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Magnetic fields: Confinement in the Galaxy
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Observed spectrum softer than injection spectrum

Geschichte Spektrum mögliche Quelle Zusammenfassung I Experimente Zusammenfassung II + Ausblick Literatur

galaktische Magnetfelder

SN als Quelle von KS verursacht ein Spektrum mit γ =2
Diffusion der Teilchen aufgrund der Magnetfelder
kein Entweichen der Teilchen→ kein Energieverlust→
quadratische Abhängigkeit auf der Erde messbar
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galaktische Magnetfelder

SN als Quelle von KS verursacht ein Spektrum mit γ =2
Diffusion der Teilchen aufgrund der Magnetfelder
kein Entweichen der Teilchen→ kein Energieverlust→
quadratische Abhängigkeit auf der Erde messbar

Knee due to diffusion / escape from Glaxy
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Knee due to features of acceleration processes
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Exotic models for knee interpretation
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The knee and unusual events at PeV energies

A.A.Petrukhina

aExperimental Complex NEVOD, Moscow Engineering Physics Institute,
Kashirskoe shosse, 31, Moscow 115409, Russia

The appearance of the knee in EAS energy spectrum in the atmosphere in PeV energy interval and observation
of various types of unusual events approximately at same energies are considered as evidence for new physics.
Some ideas about possible new physical processes at PeV energies are described. Perspectives to check these ideas
and their consequences for experiments at higher energies are discussed.

1. Introduction

Although a possibility of two different expla-
nations of the knee in the measured Ne spectrum
of EAS (primary spectrum or interaction change)
was discussed in the first paper [1], the point of
view that the knee is connected with a change of
primary spectrum became predominant. The rea-
son is very simple. For the second possibility (in-
teraction change) it is necessary to explain where
is the difference (∆E) between primary (E0) and
EAS (EEAS) energies, and what particles carry
away this energy ∆E. During 40 years the an-
swers to these questions were not found. Only
in 1999 was a suitable approach to the problem
proposed [2]. The main idea of this approach is
the following. In hadron interactions at PeV en-
ergies some new ”heavy particles” (excited states
of matter) with mass, Mx, about 1 TeV are pro-
duced, and these objects can decay into leptons
directly or through W± and Z0-bosons. In this
case muons and three types of neutrinos (νe, νµ,
ντ ) will carry very large energies (≥ 100 TeV)
that cannot be detected by existing EAS arrays.
This circumstance allows to explain the appear-
ance of the knee in the EAS energy spectrum. At
the 12th ISVHECRI the author noted that some
unusual events observed in cosmic ray hadron ex-
periments could be explained by means of VHE
muon interactions [3]. The present paper contains
the results of further analysis in the framework of
a new approach of other unusual events and phe-
nomena observed in cosmic rays.

2. Overview of unusual experimental data

Unusual events in particle physics are those
which cannot be explained in the framework of
existing theories of particle interactions, or which
in principle can occur but with negligibly small
probability. Of course, in any experiment some
unusual or inexplicable events can be observed,
and very often their appearance can be explained
by various methodical and technical reasons or
chance coincidences of different phenomena. But
it is impossible to explain numerous unusual
events which are detected in interactions of cos-
mic rays with PeV energies and higher as chance
coincidences, since these unusual events and phe-
nomena are detected in different experiments.

All observed unusual experimental results can
be combined into three groups: 1) unusual phe-
nomena in hadron experiments; 2) unexpected
behaviour of EAS characteristics; 3) evidence of
some excess of VHE muons.

1) Most of the unusual phenomena in
hadron experiments were obtained in experiments
”Pamir” and ”Chacaltaya” [4] and in the Tien-
Shan hadron calorimeter [5] as briefly described
below.

Families - sets of separated cascades, charac-
teristics of which can hardly be explained in the
framework of usual multi-production of secondary
particles.

Halos in families - diffuse dark spots around
some cascades in families which cannot be ex-
plained without additional suppositions about
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Abstract

We model new physics modifications to the total proton-proton
cross section with an incoherent term that allows for missing energy
above the scale of new physics. We explore the possibility that the
new physics interaction alone can provide an explanation for the knee
just above 106 GeV in the cosmic ray spectrum. We add the con-
straint that the new physics must also be consistent with published
pp cross section measurements an order of magnitude and more above
the knee. Allowing for the necessary rescaling of the cross section data
in the light of the new physics, we find parameter ranges in several
generic models that readily give good quality fits to recently published
Tibet III spectrum analysis and to the rescaled direct cross section
measurements. The rise in cross section required at energies above the
knee is radical. Even before reaching design energy, the Large Hadron
Collider can test this picture with total cross section measurements.

1 Introduction

The knee phenomenon in the cosmic ray spectrum [1], observed by many ex-
periments over many years ago, still lacks a convincing explanation. Though
it is generally believed to be of astrophysical origin, the center of mass energy
corresponding to the knee is several TeV in the proton-proton (pp) system,

1

New physics: scaling with nucleon-nucleon cms energy

E0

Eµ ~100 TeV

log(E)

log
(Flux)

spectrum of 
sources

knee due wrong energy 
reconstruction ?



Limiting scenarios for origin and physics of the knee
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Alternative scenarios for origin of knee (i)
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Non-linear shock acceleration

Bell & Lucek, 2001 (several papers)
Berezhko, Völk, ....

Figure 1: Left panel : all-particle spectrum (thick line) and spectra of individual elements.

Right panel : spatial dependence of the hydrodynamical quantities (the gas pressure upstream

is very low and lies outside the plot boundaries).

choice of parameters corresponds to a 2000 year old SNR with radius Rsh ∼ 14.4

pc, i.e. a SNR at the beginning of its Sedov-Taylor stage for a SN explosion of

1051 erg and an ejecta mass of 1.4 solar masses. It is worth recalling that the

highest cosmic ray energy is thought to be achieved at this evolutionary stage

[16].

The free-escape boundary is placed at x0 = 0.2Rsh upstream of the shock

and the diffusion coefficient is taken as Bohm-like,

Di(x, p) =
1

3
v(p)

pc

ZiB(x)
, (17)

in the amplified magnetic field at the shock position, namely B(x) = B1 =
√

8πρ0u2
0Pw,1 upstream and B(x) = B2 = RsubB1 downstream.

In Fig. 1 we show the spectra of accelerated particles and the the quan-

tities related to shock hydrodynamics, obtained through the iterative method

described in §2, in a case of efficient particle acceleration (we used ξH = 3.8, cor-

responding to ηH = 5.7× 10−5 in Eq. 2). Notice that the gas pressure upstream

is very low and lies outside the plot boundaries.

The most noticeable feature is the fact that, for the standard abundances

deduced in §3, the dynamical role of nuclei overall is twice as important as

that of protons: at the shock position the pressure of accelerated protons is

PH # 0.05, in units of the ram pressure far upstream, while the pressure in

12

Caprioli, Blasi, Amato, astro-ph/1007.1925

Magnetic field amplification, similar
end values for different environments

Anisotropy likely
at some level



Alternative scenarios for origin of knee (ii)
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Cosmic ray knee: paper CR-IV, 1993

  

Figure 3 Spectral and chemical structure at the knee, CR-e− and CR-e+ components?, to be shifted to high
energy? Element groups are H, He, CNO, Ne-S, Cl-Mn, and Fe. Source: Stanev et al., paper CR-IV 1993

9

(Stanev et al, ApJ 1993)

Model with different 
acceleration scenarios (polar 
caps and equatorial region) 
and different types of SNR

Biermann model

proton helium

A massive star and its magnetic field

Figure 2 Magnetic field topology around a massive star in its wind: Graph following Parker 1958; central graph
NASA, Wolf Rayet star WR124

8

CNO
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(Seo, ICRC 2009)

New CREAM data confirm ATIC2
Crossing of helium and proton fluxes observed !

(Seo et al, ICRC 2009)



Air shower ground arrays: Ne-Nµ method
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Combined energy-
composition analysis



Air shower ground arrays: Ne-Nµ method

Combined energy-
composition analysis
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KASCADE

Area ~ 0.04 km2,
252 surface detectors

13

(KArlsruhe Shower Core and Array Detector)



KASCADE:               1997 - 2002
KASCADE-Grande: 2003 - 2009

KASCADE in winter



Array:
electrons
muons (230 MeV)
Tunnel: 
muon tracking  (800 MeV)

Central Detector:
hadron calorimeter
(hadrons, 50 GeV)
trigger plane
(muons, 490 MeV)

muon chambers, LST  
(muons, 2.4 GeV)

Overview



Hadron calorimeter
  320 m2 x 9 layers
  liquid ionization chambers
  44 000 electronic channels
  EH > 20 GeV

Muon detectors Eµ > 2 GeV
  MWPC           131 m2 x 2 layers
  Limited streamer tubes   131 m2

J. Engler et al., NIM  A 427 (1999) 528

Central detector



limited streamer tubes
(argon – isobutane)

24576 electronic channels  

Eµ > 800 MeV 

144 m2 x 4 layers

µ

P. Doll et al., NIM A 367 (1995) 120

Muon tunnel



P. Doll et al., NIM A 367 (1995) 120

252 Detector stations
200 x 200 m2 array

e/γ-detectors  490 m2

µ-detectors    622 m2

T. Antoni et al., NIM A 513 (2003) 490

Array detector station



Electron and muon detectors
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Electron detectors
time resolution 0.77 ns
energy resolution 8%
dynamic range 1/4 ... 2000 m.i.p.

Muon detectors
time resolution 2.9 ns
energy resolution 10%
uniformity better than 2%



Particle density reconstruction in KASCADE
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1 PeV primary proton and zenith angle Y ¼ 22":
One observes that the very abundant photons and
electrons deposit a large amount of energy in the
e=g detector whilst hadrons and muons contribute
only small amounts close to the shower axis. In
contrast, at distances far from the shower core the
energy deposit caused by muons becomes similar
to that of electrons and photons. The lateral
distributions are assumed to follow a NKG form
with a Moli"ere radius of 89 m for electrons and
420 m for muons. Details are discussed elsewhere
[8]. In the muon detectors, as can be seen in the
right graph of Fig. 10, a significant punch-through
of electrons, photons, and hadrons exists close to
the core. Therefore, as muon number the trun-
cated muon size N tr

m is calculated by integrating
between 40 and 200 m only.

To correct for the effect of energy deposit of
muons in the e=g detectors and the punch-through
in muon detectors, a large set of proton and iron
induced showers for different energies and angles
was generated. From these MC simulations lateral
energy correction functions were calculated which
allow to obtain the number of electrons and
muons from the energy deposits in the respective
counters. It turned out that these functions depend
only weakly on the energy, mass, and angle of the
primary particle, thus averaged functions can be
used.

The accuracy in reconstruction of the particle
numbers, viz. the electron and muon size, Ne and
N tr

m respectively, is presented in Fig. 11 for primary

protons and iron nuclei. The two graphs represent
the results after three iterations in the fitting
procedure. Plotted are the mean differences of the
logarithms of reconstructed particle numbers
versus the CORSIKA size. The circles show that
small systematic errors exist which depend among
others on the interaction codes used and are
corrected for in the analysis procedures. The
squares represent the statistical accuracy, i.e. the
rms-width of the corresponding distributions. In
case of Ne one observes that the statistical
accuracy improves from 18% at log10 Ne ¼ 4:1
(approximately at the trigger threshold) to about
4% at log10 Ne ¼ 6:0 which corresponds to about
5 PeV for primary protons.

The trigger efficiency as obtained from simu-
lated EAS is plotted in Fig. 12 for primary proton
and iron showers. As mentioned above, the trigger
condition requires that no ¼ 10 e=g detectors have
a signal over threshold in an outer cluster or ni ¼
20 in an inner cluster. The upper graph shows the
efficiency with respect to the true electron number.
One notices that for NeE15 000 the trigger
efficiency attains nearly 100% and that the
electron distribution of light and heavy primaries
have only minor influence on the trigger. In the
lower graph the efficiency is plotted versus the
primary energy and the difference between p and
Fe becomes apparent. Also, the reconstruction
efficiency is given. In case of heavy primaries
nearly all triggered EAS can be reconstructed,
whereas for primary protons a steeper electron

ARTICLE IN PRESS
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Fig. 10. Energy deposits in the e=g (left graph) and m detectors (right graph) for showers of primary protons of 1 PeV energy. The
contributions of different components vs. shower core distance according to CORSIKA/CRES simulations are shown.

T. Antoni et al. / Nuclear Instruments and Methods in Physics Research A 513 (2003) 490–510498

1 PeV primary proton and zenith angle Y ¼ 22":
One observes that the very abundant photons and
electrons deposit a large amount of energy in the
e=g detector whilst hadrons and muons contribute
only small amounts close to the shower axis. In
contrast, at distances far from the shower core the
energy deposit caused by muons becomes similar
to that of electrons and photons. The lateral
distributions are assumed to follow a NKG form
with a Moli"ere radius of 89 m for electrons and
420 m for muons. Details are discussed elsewhere
[8]. In the muon detectors, as can be seen in the
right graph of Fig. 10, a significant punch-through
of electrons, photons, and hadrons exists close to
the core. Therefore, as muon number the trun-
cated muon size N tr

m is calculated by integrating
between 40 and 200 m only.

To correct for the effect of energy deposit of
muons in the e=g detectors and the punch-through
in muon detectors, a large set of proton and iron
induced showers for different energies and angles
was generated. From these MC simulations lateral
energy correction functions were calculated which
allow to obtain the number of electrons and
muons from the energy deposits in the respective
counters. It turned out that these functions depend
only weakly on the energy, mass, and angle of the
primary particle, thus averaged functions can be
used.

The accuracy in reconstruction of the particle
numbers, viz. the electron and muon size, Ne and
N tr

m respectively, is presented in Fig. 11 for primary

protons and iron nuclei. The two graphs represent
the results after three iterations in the fitting
procedure. Plotted are the mean differences of the
logarithms of reconstructed particle numbers
versus the CORSIKA size. The circles show that
small systematic errors exist which depend among
others on the interaction codes used and are
corrected for in the analysis procedures. The
squares represent the statistical accuracy, i.e. the
rms-width of the corresponding distributions. In
case of Ne one observes that the statistical
accuracy improves from 18% at log10 Ne ¼ 4:1
(approximately at the trigger threshold) to about
4% at log10 Ne ¼ 6:0 which corresponds to about
5 PeV for primary protons.

The trigger efficiency as obtained from simu-
lated EAS is plotted in Fig. 12 for primary proton
and iron showers. As mentioned above, the trigger
condition requires that no ¼ 10 e=g detectors have
a signal over threshold in an outer cluster or ni ¼
20 in an inner cluster. The upper graph shows the
efficiency with respect to the true electron number.
One notices that for NeE15 000 the trigger
efficiency attains nearly 100% and that the
electron distribution of light and heavy primaries
have only minor influence on the trigger. In the
lower graph the efficiency is plotted versus the
primary energy and the difference between p and
Fe becomes apparent. Also, the reconstruction
efficiency is given. In case of heavy primaries
nearly all triggered EAS can be reconstructed,
whereas for primary protons a steeper electron
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Cross-check of shower reconstruction and simulation
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Checkerboard analysis

• data reconstruction with every second detector
• simulated data reconstructed same way
• difference between reconstructions



Cross check of detector calibration and simulation
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Simulation of inclusive muon flux

Comparison of muon signal
in data and simulation (no tuning)

Good agreement found



Determination of electron and muon numbers
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ρ(r) = Ne · c(s) ·
�

r
r0

�s−α �
1+

r
r0

�s−β

Modified NKG fit, corrected for Ee > 3 MeV

α = 1.5 β = 3.6 r0 = 40m

Modified NKG fit, Eµ > 230 MeV

α = 1.5 β = 3.7 r0 = 420m

truncated to 40 - 200m
effective age taken from simulations



Mass composition as inverse problem (i)
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Event selection

• zenith angle θ< 18°
• core R < 91 m from center
• lgNe > 4.8
• lgNµ > 3.6
• reconstruction quality

KASCADE data



Mass composition as inverse problem (ii)
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basis of analysis
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Event selection

Unfolding done with 
Gold algorithm

• zenith angle θ< 18°
• core R < 91 m from center
• lgNe > 4.8
• lgNµ > 3.6
• reconstruction quality



Determination of efficiency and fluctuations 
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probability pA
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µ

The probability pA includes:

sA: shower fluctuations

�A: efficiencies

rA: reconstruction uncertainties

⇒ determination of sA, �A and rA
by Monte Carlo simulations

Marcel Finger KASCADE-Grande unfolding analysis
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Parametrization of fluctuations
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KASCADE uncertainties of spectra reconstruction
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used parameterisation
sharp cutoff
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source of systematical uncertainties due to parameterisation of
the shower fluctuations
two extreme assumptions for which response functions are
calculated
differences of the unfolded solutions are syst. uncertainties
frequentist approach: determination of stat. uncertainties,
syst. uncertainties of the method (30%)

Marcel Finger KASCADE-Grande unfolding analysis

Parametrization of effciency with fully simulated showers (no thinning)

Parametrization of fluctuations
• large statistics simulation, thinned showers 
• fixed energies (E = 0.1 0.5, 2, 5, 10, 30, 100, 300, 1000, 3000 PeV)

Extrapolation very important 
for systematic uncertainties

In these detector simulations all properties of the
detectors and the electronics are accounted for.
The reliability of the simulations was checked
independently e.g. by comparison between simu-
lated and measured single muon spectra recorded
by the array detectors. The output of the simula-
tions has the same data structure as measured
events. Therefore, simulated and measured show-
ers are indistinguishable for the reconstruction
process and can be treated with the usual KAS-
CADE reconstruction algorithms.

4.3.1. Estimate of !A
Although the data range for the following anal-

ysis is chosen in a way to minimize influences from
possible efficiency variations, it is useful to para-
meterize the combined trigger and reconstruction
efficiencies for the calculation of the response ma-
trix elements. Details of trigger and reconstruction
efficiencies can be found in [17]. Since the number
of fired detectors depends, to very good approxi-
mation, on electron shower size only, the trig-
ger efficiency can be well approximated by an
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Estimated reconstruction uncertainty
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Contributions to overall fluctuations
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shower fluctuations and stat. reconstruction uncertainties
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KASCADE analysis with QGSJET and SIBYLL
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Abstract

A composition analysis of KASCADE air shower data is performed by means of unfolding the two-dimensional fre-
quency spectrum of electron and muon numbers. Aim of the analysis is the determination of energy spectra for elemen-
tal groups representing the chemical composition of primary cosmic rays. Since such an analysis depends crucially on
simulations of air showers the two different hadronic interaction models QGSJet and SIBYLL are used for their gen-
eration. The resulting primary energy spectra show that the knee in the all particle spectrum is due to a steepening of the
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KASCADE all-particle spectrum (2005)

34(Ulrich et al., C2CR 2005)



New analysis of KASCADE data (2010)
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• Same analysis methods

• Same unfolding algorithm, but stop criterium optimized

• Higher statistics in data

• New version of CORSIKA

• New low-energy model (Elab < 80 GeV) FLUKA

• New versions of QGSJET and EPOS

Results preliminary, work in progress

Main contributers
2005: Holger Ulrich, see PhD thesis and Astropat. Phys. 24 (2005) 1
2010: Marcel Finger, PhD thesis in preparation 



KASCADE data vs. QGSJET 01 and QGSJET II
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KASCADE data description of QGSJET01 and QGSJETII
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KASCADE data vs. EPOS 1.99 and SIBYLL
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KASCADE data description of EPOS1.99 and SIBYLL

EPOS1.99

tr.
µ

lg N
4 4.5 5 5.5 6

e
lg

 N

5

5.5

6

6.5

7

7.5

8 2 !

0

2

4

6

8

10

12

14

SIBYLL

tr.

µ
lg N

4 4.5 5 5.5 6

e
lg

 N

5

5.5

6

6.5

7

7.5

8

2
χ

0

2

4

6

8

10

12

14

χ2
i =

(Nmeas.
i −Nrec.

i )2

σ2
i

χ2/ndf = 1.79 for EPOS1.99 and 1.77 for SIBYLL

Marcel Finger KASCADE-Grande unfolding analysis



primary energy [GeV]
610 710 810

1.
5

 G
eV

-1
 s

-1
 s

r
-2

m 
2.

5
 E×

dI
/d

E 

1

10

210

310

410
silicon
iron

primary energy [GeV]
610 710 810

1.
5

 G
eV

-1
 s-1

 s
r

-2
m 

2.
5

 E×
dI

/d
E 

1

10

210

310

410
silicon
iron

KASCADE: Composition in knee region (2010)
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KASCADE all-particle spectrum (2010)
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