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Standard Model
Matter constituents

Interactions

..L
on
g
ra
ng
e

..

Gravity

..

Electromagnetism

.

S
ho
rt
ra
ng
e .

Strong
L ≲ 10−13 cm

.

Weak
L ≲ 10−16 cm



All particles of the Standard Model

..
L
ef
t

L
ef
t

R
ig
h
t

L
ef
t

R
ig
h
t

L
ef
t

L
ef
t

R
ig
h
t

L
ef
t

L
ef
t

R
ig
h
t

L
ef
t

R
ig
h
t

L
ef
t

R
ig
h
t

L
ef
t

R
ig
h
t

L
ef
t

R
ig
h
t

L
ef
t

R
ig
h
tu

up

2.4 MeV

⅔ c
charm

1.27 GeV

⅔ t
top

171.2 GeV 

⅔

d
down

4.8 MeV

-⅓ s
strange

104 MeV

-⅓ b
bottom

4.2 GeV

-⅓

νe
electron
neutrino

0 eV

0 νμ
muon

neutrino

0 eV

0 ντ
tau

neutrino

0 eV 

0

e
electron

0.511 MeV

-1 μ
muon

105.7 MeV

-1 τ
tau

1.777 GeV

-1

g
gluon

0 

0

γ
photon

0

0

Z
091.2 GeV

0

weak
force

W
±

80.4 GeV

±1

weak
force

mass→

charge→

Q
u
ar

ks
Le

p
to

n
s

Three Generations 
of Matter (Fermions) spin ½

B
os

on
s 

(F
or

ce
s)

 s
p
in

 1

I II III

name→

H
125.5 GeV 

0

0
Higgs
boson

spin 0

. Higgs Boson

Photon Weak Gluons

Quarks
Leptons

Bosons

e μ τ ν ν νe μ τ q

gW Zγ

H

(+ Einstein gravity)



Tests of the Standard Model are numerous

▶ Precise predictions of SM for particle properties
▶ QED
α−1 = 137.035999070(98) from anomalous magnetic moment

α−1 = 137.03599878(91) from atom recoil measurements

▶ Particle decays: μ → eν̄eνμ, Z → μ+μ−

▶ Particle scattering:
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▶ Tests of predictions from some motivated generalizations

Regularly updated, public data at http://pdg.lbl.gov

http://pdg.lbl.gov


Successes and problems of the Standard Model

SM is perfect for

Explaining all the everyday/lab physics phenomena

Full set of
experimental problems
of the SM

▶ Neutrino oscillations
▶ Dark Matter
▶ Baryon asymmetry
of the Universe

▶ Inflation

Theoretical concerns about the
SM

▶ (Small value of) CP violation in
strong interactions

▶ (Small value of) Dark energy
(compared to all other scales)

▶ (Small value of) the Higgs boson
mass (compared to the
Planck/Grand Unification scale)

▶ Fermion mass hierarchies
▶ Unification of the interactions
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Why Dark Matter?

Astrophysical data (“today”)

▶ Observations of objects in the galaxies
▶ Observations of gravitational lensing by galaxies
▶ Observations of the galaxy clusters

Cosmological data (“past”)

▶ Abundance of structure in the present Universe
▶ Analysis of the anisotropy of the Cosmic Microwave
Background radiation

▶ Baryon acoustic oscillations (distribution of far away
galaxies)



Astrophysics – movement of stars in the galaxies

▶ Look at movement of stars
in a galaxy

▶ Their movement is
governed by gravitational
field of the galaxy

▶ Knowing the gravitational
force estimate the mass
required to create it

▶ Compare to the visible
(stars/gas) mass

▶ Not enough by a lot!

Fritz Zwicky, 1933



Measuring of the velocities of the objects in galaxies

Doppler effect

ω = ω0
1+ υdetector

cwaves in media
1− υsource

cwaves in media

Relativistic generalization

ω = ω0

√
1− υ2

c2

1+ υ
c cos θ

θ–angle between object velocity and line of
sight υ⃗

You can find the rotation velocity
independent of the velocity of the center of
rotation



Stars and cold gas clouds in spiral galaxies



Flat “rotation curves” require Dark Halos in galaxies

v(R) =
√
G
M(R)
R

M(R) = 4π
∫ R

0
ρ(r)r2dr

1 kpc= 103 parsec=
3.3 thousand light years

Observations: v(R) ≃ const

Visible matter internal region v(R) ∝
√
R

would account for: external (“empty”) region v(R) ∝ 1/
√
R



Milky Way details

Halo also helps to stabilise the

disk…

26 Introduction
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Fig. 1.8. A schematic side view of the Milky Way.

1.2 Our Milky Way

We are resident in the Milky Way, which is also called the Galaxy (with a capital
G). Here, we have a close-up view of the stellar and gaseous content of a typical
large spiral galaxy. This section gives a brief sketch of our Galaxy, and how we
observe the gas and dust that lie between the stars. We also define some of the
coordinate systems by which astronomers locate objects on the sky and within the
Milky Way.

An external observer might see the Milky Way looking something like what
is drawn in Figure 1.8. The Sun lies some way from the center, in the stellar disk
that is the Milky Way’s most prominent feature. As its name implies, the disk is
thin and roughly circular; when we look out on a dark night, the disk stars appear
as a luminous band stretching across the heavens. Dark patches in this band mark
concentrations of dust and dense gas. In the southern sky, the bright central regions
are seen as a bulge extending above and below the disk. At the center of the bulge
is a dense nucleus of stars; this harbors a radio source, and a black hole with mass
MBH ≈ 4 × 106M⊙.
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Gravitational lensing: GR α = 4GM/(c2 b)

η⃗ =
Ds

Dl
ξ⃗ − Dlsα⃗

(
ξ⃗
)

Ordinary lens with a
specific refraction
coefficient

α⃗
(⃗
ξ
)

=
4G

c

∫ ξ⃗ − ξ⃗′∣∣∣ξ − ξ⃗′
∣∣∣2 d2ξ′

∫
ρ
(⃗
ξ′, z

)
dz

Einsteins cross

source: quasar Ds = 8billion ly
lens: galaxy Dl = 0.4billion ly



Dark matter in the center of galaxy clusters

Gravitational lensing Reconstruction of the lens
from the image



Dark matter in galaxy clusters
X-rays from hot gas in the cluster centers

ΔP
ΔR

= −μne(R)mp
GM(R)
R2 ,

M(R) = 4π
∫ R

0
ρ(r)r2dr, P(R) = ne(R)Te(R)

Galaxies in the clusters

Galaxies are virialized,

U+ 2Ek = 0

3M⟨υ2r ⟩ = G
M2

R
υr — Projection on the line of

sight



Clusters who collided (Bullet cluster) 1E0657-558

Gravitational lensing Roentgen image
M ≃ 10×m

Scale is in 700 thousand ly
clusters are separated by 5 billion ly
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Basic (experimental) facts about the Universe:
Expansion
Doppler “reddening” of the light L ∝ a(t)

n ∝ a−3(t)

H(t) = ȧ(t)
a(t)

Hubble
parameter

Hubble
law

H(0) r = vr



Our Universe: Uniform and isotropic
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The Universe is filled with “hot” photons
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Conclusions from the observations

So – the Universe is uniform, isotropic, is
expanding, and “hot”…

▶ interval between events is modified
Δs2 = c2 Δt2 − a2 (t) Δx⃗2

in GR the expansion is describe by the Friedman
equation(

ȧ
a

)2
= H2 (t) =

8π
3

G ρ energy
density

ρ energy
density = ρ radiation + ρ ordinary

matter + ρ dark
matter + . . .

▶ in the past the Universe was “denser” and “hotter”, at
some moment it was constructed out of
electromagnetic plasma

ρ matter ∝ 1/a3(t) , ρ radiation ∝ 1/a4(t)

We are very confident up to
T ∼ 1MeV c2/k ∼ 10billion ◦K
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Universe history

...
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Measurement of the scale factor a(t) recovers the
composition of the present Universe

Δs2 = c2 Δt2 − a2 (t) Δx⃗2 The light propagation changes
How to check it?
Measure distance L of an object!

▶ Measure angular distance θ of a known sized object d
galaxies of a fixed type

θ =
d
L

▶ Measuring angular size θ(t) corresponding to an object with known evolving size
d(t)

θ(t) =
d(t)
L

▶ Measuring brightness J for an object with known luminosity F “standard candle”

J =
F

4π L2

All the relations are modified in an expanding Universe



Results of the “length measurements”
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Dark matter and generation of structures

▶ Relic radiation is not completely
isotropic.

▶ Earth movement relative to
CMB

ΔT dipole

T
∼ 10−3

▶ More complex anisotropies are
there!

ΔT
T

∼ 10−4−10−5

▶ Density of matter was
inhomogeneous Δρ/ρ ∼ ΔT/T at
recombination (formation of
Hydrogen from plasma)

▶ Gravitational (Jeans) instability of a
system of particles at rest =⇒
Δρ/ρ ↗ =⇒ galaxies

▶ Only baryons would not have done
that on time! After recombination
they “fall” into gravitational wells
formed by Dark Matter.
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Cosmology data
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0.0

0.5
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No Big Bang

▶ Estimate of the mass in galaxies, clusters and
other structures

▶ Corrections to the Hubble law: relation
between the redshift and light curves of the
“standard candles” (SNe Ia)

▶ CMB anisotropies, structure distributions
(BAO, etc.)

ρenergydensity(t0) ≡ ρc ≈ 0.53× 10−5 GeV c2

cm3

Radiation contribution: Ωγ ≡ ργ
ρc

= 0.5× 10−4

Baryon contribution (Hydrogen, Helium):
ΩB ≡ ρB

ρc
= 0.049

Neutrino contribution: Ων ≡
∑

ρνi
ρc

< 0.01

Dark Matter contribution: ΩDM ≡ ρDM
ρc

= 0.27
Dark Energy contribution: ΩΛ ≡ ρΛ

ρc
= 0.68



Universe energy balance changes with time



Simulations of the structure formation



DM simulations gives the observed structure
distribution over 5 orders of magnitude
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Figure 1: Column density S as a function of halo mass Mhalo. The black dashed-dotted line is the
S − Mhalo relation obtained from N-body simulations [6], using the WMAP fifth year cosmological
parameters [11]. The shaded region shows the 3σ scatter in the simulation data. The vertical lines
indicate the mass range probed by simulations. The dotted line is the theoretical prediction from the toy
model for isolated halos [6, 23]. The gray dashed line showns the results from the Aquarius simulation
for satellite halos [7].
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Possible explanations

▶ Modification of Gravity/Modification of Newtonian
Dynamics (MOND)

▶ Additional matter – Dark Matter
▶ Elementary particles

▶ Weakly interacting massive particles “WIMPs” ..
}
“found”!

▶ sterile neutrino
▶ axion
▶ heavy relics
▶ (Topological) defects

▶ Large objects
▶ Massive Astrophysical Compact Halo Objects (MACHOs)
▶ Primordial black holes (remnants)



Properties of Dark Matter particles

Some new (non-baryonic) particle X
1. Stable on cosmological time scale (t ≫ 14 billion years)
2. Non-relativistic (otherwise they escape from galaxies!

Milky Way: vX ∼ v stars ∼ 10−3 c ≃ 300 km/s )
3. (nearly) collisionless
4. (nearly) neutral (electrically)



Quantum condition of localization in galaxies

For bosons – de Broglie wavelength
λ = h/(MXvX), λ≲L galaxy −→ MX ≳ 3× 10−22 eV/c2

For fermions –
Pauli principle: 1 state ≤ 1 particle MX ≳ 750 eV/c2

f(p,x) = ρX(x)
MX

· 1(√
2πMXvX

)3 · e
− p2

2M2Xv
2
X

∣∣∣∣∣
p=0

≤gX
h3
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Weakly Interacting Massive Particles (WIMPs)

Assumptions:

1. no X− X̄ asymmetry nX = nX̄
2. at T < MX the DM is in thermal equilibrium in the plasma Boltzmann

distribution!

nX = nX̄ = gX
(
MX c2 k T

2π

)3/2

e−
MX c2

k T

Then:
▶ The Universe is expanding =⇒ T ↘, nX ↘
▶ T k ≪ Mx c2: Stop being created, just annihilate

X+ X̄ −→ light Standard Model particles

τ−1
annihilation ∝ nX

▶ annihilation stops at the temperature Tf, when

τ−1
annihilation ≲ H



WIMPS → LHC

After freeze-out: nX(t) ∝ a−3 (t)

X+ X̄ contribution to the modern energy density:

ΩX = 2MXnX(T0)
ρc

≃ 0.1×
(
0.01×σweak
σannihilation

)
σ weak — weak interactions — energy E ∼ 100 GeV
σannihilation — “super”weak interactions — energies
E ≳ 1-10 TeV

close scales — “natural” Dark Matter

naturally “light” for LHC

cross-section is not above the geometric one —

σ0 ≲ h2
M2
X c2

−→ MX ≲ 100 TeV c2

Find “natural” Dark Matter in LHC may be quite possible



WIMPs X interact with the matter!

▶ LHC searches for process with the “loss” of energy and
momentum

p+ p → X+ X̄+ usual particles

▶ Laboratory searches of the processes “getting” energy
and momentum

Nucleus+ X → Nucleus+ X

▶ Search with “telescopes” of ordinary particles from
annihilation or decay of the Dark Matter particles

X+ X̄ → ordinary particles X → ordinary particles



Direct WIMPs searches

Laboratory searches “getting” energy
and momentum

Nucleus+ X → Nucleus+ X

Just non-relativistic kinematics of
particles (nucleus at rest vX ∼ 10−3c)

ΔE = 2MXv2X
MNucleus/MX

(1+MNucleus/MX)
2

Tmax ≈ 2 MAc2β2

Recoil

WIMP

WIMP

Target Atom
(mass MA)

β ≈ 10-3
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Fig. 1.8. A schematic side view of the Milky Way.

1.2 Our Milky Way

We are resident in the Milky Way, which is also called the Galaxy (with a capital
G). Here, we have a close-up view of the stellar and gaseous content of a typical
large spiral galaxy. This section gives a brief sketch of our Galaxy, and how we
observe the gas and dust that lie between the stars. We also define some of the
coordinate systems by which astronomers locate objects on the sky and within the
Milky Way.

An external observer might see the Milky Way looking something like what
is drawn in Figure 1.8. The Sun lies some way from the center, in the stellar disk
that is the Milky Way’s most prominent feature. As its name implies, the disk is
thin and roughly circular; when we look out on a dark night, the disk stars appear
as a luminous band stretching across the heavens. Dark patches in this band mark
concentrations of dust and dense gas. In the southern sky, the bright central regions
are seen as a bulge extending above and below the disk. At the center of the bulge
is a dense nucleus of stars; this harbors a radio source, and a black hole with mass
MBH ≈ 4 × 106M⊙.



Methods of registration of the released energy

Different forms of “friction”!

▶ Heating of the detector
material: conversion into
heat

▶ Ionization of the detector
material: registration of
“detached” electrons

▶ Scintillation of the detector
material: conversion into
light



Dark Matter found (1) ! – DAMA/Libra
∼ 10 GeV Dark Matter

Energy (keV)

S m
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Figure 8: Energy distribution of the Sm variable for the total cumulative exposure
1.33 ton×yr. The energy bin is 0.5 keV. A clear modulation is present in the lowest
energy region, while Sm values compatible with zero are present just above. In fact,
the Sm values in the (6–20) keV energy interval have random fluctuations around zero
with χ2 equal to 35.8 for 28 degrees of freedom (upper tail probability of 15%).

restored after the upgrade in 2008) x values – χ2/d.o.f. values ranging from 0.72 to
1.22 are obtained (see Fig. 10–top); they are all below the 95% C.L. limit. Thus the
observed annual modulation effect is well distributed in all the 25 detectors at 95%
C.L. The mean value of the 25 χ2/d.o.f. is 1.030, slightly larger than 1. Although
this can be still ascribed to statistical fluctuations (see before), let us ascribe it to a
possible systematics. In this case, one would derive an additional error to the modu-
lation amplitude measured in the (2–6) keV energy interval: ≤ 3× 10−4 cpd/kg/keV,
if quadratically combining the errors, or ≤ 2 × 10−5 cpd/kg/keV, if linearly com-
bining them. This possible additional error: ≤ 3% or ≤ 0.2%, respectively, on the
DAMA/LIBRA–phase1 modulation amplitude is an upper limit of possible systematic
effects coming from the detector to detector differences.

Among further additional tests, the analysis of the modulation amplitudes as a
function of the energy separately for the nine inner detectors and the remaining ex-
ternal ones has been carried out for the entire DAMA/LIBRA–phase1. The obtained
values are fully in agreement; in fact, the hypothesis that the two sets of modulation
amplitudes as a function of the energy belong to same distribution has been verified
by χ2 test, obtaining: χ2/d.o.f. = 3.9/4 and 8.9/8 for the energy intervals (2–4) and
(2–6) keV, respectively (∆E = 0.5 keV). This shows that the effect is also well shared
between inner and outer detectors.

Let us, finally, release the assumption of a phase t0 = 152.5 day in the procedure
to evaluate the modulation amplitudes. In this case the signal can be written as:

Sik = S0,k + Sm,k cosω(ti − t0) + Zm,k sinω(ti − t0) (1)

= S0,k + Ym,k cosω(ti − t∗).

For signals induced by DM particles one should expect: i) Zm,k ∼ 0 (because of
the orthogonality between the cosine and the sine functions); ii) Sm,k ≃ Ym,k; iii)
t∗ ≃ t0 = 152.5 day. In fact, these conditions hold for most of the dark halo models;
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Figure 2: Experimental residual rate of the single-hit scintillation events measured
by DAMA/LIBRA–phase1 in the (2–4), (2–5) and (2–6) keV energy intervals as a
function of the time. The time scale is maintained the same of the previous DAMA
papers for coherence. The data points present the experimental errors as vertical bars
and the associated time bin width as horizontal bars. The superimposed curves are
the cosinusoidal functions behaviours A cosω(t − t0) with a period T = 2π

ω = 1 yr, a
phase t0 = 152.5 day (June 2nd) and modulation amplitudes, A, equal to the central
values obtained by best fit on the data points of the entire DAMA/LIBRA–phase1.
The dashed vertical lines correspond to the maximum expected for the DM signal
(June 2nd), while the dotted vertical lines correspond to the minimum.
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Other did not: modern bounds
XENON-100, LUX

5
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XENON100 (2012)
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Expected limit of this run: 

 expectedσ 2 ±
 expectedσ 1 ±

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

3 PE. The PL analysis yields a p-value of � 5% for all
WIMP masses for the background-only hypothesis indi-
cating that there is no excess due to a dark matter sig-
nal. The probability that the expected background in
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/cm3, 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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Loire, STCSM, NSFC, DFG, Stichting FOM, Weizmann
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▶ 1 pb = 10−12 b,
1 b = 1 barn =
10−24 cm2

▶

σWIMP−nucleon ≲ 10−43 cm2

▶ relation to LHC:
predictions of
concrete physical
models

▶ Annual signal
modulations…

To make things worse – CDMS ans CoGeNT saw DM, but for
other parameters.



Indirect searches of DM

Annihilation in the galaxy halo nX
(⃗
r
)
= nX

(⃗
r
)

X+ X̄ −→ light SM particles
photons (γγ), neutrino (νν̄), electrons (e+e−), …

Light particle flux Ie+e−
(⃗
r
)
∝ σX+X̄→e+e−

annihilation n2X
(⃗
r
)

Spectrum of relativistic particles in the decay point
Ee+ = Ee− = MX c2

X+ X̄ contribution to the present energy density

ΩX = 2MXnX(T0)
ρc

≃ 0.1×
(

0.01×σ weak
σ full cross section

annihilation

)
▶ For any channel σX+X̄→e+e−

annihilation ≤ σfull cross-section
annihilation

▶ Look for regions with high density: Galaxy center, Dwarf galaxies,
Sun, …

▶ Interactions in the galaxy: the spectrum is not monochromatic!



Dark Matter found (2) ! AMS and others …
∼ 200 GeV Dark Matter

Yu-‐Feng	  Zhou,	  ITP-‐CAS 

AMS-‐02	  positron	  frac.on	  (2014) 

Φe− ¼ Ce−E−γe− þ CsE−γse−E=Es ; ð2Þ

(with E in GeV). A fit of this model to the data with their
total errors (the quadratic sum of the statistical and
systematic errors) in the energy range from 1 to
500 GeV yields a χ2=d:f: ¼ 36.4=58 and the cutoff
parameter 1=Es ¼ 1.84% 0.58 TeV−1 with the other
parameters having similar values to those in [2],
Ceþ=Ce− ¼ 0.091% 0.001, Cs=Ce− ¼ 0.0061% 0.0009,
γe− − γeþ ¼ −0.56% 0.03, and γe− − γs ¼ 0.72% 0.04.
(The same model with no exponential cutoff parameter,
i.e., 1=Es set to 0, is excluded at the 99.9% C.L. when fit to
the data.) The resulting fit is shown in Fig. 4(b) as a solid
curve together with the 68% C.L. range of the fit param-
eters. No fine structures are observed in the data. In our
previous Letter, we reported that solar modulation has no
observable effect on our measured positron fraction, and
this continues to be the case.
An analysis of the arrival directions of positrons and

electrons was presented in [2]. The same analysis was
performed including the additional data. The positron to
electron ratio remains consistent with isotropy; the upper
limit on the amplitude of the dipole anisotropy is δ ≤ 0.030
at the 95% C. L. for energies above 16 GeV.
Following the publication of our first Letter [2], there

have been many interesting interpretations [3] with two
popular classes. In the first, the excess of eþ comes from
pulsars. In this case, after flattening out with energy, the
positron fraction will begin to slowly decrease and a dipole
anisotropy should be observed. In the second, the shape of
the positron fraction is due to dark matter collisions. In this
case, after flattening out, the fraction will decrease rapidly
with energy due to the finite and specific mass of the dark
matter particle, and no dipole anisotropy will be observed.
Over its lifetime, AMS will reach a dipole anisotropy
sensitivity of δ≃ 0.01 at the 95% C.L.

The new measurement shows a previously unobserved
behavior of the positron fraction. The origin of this
behavior can only be ascertained by continuing to collect
data up to the TeV region and by measuring the antiproton
to proton ratio to high energies. These are among the main
goals of AMS.
In conclusion, the 10.9 × 106 primary positron and

electron events collected by AMS on the ISS show that,
above ∼200 GeV, the positron fraction no longer exhibits
an increase with energy. This is a major change in the
behavior of the positron fraction.

We thank former NASA Administrator Daniel S. Goldin
for his dedication to the legacy of the ISS as a scientific
laboratory and his decision for NASA to fly AMS as a DOE
payload. We also acknowledge the continuous support of
the NASA leadership including Charles Bolden, William
Gerstenmeier, and Mark Sistilli. AMS is a U.S. DOE
sponsored international collaboration. We are grateful for
the support of Jim Siegrist, Michael Salamon, Dennis
Kovar, Robin Staffin, Saul Gonzalez, and John O’Fallon
of the DOE. We also acknowledge the continuous support
from M.I.T. and its School of Science, Michael Sipser,
Marc Kastner, Ernest Moniz, Edmund Bertschinger, and
Richard Milner. We acknowledge support from: CAS,
NNSF, MOST, NLAA, and the provincial governments
of Shandong, Jiangsu, and Guangdong, China; CNRS,
IN2P3, CNES, Enigmass, and the ANR, France, and
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FIG. 3 (color). The positron fraction above 10 GeV, where it
begins to increase. The present measurement extends the energy
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model are integrated over the bin width. The error bars are the
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new ! 

!

PRESS RELEASE 
AMS Collaboration 

CERN, Geneva, 18 September 2014 
 

New results from the Alpha Magnetic Spectrometer on the International Space Station 
  

The new results on energetic cosmic ray electrons and positrons are announced today. They 
are based on the first 41 billion events measured with the Alpha Magnetic Spectrometer 
(AMS) on the International Space Station (ISS).  These results provide a deeper 
understanding of the nature of high energy cosmic rays and shed more light on the dark 
matter existence. 
 

AMS has analyzed 41 billion primary cosmic ray events.  Of these, 10 million have been identified as 
electrons and positrons.  AMS has measured the positron fraction (ratio of the number of positrons to the 
combined number of positrons and electrons) in the energy range 0.5 to 500 GeV.  We have observed 
that the energy at which the fraction starts to quickly increase is 8 GeV (see Figure 1) indicating the 
existence of a new source of positrons. Figure 2 shows that the exact rate at which the positron fraction 
increases with energy has now been accurately determined and the fraction shows no observable sharp 
structures.  The energy at which the positron fraction ceases to increase (corresponding to the turning 
point energy at which the positron fraction reaches its maximum) has been measured to be 275+32 GeV 
as shown in Figure 2 (upper plot). This is the first experimental observation of the positron fraction 
maximum after half a century of cosmic rays experiments. The excess of the positron fraction is isotropic 
within 3% strongly suggesting the energetic positrons may not be coming from a preferred direction in 
space. 
 
Precise measurement of the positron fraction is important for understanding of the origin of dark matter.  
Dark matter collisions will produce an excess of positrons and this excess can be most easily studied by 
measuring the positron fraction.  Ordinary cosmic ray collisions result in the positron fraction decreasing 
steadily with energy.  Different models on the nature of dark matter predict different behavior of the 
positron fraction excess above the positron fraction expected from ordinary cosmic ray collisions. 
Depending on the nature of dark matter, the excess of the positron fraction has a unique signature.  The 
characteristic features are highlighted in the following illustration: 
 

 

Not monochromatic!
▶ Interactions in the galaxy
▶ fragmentation and decay

X + X̄ → quark + antiquark → . . .

→ p , p̄ , π0
, π+ π−

, · · · →

→ p , p̄ , γ , e+ e− , ν ν̄

▶ Antiparticles should
also be present!

▶ Usually also leptons,
hadrons, and photons

▶ “Accompanying
radiation” is expected
(gamma, Roentgen,
radio, etc.)

▶ Asymmetry should be
present in arrival
directions for neutrino,
photons and
secondary radiation

▶ Astrophysical
contributions?
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Particle Physics – Standard Model!

Our Universe – Today and in the past
Astrophysics: Dark Matter in the Galaxies
Astrophysics: Dark Matter in Galaxy Clusters
Dark Matter and Cosmology

Particle physics realization
Particle Dark Matter properties
“Most natural” (or usual) candidate – WIMP

Searches for WIMPS
Direct searches of Dark Matter
Indirect searches – decay or annihilation of DM

Sterile neutrino Dark Matter



Best candidate – sterile neutrino Dark matter
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▶ DM sterile neutrinos are produced by oscillations from
active neutrinos

▶ Two heavier sterile neutrino provide for the baryon
asymmetry (via low scale leptogenesis)



Possible search for νMSM neutrino in the lab and in
the Universe

▶ DM sterile neutrino N1, M1 ∼ 1− 80 keV ..
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▶ X-ray line from the DM radiative decay
N1 → νγ

▶ Neutrinoless double beta decay
mee < 50× 10−3 eV

▶ Lepton asymmetry generating N2,3, M2,3 ∼ GeV
▶ Neutrino production hadron decays: kinematics

▶ Missing energy in K decays
▶ Peaks in momentum of charged leptons for two body decays

▶ Neutrino decays into SM particles: “nothing” to leptons and
hadrons

▶ Beam target experiments with high intensity proton beam,
detector (preferably not dense) after the shielding.



Search for the line in X-rays
Two groups studying the results of X-ray satellites found an
unidentified line at 3.5 keV

▶ seen by two different satellites (XMM-Newton and
Chandra)

▶ seen in several objects with different astrophysical
composition

▶ Andromeda galaxy (M31)
▶ clusters: Perseus, Centaurus+Ophiuchus+Coma, and more

▶ the line has proper redshift for different sources
▶ the intensity is (more or less) consistent the Dark Matter
profiles and abundances in the objects

▶ the line is absent in the blanc sky observations
▶ two groups use complementary datasets (even for the
Perseus cluster)

Bulbul, Markevitch, Foster, Smith et.al.’14, Boyarsky, Ruchayskiy,
Iakubovskyi, Franse’14



Dark Matter found (3) !
7 keV Dark Matter

Line in Andromeda galaxy observations

3

Dataset Exposure χ2/d.o.f. Line position Flux ∆χ2

[ksec] [keV] 10−6 cts/sec/cm2

M31 ON-CENTER 978.9 97.8/74 3.53± 0.025 4.9+1.6
−1.3 13.0

M31 OFF-CENTER 1472.8 107.8/75 3.53± 0.03 < 1.8 (2σ) . . .
PERSEUS CLUSTER (MOS) 528.5 72.7/68 3.50+0.044

−0.036 7.0+2.6
−2.6 9.1

PERSEUS CLUSTER (PN) 215.5 62.6/62 3.46± 0.04 9.2+3.1
−3.1 8.0

PERSEUS (MOS) 1507.4 191.5/142 3.518+0.019
−0.022 8.6+2.2

−2.3 (Perseus) 25.9
+ M31 ON-CENTER 4.6+1.4

−1.4 (M31) (3 dof)
BLANK-SKY 15700.2 33.1/33 3.53± 0.03 < 0.7 (2σ) . . .

TABLE I: Basic properties of combined observations used in this paper. Second column denotes the sum of exposures of individual observa-
tions. The last column shows change in∆χ2 when 2 extra d.o.f. (position and flux of the line) are added. The energies for Perseus are quoted
in the rest frame of the object.
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FIG. 1: Left: Folded count rate (top) and residuals (bottom) for the MOS spectrum of the central region of M31. Statistical Y-errorbars on the
top plot are smaller than the point size. The line around 3.5 keV is not added, hence the group of positive residuals. Right: zoom onto the line
region.

with such a large exposure requires special analysis (as de-
scribed in [16]). This analysis did not reveal any line-like
residuals in the range 3.45−3.58 keVwith the 2σ upper bound
on the flux being 7× 10−7 cts/cm2/sec. The closest detected
line-like feature (∆χ2 = 4.5) is at 3.67+0.10

−0.05 keV, consistent
with the instrumental Ca Kα line.3

Combined fit of M31 + Perseus. Finally, we have performed
a simultaneous fit of the on-center M31 and Perseus datasets
(MOS), keeping common position of the line (in the rest-
frame) and allowing the line normalizations to be different.
The line improves the fit by ∆χ2 = 25.9 (Table I), which
constitutes a 4.4σ significant detection for 3 d.o.f.

Results and discussion. We identified a spectral feature at
E = 3.518+0.019

−0.022 keV in the combined dataset of M31 and
Perseus that has a statistical significance 4.4σ and does not
coincide with any known line. Next we compare its properties
with the expected behavior of a DM decay line.

3 Previously this line has only been observed in the PN camera [9].

The observed brightness of a decaying DM line should be pro-
portional to the dark matter column density SDM =

∫

ρDMdℓ –
integral along the line of sight of the DM density distribution:

FDM ≈ 2.0× 10−6 cts

cm2 · sec

(

Ωfov

500 arcmin2

)

× (1)
(

SDM

500 M⊙/pc2

)

1029 s

τDM

(

keV

mDM

)

.

M31 and Perseus brightness profiles. Using the line flux
of the center of M31 and the upper limit from the off-center
observations we constrain the spatial profile of the line. The
DM distribution in M31 has been extensively studied (see an
overview in [13]). We take NFW profiles for M31 with con-
centrations c = 11.7 (solid line, [22]) and c = 19 (dash-dotted
line). For each concentration we adjust the normalization so
that it passes through first data point (Fig. 2). The c = 19
profile was chosen to intersect the upper limit, illustrating that
the obtained line fluxes of M31 are fully consistent with the
density profile of M31 (see e.g. [22, 24, 25] for a c = 19− 22
model of M31).



Signal from the Perseus cluster
XMM-Newton satellite:

Chandra:



Signal from the Perseus cluster
XMM-Newton satellite:

Chandra:



Spectrum: Perseus and stacked cluster spectrum

6

trum using the FTOOL mathpha to produce the stacked
source and the particle background spectra. At the end
of the stacking process, we obtained spectra with ⇠ 6
Ms of good cluster exposure with MOS 1 and MOS 2
(that were co-added) and ⇠ 2 Ms with PN for the full
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source spectra and particle background spectra for the Perseus clus-
ter. The spectra were obtained by co-adding the observations of
the cluster in the cluster’s rest frame. In the co-added scaled spec-
tra, the Fe xxv line is located at its rest energy, ⇠ 6.7 keV. Energy
of background and instrumental lines are blue-shifted according to
the cluster’s redshift.

The RMF and ARF to be used with the stacked spec-
trum were constructed by averaging the responses for
individual observations with proper weighting. The in-
dividual RMFs and ARFs were first remapped to the
source frame using the best-fit redshifts. The weighing
factors for stacking RMFs and ARFs were calculated us-
ing the total counts in the energy band we will use for
our line search (2–10 keV). These factors (!cnt) are given
in Table 4. The weighted and normalized ARFs and
RMFs were stacked using the FTOOLS addarf and ad-
drmf. These X-ray count-weighted response files were
used to model the continuum and the known plasma
emission lines; we will also try a di↵erent weighting of
responses for the possibly non-thermal new line, as will
be described below.
For a check, each background-subtracted, blue-shifted,

single-cluster spectrum was fit with an apec model us-
ing the corresponding scaled ARF and RMF to verify
that the best-fit redshifts were consistent with zero. For
illustration, the co-added MOS and PN source and back-
ground spectra of the Perseus cluster in its source frame
are shown in Figure 2. We note that the Fe xxv line is lo-
cated at its rest energy ⇠ 6.7 keV, while the background
and instrumental lines are blue-shifted.
The stacked MOS and PN source and background spec-

tra of the clusters in the sample are shown in Figure 3.
The background spectra show the smearing e↵ect on the
background lines, e.g., Al-K (1.48 keV), Si-K (1.75 keV),
Cr (5.4 keV), Mn (5.8 keV), Fe-K (6.4 keV), Cu-K (8.05
keV, 8.91 keV), Zn-K (8.64 keV, 9.61 keV) and Au (9.1
keV). They are much less prominent in the stacked spec-
trum compared with the single-source spectrum shown in
Figure 2. Similarly, any residuals from inaccurate back-
ground subtraction are smeared. We will see other ad-

vantages of this smearing below.

3. ANALYZING THE STACKED XMM-NEWTON SPECTRA

We will limit our line search to the 2 � 10 keV en-
ergy band. After looking at the stacked spectra, we con-
cluded that the band below 2 keV is hopelessly crowded
with lines, such as the strong Ne x (1.21 keV), Fe xxiv

(1.55 keV), Mg xii (1.74 keV), and Si xii (1.86 keV)
features, making the detection of any weak emission fea-
tures between them di�cult, given the ⇠ 100 eV energy
resolution of XMM-Newton and other CCD detectors.
To search for any unidentified spectral lines in the

stacked spectra, we need to model the known lines and
the continuum emission to a very good precision. We do
not necessarily need to obtain a physically meaningful
model (which would be a mixture of all the thermal com-
ponents in all the clusters), but one that allows enough
freedom to account for all known lines and the possible
errors in their theoretical emissivities. To this end, we fit
the background-subtracted stacked source spectra with a
line-free multi-temperature apec model to represent the
continuum emission with high accuracy, and then add
individual lines. We start with four continuum compo-
nents to represent the multi-temperature nature of the
stacked spectra. The line-free apec model accounts for
the continuum due to thermal bremsstrahlung, radiative
recombination, and two-photon emissions. The best-fit
temperature and normalization parameters of line-free
apec models are shown in Table 2. The best-fit temper-
atures in the table do not have physical meaning, since
they are obtained by fitting the stacked blue-shifted spec-
tra. (We note that the continuum of a redshifted thermal
model can be well represented by a continuum with a dif-
ferent redshift and a di↵erent temperature.) The abun-
dance was set to 0.3 in order to include the recombination
edges in the fitting process. The abundance parameter
does not a↵ect the line modeling, since the line-free apec
model does not include lines.
In order to account for the known plasma emission lines

in a model-independent way, for each known line in the
2.0 � 10.0 keV band, were added a Gaussian line to the
model. Initially we have added Gaussian models for the
known strong emission lines from the AtomDB database1

with emissivities > 5 ⇥ 10�19 photons cm3 s�1 for the
lowest temperature given in Table 2. The strong emis-
sion lines (which can be resolved with a CCD detector)
included in our model at their rest energies are: Al xiii
(2.05 keV), Si xiv (2.01 keV and 2.51 keV), Si xii (2.18
keV, 2.29 keV, and 2.34 keV), S xiv (2.62 keV), S xv

(complex at 2.45 keV, 2.88 keV), Ar xvii (triplet at 3.12
keV, 3.62 keV, 3.68 keV), K xviii (3.47 keV and 3.51
keV), K xix (3.71 keV), Ca xix (complex at 3.86 keV,
3.90 keV, 4.58 keV), Ar xviii (3.31 keV, 3.93 keV), Ca xx
(4.10 keV), Cr xxiii (5.69 keV), Fe xxiv (complex at 6.62
keV), Fe xxv (complex at 6.70 keV, 8.29 keV, 7.81 keV,
7.88 keV), Fe xxvi (6.95 keV, 8.3 keV, and 8.70 keV),
and Ni xxvii (7.79 keV). Initially, a total of 28 Gaussian
model components were included in the 2–10 keV energy
band. Individual Gaussian components were then re-
moved if they were not required to accurately model the
spectra (to improve convergence of the fit). The widths
of Gaussians were left free, but restricted to the range 0

1 http://www.atomdb.org/Webguide/webguide.php
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Figure 3. Left Panel: Stacked XMM-Newton MOS and PN background-subtracted source spectra and particle background spectra of
the full sample. The spectrum of each observation was scaled to the rest frame prior to stacking. The total filtered exposure time was 6
Ms for MOS and 2 Ms for PN. The background MOS (in blue) and PN (in green) spectra show the e↵ect of smearing of instrumental lines,
such as Cr, Mn, Fe and Ni, as well as Al-K and Si-K fluorescent lines. The e↵ect is due to the stacking of background spectra which are
scaled by di↵erent cluster redshifts. Right Panel: Close-up view of 5.0 � 8.0 keV band of the background XMM-Newton MOS and PN
spectra of the Perseus cluster compared to the stacked XMM-Newton MOS and PN background spectra. The background lines are less
prominent in the stacked background spectra than in the single source background spectra.

< �E/E < 10�2. The energies of the Gaussian compo-
nents were allowed to vary by up to 5 eV to account for
residual uncertainties in the gain and in the energies in
the atomic database. This way, we were able to model
the continuum emission and strong known emission lines
accurately, leaving a clean residual spectrum to search
for any unidentified lines.
We also fit a power-law model in the full band to repre-

sent the residual soft proton background contamination
(see §2.2), and used these power law indices and normal-
izations for further narrower band fits (see §3.1). The
spectral counts in each energy bin were su�ciently high
to allow the use of the Gaussian statistics in this analysis
(Protassov et al. 2002).

3.1. Stacked Spectra of the Full Cluster Sample

After the stacking process we obtained a total 8.5⇥ 106

source counts in the 6 Ms MOS spectra, while the 2 Ms
PN stacked spectra has a total source counts of 5.1⇥ 106.
The line-free apec model with Gaussian lines produces
an acceptable fit to the stacked MOS and PN spectra
with �2s of 564.8 for 566 dof (MOS) and 510.5 for 564
dof (PN). After modeling all the known thermal plasma
lines in the stacked spectrum, we examined the residuals
in each 1 keV band carefully. We found one significant
unidentified residual emission feature at E ⇡ 3.55� 3.57
keV, which is not associated with any plasma emission
lines in the band. Near this line, there are four tabulated
weak thermal emission lines of K xviii (1s1 2s1 ! 1s2)
at a rest energy of 3.47 keV, K xviii (1s1 2p1 ! 1s2) at
3.51 keV, a dielectronic recombination line of Ar xvii at
3.62 keV, Ar xvii (1s1 3p1 ! 1s2) at 3.68 keV, and K
xix (2p1 ! 1s1) at 3.72 keV.
In order to separate the excess emission feature from

these weak contaminating K and Ar lines, we make con-
servative estimates of their flux using AtomDB. Ideally,
line flux measurements would be based on other lines
of the same ions; however, there are no other strong K
xviii, K xix lines in the spectrum. Therefore, we use
the lines from relatively clean part of the band, namely,

the S xvi (2p1 ! 1s1), Ca xix (1s1 2p1 ! 1s2), and
Ca xx (2p1 ! 1s1) lines at 2.63 keV, 3.90 keV and 4.11
keV, respectively, to estimate the flux of the 3.47 keV,
3.51 keV, 3.68 keV and 3.72 keV lines. The best-fit flux
measurements of these S xvi, Ca xix, and Ca xx lines
are given in Table 2.
We assume the relative abundances of S, Ca, Ar, and K

are proportional to their abundances in the solar photo-
sphere (Anders & Grevesse 1989). While this may not be
exactly true, it gives a reasonable starting point (we will
relax this assumption below). Then, using AtomDB, we
calculated the relative emissivity of the K xviii, K xix,
and Ar xvii lines compared to the the S xvi, Ca xix, and
Ca xx lines based on the equilibrium collisional plasma
conditions at the various temperatures of our line-free
apec components. In practice, the emissivities of K xviii,
K xix, and Ar xvii lines are stronger at the lowest tem-
peratures of each model, so the other components can be
ignored. The curves in Figure 4 represent the emissivities
of K and Ar lines as a function of plasma temperature
for the normalizations of the lowest temperature compo-
nents measured in our spectra.
Having obtained the relative theoretical emissivity of

the lines from AtomDB, we estimated the flux as

�l = �r

iX
Normi"l(Te)/"r (Te), (2)

where subscripts l and r represent the lines of interest
(K xviii and Ar xvii) and reference lines (S xvi, Ca
xix, and Ca xx) respectively, � is the flux in the line,
"(Te) is the calculated emissivity from AtomDB at the
electron temperature Te, and the sum over i represents
the di↵erent temperature components listed in Table 2
with their normalizations Normi. We use 0.1 and 3 times
of the maximum values of these fluxes as lower and up-
per bounds for the normalizations of the Gaussian lines
in the XSPEC fitting. The lower limits of 0.1 is set to
avoid the lines vanishing and posing problems for the
minimization routine. The factor 3 represents a conser-
vative allowance for variation of the relative elemental
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FIG. 4: Constraints on sterile neutrino DM within νMSM [4]. The
blue point would corresponds to the best-fit value from M31 if the
line comes from DM decay. Thick errorbars are ±1σ limits on the
flux. Thin errorbars correspond to the uncertainty in the DM distri-
bution in the center of M31.

to detect the candidate line in the “strong line” regime [35]. In
particular, Astro-H should be able to resolve the Milky Way
halo’s DM decay signal and therefore all its observations can
be used. Failure to detect such a line will rule out the DM
origin of the Andromeda/Perseus signal presented here.
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Figure 14. Sterile neutrino mass and mixing angle measurements
and upper limits obtained from the di↵erent samples used in this
study. The comparison of our stacking method with the limits
placed by the single well-exposed Bullet Cluster at 3.57 keV Bo-
yarsky et al. (2008) and Horiuchi et al. (2014) are also shown and
marked with “B08” and “H14” in the figure, respectively. The
error bars and upper limits are in the 90% confidence level.

neutrinos would be produced by oscillations with active
neutrinos at an abundance determined by the mass and
mixing angle (e.g. Dodelson & Widrow 1994; Kusenko
2009). Accounting for the increase in mixing angle that
would be inferred for a dark matter fraction in sterile
neutrinos less than unity, we find that this fraction is
⇠13%-19% based on the methods in Abazajian (2006)
and Asaka et al. (2007) – and cannot exceed 26% based
on the absolute lower bound distorted wave production
estimate in Asaka et al. (2007).
This implies that either (1) sterile neutrinos are a sub-

dominant component of dark matter, (2) sterile neutrinos
are predominantly produced by some other mechanism,
or (3) the emission line originates from some other radia-
tively decaying light dark matter candidate such as mod-
uli dark matter (Kusenko et al. 2013). The Shi-Fuller
mechanism is one of the possible production mechanisms
for the sterile neutrino dark matter interpretation of this
detection. The implications of the detection for struc-
ture formation in cosmological small scales are discussed
in detail in (Abazajian 2014).
They may also be produced by means that do not

involve oscillations, such as inflaton or Higgs decay
(Kusenko 2006; Shaposhnikov & Tkachev 2006; Petraki
& Kusenko 2008; Kusenko 2009), although there may
still be su�cient mixing to provide an observable radia-
tive decay signal. This detection is consistent with 100%
of dark matter composed of sterile neutrinos produced by
these mechanisms, as well as by the split seesaw mecha-
nism (Kusenko, Takahashi, & Yanagida 2010). Even in
this case, some sterile neutrinos would be produced by
non-resonant oscillations. However, based again on the
calculations in Abazajian (2006) and Asaka et al. (2007),
only ⇠1% -3% of the sterile neutrino abundance (with an
upper limit of 7%) would be accounted for in this way
for a sterile neutrino with mass of 7.1 keV and a mixing
angle corresponding to sin2(2✓) ⇠ 7 ⇥ 10�11.
Our result must be verified using a variety of X-ray

instruments, X-ray emitting dark matter dominated ob-
jects, methods of data reduction, background subtrac-
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Figure 15. 1 Ms Astro-H Soft X-ray Spectrometer (SXS) simu-
lations of the Perseus Cluster. The line width corresponds to line
of sight velocity dispersion of 1300 km s�1. The figure shows that
the decaying dark matter line broadened by the virial velocities of
dark matter particles will easily be distinguished from the plasma
emission lines which are broadened by turbulence in su�ciently
deep observations of the Perseus Cluster.

tion, and statistical techniques to investigate the inter-
pretation of this line. The future high-resolution Astro-H
observations will be able to measure the broadening of
the line, which will allow us to measure its velocity dis-
persion. To detect a dark matter decay line, which is
much weaker than the plasma lines will require a sig-
nificantly long exposure. We performed 1 Ms Astro-H
SXS simulations of the Perseus Cluster assuming that
the width (15 eV) of the dark matter decay line is de-
termined by the virial velocities of dark matter particles
of 1300 km s�1. Figure 15 shows that the broader dark
matter line will be easily distinguished from the plasma
emission lines, which are only broadened by the turbu-
lence in the X-ray emitting gas.

6. CAVEATS

As intriguing as the dark matter interpretation of our
new line is, we should emphasize the significant system-
atic uncertainties a↵ecting the line energy and flux in
addition to the quoted statistical errors. The line is very
weak, with an equivalent width in the full-sample spec-
tra of only ⇠ 1 eV. Given the CCD energy resolution
of ⇠ 100 eV, this means that our line is a ⇠ 1% bump
above the continuum. This is why an accurate continuum
model in the immediate vicinity of the line is extremely
important; we could not leave even moderately signifi-
cant residuals unmodeled. To achieve this, we could not
rely on any standard plasma emission models and instead
had to let all the tabulated lines free (including their
fluxes, energies and widths, within reasonable bounds),
as described in Section 3.
This approach results in a very large number of pa-

rameters to fit simultaneously, among which are the line
energies and widths that notoriously cause problems for
the statistic minimization algorithms. It was di�cult
to make XSPEC find absolute minima; the convergence
of all of the reported fits had to be verified by manu-
ally varying key parameters and refitting using di↵erent
minimization algorithms. Nevertheless, it is not incon-

▶ Current status: A lot of discussion, mainly excluding the
DM interpretation by not seeing the line from some objects

Next?
Take a better satellite (better energy resolution and sensitivity)
and check that the signal follows the DM distribution

▶ All galaxies, clasters, etc., Milky Way halo
ASTRO-H! 2015?



Dark Matter: Other candidate searches

▶ WIMPs (neutralino, …) recoil energy, missing energy
▶ sterile neutrinos sharp line: νs → νa + γ, (XMM,
INTEGRAL, …)

▶ light scalar field
▶ axion oscillations a+ B→ γ
▶ gravitino missing energy at LHC, …
▶ Heavy relics if unstable — Cosmic rays
▶ (Topological) defects lensing of CMB
▶ Massive Astrophysical Compact Heavy Objects
microlensing

▶ Primordial black hole remnants Cosmic rays



Вместо заключения

..Космология. ⇐⇒. Модель. ⇐⇒. Физика частиц

Темная материя WIMPs Прямой поиск,
поиск на
ускорителях

Темная материя стерильные
нейтрино (νMSM)

наблюдение в X-
лучах

Барионная
асимметрия

Лептогенезис
(νMSM)

редкие распады

Инфляция Хиггс инфляция Ограничение на
массу бозона
Хиггса

Инфляция лекгий инфлатон Поиски на LHCb,
SHiP

И множество других примеров!
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