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Motivation: Understanding the Photon Structure
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Energy spectrum of cosmic rays

Ranges:

energy: > 10 orders of magnitude

flux: > 30 orders of magnitude s
— diverse physics (sources) 04 _ 8
—~ diverse detection techniques T polar\ <= LpartidiemEas
_3] influence
4 dominates
Flux rapidly decreases with energy (~E®), = 6"
Highest energies — the most demanding S ]
challenges: B 73 Knee
:‘E S5 1 particle/{m? yr')
— technical: g ] Galactic
extremely low flux (at E=10* eV £-15- influence
1 particle / km? millenium), but now: £ . dominates
the Pierre Auger Observatory (~3000 km?) = -
_2'1_
— scientific: —245 Ankle —»
What are Ultra-High Energy Cosmic Rays (UHECR)? = - 1 particle/(km? yr')
Where they come from? 27
How do they propagate? . ——

9 10 11 12 13 14 15 16 17 18 19 20
Do photons contribute to the UHECR flux? log Energy (eV)




Energy spectrum of cosmic rays in CREDO

Ranges:
energy: > 10 orders of magnitude

flux: > 30 orders of magnitude d
— diverse physics (sources)
— diverse detection techniques

Flux rapidly decreases with energy (~E®),
Highest energies — the most demanding
challenges:
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- technical:

extremely low flux (at E=10%%eV

1 particle / km?® millenium), but now:

the Pierre Auger Observatory (~3000 km?)
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— scientific: gl
What are Ultra-High Energy Cosmic Rays (UHECR)? =+
Where they come from? -274
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How do they propagate?

Do photons contribute to the UHECR flux?
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Photons as UHECR: testing astrophysical scenarios

Astrophysical scenarios

acceleration of nuclei (e.g. by shock waves)

+ ,,conventional interactions”, e.g. with CMBR

e sufficently efficent astrophysical objects difficult to find

@ small fractions of photons and neutrinos - mainly nuclei expected

999 Exotic scenarios (particle physics) 979

Decay or annihilation the early Universe relics

- hypothetic supermassive particles of energies ~10* eV

— decay to quarks and leptons —» hadronization (mainly pions)
@ large fraction of photons and neutrinos in UHCER flux

<

not the case?



UHE photons — big cascades (classical examples)

YuHe
(e.g. 10%%V)

BSUN

[OUT OF SCALE ]

» ATMOSPHERE % ATMOSPHERE

EARTH EARTH

with PRESHOWER with CRPropa 3




Diffuse UHE photon search: hybrid limits

UHECR COMPOSITION PARADIGM
At the highest energies photon fractions < 1%

jL e limits 95% CL GZK proton| -~ Z-burst

- [ GZK proton [l oo TD
- -..-.. SHDM |
o — - SHDM Il
3" 2010 ""*"'-*-.-.-.f,,..:__ IHF’ 20%02002

o = i I.‘ i I

107 E Hy20t1 R Y
- RN TA 2015 P !

O

Integral photon flux E_ > E, [ km™ sryr-T]

\
\

1 018 1 019 1020
E, [eV]

— Severe limitations for exotic scenarios? *
— and for (special) Lorentz Invariance Violation? ~

*)Understand well: limits apply to single photons, assume no screening eg. within exotic models
of interactions, structure of a photon and the spacetime structure that could manifets at UHE...



Experimental evidence about yuyur

YUHE

YUHE no interactions / screening . Earth
NOT OBSERVED
ELECTROMAGNETIC

n interaction
unexpected interactions, - icci prssuper. > Earth

screening, ... PRE-SHOWERS)

NOT TRIED SO FAR...

:

CREDO!




State-of-the-art detection of cosmic rays: Ny =1

primary




Motivation for cosmic-ray cascades

Next generation cosmic-ray research:

Natm=1 - Nam >=1
N: number of cosmic ray particles correlatated in time

— cosmic-rays (N=1): strong paradigm on non-observation of UHE photons;
non-observation often interpreted as non-existence: logically UNFAIR!

— cosmic-ray cascades (N>1):
unprobed channel, must-check to complete the UHE photon study,
potential to change the photon research landscape

10



Generalized detection of cosmic rays: N >=1

UHECR (p, Fe) | UHECR (y — cascade)

Natm=1 - Natm > 1

cascade

ATMOSPHERE

R

GROUND @ Q O

AT
LR
‘\

7 CHANCE FOR A UNIQUE SIGNATURE!
STATISTICS - SIGNATURES @

© :acosmic-ray detector 11



Narv >= 1: untouched ground

yUHE yUHE
(e.g. 10%%V) (e.g. 10%%V)

experimentally accessible
but still untouched, scientific

terra incognita

J LLA)(: ~ few km AX > Earth size

M / ATMOSPHERE
EARTH EARTH

obvious obvious
detection extinction

12



Narv >= 1: untouched ground

Y uhe
(e.g. 10%%V)

19

5 le: ~ few km

@
EARTH

obvious
detection

yUHE
(e.g. 10%%V)

O

AX < Earth size

ATMOSPHERE

EARTH

obvious
(unchecked)
., between”

Ax > Earth sze\\

EARTH

yUHE
(e.g. 10%%V)

obvious

extinction
13



Narv > 1: the categories

Ar Y yue B: ¥Yyne C: ¥uue D: ¥ yue
(e.g. 10%%eV) (e.g. 10?%V) (e.g. 10%%V) (e.g. 10%%V)

# @ + @ %%\\\ @ %*\\

@: Fundamental physics questions

D
D

M m » ATMOSPHERE & ATMOSPHERE" "
EARTH EARTH EARTH EARTH \

AX: small AX: small AX: large AX: large
At: small At: large At: small At: large




Narv > 1 motivated by data! (1)

VoLuME 50, NUMBER 26 PHYSICAL REVIEW LETTERS 27 June 1983

Possible Observation of a Burst of Cosmic-Ray Events in the Form of Extensive Air Showers
Gary R. Smith, M. Ogmen, E. Buller, and S, Standil

A series or burst of 32 extensive air showers of ¢ Q\ (\O 2y 3% 101% eV was
] \-

Kind during an experiment

April 1982,
PACS numbers:

L Year = 1981
Nobs = 32
Nexp = 1

E = 3x10"eV

PH: Correlated cosmic rays? At ~5 min.

NATM> 1, type B?

-

AX >= small

15



Narv > 1 motivated by data! (2)

Vorume 51, NuMBER 25 PHYSICAL REVIEW LETTERS 19 DeECEMBER 1983

Observation of a Burst of Cosmic Rays at Energies above 7x10!3 eV

D. J. Fegan and B. McBreen
Physics Depaviment, Universily College Dublin, Dublin 4, Ire

and

glitch ol ~aisar in the Crab Nebula.
PACS numbers: 94.40,Pa, 95.85.Qx, 97.80.Jp

PH: Correlated cosmic rays?

NATM > 1, type D?

-

AX >=250 km

At ~20 s

Year = 1975
E > 7x10"%eV

16



Narv > 1: new subfield of astroparticle physics!
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Ensembles of Cosmic Rays (ECR): road map

Theoretical scenarios (ongoing)
non-exotic / exotic

'

ECR standalone simulations — particle distributions
at the top of the atmosphere (ongoing)

'

Air shower simulations (ongoing)

'

Detector response (ongoing)
v

observation / upper limits

18



(Super-)preshowers: a must to study UHE photons

(super-)preshower:
- contains typically (>1000) 100 particles
— created at around (>10000) 1000 km a.s. )

Preshower Effect " ey ~
(Schematic) / - (;\e\ -
[Erber, Rev.Mod.Phys. 38(1966)636] / e T “e“c‘, N
3 / - \Nog g -~ %
7/ ” i 2
," ’ , y
s / e
/ / / P 4 Atmosphere
/ 7 ’ / ~100 km
! f f /
i gt I ! !

photon {

| 1 \ l
Conversion ) : / /

(magnetic pair p}oductlon) \\

\ A
& . \ " Preshbwer entgrs Atmosphere
.. \Start of Air Shower
@ : fundamental uncertainties "+ S No S
. . b ~ e -

- electrodynamics linear? S ~ . i T
- photon structure? SN TV e
- spacetime: extra dimensions? T -

Narv> 1, type A, not observed?

19



Super-preshowers from the vicinity of the Sun

C & D: — First calculations: W. Bednarek 1999
YUHE low energies not treated: extent ~ tens of km

(e.g. 10%°%eV)

— N. Dhital, 2017
complete energy spectrum: extent
~ thousands of km

BSUN

.

- | Distribution of photons at the top of the Atm |
w
- 1500
S - SUN SPS, 10" eV,
1000—
o - top of the atmosphere
6 C
NATM >10 ? 5 500—
9. _ -
£ C
= 0 -
> L
~500—
_1000F- 5000 km!
y ATMOSPHERE ~1500 2000 1000 0 1000 2000

X [km]
EARTH Distribution of photons (E > 10!? eV) at the top of the atmosphere.
E., = 10 EeV, Impact parameter = 2.5g.

Narvm > 1, type C — observable (line ~10000 km wide), not yet tried

20



the Big Bang

Motivation: GUT!

Temperature Energy
of the universe

107K 10" Gev

107K 10" Gev

107K 100 GeV

107K 1GeV

3K 107 ey

http://quantum-bits.org

SHDM: E ~ 10%eV
Grand Unified Theories!

21



Motivation: Lorentz Invariance Violation

Modified dispersion relation of a photon:

~ (1— k) - limits from gamma-ray astronomy,
Ey(k) = k| 98% C.L. (Klinkhamer & Schreck, 2008):
(1+ k) 6x10%> k>-9x 107
K > 0: pair production supressed .
- more UHE photons reach Earth ©
Y une
o
e+
y > Kk = 0: ,normal” pair production
UHE o
e’ k < 0: pair production enhanced
Y ><: (photon lifetime ~ 1 sec.!)
UHE . — no UHE photons reach Earth

— critical importance for the UHE photon search!
Observation of photon cascades would point to ¥ < 0!

22



Motivation: Novel Experimental Quantum Gravity

—’

EN’ AL SEARCH FOR QUANTUM GRAVITY

PH: Gamma Ray Bursts & time delays 8, 2 3

— 1D approach to spacetime foam' g /ﬂ%&:\ &

CREDO: 3D approach e é L ¥ $
with ECR A /

Scientific Organizers:

Astrid Eichhorn, PerimeterInstitute
Sabine Hossenfelder, NORDITA
Lee Smolin, Perimeter Institute

OCT 22_25 2012 PERIMETER HINSTITUTE Foﬁ THEORETICAL PHYSICS
b 23



Ensembles of Cosmic Rays (ECR): shortcut road map

Theoretical review (ongoing) v

v

ERC standalone simulations — particle distributions
at the top of the atmosphere (ongoing)

v

Air shower simulations (ongoing) v
v
Detector response (ongoing) v
# unique signature
a fishing (ongoing)

observation / upper limits

24



A chance for a unique super-preshower signature

® O ® O
‘ Natm=1 ‘
O ® S
o © © -
~\
e e (©®

Standard approach:

cluster in space?
O o o

© :a cosmic-ray detector

@

@h @ @ o
S ‘ N > 1
’?p ATM

o @

e @. o o
©t4 ) ©t5 o

Non-standard approach:
cluster in time?
O O @ O
ts

@)t6 ® @t7 @

1)tn't1<~1 MS
2)t <... <t

25



Narv >= 1 mission (briefly)

Scenarios AND Fishing

Time after Temperature Energy
the Big Bang of the universe
Sx10"s 107K 10" Gev
Sx10 s 107K 10" Gew
5x10 s 107K 100 Ge
5x10°s 107K 1 GeV/
g.’.
5 ;
5x10°s 3K 107 ev

(now)



CREDO: the first N,y >= 1 observatory

Cosmic-Ray Extremely
Distributed Observatory

Status March 2016:
,an idea”

&® DATABASE/
™ | INTERFACE

Central database/interface: access to everything for everybody 7



Data Acquisition
Interfaces

Sensor
Networks

CRED®;

-

THE QUEST FOR UNEXPECTED -

SCHEMATIC, 8.09.2017

Data Access
and
RT Alert Interface

Data Export Interface
(experiment specific,
common protocol)

- - aggregated A

Data Analysis
— Science
N (or Nature :) )

by Piotr Poznanski 28



Summary

Ensembles of Cosmic Rays (Cosmic-Ray Cascades, Super Pre-Showers):
- Unprobed and easily accessible information channel about Universe!
[terra incognita but... might be a desert]

Ensembles reach Earth? Most likely photon ensembles...

Cosmic-Ray Etremely Distributed Observatory:
- the pioneer receiver, already operating, stay tuned!

Happy Birthday, Antoni!

29
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Visit credo.science...
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rted realm of science.” Mikhail V. Medvedev

ce z Szukaj
C R E D : : .I'do think CREDO has a unique capability of entering in and exploring
{E QUE : 3 a completely uncha

Cosmic-Ray Extremely Distributed
Observatory (CREDO)

Enables a strategy for a global analysis of cosmic-ray data to reach the sensitivity to extremely extended cosmic-ray :
phenomena, we call them super-preshowers, invisible for individual detectors or observatories. So far, the cosmic-ray = e
research has been oriented on detecting single air showers only, while the search for ensembles of cosmic-ray events

induced by super-preshowers is a scientific terra incognita.

/ . S . Read More B 4 s , e

... and contribute to CREDO science.




Yure travelling through the Universe: paradigm

S C
_ pair production
4 | i
_____________ redshift N
3t
) i photo-pion
o o L production
= IR
~ |
©
Q 17
O I
O
| Universe
transparent
-1 | to E<=Tev \ CMB }
_2 /. I . L L L . I
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Yune travelling through the Universe: exotic example

5 T T T
_ pair production
4 t
_____________ redshift N
3 A A A
—_— I dhoto-pion |
8 o | groduction
=
H—l—'
B ..
Q 17 URB | .
01 Universe 'Y Fe |
[ transparent “
-1 F to E<=TeV | GMB YUHE — YTeV .
[ / on the way to Earth? |
_2 . I . L . 1 . 1 . I .

12 14 16 18 20 22 24
lg(E/eV)



Scientific diversity:
GEO

AAAAAAAAL

THE QUEST FOR UNEXPECTED

Wikipedia: ,Geomagnetic reversal”

Earth outer core: Liquid (molten iron)
— geomagnetism

v

Impulse (tidal forces)
- hydrodynamics: waves

e —— e p—— Mechanical wave upwards.(slow, hours?)
— Electromagnetic wave (,instant”, ms)
Wikipedia: ,Health threat from cosmic rays” #

Local geomagnetic field vector changes
AND seismic effect might occur!

v

Variation of the CR rate!

ic Parti cles

T — Earthquake precursors?

33



AAAAAAAAL

THE QUEST FOR UNEXPECTED

Scientific diversity: GEO

PAQ sees earthquakes [by A. Saleh]

196

February 27, 2010, 6h34:14 UTC, Chile:
s« 8.8 magnitude earthquake

o

rate
26-28 Feb

— 194

typical
rates

Pierre Auger Observatory
scaler rate [Hz]

Feb 18 2010

T8.8 magn.

s Increase of CR before the earthquake
» Strong drop during the earthquake

- CREDO-earthquakes task [already existing]

34



Motivation: Experimental Quantum Gravity

T. Jacobson, S. Liberati, and D. Mattingly, Annals Phys. 321 (2006) 150

Lorentz violation at high energy: concepts,

phenomena and astrophysical constraints

Ted Jacobson?, Stefano Liberati?, David Mattingly

aDepartment of Physics, University of Maryland, USA
b International School for Advanced Studies and INFN, Trieste, Italy
¢Department of Physics, University of California at Davis, USA

extensive review). A partial list of such “windows on quantum gra\}it}}” is

e sidereal variation of LV couplings as the lab moves with respect to a pre-
ferred frame or directions

e cosmological variation of couplings

e cumulative effects: long baseline dispersion and vacuum birefringence (e.g. of
signals from gamma ray bursts, active galactic nuclei, pulsars, galaxies)

e new threshold reactions (e.g. photon decay, vacuum Cerenkov effect)

e shifted existing threshold reactions (e.g. photon annihilation from blazars,
GZK reaction)

e LV induced decays not characterized by a threshold (e.g. decay of a particle
from one helicity to the other or photon splitting)

e maximum velocity (e.g. synchrotron peak from supernova remnants)

e dynamical effects of LV background fields (e.g. gravitational coupling and
additional wave modes)



Incubator: Discovery training

Incubator role:
discoveries! (scientific think tank)

i

Training required
... but no ,discovery education”

:

Consequtive approximation method...

L] - L]
- == - - - == - - - oy

’ ~ ’ ~ o’

< FIRST GUESS / BETTER /" PROPER

. TRAINING / ‘. TRAINING / . TRAINING

~» - - - ~»

X R p J N X P L

— doing science (real discovery-oriented projects)
— remove obstacles for independent thinking
— practice the art of asking questions

36



More than a training... discipline?

DISCOVEROLOGY
1/ \\\
! CHOICOLOGY )
\ PR
/' \\\ ’/’ \\\
! ERROLOGY ) -« » '\QUESTIOLOGY)
\ ’ AN ’

< - <
-------------



what do I do?

CHOICOLOGY

UNIVERSE B

UNIVERSE A

38



ERROLOGY: do1Ido well?

N . T
Lk T T Erfyer '66:

- - Tasre VI. The magnetic pair production function T (x).
02t ]

' T(x) from equations x T
| CORRECT! '_ 2 P
s ] Y INCORRECT!
a4t - i 010

: ] 5 01085
02k -
o B - .- T(x) from equations significantly
0ge . -» T(x) from larger than in Table VI of

| Table VI - the standard reference Erber '66.
006 | INCORRECT!
m'_ Taking T(x) values from Table VI
e T =5 K, ) leads to an underestimation
ozt | of pair production probability [!].

T Mistake mentioned in:
0 | 10 100 1000 o  — Homola et al. 2005
Erber '66: — Klein 2006
F1c. 9. The magnetic pair production function T (x); compare

(3.4a-d). . 39
S AR 21/48
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