From detection to high-level reconstruction

A statistical view on gamma-ray sources
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I. Gamma-ray astronomy as a counting experiment
Concepts: DL3-DL4-DL5, forward-folding, binomial / Poisson / Gauss, PMF / PDF / CDF / SF

I1. Statistical inference
Concepts: Bayesian & frequentist, marginalizing & profiling, parameter estimation, (saturated) deviance

I11. Model selection

Concepts: goodness of fit, residuals & pulls, under-/over-fitting,
local & global p-values (trial factors / look-elsewhere), likelihood ratio test, significance level, Li & Ma

IV. Dealing with uncertainties
Concepts: covariance, decorrelation energy, bowtie, systematic uncertainties, bracketing / marginalizing

V. Outro
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Lesson adapted from my Master 2 notes, available at this link

Elements of statistics
Master 2 - Nuclei, Particles, Astroparticles and Cosmology
NPAC 2024-2025, Jonathan Biteau

This document aims to introduce and illustrate the essential elements at Master’s level for
performing statistical inference. The process of inference is understood here as evaluating the
relevance of a model with respect to a set of data. A concise bibliography can be found at
the end of this document to start exploring the statistical approaches employed in high-energy
(astro)physics and cosmology. The content of this document is largely inspired by the chapters
“Probability” [1] and “Statistics” [2] of the Particle Data Group review, whose reading is strongly
encouraged. The same applies to the reference book Numerical Recipes [3], in particular chapters
14 “Statistical Description of Data” and 15 “Modeling of Data”. The whole book Numerical
Recipes can be considered an essential prerequisite for a thesis in our fields. The book provides
examples in C/C++, which serve as an excellent guide to understanding the analytic approaches.
The present document favours the use of Python libraries, which can be tested in the exercises.



https://npac.ijclab.in2p3.fr/wp-content/uploads/2024/COURS/Sem1/statistics/NPAC_Statistics_2024_25.pdf
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DL3 Data Reduction DL4

~v-like events Binned data
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2.2 IRF factorisation

Equation 2.2 implies 7-dimensional instrument response functions that in general are computationally
unmanageable. Simplifications can be achieved by making further assumptions, and in existing Imaging
Air Cherenkov Telescope (IACT) experiments the IRF is generally factorised as follows:

Ri(&,0, E|a, 8, E,t) = Ai(e, 8, E, t) x PSF;(&,6|a, 8, E, t) x D;i(E|a,d, E, t) (2.3)

where A;(a, 6, E,t) is the effective area in units of cm?, PSF; (&, 5\a. J, E,t) is the point spread function
in units of sr-!, with

/dQ PSF;(&,6|a, 8, E, t) =1 (2.4)
and D;(E|w, 6, E, t) is the energy dispersion in units of TeV-', with

/dE Di(Ela, 8, B, 1) = 1 (2.5)
[CTAO Doc] .

Forward folding

Convolve true emission (i.e. model as a function of true energy, direction...)

with transfer matrix (Instrument Response Function linking true and observed quantities)
to enable a comparison to data in the observed space
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Forward folding
Convolve true emission (i.e. model as a function of true energy, direction...)
with transfer matrix (Instrument Response Function linking true and observed quantities) [GammaPy team, CTAO School 2024]

to enable a comparison to data in the observed space 10
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When Bernoulli meets Poisson and Gauss
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From Gauss PMF to Gauss PDF

Standard normal distribution, N (u
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Statistical inference

Hessian and covariance matrix
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: minuit

: migrad

: True

: Optimization terminated successfully.
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total stat :

86.12

: minuit

. hesse

. True

: Hesse terminated successfully.
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Dealing with uncertainties

Bowtie / butterfly
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