
Prof. Dr. Siegfried Bethke 
Dr. Frank Simon

Teilchenphysik mit kosmischen und  
mit erdgebundenen Beschleunigern

08.06.2015

07. Cosmic Rays I



Frank Simon (fsimon@mpp.mpg.de)
Teilchenphysik mit kosmischen und erdgebundenen Beschleunigern: 
SS 2015, 07: Cosmic Rays I

Cosmic Rays: Spectrum
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• Extends over many orders of 
magnitude in energy and flux:

‣ GeV (109 eV) - ZeV (1021)


‣ >1 cm-2s-1 - < 1 km-2 per century


• Follows a power law:


• γ ~ 2.7                    E < 1015 eV


• γ ~ 3.0    1015 eV <  E < 1018 eV


• γ ~ 2.7    1018 eV <  E 
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Cosmic Rays: Spectrum & Experiments

Direct Measurements: 
Balloons, Satellites

Airshower 
Arrays

Giant Airshower 
Arrays

• The experimental technique used 
depends on particle energy and flux

• Direct measurement via balloon 

experiments and satellites, 
active area ~ 1 m2


• Measurement with airshower arrays 
active area ~ 10 000 m2


• Measurement with giant airshower 
arrays 
Active area ~ 1000 km2
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Air Showers: The Atmosphere as Calorimeter

⇥Ee(x)⇤ � e
x

X0

P (x) = e
�x
�I

Reminder:

Radiation length: Energy loss of electrons in matter:

Nuklear interaction length: Typical mean free path   
between nuclear reactions, Probability that no  
interaction is taking place:


• Nuclear interaction length λI ~ 90 g/cm2


• Radiation length X0 ~ 36.6 g/cm2


• Density of the atmosphere: ~ 1035 g/cm2


‣ ~ 11 λI, ~ 28 X0
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Extended Air Showers (EAS)
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EAS: In the Atmosphere

R.Engel, ISAPP2005

• Mainly 
electromagnetic: 
photons, electrons


• Shower maximum: 
~ ln(E0/A)

6



Frank Simon (fsimon@mpp.mpg.de)
Teilchenphysik mit kosmischen und erdgebundenen Beschleunigern: 
SS 2015, 07: Cosmic Rays I

EAS: Hadronic Component

• Inelastic reactions of the incoming hadron (proton, nucleus) with nuclei in the 
atmosphere after ~ 1 λI, typically energy loss of 40%-60%, production of 
secondary hadrons: p, n, π0, π±, K±, ...
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EAS: Hadronic Component

⇥0 ⇥ ��, ⇤ � 10�16s‣ Neutral pions:


‣ electromagnetic shower

• Inelastic reactions of the incoming hadron (proton, nucleus) with nuclei in the 
atmosphere after ~ 1 λI, typically energy loss of 40%-60%, production of 
secondary hadrons: p, n, π0, π±, K±, ...
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EAS: Hadronic Component

⇥0 ⇥ ��, ⇤ � 10�16s‣ Neutral pions:


‣ electromagnetic shower

⇥± ! µ±�µ, ⇤ ⇠ 2.6⇥ 10�8s (c⇤ ⇠ 8m)‣ Charged pions:


‣ Hadronic interaction before decay, or decay into muon + neutrino (at 
energies of ~ 10 - 20 GeV the range is ~ 1 λI)


‣ Muonic component is integrating: Muon decay irrelevant on shower time 
scale, lifetime ~ 2 x 10-6 s


‣ The production of additional hadrons dominates early in the shower, 
towards the end decay into muons is more probable

• Inelastic reactions of the incoming hadron (proton, nucleus) with nuclei in the 
atmosphere after ~ 1 λI, typically energy loss of 40%-60%, production of 
secondary hadrons: p, n, π0, π±, K±, ...
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EAS: Electromagnetic Component

• Pair production of photons from pion decay (or primary photon):
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EAS: Electromagnetic Component

e± � e± + �

• Bremsstrahlung in the field of nuclei

e± � e± + �

� � e+ + e�

• Pair production of photons from pion decay (or primary photon):
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EAS: Electromagnetic Component

e± � e± + �

• Bremsstrahlung in the field of nuclei

e± � e± + �

� � e+ + e�

�
dE

dx

⇥

ion

>

�
dE

dx

⇥

brems

• Continuation of the cascade until

• Highest particle number in the shower maximum, reduction afterwards

• Pair production of photons from pion decay (or primary photon):
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Extended Air Showers: Discovery

ca. 10 m
Detector 2Detector 1

coincidence counter

• Pierre Auger, 1935 with experiments on Jungfraujoch

• Detection of coincident particles  

over large areas


‣ Highly energetic primary  
particle!
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EAS: Measurement

• Detection of charged particles on the surface in “ground arrays”


• Measurement of flourescence light


• Measurement of Cherenkov light

10
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Ultra-High Energy Cosmic Rays: Discovery

• John Linsley et. al, 1962,  MIT Volcano 
Ranch Array, NM, USA


• ~8 km2, 19 Detectors a 3.3 m2 (Scintillation 
Counters) 


• Determination of primary energy based on 
shower size (Number of particles) on ground

Phys. Rev. Lett. 10, 146 (1963)

• Primary energy determined to be 
1020 eV
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Extended Air Showers
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AUGER TDR
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Shower Multiplicity and Energy

• Particle density on 
ground at different 
distances from the 
shower core is a good 
measure for the total 
energy
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AUGER TDR
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EAS: Light Measurement

• Detection of 
fluorescence and 
Cherenkov light used 
to measure energy


• Also serves to 
reconstruct details of 
the shower 
development in the 
atmosphere!

14

1019 eV Proton

AUGER TDR
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Why are the highest Energies interesting?

• First and foremost: What type of objects are capable to generate such high 
energies?

15
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Why are the highest Energies interesting?

• First and foremost: What type of objects are capable to generate such high 
energies?

15

Almost no deflection in magnetic 
fields, these particles could point to 
their sources!
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Why are the highest Energies interesting?

• First and foremost: What type of objects are capable to generate such high 
energies?

15

Almost no deflection in magnetic 
fields, these particles could point to 
their sources!

➫ The beginning of  
“particle astronomy” ?
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Cosmic Speed Limit?

• Greisen - Zatsepin - Kuzmin Cutoff (1966):

• Interaction of cosmic particles with photons of the CMB


• Mean free path between two collisions: ~ 50 Mpc


• At (very) high energies: Possibility for pion production:
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Cosmic Speed Limit?

• Greisen - Zatsepin - Kuzmin Cutoff (1966):

• Interaction of cosmic particles with photons of the CMB


• Mean free path between two collisions: ~ 50 Mpc


• At (very) high energies: Possibility for pion production:
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Center-of-mass energy of the reaction
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Photo-Pion Production with CMB Photons

17

Pion production is possible if √s > mp + mπ
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Photo-Pion Production with CMB Photons
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Pion production is possible if √s > mp + mπ

⇥
s =

�
m2

p + 2EpE�(1� cos�) = mp + m⇥➫ Energy threshold



Emax =
(m⇥ + mp)2 �m2

p

2E�(1� cos�)

Frank Simon (fsimon@mpp.mpg.de)
Teilchenphysik mit kosmischen und erdgebundenen Beschleunigern: 
SS 2015, 07: Cosmic Rays I

Photo-Pion Production with CMB Photons
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Photo-Pion Production with CMB Photons
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Pion production is possible if √s > mp + mπ
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S. Yoshida, “Ultra-High Energy Particle Astrophysics”
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Photo-Pion Production with CMB Photons

17

• Cosmic Microwave Background: black 
body with 2.7 K, ~ 2.3 x 10-4 eV


‣ Photons up to ~ 10-3 eV


‣ Cosmic “speed limit” at 
~ 7 x1019 eV

Pion production is possible if √s > mp + mπ

⇥
s =

�
m2

p + 2EpE�(1� cos�) = mp + m⇥➫ Energy threshold
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Energy Evolution due to GZK Effect

‣ Highly energetic particles rapidly 
loose energy through photo-pion 
production:

• Per interaction ~ 30% of the total 

energy are lost


‣ Range of particles with energies 
above ~1020 eV is limited to  
< 100 Mpc
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GZK on Nuclei, and other Processes

• The GZK cutoff should be even more dramatic for nuclei than for protons: 
photo disintegration!

19
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GZK on Nuclei, and other Processes

• The GZK cutoff should be even more dramatic for nuclei than for protons: 
photo disintegration!

19

The threshold here is a few 1018 eV/nucleon, beyond 1019 eV/nucleon almost all 
CMB photons can excite a giant dipole resonance: Huge cross section, mean 
free path smaller than the size of a galaxy!
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GZK on Nuclei, and other Processes

• The GZK cutoff should be even more dramatic for nuclei than for protons: 
photo disintegration!

19

The threshold here is a few 1018 eV/nucleon, beyond 1019 eV/nucleon almost all 
CMB photons can excite a giant dipole resonance: Huge cross section, mean 
free path smaller than the size of a galaxy!

In addition: e+e- - pair production with CMB photons (Bethe-Heitler-Process, 
analogous to Bremsstrahlung): Low energy threshold in the region of a  
few 1017 eV
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GZK on Nuclei, and other Processes

• The GZK cutoff should be even more dramatic for nuclei than for protons: 
photo disintegration!

19

The threshold here is a few 1018 eV/nucleon, beyond 1019 eV/nucleon almost all 
CMB photons can excite a giant dipole resonance: Huge cross section, mean 
free path smaller than the size of a galaxy!

In addition: e+e- - pair production with CMB photons (Bethe-Heitler-Process, 
analogous to Bremsstrahlung): Low energy threshold in the region of a  
few 1017 eV

But: Typically only small energy loss:  2me/mp ~ 10-3, at high energies even lower. 
For comparison: GZK events result in an energy loss of 30% or more!


➫ Only small effect on spectrum
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GZK Effect: Limited Source Region: ~ 75 Mpc

20

GZK effect: anisotropy expected for light elements

7

GZK effect: source region for E > 6x1019 eV
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Fly’s Eye

• Measurement of fluorescence light in the atmosphere

21
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Fly’s Eye: The highest-energy Particles

• The highest-energy particle ever 
detected on earth:  
15.10.1991, Utah: 
Energy ~ 3 x 1020 eV

• Stereo-Observation with two detector 
stations permits a precise determination of 
the shower direction and profile

22
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Fly’s Eye: The highest-energy Particles

• The highest-energy particle ever 
detected on earth:  
15.10.1991, Utah: 
Energy ~ 3 x 1020 eV

• Stereo-Observation with two detector 
stations permits a precise determination of 
the shower direction and profile

22

50 J !

“Oh-my-God particle”
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GZK-Cutoff: Status - 2003

Nucl. Phys. B556, 1 
(2003)

• To alleviate apparent discrepancy between different experiments: Shift of 
individual energy scales , so that all agree at 1019 eV with Fly’s Eye


‣ Strong indication for the existence of the GZK Cutoff

23
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AUGER: Combination of two Techniques
Good resolution 
Low Duty-Cycle

Large area, 
constantly active, 
low resolution

• Now state of the art for UHECR Observatories

24
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UHECR Observatories Today

25

Overview of UHECR observatories

9

Pierre Auger Observatory
Province Mendoza, Argentina 
1660 detector stations, 3000 km2

27 fluorescence telescopes

Telescope Array (TA)
Delta, UT, USA
507 detector stations, 680 km2

36 fluorescence telescopes

• Zenith ranges :[0-55°] for TA, 
[0-60°] for Auger

➡ Zenith ranges + latitudes : 
full-sky coverage achieved 

• Energy threshold : geometric 
directional exposure

Full-Sky Coverage
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➡ BUT unavoidable uncertainty in the relative exposures of the experiments

b : fudge factor absorbing systematics of any 
origin (relative exposure, energy scale, etc)

Measuring Large-Scale Anisotropy of Cosmic Rays above 1019 eV

33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013
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Figure 1: Total directional exposure above 1019 eV as obtained
by summing the nominal individual ones of the Telescope Array
and the Pierre Auger Observatory, as a function of the declina-
tion.

ascension #) since this is the most natural one tied to the
Earth to describe the directional exposure of any experi-
ment. The random sample {n1, ...,nN} results from a Pois-
son process whose average is the flux of cosmic rays$(n)
coupled to the directional exposure"(n) of the considered
experiment :

〈

dN(n)

d%

〉

= "(n)$(n). (1)

As any angular distribution on the unit sphere, the flux
of cosmic rays $(n) can be decomposed in terms of a
multipolar expansion onto the spherical harmonicsYℓm(n) :

$(n) = &
ℓ≥0

ℓ

&
m=−ℓ

aℓmYℓm(n). (2)

Any anisotropy fingerprint is encoded in the aℓm multi-
poles. Non-zero amplitudes in the ℓ modes arise from vari-
ations of the flux on an angular scale ≃ 1/ℓ radians.
The directional exposure of each observatory provides

the effective time-integrated collecting area for a flux from
each direction of the sky. In principle, the combined direc-
tional exposure of the two experiments should be simply
the sum of the individual ones. However, individual expo-
sures have here to be re-weighted by some empirical factor
b due to the unavoidable uncertainty in the relative expo-
sures of the experiments. The parameter b can be viewed
as a fudge factor which absorbs any kind of systematic un-
certainties in the relative exposures, whatever the sources
of these uncertainties. This empirical factor is arbitrarily
chosen to re-weight the directional exposure of the Pierre
Auger Observatory relative to the one of the Telescope Ar-
ray :

"(n;b) = "TA(n)+b"Auger(n). (3)

Dead times of detectors modulate the directional expo-
sure of each experiment in sidereal time and therefore in
right ascension. However, once averaged over several years
of data taking, the relative modulations of both "TA and
"Auger in right ascension turn out to be not larger than few
thousandths, yielding to non-uniformities in the observed
angular distribution at the corresponding level. Given that
the limited statistics currently available above 1019 eV can-
not allow an estimation of each aℓm coefficient with a preci-
sion better than a few percent, the non-uniformities of "TA
and "Auger in right ascension can be neglected so that both

functions are considered to depend only on the declination
hereafter. On the other hand, since the high energy thresh-
old guarantees that both experiments are fully efficient in
their respective zenithal range [0− 'max], the dependence
on declination is purely geometric [3] :

"i(n) = Ai

(

cos(i cos! sin#m+#m sin(i sin!

)

, (4)

where (i is the latitude of the considered experiment, the
parameter #m is given by

#m =

⎧

⎨

⎩

0 if ) > 1,
* if ) < −1,
arccos) otherwise,

(5)

with ) ≡ (cos'max− sin(i sin! )/cos(i cos! , and the nor-
malisation factors Ai are tuned such that the integration
of each "i function over 4* matches the (total) exposure
of the corresponding experiment. For b = 1, the resulting
"(! ) function is shown in figure 1.
In practice, only an estimation b of the factor b can be

obtained, so that only an estimation of the directional expo-

sure "(n) ≡ "(n;b) can be achieved through equation 3.
The procedure used for obtaining b from the joint data set
will be described below. The resulting uncertainties propa-
gate into uncertainties in the measured aℓm anisotropy pa-
rameters, in addition to the ones caused by the Poisson na-
ture of the sampling process when the function" is known
exactly.
With full-sky but non-uniform coverage, the custom-

ary recipe for decoupling directional exposure effects from
anisotropy ones consists in weighting the observed angular
distribution by the inverse of the relative directional expo-
sure function :

dÑ(n)

d%
=

1

"r(n)

dN(n)

d%
. (6)

The relative directional exposure is the dimensionless func-
tion normalized to unity at its maximum. When the func-
tion " (or "r) is known from a single experiment, the av-
eraged angular distribution

〈

dÑ/d%
〉

is, from equation 1,
identified with the flux of cosmic rays$(n) times the total
exposure of the experiment. Due to the finite resolution to
estimate b, the relationship between

〈

dÑ/d%
〉

and$(n) is
here not any longer so straightforward :

〈

dÑ(n)

d%

〉

=

〈

1

"r(n)

〉

"(n)$(n). (7)

However, for an unbiased estimator of b with a resolution
better than≃ 10% (the actual resolution on bwill be shown
hereafter to be of the order of ≃ 3.5%), the relative differ-
ences between ⟨1/"r(n)⟩ and 1/"r(n) are actually smaller
than 10−3 in such a way that

〈

dÑ/d%
〉

can still be identi-
fied to $(n) times the total exposure to a high level. Con-
sequently, the recovered aℓm coefficients defined as

aℓm =
∫

4*
d%

dÑ(n)

d%
Yℓm(n) =

N

&
i=1

Yℓm(ni)

"r(ni)
(8)

provide unbiased estimators of the underlying aℓm multi-
poles since the relationship ⟨aℓm⟩ = aℓm can be established
by propagating equation 7 into ⟨aℓm⟩.

6

• Zenith ranges :[0-55°] for TA, 
[0-60°] for Auger

➡ Zenith ranges + latitudes : 
full-sky coverage achieved 

• Energy threshold : geometric 
directional exposure
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Figure 1: Total directional exposure above 1019 eV as obtained
by summing the nominal individual ones of the Telescope Array
and the Pierre Auger Observatory, as a function of the declina-
tion.

ascension #) since this is the most natural one tied to the
Earth to describe the directional exposure of any experi-
ment. The random sample {n1, ...,nN} results from a Pois-
son process whose average is the flux of cosmic rays$(n)
coupled to the directional exposure"(n) of the considered
experiment :

〈

dN(n)

d%

〉

= "(n)$(n). (1)

As any angular distribution on the unit sphere, the flux
of cosmic rays $(n) can be decomposed in terms of a
multipolar expansion onto the spherical harmonicsYℓm(n) :

$(n) = &
ℓ≥0

ℓ

&
m=−ℓ

aℓmYℓm(n). (2)

Any anisotropy fingerprint is encoded in the aℓm multi-
poles. Non-zero amplitudes in the ℓ modes arise from vari-
ations of the flux on an angular scale ≃ 1/ℓ radians.
The directional exposure of each observatory provides

the effective time-integrated collecting area for a flux from
each direction of the sky. In principle, the combined direc-
tional exposure of the two experiments should be simply
the sum of the individual ones. However, individual expo-
sures have here to be re-weighted by some empirical factor
b due to the unavoidable uncertainty in the relative expo-
sures of the experiments. The parameter b can be viewed
as a fudge factor which absorbs any kind of systematic un-
certainties in the relative exposures, whatever the sources
of these uncertainties. This empirical factor is arbitrarily
chosen to re-weight the directional exposure of the Pierre
Auger Observatory relative to the one of the Telescope Ar-
ray :

"(n;b) = "TA(n)+b"Auger(n). (3)

Dead times of detectors modulate the directional expo-
sure of each experiment in sidereal time and therefore in
right ascension. However, once averaged over several years
of data taking, the relative modulations of both "TA and
"Auger in right ascension turn out to be not larger than few
thousandths, yielding to non-uniformities in the observed
angular distribution at the corresponding level. Given that
the limited statistics currently available above 1019 eV can-
not allow an estimation of each aℓm coefficient with a preci-
sion better than a few percent, the non-uniformities of "TA
and "Auger in right ascension can be neglected so that both

functions are considered to depend only on the declination
hereafter. On the other hand, since the high energy thresh-
old guarantees that both experiments are fully efficient in
their respective zenithal range [0− 'max], the dependence
on declination is purely geometric [3] :

"i(n) = Ai

(

cos(i cos! sin#m+#m sin(i sin!

)

, (4)

where (i is the latitude of the considered experiment, the
parameter #m is given by

#m =

⎧

⎨

⎩

0 if ) > 1,
* if ) < −1,
arccos) otherwise,

(5)

with ) ≡ (cos'max− sin(i sin! )/cos(i cos! , and the nor-
malisation factors Ai are tuned such that the integration
of each "i function over 4* matches the (total) exposure
of the corresponding experiment. For b = 1, the resulting
"(! ) function is shown in figure 1.
In practice, only an estimation b of the factor b can be

obtained, so that only an estimation of the directional expo-

sure "(n) ≡ "(n;b) can be achieved through equation 3.
The procedure used for obtaining b from the joint data set
will be described below. The resulting uncertainties propa-
gate into uncertainties in the measured aℓm anisotropy pa-
rameters, in addition to the ones caused by the Poisson na-
ture of the sampling process when the function" is known
exactly.
With full-sky but non-uniform coverage, the custom-

ary recipe for decoupling directional exposure effects from
anisotropy ones consists in weighting the observed angular
distribution by the inverse of the relative directional expo-
sure function :

dÑ(n)

d%
=

1

"r(n)

dN(n)

d%
. (6)

The relative directional exposure is the dimensionless func-
tion normalized to unity at its maximum. When the func-
tion " (or "r) is known from a single experiment, the av-
eraged angular distribution

〈

dÑ/d%
〉

is, from equation 1,
identified with the flux of cosmic rays$(n) times the total
exposure of the experiment. Due to the finite resolution to
estimate b, the relationship between

〈

dÑ/d%
〉

and$(n) is
here not any longer so straightforward :

〈

dÑ(n)

d%

〉

=

〈

1

"r(n)

〉

"(n)$(n). (7)

However, for an unbiased estimator of b with a resolution
better than≃ 10% (the actual resolution on bwill be shown
hereafter to be of the order of ≃ 3.5%), the relative differ-
ences between ⟨1/"r(n)⟩ and 1/"r(n) are actually smaller
than 10−3 in such a way that

〈

dÑ/d%
〉

can still be identi-
fied to $(n) times the total exposure to a high level. Con-
sequently, the recovered aℓm coefficients defined as

aℓm =
∫

4*
d%

dÑ(n)

d%
Yℓm(n) =

N

&
i=1

Yℓm(ni)

"r(ni)
(8)

provide unbiased estimators of the underlying aℓm multi-
poles since the relationship ⟨aℓm⟩ = aℓm can be established
by propagating equation 7 into ⟨aℓm⟩.
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Figure 1: Total directional exposure above 1019 eV as obtained
by summing the nominal individual ones of the Telescope Array
and the Pierre Auger Observatory, as a function of the declina-
tion.
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AUGER: In the Argentinian Pampa 
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The Pierre Auger Observatory 

1665 surface detectors: 
water-Cherenkov tanks 
(grid of 1.5 km, 3000 km2)

4 fluorescence detectors 
(24 telescopes in total)

LIDARs and laser facilities

High elevation 
telescopes

10

 Infill array of 750 m,
 Radio antenna array 

Southern hemisphere:
Province Mendoza, Argentina
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Telescope Array: Covering the North
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Telescope Array (TA)

11Northern hemisphere: Utah, USA

~3
0 

km 507 SDs cover 680 km2 

3 FD stations

Utah, USA
39.3 0 N
112.9 0 W
Alt. 1400 m

- Central Laser 
- Lidar, IR camera 

- Electron Light Source 

Calibration Facilities

507 surface detectors: 
double-layer scintillators 
(grid of 1.2 km, 680 km2)

3 fluorescence detectors  
(2 new, one station HiRes II)

Middle Drum: based on HiRes II

ELS Operation

LIDAR
Laser facility

FD Observation
Sep.3rd.2010   Beam Shot into the Sky, and Observed by FD

Event Display of ELS Shower 
Data  :  Sep.5th .2010.  AM04:30(UTC)

Energy : 41.1MeV 

Charge : 50pC/pulse

����

Beam Operation            :  Sep.2nd -4th

Beam shot into the Sky :   Sep. 3rd and 4th

# of Shot into the Sky�1800 pulses

Output power = 41.4MeV�40�140pC/pulse�0.5Hz

�	��
���

���

Electron light source 
(ELS): ~40 MeV

Infill array and high
elevation telescopes
under construction

Test setup for 
radar 

reflection
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AUGER Detector: Ground Array

water tank

battery

photo multiplier

solar pannel

GPS receiver

12 m3 purified water

communication antenna
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AUGER Fluorescence Telescopes

• 440 PMTs, 1.5° per Pixel
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Typical AUGER Events
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Precision measurement of shower observables

13

The energy spectrum from surface detector data (I)
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Example: event observed with Auger Observatory
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The Spectrum at Highest Energies

33

Energy      (eV/particle)
1310 1410 1510 1610 1710 1810 1910 2010 2110

)
1.

5
 e

V
-1

 s
r

-1
 s

-2
 J

(E
)  

 (m
2.

5
Sc

al
ed

 fl
ux

   
E

1310

1410

1510

1610

1710

1810

1910

    (GeV)ppsEquivalent c.m. energy  
210 310 410 510 610

RHIC (p-p)
-p)aHERA (

Tevatron (p-p) 14 TeV7 TeV
LHC (p-p)

ATIC
PROTON
RUNJOB

KASCADE (SIBYLL 2.1)
KASCADE-Grande 2012
Tibet ASg (SIBYLL 2.1)
IceTop ICRC 2013

HiRes-MIA
HiRes I
HiRes II
Auger ICRC 2013
TA SD 2013

Result 1:  The flux is strongly suppressed

15

Auger  Coll. 
(ICRC 2013)

Extrapolated flux

Typically 15-20% energy 
scale uncertainty



Frank Simon (fsimon@mpp.mpg.de)
Teilchenphysik mit kosmischen und erdgebundenen Beschleunigern: 
SS 2015, 07: Cosmic Rays I

The Spectrum at Highest Energies
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AUGER: Sources for UHECRs - 2007

• Highest-energy particles are not distributed isotropically


• Correlation with known close-by AGNs and with “supergalactic plane”


• Initially 70% of particles observed to be correlated to AGNs

35

Answer 3:  Anisotropic distribution of arrival directions
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• NB: VCV catalog not claiming completeness - and with more data the correlation got 
weaker - Still clear signs of anisotropy
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AUGER: A Closer Look at Cen A
• A possible source: Centaurus A (4.2 Mpc away)

• Active galaxy, well in AUGER field of view

36

Cumulative event number (E > 55 
EeV) as a function of the angle to 
Cen A.


13 events within 18°  
(3.2 expected)

Events (E > 55 EeV) as a function 
of the angle to Cen A.
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AUGER and TA - The Latest Status
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Result 4:  The sky is surprisingly isotropic

19

Telescope Array: 
hotspot (20°), source unknown 
(arXiv:1404.5890)
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Composition of UHECRs: Protons vs Fe

38

• Distinction of primary 
particles possible based 
on shower structure:


• Showers of heavy 
nuclei start “faster” and 
reach an earlier shower 
maximum

http://www.ast.leeds.ac.uk/~fs/showerimages.html

Proton, 1013 eV Fe, 1013 eV

http://www.ast.leeds.ac.uk/~fs/showerimages.html
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Composition around the Knee of the Distribution

39

• Position of the knee depends on the element: for heavy nuclei it is at higher energy

• Fits the current understanding of acceleration mechanisms


• At higher energies heavy elements dominate (for example Fe)
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Composition at High Energies

• Determined from shower profile

40

E ¼ ð7.9# 0.3Þ × 1019 eV and Xmax ¼ 762# 2 g=cm2,
respectively, where the uncertainties are statistical only.
The Xmax distributions after event selection are shown

in Fig. 12. These are the “raw” distributions [fobsðXrec
maxÞ in

Eq. (4)] that still include effects of the detector resolution
and the acceptance. Electronically readable tables of the
distributions, as well as the parameters of the resolution and
acceptance, are available at [89]. A thorough discussion of
the distributions can be found in an accompanying paper
[94], where a fit of the data with simulated templates for
different primary masses is presented.
In this paper we will concentrate on the discussion of

the first two moments of the Xmax distribution, hXmaxi and
σðXmaxÞ, which are listed in Table IV together with their
statistical and systematic uncertainties. The statistical
uncertainties are calculated with the parametric bootstrap
method. For this purpose, the data are fitted with Eq. (4)
assuming the functional form suggested in [76] as fðXmaxÞ.
Given this parametric model of the true Xmax distribution,
realizations of the measurement are repeatedly drawn from
Eq. (4) with the number of events being equal to the ones
observed. After application of the Λη analysis described in
Sec. VII B, distributions of Xmax and σðXmaxÞ are obtained
from which the statistical uncertainties of the measured
moments are estimated.
A comparison of the predictions of the moments from

simulations for proton- and iron-induced air showers to
the data is shown in Fig. 13. The simulations have been
performed using the three contemporary hadronic inter-
action models that were either tuned to recent LHC data
(QGSJetII-04 [95,96], Epos-LHC [97,98]) or found in good
agreement with these measurements (Sibyll2.1 [81], see
[99]). It is worth noting that the energy of the first data

point in Fig. 13 corresponds to a center-of-mass energy that
is only four times larger than the one currently available at
the LHC (

ffiffiffi
s

p
¼ 8 TeV). Therefore, unless the models have

deficiencies in phase-space regions that are not covered
well by LHC measurements, the uncertainties due to the
extrapolation of hadronic interactions to the lower energy
threshold of this analysis should be small. On the other
hand, the last energy bin at hlgðE=eVÞi ¼ 19.62 corre-
sponds to a center-of-mass energy that is a factor of about
40 higher than the LHC energies and the model predictions
have to be treated more carefully.
Comparing the energy evolution of hXmaxi for data

and simulations in Fig. 13 it can be seen that the slope
of the data is different than what would be expected for
either a pure-proton or pure-iron composition. The change
of hXmaxi with the logarithm of energy is usually referred
to as elongation rate [17–19],

D10 ¼
dhXmaxi

d lgðE=eVÞ
: ð9Þ

Within the superposition model, where it is assumed that a
primary nucleus of mass A and energy E can be to a good
approximation treated as a superposition of A nucleons of
energy E0 ¼ E=A, the elongation rate is expected to be the
same for any type of primary. Any deviation of an observed
elongation rate from this expectation D̂10 can be attributed
to a change of the primary composition,

D10 ¼ D̂10

"
1 −

dhlnAi
d lnðE=eVÞ

#
: ð10Þ

A single linear fit of hXmaxi as a function of lgðEÞ does
not describe our data well (χ2=ndf ¼ 138.4=16). Allowing

FIG. 13. Energy evolution of the first two central moments of the Xmax distribution compared to air-shower simulations for proton and
iron primaries [80,81,95–98].

DEPTH OF MAXIMUM OF … . I. MEASUREMENTS AT … PHYSICAL REVIEW D 90, 122005 (2014)

122005-19

Phys. Rev. D90, 122006 (2014)

• Composition get more iron-like at high energies - Data still missing at the very 
highest energies (> 1020 eV)


• Can also be interpreted as an energy limit in the sources
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Connection to Collider Physics

• Different LHC experiments covering most of the relevant phase space

41

Problem of limited phase space coverage

28

Air showers: Particles 
of highest energy most 
important

(Salek et al., 2014)
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Connection to Collider Physics

• LHC data has provided substantial input, used to tune and improve the 
models

42

10

of the charged yield. ALICE does not correct for this contribution, whereas CMS does. We have removed
this small contribution from all our model predictions by counting only the produced charged hadrons.

IV. DATA VERSUS MODELS

A. Particle pseudorapidity densities

The dNch/dη|η=0 distributions of charged hadrons measured in NSD collisions at the LHC (0.9, 2.36
and 7.0 TeV) by ALICE and CMS (as well as by UA5 at 900 GeV) are shown in Fig. 2 compared to
two pythia 6.4 tunes, pythia 8 and to phojet. In the pythia case, the NSD predictions are obtained
switching off the single-diffractive contributions6, without any hadron-level trigger. Since the effects of the
LHC MB-selections have been corrected for by the experiments themselves using pythia (and phojet as
a cross-check), this is a consistent comparison.
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FIG. 2: Pseudorapidity distributions of charged hadrons, h± ≡ (h+ + h−)/2, measured in NSD p-p events at the
LHC (

√
s = 0.9, 2.36 and 7 TeV) by ALICE [36, 37] and CMS [38, 39] (and by UA5 [42] in p-p̄ at 900 GeV) compared

to three different versions of the pythia and phojet MCs. The dashed band is the systematic uncertainty of the
CMS experiment which is similar to those of the two other measurements.

6 MSUB(92)=MSUB(93)=0 in pythia 6.4, SoftQCD:singleDiffraction=off in pythia 8.
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Detailed LHC comparison

Protons:  Elab = 3 x 1016 eV

Models for air showers typically better in agreement with LHC data

(data from all LHC experiments, CMS shown as example)

(D‘Enterria at al. Astropart Phys 35, 2011)

Example: measurements made after model tuning

31

14 7 Results
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Figure 6: Charged-particle pseudorapidity distributions from an inclusive sample (top left), a
NSD-enhanced sample (top right), and a SD-enhanced sample (bottom). The error bars repre-
sent the statistical + uncorrelated systematics between neighbouring bins and the bands show
the combined systematic and statistical uncertainties. The measurements are compared to re-
sults from PYTHIA6, tune Z2*, PYTHIA8, tune 4C, HERWIG++, tune UE-EE-3 with CTEQ6L1
PDFs, EPOS, tune LHC, and QGSJETII-04.
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NSD-enhanced sample (top right), and a SD-enhanced sample (bottom). The error bars repre-
sent the statistical + uncorrelated systematics between neighbouring bins and the bands show
the combined systematic and statistical uncertainties. The measurements are compared to re-
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PDFs, EPOS, tune LHC, and QGSJETII-04.

Based&on&CRMC&
(R.&Ulrich&et&al.)

Average'mul+plicity'well'described,''
but'devia+ons'for'other'trigger'condi+ons'
(diffrac+on'in'QGSJET'II.04?)

(CMS&&&TOTEM&Collabs.,&1405.0722)

Mul+tude'of'new'data:'currently'impossible  
to'have'model'describing'all'LHC'data'

tuned on LHC data



Frank Simon (fsimon@mpp.mpg.de)
Teilchenphysik mit kosmischen und erdgebundenen Beschleunigern: 
SS 2015, 07: Cosmic Rays I

Connection to Collider Physics

• One example: Evolution of cross section with energy - crucial for shower 
evolution

43

Tuning of interaction models to LHC data (i)

33

0
25
50
75

100
125
150
175
200
225
250

10 2 10 3 10 4 10 5 10 6

  √s (GeV)

  σ
 (m

b) p + p
Total

Inelastic

Elastic

EPOS 1.99
QGSJETII-03
QGSJET01
SIBYLL 2.1
TOTEM

0
25
50
75

100
125
150
175
200
225
250

10 2 10 3 10 4 10 5 10 6

  √s (GeV)

  σ
 (m

b) p + p
Total

Inelastic

Elastic

EPOS LHC
QGSJETII-04
TOTEM

Figure 6: Total, inelastic and elastic p-p cross section calculated with EPOS 1.99 (solid line),
QGSJETII-03 (dashed line), QGSJET01 (dash-dotted line) and SIBYLL 2.1 (dotted line) on left
panel, and EPOS LHC (solid line) and QGSJETII-04 (dashed line) on right panel. Points are data
from [5] and the stars are the LHC measurements by the TOTEM experiment [6].
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Figure 7: Pseudorapidity distribution dN/dη of charged particles for events with at least one
charged particle with |η| < 1 for p-p interactions at 900 GeV and 7 TeV. Simulations with
EPOS 1.99 (solid line), QGSJETII-03 (dashed line), QGSJET01 (dash-dotted line) and SIBYLL 2.1
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3 Progress due to LHC measurements

3.1 Phase space coverage

Phase space plot in η vs. p⊥ of the different LHC experiments

3.2 Model comparison to LHC data

Old and new models side-by-side:

• Cross section p-p (total, elastic)

• pseudorapidity distribution

• multiplicity distribution

• Antibaryon production rate, discussion of comparison Tevatron vs. LHC
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Phase space plot in η vs. p⊥ of the different LHC experiments

3.2 Model comparison to LHC data

Old and new models side-by-side:

• Cross section p-p (total, elastic)

• pseudorapidity distribution

• multiplicity distribution

• Antibaryon production rate, discussion of comparison Tevatron vs. LHC
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Summary

• Ultra-high energy cosmic rays create particle showers in the atmosphere

• Detection via particle multiplicity on ground and via fluorescence light


• Particles with energies up to 3 x 1020 eV have been observed


• Interactions of charged particles with photons of the cosmic microwave 
background introduce an energy limit for particles over long distance scales

• The GZK - Cutoff: ~ 7 x 1019 eV for protons, experimentally well established


• The search for sources is going on: First indications of anisotropic distribution, 
possible correlation with AGN

• Centaurus A is one possible candidate


• Composition of cosmic rays at high energies is unclear - LHC data, including 
specialized experiments help to improve the simulation models

44
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Next Lecture: 15.06., “Cosmic Rays II”, F. Simon
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Topics - Overview

45

13.04. Einführung / Introduction
20.04. Achtung - keine Vorlesung! No Lecture!
27.04. Erdgebundene Beschleuniger / Accelerators
04.05. Detektoren in der Nicht-Beschleuniger-Physik / Detectors
11.05. Das Standardmodell / The Standard Model 
18.05. QCD und Jet Physik an Lepton Beschleunigern
25.05. Pfingsten - Keine Vorlesung! No Lecture
01.06. Kosmische Beschleuniger / Cosmic Accelerators
08.06. Kosmische Strahlung I / Cosmic Rays I
15.06. Kosmische Strahlung II / Cosmic Rays II
22.06. Präzisionsexperimente (g-2) / Precision Experiments
29.06. Neutrinos I
06.07. Neutrinos II
13.07. Dunkle Materie & Dunkle Energie / Dark Matter & Dark Energy


