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Cosmic Rays

» Cosmic rays (URs) are charged particles that reach Earth tfrom space
» Very steep energy spectrum, well-known up to above ~ 100EeV (10 ¢eV)

» However, large uncertainties in CGR mass composition measurements remain!

» CR properties are inferred indirectly from measurements of Extensive Air Showers (EADS)!
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Extensive Air Showers (EAS)
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» EAS are a connection between
cosmic ray and particle physics!
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Extensive Air Showers (EAS)

» CR properties are inferred from the (secondary) particles measured at the ground
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» CR properties

What happens
between here
and here?

are 1inferred from the (secondary) particles measured at the ground

hadronic
cascade

N

K

st hadronic
Interaction

T

0

electromagnetic
cascade




Extensive Air Showers (EAS)

» CR properties are inferred from the (secondary) particles measured at the ground
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Extensive Air Showers (EAS)

» CR properties
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Extensive Air Showers (EAS)
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Plays an important role, transterring
energy from the hadronic to the
electromagnetic cascade!

Extensive Air Showers (EAS)

» CR properties are inferred from the (secondary) particles measured at the/ground
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The Challenge

hadronic
cascade
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cascade

» Observation: We see the complex
"mess" after multiple collisions

» Goal: Find out what in1tiated the collision

» Not trivial... based on sstmulations...




EAS Simulations
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» Simulated gamma, proton, and iron showers at E, = 10> eV
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[https://www.iap.kit.edu/corsika/]

» Challenge: description of particle interactions / particle production 1n the atmosphere



https://www.iap.kit.edu/corsika/

EAS Simulations

» EAS simulation (proton, 101> eV)

» Shower front
» Longitudinal profile
» Lateral profile

» Notice:

» Largest particle abundance at
oround: electrons

» X .. 1s the depth 1n the
atmosphere where longitudinal
profile becomes maximal

» Diafterent lateral profiles for all
particle types

[https://www.ap.kit.edu/corsika/]
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EAS Simulations
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EAS Particles (Proton Shower)

less muons
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EAS Particles (Gamma Shower)

even less muons
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EAS Simulations

» 'lo infer the properties ot the mitial cosmic ray, experimental data 1s interpreted

based on Monte-Carlo simulations (e.g. CORSIKA, CONEX)

» Simulations depend on theoretical models, most importantly
hadronic interaction models, based on known particle physics

» Interactions in EAS at LHC energies and beyond

» Various types of hadron interactions in EAS

» Particle production in EAS in the forward region

» Not accessible by current accelerator experiments
» Not calculable within perturbative QCD

» Extrapolations into unknown phase space!




EAS Simulations

» 'lo infer the properties ot the mitial cosmic ray, experimental data 1s interpreted

based on Monte-Carlo simulations (e.g. CORSIKA, CONEX)

» Simulations depend on theoretical models, most importantly
hadronic interaction models, based on known particle physics

» Interactions in EAS at LHC energies and beyond

» Various types of hadron interactions in EAS

Dedicated measurements
of multi-particle production

» Not accessible by current accelerator experiments with EAS observatories and
collider experiments needed!

» Particle production in EAS in the forward region

» Not calculable within perturbative QCD

» Extrapolations into unknown phase space!
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The IceCube Neutrino Observatory o
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/

» Hybnid cubic-kilometer particle detector at the South Pole

hadrons

» Surface detector at 2835 m.a.s.l electromagnetic

component
» In-ice detector at depths between 1450 m and 2450 m
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primary

The IceCube Neutrino Observatory <

» (Cherenkov detectors:

hadrons

electromagnetic
component

» Speed of light in a dense medium: ¢ < ¢, yum

» Relanvistic charged particles with v > ¢
produce Cherenkov light in a dense medium

GeV muons

» L.g IceCube / KM3Ne'l' / Auger: 1ce /water / water surface == ..\:\.. 2835 masl
» Light can be measured with optical sensors
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The IceCube Neutrino Observatory

Cable Penetrator Assembly

» In-1ce detector: ~\

High Voltage Generator &
Digital Control Assembly

PMT High Voltage Base Board

» 306 strings with grid spacing of ~125 m
» 5600+ Digital Optical Modules (DOMs) e G e
» Few 100 GeV (up to several PeV) muons




The IceCube Neutrino Observatory

» Surtace detector, Ice' lop:
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The IlceCube Neutrino Observatory

» Measurements of various particles: This talk COSMIC MESSENGERS

EVERY YEAR,

» LEAS particles ICECUBE

DETECTS asour...

» Atmospheric muons / neutrinos
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primary

EAS Measurements with IceCube

» Surtace detector, Ice'lop, measures:

hadrons

» Electromagnetic EAS component (EAS energy) electromagnetic

component
» ~GeV muon content 1n EAS

GeV muons

» In-ice detector measures:

T A =T —— 2835 m.a.s.l
N

» TeV muon content in EAS (up to several PeV) -

» CR energies of ~ 1PeV (10°eV)* to ~ 1EeV (10'%eV)

» Coincident measurements possible!

1450 m

» Ideal facility to study muon (hadron) production
in the forward region in EAS! in-ice

2450 m

* the all particle spectrum can be measured down to ~250 eV



EAS Measurements with IlceCube

» Example: experimental data event (2012)

» Color-coding of time:

» Irom red (early) to blue (late)

» Sizes of "blobs'":

» Amount of detected light
by each DOM

» 'T'he red line dicates the
reconstructed event trajectory



GeV Muons in IceTop

» Muon densities compared to hadronic model predictions £
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» How does the data compare to the actual CR flux?

[IceCube Collaboration, Phys. Rev. D 106 (2022)]
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https://arxiv.org/abs/2201.12635
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Energy-Scale Cross-Calibration

» Known energy-scale ofisets between EAS experiments!

» 20% offset in energy causes 18%b shift in muons! 5
- : "ie " Auger FD+SD - 0
» Energy rescaling required! ("line up all features")
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The Muon Puzzie

» Muon numbers in EAS after energy-scale cross-calibration
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» (Most) muon measurements indicate mass composition heavier than iron at high E!
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The Muon Puzzie

» Muon numbers in EAS after energy-scale cross-calibration

Muon Puzzle
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» (Most) muon measurements indicate mass composition heavier than iron at high E!
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The Muon Puzzie

» Subtracting expected values z,, ... obtained from GSF flux model (
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» Slope of the excess 1s significant with more than 8¢!
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[D. Soldin et al., PoS ICRC2021 (2021) 349]

» Indicates severe shortcomings 1n the understanding of hadronic mteractions


https://arxiv.org/abs/2108.08341

For details, please see [J. Albrecht, H. Dembinski, D. Soldin et al., Astrophys. Space Sci. 367 (2022)]

The Muon Puzzie

EAS data

1ssues?

Elasticity?

Inelastic
cross-section?

Exotic
physics? Muon
propagation? Hadron

R =

multiplicity?
Eother hadr. P Y


https://arxiv.org/abs/2105.06148

For details, please see [J. Albrecht, H. Dembinski, D. Soldin et al., Astrophys. Space Sci. 367 (2022)]

The Muon Puzzie

Consistently observed
by several experiments

Elasticity?

Inelastic
cross-section?

Exotic
physics? Muon
propagation? Hadron

R = . e .
multplicity?
Eother hadr. p Y


https://arxiv.org/abs/2105.06148

For details, please see [J. Albrecht, H. Dembinski, D. Soldin et al., Astrophys. Space Sci. 367 (2022)]

The Muon Puzzie

Consistently observed
by several experiments

Unlikely, due to measured

muon fluctuations (Auger) ;md Inelastic

TeV muon measurements cross-section?

by IceCube (later...)

Elasticity?

Muon

propagation? Hadron

R =

multiplicity?
Eother hadr. B X Y


https://arxiv.org/abs/2105.06148

For details, please see [J. Albrecht, H. Dembinski, D. Soldin et al., Astrophys. Space Sci. 367 (2022)]

The Muon Puzzie

Consistently observed
by several experiments

Unlikely, due to measured

muon fluctuations (Auger) ;md Inelastic

TeV muon measurements cross-section?

by IceCube (later...)

Elasticity?

ur

pI'O JOH? Hadron

A R = . e .
multplicity?
Eotherhadr. 4 p Y

Very unlikely, small variations (5 %)
between shower codes, well studied


https://arxiv.org/abs/2105.06148

Study of Shower Impact Parameters

CONEX SIBYLL-2.1 p @ 10195 eV

—— cross-section —=-= multiplicity @ —-- elasticity = ----- n-fraction
[S. Baur et al., arXiv:1902.09265 (2019)]
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see also [J. Albrecht, H. Dembinski, D. Soldin et al., Astrophys. Space Sci. 367 (2022)]


https://arxiv.org/abs/1010.4310
https://arxiv.org/abs/1902.09265
https://arxiv.org/abs/2105.06148

For details, please see [J. Albrecht, H. Dembinski, D. Soldin et al., Astrophys. Space Sci. 367 (2022)]

The Muon Puzzie

Consistently observed
by several experiments

Strong constraints
from collider
experiments

Unlikely, due to measured

muon fluctuations (Auger) and ,

y . -
TeV muon measurements croN Lon?

by IceCube (later...)

Tur

)
pTO, A10N! o

Eother hadr.

Very unlikely, small variations (5 %)
between shower codes, well studied


https://arxiv.org/abs/2105.06148

The Muon Puzzie

» Dithcult to change R within standard QCD

» Possible explanations for the Muon Puzzle:

» Neutral rho meson enhancement, e.g. |1]

» Decay ot p, via charged pions into muons

» Muon production at all energies

» Baryon enhancement, e.g. [2]

» Many re-interactions, low-energy particles
» Mainly low-energy muons

» Stangeness enhancement, e.g. |3]

» Ewvidence from ALICE at LHC

» Dafferent predicted muon spectral

[1]: See e.g.
2]: See e.g.
3]: See e.g.

I Riehn, R. Engel, A. Fedynitch, T. K. Gaisser, 1. Stanev, Phys. Rev. D 102 (2020)]
'T. Pierog, K. Werner, Phys. Rev. Lett., 101 (2008)]

ALICE Collaboration, Nature Phys. 13 (2017) 535]

meson baryon
shower shower

T T

-

0
P
— TT
_|_
H ot


https://arxiv.org/abs/astro-ph/0611311
https://arxiv.org/abs/1606.07424
https://arxiv.org/abs/1912.03300
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The Muon Puzzle and IceCube

» Coincident measurements provide spectral muon information

hadrons

» Unique tests of multi-particle production (forward region)! electromagnetic

component

»  Will strongly constrain / exclude muon production models

» (Cruaal contribution to solve the Muon Puzzle

GeV muons
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[I. Riehn, R. Engel, A. Fedynitch, T K. Gaisser, 1. Stanev, Phys. Rev. D 102 (2020)]


https://arxiv.org/abs/1912.03300

TeV Muons in IceCube

» Muon bundle multiplicity compared to model predictions

Average result
1

10°F —— Sibyll 2.1
SETTR QGSJet-11.04
-==- EPOS-LHC

[ceCube Preliminary

1 1
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p
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» How does the data compare to CR flux models?

[S. Verpoest (IceCube Collaboration), PoS FCRS (2022) 074]
see also [S. Verpoest, D. Soldin, S. De Ridder et al., PoS ICRC2021 (2021) 357]
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https://arxiv.org/abs/2211.16970
https://arxiv.org/abs/2107.09387

TeV Muons in IceCube

» Reminder z-scale:
~ In(p,) —1In(p, ;)
ln(p,u,Fe) o ln(p,u,p)

Z : proton: z =0, iron: z = 1

» No significant discrepancies between MG and data for '1eV muons!

» Coincident (event-by-event) analysis in preparation which will put strong constraints on

. . * [S. Verpoest (IceCube Collaboration), PoS ECRS (2022) 074]
hadronlc lnteraCthn mOdels see alsc]? [S. Verpoest, D. Soldin, S. De Ridder et al., PoS ICRC2021 (2021) 357]
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https://arxiv.org/abs/2211.16970
https://arxiv.org/abs/2107.09387

Further Muon Measurements in lceCube

v v . Summer atmosphere Winter atmosphere
} Seasonal Varlatlons Of atmOSpherlc muons warmer=>l¢ss dense => pions decay to muons colder => more dense => pions interact
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» Muon flux depends on atmospheric N R Salipet. Desiat, (2020)894
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» PeV muons in IceCube

’—l
o
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» Prompt decays (e.g. D-mesons) dominate
the muon flux at high energy

p—
5
(\)

» Probe ot charm production in hadronic
interactions for the first time

—
T
w
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| [D. Soldin et al., EP] Web Cont. 208 (2019)]
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https://arxiv.org/abs/1811.03651
https://arxiv.org/abs/1909.01406

Future IceCube Detector Improvements

» Surface enhancement in progress:

» New scintillator array
» Better GeV muon separation mn EAS

[A. Haungs et al., EP] Web Conf. 210 (2019)]
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see also [A. Coleman, D. Soldin et al., Astropart. Phys. 147 (2023)]


https://arxiv.org/abs/1903.04117
https://arxiv.org/abs/2205.05845

Future Detector Improvements

» IceCube-Gen2: ICECUBE

GENz

» Significant larger m-ice and surface detectors
» Increased solid angle, larger inclinations

» Increased statistics at the highest energies

» Measurement of prompt muons!

» Close the gap to Auger 1n

muon measurements!

» Better understanding of the
absolute energy scale

» Reduced m-ice systematics

[IceCube-Gen2 Collaboration, J. Phys. G 48 (2021)]
see also [A. Coleman, D. Soldin et al., Astropart. Phys. 147 (2023)]


https://arxiv.org/abs/1412.5106
https://arxiv.org/abs/2205.05845
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Collider vs. EAS

» Large Hadron Collider (LHC

N

W,KsD’Ve,Vu’

» Proton-oxygen collisions
during run 3 at LHC

» Proposal: Forward Physics
Facility (FPF) at LHC
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There are currently 3 detectors running to exploit
forward physics potential in run 3 at the LHC
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» Experiments shielded from interaction
point by more than 100 m of rock

» Extremely low background!

» Ideal to measure rare processes, e.g.
exotic physics, neutrino physics, ...
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Forward Physics Facility

» Proposal: Forward Physics Facility at the LHC

onaroiysics GO

FASER2

» IPF will house various particle experiments

» Neutrino (muon) measurements will give msights 1in SERvD
hadron production in the forward region
» First LHG measurements 1n the phase TR ——
space relevant for EAS development o [T
» Overview of the FPF and 1ts Bl L ) (T S —
phﬁsms otential in recent eyl
"Short Paper" [1] ;

» Comprehensive white Paper for

Snowmass 2021 (2]

[1]: See [L. A. Anchordoqui, D. Soldin et al., Phys. Rept. 968 (2022)]
[2]: See []. Feng, D. Soldin et al., J. Phys. G 50 (2023)]



https://arxiv.org/abs/2109.10905
https://arxiv.org/abs/2203.05090

Summary & Conclusions

4

IceCube measures muons produced in EAS

Significant data/ MG discrepancies 1n the number of muons
observed by various experiments at the highest (EeV) energies

No discrepancies observed in muon measurements,

1.e. GeV and 'TeV muons, by IceCube

Combined analysis of global muon data shows consistent
picture of mcreasing data/ MU discrepancies

Further measurements needed

» EAS measurements of muons, 1.e. N, X,

maxj l/t) e o o

» Accelerator measurements mn the forward region

Solution or precise characterization within the next decade (?)

cosmic ray

electromagnetic
component
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GeV muons
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Thank You!




AUSTRALI
University of Adelai

Vg

‘t{\

| lI] BELGIUM
Université libre de Bruxelles
Universiteit Gent
Vrije Universiteit Brussel

K21 CANADA
SNOLAB
University of Alberta—_Edmonton

== DENMARK
University of Copenhagen

= GERMANY , UNITED ST/

Deutsche; Ele.kjc.ronen-Synchtotron of Canterbury Clark Atlanta University South Dakota School of Mines

ECAP, Unlver5|t.at Er.Iangen—Nu.rnberg Drexel University and Technology

Humboldt—Ur?|ver5|tat zu Berlin REPUBLIC OF KOREA Georgia Institute of Technology Southern University » /
Karlsruhe Institute of Technology yunkwan University Harvard University and A&M College

Ruhr-Universitat chhgm Sy ) " Lawrence Berkeley National Lab Stony Brook University

RWTH.Aachen .Unlv.e.r.5|ty M= SWEDEN ~ Loyola University Chicago University of Alabama University of Maryland
Technische Universitat Dortmund Stockholms universitet Marquette University University of Alaska Anchorage University of Rochester
Technische Universitat Miinchen Uppsala universitet Massachusetts Institute of Technology ~ University of California, Berkeley University of Texas at Arlington
Un!vers!t?t Mainz Mercer University University of California, Irvine University of Wisconsin-Madison
Unlve.r.s.|tat Wuppertal N - SWITZERLAND Michigan State University University of California, Los Angeles University of Wisconsin-River Falls
Westf:'allsche Wilhelms-Universitat Université de Geneve Ohio State University University of Delaware Yale University

Munster Pennsylvania State University University of Kansas

FUNDING AGENCIES

ICECUBE

¥ SOuUTH POLE NEUTRINO OBSERVATORY

Fonds de la Recherche Scientifique (FRS-FNRS) Federal Ministry of Education and Research (BMBF) Japan Society for the Promotion of Science (JSPS)  The Swedish Research Council (VR)
Fonds Wetenschappelijk Onderzoek-Vlaanderen German Research Foundation (DFG) Knut and Alice Wallenberg Foundation University of Wisconsin Alumni Research Foundation (WARF)
(FWO-Vlaanderen) Deutsches Elektronen-Synchrotron (DESY) Swedish Polar Research Secretariat US National Science Foundation (NSF) icecube.wisc.edu




EAS Energy iIn IceTop

» EAS energy determined from surface signals

» Lateral Distribution Function (LLDF)
) —p—x-1ogo(1/125 m)

S(r) = S5 ( 750

» Shower size S;,5 (EAS energy), slope parameter f

electromagnetic
component

-_— @ -

Pure Protons, cos6>0.95

= - < =
L w 3.5
> a) S05= (65.1 + 2.8) VEM 2 F
~10°E 3
P E B =266 + 0.07 = 3
_ ~e25F
125 sssfasssssassassansannnnns 5125 ..... ETECTTEOPT PP PPPRPPPRPPT DY .
B 1.5:—
10¢ 1E-
:
1 . . oF-
- 4+ High Gain DOMs -
-~ v Low Gain DOMs - 0.5
10-1 : : : : '|l| E : : : : 1 -:lll l lll llll llllll.llllllllllllllllll
102 R/10"’ %5 6 65 7 75" 8 85 'ogg(asg‘.g
m
125111 A~ OPeV 10

hadrons

GeV muons



GeV Muons in IceTop

» Individual tank signals (vertical-equivalent-muon, VEM)
» Characteristic signal distributions for em part and muons

» Separation of GeV muons from other particles in EAS
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GeV Muons in IceTop

» Individual tank signals (vertical-equivalent-muon, VEM)
» Characteristic signal distributions for em part and muons

» Separation of GeV muons from other particles in EAS
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Light Hadron Production

oo iysics G

» Neutrino fluxes at FASERv2: low energy region relevant!
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» Predictions difter by a factor ot up to 2, much bigger than the anticipated FPF uncertainties



Light Hadron Production

» Neutrino fluxes at FLLArk:

oo iysics G

1054 [ 1M x 1m: ve + e | I —— AZZ [1m X 1m: v, + Du} A B f.=0.2
- — DA ~e= £.=0.1 ——— £.=05
-
e
—
- 104 - ——— =
o : ’_.:l-__-:.'_T.'_ ................... _-—_—»L:
S B e - ]
b - _ ‘.-. = ."_ e - L. - _'..-..-.|=
- - e — ." - __,_J_—."-"
> 103 - =il == T — Tj..,_.
< : I | == I — -
] | == [ l_.
(@) - Frn .
.E :_'—___ . — I - b o - N
5 i L " . 1L
e 2 — —‘ ——
.Ea) 10 E ] mE ]
—_— ' — N
I
101 T T 71T T TTT L T — T T TTT7 —|||'] i,"—‘
10 10° 10° 10 10° 10°

Neutrino Energy [GeV]

Neutrino Energy [GeV]

» Eixample: strangeness enhancement toy model 1. auchordoguieral. jrzap 542022



https://arxiv.org/abs/2202.03095

GeV Muons in IceTop

» Individual tank signals (vertical-equivalent-muon, VEM)
» Characteristic signal distributions for em part and muons

» Separation of GeV muons from other particles in EAS
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GeV Muons in IceTop

4

Complex signal model, includes:
» electromagnetic response model
» muon response model

» uncorrelated background

Larger muon fraction at large distances
from the shower central region

[IceCube Collaboration, Phys. Rev. D 106 (2022)]
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Reminder: muons are messengers of the
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https://arxiv.org/abs/2201.12635

TeV Muon Multiplicity

» Coincident machine learning analysis using Ice'lop and

1n-1ce

» Neural network mputs:
» Icelop: zenith angle, energy proxy S125 (laputop)

» In-ice: energy loss profile vector (millipede)

» Neural network outputs:

» Primary CR energy
» Multiphcity of m-ice muons above 500 GeV

Slant depth (m)
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[S. Verpoest (IceCube Collaboration), ECRS2022 (proceedings in preparation)]
see also [S. Verpoest, D. Soldin, S. De Ridder et al., PoS ICRC2021 (2021) 357]
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https://wiki.icecube.wisc.edu/index.php/Multiplicity_of_TeV_Muons_in_Air_Showers
https://arxiv.org/abs/2107.09387

Physics Beyond the Muon Puzzle...

» Atmospheric muon flux depends on atmospheric density (temperature, pressure)!

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

20

| | |
U s
S & & o
] | | 1

|
o0
-

temperature [° C]

—100

~120 H=——— NRLMSISE
AIRS

0 20 40 60 80 100
altitude [km|

—140




T ZT-TT-LT0Z
. LT-TT-LT0Z
€T-0T-LT0Z
80-60-L10Z
0-80-LT0Z
0€-90-LT0Z
9Z-S0-L102
TZ-90-L102
LT-£0-LT0Z
T~ 0T-20-LT02
> TN 90°T0-LT0Z
" ] Z0-Z1-9102
(3 82-0T-9T0Z
C ] €2-60-9102
61-80-910Z

ot~ ST-L0-9T0
L S\Y ) 01-90-9T02
90-50-9T02
10-40-9102
9Z-20-9102
L 22-10-9102
8T-ZT-ST0Z
ET-TT-5T02
60-0T-ST0Z
v0-60-510Z
T€-L0-ST0Z

L~ 92-90-5102
" ] ZZ-S0-S10Z
| N[ ]  LFrostoz

| | €1-£0-ST0Z
| 90-20-ST0Z
4 - 20-T0-ST0Z

2017

2016

colder => more dense => pions interact
2015

Winter atmosphere

8Z-TT¥10Z
vZ-0T-v10Z
61-60-¥10Z
ST-80-v10Z
TT-L0-¥T0Z
90-90-v10Z
20-S0-¥10Z
8Z-£0-¥10Z
12-20-9102
LT-TOPT0Z
E1-ZT-€102

4 80-TT-€10Z
v0-0T-€10Z
0€-80-€102
9Z-L0-€10Z
1Z-90-€102
L1-SO-ET0Z

| ZI-v0-€102
| 80-£0-€10Z

| 10-20-£102
8Z-Z1-2102
€2-11-2102
61-0T-2102
vI-60-2102
01-80-2102
90-L0-210Z
10-90-Z102
LZY0-ZT0Z
€2-£0-2102
LT-20-2T02
£1-10-2102
60-ZT-110Z
L — pO-TI-TT0Z
0€-60-110Z
9Z-80-110Z
ZZ-L0-1102
L1-90-110Z
y E1-S0-T10Z

2014

2013

2012

2100 + 2011

2050
2000 +
1950 -
1900

warmer => less dense => pions decay to muons

Summer atmosphere

2400

2350 +
2300 +
2250 +
2200 -
2150 +

(ZH) 918y uonyy

Seasonal Variations of TeV Muons
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Seasonal Variations of TeV Muons

In EAS
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conditions (stratosphere)

» Probe of atmospheric
» Sensitive to the kaon/pion
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» Analysis 1 progress. ..
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PeV Muons In IceCube

PeV muons
i%i H S
» For muon energies from GeV to 'leV, the muon it
roduction 1s dominated by pion and kaon decays in-ice |||l |
F'COHVGIlthHal flux") | }
» "Prompt muons" from decay of heavy hadrons (e.g. D,

D, A ) are expected to dominate at PeV energies!

» Prompt flux has yet to be
experimentally confirmed...

total

conventional

»  Also, yields mformation about prompt
atmospheric neutrino production
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PeV Muons In IceCube

[D. Soldin et al., EP] Web Contf. 208 (2019)]

: 10° ) _
Atmospheric muon spectrum | TceCube Preliminary 4 Astropart. Phys. 78|,
above £, ~ 10 TeV - | —¢— XXVECRS 2006

/2 N — — = Sibyll 2.1
. .. . T 10—1 . == 475 x ERS
Reaching the transition region where S
. | -
the prompt muon flux becomes dominant = .,
- = 107 oAt
[arge uncertainties due to & S
CR flux model assumption! = TR, gv =1
. . . 510—3 ------------ ) ‘\'- |-
Low statistics at high energies S ML
X _
» Larger in-ice detector needed!
10~ ' ' ‘ '
4.0 4.5 5.0 9.9 6.0
Here: no EAS CNCrgy log;,(muon energy/GeV)
g NGW reCOHStrUCtlon methOdS CR Model Best Fit (ERS) | y?/dof 1o Interval Pull (Ay) | o(@Pprompt > 0)
needed (more tomorrow.. ) GST-Global Fit [13] 2.14 7.96/9 | 1.27-3.35(0.77 - 4.30) 0.01 2.64
H3a [13] 4.75 9.09/9 3.17-7.16 (2.33 -9.34) -0.03 3.97
Zats.-Sok. [35] 6.23 13.98/9 | 4.55-8.70 (3.59 - 10.68) -0.23 5.24
} Larger Surface deteCtor PG Constant Ay [33] 0.94 9.07/9 0.36 -1.63 (< 2.15) 0.03 1.52
needed' PG Rigidity [33] 6.97 5.86/9 | 4.73 -10.61 (3.53 - 13.83) -0.06 4.35

[IceCube Collaboration, Astropart.Phys. 78 (2016)]
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Data Comparison

» Muon numbers measured by 9 EAS experiments

[D. Soldin et al., PoS ICRC2021 (2021) 349]
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» Working Group for Hadronic Interactions and Shower Physics (WHISP)
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https://arxiv.org/abs/2108.08341

lceTop's Crucial Role

» How do the fits change when we remove one experiment at a time?
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[D. Soldin et al., PoS ICRC2021 (2021) 349]
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lceTop's Crucial Role

» How do the fits change when we remove one experiment at a ime?
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lceTop's Crucial Role

» Significance of the slope when removing one experiment
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[D. Soldin et al., PoS ICRC2021 (2021) 349]
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» Substantial decrease of significance without IceCube/Ice’lop!

» Yakutsk data becomes more important but 1s in tension with other measurements
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CR Flux Models

(m'zsr'1 s1GeVv’ '5)

E23dN/dE

» Physics-motivated flux models assuming different source populations

(raisser H3a:

L. K. Gaisser, Astropart. Phys. 35 (2012)]
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https://arxiv.org/abs/1303.3565
https://arxiv.org/abs/1111.6675

CR Mass Composition

» Empirical Global Spline Fit (GSF) flux model

[H.P._Dembinski, R. Engel, A. Fedynitch, T. K. Gaisser, I Riehn, I Stanev, PoS ICRC2017 (2017) 533]
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Hybrid Muon Measurements

» Preliminary studies of three muon estimators: Sk

» Muon density, p, (GeV muons)
» Deposited in-1ce energy, dE/dX (1eV muons)
» LDV slope parameter, f (GeV muons + em)

» Analysis ongoing...
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Hybrid Muon Measurements
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» Very preliminary results! EI
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. 5 e .
are thus distavored e A S
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» Improved analysis ongoing... (more tomorrow) e
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Current Analysis Limitations

» Hybrid GeV/1eV muon measurements:

4

4

4

4

Maximum CR energies of ~120 PeV

Shower contained 1n Ice'lop array X

Near-vertical showers, 1.e. 8 < 18°

GeV muons at 600 m and 800 m e

TeV muon multiplicity estitmated from
reconstructed energy loss at 1500 m

[D. Soldin et al., PoS ICRC2021 (2021) 349]

| EPOS-LHC

QGSJet-11.04

10’15 10'16 10'17 10'18 10'19
E/leV

10'15 10'16 1617 10'18 ldl9
E/eV

Statistical analysis only, 1.e. no event-by-event GeV muon information

Large 1n-1ce uncertainties, mainly due to light propagation

» Improvements?



https://arxiv.org/abs/2108.08341

Improved EAS Reconstruction

» Combined EAS likelihood reconstruction:

4
4

Uses information from both detector components

Simultaneous fit of event trajectory, surface LDE,
and shower front curvature

Allows reconstruction of un-contained events

Fixtension towards higher inchinations!

Extension towards higher energies?
Energy estimation 1in progress

> 10go(S,r) vs. logo(Ey) becomes non-linear

» Further studies needed!

» Machine learning approach?

[X. Bai, E. Dvorak, ]J. Gonzale, D. Soldin et al., PoS ICRC2021 (2019) 244
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https://arxiv.org/abs/1908.07582

Improved Muon Estimators

» GeV muon density estimator:
» Event-by-event reconstruction
» Muon LDF reconstruction under development

» Machine learning approaches to be investigated

» 1eV muon density estimator:

» Machine learning methods using energy losses
along the track currently under investigation

» Very promising first results!
» Further investigations and optimization ongoing

» Needs more work...

hadrons

electromagnetic
component

GeV muons

..... T T —— 2835 m.a.s.]

1450 m

In-ice

2450 m




FPF Physics Potential
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» LExample:
FASERv pilot detector VS. All previous collider experiments
» Suitcase size, 4 weeks of data » Bulding s1ize, decades of data
» Costs: $0 (recycled parts) » Costs: ~ $10°
» 6 neutrino candidates » (0 neutrino candidates

[FASER Collaboration, Phys. Rev. D 104 (2021]]

30 kg detector

B

neutrinos



https://arxiv.org/abs/2105.06197

FPF Physics Potential

» Example:

FASERv pilot detector VS.

» Suitcase size, 4 weeks of data
» Costs: $0 (recycled parts)

» O neutrino candidates
[FASER Collaboration, Phys. Rev. D 104 (2021]]

» FASERw years 2022-2024:

» ~ 10000 v candidates expected
(~ 10” muons*)

» Forward Physics Facility:

» ~ 10° v candidates expected!
(~ 10'* muons*)

*origin not well understood, further studies needed

oo iysics G

All previous collider experiments

» Building size, decades of data
» Costs: ~ $10°

» (O neutrino candidates

Trigger/preshower scintillator station

\l ./

Tracking stations

Tracker “backbone”

Trigger/timing scintillator station

1o P Emulsion detector
s .
{ ~6eca 2 (FASERv)
Calorimeter \ b s VOlumg /
/ e
Magnets/ /' S TOATLAS P
..,
Veto scintillator station .
Incoming LLP "**+.


https://arxiv.org/abs/2105.06197

Proposed FPF Experiments

» Five proposed experiments* with different (main) physics goals:

4

» Details ot detector designs under mvestigation. ..

FASER?
» Long-lived particles

FASER1?

» leV neutrinos

AdvSND

» leV neutrinos

FORMOBSA

» BSM physics: millicharged particles

FLArE

» 'leV neutrinos & light dark matter
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*for a complete description of the experiments, please see the FPF white paper




Motivation | (Showmass)
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» LExtensive air showers:

» Particle production in the tar-forward region
[J. Albrecht et al., Astrophys. Space Sci. 367 (2022)]

» Low momentum transter EPOS-LHC pp 13 TeV —N-Ldn/dyp - dA(QEL?)/dn (a.u.)
: : T T
» Non-perturbative regime 10 ™! 5 P
: . 84 77 > =S
» Complex particle composition n %
6- hadrons (7> 30ps) LE)
. y+leptons
» Energies range over many
orders of magnitude +
° ° ° ° 2-
» Modeling of particle interactions
o e 4 - :
based on phenomenological models T T Ch R e
developed for EAS simulations 7 (pseudorapidity)

» PEF will provide unique opportunities to test hadronic interaction models



https://arxiv.org/abs/2105.06148

WG3 Science Topics

oo iysics GO

» Neutrino fluxes at the FPF:

4

4

* Simulation code available at: https://github.com/Klingkelix/FastNeutrinoFluxSimulation, see also https://arxiv.org/abs/2105.08270

Ratio ot electron and muon neutrinos 1s a proxy tor the ratio ot charged pions and kaons

Electron and muon neutrino fluxes populate different energy regions which will help
to disentangle them

Neutrinos from pion and kaon decays have ditterent rapidity distributions which will
help to disentangle them

L.

Fast ssmulation package™® available! (k. Kling)

0.6 broon

Further studies needed:

)EPOS

0.2

dN
dE

» MO based on difterent generators

)/(

dN
dFE

_0.2k

L=(

» Neutrino fluxes in different detectors

- ——EPOS LHC

. —0.6F —— onETe —
» lests of dedicated strangeness (muon) [ os | —charged pious
enhancement models L —smevie2gp o mewsediaows
107 10° 10*

FE |GeV]


https://github.com/KlingFelix/FastNeutrinoFluxSimulation
https://arxiv.org/abs/2105.08270

WG3 Science Topics

» Muon fluxes at the FPL:

4

4

Large muon flux at the FPE e.g. ~1 Hz per cm? in FASER

Challenging to study as the origin of production 1s uncertain...

BDSIM/ Geant4 simulations available, including full muon history (L. Nevay)

Open questions:

» (an we use muons to study light hadron production?

» (an we measure the muon charge ratio? 107

=
o
o

» Do sweeper magnets help our physics case?

» What can we learn from muon fluxes

measured at FASER and SND@LHC?

reaching FPF (Hz/ m /cm?)
=
o

Dedicated studies of the muon yield at § e
the FPF (incl. tull muon history) needed! 10
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[picture credit: www.wikipedia.org]

Cosmic Rays
» D. Pacini (1910):

» lonization 1n the atmosphere 1s
due to extra-terrestrial radiation

» V. Hess (1911/12, Nobel prize 1936):

» First prove that radiation 1s of extra-terrestrial origin
» Confirmation by W. Kolhorster, 1913

» Many experiments followed over the last 100 years...

» Comic rays (CRs) are charged particles, mostly
protons, which reach Earth from Space

» CRs can have extremely high energies...
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https://www.wikipedia.org

Cosmic Rays

» loday, cosmic rays with energies, E,, up to a o s ;
10° article/m?/secon
few ~100 EeV have been observed :

104
107

2

» Very steep CR spectrum, measured over more
than 10 orders of magnitude in energy

3

=

» Simple first-order power-law approximation:

2

dD B nucleons
~18-E77
dE, O cmZssrGeV/A

=

”

Flux (m? srs GeV)"’

1 particIelmzlyear"“"“~~..,\

10°*

with y ~ 2.7

» Many open questions about the origin and 102
nature of cosmic rays remain open until today! _ 1 particle/km®/year

10% 10' 10%®
Energy (eV)



Open Questions

4

What are the sources of

high-energy CRs?

What are the acceleration
mechanisms of CRs?

What 1s their mass composition?
(later more...)

What 1s the origin of features
observed 1n the CR spectrum?
(later more...)

Can only be answered with precise
multimessenger observations!

*

A

AGNs, SNRs, GRBs... VS

They are charged particles and
are deflected by magnetic fields,

»

Gamma rays -

They point to their sources, but they

can be absorbed and are created by »
multiple emission mechanisms.

- Y &

Neutrinos

They are weak, neutral
particles that point to their
sources and carry information
from deep within their origins.

air shower




Open Questions

4

What are the sources of

high-energy CRs?

What are the acceleration
mechanisms of CRs?

What 1s their mass composition?
(later more...)

What 1s the origin of features
observed 1n the CR spectrum?
(later more...)

Can only be answered with precise
multimessenger observations!

*

A

AGNs, SNRs, GRBs... VS

They are charged particles and
are deflected by magnetic fields,

»

Gamma rays -

They point to their sources, but they
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from deep within their origins.
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This talk:
Cosmic Rays




How to Detect Cosmic Rays?
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How to Detect Cosmic Rays?

Direct measurements
(balloon / space)
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How to Detect Cosmic Rays?

Direct measurements - Indirect measurements
(ground-based)

(balloon / space) 107

10" 1 particle/m?/second
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Flux (m? srs GeV)"’
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How to Detect Cosmic Rays?

Direct measurements
(balloon / space)

Flux (m? srs GeV)"’

This talk

’

- Indirect measurements
107 (ground-based)
10" 1 particle/m?/second
104
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10®
10
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1C
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Cosmic Ray Spectrum

» Various prominent features have been observed
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[E. Schroder, PoS ICRC2019 (2020) 030]
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Cosmic Ray Spectrum

» Various prominent features have been observed
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Cosmic Ray Spectru

» Various prominent features have been
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Cosmic Ray Spectru

» Various prominent features have been
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