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Overview 

> introduction  

> air showers and their detection 

> image analysis  

>direction, energy, gamma selection 

> spatial and spectral analysis
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Analysis of data from imaging Cherenkov telescopes 
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VERITAS (Nature, 2009)

M 82

detections?

> Source detection probability? 
! test statistics (TS), significance, …

Parameter estimation and hypothesis testing
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VERITAS (Nature, 2009)

M 82

detections?

F (E>1TeV) = 2 x 10-11 cm-2s-1

> Source detection probability? 
! test statistics (TS), significance, …

> What shape does the source have? 
! point-like source, extended, …

> What is its source position? 
! source confusion, ‘dark’ emitter, …

> How bright is the source? (detection) 

! flux, light curves, etc.

> Is the emission variable? 
! constant emission, flares, periodic, …

> What is the upper limit on the flux?  
(non detection) 
! with 99% probability the source is not brighter than…

> How does the energy spectrum look? 
! power laws + variations, … 

! line emission

> What are the statistical and systematic errors 
on all of that?

Parameter estimation and hypothesis testing



Analysis - Input
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> key observables for each gamma ray:  
energy, direction, arrival time  

> detector response: 
! detection probability (effective areas) 

! angular point-spread function 

! energy dispersion matrix 
! instrument dead time  

>background (lots of it)  

>gamma-ray selection  
(or background suppression)  

> systematic uncertainties 
! understanding of detector 

! fluctuations in the atmosphere 
! choices by you 

! ….
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γ-ray spectra from dark 
matter annihilation

line emission

> key observables for each gamma ray:  
energy, direction, arrival time  

> detector response: 
! detection probability (effective areas) 

! angular point-spread function 

! energy dispersion matrix 
! instrument dead time  

>background (lots of it)  

>gamma-ray selection  
(or background suppression)  

> systematic uncertainties 
! understanding of detector 

! fluctuations in the atmosphere 
! choices by you 

! ….

Can you spot the dark matter?

Fermi LAT 3-years sky map > 10 GeV (Ackermann et al (2013)



Analysis - Input
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event reconstruction

instrument response 
functions  

(from Monte Carlo simulations)

> key observables for each gamma ray:  
energy, direction, arrival time  

> detector response: 
! detection probability (effective areas) 

! direction resolution 

! energy dispersion matrix 
! instrument dead time  

>background (lots of it)  

>gamma-ray selection  
(or background suppression)  

> systematic uncertainties 
! understanding of detector 

! fluctuations in the atmosphere 
! choices by you 

! ….

measurements or 
Monte Carlo simulations

Monte Carlo simulations

measurements or 
Monte Carlo simulations
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Measuring air showers



Air shower measurement & Cherenkov emission
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Gamma-
Photon

Particle shower

Cherenkov 
Light

Cherenkov light 
from air showers: 
weak, short (~ns), 
blue flash of light

Earth

Atmosphere



Air showers
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2.1. AIR SHOWERS

Fig. 2.1: a) Schematic view of the development of the two di↵erent types of air showers:
electromagnetic (left) and hadronic (right) [Otte (2007)].
b) Monte-Carlo simulations of extensive air showers show the longitudinal developments
of a cascade initiated by a single 100 GeV photon and a single 100 GeV proton. Red
tracks are used to indicate electrons, positrons and gamma rays. [Schmidt (2005)]7

Otte (2007)
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Schmidt (2005)
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emitted when velocity v of 
charged particle exceeds local 

speed of light:  

light is emitted along a cone with 
half opening angle θ

Pavel Alekseyevich 
Cherenkov 

(Nobel price1958)

number of Cherenkov photons per 
path length x:
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charged 
particle

150 m

θ

Cherenkov radiation: emission angle
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View from 
the top

~1.3 deg at sea level

light is emitted along a cone with 
half opening angle θ

cos⇥ = 1/(�n)
top of 
atmosphere

ground
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150 m

θ

Cherenkov radiation: emission angle
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View from 
the top

Cherenkov photon  
densities on ground

10 GeV

500 GeV

cos⇥ = 1/(�n)

Determines shape:

Determines amount of light:
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View from 
the top

Cherenkov photon  
densities on ground

10 GeV

500 GeV

cos⇥ = 1/(�n)

Determines shape:

Determines amount of light:

light pool 
~130 m



150 m

θ

Cherenkov radiation: emission angle
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View from 
the top

Cherenkov photon  
densities on ground

10 GeV

500 GeV

cos⇥ = 1/(�n)

Determines shape:

Determines amount of light:

light pool 
~130 m

Nanoseconds long flash of mostly blue 
light; few photons / m2 



Lateral distribution comparison
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KASCADE air shower array

VERITAS

100 m distance

13 m distance
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KASCADE air shower array

VERITAS

100 m distance

13 m distance



15Gernot Maier   
ACT Data Analysis |  May 2017 

randomly selected showers with 80 GeV primary photon energy
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randomly selected showers with 500 GeV primary proton energy



γ-ray protonCherenkov photons on ground

γ-ray

proton

Proton vs Gamma-ray showers
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MODTRAN, K.Bernlöhr (2000)

Propagation of Cherenkov Photons in the Atmosphere
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MODTRAN & K.Bernlöhr (2000)
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Propagation of Cherenkov Photons in the Atmosphere
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1/λ2  
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Measuring Air Showers
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first TeV gamma-ray observatory in the US

T.Weekes astro-ph/0811.1197



The Whipple Telescope 
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completed in 1968 
upgrade with 
imaging camera 
proposed 1977 
first detection 
(Crab Nebula) 
1986
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MAGIC VERITAS

H.E.S.S.
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Large-size telescope 
23 m diameter 
>20 GeV 
rapid slewing (<50s)

Mid-size telescope 
12 m diameter 
90 GeV to 10 TeV 
large field of view 
precision instrument

Small-size telescope 
4-5 m diameter 
>5 TeV 
large field of view 
large collection area

CTA Telescopes



Prototype of a CTA mid-size telescope 
Berlin Adlershof 

Prototypes
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Small-size telescope 
(Meudon)
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Small-size telescope 
(Sicily)

Dual-mirror mid-size telescope 
(Arizona)



The Cherenkov Telescope Array (CTA)
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Cherenkov Telescope Array

CTA Southern Site 
Paranal, Chile 
4 large size telescopes 
25 mid-size telescopes 
70 small size telescopes 

CTA Northern Site 
La Palma Island 
4 large-size telescopes 
15 mid-size telescopes



Measuring gamma-rays
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Image Cleaning
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Image cleaning
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> Classical image cleaning 
algorithms: two-level signal 
cleaning 
! signal pixels: charge > Nsignal 

! border pixel (neighbour of signal pixel): 
charge > Nborder 

! (plus requiring a minimum amount of 
signal pixels per image) 

> Many variations of this classical 
algorithm: 
! island removal 

! time image cleaning 

! optimised next-neighour cleaning
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! island removal 

! time image cleaning 
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Optimised next-neighbour cleaning
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> requires simulations of night-sky background or  
measured pedestal events 

> Maxim Shayduk, arXiv 1307.4939

Telescope 1 
Telescope 2

Expert’s slide



Image parameters (Hillas parameter)
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e.g. D.Fegan, J. Phys. G: Nucl. Part. Phys. 23 1013 (1997)

+many variations and 
additions



Direction reconstruction
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X

Image 
Telescope 2

Image 
Telescope 1 Image 

Telescope 3

Image 
Telescope 3

W.Hofmann et al, Astroparticle 
Physics 12, 135 (1999)
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Run: 106 Event: 79308  Type: 0 (0) Trig: 2Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0
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T1

Run: 106 Event: 65409  Type: 0 (0) Trig: 2
local trigger:  1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 21 22 23 24 25 26 27 28 29 30 31 32 33 34 38 39 40 41 43 44 46 86 89 92

Primary: 0

Energy [TeV]: 52.60
: 42.23Y: 143.60 CXC

Xcos: 0.940 (Ze: 20.00)

Ycos: -0.000 (Az: 360.00)
: 0.000off: 0.000 YoffX

T2

Run: 106 Event: 65409  Type: 0 (0) Trig: 2

T3

Run: 106 Event: 65409  Type: 0 (0) Trig: 2

T4

Run: 106 Event: 65409  Type: 0 (0) Trig: 2

T5

Run: 106 Event: 65409  Type: 0 (0) Trig: 2

T6

Run: 106 Event: 65409  Type: 0 (0) Trig: 2

T7

Run: 106 Event: 65409  Type: 0 (0) Trig: 2

T8

Run: 106 Event: 65409  Type: 0 (0) Trig: 2

T9

Run: 106 Event: 65409  Type: 0 (0) Trig: 2

T10

Run: 106 Event: 65409  Type: 0 (0) Trig: 2

T11

Run: 106 Event: 65409  Type: 0 (0) Trig: 2

T12

Run: 106 Event: 65409  Type: 0 (0) Trig: 2

T13

Run: 106 Event: 65409  Type: 0 (0) Trig: 2

T14

Run: 106 Event: 65409  Type: 0 (0) Trig: 2

T15

Run: 106 Event: 65409  Type: 0 (0) Trig: 2

T16

Run: 106 Event: 65409  Type: 0 (0) Trig: 2

T17

Run: 106 Event: 65409  Type: 0 (0) Trig: 2Run: 106 Event: 65409  Type: 0 (0) Trig: 2Run: 106 Event: 65409  Type: 0 (0) Trig: 2Run: 106 Event: 65409  Type: 0 (0) Trig: 0

T21

Run: 106 Event: 65409  Type: 0 (0) Trig: 2

T22

Run: 106 Event: 65409  Type: 0 (0) Trig: 2Run: 106 Event: 65409  Type: 0 (0) Trig: 2

T24

Run: 106 Event: 65409  Type: 0 (0) Trig: 2

T25

Run: 106 Event: 65409  Type: 0 (0) Trig: 2

T26

Run: 106 Event: 65409  Type: 0 (0) Trig: 2

T27

Run: 106 Event: 65409  Type: 0 (0) Trig: 2

T28

Run: 106 Event: 65409  Type: 0 (0) Trig: 2

T29

Run: 106 Event: 65409  Type: 0 (0) Trig: 2

T30

Run: 106 Event: 65409  Type: 0 (0) Trig: 1

T31

Run: 106 Event: 65409  Type: 0 (0) Trig: 1Run: 106 Event: 65409  Type: 0 (0) Trig: 1

T33

Run: 106 Event: 65409  Type: 0 (0) Trig: 1Run: 106 Event: 65409  Type: 0 (0) Trig: 1Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0

T38

Run: 106 Event: 65409  Type: 0 (0) Trig: 1Run: 106 Event: 65409  Type: 0 (0) Trig: 1

T40

Run: 106 Event: 65409  Type: 0 (0) Trig: 1Run: 106 Event: 65409  Type: 0 (0) Trig: 1Run: 106 Event: 65409  Type: 0 (0) Trig: 0

T43

Run: 106 Event: 65409  Type: 0 (0) Trig: 1

T44

Run: 106 Event: 65409  Type: 0 (0) Trig: 1Run: 106 Event: 65409  Type: 0 (0) Trig: 0

T46

Run: 106 Event: 65409  Type: 0 (0) Trig: 1Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 1Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0

T89

Run: 106 Event: 65409  Type: 0 (0) Trig: 1Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 1Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0

Which one is a typical CTA shower?

Weighting extremely important for direction reconstruction, 
e.g.:

angle between two 
image axis

Direction



T1

Run: 106 Event: 79308  Type: 0 (0) Trig: 2
local trigger:  1 3

Primary: 0

Energy [TeV]: 0.05
: -104.36Y: 183.84 CXC

Xcos: 0.940 (Ze: 20.00)

Ycos: -0.000 (Az: 360.00)
: 0.000off: 0.000 YoffX

Run: 106 Event: 79308  Type: 0 (0) Trig: 0

T3

Run: 106 Event: 79308  Type: 0 (0) Trig: 2Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0Run: 106 Event: 79308  Type: 0 (0) Trig: 0
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T1

Run: 106 Event: 65409  Type: 0 (0) Trig: 2
local trigger:  1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 21 22 23 24 25 26 27 28 29 30 31 32 33 34 38 39 40 41 43 44 46 86 89 92

Primary: 0

Energy [TeV]: 52.60
: 42.23Y: 143.60 CXC

Xcos: 0.940 (Ze: 20.00)

Ycos: -0.000 (Az: 360.00)
: 0.000off: 0.000 YoffX

T2

Run: 106 Event: 65409  Type: 0 (0) Trig: 2

T3

Run: 106 Event: 65409  Type: 0 (0) Trig: 2

T4

Run: 106 Event: 65409  Type: 0 (0) Trig: 2

T5

Run: 106 Event: 65409  Type: 0 (0) Trig: 2

T6

Run: 106 Event: 65409  Type: 0 (0) Trig: 2

T7

Run: 106 Event: 65409  Type: 0 (0) Trig: 2

T8

Run: 106 Event: 65409  Type: 0 (0) Trig: 2

T9

Run: 106 Event: 65409  Type: 0 (0) Trig: 2

T10

Run: 106 Event: 65409  Type: 0 (0) Trig: 2

T11

Run: 106 Event: 65409  Type: 0 (0) Trig: 2

T12

Run: 106 Event: 65409  Type: 0 (0) Trig: 2

T13

Run: 106 Event: 65409  Type: 0 (0) Trig: 2

T14

Run: 106 Event: 65409  Type: 0 (0) Trig: 2

T15

Run: 106 Event: 65409  Type: 0 (0) Trig: 2

T16

Run: 106 Event: 65409  Type: 0 (0) Trig: 2

T17

Run: 106 Event: 65409  Type: 0 (0) Trig: 2Run: 106 Event: 65409  Type: 0 (0) Trig: 2Run: 106 Event: 65409  Type: 0 (0) Trig: 2Run: 106 Event: 65409  Type: 0 (0) Trig: 0

T21

Run: 106 Event: 65409  Type: 0 (0) Trig: 2

T22

Run: 106 Event: 65409  Type: 0 (0) Trig: 2Run: 106 Event: 65409  Type: 0 (0) Trig: 2

T24

Run: 106 Event: 65409  Type: 0 (0) Trig: 2

T25

Run: 106 Event: 65409  Type: 0 (0) Trig: 2

T26

Run: 106 Event: 65409  Type: 0 (0) Trig: 2

T27

Run: 106 Event: 65409  Type: 0 (0) Trig: 2

T28

Run: 106 Event: 65409  Type: 0 (0) Trig: 2

T29

Run: 106 Event: 65409  Type: 0 (0) Trig: 2

T30

Run: 106 Event: 65409  Type: 0 (0) Trig: 1

T31

Run: 106 Event: 65409  Type: 0 (0) Trig: 1Run: 106 Event: 65409  Type: 0 (0) Trig: 1

T33

Run: 106 Event: 65409  Type: 0 (0) Trig: 1Run: 106 Event: 65409  Type: 0 (0) Trig: 1Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0

T38

Run: 106 Event: 65409  Type: 0 (0) Trig: 1Run: 106 Event: 65409  Type: 0 (0) Trig: 1

T40

Run: 106 Event: 65409  Type: 0 (0) Trig: 1Run: 106 Event: 65409  Type: 0 (0) Trig: 1Run: 106 Event: 65409  Type: 0 (0) Trig: 0

T43

Run: 106 Event: 65409  Type: 0 (0) Trig: 1

T44

Run: 106 Event: 65409  Type: 0 (0) Trig: 1Run: 106 Event: 65409  Type: 0 (0) Trig: 0

T46

Run: 106 Event: 65409  Type: 0 (0) Trig: 1Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 1Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0

T89

Run: 106 Event: 65409  Type: 0 (0) Trig: 1Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 1Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0Run: 106 Event: 65409  Type: 0 (0) Trig: 0

Which one is a typical CTA shower?

Weighting extremely important for direction reconstruction, 
e.g.:

angle between two 
image axis

Direction

number of images
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High-precision astronomy 
requires a large number 
of telescopes
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Improved Sensitivity and Resolution: 
From Current Arrays to CTA 

light	pool	radius		
R	≈100-150	m	
≈	typical	telescope	spacing	

Sweet	spot	for	
best	triggering		
and	reconstrucOon:	
most	showers	miss	it!	

large	detecOon	area	
more	images	per	shower	
lower	trigger	threshold	



Direction and core reconstruction
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: 0.000off: 0.000 YoffX
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A typical CTA shower!

Weighting extremely important for direction reconstruction, 
e.g.:

angle between two 
image axis

Direction Core



Angular resolution - angular point-spread function
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Supposed to be a  
point-like source

difference between true and 
reconstructed direction

py
Entries  2307197
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Angular resolution - angular point-spread function
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Supposed to be a  
point-like source

difference between true and 
reconstructed direction
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Reconstruction & Analysis - ground-based analysis
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event reconstruction

instrument response 
functions  

(from Monte Carlo simulations)

> key observables for each gamma ray:  
energy, direction, arrival time  

> detector response: 
! detection probability (effective areas) 

! direction resolution 

! energy dispersion matrix 
! instrument dead time  

>background (lots of it)  

>gamma-ray selection  
(or background suppression)  

> systematic uncertainties 
! understanding of detector 

! fluctuations in the atmosphere 
! choices by you 

! ….

measurements or 
Monte Carlo simulations

Monte Carlo simulations

measurements or 
Monte Carlo simulations



Background suppression
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Background suppression

> Example from VERITAS: 
!data taking rate: 400 Hz 
!gamma-ray rate from the Crab Nebula after cuts  
<20 gammas / min (0.3 Hz) 

> background cosmic rays: 
!charged nuclei (mostly protons) 
!cosmic-ray electrons 
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Observations - VERITAS
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γ-ray

cosmic ray

length

width

camera

mean reduced scaled width

(same for length)

(based on image parameters)

Gamma-hadron separation: mean scaled variables
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Gamma-hadron separation
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reconstructed energies roughly 10 TeV
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Gamma-hadron separation
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MSCW
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reconstructed energies roughly 60 GeV



Gamma/hadron separation methods

> box cuts 

> multivariate analysis 
! neutral networks 

! k-Nearest neighbors 

! random forests 

! boosted decision trees 

! support vector machines 

! .... 

> correlations between 
variables important
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A.Hoecker et al (2007): TMVA 
4 Users Guide

Application of MVA methods in VHE Astronomy: 
F.Dubois et al, Astroparticle Physics 32, 73 (2009) 
S.Ohm et al, Astroparticle Physics 31, 383 (2009) 
Y.Becherini et al, Astroparticle Physics 34, 858 (2011)



Gamma/hadron separation methods

> box cuts 

> multivariate analysis 
! neutral networks 

! k-Nearest neighbors 

! random forests 

! boosted decision trees 

! support vector machines 

! .... 

> correlations between 
variables important
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A.Hoecker et al (2007): TMVA 
4 Users Guide

Application of MVA methods in VHE Astronomy: 
F.Dubois et al, Astroparticle Physics 32, 73 (2009) 
S.Ohm et al, Astroparticle Physics 31, 383 (2009) 
Y.Becherini et al, Astroparticle Physics 34, 858 (2011)

Hoecker 
2009



Background event seen with CTA
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total background 
protons 
electrons



Cherenkov photon  
densities on ground

10 GeV

500 GeV

Energy estimation
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Energy reconstruction: E = E(image size, core distance)



Energy estimation - simple lookup tables

> multivariate 
methods: 
! take more 

dependencies into 
account 

! take correlations 
between variables 
into account 

> typically use 
random forests 
or boosted 
decision trees
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Energy migration matrix - Energy Resolution
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number of observed events 
in energy bin Ej

gamma-ray source 
spectrum

probability of 
measuring Erec 

detector 
uptime

observing 
interval

Goal is to reconstructed the gamma-ray 
source spectrum: invert this integral

forward folding 
unfolding  

correction method

G.Mohanty et al, Astroparticle Physics 9, 15 (1998) 
J.Albert et al, NIM A 583, 494 (2007) 

Many textbooks, e.g. Cowan: Statistical Data Analysis, Oxford (1998)

energy migration 
matrix
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Systematic Uncertainties

> often ignored / forgotten / neglected 

> Monte Carlo Simulations 
! parameterisation of atmosphere and atmospheric transmission 

!mirror reflectivity changes 

! photon detection efficiency 

! bad / dead channels 

> Calibration 
! flatfielding 

! pointing errors 

! non-linearities in the signal chain 

> Reconstruction 
! signal extraction 

! cuts and methods used
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CTA Requirements: 

The systematic uncertainty of the 
energy of a photon candidate (at 
energies above 50 GeV) must be < 
15%. 

The uncertainty on the collection area 
of the system well above threshold (a 
factor of two above the lowest energy 
at which sensitivity is required) must 
be < 12%. 



Image Template Analysis

Gernot Maier   
ACT Data Analysis |  May 2017 56

no image cleaning, no image parameterisation, 
no lookup tables, no line intersection, etc…

Le Bohec et al 1998 
de Naurois & Rolland 2009 
Parson & Hinton 2014
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no image cleaning, no image parameterisation, 
no lookup tables, no line intersection, etc…
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(c) DC quality factor for the simulated image.

Figure 5.3: Simulated 121 TeV iron shower image in one of the VERITAS telescopes. There
is a visible contribution from DC light. Black star: true shower direction. Pink star: shower
direction reconstructed by the moment analysis. Cyan star: shower direction reconstructed
by the template analysis.

88 This version is not yet accepted for publication by Humboldt University.

Data Model from library of simulated 
showers or analytical calculation

Simulate signal + noise
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Le Bohec et al 1998 
de Naurois & Rolland 2009 
Parson & Hinton 2014
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no image cleaning, no image parameterisation, 
no lookup tables, no line intersection, etc…
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88 This version is not yet accepted for publication by Humboldt University.

Data Model from library of simulated 
showers or analytical calculation

Simulate signal + noise
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image template fit results: 
• direction 
• energy 
• gamma-selection parameter 
 
Need an efficient way of finding  
the best template.

Le Bohec et al 1998 
de Naurois & Rolland 2009 
Parson & Hinton 2014



Excursus: Maximum Likelihood Technique

> import method for parameter estimation 

> provides unbiased and minimal variance estimation of 
parameters and parameter errors 

> works with binned and unbinned data 

> allows the combination of different measurements 

> standard tool for estimation of spatial and spectral 
parameters of a gamma-ray source from 
measurements of e.g. in EGRET, Fermi LAT, CTA
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>  N independent measurements 
 

> model with M parameters:  
 

>  probability function of x is known:  

> Likelihood function

Method of Maximum Likelihood
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for all a

Best estimator for a:

for all k

x = {xi} = {x1, x2, ..., xN}

a = {ak} = {a1, a2, ..., aM}

f = f(x|a)



Method of Maximum Likelihood
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in general: minimise negative log likelihood

different methods to estimate variance of ML estimator 

analytical method, Monte Carlo method, graphical method, 
RCF bound (Fisher information matrix)

very often: solve numerically with e.g. MINUIT (MIGRAD and HESSE)



Image Template Analysis
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Figure 5.3: Simulated 121 TeV iron shower image in one of the VERITAS telescopes. There
is a visible contribution from DC light. Black star: true shower direction. Pink star: shower
direction reconstructed by the moment analysis. Cyan star: shower direction reconstructed
by the template analysis.

88 This version is not yet accepted for publication by Humboldt University.

Data
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Model from library of simulated 
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Le Bohec et al 1998 
de Naurois & Rolland 2009 
Parson & Hinton 2014
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Figure 5.3: Simulated 121 TeV iron shower image in one of the VERITAS telescopes. There
is a visible contribution from DC light. Black star: true shower direction. Pink star: shower
direction reconstructed by the moment analysis. Cyan star: shower direction reconstructed
by the template analysis.
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Goodness of fit

de Naurois & Rolland 2009
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Figure 5.3: Simulated 121 TeV iron shower image in one of the VERITAS telescopes. There
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direction reconstructed by the moment analysis. Cyan star: shower direction reconstructed
by the template analysis.
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event reconstruction 
(4 dimensions)

> key observables for each gamma ray:  
energy, direction, arrival time  

> detector response: 
! detection probability (effective areas) 

! direction resolution 

! energy dispersion matrix 
! instrument dead time  

>background (lots of it)  

>gamma-ray selection  
(or background suppression)  

> systematic uncertainties 
! understanding of detector 

! fluctuations in the atmosphere 
! choices by you 

! ….
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2.4. ANALYSIS OF VERITAS DATA

Reflected-regions method

To avoid the necessity of an acceptance simulation the reflected-regions method can
be used. Here the OFF-region of a single bin is divided into several circular areas
(same size as the ON-region), arranged on a ring around the pointing position (see
Fig. 2.17,b). The radius of the ring is equal to the distance of the bin from the
pointing position. In doing so, no correction for the relative camera acceptance is
required. The ↵-value is just the inverse of the number of OFF-areas along the ring.
Again, it is necessary to avoid possible over- and underestimation. Therefore an
OFF-area will be removed from the list if it intersects with an exclusion region. The
ON-region and some of its surrounding area are excluded as well from the OFF-
region.
The user is able to specify the minimal and maximal amount of OFF-areas and
also the minimal distance from the ON-region to the nearest OFF-areas along the
ring. The algorithm will then try to fit the highest possible amount of OFF-areas
into the ring, taking into account the exclusion regions. In case the highest possible
number of OFF-areas is larger than the maximum required number of OFF-areas,
the algorithm starts to randomly remove some of the redundant OFF-areas. In case
it is lower than the minimal required amount of OFF-areas, the algorithm is not able

Fig. 2.17: Comparison of two di↵erent background estimation methods applied on data
from the same section of the sky. These examples show the the di↵erent OFF-regions
(light green) used to calculate No↵ for the test bin (white). They also show the di↵erent
treatment of the exclusion regions around the observed target (magenta) and around bright
stars (orange). The exclusion regions a↵ect only the OFF-regions, not the ON-region.
a) The OFF-region of the ring-background method is a ring around the test-bin. The
algorithm sums up all events inside the OFF-region to get No↵ except those ones that also
enter an exclusion region.
b) The reflected-regions method tries to fit as many OFF-areas as possible onto a ring
around the pointing direction, taking into account the deletion of every OFF-area that
intersects with an exclusion region. If the pre-defined maximum number of OFF-areas
(here it’s 10) is exceeded, randomly some redundant OFF-areas get deleted as well. All
events that enter one of the remaining OFF-areas add up to No↵
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Spatial and spectral analysis - ML 
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maximum likelihood analysis in 4 dimensions: spatial coordinates, energy, time 
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Maximum Likelihood analysis
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Maximum Likelihood analysis

> formulate likelihood function with 
background, source function, point-spread 
function 

> can give at the same time information on 
source position, extension, spectral 
information 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J.R.Mattox et al, ApJ 
461, 396 (1996)

pij is probability of observing nij counts in a bin 
when the number of predicted counts is Θij:

maximize log likelihood

2D MLM from ChiLa

background 
acceptance model
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Maximum Likelihood analysis
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slice through sky map 
1 energy bin 
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CTA science analysis tools
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Similarity to FTOOLS uses astropy, sherpa, …

Two different prototypes for science analysis tools for CTA



Is a source significantly detected?

> hypothesis testing 

> likelihood ratio test: compare likelihood of two hypotheses to see which 
one is supported by the data 

> two unknown parameters:  
! expected number of source photons 

! expected number of background events 

>null hypothesis: 

>alternative hypothesis: 
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< NS >
< NB >

< NS >= 0

< NS > 6= 0

! L0

! L1

likelihood ratio test: 2(lnL1 � lnL0) ⇠ �2

Wilk’s theorem



Source detected: Li & Ma method
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Likelihood ratio method after Li & Ma (1983): 

2.4. ANALYSIS OF VERITAS DATA

Reflected-regions method

To avoid the necessity of an acceptance simulation the reflected-regions method can
be used. Here the OFF-region of a single bin is divided into several circular areas
(same size as the ON-region), arranged on a ring around the pointing position (see
Fig. 2.17,b). The radius of the ring is equal to the distance of the bin from the
pointing position. In doing so, no correction for the relative camera acceptance is
required. The ↵-value is just the inverse of the number of OFF-areas along the ring.
Again, it is necessary to avoid possible over- and underestimation. Therefore an
OFF-area will be removed from the list if it intersects with an exclusion region. The
ON-region and some of its surrounding area are excluded as well from the OFF-
region.
The user is able to specify the minimal and maximal amount of OFF-areas and
also the minimal distance from the ON-region to the nearest OFF-areas along the
ring. The algorithm will then try to fit the highest possible amount of OFF-areas
into the ring, taking into account the exclusion regions. In case the highest possible
number of OFF-areas is larger than the maximum required number of OFF-areas,
the algorithm starts to randomly remove some of the redundant OFF-areas. In case
it is lower than the minimal required amount of OFF-areas, the algorithm is not able

Fig. 2.17: Comparison of two di↵erent background estimation methods applied on data
from the same section of the sky. These examples show the the di↵erent OFF-regions
(light green) used to calculate No↵ for the test bin (white). They also show the di↵erent
treatment of the exclusion regions around the observed target (magenta) and around bright
stars (orange). The exclusion regions a↵ect only the OFF-regions, not the ON-region.
a) The OFF-region of the ring-background method is a ring around the test-bin. The
algorithm sums up all events inside the OFF-region to get No↵ except those ones that also
enter an exclusion region.
b) The reflected-regions method tries to fit as many OFF-areas as possible onto a ring
around the pointing direction, taking into account the deletion of every OFF-area that
intersects with an exclusion region. If the pre-defined maximum number of OFF-areas
(here it’s 10) is exceeded, randomly some redundant OFF-areas get deleted as well. All
events that enter one of the remaining OFF-areas add up to No↵
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Trials factors - look-elsewhere effect

> often not clear at the beginning of the analysis where to look for an effect 
! location of gamma-ray sources in the sky 

!energy (mass) of particle responsible for line emission 

> search through data for a significant signal - but with statistical penalty
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Trials factors - look-elsewhere effect - example

> 4σ event - P-value of 6.3 x 10-5  

> post-trial P-value:  

> 1000 bins in sky map -> 1000 trials 
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Trials factors - avoid them, if possible!

> fix always all possible parameter for your analysis before looking 
into the data 
! each change of the parameters is trail 

! optimise parameters and cuts with a different data set or Monte Carlo simulations 

> never adjust the analysis parameters to enhance some small signal 
! this is considered to be scientific misconduct 

> clearly state assumptions and trials calculation in publications 

> things to fix before the analysis 
! cuts 

! search regions 

! binning in energy or time
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Can you make it 5 sigma?
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CTA Sensitivity Calculations
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Prod3b	
~100	Mio	MHS06	CPU	hours/year

Prod3b	output	files	written

High-throughput computing 
using GRID resources

Luisa	Arrabito	-	Johan	Bregeon,	LUPM
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Forschungszentrum Karlsruhe
in der Helmholtz-Gemeinschaft

p-p Interactions: Multiplicity
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Background simulations - hadronic interaction models
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Ep =100 GeV

G.Maier & J.Knapp, Astroparticle 
Physics 28, 72 (2007)
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CTA Short-term flux sensitivity
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magnitude which constitutes a large discovery potential. It should
however be said that for transient sources the Fermi-LAT has the
advantage of a 2.4p sr field of view which makes catching tran-
sients much more likely. In addition, the Fermi-LAT can view out
gamma rays to much larger redshifts due to the cc pair production
opacity of the Universe at higher gamma-ray energies. The exact
position of the kink in the graphs for CTA depends on the exact
assumptions on the background systematics as discussed above.
Again, it can be expected, that the CTA sensitivity for short-dura-
tion events can be significantly improved compared to the current
instrument response function.

In addition to faint sources, it is also interesting to consider
bright sources. Recent measurements have established pulsed
emission from the Crab Pulsar in the > 25 GeV range [36,37]. For
such observation the systematic error on the background level
can be significantly reduced, since the local background can be
determined from the off-phase of the pulsar. In this case the aim
is no more the detection in each energy bin, but rather a very small
error on the measured flux. In Fig. 6 we illustrate the effect of
requiring 10r per energy bin (and correspondingly 100 events to
get the same error on the flux in the signal-limited regime) and
the suppression of the systematic error on the cross-over energy
Ecross. For the special case of the pulsar observations, the cross-over
energy can be significantly reduced and will be close to ! 25 GeV

(compared to ! 40 GeV in the standard case of 5r and 10 events
and 1% systematic error on the background flux).

4. Integral sensitivity

The potential of an instrument to discover new sources, or
events, is related to its integrated performance over the relevant
energy range. Unfortunately estimates of integral flux sensitivity
are always strongly dependent on the assumed spectral shape.
The most common approach assumes a power-law spectrum of a
given spectral index (C) and calculates the minimum flux (Fmin)
above a given energy (E0) that is required for detection. As the min-
imum flux in terms of photon rate per unit area is often a rapidly
falling function of energy E" Fmin, a quantity with the same units
as mFm, is often plotted. Implicit in this method is that the source
spectrum starts abruptly at E0 (or that all information below E0 is
disregarded) and that the source spectral power-law extends to
infinity. Both of these assumptions are highly unrealistic in prac-
tice. Here we adopt an alternative approach to estimate minimum
detectable flux, based on a characteristic energy in the source spec-
trum: either a spectral energy distribution (SED) peak or a cut-off
energy. We define /ðEcÞ as the minimum detectable integrated en-
ergy flux over the full energy range of a source with a spectrum
dN=dE / E%C exp%E=Ec . A significance of 5r and a minimum num-
ber of 10 events were requested (this section deals mostly with the
detection of sources, not so much with the measurement of spec-
tra). Fig. 7 shows this quantity for Fermi and CTA for two choices
of C, 1.5 and 2.0. In the case C ¼ 1:5; Ec corresponds roughly to
the SED peak energy. The minima in / seen for Fermi at ! 3 GeV
and CTA at ! 10 TeV in the left panel of Fig. 7 can be interpreted
as the energies at which these instruments are most sensitive for
source detection. The cross-over between Fermi and CTA is at a
cutoff energy of ! 90 GeV. The case C ¼ 2 is also interesting, dem-
onstrating how dramatic the impact of a cut-off in the source spec-
trum is on the detection probability: for CTA a cut-off at 100 GeV
raises the minimum required source power by an order of magni-
tude with respect to a > 1 TeV cut-off and a detection of such a
source with Fermi is much more likely for the observation times
assumed (10 years for Fermi and 100 h for CTA). The cross-over be-
tween Fermi-LAT and CTA in this curve is at a cutoff energy of
! 370 GeV.

To help relate these curves to detection sensitivity for astrophys-
ical objects, the right-hand axis of Fig. 7 gives the corresponding
source luminosity at 1 kpc. For reference a canonical proton
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Fig. 4. Cross over energy Ecross as a function of Fermi-LAT and of H.E.S.S. (left) or CTA (right) observation time. Here we required a detection significance in each energy bin of
5r and a minimum number of 25 events in each bin (to get comparable errors on the flux measurement in the bin (see text for a discussion). No optimization for loosening the
cuts at short observation times has been performed (the Fermi-LAT pass6_v3 diffuse response function was used), therefore in principle the Fermi response could be
somewhat better - but not by much, given the limited physical area of the instrument. Also for CTA, the curves could be improved if the systematics are brought under control
and there was a smaller systematic error on the background estimate.
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Boosted decision trees
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Geomagnetic Field
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