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Cosmic rays and air showers

First LHC data and the knee

Cross section measurements
using air showers

Muons in air showers at 1019 eV

Astrophysical constraints
at the highest energies



Cosmic rays
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Ultra-high energy: 1020 eV
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Need accelerator of size of Mecury´s orbit to reach 
1020 eV with current technology

Large Hadron Collider (LHC), 
27 km circumference, 
superconducting magnets

Ultra High Energy Cosmic Rays - Accelerators

! need ILC (35 MV/m)

L= diameter of Saturn orbit

! alternatively built LHC around

Mercury orbit

! astrophysical shock

acceleration less efficient...

(M. Unger, 2006)

Acceleration time for LHC: 815 years 
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Extensive air showers
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Longitudinal profile:
Cherenkov light
Fluorescence light of N2

Lateral profiles:
particle detectors at ground

Proton-induced
shower of 1019 eV

(RE, Pierog, Heck, ARNPS 2011)



Energy and composition measurement (Ne-Nµ)
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Monte Carlo simulation of showers
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Example: 
KASCADE-Grande (Karlsruhe)
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Energy and composition measurement: shower profiles
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Auger shower
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Auger shower

• Energy well determined
• Primary particle type: mean and 

fluctuations of shower depth of 
maximum

Example: event measured by Auger Collab. (ICRC 2003)
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Mean depth of shower maximum (composition?)

9(RE, Pierog, Heck, ARNPS 2011)
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First LHC data and the interpretation of the knee
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Knee energy 
range



Exotic models for the knee
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New physics: scaling with nucleon-nucleon cms energy

E0

EX ~100 TeV

log(E)

log
(Flux)

Knee due to wrong energy 
reconstruction of showers?

Atmosphere

Cosmic ray

Threshold scales with E/A

Petrukhin, NPB 151 (2006) 57
Barcelo at al. JACP 06 (2009) 027
Dixit et al. EPJC 68 (2010) 573
Petrukhin NPB 212 (2011) 235
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LHC data probe the region beyond the knee
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~20% of energy needs to be 
transferred to invisible channel



LHC: distribution of charged secondary particles
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Detailed LHC comparison

D‘Enterria et al. (astro-ph/1101.5596)

Protons:  Elab = 3 x 1016 eV

LHC: Exotic scenatios for knee very unlikely, model predictions
bracket LHC data on secondary particle multiplicity

Significant improvement 
of models expected
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Composition in knee region (i)
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First LHC data and the extrapolation of interaction models
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Extrapolation to 
higher energy



Measurement of pp cross section at LHC
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Figure 3: The inelastic cross-section versus
√
s. The ATLAS

measurement for ξ > 5× 10−6 is shown as the red filled circle
and compared with the predictions of Schuler and Sjöstrand
and Phojet for the same phase space. Data (filled circles
for pp data and unfilled circles for pp̄ data) from several ex-
periments are compared with the predictions of the pp inelas-
tic cross-section from Schuler and Sjöstrand [27] (as used by
Pythia), by Block and Halzen [10] and by Achilli et al. [14].
An extrapolation from the measured range of ξ > 5×10−6 to
the full inelastic cross-section using the acceptance of 87±10%
is also shown (blue filled triangle). The experimental uncer-
tainty is indicated by the error bar while the total (includ-
ing the extrapolation uncertainty) is represented by the blue
shaded area.

72 mb [12–14]. It should be stressed that this extrapo-
lation relies on the prediction of the ξ-dependence of the
cross-section.
The measurement and a variety of theoretical predic-

tions are also summarised in Table II.
In conclusion, a first measurement of the inelastic

cross-section has been presented for pp collisions at
√
s =

7 TeV with a precision of 3.5%. The measurement is lim-
ited to the kinematic range corresponding to the detector
acceptance: ξ > 5× 10−6. Phenomenological predictions
for both a power law dependence and a logarithmic rise
of the cross-section with energy are consistent with the
measurement.
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Importance of LHC cross section measurement (i)
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Importance of LHC cross section measurement (ii)
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Extending the cross section measurements to higher energy

20

Maximum statistics for fluorescence observations and 
indications of mixed/light composition 



Cross section measurement with air showers
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Number of charged particles

point of
first interaction

Depth X  (g/cm2)

∆X1

X1

∆Xmax

dP
dX1

=
1

λint
e−X1/λint

σp−air =
�mair�
λint

Difficulties
• mass composition
• fluctuations in shower development

(model needed for correction)

• experimental resolution ~20 g/cm2

RMS(X1) = λint

RMS(X1)∼ RMS(Xmax −X1)

R. Ulrich et al. NJP 11 (2009) 065018



Proton-air cross section for particle production
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R. ULRICH et al. ESTIMATE OF THE PROTON-AIR CROSS-SECTION WITH THE PIERRE AUGER OBSERVATORY
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0.9TeV 2.36TeV 7TeV 14TeV

LHC

expectations at the LHC. First analyses at the LHC also
indicate slightly smaller hadronic cross-sections than ex-
pected within many models [16].
We plan to convert the derived σp− air measurement into
the more fundamental cross-section of proton-proton col-
lisions using the Glauber framework [17]. Thus, a direct
comparison to accelerator measurements will be possible.

References

[1] G. Yodh et al., Phys. Rev. Lett., 1972, 28: 1005. R.
Nam et al., Proc. of 14th Int. Cosmic Ray Conf., Mu-
nich, 1975, 7: 2258. F. Siohan et al., J. Phys., 1978,
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Measurements 
based on QGSJET 
interaction model

Measurement from 
Auger Observatory
(several models used)



Analysis Approach

-2/ gcmmaxX

500 600 700 800 900 1000 1100 1200 1300 1400 1500

m
a
x

d
N

/d
X

-610

-510

-410

-310

-210

Q
G

S
JetII, original

Small cross-section

L
a
rg

e
c
ro

s
s

s
e
c
tio

n

600 700 800 900 1000 1100 1200

Pr
ob

ab
ili

ty

-410

-310

-210

-110 Proton  (40%)
Helium  (25%)
CNO  (25%)
Iron  (10%)
sum

 ]2    [g/cmmaxX
600 700 800 900 1000 1100 1200

Pr
ot

on
 F

ra
ct

io
n

0

0.2

0.4

0.6

0.8

1

Good sensitivity to cross-section

Applicable to a mixed mass
composition

⇒ Tail of Xmax−Distribution
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dN/dXmax ∝ exp(−Xmax/Λη)

where η specifies the fraction of most
deeply penetrating events

Ralf Ulrich for the Pierre Auger Collaboration 1

Cross section measurement: 
composition
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Analysis Approach
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dN/dXmax ∝ exp(−Xmax/Λη)

where η specifies the fraction of most
deeply penetrating events

Ralf Ulrich for the Pierre Auger Collaboration 1

Simulation for proton showers with 
different cross sections:
very good sensitivity of tail of distribution

Example of distribution of
 Xmax for mixed composition

Only deep showers are used in 
analysis to enhance proton 
fraction in data sample



Cross section measurement: self-consistency
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The Tail Fit

Energy interval: 1018 − 1018.5 eV
Same high-quality cuts as for 〈Xmax〉 measurement
Fiducial volume cuts optimized for large slant depths
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/g
]

2
  [

cm
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/d
X

-110

1

10

2 2.3  g/cm± = 55.8 !"

Unbinned likelihood analysis
783 events in fit range

Ralf Ulrich for the Pierre Auger Collaboration 3

Depth range of analysis

Dependence of Λη from Cross-Section
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accelerator data (p−p) + Glauber Simulations with f19:

Consistent description
of cross-section

No discontinuities in
cross-section predictions

Model Rescaling at 1018.24 eV σp -air/mb

QGSJet01 1.04± 0.04 523.7 ± 23
QGSJetII.3 0.95± 0.04 502.9 ± 22
SIBYLL 2.1 0.88± 0.04 496.7 ± 23
EPOS 1.99 0.96± 0.04 497.7 ± 22
Result 505.0 ± 22 (−9,+19)Models

Ralf Ulrich for the Pierre Auger Collaboration 4

Simulation of data sample with different 
cross sections, interpolation to measured 
low-energy values

Cross section accepted if simulated slope fits
measured slope of Xmax distribution

Proton-Air Cross-Section
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σp -air =
(

505 ± 22stat (+26
−34)sys

)

mb

Ralf Ulrich for the Pierre Auger Collaboration 9

(Pierre Auger Collab. 1107.4804)

Summary

Well beyond LHC energies: Ecr = 1018.24 eV,
√
s = 57TeV

Significantly improved analysis approach at these energies

Dedicated fiducial event selection for deeply penetrating events

Consistent description of cross-section in air showers

Composition systematics studied in detail, Helium dominated

Monte-Carlo model systematics not large
(QGSJet, QGSJetII, EPOS, SIBYLL)

σp -air =
(

505 ± 22stat (+24
−33)sys

)

mb at E0 = 10
18.24

eV

σinel
pp =

(

90 ± 7stat (+8
−11)sys ± 1.5Glauber

)

mb at
√
s = 57TeV



Conversion to proton-proton cross section
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Glauber Calculation

Conversion to inelastic proton-proton cross-section

⇒ Correlation between Bel and cross-sections
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Inelastic Proton-Proton Cross-Section

Glauber conversion + propagation of modeling uncertainties
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(Pierre Auger Collab. 
arXiv:1107.4804 & ICRC 2011 Beijing)

Standard Glauber calculation with 
harmonic oscillator potential for light 
nuclei, no inelastic states included

Result on p-air cross section to
a good approximation model-
independent, p-p cross section 
model-dependent

Auger 2011

Auger 2011, preliminary
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Muon production in air showers at ~1019 eV

26

Full efficiency and 
high statistics range 
of Pierre Auger 
Observatory

Do shower simulations reproduce the observed shower characteristics ?



Hybrid detection
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Auger Observatory: Study of individual hybrid events
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Procedure

• Selection of high-quality showers
of ~1019 eV

• Simulation of 400 showers for each
event with reconstructed geometry

• Proton or iron primaries

• surface detector simulation for
best longitudinal profiles

Results

• Signal deficit found for both
proton and iron like showers

• Showers with same Xmax show
only 10-15% variation

• Discrepancy larger than 22% energy
calibration uncertainty

(Pierre Auger Collab.  1107.4804)

J. ALLEN et al. INTERPRETATION OF AUGER OBSERVATORY SURFACE DETECTOR SIGNAL
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Figure 1: Top panel: A longitudinal profile measured for
a hybrid event and matching simulations of two showers
with proton and iron primaries. Middle panel: A lateral
distribution function determined for the same hybrid event
as in the top panel and that of the two simulated events.
Bottom panel: R, defined as S(1000)Data

S(1000)Sim
, averaged over the

hybrid events as a function of secθ.

and arrival direction of the showers matches the measured
event, and the LPs of the selected showers have the lowest
χ2 compared to the measured LP. The measured LP and
two selected LPs of an example event are shown in the top
panel of Fig. 1.
The detector response for the selected showers was simu-
lated using the Auger Offline software package [8, 9]. The
lateral distribution function of an observed event and that
of two simulated events are shown in the middle panel of
Fig. 1. For each of the 227 events, the ground signal at
1000m from the shower axis, S (1000), is smaller for the
simulated events than that measured. The ratio of the mea-
sured S (1000) to that predicted in simulations of showers
with proton primaries, S(1000)DataS(1000)Sim

, is 1.5 for vertical showers
and grows to around 2 for inclined events; see the bottom
panel of Fig. 1. The ground signal of more-inclined events

is muon-dominated. Therefore, the increase of the discrep-
ancy with zenith angle suggests that there is a deficit of
muons in the simulated showers compared to the data. The
discrepancy exists for simulations of showers with iron pri-
maries as well, which means that the ground signal cannot
be explained only through composition.

3 Estimate of the Muonic Signal in Data
3.1 A multivariate muon counter
In this section, the number of muons at 1000 m from the
shower axis is reconstructed. This was accomplished by
first estimating the number of muons in the surface detec-
tors using the characteristic signals created by muons in the
PMT FADC traces and then reconstructing the muonic lat-
eral distribution function (LDF) of SD events.
In the first stage, the number of muons in individual surface
detectors is estimated. As in the jump method [4], the total
signal from discrete jumps

J =
∑

FADC bin i

(x
i+1 − x

i

)
︸ ︷︷ ︸

jump

I {x
i+1 − x

i

> 0.1} (1)

was extracted from each FADC signal, where x
i

is the sig-
nal measured in the ith bin in Vertical Equivalent Muon
(VEM) units, and the indicator function I {y} is 1 if its
argument y is true and 0 otherwise. The estimator J is
correlated with the number of muons in the detector, but it
has an RMS of approximately 40%. To improve the pre-
cision, a multivariate model was used to predict the ratio
η = (N

µ

+ 1)/(J + 1). 172 observables that are plausibly
correlated to muon content, such as the number of jumps
and the rise-time, were extracted from each FADC signal.
Principal Component Analysis was then applied to deter-
mine 19 linear combinations of the observables which best
capture the variance of the original FADC signals. Using
these 19 linear combinations, an artificial neural network
(ANN) [10] was trained to predict η and its uncertainty.
The output of the ANN was compiled into a probability ta-
ble PANN = P (N

µ

= N |FADC signal). The RMS of this
estimator is about 25%, and biases are also reduced com-
pared to the estimator J .
In the second stage of the reconstruction, a LDF

N(r, ν,β, γ) =

exp

(

ν + β log
r

1000m
+ γ log

( r

1000m

)2
) (2)

is fit to the estimated number of muons in the detectors for
each event, where r is the distance of the detector from the
shower axis and ν, β, and γ are fit parameters. The num-
ber of muons in each surface detector varies from the LDF
according to the estimate PANN and Poisson fluctuations.
The fit parameters, ν, β, and γ, have means which depend
on the primary energy and zenith angle as well as vari-
ances arising from shower-to-shower fluctuations. Gaus-
sian prior distributions with energy- and zenith-dependent
means were defined for the three fit parameters. All the
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Auger Observatory



Angular dependence of discrepancy: Muon component?

29

!"#$%&%$#'#()"*)+*#,$*-(."'/-*&%)012$0*34*-,)5$%-*+%)6*2)-6(2*
%'4-*)+*7879 $: )3-$%;$0*("*#,$*-1%+'2$*0$#$2#)%-*)+*#,$*<($%%$*

=1.$%*>3-$%;'#)%4
!"##$%&&"'$()*$+,-$./-**-$%01-*$2)3345)*4+/)6

!"#$%&'($)*+,"'-+./0$1$23-4+*5.&*$6738"0$!"#$%&'(0$!%0$9:::;0$)<=
>?-"',3.&'+& 6+"''"$=@5"'0$=,A$<3*$B3'.+*$!&'."$;:10$CD9;$B373'5E"0$='5"*.+*3 7"$89:

;/<034+/)6$)($=6>/?/>043$7@5*/>$"?-6+A

7@5*/>$-?-6+A$<-4A0*-$5)+,$+,-$3)61/+0>/643$

>-?-3)B<-6+$46>$1*)06>$B4*+/C3-$

>/A+*/50+/)6A9

D-$4++-<B+->$+)$A/<03+46-)0A3@$<4+C,$

3)61/+0>/643$B*)(/3-$46>$34+-*43$>/A+*/50+/)6$

(06C+/)6$)($,06>*->A$)($<-4A0*->$-?-6+A$E/+,$

A/<034+->$-?-6+A9

F,-$1*)06>$A/1643$/6$A/<034+->$-?-6+A$/A$

A@A+-<4+/C433@$5-3)E$+,4+$)5A-*?->9

F,-$>/AC*-B46C@$1*)EA$E/+,$G-6/+,$4613-H$

A011-A+/61$4$6-->$()*$<)*-$<0)6A$/6$+,-$

A/<034+/)6A9

=$7&*5+.@F+*37$G'&H+7"$&H$3$I"3-@'"F$","*.$3*F$
I3.84+*5$-+I@73.+&*-A

=$8&IG3'+-&*$&H$.4"$5'&@*F$-+5*37-$H&'$.4"$","*.$
-4&#*$&*$.4"$7"H.A$

J4"$F+-8'"G3*8/$?".#""*$.4"$.&.37$5'&@*F$-+5*37$$3.$
9:::$I$?".#""*$.4"$-+I@73.+&*-$3*F$F3.3A

I-AC43/61$)($;/<034+->$;/1643A

JA/61$+,-$,@5*/>$-?-6+AH$E-$C46$*-AC43-$+,-$

A/<034+->$A/1643$C)<B)6-6+A$+)$<4+C,$+,-$>4+49

FE)$*-AC43/61$(4C+)*A$E-*-$0A->

K ' HI-AC /6C*-4A-A$,4>*)6/C433@ B*)>0C->$<0)6A

K "I-AC /6C*-4A-A$+,-$+)+43$1*)06>$A/1643

F,-$C)**-C+->$A/1643$/6$+,-$A/<034+/)6A$/A

I-AC43/61$(4C+)*A$E-*-$-A+/<4+->$5@$<4L/61$4$

<4M/<0<$3/L-3/,))>$(/+$5-+E--6$+,-$C)**-C+->$

A/1643A$/6$+,-$A/<034+/)6A$46>$+,-$)5A-*?->$

A/1643$/6$-4C,$-?-6+9
J4"$&*"$-+5I3$8&*.&@'$&H$! 0K"-8 3*F$LK"-8A$

N-+,)>A$)($N-4A0*/61$+,-$'0<5-*$)($N0)6A

?1/#(;'%('#$*?$#,)0

N0)6A$3-4?-$>/A+/6C+$A/1643A$/6$+,-$#%O2$+*4C-A$

)($+,-$A0*(4C-$>-+-C+)*A9

K ;/613-$<0)6A$C46$B*)>0C-$4$*4B/>$*/A-$/6$A/1643

K N0)6A$+-6>$+)$4**/?-$<)*-$B*)<B+3@$+,46$"N

!0<BA$/6$+,-$#%O2$+*4C-$C46$<-4A0*-$+,-$

60<5-*$)($<0)6A$P8Q9

N03+/?4*/4+-$<-+,)>$/<B*)?-A$R0<B$C)06+/61$5@$

/6C)*B)*4+/61$<46@$#%O2$)5A-*?453-A9

K I/A-$+/<-

K %A@<<-+*@$/6$+,-$:$.NF$#%O2$+*4C-A

K '0<5-*$)($46>$A/1643$/6$R0<BA$)($<46@$A/G-A

K N46@$<)*-S$8TU$/6$+)+43

%$6-0*43$6-+E)*L$E4A$+*4/6->$E/+,$A/<034+->$

-?-6+A$+)$B*->/C+$60<5-*$)($<0)6A$(*)<$

)5A-*?453-A$PVQ9

F,-$<0)6/C$&O#$E4A$*-C)6A+*0C+->$0A/61$+,-$

-A+/<4+->$60<5-*$)($<0)6A$/6$-4C,$A0*(4C-$

>-+-C+)*9

@"(;$%-'/*A,)5$%*<%)&$%#4

F,-$*4+/)$)($+,-$<0)6/C$46>$"N$A/1643$4+$8UUU$<$

(*)<$+,-$A,)E-*$4M/A$/A$4$06/?-*A43$B*)B-*+@$)($

4/*$A,)E-*A$/6$433$C0**-6+$A/<034+/)6A$P:Q9

; W;"N C46$5-$-MB*-AA->$4A$4$(06C+/)6$)63@$)($+,-$

?-*+/C43$>-B+,$)($A,)E-*$<4M/<0<9

%+$34*1-$G-6/+,$4613-AH$+,/A$B4*4<-+-*/G4+/)6$C46$

5-$0A->$+)$C43C034+-$+,-$<0)6/C$A/1643H$E/+,$

A<433$>-B-6>-6C-$)6$,4>*)6/C$<)>-3$PXHYQ9

N0)6/C$A/1643$/A$AB/L@

"N$A/1643$/A$A<))+,

LM3IG7"$&H$3$-+I@73."F$N=OP$.'38"$+*$3$-@'H38"$F"."8.&'A

LM3IG7"$&H$3$'"8&*-.'@8."F$I@&*+8$QON$+*$3$-+I@73."F$
","*.A$

J4"$'"73.+&*$-4+G$?".#""*$; W;"N 3*F$.4"$,"'.+837$F"G.4$
&H$-4&#"'$I3M+I@I$H&'$-+I@73.+&*-A

P8Q$%9$24A+-33/64H$()*$+,-$./-**-$%01-*$2)3345)*4+/)6H$.*)C9$ Z)>ZGH$.)346>H$VUU[9

PVQ$=9$'456-@S$VUUVH$'-+345S$%31)*/+,<A$()*$.4++-*6I-C)16/+/)6H$;B*/61-*9

P:Q$%9$\0A,L)? -+$439H$.,@A9$I-?9$OH$VU8UH$B7C*DE88FG
PXQ$O9$ -+$439H$B4B-*$U][XH$+,-A-$B*)C-->/61A9

PYQ$%9$\0A,L)? -+$439H$B4B-*$U]^TH$+,-A-$B*)C-->/61A9

P]Q$;9$_A+4BC,-6L)H$'0C39$.,@A9$.*)C9$;0BB39H$VUU]H$7H7C*8X:9
PTQ$I9$J3*/C,H$I9$"61-3H$N9$J61-*H$.,@A9$I-?9$OH$VU88H$BEC*UYXUV]9
P^Q$F9$./-*)1H$`9$D-*6-*H$.,@A9$I-?9$&-++9H$VUU^H$787C*8T88U89

%3A)$A--$B)A+-*$5@$a)6G43)$I)>*b10-G /6$7"$89:$()*$*-A03+A$

0A/61$/6C3/6->$A,)E-*A

;0<<4*@$46>$I-A03+A$()*$+,-$'0<5-*$)($N0)6A

J4"$*@I?"'$&H$I@&*-0$'"73.+,"$.&$-+I@73.+&*-$@-+*5$RS<TLJ$UUA

O/*-C+$<-4A0*-A$46>$A/1643$*-AC43/61$4*-$6)+$>/*-C+3@$C)<B4*453-9

K ;/1643$*-AC43/61$)63@$/6C*-4A-A$A/1643$(*)<$,4>*)6/C433@ B*)>0C->$<0)6A

K ;/1643$*-AC43/61$4AA0<-A$+,-$4++-604+/)6$46>$-6-*1@$>/A+*/50+/)6$)($ca;!"F$==

O/*-C+$<-4A0*-A$A,)E$4$B)+-6+/43$G-6/+,$>-B-6>-6C-$+)$+,-$>/AC*-B46C@$5-+E--6$)5A-*?4+/)6A$

46>$A/<034+/)6A9$F,-$A/<034+/)6A$<4@$5-$/6C)**-C+3@$-A+/<4+/61$+,-$-6-*1@$>/A+*/50+/)6$)($<0)6A$

4+$8UUU$<$/6$4>>/+/)6$+)$+,-$+)+43$60<5-*9

N03+/?4*/4+-

N-+,)>

J6/?-*A43/+@

.*)B-*+@

;/1643$I-AC43/61

;/<034+/)6A$)($4/*$A,)E-*A$0A/61$ca;!"F$==$P]Q E/+,$B*)+)6$B*/<4*/-A$A/16/(/C46+3@$06>-*-A+/<4+-$

+,-$60<5-*$)($<0)6A$/6$A,)E-*A$E/+,$-6-*1/-A$6-4*$8U$"-d9

F,/A$>/AC*-B46C@$C)03>$5-$C40A->$5@$/6C)**-C+$-6-*1@$4AA/16<-6+$46>W)*$A,)*+C)</61A$/6$+,-$

A/<034+/)6$)($,4>*)6/C$46>$<0)6/C$A,)E-*$C)<B)6-6+A9

K F,-$A@A+-<4+/C$06C-*+4/6+@$/6$+,-$-6-*1@$4AA/16<-6+$/A$VVe

K J6C-*+4/6+@$/6$B*)B-*+/-A$)($,4>*)6/C$/6+-*4C+/)6A$4+$-6-*1/-A$06+-A+->$/6$4CC-3-*4+)*A$PTH^Q

F,-$*-A03+A$)($+,-$<-4A0*-<-6+A$4*-$1/?-6$*-34+/?-$+)$$+,-$60<5-*$)($<0)6A$B*->/C+->$/6$

A/<034+/)6A$0A/61$ca;!"F$==$E/+,$B*)+)6$B*/<4*/-A9

10
-3

10
-2

10
-1

1

10

10 2

10 3

1
core distance (km)

pa
rt

ic
le

 d
en

sit
y 

(m
-2

)

e

hadrons

0 1 2 3 4 x1010

particle number

20

10

 7

 5

 3

 1

  0

200

400

600

800

1000

at
m

os
ph

er
ic

 d
ep

th
 (g

/c
m

2 )

al
tit

ud
e 

(k
m

)

e
(x 5)

(x 100)

hadrons
(x 100)

a b
Muon contribution to detected signal 
increases with increasing zenith angle 
(em. component absorbed in atmosphere)
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All results given relative to proton-induced showers simulated with QGSJET II.03
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Do we have a muon problem?
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Similar, but smaller discrepancy found by 
Telescope Array (renormalization of 
~27% needed)

• muon signal less important in 
scintillators

• showers of zenith angle < 45°

• energy scale of TA 20% higher than 
Auger Observatory

Possible solution: enhanced baryon-antibaryon pair production in nuclear interactions ?

(Pierog & Werner, PRL 101 (2008) 17110)
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The upper end of the energy spectrum
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Very limited statistics,
strong flux suppression

Composition from correlations and deflection in galactic magnetic field ?

Composition information from flux suppression ?



Highest energies and GZK energy loss effect

CMB: Penzias & Wilson (1965)

400 ph/cm3

�Eγ� ∼ 6.3×10−4 eV

Greisen, Zatsepin &
 Kuzmin (1966)

GZK effect

Universe opaque for 
p/A with E > 1020 eV

IR

γ-rays

visible

x-rays

URB
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p γ → p π0

p γ → n π+

A γ → (A−1) n
A γ → (A−2) (pn)



GZK effect as composition selection mechanism

(Cronin, TAUP 2003)
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Proton and iron suffer smallest
(and almost equal) energy loss

Protons
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Distribution of Galaxies
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Anisotropy at the highest energies
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Figure 1: The 69 arrival directions of CRs with energy E ≥ 55 EeV detected by the Pierre Auger
Observatory up to 31 December 2009 are plotted as black dots in an Aitoff-Hammer projection
of the sky in galactic coordinates. The solid line represents the field of view of the Southern
Observatory for zenith angles smaller than 60◦. Blue circles of radius 3.1◦ are centred at the
positions of the 318 AGNs in the VCV catalog that lie within 75 Mpc and that are within the field
of view of the Observatory. Darker blue indicates larger relative exposure. The exposure-weighted
fraction of the sky covered by the blue circles is 21%.

The updated estimate of the degree of correlation must include periods II and
III only, because the parameters were chosen to maximise the correlation in period
I. In Fig. 2 we plot the degree of correlation (pdata) with objects in the VCV catalog
as a function of the total number of time-ordered events observed during periods
II and III. For each additional event the most likely value of pdata is k/N (number
correlating divided by the cumulative number of arrival directions).

12

E > 5.5 x 1019 eV

(Auger, Astropart. Phys. 2010)

Correlation: 
38+0.07-0.06%

Isotropy: 21%

Auger Observatory: discovery of anisotropy: 70% correlation (Science 318, 2007)

Active Galactic Nucleus (AGN) smeared by 3.1°

Arrival direction
of cosmic ray

Note: 
• anisotropy only for source distances up to GZK sphere (as one would expect)
• small deflection angle indicates presence of light elements (protons?)

(Piera Ghia, Auger Collab.,
 parallel session)



Auger Observatory: Composition data
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Change of cosmic ray composition
from mixed or light to heavy ?
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Sys. uncertainty: 13 g/cm2 (mean)
                          6 g/cm2 (RMS)

Anisotropy

Significant 
proton 
fraction

Independent confirmation from
other composition indicators

(Piera Ghia, Auger Collab., parallel session)



Telescope Array: Composition measurement

38

(Pierre Sokolsky, TA Collab., parallel session)

TA data compatible with light 
composition (independent analysis)

Anisotropy: 
• no correlation found in HiRes data (smaller statistics than Auger, northern hemisphere)

• current TA data still inconclusive (limited statistics and sky coverage)
tion of the Xmax width. The uncorrected rms and sample
standard deviations are biased estimators of the width [30]
and tend to be subject to large fluctuations in distributions
with broad tails.

In order to focus attention on the center of the Xmax

distribution and reduce sensitivity to fluctuations in the
tails, the width is quantified as the width !X of a unbinned
likelihood fit to a Gaussian of a distribution truncated at
2! rms. The results of this analysis applied to both the
HiRes data and to QGSJET-II proton and iron Monte Carlo
calculations are shown in Fig. 4. The HiRes Xmax width
data are consistent with the predictions of QGSJET-II pro-
tons. The width of the Xmax distribution of protons within
the QGSJET01 model tends to be about 5 g=cm2 broader
than that of QGSJET-II, while SIBYLL protons are 2–3 g=cm2

narrower than those of QGSJET-II. Both of these shifts are
small compared with statistical uncertainties, particularly
at the highest energies.

In summary, the HiRes data are consistent with a
constant elongation rate of 47:9" 6:0ðstatÞ "
3:2ðsystÞ g=cm2=decade above 1.6 EeV, and thus with an

unchanging composition across the ankle. This places
strong constraints on models in which the ankle is the
result of a transition from heavy galactic to light extraga-
lactic cosmic rays.
Of the hadronic interaction models tested, the best

agreement is with the QGSJET-II pure proton model.
Within current uncertainties, the data are completely con-
sistent with this model, and close to QGSJET01 pure protons.
Comparison with SIBYLL suggests a mixture dominated by
light elements. The observed constant elongation rate
would imply that this mixture is unchanging, or at most
steadily changing over nearly 2 orders of magnitude span-
ning the energy spectrum ankle.
The present analysis, taken together with the HiRes

spectral results [1,3] on the shape and location of the
high-energy cutoff and ankle, suggests the simple picture
in which cosmic rays above 1 EeV are protons of extra-
galactic origin, and the end of the energy spectrum is
shaped by interactions with the cosmic microwave
background.
This work is supported by US NSF Grants Nos. PHY-

9321949, PHY-9322298, PHY-9904048, PHY-9974537,
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Note added.—In a recent Letter [31], the Pierre Auger

collaboration draws different conclusions as to the compo-
sition of the highest energy cosmic rays.
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FIG. 3. HiRes stereo hXmaxi compared with the predictions for
QGSJET01, QGSJET-II, and SIBYLL protons and iron after full
detector simulation. The number of events in each energy bin
is displayed below the data point.

FIG. 4. Results of fitting HiRes stereo data Xmax distribution to
Gaussian truncated at 2! rms (black points). Superimposed are
expectations based on QGSJET-III proton (squares) and iron
(triangles) Monte Carlo calculations. Monte Carlo points are
shown with small offsets in energy to provide separation.
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Summary
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dN
dE

∝ E−2.7

dN
dE

∝ E−3.1

First LHC data and the knee:
exotic models disfavoured

Cross section measurements:
LHC data for extrapolation,
air shower data at higher energy

Muons in air showers at 1019 eV:
still a serious probelm

Astrophysical constraints
at the highest energies:

very helpful and expected,
but situation unclear right now



Problem 1: Sources must be extreme objects
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Black hole of ~109 solar masses



Problem 3: Deflection in magnetic fields
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Figure 7: Projected view of 20 trajectories of proton primaries emanating from a
point source for several energies. Trajectories are plotted until they reach a physical
distance from the source of 40Mpc. See text for details.

scaled for other magnetic conditions. For example, if the magnetic field were 100
nanogauss, propagation at 100 EeV would be completely diffusive, as shown in the
upper left panel of Figure 7. Propagation at 1000 EeV however would be quite distinct
from the lower left panel as energy loss by the GZK effect would be significant. Less
than 1% of the particles would escape interaction with the CMB and propagate
rectilinearly. The remainder would quickly pass to diffusive propagation, drop below
100 EeV, and travel much more slowly from the source. For iron primaries, the panel
on the upper right of Figure 7 would correspond to 80 EeV. This regime is not fully
diffusive and the primaries would have some memory of their source which would be
revealed by a broad anisotropy. These examples reveal the complexity introduced in
propagation of cosmic rays due to magnetic fields. In some cases the galactic magnetic
field will also be important.

In Figure 8 I have plotted the distribution of observed directions of the cosmic
rays with respect to the source direction. For 1 EeV proton primaries the directions
are completely isotropic; no memory of the source direction remains. In Figure 9 I
plot the dispersion of angles for 100 EeV and 30 EeV proton primaries. Here the
angular spread is 1.5◦ and 5◦ respectively.

If the sources of cosmic rays with energy ≥10 EeV are extragalactic and are
associated with the distribution of nearby matter, then one would expect that the
flux and energy spectrum of the cosmic rays will depend on the hemisphere in which
the observations are made. Most of the nearby matter is found in the Virgo cluster
at a distance of ∼ 18 Mpc. In Figure 10 I plot the column density of gravitating
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Extragalactic magnetic fields

Galactic magnetic fields

Typical field strengths:

• proton deflection angle ~few degrees
• iron deflection angle large
• proton astronomy ?



Magnetic fields: Confinement in the Galaxy (i)
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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

Magnetic fields: Confinement in the Galaxy (ii)

43

log(E)

log(Flux)

free streaming limit
(anisotropy?)

diffusion limit
(isotropic arrival direction)

spectrum of sources

Diffusion: same behaviour for different elements at same rigidity p/Z ~ E/Z
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Magnetic fields: Confinement in sources
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Acceleration: same behaviour for different elements at same rigidity p/Z ~ E/Z

SN remnant 1006

20 pc

Distance ~ 2.2 kpc



Origin and physics of the knee
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Heitler model of em. shower

D
ep

th
 X

  (
g/

cm
2 )

Number of charged particles

λem

Nmax = E0/Ec

Xmax ∼ λem ln(E0/Ec)

Shower maximum: 

E0

E = Ec

E = E0/2n

X = n λem
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Muon production in hadronic showers

tot ch= n    + nneutn

n ch( )2

E

(nch)n

tot

2
tot

n
tot

E /n

E /(n    )

E /(n    )

0

0

0

0 Primary particle proton

π0 decay immediately

π± initiate new cascades 

Assumptions: 
• cascade stops at

• each hadron produces one muon

Epart = Edec

Nµ =
�

E0

Edec

�α

α =
lnnch

lnntot
≈ 0.82 . . .0.95

(Matthews, Astropart.Phys. 22, 2005) 47



Superposition model
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Proton-induced shower

Nµ =
�

E0

Edec

�α

Nmax = E0/Ec

Assumption: nucleus of mass A and energy E0 corresponds
                        to A nucleons (protons) of energy En = E0/A

Xmax ∼ λeff ln(E0)

XA
max ∼ λeff ln(E0/A)

NA
µ = A

�
E0

AEdec

�α
= A1−αNµ

NA
max = A

�
E0

AEc

�
= Nmax

α≈ 0.9


