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Current UHECR experiments and their main results

Ultra-high-energy cosmic rays

Particles (mainly protons and other nuclei) from space with energies over 1 EeV = 10'% eV~ 0.16 J

@ Cosmic rays with energies over 100 EeV have been observed since the 1960s.

@ When they reach Earth’s atmosphere, interaction cascades — air showers over many km?

@ Charged particles cause the N, to emit fluorescence, which can be seen by UV telescopes.

@ e*, v, u* reaching the surface can be detected by scintillator or Cherenkov detectors.
@ FD: fluorescence detectors @ SD: surface detectors

@ Radio emission from geomagnetic and Askaryan effects can be detected by radio antennas.

@ Hadronic interactions in showers very uncertain (kinematic regimes hard to study at LHC):

o Early interactions with /s = €(10% TeV) @ Later interactions mainly initiated by pions
o Medium-mass targets (N, O) @ Very high pseudorapidity

@ Shower-to-shower fluctuations further complicate analyses.
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Current UHECR experiments and their main results

me The Pierre Auger Observatory (Auger) 2004-
The largest CR detector array in the world 375 collaborators from 88 institutions in 17 countries
Location: Mendoza Province, Argentina BYERD 5T | inaine —0
35.2°S, 69.2°W, 1400 m a.s.l. (& 880 g/cm?) N : 2 ;6‘0“"“
Main array for UHE taking data since 01 Jan 2004: Ny /e 5
SD: 1600 water Cherenkov detectors on a Colhufo A
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Current UHECR experiments and their main results

The Telescope Array (TA)

The largest CR detector array in the Northern Hemisphere

Location: Millard County, Utah, USA
39.3°N, 112.9°W, 1400 m a.s.l. (~ 880 g/cm?)

Main array for UHE taking data since 11 May 2008:

SD: 507 plastic scintillator detectors on a
1.2 km-spacing square grid (700 km? total)

2008-

149 collaborators from 36 institutions in 6 countries

‘e
Ny

FD: 3 sites on edge of SD array (38 telescopes total) 20 miles
Low-energy extension (TALE):
@ 10 extra FD telescopes at higher elevation 10
@ 80 extra SDs with 400 m and 600 m spacing
Aperture: 8,enin < 55° (declination § > -15.7°) satteryof _ Partice c°mmunicoaﬁ°"s
Systematic uncertainty on energy scale: £21% Tasmmpen et Fer
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Current UHECR experiments and their main results

Energy spectrum
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Current UHECR experiments and their main results

Mass composition

Auger data (interpreted according to hadronic models)
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@ Predominantly light at E ~ 2 EeV
@ Heavier at lower and higher energies
 Huge model dependence and systematics

Auger, PoS (ICRC2019) 482 and refs therein

TA data (raw X,,,, measurements)
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Current UHECR experiments and their main results

Pure or mixed?

@ Among showers initiated by a single element, S5, and X

Auger, PoS (ICRC2019) 482 and refs therein

max

are uncorrelated or slightly positively correlated.
o For different elements, they are anticorrelated.

o Shifts or stretches in S3g

K
or XmaX

— Analysis insensitive to systematic errors on data or models

@ In Auger data, they are anticorrelated (6.40 significance).
- Mixed composition, with both H/ He and heavier stuff

distributions can’t change this
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Current UHECR experiments and their main results

Limits on UHE neutrinos and gamma rays
Auger, PoS (ICRC2019) 979 (neutrinos) and PoS (ICRC2019) 398 (photons);

TA, arXiv:1905.03738 (neutrinos) and TA, Astropart. Phys. 110 (2019) 8 [1811.03920] (photons)
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Current UHECR experiments and their main results

Arrival directions at medium energies

Auger + TA, PoS (ICRC2019) 439 and refs therein

Auger and TA energy thresholds cross-calibrated to each other using intersection of FoVs

Epuger = 8.86 EeV, Exa > 10 EeV; 45° smearing
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Flux nearly isotropic, except for
a dipole ~ 5.5 (ﬁ/)o.s %

- almost all extragalactic
(and/or heavy)

At even lower energies:
no detectable anisotropy

Magnetic deflections ~ 10 EeV
protons @(15-40°)
CNO @(100-300°)

heavy nuclei diffusive
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Current UHECR experiments and their main results

Arrival directions at the highest energies Auger + TA, PoS (ICRC2019) 439 and refs therein
Auger and TA energy thresholds cross-calibrated to each other using intersection of FoVs

A few excesses in directions
close to M81 Group (& 4 Mpc),
Cen A/M83 Group (&~ 4 Mpc),
but not e.g. Virgo (~ 16 Mpc)
Energy loss lengths ~ 50 EeV

p, Fe @(1000 Mpc) (even less
CNO @(100 Mpc) at higher E)
He ©(10 Mpc)

Epuger 2 40 EeV, Eqp > 53.2 EeV; 20° smearing
(o)

V.

. Magnetic deflections ~ 50 EeV
Gal - <0- - LoC.She ———  GGP eeeeeens protons @(3-10°)

0.005 0.01 0.015 0.02 0.025 CNO @(20-60°)
I ' L] heavy nuclei @(80-200°

@) km Zyr Tsr 1] eavy nuclei @(80-200°) |

A. di Matteo (INFN Torino) UHECRs: knowns, unknowns, and possible “new physics” 10 Jan 2020 10/27


https://pos.sissa.it/358/439/

0 Current UHECR experiments and their main results

© UHECR theory
@ Source and propagation scenarios
@ Possible “new physics” effects

9 Future directions
@ Future UHECR experiments
@ COST Action CA18108 (QG-MM)
@ What else to look forward to

«0>» «Fr « E»r» «

it
i
w
N
bl
Q



UHECR theory Source and propagation scenarios

Propagation of extragalactic cosmic rays

Processes during extragalactic cosmic ray propagation

@ Adiabatic energy losses due to the expansion of the Universe ',
@ Interactions with photon backgrounds:

e Pair production X, 1 o Cosmic microwave background .

o Disintegration 1 e Extragalactic background light *

e Pion production [,

- energy losses - lighter nuclei - secondary neutrinos and gamma rays

@ Deflections by intergalactic (IGMF) * * and Galactic (GMF) * magnetic fields

Our knowledge level:

Simulation codes ., Exact for all practical purposes
e HERMES @ TransportCR & Reasonably good
. X Sizeabl tainti
o CRPropa 3 e SimProp v2r4 izeab ¢ uncertatiiies

" Basically unknown

f‘\r‘\
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UHECR theory Source and propagation scenarios

UHECR source models

@ Top-down mechanisms (exotic objects decaying directly into UHE particles) disfavoured,
at least below 100 EeV (would produce lots of photons and neutrinos, few heavier nuclei)
@ Bottom-up mechanisms: ordinary matter accelerated to UHEs in extreme environments

(gamma-ray bursts? active galactic nuclei? tidal disruption events? starburst galaxies? ...?)
Must have a maximum rigidity R, o< size x magnetic field strength (Hillas criterion)

e IfR ;% 60 EV (also with pure protons): 1 more neutrinos
@ Highest-E nuclei (if any) quickly fully photodisintegrated more gamma rays
@ Observed cutoff due to pion photoproduction (GZK cutoff) O ICanNSo o Ry

. Disfavoured by the data assuming recent hadronic models S e st LY

o IfafewEV SR, S 60EV (medium-mass nuclei required):

@ Cutoff in all-particle spectrum due to photodisintegration fewer neutrinos
@ Cutoff in secondary protons at ZR,/A ~ R, /2 fewer gamma rays

e IfR,,; S afew EV (mixed mass composition required): less anisotropy
o Propagation effects relatively unimportant U (‘disappointing model?)
@ All-particle energy spectrum s convolution of rigidity cutoff and mass composition (Peters cycle)
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UHECR theory Possible “new physics” effects

Modified dispersion relations and UHECRs

o Standard UHECR simulations assume Lorentz invariance as predicted by special relativity.
@ Certain candidate theories of quantum gravity predict that this isn’t exactly correct.
Lorentz invariance violation (LIV): Lorentz transformations stay the same, but background
tensor fields pick a privileged frame.
Deformed special relativity (DSR): Still no privileged frame, but transformations between
frames more complicated
o Effects can usually be described by modified dispersion relations (MDRs) (i = particle type):

p?=-m?+(1+6)E2 + 6B + 6 PE! + 6B} + -+

(standard dispersion relations: 51'(”) =0 for all n) (odd n — CPT violation)

@ This can allow processes which in the laboratory frame would be kinematically forbidden,
or vice versa. (Note: Earth velocity in CMB isotropy frame ~ 0.013c, i.e. mostly negligible)

@ UHECR propagation and air shower development would be modified.
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UHECR theory Possible “new physics” effects

Examples

Photon MDRs can allow vacuum Cherenkov radiation N — N + y — quick energy losses
- Stringent limits from the fact that UHE nuclei still make it to Earth
Hadron MDRs can prevent photodisintegration and pion photoproduction — no GZK
o People used this to explain the lack of observed cutoff in AGASA measured spectrum (1998).
e When more recent experiments did observe a cutoff (2006-), people used it to set limits on LIV,
but they were assuming there was no R, at sources.
o If there is a low R, at sources, spectrum data can be fitted with or without GZK.
e What about the distribution of arrival directions? (We don’t know much about sources, but
surely they should follow the large-scale distribution of galaxies?)
Other photon MDRs can enable secondary EeV photons from pion production to reach us
(otherwise they would undergo yypg + vpg = et + e into cascades with < 1 TeV/photon)
- Limits from lack of observed EeV photons, but only with high or no R, at sources;
with low source R, not many EeV photons are produced in the first place.
Pion MDRs can prevent n° decays — more hadronic, less electromagnetic showers
o Experiments observe more muons than predicted — could this be (part of) the reason?
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Future directions Future UHECR experiments

Extensions of Auger and TA currently being deployed

AugerPrime TAx4

Extension of TA, adding more SDs and FDs to
get more statistics in the Northern Hemisphere

Extension of Auger,
adding a plastic
scintillator detector
and a radio antenna
to each SD station

e e*/u discrim.

- event-by-event
mass estimates
even during
the daytime

- mass-dependent anisotropy studies
@ Tests of hadronic interaction models

4
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Future directions Future UHECR experiments

Future experiments

FAST (Fujii+*15) and CRAFFT (Tameda+ '19) GRAND (Alvarez-Muniz+20)

@ Huge arrays of very cheap FDs, each with @ 20 arrays of 10k radio antennas each
very poor spatial but excellent temporal o 300-antenna prototype in 2020-
resolution e First 10k-antenna array in 2025—

@ Good geometry reconstruction possible in o 19 more arrays in 2030~
stereo mode or in combination with SDs @ 200000 km? total effective area

e Prototypes at TA and Auger (2014-19) @ Good sensitivity to UHE v, y and CRs

EUSO (Ricci+'16) and POEMMA (Olinto+ '19)

@ Fluorescence detection of extensive air showers from space

o EUSO-TA (2013-) e EUSO-Balloon (2014) e TUS (2016-17) e EUSO-SPB1 (2017)
o Mini-EUSO (2019) e EUSO-SPB2 (2022) e K-EUSO (2023-) e POEMMA (2029-)

@ Huge effective areas at the highest energies (K-EUSO ~ 100000 km?, POEMMA ~ 300000 km? )
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Future directions COST Action CA18108 (QG-MM)

What is a COST Action

More info: https://www.cost.eu/cost-actions/what-are-cost-actions/

COST: a European organization funding COST Actions
@ 38 Full Member countries, including ~ ”

22 Inclusiveness Target Countries (ITCs) ~ ‘

@ 1 Cooperating Member country (Israel) ~

@ 1 Partner Member country (South Africa) (not shown)

@ 16 Near Neighbour Countries® in North Africa and West Asia

COST Action: a four-year project to enable researchers from different
communities to learn about each other’s work and
cooperate on a goal, by funding:

@ Workshops, conferences and working group meetings

@ Training Schools e Short Term Scientific Missions  “technically not members
e Conference Grants for young' researchers from ITCs ~ ©f the COST Association
@ Public lectures and other outreach activities '<PhD+8 yr
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Future directions COST Action CA18108 (QG-MM)

COST Action CA18108

Quantum gravity phenomenology in the multi-messenger approach <https://qg-mm.unizar.es/>

Main aim: to investigate possible signatures predicted by quantum gravity models in
the observation of different cosmic messengers, by creating the conditions for a close
collaboration between theorists and the various experimental communities involved

in the detection of such cosmic messengers. 241 members R e b Sy

Start date: 14 Mar 2019 End date: 13 Mar 2023 @ 225 in COST countries
e 54 in Spain e 24 in Italy
@ 16 in non-COST countries
e 3 in Armenia* e 3 in the US

Keywords
@ Lorentz invariance violation and deformation

@ gamma-ray astronomy @ cosmic neutrinos - P b Sk o 2 in Chile
@ UHE cosmic rays @ gravitational waves e 2 in Russia* e 1in China
Action chair Action vice-chair
@ José Manuel Carmona (U. of Zaragoza, Spain) @ Giovanni Amelino-Camelia (U. of Naples, It.)
v
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Future directions

COST Action CA18108 (QG-MM)

Working groups leaders and vice-leaders w1« wG2 < [WG3 < WG4 < WG5 < WG6]

The same person can be in several WGs at once.

Theory
Working Group 1: Theoretical frameworks
for QG effects below Planck energy (110m.)
@ Christian Pfeiffer (University of Tartu, Estonia)
@ Giulia Gubitosi (University of Burgos, Spain)
Working Group 2: Phenomenology of
quantum gravity (106 members)

© Flavio Mercati (University of Naples, Italy)
@ Stefano Liberati (SISSA, Trieste, Italy)

Outreach Committee (22 members)
@ Mariam Toértola (IFIC, Valencia, Spain)

Experiments
Working Group 3: Gamma rays (45 members)

@ Dijana Dominis Prester (U. of Rijeka, Croatia)
@ Julian Sitarek (University of £.6dz, Poland)

Working Group 4: Neutrinos (54 members)
@ Rodrigo Gracia Ruiz (IPHC, Strasbourg, Fr.)
@ Carlos Pérez de los Heros (Upps. U., Swed.)
Working Group 5: Cosmic rays (36 members)

@ Armando di Matteo (INEN Torino, Turin, Italy)
@ Giinter Sigl (University of Hamburg, Germany)

Working Group 6: Gravitational waves (84 m.)

@ Tanja Hinderer (U. of Amsterdam, Netherl.)
@ Germano Nardini (Univ. of Stavanger, Norway)
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Future directions

Who can join

People affiliated to institutions in:

* COST Full Member countries

not yet in the Action (Albania, Austria, Cyprus,
Iceland, Latvia, Lithuania, Luxembourg, Moldova,
Montenegro, North Macedonia, Slovakia, Turkey)

COST Full Member countries
already in the Action (a rest of Europe)

COST Cooperating Member country (Israel)
COST Partner Member country (South Africa)

COST Near Neighbour Countries
(~ former USSR + North Africa + Middle East)

|l International Partner Countries
(everywhere else)

4
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COST Action CA18108 (QG-MM)

1,4 can immediately join the Action
(after approval by Action chair,
vice-chair, or one WG leader).

* 8,9l need to be approved by the Action
Management Committee first.

* 1,1,9 can be reimbursed for meetings and
for Short-Term Scientific Missions
(which anyone in the Action can host).

§,Il must pay their own travel expenses
(unless invited as a trainer
to a Training School).

v
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Future directions COST Action CA18108 (QG-MM)

New members welcome, especially experts on:

o Theoretically modelling high-energy astrophysical sources (e.g. AGNs or GRBs),
in order to disentangle intrinsic source properties from possible propagation effects
@ Characterizing atmospheric properties (e.g. aerosols using LIDAR),
in order to correct telescope measurements and reduce systematics
No previous experience in QG phenomenology needed — skeptics welcome!

Are you interested? (Or do you know someone who might be?)
Please fill the format: https://qg-mm.unizar.es/?page_id=140 J

@ Participation from under-represented groups particularly appreciated:
o Women @ Early Career Investigators (PhD students and researchers < PhD + 8 yr)
e People working in Inclusiveness Target Countries (~ eastern Europe, Portugal, Malta)

Next meeting: Annual conference, 10-13 March 2020, Granada, Spain
Current milestone goal: To complete the first draft of a review of existing searches for QG effects
in high-energy astrophysical observations (due by 30 April 2020)
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Future directions What else to look forward to

Continued cooperation between Auger and TA will hopefully help us better understand the data
and their systematics
New cross-section measurements with medium-mass targets, in the forward region ...
Galactic magnetic fields The Interstellar Magnetic Field Inference Engine (IMAGINE)
will allow Bayesian combined studies of GMF and UHECR data.
@ Parallax and polarization measurements of lots of stars in the Galaxy
- first tomographic map of the GMF
@ Knowledge of the GMF — source positions from arrival directions
New gamma-ray detectors e.g. CTA, LHAASO, ...
will provide high-resolution images of SBGs, AGNs, GRBs, ... and
help us understand them, constrain EBL models, and much more.
New neutrino detectors IceCube-Gen2, ARA, ARIANNA, KM3NeT, GRAND, POEMMA, ...
will either finally detect UHE neutrinos or further lower the limits,
helping constrain the UHECR source evolution.

Stay tuned!
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Back-up slides

@ Timeline of cosmic-ray research

e Extensive air showers

@ Auger—TA comparisons

ﬂ Searches for correlations with IceCube and ANTARES neutrinos
@ The air shower muon puzzle

© Large-scale structures

@ Secondary particle production

@ UHECR models below, around and above the ankle
@ Uncertainties in UHECR propagation

@ Recent Auger results on LIV

@ Outreach activities in the COST Action
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Timeline of cosmic-ray research

Timeline

1909
1929
1934
1939
1962
1965
1966
1991

“Hohenstrahlung” discovered
CRs discovered to be charged
Air showers discovered

10'5 eV CR observations
10?0 eV CR observations
CMB discovery

GZK cutoff prediction

Fly’s Eye observes 320 EeV
“Oh-My-God particle”
AGASA claims no cutoff up to
200 EeV, people freak out
HiRes does see a cutoff (and
so does everybody else since)

1998

2006

A. di Matteo (INFN Torino)

R. Alves Batista et al., Front. Astron. Space Sci. 6 (2019) 23 [1903.06714
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https://doi.org/10.3389/fspas.2019.00023
https://arxiv.org/abs/1903.06714

Extensive air showers

Extensive air showers

@ Nuclei with T' 2 10° (E 2 A EeV) impacting the atmosphere — 4/s = 40 TeV ~ 3 x LHC
@ Resulting high-energy hadrons can interact in turn, and so on — extensive air showers

o 10— 2y — electromagnetic subshowers (containing e* and Y)

e High-energy n* (in “young” showers): interact further, continuing the hadronic shower

o Low-energy ™ (in “old” showers): — u* + v,, which dump their energy in the ground
\ N

A Y

= < ety
10% eV proton simulation - 0 20 40 km i hadrons
(Schmidt & Knapp 2005) - ut
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https://www-zeuthen.desy.de/~jknapp/fs/showerimages.html

Extensive air showers

Shower properties

Zenith angle 8, 0° for vertical showers, 90° for horizontal showers
Atmospheric depth X = f:oo Pair (@) dl where dl =-dz/ cos 6
(vertically: 1033 g/cm? at sea level, 875 g/cm? at 1400 m a.s.l.)
Depth at first interaction X,
Shower profile dE/dX, energy deposited per unit atmospheric depth
Depth at shower maximum X, the X at which dE/ dX is largest
Calorimetric energy E ., = f 0+ ° % dX ~ 0.85E, total energy deposited in atmosphere
Invisible energy E;,, = E—E.y ~ 0.15E, carried underground by v and u
Lateral distribution function S(r), particles reaching the ground per m? at distance r from axis
Muon number N, total number of muons produced in the shower

Air shower universality At X > X, all showers with the same E, 6, X,, and N,, look alike.J
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Extensive air showers

@ On avg., Xp,x, logN,, linear in log(E/A)
- mass estimators (but major shower-
to-shower fluct. and model depend.)

80 :
P
s ~— He
79| Ml N
“\ = Fe
\
iZ%7.8 ‘\'
5 2
< S\ ~ ,"
77} — s LT
|~ EPOS-LHC ‘E=10"YeV|
QGSJetll.O4 0 =38°
600 650 700 750 800 850 900 950 1000

Ximax [g/ sz]
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UHECRs: knowns, unknowns, and possible “new physics”

Detector signal (arb. units)

Ll
20 40 60 80 100 120 140 160 180 200

Time bins (25 ns) .-+

Signal [VEM]

e B )
X $ Xy mostly e*,y X > X, . : mostly u*
2 Mass composition difficult to estimate
< Predictions by hadronic interact. models
extrapolated from LHC measurements
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Extensive air showers

Shower detection techniques

Surface detector (SD) arrays
(scintillators or Cherenkov detectors)

;-', ~ 100% uptime
Badly model-dependent energy estimates
Poor energy resolution (~ 20%)
Mass estimation hard (e/u discr. needed)
Angular resolution ~ 1.5°

(1))

Fluorescence detectors (FDs)
(UV telescopes)

2~ 15% uptime (clear moonless nights)
&, Near-direct E.,) measurement

=&, Good energy resolution (~ 10%)

&, X . measured (10 g/cm? syst., 20 g/cm? res.)
2, Angular resolution ~ 0.6° (hybrid or stereo)

A. di Matteo (INFN Torino)
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Extensive air showers

Shower detection techniques

Surface detector (SD) arrays Fluorescence detectors (FDs)

(scintillators or Cherenkov detectors) (UV telescopes)
2, ~ 100% uptime 2~ 15% uptime (clear moonless nights)
. Badly model-dependent energy estimates | . Near-direct E_, measurement
2 Poor energy resolution (~ 20%) =&, Good energy resolution (~ 10%)
" Mass estimation hard (e/u discr. needed) | . X,.x measured (10 g/cm? syst., 20 g/cm? res.)
&, Angular resolution ~ 1.5° 2, Angular resolution ~ 0.6° (hybrid or stereo)

Hybrid detectors

@ SD arrays surrounded by FDs
@ Common events used for calibrating
the SD energy scale to the FD one
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Extensive air showers

Shower detection techniques

Surface detector (SD) arrays
(scintillators or Cherenkov detectors)

&, A~ 100% uptime

2 Badly model-dependent energy estimates
2 Poor energy resolution (~ 20%)

2 Mass estimation hard (e/u discr. needed)
&, Angular resolution ~ 1.5°

Fluorescence detectors (FDs)
(UV telescopes)

2~ 15% uptime (clear moonless nights)
&, Near-direct E.,) measurement

=&, Good energy resolution (~ 10%)

&, X . measured (10 g/cm? syst., 20 g/cm? res.)
2, Angular resolution ~ 0.6° (hybrid or stereo)

Hybrid detectors

@ SD arrays surrounded by FDs
@ Common events used for calibrating
the SD energy scale to the FD one

Radio detectors

-, Reconstruction quality comparable to FDs
=&, Uptime comparable to SDs
7 Not widely deployed for UHE until 2021

A. di Matteo (INFN Torino)
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Auger-TA comparisons

Auger—TA differences and declination dependence of spectrum
“south” = [-90°,-15°], “equat.” = (-15°, +25°),

u T T T T T T - T T T T T T T T
— B
T 10% ~F 33
5 t F 1x
in LN N N Y - = 4=
‘ﬁ *enwv™” * + & [ i ;‘f
o~ o8 B T
E * E | 1% b
L 2008/05/11 - 2019/05/11 4
> resca el > ° - S X
3 # = and -10°/oldec¥1de) £ 16°< 5¢24.8
N my o o o 24.8°< §<90.0°
~ ) S0V Auger SD, -15.7° < 5 < 24.8 (i)
5 9007 <6 < 157 o F (E rescaled by +5.2% x
= A —157° < 6 < 25.0° wo ot and +10% / decade) m
Gl @ SD1500 vertcl X I TR T T T TR
85 90 95 200 205 s iyl y 1‘5.% 8% D fes 19 192 19.4 196 fo8 20 202
Ig(E/eV) log, (E/eV)

@ Same spectra, to within a few percent

Auger equat.
Auger south

no diff. PoS (ICRC2017) 486
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Auger-TA comparisons

Auger—TA differences and declination dependence of spectrum
“equat.” = (-15°,+25°),

s o %
\;\ 10"&3 ; o E g<)
7 . LTI T 1%
= *eow® @ 10
o ¢ o 1x
\ + & 1% !
NE - A t | A 5D, 150 0 <2050 wa L 2008/05;/11 72019/05/11 H
% PLI R Eewibd e | r wcocas
= o | Yl Augersp,-157°¢ 5<24.8 7 o 24.8°< 5<90.0°
O et , SET (B iescaled by x5.2% w
= A —157° < 6 < 25.0° wot and +10% / decade) m
8] 10%7 * SD-1500 vertical ‘ ; g ) . ) ) ) ) . IR
85 90 95 200 205 s iyl y 1‘5.% 8% 188 19 102 104 186 108 20 202
Ig(E/eV) log, (E/eV)
@ Can be brought into agreement by e.g.
E
0, 0, Auger TA
T TA equat. equat. E= (IZFS 2/0:|:10A)10g10 i) EeV)EAuger
small diff. PoS (ICRC2019) 234

Auger equat. @ 0.40 + 2.10 discrepancy

(syst. uncert.: +£14%,+3%/decade (Auger),
+21%, £9%/decade (TA))
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Auger-TA comparisons

Auger—TA differences and declination dependence of spectrum
“equat.” = (=15°,+25°), “north” = [+25°,+90°]

u T T T T T T - T T T T T T T T
— B
I 10% ~F ek
5 ; o X
I Y TF 1%
o ¢ « F 1x
\ b e[ 1%
NE . 1 L [ masnse oo i3 2008/05;/11 72019/005/11 o
5 PLI R Eewibd e [ oo
~ gl A5.7° o o 24.8°< 5<90.0°
@ " 90.0° < 6 < ~157 L ‘(AEurge?cggh 15y7+5<2°2’< 24.8 u;
= A —157° < 6 < 25.0° wor and +10% / decade) —
K gl @ SD1500 vertial : w R
85 90 95 200 205 s iyl y E 8% S BT es e oe jos 20 3
1g(E/eV) log, (E/eV)
° Overlap with Auger 0 < 60° FoV:
TA north . 19.64+0.04
——x oo large diff. Pos acRC2019) 298 o Break at 10 ev
__‘Aequat. o Rest of the sky:
o Break at 101984002 gy
@ Post-trial significance of difference: 4.30
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Auger-TA comparisons

Auger vs TA mass composition
Auger and TA collabs., EPJ Web Conf. 210 (2019) 01009 [1905.06245] and references therein

Middle Drum Black Rock Mesa and Long Ridge
o . sys. errors: [l Auger A -ee (Auger® +TAY)Y? sys. errors: [l Auger I TA
F + TAMD 2014 preliminary 840 £
ol | E v AugerMix, PRD (2014) ® TA E
[ 1 Auger2014® TAMD 8200w  TA, ApJ (2018) 70
& 780 00 60
E T } T < F
C ‘B9800 E50
Dred k + % ;78 r o F
3 ¢ é {; % ¢ + 760 A=
e, E F g
740— E —
= % § S O
720~ 720 206
F “t o Y AugerMix, PRD (2014) @ TA
200 700 EPOS-LHC E = TA,ApJ(2018) EPOS-LHC
. C L L L L Il L L Il -
L T B LB NS T X S B L I 182 184 186 I88 190 192 194 196 L T Y ST Y STy T Y T BTy Ty
Ig(E/eV) 1g(Ep/ [eV]) lg(Egp/ [eV])
~ y

@ Detector biases usually folded into simulations by TA, out of measurements by Auger

- Non-trivial comparisons (we had to fold TA biases into Auger measurements)
e Data in agreement! Claims of “protons in TA, heavier in Auger” due to different models
*FDs refurbished from HiRes-1 experiment (1997-2006) "FDs newly designed for TA
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https://doi.org/10.1051/epjconf/201921001009
https://arxiv.org/abs/1905.06245

(Lack of) correlation with TeV—PeV neutrino events

Searches for correlations with IceCube and ANTARES neutrinos

IceCube + Auger + TA + ANTARES, PoS (ICRC2019) 842 and refs therein

probability density
—_ [] w -
o (=] (=] (=]
o o (=] o

=}

probability density
—_ %) w >
(=] (=] (=] (=]
o o o o

=}

Preliminary: Experimental Results

D=3" | Ecut =70EeV
T

D=3" | Ecut = 85EeV
T

T
== p-value=27%
1300 bckg trials

median

o3
fse]

== p-value=46%
1300 bckg trials

median

=}
[se}

D=3" | Ecut = 100EeV
T T

== p-value=84%
1300 bckg trials

=}
se]
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D=6" | Ecut = 100EeV
T
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o All analyses compatible
with null hypothesis
(no correlation)

@ Not extremely surprising:

e Very different energies
(“low”-E v « optically
thick sources? UHECRs «—
optically thin ones?)

e UHECRs only reach us
from within < 102 Mpc,
neutrinos from
anywhere.
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The air shower muon puzzle

lnNobserved_lan model
def DY, u

. Z =
The air shower muon puzzle In NFe model_n N, ™%
Eight collaborations, PoS (ICRC2019) 214 and refs therein z=1nA/In56 if model accurate
X EPOS-LHC QGSJ4t-1L04 SIBYLL-2.3 —¢— AMIGA [Preliminary]
ol ..
observed redicted —¢— IceCube [Preliminary]
N " >N E —e— NEVOD-DECOR
. + E ¢++ —o— Pierre Auger
o Consistently — ¥ SUGAR*
g Wi e 7o} - Telescope Array
all encpreiin e s, P Yakutsk [Preliminary]
all models -1 ->—EAS-MSU*
N SIBYILL-2.1 QGSI4t-11.03 QGSJet01 — KASCADE-Grande?

@ Discrepancy

Expected from Xy,x
growing with E 2 + %r -~ GSF
80 significance WW* Fd I “SIBYLL-23¢, not SIBYLL-2.3
( 8 ) . 1 B L8 i N — - /*&# | bnot energy-scale corrected
i

o - -
Why” ’ ’ +/S1st interact. p
-1

% ey it o 50 T 105101471614 145 10° 14716 1¢ 1g5 10014710 1¢ 0.1 < LHC, LHC,

_Later interactions 7t-initiated lab frame E/¢V 10 x LHC

@ Medium-mass targets (N, O)

@ Very high pseudorapidity < Impossible to probe at LHC @ Dedicated measurements ongoing J
v
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Large-scale structures

The local extragalactic environment
M.L. McCall, MNRAS 440 (2014) 405 [1403.3667]

The Local Sheet -
Local Group The Milky Way, Andromeda (M31), and satellites

Sheet Y (Mpc)

Local Sheet * Council
- | Top View X of
| = MB\Q@ o Giants
L N » ® me4

~ \ Centaurus A &,

[e N

L Milky Way' ez o
o e
L Y R o 6=
Andromeda ¥ /" o
“r y7 F} &9":342

nnnnnnnnnnnnnnn

T T T T T T T T T T

H \&w (Pt

™3

Council of Giants 12 giant galaxies in a 4 Mpc-radius ring | sz Emmen, A
centered on the Local Group: i’ e e
NGC 253*, Circinus™, NGC 4945% Cen AT¥, M83*, M64", i ]
M94, M81, M82*, IC 342*, Maffei 1%, and Maffei 2* .
* Starburst galaxy " Gamma-loud AGN gl ., |
¥ Giant elliptical galaxy ¥ Type-2 Seyfert galaxy s 0@ @ng
The Virgo Cluster L i
Major galaxy cluster ~ 16 Mpc away S ]
* ! * Shee‘: X (Mpc)2 ) °
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https://doi.org/10.1093/mnras/stu199
https://arxiv.org/abs/1403.3667

Large-scale structures

Large-scale structure of the Universe
Clusters, walls, filaments, voids

2MRS and Cosmicflows-3 galaxies
distance modulus u
20 25 30 35

1 — 7 - T 350
¢ Milky Way satellites 2MRSonly -
1 M31 satellites Cosmicflows-3 only ~ x 3 300
. xx both =
= -15 x apparent magnitude m = 11.754 —— 3 5
) x x 1 CoG satellites 250 =
g SR g g
E  |smc s 7 P20 % =)
2 : 5 P
£ -20LMC . o E 2 g
2 - 1505 <
E . 2 2
=3 — o
M31
" ©
-25| X . Eais 3F g @
Council of Giants  * #:7& 2 e
(excl. Circinus and Maffei 1 and 2, 50 =
in Zone of Avoidance) E
=
Lbrigh 1 I sl . i 0 -1
0.1 1 10 100 5 < L
luminosity distance [Mpc] supergalactic plane

@ Clusters within a few tens of Mpc preferentially aligned along the supergalactic plane
@ Homogeneous and isotropic distribution at larger scales (“End of Greatness”)

A. di Matteo (INFN Torino) UHECRs: knowns, unknowns, and possible “new physics” 10 Jan 2020 12/25



Secondary particle production

Secondary neutrinos
e.g. R. Aloisio et al., JCAP 10 (2015) 006 [1505.04020]

pure protons (R, ~ +0Q) mixed composition (R, = 6 EV)

Auger 2015 total

IceCube non-atmosph. . 90% CL per-flay.y3
68% CL per-flav. x3 l

Auger 2015 total

IceCube non-atmosph. ,90%. CL per-flav. x3 i 1
68% CL per-flav. x3 l

ili ----- 1 .

AGN (o< (1 +2)%),
SFR (o< (1 +2)°%),

E%J, [GeV em? s s
3
LI |\||||\l

E2J, [GeV cm™ sr!s1]
‘ 3
LI |\||||\l

107 108
2 g 12 \ constant source
= = \ emissivity
i i / \
107 0%
7/ Y/ N ]
fa 15 16 7 T8 7o 1 s 1 7 T8 10
log,  (E/eV) log, (E/eV)

@ Once produced, they can propagate basically forever.
- Their flux depends on source behaviour at high z, even if the UHECR flux doesn’t.
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https://doi.org/10.1088/1475-7516/2015/10/006
https://arxiv.org/abs/1505.04020

Secondary particle production

Secondary gamma rays

e UHE photons from n° decay undergo Interaction length for ypg + ypg > " +e”
+ . 101 1 T T T T Virgo
THe +Ybg — € +e straight away 3 s
@ The e* in turn undergo inverse Compton Of “|Cen A
e* +ypg — € + vy, and so on - 0% _M31
(=N F
@ Resulting cascade of < 100 GeV photons, 2 [
with spectrum independent of initial E,» ~ ~ 10F
p p nitial Ze LMC
and only weakly dependent on initial z E
- only their total energy matters 10'25— NS 1GC
13 14 15 16 17 18 19 20 21 22

@ Can contribute to extragalactic

gamma-ray background 10g10(E/eV)
@ In principle, we could use this to constrain UHECR source evolution or composition,

but we don’t know the foregrounds well, or even the expected angular spread of cascades (from
point-like to isotropic, depending on IGMF strength) = various authors got very different results.
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UHECR models below, around and above the ankle

Possible explanation of the data below the ankle

e.g. T. Abu-Zayyad et al., arXiv:1803.07052

101 1 1 1 1 1 1

-

T E, 4k, 26Ep
n

|

TU)

NE ...,ul'-'-'n;h..“l_,._.-mﬁ'd

> =TT %

o Hi-He . S

3 - o

o .| " TALE data o

10°q -+ galdetic oo -
— — - extriagalactic S o

= PR ARSI Y

N I S R

I T 1 ] U
15.0 15.5 16.0 16.5 17.5 18.0 18.5

17.0
Log(E/eV)
(Galactic CR mass composition extrapolated from

satellite-based direct measurements at lower energies)
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UHECRs: knowns, unknowns, and possible “new physics”

@ Knee due to cutoff in Galactic H spectrum
(due to maximum acceleration energy
and/or reduced magnetic confinement)

@ Spectra of other elements have similar
features at the same rigidity
(i.e. at Z times as much energy)

@ Low-energy ankle due to Li/Be/B scarcity

@ Second knee due to Fe cutoff

@ Gradual transition between heavy Gal.
and light extragal. population somewhere
around 10'7 eV

- lighter composition at higher energies,
as in lowest-E Auger X, data
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https://arxiv.org/abs/1803.07052

UHECR models below, around and above the ankle

Possible explanations of the data around the ankle — I

Signature of e*e™ pair production on CMB photons (“dip model”)

10

e.g. R. Aloisio et al., Astropart. Phys. 27 (2007) 76 [astro-ph/0608219]

 Only works with pure H — even just 20% He would spoil it
(and the Auger X,,.,—S100¢ correlation around the ankle
robustly excludes any pure compositions)

modification factor
5

dNjp,; . _energy loss time
age of the Universe
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https://doi.org/10.1016/j.astropartphys.2006.09.004
https://arxiv.org/abs/astro-ph/0608219

UHECR models below, around and above the ankle

Possible explanations of the data around the ankle — I1I

Transition between two populations

 The ankle is very sharp.

837 ' ——— PR - The low-E population must have a steep cutoff and
Nl e ] the high-E one a rather flat spectrum at Earth.
" searl o @ Possible examples:
:E“W r e Galactic and extragalactic sources
%Z:Zi 2 Sizeable Galactic contribution at these energies
tes7 now considered very unlikely for lots of reasons
%75 e Two types of extragal. sources (e.g. Aloisio+ ’14)

e Secondary neutrons and surviving nuclei from
photodisintegration by radiation fields surrounding
accelerators (e.g. Globus+ ’15, Unger+ ’15)

(Note: linear y-axis)
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https://doi.org/10.1088/1475-7516/2014/10/020
https://doi.org/10.1103/PhysRevD.92.021302
https://doi.org/10.1103/PhysRevD.92.123001

UHECR models below, around and above the ankle

Possible explanations of the data above the ankle

@ 1. R, = 60 EV °
(pion prod. cutoff)

Auger, JCAP 04 (2017) 038 [1612.07155]

5;

TA, PoS (ICRC2019) 190

-"_;‘ =
T Peees 101988 v, 1514 EV,
z [
Tl y =2.04 Y =2.00
% r ?
o 5
= 10— E
W oF <
u <
C o
= Elly
1047
C T S
lngm(E/eV) -
o v
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https://doi.org/10.1088/1475-7516/2017/04/038
https://arxiv.org/abs/1612.07155
https://pos.sissa.it/358/190/

UHECR models below, around and above the ankle

Possible explanations of the data above the ankle

° @ 2. afewEV SR, S 60EV °
(disintegration cutoff)
Auger, JCAP 04 (2017) 038 [1612.07155] TA, PoS (ICRC2019) 190
=—10%
5 b
L )
Sl iy | H 5.495 EV,
@ r=096 | r=0.79
? B =l
I~ — N522
—— Si23-38
10%— —— Fe 39-56
C 4 Al Data
C | L 4 Fit Data
18 18.5 19 19.5 20 205 —L T T T T
1ngm(]3/ev) ~10 —0.5 00 0'5 lug_m(lh'(,‘/]ie\') 15 20 205 30
o v
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UHECR models below, around and above the ankle

Possible explanations of the data above the ankle

° ° @ 3. Ry SafewEV
(source cutoff)
Auger, PoS (ICRC2019) 004 TA, PoS (ICRC2019) 190
_tm‘ F
< E.*..... 2019 w0 4
T
: ot .
Tl i
E NE Total
L ~ 10182V By R, 2.239 EV.
F s — N522 &
o r<-1 g r=-1.50
- 4 Al Data
|sl.0 185 '1/9.0 19.5 200 205 B 2 f‘tr‘Dm - - - L -
|()g]“(|1/L‘V) 0 0.5 0.0 0.5 log",(ll:"‘}k}e\/) 1.5 2.0 2.5 30
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A. di Matteo (INFN Torino) UHECRs: knowns, unknowns, and possible “new physics” 10 Jan 2020 18/25


https://pos.sissa.it/358/004/
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UHECR models below, around and above the ankle

Possible explanations of the data above the ankle

@ 1. R = 60 EV @ 2. afew EV SR, S 60EV @ 3. R SafewEV
(pion prod. cutoff) (disintegration cutoff) (source cutoff)

o 1. is disfavoured by the data (it predicts broader X, ., distributions than observed),
unless hadronic interactions in air shower development are modelled by QGSJet
(in which case all source scenarios predict broader X,,,,, distributions than observed),
as well as by limits on neutrino fluxes, anisotropies, etc.

@ On the other hand, 2. and especially 3. require much harder injection spectrum (y ~ 1 and

¥ ~ —1.5 respectively) than most hypothesized acceleration mechanisms result in (y ~ 2)
(unless the source emissivity is o< (1 + )™ with m < 0, i.e. more and/or brighter recent than ancient sources,
or there are very strong intergalactic magnetic fields) and extreme source metallicities.

@ Very hard to tell 2. and 3. apart (generally, 3. is favoured when using bright EBL models,
2. when assuming dim ones, but it depends on even minor details of the propagation).
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Uncertainties in UHECR propagation

Effects of uncertainties
R. Alves Batista et al., JCAP 10 (2015) 063 [1508.01824]
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Uncertainties in UHECR propagation

Magnetic deflections

@ Galactic magnetic fields very hard to estimate:
e No 3D measurements available, only line-of-sight integrals:
Faraday rotation RM o< f nB.dr (probes radial component)

Synchrotron emission 1o< fnCRE(Bl2 +B2)dr,Q o< fnCRE(Bl2 -B})dr, Ucx fzncszle dr
(probe transverse components, the ones relevant to UHECR deflections)

- need to assume a model for the overall 3D structure
e n,, ncgg uncertain, and RM, I, Q, U data themselves very noisy
o Intergalactic magnetic fields even harder — people usually rely on cosmological simulations.
@ And even if we knew them, we still don’t know the electric charges of UHECR:s.

10" =

RN R-20EV %
o SRS i "%, AN < Various models of:
g e A a5 g R Left: IGMF filling factors
T A t &“ .4 - : (Alves Batista et al. 2019)
o \RK}:\\ ! WA Right: GMF deflections
T — 4 (Unger & Farrar 2019)
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Recent Auger results on LIV

Hadron LIV in extragalactic cosmic ray propagation
Auger, PoS (ICRC2019) 327 and references therein

@ If 6, = 6, = Opaqa > 0, mean free paths of photonuclear interactions increase.
o (If 6ppq — +090, they become outright impossible.)
@ But reasonable fits to Auger data still possible — no limit on 6y,,4 from this

Scenario ‘ Y lg(Rcut/V> | fu JfHe N fsi | D(J) D(Xrnax) ’ Diotal
LL ppg =0 | —1.13 1825 | 70.1 295 04 002 | 199 2366 | 2565

LIV, 8.4 =5x10724 | —1.26 18.24 689 308 03 002] 195 2356 | 255.1
LIV, 8.0 =1x10723 | —1.20 18.25 67.4 322 04 002 199 2361 | 256.0
LIV, 8,0 =1x10722 | —1.42 18.22 68.4 314 02 001|177 2318 | 2495

max LIV, &g — o0 | 091 1847 | 523 423 54 0. | 344 189.7 | 224.1

Table 1: Best fit parameters for the LI reference model and LIV cases (using SimProp simulations).
@ (Better fits than LI, actually — but systematic uncertainties neglected here)
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Recent Auger results on LIV

Photon LIV and propagation of secondary gamma rays
Auger, PoS (ICRC2019) 327 and references therein
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Recent Auger results on LIV

Pion LIV in air shower development
Auger, PoS (ICRC2019) 327 and references therein

b a=a2 x10=ov?

o If 50 <0, then n° above a certain
energy cannot decay

- more hadronic, less electromagnetic
showers

- primaries look heavier than they
actually are.

8

@ This can be useful to constrain & 5[1) in
the future.
Example: EPOS-LHC with 57(11) = 0 (solid)
and _1/MP1anck (dOttEd)
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Outreach activities in the COST Action

Committee for outreach and gender balance activities

@ 19 members
@ Science Communication

Manager: Mariam Tortola

(IFIC, Valencia, Spain)
@ Coming soon:

e Outreach newsletter
e YouTube channel

gg-mm.unizar.es
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QG-MM: COST Action CA18108

QUANTUM GRAVITY PHENOMENOLOGY IN THE
MULTI-MESSENGER APPROACH

1st Action meeting (BCN, Oct 2019)

Public lectures
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