 0.37
for Kravtsov) [9].
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[17] models of the expected DM density ρ in the halo are
shown in Fig. 2, assuming a flat DM density profile for the
innermost regions of the Galaxy. The Moore model
anticipates a high-density cusp in the center of the
Milky Way, while the Kravtsov model yields a flatter
density profile. The NFW profile is between these two
extreme predictions and is similar to other commonly
considered models such as the Einasto profile [18,19]. In
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model is used as a benchmark. The expected impact of
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DarkSUSY [27,28] and Eqs. (1) and (2).

r [kpc]

-210 -110 1 10 210

]3
(r

) 
[G

eV
/c

m
ρ

-310

-210

-110

1

10

210

310

410

Moore
NFW
Kravtsov

Solar System Position

FIG. 2. Dark matter density (ρ) as a function of distance (r)
from the GC for different DM density distribution profiles:
Moore [17], NFW [15], and Kravtsov [16]. The vertical gray
line indicates the solar system position, Rsc ¼ 8.5 kpc. The
normalizations are chosen to match the local density of DM
expected at the position of the solar system from the local rotation
curves, for NFW ρðRscÞ ¼ 0.3 GeV cm−3 (0.27 for Moore, 0.37
for Kravtsov) [9].

K. ABE et al. PHYS. REV. D 102, 072002 (2020)

072002-4

N body simulation



Indirect (neutrino)

40

Based on the limit on the number of DM-induced
neutrinos, the corresponding limit on the diffuse flux is
derived as a function ofMχ using Eq. (7) and translated into
a limit on the DM self-annihilation cross section hσAVi.
The latter is shown in Fig. 8 and compared to selected
results of other neutrino experiments. The line at hσAVi ¼
3 × 10−26 cm3 s−1 is the expectation for WIMPs produced
thermally during the evolution of the Universe [43].
Despite the smaller effective area of the SK detector when
compared to the IceCube detector [44], the limits obtained
in this analysis are stronger due to the fact that the SK
detector can probe the GC with upward-going events. At
the location of the SK detector, the GC is below the horizon
for ∼64% of the year, while for IceCube it is always
above the horizon and can only be directly probed with
downward-going events which typically suffer from more
backgrounds from cosmic-ray muons. ANTARES is oper-
ating in the same hemisphere as SK and its limits [45]
are stronger than the ones obtained here for Mχ >
50–500 GeV (depending on the annihilation mode) due
to the larger effective area of its detector. Weaker con-
straints from ANTARES observed for Mχ < 500 GeV for
bb̄ and for Mχ < 100–150 GeV for WþW−=μþμ− annihi-
lation channels are due to the different detection thresholds
between ANTARES and SK. In thisMχ range, a substantial
part of the DM-induced neutrino signal is expected below
several tens of GeV (cf. Fig. 1), a region that is well covered
by the SK detector. A comparison of these results with

selected limits from γ search experiments [46–48] is
provided in the Supplemental Material along with a table
containing SK hσAVi limit values [49].

VI. ON-SOURCE/OFF-SOURCE ANALYSIS

The on-source/off-source analysis provides a data-driven
cross-check of the analysis shown in the previous section,
albeit with weaker sensitivity. It has the advantage of being
able to estimate the background directly from data. Equally
sized on- and off-source regions are defined in right
ascension and declination, as shown in Fig. 9. Most of
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FIG. 8. Upper limits at 90% C.L. on the hσAVi versus WIMP mass (the region above the lines is excluded), for dark matter annihilating
through νν̄, bb̄, WþW−, and μþμ− into neutrinos, assuming the NFW halo profile. SK limits, obtained in the combined fit and
corresponding to a total livetime of 5325.8 (5629.1) live-days for FC and PC (UP-μ) events, are compared with published results from
IceCube (1005 live-days) [44] and ANTARES (3170 live-days) [45].
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If this excess were due to WIMPs, one would expect signals in other channels, such as 
antiprotons or gamma rays, which are not observed. Therefore, a pulsar interpretation 
cannot be excluded.



Masaki Yamashita

Indirect (gamma rays)

•Targets are chosen to optimize the signal-
to-noise ratio.  

•Nearby dwarf galaxies are nearly gas-free 
and exhibit low gamma-ray and X-ray 
backgrounds, making them excellent 
targets.  

•The Galactic Center is considered as a 
subsequent target; however, its strong 
emission complicates the extraction of a 
dark-matter signal.

43
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Relic Density and Sensitivity

•<σv> -> Measurement
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27. Dark Matter 483

with the same conventions for the symbols, and where ·DM is the
DM’s lifetime.

Gamma Rays: DM annihilation to virtually any final state
produces gamma rays: emission processes include the domi-
nant two-photon decay mode of neutral pions resulting from the
hadronization of strongly-interacting final states; final state radi-
ation; and internal bremsshtralung, the latter two including, pos-
sibly, the emission of massive gauge or Higgs bosons subsequently
producing photons via their decay products. Similarly, neutri-
nos are produced from charged pion decay and from radiative
processes. The flux of gamma rays and neutrinos is calculated in-
tegrating the rate ≈f per steradian (simply meaning, for isotropic
emission, ≈f /(4fi)) along the line of sight within the appropriate
angular region (the di�erential flux is obtained in the same way
by simply replacing Nf with the di�erential flux at production,
at the appropriate redshift in the case of cosmologically distant
sources),

„f =
⁄

∆�

d�
⁄

l.o.s.

dl
≈f

4fi
. (27.20)

It is customary to factor out, in the expression for the rate, a
particle physics factor, depending upon the DM particle mass and
its annihilation or decay rate, and an astrophysical factor, which
only depends on the observational target. The latter is sometimes
denoted with J∆�(Â) with Â indicating the direction of the line
of sight. Although di�erent conventions are in use, a common
choice is to define

J∆�(Â) =
⁄

∆�

⁄

l.o.s.(Â)

fl
2

DM
(l, �) dld�. (27.21)

For a target with uniform density fl and radius r at a distance
d ∫ r, such that the target is entirely within the solid angle ∆�,

J ƒ
4fir

3
fl̄

2

DM

3d2
. (27.22)

Searches for gamma-ray emission from DM annihilation have fo-
cused on targets chosen based on a variety of considerations,
primarily intended to maximize signal to noise. Nearby dwarf
spheroidal galaxies contain very small amounts of gas, and do
not host any significant astrophysical background at gamma-ray
or X-ray frequencies, and are thus an optimal target choice for
DM searches. An accurate determination of the DM density pro-
file in these objects results in somewhat large systematics when
deriving constraints from the non-observation of emission from
DM; future optical surveys will help pinpoint with greater accu-
racy stellar kinematics and thus reduce such uncertainty; a second
target is the inner region of the Milky Way: while nearby and po-
tentially hosting a large density of DM, the Galactic center region
is however very bright at almost any wavelength, making the ex-
traction of a signal highly problematic; nearby clusters of galaxies
are also known to host significant astrophysical emission, but are
potentially ideally suited to constrain DM decay. Finally, puta-
tive nearby DM clumps are also a possible source of a bright DM
signal (albeit from an unknown direction), as is the annihilation
of DM in all halos at all redshifts.

DM annihilation and decay can lead to striking spectral fea-
tures. Since the process happens typically at very low particle
velocities, if the DM pair-annihilates e.g. to two photons or two
neutrinos, the final-state particles will be nearly monoenergetic,
with an energy close to the DM particle mass and a width pro-
portional to the DM velocity in units of c (if a ““ line is present
electroweak symmetry also implies a Z“ line, if kinematically al-
lowed). No astrophysical processes are known to produce lines at
gamma-ray or neutrino energies in the GeV and above (with, per-
haps, the possible exception of cold pulsar winds [196]) making
this channel virtually background-free. At lower energy, lines are
expected from radiative decay modes of candidates such as sterile
neutrinos (see Sec. 27.5).DM annihilation or decay can lead to
additional spectral features besides lines. These include (one or
more) “boxes” [197], produced by boosted final states decaying to
monochromatic photons (such as e.g. neutral pions), or combina-
tions thereof. Processes occurring at higher redshift can distort

these spectral features by smearing them to lower energies. Ne-
glecting gamma-ray attenuation, the flux of gamma rays from all
redshift can be cast as

dN“

dE“

(E“) =
c

8fi

⁄
È‡vÍflDM(z)dz

H(z)(1 + z)3m
2

DM

1
dN“

dEÕ

2

EÕ=E“ (1+z)

.

(27.23)
While the calculation of the di�erential spectrum of gamma rays
from a given final state f , dN

f

“ /dE“ , is carried out using numeri-
cal tools, such as Pythia [198] that reproduce hadronization and
particle decay for masses well above a few GeV, in the sub-GeV
range gamma-ray production follows primarily from meson decay
and radiative processes well outside the range of applicability of
the Altarelli-Parisi splitting function. The MeV gamma-ray range
will soon be probed with forthcoming satellites [199]. Recently a
code that provides the expected gamma-ray spectrum for sub-GeV
DM, Hazma, has become available [200].

Observations with the Fermi Large Area Telescope (LAT) and
with ground-based facilities such as HESS, VERITAS, MAGIC,
and HAWC have provided an unprecedented picture of the
gamma-ray sky ideally suited to look for a signal from DM annihi-
lation or decay for DM particles from a few GeV mass up to several
TeV. The LAT has provided some of the most stringent constraints
to-date on DM pair-annihilation for a variety of annihilation final
states, chiefly from stacked observations of nearby satellite dwarf
spheroidal galaxies [201]. Excesses of gamma rays over the ex-
pected di�use and point-source background have been claimed,
most importantly from the direction of the inner Galaxy, where a
signal from DM annihilation might be especially bright [202,203].
The nature of this excess is quite controversial: while the morphol-
ogy and spectrum fall within what expected for a standard WIMP
with a mass of a few tens of GeV [204], unresolved point sources,
including especially an (expected) population of milli-second pul-
sars (MSPs) have been advocated as a possible plausible counter-
part [205]. Statistical methods to discriminate between DM and
MSPs have been utilized [206,207], but recent studies indicate that
such results might not be conclusive [208]. Large uncertainties
in the Galactic di�use background emission model are addition-
ally known to exist, and possible plague the morphological and
spectral information [209, 210].Other notable potential gamma-
ray excesses include a di�use emission from the Andromeda galaxy
(M31) [211–213], possibly in excess of what expected from cosmic-
ray models [214]; and a di�use emission at 511 keV energy in the
inner Galaxy from Integral-SPI observations [215]; such emission
has known astrophysical counterparts [216], as well as several pro-
posed DM explanations (e.g. [217]).

While DM annihilation and decay typically occurs at low ve-
locities, the possibility of “boosted” DM has also been consid-
ered [218]. In this case, the DM particle might dominantly pair-
annihilate to a lighter dark species, which does interact with
Standard Model particle, and could be detected with neutrino
telescopes or direct detection experiments. Future facilities that
promise to widen the reach of gamma-ray searches for DM include
especially the Cherenkov Telescope Array (CTA), see fig. 27.2.

Neutrinos: DM can be captured in celestial bodies in signif-
icant amounts, depending on the DM scattering cross section o�
of nucleons, the DM mass, and the DM flux incident on the celes-
tial body of interest. For DM masses at or around the GeV scale,
evaporation from the celestial body plays an important role [219].
If enough DM accumulates, DM annihilation inside the celestial
body can then lead to the production of Standard Model parti-
cles. Such particles can heat up the body, if they lose most of their
energy before escaping. Utilizing models for heat production in
planets, or stellar interior models in the case of stars, constraints
can be put on DM particle properties. Of note are constraints
from anomalous warming of cold planets such as Uranus [220], al-
terations to the stellar structure or the Sun’s seismic activity [221],
and anomalous Earth heat flow [222]. Alternately, DM annihila-
tion in celestial bodies can result in the production of particles
that can escape the body. Within the Standard Model, the only
such instance is annihilation to neutrinos, but, similarly to the
boosted DM case the DM can annihilate to a (stable or unstable)
dark-sector particles, whose decay or interactions can be detected
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Searches for gamma-ray emission from DM annihilation have fo-
cused on targets chosen based on a variety of considerations,
primarily intended to maximize signal to noise. Nearby dwarf
spheroidal galaxies contain very small amounts of gas, and do
not host any significant astrophysical background at gamma-ray
or X-ray frequencies, and are thus an optimal target choice for
DM searches. An accurate determination of the DM density pro-
file in these objects results in somewhat large systematics when
deriving constraints from the non-observation of emission from
DM; future optical surveys will help pinpoint with greater accu-
racy stellar kinematics and thus reduce such uncertainty; a second
target is the inner region of the Milky Way: while nearby and po-
tentially hosting a large density of DM, the Galactic center region
is however very bright at almost any wavelength, making the ex-
traction of a signal highly problematic; nearby clusters of galaxies
are also known to host significant astrophysical emission, but are
potentially ideally suited to constrain DM decay. Finally, puta-
tive nearby DM clumps are also a possible source of a bright DM
signal (albeit from an unknown direction), as is the annihilation
of DM in all halos at all redshifts.

DM annihilation and decay can lead to striking spectral fea-
tures. Since the process happens typically at very low particle
velocities, if the DM pair-annihilates e.g. to two photons or two
neutrinos, the final-state particles will be nearly monoenergetic,
with an energy close to the DM particle mass and a width pro-
portional to the DM velocity in units of c (if a ““ line is present
electroweak symmetry also implies a Z“ line, if kinematically al-
lowed). No astrophysical processes are known to produce lines at
gamma-ray or neutrino energies in the GeV and above (with, per-
haps, the possible exception of cold pulsar winds [196]) making
this channel virtually background-free. At lower energy, lines are
expected from radiative decay modes of candidates such as sterile
neutrinos (see Sec. 27.5).DM annihilation or decay can lead to
additional spectral features besides lines. These include (one or
more) “boxes” [197], produced by boosted final states decaying to
monochromatic photons (such as e.g. neutral pions), or combina-
tions thereof. Processes occurring at higher redshift can distort

these spectral features by smearing them to lower energies. Ne-
glecting gamma-ray attenuation, the flux of gamma rays from all
redshift can be cast as

dN“

dE“

(E“) =
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While the calculation of the di�erential spectrum of gamma rays
from a given final state f , dN

f

“ /dE“ , is carried out using numeri-
cal tools, such as Pythia [198] that reproduce hadronization and
particle decay for masses well above a few GeV, in the sub-GeV
range gamma-ray production follows primarily from meson decay
and radiative processes well outside the range of applicability of
the Altarelli-Parisi splitting function. The MeV gamma-ray range
will soon be probed with forthcoming satellites [199]. Recently a
code that provides the expected gamma-ray spectrum for sub-GeV
DM, Hazma, has become available [200].

Observations with the Fermi Large Area Telescope (LAT) and
with ground-based facilities such as HESS, VERITAS, MAGIC,
and HAWC have provided an unprecedented picture of the
gamma-ray sky ideally suited to look for a signal from DM annihi-
lation or decay for DM particles from a few GeV mass up to several
TeV. The LAT has provided some of the most stringent constraints
to-date on DM pair-annihilation for a variety of annihilation final
states, chiefly from stacked observations of nearby satellite dwarf
spheroidal galaxies [201]. Excesses of gamma rays over the ex-
pected di�use and point-source background have been claimed,
most importantly from the direction of the inner Galaxy, where a
signal from DM annihilation might be especially bright [202,203].
The nature of this excess is quite controversial: while the morphol-
ogy and spectrum fall within what expected for a standard WIMP
with a mass of a few tens of GeV [204], unresolved point sources,
including especially an (expected) population of milli-second pul-
sars (MSPs) have been advocated as a possible plausible counter-
part [205]. Statistical methods to discriminate between DM and
MSPs have been utilized [206,207], but recent studies indicate that
such results might not be conclusive [208]. Large uncertainties
in the Galactic di�use background emission model are addition-
ally known to exist, and possible plague the morphological and
spectral information [209, 210].Other notable potential gamma-
ray excesses include a di�use emission from the Andromeda galaxy
(M31) [211–213], possibly in excess of what expected from cosmic-
ray models [214]; and a di�use emission at 511 keV energy in the
inner Galaxy from Integral-SPI observations [215]; such emission
has known astrophysical counterparts [216], as well as several pro-
posed DM explanations (e.g. [217]).

While DM annihilation and decay typically occurs at low ve-
locities, the possibility of “boosted” DM has also been consid-
ered [218]. In this case, the DM particle might dominantly pair-
annihilate to a lighter dark species, which does interact with
Standard Model particle, and could be detected with neutrino
telescopes or direct detection experiments. Future facilities that
promise to widen the reach of gamma-ray searches for DM include
especially the Cherenkov Telescope Array (CTA), see fig. 27.2.

Neutrinos: DM can be captured in celestial bodies in signif-
icant amounts, depending on the DM scattering cross section o�
of nucleons, the DM mass, and the DM flux incident on the celes-
tial body of interest. For DM masses at or around the GeV scale,
evaporation from the celestial body plays an important role [219].
If enough DM accumulates, DM annihilation inside the celestial
body can then lead to the production of Standard Model parti-
cles. Such particles can heat up the body, if they lose most of their
energy before escaping. Utilizing models for heat production in
planets, or stellar interior models in the case of stars, constraints
can be put on DM particle properties. Of note are constraints
from anomalous warming of cold planets such as Uranus [220], al-
terations to the stellar structure or the Sun’s seismic activity [221],
and anomalous Earth heat flow [222]. Alternately, DM annihila-
tion in celestial bodies can result in the production of particles
that can escape the body. Within the Standard Model, the only
such instance is annihilation to neutrinos, but, similarly to the
boosted DM case the DM can annihilate to a (stable or unstable)
dark-sector particles, whose decay or interactions can be detected
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with the same conventions for the symbols, and where ·DM is the
DM’s lifetime.

Gamma Rays: DM annihilation to virtually any final state
produces gamma rays: emission processes include the domi-
nant two-photon decay mode of neutral pions resulting from the
hadronization of strongly-interacting final states; final state radi-
ation; and internal bremsshtralung, the latter two including, pos-
sibly, the emission of massive gauge or Higgs bosons subsequently
producing photons via their decay products. Similarly, neutri-
nos are produced from charged pion decay and from radiative
processes. The flux of gamma rays and neutrinos is calculated in-
tegrating the rate ≈f per steradian (simply meaning, for isotropic
emission, ≈f /(4fi)) along the line of sight within the appropriate
angular region (the di�erential flux is obtained in the same way
by simply replacing Nf with the di�erential flux at production,
at the appropriate redshift in the case of cosmologically distant
sources),

„f =
⁄
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dl
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. (27.20)

It is customary to factor out, in the expression for the rate, a
particle physics factor, depending upon the DM particle mass and
its annihilation or decay rate, and an astrophysical factor, which
only depends on the observational target. The latter is sometimes
denoted with J∆�(Â) with Â indicating the direction of the line
of sight. Although di�erent conventions are in use, a common
choice is to define
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For a target with uniform density fl and radius r at a distance
d ∫ r, such that the target is entirely within the solid angle ∆�,
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Searches for gamma-ray emission from DM annihilation have fo-
cused on targets chosen based on a variety of considerations,
primarily intended to maximize signal to noise. Nearby dwarf
spheroidal galaxies contain very small amounts of gas, and do
not host any significant astrophysical background at gamma-ray
or X-ray frequencies, and are thus an optimal target choice for
DM searches. An accurate determination of the DM density pro-
file in these objects results in somewhat large systematics when
deriving constraints from the non-observation of emission from
DM; future optical surveys will help pinpoint with greater accu-
racy stellar kinematics and thus reduce such uncertainty; a second
target is the inner region of the Milky Way: while nearby and po-
tentially hosting a large density of DM, the Galactic center region
is however very bright at almost any wavelength, making the ex-
traction of a signal highly problematic; nearby clusters of galaxies
are also known to host significant astrophysical emission, but are
potentially ideally suited to constrain DM decay. Finally, puta-
tive nearby DM clumps are also a possible source of a bright DM
signal (albeit from an unknown direction), as is the annihilation
of DM in all halos at all redshifts.

DM annihilation and decay can lead to striking spectral fea-
tures. Since the process happens typically at very low particle
velocities, if the DM pair-annihilates e.g. to two photons or two
neutrinos, the final-state particles will be nearly monoenergetic,
with an energy close to the DM particle mass and a width pro-
portional to the DM velocity in units of c (if a ““ line is present
electroweak symmetry also implies a Z“ line, if kinematically al-
lowed). No astrophysical processes are known to produce lines at
gamma-ray or neutrino energies in the GeV and above (with, per-
haps, the possible exception of cold pulsar winds [196]) making
this channel virtually background-free. At lower energy, lines are
expected from radiative decay modes of candidates such as sterile
neutrinos (see Sec. 27.5).DM annihilation or decay can lead to
additional spectral features besides lines. These include (one or
more) “boxes” [197], produced by boosted final states decaying to
monochromatic photons (such as e.g. neutral pions), or combina-
tions thereof. Processes occurring at higher redshift can distort

these spectral features by smearing them to lower energies. Ne-
glecting gamma-ray attenuation, the flux of gamma rays from all
redshift can be cast as
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While the calculation of the di�erential spectrum of gamma rays
from a given final state f , dN

f

“ /dE“ , is carried out using numeri-
cal tools, such as Pythia [198] that reproduce hadronization and
particle decay for masses well above a few GeV, in the sub-GeV
range gamma-ray production follows primarily from meson decay
and radiative processes well outside the range of applicability of
the Altarelli-Parisi splitting function. The MeV gamma-ray range
will soon be probed with forthcoming satellites [199]. Recently a
code that provides the expected gamma-ray spectrum for sub-GeV
DM, Hazma, has become available [200].

Observations with the Fermi Large Area Telescope (LAT) and
with ground-based facilities such as HESS, VERITAS, MAGIC,
and HAWC have provided an unprecedented picture of the
gamma-ray sky ideally suited to look for a signal from DM annihi-
lation or decay for DM particles from a few GeV mass up to several
TeV. The LAT has provided some of the most stringent constraints
to-date on DM pair-annihilation for a variety of annihilation final
states, chiefly from stacked observations of nearby satellite dwarf
spheroidal galaxies [201]. Excesses of gamma rays over the ex-
pected di�use and point-source background have been claimed,
most importantly from the direction of the inner Galaxy, where a
signal from DM annihilation might be especially bright [202,203].
The nature of this excess is quite controversial: while the morphol-
ogy and spectrum fall within what expected for a standard WIMP
with a mass of a few tens of GeV [204], unresolved point sources,
including especially an (expected) population of milli-second pul-
sars (MSPs) have been advocated as a possible plausible counter-
part [205]. Statistical methods to discriminate between DM and
MSPs have been utilized [206,207], but recent studies indicate that
such results might not be conclusive [208]. Large uncertainties
in the Galactic di�use background emission model are addition-
ally known to exist, and possible plague the morphological and
spectral information [209, 210].Other notable potential gamma-
ray excesses include a di�use emission from the Andromeda galaxy
(M31) [211–213], possibly in excess of what expected from cosmic-
ray models [214]; and a di�use emission at 511 keV energy in the
inner Galaxy from Integral-SPI observations [215]; such emission
has known astrophysical counterparts [216], as well as several pro-
posed DM explanations (e.g. [217]).

While DM annihilation and decay typically occurs at low ve-
locities, the possibility of “boosted” DM has also been consid-
ered [218]. In this case, the DM particle might dominantly pair-
annihilate to a lighter dark species, which does interact with
Standard Model particle, and could be detected with neutrino
telescopes or direct detection experiments. Future facilities that
promise to widen the reach of gamma-ray searches for DM include
especially the Cherenkov Telescope Array (CTA), see fig. 27.2.

Neutrinos: DM can be captured in celestial bodies in signif-
icant amounts, depending on the DM scattering cross section o�
of nucleons, the DM mass, and the DM flux incident on the celes-
tial body of interest. For DM masses at or around the GeV scale,
evaporation from the celestial body plays an important role [219].
If enough DM accumulates, DM annihilation inside the celestial
body can then lead to the production of Standard Model parti-
cles. Such particles can heat up the body, if they lose most of their
energy before escaping. Utilizing models for heat production in
planets, or stellar interior models in the case of stars, constraints
can be put on DM particle properties. Of note are constraints
from anomalous warming of cold planets such as Uranus [220], al-
terations to the stellar structure or the Sun’s seismic activity [221],
and anomalous Earth heat flow [222]. Alternately, DM annihila-
tion in celestial bodies can result in the production of particles
that can escape the body. Within the Standard Model, the only
such instance is annihilation to neutrinos, but, similarly to the
boosted DM case the DM can annihilate to a (stable or unstable)
dark-sector particles, whose decay or interactions can be detected
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•Assuming a uniform density ρ, a source with 
radius r, and distance d, in the limit where d >> r.
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underground site at Fermilab yielded the most stringent direct-
detection constraints on DM-electron scattering for masses in
the range 500 keV-5 MeV, and on dark photon absorption below
12 eV [172]. The skipper technology will also be employed in the
next stage of the DAMIC programme, DAMIC-M at LSM, which
plans for a kg-size mass. The goal is to achieve thresholds of 2-
3 electrons and to probe the DM-nucleon cross section down to
few◊10≠43cm2 around 2-3 GeV and the DM-electron cross section
down to 2◊10≠41cm2 at 10 MeV mass.

The NEWS-G collaboration operates spherical proportional
counters [173] filled with a noble gas. Advantages of this technol-
ogy are the low intrinsic electronic noise and a high amplification
gain, allowing for low energy thresholds down to single-electron
detection, and the possibility to use di�erent light targets (He, Ne,
etc). A 60 cm diameter chamber operated at LSM with a gas mix-
ture of Ne + CH4 (0.7%) at 3.1 bar, excluded SI, WIMP-nucleon
cross sections above 4.4◊10≠37cm2 at 0.5 GeV after an exposure
of 9.6 kg d [116] with an energy threshold ≥100 eV. The next it-
eration, a 140 cm sphere detector made of very low radioactivity
copper (few µBq/kg of 238U and 232Th) is under construction and
is to start running at SNOLAB in 2019.

Superheated liquid detectors: Investigation of the spin-
dependent interaction channel calls for target nuclei with uneven
total angular momentum. A particularly favourable candidate is
19F, the spin of which is carried mostly by the unpaired proton,
yielding a cross section which is almost a factor of ten higher than
of other employed nuclei with spin (e.g., 23Na, 73Ge, 127I, 129Xe,
131Xe). Fluorine is part of the target of experiments using super-
heated liquids, such as the ones operated by the PICO [117] and
MOSCAB [174] collaborations. A search in the PICO-60 C3F6

bubble chamber at SNOLAB with an exposure of 1404 kg d and
an energy threshold of 2.45 keV, yielded the most stringent con-
straint on the DM-proton SD cross section at 3.2◊10≠41cm2 for
a 25 GeV particle mass. In construction is a ton-scale detector
(PICO-500) to be deployed in the cube area hall of SNOLAB.
MOSCAB successfully built and tested a geyser-concept bubble
chamber, the operation of which is based on a continuous pro-
cess of evaporation and condensation, with the detector recover-
ing its superheated state automatically after each event. After
first results in a surface laboratory [174], the detector was moved
underground to LNGS for science data taking.

Directional detectors: Detectors capable of measuring the
direction of the recoiling nucleus would unequivocally confirm the
Galactic origin of a signal and could probe the region below the
neutrino floor [175, 176]. Because nuclear recoils have a range
which is about 10 times smaller than the one of Compton recoils
of the same energy, gaseous detectors have an excellent intrin-
sic background rejection if they can measure the range of events
precisely. Several directional detectors are presently in operation:
DRIFT in the Boulby Mine [177], DMTPC at the Waste Isolation
Pivot Plant [178], MIMAC at LSM [179] and NEWAGE in the
Kamioka laboratory [180]. A 1 m3 detector has a typical mass of
a few 100 g, depending on the target gas and its operating pres-
sure, and can measure the sense of an incoming nuclear recoil
above a few tens of keV.

A new technique is based on fine-grained nuclear emulsions
(solid-state detectors with silver halide crystals uniformly dis-
persed in a gelatine film, where each crystal works as a sensor
for charged particles), as proposed by the NEWSdm collabora-
tion [181]. These act as target and nanometric tracking device,
and the expected NR tracks are sub-µm in size. Due to the small
crystal size and larger number density, a superior spatial resolu-
tion compared to gaseous detectors is obtained. Simulations show
that to reach the neutrino floor, exposures of 10 t y and 100 t y are
required if a 30 nm and 50 nm threshold for detecting the track
length is reached. This requires further R&D, since current emul-
sions allow for 100 nm tracking and target masses are around 1 kg,
with 10 kg y exposures planned. A proposed approach for the
directional detection of sub-GeV DM is to use two-dimensional
materials such as monolayer graphene [182], from which the DM
particle can eject electrons. Their energy and direction, corre-
lated with the direction of the incoming DM, can be measured for
instance with the proposed PTOLEMY experiment [183].

New techniques: To probe light (sub-GeV) DM particles, ei-
ther via scatters o� electrons or via couplings to phonons, new
techniques beyond the ones discussed above are proposed. The
DM particle mass that can be accessed in DM-electron scattering
in noble liquids and semiconductors is limited by the minimum
ionisation/excitation energy and the size of the band gap, respec-
tively (at the ≥eV-scale). To reach lower energy thresholds, ma-
terials with smaller band gaps for electron excitations (≥meV),
such as superconductors and superfluids, as well as Dirac mate-
rials were recently proposed [184–186]. These would in principle
allow for the detection of keV-scale DM. Other ideas to detect keV-
MeV scale DM are to observe NRs in superfluid He, via collective
excitation modes in the fluid [187], or based on the breaking of
chemical bonds between atoms [188].

Even lighter DM, with masses in the meV-eV range, could be
detected via absorption on a conduction electron in a supercon-
ductor, followed by the emission of an athermal phonon [189].
Another proposed target for light DM are polar materials (for
example GaAs, sapphire), which are especially sensitive for scat-
tering through an ultralight dark photon, via excitation of single
optical phonons [190]. If an anisotropic crystal such as sapphire
is employed, a daily modulation interaction rate could be estab-
lished [191]. A new class of detectors for bosonic DM, based on
resonant absorption onto a gas of small polyatomic molecules, is
proposed in [192]. The DM would e�ectively act as a laser that
resonantly excites transitions in molecules when its mass closely
matches the transition energy. While DM with SI couplings can
e�ciently excite phonons, it has been shown in [193] that if DM
couples to the electron spin, magnon excitations (quanta of col-
lective spin wave excitations) in materials with magnetic dipole
order may also o�er a promising detection avenue. Yet another ap-
proach for sub-GeV DM is to employ superconducting nanowires
as both target and sensor, and first bounds on DM-electron inter-
actions were already placed from a 4.3 ng tungsten-silicide proto-
type with a 0.8 eV energy threshold [194].

The detection of light DM via collective excitations in con-
densed matter systems and other methods is a rapidly evolving
field, and a growing area of research at the interface of DM physics,
condensed matter and materials science. We refer to Ref. [95,195]
for discussions of some of these new directions and models. Crit-
ical challenges are to detect these very small energy depositions,
and to reliably asses the background noise.

Table 27.1 summarises the most stringent constraints on the
DM-nucleon SI and SD cross sections, and Figure 27.1 shows the
best constraints for SI couplings in the cross section versus DM
mass parameter space, above masses of 0.3 GeV.

27.7 Astrophysical detection of dark matter
DM as a microscopic constituent can have measurable, macro-

scopic e�ects on astrophysical systems. Indirect DM detection
refers to the search for the annihilation or decay debris from
DM particles, resulting in detectable species, including especially
gamma rays, neutrinos, and antimatter particles. The production
rate of such particles depends on (i) the annihilation (or decay)
rate (ii) the density of pairs (respectively, of individual particles)
in the region of interest, and (iii) the number of final-state parti-
cles produced in one annihilation (decay) event. In formulae, the
rate for production of a final state particle f per unit volume from
DM annihilation can be cast as

≈
A

f
= c

fl
2

DM

m
2

DM

È‡vÍN
A

f
, (27.18)

where È‡vÍ indicates the thermally-averaged cross section for DM
annihilation times relative velocity [27], calculated at the appro-
priate temperature, flDM is the physical density of DM, and N

A

f

is the number of final state particles f produced in one individual
annihilation event. The constant c depends on whether the DM is
its on antiparticle, in which case c = 1/2, or if there is a mixture
of DM particles and antiparticles (in case there is no asymmetry,
c = 1/4). The analog for decay is
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WIMP DM Search in 2030’

the other hand, generated via tree-level interactions to the
R-symmetry breaking sector [22] (see [23] for a related
mechanism), which leads to a much heavier Higgsino than
the gauginos. As a result, the pure gravity mediation model
predicts the almost pure neutral wino as the lightest
supersymmetry particle (LSP) which is a good candidate
for WIMP dark matter.
As mentioned earlier, the wino dark matter possesses a

phenomenologically notable feature, a large annihilation
cross section enhanced by the so-called Sommerfeld effects
[16–18]. Due to the enhancement, the annihilation cross
section into a pair of the W-bosons at present universe
is automatically boosted to be 10−24–10−25 cm3=s. In
Fig. 1(a), we show the annihilation cross section of the
wino dark matter into a pair of W bosons as a solid line.
With this large cross section, the antiproton flux from the
wino annihilation can be comparable to the secondary
astrophysical antiproton flux at Tp ≳ 100 GeV, with Tp

being the kinetic energy of a proton and an antiproton.
There are two favored mass regions for the wino dark

matter. One is the mass region around 3 TeV where the
observed dark matter density is explained solely by its
thermal relic density [24]. The other region is below
1–1.5 TeV where the relic density is provided nonthermally
by the decay of the gravitino [25,26]. There, the appropriate
gravitino abundance for the nonthermal wino production is
achieved when the reheating temperature of the universe is
consistent with the traditional thermal leptogenesis scenario
[27]. As we will see shortly, the wino mass in the both mass
regions can sizably contribute to the antiproton spectrum,
although the thermal wino case fits the observed spectrum
of the antiproton fraction particularly well.

So far, the mass of the wino dark matter has been
constrained by collider experiments. Among them, the
searches for disappearing tracks made by a short lived
charged wino inside the detectors put a lower limit on the
mass of the wino dark matter,

M ~w ≳ 270 GeV; ð1Þ

with 20 fb−1 data at LHC 8 TeV running [28].3 At the
14 TeV running, the limit can be pushed up to 500 GeV
with 100 fb−1 data [30]. See also Refs. [31–33] for more
details on the future prospects of the wino dark matter
searches at the collider experiments.
The wino dark matter is also constrained by the indirect

detections of dark matter in cosmic rays. To date, the most
robust limit comes from the gamma-ray searches from the
dwarf spheroidal galaxies (dSphs) at the Fermi-LATexperi-
ment. By taking uncertainties of the dark matter profile of
the dSphs, it has excludedM ~w ≲ 320 GeV and 2.25 TeV≲
M ~w ≲ 2.43 TeV at the 95% confidence level (C.L.) using
four-year data [34].4 It should be noted that the constraints
on the wino dark matter via monochromatic gamma-ray
searches from the galactic center [37] and from the dSphs
[38] by the H.E.S.S experiments are less stringent due to
large uncertainties of the dark matter profile at the galaxy
center (see e.g. Ref. [39]) and the small cross section into
the monochromatic gamma rays.

FIG. 1 (color online). (a) Constraints on the (MDM-hσvi) plane. The black solid lines show the predicted annihilation cross sections for
the wino and Higgsino. Red solid, blue dashed and green dotted lines show the upper bounds on the annihilation cross section at
95% C.L. for MIN, MED and MAX propagation models, respectively. The shaded regions with the same color show the best-fitted
regions. The constraint from the Fermi is shown with the orange bands. The yellow vertical shaded region indicates the wino mass range
where the wino thermal relic abundance is the observed dark matter density. (b) Predicted antiproton to proton ratio with experimental
data. The solid (dashed) lines show the case with (without) the dark matter contributions.

3See [29] for a two-loop calculation of the wino mass splitting.
4For uncertainties and future prospects of the searches for the

wino dark matter via the gamma rays from the dSphs, see e.g.
[35,36].
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WIMP annihilation in the universe Direct WIMP nucleus scattering

             

~𝜒 +  ~𝜒 →  … →  … + 𝜐 + ~𝜐  ,  …𝛾 + 𝛾

… →  … + 𝑒+,  … +  𝑝̄

➢ search for neutrinos or gammas from 
large mass accumulations (center of 
galaxy, sun,…)

~𝜒 + 𝑁  →  ~𝜒 + 𝑁

➢ direct proof for WIMPs in halo of our 
galaxy

➢ ultra low momentum transfer and rate

Generation at accelerators 
e.g. LHC

𝑝 + 𝑝  →  … →  … +  ~𝑎 +  ~𝜒

➢ indirect detection by missing mass + 
momentum

➢ a signal would not yet be a direct 
proof for the missing Dark Matter of 
the universe
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Dark Matter 
（WIMP）

Deposit Energy

•WIMP mean velocity is  about 230 km/s at the location of our solar system.  

• WIMPs interact with ordinary matter through elastic scattering on nuclei.  

•Typical nuclear recoil energies are of order of 1 to 100 keV. 

v ~ 200 km/s
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ities and proper motions in the Galactic center. Squares are
based on kinematics of OH/IR stars (Lindqvist et al. 1992).
The point at 3.5 kpc is based on the Zhao (1996a, 1996b)
model of the bar. Because the model was compared with the
data on stellar kinematics (inner rotation curve and radial
velocity dispersion), it gives a constraint on the total mass:
4! 1010 M", with an uncertainty of about 20%. For the
next data point at 8.5 kpc we simply assume that the circular
velocity is 220# 20 km s$1, which covers the whole range of
reasonable values. We then estimate the mass as
M ¼ v2r=G. The last observational point is the constraint

from the motions of satellite galaxies discussed in x 3. The
central data points were not used either in our fitting or in
the analysis of the bulge (Zhao 1996b). Nevertheless, they
come fairly close to the extrapolation of our model into the
very center of our Galaxy. The theoretical curves for our
favored models A1 and B1 are very close to each other,
which is not surprising because they fit the same data and
have the same global darkmatter content. The largest devia-
tion of the models from the data is for the mass inside 100
pc, where the observational estimate is twice larger than the
prediction of the models. Even at this point the disagree-
ment is not alarming because the observational data are
likely more uncertain than the formal error.

What is remarkable about Figure 3 is that it spans more
than 5 orders of magnitude in radius and mass. It is encour-
aging that, without fine-tuning, our models are consistent
with observations of the dynamical mass of the MW over
this huge range.

Finding an acceptable model for M31 was relatively easy
because there are much less data. In particular, we do not
have kinematic constraints for the disk, which would be
equivalent to constraints at the solar position in our Galaxy.
Our model seems to reproduce reasonably well the dynami-
cal mass of M31 from 100 pc to &100 kpc. Our model does
not produce the very large wiggles exhibited by the observed
rotation curve. The wiggles at 5 and 9 kpc are likely due to
noncircular motions induced by the bar and, thus, as dis-
cussed before, cannot be reproduced by any axisymmetric
model. The bulge of M31 is almost twice as massive as the
bulge of our Galaxy. It is also slightly (30%) more compact.
The disk of M31 is also more massive, but it is more
extended. As a result, in the central 5 kpc of the M31 the

Fig. 2.—Rotation curve for our favorite models A1 (no exchange of
angular momentum) and B1 (with the exchange). Note that the dark matter
dominates only in the outer part of theMilkyWay. Symbols show observa-
tional data from H imeasurements of Knapp et al. (1985; circles) and Kerr
et al. (1986; triangles).

Fig. 3.—Mass distribution of the MW galaxy for model A1 ( full curve)
and model B1 (dashed curve). The large dots with error bars are observatio-
nal constraints. From small to large radii the constraints are based on the
following: stellar radial velocities and proper motions in the Galactic cen-
ter; radial velocities of OH/IR stars; modeling of the bar using DIRBE and
stellar velocities; rotational velocity at the solar radius; and dynamics of
satellites.
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DM arounds us
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How can we detect dark matter that interacts only 
very rarely with ordinary matter?

ρdm =  0.3 GeV/cm3

a few WIMPs/Liter 

(~ 100GeV WIMP mass case)

109 WIMPS/sec go through our body
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Practice : Dark Matter Passing Through Your Body
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Human body surface ~ 1 m2



Masaki Yamashita 52



fast neutron, neutrino 
WIMP

nuclear recoil electronic recoil

-U/Th/40K etc background 

Interaction with dark matter 
Goodman and Witten PRD(1985)
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How to detect?  Radiation detector
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•incoming particle interacts with atom in your detector. 
•ionize or excite atom 
•produce scintillation light, charge, phonon … 
– light ->detected by photo sensors (PMT, SiPM) 
–charge-> collect charges by applying an electric field. (Ge, Time projection Chamber )  
–phonon-> bolometer (low temperature detector, Si, Ge …) 

•measure deposited energy by counting those quanta



Deposit energy in a detector

Let’s assume: 
Mw = 100 GeV/c2  , MT  = 100 GeV/c2 (Xe :A ~130) , 
r = 1 

WIMP velocity: v= 220 km/sec ~ 0.75 X 10-3 c 
ER?
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WIMP
Nuclear 
ex) Xeθ

(center of mass)

θ

ER = r
(1 − cosθ)

2
EW

where N0 is the Avogadro number (6.02×1026 kg−1), v is the dark matter velocity. From
Eq.(3.1) and Eq.(3.5), total event rate R is then

R=
N0
A
σ0

Z
vdn=

N0
A
σ0n0�v�. (3.6)

Here, �v� is the mean dark matter velocity. The total event rate R0 for vE = 0 and vesc =∞
is expressed as

R0 =
N0
A
σ0n0

2v0√
π

(3.7)

for vE �= 0 and vesc �= 0, using (3.3), (3.6) and (3.7)

R= R0
√
π
2
�v�
v0

= R0
k0
k

1
2πv40

Z
v f (v,vE)d3v (3.8)

R0 is conventionally expressed in units kg−1d−1. Normalized to ρD = 0.3 GeVc−2cm−3
and v0 = 230km s−1, (3.7) is written as:

R0 =
377

MχMN

≥ σ0
1pb

¥≥ ρD
0.3GeVc−2cm−3

¥≥ v0
230km s−1

¥
kg d−1 (3.9)

withMχ ,MN in GeV c−2,where MN is the mass of target nucleus (MN = 0.932 A).

3.2 Differential rate
The recoil energy of a nucleus struck (ER) by a dark matter particle of kinetic energy
E(= 1

2Mχv2) scattered at angle θ in center of mass is:

ER = Er(1− cosθ)/2, (3.10)

r =
4MχMN

(Mχ +MN)2
, (3.11)

It is assumed that the scattering is isotropic, so that recoils are uniformly distributed in
ER, over the range 0≤ ER ≤ Er,

dR
dER

=
Z Emax

Emin

1
Er
dR(E) =

1
E0r

Z vmax

vmin

v20
v2
dR(v), (3.12)

where Emin(Emax) is the smallest (biggest) particle energy which can give a recoil energy
and vmin (vmax) is the dark matter particle velocity corresponding to Emin (Emax),

Emin = ER/r , vmin = (2Emin/Mχ)1/2 = (ER/E0r)1/2v0.

The differential form of (3.8) is

dR= R0
k0
k

1
2πv40

v f (v,vE)d3v, (3.13)
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deposit energy in a detector

Let’s assume: 
Mw = 100 GeV/c2  , MT  = 100 GeV/c2 (Xe :A ~130) 
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ER =
1
2

Mwβ2c2

= 1/2 × 100GeV/c2 × (0.75 × 10−3)2

≂ 28keV energy
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