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1.  DARK MATTER

2. Sources of  
    High Energy Particles
      (the “High energy universe”)



     DARK

    MATTER



Mysteries of the DARK UNIVERSE

DARK  ENERGY   :  
 Drives apart  galaxies 
  and other large scale  structures
  [The energy of vacuum  itself ?]
  [Alternatives ? See  talk Ishak- Boushaki]

DARK MATTER:   
 Holds  together  galaxies
  and  other  large scale  structures
  [A  new  elementary particle ?]

Exist  at diferent scales: 
  Entire Universe
  Clusters of Galaxies
  Galaxy



Dynamical  Evidence for Dark Matter

 The Dark Matter is   “non baryonic”
 an  “exotic”  substance
 
  A  feld  that is  not  contained
  in the Standard Model of Particle Physics [!!]

Galaxies

Clusters  of  Galaxies

The entire  Universe



COMA  Galaxy Cluster

Optical X-ray
[hot gas  confned  by 
 deep gravitational well]Fritz  Zwicky  1933 

First argument for Dark Matter



VIRGO
CLUSTER



 Spiral galaxy NGC 3198
  overlaid with hydrogen
  column density  [21 cm]
  [ApJ 295 (1905) 305

Expected from luminous
Matter in the disk

Extra “invisible”  component



MILKY
WAY sun



MILKY
WAY sun

 Local Density of Dark Matter.

  very  Important number 
  for  direct Dark Matter searches !!



Nucleosynthesis  constraints 
 on  ordinary  (“baryonic”) matter

Power Spectrum  of
CMBR temperature fuctuations
+ Structure formation 

DARK MATTER  is
NON BARYONIC

(2 main arguments)



Prediction +  Discovery of  Neptune  (23/24 september 1846)

John Couch AdamsUrbain Le Verrier

Uranus  orbital  anomalies

Mercury  orbital  anomalies
Extra 43''/century  perihelion precession

New dynamics
General Relativity 
(1916 Albert Einstein)



MOdifed  Newtonian  Dynamics    [MOND]

“Newtonian”

Fundamental
acceleration

Modifed  Newtonian
(small  acceleration)

Coincidence?

[Milgrom 1983]





Why is  “DARK MATTER”  the “prevalent  paradigm” 

1. Theoretical  Difculties in constructing 
     a consistent, covariant theory for a MOND.

2.  Remarkable success of the “Dark Matter”  paradigm
     In  describing the structure formation  in our universe.
     Relation between the
       Large scale   galaxy  distribution.
       Anisotropies in the Cosmic  Background Radiation.

3.  The “BULLET  CLUSTER”  
     (Cluster 1E0657-558:  2 colliding clusters at z=0.296)
      Clear separation between Baryons and Mass.
     [other  similar objects  discovered  (MACS J0025.4-1222)]
  



Bullet  CLUSTER    (2 colliding clusters)



A.Tyson, Physics Today, 1992:6, pg.24



MASS DISTRIBUTION  
(from gravitational lensing)



X-RAY  Emission
(gas of ordinary matter)

DARK  MATTER exists !
[and is NOT one of the 
known constituents of the 
Standard Model]



It exists  (Serious  difculties for “modifed gravity”)

Good estimate of the  cosmological average  (22%)

“Collisionless” and “Dissipationless”

Most of it is “cold” 

Most of it is non baryonic

It  cannot be  explained by the Standard  Model 
                                                  in Particle Physics !!

DARK  MATTER:   we  know   a lot :
...but we 
  do NOT know
  much more...



Artists 
 And
Dark Matter

Cold Dark  Matter
(Tate Gallery. London)

Cornelia
Parker





What is the Dark Matter ?

Possible  theoretical ideas

   Thermal Relic

   Axion

   Super-massive particles

[perhaps the best motivated idea]
[Ofers the best  chances of discovery] 



Annihilation  cross section
Determines the
“relic  abundance”



 

Weak interaction mass scale

The  “relic  density”  of a particle 
 is determined by its annihilation cross section

(several complications are  possible)



Dark Matter  can be explained   
With the  existence of a  stable “thermal relic”
Requirement on  its annihilation cross sections.

  Weakly (in the “technical” sense)
  Interacting 
  Massive 
  Particle

 the WIMP's  “miracle”



 the WIMP's  “miracle”

“Killing two birds
with a single stone”

“Dark Matter Particle”

New particles  
Required  by “Unifcation”
(theory beyond the SM)

2  very diferent  problems:
Direct  observational  puzzle
Much more indirect  motivation  for “New Physics”

“DM puzzle” =
Best motivation for
“New Particle Physics” 



PHYSICS  beyond the STANDARD MODEL 
is  REQUIRED  to explain Dark Matter !!

Extension of the Standard Model
are  EXPECTED  at the  electroweak
mass scale  

These  extensions  can “naturally”   result in the
existence  of Dark Matter !

LHC/Dark Matter connection !!
 

Problems  with a  diferent status:
DM  problem :  direct observational puzzle.
New physics at EW  scale :   theoretically motivated prediction



Standard Model  felds Super-symmetric extension

fermions

bosons
 New 
 fermions
   spin 1/2
   -ino

 New 
  bosons
   (scalar)
    spin 0
     S-

2 Higgs



Stable supersymmetric particle

“Neutralino”

Note:  the concept of Dark Matter
as a thermal  relic is more general  than the 
“Minimal  super-symmetric  Model” 



3 Roads  for  WIMP  discovery 



3 Roads to  test the 
WIMP    hypothesis

Accelerators

Direct Searches

Indirect Searches



1st  Road:
Creation in  an  accelerator



How  would you “see”  the 
Dark-Matter particle if it
is produced at LHC ?

 This  particle interacts WEAKLY 
 therefore (in practice always) it will 
 Traverse the detector invisibly.
 
 Detection via   4-momentum conservation 
  [“Missing  energy and 
  (transverse) momentum”]



“Direct”  Search 
  for  Dark Matter

Nucleus   A
at rest

Elastic  scattering

2nd  Road:
Elastic  Scattering
in  underground   experiment

[Rita Bernabei
 Gabriella Sartorelli 
 tuesday afternoon]



Predicted  velocity  distribution of DM particles
In the “Halo Frame”
Maxwellian  form



Numerical
Simulation 



  “Halo rest frame”

   Velocity   of Earth in the
   Halo  rest frame

   [Co-rotation ?]
   



Velocity  distribution in   the Earth Framexs

2nd june
2nd december



Expected fux of Dark Matter particles  (here !) :



“Direct”  Search 
  for  Dark Matter

Nucleus   A
at rest

Non  relativistic  WIMP



Quasi exponential distribution 

2nd june
2nd december

A = 127  (Iodium)
M

wimp
 = 50 GeV

Scattering RATE



DAMA-LIBRA  (Gran Sasso underground  Laboratory)

250 Kg  NaI  scintillator.

Observation 
of sinusoidal 
 time-modulation  of the
 Energy Deposition Rate

 
(controversial) 
 claim of evidence
 of detection of
 Galactic  Dark Matter





Period one year.
(… well obvious...)

“Phase”
Is centered  
At the “right”  value (!)

Maximum 
The 2nd june
day:

Fundamental discovery ?!

Unknown  background
(with  coincident  phase) ?





0.82  ton yr  of exposure of DAMA



1.17  ton yr  of exposure of DAMA



Relation between Light collected by PMT   and E
recoil

E(recoil) = 11.0 *  E(electron-equivalent)

In presence of “channeling”
Scattering in certain directions

E(recoil) =  1.0 *  E(electron-equivalent)  

Important
Ambiguity
In the interpretation
Of the  energy scale





WIMP  detection:      HEAT       (total energy release) 
                                  LIGHT     (scintillation)
                                  CHARGE (ionization)

DISCRIMINATION,     Quenching Factor



2 “POSITIVE HINTS”
    
    COGENT
    CRESST

1 NEGATIVE  Result

     XENON
    



COGENT collaboration



COGENT
Energy spectrum

Evidence for
Dark Matter ??

(No parameters)



2.8 sigmas 
Modulation efect



CRESST  detector    (Gran Sasso):  Phonons + Light



CRESST  (submitted for publication)
730 Kg/day







Xenon-100 (liters) results

40 Kg  of fducial mass
11.17 days of data taking      [1/1000  the DAMA exposure]
0 candidates



Intense  controversy around these results
and their interpretation.  

How can they be reconciled ?







Indirect  searches   for 
DARK MATTER

3rd  Road
To WIMP's Discovery



Power injection  for  Dark Matter annihilation

Injection of energy because of DM annihilation in
Our own galaxy.



Astrophysical  information

Dark Matter 
density distribution

Velocity  distribution

[consistency requirement]
 

Dark  Matter in the Milky Way

Problems: “The CUSP”

“Granularity”  [“the BOOST factor”]





Annihilation  cross section

In  most models
DM particle =
Majorana particle

Inclusive 
spectra

Branching Ratios
 in diferent fnal states  F



Photon emission from DM  annihilation







Antiprotons/Positrons 
from DM  annihilation



Galactic 
Cosmic Ray
Halo

Smaller CR  density
In the  LMC and SMC



Escape

Charged Particles:  magnetic confnement



SOURCE(s) + Propagation   →  Observable Cosmic Rays  

   Possible
   positron accelerators 



Difusion
Particle with velocity v
Steps  and isotropic scattering

Random walk



 Ensemble of particles
 starting  from the same point
 at time t=0

Spatial distribution at time t



Difusion coefcient:

 Ensemble of particles
 starting  from the same point
 at time t=0

Spatial distribution at time t

Gaussian of width
 Increasing as sqrt[t]



One example  of an estimate of the
Difusion Coefcient
For cosmic rays in the Milky Way 

Difusion coefcient  depends on the
Rigidity of the particle 



 Rigidity dependence 
 associated with the turbulence
 of the inter-stellar 
magnetic feld.

Measurement of this
 Rigidity dependence
 very important

 Absolute scale:
 in principle POSITION
 dependent

 + Likely difusion is not 
     ISOTROPIC  
     But is a TENSOR
     [propagation
      parallel and  transverse
    to the  regular feld
      are very likely diferent.



Propagation  as  homogeneous difusion.

Is this a sufciently good
approximation for
our purposes ?

B
regular

Difusion coefcient
 As a tensor.   
    Longitudinal
    Transverse  
    Difusions 







Difusion coefcient is  related to 
The escape  time from the Galaxy: 

= Linear Size of Galaxy

Escape Time





Toy Model:
“Spherical  Galaxy” :

Exact solution : 



“Concentrical spheres Galaxy”

Two  models
Same CR injection

Larger/smaller
halo



Cosmic Ray
Nuclear
Composition



Cosmic Ray
Nuclear
Composition

Overabundance of
Li, Be, B

Sub-iron  elements

Spallation  efect:

Column  density
Confnement time



Primary  Nucleus

Secondary Nucleus

Primary/Secondary



tau(E) ~ E-0.6

CREAM
experiment:



arXiv:1010.0174



Source
  r=0
  q(t)

 observation point
 (the Earth)

 history of  injection

 Difusion  and Anisotropies  

Particle density  at the  observation point:



Source
  r=0
  q(t)

 observation point
 (the Earth)

 history of  injection

 Difusion  and Anisotropies  

Particle density  at the  observation point:

 constant injection:
 the integration gives simple result



Angular distribution of the particles

Exact result in  difusion theory:
 Net-fux  across one surface =
 gradient of  the particle  density * Difusion coefcient. 



Angular distribution of the particles

Exact result in  difusion theory:
 Net-fux  across one surface =
 gradient of  the particle  density * Difusion coefcient. 

First order  expansion:
“monopole” + “dipole”



Contribution of a single steady source 

Monopole term 1/r

Dipole  term 1/r2

 Identifcation
 of near sources ?



Radiation  Mechanisms  for
Electrons and Positrons:

SYNCHROTRON

INVERSE COMPTON  scattering



 Cross section for
 electron-photon 
 Compton scattering 



 Cross section for
 electron-photon scattering 

“Thomson regime”

 Cross section 
 constant

“Klein-Nishina”

 Cross section 
 ~ 1/E



Scattering process
Important only for electrons/positrons



Inverse  Compton Scattering

 Interaction
  rate

Radiation Field:  Density:

                            Photon energy: 

  Average energy 
  of scattered photon



Inverse  Compton Scattering

 Interaction
  rate

Radiation Field:  Density:

                            Photon energy: 

  Average energy 
  of scattered photon

 Quadratic
 Dependence 









Synchrotron

 electron of Energy E 
 in a magnetic feld of  value B



Synchrotron Radiation



Synchrotron Radiation Inverse Compton



The magnetic feld can be seen as 
 an  ensemble of virtual photons.

Synchrotron Radiation can be seen
as the Inverse Compton scattering
on these background photons



Power Emitted in Synchrotron Radiation:



 characteristic  energy
 for synchrotron emission

Example of  
CRAB nebula







PKS 2155-304



PKS 2155-304

(Very rapid time  variations)



The CRAB  Nebula

6
 a

rc
m

in
u

te
s

1 minute = 0.58 pc
 =  1.8 * 1018  cm 



CRAB  Nebula  Energy Spectrum

SSC  (Self Synchrotron Coompton)  model emission 

Synchrotron Radiation
Inverse Compton
 Scattering



CRAB emission,  pulsed (from Pulsar)
                            From  the Nebula



Spectral Energy Distribution of the CRAB  nebula









CRAB  NEBULA      Flaring  [!]



Electron/Positron propagation



t
interaction

t
escape

t
loss

 t
linear crossing



Injection from a plane

Homogeneous injection



PAMELA

detector

Launch  
15th  june 2006

The “positron excess”:
  Evidence for DM ??
  or astrophysical efect ?



Crucial  ingredient:
the MAGNET !

e-
e+



Antiproton result Agreement 
With standard production
mechanism





High energy: 
ratio e+/e-
grow with  E !!

Very unexpected
result  !

Solar 
Modulation
efect



FERMI:   electron + positron  fux









From : Cirelli





Dark Matter explanation of the 
“Pamela positron excess”  in terms of  the 
“WIMP” model  is possible,  but  not in  its
 Simplest,  most natural version.
 

 [1.]  The DM annihilation does not produce antiprotons
         “Leptophilic” Dark Matter [?]
          (no  convincing dynamical explanation)

 
[2.]  Include a large “Boost factor”
        to increase the rate of  the DM  annihilations.
        Very “clumpy”  dark matter.
        (very lucky in being close to a big DM clump)
        “winning the jackpot”  [?]



Dark Matter explanation of the 
“Pamela positron excess”  in terms of  the 
“WIMP” model  is possible,  but  not in  its
 simplest,  most natural version.
 

 [1.]  The DM annihilation does not produce antiprotons
         “Leptophilic” Dark Matter [?]
           (no  convincing dynamical explanation)

 [2.]  Include a large “Boost factor”
          to increase the rate of  the DM  annihilations.
          Very “clumpy”  dark matter.
          (very lucky in being close to a big clump)
           “winning the jackpot”  [?]

Is this “adding epicycles”  to the wrong theory ?

Are there other possible interpretations for this result.



Proton and electron + Positron energy spectra

Use:  e+/e-  ratio
from Pamela 
ft of  e=(e++e-) data
to estimate e+ fux



Spectra approximately of form:

Completely unexpected result
Rough expectation
For the positron slope 
SOFTER than electrons

protons

electrons

positrons



NEW  SOURCE of POSITRONS  
seems   NECESSARY



PULSARS 

CRAB  Nebula

Proposed as  possible
Accelerators of e+ e-



Fermi Pulsar detection



arXiv:1010.0174



Importance of

AMS 

Mission.

Launch  May
2011









e±

p

High Energy Astrophysical  Source:

Object (or an “event”)  that     produces 
(and for  some  time contains)
relativistic  particles

Escaping
particles:  CR

Unavoidable 
Photon+
neutrino
emission !



“Hadronic Emission”

“Leptonic Emission”



Accelerators associated with 
Acceleration  of astronomical masses.

Emission of Gravitational Waves

COSMIC RAY  physics

GAMMA   Astronomy

NEUTRINO  Astronomy

Multi-messenger Astrophysics



Egret
Agile
Fermi

Hess
Magic
Veritas
CTA 

Milagro
ARGO
HAWC 

“A golden age
For Gamma
Astronomy”





HESS Telescope (Namibia)



FERMI  Sky

The “RICHNESS”  of    GAMMA  ASTRONOMY”











The TeV  sky is  approaching 100 sources
 belonging to  several  diferent classes: 
                                                        

TEV  SKY



HESS  scan  of the   Galactic    plane



The   SUN
 
   as a “laboratory” 
   for CR Acceleration 
   and Transport



7th march 2011. 20:02 UT

















The “Richness of the High-Energy Sky”

Several  astrophysical  objects are  capable
Of accelerating charged particles to relativistic energy.

Pulsars

SuperNova Remnants

MicroQuasars

Active Galactic Nuclei

Gamma Ray Bursts.

.........

 Most  of the  observed
 Relativistic Particles
 are leptons.

  Open Question:
   Where are the observed
   CR accelerated?



CAS A
(1667)

SNR



“Fireball”  of an
  Supernova explosion 
  

Interstellar 
Gas
 

Strong Shock

Fermi 1st order
acceleration



W49B



CAS A
(1667)

The SuperNova “Paradigm”  for CR acceleration

● ENERGETICS

● DYNAMICS  [Difusive Shock acceleration]

Powering the  galactic
Cosmic Rays



Power Provided   by SN  is  sufcient
 with a conversion efciency of   15-20 %
 in relativistic  particles



Comparison  with ROSAT  observation

 HESS  Telescope 

Observations   with TeV  photons 
 SuperNova RX J1713.7-3946



 astro-ph/1103.5727.  
 29th march 2011

Favors  
leptonic interpretation.



Identifcation of the sources of
(hadronic)    Cosmic Rays

Association of  the cosmic  Rays  with

The STAR  FORMATION RATE 

Detection of Galaxies in  the local group

Detection of Star-Burst  Galaxies ....

 



From  FERMI:



M82 , M83







Luminosity (E >100 MeV)  versus Number of atoms.
Local Group galaxies  (SMC, LMC, M31)
2 starburs galaxies (M82, NGC253)



Luminosity (E >100 MeV)  versus star formation rate (SFR).
Dashed line:  Linear relation  
Solid line :  Power law best ft



The 
 
   “FERMI  BUBBLES”

“hidden in plain sight (!)”



Scientifc American news.   Title:
Hidden in Plain Sight: Researchers Find Galaxy-Scale 
Bubbles Extending from the Milky Way







Connection with 
The  “WMAP haze”



“Wild at Heart” the Galactic center!



  ACTIVE  GALACTIC  NUCLEI



3C219

Optical

Radio

ACTIVE GALACTIC  
NUCLEI





AGN  observed by FERMI:

Red:        FSRQ
Blue:       Blac
Magenta: Radio Galaxies

671  AGN's





INCLUSIVE  Extra-Galactic   Photon Flux

Integral  dominated  by   large  distances









GAMMA  RAY  BURSTS  (GRB's) 

Proposed source
Of the CR



Extraordinary Large (beamed)  Energy Output 





Γ  > 100

GRB : associated with a subset 
of  SN Stellar Gravitational Collapse



Short  distance structure
of space time

Delay of high energy photons



GRB 080916C
(Fermi)



Markarian 501
(120 Mpc)

9 july 2005
2 minutes bins



What about:

NEUTRINO 

ASTRONOMY



The idea to  observe  the Universe using Neutrinos
is   profoundly fascinating.

The  insights  about Nature  that are possible
  using  this:
     “New Way”   to look at the Sky  
  can be   profound.



9

22

40

1

59

80 +  6  strings  (125 m)

60 PMT / strings   (17 m)

2400  PMT
+ surface array

No SIGNAL
(yet)





Possible structure of  a “KM3”  detector
 in the Mediterranean Sea:

“tower” [6 PMT's]
127  towers  (180 m) 

40 m



COSMIC RAYS
1. Below the Knee

2.  The Knee

3.  More knees ??

4.  Galactic to Extragalactic transition

5.  The “End” of the spectrum







 Surprising  and important result. 

 Broken power law 
 fts to spectra.
 
 “Ankle” at same
  rigidity p/Z 

p He

Structure 



 Extra-Galactic
 Cosmic Rays

 Ultra High  Energy CR

(high energy) Extra-galactic CR  crossing the Galaxy.



Piece of  extragalactic  space:  Non MilkyWay-like sources

Galaxy

Milky Way

AGN



UHECR

1.  Energy Spectrum

2.  Anisotropy

3.  Composition 

Signifcant 
Experimental 
Discrepancies

Auger/Hires

Confusing
situation. 



UHECR

1.  Energy Spectrum
 Clear identifcation of a high energy suppression 
      [the “END”   (… well the “suppression”)
      of  exotic/fundamental physics modeling for UHECR]. 

Excellent agreement between experiments
  [“small”  but important question about the energy scale].

Physical interpretation strongly coupled to (2., 3.)
   (anisotropy + composition).  [proton GZK  ?]



UHECR

1.  Energy Spectrum

2.  Anisotropy

3.  Composition 

Signifcant 
Experimental 
Discrepancies

Auger/Hires

Confusing
situation. 



α = 2.5

 2.3

 2.7

 2.0

Power Law  Injection  (No  Cosmic  Evolution)

Remarkable
“coincidence” (?!)

Berezinski et al  “DIP Model”



Power  Density Requirements 
 to Generate the  
Extra-Galactic Cosmic Rays:

α=2.0

α=2.7

3000  Solar  luminosities

9000  Solar  luminosities



 Mass Composition
 becoming heavy ?
 at  very high energy ?

  Signifcance would be
  very important !
  Constraints on the
  structure and properties
  of the astrophysical sources.

 
Observational   controversy 
 NON confrmation
 of HiRes

Correlation with sources
Small  deviation in magnetic
Fields  ( Z < 3 ?)



COSMIC  Ray ASTRONOMY  [?!]
(imaging of the sources)



AUGER  result  on  Correlations with the VCV AGN catalogue

November 2008.    Update  september 2010.

14 ev.    8 coincid. (2.9)
13 ev.    9 coincid. (2.7)
42 ev.  12  coincid.(8.8)

Signifcant dilution 
[but not disappearance]
of the  statistical signifcance



3, 20 degrees circles
November 2008
Update  september 2010
November 2008 (13 + 14 events)
Update  september 2010  (+42 events)

Discussion on  CEN A
The  AGN   closest to   us.

3 events  within 3  degrees
8  events  within 18 degrees

+0   events within 3 degrees
+5   events within 18 degrees



CEN A    (3.4 Mpc)





Final  Remarks

  The “Dark Matter problem”  is one of the deepest
  and most fundamental  questions in physics.

  The “WIMP”  (thermal  relic)  paradigm
  can be explored in depth   with a “3-roads”  approach
  [LHC/Direct/Indirect methods].
  [Perhaps Nature  is more “subtle”
 “Dark Matter”  could  be something else 
  (Axions,  super-massive  particles, …)
  We should also be ready for  alternative  paradigms.]

  The eforts to  understand  the objects and 
  the mechanisms that generate  high energy relativistic   
  particles  in our Galaxy  and in the universe
  form a vibrant feld with continuous
  surprises and new discoveries.
  [Multi-Messenger  studies are  essential]
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