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Signal estimation 1n the presence of background noise 1s a common problem in several scientific
disciplines. An “onfoff” measurement 1s pertormed when the background itselt is not known, being
estimated from a background control sample. The “frequentist” and Bayesian approaches for signal
estimation in on/off measurements are reviewed and compared, focusing on the weakness of the former
and on the advantages of the latter in correctly addressing the Poissonian nature of the problem. In this
work, we devise a novel reconstruction method, Bayesian analysis including single-event likelihoods
(dubbed BASIL), for estimating the signal rate based on the Bayesian formalism. It uses information on
event-by-event individual parameters and their distribution for the signal and background population.
Events are thereby weighted according to their likelihood of being a signal or a background event
and background suppression can be achieved without performing fixed fiducial cuts. Throughout the
work, we maintain a general notation that allows us to apply the method generically and provides a
performance test using real data and simulations of observations with the MAGIC telescopes, as a
demonstration of the performance for Cherenkov telescopes. BASIL allows one to estimate the signal
more precisely, avoiding loss of exposure due to signal extraction cuts. We expect its applicability to be
straightforward in similar cases.
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e |maging air showers r-raye:tersth:""-
atmosphere
e Reconstructing primary \ ; _—
Eec:romagnetuc cascade

particle properties
(energy, direction, time)}

e Signal: y-ray
e Background: protons

e ~ 1000 protons pery
- need discrimination

10 nanosecond snapshot

0.1 km? “light pool”, a few photons per m?.

credit: CTAO
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credit: 2009 Volk et al.

e (Good discrimination between
p and y based on, i.e.
different shape

e Train BDTs or NN
e Cut away most protons

e Some very “‘gamma-like”
protons pass the cuts

e Need background estimation eeccoee eecc0ee
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A&A 466, 1219-1229 (2007)

Event Map Event Map
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22h02m 21h58m 21h55m 22h02m 21h58m 21h55m

Vanable Description Property
N, Number of events in the on region Measured
N g Number of events 1n the off region Measured
o Exposure in the on regon over the one in the off regions Measured
b Expected rate of occurrences of background events in the off regions Unknown
§ Expected rate of occurrences of signal events in the on region Unknown

N, Number of signal events in the on region Unknown
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Varable Description Property
N o Number of events in the on region Measured
N e Number of events in the off region Measured
x Exposure 1n the on regon over the one in the off regions Measured
b Expected rate of occurrences of background events in the off regions Unknown
§ Expected rate of occurrences of signal events in the on region Unknown
N, Number of signal events in the on region Unknown

. . . . )
Poisson distribution”

where
G = o * Aetf
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Varable Description Property
N o Number of events in the on region Measured
N e Number of events in the off region Measured
x Exposure 1n the on regon over the one in the off regions Measured
b Expected rate of occurrences of background events in the off regions Unknown
§ Expected rate of occurrences of signal events in the on region Unknown
N, Number of signal events in the on region Unknown
Likelihood function: probability of | (" probability of
observing the on| | observing the off
counts _counts

fJ(NUn* Nﬂff ‘S* b; (I) :\p(Non ‘S* ﬂ:b)} '(p(Noff
/(S +ab)New
Nun! Nuﬁ'

\
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p(Nyy, Noge|s. b;a) = p(N

on?

on |S* (Ib) ' F(anf ‘ b)
R _|_ b Nun bNr.}ff
_ (T X 1) e—(s—|—r}:b} ) 1(?_‘5, (3)
Non . anf .

Frequentist solution: find s which maximizes the likelihood

§ = (Nnn o aN(}ff) + '\/N[}n + (IZNt}ﬁ" (1 ])
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P(Non: Nog|s. bra) = p(Noyls.ab) - p(Ng|b)

on? on
on N{}
N (s + rxbi) ~(s+ab) | b ff1 et (3)
Non . anf .

Bayesian solution: integrate over the nuisance parameter b

N(]'I'I N
N Ny —Ng)! st

fJ(S‘NUn*NUff; (I) X E ( - i - ) ' : €
— (1+ 1 /a)™s(N,,—N;)! N,!

on

—8

(5)

(Nnn +N(}ff _Ns)! -
(8)

(] + ]/(I)—Nﬁ (Nnn - N?)1 |

p(Ns|Nnn~ N[}ff; (I) X
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e Advantage of Bayesian approach: Don’t cut BUT
Include single-event variables (likelihood of the event being a hadron)

e Previously

p(Nl'.}]]" N-:}ff ‘S' b: (I) - p(Nnn ‘S' (Ib) | p(anf|b)

o NOW ff(i.. Nnn* Nﬂff|£" !'r}; lrl)
— p(X|Non. s.ab) - p(Non|s. ab) - p(Nog|b).  (15)

P(X|Nop. s.ab) prior probabilities of being gamma or bkg
Non / /
= 1__[ p(xily)- ply]s.ab) - plyls.ab)], (16)
event i being event i being
gamma background
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(N[}]] + N(}ff _ N';)'

reviousl N INon, Nors :
Proviously PNl Non Notr: @) & 7 a1 (N — N

(8)

NOW. ])(NL-; ‘in N[}n . N(}ff; (I)
. (N-:}n T N-‘.}h‘ o ﬁ:‘
(Nnn _ N?) ( ]/a)—N L ﬂ“

.'5'

CE.Ny|= > ey ][rx;l)

A€Fy,_ icA JEAS

(22)
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C(X,N)|= Z H p(xily) - HF(X;\}_’)

A€EFy_ €A JEAS

Let us assume N_, = 3 events in
our on region and that we have also measured x;, x,, x3
respectively for each event, with x a variable whose
distribution is p(x|y) for a signal population and p(x|7)
for a background population. Thus, when N, =0, 1, 2, 3
the combinatorial term will be respectively'2

case of allbkg ———— C(X.0) = p(xi[7) - p(xaly) - plxs]7).
case of 1 signal ———— C(xX.1) = p(x]y) - p(x2]7) - p(x3]7)
+ p(x]7) - p(x2ly) - p(x37)
+ plxly) - p(xaly) - p(xsly).
case of 2 signal ————— C(X.2) = p(x,|y) - p(xly) - p(x3]7)
+ p(xily) - p(xa]y) - plasly)
case of all signal + p(x1lp) - p(x2ly) - p(xsly).
T C(x.3) = p(xly) - p(xaly) - p(x3ly).
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e BASIL is performing better than the best cut
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e Improvement is dependent on the signal to noise ratio (SNR)
e Most benefits in the low SNR case where we are statistics limited

21
300 .
B Standard —— Precision EED
BN BASIL -== Bias =
_. 250 c 19
£ 3
2 200 e
= 517
E 150 = 16
c 5
& 100 £ 15
3 <
o
& 50 *-.f::.‘h £ 14
iy E3
ﬂ I""-‘-—---ﬂ—-.—-——.-----.—-.--——-—-—-——I-———-—-I--——-l 12
1 2 3 5 10 20 40 70100 1 2 3 5 10 20 40 70 100
SNR [%] SNR [%]

MMS Science club 23.03.23, Tim Unbehaun 14



	Foliennummer 1
	Content
	IACTs
	IACTs
	IACTs
	Analysis
	Analysis
	Analysis
	Analysis
	BASiL
	BASiL
	BASiL
	Results
	Results

