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Cosmic ray flux and interaction energies
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Example: cosmic-ray data at the highest energies



The Pierre Auger Observatory
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Telescope Array (TA)

Mlddle Drum: based on HlReS II 507 surface detectors:
double-layer scintillators

(grid of 1.2 km, 680 km?2)
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Detector signal (arb. units)

Precision measurement of shower observables

15% duty cycle
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Air showers: electromagnetic and hadronic components

Hadronic
energy

_EO

(Matthews, APP22, 2005)
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Scaled flux E*°J(E) (mZs'sriev'®)
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Composition from longitudinal shower profile
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Sources in galactic plane 1t

QGSJETI-4  F—a—

Composition: model dependent interpretation
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Measurement of proton-air cross section

Number of charged particles
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How reliable are the predictions of the interaction models ?
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Challenge of limited phase space coverage

: neutral
charged

(Salek et al., 2014)

More than 50%
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Charged patrticle distribution in pseudorapidity

| 23]

(data from all LHC experiments, CMS shown as example)
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Cross section measurements at LHC

(Catagna, ICRC 2015)
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Events!NinefGeV

LHCf: very forward photon production at 7 TeV
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Examples of tuning interaction models to LHC data
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New models favour interpretation
as heavier composition than before

(Pierog 2013, 2014)
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Increasing number of articles with
direct comparison with cosmic ray models
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First LHC data at 13 TeV c.m. energy

(CMS, 1507.05915)
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Indications for shortcomings of our current understanding
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Muon number in inclined showers

Number of muons in showers with 6>60° Combination of information on mean
depth of shower maximum and
24— -] muon number at ground
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Several measurements: indications for muon discrepancy



Difference in fluorescence and simulated array signal

S35, 538, Niog

{ 4 S35/ 15VEM-SD 750 m
| & S35/ 5VEM -SD 1500 m

k- N19 - SD inclined
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Auger ICRC 2013
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Auger: rescaling of 24% needed relative to 50/50 mix of p and Fe
TA: rescaling of 27% needed relative to protons (QGSJET 11.03)
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Muon production at large lateral distance

Energy distribution of last interaction
that produced a detected muon

Ex gec ~ 30GeV
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Importance of hadronic interactions

(Ulrich APS 2010)

Energy Deposit [GeV cm?/g]

Muons
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EIeCtronS — 100 Highest Energy Interactions

— Individual Sub-Showers

- -
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107
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0

— N7

— Proton, 10'%eV
Muons — 100 Highest Energy Interactions

— Individual Sub-Showers

Low-energy
interactions

Depth [g/cm?]

Shower particles produced in 100
iInteractions of highest energy

Electrons/photons:
high-energy interactions

Muons/hadrons:
low-energy interactions

Muons: majority produced
in ~30 GeV interactions
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Change of energy transferred to electromagnetic component

Meson Baryon 1 Baryon-Antibaryon pair production (Pierog, Werner)
sub-shower sub-shower

e Baryon number conservation

e Low-energy particles: large angle to shower axis
) e Transverse momentum of baryons higher
P ' -
30% chance to have e Enhancement of mainly low-energy muons
0 as leading particle (Grieder ICRC 1973; Pierog, Werner PRL 101, 2008)

N
A

I7L 2 Leading particle effect for pions (Drescher 2007, Ostapchenko )

e Leading particle for a it could be p° and not mt°

e Decay of p®to 100% into two charged pions

3 New hadronic physics at high energy (Farrar, Allen 2012)

p
\
N
Decay of X * Inhibition of m® decay (Lorentz invariance violation etc.)

p
. . P
leading particle f\

e Chiral symmetry restauration



Predictions for muon number at ground
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New models favour interpretation
as lighter composition than before

ore-LHC models

post-LHC models
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How important is forward m© and p© production ?

— Sibyll 2.1

cross section (mb)

T NA22 T
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Average number of muons <J\TM>/EPrim per energy
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How important is forward m°® and p° production ?
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Compatible with data at lower energy — IceTop ?

(lceCube, Dembinski & Gonzalez I[CRC 2015)
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Consistency with lower energy showers essential for confirmation




Compatible with data at lower energy — KASCADE-Grande ?

shower energy —mm™™™

IR Ic - -
__Ingiﬂ Ni(:::h = 6.55 - 6.80 A8 =[0.00,16.71]°

KG data
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SIBYLL 2.1 predictions for Fe+Si/H+He are smaller than the measured data at HE for inclined EAS

(Arteaga, KASCADE-Grande, ICRC 2015)
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NAG61 experiment at CERN SPS

NAG1/SHINE preliminary
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Elab — 158GeV

New results from NA61: p° production
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Atmospheric neutrinos
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lceCube Analysis, v—-induced muons, TU Dortmund (Florian Scheriau, Martin Schmitz,

Atmospheric neutrinos as background to astrophysical signal
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Tim Ruhe, Wolfgang Rhode++), see their presentation @ Neutrino 2014
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particles

IceCube
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Atmospheric neutrinos: conventional & prompt components
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Energies of importance for lepton fluxes
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BERSS: A. Bhattacharya, R. Enberg, M.H. Reno, I. Sarcevic and A. Stasto, arXiv:1502.01076

ERS: R. Enberg, M. H. Reno, and I. Sarcevic, Phys. Rev. D 78, 43005 (2008).
MRS: A. D. Martin, M. G. Ryskin, and A. M. Stasto, Acta Physica Polonica B 34, 3273 (2003).
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Additional complication: dependence on primary flux

nucleon flux
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Summary

Composition interpretation essential for understanding astrophysics

LHC data of central importance for more reliable composition interpretation

e Very good collaboration between members of CR community and LHC/HEP

Feedback from air shower observations, CR int. models very successtul at LHC
Cosmic ray data at 109> eV most likely not protons (except exotic physics)
Pion interactions as major uncertainty for muon discrepancy identified

Need measurement of energy dependence of pv production

Consistent description at lower enerqy, transition to direct measurements
Forward charm production (theory and experiment) of increasing interest

Primary flux composition also directly linked to inclusive lepton tluxes
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Outlook: how to obtain data at higher energy ?

Measurement of pion exchange at LHC Fixed-target experiment at LHC
p C_ X Pion fragmentation
5 region in ATLAS
E
D g n Leading neutron in LHCf

Physics discussed in detail for HERA (H1 and ZEUS)
(see, for example, Khoze et al. Eur. Phys. J. C48 (20006), 797
Kopeliovich & Potashnikova et al.)

Detlection of protons
of beam halo by crystal

2

G _ .
do(yp = Xn) _ 2%ntpn () o ()% (1 — ap,) - 2am (O gtot (12) (Urrich ICRC 2015)
dzy, dt 1672 (t —m2)?
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(1/N) dN / dn

P(n)

Outlook: further improvement due to p-O collisions at LHC
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Number of charged particles (x1 09)

Longitudinal shower profile

Height a.s.l. (m)
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TA event simulation for surface array
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(UHECR 2012)

Very good agreement
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Auger event simulation for surface array
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(UHECR 2012)

Composition and model sensitivity ?
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to details of shower simulation
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Color flow and final state particles

Partonic view:

@ ) /; single-gluon exchange:
AN . . . .
| non-diffractive interaction
gluon
0\‘ o—
-~ — 00 o
Color flow: q ~* X .
< \‘ /
@ d/i;CIuark a6 P ) e D o ""\: o—
. -
quark
dN/dy
A

Initial and final state radiation
does not really change topology

SB(a) ~ (@2 4 52 /s) VAL — zg)3

Rapidity vy



Other predicted color flow configurations

Partonic view: /
- —%

o3
@ Two-gluon exchange:
diffraction dissociation

Color flow:
di—quark qq
\—7
quark
rapidity gap
dN/dy
At very high energy (multi-gluon exchange):
Almost 50% of all events are elastic/diffractive scattering o
Rapidity y
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Multiple soft and hard interactions
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Rise of pseudorapidity plateau

(Riehn et al. 2014)

B 9

SIBYLL
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Feynman scaling violated for small IxFl

Feynman scaling

dN dN
2F —— =

dp dyd*p,

>bfxéxf7vlyl_)

With Feynman scaling:
distribution independent of energy

aN _
dx

f(x)

X = E/Eprim
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