Theoretnﬁcal overvnew o -

Gran Sasso ScienceJnstitute

INFN — Laboratori Nazionali del'Gran Sasso P

G GRAN SASSO
INSTITUTE

I SCHOOL OF ADVANCED STUDIES

Gravitational waves, ElectroMagnetic and dark MAtter physics
GEMMA workshop
June 4-7, 2018 - Lecce - Italy



Outline of the talk

1. UHECR short recap of experimental evidences
2. Theoretical interpretations and possible sources
3. Cosmogenic neutrinos

4. Testing new physics with UHE neutrinos

5. UHECR and secondary gamma rays

6. Conclusions



Ultra High Energies Cosmic Rays — Spectrum

As always in Cosmic Rays physics we can
study sources and production mechanisms of
UHECRSs only through three basic observables

‘/Spectrum

‘/Chemical Composition
‘/Anisotropy
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Ultra High Energies Cosmic Rays — Composition J= Auger: profons

at low energy
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modification factor
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v'TA surface detector events compared

with theoretical expectation of the dip
model, with uniformly distributed

sources and with sources distributed

according to large scale structures
(LSS).
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Protons footprint

In the energy range 108 - 5x10° eV

the spectrum behavior is a signature
of the pair production process of UHE
protons on the CMB radiation field.
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What we can learn from Auger data
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Auger chemical composition can be
reproduced only assuming a very flat
injection of primary nuclei
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with a certain level of degeneracy in
terms of the nucle1 species injected

—————— 60 ---..-.---'"""""'----------.....__._________________________________________
800 i ,——/‘__/ l—_‘_—-"’ ‘‘‘‘‘‘‘ 1 T i
Wi e
o e & 50 | ”HHHHH D
&E’ g [ E T HHHHH”””HHH\ U
PR===1" I '
e PO gy =< I
£ i ><E Muuuumw‘
><V /* e 30 | ‘”muwwuuumHHH _
700 ¢ e EPOS —— ] LT
_,.f;':;; :::: Syblll """""" 20 r TR B L LLLEPILLREE
A QGSJet1 -oeeem
et QGSJet2 ------
650 18 : |19 20 10 18 I19 20
10 10 10 10 10 10
E (eV) RA, Blasi, Berezinsky (2014) E (eV)



Extra Galactic Nuclei and Galactic light elements
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Different Classes of Extra Galactic Sources
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can easily provide steep injection and the

correct emissivity.

seem to confirm the presence of an

extragalactic light component with a
steep injection spectrum.




Pulsars, Extra Galactic and Galactic
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Specific dynamic at the sources

Globus, Allard, Parizot (2014-2015)

10 iodel G, otopie, B.,=01nG < Auger (CRC2079) © 850/ gposing

g , pic, Bey=0.1nG e Auger (ICRC 2013) | —— EPOS-LHC ped .

i : - - -QGSJet Il4 2 v Single class of EG
— 24| i [ i 1

L | 800~ SIBYLL2] sources: Mildly
S e ol relativistic shocks
(S £ E .

° oo 1A i

w102 4 g 700 7

z 1% 0 f ‘/Problem with

@ 21| | 650 - .

- | Wl ; Galactic CR
AR Y 1 RN N - = 1 maximum energy
175 180 185 190 195 200 205 s 16

109, E (eV) 170 175 180 185 190 195 200 largerthan10°eV
log,, E (eV)
Unger, Farrar, Anchordoqui (2015)
x10%
¢ Auger 2013 prel. “5F o (In Ay ®™V(InA) Auger 2014
70 —— model - . . .
T j: ‘/Photodlsmtegratlon
> 35F
T . - at the source. Flat
Rz < of\ o :
= £ + injection for nuclei
- =
& = + * (y = 1) and steep
° t
o £ L [HIN for protons (y > 2).
- b o [
@ 1 —Q\.‘ / .
osf L Agreement with
. a O:-n|||||||||||||||||| 1 M—m Kascade-Grande-
17.5 18 18.5 19 19.5 20 20.5 17.8 18 18.218.4 18.6 18.8 19 19.2 19.4 19.6 19.8

Ig(E/eV) Ig(E/eV)



Looking farther away

‘/The universe accessible in
UHECRSs (protons or nuclei) is
not larger than redshift z~1.

+ +
pY — 1T — e,V

\/Only the observation of
secondary cosmogenic
neutrinos can open up the far
away universe (until the first
stars redshift z~10) in the
UHE window.

‘/Photo—hadronic interactions are less efficient in the case of nucleons bounded inside
nuclei. The production of secondary cosmogenic neutrinos and gamma rays
strongly tied to UHECR mass composition.



v spectra — Dip model

v Photo-pion production

On EBL has a threshold of about 108 GeV,
broadened by the energy distribution of
EBL photons. The pion production by
UHE protons on the EBL can account for
the production of PeV neutrinos.

4 Cosmological evolution

The result on the diffuse flux depends on
the cosmological evolution assumed for
the sources. The IceCube observations at
PeV can be marginally reproduced only in

the case of strong cosmological evolution
(AGN like).
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v spectra — Mixed composition model

RA, Boncioli, di Matteo, Grillo, Petrera, Salamida (2015)
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PeV neutrinos produced in the photo-pion
production process of UHECR on the EBL
radiation field. The IceCube observations at
PeV can be marginally reproduced only in the
case of strong cosmological evolution (AGN

like).
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Clusters of Galaxies and PeV v

‘/Because of their magnetic fields (at several uG level) clusters of galaxies are “storage
rooms” for cosmic rays till energies ~10%+10% GeV, depending on the magnetic field

turbulence.

‘/Depending on the CR acceleration mechanism inside clusters, pp and py interactions
can account for the observed IceCube neutrino flux at energies larger than 102 V.
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Extreme energies: Cosmology, DM, UHE y & v

The tensor-to-scalar ratio in CMB fluctuations (r) sets the scale for models where the dark matter 1s
created at the inflationary epoch, the generically called super-heavy dark matter models. These
scenarios can be constrained by ultrahigh energy cosmic ray, gamma ray and neutrino observations

which set the limit on super-heavy dark matter particles lifetime. Super-heavy dark matter can be
discovered by a precise measurement of r combined with future observations of ultra high energy
cosmic rays, gamma rays and neutrinos.
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A. Neronov et al. 2017
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Diffuse y ray background

Cascade upper limit
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The cascade upper limit constrains the
source parameters: cosmological evolution,

injection power law and maximum
acceleration energy.
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! v" Diffuse extragalactic gamma-ray flux at E ~ 1

[ AGNevol. —=-— Fermi-LAT:
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‘/UHECR Astrophysical models Conclusions

A pure proton composition is strongly disfavored by Auger while still possible
according to TA data:

v" Steep injection (y,> 2.5). High maximum acceleration energies (~10% eV).
v AGN s are strong candidates as UHECR sources.

v" Huge production of cosmogenic neutrinos and gamma rays.

Mixed composition, with nuclei heavier than He, imply a rich phenomenology:

v" Flat injection (y,< 1.5). Dynamics at the source, non-shock acceleration.
(Z2)< 5Zx10'8 eV.

v Reduced flux of secondary cosmogenic neutrinos and gamma rays

v Low maximum acceleration energies E

max

Composition of UHECR is a fundamental observable:

v" To identify possible astrophysical sources.
v" To tag galactic-extragalactic transition.
v" To quantify the expectations in terms of secondary cosmogenic neutrinos

and gamma rays



‘/A simple thought: my personal view on the future

v

The most important future achievements in order to make progresses in
the physics of UHECRSs are: univocal determination of mass composition
(~ few g/cm? resolution), larger (> 1 order of magnitude) statistics at the
highest energies.

The observation of astrophysical neutrinos with energies larger than PeV
1s of paramount importance to open the high energy window on the
faraway universe.

To pursue these goals a step forward in the detection technologies is
needed.

To reach the required statistics on both UHECR and HE neutrinos
observations from space can be the only option. Even if a substantial
improvement in the detection techniques should be still achieved.
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