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The High Energy End of the Cosmic Ray Spectrum
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Ultra-High-Energy Cosmic Rays
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Adopting UHECR energy range of E > 100 PeV
from Snowmass Whitepaper



Open Questions

Astrophysics

Astrophysics

Astrophysics

Particle Physics

What systems or phenomena are producing UHECR?

What is the nature of the flux suppression at the highest
energies?

At what energy do galactic cosmic ray sources die out and
extragalactic sources take over?

Are there new interactions and phenomena waiting to be
discovered at energies past those achievable at the LHC?



Ultra-High-Energy Cosmic Rays Observatories

Astropart.Phys. 149 (2023) 10281 Cutoff ]

oo o Fuy i L 47-60EeV|
..“.é‘lAm | Ankle Ad Ak
? “".‘!iAA‘ 5 EeV A:..:.
® A AdAO Y
d Knee @ AAa
®oo0® Instep
150 PeV °
14 EeV

Energy (eV)

Due to the steeply descending flux,
measuring above the EeV range requires giant exposures



Era of Giant Arrays
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Era of Giant Arrays

The Telescope Array (TA):

The Pierre Auger Observatory (Auger):
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The Hybrid Observation Method

Sensitivity to mass
and type of primary

Time structure

Detector signal (arb. units)
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Composition of the UHECR Beam

The mean mass of UHECR primaries:

E <1EeV

1to 10 EeV
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Moderately heavy composition
becoming lighter

Lightest composition at 2-3 EeV

UHECR composition becomes
increasingly heavy with energy

The spread of UHECR primary masses:

E <1EeV
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E>10 EeV

UHECR beam is highly mixed in
composition until ~ 1 EeV

UHECR beam transitions from
mixed to relatively pure

Beam has only 1 or 2
components
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Composition of the UHECR Beam

The mean mass of UHECR primaries:

E <1EeV

1to 10 EeV
E >10 EeV

Moderately heavy composition
becoming lighter

Lightest composition at 2-3 EeV

UHECR composition becomes
increasingly heavy with energy

The spread of UHECR primary masses:

E <1EeV

1to 10 EeV

E>10 EeV

UHECR beam is highly mixed in
composition until ~ 1 EeV

UHECR beam transitions from
mixed to relatively pure

Beam has only 1 or 2
components

sop

[ QGSlet-IL
uger

v HEAT 201
« FD Hybrid
- SDD

Lo FD Hybrid
v Cherenkov

w

(InA)
5]

Telescope Array

ﬁ Auger
v HEAT 2017

Telescope Array
. FD

1018

04
7

|

E [eV]

1019

1 020

O(X may) [g cm™?]

V(InA)

W& (2023) 365
80

60

40

20

10' 10" 102
E [eV]

10'8 10" 102
E [eV]




Composition of the UHECR Beam

The mean mass of UHECR primaries:

E<1EeV

1to 10 EeV
E>10 EeV

Moderately heavy composition
becoming lighter

Lightest composition at 2-3 EeV

UHECR composition becomes
increasingly heavy with energy

The spread of UHECR primary masses:

E <1EeV

1to 10 EeV

E>10 EeV

UHECR beam is highly mixed in
composition until ~ 1 EeV

UHECR beam transitions from
mixed to relatively pure

Beam has only 1 or 2
components

ﬁ
FD

800

(X max) [g cm?]

600

1018

(InA)

Cherenkov

1019

E [eV]

EPOS-LHC

: EEa
ut
: SD DKIN

O(X may) [g cm™?]

W23 (2023) 365
80
=S

60

40

20

10'® 10" 102
E [eV]

V(InA)

10'8 10" 102
E [eV]
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Composition of the UHECR Beam =

The mean mass of UHECR primaries:
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The mean mass of UHECR primaries:
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Fractional Composition of the UHECR Beam

Protons: as expected from InA, peak around 2-3 EeV.

Helium:

CNO:

Iron:

— Only form a weak majority at this energy,
but dominate the flux nowhere.

peaks at ~ 8 EeV
— roughly ~ 4x higher energy than protons

fraction continues to climb up to ~ 50 EeV
and may continue beyond

fitted fraction compatible with zero over
nearly the full energy range
— small fraction allowed at low/high energy

fraction

0.5

0

11

0.5

PoS ICRC2023 (2023) 365
PoS ICRC2023 (2023) 438

PIERRE
AUGER

Heat 2017 A EPOS-LHC e Sibyll23

FD A EPOS-LHC O Sibyll2.3d

proton

AT X ‘AggiziiA’*
grecite :
¢ 00630 éééé
helium
2 4
* é&,itbf $i$
. ® o A A $i
+l;& i%5s 2 . %é
9 i
¥ ¥ * = ‘P$
% i @Qé m@$@¢§gz%é
¢~~~ =
6 40°% 4555 eéeeaeeeeeaeéa§

Ig(E/[eV])

19

22



. - o PoS ICRC2023 (2023) 365 S0 |
Fractional Composition of the UHECR Beam  FosicRoz0ss (2020) 438 (Ml

PIERRE
1 Heat 2017 A EPOS-LHC e Sibyll23 FD A EPOS-LHC O Sibyll2.3d Z %0, proton
Protons: as expected from InA, peak around 2-3 EeV. X :
. . . A
— Only form a weak majority at this energy, o s as K82 sz 5 A s 8
. (0]
but dominate the flux nowhere. jExzsz @ LN 3
01 ° o 8 g ) & ) 4 &
helium
]
2 6
0.51 T b & . ¢ f ﬁk i
+ + i o ¢ ¢ A i A ‘& *) $ i %
5 o l&l- ¢ " aanb 4
g CNO
- 14
® e 1 ¥ f
o pheleloL 12
@@A@m $@¢$gi$ﬁ\‘
o] ] ) L3 S
]
0.51
¢~~~ -
0 ‘!,“‘iéééééaeeaeeeeeeaéa%
17 18 19 20
lg(E/[eV])

23



Fractional Composition of the UHECR Beam
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Non-dominance of protons at ankle and high energies constrains a proton-pile-up scenario and
strongly constrains photo-pion GZK as a cause for the cutoff at the highest energies. 28
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Small allowable Iron fraction hints the flux may trend towards iron at highest energies
Fitting fractions to SD X ., will iluminate UHECR composition up to 100 EeV 29



New possible Cross-correlation! — Mass and Spectrum

With the new DNN based SD Xmax
statistics are high enough to start
testing for fine structure

A constant mass evolution
above 3EeV can be
rejected at greater than 4 o

3-breaks produces the best fit
with breaks at similar energies
as the spectrum

E® [km? yr!srleV?]

J(E) -

10"

X2/ndf = 107'4 =15

E12=6.5+£06+1
Ep=11+16+2 p
Esy=381+ 5 £427 7
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+ SD (DNN) * Ogtat

T T T T TTT

Eyu= 46 + 3 + 6

©)

®

Enm=Ebreak £ 0stat + Osys
E;2= 50 + 0.1 +£0.8
Eops= 13 £ 1 + 2

PRL 125, 121106 (2020)
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Dipole in UHECR Arrival Directions above 8 EeV
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Narrow'ng down Source Candldates Starburst galaxies (radio) - expected d)(EAuw>38 EeV) [km‘zsr'yr
In Southern Sky '

‘ Starburst Galaxies?

> 41 EeV) [km™ sr'yr] - Galactic coordinates - W = 24°
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Narrow'ng down Source Candldates Starburst galaxies (radio) - expected d)(EAuw>38 EeV) [km‘zsr‘yr
In Southern Sky 380

‘ Starburst Galaxies?

> 41 EeV) [km™ sr'yr] - Galactic coordinates - W = 24°
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NarrOW"‘lg down Source Candldates Starburst galaxies (radio) - expected ®(E, >38 EeV) [km? sr'yr
in Southern Sky 3.8 o

‘ Starburst GaIaX|es’? i

O(E > 41 EeV) [km sr'yr - Galactic coordinates - W =
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Fit combining Anisotropy, Composition and Spectrum
accounting for Magnetic Fields and Source Distribution

» SBG signal fraction of 20%

» Main contribution from CenA region

PIERRE
AUGER
OBSERVATORY

Can we break the tie?

SBG, m = 3.4 » Results compatible with standard combined fit

» Significance of 4.5 o
— 4.0 o with only arrival direction
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gof | A>38
{1036 e catalog
7F — /MLE

‘ v A EANN
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Fit combining Anisotropy, Composition and Spectrum

accounting for Magnetic Fields and Source Distribution
Starburst Galaxy Catalog » SBG Signal fraction of 20%
favored » Main contribution from CenA region
U SN s > Results compatible with standard combined fit
E » Significance of 4.5 ¢
& — 4.0 o with only arrival direction
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Narrowing down Source Candidates
in the Northern Sky _
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New possible Cross-correlation!
Mass and Arrival Direction

Using FD X, ,ax (soon also SD X,ax)
Anisotropy as function of UHECR
composition can be searched for

First result:

Above 5 EeV a slightly heavier mass
observed for UHECR arriving from
within 30° of the Galactic Plane as

compared to the rest of the sky

Current significance 2.5¢

Current growth rate puts 5o in 2034,
with AugerPrime 2027.
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The Muon Puzzle L &

,% o3 PIERRE
OJE! AUGER
OBSERVATORY

Astropart.Phys. 149 (2023) 10281

1.0 PoS ICRC2023 (2023) 339
-o- EPOS-LHC E=10"eV, 0 =67° = pEPos-LHC  «- p QGsJII-04  # X, EPOS-LHC  <-data
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Analyses of shower data from both Auger and TA see a large excess in muons

as compared to expectations from LHC informed hadronic interaction models. .



Neutrino Search = Limits

[ Cosmogenic (best-fit to Auger spectrum - proton)
. Cosmogenic (best-fit to Auger spectr. & compos. - mixed) =« mem  Starburst Galaxies (Condorelli 2022)
= = Magnetars from BNS (Fang 2017)

10-7 —; Auger (2022)
= IceCube (2018) .
= ANITA (2019) E£10 7_
& E &
:m 10 e R R {man Banc s
LEJ Auger integral (2022) il I'E
N . s % 10—9 : :
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w 10 L
=0.01
] Single flavor [
10 2 1017 1018 1019 ”]:620 T ”11621

Energy (eV)

Neutrino limits used to:

. « Set neutrino fluence limits in NS-NS / BH-BH mergers

Look for upward-going
showers which come from
below the horizon. « Limit UHE-neutrino point sources

» Put overall constraints on UHECR sources 40

» Limit Photo-Pion GZK and proton only accelerators



UHE-Photon Search = Limits
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UHE-Photon Search = Limits Super Heavy Dark Matter Limits

Cosmic Ray = lots of p Photon = lots of e ¢ N e i
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Follow up of anomalous steeply up-going ANITA Events

PIERRE
e , i il
f‘/\ reflect reality Ns 10 l7§r ANITATUL
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(ANITA, Phys. Rev. Lett. 121 (2018) 161102) ® ERAUL O
o 1077 N
210" LANITA Ill event ' -
. ) g o
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> Due to large exposure 100s were expected T ORELIMINARY T
1 event was found (consistent with background) B

> Set limit on flux of such events 2 OoM lower than required flux from ANITA observations.

Effectively rules out up-going CR-like events as cause for ANITA observations. £



Open Questions

Astrophysics What systems or phenomena are producing UHECR?

Astrophysics What is the nature of the flux suppression at the highest
energies?

Astrophysics At what energy do galactic cosmic ray sources die out and
extragalactic sources take over?

Particle Physics Are there new interactions and phenomena waiting to be
discovered at energies past those achievable at the LHC?
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UHECR Sources?

O(EfAger = 482 EeV) - W = 25°

75

glat

-2 0 2 4 0
Li & Ma significance [o]

1
pdf/B

By combining composition, spectrum and arrival direction a strong association
with starburst galaxies is forming.

However, this is dominated by dense regions of many objects. An association with
a sources class is far from a positive identification of accelerating phenomena.

Getting farther will require multiple messengers and clever composition games. %



Open Questions

Astrophysics What systems or phenomena are producing UHECR?

Astrophysics What is the nature of the flux suppression at the highest
energies?

Astrophysics At what energy do galactic cosmic ray sources die out and
extragalactic sources take over?

Particle Physics Are there new interactions and phenomena waiting to be
discovered at energies past those achievable at the LHC?
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Nature of high energy suppression?
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Auger cutoff energy, composition

And neutrino limits are
clearly inconsistent with GZK
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but lacks composition statistics
needed to claim the required
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For Auger is it photodisintegration, or the maximum power of sources?

Is the answer different in the Northern sky?

Is the suppression actually a cutoff, or will the flux continue?




Open Questions

Astrophysics

At what energy do galactic cosmic ray sources die out
and extragalactic sources take over?

48



PoS ICRC2023 (2023) 252

Equatorial dipole phase

Galactic to Extragalactic Transition?

Astropart.Phys. 149 (2023) 10281 _Cutoff
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The exact nature of the transition is not yet known.

However, composition, spectrum and anisotropies hint to a transition in
the 100PeV — 1 EeV range
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Open Questions

Particle Physics Are there new interactions and phenomena waiting to be
discovered at energies past those achievable at the LHC?
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InR,

New physics in UHECR interactions?

PoS ICRC2023 (2023) 339
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Work in progress to confirm an excess in muons and investigate its nature.

Precision measurements with event-by-event composition info might be needed
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Up next: the Era of Global Arrays

Probe Of Extreme Multi-Messenger
Astrophysics (POEMMA)

POEMMA-Balloon + Radio
PBR (2026)

POEMMA ROADMAP

EUSO-SPB2 (2023)
Terzina (2026)
PBR (2026)
(POEMMA-Balloon-Radio)

-
.
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—— POEMMA Limb 5 yr
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Larger Telescope than EUSO-SPB2
Hybrid Focal Surface = POEMMA
All space qualified components

Fluorescence
- UHECRs from zenith to High Altitude EASs

Cherenkov

- Below the limb for Targets of Opportunity
Neutrino sources

- Above the Limb CRs

Radio
- Low Freq for coincidence with Cherenkov

Infrared camera; LEDs, auxiliary devices
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Future Outlook

Astropart.Phys. 149 (2023) 10281

Experiment Feature Cosmic Ray Science* Timeline
Pi A Obs ¢ Hybrid array: fluorescence, Hadronic interactions, search for BSM,
lerre Auger LUDSCIVatory | curface e/ + radio, 3000 km? UHECR source populations, opair
_ Hybrid array: fluorescence, UHECR source populations
dleseone g (1) surface scintillators, up to 3000 km? | proton-air cross section (op-air)
IceCube / IceCube-Gen2 Hybrid arraQy: surface + deep, Hadror}lc interactions, prompt 'd.ecays, IceCube-.Gen2
up to 6 km Galactic to extragalactic transition operation
GRAND Radio array for inclined events, UHECR sources via huge exposure, GRAND 200k
up to 200,000 km? search for ZeV particles, op,-air multiple sites, step by step
Space fluorescence and UHECR sources via huge exposure,
POEMMA Cherenkov detector search for ZeV particles, o p-Air POEMMA
GCOS Hybrid array with X.x + e/p UHECR sources via event-by-event rigidity, GCoSs
over 40,000 km? forward particle physics, search for BSM, o, aj; further sites
2035 2040

*All experiments contribute to multi-messenger astrophysics also by searches for UHE neutrinos and photons;
several experiments (IceCube, GRAND, POEMMA) have astrophysical neutrinos as primary science case.
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Testing the Dipole across the Full Sky

PoS ICRC2023 (2023) 521
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Auger / TA Spectrum Agreement
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Declination dependence of Auger and TA Specra
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Auger / TA Composition Agreement
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