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Why Look at VHE gamma-rays?

Very high energy gamma-rays typically 
defined as > 100 GeV 

Looking for non-thermal emission 

VHE emission could come from Inverse 
Compton interactions of electrons 

Or from the decay of neutral pions in pp 
interactions 

Either way highly relativistic particles must be 
present 

Gives us the ability to directly observe the 
sites of particle acceleration



Current Ground Based Instruments

H.E.S.S 
4 x 12m Telescopes 
1 x 28m Telescope

MAGIC 
2 x 17m Telescopes

VERITAS 
4 x 12m Telescopes

HAWC 
300 Water Cherenkov detectors 

100+ currently operating



The Atmospheric Cherenkov Technique

PMT 
Camera

Primary γ-ray forms 
electromagnetic 
particle cascade

Energetic particles emit 
Cherenkov radiation


Forms light-pool on 
ground of radius ~120m 




The Atmospheric Cherenkov Technique

Views of the shower combined form 
multiple angles to reconstruct primary 
particle properties  

Similar procedure in ground plane to 
reconstruct core 

Impact distance of a shower to a 
given telescope known 

Use image amplitude with simulations 
of Cherenkov light intensity to 
estimate energy  



The Atmospheric Cherenkov Technique

Views of the shower combined form 
multiple angles to reconstruct primary 
particle properties  

Similar procedure in ground plane to 
reconstruct core 

Impact distance of a shower to a 
given telescope known 

Use image amplitude with simulations 
of Cherenkov light intensity to 
estimate energy  

Angular resolution ~ 0.1 deg 

Energy resolution 10-15 %

Hinton, New Journal of 
Physics, Volume 11, 

Issue 5, 2009



HESS Galactic Plane Survey (HGPS)

~3000 hours of HESS observation time  
spent surveying the galactic plane

Over 60 sources discovered  
in the galactic plane

Gast et al, ICRC 2012



HESS Galactic Plane Survey (HGPS)

~3000 hours of HESS observation time  
spent surveying the galactic plane

Over 60 sources discovered  
in the galactic plane

RXJ 1713-3946

Galactic Centre

Vela X



HESS Galactic Plane Survey

PWN

SNR

Other

10% Crab Luminosity



Extragalactic Sources

Over 50 sources discovered outside of the 
galaxy 

Mostly these consist of AGN with their jet 
pointing toward the observer 

These incredibly energetic sources are a good 
candidate for acceleration of UHE cosmic rays 

Extreme flaring activity has been observed, often 
many times the brightness of the Crab Nebula 

Flaring on very short timescales, emission likely 
from close to central black hole 

Gamma-rays also seen from powerful edge on 
AGN (e.g. CenA) 

Starburst galaxies also seen (M82 & NGC 253), 
sum of many supernovae 

MAGIC

VERITAS, Nature, 
Volume 462, Issue 
7274, pp. 770-772 

(2009).

!
Aleksić, J.et al, 

 ApJ, Volume 726, 
Issue 2, article id. 
58, 5 pp. (2011). 
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The Cherenkov Telescope Array

International project to create the next 
generation of atmospheric Cherenkov 
telescope 

Over 1000 members in 170 institutions from 
28 countries 

Increase the sensitivity by an order of 
magnitude over currently instruments 

Improve angular resolution by a factor 3  

Widen energy coverage (30 GeV - >100 
TeV) 

Both a southern and northern array will be 
constructed for full sky coverage



~23m	  telescopes	  
Cover	  low	  energy	  region	  
10	  –	  300	  GeV

12m	  telescopes	  
Cover	  medium	  energy	  region	  
(100	  GeV	  –	  5	  TeV)

3-‐7m	  telescopes	  
Cover	  high	  energy	  region	  
(1-‐100	  TeV)

The Cherenkov Telescope Array
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HAWC

The High Altitude Water Cherenkov experiment 
uses a related method, detecting high energy 
particles using large water Cherenkov 
detectors 

In its final form will consist of 300 detectors at 
4100 m altitude  

Covers the energy range from 100 GeV and 
100 TeV 

Angular Resolution of ~ 0.5-0.1 deg 

Energy resolution of ~ 100-50 % 

Able to observe almost the full sky 

Huge discovery potential!

http://www.hawc-observatory.org/

http://www.hawc-observatory.org/


HAWC

Reconstruction of events 
performed using relative 
timing and intensity of tank 
signals 

Planer shower front fitted 

Reconstruction more 
difficult than in IACTs

http://www.hawc-observatory.org/

http://www.hawc-observatory.org/


HAWC

10
2014-06-23 10/16TeV Particle Astrophysics 2014

HAWC-95/111 Skymap (3 month of data 1/3 of detector)HAWC-95/111 Skymap (3 month of data 1/3 of detector)

Caveats: absolute pointing uncertainties, 
preliminary calibration…

Lennarz et al, TevPA, 2014



Where do hadronic interactions come into this?



Hadron Rejection (IACT)

Gamma-ray Proton

Even for the strongest sources protons 
outnumber gamma-rays by a factor 104 

Obvious differences between proton and 
gamma-ray induced showers



Hadron Rejection (IACT)

Gamma-ray Proton



Hadron Rejection (IACT)

Gamma-ray Proton



Background Rejection (IACT)

Typically these hadron showers can be rejected 
based on parameterisations of their shape 

Traditional parameter in IACTs are the shower 
width & length (second moments of the image) 

Hadron showers should be longer and wider 
due to larger transverse momentum imparted 
in showers 

Even using this simple cut, efficient hadron 
rejection can be performed 

In most instruments now multiple rejection 
parameters are combined into a multi-variate 
analysis 

Even with the most stringent cuts some 
hadrons slip through 
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Ohm et al, 2009 
Astroparticle Physics, Volume 31, Issue 5, p. 383-391.



Hadron Rejection (HAWC)

Rejection in a HAWC-like array can be performed very similarly to IACTs, using the shape of the 
shower footprint 

Compactness parameter typically used, fraction of event intensity within a given radius 

Efficient BG rejection possible

Gamma-ray Proton

http://www.hawc-observatory.org/

http://www.hawc-observatory.org/


Gamma-Like Hadrons (Maier & Knapp, 2007)
Detailed study of these gamma-like protons 
performed by Maier and Knapp 

Studied in detail the events passing VERITAS 
BG rejection cuts

First interaction shows large fraction of 
energy in neutral pions 

Energy dumped into EM channel early in the 
shower, mimics a lower energy gamma-ray 
shower

Astroparticle Physics, Volume 28, Issue 1, p. 72-81.



Gamma-Like Hadrons

number of fraction of fraction of
simulated reconstructed �-like N

tel

= 2 N
tel

= 3 N
tel

= 4
events events events

QGSJet/FLUKA All events 4.6 · 108 3.3 · 10�4 1.5 · 10�7 83% 13% 4%
(proton F

µ

< 0.5 - - 70% 65% 99% 100%
simulations) F

µ

> 0.5 - - 30% 35% 1% 0%
Sibyll/FLUKA All events 5 · 108 3.4 · 10�4 1.5 · 10�7 83% 13% 4%

(proton F
µ

< 0.5 - - 72% 67% 99.5% 100%
simulations) F

µ

> 0.5 - - 28% 33% 0.5 % 0%
�-rays All events 5 · 106 1.2 · 10�2 5 · 10�3 6.9% 26.4% 66.7%

Table 1: Overview of number of simulated and reconstructed events, number of selected events,
and fraction of events with telescope multiplicity 2, 3, and 4. Note that the rows for ⇡0-like
(F

µ

< 0.5) and muon-like events (F
µ

> 0.5) quantify the number of 2, 3, or 4-telescope events as
fraction of all events with the same number of telescopes. Selected events are events with MSCW
< 0.35, MSCL < 0.45, and ⇥2 < 0.015 deg2.
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Figure 4: Cherenkov photon distributions at ground for two typical �-like events. The color scale
indicates the number of Cherenkov photons per bin. left: telescopes triggered by pionic subshower.
right: telescopes triggered by muon rings. The position of the four telescopes are indicated by
small circles (T1: black, T2: red, T3: green, T4: blue). High-energy muons (E

µ

> 5 GeV) are
drawn as small black squares. Only Cherenkov photons with distances smaller than 450 m to the
position of the shower core are shown. (QGSJet/FLUKA simulations)

7

Maier et al, 2007
Astroparticle Physics, Volume 28, Issue 1, p. 72-81.



Background Estimation

For most sources some background contamination is not a huge problem 

Our FOV is quite large, so we can estimate the background contamination is our source region 
using “off” regions in the field of view

Berge et al, 2007 
Astronomy and Astrophysics, Volume 466, Issue 3, May II 2007, pp.1219-1229



Background Estimation Problems

For some sources 
however, like Vela Jnr 
the source is getting 
close to the size of our 
FOV 

Finding an off region 
becomes very difficult

Aharonian et al, 2007 
The Astrophysical Journal, Volume 661,  

Issue 1, pp. 236-249.



Background Estimation Problems

In the case of Vela X the radio 
nebula is actually much bigger than 
our FOV 

If we want to properly understand 
diffuse emission in this region good 
modelling of the background 
contamination would be rather nice

Aharonian et al, 2006 
Astronomy and Astrophysics, Volume 448, Issue 2,  

March III 2006, pp.L43-L47



Cosmic Ray Electrons
CHAPTER 4. CONCLUSION

Figure 4.1: The spectrum of cosmic rays [adapted from S. Swordy]. The H.E.S.S. data
are shown as red circles.

electron spectrum at ≈900 GeV and at energies beyond 4 TeV a subsequent hardening.
Already at a few TeV, the measurement of cosmic-ray electrons implies the existence of a
local cosmic-ray electron accelerator within ≈1 kpc distance as VHE electrons lose their
energy rapidely via inverse Compton scattering and synchrotron radiation.
Various systematic tests have been performed on the complete electron spectrum, establish-
ing the result as quite stable in the low-energy part and with larger systematic uncertainties
in the harder high-energy part. Therefore, the hardening of the spectrum could be due to

94

The worst case scenario however comes 
when measuring the cosmic-ray electron 
spectrum 

This measurement is very interesting for 
understanding local cosmic ray accelerators 

Electrons lose energy very quickly in the 
ISM 

All high energy electrons must come from 
local sources 

Diffuse emission across field of view, 
present in all runs 

Not possible to create any off-regions 

Behaviour of cosmic ray protons must 
therefore be modelledK Egberts, Thesis, 2009



Cosmic Ray Electrons (SIBYLL)
CHAPTER 3. COSMIC-RAY ELECTRON ANALYSIS
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Figure 3.9: Fit in ζ distribution in the energy bands that are used for the spectrum.
H.E.S.S. data are shown in black points, and the best fit model as shaded band. The
contributions to the model by electrons are shown in blue, and the proton contribution
in form of the red dashed line. Cuts A have been applied.

no correlations between the 2n true values of the electron and proton ζ simulations and r,
this error represents the total statistical error of the electron fraction r. However, if there
is a small correlation between r and any true value x̃i with x̃ = p̃, ẽ, and i an arbitrary
bin number, the error on r will be underestimated by simply taking the optimised value
for x̃i and continuing the calculation with this value. This can be seen from the schematic
drawing of Fig. 3.10. Therefore, the deviations of the errors determined by the fitting
procedure from the true errors are investigated separately.
The true errors are determined by the spread in the fitting results for generated Monte
Carlo simulations that scatter with finite statistics around an assumed true distribution.
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K Egberts, Thesis, 2009
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Do we expect large systematics?

K Bernloehr et al, 2013 
Astroparticle Physics,  

Volume 43, p. 171-188.
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Figure 2: Comparison of the simulated Cherenkov light profiles for vertical proton-induced
showers generated by CORSIKA with different hadronic interaction models. The profiles
of p.e. collected by a H.E.S.S. camera [24, 25] for FLUKA and UrQMD at 100 GeV are
shown in the left panel. In the right panel, the high-energy interaction models QGSJet-
01c, SIBYLL, and QGSJet-II are compared for showers induced by 1.0 TeV protons, all
using URQMD for low-energy interactions.

be found in [20] and an evaluation of the systematic uncertainties is given
by [26]. The impact on the Cherenkov light profile has been studied for some
of the most commonly used interaction models for low and high proton ener-
gies. There are no significant differences between the low energy (<80 GeV)
models FLUKA [27] and UrQMD [28]. The known discrepancy between the
high-energy models QGSJet-01 [29], QGSJet-II [30, 31] and SIBYLL 2.1 [32],
which apply different extrapolations of interaction parameters to high ener-
gies, leads only to a small uncertainty of about 5% in the Cherenkov light
profile at 1 TeV. Examples of light profiles are shown for comparison in
Fig. 2. UrQMD and QGSJet-II had been chosen for the massive background
simulations for CTA.

2.2. Cherenkov telescope simulation

The simulation of the detector response includes the optical ray-tracing
of the photons from the mirror to the photomultiplier tubes in the cam-
era, the electronics and the digitization of the signals, as well as the trig-
ger system. Noise from the night-sky background and from the electronics
need to be added to the signal as well. The telescope simulation package
sim telarray [22], based on software developed for HEGRA and now in use

11

Gross behaviour of proton showers is quite similar between all 
hadronic interaction models 

But this average behaviour is not what we are interested in…

Mean Cherenkov light profile



Do we expect large systematics?

Maier et al, 2007

If we instead look at the probability of dumping more than 50% 
into an EM sub shower early in development differences become 
clear

Astroparticle Physics, Volume 28, Issue 1, p. 72-81.



Cosmic Ray Electrons (SIBYLL)
CHAPTER 3. COSMIC-RAY ELECTRON ANALYSIS
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Figure 3.9: Fit in ζ distribution in the energy bands that are used for the spectrum.
H.E.S.S. data are shown in black points, and the best fit model as shaded band. The
contributions to the model by electrons are shown in blue, and the proton contribution
in form of the red dashed line. Cuts A have been applied.

no correlations between the 2n true values of the electron and proton ζ simulations and r,
this error represents the total statistical error of the electron fraction r. However, if there
is a small correlation between r and any true value x̃i with x̃ = p̃, ẽ, and i an arbitrary
bin number, the error on r will be underestimated by simply taking the optimised value
for x̃i and continuing the calculation with this value. This can be seen from the schematic
drawing of Fig. 3.10. Therefore, the deviations of the errors determined by the fitting
procedure from the true errors are investigated separately.
The true errors are determined by the spread in the fitting results for generated Monte
Carlo simulations that scatter with finite statistics around an assumed true distribution.
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Cosmic Ray Electron Spectrum

Normalisation of the HESS 
spectrum seems to fit lower 
energy data rather well 

By far the largest source of 
uncertainties is in the 
systematics on hadronic 
interaction models 

Must be improved in order to 
make useful contributions 
with CTA 

Aharonian, 2009 
Astronomy and Astrophysics,  

Volume 508,  
Issue 2, 2009, pp.561-564



Summary

VHE gamma-ray astronomy is an exciting young field aimed at observing the Universe’s highest 
energy particle accelerators 

Over 150 sources in multiple classes detected so far by IACT 

HAWC Water Cherenkov detector will be finished soon, with CTA planned to begin construction in 
the coming years 

Discovery potential is huge! 

With these next generation instruments, understanding our hadronic background will become more 
and more important 

Large scale diffuse emission and densely packed source regions will become more common 

Current studies show systematic uncertainties in the 20-30% range 

Improved understanding required for meaningful results


