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Reminder — Cosmic Ray Spectrum

Beringer et al. [2012].
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CRs in Imaging Cherenkov Telescopes

Direct Cherenkov (DC) light
from primary particle:

> Intensity ∝ Z 2 · sin2(θc).

> Heavy nuclei, eg. iron.

> 10–500 TeV.

> Charge resolution & 5%.

> Aharonian et al. [2007];
Kieda et al. [2001].

Source: Aharonian et al. [2007]
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Previous Results (H.E.S.S. & VERITAS)

> Aharonian et al. [2007]: ‘heavy’
elements (Z = 25− 28), 13 – 200
TeV.

> Wissel [2010]: iron, 20 – 140 TeV.

> Spectral shape:

F(E) = φ0 ·
(

E
E0

)−γ

, see below.

> Dominant uncertainties: statistics,
atmosphere, hadronic interaction
model.

> Can we improve on that?

E0/TeV φ0 · (m2 · s · sr · TeV ) γ

H.E.S.S. (QGSJET) 1 (2.2± 0.9± 0.6) · 10−2 2.62± 0.11± 0.17
H.E.S.S. (SYBILL) 1 (2.9± 1.1± 0.8) · 10−2 2.76± 0.11± 0.17
VERITAS (QGSJET) 50 (5.8± 0.84± 1.2) · 10−7 2.84± 0.3± 0.3
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Previous Results — Charge separation

> Aharonian et al. [2007]

> Select images with direct Cherenkov
contribution.

> Energy E from shower light

> Charge Z from DC light.

> ‘heavy’ elements (Z = 25− 28) vs ‘light
elements’

> Fit fraction of ‘heavy’ elements per energy bin.
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FIG. 9: Z∗ distributions of data (open circles) and the fit-
ted SIBYLL model (black boxes) in five energy bands. The
curves show the charge distributions of iron (dotted) and of
the lighter charge bands (dashed) that compose the fitted
model. The fit results are summarized in Table III. Note that,
as mentioned in section III D, the charge resolution improves
with energy, observable by a narrowing of the Z∗ distribution
of iron with increasing energy.

B. Iron Flux

Since the identification of DC-events is effectively
background-free, the differential iron flux φ(E) can be
estimated as:

φ(E) =
NDC(E)

Aeff(E) ·∆E · t · kFe, (5)

where NDC(E) is the number of detected DC-events in
the energy interval from E to E +∆E, t is the total live-
time of the data-set and Aeff is the mean effective area
times the field of view of the detector, averaged over the
zenith angle of the observations, taking into account the
efficiency of selection cuts. Aeff is derived from simula-
tions of iron nuclei via:

Aeff =
NMC

DC (E) ·AMC · ΩMC

NMC(E)
, (6)

where NMC(E) is the total number of simulated events
in the energy interval from E to E + ∆E and NMC

DC is
the corresponding number of identified DC-events. AMC

and ΩMC are the area and angular region over which the
simulations were performed.

The energy spectrum is measured in the five energy
bins of the kFe fit. The result is shown in Fig. 10 for
both hadronic models together with the highest energy
baloon measurements. The derived spectrum agrees well
with these measurements for both models. The measured
spectrum is fitted well by a power law φ(E) = φ0( E

TeV )−γ .
The best fit values for the SIBYLL spectrum are given by
φ0 = (0.029±0.011) m−2sr−1 TeV−1 and γ = 2.76±0.11
with an χ2/ndf of 3.0/3. For the QGSJET spectrum the
best fit values are φ0 = (0.022± 0.009) m−2sr−1 TeV−1

and γ = 2.62±0.11 with χ2/ndf of 5.3/3. The integrated
flux above 13 TeV is F (> 13TeV) = (1.9 ± 0.7) · 10−4

s−1sr−1 m−1 for SIBYLL and F (> 13TeV) = (2.3±0.9) ·
10−4 s−1sr−1m−1 for QGSJET.

Since both spectra are derived using the same data-
set, the differences in the spectral index ∆γ = 0.14 and
integrated flux ∆F/F = 17% again provide an estimate
of the systematic error due to hadronic interaction un-
certainties. Additional systematic errors, arising from
uncertainties in the atmospheric profile and the absolute
detection efficiency of the H.E.S.S. instrument are dis-
cussed in detail in [13] and lead to a systematic error of
20% in the integrated flux and ∆γ = 0.1 in the spectral
index. The effect of the systematic error ∆kcomp in kFe on
the spectrum amounts to ∆γ = 0.015 and ∆F/F = 5%.
Assuming a more conservative error of 50% in the inte-
gral fluxes of the lighter elements in the model of the kFe

fit increases ∆kcomp by 0.03 on average and leads to er-
rors of ∆γ = 0.04 and ∆F/F = 11% in the presented
spectrum. This error is still small compared to the pre-
viously mentioned uncertainties. The total systematic
uncertainty of the measurement is therefore estimated to
∆γ = 0.17 for the spectral index and ∆F/F = 28% for
the integrated flux.
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Since both spectra are derived using the same data-
set, the differences in the spectral index ∆γ = 0.14 and
integrated flux ∆F/F = 17% again provide an estimate
of the systematic error due to hadronic interaction un-
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uncertainties in the atmospheric profile and the absolute
detection efficiency of the H.E.S.S. instrument are dis-
cussed in detail in [13] and lead to a systematic error of
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index. The effect of the systematic error ∆kcomp in kFe on
the spectrum amounts to ∆γ = 0.015 and ∆F/F = 5%.
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gral fluxes of the lighter elements in the model of the kFe

fit increases ∆kcomp by 0.03 on average and leads to er-
rors of ∆γ = 0.04 and ∆F/F = 11% in the presented
spectrum. This error is still small compared to the pre-
viously mentioned uncertainties. The total systematic
uncertainty of the measurement is therefore estimated to
∆γ = 0.17 for the spectral index and ∆F/F = 28% for
the integrated flux.

Source: Aharonian et al. [2007]
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Template Method for Shower Reconstruction

Likelihood fit of telescope images. See eg. [Fleischhack, 2015; Le Bohec et al., 1998]
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Energy and direction resolution
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VERITAS — PRELIMINARY
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VERITAS — PRELIMINARY

> Better reconstruction→ better identification of DC pixel.

> Energy resolution is improved as well.
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Charge separation

> Multivariate analysis combining DC light, image shape, . . .

> Composition measurement possible with this approach.
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Charge separation
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Outlook

Status and Plans:

> Improved measurement of the iron spectrum with VERITAS on the way.

> Improved statistics, reconstruction, charge separation, atmospheric modeling.

> Systematic uncertainties remain, esp. hadronic interaction models.

Future developments?

> CTA studies ongoing (see talk by S. Ohm later today).

> Would like to image heavy nuclei in DC light.

> Would need dedicated instruments:
∼ 100 m total mirror diameter, ∼ 0.01◦ pixels/PSF .

Thank you for the attention!
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Backup.
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