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Overview  (theory)

Astroparticle Physics



Structure of this  workshop:

four main topics:

● Neutrino Physics 

● Electroweak interactions and Higgs Physics   

● Flavor and Precision Physics 

● Astroparticle Physics and Cosmology

Very broad feld in rapid development
both  experimentally and  theoretically



Particle
Physics

Cosmology

Astrophysics

 Astroparticle Physics 



At this  workshop a rich program: 
several plenary talks,  7 parallel sessions (~30 talks)

● Cosmology

● Dark Matter

● Gravitational Waves

● Multi-messenger Astrophysics



At this  workshop a rich program: 
several plenary talks,  7 parallel sessions (~30 talks)

● Cosmology

● Dark Matter

● Gravitational Waves

● Multi-messenger Astrophysics

[Paolo de  Bernardis]

Plenary talks:  

 Many contributions in the  parallel  sessions

[Fulvio Ricci]

[Markus Ahlers (cosmic rays, neutrinos)]



 1.  Cosmology

 2.  Dark Matter

 3.  Gravitational Waves

 4. Multi-messenger Astrophysics



Cosmology





Credit NASA, ESA

COSMIC  HISTORY



Credit NASA, ESA

COSMIC  HISTORY

Cosmic Microwave Background (CMB)
Relic radiation emitted at recombination
(2.7 Kelvin) [very uniform in the sky]



Sky seen by PLANCK   (2018)

“Legacy Release”    17th july 2018

9
frequency
bands



Understand  foregrounds

Obtain  “ultimate” measurement  of the CMB
temperature anisotropy feld 



Temperature  Fluctuations  of the 2.7 K  CMB   Radiation



Angular  distribution  encodes  cosmological information



Power Spectrum     [Acoustic Peaks]





CMB is also sensitive to the  late-time density feld,
probing  intervening structures,
and  giving integrated  information
about the  matter distributions between us and the
last scattering surface. 



Observations  consistent with the 





“Opening the door" to 
Polarization anisotropies

Primordial  gravitational waves remain unseen



Information about Neutrinos 

Limit on the sum of the neutrino masses:



Normal  mass Ordering

Inverted mass  Ordering



Thomas Schwetz (Venezia-2019  Neutrino Telecopes)

Combined  cosmological  limits start to “corner”
the neutrino inverted  mass ordering



Thomas Schwetz (Venezia-2019  Neutrino Telecopes)

Combined  cosmological  limits start to “corner”
the neutrino inverted  mass ordering



Efective number of Relativistic  species 

[P. Natoli
Venezia 2019]





Measurements of the Hubble constant

Tension  (4 sigma level)  
between  measurements performed
with “standard candle” (SN)  measurements

and measurements  that use CMB

“Standard Candle”

       versus 

“Standard Ruler"



“Standard Candle”   Measurement  of the Hubble Constant





Gravitational   Waves as “Standard Sirens”
to measure the Hubble  Constant   (10%  accuracy)



Martina Gerbino.  Venezia Neutrino Telescopes 2019



Dark Matter



Dynamical  Evidence for Dark Matter

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
Virial  theorem



 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



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

Dark Matter  Exists.
Its  existence is  inferred from observations of its
gravitational  efects on the  dynamics of ordinary matter 

No modifcations of the the laws of gravity

(Modifed Newtonian Dynamics  MOND)
[as initially proposed by Milgrom  in 1983]

is consistent  the observations 

2  statements that are very broadly accepted 



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   [“phenomenological” model]

 

“Newtonian”

Fundamental
acceleration

Modifed  Newtonian
(small  acceleration)

Coincidence?

>>

<<

[Milgrom 1983]



Bullet  CLUSTER    (2 colliding clusters)

Douglas Clowe et al (2006)
“A direct  empirical proof
 of the existence  of Dark Matter”  



    “BULLET  CLUSTER”  
     (Cluster 1E0657-558: 
      2 colliding clusters at z=0.296)
      Clear separation between
      Baryons and Mass.
     



It  has been possible [Bekenstein 1984] to construct
a consistent (Lagrangian) theory  that  embed MOND.

Success in  describing  the observed
dynamics of many   galaxies.

Difculties in describing Galaxy Clusters and
structure formation in  Cosmology.

Constrains from Gravitational Wave  Observations. 





What form  the Dark Matter ?

Cold Dark  Matter
(Tate Gallery, London) Cornelia Parker



What is the Dark Matter ?

Possible  theoretical ideas

   Thermal Relic  [Weakly Interacting
                                 Massive Particle  (WIMP)]

  Sterile Neutrinos

   Axion

    …...



 Annihilation  cross section
  determines the
 “relic  abundance”

Relic abundance





The “strength”  of the interactions  of the 
(hypothetical)  Dark Matter particle  is  similar
to the  strength of the 

bosons

WEAK  INTERACTION

Weak interaction mass scale

(1 picobarn)



 the WIMP's  “miracle”

“Killing two birds  with a single stone”

Dark Matter Puzzle

Theories Beyond the Standard Model 
(in particular Supersymmetry)
predict new  particles  that  have
the right properties to form the DM

 Direct observational problem

“Theoretical” motivation

Weakly Interacting Massive Particles (WIMP's)



Standard Model  felds Super-symmetric extension

fermions

bosons  New 
 fermions 
   spin 1/2
   …ino

  New 
  bosons
   (scalar)
    spin 0
     S....

2 Higgs

 one  stable  
 new particle
 (R-parity conserved)

 Weak 
 (~100 GeV)
 Mass scale ?



Three roads to the DM (WIMP) discovery



 Lowest mass,
 stable,
 (super-symmetric)
 Particle   [LSP]

 This  particle interacts WEAKLY 
 therefore (efectively always)
 traverse the detector invisibly.
 
 Detection via   4-momentum conservation 
  [“Missing  energy and 
  (transverse) momentum”]

Accelerator  Experiments



“Direct”  Search 
  for  Dark Matter

Nucleus   A
at rest

Elastic  scattering



  “Halo rest frame”

   Velocity   of Earth in the
   Halo  rest frame

   [Co-rotation ?]
   



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





Excluded region in the plane                         [spin independent]



Excluded regions 
[spin dependent]



The “Lamp post joke”



Someone saw Nasrudin searching for something on the ground. 
“What have you lost, Mulla?” he asked. 
“My key,” said the Mulla. 
 So they both went  down on their knees and looked for it. 
 After a time the other man asked: 
“Where exactly did you drop it?” 
“In my own house.”
 “Then why are you looking here?” 
“There is more light here than inside my own house.”‘

Seljuk Suf mystic Nasrudin Hodja  (12th century)



 There is a growing sense of `crisis' in the 
  dark matter community, due to the absence
  of evidence for the most popular candidates such as
  
 weakly interacting massive particles,
  axions,   and   sterile neutrinos,
  
  despite the enormous efort that has gone 
  into searching for these particles.

  We argue that diversifying the experimental efort,
  incorporating astronomical surveys
  and gravitational wave observations,
  is our best hope to make progress on
  the dark matter problem.



In light of this situation, the new guiding principle 

should be  “no stone left unturned”:

We should look for dark matter not only
where theoretical prejudice dictates that we 
``must", but wherever we can.

Casting a wider theoretical net ofers the possibility
to discover new classes of dark matter candidates and
new experimental opportunities to search for them,
and also helps assemble a ``composite image" of everything
we currently know about the space of possibilities consistent
with measurements to date. 



Possible Solutions to the Dark Matter Problem



Gravitational
    Waves

Nobel prize 2017



 Laser
 Interferometer 



GW150914



GW150914

Wave form  allows to  reconstruct  the  parameters of
the  Binary Black Hole  system (and test  General  Relativity)  



1st Catalog of  Gravitational-Wave  transients





Black Hole mass distribution in the Universe



(Primordial)    Black Holes  as   Dark Matter



Constraints on  MOND  theories 
(or deviations from General  Relativity)

Possible existence of Primordial  Black Holes
(formed in the Early Universe)
that could be a component (or  the entire Dark Matter)

Probe the environment  of Binary  Black Holes
(the presence of a Dark Matter overdensity
can modify the dynamics of the merger)



Binary Black Hole  system in an overdensity of DM  



 GW 170817



Binary Pulsars 
(PSR 1913+16)
(discovery Hulse & Taylor (1978)
(Nobel prize 1993)
[Pulsar 17 rotation/second] 

Orbit :  1.1 – 4.8 solar radii

Rotation period 7.75 hours
Period  shorter 
76.5  microsecond/year

Orbit smaller 
3.5 m/year

300 Myr
two neutron star coalesce



GW 170817

GRB 170817A





NGC 4993





Hadronic  Physics in
 “extreme conditions”

Quark–hadron phase transition







SuperNova Neutrinos



Francesca Di Lodovico (Venezia 2019)





Multi-messenger
  Astrophysics



     4 Messengers   

  for the study of the 
“High Energy Universe”

 Cosmic Rays, 
 Photons, Neutrinos
Gravitational Waves



 The ensemble of astrophysical objects, environments
 and mechanisms  that generate and store 
 very high energy particles 
 in the  Milky Way and in the  entire universe.

“High Energy Universe”

This feld is one of the most signifcant and
fascinating  “Frontiers” in Science  today.

1.  Understanding the  “COSMOS"  where we live

2.  The sources of the High Energy radiation 
     can be the “laboratories”   where  we test  
     (in  conditions  that are not achievable
      in “Earth based laboratories”)  
     our  Fundamental Laws of Physics.  



Three messengers are “inextricably”  tied together

[Cosmic Rays, Gamma Rays, High Energy Neutrinos
can really  be considered as three probes  that study the 
same underlying  physical  phenomena]  

 Relativistic 
 charged particles



e±

p

Astrophysical  object
accelerating particles to
relativistic energies

Contains populations of
relativistic  protons, Nuclei
electrons/positrons 

Cosmic Ray Accelerator

Emission of

COSMIC RAYS

PHOTONS

NEUTRINOS



Fundamental  Mechanism:
Acceleration of Charged Particles
to  Very High Energy   (“non thermal processes”)
in astrophysical objects (or better “events”).

Creation of Gamma Rays  and Neutrinos
via  the interactions of these relativistic charged particles.

“Hadronic ” “Leptonic ”



Sources are transients
[with a variety  of time scales
from a  small  fraction of a second to thousands of years]

Associated to Compact Objects
Neutron stars, 
Black  Holes (stellar and Supermassive)
 
FORMATION of Compact Objects  
(very large acceleration of very large masses)

Natural connection to Gravitational  Waves



The SUN:
small scale  laboratory:
Solar Flare



The SUN:
small scale  laboratory:
Solar Flare



Gamma Ray Sky



3rd  FERMI  Catalog

E > 100 MeV

3034  sources



170  → 200 Sources TeV  Sky



HESS  survey of
Galactic Plane
[ICRC 2015]   77  “frm identifcations”



COSMIC RAYS

Measurement at 
single point, and  (efectively) single time.
                                         [slow time  variations,
                                          geological record carries some information]  

Space and time integrated  average  of particles
generated by  many sources  in the Galaxy
and in the universe,  also shaped by propagation efects.



MILKY WAY

Solar 
system

High 
energy
sources



Milky Way

ExtraGalactic Space



Milky Way

ExtraGalactic Space



Milky Way

ExtraGalactic Space



 “Bubble” of  cosmic rays
  generated in the Milky Way
  and contained by  the  
  Galaxy magnetic feld

  Space extension and 
  properties of this “CR bubble”
  remain very uncertain

Extragalactic
contribution



 50% of fux 
 +- 5 degrees
 around equator
[Galactic gas] 

Cosmic Ray
interactions
  in the 
Interstellar
Medium



Non accelerator  sources 
of High Energy Particles

 Dark Matter   
  (in form of WIMP's

    self annihilation or decay) 

 Super Massive Particles
  [Very High mass scales  (M

GUT, 
...)]

Production of high energy particles
of all types  



SuperNova explosions



6
 a

rc
m

in
u

te
s

1 minute = 0.58 pc
 =  1.8 * 1018  cm 

Pulsars, 
Pulsar Wind Nebulae

The CRAB  Nebula



Super Massive  Black Holes
(at the center  of Galaxies)

Active Galactic  Nuclei
(powered by mass accretion)



Centaurus A  (d=4.6 Mpc)

Composite image (visible + radio)





M87   (d=17 Mpc)





Schwarzschild radius

Photon capture radius



M87  JET

Heber Curtis  (1918)
[Lick Observatory]

“Descriptions of 762 
 Nebulae and Clusters ….”

“...curious straight ray ... 
 apparently connected  
 with the nucleus by a
 thin line of matter.”



M 87

First astrophysical “jet”   [1913 Heber Curtis]



Superluminal  Motion

Source  moving 
on the celestial sphere

M87 :



Observations

of M87
2005
2008
2010

HESS
MAGIC
VERITAS



VLBA  radio images
of M87  at 43 GHz 



Extragalactic sources
observed by FERMI
nearly all Blazars
2LAC  FERMI catalog
(1121  objects)  618  with redshift  

Luminosity [1-100 GeV]



GAMMA  RAY  BURSTS  (GRB's) 





Two Classes of Gamma Ray Bursts:  “Short” and “Long”





Association Long GRB's   with SN  explosions

GRB  980425SN 1998bw







G  > 100

GRB : associated with a subset 
of  SN Stellar Gravitational Collapse



GRB 130427A

Lorentz  factor of  the jet

!!



Neutrinos

Extragalactic Gamma rays   
absorbed for E > 1TeV



The High energy region 
of highest interest because 
of photon absorption



10 kpc

10 Mpc

1 Mpc 30 kpc



125 m string separation
17 m between PMT's

IceCube



Search for Galactic Point Sources

At present only limits
but this is not unexpected given the sensitivity
of the existing instruments





Search for Galactic Point Sources

At present only limits
but this is not unexpected given the sensitivity
of the existing instruments

Km3Net (with view of the Southern sky, and the
Central region of  the Milky Way)
Has the potential to  detect (at the level of
few events/year) the brightest sources 

Separate the Hadronic and Leptonic  components
of the Cosmic Rays in  the source





Ignacio Taboada:   Neutrino 2018





 Upgoing  (neutrino induced)  Muons



Ignacio Taboada:   Neutrino 2018



HESE

Muons

“GZK” cosmogenic
 neutrinos

Protons (AMS)

Cosmic Rays 
   (EAS)

(angle integrated Spectra)





The (to a high degree of confdence) frst 
High Energy Neutrino Source

TXS 0506 + 056

Blazar



TXS 0506+056



22 /sept/ 2017

Icecube  event                            E
vis

 =  23.7 +- 2.8 TeV

(Muon  entering the detector: 



IceCube     GCN 21916     17/09/23



….  Great source of excitement …...
Texas  Survey  of Radio Sources [365 Mhz, (1974-1983)]
66841 sources  [TXS …..] 









What is the emission mechanism ?

Why only one source  identifed ?

Are all astrophysical Neutrinos  
from Blazars  ?
[An Ice Cube paper claims
(at most 19-27 %  are from Blazars)] 

If not  what other sources ?



   Studies of  PARTICLE PHYSICS
      with very high energy Neutrinos

Very High Energy

Very Long Path-length
(extragalactic) 

Very large  (astrophysical) uncertainties  about
source spectra  



New Physics
efects

Lorentz invariance violations

Study very favorable with  Astrophysical Neutrinos



Flavor content  inferred from track/shower   ratio 







Concluding remarks 
 Astroparticle Physics is a feld
 of extraordinary richness   and potential 

Cosmology remains the “ultimate laboratory”
to test the fundamental laws  of nature.
Planck has left his “legacy”  but  more is needed. 

Gravitational Waves are seeing the “frst sunrise”
of what promise to be a golden epoch

When will we understand the nature of Dark Matter ?
(and Dark Energy)  [“No stone should be left unturned”]

The multi messenger study of the “High Energy Universe”  
is of great interest and signifcance
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