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Fig. 25. Measured angular power spectra of Planck, WMAP9, ACT, and SPT. The model plotted is Planck’s best-fit model including Planck
temperature, WMAP polarization, ACT, and SPT (the model is labelled [Planck+WP+HighL] in Planck Collaboration XVI (2013)). Error bars
include cosmic variance. The horizontal axis is `0.8.

than that measured using traditional techniques, though in agree-
ment with that determined by other CMB experiments (e.g.,
most notably from the recent WMAP9 analysis where Hinshaw
et al. 2012c find H0 = (69.7 ± 2.4) km s�1 Mpc�1 consis-
tent with the Planck value to within ⇠ 1�). Freedman et al.
(2012), as part of the Carnegie Hubble Program, use Spitzer
Space Telescope mid-infrared observations to recalibrate sec-
ondary distance methods used in the HST Key Project. These
authors find H0 = (74.3±1.5±2.1) km s�1 Mpc�1 where the first
error is statistical and the second systematic. A parallel e↵ort by
Riess et al. (2011) used the Hubble Space Telescope observa-
tions of Cepheid variables in the host galaxies of eight SNe Ia to
calibrate the supernova magnitude-redshift relation. Their ‘best
estimate’ of the Hubble constant, from fitting the calibrated SNe
magnitude-redshift relation is, H0 = (73.8 ± 2.4) km s�1 Mpc�1

where the error is 1� and includes known sources of systematic
errors. At face value, these measurements are discrepant with the
current Planck estimate at about the 2.5� level. This discrep-
ancy is discussed further in Planck Collaboration XVI (2013).

Extending the Hubble diagram to higher redshifts we note
that the best-fit⇤CDM model provides strong predictions for the
distance scale. This prediction can be compared to the measure-
ments provided by studies of Type Ia SNe and baryon acoustic
oscillations (BAO). Driven in large part by our preference for
a higher matter density we find mild tension with the (relative)
distance scale inferred from compilations of SNe (Conley et al.
2011; Suzuki et al. 2012). In contrast our results are in excellent

agreement with the BAO distance scale compiled in Anderson
et al. (2012).

The Planck data, in combination with polarization measured
by WMAP, high-` anisotropies from ACT and SPT and other,
lower redshift data sets, provides strong constraints on devia-
tions from the minimal model. The low redshift measurements
provided by the BAO allow us to break some degeneracies still
present in the Planck data and significantly tighten constraints on
cosmological parameters in these model extensions. The ACT
and SPT data help to fix our foreground model at high `. The
combination of these experiments provides our best constraints
on the standard 6-parameter model; values of some key parame-
ters in this model are summarized in Table 9.

From an analysis of an extensive grid of models, we find no
strong evidence to favour any extension to the base ⇤CDM cos-
mology, either from the CMB temperature power spectrum alone
or in combination with Planck lensing power spectrum and other
astrophysical datasets. For the wide range of extensions which
we have considered, the posteriors for extra parameters gener-
ally overlap the fiducial model within 1�. The measured values
of the ⇤CDM parameters are relatively robust to the inclusion
of di↵erent parameters, though a few do broaden significantly if
additional degeneracies are introduced. When the Planck likeli-
hood does provide marginal evidence for extensions to the base
⇤CDM model, this comes predominantly from a deficit of power
(compared to the base model) in the data at ` < 30.

The primordial power spectrum is well described by a
power-law over three decades in wave number, with no evidence
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• Dark Matter in the CMB temperature perturbation
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< 0 , ä > 0 (286)
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• Dark Matter for the Large scale structure formation

Early Universe
Homogeneous, isotropic

Present Universe
Inhomogeneous, anisotropic

1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. Therefore
at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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• Rotation curve of spiral galaxy

1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. Therefore
at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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The bullet cluster
Optical  X-ray Gas Dark Matter 

Gravitational potential is located in a Dark Matter (blue) 
other than the ordinary matter (red) 

Two colliding clusters of galaxies

(1E 0657-558)

• Bullet cluster [Clowe et.al, 2006]
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Why do we need dark matter?
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Non-thermal production:  Misalignment mechanism

The oscillating scalar fields behaves like cold dark matter.
Example : axion
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The necessities of Dark Matter all come from the 
gravitational observation.

Why there is no other signatures of dark matter in the non-
gravitational one?

We have many models where DM has weak interactions.
They may show up in the non-gravitational phenomena. 
We want to see these signatures if any.
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Signatures of 
Dark Matter

• Direct Detection

• Indirect Detection
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Already observed
Dark Matter?

• Signals in the direct detection?
• Signals in the gamma ray?
• Signals in the cosmic ray?
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• Dark Matters are around us

DM density around Sun

1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. Therefore
at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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Air density at sea level
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• Dark Matters are moving around
The velocity distribution of DM is assumed to be Maxwell-Boltzmann
corresponding to spherical and isotropic density distribution of             , 
with velocity dispersion 270 km/sec and truncated to the value for the 
escape velocity.

[Catena, Ullio, 2010, 2012]
“The local dark matter phase-space density and impact on WIMP direct detection” 
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• Rotation curve of spiral galaxy
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2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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theoretical model. They depend on the contributions of the light quarks to the mass of the nucleons and
on the quark spin distribution within the nucleons, respectively, and on the composition of the dark matter
particle2. hS

p

, S

n

i = hN |S
p,n

|Ni are the expectation values of total proton and neutron spin operators in
the limit of zero momentum transfer, and must be determined using detailed nuclear model calculations.
The nuclear form factor for the coherent interaction is taken as the Fourier transform of the nucleon density
and is parameterized as a function of momentum transfer p [8]:
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2 � 5s2 with R ' 1.25A1/3 fm. At zero momentum transfer, the nuclear form factor is normalized to
unity, F (0) = 1. In the spin-dependent case, the form factor is defined as:
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with the three independent form factors, namely the pure isoscalar term S

00

, the pure isovector term S

11

and the interference term S

01

. Calculations of the expectation values hS
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i and of the structure functions
S(p) are based on the shell-model with various nucleon-nucleon potentials and truncation schemes of the
valence space used in the computation [9, 10, 11, 12, 13]. Ref. [13] uses for the first time chiral e↵ective
field theory (EFT) currents [14, 15] to determine the spin-dependent couplings of WIMPs to nucleons. We
can immediately see that the spin-independent interaction cross section depends on the total number of
nucleons, while the spin-dependent cross section is in general smaller, and only relevant for odd-even nuclei
which have a non-zero spin in their ground state.

2.3. Input from astrophysics

Uncertainties in the WIMP velocity distribution f(v) and in the local dark matter density ⇢
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⌘ ⇢(R
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=
8 kpc) will translate into uncertainties in the predicted event rates and ultimately in the inferred scat-
tering cross section and WIMP mass.3 In the so-called standard halo model (SHM), which describes an
isotropic, isothermal sphere of collisionless particles with density profile ⇢(r) / r

�2, the velocity distribution
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will not be gravitationally bound to the galaxy. The parameters used in the SHM are ⇢
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2I note that ap and an are customary defined as / (
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(2)GF )�1, hence the appearance of G2
F in the spin-dependent, but

not in the spin-independent equation.
3A discussion of recent determinations of relevant astrophysical parameters and their systematic errors, as well as a study

of the e↵ects of their uncertainties in direct detection experiments can be found in [16].
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• Earth and Sun are moving around Galaxy

Earth goes around Sun,  Sun goes around Galaxy.

1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.

f�(~v) = f
gal

(~v + ~v� + ~v�) (1)

⇤CDM

log
10

����
�⇢

⇢

���� (2)

⇢m,0

⇢�,0
⇠ 2⇥ 103 (3)

nv ⇠ E�2.7 T
0

= 2.7K ⇢�,0 = 4.8⇥ 10�34gram cm�3

⇢m,0 ⇠ 10�30gram cm�3

(4)

v ⇠ 100 km/ sec n =
⇢

m
⇠ 0.3 cm�3

✓
1GeV

m

◆
� ⇠ 10�40 cm�2 (5)

⇢
DM

(Sun) ⇠ 0.3± 0.2GeV/ cm3 ⇠ 5⇥ 10�25 gram/ cm3

⇢
air

⇠ 10�3 gram/ cm3

(6)

1

1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.

v� ⇠ 220 km/ sec v� ⇠ 30 km/ sec (1)

f�(~v) = f
gal

(~v + ~v� + ~v�) (2)

⇤CDM

log
10

����
�⇢

⇢

���� (3)

⇢m,0

⇢�,0
⇠ 2⇥ 103 (4)

nv ⇠ E�2.7 T
0

= 2.7K ⇢�,0 = 4.8⇥ 10�34gram cm�3

⇢m,0 ⇠ 10�30gram cm�3

(5)

v ⇠ 100 km/ sec n =
⇢

m
⇠ 0.3 cm�3

✓
1GeV

m

◆
� ⇠ 10�40 cm�2 (6)

1

1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.

v� ⇠ 220 km/ sec v� ⇠ 30 km/ sec (1)

f�(~v) = f
gal

(~v + ~v� + ~v�) (2)

⇤CDM

log
10

����
�⇢

⇢

���� (3)

⇢m,0

⇢�,0
⇠ 2⇥ 103 (4)

nv ⇠ E�2.7 T
0

= 2.7K ⇢�,0 = 4.8⇥ 10�34gram cm�3

⇢m,0 ⇠ 10�30gram cm�3

(5)

v ⇠ 100 km/ sec n =
⇢

m
⇠ 0.3 cm�3

✓
1GeV

m

◆
� ⇠ 10�40 cm�2 (6)

1

The velocity has annual and diurnal modulation.

1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.

E
kin

' (1� 10) keV (1)

⌦
DM

' 0.26 v
esc

⇠ 500 km/ sec (2)

m & 1 keV (3)

⌦h2 =
⇢

⇢c
h2 = mY

sh2

⇢c
= 2.8⇥

✓
Y

10�8

◆⇣ m

GeV

⌘
(4)

Y ' nX

s

���
T
f

' 3H

sh�vi ⇠ 1

h�viMPTf
' xf

h�viMPmX
(5)

Y ⌘ n

s
s = s(t)R(t)3 = const. (6)

n =
⇢

M
dm

⇠ 0.3

cm3

✓
1GeV

M
dm

◆
(7)

F = nv

⇠ 1016(m2 sec srGeV)�1

(8)

1

for (10-100) GeV DM.

9

1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.

hvi = v
0

± v�

' 220 km/ sec ± 30 km/ sec
(1)

mr ' mW mr ' mN (2)

dR

dER
= NNmN

⇢
0

mW

�
0

F 2

2m2

r

Z

vmin

f(v)

v
dv (3)

d�

dER
mW = 100GeV (4)

v
min

=

s
mNER

2m2

r

(5)

10�4 (6)

1

Wednesday, August 21, 13



10

Direct Detection

Wednesday, August 21, 13



• Direct Detection
Address Yangyang-gun, Gangwon-do

©2013 Google - Map data ©2013 Google, SK planet -

Jirisan

YangYang

1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. Therefore
at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.

v ⇠ 100 km/ sec n =
⇢

m
⇠ 0.3 cm�3

✓
1GeV

m

◆
(1)

⇢
DM

(Sun) ⇠ 0.3± 0.2GeV/ cm3 ⇠ 5⇥ 10�25 gram/ cm3

⇢
air

⇠ 10�3 gram/ cm3

(2)

h�
ann

vi ⇠ ↵2

(300GeV)2
⇠ 10�9 GeV�2 (3)

' 2.5⇥ 10�10 GeV

h�
ann

vi ' 3⇥ 10�27 cm3 sec�1

h�
ann

vi (4)

�⇢

⇢
⇠ 10�5

�⇢

⇢
� 1 (5)

⇢ / R�4 ⇢ / R�3 (6)

1

1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.

E
kin

' (1� 10) keV (1)

⌦
DM

' 0.26 v
esc

⇠ 500 km/ sec (2)

m & 1 keV (3)

⌦h2 =
⇢

⇢c
h2 = mY

sh2

⇢c
= 2.8⇥

✓
Y

10�8

◆⇣ m

GeV

⌘
(4)

Y ' nX

s

���
T
f

' 3H

sh�vi ⇠ 1

h�viMPTf
' xf

h�viMPmX
(5)

Y ⌘ n

s
s = s(t)R(t)3 = const. (6)

n =
⇢

M
dm

⇠ 0.3

cm3

✓
1GeV

M
dm

◆
(7)

F = nv

⇠ 1016(m2 sec srGeV)�1

(8)

1

11

Wednesday, August 21, 13



12

14

Roughly the DM flux is Assuming a local dark matter density of ⇢
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WN

⇠10�38cm2,
leading to a rate for elastic scattering:

R ⇠ N

N

⇥ �

0

⇥ �

WN

=
N

A

A

⇥ ⇢

0

m

W

⇥ hvi ⇥ �

WN

⇠ 0.13 events kg�1year�1

, (7)

where N

N
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2.2. Input from particle and nuclear physics

While the WIMP mass and interaction strength can in principle be theoretically predicted, these quanti-
ties are only loosely constrained, with predictions in various BSM theories spanning many orders of magni-
tude, in particular regarding the expected interaction cross section. An upper bound of 340TeV (240TeV)
on the mass of a stable Majorana (Dirac) fermion which was once in thermal equilibrium was derived by
Griest and Kamionkowski [7], based on partial-wave unitarity of the S-matrix. The unitarity condition
bounds the annihilation cross section in the early Universe, which provides a limit on the relic abundance
and the mass of the dark matter particle. The WIMP-nucleus speed is of the order of 220 km s�1, and the
average momentum transfer is:
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Hence the elastic scattering occurs in the extreme non-relativistic limit and the low-energy scattering will
be isotropic in the center of mass frame. The de Broglie wavelength corresponding to a momentum transfer
of p=10MeV/c is:
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which is larger than the diameter of most nuclei, apart from the heaviest ones. The scattering amplitudes
on individual nucleons will then add coherently, and only for heavy nuclei and/or WIMPs in the tail of the
velocity distribution coherence losses, typically expressed with a nuclear form factor which is smaller than
one, will start to play a role. In the case of a spin-1/2 or spin-1 WIMP field, the di↵erential WIMP-nucleus
cross section can be expressed as the sum of the spin-independent (SI) and spin-dependent (SD) terms:

d�

WN

dE

R

=
m

N

2m2

r

v

2

⇥
�

SI

F

2

SI

(E
R

) + �

SD

F

2

SD

(E
R

)
⇤
, (11)

where �
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and �
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are the cross sections in the zero momentum transfer limits, F
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and F
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are the nuclear
form factors, that depend on the recoil energy and
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with f

p

, f

n

and a

p

, a

n

being the e↵ective WIMP-couplings to neutrons and protons in the spin-independent
and spin-dependent case, respectively. These can be calculated using an e↵ective Lagrangian of the given
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the early Universe and at the present universe. What is the candidates of dark
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2.2. Input from particle and nuclear physics

While the WIMP mass and interaction strength can in principle be theoretically predicted, these quanti-
ties are only loosely constrained, with predictions in various BSM theories spanning many orders of magni-
tude, in particular regarding the expected interaction cross section. An upper bound of 340TeV (240TeV)
on the mass of a stable Majorana (Dirac) fermion which was once in thermal equilibrium was derived by
Griest and Kamionkowski [7], based on partial-wave unitarity of the S-matrix. The unitarity condition
bounds the annihilation cross section in the early Universe, which provides a limit on the relic abundance
and the mass of the dark matter particle. The WIMP-nucleus speed is of the order of 220 km s�1, and the
average momentum transfer is:
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which is larger than the diameter of most nuclei, apart from the heaviest ones. The scattering amplitudes
on individual nucleons will then add coherently, and only for heavy nuclei and/or WIMPs in the tail of the
velocity distribution coherence losses, typically expressed with a nuclear form factor which is smaller than
one, will start to play a role. In the case of a spin-1/2 or spin-1 WIMP field, the di↵erential WIMP-nucleus
cross section can be expressed as the sum of the spin-independent (SI) and spin-dependent (SD) terms:
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• WIMP direct detection techniques

Signal from DM scattering ~ one event/year/ton for 
Background ~ one per day 
(alpha particle, electron, photon : electron recoil neutron : nuclear recoil)

(Typical recoil energy is keV)
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For small DM mass, For large DM mass, 

2. Direct detection of WIMPs

The idea that WIMPs can be detected by elastic scattering o↵ nuclei in a terrestrial detector goes back to
Goodman and Witten [4], following the suggestion of Drukier and Stodolsky [5] to detect solar and reactor
neutrinos by exploiting their elastic neutral-current scattering of nuclei in a detector made of superconducting
grains embedded in a non-superconducting material. The study was extended by Drukier, Freese and Spergel
[6] to include a variety of cold dark matter candidates, as well as details of the detector and the halo model.
They also showed that the Earth’s motion around the Sun produces an annual modulation in the expected
signal. On the theoretical side, much progress has been made in refining all aspects entering the prediction
of scattering event rates: from detailed cross section calculations in specific particle and nuclear physics
models, to refined dark matter halo models that take into account uncertainties in the local WIMP density,
in their mean velocity and velocity distribution, as well as in the galactic escape velocity. Progress has been
tremendous on the experimental side: in developing new technologies that yield an increasing amount of
information about every single particle interaction, in applying these technologies to detectors with masses
soon to reach the ton-scale, and in fighting the background noise such that levels below 1 event per kg
and year have now been reached. In this section, I will briefly review predictions for signal event rates
and signatures, considering specific input and constraints from particle physics and from astrophysical and
cosmological measurements.

2.1. Prediction of event rates

The di↵erential rate for WIMP elastic scattering o↵ nuclei can be expressed as:
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2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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The idea that WIMPs can be detected by elastic scattering o↵ nuclei in a terrestrial detector goes back to
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neutrinos by exploiting their elastic neutral-current scattering of nuclei in a detector made of superconducting
grains embedded in a non-superconducting material. The study was extended by Drukier, Freese and Spergel
[6] to include a variety of cold dark matter candidates, as well as details of the detector and the halo model.
They also showed that the Earth’s motion around the Sun produces an annual modulation in the expected
signal. On the theoretical side, much progress has been made in refining all aspects entering the prediction
of scattering event rates: from detailed cross section calculations in specific particle and nuclear physics
models, to refined dark matter halo models that take into account uncertainties in the local WIMP density,
in their mean velocity and velocity distribution, as well as in the galactic escape velocity. Progress has been
tremendous on the experimental side: in developing new technologies that yield an increasing amount of
information about every single particle interaction, in applying these technologies to detectors with masses
soon to reach the ton-scale, and in fighting the background noise such that levels below 1 event per kg
and year have now been reached. In this section, I will briefly review predictions for signal event rates
and signatures, considering specific input and constraints from particle physics and from astrophysical and
cosmological measurements.
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it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.
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plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
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2. Direct detection of WIMPs

The idea that WIMPs can be detected by elastic scattering o↵ nuclei in a terrestrial detector goes back to
Goodman and Witten [4], following the suggestion of Drukier and Stodolsky [5] to detect solar and reactor
neutrinos by exploiting their elastic neutral-current scattering of nuclei in a detector made of superconducting
grains embedded in a non-superconducting material. The study was extended by Drukier, Freese and Spergel
[6] to include a variety of cold dark matter candidates, as well as details of the detector and the halo model.
They also showed that the Earth’s motion around the Sun produces an annual modulation in the expected
signal. On the theoretical side, much progress has been made in refining all aspects entering the prediction
of scattering event rates: from detailed cross section calculations in specific particle and nuclear physics
models, to refined dark matter halo models that take into account uncertainties in the local WIMP density,
in their mean velocity and velocity distribution, as well as in the galactic escape velocity. Progress has been
tremendous on the experimental side: in developing new technologies that yield an increasing amount of
information about every single particle interaction, in applying these technologies to detectors with masses
soon to reach the ton-scale, and in fighting the background noise such that levels below 1 event per kg
and year have now been reached. In this section, I will briefly review predictions for signal event rates
and signatures, considering specific input and constraints from particle physics and from astrophysical and
cosmological measurements.

2.1. Prediction of event rates

The di↵erential rate for WIMP elastic scattering o↵ nuclei can be expressed as:
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where E
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is the energy threshold of the detector, and v

max

is the escape WIMP velocity in the Earth
reference frame. The simplest galactic model assumes a Maxwell-Boltzmann distribution for the WIMP
velocity in the galactic rest frame with a velocity dispersion of �

v

⇡ 270 km s�1 and an escape velocity of
v
esc

⇡ 544 km s�1. I will discuss these parameters in more detail in section 2.3.
To provide a simple numerical example, I assume that both the nuclear andWIMPmasses are 100GeV/c2,

and that the mean WIMP velocity relative to the target is hvi = 220 km s�1 = 0.75⇥10�3c. The mean
energy impinged on the nucleus is:
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2.2. Input from particle and nuclear physics

While the WIMP mass and interaction strength can in principle be theoretically predicted, these quanti-
ties are only loosely constrained, with predictions in various BSM theories spanning many orders of magni-
tude, in particular regarding the expected interaction cross section. An upper bound of 340TeV (240TeV)
on the mass of a stable Majorana (Dirac) fermion which was once in thermal equilibrium was derived by
Griest and Kamionkowski [7], based on partial-wave unitarity of the S-matrix. The unitarity condition
bounds the annihilation cross section in the early Universe, which provides a limit on the relic abundance
and the mass of the dark matter particle. The WIMP-nucleus speed is of the order of 220 km s�1, and the
average momentum transfer is:
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which is in the range between ⇠6MeV/c – 70MeV/c for values of m
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in the range 10GeV/c2 – 1TeV/c2.
Hence the elastic scattering occurs in the extreme non-relativistic limit and the low-energy scattering will
be isotropic in the center of mass frame. The de Broglie wavelength corresponding to a momentum transfer
of p=10MeV/c is:
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which is larger than the diameter of most nuclei, apart from the heaviest ones. The scattering amplitudes
on individual nucleons will then add coherently, and only for heavy nuclei and/or WIMPs in the tail of the
velocity distribution coherence losses, typically expressed with a nuclear form factor which is smaller than
one, will start to play a role. In the case of a spin-1/2 or spin-1 WIMP field, the di↵erential WIMP-nucleus
cross section can be expressed as the sum of the spin-independent (SI) and spin-dependent (SD) terms:
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being the e↵ective WIMP-couplings to neutrons and protons in the spin-independent
and spin-dependent case, respectively. These can be calculated using an e↵ective Lagrangian of the given
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tude, in particular regarding the expected interaction cross section. An upper bound of 340TeV (240TeV)
on the mass of a stable Majorana (Dirac) fermion which was once in thermal equilibrium was derived by
Griest and Kamionkowski [7], based on partial-wave unitarity of the S-matrix. The unitarity condition
bounds the annihilation cross section in the early Universe, which provides a limit on the relic abundance
and the mass of the dark matter particle. The WIMP-nucleus speed is of the order of 220 km s�1, and the
average momentum transfer is:

hpi ' m

r

hvi (9)

which is in the range between ⇠6MeV/c – 70MeV/c for values of m
W

in the range 10GeV/c2 – 1TeV/c2.
Hence the elastic scattering occurs in the extreme non-relativistic limit and the low-energy scattering will
be isotropic in the center of mass frame. The de Broglie wavelength corresponding to a momentum transfer
of p=10MeV/c is:

� =
h

p

' 20 fm > r

0

A

1/3 = 1.25 fm A

1/3 (10)

which is larger than the diameter of most nuclei, apart from the heaviest ones. The scattering amplitudes
on individual nucleons will then add coherently, and only for heavy nuclei and/or WIMPs in the tail of the
velocity distribution coherence losses, typically expressed with a nuclear form factor which is smaller than
one, will start to play a role. In the case of a spin-1/2 or spin-1 WIMP field, the di↵erential WIMP-nucleus
cross section can be expressed as the sum of the spin-independent (SI) and spin-dependent (SD) terms:
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where �
SI

and �

SI

are the cross sections in the zero momentum transfer limits, F
SI

and F

SD

are the nuclear
form factors, that depend on the recoil energy and
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]2 , (12)
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with f

p

, f

n

and a

p

, a

n

being the e↵ective WIMP-couplings to neutrons and protons in the spin-independent
and spin-dependent case, respectively. These can be calculated using an e↵ective Lagrangian of the given

3

: nuclear form factors

WIMP-nucleus differential cross section
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For small DM mass, 

velocity distribution : Maxwell-Boltzmann distribution

For large DM mass, 

2. Direct detection of WIMPs

The idea that WIMPs can be detected by elastic scattering o↵ nuclei in a terrestrial detector goes back to
Goodman and Witten [4], following the suggestion of Drukier and Stodolsky [5] to detect solar and reactor
neutrinos by exploiting their elastic neutral-current scattering of nuclei in a detector made of superconducting
grains embedded in a non-superconducting material. The study was extended by Drukier, Freese and Spergel
[6] to include a variety of cold dark matter candidates, as well as details of the detector and the halo model.
They also showed that the Earth’s motion around the Sun produces an annual modulation in the expected
signal. On the theoretical side, much progress has been made in refining all aspects entering the prediction
of scattering event rates: from detailed cross section calculations in specific particle and nuclear physics
models, to refined dark matter halo models that take into account uncertainties in the local WIMP density,
in their mean velocity and velocity distribution, as well as in the galactic escape velocity. Progress has been
tremendous on the experimental side: in developing new technologies that yield an increasing amount of
information about every single particle interaction, in applying these technologies to detectors with masses
soon to reach the ton-scale, and in fighting the background noise such that levels below 1 event per kg
and year have now been reached. In this section, I will briefly review predictions for signal event rates
and signatures, considering specific input and constraints from particle physics and from astrophysical and
cosmological measurements.

2.1. Prediction of event rates

The di↵erential rate for WIMP elastic scattering o↵ nuclei can be expressed as:
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where N

N

is the number of the target nuclei, m
W

is the WIMP mass, ⇢
0

the local WIMP density in the
galactic halo, v and f(v) are the WIMP velocity and velocity distribution function in the Earth frame
and d�/dE

R

is the WIMP-nucleus di↵erential cross section. The energy that is transferred to the recoiling
nucleus is:
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N

(1� cos ✓), (2)

where p is the momentum transfer, ✓ is the scattering angle in the WIMP-nucleus center-of-mass frame, m
N

is the nuclear mass and m

r

is the WIMP-nucleus reduced mass:
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. (3)

The minimum velocity is:

v

min

=

s
m

N

E

th

2m2

r

, (4)

where E

th

is the energy threshold of the detector, and v

max

is the escape WIMP velocity in the Earth
reference frame. The simplest galactic model assumes a Maxwell-Boltzmann distribution for the WIMP
velocity in the galactic rest frame with a velocity dispersion of �

v

⇡ 270 km s�1 and an escape velocity of
v
esc

⇡ 544 km s�1. I will discuss these parameters in more detail in section 2.3.
To provide a simple numerical example, I assume that both the nuclear andWIMPmasses are 100GeV/c2,

and that the mean WIMP velocity relative to the target is hvi = 220 km s�1 = 0.75⇥10�3c. The mean
energy impinged on the nucleus is:

hE
R

i = 1

2
m

W

hvi2 ⇠ 30 keV. (5)
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I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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Maximum recoil rate is when the DM mass is around the nucleus mass.
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underlying assumption is that the phase-space distribution of the dark matter has reached a steady state
and is smooth, which may not be the case for the Milky Way, in particular at the sub-milliparsec scales
probed by direct detection experiments4. High-resolution, dark-matter-only simulations of Milky Way-like
halos find that the dark matter mass distribution at the solar position is indeed smooth, with substructures
being far away from the Sun. The local velocity distribution of dark matter particles is likewise found to
be smooth, and close to Maxwellian [17]. However, because of their finite resolution, numerical simulations
typically probe the dark matter distribution on kpc-scales, and whether the local dark matter distribution
consists of a number of streams is still an open issue. Recent simulation of hierarchical structure formation
including the e↵ect of baryons revealed that a thick dark matter disk forms in galaxies, along with the dark
matter halo [18, 19]. The dark disk has a density of ⇢

d

/⇢

0

= 0.25�1.5 and the kinematics are predicted
to follow the Milky Way’s stellar thick disk. At the solar neighborhood, this yields a rotation lag of
v
lag

=40�50 km/s with respect to the local circular velocity, and a dispersion of � '40�60 km/s. These
velocities are significantly lower than in the SHM and, should such an additional macroscopic dark matter
structure be indeed present in our own galaxy, would have implications for the expected rates in direct [20]
and indirect [21] dark matter detection experiments.

2.4. Predicted signatures

To convincingly detect a WIMP-induced signal, a specific signature from a particle populating our
galactic halo is desirable. As detailed in previous sections, the shape of the recoil energy spectrum depends
both on the mass of the target nucleus, and on the WIMP mass: for m

W

⌧ m

N

, E

R

/ m

2

W

and for
m

W

� m

N

, the recoil energy spectrum is independent of the WIMP mass. This means that the WIMP
mass can be determined most accurately when its mass is comparable to the mass of the target nucleus, and
that multiple targets with di↵erent m

N

can help in providing tighter constraints on m
W

[22].
The Earth’s motion through the galaxy induces both a seasonal variation of the total event rate [6, 23]

and a forward-backward asymmetry in a directional signal [24, 25]. The annual modulation of the WIMP
signal arises because of the Earth’s motion in the galactic rest frame, which is a superposition of the Earth’s
rotation around the Sun and the Sun’s rotation around the galactic center. Since the Earth’s orbital speed
v

orb

is much smaller than the Sun’s circular speed, the amplitude of the modulation is small (of the order
of v

orb

/v
c

' 0.07) and the di↵erential rate in the SHM can be written to a first approximation as:
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where T = 1year and the phase is t
0

= 150 d. �E becomes negative at small recoil energies, meaning that
the di↵erential event rates peaks in winter for small recoil energies, and in summer for larger recoils energies
[26]. The energy at which the annual modulation changes phase is also referred to as the crossing energy.
Since its value depends both on the WIMP and the target mass, it can in principle be used to determine
the mass of the WIMP [27], requiring however very low experimental energy thresholds.

A stronger signature would be given by the ability to detect the axis and direction of the recoil nucleus.
Since the WIMP flux in the lab frame is peaked in the direction of motion of the Sun, namely towards the
constellation Cygnus, the recoil spectrum is peaked in the opposite direction. The WIMP interaction rate
as a function of recoil energy and angle � between the WIMP velocity and recoil direction in the galactic
frame is [24]:
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where v

E

orb

is the component of the Earth’s velocity parallel to the direction of solar motion. The forward-
backward asymmetry yields a large e↵ect of the order of O(vE

orb

/v

c

) ⇡ 1. Thus fewer events, namely a few
tens to a few hundred, depending on the halo model, are needed to discover a WIMP signal compared to

4The Earth’s speed with respect to the galactic rest frame is ⇠ 0.7⇥ 1013myr�1 ⇠ 0.22mpc yr�1.
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including the e↵ect of baryons revealed that a thick dark matter disk forms in galaxies, along with the dark
matter halo [18, 19]. The dark disk has a density of ⇢

d

/⇢

0

= 0.25�1.5 and the kinematics are predicted
to follow the Milky Way’s stellar thick disk. At the solar neighborhood, this yields a rotation lag of
v
lag

=40�50 km/s with respect to the local circular velocity, and a dispersion of � '40�60 km/s. These
velocities are significantly lower than in the SHM and, should such an additional macroscopic dark matter
structure be indeed present in our own galaxy, would have implications for the expected rates in direct [20]
and indirect [21] dark matter detection experiments.

2.4. Predicted signatures

To convincingly detect a WIMP-induced signal, a specific signature from a particle populating our
galactic halo is desirable. As detailed in previous sections, the shape of the recoil energy spectrum depends
both on the mass of the target nucleus, and on the WIMP mass: for m
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and for
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, the recoil energy spectrum is independent of the WIMP mass. This means that the WIMP
mass can be determined most accurately when its mass is comparable to the mass of the target nucleus, and
that multiple targets with di↵erent m

N

can help in providing tighter constraints on m
W

[22].
The Earth’s motion through the galaxy induces both a seasonal variation of the total event rate [6, 23]

and a forward-backward asymmetry in a directional signal [24, 25]. The annual modulation of the WIMP
signal arises because of the Earth’s motion in the galactic rest frame, which is a superposition of the Earth’s
rotation around the Sun and the Sun’s rotation around the galactic center. Since the Earth’s orbital speed
v

orb

is much smaller than the Sun’s circular speed, the amplitude of the modulation is small (of the order
of v

orb

/v
c

' 0.07) and the di↵erential rate in the SHM can be written to a first approximation as:
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where T = 1year and the phase is t
0

= 150 d. �E becomes negative at small recoil energies, meaning that
the di↵erential event rates peaks in winter for small recoil energies, and in summer for larger recoils energies
[26]. The energy at which the annual modulation changes phase is also referred to as the crossing energy.
Since its value depends both on the WIMP and the target mass, it can in principle be used to determine
the mass of the WIMP [27], requiring however very low experimental energy thresholds.

A stronger signature would be given by the ability to detect the axis and direction of the recoil nucleus.
Since the WIMP flux in the lab frame is peaked in the direction of motion of the Sun, namely towards the
constellation Cygnus, the recoil spectrum is peaked in the opposite direction. The WIMP interaction rate
as a function of recoil energy and angle � between the WIMP velocity and recoil direction in the galactic
frame is [24]:
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where v

E

orb

is the component of the Earth’s velocity parallel to the direction of solar motion. The forward-
backward asymmetry yields a large e↵ect of the order of O(vE

orb

/v

c

) ⇡ 1. Thus fewer events, namely a few
tens to a few hundred, depending on the halo model, are needed to discover a WIMP signal compared to

4The Earth’s speed with respect to the galactic rest frame is ⇠ 0.7⇥ 1013myr�1 ⇠ 0.22mpc yr�1.
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No signal in the Direct Detection gives upper limit on the scattering 
cross section.

1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.

mr ' mW mr ' mN (1)

dR

dER
= NNmN

⇢
0

mW

�
0

F 2

2m2

r

Z

vmin

f(v)

v
dv (2)

d�

dER
mW = 100GeV (3)

v
min

=

s
mNER

2m2

r

(4)

10�4 (5)

<
dR

dQ

����
obs.limit

(6)

1

<
dR

dER

����
exp.limit

(7)

Z

vmin

f(v)

v
dv / exp(�v2

min

/2�2

v) (8)

dR

dER
/ �

0

mW

dR

dER
/ �

0

m3

W

exp(�a
0

/m2

W ) (9)

T
0

' 2.725K s / R�3 / T 3 � m⌫ ⇠ log(
MPm

Mweak
) (10)

/ mW / m3

W exp(a
0

/m2

W ) (11)

Z

vmin

f(v)

v
dv =

1

v
0

exp(�v2
min

/v2
0

) v
0

' 220 km/ sec (12)

v
min

'
r

ER

2mN

(13)

mr ' m� v
min

' mN

mW

r
ER

2mN

(14)

�SI,p �SD,p (15)

�D

m�
⇢(l) J � factor �⌦ l ⇢(l) (16)

��(E,�⌦) =
1

4⇡

h�vi
2m2

�

X

f

dNf

dE
Bf�⌦

⇢
1

�⌦

Z

�⌦

Z

l.o.s

dl⇢2(l(⌦))

�
(17)

N = �� ·A
e↵

· T
exp

(18)

�� = (19)

2

For small DM mass, For large DM mass, 

Z

vmin

f(v)

v
dv / exp(�v2

min

/2�2

v) (7)

dR

dER
/ �

0

mW

dR

dER
/ �

0

m3

W

exp(�a
0

/m2

W ) (8)

T
0

' 2.725K s / R�3 / T 3 � m⌫ ⇠ log(
MPm

Mweak
) (9)

/ m� / m3

� exp(a
0

/m2

�) (10)

Z

vmin

f(v)

v
dv =

1

v
0

exp(�v2
min

/v2
0

) v
0

' 220 km/ sec (11)

v
min

'
r

ER

2mN

(12)

mr ' m� v
min

' mN

mW

r
ER

2mN

(13)

�SI,p �SD,p (14)

�D

m�
⇢(l) J � factor �⌦ l ⇢(l) (15)

��(E,�⌦) =
1

4⇡

h�vi
2m2

�

X

f

dNf

dE
Bf�⌦

⇢
1

�⌦

Z

�⌦

Z

l.o.s

dl⇢2(l(⌦))

�
(16)

N = �� ·A
e↵

· T
exp

(17)

�� = (18)

1m2 1 yr = ⇡ ⇥ 107 sec 105 m2 100h ' 105 sec (19)

N = (FluxofSMparticlesfromDMannihilation)⇥ (E↵ectivearea)⇥ (Exposuretime)
(20)

2

Z

vmin

f(v)

v
dv / exp(�v2

min

/2�2

v) (7)

dR

dER
/ �

0

mW

dR

dER
/ �

0

m3

W

exp(�a
0

/m2

W ) (8)

T
0

' 2.725K s / R�3 / T 3 � m⌫ ⇠ log(
MPm

Mweak
) (9)

/ m� / m3

� exp(a
0

/m2

�) (10)

Z

vmin

f(v)

v
dv =

1

v
0

exp(�v2
min

/v2
0

) v
0

' 220 km/ sec (11)

v
min

'
r

ER

2mN

(12)

mr ' m� v
min

' mN

mW

r
ER

2mN

(13)

�SI,p �SD,p (14)

�D

m�
⇢(l) J � factor �⌦ l ⇢(l) (15)

��(E,�⌦) =
1

4⇡

h�vi
2m2

�

X

f

dNf

dE
Bf�⌦

⇢
1

�⌦

Z

�⌦

Z

l.o.s

dl⇢2(l(⌦))

�
(16)

N = �� ·A
e↵

· T
exp

(17)

�� = (18)

1m2 1 yr = ⇡ ⇥ 107 sec 105 m2 100h ' 105 sec (19)

N = (FluxofSMparticlesfromDMannihilation)⇥ (E↵ectivearea)⇥ (Exposuretime)
(20)

2

Wednesday, August 21, 13



5

]2WIMP Mass [GeV/c
6 7 8 910 20 30 40 50 100 200 300 400 1000

]2
W

IM
P-

N
uc

le
on

 C
ro

ss
 S

ec
tio

n 
[c

m

-4510

-4410

-4310

-4210

-4110

-4010

-3910

]2WIMP Mass [GeV/c
6 7 8 910 20 30 40 50 100 200 300 400 1000

]2
W

IM
P-

N
uc

le
on

 C
ro

ss
 S

ec
tio

n 
[c

m

-4510

-4410

-4310

-4210

-4110

-4010

-3910

]2WIMP Mass [GeV/c
6 7 8 910 20 30 40 50 100 200 300 400 1000

]2
W

IM
P-

N
uc

le
on

 C
ro

ss
 S

ec
tio

n 
[c

m

-4510

-4410

-4310

-4210

-4110

-4010

-3910

DAMA/I

DAMA/Na

CoGeNT

CDMS (2010/11)
EDELWEISS (2011/12)

XENON10 (2011)

XENON100 (2011)

COUPP (2012)
SIMPLE (2012)

ZEPLIN-III (2012)
CRESST-II (2012)

XENON100 (2012)
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Expected limit of this run: 

 expectedσ 2 ±
 expectedσ 1 ±

FIG. 3: New result on spin-independent WIMP-nucleon scat-
tering from XENON100: The expected sensitivity of this run
is shown by the green/yellow band (1�/2�) and the result-
ing exclusion limit (90% CL) in blue. For comparison, other
experimental results are also shown [19–22], together with
the regions (1�/2�) preferred by supersymmetric (CMSSM)
models [18].

the benchmark region fluctuates to 2 events is 26.4% and
confirms this conclusion.

A 90% confidence level exclusion limit for spin-
independent WIMP-nucleon cross sections �� is calcu-
lated, assuming an isothermal WIMP halo with a lo-
cal density of ⇢� = 0.3GeV/c3, a local circular veloc-
ity of v0 = 220 km/s, and a Galactic escape velocity of
vesc = 544 km/s [17]. Systematic uncertainties in the en-
ergy scale as described by the Le↵ parametrization of [6]
and in the background expectation are profiled out and
represented in the limit. Poisson fluctuations in the num-
ber of PEs dominate the S1 energy resolution and are
also taken into account along with the single PE resolu-
tion. The expected sensitivity of this dataset in absence
of any signal is shown by the green/yellow (1�/2�) band
in Fig. 3. The new limit is represented by the thick blue
line. It excludes a large fraction of previously unexplored
parameter space, including regions preferred by scans of
the constrained supersymmetric parameter space [18].

The new XENON100 data provide the most strin-
gent limit for m� > 8GeV/c2 with a minimum of
� = 2.0 ⇥ 10�45 cm2 at m� = 55GeV/c2. The max-
imum gap analysis uses an acceptance-corrected expo-
sure of 2323.7 kg⇥days (weighted with the spectrum of a
100GeV/c2 WIMP) and yields a result which agrees with
the result of Fig. 3 within the known systematic di↵er-
ences. The new XENON100 result continues to challenge
the interpretation of the DAMA [19], CoGeNT [20], and
CRESST-II [21] results as being due to scalar WIMP-
nucleon interactions.
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FIG. 3: New result on spin-independent WIMP-nucleon scat-
tering from XENON100: The expected sensitivity of this run
is shown by the green/yellow band (1�/2�) and the result-
ing exclusion limit (90% CL) in blue. For comparison, other
experimental results are also shown [19–22], together with
the regions (1�/2�) preferred by supersymmetric (CMSSM)
models [18].

the benchmark region fluctuates to 2 events is 26.4% and
confirms this conclusion.

A 90% confidence level exclusion limit for spin-
independent WIMP-nucleon cross sections �� is calcu-
lated, assuming an isothermal WIMP halo with a lo-
cal density of ⇢� = 0.3GeV/c3, a local circular veloc-
ity of v0 = 220 km/s, and a Galactic escape velocity of
vesc = 544 km/s [17]. Systematic uncertainties in the en-
ergy scale as described by the Le↵ parametrization of [6]
and in the background expectation are profiled out and
represented in the limit. Poisson fluctuations in the num-
ber of PEs dominate the S1 energy resolution and are
also taken into account along with the single PE resolu-
tion. The expected sensitivity of this dataset in absence
of any signal is shown by the green/yellow (1�/2�) band
in Fig. 3. The new limit is represented by the thick blue
line. It excludes a large fraction of previously unexplored
parameter space, including regions preferred by scans of
the constrained supersymmetric parameter space [18].

The new XENON100 data provide the most strin-
gent limit for m� > 8GeV/c2 with a minimum of
� = 2.0 ⇥ 10�45 cm2 at m� = 55GeV/c2. The max-
imum gap analysis uses an acceptance-corrected expo-
sure of 2323.7 kg⇥days (weighted with the spectrum of a
100GeV/c2 WIMP) and yields a result which agrees with
the result of Fig. 3 within the known systematic di↵er-
ences. The new XENON100 result continues to challenge
the interpretation of the DAMA [19], CoGeNT [20], and
CRESST-II [21] results as being due to scalar WIMP-
nucleon interactions.
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TABLE I: Parameters of the xenon isotopes used in this analysis: nuclear total angular momentum and parity of the ground
state, JP , predicted expectation values of the total proton and neutron spin operators in the nucleus hSn,pi by the Ressell and
Dean (Bonn A potential) [14], Toivanen et al. (Bonn CD potential) [16] and Menendez et al. (state-of-the art valence shell
interactions) [17] calculations.
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FIG. 1: Structure functions for 129Xe (top) and 131Xe (bot-
tom) for the case of neutron (plain) and proton (dashed) cou-
plings, as a function of recoil energy using the calculations of
Ressell and Dean [14], Toivanen et al. [16] and Menendez et
al. [17]. The di↵erence is most significant in the case of the
proton coupling for the Toivanen et al. results.

sults. Table I summarizes the expectation values of the
total proton and neutron spin operators in the nucleus for
129Xe and 131Xe in the zero momentum transfer limit.

Constraints on the spin-dependent WIMP-nucleon
cross sections are calculated using the Profile Likelihood
approach described in [31]. Systematic uncertainties in
the energy scale and in the background expectation are
taken into account when constructing the Profile Like-
lihood model and are reflected in the actual limit. It
is given at 90% C.L. after taking into account statisti-
cal downward fluctuations in the background. We as-
sume that the dark matter is distributed in an isothermal
halo with a truncated Maxwellian velocity distribution
with a local circular speed of vc = 220 km/s, galactic
escape velocity vesc = 544 km/s and a local density of
⇢ = 0.3GeV cm�3 [8].

The resulting upper limits from XENON100, along
with results from other experiments, are shown in Fig-
ure 2 for neutron couplings (top panel) and proton cou-
plings (lower panel). The 1� (2�) uncertainty on the
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FIG. 2: XENON100 90%C.L. upper limits on the WIMP
SD cross section on neutrons (top) and protons (bottom) us-
ing Menendez et al. [17]. The 1� (2�) uncertainty on the
expected sensitivity of this run is show as a green (yellow)
band. Also shown are results from XENON10 [22] (using
Ressel and Dean [14]), CDMS [23, 24], ZEPLIN-III [25] (us-
ing Toivanen et al. [16]), PICASSO [26] , COUPP [27], SIM-
PLE [28], KIMS [29], IceCube [30] in the hard (W+W�, ⌧+⌧�

for WIMP masses <80.4GeV/c2) and soft (bb̄) annihilation
channels.
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TABLE I: Parameters of the xenon isotopes used in this analysis: nuclear total angular momentum and parity of the ground
state, JP , predicted expectation values of the total proton and neutron spin operators in the nucleus hSn,pi by the Ressell and
Dean (Bonn A potential) [14], Toivanen et al. (Bonn CD potential) [16] and Menendez et al. (state-of-the art valence shell
interactions) [17] calculations.
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FIG. 1: Structure functions for 129Xe (top) and 131Xe (bot-
tom) for the case of neutron (plain) and proton (dashed) cou-
plings, as a function of recoil energy using the calculations of
Ressell and Dean [14], Toivanen et al. [16] and Menendez et
al. [17]. The di↵erence is most significant in the case of the
proton coupling for the Toivanen et al. results.

sults. Table I summarizes the expectation values of the
total proton and neutron spin operators in the nucleus for
129Xe and 131Xe in the zero momentum transfer limit.

Constraints on the spin-dependent WIMP-nucleon
cross sections are calculated using the Profile Likelihood
approach described in [31]. Systematic uncertainties in
the energy scale and in the background expectation are
taken into account when constructing the Profile Like-
lihood model and are reflected in the actual limit. It
is given at 90% C.L. after taking into account statisti-
cal downward fluctuations in the background. We as-
sume that the dark matter is distributed in an isothermal
halo with a truncated Maxwellian velocity distribution
with a local circular speed of vc = 220 km/s, galactic
escape velocity vesc = 544 km/s and a local density of
⇢ = 0.3GeV cm�3 [8].

The resulting upper limits from XENON100, along
with results from other experiments, are shown in Fig-
ure 2 for neutron couplings (top panel) and proton cou-
plings (lower panel). The 1� (2�) uncertainty on the
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FIG. 2: XENON100 90%C.L. upper limits on the WIMP
SD cross section on neutrons (top) and protons (bottom) us-
ing Menendez et al. [17]. The 1� (2�) uncertainty on the
expected sensitivity of this run is show as a green (yellow)
band. Also shown are results from XENON10 [22] (using
Ressel and Dean [14]), CDMS [23, 24], ZEPLIN-III [25] (us-
ing Toivanen et al. [16]), PICASSO [26] , COUPP [27], SIM-
PLE [28], KIMS [29], IceCube [30] in the hard (W+W�, ⌧+⌧�

for WIMP masses <80.4GeV/c2) and soft (bb̄) annihilation
channels.

Spin-Dependent	 Direct	 Detection
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• Signals in the direct detection?

- DAMA/LIBRA : annual modulation (DAMA/NaI  7yrs + DAMA/LIBRA 6yrs)

8.9 sigma evidence of signal

- CRESST II: 67 events, 4 sigma detection of new source, CaWO4 crystals

- CoGent : annual modulation

- CDMS II -Si : Detect 3 signals 

22

Claims	 for	 signals	 reported	 in	 the	 direct	 detection.
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Model%Independent%Annual%Modulation%Result4
experimental single-hit residuals rate vs time and energy  
DAMA/NaI (7 years) + DAMA/LIBRA (6 years)   Total exposure: 425428 kg×day = 1.17 ton×yr 

2-5 keV 

2-6 keV 

A=(0.0183±0.0022) cpd/kg/keV 
χ2/dof = 75.7/79  8.3 σ C.L. 

2-4 keV 

The data favor the presence of a modulated behavior with proper features at 8.8σ C.L. 

A=(0.0144±0.0016) cpd/kg/keV 
χ2/dof = 56.6/79  9.0 σ C.L. 

A=(0.0114±0.0013) cpd/kg/keV 
χ2/dof = 64.7/79  8.8 σ C.L. 

Absence of modulation? No 
χ2/dof=147/80 ⇒ P(A=0) = 7×10-6 

Absence of modulation? No 
χ2/dof=135/80 ⇒ P(A=0) = 1.1×10-4 

Absence of modulation? No 
χ2/dof=140/80 ⇒ P(A=0) = 4.3×10-5 

[Cerulli, 2012 IDM talk]23
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Expected limit of this run: 
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FIG. 3: New result on spin-independent WIMP-nucleon scat-
tering from XENON100: The expected sensitivity of this run
is shown by the green/yellow band (1�/2�) and the result-
ing exclusion limit (90% CL) in blue. For comparison, other
experimental results are also shown [19–22], together with
the regions (1�/2�) preferred by supersymmetric (CMSSM)
models [18].

the benchmark region fluctuates to 2 events is 26.4% and
confirms this conclusion.

A 90% confidence level exclusion limit for spin-
independent WIMP-nucleon cross sections �� is calcu-
lated, assuming an isothermal WIMP halo with a lo-
cal density of ⇢� = 0.3GeV/c3, a local circular veloc-
ity of v0 = 220 km/s, and a Galactic escape velocity of
vesc = 544 km/s [17]. Systematic uncertainties in the en-
ergy scale as described by the Le↵ parametrization of [6]
and in the background expectation are profiled out and
represented in the limit. Poisson fluctuations in the num-
ber of PEs dominate the S1 energy resolution and are
also taken into account along with the single PE resolu-
tion. The expected sensitivity of this dataset in absence
of any signal is shown by the green/yellow (1�/2�) band
in Fig. 3. The new limit is represented by the thick blue
line. It excludes a large fraction of previously unexplored
parameter space, including regions preferred by scans of
the constrained supersymmetric parameter space [18].

The new XENON100 data provide the most strin-
gent limit for m� > 8GeV/c2 with a minimum of
� = 2.0 ⇥ 10�45 cm2 at m� = 55GeV/c2. The max-
imum gap analysis uses an acceptance-corrected expo-
sure of 2323.7 kg⇥days (weighted with the spectrum of a
100GeV/c2 WIMP) and yields a result which agrees with
the result of Fig. 3 within the known systematic di↵er-
ences. The new XENON100 result continues to challenge
the interpretation of the DAMA [19], CoGeNT [20], and
CRESST-II [21] results as being due to scalar WIMP-
nucleon interactions.

We acknowledge support from NSF, DOE, SNF, UZH,
Volkswagen Foundation, FCT, Région des Pays de la
Loire, STCSM, NSFC, DFG, Stichting FOM, Weizmann
Institute of Science, and the friends of Weizmann Insti-
tute in memory of Richard Kronstein. We are grateful to
LNGS for hosting and supporting XENON.

⇤ Electronic address: ajmelgarejo@astro.columbia.edu
† Electronic address: marc.schumann@physik.uzh.ch

[1] N. Jarosik et al., Astrophys. J. Suppl. 192, 14 (2011);
K. Nakamura et al. (PDG), J. Phys. G37, 075021 (2010).

[2] G. Steigman and M. S. Turner, Nucl. Phys. B253, 375
(1985); G. Jungman, M. Kamionkowski, and K. Griest,
Phys. Rept. 267, 195 (1996).

[3] G. Bertone, D. Hooper, and J. Silk, Phys. Rept. 405, 279
(2005).

[4] M. W. Goodman and E. Witten, Phys. Rev. D31, 3059
(1985).

[5] E. Aprile et al. (XENON100), Astropart. Phys. 35, 573
(2012).

[6] E. Aprile et al. (XENON100), Phys. Rev. Lett. 107,
131302 (2011).

[7] M. Aglietta et al. (LVD), Phys. Rev.D58, 092005 (1998).
[8] E. Aprile et al. (XENON100) Astropart. Phys. 35, 43

(2011).
[9] E. Aprile et al., Phys. Rev. C79, 045807 (2009).

[10] X. Du et al., Rev. Sci. Instr. 75, 3224 (2004).
[11] E. Aprile et al. (XENON100), (2012), arXiv:1207.3458.
[12] E. Aprile et al. (XENON100), Phys. Rev. D84, 052003

(2011).
[13] S. Yellin, Phys. Rev. D66, 032005 (2002).
[14] G. Plante et al., Phys. Rev. C84, 045805 (2011).
[15] E. Aprile et al., Phys. Rev. Lett. 97, 081302 (2006).
[16] M. M. Szydagis et al., JINST 6, P10002 (2011).
[17] M. C. Smith et al., Mon. Not. R. Astron. Soc. 379, 755

(2007).
[18] Combined region using C. Strege et al., JCAP 1203,

030 (2012); A. Fowlie et al. (2012), arXiv:1206.0264;
O. Buchmueller et al. (2011), arXiv:1112.3564.

[19] C. Savage et al., JCAP 0904, 010 (2009).
[20] C. E. Aalseth et al. (CoGeNT), Phys. Rev. Lett. 106,

131301 (2011).
[21] G. Angloher et al. (CRESST-II), Eur. Phys. J. C72, 1971

(2012).
[22] Z. Ahmed et al. (CDMS), Science 327, 1619 (2010);

Z. Ahmed et al. (CDMS), Phys. Rev. Lett. 106,
131302 (2011); E. Armengaud et al. (EDEL-
WEISS), Phys. Lett. B 702, 329 (2011); J. Angle
et al. (XENON10), Phys. Rev. Lett. 107, 051301 (2011);
M. Felizardo et al. (SIMPLE), Phys. Rev. Lett. 108,
201302 (2012); E. Behnke et al. (COUPP) (2012),
arXiv:1204.3094; D. Y. Akimov et al. (ZEPLIN-
III), Phys. Lett. B 709, 14 (2012); E. Armengaud
et al. (EDELWEISS) (2012), arXiv:1207.1815.

[April et al, 1207.5988]

24

Wednesday, August 21, 13



CoGeNT: a dedicated search for low-mass WIMPs�
�
�

•   An excellent example of synergy with industry: Canberra�s 
PPCs around since early 80’s. �

•   Remarkably simple commercial technology leads to 
applications in double-beta decay (MAJORANA, GERDA) and 
astroparticle physics (CoGeNT).�

•   Searches for an annual modulation require exquisite 
instrumental stability. But how much is enough?�

•   PNNL/UC/Canberra C-4 expansion (x10 mass, lower bckgs 
and threshold) will make it, or break it.�

HDPE �
below�

HDPE above �

C-4 design�
�
�

CoGeNT�
�
�

DAMA/LIBRA �
�
�

+ 

 
 

CRESST M2 centroid�
�
�

PRL 107 (2011) 141301 �
�

PRD 84 (2011) 055014 �
(one of many interpretations) �
�
�
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FIG. 3: New result on spin-independent WIMP-nucleon scat-
tering from XENON100: The expected sensitivity of this run
is shown by the green/yellow band (1�/2�) and the result-
ing exclusion limit (90% CL) in blue. For comparison, other
experimental results are also shown [19–22], together with
the regions (1�/2�) preferred by supersymmetric (CMSSM)
models [18].

the benchmark region fluctuates to 2 events is 26.4% and
confirms this conclusion.

A 90% confidence level exclusion limit for spin-
independent WIMP-nucleon cross sections �� is calcu-
lated, assuming an isothermal WIMP halo with a lo-
cal density of ⇢� = 0.3GeV/c3, a local circular veloc-
ity of v0 = 220 km/s, and a Galactic escape velocity of
vesc = 544 km/s [17]. Systematic uncertainties in the en-
ergy scale as described by the Le↵ parametrization of [6]
and in the background expectation are profiled out and
represented in the limit. Poisson fluctuations in the num-
ber of PEs dominate the S1 energy resolution and are
also taken into account along with the single PE resolu-
tion. The expected sensitivity of this dataset in absence
of any signal is shown by the green/yellow (1�/2�) band
in Fig. 3. The new limit is represented by the thick blue
line. It excludes a large fraction of previously unexplored
parameter space, including regions preferred by scans of
the constrained supersymmetric parameter space [18].

The new XENON100 data provide the most strin-
gent limit for m� > 8GeV/c2 with a minimum of
� = 2.0 ⇥ 10�45 cm2 at m� = 55GeV/c2. The max-
imum gap analysis uses an acceptance-corrected expo-
sure of 2323.7 kg⇥days (weighted with the spectrum of a
100GeV/c2 WIMP) and yields a result which agrees with
the result of Fig. 3 within the known systematic di↵er-
ences. The new XENON100 result continues to challenge
the interpretation of the DAMA [19], CoGeNT [20], and
CRESST-II [21] results as being due to scalar WIMP-
nucleon interactions.
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timing that are transformed so that the WIMP accep-
tance regions of all detectors coincide.

After unblinding, extensive checks of the three candi-
date events revealed no data quality or analysis issues
that would invalidate them as WIMP candidates. The
signal-to-noise on the ionization channel for the three
events (ordered in increasing recoil energy) was measured
to be 6.7�, 4.9�, and 5.1�, while the charge threshold
had been set at 4.5� from the noise. A study on pos-
sible leakage into the signal band due to 206Pb recoils
from 210Po decays found the expected leakage to be neg-
ligible with an upper limit of < 0.08 events at the 90%
confidence level. The energy distribution of the 206Pb
background was constructed using events in which a co-
incident ↵ was detected in a detector adjacent to one
of the 8 Si detectors used in this analysis. Further-
more, as in the Ge analysis, we developed a Bayesian
estimate of the rate of misidentified surface events based
upon the performance of the phonon timing cut mea-
sured using events near the WIMP-search signal region
[22]. Classical confidence intervals provided similar esti-
mates [23]. Multiple-scatter events below the electron-
recoil ionization-yield region from both 133Ba calibration
andWIMP-search data were used as inputs to this model.
The final model predicts an updated surface-event leak-
age estimate of 0.41+0.20

�0.08(stat.)
+0.28
�0.24(syst.) misidentified

surface events in the eight Si detectors.

This result constrains the available parameter space
of WIMP dark matter models. We compute upper lim-
its on the WIMP-nucleon scattering cross section using
Yellin’s optimum interval method [24]. We assume a
WIMP mass density of 0.3 GeV/c2/cm3, a most probable
WIMP velocity with respect to the galaxy of 220 km/s,
a mean circular velocity of Earth with respect to the
galactic center of 232 km/s, a galactic escape velocity of
544 km/s [25], and the Helm form factor [26]. Fig. 4
shows the derived upper limits on the spin-independent
WIMP-nucleon scattering cross section at the 90% con-
fidence level (C.L.) from this analysis and a selection of
other recent results. The present data set an upper limit
of 2.4⇥ 10�41 cm2 for a WIMP of mass 10 GeV/c2. We
are completing the calibration of the nuclear recoil energy
scale using the Si-neutron elastic scattering resonant fea-
ture in the 252Cf exposures. This study indicates that our
reconstructed energy may be 10% lower than the true re-
coil energy, which would weaken the upper limit slightly.
Below 20 GeV/c2 the change is well approximated by
shifting the limits parallel to the mass axis by ⇠ 7%. In
addition, neutron calibration multiple scattering e↵ects
improve the response to WIMPs by shifting the upper
limit down parallel to the cross-section axis by ⇠ 5%.

A model of our known backgrounds, including both
energy and expected rate distributions, was constructed
for each detector and experimental run for each of the
three backgrounds considered: surface electron recoils,
neutron backgrounds, and 206Pb recoils. Simulations of
our background model yield a 5.4% probability of a sta-
tistical fluctuation producing three or more events in our

FIG. 4. Experimental upper limits (90% confidence level) for
the WIMP-nucleon spin-independent cross section as a func-
tion of WIMP mass. We show the limit obtained from the ex-
posure analyzed in this work alone (black dots), and combined
with the CDMS II Si data set reported in [22] (blue solid line).
Also shown are limits from the CDMS II Ge standard [11] and
low-threshold [27] analysis (dark and light dashed red), EDEL-
WEISS low-threshold [28] (orange diamonds), XENON10 S2-
only [29] (light dash-dotted green), and XENON100 [30] (dark
dash-dotted green). The filled regions identify possible signal
regions associated with data from CoGeNT [31] (magenta,
90% C.L., as interpreted by Kelso et al. including the e↵ect
of a residual surface event contamination described in [32]),
DAMA/LIBRA [16, 33] (yellow, 99.7% C.L.), and CRESST
[18] (brown, 95.45% C.L.) experiments. 68% and 90% C.L.
contours for a possible signal from these data are shown in
blue and cyan, respectively. The asterisk shows the maxi-
mum likelihood point at (8.6 GeV/c2, 1.9⇥ 10�41 cm2).

signal region.

This model of our known backgrounds was used to in-
vestigate the data in the context of a WIMP+background
hypothesis. We performed a profile likelihood analysis in
which the background rates were treated as nuisance pa-
rameters and the WIMP mass and cross section were
the parameters of interest. The highest likelihood is
found for a WIMP mass of 8.6 GeV/c2 and a WIMP-
nucleon cross section of 1.9⇥10�41 cm2. The goodness-
of-fit test of this WIMP+background hypothesis results
in a p-value of 68%, while the background-only hypoth-
esis fits the data with a p-value of 4.5%. A profile like-
lihood ratio test including the event energies finds that
the data favor the WIMP+background hypothesis over
our background-only hypothesis with a p-value of 0.19%.
Though this result favors a WIMP interpretation over
the known-background-only hypothesis, we do not be-
lieve this result rises to the level of a discovery.

CDMS II - Si 90%

CDMS II - Si 68%

CDMS II Si 
constraint 

CDMS II Ge

EDELWEISS

Xenon 10

Xenon 100

CoGent

DAMA/LIBRA

CRESST
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We report results of a search for Weakly Interacting Massive Particles (WIMPs) with the silicon
(Si) detectors of the CDMS II experiment. A blind analysis of data from eight Si detectors, with
a total raw exposure of 140.2 kg-days, revealed three WIMP-candidate events with a final surface-
event background estimate of 0.41+0.20

�0.08(stat.)
+0.28
�0.24(syst.). Other known backgrounds from neutrons

and 206Pb are limited to < 0.13 and < 0.08 events at the 90% confidence level, respectively. These
data place a 90% upper confidence limit on the WIMP-nucleon cross section of 2.4⇥10�41 cm2 at a
WIMP mass of 10 GeV/c2. Simulations indicate a 5.4% probability that a statistical fluctuation of
the known backgrounds would produce three or more events in the signal region. A profile likelihood
ratio test that includes the measured recoil energies of the three events gives a 0.19% probability
for the known-background-only hypothesis when tested against the alternative WIMP+background
hypothesis. The highest likelihood was found for a WIMP mass of 8.6 GeV/c2 and WIMP-nucleon
cross section of 1.9⇥10�41 cm2.

PACS numbers: 14.80.Ly, 95.35.+d, 95.30.Cq, 95.30.-k, 85.25.Oj, 29.40.Wk

There is now overwhelming evidence that the bulk of
the matter in our universe is in some nonluminous, non-
baryonic form [1]. Weakly Interacting Massive Particles
(WIMPs) [2] form a leading class of candidates for this
dark matter. Particles of this type would be produced
thermally in the early universe and are predicted by many

theoretical extensions to the Standard Model of particle
physics [1, 3, 4]. If WIMPs do constitute the dark mat-
ter in our galaxy, they may be detectable through their
elastic scattering from nuclei in terrestrial particle de-
tectors [5]. Numerous experimental groups have sought
to detect such scattering events using a wide variety of

[CDMS collaboration, 2013]
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Dark	 Matter	 Search	 in	 the	 Direct	 Detection

There	 are	 some	 signals	 which	 cannot	 be	 explained	 by	 
the	 known	 background.	 Those	 may	 the	 signal	 of	 DM?

However	 they	 are	 inconsistent	 each	 other	 and	 also	 
have	 tension	 with	 limits	 from	 other	 experiments,	 
especially	 Xenon10	 and	 Xenon100.

Maybe	 unknown	 backgrounds?	 or	 signal	 of	 DM?
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In the limit Fa! f !, the mass eigenstates in one-flavor
QCD are

"mass! ! " 1
f !/Fa

1 + m/K!
#, amass ! " − f !/Fa

1 + m/K!

1
# . $97%

Equation $38% with v3=0 has minima at #=2$n $n inte-
ger%. For v3!0, minima are at #"!=2$m $m integer% and
#=2$n $n integer%. Therefore, the # direction can be
taken as the approximate axion direction even below Tc.
The minimum point in the direction of the axion is not
changed when one goes from #"!!0 to #"!=0, i.e., above
and below the critical temperature. &If the minimum of #
is shifted by $ in going from #"!=0 to #"!=$, the
shrunker #1$Tc% at Tc is near $, and we must start from
O$1% misalignment angle at Tc.' In most regions of the
phase transition space, a time scale %t is needed for the
sound wave of quark bilinears to propagate to a large
distance, which releases the latent heat to keep the tem-
perature constant during the first-order phase transition
$Mukhanov, 2005%. Even if one considers supercooling
toward a sudden phase transition, the parameter space
for a sudden phase change is almost nil and the axion
energy density presented in Eq. $95% is reliable $Bae,
Huh, and Kim, 2008%.

In Fig. 13, we present the exclusion plot for mu
=2.55 MeV, md=5.04 MeV, and ms=104 MeV $Mano-
har and Sachrajda, 2008% in the Fa vs #1 /(& space, in-
cluding the anharmonic effect and the WMAP value
$Dunkley et al., 2009% of the CDM density combined
with additional data $Komatsu et al., 2009% 'DMh2

!0.1143±0.0034. Note that Fa of order 1013 GeV is not
very unnatural; it results from the new smaller masses
for u and d $Manohar and Sachrajda, 2008%.

If axions are the CDM component of the Universe,
then they can be detected even though it may be very

difficult. The feeble axion coupling can be compensated
by the huge number of axions, since the number density
is )Fa

2 and the cross section is )1/Fa
2. So there is hope

of detecting cosmic axions, which has been realized by
Sikivie’s cavity detector $Sikivie, 1983%. But the Sikivie
detector has technical limitations for the interesting
large and median regions of the Fa window. For ex-
ample, the Fa region Fa(1013 GeV advocated in an-
thropic arguments needs a too large cavity size and the
supergravity mediation preferred region Fa)5
)1010 GeV requires O$1.6 mm% order cavities. For tech-
nically preferred axion masses in the region 10−6 eV,
one needs a low-temperature cavity with dimension
O$(104 cm3% and a magnetic field strength of O$10 T%.
The current status of cosmic axion search is shown in
Fig. 14.

C. Axion cosmology beyond the window

If Fa!1012 GeV, an O$1% misalignment angle #1 is
ruled out by the cosmic energy density argument. How-
ever, if #1*1, the axion energy density can be within the
closure density. Rather than fine tuning #1 to order 10−3

for a Planck scale Fa $Pi, 1984%, the anthropic argument
of Weinberg $Weinberg, 1987; Linde, 1988%, that life
forms can evolve in a universe with a sufficiently long
lifetime, can be used for an allowable #1.

The homogeneous axion field value $with a→−a sym-
metry% right after inflation can take any value between 0
and $Fa or #1= &0,$' because the height of the axion
potential is negligible compared to the total energy den-
sity right after inflation. So in the axion context with

Over Closure

1011 1012 1013 1014 1015 1016
Fa !GeV"0.0

0.5

1.0

1.5

2.0

2.5

3.0

Θ1

Γ

FIG. 13. $Color% Fa vs the misalignment angle #1 /(& as a func-
tion of 'a. The overclosure portion is from the precision mea-
surement requiring 'a+0.23 $Komatsu et al., 2009%. The green
region is the region excluded by the condition 'a,0.23. The
yellow band is the error bar region of -QCD and the two red
lines are the limits from the light quark mass bounds.
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Axion	 dark	 matter	 search	 :	 ADMX,	 CARRACK
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Indirect Detection
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• Indirect Detection

PAMELA, 2006
AMS-02

Fermi-LAT, 2008

HESS in Nambia of Africa

DM

DM DM

When i was young, it was Chusok holiday, I went to my grand parents who lives far away from the city.

At that time I had chance to see the night sky. It was amazing and I cannot forget the spectacular scene until

now.

The stars and galaxies are the sources to study the Universe. It looks that they stay there forever in the

past and in the future. However it is not.

They are moving from us and from each other. Universe is expanding.

We may already know what is in the Universe. The atoms. from the lightest hydrogen, Helium to heavy

atoms more than 100. The physics in the 20 Century revealed that the atom is not fundamental and in fact

it composed of more fundamental fermions and bosons. Now it is established as Standard Model of Particle

Physics.

However this view changed in 21 Century. the baryonic matter explains only the visible part of the

galaxy or clusters. Surrounding it, larger distribution of invisible matter, that is dark matter. The direct

observational evidence is the bullet cluster.

2006 people found surprising object in the sky. This photo shows the moment after the collision of two

cluster of galaxies. The red color is from the X-ray observation which come from the hot gas of colliding

components, which shows the ordinary matter composed atoms. The blue is obtained from the gravitational

lensing, which means the another mass distribution. The red ordinary matter interacts with the collision so

their shape is distorted, but the blue part is not a⇤ected by the collision. That is the Dark Matter which is

not visible in the electromagnetic observation but interact very weakly like gravitation.
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DM

1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. Therefore
at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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Dark Matter can self annihilate or decay to produce cosmic rays, 
photons or neutrinos.

• Indirect Detection

Identification of Dark Matter, Chicago, July 24, 2012J. Siegal-Gaskins

Credit: Sky & Telescope / Gregg Dinderman

Indirect dark matter signals

• annihilation or decay of dark 
matter can produce a variety of 
potentially detectable Standard 
Model particles

• spectrum of annihilation (or decay) 
products encodes info about 
intrinsic particle properties

• variation in the intensity of the 
signal along different lines of sight is 
determined exclusively by the 
distribution of dark matter
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• Indirect Detection : gamma-ray
They come through directly from the source to the detector around Earth.

Satellite

Ground-based telescope (air cherenkov telescopes)

Fermi-LAT

HESS
VERITAS

MAGIC

(Effective Area) (Exposure time)

satellite

1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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Air Cherenkov Telescopes 
• Use Cherenkov light from air showers 

produced from gamma rays interacting 
with the Earth’s  atmosphere. 

• Use an array of telescopes for improved 
shower imaging (angular resolution and 
background rejection) 

• Large collecting area (~105 m2 at 100 GeV) 
• “Excellent”  angular  resolution  (<0.1  deg.) 
• Threshold at low energy (pushing 100 

GeV) 
• Limited livetime (moon, zenith angle, etc.) 
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2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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Gustafsson et al.  PRL 99.041301 

Continuum Signal 

Monochromatic Signal 

Indirect WIMP Signatures: gamma-rays  

Nicola M - Lepton Photon 2013 5 
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Intrinsic Particle 
Properties Astrophysics 

J-factor – DM distribution 
(line-of-sight integral) 
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2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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Astrophysics

S. Profumo Astrophysical Probes of Dark Matter

correspond to an angular extent of about one degree, or �⌦ ⇠ 10�3 sr for the Fermi-
LAT at an energy of about a GeV, down to an angular extent of 0.1 degrees, or �⌦ ⇠
10�5 sr for ACT, or for Fermi in the high-energy regime.

Let me give you a “laundry list” of potential interesting targets to search for a
gamma-ray signal from dark matter; for most of these targets the “J factor” is approx-
imately the same for a solid angle corresponding to 1 deg or 0.1 deg:

1. Dwarf Spheroidal Galaxies

• Draco, J ⇠ 1019 GeV2/cm5, ± a factor 1.5;
• Ursa Minor, J ⇠ 1019 GeV2/cm5, ± a factor 1.5;
• Segue, J ⇠ 1020 GeV2/cm5, ± a factor 3

2. Local Milky-Way-like galaxies

• M31, J ⇠ 1020 GeV2/cm5

3. Local clusters of galaxies

• Fornax, J ⇠ 1018 GeV2/cm5

• Coma, J ⇠ 1017 GeV2/cm5

• Bullet, J ⇠ 1014 GeV2/cm5

4. Galactic center

• 0.1�: J ⇠ 1022 . . . 1025 GeV2/cm5

• 1�: J ⇠ 1022 . . . 1024 GeV2/cm5

To have a detection, we need to have enough photon counts, possibly a lot:

N� ⇠
Z

E� range

dE� �� · Ae↵

(E�) · Tobs

The following table gives a rule of thumb for the relevant energy ranges, effective
areas and observing time for current and future gamma-ray observatories:

Fermi-LAT H.E.S.S. CTA
E� range 0.1 to 300 GeV 0.1 to 10 TeV 10 GeV to 10 TeV

A
e↵

⇠ 1 m2 ⇠ 105 m2 ⇠ 106 m2

T
obs

⇠ 108 s ⇠ 106 s ⇠ 106 s

It is instructive to calculate the minimal J factor needed to get at least some
gamma-ray signal from dark matter. Consider for example Fermi-LAT: over the LAT
energy range, typically

Z

dE�
dN�

dE�

⇠ m�

GeV
,
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MW Halo Results- MW Halo Results- ττ++ τ  τ --

• Set limits assuming only Final State Radiation and FSR + Inverse Compton

– Only FSR = only photons produced by taus (no electrons)

– “FSR + IC” includes IC gamma rays from electrons produced via DM annihilation/decay 

• Contours show 2σ and 3σ CL fits to PAMELA (purple) and Fermi (blue) positron fraction

– DM interpretation of positron fraction challenged (for annihilating DM)

Annihilation (cases for decay are given in the paper)

M. Ackermann et al (Fermi LAT Collaboration) 

Accepted for publication in ApJ (arXiv:1205.6474)

J. Cohen-Tanugi – HAP meeting  18/02/2013                                                                                                                          17

DM Constraints from the Milky Way HaloDM Constraints from the Milky Way Halo

• Look in 2 year diffuse from 1 – 100 GeV

– Mask out known gamma-ray sources

• Region of Interest: two off-plane rectangles (5 ° <|b|<15 ° & |l|<80 °)

– Minimizes DM profile uncertainties (central cuspiness varies)

– Limits astrophysical uncertainties (mask bright plane, avoid high latitude Fermi 

lobes and Loop I)

• This analysis focuses on setting limits on possible DM signals

– See non-DM like residuals (e.g. not centrally peaked)

38
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Dwarf Spheroidal Summary 
• 3-4 years of Fermi-LAT data 

from 10 dwarf spheroidal 
galaxies constrain the thermal 
relic cross section for low 
mass dark matter 

• Comparable to limits from 
ACT observations of dwarf 
galaxies for high-mass dark 
matter. 

• Currently, statistically limited 
(especially at high masses). 

• Many dwarf galaxies remain 
to be discovered in optical 
surveys of the southern 
hemisphere. 

Nicola M - Lepton Photon 2013 14 

Thermic relic cross section  limit 
<σv>ann = 3 10-26 cm3/s  

Ackermann et al., arXiv:1108.3546 
Geringer-Sameth et al., arXiv:1108.2914 
MNM et al., arXiv:1203.6731 
… 

[Taken from Nicola M., - Lepton Photon 2013]

Constraints from dwarf spheroidal galaxies
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130 GeV gamma-line signal from public Fermi-LAT data
[Bringman et al, 2012,  Weniger 2012]

Figure 1. Left panel: The black lines show the target regions that are used in the present analysis in
case of the SOURCE event class (the ULTRACLEAN regions are very similar). From top to bottom,
they are respectively optimized for the cored isothermal, the NFW (with α = 1), the Einasto and the
contracted (with α = 1.15, 1.3) DM profiles. The colors indicate the signal-to-background ratio with
arbitrary but common normalization; in Reg2 to Reg5 they are respectively downscaled by factors
(1.6, 3.0, 4.3, 18.8) for better visibility.
Right panel: From top to bottom, the panels show the 20–300 GeV gamma-ray (+ residual CR)
spectra as observed in Reg1 to Reg5 with statistical error bars. The SOURCE and ULTRACLEAN
events are shown in black and magenta, respectively. Dotted lines show power-laws with the indicated
slopes; dashed lines show the EGBG + residual CRs. The vertical gray line indicates E = 129.0 GeV.
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Figure 4. Upper sub-panels: the measured events with statistical errors are plotted in black. The
horizontal bars show the best-fit models with (red) and without DM (green), the blue dotted line
indicates the corresponding line flux alone. In the lower sub-panel we show residuals after subtracting
the model with line contribution. Note that we rebinned the data to fewer bins after performing the
fits in order to produce the plots and calculate the p-value and the reduced χ2

r ≡ χ2/dof. The counts
are listed in Tabs. 1, 2 and 3.
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1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. Therefore
at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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Weakly Interacting Massive Particles (WIMPs) are a theoretical class of particles that are excellent
dark matter candidates. WIMP annihilation or decay may produce essentially monochromatic �
rays detectable by the Fermi Large Area Telescope (LAT) against the astrophysical �-ray emission
of the Galaxy. We have searched for spectral lines in the energy range 5–300 GeV using 3.7 years of
data, reprocessed with updated instrument calibrations and an improved energy dispersion model
compared to the previous Fermi-LAT Collaboration line searches. We searched in five regions
selected to optimize sensitivity to di↵erent theoretically-motivated dark matter density distributions.
We did not find any globally significant lines in our a priori search regions and present 95% confidence
limits for WIMP annihilation cross sections and decay lifetimes. Our most significant fit occurred
at 133 GeV in our smallest search region and had a local significance of 3.3�, which translates to
a global significance of 1.6�. We discuss potential systematic e↵ects in this search and why the
significance of the line-like feature near 130 GeV is less than reported in other works.

I. INTRODUCTION

Cosmological studies indicate that⇠ 27% of the energy density of the Universe is non-baryonic dark matter (DM) [1].
While substantial astrophysical evidence exists for DM through its gravitational interaction, little has been determined
about the composition of the DM or its properties. In a popular class of models [2–4], the DM is a weakly interacting
massive particle (WIMP), denoted by �. In many models, pairs of DM particles can annihilate a photon (�) and
a second particle (X), for example, ��, �Z, or �H. Since DM is strongly constrained to be electrically neutral, it
has no direct coupling to photons. Thus the process �� ! �X occurs only through higher order loops resulting in a
branching fraction that is only ⇠ 10�4 � 10�1 [5–9]. If a WIMP annihilates to �X the photons are monochromatic
with rest-frame energy

E� = m�

✓
1� m2

X

4m2
�

◆
. (1)

An intrinsic broadening occurs if X is an unstable particle like Z. In the case of X being a second photon, the �-ray
line appears at the mass of the WIMP particle. WIMP decay could also produce a monochromatic signal [10] (e.g.,
� ! �⌫ [11]). We assume WIMPs in the Milky Way (MW) are non-relativistic (v ⇠ 10�3c), therefore these signals
should be approximately monochromatic in the lab frame as well. In this paper we present a search for monochromatic
� rays from WIMP annihilation or decay.

The Fermi Gamma-ray Space Telescope (Fermi) with its main instrument, the Large Area Telescope (LAT) [12], is
exploring the �-ray sky in the energy range 20 MeV to above 300 GeV. Previous searches by the LAT Collaboration
for �-ray lines were published using 11 months and 2 years of LAT data [13, 14]. For the search presented here, we use
3.7 years of LAT data that have been reprocessed with updated calibrations. Additionally, two analysis improvements
enhance the sensitivity of this search relative to our previous works: (i) we included an event-by-event estimate of the
energy reconstruction quality in our parametrization of the energy dispersion and (ii) we selected regions of interest
(ROIs) a priori to maximize the sensitivity based on di↵erent DM density profiles.

Section II describes the event selections used for this analysis. Section III describes the choice of ROIs, and Sec. IV
describes the development of the energy dispersion model. Section V presents the fitting procedure. Section VI
summarizes the instrumental and methodological uncertainties associated with this search. Section VII presents the
fitting results and derives upper limits for DM annihilation and decay assuming several potential distributions of
DM. Section VIII describes studies performed specifically to explore the line-like feature at 133 GeV detected with
moderate local significance in our smallest search region. Finally, Sec. IX discusses our results and conclusions.
Detailed descriptions of the LAT and of its performance can be found elsewhere [12, 15].
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FIG. 2. Counts map for the line search dataset binned in 1� ⇥ 1� spatial bins in the R180 ROI. This is plotted in Galactic
coordinates using the Hammer-Aito↵ projection. The energy range is 2.6–541 GeV and the most-significant 2FGL sources have
been removed using an energy-dependent mask (see text). Also shown are the outlines of the other ROIs (R3, R16, R41, and
R90) used in this search.

best energy estimate on an event-by-event basis. The corresponding estimate is the energy assigned. We note that
above a few GeV the SP method is typically more accurate than the PC method (the former being selected by the
CT analysis for ⇠ 80% of the events above 10 GeV).

The energy assignment algorithm also performs a CT analysis to estimate the probability that the energy esti-
mate is within the nominal 68% containment band for events of that energy and incidence angle (PE, available as
CTBBestEnergyProb in the extended event files available at the Fermi Science Support Center3).

To model the signal from a �-ray line, we used a parametrization of the e↵ective energy dispersion of the instrument,
i.e., the probability density De↵(E0;E,~s) to measure an energy E0 for a � ray of (true) energy E and other event
parameters, ~s. The fraction of the electromagnetic shower contained in the CAL can vary significantly event to
event. In general, the energy dispersion depends on ✓ and the �-ray conversion point in the instrument, among
other quantities. Furthermore, the ✓-distribution of the observing time varies across the sky, causing corresponding
changes in the e↵ective energy dispersion. These considerations are discussed in more detail in App. C, in particular
in Sec. C 5.

When fitting essentially monochromatic lines (i.e., the intrinsic spectrum is much narrower that the instrumental
resolution), for a given line energy, E� , we expect the distribution of observed energies for a line signal, Csig(E0), to
follow the e↵ective energy dispersion, De↵ ; so that

Csig(E
0|E� ,~s) = nsig

Z
De↵(E

0;E,~s)�(E� � E)dE = nsigDe↵(E
0;E� ,~s), (6)

where nsig is the number of observed signal events, which we treat as a free parameter in the fitting (see Sec. V)4.
Following the approach used in previous line searches published by the LAT Collaboration, we use a sum of Gaussians

to parametrize the energy dispersion at any given energy, averaging over the LAT FOV and combining front- and
back-converting events [14]. One notable improvement relative to our previous studies is that the parametrization
De↵(E0;E,PE) used in this work includes the energy reconstruction quality estimator, PE. Specifically, we modeled
the energy dispersion in 10 PE bins of 0.2 from 0.1 to 0.5, bins of 0.1 from 0.5 to 0.7, and bins of 0.05 from 0.7 to 1.
The P7REP CLEAN event class only includes events with PE > 0.1.

The energy dispersion in each PE bin was modeled with a triple Gaussian function

3Available at http://fermi.gsfc.nasa.gov/ssc/data/access/, and described at http://fermi.gsfc.nasa.gov/

ssc/data/analysis/documentation/Cicerone/Cicerone_Data/LAT_Data_Columns.html#ExtendedFile
4This assumption breaks down when the intrinsic width of the �-ray emission becomes a sizable fraction of the LAT
energy resolution. In practical terms, this applies for final states with unstable particles such as Z�, in particular for
�-ray energies at the low end of our search range. We discuss the implications of this in Sec. D 3.
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Fermi-LAT Team Line Search at 135 GeV 

• 4.01σ  (local)  1D  fit  at  130  GeV with 3.7 year unreprocessed data 
• Look in 4°x4°GC ROI, Use 1D PDF (no use of PE) 

• 3.73σ  (local)  1D  fit  at  135  GeV with 3.7 year reprocessed data 
• Look in 4°x4°GC ROI, Use 1D PDF (no use of PE) 

• 3.35σ  (local)  2D  fit  at  135  GeV with 3.7 year reprocessed data 
• Look in 4°x4°GC ROI, Use 2D PDF (PE in data)   
• <2 global significance after trials factor 

Nicola M - Lepton Photon 2013 21 
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135 GeV in the Earth Limb spectrum (1)135 GeV in the Earth Limb spectrum (1)

Zenith Angle

• Earth Limb is a bright, well understood 

source

– γ rays from CR interactions in the 

atmosphere (smooth PWL)

– Can be used to study instrumental 

effects

• Need to cut on times when the LAT was    

       pointing at the limb

• Have made changes to increase our Limb 

dataset

– Pole-pointed observations each 

week

– Extended “targets of opportunity” 

(Tracing Limb while target is 

occulted)

• “Signal” is seen! Though not at level of 

the GC (S/Nlimb ~15%, while S/NGC ~30% - 66%)

Cosm
ic ray

θinc

θzenith

γ ray

Fit to Limb data
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Spectral line search: near terms prospect 
• Fermi LAT: improved event analysis (Pass8) and 

weekly limb observations 
– Call for white papers on possible modifications to the 

observing strategy 
• H.E.S.S. Cerenkov telescope: 50 hours of GC 

observation could be enough to rule out signature 
or confirm it at 5 sigma 

Nicola M - Lepton Photon 2013 23 

H.E.S.S. (Namibia)  

Fermi-LAT Upcoming Developments Pass 8 
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S. Profumo Astrophysical Probes of Dark Matter
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Figure 4: The differential photon (red lines), neutrino (black lines), e± (green lines),
p̄ (blue lines) yield from dark matter pair-annihilation into a qq̄ pair (left) and W+W�

(right). From Ref. [26].

Exercise #7: Same as Ex.#6, but for a decaying dark matter parti-
cle, find ✏

DM

(⌧) where ⌧ is the dark matter lifetime. Do you expect to
get interesting limits on ⌧ from this calculation? If yes, please men-
tion me and these lecture notes in the acknowledgements of your
forthcoming paper.

The estimate above indicates that the contribution of annihilating dark matter to
cosmic rays is, at best, subdominant to the observed cosmic ray energy density, but that
it could be an O(1 %) effect. In fact, models of Galactic cosmic rays decently match
observation, so this is in some sense good news for dark matter model building! As a
result, it is key in this business to target under-abundant species, namely either heavy
nuclei or antimatter (for example positrons (e+), antiprotons (p̄), antideuterons D̄,...).
Unfortunately, it is quite hard to produce heavy nuclei from dark matter annihilation
(that results, in its hadronic part, in a couple of high-energy jets only). Antimatter,
on the other hand, is promising; typical dark matter models (exceptions are certain
flavors of asymmetric dark matter) are democratic in producing as much matter as
antimatter in the annihilation or decay final products.

Figure 4 illustrates the final yield of several particle species resulting from �� ! qq̄
(left) and from �� ! W+W� (I took these two nice figures from Ref. [26]). The
red lines indicate photons, the black lines neutrinos, while the green and blue lines
indicate e± and p̄, respectively. All of these particle species primarily originate from
the hadronization and cascade decays of jets initiated by the final state q and q̄, or
directly from the prompt decay modes of the W (notice the green and black lines
getting “horizontal” at x = 1, where x is the particles’ kinetic energy normalized by
the dark matter mass).

— 24 —

Photon

Neutrino electron

antiproton

[Cirelli etal, 2011]

S. Profumo Astrophysical Probes of Dark Matter

Given the relevance of global warming to the general public (and to funding agencies),
let’s make an estimate of this latter effect. The “capture probability” for WIMPs is
roughly

n
nucleons

· ���N ·R
planet

. 10�4,

where for the right-hand side I’ve used n
nucleons

⇠ NA/cm
3, the current upper limit on

the spin-dependent WIMP-nucleon cross section ���N . 10�37 cm2 and the radius of
Uranus, R ⇠ 3 ⇥ 109 cm – the choice of Uranus is motivated by an anomalous heat
observed in the planet, of about 1014 W. Now, the power produced by dark matter
assuming that all of the dark matter mass is converted to heat is

W ⇠ (capture probability) · ⇡R
planet

· ⇢
DM

· v
DM

. 1012 W

which tells us that we fall short by a couple orders of magnitude of explaining Uranus’
anomalous heat. Too bad.

Exercise #5: Estimate the heat produced by dark matter annihi-
lation in the Earth and compare with the accuracy of geothermal
models (see also the much, much more refined discussion in [25]);
how large should the dark matter-nucleon scattering cross section to
cause global warming concerns?

1., cnt’d: Effects on Cosmology: lots of work here, spanning effects on Big Bang
Nucleosynthesis, on the cosmic microwave background, on reionization, on structure
formation and many more. I don’t even have time to give you a laundry list of all this!
Go browse the arXiv and have fun!

2. Charged Cosmic Rays: here, the dark matter “source term” is unfortunately
tangled with effects of propagation and energy losses of charged cosmic rays on their
way to our human detectors.

Do we expect enough cosmic rays from dark matter annihilation or decay to detect
a signal over the background? The ballpark energy density of cosmic rays in the Milky
Way is

✏
CR

⇠ 1
eV

cm3

.

Let’s estimate the energy density in cosmic rays dumped by dark matter annihilation
in the Galaxy:

✏
DM

⇠ m� · h�vi · n2

DM

· T
MW

,

with m� ⇠ 100 GeV, ⇢
DM

⇠ 0.3 GeV/cm3, h�vi ⇠ 3⇥ 10�26 cm3/s, and the Milky Way
age T

MW

⇠ 10⇥ 109 yr, I get

✏
DM

⇠ 10�2

eV

cm3

.

Exercise #6: Improve on the estimate above using a Navarro-Frenk-
White dark matter density profile and integrating over an appropriate
cosmic-ray “diffusion region”, e.g. a cylindrical slab of half-height 1
kpc and radius 20 kpc.

— 23 —

• Indirect Detection : cosmic rays
Dark Matter annihilation or decay can produce charged particles.
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The charged particles scatters in the magnetic field in the Galaxy.

Earth

Photon

Cosmic Rays
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FIG. 1: Cosmic Ray spectrum from [1].

A. Dark matter - nucleon interaction

(Axial-) vectore medaition

The general interaction of fermonic dark matter is [4]
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PAMELA

[PAMELA Collaboration]
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FIG. 1: Cosmic Ray spectrum from [1].
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Compare with the DM flux 

1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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A precision measurement by the Alpha Magnetic Spectrometer on the International Space Station

of the positron fraction in primary cosmic rays in the energy range from 0.5 to 350 GeV based on

6:8! 106 positron and electron events is presented. The very accurate data show that the positron

PRL 110, 141102 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending
5 APRIL 2013

141102-2

fraction is steadily increasing from 10 to !250 GeV, but, from 20 to 250 GeV, the slope decreases by

an order of magnitude. The positron fraction spectrum shows no fine structure, and the positron to

electron ratio shows no observable anisotropy. Together, these features show the existence of new

physical phenomena.

DOI: 10.1103/PhysRevLett.110.141102 PACS numbers: 96.50.sb, 14.60.Cd, 95.35.+d, 95.55.Vj

The Alpha Magnetic Spectrometer (AMS-02) is a gen-
eral purpose high-energy particle physics detector. It was
installed on the International Space Station (ISS) on
19 May 2011 to conduct a unique long duration mission
(!20 years) of fundamental physics research in space. The
first AMS results reported in this Letter are based on the
data collected during the initial 18 months of operations on
the ISS, from 19 May 2011 to 10 December 2012. This
constitutes 8% of the expected AMS data sample. The
positron fraction, that is, the ratio of the positron flux to
the combined flux of positrons and electrons, is presented
in this Letter in the energy range from 0.5 to 350 GeV. Over
the past two decades, there has been strong interest in the
cosmic ray positron fraction in both particle physics and
astrophysics [1]. The purpose of this Letter is to present the
accurate determination of this fraction as a function of
energy and direction (anisotropy).

AMS detector.—The layout of the AMS-02 detector [2]
is shown in Fig. 1. It consists of nine planes of precision
silicon tracker, a transition radiation detector (TRD), four
planes of time of flight counters (TOF), a permanent
magnet, an array of anticoincidence counters (ACC), sur-
rounding the inner tracker, a ring imaging Čerenkov de-
tector (RICH), and an electromagnetic calorimeter
(ECAL). The figure also shows a high-energy electron of
1.03 TeV recorded by AMS.

The AMS coordinate system is concentric with the
center of the magnet. The x axis is parallel to the main
component of the magnetic field, and the z axis points
vertically. The (y-z) plane is the bending plane. AMS is
mounted on the ISS with a 12" roll to port to avoid the ISS
solar panels being in the detector field of view; terms such
as ‘‘above,’’ ‘‘below,’’ and ‘‘downward-going’’ refer to the
AMS coordinate system.

The tracker accurately determines the trajectory and
absolute charge (Z) of cosmic rays by multiple measure-
ments of the coordinates and energy loss. It is composed of
192 ladders, each containing double-sided silicon sensors,
readout electronics, and mechanical support [3,4]. Three
planes of aluminum honeycomb with carbon fiber skins are
equipped with ladders on both sides of the plane. These
double planes are numbered 3–8; see Fig. 1. Another three
planes are equipped with one layer of silicon ladders. As
indicated in Fig. 1, plane 1 is located on top of the TRD,
plane 2 is above the magnet, and plane 9 is between the
RICH and the ECAL. Plane 9 covers the ECAL accep-
tance. Planes 2–8 constitute the inner tracker. Coordinate
resolution of each plane is measured to be better than

10 !m in the bending direction, and the charge resolution
is !Z ’ 0:06 at Z ¼ 1. The total lever arm of the tracker
from plane 1 to plane 9 is 3.0 m. Positions of the planes of
the inner tracker are held stable by a special carbon fiber
structure [5]. It is monitored by using 20 IR laser beams
which penetrate through all planes of the inner tracker and
provide micron-level accuracy position measurements.
The positions of planes 1 and 9 are aligned by using cosmic
ray protons such that they are stable to 3 !m (see Fig. 2).
The TRD is designed to use transition radiation to dis-

tinguish between e$ and protons, and dE=dx to indepen-
dently identify nuclei [6]. It consists of 5248 proportional
tubes of 6 mm diameter with a maximum length of 2 m
arranged side by side in 16-tube modules. The 328 modules

TRD

Tracker 

ECAL 

RICH

FIG. 1 (color). A 1.03 TeV electron event as measured by the
AMS detector on the ISS in the bending (y-z) plane. Tracker
planes 1–9 measure the particle charge and momentum. The
TRD identifies the particle as an electron. The TOF measures
the charge and ensures that the particle is downward-going. The
RICH independently measures the charge and velocity. The
ECAL measures the 3D shower profile, independently identifies
the particle as an electron, and measures its energy. An electron
is identified by (i) an electron signal in the TRD, (ii) an electron
signal in the ECAL, and (iii) the matching of the ECAL shower
energy and the momentum measured with the tracker and
magnet.
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10 GeV the positron fraction decreases with increasing
energy as expected from the secondary production of
cosmic rays by collision with the interstellar medium.
The positron fraction is steadily increasing from 10 to
!250 GeV. This is not consistent with only the secondary
production of positrons [17]. The behavior above 250 GeV
will become more transparent with more statistics which
will also allow improved treatment of the systematics.

Table I (see also [13]) also presents the contribution of
individual sources to the systematic error for different bins
which are added in quadrature to arrive at the total system-
atic uncertainty. As seen, the total systematic error at the
highest energies is dominated by the uncertainty in the
magnitude of the charge confusion.

Most importantly, several independent analyses were
performed on the same data sample by different study
groups. Results of these analyses are consistent with those
presented in Fig. 5 and in Table I (see also [13]).

The observation of the positron fraction increase with
energy has been reported by earlier experiments: TS93
[18], Wizard/CAPRICE [19], HEAT [20], AMS-01 [21],
PAMELA [22], and Fermi-LAT [23]. The most recent
results are presented in Fig. 5 for comparison. The accu-
racy of AMS-02 and high statistics available enable the
reported AMS-02 positron fraction spectrum to be clearly
distinct from earlier work. The AMS-02 spectrum has the
unique resolution, statistics, and energy range to provide
accurate information on new phenomena.
The accuracy of the data (Table I and [13]) enables us to

investigate the properties of the positron fraction with
different models. We present here the results of comparing
our data with a minimal model, as an example. In this
model the eþ and e# fluxes,!eþ and!e# , respectively, are
parametrized as the sum of individual diffuse power law
spectra and the contribution of a single common source
of e$:

!eþ ¼ CeþE
#!eþ þ CsE

#!se#E=Es ; (1)

!e# ¼ Ce#E
#!e# þ CsE

#!se#E=Es (2)

(with E in GeV), where the coefficients Ceþ and Ce#

correspond to relative weights of diffuse spectra for posi-
trons and electrons, respectively, and Cs to the weight of
the source spectrum; !eþ , !e# , and !s are the correspond-
ing spectral indices; and Es is a characteristic cutoff energy
for the source spectrum. With this parametrization the
positron fraction depends on five parameters. A fit to the
data in the energy range 1–350 GeV based on the number
of events in each bin yields a "2=d:f: ¼ 28:5=57 and the
following: !e# # !eþ ¼ #0:63$ 0:03, i.e., the diffuse
positron spectrum is softer, that is, less energetic with
increasing energy, than the diffuse electron spectrum;
!e# # !s ¼ 0:66$ 0:05, i.e., the source spectrum is
harder than the diffuse electron spectrum; Ceþ=Ce# ¼
0:091$ 0:001, i.e., the weight of the diffuse positron flux
amounts to !10% of that of the diffuse electron flux;
Cs=Ce# ¼ 0:0078$ 0:0012, i.e., the weight of the com-
mon source constitutes only !1% of that of the diffuse
electron flux; and 1=Es ¼ 0:0013$ 0:0007 GeV#1, corre-
sponding to a cutoff energy of 760þ1000

#280 GeV. The fit is
shown in Fig. 6 as a solid curve. The agreement between
the data and the model shows that the positron fraction
spectrum is consistent with e$ fluxes each of which is the
sum of its diffuse spectrum and a single common power
law source. No fine structures are observed in the data. The
excellent agreement of this model with the data indicates
that the model is insensitive to solar modulation effects
[24] during this period. Indeed, fitting over the energy
ranges from 0.8–350 GeV to 6.0–350 GeV does not change
the results nor the fit quality. Furthermore, fitting the data
with the same model extended to include different solar
modulation effects on positrons and electrons yields simi-
lar results. This study also shows that the slope of the
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FIG. 4 (color). (a) Stability of the measurement in the energy
range 83.2–100 GeVover wide variations of the cuts fitted with a
Gaussian of width 1.1%. (b) The positron fraction shows no
correlation with the number of selected positrons.
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FIG. 5 (color). The positron fraction compared with the most
recent measurements from PAMELA [22] and Fermi-LAT [23].
The comparatively small error bars for AMS are the quadratic
sum of the statistical and systematic uncertainties (see Table I
and [13]), and the horizontal positions are the centers of
each bin.
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fraction is steadily increasing from 10 to !250 GeV, but, from 20 to 250 GeV, the slope decreases by

an order of magnitude. The positron fraction spectrum shows no fine structure, and the positron to

electron ratio shows no observable anisotropy. Together, these features show the existence of new

physical phenomena.
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The Alpha Magnetic Spectrometer (AMS-02) is a gen-
eral purpose high-energy particle physics detector. It was
installed on the International Space Station (ISS) on
19 May 2011 to conduct a unique long duration mission
(!20 years) of fundamental physics research in space. The
first AMS results reported in this Letter are based on the
data collected during the initial 18 months of operations on
the ISS, from 19 May 2011 to 10 December 2012. This
constitutes 8% of the expected AMS data sample. The
positron fraction, that is, the ratio of the positron flux to
the combined flux of positrons and electrons, is presented
in this Letter in the energy range from 0.5 to 350 GeV. Over
the past two decades, there has been strong interest in the
cosmic ray positron fraction in both particle physics and
astrophysics [1]. The purpose of this Letter is to present the
accurate determination of this fraction as a function of
energy and direction (anisotropy).

AMS detector.—The layout of the AMS-02 detector [2]
is shown in Fig. 1. It consists of nine planes of precision
silicon tracker, a transition radiation detector (TRD), four
planes of time of flight counters (TOF), a permanent
magnet, an array of anticoincidence counters (ACC), sur-
rounding the inner tracker, a ring imaging Čerenkov de-
tector (RICH), and an electromagnetic calorimeter
(ECAL). The figure also shows a high-energy electron of
1.03 TeV recorded by AMS.

The AMS coordinate system is concentric with the
center of the magnet. The x axis is parallel to the main
component of the magnetic field, and the z axis points
vertically. The (y-z) plane is the bending plane. AMS is
mounted on the ISS with a 12" roll to port to avoid the ISS
solar panels being in the detector field of view; terms such
as ‘‘above,’’ ‘‘below,’’ and ‘‘downward-going’’ refer to the
AMS coordinate system.

The tracker accurately determines the trajectory and
absolute charge (Z) of cosmic rays by multiple measure-
ments of the coordinates and energy loss. It is composed of
192 ladders, each containing double-sided silicon sensors,
readout electronics, and mechanical support [3,4]. Three
planes of aluminum honeycomb with carbon fiber skins are
equipped with ladders on both sides of the plane. These
double planes are numbered 3–8; see Fig. 1. Another three
planes are equipped with one layer of silicon ladders. As
indicated in Fig. 1, plane 1 is located on top of the TRD,
plane 2 is above the magnet, and plane 9 is between the
RICH and the ECAL. Plane 9 covers the ECAL accep-
tance. Planes 2–8 constitute the inner tracker. Coordinate
resolution of each plane is measured to be better than

10 !m in the bending direction, and the charge resolution
is !Z ’ 0:06 at Z ¼ 1. The total lever arm of the tracker
from plane 1 to plane 9 is 3.0 m. Positions of the planes of
the inner tracker are held stable by a special carbon fiber
structure [5]. It is monitored by using 20 IR laser beams
which penetrate through all planes of the inner tracker and
provide micron-level accuracy position measurements.
The positions of planes 1 and 9 are aligned by using cosmic
ray protons such that they are stable to 3 !m (see Fig. 2).
The TRD is designed to use transition radiation to dis-

tinguish between e$ and protons, and dE=dx to indepen-
dently identify nuclei [6]. It consists of 5248 proportional
tubes of 6 mm diameter with a maximum length of 2 m
arranged side by side in 16-tube modules. The 328 modules
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FIG. 1 (color). A 1.03 TeV electron event as measured by the
AMS detector on the ISS in the bending (y-z) plane. Tracker
planes 1–9 measure the particle charge and momentum. The
TRD identifies the particle as an electron. The TOF measures
the charge and ensures that the particle is downward-going. The
RICH independently measures the charge and velocity. The
ECAL measures the 3D shower profile, independently identifies
the particle as an electron, and measures its energy. An electron
is identified by (i) an electron signal in the TRD, (ii) an electron
signal in the ECAL, and (iii) the matching of the ECAL shower
energy and the momentum measured with the tracker and
magnet.
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18 months data

Secondary production of cosmic rays

by collision with intestellar medium

Below 10 GeV:

[AMS collaboration, PRL 2013]
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10 GeV the positron fraction decreases with increasing
energy as expected from the secondary production of
cosmic rays by collision with the interstellar medium.
The positron fraction is steadily increasing from 10 to
!250 GeV. This is not consistent with only the secondary
production of positrons [17]. The behavior above 250 GeV
will become more transparent with more statistics which
will also allow improved treatment of the systematics.

Table I (see also [13]) also presents the contribution of
individual sources to the systematic error for different bins
which are added in quadrature to arrive at the total system-
atic uncertainty. As seen, the total systematic error at the
highest energies is dominated by the uncertainty in the
magnitude of the charge confusion.

Most importantly, several independent analyses were
performed on the same data sample by different study
groups. Results of these analyses are consistent with those
presented in Fig. 5 and in Table I (see also [13]).

The observation of the positron fraction increase with
energy has been reported by earlier experiments: TS93
[18], Wizard/CAPRICE [19], HEAT [20], AMS-01 [21],
PAMELA [22], and Fermi-LAT [23]. The most recent
results are presented in Fig. 5 for comparison. The accu-
racy of AMS-02 and high statistics available enable the
reported AMS-02 positron fraction spectrum to be clearly
distinct from earlier work. The AMS-02 spectrum has the
unique resolution, statistics, and energy range to provide
accurate information on new phenomena.
The accuracy of the data (Table I and [13]) enables us to

investigate the properties of the positron fraction with
different models. We present here the results of comparing
our data with a minimal model, as an example. In this
model the eþ and e# fluxes,!eþ and!e# , respectively, are
parametrized as the sum of individual diffuse power law
spectra and the contribution of a single common source
of e$:

!eþ ¼ CeþE
#!eþ þ CsE

#!se#E=Es ; (1)

!e# ¼ Ce#E
#!e# þ CsE

#!se#E=Es (2)

(with E in GeV), where the coefficients Ceþ and Ce#

correspond to relative weights of diffuse spectra for posi-
trons and electrons, respectively, and Cs to the weight of
the source spectrum; !eþ , !e# , and !s are the correspond-
ing spectral indices; and Es is a characteristic cutoff energy
for the source spectrum. With this parametrization the
positron fraction depends on five parameters. A fit to the
data in the energy range 1–350 GeV based on the number
of events in each bin yields a "2=d:f: ¼ 28:5=57 and the
following: !e# # !eþ ¼ #0:63$ 0:03, i.e., the diffuse
positron spectrum is softer, that is, less energetic with
increasing energy, than the diffuse electron spectrum;
!e# # !s ¼ 0:66$ 0:05, i.e., the source spectrum is
harder than the diffuse electron spectrum; Ceþ=Ce# ¼
0:091$ 0:001, i.e., the weight of the diffuse positron flux
amounts to !10% of that of the diffuse electron flux;
Cs=Ce# ¼ 0:0078$ 0:0012, i.e., the weight of the com-
mon source constitutes only !1% of that of the diffuse
electron flux; and 1=Es ¼ 0:0013$ 0:0007 GeV#1, corre-
sponding to a cutoff energy of 760þ1000

#280 GeV. The fit is
shown in Fig. 6 as a solid curve. The agreement between
the data and the model shows that the positron fraction
spectrum is consistent with e$ fluxes each of which is the
sum of its diffuse spectrum and a single common power
law source. No fine structures are observed in the data. The
excellent agreement of this model with the data indicates
that the model is insensitive to solar modulation effects
[24] during this period. Indeed, fitting over the energy
ranges from 0.8–350 GeV to 6.0–350 GeV does not change
the results nor the fit quality. Furthermore, fitting the data
with the same model extended to include different solar
modulation effects on positrons and electrons yields simi-
lar results. This study also shows that the slope of the
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FIG. 4 (color). (a) Stability of the measurement in the energy
range 83.2–100 GeVover wide variations of the cuts fitted with a
Gaussian of width 1.1%. (b) The positron fraction shows no
correlation with the number of selected positrons.
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FIG. 5 (color). The positron fraction compared with the most
recent measurements from PAMELA [22] and Fermi-LAT [23].
The comparatively small error bars for AMS are the quadratic
sum of the statistical and systematic uncertainties (see Table I
and [13]), and the horizontal positions are the centers of
each bin.
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AMS-02	 (Alpha	 Magnetic	 spectrometer)

The $2 billion machine was installed on the International Space Station on 19 May 
2011, and so far, it has detected 25 billion particle events, including about 8 billion 
electrons and positrons. It continues for 10 years at ISS.
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• Indirect Detection : neutrino
They come through directly from the source to the detector around Earth.
The signal is very weak but also the background is very small.
WIMPs are captured in the Sun by SI or SD scattering and their 
annihilation produce cosmic neutrinos.

DM

DM

p

p DM

DM neutrino
SUN

Neutrinos from the Sun 
Combination of direct and indirect detection 
mechanisms 
• WIMP-nucleon scattering leads to WIMP 

capture by the Sun 
• WIMP-WIMP annihilation leads to the 

production of cosmic rays (neutrino)  
 

Nicola M - Lepton Photon 2013 38 

χ 

χ 

Nuclear Scattering 
Cross Section 
σSI or σSD 

Self-Annihilation 
Cross Section ⟨σv⟩ 

 
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Neutrinos from the Sun 

The plots show the 90% C.L. upper limits on Spin Independent  
(left figure) and Spin Dependent (right figure) for hard and soft 
annihilation channels over a range of WIMP masses 
M. G. Aartsen et al., PRL 110, 131302 (2013) 

Nicola M - Lepton Photon 2013 39 

IceCube 𝑏𝑏ത 

IceCube W+W- 

IceCube 𝑏𝑏ത 

IceCube W+W- 

Neutrinos from the Sun [Aartsen etal, 2013]

95% upper limits on the Spin-Independent (Left) and Spin-Dependent 
(right) scattering cross section of DM and proton.

1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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Summary

• We need Dark Matter to explain the cosmological and 
astrophysical observations.  All of these are based on the 
gravitational interaction.

• There are some anomalous observations in the direct 
detection and indirection. However we need more efforts to 
identify the signatures as dark matter evidence.

• There are many experiments to see the non-gravitational 
signals of dark matter. However no conclusive result yet.
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