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ML methods for signal detection with unknown 

rare background, rejection of background, 

model parameter inference

central idea: search for compatible events 

regarding low-level observables allowing 

common signal hypothesis

December 12, 20241

Overview

arXiv: 2407.20329
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Experimental Setup & Simulation

model parameters: 𝑚𝑎 ∈ [0.1GeV, 4.5GeV] 
and 𝑐𝜏𝑎/ 𝑚𝑎 ∈ [0.05 mGeV-1, 500 mGeV−1]

low-level observables: photon energies, 
calorimeter hit positions, polar and azimuthal
incidence angles

limited detector resolution: smearing

background: resemble signals, no fixed mass

and lifetime

search for ALPs decaying into 2 photons in 
SHiP

produced in rare (mainly B) meson decays

small number of background events produced
by muon and neutrino inelastic scatterings
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Traditional Bump Hunt

construct high-level observable and search for

localised signal in more broadly distributed

background

even if background cannot be reliably

simulated

problems:

look-elsewhere effect

poor detector resolution

low number of signal events

Simulation-based Inference

infer parameters by analysing high-

dimensional low-level observables

do not require construction of explicit high-

level observables 

need simulations

problem: 

unknown or difficult-to-simulate

backgrounds

December 12, 20243

Conventional Approaches



Kierthika Chathirathas MU Days 2024

Event Compatibility based on 
Observables (ECO)

classifier trained to distinguish pairs of low
level observable vectors of signal events from
those of background events

Events with Posterior Overlap (EPO)

classifier extracting mass posteriors from low-
level observables with likelihood-trick

classifier establishing compatibility of events
based on posteriors

signals agree on inferred model parameters

December 12, 20244

Combined Approach

→ signal identified by rarity

→ no look-elsewhere effect

→ adjust threshold to account for different expected background rates
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Analysis Strategy
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performance comparison:

TS: number of remaining events

p-value: 𝑝 𝑙 = σ𝑚≥𝑙
𝑁𝑚𝑎𝑥 𝑝𝑏(𝑚)

expectation value of significance 

𝑍 𝑙 = 2erf-1 1 − 𝑝 𝑙

EPO and ECO hunt outperform

traditional bump hunt for poor

detector resolution
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Results

Sensitivity parameter as function of background normalisation and signal strength
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Challenge: rare and hard-to-model backgrounds, unknown optimal high-level observables

ECO and EPO hunt leveraging classifiers

EPO enables inference of model parameters
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Conclusion
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Backup Slides
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ALP Parameter Space

https://cajohare.github.io/AxionLimits/
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limited detector resolution:

smearing of truth-level observables

good resolution: 
𝜎 𝐸

𝐸
= 0.05, 𝜎 𝜃 = 𝜎 𝜙 = 5mrad

poor resolution: 
𝜎 𝐸

𝐸
= 0.1, 𝜎 𝜃 = 𝜎 𝜙 = 10mrad

calorimeter hit position resolution of 1 mm

December 12, 202410

Detector Resolution
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Neyman-Pearson lemma: likelihood ratio test is strongest measure between two groups 𝐴
(𝑠𝑐𝑜𝑟𝑒(𝑥) = 0) and 𝐵 (𝑠𝑐𝑜𝑟𝑒(𝑥) = 1) with probability distributions 𝜇𝐴 and 𝜇𝐵, respectively

Optimal decision function: 𝑠𝑐𝑜𝑟𝑒 𝑥 =
𝐿(𝑥|𝜇𝐴)

𝐿(𝑥|𝜇𝐴)+𝐿(𝑥|𝜇𝐵)

Train classifier to distinguish between two groups, such that 𝑠𝑐𝑜𝑟𝑒 𝑥 =
𝑝(𝑥, 𝜇)

𝑝 𝑥, 𝜇 +Π 𝜇 𝑝(𝑥)

Apply on observed data: 
𝑠𝑐𝑜𝑟𝑒(𝑥𝑜𝑏𝑠)

1−𝑠𝑐𝑜𝑟𝑒(𝑥𝑜𝑏𝑠)
=

𝑝(𝑥𝑜𝑏𝑠, 𝜇)

Π 𝜇 𝑝(𝑥𝑜𝑏𝑠)
=

𝐿(𝑥𝑜𝑏𝑠|𝜇)Π 𝜇

Π 𝜇 𝑝(𝑥𝑜𝑏𝑠)
=

𝐿(𝑥𝑜𝑏𝑠|𝜇)

𝑝(𝑥𝑜𝑏𝑠)
= 𝐿𝐸𝑅 𝑥𝑜𝑏𝑠 𝜇

Posterior from Bayes‘ Theorem: 𝑝 𝜇 𝑥𝑜𝑏𝑠 = 𝐿𝐸𝑅(𝑥𝑜𝑏𝑠|𝜇)Π(𝜇)

December 12, 202411

Likelihood-Trick
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compromise between falsely accepted

background events and falsely rejected signal

events when fixing threshold

performance comparison: Receiver Operator 

Characteristic (ROC) curve

focus on large signal acceptance

December 12, 202412

Background Rejection
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combine single-event posteriors to extract

posterior from multiple observed events

multiply ratios together and with prior, 

normalization

signal events are incorrectly rejected or

background events are incorrectly accepted: 

empirical coverages smaller than expected

December 12, 202413

Parameter Inference

four signal events plus one background event (top) and three

signal events plus two background events (bottom) 
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