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cosmic rays
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primary cosmic rays
spectrum
mass composition

atmospheric target
density & temperature profile

hadronic interaction models
primary interaction
secondary interactions
interaction cross sections
fragmentation & hadronization
heavy quarks
(non) perturbative processes

propagation
electromagnetic component
penetrating component

µ
ν

produce background for neutrino searches but it’s also a signal.

are linked to astrophysics and propagation in interstellar media
their interactions involve particle physics
their by-products probe atmospheric physics, geophysics
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primary cosmic rays
spectrum & composition
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Gaisser, Stanev & Tilav, 2013 - arXiv:1303.3565

direct
measurements

indirect
measurements

‣ cosmic ray all particle spectrum observed 
in wide energy range

‣ composition directly observed < 100 TeV

‣ statistically estimated at high energy

‣ large uncertainties on mass composition

‣ affect atmospheric lepton uncertainties

source of

uncertainties
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atmospheric target
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‣ cosmic ray target changes properties 
over the seasons

µ production spectrum & atmospheric temperature

source of

uncertainties

µ
ICRC 2011

νµ

ICRC 2013

µ multiplicity - ICRC 2013
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‣ CR showers dominated by soft component with small 
pT (non-perturbative QCD)

‣ hard component with high pT with heavy quarks (pQCD)

‣ phenomenological descriptions of hadronic interactions 
with minijet production for hard component 

‣ models to describe soft/hard interactions in forward 
region & extrapolated to high energy

hadronic interactions
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‣ interaction models from accelerators, extrapolated to forward region at high energy

source of

uncertainties in

CR physics
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‣ forward region the most relevant in cosmic rays

‣ models tuned to accelerator measurements and extrapolated

hadronic interactions

6

transverse momentum pT

vs
pseudo-rapidity

forward forward

Ahn et al., ICRC 2013

➝ new Sibyll
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‣ forward region the most relevant in cosmic rays

‣ models tuned to accelerator measurements and extrapolated

‣ LHC experiments (e.g. TOTEM, LHCf) starting to fill the relevant parameter space

hadronic interactions
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Ahn et al., ICRC 2013

➝ new Sibyll

➝ new QGSJETII & EPOS
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‣ neutrino telescopes searching for high energy 
astrophysical neutrinos (point to origin of CR)

‣ atmospheric neutrinos as irreducible 
background at high energy where heavy 
quark processes are involved

‣ production of hyperons and particles with 
charm affected by increasing uncertainties

‣ CORSIKA numerical simulations

atmospheric neutrinos
high energy and heavy quarks
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IceCube Coll., PRL 110, 151105 (2013)

ZNi

                       
meson’s characteristic energy
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‣ large uncertainties in cosmic ray composition 
(nucleon spectrum) at high energy

‣ K± not same isospin group & K evolution 
equations coupled

‣ associated production    p + Air ➝ Λ + K+   µ+/µ-,

atmospheric neutrinos
high energy and heavy quarks
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Ahn et al., ICRC 2013

CR nucleon spectrum

Fedynitch, Becker Tjus, PD  2012

muons muon neutrinos

Sibyll 2.1 - Fedynitch
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atmospheric neutrinos
experimental observations

Fedynitch, Becker Tjus, PD 2012

interaction models
cosmic ray composition

large experimental
uncertainties
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observed through-going

‣ extend CORSIKA 
production to neutrinos

‣ generation of muons & 
neutrinos with consistent 
primary composition and 
hadronic interaction model

‣ correlated systematic 
effects on backgrounds for 
physics analyses (zenith, 
energy, π/K, charm)
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‣ due to large quark mass, perturbative QCD can be used (hard component). However

‣ significant charm production observed at √s = 20 GeV

‣ asymmetry in charm / anti-charm baryons (Selex Coll. 2002) ➝ intrinsic production

‣                                                   : the c-pair produced in projectile fragmentation can  
recombine with valence quarks and with sea-quarks to produce charmed hadrons.

‣ inclusive D-meson spectrum dominated by intrinsic charm at high pseudo-rapidity & pT

‣ steep cosmic ray spectrum might enhance the effect of intrinsic production of charm

atmospheric neutrinos
charm production
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~ order (~1%) compared to

Lykasov+ 2012
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Gaisser, arXiv:1303.1431

‣ effect of charm production models

‣ effect of primary cosmic ray spectrum 

atmospheric neutrinos
charm production
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Ahn et al., ICRC 2013

Sibyll 2.2f - PRELIMINARY

pQCD

intrinsic charm
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atmospheric neutrinos
charm and astrophysical neutrinos
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IceCube Preliminary

➝ how easy is to measure an astrophysical signal ?
    it depends on its spectrum

➝ can neutrino telescopes observe neutrinos from charm ?
    and constrain models ?
    and break degeneracy between charm & astrophysics ?

90% CL

observed through-going up-ward

IceCube Preliminary

observed starting all-direction all-flavor

➝ assess model predictions in a comprehensive way
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atmospheric neutrinos
down-ward veto (self-veto)
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Jakob van Santen

produce µ and ν simultaneously with 
CORSIKA
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‣ search for high-energy all-flavor neutrinos interacting inside (starting) the IceCube km3 
instrumented volume from all directions

atmospheric neutrinos
charm and astrophysical neutrinos
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‣ charm & astrophysical signal are degenerate

‣ need to determine charm contribution: multi-flavor global fit

J. van Santen - TAUP 13

↑ νµ ↓ νµ↑ νe ↓ νeself-veto self-veto
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atmospheric neutrinos
charm & ν seasonal variations
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Tilav et al., ICRC 2009
PD et al., ICRC 2011
PD et al., ICRC 2013

effective temperature

PD & Gaisser, 2010temperature coefficient

seasonal variations 
decrease with prompt 

component

µ not contaminated by astrophysical signal
BUT multiplicity
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‣ µ produced by same processes as ν

‣ BUT not contaminated by astro signal

‣ hadronic model uncertainties (effect of 
unflavoured mesons)

charm production in the atmosphere
breaking the degeneracy with astrophysical signal

17

Illana et al., 2009

weak decay of c & b

em decay of η

meson decays

dT ≈
pT Hc

Eµcos(θ)
IceCube Coll., PRD 87, 012005, 2013
arXiv:1208.2979

soft interaction (pT ≲ 2 GeV)
non perturbative

hard interaction
(pT ≳ 2 GeV) - pQCD

e(A+Bd)

C

(1 + d
400 )n
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‣ separate µ bundles (smooth) from high energy µ (stochastics)

‣ measure energy spectrum up to PeV scale

charm production in the atmosphere
breaking the degeneracy with astrophysical signal

18 HE muon High multiplicity bundle
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simulating CR-induced background

• CORSIKA to generate atmospheric muons and neutrinos

• 5 mass groups: re-weight with arbitrary CR composition

• hadronic interaction models with charm production: recent updates from LHC results

• consistent treatment of muons and neutrinos (for prompt measurements)

• correlated systematics in reconstructed muon / neutrino events

• correct general treatment of self-veto for any analysis (different thresholds)

• 3rd party generated neutrinos input to NeutrinoGenerator

• track parent particle ID

• weight meson decay for higher efficiency

19

Monday, October 14, 2013



Paolo Desiati

backup slides
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≈E-2.7

≈E-3.1

≈E-2.7

E2
CM ∼ 2mpELab

primary cosmic rays
spectrum & composition
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Gaisser, Astropart. Phys. 35 (2012) 801

direct
measurements

indirect
measurements

Gaisser-Hillas Model
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≈E-2.7

≈E-3.1

≈E-2.7

E2
CM ∼ 2mpELab

primary cosmic rays
spectrum & composition
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Gaisser, Stanev & Tilav, 2013 - arXiv:1303.3565

direct
measurements

indirect
measurements
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hadronic interactions
reduction of systematic uncertainties
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hadronic interactions
reduction of systematic uncertainties
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‣ e.m. & hadronic shower components observed 
at the Earth’s surface

‣ measure energy depos i ted, tempora l , 
longitudinal & lateral distributions, and unfold 
the primary energy & mass

‣ KASCADE @ sea level

‣ IceTop @ 2800 m asl

> 100s TeV cosmic rays
indirect observations

25

larger model uncertainties
for older showers

IceCube Coll., arXiv:1307.3795 (PRD)
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‣ inclined showers develop earlier and 
exhaust higher in the atmosphere

‣ only penetrating muons reach the ground

‣ higher µ flux observed above 1018 eV

‣ N19/QGSJet-II(1019 eV) = 2.13±0.04±0.11 (sys.)

‣ mass composition affected by the large 
systematic uncertainties of interaction 
models (+ experimental techniques)

> 100 PeV cosmic rays
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Ahn et al., ICRC 2013

Augel Coll., ICRC 2011

➝ Fe-like composition
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atmospheric neutrinos
high energy and heavy quarks
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Fedynitch, Becker Tjus, PD  2012
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atmospheric neutrinos
high energy and heavy quarks
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Fedynitch, Becker Tjus, PD  2012

QGSJET01-c
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atmospheric neutrinos
high energy and heavy quarks
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Fedynitch, Becker Tjus, PD  2012

QGSJET01-c
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atmospheric neutrinos
high energy and heavy quarks
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Sibyll 2.1 - Fedynitch
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atmospheric neutrinos
current status
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observed cascading e e 

Schöneberg
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atmospheric muons and neutrinos
effect of cosmic ray spectrum
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Fedynitch, Becker Tjus, PD 2012

E-2.7E-2.7
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‣ search for µ + µ bundle

‣ measure separation

‣ CR composition & interaction models

atmospheric neutrinos
charm and high pT muons
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dT ≈
pT Hc

Eµcos(θ)

soft interaction (pT ≲ 2 GeV)
non perturbative

hard interaction (pT ≳ 2 GeV)
pQCD

IceCube Coll., PRD 87, 012005, 2013
arXiv:1208.2979

laterally
separated µ

π, K

charm

‣ increased K and charm contribution

‣ improve forward region

‣ lighter cosmic ray composition
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‣ search for µ + µ bundle

‣ measure separation

‣ CR composition & interaction models

atmospheric neutrinos
charm and high pT muons
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dT ≈
pT Hc

Eµcos(θ)

soft interaction (pT ≲ 2 GeV)
non perturbative

hard interaction (pT ≳ 2 GeV)
pQCD

IceCube Coll., PRD 87, 012005, 2013
arXiv:1208.2979

Monday, October 14, 2013



Paolo Desiati

atmospheric neutrinos
charm and high pT muons
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IceCube Coll., PRD 87, 012005, 2013
arXiv:1208.2979

laterally
separated µ

π, K

charm
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atmospheric neutrinos
π/K & µ seasonal variations
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PD et al., ICRC 2011
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atmospheric neutrinos
charm & ν seasonal variations
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Tilav et al., ICRC 2009
PD et al., ICRC 2011
PD et al., ICRC 2013

effective temperature

PD & Gaisser, 2010
temperature coefficient

seasonal variations 
decrease with prompt 

component
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atmospheric neutrinos
π/K & ν seasonal variations
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PD & Gaisser, 2010

PD et al., ICRC 2013
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