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OUTLINE

1. The On/Off measurement


2. The importance of discriminating variables


3. The BASiL approach


4. Performance of the BASiL approach compared to the standard way 
of estimating the signal rate and suppressing the background:


• Using MC simulations of On/Off measurements from the MAGIC 
telescope


• Using a real data sample


5.  Conclusion
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INTRODUCTION

On/Off measurement

Signal event

Background event

Non

NoffNs

On measurement Off measurement

What’s the 
signal rate?

?

Probability mass function of observing Non and Noff or 
Likelihood function of the signal (s) and background (b) rate

In an On/Off experiment:

• a background-control (Off) region, which is supposedly void of 

any signal, is defined to estimate the background rate (b)

• the On source measurement instead provides an estimate of 

the signal rate (s) plus b, with the latter term supposed to be 
equal to that in the Off region.


The following variables are therefore introduced:
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INTRODUCTION
The case of Imaging Atmospheric Cherenkov Telescopes (IACTs)
• IACTs image the Cherenkov light emitted in the atmosphere by extended 

atmospheric showers generated by cosmic gamma rays (or cosmic rays) 
when entering the atmosphere. 


• An irreducible background survives all possible image selection criteria and 
the signal estimation is performed through an On/Off comparison based, in 
which the Off sample is taken from a region in the sky where no signal is 
expected. 


• Data are usually taken in the wobble mode: the source is placed with a 
certain offset with respect to the camera center during the observation, 
allowing a simultaneous signal and background estimation

3/15



Giacomo D’Amico TevPA 2021 27/10/2021

SIGNAL ESTIMATION   the frequentist approach
Signal estimation is usually done in the frequentist approach: 

value of b that maximizes the 
likelihood for a given sLikelihood ratio:

Estimated signal rate:

Likelihood function:
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SIGNAL ESTIMATION   the Bayesian approach

An alternative way for estimating the signal rate is given in the Bayesian approach: 

Introducing the 
binomial identity 
in the likelihood 
function

Bayes theorem:

PDF of the signal rate PMS of the number of signal event
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SIGNAL ESTIMATION   comparison

Increasing the Signal to Noise Ration (SNR)
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In red -2 log λ(s) 

In blue the PDF of the signal rate

In black the PMF of the number of signal 
events Ns
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DISCRIMINATING VARIABLES

Noff

Non

SignalBKG Discriminating 
variable “x”

Discriminating variables “x” are observed which can be used for suppressing the 
background applying a fixed fiducial cuts (of the kind x > xcut). This approach 
although has 2 disadvantages: 
• reduced exposure on the target  
• all events surviving the cuts are treated as equally probable signal
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Figure from Nucl. Instrum. Meth. A588:424-432,2008Figure from Astroparticle Physics, 32(2), 73-88
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DISCRIMINATING VARIABLES
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PRECISION 
OF THE  

SIGNAL ESTIMATION EXPOSURE  
OVER THE  

SOURCE TARGET
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DISCRIMINATING VARIABLES
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The BASiL approach (Bayesian Analysis including Single-event Likelihood) 

Our novelty method (BASiL) can do that!

Combinatorial termPMF of the number of signal events

PDF of the signal rate
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Including the discriminating variables “x” in the likelihood and applying the Bayes theorem:
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Given that the combinatorial term is the novelty of this method, it is 
worth to elaborate its role by providing an example

Example 1: Example 2:

Combinatorial term
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Performance
Performance of the method from MC simulations

EFFICIENCY CUT

No selection cut applied
BASiL

Selection cut applied
Standard Precision and bias of the signal estimation

Events in an On/Off measurement are generated around the source center

FROM 105  

SIMULATIONS 
assuming b =3x103,

α = 1/3 and s=102

the signal rate is then estimated using:
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Performance of the method from MC simulations

Evolution of the bias and precision for different efficiency cuts
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Performance of the method from MC simulations

Evolution of the bias and precision for different signal to noise ratios (SNRs)
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Performance using data from the MAGIC telescope
Performance of the method from a real data sample

The corresponding data in FITS format are publicly available 
at https://github.com/open-gamma-ray-astro/joint-crab/tree/
master/data/magic

Counts in the On and Off regions and resulting signal rates per energy bin
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Data released by the MAGIC collaboration which 
includes 40 minutes of Crab nebula observations
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Flux relative uncertainty (sensitivity plot)
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Performance using data from the MAGIC telescope
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Conclusions

• Selection cuts on discriminating variables inevitably discards also a fraction of the signal 
rate, reducing the exposure to the source target.


• Following the Bayesian approach, we showed a new method that not only improves the 
precision of the signal estimation, but it also avoids the need of signal-extraction cuts.


• We dubbed this method BASiL (Bayesian Analysis including Single-event Likelihoods): its 
main feature is that it weights events according to their individual likelihood of being signal 
or background, considering all the information available.


• The improvement is particularly noteworthy in cases of small signal rates.
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Estimated signal rate Uncertainty 95% Upper Limit

q
Non + ↵2Noff

Frequentist

Bayesian

Frequentist

Bayesian

W. A. Rolke, et al. (2005) 
Frequentist

Bayesian

The two approaches generally agree (with ad-hoc adjustments for the frequentist approach)

Bayesian
Frequentist

Backup slides
MORE ON THE COMPARISON BETWEEN FREQUENTIST AND BAYESIAN APPROACH
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Derivation of likelihood  function including the discriminating variable “x"

Backup slides
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Backup slides

A general algorithm for computing the combinatorial term
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Backup slides

Including the effect of the mismatch between real and MC distributions for the discriminating variable


