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Snowmass Whitepaper

® UHECR whitepaper prepared for U.S.
Snowmass survey which is about
particle physics in the next decade(s)

® WP covers particle and astrophysics
aspects of UHECR

® almost 100 authors + 200+ endorsers

B 283 pages (with front- and back-matter)
to be published in Astroparticle Physics

® [nput from the community via
workshops and via topical conveners

® WP makes general recommendations
and outlines a plan for experiments
over the next decades

® caveat: Snowmass targets U.S. funding
agencies and particle physics community

see references in WP for material shown here:

https://arxiv.org/pdf/2205.05845
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Big UHECR Picture

® astrophysics
® source (classes)
® viaanisotropy @@=l @ a——————— Anisotropy.g——————————— .

® via test of models against
observed mass and energy

® particle physics

Neutral particles

SdOdHN

. Mass Energy
® shower physics VHEY/v/n
® physics in sources and during
propagation
® search for BSM Shower
_______________________ physic§ -~ __ __
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Big UHECR Picture

® astrophysics Theory
® source (classes)
® viaanisotropy @000l —————————— Anisotropy.e——————————— .

® via test of models against
observed mass and energy

® particle physics 1
Neutral particles Mass .3
® shower physics UHEy/v/n oy

SdOdHN

® physics in sources and during
propagation

® search for BSM Shower
physics

® connection to other fields
® multimessenger
® magnetic fields in space

® accelerator experiments
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Big UHECR Picture

® interplay between particle
and UHECR astrophysics

—> higher accuracy for rigidity

virtuous circle of
cosmic-ray physics

better tests
of models

higher
accuracy
for primary
particle
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Particle Physics: Muon Problem in Hadronic Interaction Models

® Hadronic models predict too few muons above PeV energies
® Tensions also for other muon observables (production height, dependence on shower inclination)
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Particle Physics: Test of various BSM scenarios, SHDM, LIV, ...

® UHECR: guaranteed progress in astrophysics and search for dark matter, LIV, ...
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Figure 3.8: Constraints on the mass and lifetime of SHDM particles as obtained from the upper
limits on photons [375] (left) and upper limits at 95% C.L. on the effective coupling constant of a
hidden gauge interaction as a function of the mass for a dark matter particle decaying into gq [18]
(right). For reference, the unification of the three SM gauge couplings is shown as the blue dashed
line in the framework of supersymmetric GUTs [376]. Figures taken from Refs. [18, 375].
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Big UHECR Picture Other experiments

Two types of future experiments: Theory

Other messengers
® Event-by-event Rigidity

® requires high accuracy formass ~————|————————————""""7=5
and energy of primary particle Rigidity

® enables rigidity selection to 4 ROS
search for sources in distribution §[e
Lﬂ -7}

of arrival directions Neutral particles .
UHEy/v/n Mass nergy

® promising if rigidities R > 10 EV 2
stem from mixed composition

SdOdHN

® Huge Exposure KX

Shower

® anisotropy measurements with ~ -—————————————————————= physics Ao ——————————————————}—

very hlgh statistics p / em separation

® requires only average mass
composition for interpretation

Other experiments

® promising if composition is pure
at highest energies, or if ZeV
particles could be discovered
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Big UHECR Picture

Two types of future experiments:
® Event-by-event Rigidity

® requires high accuracy for mass
and energy of primary particle

® enables rigidity selection to
search for sources in distribution
of arrival directions

® promising if rigidities R > 10 EV
stem from mixed composition

® Huge Exposure

® anisotropy measurements with
very high statistics

® requires only average mass
composition for interpretation

® promising if composition is pure
at highest energies, or if ZeV
particles could be discovered
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Astrophysics: What are the sources of UHECR?

® Are there Galactic EeV cosmic rays?
® Are there different populations and classes of extragalactic UHECR sources?

Magnetic Field Strength [G]
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Particle Astronomy with Rigidities R > 10 EV

® Rigidity required for astronomy depends on knowledge of magnetic fields
® With current knowledge about 20 EV or higher desirable

® Likely, but not certain whether cosmic rays with R > 10 EV exist

average rigidity estimated from Auger X

max backtracing at R = 20 EV for different models of Galactic magnetic field
| ¢ EPOS-LHC b
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How to improve the accuracy of rigidity measurements?

® Paradigm of shower universality tells us there

| Lo " 'Multi-hybrid " Multi-hybri
are only few independent shower observables i iProfileonly i i ulti-hybria o ulti-hybrid
_ _ i._iCurrent Gen : :Next Gen
® Need to measure all of them, if possible: 304 A
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How to improve muon measurements for rigidity?

® Goal: 10% muon number resolution with next generation particle detectors
® Need to have accurate measurement of electromagnetic component at the same time for rigidity
® New reconstruction techniques, e.g., neural networks, can provide X, ., with the same detectors

possible detector

layered water Che
layout for GCOS detector

2
nkov
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How to improve X _. measurements?

® Higher X, accuracy than the about 20 g/cm? achieved today is unnecessary due to fluctuations

® Further development of fluorescence technique to provide huge exposure at affordable cost

® 24/7 duty cycle possible from particle detector or radio antennas with similar accuracy

X from time distribution in layered tank simulation study: X ., with radio interferometry for inclined showers
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= 8%Fe T -'

=600 o [rons
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L~ +, 4 | .
i R . E = 30 EeV § | — MCaxs
+ *fer e Spaper = 2.43 501007 Rec. axis T
B ~
400k = 50 —— 0;,=00ns
5% —4— 6;,=10ns J!
" 60 —— 0;,=20ns -
= —+—
2
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5
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Other possibilities for higher mass accuracy?

® SKA: 10 PeV to 1 EeV air shower detection in parallel to radio astronomy SQUARE KILOMETRE ARRAY
® Shower profile beyond X, for higher mass . | 40
sensitivity and new tests of interaction models
227.51 3.5
JHe

E Artist impression of SKA-low in Australia: 225 0+ Energy=10'% ev, sibyil2 3¢ i P 3.0 3.0
i 60,000 antennas on 2 km?
% i ~ Energy=10'8 eV, QGS|ETIID4 P ’/l
= <
EF ' 9 220.0 2.0 2.0 2
5 | O Energy=10"7 eV, Sibyll2 3c -
7 ~ Y
S P F1.5 -1.5
% ' Energy=10'" eV, QGSJETII04 L1.0 L1.0
§ P
£ 0.5 0.5
H 210.04— : : : 0.0 0.0
= 050 0 750 5. Buitink, etal.
= max [g/cm?] PoS(ICRC2021)415
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Experiments of the next two decades

® Auger and TA upgrades will lead the field for the next 10 years

® 4 main experiments identified for the decade afterwards that complement each other

® 3 of them designed also (mainly) as neutrino observatories: lceCube-Gen2, GRAND, POEMMA

B GCOS (Global Cosmic Ray Observatory) will be designed to deliver event-by-event rigidity for UHECR

Experiment

Feature

Cosmic Ray Science”

FPierre Auger Observatory

Hybrid array: fluorescence,

surface e/p + radio, 3000 km?

Hadronic interactions, search for BSM,
UHECR source populations, o,_ai,

Telescope Array (TA)

Hybrid array: fluorescence,
surface seintillators, up to 3000 km?

UHECR source populations
proton-air cross section (@p A

Timeline

TesChibe/ ToaCiibe-Cei2 Hybrid array: surface + deep, Hadronic interactions, prompt decays, IeeCube-Gen2 IceCube-Gen2
up to 6 km? Galactic to extragalactic transition deployment operation
GRAND Radio array for inclined events, UHECR sources via huge exposure, GRAND GRAND 200k
up to 200,000 km? search for ZeV particles, o air 10k multiple sites, step by step
T Space fluorescence and UHECR sources via huge exposure,
POEMMA Cherenkov detector search for ZeV particles, o air POEMMA
GOOS Hybrid array with X . + e/p UHECR sources via event-by-event rigidity, GCos GCOS

O over 40,000 km? forward particle physics, search for BSM, oy air R&D + first site further sites

2025 2030 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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IceCube-Gen2 - the planned extension of IceCube :zi‘

: : . : . ICECUBE
® an order of magnitude larger optical array in the ice for PeV neutrinos and a
sparse in-ice radio array for the detection of ultra-high-energy neutrions
® complemented by a surface array above the in-ice optical array
vy Gen2-Radio IceCube-Gen?2 ® IceCube ¥ IceCube Upgrade
*s , & °° . e 3 &
'..'.j '.. . ® ® o.’... .
.'.-:'..'-.'..' ...... ! g W ™ T o § o o . *
- '.:'-'.-':'.,'%.“.-'.-' :::: o o *° ..0.: L, " ¢ . ¢
........... o« o °* .. - ...:.o o * .. = o
5 km 1 km . 250m | 25m
arXiv:2008.04323 | | | | |
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primary

IceCube-Gen2 and its Surface Array cosmicray

{ hadrons

® Combination of deep and surface detector will make IceCube-Gen2 i

a unique laboratory for air-shower physics and Galactic cosmic rays

® 8x larger area, 30x larger aperture for in-ice coincidences

GeV muons

Surface Array of approx. 150 stations:
4 pairs of scintillators + 3 antennas

{
|
|
i

scintillators

s
|

- = S e——— .
k= antenna S T = i
' S SRR S e e o

scintillators

photos prototype statlon at South Pole
elevated fieldhub
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—
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IceCube-Gen2: Cosmic-Ray Energy Range : i‘

ICECUBE

® Radio + in-ice muons: unprecedented accuracy for mass from 30 PeV to several EeV

® Anisotropy measurements up to second knee (around 200 PeV)
® also important improvements for energy range of knee and below, e.g., by addition of IceAct telescopes

—— 30 (15y) * HAWC+IceCube & Baksan 4 Milagro LHAASO o I IDI SCIintltI‘igI)'geII‘
—— 50 (15y) 4 HAwC EAS-TOP B ARGO-YB) ¢ ceTop 10
Auger (limit) ® K-Grande (not significant) ¢ MACRO A Tibet-ASy & IceCube (deep) 10" - i BN 3 antennas (Egy reco) 7
Auger O K-Grande (limit) Super-K ! 5 antennas (Epnm+Xmax T€CO)
& [ZZ4 scint trigger + =1 in-ice muon
O 8 EE 3 ant. + =1 in-ice muon
103 - a 10%¢ 5 ant. + =1 in-ice muon i
— 2
m
o 102 % 6
) > 10°F .
@ (ab)
ge] 1] T
2 10 o
« 4 4
£ 100 nnnt"‘i* > < > ut e < 10
o .4‘ D
a A @
é‘ 10714 * g-'
2L 4
£ & 10
1072, H
10733 4 N5 6 N7 "8 N9 110 100 T
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Giant Radio Array for Neutrino Detection

® UHECR as important second Uk,
science case next to neutrinos T
® various sites worldwide
® main ones in China
® 200,000 km? total
® inclined showers only
@ aperture of 100,000 km? sr
® Possibly X, measurement
In addition to energy, but no
muon detection at most sites
B mediocre mass resolution
® strengths is the high statistics radio detéction: a mature tschnilie
® common sites with GCOS Y gy, TR T“”fai"ffffi;"fn
possible, but different e
requirements on accuracy
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POEMMA: stereo fluorescence observation from space

® Two science cases: UHECR and neutrinos, both with full sky coverage

® Good X ., and ok energy resolution (= mediocre rigidity resolution) and very high aperture
® Complementary to GRAND in many aspects: technology, space vs. ground, ...

POEMMA -Stereo POEMMA -Linnb

=
~
LN
o~
LN

® @ ®
~500 km ~2,300 km
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Global Cosmic Ray Observatory (GCOS)

® Dedicated observatory for UHECR
® ' -
Several sites for full Sky coverage Size of past and current ground arrays and
B Detector design and science under possible size of GCOS (all sites combined)
discussion at dedicated workshop = Volcano Ranch 8 km?
. . . B Haverah Park 12 km?
® GCOS aims at highest achievable
B AGAsA 100 km2 Telescope Array
accuracy for mass and energy TAx4
ST Tel Array 700 km? £
—> event-by-event rigidity . e <
. . =]
® High accuracy also beneficial for 40000 km? N
particle physics science goals TAx4 2500 km?
3000 km?2
- GCOS can be the common
prOJeCt Of our Community Pierre Auger observatory 3000 km Piorre Auger Observatory
in the next decade!
200 km
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Comparing Exposures of UHECR experiments

® Keep in mind: exposure is only one dimension, accuracy for mass and energy is the other one

107 k

Total Exposure (km? sr yr)
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Source identification

»& charged particle <& E ; ts: =
Other experiments astronomy E e:un;fa? ’ C O n c I u S I O n
= AugerPrime .
N S | @ccos Two types of future experiments
<=p>Theory GE GRAND
Other messengers 3 @ IceCube ® event-by-event rigidity
\ L. | (12) IceCube-Gen2
A ) | (/) POEMMA ® huge exposure
____________ R threshold (TBD) _Ethreshold(TBD) | TA :
AP [T]ire Ta TAx4 provide the chance for break-through
% (2)Gatacic B3O discoveries and guarantee exciting

astrophysics and particle physics

Neutral particles Timeline

UHEy/v/n " Mass

/ %
gﬂ
SYOHdHN

2
&
AP[EE) Pin down the shower energy
@ to use 1 as a composition-only I : N
80 glﬁggceg observable Imcuhﬁ'etﬂﬂﬂi IceCube-Gen?2
————————————————————— Hadronic interacion @@ | m deployment operation
models '-ﬂ T
1/ em separation '\, (2EIES R . GRAND CRAND 200k
=3 Y 10k multiple sites, step by step
5
_/4 POEMMA
Other experiments g —
New particle physics at the (é 3 e (e DS GGDS
> bhigh::ist ene(li'gifjs incgl. l< F'" - R&D + first site further sites
* depending on analysis progress Ty
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Personal Conclusion: Ultra-high-energy Cosmic Rays
® Recent results

® New features in cosmic-ray energy spectrum (many features known by now)
® Mixed mass composition of cosmic rays varies over energy

® Various experiments mostly consistent within systematic uncertainties

® Open questions

® What is the origin and maximum energy of the most energetic Galactic cosmic rays?
® What are the extragalactic sources at the highest energies?

® What causes the mismatch between muon measurements and predictions by models?

® Future plans: statistics and accuracy

® Upgrades of current ground arrays aim at per-event estimation of primary particle type
® Proposals for new ground arrays: GRAND, GCQOS, and IceCube-Gen2 (for PeV — EeV)

® Future space experiments important to increase exposure at highest energies
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Instrumentation Techniques

Primary CR or y

£ s & < / e
» 1 o n n o
00— = ) ; & @ LAy
g2 FLS 64
& & & @ y ok G .
oL s fd & B G L $
& 3 2 0800
. & & '”.“\.. Q i
& g g -

Fluorescence
detector

ater tanks/
Scintillators/
NIAC

L] L . . o . L L) -
> L L3 L] . . - - -
[} - . o L] ) . L} e
¢ & & o @ & o ° ®
e ® & & & o ® o @
L} . . L} - . L} L3 0
L) . . . . . - L) -
e & & o s & & s @
L) . (3 * o . ) L} o
® & 8 o & o o s o

30 03 October 2022 UHECR in the next decades — summary of the Snowmass White Paper fgs@udel.edu
UHECR, L'Aquila, Italy, Opening Session frank.schroeder@kit.edu



All-particle Energy Spectrum by Air-Shower Arrays
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Almost 10 PeV neutrino (at Glashow resonance of 6.3 PeV)

- |ceCube cosmogenic v, 90% UL (2018)"®
1064 — Auger cosmogenic v, 90% UL (2019)%*
ANITA I-IV cosmogenic v, 90% UL (2019)%°
Auger cosmic rays (ICRC 2015)3%6
IceCube northern track v (ICRC 2019)?" ]
IceCube cascade v (2020)%4 /7
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Interpretations of UHECR flux and open questions

B Cut-off due to maximum acceleration energy and/or due to propagation?
® Need to determine proton fraction at highest energies

® Ankle likely a mixture of propagation effects and transition between components
® Is this the transition from Galactic to extragalactic CR, or different extragalactic components?
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Fluctuation of muon number measured by Auger

® Hadronic interaction models can describe variations in muon number, but not absolute number

Proton-proton equivalent CM energy /s / TeV
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0.30pT—" - . :
— EPOS-LHC ¢ data
025 == QGSJetll-04 4-mass- X nax-fit+models
----- SIBYLL-2.3d
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PRL (2021) accepted E / eV
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AugerPrime:
Upgrade of the Pierre Auger Observatory

® Improved quality of surface detector:
® scintillators + radio antennas
® underground muon detectors
® Dbetter electronics

® Enables per-event mass discrimination -

Ll ! g o = T
e R L e M

electromagnetic
component

radio emission

atmosphere

muonic component \

hadronic component

\
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Telescope Array: Upgrades

® Highest energies (E > 10798 gV)
® TAx4 - 3000 km? scintillator array
® new fluorescence telescopes
® Lower energies (E > 1012 eV):
® TALE SD array complementing NICHE and FD
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» —
LHAASO — a 1 km? multi-hybrid detector in China /2
LHAASO ™ 7%
Primary goal are gamma-rays, but also excellent cosmic-ray detector s w5 e aim
CATCHING RAYS < =

China's new observatory will ~25 000 m ——
intercept ultra-high-energy y-ray :
particles and cosmic rays.

12 wide-field-ofview -~
air Cherenkov .

ieE fees | . 80,000-m? surface-
5,195 scintillator | ; ~water Cherenkov . 1,171 underground
58 detectors detector  water Cherenkov tanks

LHAASO Coll,,
PoS (ICRC2019) 693
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>

GRANDproto300 7\
® Cosmic-Ray science in EeV e — fﬁ/
range with inclined air showers Cray component R

® 300 antennas on 200 km?
electromagnetic

® Auger-like water-Cherenkov component
detectors for muons E—

® future stages will be antennas only

RS

002

S M%Mﬁw. ;u;,arm ﬁamﬂm;&m_) ’ﬁwm_;ﬁ.i 1
".‘ R MBWW%?M;&W;M&&#MW@
0 -

® Prototype for next stages of GRAND

® GRAND 10k will have comparable
exposure to Auger for cosmic rays

01 ey ® GRAND 200k (if build) may complement
future space missions for UHECR
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GRAND and IceCube-Gen2 sensitivities for EeV neutrinos

Astrophysical Neutrinos
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Cosmogenic Neutrinos
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IceCube-Gen2 Surface Array

® Enhancement of IceTop
surface array continued for
lceCube-Gen2 surface array

® High accuracy for most
energetic Galactic cosmic
rays in the PeV to EeV region

scintillators\ij’

|
':’ antenna

Baseline design of Gen2 Surface Array:

 — - : :
l¢~ ~  one station per optical string (122)
. elevated fieldhub ) o .
antenna 3o %, antenna ® 4 pairs of scintillators enabling low
e 51E \( threshold for veto
= £ ® 3 radio antennas increasing
S L Y e e 1 scintillators ;,::g scintillators . )
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Muon Measurements of AMIGA Engineering Array
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Cosmic-Ray Energy Spectrum and Mass Composition
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Global Spline Fit (Composition and Energy Spectrum)

Fit of spectra within experimental uncertainties, allowing for constant shift in energy scales
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